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Resumen

El pasado julio de 2012 la dltima pieza que restaba por comprobar del Modelo Es-
tandar (SM) -el boson de Higgs- fue detectada por los dos grandes experimentos
multiproposito del CERN, ATLAS y CMS, a una energia de 125 GeV.

El Modelo Estandar es el marco teorico en el que se describen tres, de las cuatro inter-
acciones fundamentales conocidas, que rigen la dinamica de todas las particulas sub-
atomicas conocidas y que han sido observadas experimentalmente. En él se integran,
pero no unifican, la teoria electrodébil -que a su vez conjuga electromagnetismo e in-
teraccion débil- y la cromodinamica cuéntica, asociada a la interaccion nuclear fuerte.
Formalmente el grupo de simetria puede ser escrito como: SU(3).®SU(2), @U(1)y.
El contenido en particulas fundamentales se puede dividir en tres secciones: bosones
de gauge, fermiones de materia y el boson de Higgs. Los bosones de gauge estéan
asociados a los grupos de simetria -y, por tanto, interacciones- del SM, uno por cada
generador del grupo en cuestion. Los fermiones de materia se ordenan en multi-
pletes y se les asignan ciertos ntimeros cuanticos que determinan sus cargas, segin las
cuales interaccionan con los bosones de gauge. Existen tres generaciones de fermiones,
que se pueden dividir en quarks y leptones dependiendo de si tienen carga de color
(asociada a SU(3).). El boson de Higgs es, por su parte, un escalar sin color que
aparece tras la rotura esponténea de la simetria electrodébil -para dar lugar al grupo
electromagnético- que genera las masas de bosones de gauge y fermiones.

A dia de hoy, el Modelo Estandar es la teoria fisica més exacta y mas precisamente
medida. Ha superado todos los test experimentales con resultados sobresalientes. A
través de ella se predijo, antes de ser observados, la existencia de los bosones gauge
W'y Z, el gluon, el quark top y el mecanismo de Higgs con su boséon resultante.
Ademés, ha sido confirmada en numerosos test de precisién. Sin embargo, deja nu-
merosos aspectos de la fisica actual sin respuesta y es extensamente aceptado por
la comunidad cientifica el hecho de que no puede ser una teoria final y, por tanto,

deberia ser tratada como una teoria efectiva asociada a una cierta escala de energia.
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Algunas de estas cuestiones que quedan al margen son: la naturaleza de la materia
y la energia oscura, la cuantizaciéon de la gravedad, la asimetria materia-antimateria
o la naturaleza de los neutrinos. Aparte, son muchos los interrogantes que surgen
a partir de ella, por ejemplo: jpor qué tres generaciones de particulas?, ;qué origen
tienen o como se explican las estructuras de sabor en el sector quark y lepténico?,
Jhay una teoria que unifique las tres interacciones fundamentales del SM?, jde qué
depende que p -el pardmetro del potencial de Higgs que origina la rotura esponténea
de simetria- adquiera un valor negativo?, ;existen escalas a energias mucho mayores
donde nuevos efectos fisicos se suceden?, ;jpor qué la masa del Higgs es tan ligera?.
La respuesta a estas cuestiones no es trivial en absoluto y, quiza, tengan que pasar
décadas hasta que hallemos las respuestas correctas para algunas de ellas.

Supersimetria es un ejemplo de modelo tedrico que amplia el SM y que podria dar
respuesta a algunas de las preguntas formuladas anteriormente. De hecho, durante
las altimas décadas, ha sido la opcién més extendida y estudiada. En ella, las coorde-
nadas (bosonicas) espaciotemporales se amplian para introducir cuatro coordenadas
espinoriales adicionales. De esta forma, el algebra supersimétrica queda definida en
términos de conmutadores y anticonmutadores de operadores bosénicos y espinori-
ales. Ademas, gracias a esta nueva formulacion del algebra, las consecuencias del
Teorema de Coleman-Mandula son eludidas y se consigue la combinacién no trivial
del grupo de Poincaré -asociado a las simetrias espaciotemporales del sistema- con
grupos de Lie asociados a las simetrias internas de las particulas -que determinan las
interacciones que conocemos-. Como consecuencia, particulas de naturaleza tan dis-
par como puedan ser bosones y fermiones, resultan estar relacionados y, de hecho, son
agrupados en supermultipletes. Por ejemplo, cada fermion de Weyl conocido podria
tener asociado un bosén escalar con el que conviviera en un mismo supermultiplete
-supermultiplete quiral- o los bosones vectoriales podrian estar asociados a fermiones
de Majorana y ser las componentes fisicas de un supermultiplete vectorial.

Algunas de las virtudes mas preciadas de esta teoria, estrechamente ligadas a los
problemas que deja en pendientes el SM, son: en ella, nuevas fuentes de violacion de
CP aparecen y, con ello, la posibilidad de formular un proceso de bariogénesis que
prediga adecuadamente la asimetria materia-antimateria observada hoy dia; por otro
lado, la imposicién de una simetria adicional, R-parity que podria estar estrechamente
relacionada con la conservacion del numero B-L caracteristica fundamental del SM,
proporciona de forma natural un candidato a materia oscura; ademaés, esta teoria
predice la rotura espontanea de las interacciones electrodébiles de forma radiativa de-

bido al running de los parametros al pasar de altas energias a bajas; por tltimo, una de



las propiedades méas importantes es que, bajo supersimetria, la masa del Higgs como
escalar fundamental quedaria protegida frente a correcciones radiativas y, por tanto,
el valor que conocemos para su masa seria completamente compatible con teorias a
escalas de energia mucho mayores.

En modelos minimos de supersimetria, como el MSSM (Minimal Supersymmetric
Standard Model), el grupo de gauge del SM se mantiene y solo el espectro de particu-
las se ve ampliado por motivos tanto tedricos, que hacen que la teoria sea internamente
coherente, como experimentales, adecuando las predicciones a resultados ya conocidos
y validados. Sin embargo, supersimetria, si efectivamente se da en la naturaleza, ha
de ser una simetria rota, ya que, ninguna particula supersimétrica ha sido detectada
aun y, bajo una supersimetria exacta, las particulas pertenecientes a un mismo su-
permultiplete deberian tener masas iguales. Puesto que no sabemos como se produce
esta rotura de simetria, lo que se suele hacer es parametrizar nuestra ignoracia con
operadores no renormalizables que la rompen explicitamente, pero de una manera
suave (soft). Una vez especificadas este tipo de interacciones, junto a los Yukawas
heredados del SM, anélisis fenomenoldgicos y predicciones teéricas pueden ser calcu-
ladas y enfrentadas a los resultados experimentales actuales.

Los analisis fenomenolégicos que componen esta tesis pueden dividirse en dos partes:
en primer lugar, estudios sobre el sector del Higgs en el MSSM generalizandolo al caso
en el que haya violacion explicita de CP y, en segundo lugar, un estudio sobre el ori-
gen de las estructuras de sabor que, en modelos como éste, pueden encontrarse en los
acoplamientos Yukawa, en los términos de masa que aparecen en el lagrangiano soft
y en los acoplamientos trilineales a través de los cuales dos sfermiones interaccionan
con bosones de Higgs.

El sector del Higgs en el MSSM, a diferencia del Modelo Estandar en el que un tnico
doblete de Higgs da masa a todos los fermiones y bosones de gauge, esté constituido
por dos superdobletes de isospin que se acoplan o bien a quarks tipo up o bien a
quarks tipo down y leptones. La introduccion de estos dos dobletes es necesaria de-
bido a las propiedades del superpotencial y por aspectos tales como como la existencia
de anomalias que, en caso contrario, no cancelarian. Esto hace también que, a primer
orden, las corrientes neutras con cambio de sabor queden suprimidas. En este tipo
de modelos, tras la rotura esponténea de la simetria electrodébil, se obtienen cinco
particulas de Higgs -tres neutras y dos cargadas- y tres bosones de Goldstone que son
absorbidos por los modos longitudinales de los bosones de gauge débiles. Por otro
lado, se puede estudiar la invariancia de CP del potencial de Higgs y se demuestra,

efectivamente, que existen una conservacion de CP a primer orden; pues las fases que
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aparecen en el potencial pueden ser reabsorbidas por los campos mediante las rota-
ciones adecuadas, quedando un potencial exclusivamente real. Sin embargo, cuando
uno considera correcciones a o6rdenes superiores de los parametros, se encuentra que
esta invariancia bajo transformaciones de CP desaparece y, por tanto, la posibilidad
de tener autoestados de CP que se correspondan con los autoestados de masa. Es
entonces cuando interesantes efectos fenomenoldgicos pueden aparecer y en los que
nosotros centramos nuestro estudio.

En el primer analisis, modelos MSSM en los que la violacion de CP se da a través de
la presencia de fases complejas en los acoplamientos trilineares asociados a la tercera
generacion de sfermiones. En este marco de trabajo, nuestra intencién es analizar
si, con la implementacion de todos los limites experimentales existentes, la posibili-
dad de identificar el escalar descubierto con el segundo Higgs mas ligero del espectro
de estos modelos estd aun abierta. Es importante senalar aqui que nosotros no im-
ponemos ningin tipo de relaciéon a escalas superiores ni obtenemos los pardmetros a
la escala electrodébil a través del running de las ecuaciones, sino que tratamos todos
los parametros como libres e independientes; en particular las masas de los bosones
de Higgs y su matriz de mezcla. Lo que examinamos, en primer lugar, es la senal
experimental obtenida en el canal vy que Hs ha de reproducir. Para ello, un patrén
muy concreto de mezcla entre los bosones ha de darse: el Higgs medido ha de ser
predominantemente tipo ¢? mientras que los dos restantes han de repartirse la parte
pseudoescalar y gbg. Esto implica que los acoplamientos de H; y Hs con quarks tipo
up quedan practicamente suprimidos, a la vez que, los acomplamientos con quarks
tipo down y leptones se potencian mucho més e, incluso, pueden llegar a ser mucho
maés intensos que los que se obtendrian normalmente entre un Higgs SM y este tipo de
fermiones. Esto es debido a que existe, en los acoplamientos asociados, una propor-
cionalidad con tan 8 que hace que estos aumenten significativamente para la regiéon de
valores altos y medios de este parametro. Es en este momento cuando entran en juego
algunas de las busquedas llevadas a cabo por CMS y ATLAS, en relacion a Higgses
desintegrandose a dos leptones .

Para el rango de masas establecido, mpg,, mpy, < 200 GeV, y para valores medios-
altos de tan 3, lo que nosotros observamos es que los limites experimentales actuales
son suficientes como para poder descartar la posibilidad de tener un Higgs neutro
adicional a Hs en este rango de energias. Es decir, las busquedas llevadas a cabo por
CMS y ATLAS imponen tales limites en el canal 77 que la presencia de un Higgs
neutro que genere una senal como la medida en el canal vy -en nuestro modelo Hs-

se hace incompatible con la existencia de otro Higgs en este rango de masas dado
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que, heredando los couplings anteriormente mencionados, no hubiera sido ya obser-
vado. Sin embargo, atn tenemos la posibilidad de que tan 3 sea pequena y estos
dos anélisis experimentales resulten ser compatibles. Analizamos esta regiéon del es-
pacio de parametros y encontramos que, efectivamente, se pueden encontrar puntos
compatibles que satisfagan los limites en el canal 77 y que reproduzcan la senal en
7. Pero nosotros queremos utilizar todos los resultados experimentales disponibles
actualmente, y eso incluye medidas y limites procedentes de la fisica del sabor. En
particular, encontramos que el proceso inclusivo B — X,y resulta ser muy restrictivo.
Especificamente lo que observamos es que ninguno de los puntos surpervivientes co-
mentados anteriormente es compatible con b — sy a un nivel menor o igual a 2¢. El
motivo es sencillo de averiguar una vez que se estudian todas las contribuciones que
participan en este proceso: en un modelo MSSM con estructuras minimas de sabor
MFV (Minimal Flavour Violating) dos contribuciones se suman a las del SM, una de-
bido al Higgs cargado y otra debido al chargino. La primera resulta ser inversamente
proporcional a tan 8 y a la masa del Higgs cargado, mientras que, la segunda es pro-
porcional a tan 3. Para valores bajos de este pardametro, la primera contribucién crece
mucho méas de lo que la segunda es capaz de compensar -tienen signos opuestos- de
forma que el branching ratio (BR) total toma valores que van mas alla de los limites
experimentales.

De esta forma, haciendo uso de tres observables cuidadosamente escogidos, somo ca-
paces de demostrar que este interesante escenario queda completamente descartado.
El siguiente paso podria ser estudiar el caso en el que el Higgs a 125 GeV se corre-
spondiera con el Higgs mas pesado - H3-, pero en tal caso, las consecuencias serian sim-
ilares: los valores posibles de masa de H; y Hs quedarian limitados a mp,, mpy, < 125
GeV y heredarian los acoplamientos de gbg y A9 con los quarks tipo down y leptones.
De esta forma, los acoplamientos con leptones 7 serian lo suficientemente intesos en
la region tan 8 > 7 como para que hubieran sido detectados por CMS y ATLAS. Nos
tendriamos que restringir, por tanto, a la region de valores pequenos de tan 3 en la
que, para las masas dadas del Higgs cargado mpy+ < 200 GeV, el BR para el proceso
B — Xy estaria en conflicto con el resultado experimental a 20. En conclusion,
con los datos experimentales usados para el analisis, somos capaces de afirmar que
el reciente bosén de Higgs descubierto y medido en el LHC ha de corresponderse, en
un modelo supersimétrico como el MSSM -con o sin violacion de CP-, con el Higgs
neutro mas ligero del espectro.

En nuestro segundo analisis, tomando como hipétesis el resultado del estudio anterior,

testeamos el espacio de parametros para conocer hasta que punto los resultados exper-
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imentales actuales pueden restringir la presencia de bosones de Higgs adicionales para
diferentes valores de tan 8. De nuevo, imponemos que H; reproduzca la senal medida
por CMS y ATLAS en el canal v, mientras que, los dos bosones neutros restantes,
H, y Hs, deben tener una composiciéon compatible con las busquedas de Higgses adi-
cionales a través del canal 77 en estos dos detectores. Ademés, los resultados de las
busquedas indirectas debidas a procesos como B — X,y y By — u™p~ se tienen en
cuenta para el analisis. Nuestros resultados para este escenario son los siguientes:
para cualquier valor de tan § el limite inferior de masa para cualquier Higgs neutro
esta en los 300 GeV; este limite aumenta rapidamente para valores mayores de tan 3,
ya que, los limites en el canal 77 se vuelven mucho més restrictivos. Por ejemplo, para
tan 8 ~ 30, Higgses neutros por debajo de 600 GeV quedan completamente excluidos.
Como conclusién de este anélisis merece la pena destacar el papel fundamental que
tiene el canal H; — 77 en la basqueda de Higgses extra, asi como, el hecho de in-
cluir limites experimentales debido a procesos a bajas energias como los mencionados
anteriormente. Combinar en los analisis el maximo nimero posible de resultados
experimentales ayuda a tener una imagen més completa del estado del espacio de
pardmetros y a obtener resultados mas coherentes y acertados.

Nuestro tercer trabajo contintia en el sector del Higgs en un MSSM con violacion de
CP pero, ahora, estudiamos procesos con violaciéon de sabor. Las corrientes neutras
cargadas no se dan en el SM, de forma que, la posible medida de alguno de estos pro-
cesos indicaria inevitablemente la presencia de nueva fisica. En particular, escogemos
la desintegracion H; — b5+ bs como objeto de estudio. La razon para seleccionar éste,
y no otro proceso, es el hecho de que el Higgs interacciona mas intensamente con la
tercera generacion de fermiones -puesto que estos son més pesados y los acoplamientos
con el Higgs son proporcionales a la masa- a la vez que, en comparaciéon con leptones,
las interacciones de color son un factor /a3 mayores. Ademaés, para este analisis, se
consideran dos escenarios: uno al que llamamos full MSSM, en el que las condiciones
usuales de minimizaciéon del potencial se verifican y se tienen tres Higgses neutros
mezclados entre si, y el generic supersymmetric SM en el que la posible presencia de
més bosones neutros escalares se parametriza y, de una forma efectiva, los elementos
de la matriz de mezcla se pueden estudiar como parametros libres tinicamente de-
limitados por datos experimentales que han de satisfacerse. Los resultados en cada
uno de los casos son: para el primer modelo encontramos que BR(H; — b5 + sb)
queda brutalmente suprimido a un valor O(107°¢) debido a limites experimentales
procedentes del proceso de sabor By — ptpu~ mientras que, para los Higgses mas

pesados, la imposicién de todas las condiciones experimentales no limita demasiado
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los BR asociados que se mantienen en O(1073). El por qué de una respuesta tan
discrepante por parte de uno y otros Higgses a la inclusion de limites de sabor, en
particular del proceso By — uu, es analizado en el texto y lo resumimos aqui: mien-
tras que el BR para el proceso de desintegracion del Higgs mas ligero a los quarks b
y s resulta inversamente proporcional a la masa de los Higgses pesados -que a todos
los efectos pueden ser considerados como degenerados- el BR asociado a los otros
Higgses no contiene esta dependencia; a su vez, las contribuciones mas importantes al
BR asociado al proceso de sabor resultan proceder de los Higgses pesados, de forma
que, en total, el BR es proporcional a tan 8 e inversamente proporcional a la masa
de estos Higgses. De esta forma, en el caso del Higgs ligero, valores grandes de BR
se corresponden con valores bajos de las masas de los Higgses pesados para los que
el BR de sabor se vuelve mucho mas restrictivo, si nos movemos en el régimes de
valores altos y medios de tan 3. En cambio, en el caso de los Higgses pesados, para
cualquier valor de tan 8 puedo encontrar un valor de masa tal que el proceso de sabor
no me limite y, puesto que el BR del proceso de desintegracion de estos Higgses a los
quarks b y s es independiente de sus masas, esto no me influye en los ratios posibles
de desintegracion. Para el segundo modelo, los resultados cualitativos se mantienen,
aunque cambian significativamente los valores cuantitativos del BR del Higgs ligero.
En este caso, para el Higgs mas ligero, el BR aumenta hasta los O(10~%) mientras
que, para los Higgses pesados, el valor del BR se mantiene igual al del caso anterior.
En conclusién, aunque incluso en este dltimo caso el BR para el Higgs descubierto
queda fuera del alcance del LHC, es posible que el estudio de este tipo de procesos
sea aun interesante en el contexto de colisionadores lineales.

Por dltimo, en el capitulo final de esta tesis, se hace un anélisis acerca del posible
origen de las estructuras de sabor que se dan en algunos de los parametros asocia-
dos a modelos supersimétricos, como el MSSM. En particular, tanto los acoplamientos
Yukawa entre fermiones y Higgses, como los acoplamientos trilineales entre sfermiones
vy Higgses y las masas soft de los sfermiones pueden presentar estructuras no triviales
de sabor. Nosotros, en este trabajo, nos centramos en el estudio de simetrias a la
Froggatt-Nielsen (FN), como posible mecanismo a través del cual los acoplamientos
Yukawa con las adecuadas jerarquias pueden obtenerse, asi como, los trilinares y las
matrices soft. El mecanismo de FN supone que existe una simetria de sabor y una
escala a la que ésta se rompe de forma esponténea, debido a la adquisiéon de un vev
por parte de uno o varios campos. De esta forma, términos que anteriormente eran de
interaccion entre flavones -campos que rompen la simetria de sabor- y los campos del

MSSM pasan a ser vértices efectivos con acoplamientos Yukawa, trilineales o términos



de masa.

Sin embargo, para que esto se dé, uno ha de suponer que supersimetria esta ya rota
en el momento en el que los flavones adquieren su vev, puesto que de otra manera los
términos soft no estarian presentes y, por lo tanto, no heredarian estas jerarquias de
sabor. El mecanismo a través del cual supersimetria se rompe no esta bien estable-
cido, aunque si hay consenso respecto al hecho de que la rotura de supersimetria ha
de darse en un sector oculto, es decir, a través de unos campos que no interaccionan
directamente con los campos del MSSM o, si lo hacen, se produce a través de unos
acoplamientos muy suprimidos. Después de la ruptura de la simetria, ésta se comuni-
carfa al sector visible del MSSM a través de los mensajeros. Diversas opciones se han
propuesto respecto a esto, siendo una de ellas la gravedad. Es decir, seria a través de
interacciones de origen gravitatorio como se propagaria la ruptura de supersimetria
de un sector a otro. Por tanto, las interacciones entre el sector visible y los mensajeros
vendrian suprimidas por la escala de Planck. De hecho, en este modelo tendriamos:
Apw < Ay S Asusy = Mpianck. En particular, nosotros suponemos, para simplificar
la discusidn, la existencia de un s6lo campo X cuyo F-term adquiere un vev que pro-
duciria la rotura espontanea de supersimetria.

Definimos, por tanto nuestro modelo, a partir de unas ciertas expresiones que de-
terminan el superpotential y el potencial de Kéhler. El primero daréd origen a los
acoplamientos Yukawa y, tras el vev del F-term de X, a los acoplamientos trilineares.
Todos ellos tras las rotura de la simetria de sabor. El segundo, en cambio, da lugar a
los términos de masas soft. Para nuestro analisis, proponemos dos ejemplos bastante
significativos como grupos de sabor: el grupo abeliando U(1)s y el grupo no-abeliano
SU(3)¢. En ambos casos, el superpotencial se especifica en términos de las inter-
acciones entre los supermultipletes quirales y los flavones, asi como, el potencial de
Kahler, que es una funcién de supercampos quirales y antiquirales. Una vez que la
simetria de sabor se rompe y los flavones adquieren su vev, cada elemento de matriz
de los Yukawas viene dado como una cierta potencia de (¢)/M = e < 1, donde (¢) es
el vevy M representa la escala de los mensajeros -mucho mas pesados- que se integran
con el fin de obtener un vértice efectivo. La potencia que corresponde a cada elemento
tiene su origen en diagramas concretos -que se determina a través de las cargas asig-
nadas a los campos- que acoplan los supermultipletes quirales correspondientes con
los supermultipletes asociados al Higgs a través de flavones y campos mensajeros. De
esta forma, la jerarquia presente en las matrices Yukawa aparece de forma natural a
partir de la rotura de un grupo de simetria de sabor. Puesto que los acoplamientos

trilineares surgen del superpotencial cuando SUSY se rompe como: V' = m3,,W, con
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mg/o = (Fx)/Mp; los trilineares se obtendian de una forma similar a los Yukawas, a
partir de los diagramas obtenidos anteriormente para ellos, analizando todas las for-
mas posibles en las que el F-term puede acoplarse. Cada una de estas formas, daria
una contribucion a ese elemento de matrix. De modo que: a;; = N m3/3 Y;;, donde
N representa esta multiplicidad asociada a cada diagrama. Para obtener los términos
de masas soft el proceso es completamente equivalente. Analizamos, en primer lugar,
los acoplamientos efectivos que, tras la rotura de sabor, nos generarian el elemento
®*'®; del potencial de Kéhler. Los términos de masa vienen dados a partir del Kih-
ler como: mg /2 <I>*i<I>j. Por tanto, cada elemento se obtendria considerando todas las
posibilidades en las que los F-terms de X y X* pueden entrar en el diagrama que
acopla ®* con ®; a través de flavones y mensajeros.

Una vez obtenidas todas las estructuras de sabor a través de este mecanismo, los
campos ha de ser redefinidos para llevarlos a la base canénica y, en caso de querer
estudiar su fenomenologia como nosotros hacemos, a la base SCKM en la que las
matrices de masa de los quarks son diagonales. Los observables de sabor que nosotros
utilizamos son Amy, ex y €'/e. De esta forma, somos capaces de obtener limites
complementarios a los de los grandes colisionadores para masas de gluinos y squarks.
Los resultados que obtenemos para los dos grupos considerados son: para el primer
caso encontramos que, efectivamente, en este modelo simplificado, los limites que
se deducen de esta fenomenologia de sabor podrian mejorar aquellos obtenidos en
el LHC para la producciéon directa de gluinos; en el segundo caso, no obstante, los
limites que se generan son demasiado débiles en comparaciéon con los obtenidos por
CMS y ATLAS en sus busquedas directas de supersimetria. Nuestras conclusiones,
para este trabajo, son las siguientes: la fisica del sabor y el origen de las jerarquias en
los acoplamientos Yukawa son una de las cuestiones a las que el SM no da respuesta
y que podrian dirigirnos hacia el encuentro de nueva fisica. Estudios que comple-
menten las busquedas de los grandes colisionadores son cada vez més urgentes, ya
que, pueden pasar décadas hasta que se consiga la energia necesaria como para poder
producir estas particulas de forma directa. Sin embargo, estudios a bajas energias
con alta precisiéon pueden ser la clave para encontrar, de forma indirecta, los efectos
de estas masivas particulas como perturbaciones a los procesos ya conocidos que se
dan, o no, en el SM. Nosotros, por nuestra parte, consideramos que este es el camino
a seguir y por tanto una ampliacién de este trabajo esta en marcha en la que nuestra
intencién es estudiar con detalle uno o dos casos concretos en el que se implemente
tanto la fenomenologia del sector sector quark como el leptonico, lo cual no se ha sido

realizado con detalle anteriormente.
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Overview

During the last decades, supersymmetry (SUSY) has been a fascinating way to figure
out phenomena that lie beyond the well-established Standard Model (SM). One of
the most interesting reasons why theoretical physicists have been lead to believe that
supersymmetry should play a fundamental role in particle physics is the fact that the
supersymmetry algebra is the only graded Lie algebra capable to relate the spacetime
symmetries with the internal symmetries of the fundamental particles giving a frame-
work where gravitation might be quantized.

Apparently, the first known mention of a supersymmetry algebra was by Hironari
Miyazawa [1-3| in a work where a novel algebra in which baryons and mesons could
be arranged together in the same (super)multiplet was proposed. However, it was not
until the 1970s when supersymmetry was rediscovered and largely explored. In 1971,
Neveu-Schwarz [4] and Ramond [5] working on supersymmetries regarding them as
a new anticommuting gauge symmetries in the context of two-dimensional dual the-
ories whereas, independently, Gol’fand and Likhtman [6] found it as an extension
of the Poincaré algebra where two bispinor generators were added. Later on, in
1974, Wess and Zumino presented for the first time a four-dimensional point particle
supersymmetric theory identifying the characteristic renormalization features of the
model [7-9] and, in 1975, another important result arrived due to Hagg, Lopuszanski
and Sohnius [10] who presented the full collection of possible generators for super-
symmetries on the grounds of the Coleman-Mandula theorem. Finally, in 1977, the
basis of the first realistic supersymmetric version of the Standard Model were set up
by Pierre Fayet [11-14].

Since then, an spectacular progress has been made in the construction of sophisticated
models able to explain diverse phenomenae that the SM cannot encompass. Among
them, naturalness and a solution to the hierarchy problem (if SUSY particles show
up around the TeV scale), gauge couplings unification, a dark matter candidate, new

sources of CP-violation for baryogenesis in inflation, a more natural origin of sponta-
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neous symmetry breaking and a straightforward generalization embracing quantum
gravity.

One of the most controversial questions is the hierarchy problem, which in fact is a
difficulty that in the SM, by itself, does not arise [15]. In general, fine tunning issues
are either related to explicit nonperturbative aspects of the theory or embeddings
of the SM into a more complete dynamics visible at high energies, such as could be
supergravity at the Planck scale. The Higgs boson, as a fundamental scalar particle,
suffers from the fact that its mass is not protected for any symmetry and it receives
enormous loop corrections from every particle that couples, directly or indirectly, to
it. The supersymmetric solution to this problem consists of a miraculous cancella-
tion that occurs due to the different sign of the corrections belongin to SM particles
and its supersymmetric partners. However, if this symmetry is badly broken and the
masses of the supersymmetric particles are much larger than the standard ones, the
hierarchy and naturalness problems would be reintroduced again. For a Higgs mass
O(100 GeV) GeV, the new particles should not be heavier than O(1 TeV).

Another good feature of supersymmetry is that even in minimal models, unlike the
SM, the unification of the gauge couplings is achieved due to the inclusion of the
right particle content. Similarly, the introduction of an additional symmetry R-parity
provides a good cold dark matter candidate. Also, the presence of numerous new
CP-violating phases in the theory may help in the mechanism of baryogenesis for the
matter-antimatter asymmetry.

Regarding the electroweak symmetry breaking, one should recall that in the SM the
spontaneous breaking of the symmetry takes places owed to the negative value of one
parameter. In principle, this is not theoretically justified in the SM but in supersym-
metry it can be obtained naturally from the RG running of one of the parameters
in the Higgs potential. Finally, the natural promotion of supersymmetry as a local
symmetry, directly leads to the formulation of a theory of quamtum gravity.
However, the High Energy Physics of the beginning of the 21st century have been
strongly imprinted by the impressive success of the SM as the correct description of
fundamental interactions up to energies of O(14 TeV). In fact, thanks to the enormous
efforts of experimentalists and theorists all over the world, the last piece of the puzzle
-the Higgs particle confirming the Brout—Englert—Higgs mechanism to endow the SM
particles with mass- have been found and the picture is now completed. In addition
to that, much better sensitivities have been achieved with an astonishing agreement
with the SM predictions. However, this enormous accomplishment, instead of being

felt as a big success, has turn out to be quite a bitter victory since the particle physics
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assigment of finding a road towards new physics has been not fulfilled. If we are all
convinced that the SM cannot be the ultimate theory, we are in the dark about when,
where and how physics beyond the SM should manifest itself.

As a matter of fact, one may argue [16] that the LHC has provided three indirect
pieces of evidence favouring SUSY: the need to stabilize the electroweak vacuum and
a successful prediction of the Higgs boson mass and its SM-like couplings by simple
SUSY models [17-20]. The problem of the electroweak stability arises with the mea-
sured values for the top and Higgs masses, if no physics beyond the SM is considered.
In SUSY, taking into account the effects of the supersymmetric particles, this ques-
tion is solved. Regarding the SUSY predictions about the Higgs, SUSY establishes
an upper bound for the lightest Higgs of 130 GeV in perfectly agreement with the
discovered boson. Similarly, many models account for a lightest scalar SM-like where
the discrepancies between its couplings and the couplings of a real SM scalar would
be found with higher precision. The prospects for discovering SUSY effects in the
near future include dedicated searches of jets plus missing energy, sleptons and light
stops squarks in the LHC together with precision observables which may shed some

light on the indirect presence of SUSY particles.
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Introduction to Supersymmetry

The Coleman-Mandula theorem [23,24] states that the symmetry group of any con-
sistent quantum field theory cannot be any other but the trivial combination (direct
product) of spacetime (Poincaré group) and internal symmetries. The supersymme-
try algebra, by means of considering both commuting and anticommuting generators,
relaxes the Coleman-Mandula assumptions and allows for a nontrivial extension of
the Poincaré algebras providing a connection between spacetime symetries and the
internal symmetries of the fundamental particles. As a consequence, particles with

such a different nature as fermions and bosons turn out to be related.

1.1 Superspace and superfields

Supersymmetry is considerably simplified and conveniently formulated through the
important geometric concept of superspace. Superspace is the extension of the usual
spacetime, represented by the bosonic coordinates x*, by introducing four additional

fermionic coordinates [25, 26]

{x“, 0, 93} (1.1)

a = 1,2. These new fermionic coordinates are called Grassmann numbers (c-numbers)
and because of their anti-commuting character they satisfy 9" =0 = 93;2. In the
context of supersymmetry, they are complex constant two-component spinors with
dimension [mass]*l/ 2. In fact, they can be interpreted as the two components asso-
ciated with a Majorana spinor 0% = (90‘ 9:;)

5
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In this formulation, N = 1 global supersymmetry transformations can be thought
of as infinitesimal translations in superspace, with € and €' the parameters of the

transformation

2t — 2t + iect0t + iefaro
0 — 0% + & (1.2)
0l — 6l + € (1.3)

&

The generators of the group represent the infinitesimal action of the group on the

parameter space. They can be written as differential operators which will act on

superfields
. 0 ngt
Qa = 'L% — (U 9 )a 3u (14)
Qf¢ = ia% — (5"0)* 9, (1.5)

«

where superfields are functions depending on the supercoordinates. It can be shown
that the generators given above satisfy the following set of commutation and anti-

commutation rules

{Qa, QL} = —20, P, (1.6)

{QuQs} = 0= {al.al} (1.7)

[Qa, Pu] = 0 = [QL,PH] (1.8)

[(Qar My ] = —% (0 Q) (1.9)

[Qg, M,w} - %(QTaW)d (1.10)

where ¢/ = %[o#,5"], P* = —i0, is the four-momentum generator of spacetime

translations and M* is the generator of Lorentz transformations. Eq.(1.8) tells us
that P? will be a Casimir operator of the algegra and therefore the fields belonging to
the same irreducible representation must have equal masses, at least if the symmetry
is exact. On the contrary, egs.(1.9) and (1.10) imply the non-conservation of spin
wherein a supermultiplet. As a matter of fact, one may prove that every representation
of the algebra must contain an equal number of fermionic and bosonic states [27]. This

algebra may be entirely rewritten in terms of commutators making use of € and €.
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As pointed out before, superfields are functions of superspace. Actually, they should
be understood in terms of their power series expansions in 6 and 61 [25]. As we are
considering two components for 8¢ and two for F)Zw the highest order term allowed in
the expansion will contain #9 and #TAT. Hence, the most general superfield can be

written as

S(2,0,0") = ¢+ 0+ 0T +00F +670T c +6016"0 A, + 670701 + 0007¢T 4 000707 d

where ¢, F', ¢, A, and d are eight complex bosonics fields (or sixteen real) and &, xF,
n and (T are four two-component Weyl fermion fields.

The effect in a general scalar superfield of an infinitesimal SUSY transformation on the
superspace can be computed through the differential operators obtained in egs.(1.4)
and (1.5)

V28.S = —i(eQ +Qh) S (1.11)
= S(z" +ieo”0t +ic'3"0, 0 + ¢, 0T +€7) — S(z*, 6, 07)

In particular, the component field transformations will be given by

V269 = € + €T (1.12)
V26.ba = 26 F — (o"eh) (A, +1i0,0) (1.13)
V28T = 2% + (%) (A, —i,0) (1.14)
V26.F = ff¢t - %J&Maug (1.15)
V26 = en— %ea“@MXT (1.16)
V28, AF = et — lan — %ea”&“&,g + %eTﬁ”a"&,XT (1.17)
V28e = 2e0d — i(a“eT)a(‘)Mc — %(U”ﬁ“e)aauA,, (1.18)
V2ot = 2eted — i(5e)%0,F + %(5”0“6)6‘3#14” (1.19)
V26d = —%e“i”@,m — %ea”@MCT (1.20)

However, it can be shown that this general supermultiplet is a reducible representa-
tion of the supersymmetry algebra. Irreducible representations may be always found

by imposing covariant constraints [26], that is constraints involving only superfields
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and their covariant derivatives. Thus, a new derivation compatible with SUSY trans-
formations is required: 6.(D,S) = Dy (0.S). It is evident that 9/90% and 8/893; are
not valid for this purpose. In N = 1 supersymmetry, chiral covariant derivatives are
defined as

0
— — i (otot
D, = 590 ¢ (c"6 )a Oy (1.21)
=G 0 L &
D = @ — i (c"0)" 0, (1.22)

so that, with this definition, chiral covariant derivatives acting on superfields return
superfields. Moreover, an irreducible representation of the algebra may be obtained

through the condition

Da® = 0 (1.23)

This superfield is called a chiral (left-chiral) superfield. Its complex conjugated would
be an anti-chiral (right-chiral) superfield and would be defined by D,%* = 0. In
terms of y* = x* + 0750 and 0, Eq.(1.23) has a very simple solution

O = oly) + V20u(y) + 00 F(y) (1.24)

Hence a chiral supermultiplet contains as component fields a complex scalar, ¢, a
two-component Weyl fermion, v, and the auxiliary bosonic field F'. In the case where
it represents a fundamental chiral supermultiplet, its dimension is [mass]!. It is also
straightforward to see that holomorphic functions of chiral superfields are also chiral
superfields and that from any general superfield S a chiral superfield may be obtained

as

® = DDS ®* = DDS (1.25)

since DdﬁﬁD;y =0 = D*DAD7. Similarly, one may define vector or real supermul-
tiplets as V = V*. In the Wess-Zumino (WZ) gauge!, the solution can be simply

written as

1The most general expression for a vector supermultiplet is:
V= ¢+ 0c+0Tel +00b+0T0TH* + 075104, +0T0TO(N — %0”8#{[) + 000t (AT — %&Naug)
1 1
+ 060T0T(§D + 7 0u0"9)

where a redefinition of the original fields in S -7, ¢ and d- in terms of A, D, £ and ¢ has been introduced

(the explicit expressions are given below). However, through a supergauge transformation some of
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1
Vivz = 016"0 A, + 07070\ + 000T\T + 5999*9*1) (1.26)

where some redefinitions have been introduced: (, = 7o = Ao — /2 (0#0,£") and
d=1/2D+1/40,0"¢. The presence of a vector field, A*, in Eq.(1.26) suggest that

this supermultiplet will be exploited to construct supersymmetric gauge theories.

1.2 Lagrangians in superspace

Chiral and vector supermultiplets are the elemental blocks from which all supersym-
metric renormalizable Lagrangians can be built. In particular, recalling egs.(1.15) and
(1.20) we may observe that both the F-term of a chiral superfield and the D-term of a
vector supermultiplet tranform under supersymmetry as total derivatives. Therefore,

supersymmetric-invariant actions can be formulated from them as
0 A=0 with A= /dx”ﬁ (1.27)

with the Lagrangian density £ given by

Mp = Vi, 0, 0)losorer = / @20 d26" V(z, 9, 0")|o—o
or

0], + cc. = Blog + O lgrpr = /d29¢'(x, Dlor—o + /d%* & (2, 0)|o—o

For chiral superfields, the complex conjugated should be introduced since the super-
field is complex but the action must be real. Of course, it can be also shown that any
F-term contribution in the Lagrangian can be written as a D-term, and vice versa,
using that DD(010") = DD(06) = —4 [17].

1.2.1 Chiral interactions

The most general supersymmetric renormalizable Lagrangian involving only chiral

superfields is given by

these fields can be eliminated. Thus, a vector supermultiplet is said to be in the Wess-Zumino
gauge when it is written just in terms of the vector field, the D-term and the Majorana fermion as
in Eq.(1.26)
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Leniral = [O¥®;], + ([W(‘Di)]p + C.c.) (1.28)

The first term corresponds with the D-term of a real vectorfield resulting from the

product ®*'®;, which can be computed in terms of the component fields as

[¢*i¢i}D _ /d29d29T ¢*i¢i — —8“¢*i8p¢i + “/’Tia'“auwi +F*iFi 4o (1_29>

where the ellipses represent a total derivative which vanish upon integration. The
remaining terms are the kinetic contributions for the component fields. The second
term in Eq.(1.28) is the F-term of W(®;), which refers to an holomorphic function
of chiral supermultiplets. Considering the particular form W(®;) = 1M ®;P; +

- 2
1yiik ;0 its F-term will be

(W©O)]p = MY (GiF; + 657, — buty) (1.30)
+ éyijk (Pi0j Fr + opdiFy + ¢jorF; — Vihjon + Vitved; + jvrdi)

The auxiliary fields F; can be integrated out from Eq.(1.29) and Eq.(1.30) using their

Euler-Lagrange equations of motion

%:Fk—i—Wg —0 — B = -W
%:F*k+wk:o — Ft = Wk
(1.31)
with  wi = SO g Ly o
who— 8[\/;;(::)]F — Mg, + %ykij@%

Once F; have been removed, the complete Lagrangian for interactive chiral superfields

in terms of the (physical) component fields will be given by

, , 1 1 oL
Leniral = —0"¢*0,¢; + 16”0, — §M”1/Jﬂ/fj - iijwlﬂ)“

— G — Sy I — V(6,6") (132
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In addition to the kinetic terms, mass-like contributions for the fermionic components
appear in the first line and Yukawa interactions together with the scalar potential in

the second line. The scalar potential consists of the purely scalar interactions

* *1 * P L in *j
V(g,0") = F'F = MiMY ¢%0; + 5 M"yj,66" 0™

* g *1 1 4 * * *
o My TG0k YT b6 (1.33)

1.2.2 Gauge interactions

Let us consider a general supergauge transformation associated with a symmetry
whose generators are T in the representation R. For each generator of the Lie
algebra, we will have a vector boson field Af, which will be contained in the associated
vector supermultiplet V2. Then, if Q% represent the (chiral superfield) parameters of
the gauge transformation, the transformation law for a vector supermultiplets will be

eV — i Vi (1.34)

where Q = 2¢,Q%T* and V = ig,7*V®. The correspondent field strength superfield
will be given by

1
Wea = —ZDD(e*VDaeV) (1.35)

where again W, = 2g,W2T®. Observe that W, is a chiral superfield, since DgW? =
0. It can be useful to take into account that we can always choose the gauge in which
we prefer to work. In particular, one may set the Wess-Zumino gauge and compute
the F-term associated with W*“W$ as

1 1
Ve wWale = 1 p Tr [WW,]p = DD 4 2oV, A" — S FHE,
+ %e’“’p” Fo, R, (1.36)

In this case, the result can be generalized since it correspond to a gauge-invariant
term. Eq.(1.36) reproduces the kinetic terms and self-interactions for the vector
supermultiplet component fields. Notice that as every chiral superfield, the complex

conjugated term must be introduced in the theory too.
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On the other hand, if chiral supermultiplets couple with the gauge fields, they will
transform under gauge transformations as

®; — [ D] (1.37)

)

Therefore, Eq.(1.29) is not gauge-invariant any more and it needs to be reformulated

in a suitable way. For instance,

¥ (V)7 d; (1.38)

K3

From egs.(1.34) and (1.37), one may see that Eq.(1.38) is clearly gauge-invariant now.

The correspondent D-term will be

o+ (V)7 cbj}D = V0"Vl + ipliEY g + FHF (1.39)
— V29u(¢ TN — V29 A (T ) + gu(¢*T*¢)D"

Comparing with Eq.(1.29), the plain derivatives have been replaced by covariant
derivatives (in the gauge sense) and additional vertices have been introduced. Re-

garding the gauge-covariant derivatives, they will be defined as usual

V. = 0, — ig,ALT" (1.40)

About the vertices, a new triple vertex arises coupling gauginos, the fermionic fields
within the vector supermultiplet, with scalars and fermions belonging to the chiral
supermultiplet. Finally, considering Eq.(1.36) and Eq.(1.39), the auxiliary fields D*
can be removed from the total Lagrangian following the same procedure carried on
before for F*. Thus,

DY = — g, " (T 6 (1.41)

Then, an additional term should be introduced in the scalar potential which will

become
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* *4 1 ana
V(g,9*) = F Fi+§za:DD = (1.42)

= MjM"¢*e; + §M Yirn @0 6™ + My 6% g0
1

2 2
Jn, *x * * Ya *ra
b et + (e

Summing up, the most general renormalizable Lagrangian for a interactive gauge

theory may be compactly written as

¢ = (5-ifhm) Dol v et [o() o],
+ ([W(®)] + cc) (1.43)

1.3 The Minimal Supersymmetric Standard Model

The minimal supersymmetric version of the Standard Model (MSSM) [12,13] is defined

by the following assumptions:
e Minimal SM gauge group: SU(3)¢c x SU(2)r, x U(1)y.
e Minimal particle content.
e Yukawa interactions and R-parity conservation.

e Minimal soft SUSY-breaking terms.

In the MSSM no additional symmetries are added to the SM gauge group, apart
from R-parity. R-parity correspond to a discrete Zo symmetry which assigns a new

quantum number to every particle [28]
R, = (=1)* (=1)*5~H) (1.44)

where s, B and L are the spin, baryon number and lepton number. Among other
things, R-parity allows us to distinguish between two separate sectors: R,-even par-
ticles, consisting of the SM particles, and R,—odd particles, which includes their

supersymmetric partners. In fact, imposing R-parity as an exact symmetry of the
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Superfield Components Quantum Numbers
Scalar Weyl fermion | SU3)c¢ SU(2)r, U(l)y
oy | @, = (@F, 0T (A, AY 1 > 12
g by = (0, ®;)T  (HY, Hy) 1 2 -1/2
Li (viet) (v et) 1 2 -1/2
E ey el 1 1 1
Q (g, dy) (ui,dy) 3 2 1/6
D dy dif 3 1 1/3
Ui Uy u'd 3 1 -2/3

Table 1.1: Chiral supermultiplets

theory forbids unwanted exchanges of sfermions between ordinary quarks and leptons
that may be in conflict with experimental data, for instance the proton could decay
with a short lifetime in the presence of terms violating both, L and B. Although
R-parity might seem poorly justified from a theoretical point of view, one may argue
that it is sensible to postulate it as a remnant discrete symmetry of a continuous B-L
gauge symmetry spontaneously broken at some very high energy scale [29]. Some phe-
nomenological consequences may be inferred from this conservation: first, supersym-
metric particles will always be produced in pairs or, conversely, any supersymmetric
particle must decay into states containing an odd number of superpartners; second,
the lightest supersymmetric particle (LSP) must be absolutely stable, providing a

natural candidate for dark matter.

1.3.1 Particle content

In a realistic supersymmetric version of the SM all quarks, leptons, gauge bosons
and the Higgs ought to be associated with different supermultiplets and, therefore,

their superpartners cannot be identified with any known particle. Fermions will be-
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Superfield Components Quantum Numbers

Vector boson Major. fermion | SU(3)c SU(2)r, U(Q1l)y

Ga g8 g 8 1 0
we we we 1 2 0
B B, B 1 1 0

Table 1.2: Vector supermultiplets

long to chiral supermultiplets? together with new spin-0 bosons called sfermions (for
scalar fermions). Vector bosons will be contained in vector supermultiplets and their
spin-1/2 companions will be Majorana fermions called gauginos (for gauge neutrino).
Finally, in contrast to the SM, the Higgs sector will be made up by two chiral su-
permultiplets correspondent to two different isodoublets. The reason is twofold: on
the one hand, the superpotential holomorphicity does not allow the presence of con-
jugated fields like @ and, on the other hand, a second isodoublet is needed to cancel
the Adler-Bardeen-Jackiw anomalies [30-32] which otherwise would spoil the renor-
malizability of the theory. The fermionic superpartners of the Higgs bosons will be
Weyl fermions and they will be named Higgsinos (for Higgs neutrinos). Tables 1.1
and 1.2 show the particle content of the MSSM just described before. In principle,
the MSSM does not consider right-handed neutrinos.

Finally, after electroweak symmetry breaking (EWSB) W-bosons will mix with the
B-boson generating W+, Z° and 7 but also their superpartners will mix among them
and with the Higgsinos so that the mass eigenstates will be given by two charginos,

X1i27 and four neutralinos, X 5 5 4

1.3.2 Supersymmetric interactions

The whole collection of interactions respecting supersymmetry can be obtained from
Eq.(1.30), Eq.(1.36) and Eq.(1.39) once the superpotential has been specified. In
the MSSM, the superpotential is a function depending on chiral supermultiplets, to-

tally compatible with gauge symmetries and invariant under R-parity transformations.

2See comment in Appendix B.1 concerning the standard convention to express chiral supermulti-
plets
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Thus, the most general expression for it can be written as

Wyssmy = UYu QP — DYgQ®Py — EY LDy + u® Py (145)

where indices have been suppressed. Expanding the product between superfields

Wamssm = UY, U0 — UY,Dr®f + DYqaDr®) — DYqUL &
+ EYeEL®) — EYer,®; + p (0f0; — 0007) (1.46)

Appart from the typical gauge interactions proceeding from the gauge-covariant deriva-
tives in Eq.(1.36) and Eq.(1.39), numerous new vertices arise in the MSSM. For in-
stance, once the auxiliary F-fields are replaced by their equations of motion, mass-like
terms for Higgsinos and Yukawa interactions for Higgs-fermion-fermion and sfermion-

Higgsino-fermion emerge, Eq.(1.32). We group them in Ly,
—Ly = (Yu)ij (uR uJL 0 + Ul uJL H? + ug HJL H°
— i O — i d - i &)

# Oy (08 T ]

—difuloF — dy ) Hy - dif @), A7)
+ (Yol (e el @) + el HY + e &, 1
—eRV“I) 7@1;l/jﬁd 76RVJH>
+ o (EVEY - HPHP) + cc (1.47)

The first three vertices in Eq.(1.47) are represented in Figure 1.1. The rest are
equivalent but exchanging the up-type particle by down-type or leptons and the up-
Higgs by the down-Higgs. Similarly, the scalar potential defined in Eq.(1.42) contains
interactions involving exclusively scalar fields such as mass-like contributions for the

Higgs bosons

— L =l (|80 + (@3 + |of]* + |og|*) (1.48)

triple vertices for sfermions and Higgses
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o i :
Y Y Y
I Yu I Yu I Yu

uf, up ur, HY b HY

Figure 1.1: The usual Yukawa vertex Higgs-quark-quark for the up-quark and its "super-

symmetrizations" squark-quark-Higgsino in Eq.(1.47). All these vertices have strength y.,.

0 .
: (I)u : (I)d
4 4
| * | *
o K Yu o M Yu
7 N 7 N
// \\ // \\
7 N 7 N
. ~— % 7 il
ur, Up dy, Up

Figure 1.2: ¢ vertices for the up-quark in Eq.(1.49) coming from the scalar potential. These

vertices have strength u* y,.

— %k

Lo = (Yo (Whal ®F + 5 d @)
+ " (Ya)i; (Jg 4, O + diy W), ‘Pﬁ*)

-k

ot (Ye)y (wRegcpg* + e @j*) + ce (1.49)

and quartic couplings with four sfermions and two sfermions plus two Higgses
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Figure 1.3: Typical ¢* vertices in Eq.(1.50) coming from the F-terms and D-terms. These

vertices have strength y2.

— L4

(Yu):j (Y )k:l (uR U’L ulf%ulL 4 ~R dJ ~k dL)

Yl (g, (00" + g i@, |25 + df d o]’
g |0+ (A e et +ee)) +
g%(z d)”Aa ) g%( Z ¢i*0a¢,>2
8 8 EAS
—
®4,L,Q
97 ?
21( > ¢*Y¢¢) (1.50)
¢=q>1iv
Dq,f

where % and A® are the SU(2) and SU(3) generators and correspond to the Pauli

and Gell-Mann matrices, respectively. Figures 1.2 and 1.3 show some of the vertices

in Egs.(1.49) and (1.50) for up-type quarks. In the case of ¢3 vertices, for each vertex,

there are two more where the up-type quark is a down-quark or lepton and the Higgs

changes. For the quartic couplings, there are two different origins: on the one hand,

the Yukawa squared interactions coming from the superpotential and, on the other

hand, the gauge-coupling squared interactions originated in the D-terms, Eq.(1.41).

Note that after electroweak symmetry breaking (SSB) these terms in Egs.(1.49) and
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g | Qr. Lo, P, By ' q [, Dy, Dy
4 4 4
g q W QLJLaﬁde B q,l,]?lqu

Figure 1.4: Scalar-fermion-gaugino vertices in Eq.(1.51) coming from the covariant deriva-

tives of the chiral superfields. These vertices have strength g,.

(1.50) will contribute to the sfermions mass matrices; the ¢3 interactions will induce
fL — fR mixing through off-diagonal terms whereas the ¢ interactions will generate
diagonal mass terms. Finally, gaugino-fermion-sfermion interactions are originated
from the gauge-invariant kinetic term for chiral supermultiplets, Eq.(1.28). Usually,
they will dominate over the superpotential dimensionless interactions because of the

gauge-coupling strength

93 Tix ya j ~q
- Egauge = 72 <¢ >‘1 ]wj) g + c.c.

+ V291 > (¢"Ys¥) B + ce (1.51)

V chiral

1.3.3 Soft supersymmetry breaking interactions

Nature does not seem to be supersymmetric. Otherwise particles cohabiting into the
same supermultiplet would have equal masses and the whole compendium of super-
partners would have been already measured. So supersymmetry should be a broken
symmetry, although the precise mechanism responsible for it is not known yet. In
this situation, the wisest way to proceed is through the parametrization of our ig-
norance introducing nonrenormalizable terms which explicity breaks supersymmetry,
supposing that they are induced by some mechanism. Normally these terms should
be soft, in the sense of positive mass dimension. In the MSSM, the minimal number

of soft-breaking contributions includes mass-like terms for scalars and gauginos, and
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Figure 1.5: Higgs-scalar-scalar vertices for the up-quark in Eq.(1.52) coming from the soft-

breaking Lagragian. These vertices have strength a,,.

trilinar interactions between sfermions and Higgses

1 o — ~~
— Liisem = 3 (M399 + My WW + My BB + c.c.) (1.52)

+ miy L, + my, OB, + (bP,Py + cc.)
+ Q'm3iQ + L'm2L + upmliug + dpmidg + &hm2eg
_|_

(ﬂ}au@% ~ dhag Q¥ — ThacLdy + c.c.)

where the product ®,®,; = eagtﬁfjfbg . Clearly, these contributions break supersym-
metry since the correspondent term for the superpartner fields do not appear. Some
of the trilinear vertices given in the last line are represented in Figure 1.5. Note that

after SSB these terms will induce sfermions mixing.



Higgs phenomenology with explicit CP

violation

As presented in the previous section, the Higgs sector of the MSSM is a type-II
2HdM [33-35] in which two Higgs isodoublets are required to break the electroweak
symmetry. Each of them couples uniquely to down-type fermions and leptons or up-
type quarks. Among other reasons -see discussion in Section 1.3.1- this mechanism
avoids the appearance of flavour-changing neutral currents (FCNC) at tree-level. In
fact, as we will see, the Higgs sector of the MSSM is a type-II 2HdM that conserves
CP at tree-level.

In its more general version, the MSSM introduces many new parameters which are
absent in the SM and could, theoretically, carry complex phases. In particular, the
MSSM accounts for 43 new phases coming from: i) the superpotential, through the
mass parameter p of the Higgs, and from ii) the soft-breaking Lagrangian through

the gaugino masses M; and Ms, the dimensionless bilinear squark parameters m%

and through the trilinear couplings az'.

This large number of complex phases gen-
erates in supersymmetry the so-called supersymmetric CP problem [37-49], mainly
related to the strong tension between the flavour experimental data and the large
contributions generated by O(1) CP phases. Particularly, the electron and neutron

EDMs greatly constrain the complex phases associated with the bilinear p-term of

1 Observe that in the limit where y = b = M3z = M> = M; = 0 and all matrix trilinear
ag-parameters are set to zero, the theory possesses two global U(1) symmetries: a continuous R-
symmetry and a Peccei-Quinn symmetry. Thus, a U(1)g rotation of the fields can make the gluino
mass real and positive whereas a U(1) pg rotation can be performed in order to remove the complex
phase of b [36]

21
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the superpotential and the diagonal entries of the trilinear matrices belonging to the
first- and second-generation of fermions. Fortunately, these bounds are relaxed in the
case of third-generation trilinear couplings, which could still have sizeable phases even
for soft sfermion masses O(1) TeV. Here, without loss of generality, we take phases
order unity only in atp ., leaving the rest of parameters real. This way, a sizeable
scalar-pseudoscalar mixing is generated in the Higgs spectrum whereas the flavour

phenomenology remains in perfect agreement with experiment.

2.1 Electroweak symmetry breaking

In the MSSM, the scalar Higgs potential has three different sources: i) mass-like
terms coming from the scalar potential after integrating out the auxiliary fields F;
Eq.(1.48), ii) bilinears terms in the soft-breaking Lagrangian Eq.(1.52), and iii) quartic
couplings in the scalar potential once the auxiliary fields D® have been removed using

their equations of motion in Eq.(1.50). These last contributions will be given by

1 2

U(l)y 5DlDl = %1 (2% @Y + ot @) — TPy — P, + ...)2 (2.1)
1 2 12 g% *7 1 *7 j 2

SU@ ¢ 3DPD?=22 (cb; ol Bl + B ol )+ ) (2.2)

where ellipses means additional terms belonging to squarks and sleptons that do not
participate in the symmetry breaking and can be ignored now. Expanding Eqs.(2.1)

and (2.2) and making some arrangement, the scalar Higgs potential can be written as

Vi = (P +mi) 120 + (P +mi,) [0a + (bu®,®q + c.c.)
2 2 2
+ 2
+ B (2P - jea?)” + 2@l (2.3)

The only term in this potential that depends on the phases of the fields is the bu-term.
However, it is always possible to perform a global Peccei Quinn rotation of the fields
reabsorbing its complex phase!. Consequently, bu can always be taken real and pos-
itive and the Higgs potential is CP-preserving in the Born approximation. Thence,
the Higgs mass eigenstates can be assigned well-defined values of CP, at tree-level.

Unfortunately, going beyond the leading order, this CP invariance of the Higgs po-

tential may be explicitly broken through radiative corrections due to the presence
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of complex phases in the soft-breaking Lagrangian [50-52]. In particular, after SSB,
CP-violating phases in the trilinear couplings of sfermions may induce a large mixing
between scalar and pseudoscalar states at one-loop level originating substantial mod-
ifications in the Higgs mass spectrum as well as in the associated couplings.

The SU(2)r ® U(1)y group gets spontaneously broken to the electromagnetic sub-
group U(1)g when the neutral components of the Higgs doublets acquire a vacuum
expectation value (VEV). Since observation tells us that U(1)g is a true symmetry
of the theory, one should be able to ensure the absence of charge-breaking minima:
Vg /0Pt = 0 = 90Vy/0®,. And, in fact, it can be easily guarantee thanks to the
freedom of realizing SU(2), transformations, which always permit rotating away one
of the possible VEVs. Eventually, one may take (@) equal to zero and, as a conse-
quence, it can be shown that (0Vy/0®;) = 0 with (@) = 0 implies (®;) = 0, as

desired. Therefore, without loss of generality, we can assume at the minimum

@) = (@Y%) =

7 (2.4)

V2

where v, = vsinf3, vg = vcos S and v ~ 246 GeV. In our case, excitations over the

ground state of the Higgs doublets will be parametrized as

1 0 ; PO ) +
o, = — Vg + ¢d, + 1B, o, = ezf (iu - (25)
\/é (bd Uy + (bu + ? Pu

where £ represents the relative phase between the doublets. All these parameters are
determined by the minimization conditions of V. In the limit of CP-conservation
[17,35,53], the breaking of the symmetry leads to two neutral Higgs scalars h° and
H° (with mpo < mpgo by convention), a pseudoscalar Higgs state A°, two charged
Higgs scalars H* and three would-be Nambu-Goldstone bosons, which become the
longitudinal modes of the (now) massive gauge bosons Z° and W*. When violation
of CP is included via complex phases in the trilinear couplings, mass terms merging
scalar and pseudscalar states arise as a result of diagrams like those represented in
Figure 2.1 [51]. Then, the neutral mass matrix may be written as [51,52]

2 2
MY = ( M; MSQP ) (2.6)
MPS MP
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Figure 2.1: Feynman diagrams contributing to the scalar-pseudoscalar off-diagonal terms in
the neutral mass matrix: (a) One-loop self-energy graph, (b) CP-odd tadpole renormaliza-

tion, (c) Tadpole graph of the A° boson.

in the weak basis given by (¢4 ¢, A°), where A® = —sin 8 P{ + cos 8 P2 and in which
the massless Goldstone boson G associated with the flat direction of the potential
(OVi /OGY) = 0 has been removed. As the notation suggest, M% contains the mixing
between CP-even states (ng&u)7 M2 contains the pseudoscalar mass part (A°) and
M%p, is linked to the mixing between CP-even and CP-odd states. The condition to

recover the CP-conserving limit would be

Sm[par] = 0, f=t0b 7 (2.7

As M?% is symmetric, it can be diagonalized through an orthogonal rotation O

OT - M3, - O = Diag (mfil,quz,m%h) (2.8)

where by convention qul < m%{,z < m%ls. Then, the mass eigenstates will be given

by
¢a = O H, du = O Hy, A’ = 03 H; . (2.9)

2.2 Higgs interactions

In the MSSM, the Higgs fields couple to every massive particle in the spectrum except
for gluinos. In this section, following [54], we will review the most important Higgs

interactions in the presence of explicit CP-violation.
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Higgs interactions to vector bosons

In Table 1.1 the quantum numbers associated with each Higgs supermultiplet are
shown. The Higgs superfields carry charges under the SU(2); ® U(1)y group so that

the correspondent covariant derivatives will be given by

, G2 wo V2wt
vV, ® = |0, — i Y;B, — 1= . K P, 2.10
© M g1 w 5 < \/éWH_ _WS ( )

with Wf = (W, FiW2)/ V2. Both, gauge boson masses and their interactions
with the Higgs bosons, originate from the covariant derivatives in the Higgs field
kinetic terms, Eq.(1.39), once the symmetry is broken and the Higgs particles emerge
as perturbations around the minimum as presented in Eq.(2.5). Then, taking into
account that B, and Wg mix with an angle Oy to give the massless photon A?L and

Zg, one will obtain the following triple couplings

2 2
g - g .
Lovy = (vud) + vad]) (22 Wiw—# 4+ 74COS§GW ZMZ‘)

+ —_
ggMW (WNW ,u_|_

3
1
2(:0529WZ;LZ“) > G Hi (2.11)
=1

where My = gav/2 and the Higgs-vector-vector coupling is given by

Grpwy = 08B 01 + sinff Oy (2.12)

Note that gauge bosons only couple with the CP-even part of each Higgs mass eigen-
state. In addition to these couplings, two more triple couplings emerge: H;-H;-Z and
Hi-H¥-W#*. However, processes involving these vertices will be subdominant in our

study so that we do not present them here.

Higgs interactions to sfermions

The Higgs-sfermion-sfermion interactions will be given by several contributions from
both, the superpotential and the soft-breaking Lagrangian: the cubic vertices in
Eq.(1.49) and the trilinear couplings in Eq.(1.52) induce mixing between left- and

right-handed sfermions whereas the quartic vertices in Eq.(1.50), after SSB, generate
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interactions between same-chirality squarks. Thus, the interactive Lagrangian can be

written as

Lug = v (9us),, Hif fi (2.13)

where j, k = 1,2 (referring to the mass eigenstate) and 9y, 5F 18 @ 2 X 2 matrix contain-
ing the H;- fj— fk vertices and the correspondent dependence on the rotation-matrix

elements for Higgs bosons and sfermions. Hence
_ (T Fep f
v (gH,ff)jk - (F;f> o Oﬂi Rlinl/k} (214)

where k£ and v are related to the chirality, L or R, R/ is the sfermion mixing matrix
and f?‘ pls the 2 x 2 matrix consisting of all the contributions from the superpotential
and the soft-breaking Lagrangian. The explicit expression can be found in Appendix
B.2.

Higgs interactions to charginos

Interactions between neutral Higgses and charginos emerge from the Higgs kinetic
terms in Eq.(1.39) and are given in Eq.(1.51). Some of these vertices are represented
in Figure 1.4. After SSB, and following the convention detailed in Appendix B.3, the

interactive Lagrangian can be written as

g2 - S . P o
Lugts- = -7 H;x; (gHinX; + zy5gHin+X;) b (2.15)

where the scalar and pseudoscalar couplings gﬁﬁi+x, depend on the mixing-matrix

elements associated with charginos and Higgses in the following way

S * 7Tk ‘Pg * Tk ‘b?‘ . *
Irix xi { AU G4+ ViU G + (5 < k) } (2.16)

DO =N =

oF { S SN ent SRR VEY s e L (ij)*} (2.17)
Hix Xy J1Vk2 % j2Vk1 Gy .

0 0
G;I)d and G?“ are the abbreviated notation for the ®% and ®% composition in terms

of HZ
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G* = Oy + isinfOs G = Oy + i cosBOs; (2.18)

K3 2

Higgs self-interactions

We are also interested in the neutral-Higgs bosons couplings to the charged Higgses.
They can be computed from the quartic couplings in the Higgs potential Eq.(2.3)
after SSB

3
Liyin- = v Z Jowrn- O HHHTH™ = vy, . HH'H (2.19)
a=1

with g,g+pg- containing all the contributions from the potential. They are given in
Appendix B.4.

Neutral-Higgs interactions to SM fermions

In the MSSM, the Higgs interactions with SM fermions emerge directly from the
superpotential as showed in Eq.(1.47). At tree-level, SM-like Yukawa interactions
are reproduced with the difference that now up-type quarks couple to ® whereas
down-type quarks and leptons couple to @3. However, beyond the leading order,
non-logarithmic threshold corrections to the fermions couplings are induced by the
decoupling of heavy SUSY states at a high scale [55-63]. For instance, diagrams like
those represented in Figure 2.2 for the b-quark are responsible for additional contri-
butions to the fermion mass and its couplings to the Higgs states. Moreover, these
quantum corrections may induce effective couplings between fermions and the wrong
Higgs, the Hall-Rattazi-Sarid effect [56], Figure 2.3. In this context, the following

effective Lagrangian can be considered [64]

0 0
~Lugn = ulY, (1 + Afu) 0wy, + ul, Y, AT 0%y
0 0
+ dpYa (14 AT @5 dy + df YoAT 8%,
0 0
+ e}r{Ye (1 + Af”’) ®Yep + eTR Y. Al ®ep + cc (2.20)
0
where A?i contains all the loop contributions generating the correction. The complete

expression for them can be found in Appendix B.5. Once the symmetry is broken
and ®} — 1/V2(vy + ¢% + iPy), the mass terms are obtained from Eq.(2.20) by
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Figure 2.2: Some of the diagrams inducing non-logarithmic corrections to the bottom quark

mass and its couplings to ®§ through (a) gluino exchange and (b) higgsino exchange.
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Figure 2.3: Some of the Feynman graphs involved in the threshold corrections to the bottom
quark mass and its couplings to ®% through (a) gluino exchange, (b) higgsino exchange, (c)

neutral gaugino-higgsino exchange and (d) charged gaugino-higgsino exchange.

rotating the states to the mass basis. In particular, we can work in the basis where

UP =UL =UL =1 =UL = U Thus,

u}f;a 1\//\[u ur + d}; ﬁd dr + 611-% ﬁl er + c.c. (2.21)

- Emass
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with Z/W\u = diag(mqy, me, my), Z\/Zd = diag(mg, ms, mp) and J/\/[\e = diag(me, my, m,)

related to the correspondent Yukawa coupling according to

M, = 2y (1+ACI’51 +cotﬁA‘I’3) - ™ v,R
u —_— \/5 u u u — \/§ u U
My = “2Y,(1+ A7 + tanpA]") V = %YdeV

Uq

V2

=
Il

—Y (1 + A<I>g + tanﬂAq)?") =
\/5 e (& e —

Y:.R.

(2.22)
(2.23)

(2.24)

where R,,, Ry and R, have been introduced. Notice that for down-type quarks (and

leptons) one of the terms is proportional to tan 8 and, therefore, it can be important

for medium and large tan 8 values. It is straightforward to obtain from Eq.(2.20) the

following effective Lagrangian, using Eqgs.(2.22)-(2.24) to rewrite the Yukawa couplings

and going to the mass basis for the Higgs fields,
iy 92 (T oL R _ NI
Lhp = T2 My Hi f (MngiffPL + 8u, 7y My

The effective couplings are given by

Oy 0 Oy 0
L 1z —1A® 27 -1 P
. = R A4+ —R 1+A"
EHiuu sing sing ¢ ( )

+ i Os; cot B R;l (1 — ASS + tanﬁAsg)

PR) f

ViRSIAT Y

O1; 0 Os;
L o 14 t _1( ‘i’d) 21
= V'R 1+A A%
&H,dd cos 3 d T84 + cos 3
1 0
i O R (14A% - A%
+ 1 Ositan B VIR ( + A4, tan g2 A%
O1; 0 Os; 0
L 14 -1 @ 2i _1A®
= R (1 Aed) R;'AZ
€H,ee COSﬁ e + + COSB e
1 o0

. - o
+ 1 03itan/8Rd1 (1+Aed —mAe

t
R _ L
8mifr = (gHif‘f)

)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

In the case of equal fermions, the Lagrangian in Eq.(2.25) can be rewritten in terms

of four-component spinors and scalar-pseudoscalar effective couplings as
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eff _
Lo =

_ga2my

2 My

H; f (gfnff + 95,5 75)f

(2.30)

(2.31)

(2.32)

For our analysis, we mainly focus on the Higgs decay into third-generation fermions,

since they couple stronger to the Higgs due to their larger masses.

Threshold-

corrections to their couplings may be important although, in our case, it is enough

to consider the dominant corrections to the bottom quark, determined by the gluino

and Higgsino exchanges showed in Figure 2.3, while leaving the tree-level couplings

for the top and the 7-lepton [65]. Then

<
freies
5
3

12

whereas for the b-quark

2as

P
&
12

39 2043

3m

s
2

2 2
M3 I(ml;l y mgz

Oo;

~
sin 3

O1;
cos 3

M3 adI(mb1 mb2 |M3|?) —

g{;& ~ — cot 803

gll-;ﬁ"r ~ — tan (3 O3;

Yt
W g 1, i, 1)

2
2 |yt| P 2 2 2
s [ Ms]7) + a; p” I(mz ,mg,, |ul”)

1672

(2.33)

(2.34)

(2.35)

(2.36)

with as = g3/47 and the loop function I(a, b, c) given in Appendix C. Defining x, =

0 0
Af“’ /(1+ A;I)d), the effective scalar and pseudoscalar couplings are giving by
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1 O1; K Os;
S 14 b 21
= = §R §R
9u;5b € [1+nbtan6] cos 3 + e [1+ﬁbtanﬂ} cos 3
2
g | tan*8+1) | 2.37
tam 1+ kptan g o (2:37)
tan 8 — Ky kp tan 3 O1i
P
— frng —§R S EE——— O'i &
9u;5b e[l—kmbtanﬁ} 3i M {1+nbtanﬁ} cos 3
g Fib Oai 2.38
\Sm[l—i—fﬁbtanﬁ} cos 3 (2.38)

The general Lagrangian in Eq.(2.30) is also valid to study flavour-changing (FC)
neutral processes like H; — bs, 5b. Making use of the effective couplings obtained in
Eqgs.(2.26)-(2.29), one has

g2
2 My

— Lpps = H;b (gfm—)s + ig{;gs 75) s + c.c. (2.39)

with the effective scalar and pseudoscalar couplings

1 v

e = 3 (mogfiee + megfis,) = 5 (ul + ") (2.40)
1 1V

e = 5 (mosghe. — meglin) = 5 (F = uf) (241)

and where the dimensionless couplings y* = my, gﬁ_gs /v and yf* = mg gg_gs /v have

been introduced.

Charged-Higgs interactions to SM fermions

As before, one can deduce the interactive Lagrangian for the charged-Higgs boson and

the charged-Goldstone boson with SM fermions from Eq.(1.47) taken into account that

< @? ) _ ( CO.Sﬂ sinB) <H+> (2.42)
d* —sinfB cosf Gt
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Then, the resulting Lagrangian is given by [64]

L = -9 H‘&(ﬁdgf{,(i PL+gh ﬁuPR) U
2 My u u
-2 Gq (ﬁdvT P, — VI M, PR) u + he. (2.43)
2 My

The complete expression for the couplings considering all possible loop contributions
can be found in [64]. Here, we restrict the analysis to the threshold corrections which

are tan S-enhanced, that is those in the down sector represented in Figure 2.3. Thus

0 1
gh o =—tanpVIR;! + VIR !AS" ght = —t&mﬂvT (2.44)

+ 0
The single-Higgs-insertion (SHI) approximation [64] is assumed where: Af” = A

2.3 Higgs decays

The dominant decay channels for a Higgs state with no well-defined CP and mass

between one and several hundred GeVs will be reviewed here [54].

Higgs decay into SM fermions

First, we consider the decay width into a pair of SM fermions. The interactions
between quarks/leptons and neutral Higgses are shown in the Lagrangian of Eq.(2.30).
At leading order, the partial decay width of a Higgs into two fermions with the same

flavour is given by

2 2
g
Fflio—ﬁ? = Nc iﬂif mp, By (5; \91§£f|2 + |9§i?f|2> (2.45)
w

where N¢ is the color factor (three for quarks and one for leptons) and S = /1 — T !
with 75 = m3, / (4m?) the fermions velocity in the final state. For strongly interac-
tive particles, QCD corrections to the leading-order process like those in Figure 2.4
are important. A useful way to improve the tree-level cross section including NLO

corrections is using the so-called K-factors , which parametrise the ratio of the higher
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Figure 2.4: Feynman graphs for the tree-level Higgs decay into two fermions and some of

the QCD corrections at higher order.

order cross section to the leading order one. In particular for H; — ¢q, the next-to-
leading order (NLO) decay when my < my, can be obtained including the K-factor
K 1]‘011 =14 5.67 as(m3;, )/ and replacing the quark pole mass with the renormalized
mass calculated at the Higgs mass scale. This way, NLO-logarithmic corrections are
resumed to all orders [35,66,67]. Hence

2
FQCDﬁ _ K._f M T = 2.46
H; —ff ? mf(mt) H; -t ( )

In the case of two different flavours in the final state, like in the study of flavour-
violating decays such as those defined by the Lagrangian in Eq.(2.39), the decay
width will be given by

_ N, 2
T (Hl — b5,§b) Q 4;{;2 mgy, )\1/2 (1,:cb,:cs) KQcD X
w
2 2 2 2
|:(1 - l‘b - .CL‘S) (‘gflibs + ‘gg,f)s ) - 2V mbxs ()gi‘slibs - ‘gg,f)i ) :|

where again kgcp = 1 + 5.67ag (m%) /7 includes the QCD corrections, x5 =
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m?/qui and \(1,a,b) = (1 —a — b)? — 4ab. Introducing yf’R in Eqgs.(2.40) and
(2.41), the decay will be

F(Hi — Es,gb) = %mm AL/2 (1, zp,25) KQep X (2.47)
[ =y =) ([oF” +uf") — avaeas Re [yFy] |

Note that again the masses in yiL’R are my s = My s (Mmp,) due to the inclusion of
NLO QCD-corrections.

Higgs decay to vector bosons

If my > 162 GeV, the two body decay to gauge bosons is open and gives [54]

2 3

g5 My, 4 4 12

D(H; - VV) = 12827T MZ ov iy /1 — — (1 =+ (2.48)
w 1 7

i

where dw = 2, 6z = 1 and w; = m%li /MZ. However, for Higgs masses below 160
GeV, the decay channel to two real vector bosons is forbidden and the three body
decay through a virtual vector boson should be considered instead. Thus, the Higgs

decay into one real and one virtual gauge boson can be written as [68-70]

/(\/ml)2 A A2 (wi, 2, 1) [Mwi, 2, 1) + 122]
0 win [(x =12+ ¢ ]

(2.49)

where ey = 'y /My and A(1,7,y) = (1 — 2 —y)? — 4xy. The effective coupling gu,vv
for CP-mixed states is given in Eq.(2.12).

Higgs decay into two photons

One of the most important processes in the study of Higgs bosons is the decay to
two photons. In the case of neutral Higgses that do not carry electric carge, the

process only occurs at one-loop level by diagrams like those depicted in Fig.2.5. Every
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Figure 2.5: Feynman graphs for the one-loop Higgs decay into two photons mediated by:
(a) the W boson, (b) SM charged fermions or charginos, (c) charged squarks or the charged
Higgs. Diagrams (d) and (e) in the second line show QCD corrections at NLO.

massive charged particle that couples with both, the Higgs bosons and photons, must

be consider in the loop. Then, the decay width can be written as [54]

|55 ()

7

a2 mi
P#H: =) = 575 v2l<

4P <mHi>|2) (2.50)

where a = g3 /4, S} (mp,) is the scalar amplitude and P, (mp,) refers to the pseu-
doscalar one. In the MSSM, besides the fermion and gauge boson contributions, the
scalar part contains additional SUSY terms including charginos, the charged Higgs

boson and sfermions. Thus

S (mm) = 2 Y, NeQ3J] grgns Ff ()
F=bit, Xy X3
2 77 v?
- > Ne@}J] 5oz (omit);; Fo(rp)
f J
U2
2m?, .

— JH;VV Fl(Tv) — gHiH+H_ FO(TH+) (251)

where gy = 1 for SM fermions and g,+ = vV2My /m,+, 7x = m% /(4m%), Fy and FJ;S
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Figure 2.6: Feynman graphs for the one-loop Higgs decay into two gluons mediated by:
(a) quarks, (b) squarks. Diagrams in the second line (c), (d) and (e) are related to NLO

QCD-corrections.

are the loop function collected in Appendix C and J}Y refers to QCD corrections that
we detail below in Eq.(2.53). Notice that terms due to first- and second-generation
of fermions can be safety neglected in the first piece of Eq.(2.51) because of their
small masses. In contrast to the scalar part, the pseudoscalar amplitude only receives

contributions from SM fermions and charginos

Pl (mm) = 2 Y NeQiJjgrohy Ff () (2.52)

f=bt, X5 %

As commented before, the rescaling factors JY in Eq.(2.51) and (2.52) contains QCD
corrections built up by virtual gluon exchanges inside the quark/squark loops, second

line in Fig.(2.5). In the large loop-mass limit, they are given by [71,72]

8ag (qu)
Jq:’ =1+ ——- (2.53)

Jy =1 Jlo=1- o

Higgs decay into two gluons

Finally, another essential decay for Higgs states in a hadron collider is the decay
into two gluons, which also occurs at one-loop since Higgs supermultiplets carry no

colour. Similarly to the H; — v case, in order to compute the decay width, all the
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contributions from massive coloured particles that couple to the Higgs bosons must

be taken into account, Figure 2.6. Therefore

o mi
L g0) = gts e (KEISIP + KBIPOP) (250

where SY and P! are the scalar and pseudoscalar amplitudes

2

S s v
sy = Z gia Ff(15) — Z P (gHi?%)jj Fo(75) (2.55)
f=b;t fi=b1, 3
52751711:2
R S (256)
F=bt

and K¢ , are the leading-order QCD corrections due to virtual corrections and real

emissions of gluons and quark-antiquark pairs in the final state [71,72]

K%2=1 !
s + 4 6

™

o (M) (95 7
m

W) gy ) (1

NF> (2.57)

with N¥' the number of quark flavours at work, namely the number of quark flavours

which remains lighter than the Higgs boson in consideration.

2.4 Higgs production at the LHC

In principle, the basic production processes in pp collisions at the LHC for MSSM
Higgs bosons with explicit CP-violation are the same as in the SM [35, 73]

Associated production with vector bosons: qq =V + H;
Vector boson fusion: qq—VV* —qq + H;
Gluon fusion: g9 — H;

Associated production with heavy quarks: 99, 9@ — QQ + H;

In Figure 2.7, illustrative values for the cross sections are shown in the case of a

SM Higgs at /s = 8 TeV. Even so, quantitative differences may stem in our case
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Figure 2.7: Main productions channels for a Standard Model Higgs at the LHC for /s = 8
TeV: blue line is for gluon fusion, dark red is for associated production with quarks, green
lines are related to associated production with vector bosons and purple line is for the

associated production with the top quark [74].

from the modified couplings, specially in the case of tan/ dependences, the CP-
mixed character of the particles and the extended SUSY spectrum. Nevertheless, for
Higgs masses up to several hundred GeV the dominant mechanisms will still being the
same: gluon fusion production and associated production with b-quarks for large tan 3
values [75,76]. In contrast, vector boson fusion and associated production with gauge
bosons will remain subdominant due to the electroweak character of the reactions
together with the low parton distribution functions (PDFs) for quarks in this energy
range.

Similarly to the Higgs decay into two gluons, the production of a Higgs state through
gluon fusion occurs at one-loop level by processes like those in Fig.(2.6) but inverted.

At the partonic level, the LO cross section can be expressed as

LO LO my,
Og9—H; = Ogg—H, 4 (1 - gl) (2.58)

where § refers to the partonic center-of-mass (c.m.) energy squared, 0 is the zero-
width distribution that should be replaced by the Breit-Wigner form of the Higgs
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boson width and &592 g, is directly related to the decay width in Eq.(2.54)

2 2 2
~LO _ m LO _a; (Q) my, 2 2
Oome = e T = g o (18U + 1P ) (259)

As before, the scalar and pseudoscalar amplitudes, which are given in eqs.(2.55) and
(2.56), enclose the complete set of contributions due to the different particles running
in the loop. On the grounds of the QCD factorization theorem, the hadronic cross

section, at LO in the narrow-width approximation, can be computed by weighting

LO

the subprocess cross section at parton level, 6,07 5

with the parton distribution
functions (PDFs), which contains the knowledge of the momentum distribution of
every parton (gluons and quarks) inside the proton in the relevant kinematic range.

Thus

R dﬁgy
LO = agggHa TH, dTZ? (2.60)

o . =
pp—H; 99
where 7, = m%l /s is the Drell-Yan variable. The gluon luminosity, d£9%,/dr, bears

the PDF dependence at some factorization scale M

Ly Yda
o = [ ey gl ar2) (261)

where g(a, M?) is the PDF described above. For our numerical analysis, the MSTW2008
[77] PDFs have been used. Again, QCD corrections to the tree-level process due to
higher order processes like gg — H;g, g¢ — H;q and q¢ — H;g in Figure 2.8 ought
to be considered. Using the associated K-factor, the total hadronic cross section at
NLO can written as [68,72,78,79]

NLO - K 6_LO dﬁ%go (262)

g TH.
pp—H; —H, "H;
99 99 dTHi

It is important to include this factor since next-to-leading-order QCD effects, which
affect both quark and squark contributions similarly [79, 80|, can be significantly
large. Such effects are essentially independent of the Higgs mass but exhibit a tan
dependence so that, in the low tan 3 region, K can be approximated by 2 while, for
large tan 8, its value gets closer to unity [81]. In our study we have taken K to be

constant for a given tan § in the considered range of masses.
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Figure 2.8: Typical diagrams contributing to the virtual and real QCD corrections to the

Higgs production through gluon fusion.

For tan 8 2 7, the Higgs production in association with b-quarks may also contribute
[76,81-86] due to the aforementioned tan S-enhanced factors in the Higgs couplings to
down-type quarks, Eqs.(2.37) and (2.38). Associated Higgs production with bottom
quarks gg/qq — bb + H; is equivalent to the bb — H; inclusive process when it is not
required to observe any final b-jets, if one considers the b-quark as a massless parton
and uses heavy quark distribution functions in a five active flavour scheme [35,76,87].
In this way, large logarithms log(s/ mg) are resummed to all orders. As in the previous
process, the leading order partonic cross section is directly related to the fermionic
decay width

R 472 gim m? 2 2
Gipom, = — T p = ;—4M—§/Bb 55‘9&513} +’g§i5b‘ (2.63)

Regarding QCD corrections, it is enough to introduce the QCD enhancing factor K Zf
in the decay width H; — bb, the running bottom mass evaluated at mpg, and the
threshold-corrected bottom couplings in Eqs.(2.37) and (2.38). Thus

~QCD 4772 -
OvosH, — S I'(H; — bb)gep

2.2 2
gsmi ™ o ( mp(mp,) 2‘ S ‘2 ’ P ‘2
p— _— l;‘ —_— 1 1 2.64

4ME 6" ( my(my) ) B (Bb A I LA ( )

The hadronic cross section in the narrow-width approximation can be obtained in

terms of the bb luminosity. As before, we use for our numerical calculation the



2.4. Higgs production at the LHC 41

MSTW2008 five flavour PDFs. Then, the total production cross section (without
tagged b-jets) will be given by

. LO dLTo | .qcp ALY
0(pp - Hl) = K O'gg%Hi, TH,; dr + Jbb—>Hi TH; dTH. (265)

i

In the case of associated Higgs production with b—quarks but requiring a final b-jet,
one have to consider the NLO correction to the LO process, that is gb — bH;. The
differential partonic cross section for it is [82]

dogysmp 1 az(mm,) ((yp(ma,) 2my, +u?
dt 2 24

- 7 = (2.66)

where s, t,u are the Mandelstan variables. The total pp cross section is then obtained

as

e

o(pp = Hib) = 4 69110 / % b, M2) g(r /2, M%) (2.67)

T

where now 7 = (p, + pp)?/s and the factor 4 is due to the b-quark coming from one
of the two protons and the conjugated process gb — H;b.
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Flavour Phenomenology

The discussion in the previous section has revealed the large number of new pa-
rameters introduced by the MSSM in comparison with the SM. In particular, nu-
merous complex phases and flavour violating terms arise in the soft SUSY breaking
Lagrangian being highly constrained from experiment, since no significant deviation
from the SM has been observed so far.

The strongest assumption that one may make in order to keep under control all these
contributions is the hypothesis of Minimal Flavour Violation (MFV), which consid-
ers the Yukawa couplings as the unique non-trivial flavour structure of the model.
Under this assumption, the sfermion masses and trilinear couplings can be written
as expansions in terms of the Yukawa matrices. In principle, we will not consider
significant deviations from MFV. Only in the last analysis off-diagonal entries in the
trilinears and soft-mass matrices for third-generation squarks will provide an addi-
tional source of flavour violation, which may have their origin in the RG running of
the soft-breaking parameters.

Therefore, the most stringent flavour constrains for us will come from electric dipole
moments (EDM), helicity suppressed b — s transitions, B-meson oscillation and,

specially for medium and large tan 3, the Bs-meson decay By — putpu™.

3.1 Electric dipole moments

In physics, the electric dipole moment (EDM) of a system is a measure of the separa-
tion between positive and negative electric charge within it. The presence of non-zero

EDMs implies the violation of parity (P) and time-reversal (T) symmetries so that

43
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Figure 3.1: (a) Three-loop diagram for the d-quark EDM in the SM. Two additional diagrams
can be drawn with the gluon line attached before and after the W loop. The photon can
be radiated by any quark in the diagram or the W-boson. (b) Four-loop diagram for the
electron EDM in the SM. Two-loop diagrams for the W EDM were demonstrated to cancel
so this would be the first contribution different from zero. Again, the photon can be radiated

by any quark, charged lepton or W-boson in the diagram.

they act as precision observables of fundamental CP violation in Nature, if one as-
sumes CPT as a valid symmetry. In the context of beyond the SM theories, the neu-
tron and electron EDMs serve as powerful bounds over new complex phases [37-42].
In the SM, EDMs are strongly suppressed since the CKM phase is the unique source
of CP violation and consequently EDM interactions only appear at three-loop level for
quarks and through four-loop diagrams for leptons [88-93], Figure 3.1. The electron
EDM is directly caused by the W-boson EDM at three loops (dy) and the theoretical

prediction for its value can be estimated as

2
gz Me

de =~
3272 My

dw ~ 8x107* e.cm (3.1)

The neutron EDM receives the dominant contribution at "two loops" by the diagram
represented in Figure 3.2. The ® is an effective vertex enclosing the strong penguin
diagram which is given in the right part of the picture [92]. Thus, the neutron EDM
is calculated taking into account the short-distance effects given by the quark EDMs
as in Figure 3.1 and long-distance effects due to the diagram commented above. The

predicted value is

dp = &M 4 dlovs ~ 10732 e.cm (3.2)
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Figure 3.2: "Two-loop" effective diagram for the neutron EDM in the SM. The effective
vertex is given by the diagram expanded in the right side of the picture. The external photon

can be emitted by any quark within 7" or £~ and the W-boson in the vertex.

In a general MSSM where the presence of complex phases is not constrained, new
contributions to EDMs are induced at one-loop level by charginos, neutralinos and
gluinos in processes like the one in Figure 3.3. At higher orders, two-loop diagrams
from the W-boson [94-96], Barr-Zee graphs [97] or four-fermion interactions may
have sizeable contributions to the process. However, it is not our goal to perform
an exhaustive analysis of these interactions here, since we are just interested in the
constraints that they impose over the presence of new CP-violating phases. Thus, in
the following, we make use of these compact results at leading order in v2 /M52USY

and for all 5 operators in the case of the electron and light quark EDMs [98]

de 1TeV \°

= ~ 7x107%cm (0.01 sin ¢a, + 0.09sin ¢, tanﬂ) < eV ) (3.3)
2 Msusy

d, 1TeV \?

- ~ 5x107%cm (sin @, cot B — sin (pau) ( eV > (3.4)
e Msusy

d 1TeV \°

4~ 1x102cm (sin @, tan f —sin gaad) < eV > (3.5)
e Msusy

where ¢; refers to the phase of the correspondent parameter and Mgy gy reflects the

mass scale for supersymmetric particles.
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Figure 3.3: One-loop contribution to the EDM of quarks and leptons in the MSSM with
MFV. The external photon can be emitted by any quark, squark or by the chargino.

3.2 B—= Xyy

Rare processes such as the inclusive radiative decay B — Xy provides an excellent
experimental ground where detect New Physics (NP) beyond the SM. In general,
these processes involve high-order diagrams with several loops that makes them very
sensitive to new particle virtual effects. A convenient way to compute these graphs
is by means of effective operators and Wilson coefficients, which allow us to separate
the relevant physics at each energy scale while keeping the high-energy information
encoded into the coefficients. In this context, we can describe the b — s+ transition
through the following effective Hamiltonian [64,99, 100]

4G . L
M, = — TQFV?;?)VSQ > Ci(m)Qi(m) + Cr(mn)Q7 + Cslm)Qs (i)
i=2,7,8

where Q3, Q7 and Qg are the usual current-current, magnetic-penguin and chromomagnetic-
penguin operators, respectively. Typical diagrams associated with them are repre-
sented in Figure 3.4. Q7 and Qg are equivalent to Q7 and Qg but exchanging Pg for

Pr. In four-component notation (see Appendix A.5), their expressions are

Q: = (Pre) @7 PLb) (36)
emy ., s emg

Qr = 1672 (50" PRb) Fpu Qr = @(MM FrLb) Fiu (3.7)

Qs = 95T (50" PRrb) T*GY,, Qs = gSmS(EUuVPLb)TaGZV (3.8)

1672 1672



3.2. B— X,y 47

cr, SL

b R b L W S b R b L w Sr
(a) (b) ()

Figure 3.4: Typical diagrams in the SM for the the inclusive process B — X v: (a) four-
fermion diagram contributing to the current-current operator, (b) magnetic-penguin diagram

mediated by a W-boson, (¢) chromomagnetic-penguin diagram mediated by a W-boson.

with o = %[7“,7”]. In the SM, processes are mediated by W-bosons just like in
Figure 3.4. Going to the MSSM, new contributions to the magnetic and chromo-
magnetic operators arise owed to the exchange of charginos, the charged Higgs and
gluinos. On top of that, some of these terms contains a dependence on tan 8 which
can be important for medium and large tan 8 values. Following references [99-101],

the branching ratio can be parametrised as

BR(B — Xs7) ~ a + a776C? + assdC; + Re [a70C7] + Re [agdCs] + Re [azs0C76CE]

with the numerical values

a=30x10""* ar = (=7.240.64) x 1074
arr =4.7x 1074 ag = (—2.2 - 0.6i) x 107* (3.9)
ass = 0.8 x 1074 arg = (2.5 —0.94) x 1074

Written in this form, a is equivalent to the SM part mediated by the W-boson whilst
0C; g refer to SUSY contributions. Under the assumption of MFV, only charginos
and the charged-Higgs contribute. Therefore, 6Crs = C{Ig + C;‘;. In the case of
the chargino at one-loop level, the dominant diagrams are those where a (¢?) inser-
tion in the gaugino-higgsino mixing or in the stop left-right mixing signals the tan 3

enhancement. The computation of the correspondent Wilson coefficient gives [102]



48 Chapter 3. Flavour Phenomenology

cx, = Z Uaz Var Mw F. (x x x
78 78 \Laxd o iixd o Teaxd
cos ﬂ —1,2 V2 My

Uiy Voo ™y
2sinf m_+
Xa

+ Grs (it it ) (3.10)

where 2,5 = mi/mf3 and the functions F7 g(z,y, ) and G7 s(z, y) are defined in terms

of the rotation matrix elements for squarks and loop functions as

Fis(e2) = £ - [RG[ 20) - [RE[ 72 (3.11)

Grs(z,y) = RLRE AN () — RE Rab A4 (y) (3.12)

The loop functions f7(3) (x) and f8(3) (x) are given in Appendix C. For our analysis, it
is convenient to implement the function expansion given in Appendix D in order to
have a better understanding of the dominant terms in the Wilson coeflicients defined
in Eq.(3.10). The result is

+ /J,Mg 3
X o 2 (3)
Crs = tanf My ———— Frg (¥qcr, Tiyy+)
me, —m*,
X1 X2
2 A
2 my H A 3
+ tanf M3 —t— — o B (25000 Tn)  (3.13)
m:s —m: m*, —m*,
t1 to X1 X3

where F7(38) (@ f, 5+, Tfpy+) are defined by

3 3 3 3
) R ) B g) R ) — ARy
78 (Trixts Tppxt) = m2 - m2
+ +
X1 X2

Besides, in the limit where the first and second charginos are nearly wino and higgsino

i.e. m e+~ My < mo+ the previous expression can be simplified as
1 2

rp = s M 0 (o, ) o)

T TR T T

2 Bomy —my
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This last expression will be very useful when analysing the results. The carged-Higgs
contribution, including the would-be Goldstone-boson corrections to the W-boson

contribution, can be written as [103]

1
cHis — (1) 3.15
7,8 3tan2 3 7,8 (yt) ( )

§28) (ye) + f7(,28)(93t) (A;)b% (1+tanpj) — Afg (1 — cot B))

0
1+ A} + tan BA}"

with y, = m?/m?.. and z, = m?/m¥,. The loop functions 7(2’(2) are in Appendix

C.

3.3 BY— utp

The meson decay B — ptu~ occurs in the SM dominantly through Z%-penguin and
box diagrams with t-quarks in the loop, Figure 3.5. In the MSSM, making use of the
effective description given in the Lagrangian of Eq.(2.25), additional contributions
emerge from the exchange of neutral Higgses as in Figure 3.5(c). Note that in this
case the gIL{igb term is ms/mb suppressed with respect to 911—211-517' Thus, the effective

Hamiltonian can be written as

HS = —2V2Gk Va3V, <Cs Qs + CpQp + C10Quo) (3.16)

where the relevant operators in Dirac-spinor notation are

2

Qs = 1o (@Prb) (i) (3.17)
2

Qr = 15 (@Prb) (fvsn) (3.18)
2

Qo = 1(§7r2 (@y" Prb) (Frvuys i) (3.19)

The branching ratio is given by [64]
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Figure 3.5: Diagrams contributing to the process B — pp™: (a) peguin diagram mediated

by a Z°-boson, (b) W-boson box-diagram and (c) effective process with the exchange of a
neutral-Higgs boson.

2 2
BR(BO + 7) _ GFQ

S — ot ——3" Mp, 75, VasVip[* 41— 477;/% x
167 Mg,

ml% 512 s 512
Mp.
with 75, the total lifetime and the form factors given by
) my 1
F$p = —— M3 Fgg—————C F$= —=Fg C 3.21
5P e e — . s,p I 5 I'8. C1o0 (3.21)

The Wilson coefficients can be calculated from the FCNC Lagrangian given in Eq.(2.30)
as

3 R S
2mm 1 9H,50 9H;
Cyg Il _ E iSO THi PR 3.29
em ‘/33‘/32 i—1 m%{l ( )
C . 27Tmﬂ 1 & ggﬁb gIP‘IiﬁH
p =

¥ 3.23
Gem ‘/33‘/32 p— mIQqI ( )
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Figure 3.6: Dominant box-diagrams in the SM contributing to the B%-B? mixing. They

involve the exchange of W-bosons and top quarks.

Co = —4.221 (3.24)

s,P
Hipp
and pseudoscalar couplings between neutral Higgses and p-leptons given in Egs.(2.31)

with Cyp the leading SM contribution, gfb s given in Eq.(2.29) and ¢ the scalar

and (2.32). Again, non-holomorphic corrections to the vertices on the leptonic sector
have been neglected here for being unobservable small. Therefore, at tree-level, the

leptonic couplings are exactly equal to the 7-lepton couplings given in Eq.(2.34).

3.4 AMp,

The effective Lagrangian for AB = 2 interactions is given by

. G2 M
HAHB:2 = ﬁ Zci Qi (3.25)

where the dominant contributions come from the following operators, written in terms

of four-component spinors

Q" = (bvuPrs)(n* Prs) (3.26)
SLL - —  (bPps)(bPps) (3.27)
SRR —  (pPRs)(bPRs) (3.28)
LR — (bPps)(bPgs) (3.29)

In the SM, BY-B? oscillations occur through W-box diagrams involving top quarks like
in Figure 3.6. They contribute to the QY™ operator. In the MSSM, new transitions
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Figure 3.7: Box diagrams contributing to the B%-B? mixing in the MSSM through (a)
the exchange of two charged-Higgs bosons and (b) the exchange of a charged Higgs and a
W-boson.

are generated due to the exchange of charged-Higgs bosons in box diagrams like in
Figure 3.7 and double-penguin diagrams with neutral Higgses exchanged at tree level
through the effective vertices obtained in Eqgs.(2.27) and (2.29), Figure 3.8. The

BY%-meson difference of mass can be written as [64]

AMp, = 2| <BS|HZHB:2|BE>SM + <B2|HZ{_§9:2‘BS>SUSY | (3.30)

The SM theoretical prediction is [104]

(BY|H{p_s|BY) s = 17.3 ps™ (3.31)

whereas the SUSY diagrams give [64]

BO|HAB=2|BO — 2310ps ! By’ F. B 3.32
(B off | S>SUSY = ps 265 MeV [0.55} x (3.32)

DP 2H DM DP DP
(088 (G853 + CEEP™Y — 052 (02, + 020, ]

The Wilson coefficients for the double-penguin (DP) and box (2HDM) diagrams are
given by
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Figure 3.8: Double-penguin diagrams contributing to the B%-B? mixing in the MSSM
through the flavour-violating effective vertices deduced in Egs.(2.27) and (2.29).

16m2m2 = 95 5s 80
obr) b H;bs SH;bs 333
1,5LL \/QGFM‘%V; — (3.33)
16m2m2 O Ipy b B
C(DP) — s H;bs ©H;bs 3.34
1,SRR \/§GFM3V 1:21 mu, ( )
3272 o o 955 B
CQ(IZI;) N L Z Hibs ©H;bs (3.35)
’ \/iGFM‘%V i—1 mm;
(2HDM) 2HDM (2HDM)
CoLr = Cifn )Hi}ﬁ + LR |y (3.36)

As can be seen in Figure 3.7, the last coefficient in Eq.(3.36) contains two different
contributions associated with the double charged-Higgs box-diagram and the graph
where one W-boson and one charged Higgs are exchanged. They are given by [105]

4
C(2HDM) _ 8mpymsmy oL gt ght RE
LLE - gspr mé, kzl_ Hy" 33 DH, 39 OHy 33 PHy 39
H,G

Do (M?{l,, M, m?, mf) (3.37)
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C(QHDM)

7 e —

3
L L
—8mypmy E E g5 ‘gHT, Vng Vo X
= k 3% k j2
i,7=1 k=H,G :

D, (M&V, M, m2, m? ) (3.38)

a;

with Dq(a,b,c,d) and Ds(a,b, c,d) the loop functions in Appendix C.



Experimental bounds

4.1 Higgs signal at LHC

For our analysis, we use the experimental results provided by ATLAS and CMS
experiments regarding the Higgs-like signal with the full pp collision data sample at
7 and 8 TeV. Specifically, the ATLAS analysis [106] uses a integrated luminosities
of 4.8 fb=! for /s = 7 TeV and 20.7 fb~! for /s = 8 TeV in the most sensitive
channels, H — ~v, H — ZZ* — 4l and H — WW* — [vilv, whereas for the
H — 77 and H — bb the integrated luminosity is of 4.7 fb~! at \/s = 7 TeV and
13 fb~! at /s = 8 TeV. Similarly CMS [107] uses 5.1 fb~! at /s = 7 TeV and 19.6
fb=! at /s = 8 TeV in all the channels. The most important channels contributing
to the observed signal are those associated with decays into two photons and two
Z-bosons whilst the most relevant channel constraining the presence of additional
Higgs-bosons is the decay into two 7 leptons. ATLAS and CMS agree on the mass of
the observed state which is m;, = 125.5 j:0.2(stat)f8:g(sys) GeV for ATLAS [108] and
mp, = 125.740.3(stat) £ 0.3(syst) GeV for CMS [107], Figure 4.1. However, there are
some tensions regarding the signal strength of one the channels. The signal strength

pnx for a Higgs decaying to X is defined as

_ o(pp—~ H) x BR(H = X)
M= o lop — H)sy x BR(H — X)gy’

(4.1)

such that u = 0 corresponds to the background-only hypothesis and y = 1 corresponds
to a SM Higgs signal. The combined signal-strength for the channels H — v+,
H—Z7Z*, H— WW* H — 77 and H — bb is p*TH4S = 1.23+0.18 for ATLAS [108]
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Figure 4.1: Observation of the Higgs state in the H — ~~ channel in terms of o/osm at (a)
ATLAS [109] and (b) CMS [110].

and p“™S = 0.80 4 0.14 for CMS [107]. The diphoton channel has a measured signal
strength of p27M4% = 1.6 + 0.3 [108] and pSM® = 0.7879-28 [110]. In both cases
the signal is consistent with the SM, although ATLAS points to a slight excess over
the SM expectations. In any case, both results agree on the fact that the diphoton
signal must be of the order of the SM prediction, which is an important fact to take
into account in the context of multi-Higgs models, as the MSSM, where the Higgs
couplings to the d-quark and charged leptons are usually enhanced by tan 8 factors
decreasing the H — «~ branching ratio and consequently the signal strength. In this
regard, we adopt as a conservative approach the weighted average of ATLAS and

CMS results at 20
0.5 < ptHe <19 (4.2)

The signal strengths for the H — ZZ* channel are uz5-4S = 1.5 + 0.4 [108] and
pSHYS = 0.92 +0.28 [113] so we require

0.78 < uHI¢ < 1.58 (4.3)

Finally, we include the bounds on charged Higgses produced in the top decay t — Htb
with the subsequent decay H™ — 7v [114,115]. These analysis set upper bounds on
BR(t — H™'b) in the range 2-3% for masses between 80 and 160 GeV under the
assumption that BR(HT — 7v) = 1, which is a very good hypothesis unless the

decay channels to lighter Higgses and W-bosons are kinematically open the .
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Figure 4.2: Higgs searches in the H — 77 channel for 100 GeV < mg < 150 GeV at (a)
ATLAS [111] and (b) CMS [112].

4.2 TImproved 77 searches for additional Higgs states

The most restrictive constraint on the presence of additional heavy Higgses comes
from ATLAS and CMS searches of a Higgs boson decaying into a pair of 7-leptons.
Since in the MSSM the production cross section of 7-pairs through a heavy Higgs
would be enhanced by powers of tan 3, these bounds on o, x BR(¢ — 77) are very
important in the medium-large tan 8 region.

ATLAS and CMS provide limits on o(pp — H) x BR(H — 77) for different mass
ranges. For masses up to 150 GeV, ATLAS has analysed the collected data samples
of 4.6fb~" at /s =7 TeV and 13.0fb™" at /s =8 TeV [111] while CMS used 4.9 fb~"
at /5 =7 TeV and 19.4fb~"at /s =8 TeV [112]. The bounds on the 77-cross section
normalised to the SM cross section as a function of the Higgs mass are shown in
Figure 4.2. In this case, CMS sets the strongest bound for my below 150 GeV: for
my = 110 GeV, prr = 0 (H = 77) Josy < 1.8 at 95% C.L. and this limit remains
nearly constant, p.r. < 2.0, up to myg = 140 GeV; for a neutral Higgs of mass
myg = 150 GeV, p,, < 2.3. In our scenario, this limit can be imposed to any Higgs
state with a mass below 150 GeV. For heavier masses, there exist a previous search in
ATLAS for MSSM Higgs bosons with masses up to 500 GeV [116] which is presented
in Figure 4.3 as an upper limit on the 77 and pp production cross-section for 4.9 bt
at /s =7 TeV.

In addition, updated analysis haven been released by both collaborations for masses
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Figure 4.3: Upper limit on the 77 production cross section through heavy Higgs states from
ATLAS with 4.8 fb™! at \/s = 7 TeV [116]

up to 1 TeV [117,118]. The ATLAS analysis was performed on data collected for 8
TeV collisions with integrated luminosities in the range 19.5-20.3 fb—!. CMS analysed
the full data set with a total integrated luminosity of 24.6 fb=1, 4.9 fb~! at 7 TeV and
19.7 fb=! at 8 TeV. Both analysis discriminated between Higgses produced through
gluon fusion and bb fusion with two extra b-jets. These latest results are presented
in Figure 4.4. In our studio these bounds are imposed at 95% C.L. on the theoretical

cross sections obtained in our generic MSSM.

4.3 SUSY searches at LHC

Simultaneously to the Higgs searches described above, LHC has been looking for
signatures on new physics beyond the SM. A large effort has been devoted to search for
supersymmetric extensions of the SM. These studies focus the searches on jets/leptons
plus missing energy (possible evidence of the LSP) and, so far, agree with the SM
expectations in all the explored region. Therefore they can be implemented to set
bounds on masses for supersymmetric particles. The most stringent constraints from
LHC experiments are set on gluinos and first-generation squarks produced through
strong interactions in pp collisions. We use for our analysis gluino searches performed
by ATLAS [119-122] and CMS [123-125] at 8 TeV that have driven to the exclusion
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Figure 4.4: Latest ATLAS and CMS results on the 77 production cross section through
heavy Higgs states [117,118]. Figures on the left correspond to bb production mode with
two additional b-jets whereas figures on the right are obtained from gluon-fusion produced

Higgs.

of masses up to 1.3 TeV for (neutralino) LSP masses below 500 GeV, Figure 4.5. The
limits on first-generation squarks directly produced are mgz 2 740 GeV for squarks
decaying as § — gx{ with myo =0 GeV [126]*.

However, the most important players in Higgs physics are third-generation squarks
because of their large Yukawa couplings. In this case, stop masses are required to be
above ~ 650 GeV for m,o < 200 GeV [127-130] with the exception of small regions of
nearly degenerate stop-neutralino, Figure 4.5. Regarding limits on sbottom, we use
ATLAS bounds on sbottom masses up to 620 GeV at 95% C.L. from direct production

ILimits on masses could be softer if these squarks are nearly degenerate with the LSP, but this

does not affect our analysis below
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Figure 4.6: Summary of the present limits on stop masses versus lightest neutralino masses
from ATLAS.

and myo < 150 GeV, with the exception of mj — m,o0 <70 GeV for which sbottom
masses are excluded only up to 250 GeV [129]. Similar results are obtained by CMS
in [126,131].
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Figure 4.7: Limits on chargino masses from searches of particles directly produced through
electroweak interactions at ATLAS [132].

Finally, ATLAS and CMS have presented limits on chargino masses from direct EW
production [132,133], Figure 4.7. In both cases the limits depend strongly on the
slepton masses and the braching ratios of chargino and second neutralino, which are
supposed to be degenerated. When the decays to charged sleptons are dominant,
chargino masses are excluded up to ~ 600 GeV for large mass differences with Y.
Even in the case when the slepton channels are closed, decays to weak bosons plus
lightest neutralino exclude chargino masses up to ~ 350 GeV for m,o <120 GeVZ2.

As a conclusion, it is interesting noting that limits on SUSY particles from LHC are
already fairly strong with the exceptions of sparticle masses rather degenerate with

the lightest supersymmetric particle.

4.4 Flavour constraints

Indirect probes of new physics in low energy experiments still play a relevant role in
the search for extensions of the SM [135-137|. Even in the absence of new flavour
structures beyond the SM Yukawa couplings, in a MFV scheme, decays like BY —
utu~, B — X,y or EDMs put strong limits for the whole tan 5 range.

For instance, the inclusion of EDM bounds is mandatory within a complex MSSM

2 As pointed out in [134], these bounds with the slepton channel closed are only valid in a simplified
model that assumes BR(XS — Zx(l)). This bound is strongly relaxed once the decay Xg — X(l)h is
included. However, in our analysis, this limit is only taken into account as a reference value for

chargino masses and has no effect regarding the feasibility of this scenario.
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in order to have CP-violating parameters consistent with the available experimental
data. Nowadays, a remarkable precision has been achieved in the measurement of the
electron, neutron, heavy atoms, and molecules EDMs and, indeed, the accuracy to
which they are known to vanish is exceptional [98]. In particular, the most stringent
bounds come from Thallium (T1) [138], the neutron (n) [139] and Mercury (Hg) [140],
which can be expressed in terms of the electron EDM (d.) and the EDMs of the

constituent quarks for the neutron (dg and d,,) [98] as

dp = —585d, — e43GeV (CY —0.200) < 9x107% ecm
dy, = 1072d, — (18x107*GeV 1) eglhy < 3x 107 ccm (4.4)
dp = (140.5)|1.4(dg—0.25d,) + 1.1e(d5+0.5d%)| < 3x1072° ecm

where C’éo) and Cél) are CP-odd electron-nucleon couplings and ¢,nyy is the CP-
odd pion-nucleon coupling due to CP-odd interactions among quarks and gluons.
Their expressions can be found in [98,141]. Recalling Eqgs.(3.3)-(3.5), one can plug
these expressions into Eq.(4.4) -after evolving them down to the low-enery range-
and arrives to the known result of "overproduction" of EDMs in supersymmetric
models [98,142,143]. The plausible solutions are three: CP-violating phases are small
for the first two generations, the scale of the soft-breaking masses is significantly larger
than 1 TeV, or accidental cancellations happens. For our analysis, we assume CP-
violating phases of order unity only for a;, a; and a,. We also work with arbitrary
masses for squarks in the GeV scale, always within the limits imposed by direct
searches.

Regarding the present status of the decay B — utpu~, we use the LHCb data with
1.1 fb~! of proton-proton collisions at /s = 8 TeV and 1.0 fb~! at /s = 7 TeV. The
observed value for the branching ratio is [144]

BR (B? — utp”) = (297}5) x 107°. (4.5)
We also consider the CMS measurement given by [145]
BR (B? — utu”) = (3.055:5) x 107° (4.6)

Limits on the decay B — X7y come principally from BaBar and Belle B-factories
and CLEO [146-151] so that the current world average for E, > 1.6 GeV given by
HFAG [152,153] is
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BR(B — Xv) = (3.434+0.21 £0.07) x 10~* (4.7)
This result will be essential in the study of the low tan S region where other super-
symmetric contributions are rather small. Finally, in our last analysis where the FC
decay H; — bs, 5b is considering, another interesting bound comes from the Bg-meson
mass difference AMp,. The present experimental value is [154]
AMp, = (17.757 + 0.021) ps~* (4.8)
Thus, we will require in our analysis

15.94ps™ < AMp, < 19.83ps~* (4.9)

where we have included the theoretical error on fp,+/Bs = 262 + 10 [155].
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Results

Since the detection of the 125 GeV scalar boson at the LHC in 2012 [156,157], the SM
picture seems to be completed. The key role of the Higgs boson in the structure of the
model makes its detection a big success for the theory of electroweak interactions and
the mechanism of spontaneous symmetry breaking. However, in all SM extensions,
other similar scalars play equally important roles and, actually, to verify that this
resonance corresponds to the SM Higgs boson or it belongs to one of these extensions,
it will be necessary to measure its properties and couplings with high precision [106—
108,158-165]. At this stage, the observed production cross section and decay channels
are consistent with a SM Higgs boson, although inevitably fluctuations are relatively
large and there is still room for it to pertain to one of the different extensions of the
SM [107,108].

In this work [166—168], we intend to shed some light on the status of the Higgs sector
in general MSSM models with explicit CP-violation. In particular, we investigate the
cases in which the discovered scalar is identified as the lightest or the second-lightest
Higgs. The possibility of being the heaviest Higgs implies equivalent conclusions to
those of the second case so it will be commented too. Finally, we believe it is worth
studying some potentially measurable flavour-violating processes which might reveal
the presence of new particles whose direct production can be out of reach until the
next generation of colliders.

The way to proceed for all these analysis is quite similar; we do not simply scan
the parameter space in order to find permitted regions but rather choose the most
important experimental signatures from both high- and low-energy experiments and

perform a semianalytical approach. Thus, we gain understanding on the physics of
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the model while avoiding missing fine-tuned areas where unexpected cancellations

might occur.

5.1 Eviction of a 125 GeV “heavy” Higgs

In this analysis [166] we study whether it would be possible to interpret the Higgs
resonance observed at LHC with mass 125 GeV as the second lightest Higgs (Hz) in
a generic MSSM framework with explicit CP-violation. In this context, H; would
have evaded detection at LEP and Tevatron whereas, as we will see, the third neutral
Higgs (H3) would have a mass below 200 GeV. Notice that we do not impose any mass
relations obtained through the RG running from a high scale, as it is usually the case
in models such as the Constrained MSSM (CMSSM), but keep all MSSM parameters
free and independent at My,. Furthermore, as we are principally interested in the
Higgs sector of the model, we analyse it assuming generic Higgs masses and mixings
in the presence of complex phases for the squark sector.

In order to carry out this program, we begin making some observations about the
Higgs spectrum of the model under the assumptions of explicit violation of CP and
mpg, = 125 GeV in Section 5.1.1. For the analysis, the parameter space is divided
in two regions -low and medium-large tan 8- and, in Section 5.1.2, the v signal for
H, is examined by means of analytical expressions and numerical simulations. From
it, a very specific pattern of mixing for the neutral scalars is deduced. Once this is
known, the compatibility among additional Higgs collider limits and indirect bounds

is tested. In Section 5.1.4, our conclusions are drawn.

5.1.1 Mass spectrum

In Section 2.1, the Higgs spectrum for a MSSM with explicit CP-violation has been
reviewed with the conclusion that radiative corrections strongly modifies the neutral-
Higgs mass matrix generating non well-defined CP Higgs states. Here, we aim to be
more precise and carefully examine analytic expressions in order to gain knowledge
about the masses of the Higgs bosons predicted in our model.

We consider the scalar part of the squared-mass matrix first. As it is well-known,
even in the absence of complex phases, the different MSSM particles enter in the
Higgs masses and mixings through one-loop corrections and, in particular, Mg receive
important contributions that may increase the lightest Higgs mass from Mz to ~ 130
GeV [18-20]. The most important ones come from the top-stop sector and are given
by
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3m? M2 X2 X2
SME ~ Lz log SUQSY + - (1 — 5 )} (5.1)
B my 2 Mgy sy 6 M5y sy

with Mgygsy the geometric mean of the two stop masses and X; = Ay — pcot 5. On
the other hand, the pseudoscalar mass M3 can be related with the charged-Higgs
mass through [52]

1 .
M}. = M3+ 3 A v? — Re [)\562’5] v? (5.2)

where A4 5 are the two-loop corrected parameters of the Higgs potential [52,169] that,
at tree-level, are given by Ay = g2 /2, such that A\;v?/2 = MZ,, and A5 = 0. In any
case, what looks reasonable is to expect A\; < 1. This implies that, for the complex
MSSM, the squared charged Higgs mass can never be heavier that the largest neutral
Higgs (H3) by a difference much larger than M2. This is equivalent to say that loop
corrections are of the same order as ~ §MZ.

Similarly, we can expect the mass of the second neutral Higgs, which in our scenario
is my, ~ 125 GeV, only to differ from the heavier eigenvalue by terms of order v2.
This can be seen from the trace of the neutral Higgs masses that, in the basis of CP
eigenstates and considering the decoupling limit, would be at tree-level Tr (M?{) =
2M?% + M%. Loop corrections to the diagonal elements are expected to be order the
corrections to the lightest Higgs mass, O(M2), so that a light second-Higgs can be
obtained either for low M4 or for a large scalar-pseudoscalar mixing. The different

contributions to scalar-pseudoscalar mixing, M g p, are approximately given by [52]

|At|2 |N|2
MgUSY tan 3 ME‘USY

m |l [Aq
32202 M2, gy

M2p = O( ) sin pop x {6 (5.3)

which again are of the same order as M2 ~ O(M32) for sinpcp ~ O(1). Therefore,
taking also into account that in the decoupling limit, and in the absence of scalar-
pseudoscalar mixing, My ~ M,, we must require M3 not to be much larger than
M7. Taking M3 < 3MZ, the invariance of the trace tells us that m3; +m%, —|—m%{3 =
2M?% + M2 + O(M3) in such a way that with 90 GeV < mpy, < mpy, ~ 125 GeV, we
get an upper limit for m3; < 2M3 + 2M7Z — (m3;, +m3; ) < (200 GeV)?L.

L Allowing the heaviest neutral-Higgs to be 200 GeV with a second-lightest Higgs of 125 GeV is a
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5.1.2 Medium-large tan § regimen

Once the Higgs spectrum for our model have been examined, we aim to analyse
different processes in the medium-large tan 5 regime defined by tan 8 2 5. For these
values of tan 8, the following approximations can be safely taken: sinf ~ 1 and
cosf ~ (1/tanf) <« 1. First, we examine the model predictions for the process
pp — Hs — 77y, which is requested to satisfy the experimental constraints exposed
in Section 4.1 of 0.5 < u{;}fc < 1.9. Then, we investigate the constraints from

pp — H, — 77 checking whether both results are compatible for my, = 125 GeV.

Two photon cross section

In the narrow-width approximation, the production cross section of two photons
through a Higgs boson is given by the Higgs production cross section and the branch-
ing ratio of the Higgs decay to the two photon final state: o,, = o(pp = Ha) X
BR(Hz — 7). Thus we have to analyze three elements, i.e. o(pp — Ha), I'(Hy —
~vy) and T'g,. In first place, we consider the decay width of the Higgs boson into
two photons. As a reference value, we compare our MSSM prediction with the SM
value given by the loop contributions of the heavier quarks, bottom and top, and the
W-boson

Sp. = %F,f (m) + gFts () — Fi (rw) =~ (—0.025+ i0.034) + 1.8 — 8.3

—6.54 (5.4)

1

with 7; = m%/m%. The MSSM decay width has been presented in Eq.(2.50) and it
consists of a scalar and a pseudoscalar part, receiving each of them different contri-

butions according to the virtual particles that run in the loop. In particular

Sy, Shaw + Stya + Sty w + 57 5+ Sk, i+ Sty + Sk + S0, ye (55)

P;I2 P;IQ,b + sz,t + sz,;( (5.6)

Once the Higgs mass is fixed as mpg, = 125 GeV, the contributions from W-bosons

and SM fermions are completely determined at tree level in terms of the Higgs mixings

very conservative assumption that actually looks very difficult to be realised in any realistic MSSM

construction.
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and tan 8, which are taken as free parameters here. The W-boson scalar amplitude

would be
Stow = —gmww Fi(tw) = — (O12 cosf + O sinf) Fy (tw)
O12
~ —83(0O 5.7
( 22 + tanﬂ) (5.7)

where we have used that Fj (tw) = F;(0.61) ~ 8. Regarding third generation
fermions, as emphasized before in Section 2.2, it is very important to take into ac-
count the non-holomorphic threshold corrections from gluino and chargino loops to
the Higgs-fermionic couplings. Their expression have been given in Eqs.(2.33), (2.37)
and (2.38). Then, the top and bottom quark contributions entering in both the scalar

and pseudoscalar pieces can be written as

Kd (tan2 B+ 1)

2 O12 4+ O22 kg
gl ~ Z Tz T L22 Rd S
- (%e{ }tanﬂ + Sm T+ rqtanB

3 1+ kq tan g

O32> FbS (7'2b)

8
+ 3 O22 Fts (72t) (5.8)

with rp = AT /(1 +A§d) the parameter associated to the finite loop-induced thresh-
old corrections that are generally much lower than 1. In Eq.(5.8), tan 8 ~ 1/ cos 8 has
been assumed. The loop functions for m, = 173,1 GeV (pole mass) and m; = 4.33
GeV (mass at m; scale) are just about F° ~ —0.04 + i0.05 and F}® ~ 0.7. Hence,
Eq.(5.8) can be approximated as

. tan g8
S;_/IQ,bth ~ 1.8 022 + (—0025 + 20034) X (%6 |:]_—|—,‘<.}dtanﬂ:| 012
o kqtan? g
+ 3m |:1 ¥ g tan 3 039 (59)

Going to the supersymmetric spectrum, the first contribution we consider is the one
associated with the charged-Higgs boson. As already seen in Eq.(2.51), it only takes
part in the scalar part of the decay width as

2
v
SZI%H:E = = gHzHJrH* M Fy (THi) (510)
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The self-couplings has been collected in Appendix B.4. For our medium-large tan 8

regimen, the self-coupling to the second neutral-Higgs can be approximated as follows

~ O3 (2A1cosfB — Mg cosfB — 2cosBRe[As] + Re[Xg])

gH2H+H*

+ 02 (A3 + cosBRe[Xg] — 2 cosBRe[N7])

+ Os2 (2cosBSmAs] — Sm[Xe]) (5.11)

where only the leading terms in cos 8 have been kept. Regarding the loop function
Fy (1), it is quite stable for small 7 values: for 150 GeV < mpy+ < 200 GeV, 0.17 ~
(125/300)? < 7= < 0.097 ~ (125/400)? and we obtain Fy (7g+) ~ 0.34. Then

St S —045 {012 (”1 -~ At‘;;; RelXo) | e [A6}> (5.12)
o 0 (s B2 o, (290, ) )

At tree-level the Higgs potential couplings are given in Appendix B.4, although we
refer to [52] for the two-loop corrected expressions. In any case, they can be safely
considered \; < 1 and, in particular, we find a numerical maximum of A\]*** ~ 0.25
for some of them. However, the dominant terms will be those not suppressed by tan
factors, that is A3 and Ag. For them, we find A3 ~ —0.074 at tree-level (the one-loop
values would be even smaller due to the opposite sign of the fermionic corrections)
and \g ~ —0.14 ¢, where a = arg(a;). Thus, our conclusion is that the charged-
Higgs contribution will be always negligible in comparison with the SM contributions
given in Eqgs.(5.7) and (5.9), even for my+ ~ 150 GeV. Consequently, a signal slightly
above the SM expectations (as presented by ATLAS in [108]) can not have its origin
in the charged-Higgs boson.

Considering squarks, those with larger Yukawa couplings will be important in the two
photon decay width. They are the sbottom and the stop squarks. Their contribution
in the scalar amplitude is specified in Eq.(2.51) and, writing explicitly their couplings
to the Higgs, they are given by
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v ~ - ~
S =~ 2 (1), 0wRERLAG) 6w
2v ~ fy T
Stni = T 2 3mZ (F?t)m Oaz Ri5i Rei Fo () (5.14)

The sbottom contribution can be expanded following the approximation of Appendix
D for Hermitian matrices, since in this case the off-diagonal terms of the mass matrix

are much smaller than the diagonal ones. Then, it is obtained

; Re [A} 2 S [A*
§ o~ 012tan?s T (o Rl g 1 oy, S
fat mg my mz m?2 tan 3

b1 b2 b b

~ 1.2x107° tan®p 300 Gev
ml;l
Re [Af 2 Sm [A*
on XL 0, 1y 0, (5.15)
ms, m;, ms tan /3

where Fy (7,;,) ~ 0.34 have been considered for both, right and left-handed sbottoms.
In the case that Ay/my,,p/my, =~ O(1), the sbottom contribution can be safely
neglected since, even for tan 8 ~ 50, it would be two orders of magnitude below the
top-quark contribution in Eq.(5.8).

Incidentally, the stau contribution can be obtained from above with the replacement
b +» 7. However, it is expected to be negligible for stau masses above 100 GeV.

On the other hand, we have the top squark case where the large off-diagonal terms
in the mass matrix do not allow us to use the Appendix D approximation in such
a straightforward way. Nevertheless, we can still expand the chargino mass-matrix,

while keeping the stop mixing matrices, R, and write Eq.(5.14) as
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S’Y 7~ ~ —0.45 012 §R6 li;;u Tl R21‘| (516)

t1

t

2

* <
Afmy R 1 mg
- o5 11 21 - 2
m~ mz
t1 to

2 2
m 2 2 2 2
JFmgt (|R11| + |R12| )+ gt (|R22| + [Ra1 )}

2 ta

+ 0.45 032 Im [ 3 Rll 7321‘|

+ 045 022 { §R6

where again Fy (,;,) ~ Fo (7y;,) =~ 0.34. The limits for the stop mass have been
provided by ATLAS and CMS and presented here in Figure 4.6. They set m; >
650 GeV in the general case where the lightest neutralino mass is mso < 250 GeV
[127-130]. Therefore, if we typically consider upper values for A, pn < 3mg, ~ 3000
GeV and for meg, < 1000 GeV (higher values may have naturalness and charge and
color breaking problems), the size of the coefficients in the equation above will be
mi/m?, mi/m? <0.1and Agme/m? , pme/m? < 1.2. Recalling that Rf; Ra1 < 1
IRi;|> <1and (1— mtgl/mtgz) < 1, it is obtained that

S;z’f < 0.26 [—012 +1.7095 + 032] , (5.17)

This prediction is typically an order of magnitude smaller than the ¢- and b-quarks and
W-boson contributions computed in Egs.(5.7) and (5.8). However, it is interesting to
keep it because it can be important in the case of light stop masses nearly degenerated
with the LSP. As presented in Figure 4.6, a small region in the 160-200 GeV range is
not excluded by data in this special case of quasi-degeneration.

Finally, the chargino contribution is given by

S = VIs 3 R [ViUGF + VU 6F] -

i=1,2 X

Ff (rx)  (5.18)

with Gd)1 (012 — isin BO32) and Gd32 = (02 —icos fO33). Using again the expan-

sion of the chargino mass matrices in Appendix D, we have



5.1. Eviction of a 125 GeV “heavy” Higgs 73

m2 m2
S’;{L)?r ~ 2.8 COSﬂTgVOlg + FV;;OQQ (519)

under the following assumptions

Myt My < Myt = and sinf~1

~0 (5.20)

Taking Mg, /M3 < 0.05 for m + < 350 GeV from the LHC limits [132,133], we have

M2
SI’};Q,)Z+ 5 0.15 |: Oy + 722 012:| (521)

Thus, the chargino contribution is also negligible compared to the W-boson, top and
bottom contributions. In summary, we can safely neglect the charged Higgs, chargino
and sbottom contributions to the two-photon decay width and approximate the scalar

amplitude by

8.3
SZIQ ~ 012 {—t

4 (—0.025 +10.034) ?Re[ tan 8 }
an 3

1+ kqgtan 8

y 2
g R Ray mz, 1
m?2 m2
to t1

— 0.45Re

2
A* R* R m=
+ O {—6.5—1—0.45?]%6 W] ( B _ 1)

m2 m2
to t1

2 R 2 2 R 2

+0.45 <mt| tul” | mi Rl (5.22)
m? ms

tan? Ri R
T Ou (0,025 4+ 10.034) S | LD g g5y £ R Ral
1+ kqtan g m?
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From here, it looks very difficult to obtain a scalar amplitude for the two photons
process significantly larger than the SM value, taking into account that the stop con-
tribution can be at most order one. The same discussion applies to the pseudoscalar
amplitude, although in this case it only receives the fermionic terms, which are effec-
tively equivalent to the top and bottom contributions, and thus it is much smaller than
the scalar term. The possibility of large SUSY contributions as advocated in [170,171]
seems closed, at least in the MSSM with mp, ~ 125 GeV.

Next, we compute the Higgs production cross section that has been already presented
in Section 2.4. At the partonic level, the cross section is determined by the gluon-
fusion and bb-fusion processes. The bb-fusion, considering only the main threshold-

corrections to the bottom couplings, is given by

2,2 2
. T g°mj tan® 8 9 9
b ~ @ @)
Obb—s Ho 6 4M3V (1—|—/£dtan/8)2 (| 12|* + |Os2] )
t 2
~ 68 x 1077 P (1012]? + |Os2)?) (5.23)

(14 kqtan B)°

The dimensionless partonic cross section must be multiplied now by the bb luminosity
in the proton in order to get the hadronic cross section. Taking mpy, = 125 GeV and
for /s = 8 TeV, TdL'bE/dT ~ 2300 pb considering the MSTW2008 parton distributions
at LO. Thus, the bb hadronic contribution to the pp cross section is given by

tan?

— H. ~ 016 —m=
o(pp 2)bb (1 F rq tan B2

(|012|2 + |032‘2) pb (524)

The gluon fusion cross section is a loop process and can be calculated as

R Oé? (My,) m%{ 2 2 _ 2 2
ohu, = gt =L (158 + 1PEP) = ax 107 (1887 + 1PF)  (5.25)

where the scalar coupling S3 gets contributions from both quarks and squarks, while
the pseudoscalar one PJ receives contributions only from quarks. Squark contribu-
tions can be easily obtained from Eqs.(5.15 and (5.16) taking into account that, for
J} =1, S;g = 3/2 S;,E and Sg,f = 3/8 S;,f' Therefore, analogously to the pho-
tonic amplitudes, the sbottom and stop contributions to gluon fusion production can
be neglected. Hence, the scalar and pseudoscalar contributions to the gluon-fusion

production may be approximated as
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S8y = 135 Onp+ (—0.04+1i0.05) x

tan o kqtan? f
T L.t 5 2
(012 Re [1+/€dtanﬂ}+032 S [1+Hdtanﬂ}> (5.26)
o~ . S [ _Fatans S [ _Fatan B
Pl =~ (—0.04 +40.05) <(922 Im {I—FKdtanﬁ} + O12 SMm {lﬁ-/ﬁdtanﬁ
tan 1
—0.04 + 0. — 9
+ Oz (( 0.04 +140.05) Re L_’_Hdtanﬁ} tanﬂ) (5.27)

The gluon-fusion hadronic contribution to the pp cross section is obtained by multi-
plying the gluon luminosity, 7g, d£%% /dTa, ~ 3 x 10° pb and the K-factor (K = 2

corresponding to the low tan 8 region and close to one for large tan 8 [81])

o(pp = Ha)gy = 25 (I5§°+|PSI°)

1.4 tan 3
~ 45 0%, — 01509 ————
22 1222 1+ kgtanp
0.1tan?
+ 03, _Oltan"f 5
(1+ kqtan )
2 0.1tan? g3 25
+ 02 + + 5.28
52((1+ndtanﬁ) (1 + kg tan B)° tan2ﬂ>( )

where kg has been taken real for simplicity. Here, we see that the gluon fusion
production is dominated by the top quark contribution if Q12,02 = O(1) up to
tanB 2 20. In fact, the SM prediction would correspond to simply take x = 0,
tanfB =1, O12 = Oz = 1 and O35 = 0 and therefore, it can be seen that the gluon
fusion cross section is typically smaller than the SM cross section for medium-low
tan 8. Besides, comparing Eqgs.(5.24) and (5.28), one may observe that gluon-fusion
dominates over bb-fusion except for large tan 3 or small Ogs.

Finally, we check the total width I'gy,. The main decay channels for mp, ~ 125 GeV
are Hy — bl_), Hy - WW* and Hy — 77 (Hy — gg can of the same order as Hy — 77
in some cases, but, being comparatively small with respect to bb and WW, it is not

necessary to consider it in the following discussion). In particular, the decay width is
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usually dominated by the bb-channel which in the MSSM may be enhanced by tan 3
factors with respect to the SM one (as well as the 77 channel). The main contribution
to the decay width to bb is captured by the tree-level Higgs-bottom couplings in the
limit k4 — 0 (although in our numerical analysis threshold corrections have been

always taken into account)

2
g~ mH
P = gy <<l<9ul2 +1032/?) (3mf +m?2) tan® 8
012 2 2
+ 022 + m My, Ips (529)

where Ipg ~ 6.7 x 1074 for my ~ 125 GeV refers to the phase-space integral that
can be found in [54]. It must be compared with the SM decay width, which would
correspond to the usual MSSM decoupling limit if we replace H; < Hs, tan( —
1, 012,095 — 1 and O35 = 0. This implies that for sizable Q15,035 > tan™! G,
the total width will be much larger than the SM width. Then, taking into account
that it has been shown that I'g, ., =~ Ffﬁfw, our conclusion is that, for O < 1,
the diphoton branching ratio will be smaller than the SM one. The only way to
achieve a large branching ratio is taking Q12,032 < 1/tan 8 so that the total width
is reduced and I'y,_,,~ remains similar to the SM prediction. On the other hand, it
has been commented that the Hy production cross section is typically smaller than
the SM unless O35 ~ 1, and the the gluon-fusion process is the dominant production
mechanism, or tan 8 2 20 with sizeable O3, O3z, and the production is dominated
by bb fusion. Even for this last case, the tan 5 enhancement of the production cross
section is exactly compensated by the suppression on the Hy — 7y branching ratio.
For the gluon fusion, there is no tan 8 enhancement and thus in both cases the -
production cross section is smaller than the SM one.

Therefore, we arrive to the conclusion that the only way to increase the «y~-production
cross section to reproduce the LHC results in our scenario is to decrease the total
width by suppressing the b-quark and the 7-lepton decay widths. This
implies having a second Higgs Ho predominantly H? so that the couplings associated
to these fermions are suppressed and, consequently, the two photons branching ratio

will be increased. This condition means, in terms of the mixing matrix elements

1
~1 ~ < — .
Oz ~ 1, 012 ~ 033 < — < O (5.30)



5.1. Eviction of a 125 GeV “heavy” Higgs 7

Tau-tau cross section

The above analysis has led us to the conclusion that to reproduce the yv-production
cross section we need the second lightest Higgs to be almost purely up-type. As a
consequence, Hy nearly decouples from tau fermions and, consequently, other neutral
Higgses must unavoidably inherit large down-type components increasing their decays
into 7-fermions. Therefore, we need to compute the decay H; — 77.

Once more, in the narrow width approximation, the 77-production cross section
through a Higgs is given in terms of o(pp — H;), I'(H; — ) and I'y,. The decay
width H; — 77 has been presented in Eq.(2.45) whereas the 7 scalar and pseudoscalar
couplings were given in Eq.(2.34). It has been pointed out before that threshold cor-
rections for leptons are usually negligible, although tan S-enhanced terms are involved.
Let us see this with more detail. Noting that the corrected scalar and pseudoscalar
couplings for the 7-lepton follow the same pattern than the down-type quark, they

would be

tan € tan 3

— =P 0+ —T 0, 5.31
1+e tanps ! 1+ e tan 2 ( )

S~
9ri =

P tan 8 — €,

o~ P o, 5.32
Gri T e tang ® (5.32)

with e, ~ g5 /167% (uMy/m2,) ~ 2 x 1073 (taking it real). Thus, taking into account
that g7 < g3, €, ~ €,/20 and, as predicted, this is just a sub-leading correction which

can be safely neglected. Therefore, in the case of H; and Hs, we get

2 2 2
mH; gmr 2 2 2 g -mpg,m; 2
Ty, ~ H: [t (Oi oi)}:it
P <2mw) an? 8 (104 + 1031 st
(5.33)

where Oy >~ 1 and 013,032 < 1 has been introduced. Now, the production cross
section for Hy and Hj can be obtained from Eqgs.(5.24) and (5.28) replacing O, —
Oj;. Recalling that |(91i|2 + |(93i|2 ~ 1 and Oy; ~ 1/tan 3, we have
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R

oop— H)ey = 25 (15§17 + [P

1.4t 1tan?
N 45O — 0,0, —Atans 2 %
1+ Kkqtan B (1 + Kkqtan B)
2 0.1tan? 8 25
+ 03 ( + + )
* \(I+katanB) ' (1+rgtanp)®  tan?p
__ O0.ltan*p 45425 03, 203 —14 0y (5.34)
" (1+katanp)? tan? 3 1+ Kkatan B .
o(pp = Hi)p ~0.16 (|On* +|0s:]?) _tan®f g tan"S (5.35)
bp e = 1 % (1+KatanB)2 = 77 (1 + kqtan B)2 '

Therefore, for tan 8 2 5 and Oy; < 1/tan 3, the bottom contribution to gluon fusion
is larger than the top contribution and only slightly smaller than the bb-fusion. Then,

total production cross section for H; and H3 can be approximated as

Ta, AL dry, ) +0.10 (THi dLss, /dru, )} tan® 8 ob

Hi ~ Nl
o(pp — Hi) {0 6 ( 2300 pb 3 x 108 pb (1 + Katan §3)?

Finally, we need the total width for these two bosons, H; and Hj3. For them, the
dominant contributions still come from bb, 77 and WWW* providing that their masses
are below 160 GeV. For masses above 160 GeV, the width is usually dominated by
real W-production and ZZ/ZZ*. Therefore, below 160 GeV, the total width can be
directly read from Eq.(5.29) replacing Hy — H; and O;2 — Oj;. For Higgs masses
above 160 GeV, but always below 200 GeV as argued before for our scenario, the
total width will be larger than Eq.(5.29) and thus, taking only bb, 77 and WW*, we
obtain a lower limit to I';. For H; and Hj, it has been shown that Oy; <« 1 and
101> + |O34])* ~ 1 in order to be in agreement with the experimental data available

for the v signal. Then the total width is

2 2
g mpy, 3mj 9 9
r > ¢ 5.36

~ 327Tm%{,(1+ﬁdtanﬁ+m7> an” § (5-36)

and the branching ratio is
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m2 (1 + kg tan B)>
3m? +m2 (1+ kg tan 8)°

BR(H; »717) S

~

(5.37)
So, for the 77-production cross section trough H; and H3 we have

tan? 3 m2 (1 + kg tan §)°
(14 kq taunﬁ)2 3,m?+m2 (14 kg tanﬁ)2

TH, dﬁbb/dTH. TH. dﬁ%%/dTH
6 (D92 [ATH ) g o (T CELo/TH Y |y
[0 6( 5300pb ) O T35 106 o p

X

2
S
=
3
A

tan? 3
8.4 + 2k4 tan B + K2 tan? 8

TH, dﬁbb/dTH. TH. dﬁ%qO/dTH
d6 (T OE [ATH ) o o (T CZL0/ATH ) |y
{0 6( 5300pb ) T3 106 o P

1

(5.38)

Combining the bounds for the yv and 77 production cross sections, we show in Figure
5.1 the 77 production cross sections at LHC for my, ~ 110 GeV and myg, ~ 160
GeV with (squares in blue) or without (circles in red) fulfilling the requirement of
0.5 < ,u,I;,}YIC < 1.9. The green line is the CMS limit on the 77 production cross
section for Higgs masses below 150 GeV and green points represent the points where,
in addition to the 77 cross-section limit, the observation of the Higgs, Hs in our
scenario, at mp, ~ 125 GeV is also fulfilled. Even though this plot is for a fixed
value mp, = 110 GeV, the situation does not change at all for any value in the range
mp, = (100,120) GeV.

Therefore, we see that there are no points consistent with the LHC constraints on
o(pp = Hy — 77) for tan 8 > 7.8 and 100 GeV < mp, < 125 GeV. In the following,
we will see that even the surviving points for low tan 8 are on conflict with another

bounds.

5.1.3 Low tanf regime

We have just seen that LHC constraints on o(pp — H; — 77) rule out the possibility
of my, ~ 125 GeV for tan 8 > 7.8. Still, the situation for tan 8 < 8 is quite different
because, for low tan 8 values, a yy-signal strength compatible with the LHC result
Hyy 2 0.5 is easier to obtain.

A similar discussion to the one had for the medium-large tan 3 regime can be applied
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Figure 5.1: 77 production cross-section at mg, = 110 GeV as a function of tan 3, with the

CMS limit on 77 production in green.

here for the yy-decay width. For low tan 5 values, it remains again of the same order

SM
h—~y*

section, which will be approximately order SM since the bb-fusion process and the b-

as the SM one I'gy,yyy = T The same can be said for the production cross
quark contribution to the gluon-fusion process are proportional to tan 8, which is now
smaller, leaving the top contribution very close to the SM for Q2 ~ O(1). In fact, the
total decay width is still larger than the SM value if O15 and O;3 are sizeable because
bb and 77 widths are still enhanced by tan? 8. Therefore, the same requirements on
Higgs mixings in Eq.(5.30) hold true now, although they are less suppressed due to
the smaller tan 3 values. On the other hand, the 77 production cross section through
the three neutral Higgses remains an important constraint, but it is much easier to
satisfy for low tan 8 values, as we can see in Figure 5.1.

However, as previously noted, our scenario requires a rather light charged Higgs to
be realised, mg+ < 220 GeV. In this context, and for tan 8 < 8, indirect constraints

from BR(B — X,v) will have a role to play.

Constraints from BR(B — Xv)

The decay B — X7 is an important constraint on the presence of light charged Higgs

particles such as in our scenario. In the computation of this branching ratio one may
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observe that the charged Higgs contribution interferes always constructively with the
SM W-boson. See their correspondent Wilson coefficients in Egs.(3.9) and (3.15).
However, in the MSSM, this contribution can be compensated by an opposite sign
term originated in the stop-chargino loop when Re (1 A;) is negative.

The dominant contribution in CZ * is the one associated with f7(2)(mt2 /m?.) and,

thus, the typical size of the Wilson coefficient may be estimated as

12 ()

HE
C7 = PO PO
1+ A, + tanBA,

(5.39)

For my+ € [150,200] GeV, we get f7(2) (y¢) € [-0.22,—0.18] while the coefficient Cfi

grows with lower tan 8. The stop-chargino contribution given in Eq.(3.14) was

+ ’I"I’L2 M2 3 3
Chs =~ — VV;Q/ I an 3 { 7(8) (quj) - f7(,s) (Iflgj)] (5.40)

Taking the present limits on stop and chargino masses, m;, > 650 GeV and m,+ >
350 GeV, f1¥) (2 ~ 1) ~ 0.44 and
* ot
C; =~0.02 My/p tan B < C7 g (5.41)

Thus, it looks very difficult to compensate the charged Higgs contribution for low
tan 8 and, indeed, this is confirmed in the numerical analysis.

Figure 5.2 collects this numerical result. There, the computed BR(B — X;) is shown
where the blue squares fulfill the requirements of 0.5 < MI;,IY{C <19, 0m,7r/osm < 1.8
and op,-r/osm < 1.8 while the red dots violate some of them. The experimentally
allowed region for B — X v at 1-0 and 2-0 is coloured in green and yellow, respec-
tively?. Notice that the reduction of the BR with tan 3 is mainly due to the decrease
of the charged-Higgs contribution observed in Eq.(5.39) and not to the negative in-
terference with the chargino diagram. Therefore, the only option left is having a light
stop which had escaped detection at LHC because of a small mass difference with

the lightest neutralino as LSP. To explore numerically this possibility, we select the

2Even allowing a three-o range, we find no allowed points when mg, 2> 650 GeV and m, + >
350 GeV
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Figure 5.2: Branching ratio of the B — X7 decay as a function of tan 8. Blue squares fulfill

the ,u%f?c and o, -+ /0sm constraints, as explained in the text. Green and yellow regions are

the one and two-o experimentally allowed regions.

lightest stop mass to be myo < my < my + myo. The result is shown in Figure 5.3,
where we plot again BR(B — Xv) as a function of tan .

In this case the range of BR(B — Xv) for a given tan 8 has decreased, as expected,
because of a possible destructive interference with the stop-chargino diagram. Never-
theless, we can see that there are no points allowed by collider constraints that reach
the 2-0 permitted region for the flavour bound?.

As a by-product, we can emphasize here the difficulty to possibly accommodate two
sizeable Higgs-like peaks for the vy production cross section within an MSSM con-
text, as was announced by the CMS collaboration in [161]. The CMS analysis has an
integrated luminosity of 5.1 (19.6) fb~! at a center of mass energy of 7 (8) TeV and
clearly reveals an excess near my = 136.5 GeV, aside from the 125-126 GeV Higgs
boson that has already been discovered, with a local significance of 2.73 ¢ combining

the data from Higgs coming from vector-boson fusion and vector-boson associated

3 Allowing points within the three-o region, BR(B — Xsv) < 4.1 X 10—*, several points would
survive. However, for all of them, a very large of, . is obtained so that recent ATLAS analysis on
heavy MSSM Higgses rule out them [116]
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Figure 5.3: Branching ratio of the B — X7 decay as a function of tan 3, for m; < 650 and

myo < my < my 4 myo. The color coding is the same as in Fig. 5.2

production (each of which shows the excess individually). Even in the case where 125
GeV resonance was identified as the lightest Higgs in the spectrum, Hy and Hs would
inherit all the pseudoscalar and down-type Higgs components in such a way that the
branching ratio of these Higgses to vy would be brutally inhibited. Additionally, such
a light Higgs with a mass of 136.5 GeV, would produce a signal in the 77-channel
which is already excluded by [112,116,172]. The only way to evade that would be
remain in the low tan g regime, but also in this case constraints from the flavour
transition b — sy would be in conflict. Therefore, we conclude that there is no way
to accommodate two Higgs peaks in the vy spectrum with a signal strength of the
order of the SM model one.

Finally, for the sake of completeness, we would like to comment the possibility of
having a heaviest Higgs corresponding to the 125 GeV resonance. In this case, Hj
would be predominantly up-type whereas H; and Hsy, with masses below 125 GeV
or practically degenerated with Hs, would inherit the down-type and pseudoscalar
components. In this case, again, the current 77 limits for such a light masses would

constrain enormously the parameter space for medium and large tan 5 values. On
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the other hand, the low tan 5 region would be excluded due to b — s for the same
reason than in the previous case: a charged Higgs boson unavoidable light, due to its
relation with the pseudoscalar part, producing a large contribution in the B — X,y

process.

5.1.4 Conclusions

In this analysis, we have seen that the discovered 125 GeV Higgs is forced to be the
lightest Higgs in a MSSM framework due to the present constraints in the H; —
77 channel together with those associated with the flavour process B — X vy. In
particular, we have seen that for the proposed spectrum, where Hy was the 126 GeV
discovered boson, mp, < 180 GeV and mg+ < 200 GeV. Then, to reproduce the
observed signal strength in the y7y-channel for the 126 GeV peak in the medium-large
tan 8 regime, we had to eliminate all the pseudoscalar and down-type content from
the second Higgs state. Specifically, we obtained O3 ~ 1 and O;5, O30 < 1 so that
the lightest and heaviest Higgses will necessarily couple, with tan S-enhancement, to
down-type fermions. At the same time, the H; — 77 decay width for ¢ = 1,3 is
x (0%, + 03,) =~ (1 — 03,) ~ O3, ~ 1 meaning that any MSSM setting would predict
a H; — 77 peak at a level that is already excluded [112,116,172]. The only possible
escape to this situation would be to stay in the (very) low tan 8 region but then,
given the low mass of the charged Higgs, the constraints from BR(B — Xv) would
eliminate completely this possibility. Therefore, our conclusion is that in case of a
MSSM Higgs resonance at 125 GeV, it should correspond to H; being this boson

almost completely up-type in order to reproduce a SM signal in the vy channel.
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5.2 Constraining the presence of extra Higgs states

Here a similar analysis is performed but identifying the lightest Higgs of the complex
MSSM as the detected scalar at 125 GeV [167]. Again, the main channels used to
constrain the parameter space are pp — H; — vy, pp — H; — 777~ and indirect
probes such as b — sy and By, — ptu~. The analysis is divided in two different re-
gions: i) the light MSSM Higgs sector defined by m g+ < my, which can be considered
the non-decoupling regime, and ii) the heavy Higgs sector given by my+ > my, which
would correspond to the usual decoupling limit where M3 > v2.

In our numerical analysis, we basically follow the method described in [173,174] (see
Appendix A in [173]) to determine the regions of the model excluded at 95% CL. This
roughly amounts to identify the most sensitive observable for a given point in the pa-
rameter space using the expected experimental limits and then using the observed
limit at 95% C.L. to exclude the corresponding region in case of disagreement. The
situation becomes more subtle in the presence of a positive signal where the above
procedure may lead to fake surviving regions which contain the 126 Higgs state when-
ever its decay channels are the most sensitive observables. In this case, the described
procedure is applied to each individual Higgs state independently. The excluded re-
gions are then ruled out at a level slightly stronger than 95% [174]*. This procedure
will be strictly followed to deliver the final 95% C.L. allowed regions. Besides, in the
intermediate steps we discuss the impact of the individual constraints separately to

allow the reader to understand how the excluded regions are obtained.

5.2.1 Two photon cross section

As before, our analysis starts considering the Higgs decay amplitude into photons
for the discovered boson which now corresponds to H; with mp, = 125 GeV. The
yvy-production through a Higgs, in the narrow width approximation, depends on the
Higgs production cross section and on the H — ~~ branching ratio, which in turn
depends both on the decay width into two photons and on the total decay width.
The decay width into two photons is given in Eq.(2.50) and receive contributions
from gauge bosons, fermions, sfermions and the charged Higgs. The full expressions
for the scalar S} and pseudoscalar P] amplitudes are given in Egs.(2.51) and (2.52).

In the following, as in the previous analysis, we consider approximate formulae to

4With regard to indirect bounds we take the SM prediction as the expected value to asses the
sensitivity of the given mode. For example, in the case of BR (B — X,v) we use BR (B — Xs7v) =
(3.1540.23) x 10~* for photon energies of E, > 1.6 GeV [175].
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understand the numerical results obtained from the full expressions. The dominant
contributions to the diphoton scalar amplitude are those due to the W-boson and the

top quark, with the b-quark contributing only for very large tan 5. Thus

O11
SZ{?,W ~ —83 ((’)21 + tanﬂ) (5.42)
S}{?,bﬂ ~ 1.8 Oy + (—0.025+1470.034) x
tan 8 o kqtan? 3
5 _— 4
(OH Re {1+f€dtanﬁ]+031 S {1+/<;dtanﬁ (5.43)

The MSSM contributions to the amplitude are restricted to the charged Higgs, charginos
and third generation sfermions. However, as previously seen in Eqgs.(5.21) and (5.12),
the charged Higgs and chargino contributions can always be neglected in comparison
to the SM one in Eq.(5.43). In the case of the stop, imposing the LHC bound on
the stop mass for a large mass difference to the LSP m; 2 650 GeV, its contribution
is also much smaller than the dominant SM contributions. However, this contribu-
tion can be somewhat larger for lighter stops with a small mass difference with the
LSP, although there exists an absolute lower bound of m; 2 250 GeV from single
jet searches [176] and another excluded region for stop masses m; < 200 GeV at
95% C.L. if mz, — myo < 85 GeV [177]. Therefore, we keep stop contributions in our
approximated expression since for low masses it can be important.

Finally, we have the sbottom and stau contributions. They are usually negligible at
medium-low tan 3, say tan 8 < 8, compared to those coming from the SM particles
due to the smallness of the Yukawa couplings in this regime. However, they can be
sizeable for very large tan 8 or very light sparticles. In fact, in [170,171,178] the
stau contribution was proposed as a way to increase the diphoton decay rate without
affecting the Higgs production cross section® and therefore not modifying the suc-
cessful predictions in other channels. However, this would require large tan 8 values
and, as we will show below, this is incompatible with the bounds from Hy, H3 — 77
for Mpy,, < 1 TeV. Nevertheless, for such heavy Higgs masses, a light stau could
contribute considerably to the scalar amplitude for large tan 5. The stau contribu-
tion to S},
to the T-lepton Yukawa (see Eqgs.(5.31) and (5.32) and the discussion below), can be
approximated by

0, heglecting as always the relatively small non-holomorphic corrections
1

5Notice that a large sbotton contribution would enhance both the Higgs production and the
diphoton decay width, and thus modify also the successful ZZ and WW predictions.
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12

m2 Re [AX 2 Sm [AX
0.36 tan2 B —5 (O]l M — 021 M2 + 031 Q[tpl])
1 mz, mz, ms, mz, tan 3

2
~ 3x107° tan’p (200(}6\/) X
msz,
Re [A] ] s Sm AT )
(011 7 021 mZ + Os1 w2 tan (5.44)

where we used that the loop function is approximately 0.35 (and tends to 1/3) for
ms 2, 200 GeV. From here it is clear that an O(1) stau contribution, which would be
required to enhance the diphoton rate, is only possible for tan 8 > 80 and m; < 100
GeV if A% /mz,, u/msz, ~ O(1). Even the extreme case where A*/mz,, pu/msz, <3
would require tan 8 > 50 and mz < 150 GeV to get an O(1) contribution. This can
be seen in Figure 5.4 where the stau and the W-boson contributions are compared up
to tan S values of 50. In any case, these large tan 8 values can increase the diphoton
width at most a 10-30% but such large tan 8 = 50 values are strongly constrained
by the H; — 77 channel. Besides, these large tan  values would not be enough to
increase the Hy; — v branching ratio, as they would simultaneously increase the H;
total width. Therefore, in this work, we do not consider such large tan 3 values and we
neglect stau and sbottom contributions. Thus, keeping just the dominant W-boson,

quark and stop contributions, the scalar amplitude can be approximate by

ST ~ On { B (L0.025+0.034) Re [

tan 8 1+ kgtanp

2
wme Ry Raa my
to t1

2
Ay my Ry Ror | [ 74,

Eg mil

tan 8 ]

+ 021 {—654-0453%6
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This amplitude has to be compared with the SM value calculated in Eq.(5.4) for
a SM-like Higgs: SgSM ~ —6.55. The pseudoscalar amplitude absent in the SM is
typically much smaller since it receives contributions only from fermions, mainly top
and bottom quarks, and they are usually of the same order as fermionic contributions
to the scalar amplitude. Then, the total Higgs decay width receives contributions
mainly from H; — WW* and the down-type fermion, H; — bb and H, — 77 which,
compared to the SM predictions, are enhanced by tan? 3. The H; — gg decay can
be of the same order of H; — 77 for low tan 3, but it can be safely neglected as it is
always subdominant with respect to bb and WWW* and does not influence significantly
the total width. Hence
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On1
tan 3

92mH1
32w mi,

2
P, ~ (Ofl + 02, ) (3m§ + mz) tan® 8 + ((921 + ) Ips m%1:| (5.47)

with Ipg ~ 6.7 x 10~* the phase-space integral. Then, the BR(H; — 77) can be

written as

a’ [ST> + |P)?
3272 (3xp + =, 2
(Brotoe) (02, 103, tan? 5+ (Om +225) (e
|S7/6.5)> + | P /6.5
2
(0%, + 03, tan? B+ 0.38 ( Oz + 224 )

BR(Hy — vy) =~

~ 4.65x1073

l

(5.48)

From here, we can see that it is very difficult to obtain a diphoton branching ratio
larger than the SM value given by ~ 3 x 1073. In fact, as the branching ratio is
inversely proportional to tan? 3, for O;; ~ O(1) and recalling the diphoton scalar
amplitude in Eq.(5.46), we conclude that there is no way to compensate this enhance-
ment in the total width through a tan S-enhanced contribution or through the stop
contribution to S7 in the numerator consistently with present bounds on sfermion
masses [166].

Finally, the last ingredient we need is the Higgs production cross section. This cross
section is dominated by gluon-fusion and bb-fusion. As before, the result can be ex-
pressed in terms of our free parameters: the Higgs mixings and tan 5. The hadronic
tree-level bb-fusion cross section, being calculated with the bb luminosity of the 5-
flavour MSTW2008 parton distributions functions [77], gives

tan? 3

(|(911|2 + |(931|2) pb (5.49)

Whereas the gluon fusion contribution, with the gluon luminosity from MSTW2008,
will be

0.1tan? 3 0,0 l.4tan
(1+/<Ldtanﬂ)2 e 1+ kgtan g

2 0.1tan? 3 27
0?2 5.50
 Ca ((1+/‘édtanﬂ) - (14 kqtan B)° " tan2ﬂ> (5.50)

o(pp— Hi),, ~ O} +13 03,
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Figure 5.5: Number of events (normalized to SM) in H; — 77y respect to the Higgs up

mixing component in a generic MSSM as described in the text.

It can be observed that the top quark contribution in the gluon-fusion process (propor-
tional to Oa) is the dominant amplitude, except for large tan 5 and O11, O31 ~ O(1)
where bottom fusion and the bottom contributions to gluon-fusion may become im-
portant and overcome it. Nevertheless, experimental results in other Higgs search
channels require a Higgs production cross section close to the SM values.

In conclusion, from Eq.(5.47) we have seen that the total decay width is larger than
the SM one if Oq1, O3; > tan~—! 3. Thus, what one would need is having 011, O3; <
tan~! B in order to reduce the total width and increase BR(H; — vv). On the other
hand, from Egs.(5.49) and (5.50), one may notice that for small Oy1, O3; the Higgs
production is dominated by gluon fusion. In this way, it will be possible to reproduce
the observed signal strength in the different Higgs decay channels and the following

Higgs mixing components will appear naturally

1
Oy ~1 d 011, O —_— 5.51
21 an 11, Usz1 < tan 3 ( )

Figure 5.5 shows the allowed O3; values as a function of the diphoton signal strength.

The different colours correspond to different tan 5 values: blue for tan 5 < 5, magenta
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for 5 < tan 8 < 9, navy for 9 < tan 8 < 30 and red for 30 < tan 3. From here, it is
clear that Og; is required to be close to one being always larger than 1 — (1/tan 3)2.
Notice that this result simply generalizes the usual real MSSM result in the decoupling
limit, which implies that Os; = cos a >~ sin .

Now that our model satisfies the requirement of the observed signal strength in the
diphoton channel, we should analyse the limits on H, — 77, t — H*b and BR(B —
Xs7)-

5.2.2 H, — 77 production cross section

As we have already discussed, the pp — H — 77 production cross section is one
of the main channels used to search for extra Higgs boson states at LHC [116, 118].
We have already seen that the lightest Higgs with My, = 126 GeV must be mainly
up-type to reproduce the observed signal strength. Thus, the tan 8 enhancement of
the decay width of H; into tau fermions is controlled by this small mixing. However,
for the heavier neutral Higgses, we have the opposite effect being the down-type or
pseudoscalar content of the heavier Higgses high and, consequently, the Hy 3 — 777~
decay width proportional to tan? 5 at tree level and neglecting the relatively small
non-holomorphic corrections to the tau Yukawa

2

g>mp, m

Ly rr =~ T tan® 3. (5.52)

327 m%v

Here, it is important to remember from Eq.(5.37) that the relevant quantity in the
pp — 77 production cross section is the H; branching ratio to 77, which has an
identical leading-order tan S-enhancement than that of the dominant decay width
which is into bb. Therefore, the total production cross sections be almost independent
of tan 8, with only a small dependence due to the different higher-order corrections to
the bottom and tau Yukawa couplings. On the other hand, for medium-large tan 3,
the production of these Higgs bosons will also be mainly due to bb-fusion and the bb

contribution to the gluon-fusion loop® and can be approximated by

bb 99 2
TH; Ll /dTHi)+O.O4 (THi d['Lo/dTHz‘):| ( tan ﬁ pb

Hi ~ .
olpp = Hi) {0 07 ( 1000 pb 1.1 x 105 pb 1+ kg tan B)2

SIn our numerical analysis, all contributions to gluon fusion are always included and we include

also the gluon-b production channel, although it is always subdominant if b-jets are not tagged
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with O3, + 032, ~ 03, + O3, ~ 1 and the gluon and bb luminosities at My, = 150
GeV (corresponding to the light Higgs region) and /s = 7 TeV. Therefore, we can

see that the 77 production cross section of Hy and H3 will be

H; tan? I}
Hi <
olpp ™S 8.4 +10.4 K4 tan B + k2 tan? 8

7o, AL JdTy, Ta, dLY%,/dTy,
. 3 3 . 4 K2 K2
{O 07 ( wo0pp ) PO T 10 pb

(5.53)

The latest CMS constraints discriminate between Higgs bosons produced through
gluon fusion and through bb fusion in association with two b-jets. A pp-cut of 30 GeV
is imposed in at least one b-jet in order to identify the bb origin. As commented in
Section 2.4, the theoretical production cross section with b-jets can be obtained using
the MSTW2008 pdf in the 5-flavour scheme [77] with the bg — h;b cross section and
a 30 GeV pp cut on the final b-jet. Then, the differential partonic cross section will
be [82]

dé’Qb—)Hﬁ,b - _ias(/u’) yb(ﬂ) ? m%[l + u2 (5 54)
dt s2 24 V2 st '
and the total pp cross section given by
R Ldx 9 9
O'(pp — be) =4 Ogb—H;b / ; b(l‘, M )g(T/x7 M ) (555)

5.2.3 Indirect bounds

After applying the constraints on the Higgs mixings from the H; — ~v and the
H; — 777~ decay, the most important constraints come now from the two indirect
flavour bounds B — X,y and, in the light charged-Higgs region, ¢t — bH*. The
experimental limits on the B — X+ decay as well as the 95% C.L. range to be com-
pared to the model predictions have been given in Eq.(4.7). Regarding the top decay
to the charged Higgs, we use the ATLAS results released on [179]. Besides, in our
calculation we include also other indirect constraints on additional Higgs states, as
the BT — 7% decay and, specially the rare decay By — puu~ which could play a
significant role for large tan (.

As it has been already commented, the BR (B — X;7) receives contributions mainly
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from W-boson, charged Higgs and stop-chargino loops within a MFV scenario. As
shown in Eq.(5.39), the branching ratio receives a sizeable contribution coming from
the light charged-Higgs for low tan 3. This large charged-Higgs contribution cannot be
compensated by the stop-chargino contribution, given in Eq.(5.41), with opposite sign
because of the tan 5 proportionality of this contribution and the small tan 8 values in
consideration. Even forcing the stop mass into the region below m; = 650 GeV exper-
imentally allowed for small stop-neutralino mass differences, this contribution would
be still too small. Obviously, this is the region where this process becomes determi-
nant to exclude important parts of the Higgs sector’s parameter space. Therefore, it
is expected that BR (B — X,v) plays a fairly limited role in large tan 3 regime.

Regarding the ATLAS bounds in [179] for the ¢ — HTb decay, we observe that it
becomes an important discriminating channel for very light charged Higgs masses
(up to mE = 160 GeV). However, even for such low Higgs masses, we will see that

BR (B — X;v) imposes stronger bounds.

5.2.4 Light MSSM Higgs masses

We define the light Higgs region as M+ < my, being the charged Higgs heavier than
the neutral scalars of our model. In this regime, Higgs states are strongly constrained
by the present experimental results, in particular by the process pp — H; — 777~
[116,118]. Furthermore, as pointed out above, such light charged-Higgs produce rather
large contributions to the FC observable B — X, originating incompatible results
with the experimental limits.

As seen in Eq.(5.53), the 77 production cross section is proportional to tan? 8 so we
can expect that the presence of additional Higgs bosons to be strongly constrained
by the current searches, which are sensitive to cross sections of the order of the
SM cross section for my < 150 GeV. In Figure 5.6, the allowed Higgs masses as a
function of tan 8 are presented, where all the points satisfy the ATLAS and CMS
searches up to 150 GeV plus their searches up to 1 TeV on the H; — 77 channel. The
ATLAS bounds due to the t — H b decay are only fulfilled for the blue points. From
this figure one may conclude that 77 bounds eliminate completely the possibility
of having extra Higgs states with masses below 145 GeV for tan 8 2 7 and below
180 GeV when considering tan 8 2 10. Moreover, ATLAS bounds on the top decay
eliminate Higgs masses below 140 GeV for any tan 5 value. However, masses such as
145 GeV < My, < 175 GeV are perfectly in agreement with all these collider limits
as long as tan 8 < 10.

Adding the rare decay B — Xy bounds, this narrow region is completely ruled out
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Figure 5.6: Allowed Higgs masses in the plane (tan 8, My,) in the light Higgs scenario.
Red (dark grey) points satisfy the ATLAS and CMS pp — 77 bounds in SM Higgs searches
and MSSM neutral Higgs searches. Blue (black) points satisfy ATLAS t — H b constraints
in addition. However, if we consider B — X+ bounds, this region of the parameter space is

ruled out.

closing the door on the possibility of having extra Higgs states below my.

5.2.5 Heavy MSSM Higgs masses

Next, we consider second and third neutral-Higgs masses much larger than the lightest
Higgs mass, which is fixed at the experimental value of mpy, = 125 GeV. In this limit,
already approaching the decoupling limit in the MSSM, the heaviest mass of the scalar
sector is the charged-Higgs mass, which is taken now myg+ > my.

As we did in the previous case, the lightest Higgs is required to reproduce the observed
signal strength in the yvy-channel. This implies that H; must have a dominant up-type
component and therefore, the heavier Higgs states must be dominantly down-type or
pseudoscalar. So, the Hy 3 — 77 decay width is expected to be important. However,
once the neutral- and charged-Higgs acquire large masses, new decay channels are

opened and that will reduce the branching ratio of Hy 3 — 77. Nevertheless, in the
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Figure 5.7: Allowed Higgs masses in the plane (tan 8, My, ) taking into account the diphoton
signal strength, 77 bounds and BR(B — X,v). Yellow (light grey) points are those that
satisfy ATLAS bounds at 95% C.L., whereas blue (dark grey) points fulfil CMS constraints
at 95% C.L. too

limit of large tan 8 both, the (mostly) down-type Higgs and the pseudoscalar Higgs,
decay dominantly to bb and 7H7~ and we have that BR(Hz3 — 7777) is typically
~ 0.1. In the low tan 8 region, and once mp, > 2my, the ¢t channel is sizeable too and
can dominate the total Higgs width reducing in this way the Hs 3 — 717~ branching
ratio. But, as we will see, in this low tan 3 region the strong constraints from B — X~
on charged Higgs masses will reduce significantly the allowed parameter space.

As we have seen before, the 77 constraints are very effective in the large tan 8 region
and, indeed, the result from imposing these bounds can be seen in Figure 5.7. Yellow
points in this plot means allowed by ATLAS 77 constraints while blue points satisfy
also the stronger CMS bounds. All of them satisfy the BR(B — Xv) bounds and
other indirect constraints such as B — 7v and By — p ™.

Therefore, we observe that the combination of direct and indirect constraints is quite
effective in the search for additional neutral Higgs bosons at low Higgs masses and/or
large tan 8. In fact, CMS constraints which discriminate different production mecha-

nisms reduce the permitted area previously allowed by ATLAS searches. At present,
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the second neutral Higgs in a generic MSSM must be heavier than 250 GeV, and
such low values for the Higgs mass are possible only for tan 8 ~ 16. Lower values of
tan 8 require a heavier neutral Higgs around 300 GeV, due to the large charged Higgs
contribution to BR(B — Xv). Larger values of tan 8 are strongly constrained by
CMS searches in the H; — 77 channel and would require much heavier Higgs states.
For instance, a value of tan 8 = 30 would be only possible for My, 2 600 GeV.
Comparing with the previous estimate based on the ATLAS results, the improvement
becomes apparent.

On the other hand, as we have seen in section 5.2.3, at low tan 3, the constraints from
B — X7 eliminate light Higgs masses. Then, the combination of 77 and B — X7
constraints implies that Hs 3 masses below 250 GeV are already ruled out. An im-
provement of the 77 bound by a factor of 10, which could be possible with the analysis
of the stored LHC data, would eliminate the possibility of My, < 300 GeV for all

tan 8 values.

5.2.6 Conclusions

We have used the results from Higgs searches in the «+ and 77 decay channels at LHC
and indirect bounds as BR(B — Xv) to constrain the parameter space of a generic
MSSM Higgs sector. In this case, we identified the scalar resonance at my ~ 126 GeV
with the lightest Higgs in a MSSM context with explicit CP-violation and we showed
that the 77-channel is the best and most accurate weapon in the hunt for new Higgs
states beyond the Standard Model. We obtained that present experimental results
rule out additional neutral Higgs bosons in a generic MSSM below 300 GeV for any
value of tan 8 and, for values of tan 8 above 30, only Higgs masses above 600 GeV are

possible.
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5.3 Flavour-violating Higgs decays

In this analysis [168], our proposal consists of searching for FC Higgs decays that do
not exist in the SM and would undoubtedly signal the presence of new physics be-
yond the SM. Like in the past indirect searches have been extensively used to search
for new physics, FC Higgs decays may point out to extensions of the SM contain-
ing additional scalars which mix with the lightest Higgs [180-185]. In this work, we
will explore a generic supersymmetric scenario as well as the MSSM framework, both
in the presence of non-minimal flavour structures. Our analysis will be focused on
the process H — bs, since one would expect on general grounds that, among FC
Higgs decays, those involving third generation particles -whose Yukawa couplings are
larger- are the most experimentally accessible. Besides, loop-induced FC proceses in
the quark sector are typically larger by a factor a3/a3 for similar flavour changing
entries in the lepton sector.

The main goal in this analysis is to find out the largest FC branching ratios for the
different Higgs states attainable in a general supersymmetric scenario. First, we will
introduce the framework in which the analysis will be carried out, with some com-
pelling variations of it also addressed because of their interest. Then, the theoretical
expressions for the FC Higgs decays into down-type quarks will be provided. In Sec-
tion 5.3.2 the principal features of the numerical analysis are shown, concluding in

Section 5.3.5 with the main results.

5.3.1 Higgs mixings

Our analysis is performed within a generic CP-violating MSSM framework and its ex-
tensions. In particular, to study Higgs flavour changing decays it is worth to introduce

the following parametrization of the Higgs mixings

cosfB sinf

_ < 011 021 > 031 (5 56)

t= = sin Bcos 3’

where §; quantifies the distance of the lightest Higgs mixings from cos 8 and sin 3,
and 7 is directly related to the pseudoscalar content of H;. We will distinguish two
different situations in regard to the Higgs mixing: full MSSM framework and generic
supersymmetric SM.

The full MSSM framework is associated with the usual MSSM Higgs potential [34]

which breaks the electroweak symmetry radiatively. The minimization of this poten-
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tial gives us the Higgs masses and mixings. Using O%, + 03 + 0% = 1, one may

express the mixing angles, O,1, in terms of §; and 7; as follows

O11 cos f3 [\/l— (§f+n%)cos25sin25+61 Sin26]

Oy = sinf {\/1 — (62 +n?) cos? Bsin? B — &, 00525]
O31 = mp cosfBsinf (5.57)

Then, the coupling of the lightest Higgs to a pair of massive vector bosons given in
Eq.(2.12) can be rewritten as

Juyvv = cos 3011 +sin 8091 = \/1 — (67 +n7) cos? Bsin? B (5.58)

LHC Higgs-data [186] constrain g,, ., to be close to its SM value, gu,vv = 1. The
present best-fit values and uncertainties are kv = g, , = 1.15 £ 0.08, if we assume
there is no change in the Higgs total width, and kyy = ky - Ky /kg = 1.28J_r8:i§, if we
allow for a change in the total decay width. At present, the errors are still large, but
requiring, for example, gg, vy = 0.9, one needs to have (67 + n?) cos? Bsin? 8 < 0.2.
As we will be show later, BR (H 1 — bs+ §b) is directly proportional to the quantity
(62 + 1?) which can be larger for larger tan 3-values while satisfying this constraint.
On the other hand, large tan 8 values are constrained by the AB =1 and AB = 2
processes such as b — s, B — ptpu~, B — B? mixing, etc. Taking into account all
these constraint, we find that, BR (H1 — bs + §b) can be as large as 10~° at most in
an MSSM framework.

Given that no signs of supersymmetry have been found so far in collider experiments
and taking into account the strong constraints on the parameter space of minimal
models, it is interesting to examine more general models like the generic supersym-
metric SM where we consider the possibility of having additional Higgses. In this

case, the Higgs mass eigenstates H; would be given by

H; = Z Oai ¢ + Ozia + Z Opi s (5.59)

a=1,2 B>4

where @g represent the additional CP-even and CP-odd Higgs states which could be
charged or neutral under SU(2);. We note that only the SU(2)-charged CP-even

states contribute to the tree-level g, . couplings and, due to the additional states,
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we generically would have O%, + 03, + 03, < 1. As in the MSSM framework, these
couplings are constrained by the experimental results on Higgs decays, but in the
presence of other Higgs states close to the 125-GeV state, the mixing pattern could
be different from that in the MSSM and §; and/or 7; can be sizeable. In this case,
one may treat d; and 7; as free parameters effectively. We find that, in this case,
BR (H1 — bs + §b) can be as large as 1074,

5.3.2 FC phenomenology

Processes mediated by FCNCs involving down-type quarks have been largely stud-
ied in the context of 2HDM where significant contributions can be accommodated
due to the tan S-enhancement of their Yukawa couplings. Here, we aim to study the
transitions H; — bs, keeping always under control processes like B, — uTu~ and
the B-meson mass difference AMp_ which usually impose strong experimental con-
straints.

First, we recall Eqgs.(2.27) and (2.29) associated with the down-type quarks FC cou-
plings. As can be check in Eq.(2.23), R, contains the complete set of loop corrections

to the d-quark couplings
@Y @Y
R; =1+ A, + tanBA ™ (5.60)

where some of the diagrams associated with these terms are represented in Figures
2.2 and 2.3. For large tan 8 values, the ®Y corrections can be neglected in comparison

0
with the tan S-enhanced Af“ term. Then

Ry ~ 1 + tan AL (5.61)

Consequently, the FC couplings would be approximately given by

Oq; O9;
L i xv7tp—1 2 t—1
S V'R,V 1-VR,'V
85, dd cos B a VT sin 3 ( Z'V)
1 1
1O t VIRV — 5.62
+ iOsitanf ( sin? B d tan? 6) ( )

1

;
ggijd (géiid) (5.63)
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where VTR;1A33V = (1= V'R;'V) /tanB have been used. Note that the size of
flavour-violation is strictly dictated by the off-diagonal components of the matrix
product VTRglV. Appendix B.5 collects the full expression for the Aj?‘ loop-
contributions. They depends on the flavour structure in the soft-breaking mass ma-
trices 5M2Q7U7 p and trilinears couplings da,. Assuming universality for the first two

generations, the following flavour parametrization may be introduced 7

p 0 O p 0 0
M% = p Ox | Mg,, Y, 'au=( 0 p 6o, | au (564

0 6x 1 0 6, 1

where X = Q,U, D. 5M%7U7D and da, are simply given by
6&22,[”7 = I\N/IzQ’UyD — MéU,D 1 da, = a, — Y, a, (5.65)
72 1 NT2 1 72
Myup = T (MByp) =35 @e+1) My, p, (5.66)
1 . 1

ay = gTr (Y, 'a,) = 3 (2p+1) ay, (5.67)

In the basis where the up-type Yukawa quarks are diagonal Y, = diag (yu, Ye, ¥t),

we have
0
M% = 0o &2 Sx M%, (5.68)
0 ox —3(p-1)

0 0
by, Oa, Ye Qs (5.69)
0 o,y —32(p—1) w

Il
o

oa,

Inserting the above expressions for 5M2Q7U7D and da, into Eqgs.(B.8) and (B.9), one

can express in a simplified form

"We are assuming, for simplicity, symmetric Yukawa and trilinear matrices at tree-level. In

general, (Y;lau> and (Y;lau> can be different from each other and complex.
23 32
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e 0 0
o0
Ad“ ~ 0 € (5623 (570)
0 (5632 €+ n

with €, 1, desa, deg3 containing the main loop contributions. Neglecting the EW
corrections and approximating the down-type Yukawa couplings as Y4 ~ ‘U/—? M,V

an analytic expression for the these elements can be found

2as * * Y "~
€ = Tt Mgl(Mg,M§,|M3|2)
p—1 [ 2as .. (=2 -2 12 72 2
+ = ( W M (MD3 +MQ3) K(MQ,MD,|M3\ )) (5.71)
= Wl e (13 02
n - 167’(’2 1% U ( Q> Uv|l’L| )

*
*

205 4 o w Vogz o~ -9 -
~ Or { W M3 23Mg3K(M5,Mg,|M3|2)
3

3m Vs

+ (- {;g;; " (Atf(Mé,Mé,W) + A (N, + 113, K(Mé,M5,|u2)>

20 0y (b, + 813, ) K (.01, 3 | (5.72)

2
* * 2 r2 Tr2 T2 2 ‘yt| * * A r2 2 Tr2 2
0t M MQSK(MQ,MD,|M3| >+167“ A MQsK(MQ7MD,|M| ))

2 s
3

deaz = 5L(

2
b e (b (323,23, 107) )

20 ngyb . 2w g2 ~o =9 2
b : MM,K(M NI2, | M )
+ R (3# mes“ 3 Mpg D, Mqg | M3

2 s V* * * 37 v v
+ (p-1) (;jr 2 M M%3K(M%,M5,M3|2)> (5.73)
22
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2 S * * s " v
Sess = O ( 3‘;‘ W M MéSK(Mé,M%,|M3|2)>
v ba (L s r (3, 22
Ay 167’(’2“ t Qs Us |

* 2
2as [ Voo ys Vit . - .
+ Or ( ( 20 S )u MSM%gK(M%,Mé,Mﬁ))

31\ Vazue - Vi Vi ys
2043‘/2*3 * Ak T2 2 2 2
+ (p-1 S My M3, K (M3, N3, | Ms| (5.74)
31 Vg

where dg = 01, and dy = 0p = dr. Four types of flavour-violating terms proportional
to 61, da,, Or, and (p — 1) arise for our model®. Then

1+ etanf 0 0
0
R, = 1+tanBAY: ~ 0 1+etanf  Jextan 3 (5.75)
0 desatan 8 14 (e+n)tan S

from which R;l can be obtained as presented in Appendix E. For the decay H; — bs,
the relevant matrix elements determining the effective couplings are (VTREIV) 39
and (VTRglV) 53+ The former is given by

3
(VIR;'V),, = > Vi (R;Y),; Vo (5.76)
i,j=1
3
= Z [VTB (Rgl)ii Vi?] + V§3 (Rgl)gg Vio + V;:} (R51)32 Voo
=1

From Eq.(E.2) to (E.6) in Appendix E for R(;l and taking into account the unitarity

of the CKM matrix, we can write

3
_ 1+ etanB)n tan g
Y (RyY), V] = (VigVie + VigVa)
121[ 13( d )“ 2} ( 13 12 + 23 22) Det (Rd)
56235632 tan2ﬁ
ViaVig——"——— .
1V12 T (Ra) (5.77)

8 Please note that our definition of d,, in Eq.(5.69) makes it different from the 65z usually

defined in the literature.
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In this expresion, we can neglect all the terms proportional to Vi;Vis ~ 8 x 1074
with respect to Vi3 Vay ~ 4 x 1072, even for the last term proportional to degs dezo
that for sizeable mass insertions (MI), 6z, r > V33 Vaq, would be of the same order
as € x 1. Going back to Eq.(5.76) and noticing the the off-diagonal elements (R "),
and (R;l) 39 should have similar values, the second term would be also suppressed
with respect to the last one by roughly |V33Vsa| ~ 2.1073 and could be neglected.

Therefore, under all these assumptions, we can safely take

L+etanfB)ntanf o 1
Dot (B ~ (R3"),, (5.78)

(V*Rglv) ~ Vi Ve (RgY),, + ViV

32

Repeating the same excercise with (VTREIV) 5g+ 1t 1s found

1+etanB)n tanfg

~ V3, Vs (R;l)% + V;2V23( Det (Rq)

(V*Rglv) ~ (R3"),, (5.79)

23

The study of these matrix elements is very interesting because of its dependence on ¢y,
0 and d,,. Looking at Eq.(5.74) for dez2 and comparing the 6z, and dr contributions,
one can observe that the dz term is suppressed by (ys/yb - V§32yb/ys) ~ —0.013 with
respect to the d;, term. Therefore, the resulting matrix element will be very different
depending on the insertion at work. Also from these equations it can be noted that
if 61, ~ d,,, similar results are obtained for des3 from each type of mass insertion.
However, this is not still the case for desa, for which the J,, insertion is suppressed by
a factor (y./y:)? compared to 6z. In any case, the d,, contributions to dez3 and deso
are always subdominant to the i contributions. For this reason, in our analysis, we
only consider the cases where d;, and dg contribute. All the results of the numerical
simulation have been computed with the CPsuperH2.3 code [54,187,188].

5.3.3 Full MSSM Framework

In the full MSSM framework, the effective FC Higgs couplings defined in Egs.(2.40)
and (2.41) are given by
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_ mp my [ O 2% | . Osi —
= gy = — - t VR,'V 5.80
YL, v gHibs v (COSﬁ sinﬂ + 1 anﬁSiHQ 6) ( d )32 ( )
ms g ms [ O Oy . Osi =1y *
= —grs = — — — it VR,;'V 5.81
yR'L v H,bs v (COS /B sin /B ttan /8 Sin2 ,8) ( d )23 ( )

The decay width given by Eq.(2.47) would be

- 3mpy,
T (H; — bs+3b) =~ 8:1 koo (lyr.)? + lyr. %) (5.82)
3mp,mj p O Oy 2+ tan O3\ o
gmvz Q9P [\ cosB sinf sin? 3
2

2 m
+
‘ m?

(Jvrt v+ 2 virg VL[ )

For §y, insertions, as discussed in the previous section, |yg,

< |yr,| due to the mg/my
suppression when (VTRC?lV) 30 ™ (VTRLfV) ;3. In the presence of di insertions the
situation is more involved and both terms must be considered. The branching ratio for
the process is calculated from the partial decay width, Eq.(5.82), and the total decay
width of the correspondent bosons. We have already seen that the total decay width
of a lightest Higgs of 125 GeV mass is dominated by the decay into two b-quarks, two
W-bosons and two 7-leptons. Thus

2 2 2 2
. MmHa MY mr 2 2 2 My O
I'm, = 87T1’l)2 [(3 KkQcp + 7m§) tan® 5 (O11 + O31) + Ips mgl <021 + tanﬁ) :l

where for the large tan 8 limit (0% /cos? 8+ tan? 8 O%,) ~ tan? 8 (0%, + 03;) and
(sin 8 091 + cos B 011)2 ~ (021 + 011/ tan 5)2. Ipg in the second term refers to the
phase-space integral in the Higgs decay into two W-bosons [54] and can be approx-
imated by Ips ~ 6.7 x 10~* when my, = 125 GeV. Then, the branching ratio will
be
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BR (Hy —bs+38b) = 3kocn ‘(V*R;lv)32 ® (5.83)

(011 _ 021)2+( O31 )2
cos 3 sin 8 sin B cos B

(3 KkQcp + = ) tan? 3 (0%, + 03)) + Ips—=- " (021 + g,lllﬁ)2

For the heavier Higgses, and tan 8 2 30, the total decay width is dominated by the
bottom and tau decays so

2
’ITLH2

2
3
S8mv? ( fQep +

Ty, ~ ) tan® 8 (O3, + 03,) (5.84)

mb

since (0%,/ cos? B+ tan? B 03,) ~ tan? B (0%, + 0%,). Hence, the branching ratio is

(012 _ 022)2 + ( O3z )2
cos 3 sin 8 sin B cos B

32| (3 kQep + ) tan® 3 (0%, + 03,)

BR (Hz — bs + 8b) = 3rgep [(VIR;'V)

From Section 5.2, we know that the latest LHC data for the Higgs signal in the
diphoton channel constrains strongly the Higgs mixing within a general CP-violating
model. In particular that if we consider the lightest Higgs as the recently discovered
boson at 126 GeV, its mixing conditions are (0%, + 03,) ~ 1/tan? 3 and 0% ~ 1.

Therefore, using the parametrization presented in Eq.(5.56), we can write

(63 +n7)
(3 KQcp + — ) + IPS

2

BR (H; — bs +3b) = 3'€QCD‘(VTR51V)32‘2

Still following the conclusions of Section 5.2, it was also showed that the diphoton
condition establishes for the heavier Higgs mixings (OF; + 03;) ~ 1 and Oy < 1/tan B,
1 =2,3. Hence

3KkQeD

2| :
3kqQep + =%

BR(H, —»bs+3b) ~ |(VIR]'V) (5.85)

where 1/ cos 8 ~ tan 8 and sin 8 ~ 1 have been considered in good approximation.
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LL insertion

We first analyse the case 07, # 0 and dg = 0. Then

2005 e - -5 - 2 _

besany = Op " M MK (Mg,M]%, | M| ) ~—3-107%5; (5.86)
where it can be seen that Jesyr) has a non-decoupling behaviour -as it depends
only on ratios of sparticle masses- and we have used as numerical orientative values
MQ)D)QS ~ 5 TeV, M3 ~ 7 TeV and p ~ 6 TeV. Consequently, for the maximum value

of tan 8 and 7, considered during the scan 6 ~ 0.5  and tan 8 ~ 60, we obtain

(Rfl)max N _5632(L) (I+etanB)tanB 3-1073 x 1.5 x 60
d Js2L) Det (Rq) 4

~ 0.03

where € in Eq.(5.71) and Det(Rgq) for the masses specified above take the values
€ ~ 0.01 and Det(Rg4) ~ 4.7 . Therefore

3kqcp X (61 +n7)
(3 kQcp + %‘g’) + Ips 128

2
my

BR (Hy — bs +8b) ;" =~ ’(VTRglv)

32(L)

~ 5-107* (8 +n) (5.87)

3KkqQcp

— ~107° (5.88)

BR (Hz — bs + 5b) (1 =~ ’(VTRglv) P
QCD m2
b

32(L)

Figure 5.8 shows the results of our scans. As in the previous analysis, flavour con-
straints associated with the processes B, — pup, B — X,y and AMp,_ are required
to be accomplished. Thus, blue points satisfy the whole set of constraints whilst red
points are excluded because of the violation of one of them or more. In the upper
frames, the branching ratios for H; and Hs versus tan [ are represented. Notice
that, for all considerations, Hs will be equivalent to Hs given that they are nearly
degenerate for the range of masses considered here. In these two plots, one can see

that, before applying the low-energy constraints, the branching ratio grows with tan 3

9Notice, effectively, that there is no bound from low-energy FC proceses on this MI for such heavy

gluinos and squarks.
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BR(H>-bs)

-

o
ae %

Figure 5.8: A full MSSM framework with LL insertion with 67 # 0 and da, = dgr = 0: the
upper frames show the dependence of the estimated branching ratios for Hi 2 — bs + 3b
on tan 8. The lower-left frame is for the dependence of B(H; — bs) on 67 and the lower-
right frame for the §7 dependence on tan3. Blue (dark) points satisfy all the constraints

considered, while red (light) point violate one or several of these constraints.

(red points). However, the imposed experimental limits from B-mesons modify signif-
icantly the final result (blue points). Whereas for heavy Higgses few points become
excluded, in the case of the lightest Higgs the effect is quite acute. Indeed, looking
at the upper-left frame, the tendency is completely opposite and the branching ratio
decreases for tan 3 > 20.

The reason for this behaviour stems in the BY — pu*u~ constraint. This branching
ratio is given in Eq.(3.20) with Cs in Eq.(3.22) and Cp in Eq.(3.23) containing the

SUSY contributions. The dominant terms come from the heavy Higgses so

9 tan* trp—1 2 Os; 2 5 2
Csp x 4 mh [(VIRG'V),,| (Olj_m) + O35 ‘

tan?
~ 4_5 R
ma d,32

H;

with j = 2,3. This dependence of Cs,p on tan® 5 -the matrix element (R;');, carries

an additional tan 8- and the heavy Higgs masses explains why this decay provides
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BR(H,—bs)

tan(p)

Figure 5.9: A full MSSM framework with RR insertion with ér # 0 and da,, = 6 = 0: The
left frame shows the dependence of BR(H1 — bs) on tan 8 and the right one the dependence
of BR(H2 — bs) on tan 3. Again, blue (dark) points satisfy all the constraints considered,

while red (light) point violate one or several of these constraints.

such a restrictive constraint for relatively small mf%(?,) and medium-to-large values
of tan 8. As a matter of fact, it is BR(H; — bs) which is highly suppressed by
this bound at medium and large tan 8 values in contrast to BR(Hy — bs). This is
because BR(H; — bs) is proportional to d; and 7, -see Eq.(5.83) and the lower-left
frame in Figure 5.8-, which are order 1)2/M12q2 in the MSSM. Then, when Hj is light,
BR(H; — bs) is larger but also B-meson constraints are more restrictive. The only
solution to be in agreement with the flavour bound would be remain in the low tan 8
region but, as can be seen in the lower-right frame of the picture, large values of (67)
-and therefore of BR(H; — bs)- are not possible when tan g is below 20.

Conversely, BR(H; — bs) is practically not affected for the rare decay limits. The
reason is that BR(Hz — bs) is independent of §; or n; and, therefore, of the Hj
mass. Thus, for my, large enough, B-meson constraints are not effective and large
branching ratios can be reached for large tan 8 values. Besides, it can be observed in
the upper-right frame of Figure 5.8 that this BR saturates for medium-large values of
tan 3 since it is in this regimen when both, the FC decay width and the total decay

width, tend to have the same tan S dependence.

RR insertion

We consider now dp # 0 and d1, = d,, = 0. From Eqgs.(5.74) we see that

~0.013x3%x10738r ~5-107°6p

Vius  Vis“w ) d€3a(L)

o€ ~ 4
8200 f (V§3 Yo Vi, Vizys oL
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Then, from Eq.(5.87), one may express (R;l)gz(R) as
_ Voo y Vis2yp _ _
R;! ~ 295 B R;! ~4-107%6 5.89
( d )32(R) <V33 Up V22 V33 Ys ( d )32(L) R ( )

In this case, the value of the off-diagonal element (R ')32 is order 107 and this
implies that the contributions V3;Vss in Eq.(5.77) and (R;"),, in Eq.(5.76) or yg,
in Eq.(5.81), can be important. Thus

23

RV~ -1 10-3 (p -1 (1+etanB)n tan g
(V R, V)32(R) =~ (R )y + 2107 (R 4y + 004 Dot (o) (5.90)
5 1.5 x 60 , .10-3
~ —4.107%6R — 21078 ZBWE) X4 X 60 g lox4 io X 60

where we used the same values for the parameters as in Eq.(5.87). Note that now

dea3(r) is enhanced by a factor yy/ys

2 s * * 27 Y )
bersmy ~ Ons ? M3 Nip, K (N1, VB, [Maf?) ~ 0.1 (5.91)
Therefore, we obtain
(VTRglV);I;;) 4(6r+1)-1073 (5.92)

For g = 0.5, the branching ratios are

: 3kqep(6f + n7)

2 2
(3 KQcp + Z—%) + Ips%

1.5-107° (67 4+ n7) (5.94)

R

BR (H1 — bs + 5b) (o ‘(VTRglv)

5.93
32(R) ( )

2

3KkQcD

BR (Hz — bs + 5b) T = ‘(VTRglv) — ~2.107°  (5.95)

3kqgep + :%%

32(R)

The results of our scans for this case are shown in Figure 5.9. As before, they are

in agreement with the numerical values if B-meson constraints are not taken into
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10 20 30 40 50 60
tan(B)

Figure 5.10: A generic supersymmetryic SM with LL insertion with 7 # 0 and §4,, = ér = O:
The upper frames show the dependence of the estimated branching ratios for Hy 2 — bs + 5b
on tanB. The lower frame is for the dependence of B(H; — bs) on §7 and the lower-
right frame for the 67 dependence on tan 3. Blue (dark) points satisfy all the constraints

considered, while red (light) point violate one or several of these constraints.

account. Once they are incorporated to the analysis, the lightest Higgs branching
ratio is reduced in more than one order of magnitude. Also, taking into account from
Eq.(5.90) that both, the MI and the MI-independent contributions are of the same
order only for large dg, the BR is completely independent of dg.

5.3.4 Generic Supersymmetric SM

After computing these branching ratios in the MSSM framework, we now perform our
analysis in a generic supersymmetric model meaning that generic Higgs mixings are
considered with the possible presence of extra Higgs states, Eq.(5.59). In this case,
we have OF, + 03 + O3, < 1 and the parameters J; and/or n; entering I'(H; —
bs 4+ 5b) can be sizeable. The expressions for the decay widths and branching ratios in
Eqgs.(5.82)-(5.85) are still valid, being the main difference that now the parameters d;

and 7; are only constrained by experimental results on Higgs decays and low energy
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FCNC processes. Notice, however, that the flavour changing entries in R;l do not
change in these two models.

In Figure 5.10, the FC branching ratios of H; and Hy are shown when d; # 0
and d,, = 0p = 0. These figures must be compared with Figure 5.8 in the MSSM
framework. Whereas in the MSSM framework the mixing angles are obtained through
a minimization of the scalar potential and both, §; and n; are of order v? /m%,2 from
the diagonalization of the neutral Higgs mass matrix, in the generic supersymmetric
scenario d; and 7; are treated as free parameters that do not depend a priori on
the ratio v? /m%,2 and are only constrained by the experimentally measured Higgs
branching ratios and B-meson constraints. This is why BR(H; — bs) in Figure 5.8
is two orders of magnitude smaller that the largest possible value in Figure 5.10.
The different distribution of the points allowed by B-meson constraints is due to the
same reason. In the MSSM scenario, Higgs flavour-changing processes are mediated
by heavy Higgses and therefore are only important for light mg,, which correspond
also to the largest d; and 7; and consequently to the largest branching ratios. In the
generic supersymmetric SM it is, in principle, possible to have a large §; with heavy
H, and therefore the B-meson constraints are not so efficient. On the other hand,
as the FC decays of heavy Higgses Hy 3 are independent of 6; and 7y, in this case,
the upper-right frames of Figures 5.8 and 5.10 are very similar equivalent results are
obtained for both scenarios. Also, as shown in the lower-right plot of Figure 5.10,
the allowed values of (§1)? are completely independent of tan 3 now and then the B-
meson constraints, which deppend on (tan 8)"/ m‘}b, can always be satisfied adjusting
conveniently the value of my,. In this case, the upper limit for (J;)? is fixed by the
H; — v decay, which as shown in Section 5.2 requires (0%, + 03;) ~ 1/tan? 3 and
03, ~1—1/tan? 3. Using the definition of §;, and in the limit where O3; < 1 with
the above constraints, (61)% < 0.17 for tan 8 > 10. This value is almost one order or
magnitude above the maximum possible one for the full MSSM.

In summary, the main difference in the generic supersymmetric SM is that BR(H; —
bs) could reach a value of ~ 10~* consistently with present experimental constraints.
This value is still too small to be observed in the large background of an hadron

collider, but could be tested in a leptonic linear collider in the near future.

5.3.5 Conclusions

In this work, we have explored the flavour-changing Higgs decays H; — bs in a general
supersymmetric scenario. The importance of these FC decays is that, although they

arise at one loop-level, they originate from a dimension-four operator and therefore
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the effect of additional heavy particles may not decouple, even when the masses are
taken to infinity. This provides a unique opportunity to find a first sign of new physics
beyond collider reach. In the framework of the minimal supersymmetric extension of
the Standard Model (MSSM), we found that the largest branching ratio of the lightest
Higgs (H;) is O(1079), after imposing present experimental constraints. Heavy Higgs
states might still present branching ratios O(10~2). In a more general supersymmetric
scenario, where additional Higgs states may modify the Higgs mixings, the branching
ratio BR(H; — bs) could reach values O(10~%), while heavy Higgses remained at
O(1073). Although these values are clearly out of reach for the LHC, a full study in

a linear collider environment could be worth.



The Origin of Flavour

Since the discovery of the muon in cosmic rays at the beginning of the 20th century, the
flavour puzzle remains one of the biggest open questions in high-energy physics. This
puzzle derives from the bizarre flavour structures present in the Standard Model (SM)
and the mystery, if any, behind their origin. Although the SM is able to accommodate
all known flavour parameters in its Yukawa matrices, the values of these parameters
are completely arbitrary and can only be fixed from experimental measurements.
Using symmetries to interpret a large number of apparently arbitrary parameters is
a strategy that has been remarkably successful for similar problems in the past. In
this spirit, the Frogatt-Nielsen mechanism [189] uses a spontaneously-broken flavour
symmetry to explain the large hierarchies observed in the fermionic masses and mixing
angles. In this work we choose to focus on this mechanism as the solution to the flavour
puzzle. Although perhaps the best way to test this idea would be to directly produce
the flavour mediators, in practice this is impossible if the flavour symmetry is broken
at energies much higher than the electroweak (EW) scale. Given the fact that the
Yukawa couplings are dimensionless, in principle this symmetry could be broken at
any scale above the EW scale, even close to the Planck scale: Agw < Ay S Mpy.
And, in fact, if the Yukawa couplings are the only remnant of flavour symmetry
breaking, we may never be able to unravel the origin of flavour.

Nevertheless, as the LHC continues to explore the TeV scale [190-201], we can hope
that new physics associated with the breaking of the flavour symmetry may emerge in
this energy region. In many extensions of the SM proposed in the literature, this new
physics is not completely flavour-blind, and the new interactions have a non-trivial

flavour dependence. This is indeed the case for supersymmetric extensions of the

113
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Standard Model [17,33,34,202]. Whereas in the SM we can only measure the fermion
masses and the left-handed mixings -the relative misalignment between Y, and Y, in
the quark sector- in the Yukawa matrices, in SUSY extensions of the SM right-handed
fields couple also through their trilinear interactions and may have non-trivial soft-
mass matrices. In general, these three flavour structures can not be simultaneously
diagonalized and their relative misalignment becomes observable [203], providing a
way to explore whether the mixings in the right-handed sector are small (analogous
to the case of the CKM left-handed mixings) or large (similar perhaps to the PMNS
neutrino mixings). Similarly, the measure of left-handed mixings in the leptonic fields
can clarify whether the large PMNS mixings are due to large Yukawa mixings or to
the Majorana nature of the neutrino masses through a type-I seesaw mechanism.

Here, we will show that flavour non-universal couplings are unavoidable in the soft-
breaking terms when Ay < Agusy. We assume that SUSY breaking is primarily
mediated by supergravity, and that the Yukawa structures arise from a broken flavour
symmetry through the FN mechanism. We begin in Section 6.1 by providing a brief
review of the necessary background. Through simplified examples we see that these
effective theories generically introduce new sources of flavour non-universality to the
scalar sector of the Lagrangian (soft terms). As an application of these results, we
consider two instructive choices for the flavour symmetry, an Abelian U(1) ; and a non-
Abelian SU(3) in Section 6.2. As these SUSY models predict the order of magnitude
of the flavour violation expected at low-energies, we show how phenomenological
bounds from flavour observables can be used to provide information on the expected
scale of the soft terms in Section 6.3. We conclude in Section 6.4 with an overview of

our results and prospects for further phenomenological studies.

6.1 Supersymmetry and Flavour

In Section 1.3 we saw that the MSSM Lagrangian is determined by the particle con-
tent (gauge representations), the superpotential and the soft supersymmetry-breaking
terms. Regarding the first, the MSSM economically contains only the supersymmet-
ric field content of the SM with an additional Higgs doublet. As its superpotential
(up to the p-term) is fixed by the Yukawa sector of the SM, the soft-breaking terms
encode most of the new parameters of the Lagrangian, unfortunately introducing a
huge number of unknowns to the theory that can potentially give rise to dangerous
flavour-violation effects (see the initial discussion in Chapter 2).

It is possible, however, that the mechanism responsible for generating the soft-terms
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preserves some or all of the structure of a flavour-symmetric ultraviolet completion
to the MSSM. For instance, an underlying spontaneously-broken flavour symmetry
may be simultaneously responsible for the fermion masses and mixing angles and the
different flavour structures in the soft-breaking terms. In this case, the new flavour
violating couplings in the SUSY Lagrangian provide a magnificent opportunity to
measure new data on flavour, and may hopefully provide hints towards a fundamen-
tal theory of flavour.

As remarked in Section 1.3.3, if supersymmetry has to be realised it must be a broken
symmetry. The precise mechanism through which the breaking occurs is not obvious,
although what is clear is that it requires to extend the MSSM to a hidden sector of
particles that have no (or only very small) direct couplings to the visible sector of
chiral supermultiplets in the MSSM [17]. The breakdown takes place in the hidden
sector and it is transmitted to the visible one through mediators, either radiatively
or through non-renormalizable interactions. A minimal option to couple the hidden
and visible sectors is gravity, typically referred to as a "gravity-mediation". That is
the scenario we consider in this work.

A non-renormalizable gauge-invariant theory involving chiral and vector supermulti-

plets can be constructed from

L= [K((I)i,ci)j*)}D + <[i fup (B) WL 4 W(@)L + c.c.> (6.1)

where the Lagrangian density depends on three functions: the superpotential, W, the
Kihler potential, K and the gauge kinetic function, f,;,. As presented in Section 1.2.1,
the superpotential is a general holomorphic function only dependent on the chiral su-
perfields and invariant under gauge symmetries. It gives rise to the Yukawa couplings
likewise in the MSSM seen in Section 1.3.2. The Kéhler potential, conversely, is a
function of both chiral and anti-chiral superfields, and includes vector superfields in
order to be supergauge invariant. Finally, like the superpotential, the gauge kinetic
function is an holomorphic function of the chiral supermultiplets and it is symmetric
under the exchange of the indices a <+ b. It encodes the non-renormalizable couplings
of the gauge superfields to the chiral ones.

In a gravitational-strength mediation scheme, the non-renormalizable interactions de-
scribed above also includes interactions with the hidden sector through Mp; sup-

pressed couplings. For instance, let us consider
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1 1. 1 .
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Mp \ 6 2

. 1 C
K = o, + Wkdj PP, XX* + ... (6.3)
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where ®; would be the MSSM chiral fields, Wyigsy would contain the interactions
specified in Eq.(1.45) and X would be the chiral superfield whose F-term auxiliary field
will break supersymmetry. Since we are mainly interested in the visible sector, and
given that the couplings between the two sectors are gravitationally small, we can in
practice neglect most of these interactions and the energy transfer between the hidden
and visible sector. However, some effects of the hidden sector may still be important
at low energies, especially if they break a symmetry which remains exact in the visible
sector. An example of this is SUSY breaking; after SUSY is broken in the hidden
sector with a non vanishing F-term, F = (Fx) # 0, the gravitational interactions
communicate this breaking to the visible sector with a strength mg.s ~ F/Mp;.
The remnant of these interactions in the visible sector is the soft SUSY-breaking
Lagrangian which includes the soft SUSY-breaking masses for gauginos and scalars

as well as the scalar trilinear terms. From Eq.(6.2)-(6.4) above, it will be

_
2Mp

S T (6.5)

SO H‘Aa)\a _— — ijk oR — ] i C.
Lot f 60 Y i Pk 2Mp15” ¢id; + c.c

Comparing with Eq.(1.52) one observes that the second term in Eq.(6.5), emerging
from the second term in the superpotential of Eq.(6.2), corresponds to the trilinear
couplings whereas the last term, arising from the Ké&hler in Eq.(6.3), is associated
with the soft masses. Then, it can be seen that in the case of a single F-term all the
soft masses in the "full" theory are universal whereas the trilinear couplings remain
just proportional to the Yukawa couplings. However, if a flavour symmetry is indeed
present in the theory, its pattern of breaking and the details of the underlying theory
will dictate new non-universal flavour structures in the low-energy effective theory
below Ay.

To illustrate this point, let us consider an Abelian flavour symmetry U(1) ¢ that breaks
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U3 Yo

X-2 X2 X-1 X1 X0 Xo

Figure 6.1: Contribution to the superpotential in superfield notation. The superpotential is
holomorphic and therefore involves only fields and not daggered fields, i.e., all arrows must

enter the vertices in superfield notation.

spontaneously at a scale Ay < Mpj. Before the breaking of the flavour symmetry, our
superpotential and Kéhler potential are invariant under both the SM (or GUT) and
flavour symmetries. Suppose that the relevant superpotential terms allowed by the
symmetries of the theory and which couple the flavons and mediators to the SM fields

is given by

W = g(¥3x—20+ X2X-10 + x1X09 + XoboH + X -10)
+M (XoXo + X1X-1 + X2X—2) + m o + ... (6.6)

where we have used subscripts to denote the U(1);-charges of the SM and mediator
fields, and the flavon ¢ (¢) is taken to have charge —1 (+1). We assume a common
coupling g and mediator mass M to simplify the discussion.

Supposing that at Ay ~ (¢) the flavour symmetry is spontaneously broken, an effec-
tive Yukawa term in the superpotential will be generated upon integrating out the

mediators as shown in the supergraph! of Figure 6.1

3
Weg = g* <«]€[>> YsoH + ... . (6.7)

Further flavour structures will be generated in the soft-breaking terms. Before the
flavour symmetry is broken, as saw before in Eq.(6.5), trilinear terms in the poten-

tial of the "full" theory are simply generated proportional to the superpotential in

In superfield notation arrows pointing towards the vertex correspond to left-handed fields and
those leaving from the vertex right-handed, or alternatively daggered, fields. Then the superpotential
terms are vertices with all arrows entering (W) or leaving the vertex (W*) while Kéhler vertices have
arrows both entering and leaving the vertex [205-207].
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Figure 6.2: Contributions to the A-terms from Figure 6.1. As noted, for this diagram seven

insertions of F'x are possible.

Eq. (6.6) from V = mg/, x W, where mg/,, = MLPI When the flavour symmetry
breaks, an effective potential for the trilinear terms will be generated V.g. However,
unlike the contribution to Weg, the trilinear scalar coupling in the effective theory
at low energies coming from the effective Yukawa coupling of Figure 6.1 has seven
different contributions; four with Fx inserted in any of the cubic vertices, plus three
contributions with Fx in the superpotential mass, as shown in Figure 6.2.

The same diagrams drawn in terms of the component scalar fields are shown in Figure

6.3. The vertices proportional to M are obtained from the interference of the different
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Figure 6.3: Figure 6.2 drawn in terms of the scalar component fields.

components of the F-terms from Eq. (6.6), which are |F\,|?, |Fy,|* and |Fy,|>. The
term Fx/Mp) = mg /o corresponds to the trilinear term MLPI x W. Integrating out the
heavy fields and replacing the scalar propagators by 1/M?, we obtain 7 identical con-
tributions with coupling mg o ((¢)/M)?, generating a term ago = 7 x mg/o((¢)/M)>?
in the effective potential; this is to be compared with the Yukawa coupling of the effec-
tive superpotential, for which the single supergraph generates only Y3 o = ((¢)/M)3.
By this simple example, it is clear that the proportionality factor will change depend-
ing on the number of vertices in the full theory and therefore, if we have a different
number of flavon insertions generating the various Yukawa elements, the trilinear ma-
trices will never be proportional to Yukawa matrices [208-210].

A similar mismatch occurs for the soft masses. Before flavour symmetry breaking, the
soft-masses obtained from the Kéahler potential are universal for all visible fields, see
Eq.(6.5). This includes the SM, flavon and any mediator fields needed in the model.
In terms of the spurion X, these flavour symmetric soft-terms would be represented

through the supergraph of Figure 6.4 and the K&hler function would be

xXXxf
K =l <5z‘j + 5“]\/—[1%1) ; (6.8)

with 1; any of the visible fields. As was the case for the superpotential, after the
flavour symmetry is broken, the K&ahler potential receives new contributions. Since
the Kéhler potential includes the usual wave-function renormalization, the light-field
two-point functions in the low energy effective theory receive new contributions me-
diated by the heavy fields, coupling fields with different flavour charges through an
appropriate number of flavon insertions. An example of these two-point functions
is shown in Figure 6.5. In this case, field redefinitions will be necessary to ensure

canonical kinetic terms, see [211].
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Vi, Xa Yis Xa

Figure 6.4: Contribution to the soft mass from the K&ahler potential in superfield notation.
Arrows entering the vertex represent fields, while arrows leaving the vertex are daggered
fields; here |(Fx)|?/Mg, = m§/2.

o1 o1 )

wS ’L)O

Figure 6.5: Supergraph illustrating a possible non-diagonal Kéhler couplings induced by

integrating out the heavy mediator superfields.

Following the same logic as for the trilinear interactions, inserting the SUSY breaking
F-term in all possible ways at different points in the diagram makes a difference
between the kinetic terms and the soft masses. Again we have several diagrams
contributing equally to the soft-breaking masses for each diagram (if (X) < (Fx))
renormalizing the kinetic terms, Figure 6.6. In general, the K&hler potential after

integrating the heavy mediator fields is now,

K =y, (5”- +c (j\ﬁi)q + (&-j +b (ﬁj{)q) AZ; +h.c.> (6.9)

with b ~ Nc¢, where N is the number of internal lines we can insert the spurion field.?

Given that the kinetic terms and the soft masses are not proportional, the field redefi-
nition necessary to ensure canonical kinetic terms will not simultaneously diagonalize

the soft masses, introducing new sources of flavour violation.

2As in the case of the trilinears, this may be expressed in terms of the component fields.
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Figure 6.6: Off-diagonal contributions to the scalar soft-masses from the Kahler diagram of
Figure 6.5. Again, multiple ossibilities exist for inserting the supersymmetry breaking term
XXt

These results, that trilinear interactions and soft masses are not proportional in the
low-energy theory after integrating out heavy fields, apply generically to all super-

symmetric effective theories of flavour with Ay < Agusy.

6.2 Flavour Symmetries

As a first application of the results of the previous section, we consider now the effects
of integrating out heavy mediator fields on the structure of the soft-breaking terms in
two representative flavour models: a toy U(1)s model, as an example of an Abelian
symmetry, and a non-Abelian SU(3)¢ model.

In the following, we assume the conditions on the breaking of SUSY of the previous
section apply: i) gravity mediation and ii) a single F-term with universal couplings
is responsible for generating all the soft-terms of the visible sector. Our goal is not
to present completely realistic models, but to show that non-universal soft-terms are
a generic prediction of these models, even starting with fully universal soft terms
at the mediation scale. Realistic models will have to deal with other problems like

Golstone bosons in the case of global symmetries or D-flatness in the case of gauged
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non-Abelian symmetries, etc. Solutions to all these problems can be found in the
literature [212,213] or can be avoided altogether with discrete flavour symmetries
[214-216].

6.2.1 Toy U(1l); Model

Under the conditions outlined above, our toy U(1)s model is completely defined by
its superpotential, which generalizes the superpotential of Eq. (6.6)

W 5 g (VeXar®+ XaXqr16+ Xg 1Xq® + X By Hu + X0 Ha) +
q

g (PR 10+ XoX 016+ XX 0+ iR g416 + XX 4110+ X1 XLe0)

+ MY (XX XGRS XX ) +m e (6.10)

q

where the s (s) represent the left-handed (right-handed) SM superfields, xs and ys
the mediators, and ¢ and ¢ are the flavons. As before, the subscripts for the s and ys
denote their respective U(1) charges, chosen positive for the SM fields. The flavon,
¢ (¢) is assigned to have U(1) charge —1 (+1). For simplicity, we assume a common
coupling, g, and a common mass, M, for all the mediators. In principle, however,
each mediator particle can couple with its own O (1) coupling and can have a different
mass. Similarly, it is well-known that one of the main problems of supersymmetric
U(1)¢ models is that the equality of soft-masses of the different generations, even in
the symmetric limit, is not guaranteed by symmetry. This inequality may generate
large off-diagonal entries after rotating to the basis of diagonal Yukawa matrices. This
problem is absent in our toy model due to our assumption of a single F-term with
universal couplings to the visible sector, but should be addressed in a realistic Abelian
model.

To obtain the low-energy Yukawa couplings and the soft-breaking trilinear interac-
tions in the effective theory below Af (or the soft-masses and the Kéhler function),
it is again easiest to work with supergraphs. Drawing supergraphs such as that of Fig-
ure 6.1, one finds that in terms of the small expansion parameter, e = g({¢)/M) < 1,

integrating out the heavy messengers will generate Yukawa interactions of the form

3/;] ~ Eni‘i, ’n” = q’L + q] . (611)
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For the trilinear couplings, we have to take into account that each supergraph gener-
ating the Yukawa terms will necessarily contain n,; flavon insertions (cubic vertices)
and n,;; messenger masses, with one additional vertex to couple the Higgs. This will
result in 2n;; 4+ 1 possibilities to insert the SUSY breaking Fx term, so that the

trilinear interactions are given by

ajj ~ Mg (2n;; +1) Y. (6.12)
The distinct prefactors, ~ m;j, in the entries of the trilinear matrix make it not
proportional to the Yukawa matrix, as advertised.

We can apply this to an explicit SU(5)-inspired pattern for the U(1) charges of the
SM fermions: (Q3,0), (Q2,2), (Q1,3), (d3,0), (d2,0), (d1,1), (us3,0), (us,2), (u1,3).
Given these charges, the Yukawa matrices are given by

666 65 53 6/84 f/€3 f53
Yo~y | &8 det & |, Yar~uy | & de® he? |, (6.13)
e 2 1 € k' k

where we have taken the liberty to add O (1) coefficients in the different entries to
reproduce the observed masses and mixings.? Using € = A¢ = 0.225 as the expansion
parameter and choosing e = 1.1, ¢/ = 1.8, d = 4.0, d’ = 0.90, f = 1.3, f’ = 0.82,
h = 1.3, k = 0.69 and ¥’ = 1.2 gives a good fit to the measured quark masses,
reproduces correctly the Cabibbo block of the CKM matrix and approximates the
smaller CKM elements. Assuming the same O (1) coefficients appear in the graphs

generating the trilinear couplings, we would obtain

13e® 115 7&° 9e’et Tfed Tfed
ay~mgpe Yy | 115 9de?  5e? ag~mgp iy | 7e2 Bd'e?  bhe?
7e3 5?1 3¢ K k

To get a sense for the flavour violation induced by this mismatch in order one co-
efficients, we must go to the Super-CKM (SCKM) basis*, where the Yukawas are

diagonal and in which a,, and aq take the form

3This freedom is a general feature of Abelian models, and can be motivated by modifying our

simplified superpotential to allow distinct O (1) couplings for each term.
4In principle, we should first redefine the fields and obtain canonical kinetic terms as discussed
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We see that indeed large flavour violating entries can be expected in the trilinear
matrices of the low energy effective theory, even starting with completely universal
soft terms in the full theory. This non-universality can constrain strongly the allowed
squark and gluino masses of the model.

In addition to generating the Yukawa and trilinear interactions, integrating over the

heavy mediators will also give new off-diagonal contributions to the Kéhler function,

xxt
K = T/JJ%' <5ij+cij + (6ij+bij)M7§1

+cc +.. ) ) (6.14)
where the coefficients ¢;; encode the supersymmetric off-diagonal entries in the kinetic
terms while the b;; give rise to the soft-breaking masses; the ellipses denote terms of
higher order. The mismatch between the wave-function renormalization (6;; + c¢;;)
and the soft masses (6;; + b;;) can again be calculated by drawing the appropriate
supergraphs. Looking at Figure 6.5, for example, and remembering that the super-
propagator of the mediator gives a factor of M =2 (left-right, uncrossed propagator) or
M~ (left-left or right-right, crossed propagator), it is tempting to guess that for the
Kahler function, the leading corrections are proportional to €%, where ¢;; = |¢; — g;|-
This guess is indeed true, except for the special case of g;; = 1. Given that our
superpotential does not include direct couplings between the SM superfields ¢, and
the mediators Y¥_,, one can only generate such a mixing through the supergraph of
Figure 6.7, at the cost of a higher ¢ dependence than naively expected. Taking this
subtlety into account, we find explicitly that

below. However, it can be shown that these fiels redefinitions introduce only subleading corrections
in e [211].
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Figure 6.7: Supergraph giving an effective coupling between the messengers and the SM
fields. Such a term is always present but in general gives only higher order € corrections to
the Kéahler function.

(qij —1)e%  for q; > 2
Cij ~ q 2e3 for ¢;; =1 (6.15)

€ for ¢;; = 0.

where we included the leading correction to the diagonal terms that comes from the
diagram with a single mediator super-propagator and two ¢’s, while the form of the
coefficient for the off-diagonal terms stems from the number of different diagrams
that can be drawn which contain only a single left-right super-propagator for the
mediators.

For the soft masses, as remarked in the previous section, we will have b;; = N¢;;, where
N is the number of SUSY breaking insertions, XX /Mgl, we can make for a given
supergraph. The counting for the number of possible insertions is straightforward. For
a given supergraph contributing to the Kahler function, without increasing the powers
of the flavour mediator mass, M, in the denominator, we can only insert XX /M2, in
the left-right propagator. However, there is also the possibility of inserting XT in the
single W* vertex, with (g;; — 1) options to insert the X in the remaining W vertices
(see Figure 6.6). This gives N = (¢;; — 1) + 1 = ¢;; possibilities. Again, the subtlety
for the case ¢;; = 1 requires the additional mass insertion of Figure 6.7, so that in
total we find,

q;; forgq; >2
N=<3 for 45 = 1 (616)
2 forg;=0.
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An explicit example, using the same SU(5)-inspired charge assignment as before,

would give the same coeflicients ¢;; and b;; for @, w and d,

~ g2 23 23 ~ 2e2 63 6e3
cgin’u’d) = | 2e3 &2 £2 bEJQ’u’d) = | 63 22 2¢2 (6.17)
263 g2 g2 6e3 22 2¢2

Again, they are not proportional. One can see this explicitly by canonically normal-
izing the fields and diagonalizing the matrices d;; + ¢;j. As remarked in [211], this

can always be achieved by an upper-triangular matrix 7' such as )’ = T

T = 0 1+=2 g2 (6.18)

Aside from giving higher-order € corrections to the Yukawa matrices, Y — (T~1)TyT—1,

this will give the soft masses in the canonical basis, (m2,):; = m§/2 (0i5 + bij),

14+¢&%— 254 4¢3 4¢3
2 I\t 2 -1 2 3 2 _ 7.4 2 7.4
(Mioge)iz — (T ) (Meoe)is T~ ~ M3 2 de 14+¢e*— f¢ e — 1€
4¢3 g2 — Tgt 1462 — 124
1 1

and due to the mismatch in the order one coefficients of ¢;; and b;;, off-diagonal entries

in the soft masses remain after canonical normalization.?

6.2.2 SU(3); Model

The situation is slightly different in the case of non-Abelian symmetries such as
SU(3)¢, with flavon fields transforming as either a 3 or 3. In this case, we must
introduce several species of mediator fields, both singlets and triplets under SU(3);.
We consider only SU(2), singlet mediators, which always couple through a flavon to
the right-handed SM fields and through the Higgs to the left-handed fields.

As an illustrative example, we take the model of I. de Medeiros Varzielas and G. G. Ross
in [217], supplemented by the appropriate mediator sector. With the fields specified
in Tables 6.1 and 6.2 from [217], the superpotential would be

5To compare with the usual mass insertion bounds present in the literature, one would need to
go to the SCKM basis, i.e., the basis of diagonal Yukawa couplings.
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Field ) P H by o P23 P123
R 1 1 0 0 0 0 0
U@1) 0 0 —4 2 2 1 3
SU(3); 3 3 1 1 3 3 3

Field X1 X-1 X2 X-2 X3 X-3 Xi X-4k X-3k X-5k
R 1 1 1 1 1 1 1 1 1 1
U(1) 1 -1 2 -2 3 -3 4 —4 -3 -5
Su@3), | 1 1 1 1 1 1 3 3 3 3

Table 6.2: Transformation of the mediator superfields under the SU(3) family symmetries.

W =g (wi Xi H+ X-i X1 iz + X-a6 X2 @5+ X—4i X3 $o3 + X—3 X1 &
+ X3 i Plas + X1 Ui Paz + X—2 Ui 5 + X3 X5, P
+ X2 X—5. Plaz + X1 X-3. 5 + X2 X—3.i Phs )
+ M (O K e X s T X+ T X T )

+ Ma (o X o e+ XX + T e+ e+ X xs)

suppressing the v and d indices on ¢ and H, and where the flavons, ¢s3, g3 and @123,
are labelled with a subscript indicating the field component whose vev is non-zero.
The messenger subscripts denote their charges under an additional U(1) present in
the superpotential, and we neglect contributions from the SU(2);, doublet-mediators,
which are assumed to be much heavier.

The flavour symmetry is spontaneously broken in two steps: first SU(3); — SU(2)y,
followed by the breaking of the residual SU(2)s. We assume the following alignment

of the flavon vevs

<¢3123> =(y v 7) (6.19)
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H (53 95{5 H 9%23 %3
(0 1/;J (I V;
+
Xo o X—4i X2 X2 Xi X-4i X1 X-1
H 5"23 by 723
)i 1 i

Y

< > < > < >
= e <= e <= e

A

ol

X4 X-4i X3 X-3 X1 X-1

Figure 6.8: Contributions to the effective Yukawa couplings for the SU(3); model in super-

field notation.

where ¢3 transforms as a 3@ 1 under SU(2)g, obtaining different vevs in the up (a,)
and down (ag) sectors, while ¢o3 and @123 are SU(2) g singlets; the vevs are assumed
hierarchical, v < 8 < ay,, ag.

When the flavour symmetry is broken, the effective Yukawa couplings arise as the
result of integrating out the heavy messengers in processes like those represented in
Figure 6.8. For instance, the dominant contribution to Y33 will come from the first
diagram, whereas the remaining terms in the 2 x 3 block will arise mostly from the
third diagram. Similarly, Y7o and Ys; will be effectively generated by the second
diagram and the analogous diagram obtained by changing the order of ¢o3 and ¢1a3.

The resulting Yukawa matrices are then

0 fe2eq —f'eleq

/ 2 2 7.2 2.2
Yu ~ felea —gdsu seey,
/2 2 2
—f el eq seey 1

0 h 53 —k 53
Ya ~ vy h e} le? —k &2
—ked —k &2 1
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U b U; ¥
> < > + > < > < > +
Xb X-1 X1 X-3
P o P 3
Uj[ 7/%7’

> < > < > < >

X-1 X1 X-3k X2 X-2

Figure 6.9: Contributions to the Kéhler couplings in the SU(3); model induced by integrat-

ing out the heavy mediator superfields.

where Jf‘ﬂ ~ z% ~ 07 =, gf = Mif, with ¢4 ~ 3¢, ~ 0.15, Mid = 53 and
(X)/Mg ~ O(1) whereas (X)/M, ~ —2/3(X)/M,. The couplings y; and y; refer to
the top and bottom Yukawa couplings before rotating the matrices to the canonical

basis. Again, we allow for order one coefficients in the Yukawa matrices in order to
reproduce quark masses and the CKM matrix. Here, they are chosen to be: f = 0.33,
ff=10,d =162, e = 1.0, h = 1.14, k = 1.0, ¥ = 1.0 and I = 0.74.

Once we know the diagrams which contribute to each effective Yukawa coupling, we

may calculate the trilinear matrices, which are found to be

0 5feleq —5f e2eq
/ 2 14 5.2 14 2
Ay~ MM3/2 Yy 5f €u€d _?d‘gu 3 €&y
—5f eleq Heel 5

0 5hed —5ked
ag ~ Mz Y, 5hed TlLed —TK &2 (6.20)
—5ked —Tk & 5

Going to the SCKM basis, after canonical normalization of the fields the trilinear

matrices are given by
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03e2e2  —0.7e2e4 0.3e2eq
a, — Uu.Au.V;f ~ M3/ Yt —0.7¢2 ¢4 —7.6 2 g2
0.4e2 ¢4 1.3 2 5.0

—53¢ed —23¢5 2363
aq — UgAaV] ~ mgpy | 2365 52e3 —1.5¢2 (6.21)
31ey —20e% 5.0

For the soft masses, the structure of the Kéhler potential in the effective theory is
given by Eq. (6.14), where as before, b;; encodes the flavour effects in the soft masses
while ¢;; gives the form of the kinetic terms. Under our assumption that the SU(2)r
doublet-messengers are much heavier than their singlet counterparts, their effects in
the soft masses of the left-handed SM fields will be negligible; we therefore focus on
the right-handed fields.

The leading supergraphs can be found in Figure 6.9. The first row of Figure 6.9
gives the dominant diagrams which contribute to the coefficients c;;, while the second
gives a subleading diagram which is supressed by 2. In addition, these diagrams will

2n corrections resulting from inserting pairs of ¢ fields with the flavour

always have a
indices contracted internally. These corrections can be factored out, amounting to a
global rescaling of the fields that plays no role here. Taking all this into account, we

obtain

e2¢2 —2¢3 23

cij = | —2 € —(1+a%)e}
263 —(1+a?)e2 a?
€4 £ —€4

ij = 3 2 —(14 a?)e?
-3 —(1+a?)e? a?

Now, inserting the X X T vertex in every possible position within the previous diagrams

we can calculate the coeflicients b;;, which are found to be
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2e2 g4 —6e3 63
by =~ —6e3 2e2 —(2 + 5a?)e?
63 —(2+5a?)e? 202
2e4 3e3 —3e3
by, ~ 33 23 —(2+ 502)e2 (6.22)
—3e3  —(24 5a?)e? 202

As before, knowing b;;, the soft mass matrices are given by (m?2.;,)i; = m§/2(5ij +bij).
Then, the fields should be redefined first in the canonical basis and then in the SCKM
basis. Finally, after these field redefinitions, the expression for the soft mass matrices

for @ and d will be

14013 —4¢e 3ed
(Mmio)y = mip| —4ei  1+eh  —3el
3ed —3¢e2 1.3
1+2¢e4  05¢&8 2 &3
(mle); =~ mip| 056l 14363 —2&3|. (6.23)
2 53 -2 53 1.3

6.3 Flavour Phenomenology

In the previous sections, we obtained the soft-breaking matrices in two flavour sym-
metric models by simply assuming they were generated by the same mechanism re-
sponsible for generating the Yukawa couplings. Although these structures are to some
extent dependent on the mediator sector, we have seen that integrating out the heavy
mediator fields always generates non-universalities in the soft terms. In these flavour
models, the structures of the soft matrices are fixed by symmetry, no longer unknowns
of the (124-)SUSY model, but predictions.

Models in this spirit provide a new point of view for the phenomenology of flavour-
supersymmetric models. Effectively, we have only the four parameters of the usual

constrained MSSM, with mg, m; /2, tan 8 and sgn(u) serving as inputs, the order of
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magnitude of the others being fixed by the flavour symmetry.® Our aim is therefore
not to constrain the flavour violating entries as functions of the sfermion masses, but
rather to constrain the sfermion masses of the model using flavour observables, check-
ing whether these constraints are competitive with direct LHC searches.

To this end, we assume that the flavour symmetry is broken at a high scale of or-
der Mgur, where the effective soft-breaking matrices are generated. These matrices
must then be run using the MSSM renormalization group equations (RGE), in or-
der to obtain the soft-breaking matrices at the electroweak scale and compared with
the experimental constraints at low energies. The main effects of the RGE evolution
are large contributions of order ~ —2my /5 to the diagonal elements in the trilinear
matrices of the first two generations, with slightly smaller contributions to the third
generation (stop) entries. The diagonal elements of the soft-mass matrices receive a
large gluino contribution of order ~ 6m? /2 On the other hand, off-diagonal entries
in these matrices mostly remain unchanged by the running (possible exceptions are
entries with O (1) Yukawa couplings) [218-221].

As an example of these ideas, we may apply the constraints provided by flavour ob-
servables to the toy U(1); model of Section 6.2.1. In this model, all squark soft mass

matrices, m m?i and m% have similar non-universal structures given by Eq. (6.19),

2
)
while the tr?linear couplings, A, and A, also have sizeable off-diagonal entries as
displayed in Eq. (6.14). After RGE evolution, the corresponding matrices at the elec-
troweak scale can be extracted, and the off-diagonal elements compared with the usual
Mass Insertion (MI) bounds [222-225]. Taking a fixed squark mass scale, we find that
the best observables for this model are the ones associated with transitions between
the first and second generations, i.e., Amg and, if we take into account possible O (1)
phases in these matrices, e and €’/e [226]. To show the power of flavour observables
in this U(1) y model, we will simply take the constraints from Am.”

Although flavour symmetries fix the orders of magnitude of different entries in the
soft-breaking matrices in powers of e, unless we completely define the mediator sec-
tor, we cannot predict the O (1) coefficients. In particular, as we do not know the
sign (phase) of these entries, both constructive or destructive interference with the
SM contribution are possible. Taking a conservative approach following [224], we re-
quire that any supersymmetric contribution, (including both different mass insertions
and additional supersymmetric particles such as the gluino and chargino), to a given

observable must be smaller than the measured experimental value. In this way, we

6Due to our ignorance of the gauge kinetic function at Mp, we take my /2 to be independent from
mo = m3/2.
7A full analysis using all available flavour observables is to appear in a future publication [227].
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obtain the results given in Figure 6.10. Here, we consider only the dominant contri-
bution given by the gluino, with (d12)L1 X (d12)rr interference.

The region in red (darker shade) is excluded from Amy, while the region in grey
(lighter rectangular shade) is ruled out from direct gluino searches [190,191,193-195,
197]. The contours in black give an estimate for the average squark masses, obtained
from the approximate one-loop RGE relation m% ~ Gmf 2T mg /2 As can be seen
from the figure, the experimental bounds from Amyg can be competitive with direct
searches for a large range of gluino and gravitino masses for this simple U(1) flavour
symmetry. Taken in conjunction with the direct gluino bounds, the flavour constraints
in the U(1) ¢ model can also push up the lower bound for the gluino and squark masses
as a function of m3/,. The fact that the bounds are stronger for larger mgy/, is simply
due to the flavour-changing entries being proportional to m3,, and having taken the
gluino mass independent from mg/,. For the particular case of my,5 = mg,, at Mpy,
> 2.1 TeV,

~

we have mgz ~ 2.7m3/5 and thus flavour bounds would require mg, mg
improving significantly bounds from direct searches in the U(1); scenario. These
bounds would be much stronger if these off-diagonal entries had sizeable imaginary
parts and we were to apply the limits from eg.

We can apply the same procedure to the SU(3); model. In this case, as we have
taken the left-handed mediator masses My > M,, M,, we can neglect the flavour
non-universality in m%, considering only m% and m% apart from the trilinear couplings
A, and Ay.

As before, the most sensitive observables are still Amg and ek, although the bounds
from Ampg are much weaker due to the absence of the left-handed mass insertions,
which in the U(1) model give the largest contribution to Amy through a mixed
term (d12)LL(012)rr- The dominant contribution is now given by the gluino with
(612)f g + (012)%;, mass insertions. In this case, Amy would exclude only a “small”
region with mz ~ mg < 500 GeV. However, if we assume that these flavour-changing
entries have imaginary parts of O (1) [203,228,229], ® we can apply the limits from
ex. In this case, the bounds are much stronger and flavour limits can compete with
direct LHC searches for the SU(3) model as well. As we see, the SU(3); model is
safer than the U(1); model, both due to the non-Abelian nature of the symmetry,
which relates different generations, and to the small number of flavon insertions in
the SU(3)s model, allowing flavour off-diagonal entries only at higher orders.
Although these bounds are model (and mediator) dependent, similar searches, using

8Sizeable phases in these mass matrices are found in models of spontaneous CP violation in the
flavour sector [209, 210, 212] which naturally explain the presence of phases in the CKM matrix.

However, due to re-phasing freedoms, the imaginary parts are typically subleading.
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tanf=
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Figure 6.10: Ampg exclusion plot for the
toy U(1) model of the previous section.
Points in red (darker shade) exceed the
current experimental bounds. The rectan-
gle in gray (light rectangular shade) rep-
resents the direct bound on gluino masses
from LHC searches and the black contours
correspond to different values of the av-
Although we have
taken tan 8 = 2 in this figure, the con-

erage squark masses.

straints are largely independent of tan 3.
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Figure 6.11: Ampg (red/dark gray) and
ek (green/light gray) exclusion plot for the
SU(3)¢ model. Points in red (dark gray)
or green (light gray) exceed the current
experimental bounds. The rectangle in
gray (shaded) represents the direct bound
on gluino masses from LHC searches and
the black contours correspond to different
values of the average squark masses. Al-
though we have taken tanf = 2 in this
figure, the constraints are largely indepen-
dent of tan .
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a complete set of flavour observables, may be applied to any supersymmetric flavour
model. A more complete analysis of these effects for different flavour symmetries
will be presented in a future work [227]. As we have shown for these simple models,
these phenomenological studies may provide a very important tool in ruling out or

discovering potential flavour symmetries.

6.4 Conclusions

The peculiar structure of the flavour sector remains one of the most puzzling and
intriguing legacies of the SM. The question of whether these patterns arise from a
deeper underlying theory, pointing the way to new physics, remains to be answered.
Although the hope is that this will indeed be the case, it is clear that additional
experimental inputs in the form of new observable flavour interactions would provide
a clear boon towards unravelling this mystery.

New flavour interactions inherent in supersymmetric theories can provide an excellent
laboratory in which to probe models where this underlying theory is governed by a
flavour symmetry. Under our assumptions that the soft-breaking terms respect the
flavour symmetry and that SUSY breaking is primarily communicated to the visi-
ble fields by gravity, these new flavour structures are calculable and governed by the
flavour symmetry and the mediator sector of the underlying theory. The large number
of parameters in the MSSM is thus vastly reduced.

The main result of this work is that even when the ultraviolet theory is flavour sym-
metric, the soft-terms of the effective theory below Ay can be strongly non-universal.
We have demonstrated this explicitly in the case of two specific models: one with an
Abelian U(1) symmetry, the other an SU(3).

As these effects are calculable, their phenomenological implications for flavour observ-
ables can in principle provide strong constraints on the parameter space of these mod-
els. In some cases, these constraints may be competitive with direct LHC searches.
With the soft matrices given, indirect flavour measurements can provide a new tool to
constrain parameters like the gluino mass or the average scale of the squark masses.
Unfortunately, these effects are model dependent, and an obvious extension of this
work would be an application of these techniques to a representative set of popu-
lar flavour models available in the literature. This would require a more complete
phenomenological analysis, taking into account all available flavour observables. We
have also chosen to focus only on the quark sector, and it would be interesting to see

whether these techniques can provide interesting constraints in lepton flavour models.



136 Chapter 6. The Origin of Flavour

In highlighting these new sources of flavour violation, we hope to provide a new tool

for tackling the flavour puzzle in one of the most well studied frameworks for new

physics, SUSY.
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Notation and conventions

A.1 Metric

The spacetime metric we use is
N = diag(_lv 1,1, 1)
The contravariant four-vector position and momentum of a particle are

= (t, T) p' = (E, 7)

So that p? = —m? for an on-shell particle of mass m.

A.2 Representation of 7 matrices

We use the Weyl representation for the 4 x 4 gamma matrices

0 ot -1 0
Ho= 5 =

with o# = (1,0%), @ = (1, —0*) and 1 = Ix5. The Pauli matrices are given by

a_ (o1 o [0 i s_ (10
10 i 0 0 —1
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A.3 Chirality projectors

The chirality projectors are defined as

Pr = - (1+1°) PL = -(1-7°

|
N —

Note that, in this representation of the gamma matrices, every four-component Dirac

spinor is directly written in terms of two two-component anticommuting Weyl spinors

\IJD _ (wL-a >
j
o wLoz - 0
PL‘PD< 0 ) PR‘I’D<¢%>

with ¢, and ¥ the Weyl spinors. Besides, the Hermitian conjugate of any left-handed

with opposite chirality, that is

And, indeed,

Weyl spinor is a right-handed Weyl spinor.

A.4 Antisymmetric symbol

The heights of the dotted and undotted spinor indices are important. The antisym-
metric symbol defined as follows allow us to raise and lower indices
12 _

€ = —¢ = —€, With €

Then
v = Py or = e4p0”

The Pauli matrices also carry spinor indices as (0/)aq and (#)**. As a convention,

repeated indices are contracted

V€ = YE or Yaft = ¢
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A.5 Dirac spinors

Given any expression involving four-component Dirac spinors, one can translate it into
two-component Weyl spinor language. For instance, given the following conjugation

of a Dirac spinor

Up = Uh~" = (0f vl)

it can be shown that, for two Dirac spinors ¥¢ and W

L U PR = vyl
TPt = ity PR = oty
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MSSM conventions

B.1 Chiral supermultiplets

In Section 1.3, when considering the particle content in the MSSM, we follow the
standard convention in which all chiral supermultiplets should involve only left-handed
Weyl fermions. Therefore, chirality-singlet supermultiplets such as E', D' and U’ have
as fermionic components the Hermitian conjugated of right-handed fermions eiRT, dg

and ug, which are left-handed spinors (see Appendix A.3).

B.2 Sfermion couplings to neutral Higgses

In Section 2.2, the Higgs interactions with the MSSM spectrum are given. The neutral
Higgs-sfermion-sfermion coulpings are written in Eq.(2.14) in terms of the rotation

mass matrices and ['*/7, Here, the complete expressions for f?f in the case of third-

generation squarks are collected. They are given in the weak basis (fb ]?R) [54]

2
fio_ [ Tl et 1(93+397)ves 5V a; (B.1)
L , _
b —%Z/bab —lyl"ves+ §gives
1 2 1 2 1 *
= _ [ Cil@rsel)vss —Jpuim (B.2)
v e —59ivss
2 6
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- L 0 —ihj (sgaj + pcp)

bo V2 \ iy (spap +cpp*) 0

o ( Cile-ged)ves —Jpuin

" — 5 Y " —59ives

w2 _ [ vl vss (3 - get)vss vt

it _ 1 — |2 4+ 1,2
3 Yt at Yt| VSpT 391VSB

i 0 iy (cpa; +sp 1)

" V2 \ —iyi(cgar+spp”) 0

B.3 Chargino mass matrix

(B.4)

(B.5)

Our convention for the diagonalization of the charginos mass matrix is the follow-
ing: in the gauge-eigenstate basis ¥+ = (W, ﬁj, W*,ﬁd_), the mass terms in the

Lagrangian for the charginos are given by

1 T
Echargino mass — _5 wi Mcwi + c.c.

where the 4 x 4 mass matrix can be written in terms of 2 x 2 blocks as

0 X7
M =

< - < M, V2 My, sin5>

where X is given by

V2 My, cos B 0

This matrix is diagonalised by two unitary 2 x 2 matrices U and V,

UrxXvi = (mxf 0 >
0

mX;
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so that the mass eigenstates are related to the gauge eigenstates as

) () () o)

For the interactive Lagrangian, Eq.(2.15), the four-component Dirac spinors in terms

of mass-eigenstates are

o X1 o X2
X1 = . X2 = . (B.7)
' (XT ) ’ (x; )

B.4 Charged Higgs couplings to neutral Higgses

In Eq.(2.19) the interactive Lagrangian between neutral and charged Higgses is given.

The complete expressions for the couplings are presented here [54]

9eou+u- = 2\ shcs + Asch — Mszes — 2Re[Ns]szes + Re[Xs] sp(sh — 2¢3)
+  Re[\r]spch

gq&%HJFH* = 2A2 C%Sg —+ )\3 S% — )\4 C%Sﬁ — 2%6[)\5]0%85 + %6[)\6] 5%65
+ Re[hr] ca(ch - 253)

Jaop+ma- = 283cgSm[As] — s%%m[)\ﬁ] — QmlM7]

At tree-level, \; = Ao = — (97 +¢3)/8, A3 = —(95 — g1)/4, \a = ¢g3/2 and A5 = \g =
A7 = 0. Beyond the leading order, these couplings receive corrections. In particular,
radiative loops proportional to the stop and sbottom trilinear couplings emerge for
A5-A7. In our analysis, two-loop analytic results were considered; they can be found
in Appendix A of [52].

B.5 Threshold corrections to fermion couplings with
the Higgs

The complete expression for the down-type quark threshold corrections that enter the

effective Lagrangian in Eq.(2.20) are written here for the single-Higgs-insertion (SHI)
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approximation. Up-type quarks and leptons corrections are completely symmetric to

those given here. Their explicit expression as well as specific details regarding the

formalism and calculation can be found in [64,230,231]. First, assuming flavour-

diagonal soft SUSY-breaking terms

PO
(A"

1 %adMgkI (Mé,ﬁl%, |M3\2> +1 ?;%rad My I (M%’ME)» |M1|2>
Yo 1 (T T2 ) + 15280 (00 )

1 2%30 (07 M, [* 71‘75) +1 %BO (O’ |M1|2’M12)>

5w (N2 B ") — 10 1 (3, 37, )
Yo w1 (V0. ) — 3 2 15 1 (W, 7, ) 59
g M T (Vg IV ) 1 0 1 (W )

Off-diagonal elements in the soft-breaking parameters also induce an additional source

of flavour violation. In this case

30
(08,0

2 . — L~ — —
— S au M; [51\/129[( (Mg,Ml%, |M3|2) F Y MLY K (M%,Mg, |M3|2)}
o2 Y ona M5 1 (MG MBIV ) + ok

Y 'dag M} I (1\75, M2, |M1|2)

37 367

;é; ag M [mg K (1\75,1\7,?—,, |M1|2) Y UMEY K (1\7%,,1\75, |M1|2>]
1 —~ —_— —_— —~ — —

5 Il [Y1oME Y, K (M3, 03, ) + 6MBYLY., K (M, M, uf*) |

3az =~ ~ |77 |? Q1 [ ("’2 2)

= 5MQI(MQ, My > o oM 1 (M2, 1041

2Y ;' 6MB Yyl (1\71%, |M1|2)}
2 * * oy A72 AT —1enn 272 AT
%u M; [51\/1’5?1( (Mg,M,%, |M3|2) + h;'sM>hy K (M%,,Mg, \M3|2)]

aq

Wt M [5&'@ K (1\757 M3, |M1|2) + hy'6M%hy K (1\7,%7 M2, |M1|2)]

3617T o ., — —, ) —, T2 T2 2
i AL [BLoME b K (M7, M2, |uf) + 6Mghih, K (M3, M3, ul”) |
5;161;11; w1 (M3, |l ~ %MM%M%K (Mé’ M 2’|“|2>

o i M{ONIE K (M, M 1f?) (B.9)
%u* Mih;'sMphy K (1\7%, |M1|2,\u\2)
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Loop functions are given in Appendix C
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C

Loop functions

Loop functions associated with the non-logarithmic threshold corrections.

ab1n (a/b) + beIn(b/e) + ac ln(c/a)
(a—=b)(b—c)(a—c)

bln(a/b) + cln(c/a) n (b+c—2a)I(a,b,c)+1
(a=b)(b—c)(a—c) (a —b)(a—c)

b b
mn < () +tyu()

Loop functions appearing in the scalar Egs.(2.51)-(2.55) and pseudoscalar Egs.(2.52)-

I(a,b,c) =

K (a,b,c) =

(2.56) amplitudes for the decay rate of a neutral Higgs boson into two photons or

gluons.

Fo(r) = 7' [-1+77'f ()]

Fi(r) = 7' [1+(1-7f(n)]

FP(r) = 77 f(r)

Fi(r) = 2+3r ' +3r7 2-771) f(7)
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Y arcsin® (y/7) it 7<1
f(r) = _7/ 91— dra (1= )] =
0 2
THT—1 . .
—i |:h’l (%) _Z7T:| if T>1

Loop functions in Egs.(3.10) and (3.15) associated with the carginos and charged
Higgs contributions to b — s7.

z (7 — 5z — 827) z? 3z — 2)

@) = a1 Ao
Ml = SO v S
o -
W = T
D) = Z((j_f))g - Q(xil)g Inz
B (z) = 2(1:3;)2 - ($f1)3 Ine

Loop functions in Egs.(3.37) and (3.38) associated with the charged-Higgs contribu-

tions to the B,-meson difference of mass.

Dotabie.d) = (b—a)(bfc)(b—d) " <2> " (c—a)(cib)(c—d) m(3)
+ d In (d>
(d—a)(d—="0b)(d—c) a

2 02 C

Dofabied) = (b—a)(bb—c)(b—d) " <Z> s e (@)
+ & In (d>
(d—a)(d—b)(d—c) a



D
Expansion of Hermitian matrices

Given a n x n hermitian matrix A = A% + A! with A% = diag(a?,...,a%) and A!

completely off-diagonal that is diagonalized by an unitary matrix such as ¥ - A - U =
diag(ay, ..., a,), we have a first order in Al [232,233]:

0 0
0 1 f(a)_f(a‘)

Z Ui [ (ar) Up; >~ b5 flag) + Ay W
k i J
We use this formula to expand several terms in our analysis. For intance, it can be
applied to Eq.(5.13) to obtain a simplified expression for the b-squark contribution to

the y~-decay of the Higgs boson.

Fo(Tgl)/mE§ - FO(TEQ)/m5§ }

myz — my
bF b3

From Egs.(B.1)-(B.3), one can confirms that (f‘%)n o~ (fg‘l;)n ~ (. Additionally,
Fo(r;,) =~ Fo(rg,) ~ 0.35. Therefore

2 x 0.35m2 tan? 8 Sm[A; ]
R ~ b * 21 b
SHQ,B - 6m§ ml%? <O21 Re[App] 4+ Oz Relu”] Oa3 7‘5&1{16
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We use this formula again to expand the chargino Wilson coefficients, C%‘; in Eq.(3.10)
with respect to the chargino mass matrix elements. In this case we have to be careful
because the chargino mass matrix is not hermitian. However due to the necessary
chirality flip in the chargino line C7 g as a function of odd powers of M, + [234] one

may rewrite
2 2

D U Vg A(miy) = 3 Usem,y Vi Un A(mi) Ui
= k=1

where ), U;, U}, = §;; has been introduced. Then,

+ 1 U, ngmw
Cx(a): a2 a ]:(“7-~7~~>N
7,8 Cosﬁaglj,z \/imf& 7.8 \Taxds Tixdr Tioxd
Frs (I~~:t T; o+, T ~¢>
mw ’ gxs ? Ttixy ) TtaXs t
T e | (M — + (M, (MM, %

X2

2 2
m Tk, Ty o4, Ty o+ | — M Tk, Ty o+, Ty o
5 F7.8 ( axs Thxd t2xzi> 5 F7.8 ( axir thxd t2X1i>

2 2 ( 2 2 )
m2.m2. (m2. —m?
i xE X5 Xi

CXi(b) _ 1 Ua2 Va2 Ty G (:C . :(:)
= g . 7.8 (T 5 fov
8 cos B £~ 2mgx sinf f1Xa? Tt2Xa
a=1, :

my Grs (%ﬁ » Tixd wt}ﬁ)

~ ot T
2 cos 3 sin 3 (M) m2. x)21

2 5 5 _ 2 5 ~
mex Gr.s (qugi T xEs xtzxi) mex Gr.s (%z%’ Loy xtwﬁ)

2 2 2 2
m_Lm’ m-y —m
X1i Xzi ( Xi 1i>

Using again the same approximation in the case of ¢t-squarks, we can expand the stop

mixings in the F7 g and G7 g as

N
0
S
5
=N
>
Sh
—
I
3=
PR
/N
8
!
=
>
Sh
—

S8 (xrbsz » Vi %ﬁ)

G718 (xglﬁa x,g”zai) >~ (My)yy
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Putting all together

(3) (3)
x¥(a) mw f778 (xf?fczi> T8 (xflif) (M), (MX MI{)Ql
Cig ~—=——— | My)y 2 + 2 2 X
V2 cos B m_g m_, —Mm_g
X2 X1 2
(3) (3) (3) (3)
7,8 (Iqﬁ) —Jrs (milgl) 7,8 (%;@) 7,8 (1’51;(2)
2 - 2
(3) (3)
oo o gy, o (5 (o) ~ 5 (o)
) 2 cos 3 sin 3 mg —mg mﬁ
i (Mx)u (Mx M;r(>21 (Mf)m
2 _ 2 2 _ 2
MeE M M T,
3 3 3 3
7(78) (vazli) - 7(8) (xfzgli) 7(52 (xt}gf) - és) (55525(2*)
m%i m%i

X1 X2
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E

Flavour-changing inverse matrix

From R; ~ 1 + tan ﬂA;D?‘ obtained in Eq.(5.75) as

1+ etanf 0 0
0
R, = 1+tanﬁA3“ ~ 0 1+ etanf d€gz tan 5
0 desatan B 1+ (e +n)tanf
the inverse matrix calculated as R;' = mAdj (Ry)7 is given by
-1
Rd,ll 0 0

-1 —1 —1
R, ~ 0 Rd,22 Rd,23
-1 -1
0 Rd,32 Rd,33

with

(1+etanB) (1 + (e +n) tan ) — Jeazdezn tan? 3

-1 _
Ran = Dot (Ry)
Rl (1+etanB) (1 + (e +n)tanp)
d,22 Det (Ry)
Rl _ deag (1+etanf)tan g
d,23

Det (Rd)
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_ degz (1 +etan ) tan 3
Det (Rd)

1 o
Rd,32 =

(1+ etan B)°

Ry, =
d,33 Det (Ry)

where the determinant of R;l is

Det (Rg) = (1+4¢€tanB)® (1+ (e+1n)tanB) — Jezsdess tan? 3 (E.7)
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