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Abstract

The discovery of a neutral scalar boson compatible with the Standard Model Higgs boson in 2012
has opened the possibility of studying the Higgs potential. The current experimental uncertainties
do not preclude this particle from belonging to models beyond the Standard. The study of the Higgs
self-interactions is needed to clarify its nature.

The quartic Higgs self-coupling is out of reach from the experimental perspective. However, the
future upgrade of the LHC and other colliders will open the possibility of investigating the trilinear
Higgs self-coupling. A direct measurement of the trilinear Higgs coupling involves the Higgs-pair
production channels. The dominant channel is the QCD induced gluon fusion with top-quark loops. A
next-to-leading order calculation is mandatory to accomplish the demanded precision for a comparison
with the experimental data.

The Feynman diagrams contributing to the cross section virtual corrections contain four-point two-
loop Feynman integrals, which represent the nowadays bottleneck for many higher order corrections.
Since an analytical calculation is not a viable strategy yet, a numerical approach is needed. A
general numerical framework which includes both Standard Model and Two-Higgs-Doublets model is
presented in this thesis. The crucial part of the calculation is the isolation and cancellation of the
ultraviolet and infrared divergences coming from the (divergent) Feynman integrals. The ultraviolet
divergences will be isolated through the end-point subtraction, the infrared ones by a dedicated
subtraction term motivated by the heavy-quark limit calculation. The remaining part of the virtual
amplitude can be computed by considering the single-Higgs production amplitude and the Higgs decay
into a Z boson and a photon. The real corrections are calculated using public libraries for one-loop
integral calculations. The outcome of this study is the differential cross section depending on the
Higgs-pair invariant mass and its integral, namely the NLO Higgs-pair production via gluon fusion
total cross section.

The top-mass effects at next-to-leading order introduce a significant deviation of the differential
cross section from its heavy quark limit of more than 20% in the tail, which increases with the collider
energy as well. This deviation at the level of the differential cross section is reflected in a decreasing
of the total hadronic cross section by 15%. The uncertainties related with the choice of the top-mass
renormalization scale and scheme are proven to be sizable. Such uncertainties are of the same order
of the usual strong coupling renormalization and factorization scale ones, bringing a strong impact
on the estimation of the theoretical uncertainties.
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Resumen

La fisica de las particulas elementales estd bien descrita por el Modelo Estandar (SM, por sus siglas
en inglés.). La presencia de la interaccién electrodébil prohibe los términos cuadraticos con respecto a
los campos, i.e. términos de masa, en el Lagrangiano del SM. La presencia de tales términos de masa
requieren de la llamada ruptura espontdnea de la simetria, introduciendo un doblete electrodébil con
un valor esperado de vacio no nulo. Como recordatorio, la ruptura espontanea de la simetria genera
un bosén escalar neutro, el renombrado bosén de Higgs [1-4]. Aunque fue predicho en los anos 60 por
argumentos tedricos, en el 2012 los experimentos del Large Hadron Collider (LHC), ATLAS y CMS,
encontraron una senal perteneciente a la resonancia de una particula neutra de masa alrededor de
125 GeV [5, 6]; anélisis posteriores han confirmado que su espin, propiedades de CP y acoplamiento
con las otras particulas son compatibles con el bosén de Higgs del SM [7, 8]. Para asegurar que este
boson neutro escalar es definitivamente la particula de Higgs del SM, sus auto-acoplamientos deben
medirse y compararse con las predicciones fenomenoldgicas del SM.

Restricciones provenientes de invariancia Lorentz e invariancia gauge, renormalizabilidad y argu-
mentos de unitariedad establecen que el sector escalar de un modelo de teoria cudntica de campos
(QFT) debe tener como méaximo auto-interacciones de tipo triple y cuddruple en su contenido de
particulas escalares. Estos términos constituyen el potencial de Higgs, y su presencia permite la rup-
tura espontanea de la simetria. Las presentes incertidumbres experimentales son insuficientes para
establecer limites estrictos en los auto-acoplamientos del Higgs; la posibilidad de que el bosén de-
tectado pertenezca a un sector escalar extendido de un modelo més general no se puede descartar.
Muchos modelos més alld del Modelo Estandar (BSM, por sus siglas en inglés.) predicen sectores
escalares mas complejos, con muchos bosones de Higgs, y nada evita que la senal del LHC se refiera a
la deteccién de un bosén de Higgs perteneciente a un modelo BSM [9-11]. El acoplamiento cuddruple
del Higgs todavia estd fuera de alcance a nivel experimental [12-16]; el auto-acoplamiento triple del
Higgs serd accesible en el futuro préximo, gracias a la actualizacién de alta luminosidad del LHC y
otros futuros colisionadores [17-28]. Una manera de investigar el potencial de Higgs es considerando
los observables directos provenientes de canales de produccién de pares de bosones de Higgs. Sin
embargo, la determinacion experimental de tales procesos es complicada, debido a que los canales
de produccion de pares de Higgs tienen una seccién eficaz muy pequena y un vasto fondo de QCD
[23, 28-31]. Este hecho senala la necesidad de predicciones tedricas precisas de la seccién eficaz de
produccién de pares de Higgs, para la cual se requieren términos de orden superior de la expansién
en teoria de perturbaciones con respecto al acoplamiento fuerte.

El proceso dominante implicado en la produccién de pares de Higgs es la fusién de gluones en
QCD [30]. Dado que ningiin mecanismo produce una interaccién directa gluén-Higgs, la amplitud
de Feynman de este proceso ya contiene contribuciones a un lazo (loop en Inglés) en el término de
orden cero (Leading Order, LO). Ademds, tiene una fuerte supresién del espacio fésico y electrodébil
en comparacion con el canal de produccién de un Higgs. Por lo tanto, para cumplir con la precisién
tedrica exigida, la seccion eficaz total para este proceso requiere un calculo a primer orden en teoria
de perturbaciones (Next-to-Leading Order, NLO), por lo que es necesario tener en cuenta diagramas
de Feynman de dos loops.

Dentro del SM, las contribuciones con loops del quark cima (top en Inglés) son responsables de
mas del 99% de la seccién eficaz total debido al acoplamiento de Yukawa, que es proporcional a la
masa del top. Otros modelos con un sector escalar extendido, como el Two-Higgs-Doublet Model
(2HDM), puede tener contribuciones no despreciables del quark belleza (bottom en Inglés), ya que
el espacio de parametros de tales modelos permite un aumento del impacto de los acoplamientos de

vil
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Yukawa [10, 23]. Este tltimo escenario serd considerado en proyectos futuros.

El célculo de la seccién eficaz total de produccién de pares de Higgs via fusion de gluones mas alla
del LO es muy desafiante: el cdlculo a NLO en el SM implica integrales de Feynman de cuatro-puntos
con dos loops, que contribuyen a las correcciones virtuales, e integrales de Feynman de cinco-puntos a
un loop, que son la base de las correcciones reales. Ademas de las invariantes cineméticas del proceso,
dos escalas de masa deben tenerse en cuenta, a saber, la masa del quark top y la masa del bosén de
Higgs. Mientras que para las contribuciones de un loop existen técnicas de calculo consolidadas, con
un buen grado de automatizacién, para los diagramas de Feynman de dos loops, involucradas en este
proceso, ain no se ha establecido dicho estandar.

A lo largo de los tltimos 25 anos, se han realizado grandes esfuerzos para estudiar las correcciones
de orden superior a la seccién eficaz diferencial de este proceso en regiones cinemdaticas especificas
[24, 32-46]. Para energias bajas, el limite de top pesado (heavy-top limit, HTL) ofrece una buena
aproximacion y una importante simplificacion de la amplitud en ordenes superiores, ya que cada orden
contiene un loop menos. Esta aproximacién es conocida hasta tercer orden en teoria de perturbaciones
(N3LO) y proporciona aproximadamente un aumento del 120% de la seccién eficaz diferencial a LO. Se
han introducido refinamientos masivos hasta el segundo orden en teoria de perturbaciones (Next-to-
Next-to Leading Order, NNLO) en las correcciones reales, lo que conduce a la llamada ” aproximacién
de teoria completa” (Full-theory approximation), como términos de orden superior en la expansién de
masa del quark top. Los efectos de masa del top tienen un impacto del —20% con respecto al HTL.
Otras regiones que han sido investigadas son los umbrales de produccién tf, que contienen la mayor
parte de la seccién eficaz, y el limite de alta energia, para el cual resultados analiticos recientes han
sido producidos. A NLO, todos los andlisis coinciden en un efecto de masa del 20% con respecto al
HTL.

Una predicciéon completa de la seccion eficaz de produccion de pares de Higgs a NLO QCD via
fusion de gluones es necesaria para obtener los efectos debidos a la masa del top que ocurren a primer
orden en teorfa de perturbaciones. Se ha realizado un primer cdlculo [47] aplicando identidades de
integracién-por-partes [48, 49] a la amplitud, logrando su desarrollo en integrales magistrales (master
integrals). La integracién de las integrales magistrales se ha realizado numéricamente, explotando la
descomposicién sectorial [50] y la deformacién de contorno para realizar la integracién en la regién
fisica. Para aplicar con éxito el método de reduccién de la amplitud, las masas del top y del Higgs
tenfan que ser ajustadas respectivamente a m; = 173 GeV y my = 125 GeV desde el inicio del cédlculo.
Este calculo representa la primera evaluacion de la seccién eficaz a NLO QCD que incluye todos los
efectos de la masa del top.

El objetivo de esta tesis es presentar un calculo alternativo de la seccién eficaz mediante la pro-
duccién de pares de Higgs via fusion de gluones a NLO en un marco adecuado tanto para el SM
y el 2HDM. En particular, el Capitulo 1 estd dedicado a definir el contexto tedrico sobre los que
se construye esta tesis, presentando los modelos en consideracion, los fundamentos de los resultados
fenomenoldgicos con respecto al bosén de Higgs, el marco general utilizado para calcular una seccién
eficaz que involucra contribuciones de QCD, y su aplicacion en el calculo de la produccién de pares de
Higgs via fusion de gluones. Se considerara un estado final con dos bosones de Higgs con diferentes
masas. La novedad que introduce la estrategia aqui presentada es el tratamiento de las masas como
parametros libres para la integracién numérica. Esta caracteristica permite el estudio de las incer-
tidumbres relacionadas con la eleccion del esquema de renormalizacién y escala de la masa del quark
top.

Metodologia

La teoria de la perturbacion en QCD representa el marco ideal para calcular la seccién eficaz de
la produccion de pares de Higgs a través de la fusién de gluones. En esta tesis, consideraremos la
produccién de dos bosones de Higgs escalares neutros, pp — Hi Ho.

La seccién eficaz total se puede escribir como una serie perturbativa con respecto a la constante
de acoplamiento fuerte, proporcionando la siguiente expresién

o(pp = 99 = HiHs) = o0 + Aoxro + -+ + Aonnpo + O (o) . (1)
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Los teoremas de factorizacién de QCD [51] establecen la condicién bajo la cual los hadrones de alta
energia pueden describirse como estados ligados de sus constituyentes, quark y gluones, que llevan
una fraccién de su momento total. Por lo tanto, en las colisiones protén-protén, sus constituyentes
interactuan. Nos interesa el caso en el que un gluéon de momento p; = x1 P, interactda con un gluén
que transporta momento po = x9 P>, con P; los momentos de los protones en colision. Esto representa
una interaccién de corta distancia que puede estudiarse de manera pertubativa y es independiente
del hadrén externo; interacciones de corta distancia factorizan de la de larga distancia que estan
codificadas en las funciones de distribucién de partones (parton distribution functions, PDF) [52].
Estos objetos tienen un caracter no perturbativo y tienen en cuenta la estructura de los hadrones.
Las PDF se interpretan como la probabilidad de que un partén dentro de un protén lleve una cierta

fraccién del impulso total.
Partiendo de la seccién eficaz a LO, los teoremas de factorizacién establecen que

1
oLo = /0 dridxs fo(z1, pr) fo(22, pr)o10(9(p1)g(p2) — HiH>), (2)

donde f4(x;, ur) son las PDF de los gluones, x; es la fraccién del impulso del protén i, pp es la
escala de factorizacion y & es la seccién eficaz parténica; pup es mucho mayor que la escala a la que
se aplican los teoremas de factorizacion.

Las PDF se determinan mediante ajustes experimentales de datos obtenidos de procesos de dis-
persién ineldstica profunda. La parte perturbativa es la seccién eficaz partonica 6. El enfoque
perturbativo de QCD lo relaciona con el cuadrado de la amplitud de dispersién integrada sobre el
espacio fasico en un orden fijo:

610(g(p1)g(p2) — HyHy) = / dPSoI Mol (3)

donde dPSs es el elemento de espacio fasico y My,o es la amplitud de dispersién. La linea por encima
de la amplitud al cuadrado representa el promedio de polarizacién. La amplitud de dispersién, es
decir, la suma de los diagramas de Feynman [53], se puede construir a partir del conocimiento del
Lagrangiano, que introduce una dependencia de la teoria. Dado que tanto en 2HDM como en SM no
hay vértices de interaccién entre Higgs y gluones, la amplitud de gg — H1Hsy ya estd inducida por
loop al LO. La parte dominante de la amplitud debido a las interacciénes Yukawa, proporcional a las
masas de los quarks, viene dada por el loop de top-quarks. Esto nos lleva a considerar solo los loops
de quark top.

Al NLO, se requiere el cédlculo de amplitudes de dos loops; ademds, también deben tenerse en
cuenta los diagramas de un loop con un partén radiante en el estado final. Estos ultimos pertenecen
a tres nuevos canales QCD con diferentes estados iniciales: los estados iniciales quark-antiquark qg,
quark-gluon qg y gluén-gluén gg. La seccién eficaz partonica a NLO puede escribirse como

AGNLO = Abyirt + Abgq + Adyg + Ady,

Aé’virt = /dPSQ 2Re MiOMViI‘t 3 (4)
AGij = / dPSs [My]”,

donde Mt es la amplitud virtual que contiene los diagramas de dos loops, M;; son las contribuciones
del estado inicial ¢, llamado correcciones reales, y dPS3 es el elemento de espacio fasico de tres
particulas.

Amplitud

La seccién eficaz al LO representa el primer paso de este calculo. Aunque no es el tema principal de
esta tesis, es esencial considerar los elementos de la matriz al LO no solo para establecer el marco, sino
también porque la contribucién de NLO se define como la interferencia entre los factores de forma de
un loop y dos loops; ademas, la amplitud al LO participard en la renormalizacién de la amplitud al



NLO y en el esquema de sustraccién de las divergencias IR. Es un cdlculo muy antiguo [54], pero no
obstante es instructivo y se presentara extensamente en el Capitulo 2, junto con su HTL.

Las contribuciones de la seccién eficaz al NLO son de dos tipos: contribuciones virtuales y reales.
La amplitud virtual estd formada por diagramas de Feynman de dos loops de tres categorias: diagra-
mas caja, diagramas reducibles de una particula y diagramas triangulo. Los 47 diagramas de cajas
se agrupan en seis topologias: la topologia 1 consiste en correcciones de autoenergia de top-quarks a
las cajas del LO; las topologias 2 y 3 son las correcciones de vértice a las cajas al LO, que contienen
correcciones abelianas y no abelianas; la topologia 4 y 5 son respectivamente los diagramas doble caja
planos y no planos; la topologia 6 contiene los diagramas caja de dos loops con un intercambio de
un gluén virtual en el estado inicial, tanto planos como no planos. Los diagramas reducibles de una
particula se pueden construir a partir de la produccion de Higgs en QCD via fusién de gluones donde
un gluén externo no estd en su capa masica (off-shell). La expresion analitica se puede encontrar en
el Capitulo 2. Los diagramas triangulo son los que contienen el acoplamiento triple de Higgs: son
los diagramas que representan la senal de deteccién de un estado final de un par de Higgs producido
por un decaimiento de un boson de Higgs, mientras que las otras amplitudes virtuales representan
un fondo irreducible. Los 24 diagramas tridngulo se pueden agrupar de la misma manera que se ha
mostrado para los diagramas caja: 6 correcciones de autoenergias del propagador de top-quarks a los
diagramas tridngulo al LO; 10 correcciones de vértice a los diagramas tridngulo al LO, tanto abelianos
como no abelianos; 4 diagramas tridngulo no planos y 4 contribuciones con un intercambio de un gluén
virtual en el estado inicial. Es importante notar que el nimero de diagramas de tridngulos del 2HDM
se duplica con respecto al SM, ya que el Higgs off-shell puede ser ligero (H1) o pesado (H3).

Las contribuciones reales estan formadas por 43 diagramas de un loop donde se emite un partén
adicional en el estado final. Hay tres canales que contribuyen a la seccién eficaz real: q¢ — HyHag,
q9 — H1Hsaq y g9 — HiH>g. La mayoria de los diagramas de amplitud real se pueden construir
a partir de la amplitud al LO donde un gluén externo se considera off-shell. Esta caracteristica es
relevante en la integracién sobre el espacio fasico, donde el subproceso 2 — 2 se puede integrar por
separado de todo el proceso explicitamente. El dltimo canal contiene contribuciones provenientes de
diagramas pentagono.

Singularidades

Al NLO, aparecen divergencias ultravioleta (UV) e infrarroja (IR). Se necesita un esquema de reg-
ularizacion para aislar las divergencias UV. En este cédlculo se utilizard regularizacion dimensional
[65-57]. La idea es tratar la amplitud como una funcién analitica de la dimensién espacio-tiempo

d=4—2e: . ;
d*k 4-—d d®k
/M Gyt )5 /M —t (5)

donde v es la escala de 't Hooft y tiene la funcién de preservar la dimensionalidad de masa de la
amplitud. El procedimiento de regularizaciéon hace que las divergencias UV e IR sean polos en la
expansién analitica e alrededor de e = 0 (es decir, el limite de 4 dimensiones). Al NLO, la estructura
analitica manifiesta polos de segundo orden.

El procedimiento de cancelar las divergencias UV se llama renormalizacion. Al interpretar los
campos, el acoplamiento y los pardametros del Lagrangiano como cantidades desnudas, desarrollan
divergencias en 6rdenes superiores. Para obtener predicciones fisicamente significativas, deben expre-
sarse en términos de cantidades fisicas (es decir, las renormalizadas). Sus términos de orden superior
que entran en la expansion perturbativa son los contra-términos. La eleccién de los contra-términos
fija el esquema y la escala de renormalizacion. La Unica restriccién es que los contra-terminos tienen
que cancelar los polos UV provenientes de la amplitud a NLO. El esquema de renormalizacién influye
en la parte finita de la amplitud, lo que introduce una dependencia en el esquema de renormal-
izacién orden por orden en la amplitud. Sin embargo, esta dependencia desaparece por completo si
se considera toda la serie de perturbaciones. Se pueden encontrar mas detalles sobre el esquema de
renormalizacién especifico que hemos elegido en el Capitulo 3.

Las divergencias IR se tratan de forma diferente. El teorema de Kinoshita-Lee-Nauenberg (KLN)
[58, 59] garantiza la ausencia de divergencias IR para un observable suficientemente inclusivo. La in-
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clusividad necesaria para la produccion del par de Higgs indica que ademas de la amplitud virtual, que
tiene el mismo estado final, se deben considerar contribuciones adicionales: estas son las correcciones
reales. Dado que desarrollan divergencias suaves y colineales, se pueden combinar con la contribucién
virtual para obtener un observable libre de divergencias IR.

Dado que el célculo se realizard numéricamente, la cancelacién de las divergencias IR es mas
complicada, ya que se produce entre términos que se integran sobre diferentes estados finales: esto
podria introducir grandes inestabilidades numéricas. Hay diferentes formas de superar este problema,
representadas por diferentes técnicas de sustraccion [60-65]. Estas se basan en la introduccién de una
seccion eficaz diferencial auxiliar do 4 con la misma estructura de polos IR del proceso en consideracién.
Este término se sumard y quitara a nivel de la seccion eficaz diferencial de la siguiente manera:

Sosio = [ aps, {pM;OMmH / dPSldUA] + [ Py [V + TV + TM P — do] . (0)

Cada integral separada ahora es finita y la integracion numérica sera estable. Para este proceso en
particular, el término auxiliar se ha construido a partir del conocimiento del comportamiento del HTL
del proceso. Se presentaran mas detalles en el Capitulo 3.

La dltima fuente de divergencias proviene de las singularidades colineales del estado inicial, para
las cuales el teorema de KLN no es valido, ya que no se suman los estados iniciales. Pueden ser
absorbidas por una renormalizacion de las PDF, lo que significa que el comportamiento de la emisiéon
colineal de un parton por el estado inicial estd relacionado con las PDF de parton no perturbativas y
se ha eliminado de la dispersién dura.

Aplicando el método

Dado que no existe una estrategia sistemdtica para los diagramas de dos loops, se presentard un
método de calculo para dicha amplitud. No se utilizara el método de reduccion tensorial durante el
calculo. Para cada uno de los 47 diagramas caja pertenecientes a la amplitud virtual se realizard una
proyeccién sobre los factores de forma y se aplicard una parametrizaciéon de Feynman basada en la
topologia, junto con un cambio dedicado de las variables de integracién que hace posible la sustraccién
de los puntos finales (end-point subtractions) de las divergencias UV.

Las divergencias infrarrojas (IR) se restan a nivel integrando explotando la universalidad de la
estructura IR en relacion con la amplitud LO, y siguiendo el espritu del método de substraccién de
Catani-Seymour [60, 61]. Las posibles inestabilidades numéricas debidas a la presencia del umbral de
produccidn tt se evitan dando a la masa del top quark una pequena parte imaginaria.

La suma de los contra-términos de renormalizacién a la amplitud virtual produce cantidades
libres de divergencias UV. El esquema MS con cinco sabores activos y el quark top en su capa maésica
desacoplado del running se utilizard para renormalizar el acoplamiento fuerte. Finalmente, después de
la renormalizaciéon UV y la end-point subtraction de las divergencias IR, los factores de forma de los
diagramas caja estaran listos para integrarse sobre los parametros de Feynman y el espacio fasico de
dos particulas. El procedimiento de renormalizacion y la introduccién de correcciones reales aseguran
la ausencia de divergencias UV y IR de la seccién eficaz diferencial y total. Los diagramas reducibles
de una tunica particula (one-particle-reducible diagrams) se obtendran combinando dos decaimientos
del Higgs en amplitudes a LO de gluones on- y off-shell, empleadas como vértices efectivos. Por
ultimo, las contribuciones de los triangulos a NLO se construiran a partir de los factores de forma de
produccién de un tnico bosén de Higgs.

Las correcciones reales se obtendran mediante algoritmos estandar, involucrando la descomposicién
tensorial de la amplitud real en la base tensorial de Passarino-Veltman, y tomando su promedio
cuadratico analitico. Cada paso analitico se implementa en un cédigo de MATHEMATICA que pro-
porciona la amplitud al cuadrado para cada canal de correcciones reales. A las divergencias IR se le
restard el mismo término utilizado para restar las singularidades IR de las contribuciones virtuales.
La integracion sobre el espacio fasico de tres particulas proporcionard la seccién eficaz diferencial de
las correcciones reales.
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Integracién numérica

La configuracién numérica involucra el algoritmo VEGAS para la integraciéon de Monte Carlo [66],
implementado en un cdédigo FORTRAN construido con un enfoque de multiples semillas: reduce
drasticamente el error de integracién a través de la importancia de muestreo, optimizando el muestreo
en la regién de integracion que mas aporta a la integral. Inestabilidades numéricas surgen para
energias que se encuentran por encima de los umbrales virtuales, que pueden ser los umbrales de
produccién de tt o gg. Ademds, se aplicarad integracién por partes para disminuir la importancia de
los denominadores, con el fin de mejorar la estabilidad numérica de la integracion.

La parte imaginaria ¢; introducida en la masa del top-quark como m? — m2(1 —ie;) juega el papel
de una anchura de desintegracién finita del top-quark. De acuerdo con la literatura, consideramos el
quark top en la aproximacién de una anchura de desintegracién estrecha, lo que nos induce a tomar
el limite ¢, — 0. Dado que usamos un enfoque numérico, el ”1imite” no es una opcién viable; ademas,
la integracién numérica para €; < 1072 se vuelve muy inestable.

Se necesitara un método para restaurar el limite de anchura de desintegracion estrecha del top-
quark (e; — 0). Este se ha extraido de la combinacién de evaluaciones lineales de la seccién eficaz
diferencial para diferentes valores del regulador €, lo que constituye el nicleo del método de extrapo-
lacién de Richardson, cuyo error de extrapolacién es inversamente proporcional al niimero de nodos,
es decir, diferentes valores de la (pequena) amplitud €. El resultado de este marco numérico es la
seccion eficaz diferencial de produccion de un par de Higgs en el limite de anchura de desintegracién
estrecha del top-quark. La integral de la seccion eficaz se encontrard utilizando el método de Romberg,
que combina la regla trapezoidal y la extrapolaciéon de Richardson para disminuir las incertidumbres
numéricas.

Resultados y Perspectivas

Los resultados de este procedimiento aplicado a la producciéon de pares de Higgs a NLO en el SM
via fusién de gluones [67-69] se discutird en detalle en esta tesis, presentando las distribuciones de
la seccion eficaz diferencial y total para diferentes energias de centro de masa. Se demostrard que
los efectos debidos a considerar una masa del quark top finitos en la seccién eficaz total a NLO
son del order del 15% sobre el cdlculo a NLO HTL. Se pueden ver efectos més notables a nivel de la
distribucién diferencial, donde la masa del top finita introduce una desviacién en su cola hasta del 40%.
Los resultados para los valores centrales en diferentes energias del centro de masas estan en completo
acuerdo con la literatura, asi como la reduccién de las escalas de renormalizacién y factorizacion.
La seccion eficaz total en funcion del acoplamiento tiple del bosén de Higgs muestra una desviacién
significativa del HTL debido a efectos de masa del top, lo que lleva a un cambio notable de su minimo.

El marco construido para este calculo permite la eleccién de diferentes esquemas y escalas de
renormalizacion de la masa del top, adecuados para la primera estimacion de las incertidumbres que
introducen. Se mostrard cémo la masa del top en el esquema de renormalizacién MS a diferentes
escalas resalta la importancia de estas incertidumbres: ascienden al —15% a nivel de seccién eficaz
total y al —35% a nivel de seccién eficaz diferencial. El comportamiento de la seccién eficaz diferencial
a diferentes escalas de renormalizacién mostrara que una escala de renormalizacion dindmica es la
eleccién mas natural para grandes masas invariantes de pares de Higgs. La cuasi-independencia
de las incertidumbres relativas de la masa del top del esquema de renormalizacion y de factorizacion
conduce a una suma lineal de las incertidumbres, ya que se definirdn como la envoltura de las multiples
elecciones. Se discutiran la combinacién de las incertidumbres debido a la masa del top a NLO y las
incertidumbres de renormalizacién y factorizacién a NNLO, y con un argumento de factorizacion de
la seccién eficaz se demostrara que el tratamiento méas conservador de las incertidumbres es su suma
lineal.

Los detalles de los resultados presentados en esta seccién se discutiran ampliamente en el Capitulo 5,
con especial atencion a las incertidumbres de la masa. del top, su impacto en la seccién eficaz diferen-
cial a NLO y la seccion eficaz integrada y como combinarlas junto a las predicciones mas modernas.
El marco descrito en esta tesis ya se ha aplicado con éxito al 2HDM; algunos resultados con respecto a
la produccion de pares de Higgs escalares neutros se muestran en el Capitulo 4. Como se mencionara
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en el Capitulo 6, otras aplicaciones futuras implican estados finales que contienen pseudo-escalares.
Ademss, la dependencia del angulo 5 de los acoplamientos de Yukawa en el 2HDM puede conducir a
contribuciones no despreciables de los loops del quark bottom, para los cuales tratamientos adicionales
sobre los factores de forma se necesitan para aumentar la estabilidad numérica, como expandir la am-
plitud en términos de la masa del quark bottom y el metodo de integracién por partes.
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Introduction

The physics of the elementary particles is well described by the Standard Model (SM). The presence
of the electroweak interaction prohibits quadratic terms with respect to the fields, i.e. mass terms,
into the SM Lagrangian. Introducing such mass terms requires the so-called spontaneous symmetry
breaking, which can be induced by a scalar field with non-vanishing vacuum expectation value. As a
reminder, the spontaneous symmetry breaking generates a neutral scalar boson, the Higgs boson [1-4].
Although it has been predicted in the ’60s by theoretical arguments, in 2012 the LHC experiments
ATLAS and CMS found a signal belonging to the resonance of a neutral particle of mass around
125 GeV [5, 6]; further analyses have confirmed that its spin, CP properties and coupling with the
other particles are compatible with a SM Higgs boson [7, 8]. In order to definitely attest that this
scalar neutral boson is the SM Higgs particle, its self-couplings have to be measured and compared
with the phenomenological predictions of the SM.

Constraints coming from the Lorentz and gauge invariance, UV completeness and unitarity argu-
ments set the scalar sector of a QFT model to have at most trilinear and quartic self-interactions with
its scalar particle content. These terms constitute the Higgs potential, and their presence allows the
spontaneous symmetry breaking. The present experimental uncertainties are insufficient to set strong
bounds on the Higgs self-couplings; the possibility of the detected boson to belong to an extended
scalar sector of a more general model rather than the SM can not be discarded. Many Beyond the
Standard Models (BSM) predict more complex scalar sectors with many Higgs bosons, and nothing
prevents the eventuality that the LHC signal was referred to the detection of one particular Higgs
boson of a BSM [9-11]. The quartic Higgs coupling is still out of reach at experimental level [12-16];
the trilinear Higgs self-coupling will be accessible in the next future, thanks to the high luminosity
upgrade of the LHC or other future colliders [17-28]. An investigation of the Higgs potential can be
done by considering direct observables coming from the Higgs-pair production channels. However, the
experimental determination of such processes is nonetheless complicated, because of the very small
cross section related with the Higgs-pair production channels and its vast QCD background [23, 28—
31]. This fact enlightens the importance of a precise theoretical prediction of the cross section of the
Higgs-pair production, for which higher order terms of the perturbative expansion with respect to the
strong coupling are demanded.

The dominant process involving a Higgs-pair production is the QCD induced gluon fusion [30].
Since no mechanism produces a direct gluon-Higgs interaction, the Feynman amplitude of this pro-
cess already contains one-loop contributions at its leading order (LO). In addition, it has a strong
electroweak and phase space suppression in comparison with the single-Higgs production channel.
Therefore, to fulfill the demanded theoretical precision, the total cross section for this process re-
quires a next-to-leading order (NLO) calculation, for which two-loop Feynman graphs have to be
taken into account.

Within the SM, the top-quark loops are responsible for more than 99% of the total cross section
caused by the presence of the Yukawa couplings, which is proportional to the top mass. Other
models with an extended scalar sector, like the Two-Higgs-Doublets Model (2HDM), might have non-
negligible contributions from the bottom quark, since the parameter space of such models permits
enhancements of the their Yukawa couplings [10, 23]. This latter case will be considered in future
projects.

The calculation of the Higgs-pair production via gluon fusion total cross section beyond the LO
is very challenging: at NLO in the SM it involves four-point two-loop Feynman integrals, entering
the virtual corrections, and five-point one-loop Feynman integrals, which are the building blocks of
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the real corrections. Besides the kinematic invariants of the process, two masses have to be taken
into account, namely the top-quark and the Higgs boson mass. While for the one-loop contributions,
there are well-grounded calculation techniques with a good degree of automation, for the two-loop
Feynman diagrams involved in this process such standard has not been established yet.

Along the past 25 years, great efforts have been made to study the higher order corrections to
the differential cross section of this process in specific kinematic regions [24, 32-46]. For low energies,
the heavy top limit offers a very good approximation and an important simplification of the higher
order amplitudes, since they will carry one less loop to each order. This approximation is known up
to the third perturbative order (N3LO) and provides a rough 120% increasing of the LO differential
cross section. Mass refinements have been introduced up to the second perturbative order (NNLO)
on the real corrections, leading to the so-called full-theory approximation, as higher order terms into
the top-quark mass expansion. The top-mass effects have an impact of the -20% with respect to the
sole heavy top limit. Other regions that have been investigated are the tt-production thresholds, that
contains the bulk of the total cross section, and the high-energy limit, for which recently analytical
results have been produced. At NLO, all the analysis agree on a 20% mass effect with respect to the
heavy top limit.

A complete NLO QCD Higgs-pair production via gluon fusion cross section is needed to obtain
the exact top-mass effects occurring at the first perturbative order. A first calculation [47] has been
carried out by applying integration-by-parts identities [48, 49] of the amplitude, achieving its master
integral decomposition. The integration of the master integrals has been done numerically, exploiting
the sector decomposition [50] and the contour deformation to perform the integration in the physical
region. In order to successfully apply the amplitude reduction method, the top and Higgs masses had
to be set respectively to m; = 173 GeV and mpy = 125 GeV from the beginning of the calculation.
This calculation represents the first NLO cross section with full top-mass dependence.

The aim of this thesis is to present an alternative calculation of the NLO Higgs-pair production
via gluon fusion in a framework suitable for both the SM and the 2HDM. A final state with two
Higgs bosons with different masses will be considered. The novelty introduced by the strategy here
presented is the treatment of the masses as free parameters for the numerical integration. This feature
allows the study of the uncertainties related to the choice of the renormalization scheme and scale
of the top-quark mass. The procedure can be summarized as follows: every diagram will firstly be
projected into its form factors; on each integral contained in them, the Feynman parametrization will
be applied together with a dedicated change of the integration variables that makes the end-point
subtraction of the ultraviolet (UV) divergences possible; the infrared (IR) divergences are subtracted
at integrand level exploiting the universality of the IR structure in the ratio to the LO amplitude,
in the spirit of the Catani-Seymour subtraction method [60, 61]; the numerical instabilities due to
the tt-production threshold are avoided by giving to the top quark a small width; the finite part
of the form factors treated in this way can be safely integrated over the Feynman parameters and
the phase space. The renormalization procedure and the introduction of the real corrections ensure
the UV finiteness and the IR safety of the differential and total cross section. A method to restore
the narrow width of the top quark is needed. The Richardson extrapolation method offers a way to
combine results for different top-quark widths to extract the narrow width ”limit”. The outcome of
this framework is the Higgs-pair production differential cross section. The integrated cross section will
be found by using the Romberg’s method, which combines the trapezoidal rule and the Richardson
extrapolation in order to decrease its numerical uncertainties method.

Results for this procedure applied to the NLO SM Higgs-pair production via gluon-fusion [67-69]
will be discussed in detail in this thesis, presenting the differential cross section distributions and the
total cross section for different center-of-mass energies. There will be shown how the uncertainties
related to the renormalization and factorization scales together with the top-mass renormalization
scheme and scale uncertainties have a huge impact, leading to sizable relative errors. At last, it will
be discussed how a dynamical top-mass renormalization scale choice is needed to control the top-mass
effects at high energies. The possibility of choosing variable top-quark masses is nowadays possible
only with the method described in this thesis, and it will be discussed in details.

This thesis is structured as follows: Chapter 1 is devoted to define the theoretical background on
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which this work is built, presenting the models under consideration, the basics of the phenomenological
results regarding the Higgs boson, the general framework used for calculating a cross section involving
QCD contributions, and the state-of-the-art of the Higgs-pair production via gluon fusion; Chapter 2
and 3 will describe in detail the LO and NLO cross section calculation respectively in the common
framework suitable both for SM and 2HDM, with particular focus on the isolation of the UV and IR
divergences from the virtual correction, the renormalization of the UV divergences and the dedicated
subtraction terms for the IR divergences, and the calculation of the real contributions; Chapter 4 shows
the numerical setup employed to obtain the differential cross section distribution and the total cross
section, presenting the Monte Carlo integration algorithm to evaluate numerically the form factors,
the Richardson extrapolation method to extract the narrow width limit of the top-quark mass and
the integration of the differential distribution through the trapezoidal method combined with the
Richardson extrapolation; Chapter 5 will present the discussion of the results obtained by applying
the procedure shown in the previous Chapters, with particular focus on the top-mass uncertainties,
their impact on the NLO differential and integrated cross section and how to combine them together
with the state-of-the-art predictions; at last, Chapter 6 will recap all the core arguments discussed in
this thesis, present the conclusions and an outlook on the future perspective of this project.
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Chapter 1

Theoretical background

1.1 The Standard Model

The Standard Model (SM) represents the most successful model describing the particle interactions. It
has been built and tested along 60 years of data from collider experiments embedded into a quantum
field theory framework. The discovery of a scalar particle compatible with a Higgs boson [1-6]
represent the most recent success of the SM. It further provides a solid theoretical framework for a
plethora of phenomenological outcomes comparable with the experiment.

Theoretically speaking, it is a quantum field theory described by the Lorentz invariant Lagrangian
Lgv symmetric with respect to the gauge group SU(3)¢c ® SU(2)r ® U(1)y. The SU(3)¢ Lie
group is the representation of the strong interactions [70-77] between quarks mediated by the glu-
ons; the associated charge is called color charge. The SU(2)r, ® U(1)y product represents the elec-
troweak interaction (EW) between leptons [78-80]; its associated conserved quantities are the weak
isospin I and the hypercharge Y. As will be described later on, the spontaneous symmetry breaking
SU22), @ U(1)y — U(1)gm will lead to the conservation of the electric charge @ = I3+ Y, known as
Gell-Mann-Nishijima formula [81, 82].

The Lagrangian Lgy can be written as

Lsv = La + Ly, (1.1)

where
{C,L,Y'}

ﬁG:_z Z Tr [FlfLVFb“uy] ) ﬁf:zzaqqu—i_zzwllbwh
b q l
{C.LY} {C.L,Y}
Dy, D) =—i Y gTyFM,  Dy=0d.—i Y  aTfAR,
b b

_Ju ¢t e vy vy
wq—{d s b}’ wl—{e i T}.

The index b runs over the gauge group, a is the index of the adjoint representation, A; . are the fields
that represent the boson which mediate the b interactions and g, are the coupling constants. For each
generator of the gauge group, a boson field has to be added.

The adjoint representation of the SM gauge group is characterized by

TE=,  [TATE =if"TE a={l,...8}, AW =G
Ti=%.  [LT=igot  a={123}, AP =W (1.3)

Ty =1y, Al =Bt

where ¢ are the Pauli matrices and \® are the Gell-Mann matrices. There are 8 gluons G**, and 4
electroweak bosons W** and B*.
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Table 1.1: Matter content of the SM with the relative representation in the SM gauge group. The
right-handed neutrinos are singlets w.r.t. the gauge transformation, hence they are not included
within the Standard Model. Each weak isospin doublet has quantum isospin numbers I = % and

I3 = +3.

The matter content is encoded into the spinors v, (p = ¢,!). Each spinor has two chiral components
labeled left-handed and right-handed. Strong interactions are not sensitive to the chiral components,
while isospin interactions act only on the left-handed components: fermions are organized in left-
handed doublets and right-handed singlets under the EW gauge group. The fermions that form a
triplet under SU(3)¢ are the quarks.

The physical EW boson are obtained by combining the W%* and B* as follows:

(A#) _ ( coESGW Sinﬁw) ( B;‘ > ’ T L(WLM .
s —sinfy  cosOy Wt V2

The field A* is the photon and the EW boson Z* induces the neutral currents. The EW bosons WH#
lead to charged currents. The fermions which interact only via EW interaction are the leptons. The
matter content that goes into the spinors v, are depicted in Table 1.1.

Imposing the invariance under the SM gauge group requires all the fields in Lgy to be massless,
since the EW gauge subgroup prohibits mass terms. Experimentally, it is known that the EW bosons
have a large mass and, of course, fermions are massive too. Therefore, a mechanism that introduces
a mass term into the SM Lagrangian is needed.

(1.4)

1.1.1 The Higgs mechanism

Scalars
_ (0" 1 1 (0
(I>—<¢O c ]1®2®§, <(I)>_ﬁ v

Table 1.2: Scalar sector of the SM. This complex doublet has isospin I = %

The mass terms allowed in a Lagrangian which satisfy the Lorentz invariance are quadratic in the
fields for which the mass is demanded. Unfortunately, the structure of a mass term violates the gauge
symmetry. The problem has been solved by the Higgs mechanism [1-4], based on the spontaneous
symmetry breaking.

The potential of a free complex scalar isospin doublet ® which satisfies the renormalizability and

the unitarity is
A

Vo = (20T ® + 5;@*@\2, (1.5)
where 12 < 0 and A > 0. The field ® has a non-vanishing vacuum expectation value (VEV):
1 /0 B 2u?



Theoretical background 3

Notice that only a neutral scalar field can acquire a VEV because of the conservation of the electric
charge. This VEV spontaneously breaks the symmetry:

SU(Q)L@U(l)Y — U(l)EM, (17)

that underlines the fact that electromagnetism is not broken.
Fixing the gauge of the field ® to be the unitary gauge':

2= 75 (o 1) (8

where H(z) is the physical Higgs field. The unitary gauge makes manifest the non-zero expectation
value of .

Embedding the Lagrangian L¢ into the Standard Model implies the replacement of 9* — DH,
therefore:

A
Ly = D'®YD,® — 20T P — 5|<1>+<1>\2,
v? ‘ . 1.9
DHRTD,® ~g) [gF (W iWH) (W = iW3) + (9. W — gy Bu) (gt W — gy BM)] (1.9)
= my WHHW, +m3 2" 2,
where g1, = /g7 + g% cos Oy, and
mw =S5, Mz =G0\ 9F gy cosy MA=0 ma p2. (1.10)

The mass terms introduced by adding the scalar field ®(z) does not break the EW gauge symmetry:
three of the four degrees of freedom of ®(x) have been eaten by the weak bosons and thus they acquire
mass. Notice that the SM with spontaneous symmetry breaking is still gauge invariant, even though
it is not immediately manifest [55, 83].

The interaction of the particles with the ground state of the Higgs makes the particles acquire a
mass term. For the fermion, the Yukawa Lagrangian offers the simplest way to introduce such mass

term:
—Ly = YZ? Q,’7L(I)dj,R + Yz’?Qi,L(I)CUj,R + Yilei’L(I)lij + h.c.

4 (1.11)

v — v v
—Ly ~ () Y;?\ﬁdiid‘ﬂ + Y;fﬁﬂil,u]‘ﬁ + Ezﬁli7Llj7R + h.c.

where ®¢ is the charge conjugate of ®, Q; 1, and L; 1, are the quark and lepton isospin doublet, the
Yl’; are the Yukawa couplings and

v
my; = Yi’;ﬁ, (1.12)
are the mass matrices. The diagonalization of these mass matrices induces the CKM matrix, for the
quark sector, [84, 85] and the PMNS [86, 87] matrix, for the lepton sector.
The Standard Model Lagrangian? is the sum of the massless £Lg + £¢ and the Higgs and Yukawa
Lagrangian
Lsv=La+ L+ Ly + Ly. (1.13)

The Feynman rules that this Lagrangian provides are depicted in Appendix 1.

1t is based on the fact that a complex field ¢(x) can be expressed into polar coordinates, obtaining two real fields r(x)
and O(z). A gauge transformation acts like a shift of ©(z) — ©’(z). Therefore, fixing the function ©(z) is equivalent
to perform a gauge transformation. In general, gauge symmetry ensures that a doublet can be rotated with a SU(2)
transformation that sets the first component to 0 and the second to be real.

2The actual SM Langragian contains additional terms related to the gauge fixing and the ghost Lagrangian. We did
not discuss it in details since it is not the main focus of the discussion.
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1.2 Two-Higgs-Doublet Model

The study of the scalar sector of the SM can be made experimentally by measuring the parameter
p: for a model locally invariant under SU(2);, ® U(1)y with n multiplets with weak isospin I,
hypercharge Y(;) and VEV v;, the tree-level parameter p is

ST +1) = Y v
2350 Yivi '

p= (1.14)
The experimental data [88] shows that p is compatible with 1, which is the case of the SM with
its single complex doublet. However, this constraint does not exclude other possibilities, i.e. higher
multiplets with zero VEVs or higher dimensional representations. The latter cases tend to introduce
over-complexities that are not the main focus of this thesis; we will consider the simplest extension
of the SM scalar sector that leads the introduction of additional singlets and doublets.

An extended SM scalar sector is motivated by its presence in many other models, like supersym-
metry [89] and the Peccei-Quinn model [90, 91], and it might explain the baryon asymmetry [92-94].
Further details can be found in the review of Ref. [10].

Scalars

+
<I>1—<(§>%E> € 1828 <¢1>_¢1§<1?1>

Dy = % € 1®2®3, (P)=-% 0
2 ¢8 99 2 V2 Vo

Table 1.3: Scalar sector of the 2HDM. This complex doublet has isospin I = %

The model we are going to introduce is the Two-Higgs-Doublet Model (2HDM) [95], which consists
in the extension of the scalar sector of the SM with one additional scalar doublet with a different
non-vanishing VEV. This model respects the experimental constraint p = 1 and represents one of the
most simple UV-complete model with an extended scalar sector.

The most general potential for the scalar content of the 2HDM that respects Lorentz invariance,
SM gauge symmetry, unitarity and renormalizability is

A 2 A 2
Varpn = 3, ®F @) — 3o[07 @y 4+ OF B)] + pd,®F By + 21 (07 ®))° + 72 (®F do)” +

2
A
+ A @ OLOF Py + M PoOF By + 5 [(@702)° + (@F@1)°].

(1.15)

where the details of the two Higgs doublets are depicted in Table 1.3. Imposing hermeticity and
stability of the vacuums state, the following conditions can be imposed [96-99]:

A1 >0, Ag > 0, A3 > —/ A1), A3+ g — |)\5| > —\/ A1

(1.16)
)\17 >\2a )‘3 € R)

and the non-zero VEVs of the scalar doublets

0l o5

are constrained by v} +v3 = v%. Additional constraints on the 2HDM parameters can be set, like the
unitarity constraints and experimental bounds [99-104].

Following the same steps presented for the SM case, it can be shown that after the spontaneous
symmetry breaking SU(2)r ® U(l)y — U(1)gm, 3 d.o.f. of the two doublets are eaten by the
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massive bosons. However, instead of a single Higgs boson, there are five scalar Higgs bosons after the
spontaneous symmetry breaking. Expressing the doublets in the unitary gauge:

o= o) (1.18)
7\ st e+ ing)

The mass terms with this new set of variables are
— 2 _ )\ A - - M ¢1_ _ M Pl
VanDM | ass = [#12 = (A + As)vive] (o1, ¢y ) My é5 (p1, p2) M,

P2
2
+ [Ml? — 2>\5] (n1,m2) My, <Z;>

V1V2
(1.19)
2 -1 1)2 —V102
My = (fll Ul> o My= (—vaz o2 ) o My =vivaM,
V2
M. — ( 1 -t Ao —piy + ()\3 + Ag + /\5)01112)
P —pify + (A3 4+ A+ As)v1vg M12 U Agv3 ’

The two mass matrices My and M, have a zero eigenvalue. The corresponding particle is the Goldstone
boson eaten by the charge EW bosons and the boson Z. Therefore, we are left with a charged boson
H™ (and its antiboson), a pseudoscalar A and two neutral scalar bosons H; and Ho.

The mass matrices can be diagonalized by means of two angles: « for the neutral scalar Higgs
bosons and S for the charged and pseudoscalar ones. The latter is related to the doublets VEVs by

tan B = -2, (1.20)
U1

Assuming that there is no CP violation, both v; and vy can be assumed to be real [105]. Therefore,
the physical fields of the 2HDM scalar sector are

(v? + v3)
2’ [M%

o1t — (A1 + As)vivg]

:¢2icosﬁ—¢fsinﬂ, mi:
( — (N3 + M+ )\5)1}1?}2] ,

{Tr (M) — \/ Tr [M,)* — 4det MP} :

1
2
1
Hy = pacosa+ prsina, my, = 3 [Tr [M,] + \/Tr [M,)* — 4det Mp} .

A =mngcos —n1sinf, m’ =
(1.21)

Hi = pacosa — p1 sina, my, =

The new Yukawa interactions have to be included into the 2HDM Lagrangian. The Yukawa terms
for the down-type quarks is

—LY =Y} Qi ®1djr + Y Q;Podj g + hec.

b (1.22)
LY 2) d; 1dj g + h.c.

( V2R
The relevant Feynman rules used in thesis are depicted in Appendix 1.

In general, the two Yukawa matrices cannot be diagonalized simultaneously: this fact leads to
tree-level flavour-changing neutral currents (FCNC), which have never been seen by the experi-
ments. These kind of currents can be avoided by imposing additional symmetries. Moreover, the
Paschos-Glashow-Weinberg (PGW) theorem [106, 107] grants that tree level FCNC cannot occur if
the fermions with same quantum numbers are coupled to the same Higgs doublet. To ensure the
absence of tree level FCNCs by means of the PGW theorem, there are many possibilities:

—Eﬁl/ ~@,
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Type I. All fermions coupled to @5 only;
Type II: Down-type quark and leptons coupled to @1, up-type quark coupled to ®o;
Type X: Leptons coupled to @1, quarks coupled to ®s;

Type Y: Down-type quark coupled to ®1, up-type quark and leptons coupled to ®,.

Another possibility is that the Yukawa couplings involving ®; and ®5 are proportional in the flavour
space [108-110].

Type I can be induced by imposing a Zso symmetry on ®;, Type II by imposing an additional
Zsy-symmetry on djp. Type I has been studied in the context of dark matter [111-117], in the
particular case of the inert ®5 doublet with v = 0. In addition, the latter model with A5 — 0 is
Peccei-Quinn symmetric. On the other hand, Type II is particularly relevant since it can be treated
as the effective field theory at low-energy for the Minimal Supersymmetric Standard Model with all
heavy supersymmetric partners integrated out [9, 118-121].

The 2HDM has a variety of interaction vertices and four additional particles, leading to a rich
phenomenology involving CP conserving and violating sources [10]. This model has been employed in
the study of various BSM investigations, like composite and little Higgs models [122-124], Naturalness
[125] and the origin of the neutrino masses [112].

The 125 GeV resonance discovered in 2012 compatible with a Higgs boson candidate has set
another strong constraint. The possibility that it was a signal of the pseudoscalar boson A has been
studied in Ref. [126], but it was discarded by the data analysis [7, 8], as well as the chance that the
detection was related with a neutral heavy scalar [127]. Therefore, the most reasonable scenario is
that the signal detected at the LHC comes from either a SM Higgs boson H or a neutral scalar light
Higgs H;.

1.3 Higgs boson detection

e B e e o e e e e L e s e e e e o S B LA e o
ATLAS and CMS —e—i Total Stat. [ Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H~»yy | —— | 126.02 + 0.51 ( £ 0.43 + 0.27) GeV
CMS H~»yy —=— 124.70 £ 0.34 ( £ 0.31 £ 0.15) GeV
ATLAS H~>2Z »4l —— 124.51+ 0.52 ( + 0.52 + 0.04) GeV
CMS H »ZZ »4l A 125.59 + 0.45 (= 0.42 + 0.17) GeV
ATLAS+CMS yy l—EIH 125.07 + 0.29 (  0.25 + 0.14) GeV
ATLAS+CMS 4l I—}E—i 125.15 + 0.40 (  0.37 + 0.15) GeV
ATLAS+CMS yy+4l (=== 125.09 + 0.24 ( = 0.21 = 0.11) GeV
MR R R R R R R R
123 124 125 126 127 128 129
my [GeV]

Figure 1.1: Higgs boson mass determination [128]. Combined analysis of ATLAS and CMS experi-
ments

In 2012, the LHC experiments ATLAS [5] and CMS [6] announced the discovery of a neutral scalar
boson compatible with the SM Higgs boson. The combined result of the experiments (Fig. 1.1) has
fix its mass to my = 125.09 £+ 0.24 GeV [128]. It was the last unknown parameter of the SM, and it
gives access to various phenomenological predictions.

The detection has been analyzed starting from two datasets recorded by ATLAS and CMS during
the LHC Run 1, looking at the decays H — ZZ/WW — 41, H — vy, H — bb and H — 777~. The
two independent analyses agreed with a significant excess of events above the background, signal of
the production of a neutral boson. Later on, the two datasets have been combined in a comprehensive
study specific on the channels H — ZZ — 4l and H — 7, which gave the best mass resolution.
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ATLAS and CMS & ATTASOMS
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B"/B _—
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Figure 1.2: Best fit for the Higgs production and decay [128].

Knowing the Higgs mass, its production and decay can be studied. A detailed analysis of the
following production processes have been done: gluon fusion, vector boson fusion and associated
production with a vector boson or a top-quark pair [128]. The decay rates, that this analysis has
considered, are: H — ZZ, WW, ~~,77,bband pp. The already mentioned dataset shows compatibility
with the production and decay of a SM Higgs (Fig. 1.2). Also, this analysis provided predictions on
its couplings to vector bosons and fermions.

At last, the CP properties of this particle have been inferred from the angular distribution of the
leptonic decays, showing complete agreement with the hypothesis J? = 0T, once again compatible
with the SM Higgs [7, 8].

However, the evidence of the existence of this Higgs boson does not exclude a priori the possibility
of its belonging to an extended scalar sectors, since the 2HDM scalar sector has a particle compatible
with the detected one [11, 23].

1.4 Higgs boson pair production

As it has been shown before, the data analyses have checked most of the quantities related with the
Higgs boson, namely its mass, CP properties and coupling to other particles with great precision,
and shows compatibility with the SM prediction. However, the Higgs self-coupling is not accessible
with the present LHC dataset. The upcoming high luminosity upgrade of the LHC and other future
colliders will give us access to the study of the Higgs self-coupling [17-28].

The self-couplings of Higgs bosons are allowed by the constraints imposed on the SM and 2HDM
Lagrangians, and they come from the Higgs potential:

QHQ—M—2H3—M—2H4

Ve =—u g
2
A A
_ gy 20 o Nt (1.23)
3m? 3m?
Asg = UH, M = UQH-

The parametrization of the 2HDM gives rise to more complex structures, but the trilinear-quartic



8 Chapter 1

Higgs couplings can be written as follows (Appendix I)

2
my, Nk Nkl
Vounpm = E ZJH]- + E %HiHij—l- E Z, HiHijHl
j ijk ikl (1.24)
3¢iik 3¢kl
Aijk = ;] ; Aijki = 7@%

Exploring the Higgs self-coupling is crucial to fully reconstruct the shape of the Higgs potential with
a non-zero VEV.

This is a very challenging measurement, since the Higgs-pair production is a strongly suppressed
process. With respect to single-Higgs production, it has a first suppression due to the phase space,
that now has to take into account an additional final state heavy particle; moreover, it is a process
of higher EW order, which gives another suppression factor. In addition, there are several irreducible
background subprocesses which lead to the same final state but do not contain any Higgs self-coupling.

The quartic Higgs interaction is unreachable by the experiment due to the strong EW suppression
[12-16]; the trilinear Higgs coupling instead will be accessible with the upgrade of the LHC, allowing
the study of processes which involve the production of an off-shell Higgs boson that decays into two
Higgs bosons [129]. These interactions may occur in the Higgs-pair production processes, which is the
ingredient for a direct measurement of the trilinear Higgs coupling.

10 [ olpp * HH + X) [fb] g » HH (NNLO, O'(pp — HH + X) [fb]

E Mym 16 o 1000 /s =14 TeV, My = 125 GeV |
£ H= s
[ PDF4LHCI5 gg — HH
10° F E
E E 100 F i
10 VBF (N’LO) HH (NLO)
10 | i

2 [ 1 0.1 | . L -

Js [TeV] AuHH/ Aiim

Figure 1.3: Left plot: Cross section of the Higgs-pair production channels [29]. Right plot: sensitivity
of the Higgs-pair production channels with respect to the trilinear Higgs coupling [23].

There are four channels contributing to the Higgs-pair production process: gluon fusion [54, 130—
132], vector-boson fusion [133-135], double Higgs-strahlung [131, 136] and associated production with
heavy quarks [23, 137]. The gluon fusion is the dominant process (Figure 1.3), with a cross section of
one order of magnitude higher with respect to the others. However, its cross section o is still three
orders of magnitude lower than the single-Higgs production [29]. In addition, for the gluon fusion
channel, the relative uncertainties of its cross section are related to the relative uncertainties of the
trilinear coupling in the ratio with the SM [23] with the following approximate relation

Ao AAsg

_—~ —

: 1.25
. - (1.25)

These facts can be inferred by the negative slope of the red curve of Figure 1.3 (right plot), and it
sets the importance of investigating the gluon fusion channel of the Higgs-pair production process
with high theoretical accuracy. This can only be achieved by introducing higher order corrections.
Since gluon fusion is a QCD induced process, it is known that higher orders® in QCD may introduce
very large contributions to the total cross section: for single-Higgs production via gluon fusion, higher
order terms introduced corrections of more than 60% [138-142].

3In the next section we will define to which order are we referring here.
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Since the Higgs boson does not couple to the gluons directly, the gluon fusion channel is mediated
by quark loops already at leading order. The Yukawa couplings are proportional to the quark mass:
this means that the main contribution to the cross section comes from the heaviest quark, namely
the top quark; lighter quark corrections are below the 1%. It has been proven that the Higgs-pair
production via gluon fusion cross section behaves analogously to the single-Higgs production with
respect to the perturbative order: higher order corrections are very large [32, 140]. The main reason
for this is that additional QCD perturbative orders open more channels that sum to the latter ones.

The equivalent process in the 2HDM will be neutral scalar Higgs-pair production, where we allow
the final state to be H;H;. If ¢ = j the process is very similar to the SM one, where the only difference
lies in the Yukawa couplings to the top quark and the Higgs masses. The difference starts to be
noticeable in the case where i # j, which involves two different Yukawa couplings and Higgs masses,
making the actual calculation more complex. Moreover, it is important to notice that the Yukawa
couplings, while in the SM are proportional only to the quark mass, in the 2HDM are proportional
to tan 8 (or cot 3); this fact might strongly enhance such couplings and make the contributions of the
lighter quarks in the loop relevant [10].

1.4.1 Measurement
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T
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Figure 1.4: Branching ratios of the Higgs boson [30].

As shown in Fig 1.4, the Higgs mainly decays into a bottom quark pair [30]: hence it may be
natural to search for the bbbb final state. However, this final state has a huge QCD background, that
makes the extraction of the signal incredibly hard. A more reliable analysis can be done by considering
more rare final state like bbyy and bbr7 [28, 29].

The bbyy final state constitutes a promising candidate due to its clean signal, leading to a
determination of the Higgs coupling with 40% uncertainty [23, 31]. The current bounds on the
trilinear Higgs coupling come from CMS analysis of the HH — bbyy channel, which have set
—8/\%\{/I < Ay < 15)\311\{4. With the forthcoming high luminosity LHC, ATLAS can decrese the bound
to —0.8A5M < A3p < 7.7TASM [129).

The process bbrT has a more complex background that makes the study of this channel harder,
and is strongly dependent on the capability of reconstructing the 7 pairs of the experiment. However,
it has been proven that, in optimistic scenarios, it represents a valid final state candidate [23].
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1.5 Cross section: an overview on the calculation

The perturbative QCD provides an ideal framework to calculate the cross section of the Higgs-pair
production via gluon fusion. In this work, we will consider the production of two neutral scalar Higgs
bosons, namely pp — Hi Hs.

The total cross section can be written as a perturbative series with respect to the strong coupling
constant: this will provide the following expansion

o(pp — g9 — H1Hs) = 010 + Aoxro + -+ + Aonero + O (a2 73) (1.26)

The QCD factorization theorems [51] set the condition under which high energy hadrons can be
described as bound states of its constituents, quark and gluons, carrying a fraction of its total mo-
mentum. Hence, in proton-proton collisions their constituents interact: we are interested in the case
where a gluon carrying momentum p; = x1P; interacts with a gluon carrying momentum py = xoPs,
with P; the protons momenta. This represents a short distance interaction, that can be studied per-
tubatively and it is independent on the external hadron; short-distance interactions factorize from
the long-distance one, which are encoded into the parton distribution functions (PDFs) [52]. These
objects have a non-perturbative nature, and they take into account the structure of the hadrons.
PDFs are interpreted as the probability that a parton inside a proton carry a certain fraction of the
total momentum.
Starting from the Leading Order (LO) cross section, the factorization theorem states that

1
oro(pp — g9 — H1H3) = / dzidza fg(z1, pr) fo(x2, pr)oLo(g(p1)g(p2) — Hi1Ha), (1.27)
0

where f,(z;, pr) are the PDFs for the gluons, x; is the fraction of the ¢ proton momentum, pp is the
factorization scale and & is the partonic cross section; pp is much larger than the scale down to which
the factorization theorem holds. This expression can be written in a simpler way: at the LHC the
scattering is studied in the center-of-mass frame of the colliding protons y/s; the production of the
two Higgs bosons starts above the production threshold § = (mp, + mpy,)?; putting together these
considerations, the LO cross section becomes

dL99
o
-

d (g)‘§:T87

1
oro(pp — 99 — H1H) = / dr
T0

(1.28)

_ (mH1 +mH2)2
me

dL99 Ldx T
:/7- fg(xaMF)fg (;mu’F)a T =

dr T

» | W

where dg# is the gluon luminosity.

The PDFs are determined by experimental fits of data obtained from deep inelastic scattering
processes. The perturbative part is the partonic cross section 6. The perturbative QCD approach
relates it with the square of the scattering amplitude integrated over the phase space at a fixed order:

oLo(8) = /dPSz|MLQ|2, (1.29)

where dPSs is the phase space element and My, is the scattering amplitude. The line above the
square amplitude stands for the polarization average. The scattering amplitude, namely the sum of
the Feynman diagrams [53], can be built from the knowledge of the Lagrangian, that introduce into
the game a dependence on the theory.

Since in both the 2HDM and SM there are no interaction vertices between Higgs and gluons, the
amplitude of gg — HiHs is loop induced already at the LO. The bulk of the amplitude is carried
by the top-quark loop, due to the Yukawa interaction that enhances the heavy quark contributions.
This leads us to consider only the top loops. Notice that at LO?, there is an additional threshold:
§ = 4m?. This corresponds to the tf production threshold.

40f course, this threshold occurs at every perturbative order, but beyond LO, other thresholds arises. For the gluon
rescattering diagrams at NLO, an additional threshold starts at v/§ = 0 GeV, which leads to infrared singularities. This
structure will be discussed in Chapter 3.
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At Next-to-Leading Order (NLO), the calculation of the two-loop amplitude is required; in addi-
tion, one-loop diagrams with one radiating parton have to be considered as well. The latter belong
to three new QCD channels with different initial states: the quark-antiquark qg, the quark-gluon ¢g
and the gluon-gluon gg initial states. The NLO partonic cross section can be written as

AGNLO = Dbyt + Abgq + Dby + Adyy

Abyint = /dPSg 2Re | M[ o Myirt] , (1.30)

AGij = /dPSg M)

where Myt is the virtual amplitude containing the two-loop diagrams, and M;; are the contributions
of the 4j initial state, called real corrections.

1.5.1 Divergences and their treatment

In general, higher order corrections to an observable introduce divergences. This is a general feature
of the perturbative expansion of a quantum field theory. The most recognizable source of divergences
are the loop corrections, which are related to the integration over the so-called loop momentum. An
example of divergent Feynman integral is the so-called massless tadpole:

dk 1
1.31
| 3y
where k* is the loop momentum. Integrating over the time component and setting two cut-offs A and
A:
dk 1 A d)k| A
— — =log —. 1.32
fotmram = W s 132

This integral is singular in both limits A — oo and A\ — 0. The first is called wltraviolet (UV)
divergence, arising at high values of the module of the loop momentum, and they come purely from
the loop integration. The latter is an infrared (IR) divergence, occurring in the small momentum
region, and can occur even at tree level with the phase space integration. A typical loop source
of infrared divergence comes from a massless propagator connecting two external propagators that
become soft. However, a physical observable must be UV and IR finite: the divergences have to be
isolated and canceled.

As we are interested in the NLO QCD corrections to Higgs-pair production, the treatment of the
UV and IR divergences has to be discussed. The LO of the process we are considering, even though
formed by one-loop diagrams, is screened from UV divergences because of the gauge invariance; in
addition, since no massless propagators occur in the loops, IR divergences do not show up.

At NLO, UV and IR divergences appear. A regularization scheme is needed in order to isolate
them. In this calculation, dimensional regularization is used [55-57]: the idea is to treat the amplitude
as analytic function of the space-time dimension d = 4 — 2e:

d*k id dek
futomy = 6% | o (13
where the ’t Hooft scale u has the role of preserving the mass dimensionality of the amplitude. The
regularization procedure makes the UV and IR divergences be poles in the € analytic expansion around
€ = 0 (namely the 4-dimensional limit). At NLO, the analytic structure manifests poles up to second
order.

The procedure of canceling the UV divergences is called renormalization. Interpreting the fields,
coupling and parameters of the Lagrangian to be bare quantities, they develop divergences at higher
orders. In order to obtain physically meaningful predictions, they have to be expressed in terms of the
physical quantities (i.e. the renormalized ones). Their higher order terms entering the perturbative
expansion are the counterterms. The choice of the counterterms fixes the renormalization scheme and
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scale. The only constraint is that the counterterms have to cancel the UV poles coming from the NLO
amplitude. The renormalization scheme influences the finite part of the amplitude, which introduces
a renormalization scheme dependence order-by-order in the amplitude. However, this dependence
completely disappears if the entire perturbation series is considered. More details on the specific
renormalization scheme we have chosen can be found in Chapter 3.

The IR divergences are treated in a different way. The Kinoshita-Lee-Nauenberg (KLN) theorem
[58, 59] ensures the IR safety of a sufficiently inclusive observable. The inclusiveness needed for
the Higgs-pair production indicates that in addiction to the virtual amplitude, which has the same
final state, additional contributions have to be considered: these are the real corrections. Since they
develop soft and collinear divergences, they can be combined to the virtual contribution to obtain an

IR safe observable.

Since the calculation will be performed numerically, the cancellation of the IR divergences is more
involved, because it takes place between terms that are integrated over different final states: this
would introduce strong numerical instabilities in the single integrations. There are different ways
to overcome this issue, represented by different subtraction techniques [60-65]. They rely on the
introduction of an auxiliary differential cross section do4 with the same IR pole structure of the
process. This term will be added and subtracted at the level of the differential cross section in the
following way:

&wuy:/ﬂ%gwkﬁmMmﬁ+/ﬁP&mm}+/ﬁﬁhﬂMWP+LMWP+LMMP—d@J (1.34)

FEach separeted integral is now finite and the numerical integration will be stable. For this particular

process, the auxiliary term has been build from the knowledge of the heavy-quark behaviour of the
process. Further details will be presented in Chapter 3.

The last source of divergences comes from the collinear initial-state singularities, for which the
KLN theorem does not hold, since one does not sum over the initial states. They can be absorbed by
a renormalization of the PDFs, meaning that the behaviour of the collinear emission of a parton by
the initial state is related to the non-perturbative parton PDFs and has been removed from the hard
scattering.

1.6 Present status

The Higgs-pair production within the SM has been investigated in several approximations, valid for
different phase space regions. There are three phase spaces regions of interest: the low energy region
(5 < 4m?), the tf threshold region (3 ~ 4m?) and the high energy region (5 > 4m?). Moreover, two
independent NLO SM Higgs-pair production with full top-mass dependence calculations are available
in the literature.

1.6.1 Low energy region

In the low energy region, the heavy top-quark limit (HTL) is valid. Many works have investigated
this region up to N3LO. The first result is the Born-improved NLO calculation [32]: it consists in the
LO with full top-mass dependence calculation in addition with the HTL NLO contribution. In this
way, virtual and real corrections can be built from the effective Higgs-gluon interaction arising from
the integration of the top mass, leading to a one-loop virtual amplitude and tree level real corrections.
The differential K-factor, defined as

_ donNLo

K = 1.
doio (1.35)

found in this approximation ranges between 1.9 and 2.

A mass refinement of the Born-improved approximation leads to the full-theory approximation
[24, 33], obtained by considering the mass dependent NLO real contributions. They consist of the
inclusion of complete one-loop five-point matrix element contributions to the real corrections. The
introduction of these top-mass effects yields 10% reduction with respect to the previous approximation.

Going further in this direction, a NNLO Born-improved has been included in the previous cal-
culations [34, 35]. This includes the virtual two-loop effective amplitude and real contributions with
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five and six points one-loop and tree level matrix elements. The inclusion of the HTL NNLO effects
to the full-theory approximation leads to an increase of the K-factor by 20%. The scale uncertainties
reduce to £13%. The calculation including Next-to-Leading-Log (NNLL) decrease even more the
scale uncertainties, achieving a +£11% [36, 37]. All the uncertainties have been found by varying the
factorization and renormalization scales a factor 2 up and down from v/§ /2. Recently a complete
HTL N3LO calculation has been performed [38]. These refinements lead to an additional correction
of the 3% to the NNLO cross section, and to scale uncertainties of about 2%.

A first attempt to include finite top-mass effects as terms of an expansion on the 1/m? parameter
has been done at NLO and NNLO. The NLO calculation considers the expansion of the integrals,
making use of the optical theorem and performing the 1/m? expansion [39]. At NNLO level, genuine
top-mass expansion terms are included into the integrands, and the amplitude coefficients have been
evaluated analytically. The most recent works in this direction have included eight expansion terms
for the box and five for the triangle contributions, leading to a good convergence to higher Higgs-pair
invariant mass values [40, 41]. The top-mass effects amount to about 10% at NLO and to 5% at
NNLO. An N3LO mass refinement have been introduced by the one-particle-reducible contributions,
including diagrams involving two-loop effective vertices known from the previous expansion order.

1.6.2 Threshold region

Recently, in Refs. [42, 43], a method to incorporate the large non-analytic behaviour of the differential
cross section around the threshold region into the HTL expansion of the NLO differential cross section
has been proposed. This strategy relies on the Padé approximant ansatz, which reads

ag+ a1w + - - + apw” 8 4w

/) = e T ameo” I 4w (1.36)

where the coefficients can be determined from the non-analytical part of the cross section for § ~ 4m?.
This method can be adopted for the Higgs-pair production process within the 2HDM too, where the
two final state Higgs particles may have different masses.

This method, applied to the SM, yields reliable results for the NLO cross section up to v/§ <
700 GeV and provides a useful strategy to determine the top-mass effects at NNLO, currently far
from a computationally viable full top-mass calculation.

1.6.3 High energy region

The high energy region can be explored by performing an expansion for m? < s,|t| and my = 0.
This approach has been explored at NLO SM in Refs. [44-46], where other refinements have been
considered: eight additional terms of the top mass m? /3 expansion and two terms of the finite Higgs
mass expansion m%{ /m? = 0.13. The form factors obtained in such approximation are completely
analytical, based on the master integral decomposition and their analytical evaluation. It is an
extremely useful result that can be exploited in cross checks with full top-mass dependent form
factors. The radius of convergence of the expansion has been increased further by introducing Padé
approximants for the master integrals.

The differential distribution obtained with this approach has been cross-checked with the full NLO
calculation, resulting in full agreement down to 500 GeV.

1.6.4 pr expansion and full top-mass NLO contribution

A promising method has been investigated in Ref. [143] where an expansion in terms of small trans-
verse momentum p% ~ 0 has been performed. It has a very wide range of validity, that covers the low
energy and threshold regions, arriving up to v/3 < 750 GeV, giving an approximation at NLO SM
better than per-mille.

At last, a NLO SM Higgs-pair production calculation with full top-mass dependence has been
carried out in Refs. [47, 144]. The form factors have been decomposed in terms of the master integral
by means of the IBP reduction, and the differential cross section has been evaluated numerically,
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since not all the master integrals found were known analytically. The bottleneck of this calculation
was represented by the IBP reduction. A simplification introduced to facilitate the integral reduction
was fixing the numerical value for my and m;. The masses have been set to m; = 173 GeV and
mpy = 125 GeV. The complete result leads to a NLO differential K-factor of 20-30% smaller w.r.t.
the Born-improved method.

The other NLO SM Higgs-pair production via gluon fusion cross section calculation [67, 68] will
be exhaustively discussed in Chapter 5 of this thesis, since it represents the major outcome of this
work. As a remarkable difference from the first calculation, our work treats the top mass and the
Higgs masses as independent variables: this allowed us to estimate the uncertainties related with the
top-mass renormalization scale and scheme [69].

1.7 Topic of this thesis

We present our NLO QCD Higgs-pair production via gluon fusion calculation with full top-mass
dependence. Our procedure is meant to be as general as possible, including the possibility of applying
it to all possible 2HDM Higgs-pair final states.

The main difference between the two models, SM and 2HDM, applied to the process under ex-
amination is the presence of Higgs bosons of different mass. This introduces more complexity in the
calculation, since the two-loop Feynman integrals contributing to the form factors will depend on five
mass scales and (two kinematic invariants, two Higgs bosons and the top-quark mass). In addition,
they are two-loop integrals, for which no automated strategy has been developed so far.

However, building a general framework generalizing the SM calculation can be done revisiting the
Feynman rules of the 2HDM and rescaling them with respect to the SM couplings. For the neutral
scalar Higgs bosons, this rescaling turns into a simple factor, depending on the Higgs boson and the
model type, in particular of the angles o and 5. It can be represented schematically as

.M Nz
—i— = —i—Y; 1.37
t v L v VR ( )

where j refers to the light Higgs H; or the heavy Higgs Ho. For the pseudoscalar A, there is an
additional v°, responsable of the eventual CP violation, which does not change the prescription we
use:
i, ﬁﬂfj- (1.38)
v v
The introduction of pseudoscalars requires a prescription to treat the 7°, since we use dimensional
regularization and it is impossible to define a d—dimensional 7° [145]. In particular, it is not possible

to have both
{7577M} :07 n = {17 7d}7 (139)

and
Tr [757“7”7”7”] = 41etPe. (1.40)

A convenient choice for dealing with the AA final state is using the naive dimensional regularization:
no definition of 4 will be set and the relation in Eq. (1.39) is used. The Dirac traces will be expressed
in terms of metric tensors pretending that they are four dimensions, and at the end the result are
interpreted in d dimensions. For mixed scalar-pseudoscalar cases, the presence of the ABJ anomaly
[146, 147] makes the previous choice inconstistent. A proper way to treat the 4 has been proposed
by ’t Hooft and Veltmann [55], and systematized by Breitenlohner and Maison [148]. They define the
d—dimension v° from Eq. (1.40), leading to

1 g
’y5 = IEW’P YuYvYp Vo (1'41)
and Eq. (1.39) to be

{7577“}:07 M:{la >4}a

1.42
[V, 4" =0,  else, (1.42)
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such that the axial term does not vanish.

Even if different Higgs-pair final states will lead to an extremely varying phenomenology, at the
level of the calculation they can be treated within the same framework, as we will explain in detail in
Chapters 2 and 3. Moreover, since the charged scalar and the pseudoscalar Higgs bosons will introduce
unnecessary complication into the calculation, we will restrain ourself in presenting the neutral scalars
final state, meaning gg — H1Hy at partonic level.

Briefly, our strategy can be summarized as follows:

Generate the LO and NLO amplitude;

Perform the projection onto form factors and the numerator algebra;

Isolate the UV/IR divergences by means of end-point subtractions;

Take care of the IR divergences with a dedicated subtraction term;

Renormalize the form factors to obtain a UV finite virtual amplitude;

Integrate over the phase space;

Evaluate the square amplitude of the real corrections and integrate them over the phase space;
IR singularities from virtual corrections cancels against the real corrections ones;

Initial state singularities are absorbed by the PDFs.

All the integrations involved in this calculation will be performed numerically, using a Monte Carlo in-
tegration. Its details will be discussed in Chapter 4. The phenomenological analyses will be presented
in Chapter 5.
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Chapter 2

Leading Order Cross Section

The LO cross section represents the first step of this calculation. Even though is not the main topic
of this thesis, it is essential to consider the LO matrix elements not only to settle the framework,
but as well because the NLO contribution is defined as the interference between the one-loop and
two-loop form factors; moreover, the LO amplitude will take part in the renormalization of the NLO
amplitude and in the subtraction scheme for the IR divergences. It is a very old calculation [54], but
it is nonetheless instructive to present the whole calculation together with its heavy quark limit.

In this Chapter, the complete LO Higgs-pair production cross section is presented. The analytical
expression of the heavy quark limit amplitude will be presented, as well as the gluon-Higgs effective
vertices [32]. At last, the LO form factors will be expressed in terms of scalar Feynman integrals
after having applied the Passarino-Veltmann reduction [149]. It is important to underline that such
integrals have to be known up to the order O(¢?), as it is required by the NLO UV, collinear and
infrared divergences. The LO form factors will be implemented in a FORTRAN code, ready to be used
in the context of the NLO calculation.

2.1 Preliminaries: Single-Higgs production with one off-shell gluon
The building block for our calculation is the single-Higgs production via gluon fusion amplitude:

P

MggHj =

Considering the top-quark contribution only, the amplitude Mgyp; can be written in terms of a single
diagram:

Mg, = €u(p)ew(9) () Mbei(p,q), (2.2)

where M’g‘gy}(}b( q) is the amputated amplitude. Let us stress that the first argument of /\/lgg”[_‘}b( ,q)

is an on-shell momentum and the second is an off-shell one. The Feynman rules for this process are
presented in Appendix I. The Casimir operator is Tr[T%T?] = ;(5“1’ The SM rules can be recovered

by setting A11 = my and Y1 =1, A\jjp = 0 and Y; = 0 for 4,5,k > 2. At the end of this calculation,
we will find an effective Feynman rule about the mteractlon between two gluons and a Higgs boson.
With these rules, the gluon fusion amplitudes becomes

d
2

(4mp®)*”

(4m)?
: o ik —ptm) o omy N iEHg ) i(K +me)
/kTr |:(—zg5’yHT )m ( Y) m(—zgs%T”)m )

17

My (p,a) = (-)(2)

99H; X

(2.3)
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where! f = i dd—{j and the factor 2 comes from the exchange of the incoming gluons. Through simple
T2
algebra passagelsf and by considering the amputated diagram, it follows

pv,ab _ m¢  gg arpb 2 2—% [’yu(k ? + mt)(% + g + mt) V(k + mt)]
Magir, (p.0) = =027 g 2T T (4 /k W2 = w2k — p)? — mal(k + ) — ]
= v, () o amty [ o (2.4)

N = iTr[v“(% =P m) (k£ d +me)y” (K +me)].

For later purposes, we consider the gluon with momentum g¢* to be off-shell, so that ¢* # 0, while
p?> =0 and (p+ ¢q)? = 5. The Higgs boson is produced off-shell.

2.1.1 Projection onto the tensor basis: form factors
This rank-2 tensor can be written as
T (p, q) = aoog"” + appp!'p” + apep!q” + agpa"p” + aged"q”, (2.5)

and imposing the transversality of the external gluons:

puT" (p,q) =0 u ) )
such that e =0, € , =0 and =0, 2.6
{qu'uy(p, Q) -0 h(p)pu h(Q)q p ( )
we find that
" (p, q) = ago (!JW - W) = agoT1". (2.7)
(p-q)

Through T}, it is possible to define the projector

T
pwo=_—1 2.8
such that the amplitude becomes
4\
M (p,q) = =i (S22 ) v (o) T+ T AL,
99 ™ m; (2.9)
(0) _ NH '
A9 — c.p,, /
DoD1Dy’
where we introduce the form factor Ago), and the normalization C, = %
Coming back to the expression of the amplitude, the numerator algebra yields:
v my 2 2 4(k -p)(k - q)
P NP = (—d—5k‘—|—d—1m—d—2 p-q) — —————= |, 2.10
v ) (d—=5)k" 4 (d = 1)mi — (d —2)(p- q) P (2.10)
hence the form factor becomes
k2
A(O):O6 " x{— d—>5 /7
! (d—2) ( ) DyD1 D, (2.11)
+[(d— 1)m? — (d - 2)( ! /(k'p)(k'q)}
D0D1D2 "~ (p-a) Jy DoDiDy
'Every loop contributes with the following factor: p*~¢ [ -4 (27,)4 = W/f*d I i:% = ﬁ(llﬂ'/f)zf‘i/2 f iiz% =

(4ﬂ)2 (47T,Uf )2 d/2 fk
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Using the Passarino-Veltmann reduction (see Appendix D), and defining the scalar integrals

Bo(¢*,m3) = | —— Bo(
. DODl’ O(q ’mt) /DODQ’ mH 7mt /DlDQ

(2.12)
Co(0,", miy, ) / DyD1Ds
we can express all the integrals appearing in Eq. (2.11) as scalar integrals:
| B = mHCO0.0% i) + By, ), s
(k-p)(k-q) 1[2 2.2 2 2 .2 .
L — @ Bo(at ) (6 — (0 ) Bo(md,i?)|
|G = 1 e molatm) — ¢ = - @) Bomdy
and replacing these integrals in the amplitude
— . —_— 2
Ago) _ Cemy % [(d 4)p-q) —q Bg(m%{ ,th)
) .
+1d =205+ ) — 210,y ) + Bl
2.1.2 Analytic amplitude of g¢* — H
Let us replace the analytical value of the scalar integrals (see Appendix D):
_ I'(1+e¢) [1
By ) = s [ 42200
(1 1
Bo(q?,m7) = ((m:)f) L +2- 2g(>\)} :
t
(2.15)
2.2 I(1+e¢) ﬁf(T)_f(/\)
C(Oq mva)_( %)14,6 2 T — A )
_Ami o Amg _4mj _4—d
et 50 T T
Hence, replacing these analytical values into the form factor Ago)’ we arrive at the expression
o _ _ mi [ 2lp-q)+q¢* (1
AP =g - 2 (- e
2
o (Um0 o) [ O] (L))
mg T=A (p-q) \€ (2.16)

oMy _ 7 ) — _ (p'Q)_ TA ) —
- s - e - a0 - (B2 - 1) e - o)

e |8 A (1) - 100 - 20ar) - 1)] |-

2m; T — A

Since the e pole has been canceled through the calculation, this expression is finite. In the limit
€ — 0, the form factor becomes:
2
q (r-q) TA
AP =m {1 = o) = o] - | 28 < 1] pse) - s}

—omd 2o o) -+ g [+ 2 e - s}

(2.17)

Using the identity:

omy = — 229 ( A > (2.18)
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we can simplify the expression more, such that the form factor becomes

AP = T TR ) = o+ 52 ) = SN+ 5 ) - 01

(mt ) (T=X) 2(t — M) 201 — \) (219)
__P-9
o Z(1, )
and the total amplitude becomes
v,ab L Oy o 47TM2 € L (0
MZQH (pa) = _Z< ™ )YJ(S b < mj > P +o17 Ag '(p.q)
e\ © (2.20)
(% sab [ FTH ‘ W
- (m;) Y50 ( m2 ) L(1+e)Z(r, N [(p- 9)g" — ¢"p"] .

This form factor is independent on the neutral scalar Higgs boson taken into account: this fact will
be useful later when we will build the amplitude for the Higgs-pair production matrix elements.

The heavy top-quark limit and the gluon in the on-shell limit will define a gluon-Higgs effective
vertex. It can be done by taking the simultaneous limits A — oo and 7 — oco. Since the off-shellness
of the incoming gluon and the leading dependence on the top mass are encoded into the Z(r, \) factor,
it will be the only term affected by this limit:

2 €
uv,ab HTL e cab A v v
Myt M =i () v () T+ 0 - 0 - ' (2:21)

2.2 Leading Order amplitude for H,H,; production

The LO amplitude for the Higgs-pair production channels gets contributions from one-loop diagrams.
For the moment, we will only consider the case where the Higgs bosons in the final state are CP-even;

s 0000000y———T ~——-"~---
s

O

Q000000 )———— - = = = = =

Figure 2.1: Sample of the Feynman diagrams contributing at LO.

the same calculation strategy can be exploited for the CP-odd Higgs final state.
The process under investigation is gg — H1Hs. The LO amplitude Mo can be written as

Mro = eu(pr)en(pa) (MR + ME), (2.22)

where we have separated the two gauge-invariant subsets of diagrams.

2.2.1 'Triangle contribution

The triangle-like contribution M\ can be built by composing the gg* — H; matrix element with a
tree-level factor as follows:

b
MR ZMQQH (p1;p2)

i (_23 >\]12>
p3=0 \ (p1 +p2)? — m%(j —imy,T(m7 ) v (2.23)

_ FéO)T{w,
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where in the last step, we have defined the triangle form factor F g)). Collecting all our expressions,

we obtain ) "
7(0) ias My g (AT ~(0)
F\ = —6 I'(1
=G () rasod
2 ) (2.24)
~ 6Y;\ i12 S
A = - S —5 I(1,00) .
1 EJ: §— m%j - zmHjF(m%Ij) m?
The on-shell limit for the gg* — H; amplitude leads to the following expression:
Z(r,00) = lim Z(r,\) = =2 [L = 7f(7) + f(7)]. (2.25)
—00

Since the form factor F éo) has a factorizable dependence on the type of virtual Higgs boson which
propagates from the top-loop. This leads to an important factorization:

FO = CpFY,

2
6Y;\i12
Ch = 4 .
A ; §— m%{j - imHjF(m%{j)

(2.26)

The form factor F go) is common to the one of the LO QCD single-Higgs production. This factor-

ization is extremely important: it will turn to be useful later since the same structure of I;éo) holds at
NLO. Single-Higgs production form factors are already known at NLO, and we can implement them
in our calculation as a simple factor.

Heavy top limit

The HTL triangle amplitude can be built as a tree-level amplitude where the vertex contribution is
replaced by the ggH; effective vertex, found in the previous section, leading to

e N (AT Catr
ZZO < =i () TS 0 e, (2.27)

2.2.2 Box diagrams

There are three box diagrams contributing at LO (Fig. 2.2). The corresponding ones with reversed
fermion flow, due to Furry’s theorem, contribute with an additional factor 2.

\N/
/\

(1) (2) 3)
Figure 2.2: LO box diagrams.

To approach this calculation, a theoretical common framework can be useful. In general, each of
these diagrams can be expressed as follows:

prab _ o \2 (—'mt>2YY NATHTOTP Y (47 ,2)2—5 N (k,p)
Mo (iga)" (i v 1¥a(6)" ] ](47T)2( ) x DoD1D2D3 (2.28)
; 2 nv :
10 My ab 2\€ N (k7p)
= — — Y1 Yo Tr[TT°] (4 —_—
(47'(') 1)2 112 [ }( T ) . D0D1D2D37
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where p = {p1,p2, p3} and k the loop momenta. Here there is a general tensor N*” depending on the
momenta which is unique for each box diagram. The Feynman parametrization procedure allows one
to write an integral of n denominators as a tadpole-like integral:

= i) X
Dg° -+ Dyt T(ar) - Tlan) Jo [Dowo + -+ + Dy %

_ I'(a; +...+an) /d” (1 _Zj xj)ao—l...mZn—l )
Par)--Tlan) Je o " [Do(1 =3 @5) + -+ + Dy % (2.29)

C = X:(azl,...,xn)E[O,l]"|x2<17m1/\x3<17x17x2/\-~/\93n<172%

Applying the Feynman parameterization to the box integral, the integrand takes the form:

. 2
s Y Yy Tr[TOTY) (47 p2) > % x

uv,ab _ _
Mg (4m) v?

(2.30)

o for] vt
c k [Do(l —x] — X9 — 13) + Dix1 + Doxo + D3w3]4’

where C = {x = (z1,x2,23) € [0,1] x [0,1] x [0,1] | z2 <1 —x1 Ax3 <1—z1 —x2}. All the internal
lines are massive, and the Feynman parametrization yields a ”tadpole-like” denominator

pab _ _ 1t thYT T°T?)(4 2T (4) / / =
3 (2.31)
q" = Zai(X)Pf, M? =mj — Z bij(x
i=1 ij=1
Then, by shifting k¥ — k — g, it is possible to complete the square into the denominator:
prrab __ 1% mt V1Yo Tr[TT") (4 2 / NW e ) 2.32

With this shift, the integrand becomes even with respect to k*; hence, odd powers of k* vanish after
the integration.
The numerator N*¥ is a tensor of rank up to 4 in the loop momentum. We can replace rank-2
and rank-4 tensors with the following tensor structures
k2
EFEY — Fg’“’,
g“”gpo- + g.u’pgya _|_ g“o-gyp
d(d+2) ’

(2.33)
KRV EPET — (k)

since the tensors depending only on the loop momentum can not depend on any other dimensionful
quantities. Therefore, we can single out every (2«a)—rank factor:

; 2
prab _ 1% MMy arb 22— 4 v L
M (i o YOI T (4 A1) /C dx {A (p,%) /k Pt
]{52
B 2.34

]{72 2
CW(p7X)/k (k2 _(qQ )_ M2

The loop integrals can be now integrated. After a Wick rotation and the integration in d—dimensional
spherical coordinates, we obtain the following close form

/ (kQ)a — (_1)(nfo¢)r(n e %)F(a + %) 1
k [k:2 _ q2 _ M2]n F(n)r(%) [qg + MQ]n—oz_%a

(2.35)



Leading Order Cross Section 23

which brings the amplitude into the following form

. 2 uv
Mmpvab — 1% %YlYgTr[T“Tb] (4rp?)> % / dx [I‘ (4 - d) [A(p’x)_

(4m) c 2/ (¢ +M2]4_%

d\ d B"(p,x

T (3 - > _B¥p.x) | (2.36)
2) 2 [q2 + M2]3*§
d\ d d mv

wr (oo d)d 4y ) |
2 2 2 [qQ + M2]2—§

Using € = % and extracting the dependence on the Gamma function, we obtain:

; 2 2\ € Qv
,U,l/,ab: - ZaS %YYT TaTb 47Tlu F 1 /d (1+€) A (p7x) _
MO =y RIS ) T4 J X G a7
mg
(2—¢€) B"™(p,x)
TTmd [ Tre (2.37)
3

+2=96-90"(.x)

€ ?+M2 )€
mi

The denominators are now dimensionless, and they can be expressed as

2 2 2 N P N Wt 2 N 3
¢+ M _ =+ Zij a;a;j(p; - pj) Zij bij(pi - pj) . Di - Dj
A(p,x) = o m? =1- ”521 cij(x) w7 (2.38)

A change of variables g : C — [0,1]3 transforms the integration variables into the unit 3-cube?

. 2 2\ € 1 v
pv,ab 1Q0s & arb 47T:u (1 + 6) AH (p,X) _
M = — s YT T ( = ) Pt [ dxdec () { i e
(2—¢) B"(p,x)
o Aite + (2.39)
L279B=9 "D x)
€ Ac ’

where J(g) is the Jacobian of the change of variables g. The integral is regular below the threshold
s = 4m?. The singular behaviour for € = 0 is proportional to the tensor C*¥(p,x), coming from the
rank-4 tensor integral:

pv,ab Z.OZS m? arb 6 ! nv
ME T~ — ?Y1Y2TI'[T T°1- | dxdet[J(g9)]C* (p,x). (2.40)

(4m) € Jo

Due to the renormalizability of the theory, this term has to vanish after the box sum. By only looking
at the tensor structure:

DTr [y B K] + T [yl ] = SK2(2REY — K20 + 4(k?) g™
AL e (p,x) (2.41)

= C"(p,x) x ¢,

— 4(k?)*g"

where we neglected the presence of the denominator since they contribute like 1 + O(e).
Hence, the single pole coefficient is zero, and the total amplitude is finite as expected.

2With a little abuse of notation, we use the same symbols x for the new variables: x — X = g(x) = x
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External momenta vs. internal momenta

Going towards the actual calculation, we start fixing our convention for the external legs (all incoming):

Pl _- B
~ «
(2.42)
= ~
Py T~ P
and a single way to identify the topology in terms of the ”internal” momenta:
Q2
Dy = (k + Q1)2 — mt2
1 D2 = k + Q2 2_ m2
@1 Qs ~ DD DDy ( )2 t2 (2.43)
1D2D3Dy D3 = (k+Q3)* —mj
Dy = (k+ Q4)* —m?
Q4
Using momentum conservation, we can express the external momenta in terms of the internal
P = P(Q) = A;;Q;. (2.44)
This is what we call internal momenta convention.
The kinematics is defined as follows:
P} =P; =0,
P22 = miflﬁ
P32 = mgﬁ,
(P + Py)? = (Py + P3)? = 3, (2.45)
(PL+P)? = (Py+ Py =1,
(Pl + P3)2 = (PQ + P4)2 =1,
Py=—-P — P, — P3,
and the tensors defined with the external momenta become
Prpl
T, — g — 174 ’
1=49 (P - Py)
2 " " [ 1
1y = g (PPXPE = 2R POPSPY —2(Py POPYRY 4 2(P PORSEE ) 4o
(P - Py)pg
2(Py - Py) (P - P
ph = (P, - Py) (P 2)—P22.
(P1- Py)

With this convention, we can express each of these diagrams in terms of the same integral, con-
taining the shortest possible internal momenta. On the other hand, the invariants expressed in terms
of the internal momenta can have an involved dependence on them, and some cancellation may not
occur.

The external momenta convention is the most common, meaning that we express the internal
momenta with respect to the external ones:

Qi = Qi(P) = Ay Pj. (2.47)

While the two conventions will lead to the same result (of course), at higher number of loops,
the internal momenta convention might help the computation of the Feynman integrals with many
propagators, leading to more compact integrals expressions suitable for numerical calculations.
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2.2.3 Applying the procedure
Feynman parametrization

Consider the box diagram (1) in Figure (2.2), and let us adapt our conventions:

Q1="p4 Py =p1 —ps
e P — —_
Q2 =p1 . h = D2 — P1 (2.48)
Q3 = p2 P3y = p3 —pa
Qs =p3 Py =ps—m

as it can be seen in Figure (2.3). The box diagram (2) can be found by crossing t <> u (P <> P3)
from the box (1).

Pr=pi—py 2 =1 Py =py— P = 2 =— Py =-

“00000 QZ L ———2— b P L pOLOOOO QZ P1 ———2— p3
Q1=p4 Q3 = D2 vs. Q1=0 Q3 =p3—p
00000 -——- 00000 -

Py=py—p3 Qa1 =p3 Py =p3—p2 Py=ps Q1=p2 Py=—p

Figure 2.3: Internal vs. external momenta convention.

At one-loop, we can always shift the loop-momentum, such that we can absorb one of the internal
momenta. This is equivalent to set one internal momentum to zero. We choose ps = 0, therefore

pl=pi=0  pi=1,
iemy, iemd, s (2.49)
(p1-p2) = — 5 ,(p2-p3)——T, (pl'p3)—_§'

Instead of using the standard Feynman parametrization of the whole denominator, we can notice
that if we parametrize only two propagators:

1 1 J;n*l
= d 2.50
D()D?f /0 x [Dox + Dl(l — .CI})]”'H ’ ( )

the integration boundary already is the interval [0,1]. Exploiting this relation, we can recursively
apply this parametrization to avoid the explicit change of variables with maps the general boundaries
into the unit 3-cube. Applying this knowledge to the planar box diagram, we obtain the following

integral:
DO—D(), Dz—i—l Djiq 1—$Z)+D1’Z

- /D0D1D2D3 / dx (222 /[ 1] (2.51)

The D} is quadratic in the loop momentum, and it can be expressed in terms of the general
variables defined in the previous section:

det[J(g)] = w023, qy = plrixexs + phas(l — xo) + ph (1 — z3)

2.52
M2 = m? — (1 za)zs, (2.52)
and
2 q2
A1_1—7(1—x2) 5+ —5. (2.53)
mt my

Of course, this procedure is equivalent to the standard parametrization where a particular change of
variable g : C — [0,1]® with Jacobian det[J(g1)] = xoz3 is performed: applying the parametrization
to all four propagators, we arrive at the following structure

det[J(g1)] = w273, ¢} = pllw1waws + phaa(l — 21) + ph (1 — )
(2.54)
M} =mi —p3(1 - @1),
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where we used the following transformation

1‘2(1 — {L‘1)
g :C—[0,1?, g(x)=| (1—ax2) |, det[J(g1)]=z2z1. (2.55)

17223
Of course, it is exactly the previous transformation with the exchange of the variables names x1 — 2,

T9 — x3 and T3 — x1.

A simpler option will be using the external momenta conventions. This will bring the integrals in
a more compact form:

P =p Ql =0
Py=— - _
2=-Ps Q2= —-p 7
Py = —ps Q3 =p3 —p1
Py = =
e Qs=p (2.56)
2 2 2 2 2 2
pi=p3 =0, py=my, pi=mpy,
_$ _ t— m%h - m%{l
b1 p2—2, p1-p3 = B y P2-P3= 5 .
The momentum conservation implies the following kinematic relation:
2p1 - p2 — 2p1 - p3 — 2pa - p3 = My, — mi,. (2.57)

The new momentum flow yields a different expression for the (corresponding) integrals. Of course,
the diagram is completely parametrization-independent, hence it will lead to the same final result.
We define the dimensionless variables:

5 _ 2(p1-p2) p _ b p3—2(p1-ps)

Ps = m% = th y t — m% = m% y
~ 2 2 2 2
4 p3—2(p2-p3) my P my. D
t t t t t t
. 2(pi-p3) . 2(p2-p3)
pt = T2 Pu = S
t t

The general variables defined in the previous section in the external momentum convention are:

(1—=z1)(1 —z3)
91:C— 10,1, gi(x) = T1T2 ,det[J(g1)] = 21(1 — z1),
561(1 —Ig)
@ = —(1 = z1)p} + z1@2phy + (1 — 21)23p5,
M? =mi + (1 - z1)z32(py - ps) — (1 — z1)zzmiy,,
Ay =1—(1—ax1)x129p5 — (1 — x1)2123p1 — (1 — 1) T12203P0 — [1 — (1 — 1) 23] (1 — 1) 2301

(2.59)

Numerator algebra

The Dirac algebra is needed to extract the tensor structure from the diagram. The numerator of the
Feynman diagram is:

N =T |5 (k- ma) v (K=, +me) (- py = p, +me) (B4, + )| (2.60)

We are interested in the tensors A" (p,x), B* (p,x) and C*”(p,x) defined in the previous section.
Hence, after the evaluation of the Dirac trace, the shift of the loop-momentum and the integration
over the odd powers of the integrating momentum, we obtain:
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4(d — 2)g"
pv N7 /I
g 4gl“/ 2
By" = 6m; —2d(p1 - q1) +d(p2 - q1) +d(p3 - q1) + (d — 2)(p1 - p3) — d(p2 - p3)—

—2(d+1)g; +2(p2 - q1) — 2(p3 - 1) + 2(p1 - p2) + 2(p2 - p3) | —

SPHPV 8 v 8 v 4(d+2) v 16 4
_ 21+ 4-- PhDs + 74 pspy — d P’2‘91+37’1q?+

8\ 8 L 8(d+4) ,
+ (4 d> pia) + (4 d) phay + %q‘f%

(2.61)
ARV — g 44 92 . 2 . —m2 . . . —929m?2) —
v =4g" |mi 4 2mi(pr - @) —mi(p2 - q1) — mi(ps - q1) + (p1 - p2) (p3 1 mt)

—(p1-p3) (M +p2-q1 —ai) + mi(p2 - p3) — (P2 p3)(p1 - 1)+
+2p1-q1)(p2-q1) +ai(=2(p1 - q1) +p2 @i +p3-q —p2-p3) — (@) |+

+phpY (8mf — 4(ps - 1)) — 4phat (mf —2(p1-@1) +p1-p2— G5) +
( TR %

+4phay (m7 —2(p1- 1) +p1-ps — i) +4PEpY (M +p2- a1 — q7) —
—4p5 gt (m +2(p2 - 1) +p1 - p2 — GF) +Aphps (—mi +p1 a1 +ai) +
+ 84 qf (3mt2 +2(p1-q1) —2(p3-q1) —p1-p3+p2-p3+ qf) + 4(p2 - p3)Pidy-

Notice that these tensors do not depend on the four-vectors py’ and p4, since they are contracted
with the on-shell polarizations €,(p1) and €,(p2), which are orthogonal with respect to their momenta:

e(pj) - pj = 0. (2.62)

Moreover, after the calculation of the missing box diagram, the complete tensor coefficient C* (p, x)
will turn to be proportional to e.

-

Q1= —p3 Q3= —p

Po=pP2 Qu=p—p3 I3=-p

Figure 2.4: External momenta convention

Applying the same procedure for the box (3) (see Fig. (2.2)), the external momentum convention
(Fig. (2.4)) yields

P =p Q1= —p3
P=— —0
2=ps @ . (2.63)
Py = —py Q3 = —p1
Py =po Q4 =p2 — p3

The change of variables required with this setting is

(1 — 515'1)(1 — 1‘3)
g2:C—1[0,1]%, go(x) = 1T , det[J(g2)] = z1(1 — x1), (2.64)
x1(1 — x3)
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and completing the square, we obtain the shift ¢4 and the tadpole-mass term Ag:

¢y = —x1zoph + w3(1 — 21)phy — p5(1 — 21)
M3 = mi +x3(1 — 1) (2p2 - ps3) — (1 — x1)miy, (2.65)
Ag =1—x1(1 — x1)[w2pr + T3P0 + T22305 + pH, |-

Finally, the numerator algebra will provide the tensor coefficients needed by the master formula
Eq. (2.39).

NY =Tr {7”(% — Py )k +m)V (F —p, +me) (B +p, — py + mt)] (2.66)
CLY = 4gM
By = 49;1/ { 2[(d—4)m*+ps - g3 — 2(ps - q3) + 3 — p2 - ps — 243] + (d+2)(p1 - g3)+

+d(—p2-q3+2(ps-as+a3) +p3— (p2-p3)) —d(p1-p2) + 4(p -m)} +

8 L, 16, 16 y 8 , 4d+2) ,
+(4—d>p’;p3—dp§p1+<d—8)p’3‘p3+(d+4>p5%— (d gl
8(d+2) , 8(d+2) , o v
+ (d Lpsat - (d Lot + 4wl

v v (267)
ARV = 4g* {m? +mj(p2 - q3) — 2mi(ps - a3) — @3 (2m7 +p2 - g3 — 2(p3 - q3) — P3 + D2 " p3) —

—(p1-p2) (M +ps3-a3+a3) + (p1-q3) (—m7 +2(ps - q3) + P53 —p2 - p3 +43) —
—mip3 + mi(p2 - p3) + (p1 - p3)(p2 - a3) + (¢3)° |+

+ 845y (4mi — p3 +p1-p3+p2-p3) +4p5as (2mF — 2(p1 - g3) + p1 - p2 — 263) —
—4Aphqs (m? +p1-ps — a3) + 8phpY (mf — p1- g3 — ¢3) + 4phpY (M7 + ps - g3+ a3) +
+4pia (m} —2(ps - q3) — P3 +p2 - p3 — @3) + 4Phph (—mi +p1 g3 +q3) +

+p5d4 [8 (3mf —pa- g3+ 2(p3 - q3) +p1 - p3 +q3) — A(p1 - p2)] — 4pEPY (P2 - g3)-

Summing the diagrams

The box-like contribution to the leading order cross section is the sum of the box diagrams considered
in the previous subsection:

Méu,ab -9 + N , (2.68)

which lead to the following d-dimensional tensor-structure:

. 2 2 €
vab g M armby [ AT
1 v v v
(1+¢) AY (2—¢) B (2—6)(3—6)0{‘]
dxq det [J —
<), X{ L e N 2.69
ot U )}{(1—&—6) AP 2-¢ B (2-@(3-@05”} . (2.69)
POl ATy AT « Al
(140 48 (2-0 B  (2-9G-0Ck
det [J(QQ)} |: (th)Q A§+€ th Aé+€ + B A; .
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A first check on its finiteness is needed, such that the e-expansion may lead to a meaningful
physical quantity. The e divergent part is proportional to the tensor C**(p, x):

; 2 2\ €
v,ab . g M armny [ ATL

MG a,B=0 = —2—(4@ —v; V1Yo Tr[TT"] (mf ) L(1+e€)x -
2.70

1 v v »

2-¢B-9fCi"  CF cy

dxdet [J(g + + .
/0 [/(9)] c AT T A A

since g1 = g9 = ¢, as noticeable from the calculation of the single diagrams. The expansion of the
integrand up to its finite term yields:

1
6
Méy’ab‘A,B:(J o g/“’/ dx det [J(g)] (6 -5+ €> X
0

x{ — 4(21::) 2 — elog(A1 A1) 4+ O(e2)] 4 4[1 — elog(As) + 0(62)}}

—g“”/oldxdet[J( ) (65+€>

)
-5

{ —2(1—¢) ( ) 2 — elog(A1A1)] + 4[1 — elog(As)] + 0(62)} (2.71)
- gMVA dx det [J (f + e) 2¢ |1+ log (Ai§1> + 0(62)

m\CTJ

+e> (1 +log <A1§1>> +0(e2)]
AQ
AA
1+ log ( A% 1)

which is finite in €, as expected. Here, A1 = Aq|xs, and from now on, the tilde variables will denote
the switch ¢ <> u, which implies p3 — p1 + p2 — p3.

Hence, since the contributions proportional to A*”(p,x) and B*”(p,x) are already finite in €, the
complete expansion will be finite, and it reads:

:g””/ dx det [J
0

1
= 129’“’/0 dx det [J(g)]

+0(e),

. 2 471_/1,2 €
Mpvab — g Qs Ty, v pyrparpb ra
O (47) v2 1Yo T ] m2 (1+€)x

1 N v Tuv v
A1 A 1 Al Al Al
X dxdet [J 12¢"Y |1+ 1o + + =+
f, dncesl (g”{ / g( Al ) 7P (A% RERe
2 By E{“’ By
- = + =+ +0(e).
mt2 ( A1 Al A2 =0 ( )

We first present the case where the top-quark mass is considered to be heavy (m; — oo), which can
be solved analytically in a very compact form. Later, we show how a numerical approach for the LO
amplitude can be exploited.

+ o (2.72)
e=0

Heavy top limit

The heavy top limit m; — oo provides us with a first analytical expression to handle. Before writing
explicitly the top-mass expansion of tadpole masses and tensors, we can express these expansions

symbolically:
1 0 1
Aﬁmﬁw”z”(mf)’

A~ oo aéfl(’fz)mt + a“( )mt +0(1), (2.73)

v v 1

mt
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Therefore, the Eq. (2.72) reads:

. 2 2 €
pv,ab Qs My a b 47(-:“/
M = 2(477)112Y1Y2Tr[TT](mt2> I'(l1+e€)x
! 1
X / dxdet [J(g)]< 12¢"" |1+ M +0 (4> +
0 mt my

1 v ~uv v 4
e | |92y T A (g T a5 (g T
+ (mt) a +a +a m;+

+ [aiv(_l) A+
+2a"_p 01 + 23" 51 + 2ah’ 52} m; +O(1 ))
_ 2 ([b“ N AN N
m2 1,(~1) 1,(-1) T 021
sty + Ty + W

Tuv < v v 1
+bi(_1)61 +b¥( 1)(51 +bg7(_1)(52:| +O (Trﬁ))} +O(€) =
t

(2.74)
_ _gfas miy Te[T°T"] 4“‘ T (1+¢) x
(4m) v2 172 m?
1
x /O dx det [J(g)]{mgW + [a‘l‘:_z) A+ ag;_z)} -
ny Qv
—2[1) TR AR 1)}+
1 v
+ — 12g* (252 — 01 — (51)
(m§)
R R
+ 207" _g)01 + 20 _ 2)51 +2a5 (500 }
ng T v
[bl © T 0o ot
[N T AN T 0fe
FOLE O e 2 | e RO T )
Since the Yukawa vertices contributes with an m?, the integrand has to scale with 5 to ensure the

finiteness of the heavy top-quark limit. The implication of this is that the sum of the leadlng term of
each expanded quantity has to vanish:

129"+ [al gy + gy gy | 2 (W By U] =0 (2.75)

From the explicit mass expansion, we obtain

) - (2.76)
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which satisfies the Eq. (2.75). Hence:

pv,ab -9 Z‘O‘s Y1Y—2
Mg (4m) v?

X /1 dx det [J(g)]{ng’“’(%g — 8, —01)+
0

47 pi?

Tr[TT?) ( ) I(1+4¢€) x

mt

(2.77)

1
v T v 4
[bl ot +b] 10) T by (0)} } +0 <e, mf) .

The explicit expressions for the subleading terms needed are:

W0y = 29" | —4(pr-q1) +3(p2- @) + (3 - q1) + (p1 - p2)—

+(p1-p3) — (p2 - p3) — 5(1%} -
— 2phpY + 2phpy — 2phpy — 6phqi +
+4pYay + 2p5qy + 2ph gt + 1641 Y,
by'oy = 29" |3(p1 - 43) — 3(p2 - ¢3) + 6 (p3 - a3 +a3) +
+p§ —2(p1 - p2) +2(p1 - p3) — P2 'p3}+
+ 4phpy + 2ph vy — 4Apspy — Ap5ps+-
+ 6ph gy — 6pyqs + 12p5qs — 12p5qs, 278)
aﬂ-n = —4g"” [ —2(p1-q1) +p2-q1 +p3-qt
+2(p1 - p2) +p1-p3 — P2 'p3}+
+ 8phpy — 4phps + 4pkpy + Aphai —
—4psq) —4phqy + 24q)q7,
a;’z_l) = —4g"” [(pl q3) — (p2-q3) +2 (p3 “qs + Q:)%) +
+P§ +p1-p2 —Dp2 ‘PS}—F
+4dphpy — 4phps + 8pkps — Aph gy +
+ 4pYah + 24p5ay + 8p5qs + 32¢5 g5 -

The complete analytical expression for the heavy top-quark limit is obtained by integrating w.r.t.
the Feynman parameters (x1, o, z3). After doing this, the final expression is very compact:

(IoR Y1Y2
(4m)

. O " v
=iz V1Y26C. [(pl “p2)g"” — p‘z‘pl]

This last result can also be interpreted as a ggH; H; effective vertex for the low-energy lagrangian:

v,a a 47r 2 ‘ 4 v v
MBS~ o TH{TT") (5 ) T (146 5 [phpt = (b1 - p2)g |
m?2 3 (2.79)

- - & ab 47T,u2 ‘ . uv v
j:gj _ZSW’UQYIYQ(S < 2 ) I'(l1+e) [(pl p2)g p2p1]. (2.80)

2.2.4 LO amplitude in the Heavy top limit
The sum of Eq. (2.27) and Eq. (2.80) leads to the HTL LO amplitude. It has a very simple expression:

. a 4 v i
METL _ _ 5 b\f( il ) I'(1+e¢) [(pl'm)g“ —p‘{pl],

2.81
N ] e I o
- §— mH + im, T'(m J) ’




32 Chapter 2

where the factor x encodes the explicit dependence on the parameters of the model.
The averaged square amplitude will depends only on the Higgs-pair invariant mass v/§, and it
takes the following form:
1 —_— a? k4
_ Miol2 = s v 752
356 2 Mol (4m)204 649° (2.82)

pol

This result is in complete agreement with the literature [32, 54].

2.3 Projecting onto the Lorentz structure

The necessity of knowing e-expansion terms up to the second order leads to consider a different
strategy for the finite top-mass calculation.

Following the same spirit of the calculation of the g¢g* — H amplitude, we can infer the Lorentz
structure behind the process and project the amplitude onto them. The form factors thus generated
can be expressed in terms of scalar integrals by means of the Passarino-Veltmann decomposition [149].

A process involving two gluons and two scalar particles can be decomposed following the tensor

structure
3

T" = agog"” + Z aijpy ;- (2.83)
ij=1

A relation between the coefficients a;; can be found by imposing the transversality of the on-shell
gluons and the Ward identities (Appendix B):

i — v =0
P1u€’(p1) = p2.u€”(p1) ) (2.84)
pLMT“V = p27yT‘U’V =0.

These conditions will fix the tensor structure to be generated by two tensors 71" and T4":

Tll“’ — gul’ _ Z)giplll’
P1 - P2
P3PLPY — 2(p2 - p3)pl % — 2(p1 - p3)Ps Y + 2(p1 - p2)PhpY
(pl 'p2)P2T
2(p1-p3)(p2-p3) o

2
pr = -p
T (pl 'p2) 5

Y =g" +

(2.85)

which are orthogonal in d = 4. However, in d-dimensions the contraction over the tensor indices is
T =d—2, Ty wTh =d—4 (2.86)

The projectors P/ on a tensor T/ can be found by imposing the following conditions:

py — -2 (d-1y”

= A(d—3

Py, =0y = _ (d-2)T¥ 7(d)74)T{“’ (2.87)
2 4(d—3)

The expression of the complete LO amplitude of Eq. (2.22) projected onto form factors is:

Mo = €u(p1)ey (p2) (ME 4 plab)

) ) (2.88)
= culp)es (o) [(FS) + ) T + 0L

which can be expressed in terms of scalar integrals. The Passarino-Veltmann decomposition for the
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triangles will lead to:

a 47 p? ‘
FY) = ~(~ig,)*(i)* (2Tr [T Tb]) o <m2 ) (1 +€)x
¢
3
X Z zY —zS)\ (mt-A( ))
- —imy F(m%{j) A
3
ias mi gy (A’ > 3Yj\j12 (0)
= (S F ]. + € ~ . "4 Y
 (4m) 02 ( m? ( ) z]: (s - m%{} - zmHjF(m%Ij) A (2.89)
_ oy m gy (Amp? (0)
= (471') 2 —0 ( mz > [(1+€)CaAy’,
N, & 3Y; M1
A _ ppv / N On =S i
A V. D Zj:s—m%{j—zmHjF(m%Ij)

where the explicit expression for A(AO) is

— L 4m? 5 O
AD =0, |G te. ) - (725 - 5) Cow.0.8m. .
where

c = ) (2.91)

The Passarino-Veltmann decomposition of the box form factors leads to more complex expressions:

FO = ~(~ig)*(i)* (21v [1°7°)) ! <47”§2>6r(1+e) (—z'%)ngYzAgo)

(4m)2 \ m;

. 2 2 €
10 My ab AT (0)
= — —YY I'(1+¢)A}

(4m) v? 1¥20 < m? ) ( 2 77 (2.92)

A = ZP“” (S ieq.)

where the index j runs over the three independent box diagrams (Figure 2.2).
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™) = 2(d — 3)(m2, m2,, — ti) [

Co (2;07 i,)m%) [8m24(d — 3)(m3y, m¥, — 10) + (d — 4)(d — 2)8(E + ) (i + i — 8m?)] +

N t—m? .
+ Co (0, m3, 1, m3) (ng) [(d — 2)(m}, my, — ta)(m3, +mi, — 8m7)+

+5(d — 4) (2 — 8m?t + m%thHZ)} n

; 2
U —my,

+ Co (0, miy, i, 77) 1 (d = 2)(mfy, my, — ) (my, +my, — Sm?)+
+5(d— 4)(@2 — 8mi+ my,miy,) | +

(t—m3,

+Co (0,,m3;,, m;) ) [(d — 2)(m}y, my, — ta)(m3, +mi, — 8m7)+

+3(d — 4)(f2 — 8m2t + m%hm%{?)} +

U —m? .
+ Co (0, @, m3;,, m7) (0= miy,) [(d = 2)(myy, my, — ta)(m3;, +mi, — 8mj)+

+3(d — 4)(@2 - 8mFa -+ miy,miy,) |+
— Co (8, mYy,,m3,,m;) (d—4) (f+a—8m]) ((t+0)* — dm3; my,) +

2 2 2

— Dy (0,0, m%,,m%,, 3, ,m2) [4m§[2(d —3)8+ 1+ 0 — 8m2)(m2y, m, — i)+

+(d— )5t2(E+ i — sm?)| +

— Do (0,0,m%,,m%,, §, i, m?) [4m§[2(d_ 3)8 + £ + i — 8m2](m%, m%, — fi)+

(2.93)
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AD = _ ! i
2 2(d — 3)(m%, m%, — ta)
—Cy (0,0,3,m3) § [4(d — 3)(m3;,mFy, —td) + (d — 2)(t + a)(t + 4@ — 8m7)] +
. t —m?
— Co (0,m3;,,t,m7) (S) [(d 4)(m3;, my, — ta)(m3, +mi, — 8m7)+
+8(d — 2)(f2 — 8m2i + m%,lm?h)} +
2

(@ —mi,)
- Cy (O, m%h,u mf) % {(d él)(rn[j,lqu2 tu)(m%l + mfb - Smf)—

+3(d - 2)(@2 - 8mFa -+ miy,miy,) |+

)[<d 4) (i, m, — 1) (¥, +mé, — Smi)+
+3(d = 2)( - Smit + m,m¥, )|+

R @ — m? ) 2.94
— Co 0ty 2) L) [ty iy, — Gy + iy, — ) 9D

+5(d - 2)(@2 - 8mFa -+ miy,miy,) |+
+ Co (8,m3;, . my,,m;) (4—d) (t+ 0 —8m7) [(£+ 0)* — 4(m3;, m}, —ta)] +

+ Dy (0,0,m3;,,m},, 3,1, m;) [ —4Am3 (t + @ — 8m7)(m3;, my, — ta)+

m%, m2, — ti
— Do (0,m3;,,0,m%,,t,4,m7) (t + @ — 8m3) l(d—él)(Hl?) + 4m?

}.

These expressions are finite in the physical limit d — 4. Details on the notation of these integrals
can be found in Appendix E. It is important to keep the d dependence since the divergences at NLO
develop second order poles, for which terms of the LO form factors up to O(e?) are needed.

2.4 Leading-Order Cross section

As anticipated in the previous chapter, the total LO cross section is obtained by integrating the
partonic cross section along with the gluon luminosity:

1 2
dL My +m
oro(pp — g9 — H1H3) = / dr —22 61,0(8 = 7s), To = (g, +mg,)”
- dr 5 (2.95)
ALy, [t dx T '
dr_/T ?fg (z, 1r) fo (;MF)-

Notice that the Higgs-pair invariant mass Q% = (m oMy, )2, for the LO amplitude is equal to the
partonic center-of-mass, namely Q? = 5. Same identity occurs for the virtual correction at NLO; this
fact is not true for the real corrections, for which Q% = § 4 £ + 4 (see Chapter 3).

The explicit partonic cross section can be found by squaring Eq. (2.88), summing over the polar-
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ization vectors and integrating over the phase space:

610(8) = CoruxCoym / dPSs| Mo/
(2.96)
2 2

where Cy, takes into account the polarization average. More details on the phase space integration
can be found in Appendix C. Here, Cy,, = 1, since no identical particles lie in the final state, and

1
Cﬂux = 93-

L1 ©) | =(0)]? (02
o10(3) = (2§)(256)/dP82 “FA T ’ +‘F2 ‘

(2.97)
o2 GEmi ot 2 2
o 51;;/ di DCAA(AO)—i—YlYgAgo)‘ + rveAl| }

.
The partonic transferred momentum square ¢ is related to the scattering angle  in the following
way:

v M My T T (2.98)
S S
s
tr=—-(1-XFp)

The LO cross section has been extensively studied in the past decades [54, 130, 131], providing
a total cross section of the order of o0 =~ 10 fb at /s = 14 TeV. As we will see later, the NLO
contributions are significant: HTL NLO is known to increase the total cross section of around a factor
2. Finite top-mass effects will decrease those contributions, as discussed in this thesis in Chapter 5.
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NLO Cross Section

In this section, we describe in detail the complete calculation for the virtual cross section Adyit and
real cross section Adyey for the NLO Higgs-pair production via gluon fusion process. All the diagrams
under investigation are represented in Appendix H.

The virtual amplitude is made of two-loop Feynman diagrams, and it gets contributions from three
classes of diagrams: box diagrams, one-particle-reducible diagrams and triangle diagrams. The 47
box diagrams are grouped into six topologies: topology 1 consists of top-quark self-energy corrections
to the LO boxes; topologies 2 and 3 are the vertex corrections to the LO boxes, containing abelian
and non-abelian corrections respectively; topology 4 and 5 are respectively the planar and non-planar
double-boxes; topology 6 contains the genuine IR divergent two-loop boxes, both planar and non-
planar. The one-particle reducible diagrams can be constructed from the QCD Higgs production
via gluon fusion process where an external gluon is off-shell. For this amplitude, the analytical
expression has been found in Chapter 2. The triangle diagrams are the ones that contain the trilinear
Higgs coupling: they represent the diagrams carrying the signal of the detection of a Higgs-pair
final state produced by a Higgs-decay, while the other virtual amplitudes represent an irreducible
background. The 24 triangle diagrams can be grouped in the same way shown for the boxes: 6
top-quark propagator self-energies corrections to the LO triangle diagrams; 10 vertex corrections to
the LO triangle diagrams, both abelian and non-abelian; 4 non-planar triangles and 4 genuine IR
contributions. It is important to notice that the number of triangle diagrams of the 2HDM is doubled
with respect to the SM, since the off-shell Higgs can be either light (H;) of heavy (Ha).

The real contributions are made of 43 one-loop diagrams where an additional parton is emitted
in the final state. There are three channels that contribute to the real cross section: ¢qq¢ — HjHag,
qg9 — H1Hsq and gg — H1Hsg. Most of the diagrams of the real amplitude can be built from the LO
amplitude where one external gluon is put off-shell. This feature will be relevant in the integration
over the phase space, where such subprocess can be integrated separately from the whole process
explicitly. The latter channel contains contributions coming from pentagon diagrams.

The calculation of the box diagrams represents the most challenging part of this thesis, and a
dedicated strategy to approach this part of the virtual amplitude will be presented.

3.1 Virtual contributions

Following the same form factor decomposition exploited to calculate the LO diagrams, we can conve-
niently project the amplitude on the Lorentz structure.

Mo = eu(p1)en(p2) (1) (1) (MAP 1+ MEyaby

, , (3.1)
= eu(p1)ev(p2) KFE) - Ffl)) T 4 PV }

We are interested in the form factors Fj(l) and F' g), that represent the core of the square amplitude:
the interference of these form factor with the LO ones are the NLO virtual contributions needed for
the partonic cross section.

37
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We start considering the form factor F (1), which gets contribution from the 12 triangle diagrams.
They represent a gauge invariant subset of diagrams which contain the triple Higgs coupling, and the
QCD corrections are completely localized into the single off-shell Higgs production, whose contribu-
tion is already known in literature to be a global factor multiplying the LO form factor. This last
observation tremendously simplifies the estimation of this form factor: F E) is completely determined

by the LO form factor FX)) and a scalar factor C'(§) that has been implemented in specific routines
like HIGLU [150]. Therefore, the triangle form factors can be expressed as:

F =F [1 + (Z:?)C(Q] . (3.2)

The form factors F’ 1(1) and F2(1) get contributions from the double Yukawa gauge subset of diagrams,
which constitute the background process for the trilinear Higgs coupling. They constitute an extremely
relevant part of the cross section since they are proportional to the top-mass. We can start the
calculation factorizing the common factor that occur in each contribution:

F(l)_ - 4 Z ? 'mt 2YY 47[‘#’2 4_d1‘\2 1 5abA(1)
0 (i) (v () s

m

t
2 2 2\ 2€
ai omg g Arp FlI—-el'(1+¢) (1
(@r)? 2 1Y2 ( m? ) (1 — 2¢) Ag ) (3.3)
Ndiags N Ndiags -
AP = O 3 KR | T =02 3 KA, e 2)
1=1 J I=1

The minus is related to the presence of closed fermion loops in each diagram; the §*° is a common
factor that comes from the color algebra, and the additional factor due to color algebra is encoded
into KJ‘?OI; at last, the Yukawa couplings represent a global factor. We also used the substitution:

I'(1—eT(1+e)
(1 — 2¢)

(1 +¢) = + O(€%). (3.4)
With this setup, we have completely factorized out the common factors in the form factors Fj(l)7
and the two-loop contributions are contained in .ZS) For simplicity, when we refer to the form factors

of single diagrams, we will have in mind .Zg}), with diagram number .

3.1.1 One-particle reducible diagrams

There are eight one-particle-reducible diagrams which contribute both to Fl(l) and F2(1). These dia-
grams can be absorbed into a single contribution and its crossing.

The one-particle-reducible diagram under investigation can be evaluated by exploiting the one-
loop gg* — Hj diagram. Since it is easier to express this contribution starting from the amplitude,
we will extract the form factors from the following form:

—id%dg bd
= M (p1,ps — p1)ﬁ/\4;;’;12 (p2,p1 — P3)- (3.5)
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Since we already know the analytical expression of the LO QCD single-Higgs production via gluon
fusion amplitude, we can use it to infer the form factor of M pr. To simplify the expression, we can
make use of the kinematic variables and the momentum conservation:

ia? m% 16Z(11, A\t)Z(72, At)
PR = — s Y1 Vo0% : : ~q31)9"7 — a5107] [p2 - 4319%5 — d51p2,0
Mipr ()2 o2 172 2 (o — po)? [(P1 - 431)9"7 — ¢51P7] [P2 - 4319”5 — G51P2,0]
ia? m? 16Z(71, A )Z(72, Ar)
- _ siyyé*ab ’ ’ . pno Qo . v oV -
(4m)? v? 152 mi(p1 — ps)? (1 ps)g Pz pOgo = pipece) (3.6)
a2 m2 16Z (11, A\ )Z (72, A '
— Zaszﬂgylndab 6 (T;’ t) (72’2 t)M’“’, with
(4m)2 v mi (p1 — p3)

M = [(p1-p3)(p2 - pa)g"" — (p2 - pa)PEPY — (p1 - p3)P4Ph + (P1 - P2)Paps],

where we exploited momentum conservation p; + pa = p3 + p4 to obtain a more compact expression.
Note that Z(72, A) is the function that contains the loop-integrals, and it is already finite: the
projection of M1 pgr onto the Lorentz tensors can be performed in d = 4. The explicit expressions for
the tensors have been shown in Eq. (2.85). Then, we have
1

PIY = ST, (3.7)

The projection of M,,, onto the tensor T}" yields

Pl M, = % [(p1-p3)(p2 - pa) + (p1-p2)(p3 - pa) — (p1 - pa) (P2 - P3)] 68
= —%(m —p3)?(p1 - p2), |

and, recalling the structure of the amplitude given in Eq. (3.3), the first form factor for the one-
particle-reducible graphs is:

AN g = =i 471, M) (72, M) + AZ(r1, M) (72, M) s, (3.9)

where we have taken into account the ¢ — @ crossed diagram as well.
The second projection of M, gives us:
v 1
Py My, = 3 [(p1-p3)(P2 - pa) — (1 P2)(P3 - Pa) + (p1 - pa)(p2 - P3)]
(3.10)
L,
= —5pr(p1-p2)

and the second form factor is:

A or = —i [ AT (71, M) (72, M) (ptp“p_plp?> AT (71, M) (T2, M) (’)t”“p_plpzﬂ . (3.11)
t U
These form factors represent the total contribution of the one-particle-reducible diagrams, which
is thus known analytically.

3.1.2 Two-loop box diagrams

The two-loop box diagrams represent the challenging part of this calculation. It involves two-loop
diagrams with five scale parameters. Since a reduction strategy is prohibitive for such process, we
will approach the calculation with the same spirit we have presented the LO amplitude. In order to

show the calculation algorithm we have used, we present its application on two specific boxes.
Consider the Box 15 (Fig. 3.1). We fix the external momentum convention and a specific change
of variables for the Feynman parameters suited on this particular diagram®. Of course, Box 15

Tt is possible to extend this setup for the whole set of diagrams belonging to the same topology, by mixing the
internal and external momentum approaches. We can fix a routing for the whole topology and modify the external
momenta according to it.
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Pl R
ky
v —- -

Figure 3.1: Ezternal momentum convention for Box 15.

contributes both to Fl(l) and F2(1), but the approach is unified for both projections. The explicit
expression for the j-th form factor contribution of Box 15 is:

Ajis = (0)°(=i) 15

=il; 15,
17 1 (on
Ij1s = P} / S Tr[A (k1) v, A (kr — p1) Y7 Ar(k1 + k2 — p1)A¢(ky + ka2 — p1 + p3)x
ki ko K3 (3.12)
X Yo A¢(k1 — p1 + p3) A (k1 + p2)vu ],

(¢ +m¢)

Ay(q) = AT

t(Q) qg _ m%

From now on, we will call I; 15 a form factor, since it differs from A§~11)5 only by a constant term.

The I; 15 has the usual structure of a Feynman integral, but this time we do not apply a reduction
algorithm, since the complexity of the process with the full top-mass dependence makes the reduction
a prohibitive task. At the state-of-the-art, the IBP reduction has been made possible by considering
the Standard Model Higgs-pair production with fixed ratio between top and Higgs mass. Our aim is
to keep the full-m; dependence along the whole calculation. Hence, we follow a numerical strategy,
applying the same procedure we have shown in Section (2.2.2).

After expanding the numerator of Eq. (3.12), it can be written as:

Nji15(k1, k2)

L5 = 3.13
71 key ko D1D2D3 Dy D5 Dg D7 (3.13)
where
D1 = k’2 - m2,
D (li +kt p1+ps)t—mi Ds = (k1 = p1)” =i,
2 = (k1 2 — P1 3)" —my,
t Dg = (k‘l +p2)2 — m%, (3.14)

D3 = (ky + kg — p1)* — m7,

2

D7 = k2.
Dy = (k1 —p1 +p3)* —mZ, 2

The Feynman parametrization of I ]“ 15 has to be applied on each subset of propagators depending
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on k1 and ko subsequentially. The quantities involved in the Feynman parametrization are given by

Njis(kr — qi5.1, k2)
_] 15 = /k2 D> / dxs det 915)} /kl (k% — Q%571 — M12571)63
CC2(1 — CCl)
(1 — 1’1)(1 — 1'2)
gis ¢ C— [O, 1]5, 915(X) = $1(]. - $3)(E4 s det[J(g15)] = I:{)(l — Il)dig(l - 1?3),
.’L‘1(1 — .’L‘g)(l — .”,(14)
T1X3T5

Q151 = (1 —x1)k2 — (1 — z123)p1 + poz1xses + [(1 — x1)w2 + 21 (1 — 23)24]p3,
M125,1 =m? +2(1 —x1)(ka - p1) — 2(1 — 21)xa(ko - p3) — k3 (1 — 21)+
— (1 — 1)z + 21 (1 — 23)24],

Q15 1+ M15 L =m; —k3(1— 1)z + 221 (1 — @1)ko - {wspy — z3wsp2 + [w2 — (1 — @3)m4]p3}—
— ta:lxg[(l —x1)x2 + 21(1 — x3)x4] — Gxr2325[(1 — 1) 22 + 21(1 — 23)24]—

— szyxsrs(l — 2123) — myy, [(1 — 21)ze + 21 (1 — 23)24)[1 — (1 — 21) 22 — 21 (1 — 23)34].
(3.15)

The integration over k; involves rank-6 tensors, and the following identities are needed for factor-
izing the tensor structures of solely loop momenta:

k2 — M2 d k2 M2’
/ k,ukl/k.pk,a(kQ)oz _ guygpa +gupgua _|_guagup (k.Q)oc+2
L k2 M2 d(d+ 2) L k2 —

/ k‘uky(k2)a g,uzl (k2)cx+1
k (3.16)

The general rank-a« tadpole integral has the analytical solution written in Eq. (2.35), and it allows to
express the integral in terms of a sum of its rank terms:

3
I'6—a-—
Ij,15 — Z(_l)((i—a) (
a=0

l\')\&

()
JTla+s )/OldX5det[J(g15)]/k Bris(k2) _ (3.17)

6—a—2
() 2 (q%5,1+M125,1) 2Dy

[NisH

The integral must be parametrized one additional time. Before applying the parametrization, the
denominators have to be slightly rearranged, such that they assume the desired form:

Q%5,1 + M125,1 = —x1(1 — x1)Ds. (3.18)

Hence, the integral we are considering is

(o 5—a—2 ~(q
Bify(ks) T(1-a-%) [ zg "2 BiS(ke)
6—ad d da:6 2 a4’ (3.19)
k2 D;Dg = 2 L6 —a-3)/Jo ke (K§ — a5 0 — M5 5) 2
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where
9:C—=1[0,1], glxe) =1, det[J(g)] =1,
q15,2 = —336{]91553 + p2r3xs — ps[ﬂcz - (1 - 963)3?4}},
M125,2 = ﬁ{mf —txya3[(1 — x1)xo + 21 (1 — 23)24] — G2 2375[(1 — 1) 20 + 21 (1 — 23)24]—
— sw1x32s(l — x123) — m%h [(1—21)xe +21(1 — z3)z4][1 — (1 — 21)22 — 21(1 — 23)24]}.
A15:x76{1+pxzx(lfx:c — (1 —x1)z326)— (3:20)
(1l — ) sL1L3L5 173 1)T3T6

— l‘ll‘gﬁt[(l — xl).’L‘g(l — .’L‘ﬁ) + (1 — $3)$4($1 + (1 — xl)xs)]—
— 12325Py[(1 — 21)22(1 — 26) + (1 — 23) 24 (21 + (1 — 21)26)]—
— pl{l’g(l — 1‘2) — ’131(1 — 21‘2)[1‘2 — (1 — 5133)1’5] — l‘l[flfl + (1 — xl)wﬁ][azg — (1 — $3)$5]2}},

~ x6

Ay = ————Ags.
B =) h

Finally, after the integration over the loop momentum ko, the integral I; 15 gets the following form:

P PN S T NGRS GRS

0,8=0 L(§)r(4)

) / - )] P75 det[J (g15)] B2 (x)
6 _5_d

E N (3.21)
=Y (_1)(77%5)1“(3 —a—B+2)T(a+HI(B+92) )
=0 L(E)T(3)
X /1 dx za(l = x3)x§_EBJ(}O{’56) (x)
o O - ay)pead e PR

The Aq5 is always positive for x € [0,1]% A p; < 4, hence below the top-mass threshold the tadpole-like
mass term is well-defined. Moreover, no further divergences do arise from the numerator.

There is still the possibility that I;15 develops a singular behaviour on the boundaries of the
integration region. Such terms are the source of the ultraviolet divergences. Since the aim is to arrive
at an expression which can be integrated numerically, a particular treatment is needed to single them
out.

3.1.3 Extracting the singularities

The singularities of the form factor under consideration come from an interplay between the integration
over the Feynman parameters and the S-rank integrals. The highest possible rank for I; 5 is 6, from
which follows the constraint o + 8 < 3.

Divergences arising from the integral come from the following terms:

1 B(C‘f’ﬁ) (ZE )
15 1
I 15]aiv C / dxq I for some £. 3.22
J | 0 x,f7276(1 _ x1)5,€ ( )

(

The numerator Bﬁ’f) (z1) has a polynomial dependence on z7 that may influence the divergency, so
it must be taken into account. Hence, [; 15 diverges in 1 = 0 for § = 3 and in 1 = 1 for § > 1.

An additional constraint on diverging (-rank tensors can be set by taking into account the nu-
merator. Purely ko tensor integrals have at most 5 < 1: higher S-rank tensor integrals comes from
the shift of the first loop momenta k; — k1 —¢15,1. Each shift introduces a (1 — ;) on the numerator,
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which cancels against the denominator (1 — x1)%~¢. This fact implies that the divergences have the

following form:
1 1
f(z1) f(z1)
Ij15]aiv C {/ dei——2, [ dx — - 3.23)
sl 0 1 0 (1—a@p)t= (

and it also ensures that there can not be simultaneous divergences in both the integration boundaries.

The idea for extracting the singular behaviour of the integrals is the so-called end-point subtraction:
manipulating the numerator, it can be arranged such that it converges faster than the denominator
on the boundaries. The strategy is to add a clever zero in the numerator:

/1d 1f(lafle) :/ 1( ) / (wl);f(o)

0 Ty T Ty

fEO / f(O) (3.24)
[

J O f<1>
T
0

1—mq)t—e €

The convergence is facilitated by noticing that f(z1)— f(0) is the Taylor series of f(z1) starting from
the second term, proportional to x7.

An additional source of ultraviolet singularities comes from the Gamma function which multiplies
Eq. (3.21) when a+ 5 = 3:
1T(1+ 2e¢)
2 e
This is a completely independent behaviour, which can happen simultaneously to the poles coming
from the integrals I i5|qiv. Therefore, I;15 develops second order poles in €, that have to cancel
against the real corrections. For later purposes, notice that

I'(2€) = (3.25)

F1+el'(l—e
I'(1 — 2e)

(14 2€) = +0(€). (3.26)
Once that every ultraviolet divergence has been singled out, the form factor I; 15 can be e-expanded
and its coefficient will be suitable for a numerical integration.

For the kinematic regions above the top-pair production threshold (p; > 4), threshold singularities
enter the game. These kinds of divergences can be prevented by introducing an imaginary mass
regulator to the top-mass, which acts as a parameter for the analytical continuation of the form
factor:

m? — m2(1 — ie). (3.27)

For small values of ¢;, the dependence of the form factor on ¢; is completely negligible, and it
ensures the finiteness of its real (and imaginary) part. But, as we can expect, the numerical stability
gets lower when ¢; decreases. To avoid integrations with high statistic, integration-by-parts represents
an useful tool to decrease the power of the denominator, at the price of increasing the number of
integrands. A single integral with = 8 = 0 occurring in the form factor can be written as:

(n) _
I] 15 —

1 x2rs(l —x B(.O’O)’(n) X
2/ dxg ] 3( 3)3 g5 ( ) (3.28)
0 Aty

Focusing on a single parameter, A5 has at most a quadratic dependence on a Feynman parameter
and a linear dependence on x5 and xg. Integration by parts on such parameter yields:

1 1 !
(n) flzs)  f(O)  f(1) 1 f'(xs5)
UATE /0 dzs (aws +b)3  2ab?  2a(a +b)? + 2a/0 dzs (azxs + )2 (3:29)

Therefore, when a denominator of an integrand is linearly dependent on a Feynman parameter, it
is convenient to apply integration-by-parts such that the power of the denominator decreases. The
numerical stability will be significantly increased.
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Figure 3.2: External momentum convention for Box 45.

3.1.4 Infrared divergences

Infrared divergences come from a particular set of diagrams, belonging to topology 6. They are
characterized by the rescattering of a virtual gluon emitted and reabsorbed by the initial state gluons
(Fig. 3.2). The explicit expression for the j-th form factor is

~ 3.ab) . . My \ 2
Ajas = — (-25 b) (i)*(—i)® (ﬂf) Y1Yal; 45

'37n2 ab
= —157;5 Y1Yol, 45,
1.45 — P,gu/ /\gpn(ph —k2 — P1, kQ))\gna(pQ, —kg, ]{:2 — pg) y (330)
" T Sk ks k3 (k2 + p1)? (kg — p2)?

X Tr [y, Au(k1 — p1)Ac(k1 — p1 + p3) A (k1 + p2)veAe (k1 + k2)]

NALH2HS (1) Do p3) = gMH2 (py — po)3 + gH2H3 (py — p3)Ht 4 gHHs (pg — p )2
Expanding the form factor, it assumes the usual structure of a Feynman integral:
Njas(k1, k2)

Tjas = 3.31
” k1,k2 D1D2D3D4D5D6D7 ( )
where ) )
Dy = (k1 —p1)° — mg, )
Dy = (k1 — p2)* — mj D5 = i,
2 = (K1 —p2)” —my,
Yo, De=(ketm) (3.32)
D3 = (k1 — p1 +p3)” —mj, )
2 9 D7 = (k2 — p2)”.
Dy = (k1 + k2)* —mj,
Below, we summarize the quantities coming from the Feynman parametrization of I} 45:
First integration
(1 — .’L’l)
9151 :C = (0,1, gusa(x) = | z1(1 —22) |, det[J(gss51)] = 2320,
T1X2T3
Qa5 = (1 — z1)ko — z120p1 + 21 (1 — 22)p2 + T1 22733,
Mfm = m? -(1- $1)/€§ — x1x973t, (3.33)
Gis1 + M35y = mi — 1 (1 — 21)k3 — 221 (1 — 1)k - {wap1 — (1 — 22)pa — mowaps} — sziwa(l — x2)—
— tr12073(1 — 2122) — Wrtwons(l — 22) — miy, T12223(1 — 212223)
Gis1 + M35, = —21(1 — z1),
hence
> d dy 1 = (0)
«aF'd—a—-ST(a+ ¢ det[J B = (ka)
Ij45 = Z(—l)a ( . gd) ( 2) / dxs [ (94541_)(1_2 / 4]_,15_g (3.34)
a=0 (E) 0 [x1(1 — x1)] 2 Jko DsDs 2 DeD-
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Second integration

T4Ts

gas2 : C — |0, 1]Sa 945,1(X) = (( I—u5 ) , det[J(gas5,2)] = (1 — 3”4)95%7

1-— l‘4)$5$6

qas2 = (1 — 25 + z2x425)p1 — [w425(1 — 22) + (1 — 24)T526]P2 + T2237425D3,

M2 — T4T5MI 3 Sx1$2x4x5(1 — o) 3 ~Tox3wax5(l — x122) 3
45,2 1'1(1—1'1) (1—1’1) (1—$1)
o m@ararans(l — o) 2 Tox324%5(1 — T1T23)
(1—3?1) Lk (1—1’1) ’
Ay = L{m — 1z [12024(1 —x2) + (1 — 21)(1 — @5 + 2ozgws){we (1 — 1) + 24(1 — 22)} ps—
Il(l — Il)
— T1T2X3%4 [1 — 1T — (1 — 1’1)(1 — 5 + ’JJQI4I‘5)] pAtf
— 21222324 [£1(1 — 22) + (1 — x1)25{(1 — x4)x6 + 4(1 — 22)}] P,
— 12223241 — X1 @23 — (1 — 5!71)%2563334955][)1}7
~ Ts
Ays = - ml)A45’
(3.35)
hence
2 d d
I _ Z ( 1)7—a BF(3_Q_B+2€)F(Q+§)F(/B+§)
e r(r)
O‘?B:O 2 2
(3.36)

a’/B
] B](',45 )(X)

1
X / dxg [azi’fﬁ%(l — x1)1—6+e$2(1 — :E4):Uifa+6$§7€ o Biae
0 A45

Even if it can develop UV divergences, their treatment is completely analogous to how it has been
presented before. Hence, in order to focus on the analysis of the IR divergences, we set a =0, 5 =0
and factorize the x4 from Bj(le’g) (x):

L4n+e p(0,0)

1 (1 — $4)$4 i 45 ()24, .21?4)
I d J . (3.37)
7,45 X /0 T4 (aa:i + bZL‘4 + C)3+2e

where the new index 7 has been introduced to take into account a potential x4 factor coming from
the numerator. Moreover, the quadratic dependence on x4 has been made explicit. Its roots for ¢ # 0
fall outside the integration domain, so we focus on the case where x4 = 0 and ¢ = 0. At last, X4 is
the set of Feynman parameters with x4 excluded.

The quadratic formula can be rewritten as

Ays = azt+brg+c=c(l+r_zy) (1 +rixy)

b dac (3.38)
rL+ = 270 1+ 1-— 1)2] y

where a, b, ¢ are generic coefficients of a polynomial of the second degree in x4 In the limit of ¢ — 0:

b ac b .

ry(c) ~ 7<1+f> ~y- = limry =oo,

c b2 c c—0
(3.39)
(c) ~ §(E>~ Y = limr. =2
O \B2) 0% 0 T T
The behaviour of Ays in the limit of 24, ¢ — 0 is exactly what we can expect from the heavy-top limit of
this amplitude. The reason behind this lies in the universality of the infrared singular structure. From

the heavy-top limit of the form factor, it is known that only the coefficients b and ¢ give contribution to
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the IR structure. Therefore, by subtracting the limit, we have found for Ays is equivalent to subtract
the heavy-top limit form factor from it.
The explicit subtraction yields:

1 B0.0) 4 L B0 (4 0
Ij’45 0(/ d.’I}4 (1 _ x4)xi+n+6 4,45 ( 4 4) 5,45 ( 4 )
0

(a3 + bry + c)3+2¢ [e(1+ Lag)] 3+2

B(U:O) %4,0 1 b —3—2¢
+]745(4)/ dl’4 $}1+n+6(1 — .I4) <1 + CIL’4> .
0

(3.40)

c3+2e

The latter integral can be integrated analytically, involving the integral representation of the hyper-
geometric function

['(c) L —b-1 -
F; b:c;2) = —————— dt t 1—-1%)° 1—z2t)7%. 3.41
oFi(abieis) = pppog [, a0 =0 =) (3.41)
Therefore:
1 —3—2¢
b IF'2+n+e) b
d 1JrTHEI— 1+ - = —— S5 3+ 26¢2 -3 —— .
/0 Ty Ty ( x4) +C$4 F(3—|—77+e)2 1 +26,2+n+€3+n+¢€ c

(3.42)
By exploiting the properties of the hypergeometric functions, the divergence can be factorized from
o Fy:

oF1(a,b;¢2) = fm(—z)_agﬂ (a, l—c+a;1-b+ a;z_l)
+ ggz))l;((i : Z; (—2)"bFy (b, 1—c+0b1—a-+b; z_l)

4

ugFl <3+2672+77+€33+77+6;—C) _

IF'B+n+e)
CT(—14n—€) feyd2e . c (3.43)
—W(g> 2F1(3+2€,1_77+6,2_7’]+6,_5)
T2+n+e)l'(1—n+e) re\2tnte c
b F (2 0 — e ——
T(3 1 2¢) (5) oA (2rntetn-c—g)
T(n—1—¢) re\3+2e _ o c
~ o= () eR(ri-urazonra—)
F2+n+el'(1—n+e) (E)2+7I+E
T'(3 + 2¢) b

where 9F(a,0;c;2) = 1. The latter expression is suitable for an analysis of the pole structure.
Plugging Eq. (3.43) in Eq. (3.40):

F(n—l—e)gFl(3+26,1—n+6;2—7}+6;—%)+
F(T}—G) p3+2e

+F(2+77+6)F(1—77+6) 1
I'(34 2¢) b tntecl—nte J |

Ij,45 |poles OCB](&? (&47 O) {
(3.44)

While the hypergeometric and Gamma functions in Eq. (3.44) are regular for every other n, the
singular behaviour of the form factor shows up for n = 0 and n = 1. The latter case is a pole
generated by a gamma function, for which no subtraction is needed. The n = 0 divergence originates
from the term ¢'~¢, for which an end-point subtraction is needed. For this, we need the explicit
expression of ¢, which is
c=—psr1(l —21)(1 — 25)x6. (3.45)
The divergent part of o = 3 = 0 added of the form factor I; 45 is:

0,0) /4
ziwoxs p e > BJ(',45)(X470)

1— x5)1+€xé+€ h2+e ’

Ij,45|poles C (—1)_6F(2 + E)F(l + 6) /01 dXa (( (346)
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which develops poles for x5 = 1 and g = 0. Since these two divergent behaviours can happen
simultaneously, a proper subtraction term is needed:

/ dx5dx f(zs,x6) / dsdre flas,xe) — f(1,26) — f(x5,0) + f(1,0) N f(l,O)_

1+ex1+€ (1 _ x5)1+exé+€ €2

! { / PILE x6>l+€f<170> N / g 1@ 0) = F(1,O)
0 Tg 0

€ (1 —x5)lte

(3.47)

Therefore, Box 45 can have e 2 and € ! poles. It can be shown that an additional pole can arise from
the remaining dependence on x1, xo or x3, but it is properly canceled after summing all the diagrams
belonging to topology 6.

Finally, after the end-point subtraction of all the divergences arising from the loop integrals, the
finite part is numerically integrable. However, the presence of a threshold at v/ = 0 GeV makes the
integration-by-parts technique an essential requirement to achieve a stable numerical integration.

3.2 Renormalization

The NLO form factors have a divergent behaviour for the physical limit € — 0. From the previous
section we know that both ultraviolet and infrared divergence appear in the amplitude, leading to a
definite pole structure that we have singled out explicitly.

Infrared divergences cancel against the real corrections. Ultraviolet divergences have to be renor-
malized by choosing a renormalization scale and scheme and adding the proper counterterms. Dif-
ferent choices of renormalization would not affect the physically relevant quantities if we were able
to perform the calculation at every order of the perturbative expansion. Since we truncate the series
at NLO, we end up with a renormalization-dependent result. The variation of the renormalization
scales and schemes is useful to estimate the theoretical uncertainties arising from the truncation of
the perturbative series expansion.

Every parameter involved in this calculation possesses a running with respect to the energy of
the process. These quantities are the strong coupling constant oy = as(ur) and the top-quark mass
my = my(pR)-

In the whole calculation, we have considered these parameters as bare quantities (o and my ),
which lead to the usual divergent behaviour of higher order contributions. A UV finite result can be
achieved by considering the renormalized quantities:

meo = my — 0my + O((Smt?)

) (3.48)
a0 = a5 + dag + O(dai).

The counterterms dm; and da, have a scheme and a scale dependence. All the renormalization schemes
are designed to cancel the UV poles coming from the NLO amplitude against the counterterms.
Different scheme choices will only lead to different finite parts.

We start by considering the on-shell (OS) renormalization scheme for my: the quark propagator
can be written as ;

P— Mo — X2(p)

The term ¥(p) contains all the one-loop contributions to the quark propagator. We also have
explicitly shown the relation between the bare and renormalized propagator.
Expanding the renormalization constant up to the first order:

iGa0(p) = = 1Z2Go,r(p)- (3.49)

7
P — meo — Xa(p) + dop — damyp
)
P —mu+ dmy — Sa(p) + Sap — G2y
1

:Zé—mt—ER(Zﬁ)'

ZGQ R(p)

(3.50)
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The on-shell condition for the top mass is translated into the two following conditions:

Sp(my) = 0, ﬁpzm\ 0 (3.51)

p=m

which fix the conditions on dm; and d2. Since we are only interested in the mass counterterm, its
explicit expression in the OS scheme is

omy o« 47m2 ‘71 4

which has a non-vanishing finite part. Alternatively, the MS counterterm has the following explicit

expression
dmy Ol <471',uQ>6 1
— = I'l+e¢)| — | —. 3.53

)~ @ T\ ) (3:59)

where u; denotes the scale of the running top-quark mass.
For the ag counterterm we will use the MS scheme. It is designed to cancel only the poles and
universal finite constants. The expression for the five active massless flavour QCD is (N; = 5):

bas  as (drp?\© 11C4 — 2Ny
— = (1 - 54
a (47T)<u%> ””{ 3¢ (354

Since we have to add the divergences due to the top-quark involved in the calculation, the MS scheme
is modified by adding the missing pole:

5025 = % <4;g2>6r(1 +e) [—HC"‘ _:i(Nf + D] . (3.55)

The MS scheme is mass-independent scheme. The remaining top-mass dependent term depends
2
logarithmically on pgr, namely it is proportional to log Z%t The presence of such terms might break

R
the perturbative expansion, since these logarithms can be large depending on the energy region. The
way to avoid such terms is to decouple the top-quark from the running of as. This procedure leads to
the following counterterm:

Sas  as [(4rp\° 11C4 —2(Ny+1)\ 1 2 I
— = (1 — “+Zlog (2. :
Qg (4m) ( ph ) (1+€) [ < 3 € + 3 % m? (3:56)

where the finite term tames the logarithmic behaviour introduced by the MS scheme.
Since we have considered the input parameters of the calculation to be ”bare”, we have to express
the form factors in terms of the running parameters:

Fj(as,0,m0) = FJ.(O) (as + das,my — dmy) + Fj(l)(as,mt)

o oF© orF"” .
o~ Fj( Nae,my) + 5043T.jés(as,mt) - JmtT;%(as,mt) + Fj( ) (ovg, my)
sa, smy ,OFY (3.57)
= 1} s me) + = F (e ) — 2W:m33—;@<a§, me) + FD (0, my)

= F;O) (os,my) + FJ.(CT’l)(aS, me) + Fj(l)(as, my)
—a
— F (g, me) + F (g, me)
where the linearity of F:”/(«y) with respect to as has been exploited. The terms proportional to dos

and dm; contribute to the NLO form factors, and they correspond exactly to the UV counterterms
that cancel the UV divergences of the NLO form factor shown in the previous section.

(0)
i
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The da counterterm has been prepared to cancel the divergences that appear as external vacuum
polarization diagrams. This contribution can be found by considering the massive vacuum polarization
diagram (Appendix G) in the on-shell limit. It provides the following contribution

as [ Arp?\°© 21
1, OF (0 = - 25 () T+ 03, (3.58)

and calling d,, = I, (0) + 55;, the complete counterterm plus external self-energy contribution for

O is
as [Amp?\°© 11C4 — 2N\ 1
5ast(O) (s, my) = —@ < M% ) F(1+e) <3f) EFJ‘(O)(%,mt)
4 (3.59)
F 20,02 2\ 2¢ 2
(0) _da; my (Amp 9 11Ca —2Ng\ [1 Uh _
S Fy 7 (s, my) = im)? o2 (m% ) I'“(1+e¢ (3 . log m2 Aj.

Moving the discussion to the top-mass counterterm, we set

Smy 40 Fj(O)

0

5thj< ) (ag, my) = _QT% M (s, ). (3.60)

Therefore:

. 9 2 2\ 2€
(0) il mg 9 A 1 4 0A;
o FO (g my) = 2% My yir2(g i) la—oa + 24 61
b anom) =275 0+ 0 (T ) (T g) [0 -0+ 58] o
and

F](CT’l)(as, me) = 5%Fj(0)(as, mye) + 5thj(O) (ovs,my). (3.62)

Notice that the form factor of the MS counterterm is the same, but without the factor 4/3 coming
from the OS part.

Since we know the heavy-top limit behaviour of the form factors at NLO, we can exploit the
universality of the infrared structure to build a term containing the infrared singularities. The NLO
form factor in the heavy-top limit can be written as,

T(1—¢) (4mp®\“| 6  11Ca —2N; 2\ ¢ 0
FO () = 2 S =ATST (B ) 11422 F9a, 3.63
wre; () (4m) (1 —2¢) \ -8 €2 + 3e -5 | B ), (3.63)
and summing it with the ag counterterm, we get
ia? m2_  T(1—eT(1+e) [dmu®\>
SirFy(as,my) = — =5 —EV1Y, ( A )
(4m)2 v (1 — 2¢) —§ (3.64)

12 6, (-3 3
X [2 — 2 log (2) +3log? (‘2) —224 274 AP,
€ € m; m;

where we used the following replacement:

N(1—eTl(1+e¢)

M(1+e€ — T —20)

(3.65)

This term encodes the infrared behaviour that is common both for the HTL form factor and the full
my dependent one.

This last term, once added to the virtual form factor Fj(l), will lead to a finite result which can be
integrated without numerical issues, like instability or diverging behaviour.

3.3 Virtual cross-section

The form factors of the partonic process gg — H1Ho at NLO QCD get contributions from the box
diagrams, one-particle-reducible diagrams and triangle diagrams. Each diagram has been processed
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by the calculation strategy presented in the previous section, and the form factors Fj(l) are found by
summing the whole set of diagrams.

The UV finite virtual contributions to the cross section Fg-l) is still IR divergent. However, the IR
divergent part of the form factor with the full m; dependence is the same as the HTL one. This fact

implies the following:

—(1 a
F§ : FH%L,j

0 0
GO

~ O(), (3.66)

which means that they have the same IR pole structure. Hence, we define

—=(1 1 —(1 1
e e

RY =4 x 2 (3.67)
J (0) (0) (0) (0 7’
Fi7 o Farey A7 At
such that the virtual cross section split into a finite part dovm and divergent one dopypy:
Ovirt = 5§§«t + OHTL- (3.68)
Therefore, the virtual cross section is:
Fyiet = CoymCrux2Re / aPS:Ca [ (CaFY + F") (CaF + FV) + B OFD]
~ fin ol GEmy . 0% L0 0% L0
O—\f/iirt = (47_‘_)3 32F7T§5 /t* dt|: A +Y12Y22 ‘Ag )’ Rg ) +Y12}/22 ’A(2 )‘ Ré )
+ V1,00 A0 A (R ( HR“)}
(3.69)
A aj G%mf ! AHTL A 0) AHTL 1 0) AHTL 2
THTL = (4 1)3 32752 /t, dt{ ’ 40 Y ’A ‘ AQ YV ‘A2 ‘
HTL,A TL,1
—(1) —(1)
x A A
FYn A AY [ Aina A )]
AHTL A AuTLa
It is useful to define the ratio between the NLO mass effects and LO partonic cross section:
olin
Chass = 2Re [Avm] ) (370)
JLO
such that the virtual mass effects to the NLO cross section become:
dL
Aoyiry = 471_ /7—0 dng-LO(TS)Cmass- (3'71)

Let us stress that oy, contains IR divergences, but they will cancel against the real corrections,
once that the phase space integration is performed.

3.4 Real corrections

Figure 3.3: Kinematic conventions for the real amplitude
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The missing piece to complete the calculation is the real corrections to the cross section. They
consist of one-loop diagrams with an additional emission of a massless parton in the final state. The
integration over the phase space will lead to IR divergences which will cancel against opTr, coming
from the virtual correction.

There are three channels for the real corrections: q¢ — H1Hsg, qg — H1H2q and g9 — HiHag.
The number of generic diagrams amounts to 43, plus the reversion of the fermion flow. For the first
two channels, only triangle and box integrals are needed. For the last channel, there are pentagon
integrals involved.

Finding the Lorentz projector is not an easy task: for the gg — HjHag there are 14 form factors,
and building 14 orthogonal tensors and projector can introduce overcomplexity into this calcula-
tion. The approach exploited is to immediately square the total amplitude, without performing any
projection onto their tensor structure.

Let us introduce the actual calculation by considering the following kinematics (Figure 3.3):

5 =2p1 - p2, = —2p1 - p5, U= —2ps-ps

3.72
§+t+uz(p3+p4) = Q? (3.72)

3.4.1 Heavy-top limit

To illustrate how the procedure has been done, let us focus on the gqg — H1 H2g process in the heavy-
top limit. This process can be built from the effective vertices we have calculated in the Chapter 2.
The triangle contributions are:

Zgo’p ' . )\j12)
—13—— | X
P1+PQQZ P1+P2—p5) m%j ( v

. s 4 2 €

Ma = v(p2)y7u(p1)e;, (ps)(—igs)

3mv 2 (3.73)
= * iasgs ab 3}/j/\j12 471—:“’2 ‘ }(£+ ﬂ) o pg(pl +p2)“
- ’U(pQ)rYpu(pl)e,u(lm) 3102 4 - Q2 — m%{] m% F(l + 6) 2 s 9"+ A )
and the box one is
= o “ . 190
Mo = v(p2)y U(PI)EM(PS)(—ng)m
L O o [ 4T 2\
X [_13 Y1 Y56% (g) L(L+¢€)[ps - (p1+p2)g"” — PE(p1 +P2)“]] (3.74)
T m;
_ * Z’O‘sgs ab 4‘71—/~L2 ‘ 1 (£+ ﬁ') pg(pl +P2)“
_U(pg)'ypu(pl)e#(pg,) 302 1) ( m% > F(]. + 6) |:2§gﬂp + .

This contribution already shows a feature that occurs in all the channels: there is a common factor
dependent on the couplings that can be factorized. Hence, we define

V= Z ( 3% AJ” ) —Y1Ys. (3.75)

The sum of all the diagrams leads to the following amplitude:

= * 10sGs g 47 pi? ¢ 1 tA-l-’LAL P + H
./\/qu:v(pz)’ypu(pl)eﬂ(p5)\f37rg ) b( m’; > (1 +e) [2(§>gup+ps(Pl§P2)], (3.76)
t

Let us evaluate the square amplitude explicitly. Since the polarization sum gives a factor?
€u(ps)€en(ps) = —guw, and the spin sum gives us

> a(p1)vev(p2)t(p2)ypu(pr) = Tr [pﬂppl%} (3.77)

spins

2Since there is only one external on-shell gluon, the Ward identities grant that we can work in the pure Lorenz gauge.
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the square of the tensor structure yields:

1(t+a) ph(p1+p2)H] [1(E+4a) ,  pE(p1+ p2)
T pe] |5 e+ B [ B

- T im0+ 1 [y | = 52— ana - 319

2 +a  (t+a)?
= —€ .
B B

Therefore, the averaged square amplitude is

032 4226 2442 74 q)?
S M = 5% F(“;) r2(1+e)[ +iat L +A“)], (3.79)
m

81w 7 3 E3

pol,spin

For completeness, the HTL square amplitudes for the other channels are

32, /4 2261“21 22 | n2 a2
3 ‘MHTL _ o F< m;) ( +)e> [s +£u +e(8+£“>},

oo 27w m; (1—¢€ —
T e ey el Tla-o° . —4eQ?| .
120\ m3 (1—¢)? sta

pol,spin

A little side note on the gluon-gluon channel. The sum over the polarization must be done on the
physical polarization states: the QED Ward identities do not hold for QCD contributions with triple
gluon interaction. Therefore, the sum has to be restricted on the physical polarization, namely

Hov VoM
. , | PLDY A+ ik
> en(pr)eu(pr) = —g" + A ;l.pl . (pr=0) (3.81)
T

pol

where p, is an auxiliary momentum such that p; - p, # 0. If one would like to not introduce these
additional tensors, the external ghost contributions have to be considered. The square amplitude of
these contribution will cancel the unphysical degrees of freedom contributions from the gluon-gluon
amplitude. We have chosen to sum over the physical polarization by introducing the additional tensor
of Eq. (3.81). Further details for the polarization sum are presented in Appendix C.

3.4.2 Full m; dependence

The full top-mass dependence contribution requires the evaluation of one-loop Feynman integrals.
Since the Feynman integrals appearing into the real correction are at most of rank-5, we have applied
the Passarino-Veltmann reduction to the amplitude and, in a second step, we have prepared the square
amplitude to be integrated over the phase space.

We chose to not reduce the tensor integrals down to scalar ones. This strategy is aimed at
obtaining manageable expressions and localize the possible numerical instabilities due to small Gram
determinants. Such instabilities are more severe in the gluon-gluon channel because of the presence
of the pentagon integrals involving many Gram determinants. We have preferred to decompose the
integrals in the internal momentum basis (see Chapter 2) in order to keep the length of the expressions
under control. The coefficients of the Lorentz tensors are Feynman integrals of rank up to 4, and
they depend only on the scale parameters, i.e. the kinematic invariants and the masses. We will
not present the calculation in details, since it has been completely automated, and the procedure we
exploited is in the end completely analogous to the LO amplitude one. We present the strategy with
the ¢qq channel as an example:

igs mt ab 477—:“ - * v
Mgy = (5250 () D+ Gotoalntpn)e s A (3.52)
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> ----- b3
P15

Py 090000 )———- - - - - - P4

Figure 3.4: Infrared divergent diagram belonging to the qg channel.

where K; encodes the normalization, remaining factors and the dependence on Aj12, Y7 and A;” Y is the
j-th Feynman integral. Taking the gauge-invariant triangle subprocesses as an example, the internal
momenta basis for A;-L Y reads

A=) Cooig " ¢} . + > ek (q - gm)Cin
ik ikim
+Coog"™ + > d'afCax + Y _ d'qfCi (3.83)
ik ik
+ gM Z B(()B) - Z ¢'q; Bij + g" Ao,
7 ik

where ¢; are linear combinations of the external momenta. More details on the structure of the
coefficients of Eq. (3.83) can be found in Appendix D.

In the actual calculation, the Eq. (3.83) drastically simplifies thanks to the presence of massless
particles, Ward identities, same propagator mass in the loops, and in general with low number of
scales. The coefficients of the tensors are known by means of standard recursion relations. Once
that the projection of the amplitude on the internal momentum basis has been applied, we take
the modulus square of the result and the spin, polarization and color average. This constitutes the
building block for the real cross section.

The generation of the amplitude and the PV reduction has been performed within Mathematica.
We have used the libraries FeynArts [151] and FeynCalc [152] to perform the algebra and the square
amplitude function, that later on has been exported in Fortran subroutines. The evaluation of
the tensor integrals has been committed to the package LoopTools [151], which has a Mathematica
interface that has been extremely useful for internal crosschecks.

3.5 Real cross section

The square amplitude is now ready to be integrated over the 3-particle phase space. As for the virtual
correction, we split the real corrections in a finite term and an IR divergent part:

’Mz]‘Q - ’M%TL 2
(Miol®  [MEG"P?

= (IR finite). (3.84)

which expresses the fact that the ratio between the matrix elements and the Born term of the square
amplitude and its heavy top-quark limit possess the same IR structure.
Defining the IR safe quantity

(Muol*  IMEGHP

it is possible to express the cross section as the sum of IR divergent and IR safe terms. Therefore,
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the partonic real cross section 6;;(8) reads:

|MHTL2

5:;(Q%) = [ dPSs || Mro|*R") + Mol —— s
7ij(Q%) 3 LO Lol AT 2
LO (3.86)

ij

= [ apsy [|MuolR0] + o

The &ETL will cancel against the 61, coming from the calculation of the virtual cross section.

A clarification on the meaning of the ratio R(") is necessary. Since the two processes do not share
the same number of external legs (and so the kinematic invariants), the 3-particle phase space has to
be projected on the 2-particle one. The IR behaviour comes from the soft and collinear limits related
to the emission of the additional parton since each parton is massless. From this simple argument
follows that the pentagon topologies can not generate IR divergences: the massive loop prevents both
limits to occur.

Therefore, we can give an explicit example by looking at the diagram in Figure 3.4. The structure
of this diagram shows an explicit factorization into a quark-flow and a LO box diagram with an
off-shell gluon. The LO box represents the 2 — 2 subprocess onto which the 3-particle phase space
needs to be projected. The factorization reads

fr(p1;ps) R
Mgy D T;Mﬁé(pmpz;pg,m% (3.87)
15
where the tilded momenta have to be defined, according to the embedding we are aiming at. They
will be linear combinations of the external on-shell momenta with the coefficients depending on the
kinematics.
For the incoming particles, the transformed momenta are

gL PP PP P2 Dy Q*

P15 = p1-p2 1T P (3.88)
Py = D3,
and the outgoing ones are
2psa- (K + K =~ 2p3a- K ~
155,4:]95,4_ ( = )(K+K)M+72 K*,
(K + K)Q K (3.89)
K* = plf + v — p}, K" = ply + .

Further details on the factorization of the 2 — 2 phase space out of the 2 — 3 can be found in Ref.
[60].

The phase space integral has been built such that the LO factor factorizes (Appendix C.2), and
the integration over the 2-particle phase space factor can be performed, obtaining the following result

6:5(Q) = / aPS; || MioPR™)| + afT™

0. [Ldz ) (3.90)
= @) /m — 010(28)Di; ().
The coefficients D;; have the following structure:
Dyg(2) = dgq(2),
2\ €
Dqg(z) = dgg(z) — ZZEIF((;__;G)) <4Zé; ) Pyg(2), (3.91)

2 T(1—¢€) (4mp?
1-=2

Dgg(z) = dgg(2) — ;F(l ~20) M%

)6 Pyy(2) +6[1 — 2% 4 (1 — 2)% [log(l_z)] R
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The coefficients d;;(z) contain the top-mass dependence of the partonic cross section, and they have
an already-known heavy-top limit:

m o0 2
dyg(z) ™7 32 3,

27
m [e.o] 2
dgg(2) 2% §z2 —(1-2)% (3.92)
me o0 11
dgg(2) = = (1= 2)°.
The functions Pj;(2) are the Altarelli-Parisi splitting functions:
414 (1-2)2
Pog = 37 .
3.93)
1 1 33 — 2Ny (
Ppy =63 |—| +-—242(1- 1— )22
9 6{[1—z]++z + 2( z)}+(5( z) G ,
and .
F:s = £ =81 =2) [ a2 ) (3.9)

is the plus prescription.

Notice that there are still some residual collinear initial-state singularities located in the coefficients
of the splitting functions. These divergences can be absorbed in a redefinition of the bare NLO gluon
densities located in the gluon luminosity.

We would require a term that cancels against the initial-state singularities, acting as:

N . Qs 1 T'(1—e) 47r/ﬁ% ‘ . .
lup) =61 — 22 [ de |- Pi(2) + K , .
OR, ](NF) Oij (471') / z |: % F(l o 26) < ,u%‘ ](Z) + j,FS(Z) ULO(ZS) (3 95)

where K ps(z) are arbitrary functions of z that fulfill the momentum sum rule. It is possible to show
that such term arises from the renormalization of the partonic distribution functions. Recalling that

1
i =/ dzidza fg0(z1) fg0(22)0ij(z12228), (3.96)
0
the bare gluon densities can be renormalized in the following way

o 1 T(1—e¢) [4np®\©
s iy (55) P Kaars| © S

foo() = folz, pr) +

o i (3.97)
s 1 I'(1 - A2\ € .
(ZTF) {_261“((1 —266)) < Zg > P9q+K9q:FS] ® fo(z, pr),
where g

The functions Kj;rs(z) can be fixed by choosing a factorization scheme. The simplest choice is the
MS scheme, which sets these functions to zero everywhere: K;;rs = 0. Therefore,

s 1 I(1— A2\ ©
Zﬂ) 2er((1 - 266)) ( Z; ) [Pyg @ fo(@, pr) + Py ® fo(z, pr)] .- (3.99)

In conclusion, the finite parts of the real contributions to the cross section are
1 1
« dLl dz .
Aogg = —(4;) /TO dTg djg /m 70Lo(273)qu(z),
1 1
« Ll dz .
Ay = 75 / 0 quzq: S /m Z610(275)Coq(2), (3.100)

as [1dc Lz
_(47T)/T dr djg Lo?aLO(ZTS)ng(Z)’

fg,O(‘/E) = fg(J:aMF) + (

0
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where

Coq(2) = dgg(2),
2

z u
Cyq(2) = dgq(2) — §qu(z) log (7’5(1 ﬁ Z)Q) ’ (3.101)

Co(2) = dyg(2) — 2Py (2) log <ﬁ> L6+ 2t (1 2)Y) [log(l - "")} -

1—2z



Chapter 4

Numerical integration

In this Chapter, the technicalities related to the numerical integration of the quantities found in Chap-
ter 3 are presented. The main ingredients are: the Vegas algorithm [66] for Monte Carlo integrations
and the Richardson extrapolation [153]. The Vegas algorithm is an adaptive method to drastically
decrease the numerical error on the integration, keeping the statistics under control, based on the
importance sampling. For each form factor, a relative statistical error of 10~° has been required.

The Richardson extrapolation is a method to obtain the value of a function in a specific point by a
proper linear combination of its values on a set of points. It will be employed in the extraction of the
differential cross section with narrow width top quark from non-zero widths differential distributions,
intended as the ”1limit” e, — 0 (defined in the previous Chapter). In this context, it can be seen as the
analytical continuation of the differential distribution in ¢, = 0. The convergence of the Richardson
extrapolation will be discussed in detail, and some explicit examples will be presented.

The Richardson extrapolation, together with the trapezoidal rule, will be also exploited to integrate
the differential distribution in order to obtain the total NLO cross section.

4.1 Integrating the Box form factors

The procedure described in Section (3.1) provides form factors depending on the Feynman parameters,
the Higgs-pair invariant mass § and the transferred momentum square ¢, the top-quark mass m; and
the two Higgs masses mpy, and mpy,. The threshold singularities corresponding to the production of
two on-shell top quarks have been regularized by introducing the regulator ¢;.

In the context of this work, the virtual differential cross section is the sum of the interferences of
the LO and NLO form factors:

do diags diags diags
~fin /A ~ ~ ~(k ~(k ~(k
T@(TS) = 0yt (8) = 6an + 614 + Xk: a(m) + Zk: agl) + Zk: 052), (4.1)

where &Z@ is the partial partonic cross section constituted by the interference of the (total) LO form
factor ¢ with the NLO form factor j belonging to the diagram k. We recall that for the virtual

contributions, § = Q2. Each term has the following structure

i+ 1
(k) /A ; k) s
O'Z-(j)(S,Et) = /t dt/o dSx Il-(j)(t,x), (4.2)

where x are the Feynman parameters and t* is defined in Appendix C. Each integral depends on at
most 6 parameters.

The integration leads to logarithmic divergences which only cancel in the total sum; this will lead
to strong numerical instabilities. It is possible to tame the behaviour of the integral on the boundaries.
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Notice first that

T g IWE %) + IV (4, x
e - (t—t7) (t —17)

where we exploited the relation between the kinematic variables § + ¢ + @ = m%h + m%{2 (see Ap-
pendix F). To avoid numerical instabilities, the following change of variable will smooth the conver-
gence of the integral:

t—1- dt
=lo , dy = —— 4.4
y=log = Y= (4.4)
and the integral becomes
O o [V dy [ (k)

/g— dt 1;;7(t,x) = $pr /y_ i —i) L7 (H(y), x) + 1 (ﬁ(y)ax)} - (4.5)
We have to regulate the behaviour of the boundaries since the change of variables of Eq. (4.4) moves

the lower boundary to y~ = —oo. Introducing a technical cut-off € it reads
i —1)e B o — (- i) (4.6)

After the change of variable £ = #(y), the integration boundaries becomes

_ t+ —t- tt—t7)(1—¢
y~ = log %, yT =log ( )2( ) (4.7)
m; m;

M|

A last change of variable will turn the integration domain into the unit segment:

_ _ 1—¢
y=y +" —y)er,  dy=log——drz (4.8)

so that it can be treated like an additional Feynman parameter. The integral becomes:

(B) 1—¢\ [! . .
al(f)(s,et) = sp> <log = > / d®xdzxy [IZ-(JE) (t(x7),x) + Ii(f) (u(m),x)] , (4.9)

0

A regulator can be introduced for each Feynman parameter, in the same manner as depicted in
Eq. (4.6), and by introducing a cut-off regulator €; for each parameter z;, the convergence is even
better. This brings the contribution to the total cross section to become

xT; — € + (1 - 26})1’1', dr; — (1 — 252).561
\
N X (4.10)
~(K) (o w2 - , (k)7 (k) (o
o (8,€) = spr <log - ) H(l — 261)/0 dxdxy [Iij (t(x7),x) + I (u(mﬁ,x)} .

7

The numerical integration of each (Afg;)(é) has been performed using a Monte Carlo integration
method based on the VEGAS algorithm: it reduces the integration error through the importance
sampling, aimed at optimizing the sampling in the integration region that contributes the most to
the integral. Consider a function f(x) that has to be integrated between 0 and 1. The numerical
integration can be written as

1 1 X
|| vt = 5 3w =), (@.11)
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where x,, comes from a uniform distribution. If x,, comes from a distribution g(x) instead, it is
possible to show that

/Olf(x)d:rz]ifiﬁgzs =E, (f), Varg(f):E<§j> 2 <§>’ (4.12)

where g must respect the following requirement

E(f) =Eq(f). (4.13)
It is easy to show that:
g(x) = j& = Vary(f) =0. (4.14)
Jo f(x)dz

Since it is not possible to choose this distribution at numerical level, it will provide a simple way to
reduce drastically the error by concentrating the distribution around the bulk of f(z). Therefore, a
preliminary integration of f(x) with uniform distribution will provide an estimation of the distribution
g(z) that will be used to integrate f(z) with an increased precision. The process can be iterated as
far as the aimed precision has not been reached.

The VEGAS algorithm has been implemented in the Fortran code XVEGAS, and it has been run
on the computer cluster, which granted us access to 4000 CPUs for a maximum runtime of individual
jobs of 96 hours.

The energy bins chosen for the integration run from 270 GeV and 2500 GeV, with a scan of 25 GeV
around the threshold region (Q = 245 GeV for m; = 172.5 GeV in the OS scheme), 50 in the region
500 — 1500 GeV and two additional bins in the tails at 2000 GeV and 2500 GeV. For all integrations,
the Feynman parameter regulator has been set to € = & = 10™%. The top-mass regulators have been
set to the values ¢ = 0.1 - 2% with k = {1,---,8}, with two additional values (k = —1,—2) for the
bins around the threshold. The reason for this will become clear later.

For each integral, a number of 10 preliminary samplings with lower statistics have been generated,
and this leads to an optimization of the integration method. The number of sampling points has
been adapted for each form factor to reach the ideal statistical error (5(75?) ~ 107°. Due to limitations
related with the size of the calculation, we choose to split the integration on multiple random number
seeds, and combining the single estimates for each seed afterwards. For the majority of the form
factors, for the regulators set to ¢ > 0.4 and € = ¢ = 107%, two runs with number of sampling
points N ~ 10® can be combined to obtain the aimed precision. The lower ¢; and the higher invariant
Higgs-pair mass @2, the lower is the convergence of the integration and the numerical stability: for
e = 0.1 and @ > 1000 GeV and for the whole tail the differential cross section distribution, 50 runs
were needed to achieve 501(]]?) ~ 1075 for topologies 1, 2, 3 and 4 and up to 1000 for topologies 5 and
6 (diagrams depicted in Appendix H).

All the runs have been performed a total of 4 times: one with the top-mass in the OS scheme,
setting its value to 172.5 GeV; the other 3 times considering the top-mass in the MS scheme. For
these last runs, we performed the calculation with 7,(7;) = 163.0 GeV, m,(Q) and m,(Q/4). Since
these last three runs have a role into the estimation of the uncertainties related with the top mass
scheme, a simplified energy scan has been chosen, keeping the same energy range but, with half the
number of bins.

As it is clear from this picture, the integration of the virtual form factors represented the bottleneck
of this calculation, with a total running time of around 9 months in more than 2000 CPUs.

4.2 Richardson Extrapolation

The imaginary part ¢ introduced in the top mass as m? — m?(1 —ie;) plays the role of a finite width
of the top quark. In accordance with the literature, we consider the top quark in the narrow width
approximation, which induces us to take the limit ¢ — 0. Since we build a numerical setup, the
”limit” is not a viable option, and the numerical integration for ¢, < 10~2 becomes highly unstable.
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The way to take this ”1limit” in our numerical framework is provided by the Richardson extrapola-
tion method. Consider a function f(h) depending polynomially' on h. We are interested in its value
for h = 0 knowing it for A = hg and h = 2hy. Expanding f around h = 0:

F(ho) = £(0) + ho'(0) + O(R}) w1
f(2ho) = £(0) + 2ho f'(0) + O(h{)

Combining the two expressions:

£(0) =2f(ho) — f(2ho) + O(hg)
) (4.16)
RiExg 5o [f(0)] = 2f(ho) — f(2ho)

where we have introduced the RiEx,, p,[f(0)] to be the Richardson extrapolation of f(0) with n nodes
and pivot node hg. One more example with three node yields

£(0) = 318 (o) — 6£(2ho) + F(4ho)] + O(13)
Y (4.17)
RiEx3 5, [£(0)] = %[Sf(ho) —6f(2ho) + f(4ho)]

The key feature of the Richardson extrapolation is that the error is inversely proportional to the
number of nodes. Beyond a certain number of nodes, the extrapolation reaches a plateau where the
approximation can not be improved further.

Coming back to the virtual differential cross section 6§§t(§), the role of the variable h is played
by the top-mass regulator €;. The pivot value for €; has been set to different values depending on the
energy region: for () between 300 GeV and 350 GeV, we set ¢; = 0.025; for ) between 375 GeV and
475 GeV, we set ¢; = 0.05; for all the other energies ¢, = 0.1. The reason for choosing different pivot
with respect to the energy region will become clear later.

For each of the energy bins, a 9-nodes Richardson extrapolation for each form factor contribution

&gf)(é, €¢) has been performed:

m+8
RiExg2m0.025000 (3,0)] = Y ea60(3,27-0.025),  m={0,1,2}. (4.18)

n=m

Since the plateau region is reached already for 4 of 5 nodes for almost all form factors, increasing
the number of the nodes may lead to an underestimation of the error, which decreases with the number
of nodes. In order to obtain a conservative extrapolation, the error associated to each extrapolation
has been chosen to be the difference of the extrapolations with 4 and 5 nodes. To conclude, the
Richardson extrapolation leads to the following narrow width approximation of the differential cross
section

&Z(]k) (§, 0) = RiEXg’Qm.O,QQ() [&Z(Jk) (§, 0)] i 2@(m) RiEX572m_0A025 [&Z(Jk) (§, O)] —_ RiEX472m.0A025 [&fjk) (g, 0)] 5 (419)
where
1 for m=4{0,1
O(m) = ' {01} (4.20)
0 otherwise

It is designed to include a factor two when lower regulators are considered, in order to obtain a
conservative estimate of the error around the tt-production threshold. The Richardson extrapolation
error will be quadratically summed with the statistical error coming from the Monte Carlo integration.
These errors represent the complete statistical uncertainties introduced by the numerical setup at the
differential cross section level. An additional Richardson extrapolation will be applied to obtain the
integrated total cross section.
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Figure 4.1: Richardson extrapolation of the narrow width my of the NLO 2HDM HyHo production
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is the contribution & Upper panels: Richardson extrapolation of the narrow width

approximation of RzExn ho[ )] for different pivots and number of nodes; middle panels: relative

errors for each bin; lower panels: deviation (in per-cent) between RiExg 1[0, (- )(s 0)] and all the other
extrapolations.

4.2.1 Convergence of the Richardson extrapolation: two examples

An analysis of the Richardson extrapolation for specific cases will clarify its convergence behaviour.
The notion of convergence will be identified with considering the following sequence and convergence
ratio:

IRiExp, by — RiIEXp_1 1, |

RiE
( 1 Xn,ho)ngg’ R,iEXn_l,ho

Op = (4.21)
The sequence will be considered ”quickly” convergent if 6, < 1% for n > 5 and d,, < 0.1% for n > 8:
in other words, if the estimated error is below the percent level and the plateau of the extrapolation
is reached starting from the 7-nodes?.

It can be shown that an 8-nodes Richardson extrapolation with pivot value €; = 0.2 does not satisfy
the criteria expressed in Eq. (4.21) for many box diagrams and energy bins, i.e. its convergence is not
sufficiently good. This fact brought us to consider the 9-nodes one with pivot ¢; = 0.1. The RiExg .2
is anyhow useful for two reasons: at first instance, its computational requirements are small compared
to the RiExg 0.1, of about one order of magnitude less in runtime; in addition, RiExg 2 can be used
as a test of compatibility with RiExg 1 since the 8-nodes Richardson extrapolation is affected by a

!The polynomial requirement is demanded for having a good convergence of the method.
2These criteria are mostly empiric.
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larger statistical error, and the central value of the 9-nodes one will likely falls within its error band.

The box 47 (Appendix H) is an infrared divergent diagram that has been extensively run such
that the statistical error is negligible for this purpose (around the per-mille level). The convergence of
the Richardson extrapolation for the complete contribution of this box to the differential cross section
can be better understood in Figure 4.1. The upper panel shows the differential distributions with
different widths and the Richardson extrapolations of the narrow width approximation with different
nodes; in particular, it shows how good the convergence of the extrapolations becomes once more
nodes are considered. In the lower panel it is shown the convergence of the extrapolations around

RiEx,0.1[d5; "

(5,0)], which has been taken as central value.

In more detail, the behavior of the Richardson extrapolation can be better understood by looking
at the single curves. The yellow curve represents the partonic cross section evaluated with regulator
€ = 1.6, the green represents the one with regulator ¢, = 0.8, the blue represents the one with
regulator ¢; = 0.4. It is visible how the different partonic cross sections tend to approach a ”limit”
distribution, until the red curve starts to be indistinguishable from the upper curves. The latter ones
are the partonic cross section with regulator ¢, = 0.1 and various Richardson extrapolations with
different nodes and pivot. The Richardson extrapolation that takes into account all the curves we
have described here is the RiExs .1 (light green curve in the left plot in Figure 4.1). In this case, the
difference between the Richardson extrapolation and the pivot value ¢; = 0.1 (grey curve) is about the
per-cent level, and its robustness has been checked by varying the pivot and the number of nodes. The
lower panel in the left plot shows that, setting RiExg 0.1 as expectation value, a 4-nodes extrapolation
already introduces deviations of around the per-mille level, and an 8-nodes Richardson extrapolated
falls within the statistical error of the estimated value (including its Richardson extrapolation error),
and it is completely indistinguishable from RiExg 1. For the majority of the bins, the RiExg .1 has a
sufficient fast convergence such that it can be considered the most robust estimate of the differential
cross section.

The right plot in Figure 4.1 shows a case where the pivot ¢, = 0.1 may be not enough for a
reliable extrapolation. The differential distributions for different regulators do not show a manifest
convergent behaviour on the RiExg g 1, since its deviation from the pivot value ¢ = 0.1 (grey curve
of the right plot) in the threshold region is more than 25% in the peak. In addition, RiExg 2 and
RiExg 0.1 are not compatible within a standard deviation, a hint that pivots closer to ¢, = 0 have to
be taken into account. Therefore, to test the reliability of the Richardson extrapolation, additional
regulators have been introduced: ¢, = 0.05 and ¢ = 0.025. The addition of these new regulators
is very expensive from the computational point of view since Monte Carlo integrations with many
sample points have to be considered®. However, the ¢ = 0.1 curve still offers a reliable Richardson
extrapolation for @ > 500 GeV and @ < 300 GeV. The black curve, namely the distribution with
e, = 0.05 (right plot of Figure 4.1) adds a 10% to the grey curve in the peak region, which attests the
beginning of a convergence to some curve. There can be shown that RiExg .05 and RiExg 925 reach
their plateau value and the deviation between them is lower than their respective errors. Therefore,
the RiExg 0.025 has been chosen to be the expectation value for the bins @ = {300, 325,350} GeV,
RiExg .05 the one for @ = {375,---,475} GeV, RiExg . for all the other bins.

4.3 Total Cross Section

The total cross section is found by integrating the differential distribution built with the partonic cross

section 6§f)(§, 0). The numerical framework that has been setup in the previous section is suitable

3For our setup, the number of sampling points were the same; to accomplish the aimed precision, the multi-seeds
structure of the code has been exploited. For problematic boxes, hundreds of seeds have been combined.



Numerical integration 63

for the trapezoidal rule:

n—1

Q
Ao =2 [ QRO 40 — 5q @) +23(Q +j6Q)
j=1

Q- dQ?

dAonLo

dQ?

dAonLo

(Q- +j0Q)*)+
(4.22)

dAonrLo

Q. @) + 0w
= AonLo(6Q) + 0(6Q),

where Q) is the step size of the energy bins. The trapezoidal rule introduces a dependence on §Q),
and an error proportional to §Q?. The analytical integration, in the spirit of the Riemann integral,
is reached in the limit when the width of the steps §dQ goes to 0 and their number goes to infinity
simultaneously. Since the two quantities are related, the limit dQQ — 0 is sufficient to describe the
continuum limit.

We can assume a polynomial dependence ansatz on 6@, such that the limit @9 — 0 can be
extrapolated by the Richardson extrapolation:

onLo = RiEx, sg[Aonpo(0)] + O(6Q™ 1), (4.23)

Different pivot values have been selected depending on the region. Empirical arguments have shown
that for the threshold region, namely for 300 GeV < @ < 700 GeV, a 25 GeV energy scan must
be considered in order to achieve a Richardson extrapolation which converges sufficiently quick; for
the remaining energy bins, a 50 GeV scan has been chosen. This energy scan grants a Richardson
extrapolation of the NLO total cross section with an error below the per-mille level. The remaining
region 260 GeV < @ < 300 GeV can be integrated by using the Boole’s rule with 5-points, achieving
an error comparable with the other method.
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Chapter 5

Results and Discussion

The method presented in the previous Chapters has been applied and studied extensively in Refs.
[68, 69] for the SM case, where mp, = mpg, = 125 GeV and Y; = Yo = 1. The 2HDM neutral scalar
Higgs-pair production will be treated in a future work. However, the arguments presented in this
Chapter can be generalized to the analysis of the 2HDM case.

In this last Chapter, the major outcomes of the works discussed in this thesis are presented.
The PDFs considered in the calculation are the PDFALHC and MMHT2014 sets [154, 155]. The NLO
differential cross section in the HTL [32] will be compared with the full-m; dependent one, and cross-
checked with the first calculation [47, 144]. The mass effects become sizable for increasing values of
the Higgs-pair invariant mass.

Three main topics will be discussed in detail: the size of the uncertainties due to the top-mass
renormalization scale and scheme, the proper top-mass renormalization scale choice for the main
Higgs-pair invariant mass regions and how to combine the top-mass uncertainties with the state-of-
the-art calculation [156].

5.1 SM Differential and Total cross section

The addition of the virtual and real contributions constitutes the differential cross section, which

reads
dz dLij; R
i + 2 61.0Cij(8, 2)

Q°

(5.1)

AoNLO o as(ﬂR) d‘cgg ~ R
dQ2 = pp dr ULOCmass(S)

3

T= T==

For the SM calculation, we have set mpg, = mpy, = my = 125 GeV and m; = 172.5 GeV.

As discussed in the previous Chapter, we provided the result for Higgs-pair invariant mass from
250 GeV to 1500 GeV with steps of 5 GeV for 250-300 GeV, of 25 GeV from 300 GeV to 700 GeV,
and 50 GeV for the rest. To have control on the tail of the distribution, additional bins at 2000 GeV
and 2500 GeV have been included. The Richardson extrapolation has been performed with 9 nodes
with pivot node ¢; = 0.025 from 300 GeV to 375 GeV, since the presence of the OS top-mass threshold
had bad impact on the stability of the integration, making the convergence slow. For higher energies,
we choose the pivot at ¢, = 0.05 up to 475 GeV and pivot ¢, = 0.1 up to 1500 GeV with 9 nodes.
The multi-seeds approach has been extremely useful to obtain the total statistical and Richardson
extrapolation error at per-mille level.

The NLO partonic cross section has been implemented into the program Hpair [32], already
used to derive the NLO HTL cross section. The PDFALHC and MMHT2014 PDF's are used to obtain
the numerical results [154, 155]. The distributions we provide are built for centre-of-mass energy of
/s =14, 27, 100 TeV. The renormalization and factorization scales have been set to ugr = pp = %
We present the comparison between the NLO distribution of the full top-mass dependence against
the LO and HTL calculations, which has been studied in previous works [32].

In Figure 5.1 the differential distribution of the invariant mass of the Higgs-pair system is shown.
The finite top-mass effects introduced by the virtual contributions (the green line) have a huge impact
on the differential distributions, leading to a -20% deviation with respect to the HTL starting from
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Figure 5.1: Differential cross section distribution for the NLO SM Higgs-pair production at 14 TeV.
Left panels: result with MMHT2014 and bin-by-bin K-factor; right panel: result with PDF4LHC PDF and
bin-by-bin ratio to the HTL. Black line: LO calculation; blue line: NLO HTL calculation; yellow line:
NLO HTL + reals with full m; dependence; NLO HTL + virtuals with full m; dependence; red line:
full NLO calculation, with renormalization and factorization uncertainties included as red band. Here
mug = V3§ is the Higgs-pair invariant mass.

@ = 1000 GeV. This deviation becomes even larger at centre-of-mass energies of /s = 100 TeV,
with a decreasing of -40% when the real corrections are taken into account (red line). This behaviour
does not show up for Higgs-pair invariant masses around the threshold region, since this is the region
of validity of the HTL approximation. The red band represents the scale and scheme uncertainties,
estimated as an envelope of the differential distributions evaluated at ur = ur = Q and ug = pr = %
They amount to around 15% from the central value at low Higgs-pair invariant mass, and decrease
to around 10% in the tails. It can be shown that the bulk of the mass effect to the NLO K-factor is
carried by the continuum diagrams (the ones that do not contain the triple Higgs interaction), that

can be used to describe this process within a deviation of at most 5%.

Vs (TeV) oxvo (fb) Vs (TeV)  ouw (fb)
13 27.73F158% 13 32.51115%
14 32.81115-5% 14 38.65 1157
27 127.0M5 7% 27 156.21772%
100 11407107 100 15211157

Table 5.1: Total cross section for SM Higgs-pair production. On the left, the full top-mass dependence,
on the right, the HTL calculation. The numbers in the brackets are the numerical errors.

The total cross section has been calculated by means of a numerical integration. The Richardson
extrapolation of the trapezoidal method offered a reliable numerical integration: as already mentioned
in Chapter 4, the numerical integral of the differential distribution can be treated as a function of the
bin size, and its value at vanishing bin size can be extrapolated with the Richardson extrapolation.
This strategy has been adopted for @ > 300 GeV. For lower value the Boole’s rule with five nodes
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Figure 5.2: Same description of Figure 5.1, with \/s = 27 TeV and /s = 100 TeV

has been considered.

The procedures yield the total cross section depicted in Table 5.1, together with renormalization
and factorization scale uncertainties. As we can infer from the comparison between the left and
right tables, the top-mass effects have decreased the total cross section with respect to the NLO
HTL approximation of around 15% [68]; the inclusion of the top-mass effects has reduced the scale
uncertainties too. These cross sections show complete agreement with the literature [144].

5.1.1 Dependence on the trilinear Higgs coupling

The NLO total cross section of the Higgs-boson pair production is the key to access the trilinear Higgs
coupling Asp. We recall [23] that the total cross section has a proportionality relation to the trilinear
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Higgs coupling close to the SM value
Ao Alsg

_—~ —

o AsM

(5.2)

Therefore, the sensitivity of the Higgs-pair production total cross section can be probed by varying the
trilinear Higgs coupling. The study of these variations can be also interpreted as due to BSM effects
to the trilinear Higgs coupling. They can be treated systematically by considering the SM Lagrangian
with dimension-6 operators in the scalar sector only [157]. A more general approach including all
dimension-6 operators has been studied up to the NNLO HTL [158-160].
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Figure 5.3: Total Higgs-pair production as function of the trilinear Higgs coupling in units of SM
coupling. The centre-of-mass energy is fized to /s = 14 TeV (left), /s = 27 TeV (right) and
Vs =100 TeV (down). The PDFALHC15 PDFs have been used and the renormalization scale is fixed
to Q/2. The error bars are statistical uncertainties combined with the Richardson extrapolation error.

We have studied the behaviour of the NLO total cross section of the Higgs-pair production process
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with respect to Agg in units of SM coupling Agy. It can be expressed as follows

AsH Ao\ 2
UNLO:€71+U2)\87MJFU3 >\87M (5.3)

In Figure 5.3, the dependence of the integrated Higgs-pair production cross section with respect
to the Higgs self-coupling is presented. The parabolic behaviour of the curves in the upper panels
is distorted by the logarithmic scale of the y-axis. The minimum of the full NLO total cross section
is shifted from 2.4 to 2.3 SM units w.r.t. the HTL calculation [23, 32, 161]. The NLO mass effects
amount to 10-15% with respect to the HTL. The sign of the correction changes in correspondence to
the passage from constructive to destructive interference between the box and triangle diagrams in
the form factor Fl(z). The meaning of constructive and destructive interference for Fl(z) is manifest in
the HTL [54, 130, 162], and it can be seen in Eq. (3.79) and (3.80).

g9 — HH at NLO QCD | m, = 172.5 GeV | MMHT2014

22+ g9 — HH K-factor —— \/s=13TeV -

fr = Hp = Myp/2 — Vs=14 TeV
gg b e OTL — /s=27TTeV |
—— full NLO /s =100 TeV

Ao /AT

Figure 5.4: K-factor comparison between the different full NLO cross sections and the HTL one as
function of the trilinear Higgs coupling in SM units. The error bars represent the statistical uncer-
tainties.

The Figure 5.4 gathers all the NLO K-factors for different collider energies. The dotted lines
correspond to the HTL K-factors, the solid ones to the full top-mass dependence NLO K-factors. The
top-mass effects increase with the collider energy in the constructive interference region (Asg < 0),
ranging from 10% to 15%. As it is clear from the behaviour of the solid curves, the top-mass effects
introduce a strong dependence on the trilinear Higgs coupling, including a change of slope for Agpy > 1,
where the interference between box and triangles becomes destructive. At last, using Eq. (5.3), the
expressions for the curves represented in Figure 5.3 are

A Y 2
ONLO |14y = (72.27(7) — 50,70(6)LH +11.23(9) ( 3H> ) fh,

AsMm Asm
AsH Asi ) 2

A s\
ONLO100Tev = <2323(2) B 1496(2))\3% +313(3) <)\8311\{/I> ) fb’

where the PDFALHC PDF's have been used and the central scales ur = pp = @/2 have been chosen.
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5.2 Top-mass uncertainties

A consequence of the truncation of the perturbative QCD series is the introduction of theoretical
uncertainties due to the choice of the renormalization scheme and scale. The uncertainties due to
the renormalization pr and factorization up scales have already been taken into account in previous
studies [67, 144] and they have been represented in the previous Section in Figure 5.1 and Figure 5.2 as
a red band around the central value (red curve). The top-quark mass is a renormalization scheme and
scale dependent variable as well. Different choices of the renormalization scheme and scale will lead
to a different running of the top mass and introduce an additional source of theoretical uncertainties.
Such uncertainties and the ones coming from the renormalization of the strong coupling and the PDF's
have to be combined.

In single-Higgs production, the finite top-mass effects were negligible due to the small Higgs mass.
This is also the reason why the HTL approximation works very well for that process. Since it has
been shown that the finite top-mass effects on the Higgs-pair production are sizable, a dedicated study
of the uncertainties due to the choice of different mass renormalization scheme and scales have been
performed.

We have evaluated the top-mass uncertainties by evaluating the whole differential cross section by
choosing four different top-mass scenarios: m; = 172.5 GeV in the on-shell renormalization scheme and
me (M) = 163.01516101 GeV, m(Q) and m(Q/4) in the MS renormalization scheme!. The running
of the MS top mass has been considered at N®LL:

my(pe) = Mg (me)
o\ (5.5)
c(z) = (2> [1+1.398z + 1.793z% — 0.68342"],

and m;(m;) has been calculated using the relation between the top pole mass and MS top mass
at N3LO [163-167]. The integration of the partonic cross section has been repeated for every mass
configuration taking into account the running of Eq. (5.5) with the same setup used for the OS scheme
calculation shown in the previous section. Since the role of these runs is to estimate the top-mass
uncertainties, a rougher energy scan has been chosen: 25 GeV scan between @ = 300 GeV and
@ =400 GeV and 100 GeV for @ > 400 GeV.

Figure 5.5 shows the distributions obtained for the four top-mass schemes chosen. For ) > 400 GeV
the maximum value for each bin is the OS scheme and the minimum is the distribution for m;(Q).

Choosing the OS scheme as central value, we have estimated the mass uncertainties by taking
the envelope of the different mass distributions bin-by-bin. This procedure makes the top-mass
uncertainties strongly asymmetric at the differential cross section level (Table 5.2): for @ > 400 GeV
the upper uncertainty vanishes, since the OS distribution provides the maximum for each bin. As
it is clear from the Table 5.2, the mass uncertainties are very large: going from LO to NLO, they
decrease by about a factor two, being of order 30% at 600 GeV. This same behaviour has been seen
for off-shell single-Higgs production, where the top-mass effects are noticeable.

5.2.1 Preferred scale choice

An appropriate choice of the top-mass renormalization scheme is mandatory to avoid that large loga-
rithms involving the Higgs-pair invariant mass ) do not spoil the convergence of the QCD perturbative
expansion.

In Figure 5.6 the differential distributions for different choices of the top-mass scale and scheme are
presented, and important information can be inferred from them. The OS scheme and the MS scheme
with 7, (7;) in the ratio with the NLO HTL are shown respectively in red and blue. These ratios are
decreasing with respect of the Higgs-pair invariant mass. The MS scheme with 7;(Q) and m;(Q/4),

Note that since different top-quark masses have to be used, this study can only be performed nowadays with the
method presented in this thesis so far.
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Figure 5.5: Differential cross section of NLO SM Higgs-pair production for different values of the top
mass at \/s =14 TeV, \/s =27 TeV and \/s = 100 TeV. The PDF4LHC15 PDFs have been used.

respectively in green and blue, are rather constant for Higgs-pair invariant mass ¢ > 500 GeV. This
behaviour of the ratios reflects the two distinct effects of the scale choice:

1. decreasing top-mass effects for the choice of fixed value of the mass renormalization scale;

2. constant top-mass effects for dynamical scale choice.

These trends can be clearly understood from the theory, by looking at the low and high energy
limits of the process. For energies below the double Higgs production threshold, the HTL is a good
approximation of the process. We notice that the HTL can be described by the SM effective field

theory where the top quark has been integrated out [32, 35, 168, 169], which manifests as an effective
vertex between gluons and Higgs bosons:

Qs

127

Lo = —Tr[G"G ) <C;1H _ o H2> . (5.6)

202
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Q (GeV) dggo (fb/GeV) d%o (fb/GeV) V5 (TeV)  oxto ()
300 0.01656 5%, 0.02078(7) 5%, 13 27.731%
400 0.0939179% 0.1609(4) 9%, 14 32.8111%
600 0.0213279%, 0.03204(9) T9%, 27 127.0M%,
1200 0.0003223 %% 0.000435(4) T9%, 100 11407%%,

4
onLo = 32.81(7) 1% fb

Table 5.2: Left table: Differential cross section values for /s = 14 TeV at LO and NLO. The
NLO corrections make the mass uncertainties decrease by a factor 2. The total cross section is

shown below. Right table: total cross sections including top mass scheme and scale uncertainties for
Vs =13,24,27,100 TeV.

99 — HH at NLO QCD | /s = 13 TeV | PDFALHC15
1,4 T T T T T T T T T T T T T
i —— MS scheme with m,(m,)
13 r MS scheme with m,( My /4)
i —— MS scheme with m,(Myy) |
—— OS scheme, m, = 172.5 GeV |

— —
= [S]
T

Ratio to HTL
=

07+ Hp=Hp = MHH/2

Full NLO results for different top-quark masses
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Figure 5.6: Ratio of the NLO differential cross section to the HT'L NLO one for the mass schemes
considered for /s = 13TeV.

The Wilson coefficients C; of the HTL Lagrangian, independent of the scattering process, are deter-
mined by the matching to the SM Lagrangian. These coefficients at NLO are

11 asy (2777 19 (42 LB\ 671 a2 )
Cr— 1 sy J2TTT 190 (iR o (R (HR) Z 6T (252

B 35 2 e\ ? ;
02—01+<24+3 f) (?) + O(ay).

(5.7)

Therefore, the natural choice of the matching scale is the top pole mass ur = my. This fact shows
why at low Higgs-pair invariant mass the OS scheme offers a good scheme choice.

The large @ behaviour of the form factors can be understood by considering their analytical high
energy expansion [45, 46]. Foremost, the triangle contributions are strongly suppressed, because of the
off-shell Higgs propagator, so the dominant contribution comes from the virtual boxes. The analytical
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expressions of the form factors in terms of the top pole mass are

2 2
FO L s {QFZ.(O) log (mt> + ”;t Gi(§,f)} : (5.8)
™

S

where G; are complicated functions of the partonic kinematic invariants. Notice that the dependence
of Fi(l) on the top mass is completely isolated. However, the logarithms involving the top mass
introduce large contributions proportional to the LO. A different behaviour shows up when the form
factors are expanded in term of the MS mass:

s 2\ 4], )
PO 2 {2F§0) [log (“f) - ] + Eut)Gi(é,t)} . (5.9)
™ 5 3 5

Setting 1y = k& the logarithm is under control and behaves good at high v/5. This provides the
explanation of why a dynamical scale choice of the MS mass renormalization scale provides a good
scale choice for the high energy regime. Notice that Figure 5.6 shows in particular that a proper
choice of the mass renormalization scale makes the NLO finite top-mass effects to be independent on
the Higgs-pair invariant mass, and their size settle to around 10-15% for u; = /3 /4.

5.2.2 Combining the uncertainties

Collecting all the results found in our analysis, the uncertainties of the NLO SM total cross section
are summarized in Table 5.3. It shows NLO cross sections at different centre-of-mass energies with
theoretical uncertainties. The left table displays the uncertainties related to the renormalization and
factorization scale choice; the central one shows the uncertainties related to the top-mass renormal-
ization scale and scheme choice; the right table shows the combination of the two uncertainties. Since
both sources of uncertainties have been estimated from the envelope, their interplay is an envelope
too, leading to the linear sum of the uncertainties. Additional corrections to the Higgs-pair produc-

Vs (TeV) onwo (fb) V5 (TeV) oxvo (fb) V5 (TeV) onLo (fb)
13 27.73+138% 13 27.7311%, 13 27.73+18%

14 28173 14 3281510, _ 14 32.81+15%

27 127.0M157% 27 127.071%, 27 127.0735%
100 1140+ 107% 100 114073%, 100 11407 32%
Ren.+fac. uncertainties top-mass uncertainties Combined uncertainties

Table 5.3: Left table: NLO SM total cross sections with renormalization and factorization scheme
uncertainties. Central table: NLO SM total cross section with top-mass uncertainties. Right table:
NLO SM total cross section with combined uncertainties.

tion have been studied. The recommended prediction is the NNLO QCD corrections in the full-theory
approximation (FTapprox), i.e. LO and NLO with full top-mass dependence, HTL virtual and real-
virtual contributions and full top-mass dependence for the double real contributions [29, 156]. This
calculation estimates a renormalization and factorization scale uncertainties up to 5%.

To analyze how to combine the top-mass uncertainties with the state-of-the-art calculation, a
comment of the structure of the n-th order of the total cross section is useful:

don = don_1 (K&) + Kﬁgg) : (5.10)

where Kg\b,) is the soft+virtual contribution in the HTL (independent on the top mass) and K]SQL is
the top mass contribution to the differential cross section in the ratio with the previous perturbative

order [39, 69].
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Vs (TeV)  oxaiis™ () Vs (TeV)  onvo (1b) V5 (TeV)  omuiro (fh)
13 31.0512:2% 13 27.7371%, 13 31.0575%,
14 36.60" 0 o 14 32811%, 14 36.6915%,
27 139.913-5% 27 127.01% 27 139.975%,
100 12244097 100 114073% 100 1224447
Ren.+fac. uncertainties top-mass uncertainties Combined uncertainties

Table 5.4: Left table: Recommended NNLO FTapprox SM total cross sections with renormalization
and factorization scheme uncertainties. Central table: NLO SM total cross section with top-mass
uncertainties. Right table: NNLO FTapprox SM total cross section with combined uncertainties.

Both the soft+virtual and remainder terms are multiplied by the same factor and K g\l,) is dominant.

The Kr(;}L provides a correction of 10-15% of the Kg\z,) contribution. The latter term occurs both in
the HTL approximation and the FTapprox, which is why these approximations are reliable. These
statements have been tested at NLO and NNLO [156]. The explicit form of the NLO differential
cross section shown in Eq. (3.69) and (3.100) are provided such that the factorization of Eqs. (5.10) is
explicit. Since the SV part of the NNLO differential cross section, which is known in literature, scales
with the full NLO contribution, and the top-mass uncertainties are independent of the renormalization
and factorization scale choice, we are legitimate to consider the combined uncertainties to be the
envelope of the two relative ones, leading to a linear sum of the uncertainties. Therefore, the NNLO
QCD total cross section for Higgs-pair production are recommended to be considered affected by the
theoretical uncertainties in Table 5.4.
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Conclusions

In this thesis, a framework for the NLO QCD Higgs-pair production via gluon fusion cross section
with full top-mass dependence has been described. It is suitable for BSM extensions of the scalar
sector, such as the 2HDM. In particular, in Chapter 1 it has been explained how the different final
states can be implemented into the calculation and how to deal with the dimensional regularization
in the presence of pseudoscalar and charged Higgs bosons.

The building blocks of the NLO contributions are the amplitudes built with up to four-point
two-loop Feynman diagrams with five mass scales and five-point one-loop ones. The first are the
virtual contributions, the latter are the real ones. Since there is no systematic strategy for two-
loop diagrams, a specific calculation method for such amplitude is presented. No tensor reduction
methods has been performed during the calculation. For each of the 47 box diagrams belonging to
the virtual amplitude, the projection into their form factors has been performed, and a topology-wise
Feynman parametrization has been chosen, allowing the isolation of UV and IR divergences by means
of end-point subtractions. Particular care has been dedicated to the subtraction of the divergences
coming from the diagrams belonging to the topology 6: the universality of the IR divergences has
been exploited to build a subtraction term analogous to the heavy-top limit of the form factors. The
addition of the renormalization counterterms to the virtual amplitude yields UV finite quantities. The
MS scheme with five active flavours and the on-shell top quark decoupled from the running has been
used to renormalize the strong coupling. Finally, after the UV renormalization and the end-point
subtraction of the IR divergences, the box form factors are ready to be integrated over the Feynman
parameters and the two-particle phase space. The one-particle-reducible diagrams have been obtained
by combining two Higgs decay into on-shell and off-shell gluon LO amplitudes, employed as effective
vertices. At last, the NLO triangle contributions have been built from the single-Higgs production
form factors.

The numerical setup has involved the VEGAS algorithm for Monte Carlo integration [66], imple-
mented into a Fortran code built with a multi-seed approach. Numerical instabilities arise for energies
lying above the virtual thresholds, which can be ¢t or gg production thresholds. A small imaginary
parameter €; introduced as a finite top-quark width increases the stability of the Monte Carlo, and it
can be used for an analytical continuation of the cross section to extract the narrow top-quark width.
Moreover, integration-by-parts has been performed to decrease the power of the denominators, and
the numerical stability has been improved further. The narrow width of the top quark has been
extracted from combining linear evaluations of the differential cross section for different ¢, regulator
values. This is the core of the Richardson extrapolation method, whose extrapolation error is inversely
proportional to the number of nodes. Nine nodes for each energy bin have been combined to obtain
the final differential distribution for each interference terms, leading to a complete virtual differential
cross section contribution.

The real corrections have been obtained through standard algorithms, involving the decomposition
of the real amplitude into the Passarino-Veltmann tensor basis, and by taking its analytical square
average. Every analytical step has been implemented in a MATHEMATICA code that provides the
square amplitude of every real correction channel. The IR divergences have been subtracted by the
same term used for subtracting the virtual IR singularities. The integration over the three-particle
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phase space has led to the real differential cross section.

The SM case has been studied in detail. The finite top-mass effects to the NLO total cross section
introduce a 15% correction to the NLO HTL calculation. More noticeable effects can be seen at
the level of the differential distribution, where the finite top mass introduces a deviation in its tail
down to —40%. The results for the central values at different centre-of-mass energies are in complete
agreement with the literature, as well as the reduction of the renormalization and factorization scale
uncertainties. The total cross section as a function of the trilinear Higgs coupling shows significant
deviation from the HTL due to top-mass effects, leading to a noticeable shift of its minimum.

The framework built for this calculation allows the choice of different top-mass renormalization
scheme and scales, suitable for the first estimation the uncertainties they introduce. The MS top mass
at different scale choices has underlined the importance of these uncertainties, that amounts to -15%
at the total cross section level and to -35% at the differential cross section level. The behaviour of
the differential cross section at different renormalization scales has been discussed, and it has been
shown how a dynamical renormalization scale is the most natural choice for large Higgs-pair invariant
mass. The quasi-independence of the relative top-mass uncertainties from the renormalization and
factorization scheme leads to a linear addition of the uncertainties since they have been defined as
envelopes of multiple distributions. The combination of the NLO top-mass uncertainties and the
NNLO renormalization and factorization uncertainties has been discussed, and from a factorization of
the cross section argument, the most conservative treatment of the uncertainties has been identified
as their linear sum.

The framework described in this thesis has already been applied successfully to the 2HDM; some
results regarding the neutral scalar Higgs-pair production has been shown in Chapter 4. Further
future applications will involve final states containing pseudoscalars. Moreover, the dependence on
the S angle of the Yukawa couplings in the 2HDM may lead to non-negligible contributions from
bottom quark loops, for which additional treatments on the form factors are needed to increase the
numerical stability, like bottom-quark mass expansions and integration by parts.



Appendix A

HTL gluon-Higgs effective vertex

The low-energy Higgs effective Lagrangian contains the effective gluon-Higgs interaction vertices.
Such interactions can be obtained from the SM Lagrangian by taking the heavy-top limit of the QCD
induced Higgs production via gluon fusion. This amplitude has been calculated in Chapter 2 in the
case where an incoming gluon is off-shell. Starting from that expression, the analytical limit can be
calculated.

For both the HTL limit and the on-shell limit, the parameters A and 7 behave in the same way:

p~>0

AT R o0, (A1)

therefore the functions f(A) and g(A) have the same behaviour in both limits. The functions f(\)
and g(\) are defined as follows:

s ==diog? (-2). g =P 0 (-2,

4 _ 2 - (A.2)
atr =1+vV1 =)
The limit of a for A — oo is
1 i
N 1—— | =1F —=+ iV, A3
o4 ~r—s l\/>( 2)\> F 2\& Zf ( )
and the inverse of a_ has the following behaviour:
1 1 1 i <1 i 1 >
— ™Moo B L“’A—)ooi — T~ 9y
- SN 2 VAL VA2 (A.4)
1
VA 2N
Hence
ot i 1 1 1
—t 1—+zﬁ>(+— >
o < 2V VA A 20V (A5)
I
VA A AV
and from
1
log(1 + ax + bx? + ca®) ~p o (azx + bx* + ca®) — f(cw: + bz?)? + g( z)3
(A.6)

1
~ ar + <b—2a2> z? + (c—ab—|— —a )3:3,
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the logarithm occurring into the definitions of f(\) and g()) is

el () ()]
~ Ao —j; +(~2+2) <\15>2 + <z — i+ §z> <\1ﬂ>3 (A7)
SRR

Therefore, f(A) in the limit A\ — oo has the following series expansion:

f()\):—ilog2 {—Zf] = (ff émlf)QjLO(l) (A.8)

1 1 1
o=
D) + 3\2 * <)\3>
Going further with the expansion, the third expansion term is

1 1 8 1

Moving the discussion to the function g(\):

o0 = o < ) ﬁ( 1>\>+ <A12>
(B)r)ols) e

1 1
5+ (%)

and, adding an additional order to g(\):

12
3\ 15)2

g(A) Maseo 1 — (A.11)

A.1 ggH; effective vertex

From the result of Chapter 2, the gluon-Higgs effective vertex is the on-shell and heavy-top limit of
the gg — H; amplitude:

v,a . S a 4 v 4
--- = lim Mi’b:z<:v>6b< 7ru> F(1+¢€)[(p-qg" —q¢"p"] lim Z(r,\),

T,A—00 mt T,A—00

(A.12)

A 2\ B T2)\2 TA

m[f(ﬂ —f(N)]. (A13)
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The on-shell limit A — oo yields:

TA 72
2(t = M) ~ T2 9
7'2)\ 7_2 2
=z W) = 9N~ =5+ (1)
2)2 ) PO
2(r _)\/\)2 Lf(T) = F(N)] ~ ?f(r) % (2 f(2) 1)
TA T T(rf(1) = 1)
Q(T_A)[f(T)—f()\)]N §f()_>\ )
J
Z(1,00) = AlLIEOI(T, N =——[1—7f(r)+ f(7)],
and the HTL: 1 1
Z(1,00) ~ -5 [_37 7-]
I
)\lTil_I)looI(T, A)=—-=

Therefore, the gluon-Higgs effective vertex is

3mv

= <£> 6% (4%2)6 L(1+e)[(p-a)g" —a"p"].

my

Notice that the two limits do commute.

(A.14)

(A.15)

(A.16)
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General tensors for the gg — H{H>
process

The amplitude of gg — HyH» is a rank-2 tensor depending on the external momenta p1, po, p3:

3
MM = agog" + Y aijpl'p (B.1)

3,7=1

where agp and a;; are the coefficients of the tensor basis, which will depend on the process. First of
all, the incoming gluons are physical, i.e. transverse with respect to their momenta:

P es(pi) = 0. (B.2)

Consider the gluon with momentum p; contracted with the first index p, and the gluon with mo-
mentum py contracted with the second index v of M*”. With this consideration, since pf en(p1) =
phe,(p2) = 0, the general tensor M reads:

MM = agogh” + anphpl + asiphpt + agsphph + asspiph (B.3)

If one performs the calculation in the axial gauge, in general, there will be complicated tensor
structures for propagators and polarization sum. However, it allows to use the QED-like Ward iden-
tities for on-shell gluons:

P M* =0, poa, M* = 0. (B.4)
The Ward identities provide the following conditions
Prupry T =0

plupQuTuV =0 5
DP2up2, T =0

(B.5)
azs(p1 - p2) +assz(p1-p3) =0
aoo(p1 - p2) + az1(p1 - p2)* + as1(p1 - p3)(p1 - p2) + ass(p1 - p2)(p2 - p3) + ass(p1 - p3)(p2 - p3) =0
as1(p1 - p2) +ass(pe -p3) =0
The first and the last equation give
p1-p3 b2 -p3
a3 = _ga?ﬁv as; = _ga?ﬁ’ (B.6)
(p1 '?2) (pl '192)
and replacing these results in the second equation it follows that
2
a33\p1 - p3)\pP2 - P3) — a21{P1 - P2
oo — @33(1-23)(p2 - p) — an(p - p2)? )

(p1 - p2)
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The amplitude becomes

T = arz [—(p1 - p2)g™ + phpY]

(p1-p3)P2-P3) o P2-P3) 4o PLoP3) 4w uy
+a33( g — pips — PyP3 + P3p3 |
(pl'p2) (Pl'p2) 173 (101'192) 203 3

and factoring out the terms proportional to g, the tensor reads:

a21 (pl 'P2)
T asz — ass
(p1 - p2) (p1-p3)(P2 - p3)
“w oy n, v “ v Mooy
M* — (g,w _ pypy ) 4 oass (g,“, _ (p2-p3)Pips + (1 - p3)phps — (P -pz)p3p3> (B.9)
(p1 - p2) (p1-p3)(p2 - p3)
= algT{W + a33T2wj

alg — —

The tensors T/ and TE are not orthogonal in four dimensions. Using T/ as reference, the Gram-
Schmidt orthogonalization yields:

Tluu _ fiul/
T _ T,LLV . (T;Vle,)T (BlO)
2 2 v 1pv
(Tl Tl/W)
that can be enforced by the shift
ay9 = Fl o (TQMVTluV) — Fl _ 1 (p]. p2)p§ ) (B].l)
(T Thyuw) 2 (p1-p3)(p2 - p3)
Therefore, the amplitude is
2p - . - . 2
MW = R 4 ass( (p1-p3)(p2 - p3) — (p1 - p2)p3 e
| PAPEPY — 2(p2 - ps)pips — 2(p1 - ps)Php + 2(p -p2)p§p§)
2(p1 - p3)(p2 - p3)
and defining the transverse momentum by
2(p1 - p3)(p2 - p3)
2 2
pr = — p3, B.13
4 (p1-p2) ’ ( )
it becomes
~ 2(p1-p3)(p2 - p3)
asz = 5
(m '102)PT
M — BT 4 Ry (g;w | PaPhpY — 2(p2 - p3)piP§ — 2(p1 - p3)Phps + 2(p1 -pz)p§p§> (B.14)
! (pl ']92)17%
= Fllej + FQT;V
and v
T{“/ . PP ,
(p1 - p2) (B.15)
T gy AP DY — 2(p2 - p3)PiDY — 2(p1 - p3)Phph + 2(p1 - p2)D5 DY
2 (m 'p2)p2T

It is easy to show that in d dimensions, the tensor basis satisfies 741" Ty,, = T4 T5,,, = d — 2 and
1" Ty, = d — 4. The projectors onto 71" and T4 can be defined by the following relations:

P! Ty = 6ij, P! = ai T + apTouw, (B.16)
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and the solution of this system yields

(d—2)T" + (d — 4)TL"
A(d—3) ’

d—4)TH d—2)T¢"

P =
! 4(d — 3)

The projection of the amplitude onto the tensor basis T4 2., is done by contracting M*” with the
projectors of Eq. (B.17); they give the form factors F; and F, which depend only on the kinematical
variables and the space-time dimension d.
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Phase space integral

The total cross section for a 2 — n scattering process is the integral over the phase space of its square
amplitude. The number of dimensions of the phase space depends on the number of particles involved
in the process, and increases quickly with n. In this Appendix the phase space elements for the 2 — 2
and 2 — 3 particles will be presented. In particular, the treatment of the 2 — 3 phase space involves
a factorization, of crucial importance to define the infrared subtraction terms needed for isolating the
soft and collinear divergences.

C.1 2 — 2 process

C.1.1 Kinematics

Consider the process
9(p1) + g(p2) — Hi(ps) + Ha(pa). (C.1)

The definitions of the four-momenta (omitting the transpose notation) are: p; = (Ep, Eid), p2 =
(B2, Exb) for the gluons and p3 = (w3, p3 = |p3|¢) and ps = (w4, pa = |pa|d) for the two Higgs bosons,
where we defined a, b, ¢, d to be unit length vectors. In the center-of-mass frame, we have

pPL+p2=p3+ps= (\/§>6)
(El + FEs, Fha + EQB) = (\/g, (_)) (0'2)
(w1 + w2, |P3]é + |pald) = (V/3,0)

From the 3-momentum components, we obtain:

Fia=—Fb = E1=Ey, A a=—b

o _ 5 _ _ . ~ (C.3)
[psle = —|psld = [ps| = |pa| AN ¢=—d,
and from the conservation of the energy:
Ei+ By =2E = V3 — Elz\f. (C.4)

Therefore, incoming and outgoing particles lie on two different straight lines respectively. We chose
the reference frame such that the incoming particles lie on the Z axis, and the outgoing ones lie
on a straight line generated by the unit vector ©. Moreover, by momentum conservation, we set
|P3| = |Pa| = Pem. The kinematics of the process become

pl_T(lv A)v p2—7(1,—2) os
p3 = (W3, Pem?), P4 = (W4, —Pem?) (C5)
w3 + wyq = V5.
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The on-shell conditions state that w? = p?, + m%{i, so that

= iy, =} = i
UJ% - mlqu = (\/g - (,U3)2 - m%[w (\/g - WQ)Z - ml%h = CL)Z o m%—b (C6)
_§+m12ql—m%{2 _,§—m%{1—|—m%2
w3 = Wwyq =

25 ’ 25 ’

2 .2
and defining A = %, we get

Vs V3 7

="(1-A =—(14+A4).

wp=2(1-A),  w=2(1+4)
The Higgs boson momentum p¢y, in the CM frame is
2 _é(l_A)Q_mQ
Pem = 4 Hy
A 2m2
:Z <1+A2—2<A+AH1>>
s (C.8)

:2(1+A2—22)

- pcm:§V1+A2_2 2667

2 2

where we defined ) )
My, T my,

» = i T (C.9)

S

With these constraints, the transferred momentum square # is

t=(p3s—p1)* = —2(p1-p3) +p3
= m%h +pcm\/§(2 . @) — \/§w1

:m%h + %ﬁcos&— g(l—A)

(C.10)
=m}, — ;(1 — A — [cos)
= —g(l — X — [cosh).
Using momentum conservation, the missing kinematical variable is %, which is
fo:—g(l—ZH—BCOSQ). (C.11)

The independent variables are § and ¢. Since the total cross section at fixed § is of interest, the phase
space element will be integrated over .

C.1.2 d-dimensional Phase space integrals

The a +b — 1+ --- 4+ n differential cross section is

aa [ d¥py d1p 1 1 —_
d 2 n 2mVSHP —py — e — M2, C.12

o o (p) / (27r)d_1 (QW)d—l (2w1) (20%)( m)“6%( p1 Pn)|M| ( )
where the integration is performed over the d.o.f. for which the amplitude does not depend on and
t | M2 is the square amplitude averaged over the polarizations and P = p, + pp is the total incoming
momentum. Hence, we can define

s d—1 d—1
AR, = (u2) " / éﬁ)dlill (d%)g (;ul) (2;) (2m) 4P — py — - — ). (C.13)
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We are interested in dRy i.e. the phase space element of the 2 — 2 scattering process:

s d—1 d—1
= () [ P e (R8P~ i = ) (©14)

where P =p, +p, = (\/g, 04_1) and p3, ps are the two Higgs boson momenta. Using the identity

| e = [ Gyt - e, (C.15)

we obtain

4—d dd—lp ddp
2z = () / (27r)d31(27r)d412w35( ~ i) O 2 TP — s — )

( 2)% i1 (C.16)
_ P3 2 2 2
- / T8 (P = pa)? = i, OV — ).
The delta function can be transformed as follows
(P —p3)? — m%h =5 — 2V/3ws + m%h - m%&,
1 NG (C.17)
S((P=p3)?—m%) = —=0 - Z(1-A)].
(( p3) mHQ) WE (wa 5 ( ))
The integration of the momenta in d-dimensional spherical coordinates reads
A" py = Pl dpemdQ = ply widwsdQa s, (C.18)
the integral reads as
4—d
(1?2 / dw:sde 2 =3 V3 ~
_ Y71 - A _
dRy = (2} 0| ws =~ ) | ©(V3 — ws)
d—3 z
— 24;“lpcm/dQ /o) 61+A (C.19)
) iy | a0 (G042

The condition on the Heaviside function is always satisfied (A > 0).
The (d — 2)-dimensional sphere can be integrated over (d — 3) angles since they do not play any
role in the scattering, and can be integrated out directly. The integration yields:

T i 27
/ dQy_o = dfsin® 30 [ / dy sin?=* @] [ / ddg_s sin¢d3] [ / dqs“]
0 0 0 (C.20)
= dOSind_39/de_3,

The angle element df has been factorized since the integrand will depend explicitly on it.
Using the following identity

LI m o, 1T(5(n+1))0(5(m +1))
/0 dg;sin™ ¢ cos™ ¢; = 2F(%(n+m2) 1) , (C.21)
for m = 0, the volume element becomes
(2T | [TEHE(G) L(1C(5) . d
oo [ r) ] [ ey ] | [ e ] st o
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which contains a remarkable value of the Gamma function, such as
1
r <2> =73, (C.23)
Therefore, we get

ol—e d—3
dQy_o = ———sin®"° 0d#, C.24
/ TrT-9 .
where we have integrated over the ¢4_» angle since the scattering occurs on the 7z plane. We will see
that we are not legitimate to integrate over this variable for the calculation of dR3 since the 2 — 3
scattering does not happen on a single plane. An important result of this integration states that:

n n—1
2m2 2r 2
Ay = 2 = T2 =2 gdy (C.25)

1
r(z) %)
We can first present the result of the integration over the whole phase space:

2\ € pl-2
AL B 1 . d-3
/dR2 B < § ) 42-2¢rl=c (1 —¢) /sm b

_<u> pr 1 [T-9r(y)
O\ 8 ) 42 2gl-e](1 —¢) '

FE+1-—¢
A useful identity involving the Gamma function is:

j:?r(n)r @ + n> , (C.27)

which brings the phase space integral to the following form

/dR2 _ <47ZL2>€ B2 T(1 — ) (C.28)

(C.26)

I'(2n) =

8t T'(2—2e¢)
If we keep the dependence on the 6 angle, the expression is more involved
drp\ € Bl 1 1—cos20\ ¢
dRy = dcosf C.29
? ( S ) 16 T(1—e) 1 s (6.29)

but the factor involving the cosine square can be simplified by using the explicit expression of cos6
in Eq. (C.10) and the relations contained in Appendix F:

o0 1 [(-mdy) (-my) +5i] 1

4 B2 32 B2
I (C.30)

4rp?\ € 1
dRy = <7r5> i7dcos 0.
Py 167 I'(1 —¢)
The integral over the @ angle is related to the transferred momentum square :
fz—%(l—ﬁ]—ﬁcos&) = df:%dcose, (C.31)
hence we get the following final expression:
4rp®\ € 1 dt

dRy = —. C.32
’ (pQT) L(1—e) 873 (C.32)

where p% depends on .

In general, the d-dimensional dependence of d Ry can not be neglected, since it generates non-trivial
finite terms once that the (IR divergent) renormalized square matrix element is considered. However,
the matrix elements built in Chapter 3 are IR finite. Thus, the (finite) top-mass effects at LO and
(virtual contributions at) NLO can be integrated safely over the four-dimensional phase space:

~

dt

8§

dRy =

+ O(e). (C.33)
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C.1.3 Differential partonic cross section: setup

The differential cross section for the partonic scattering under investigation is
d6 = CuxCaym / dPSs| Mol (C.34)

where Cfyy is the flux factor and Cgyr, is the symmetry factor. The flux coefficient Ciyy for the QCD
Higgs-pair production via gluon fusion process is

1 11

CYﬂux = = = 57 C.35
4y/(p1 -p2)® —pip3  Alp1-p2| 28 (C.35)
and the differential cross section becomes
dR
d6 = Cogm——| M2 S |\ MP
(C.36)

C m [(4mp? 1 dt — 2
2ys ( 2 ) r(1—e)%w’ '
Pr
We now extract the factor coming from the averaged square amplitude: each gluon in the initial state
can have (d — 2) polarizations and (N2 — 1) colors. Therefore

L 47T,u2 ¢ 1 1 Csym 9
d”‘( 2 ) T(1—¢)(d—2)2 (N2 - 216«2ZZ’M|

br

a,b hi,ho
47'1',u2>6 1 1 C1sym 2
- - M| C.37
( P2 ) T(I—e) (1—e2a(NZ—1)? 1677 2 ;hlz};z (C.37)
47‘1’,u2>6 1 1 sym 2
= - M7,
( pE I'(1—¢)(1—¢€)? 256 16 52 Zb:hlzi;g

where Cgyr, is the factor which takes into account the permutation of the external legs. We can
permute the initial state gluon but not the Higgs in the final state. Moreover, the final state Higgs
bosons are different: no identical final state factor is needed. This implies Cgyr, = 2 and

R drp\© 1 1 2 5
do =
7 < 2 > T(1—¢€)(1—€)2256 167r52 Z Z M

b a,b hi,ho
_ (AmpP\T 1 1 )
B < 7 > T(1—¢) (1—¢)? 128 167r32 Z X}; M| (C.38)
a1 1 2
dt 1 )
= Tgea7 15 2 2 M7+ 000
a, 1,12

C.1.4 Polarization sum

Assuming that a gluon is moving along the 2 axis with momentum p} = wi(1, 2), its two physical
polarization vectors can be written as’

1 .
6:[(]?1) = 5(0717270)7 (pl)

The polarization vectors satisfy the following relations:

7( ) 7_i70)' (039)

Plesp) =0, et (py)eH (py) = —oMP. (C.40)

!The Lorenz gauge is implicitly assumed.
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These relations are valid in d dimension as well. The basis can be completed by adding the longitudinal
polarization and an additional light-like polarization vector:

1
S = =2 ag=La =L grow,—2),  (Cdl)

T Vaw T V2w,

where ¢* is a reference momentum, whose 3-momentum is anti-parallel to the gluon 3-momentum.
The completeness relation of this basis reads

—er(p)e (1) — e (p1)€;™ (1) + €Lu(P1)€1,(0) + €Lu(@Q)€r, (1) = Gy, (C.42)

and using the explicit expressions for the longitudinal four-vectors, the polarization sum takes the
following form:

P1uqv + QuP1v P1{ud
S p)el (1) = —gu + e T WP g ST (C.43)
h==+ pP1-4q pP1-q

where the {---} is the symmetrization of the tensor with respect to the indices they wrap.
For QCD processes, if one wants to perform the QED-like polarization sum, namely

> ehpye o) = —gw (C.44)
h=+

the ghost contributions are needed, otherwise the general polarization sum of Eq. (C.43) is mandatory

in order to avoid the sum over the unphysical degrees of freedom. To make this point clear, the
amplitude of the process under consideration can be written as

M = eu(p1)en(p2) MH. (C.45)

The sum of over the physical polarization yields:

STOMP= 3T i) () el (p2)es () MP M,

h1,ho=% hi,ho=%
/
Z IM|? = Z GZI (Pl)ézhl(Ih) [—gua + pQ{VqU,}] MMV NPO
hi,ho==% hi=+ b2-q (C.46)
/
= |- Z eZl(p1)€;h1(pl)gyg+ Z 621(p1)6;h1(p1)w MHV PO
hi1=+ hy=+ D2 q

The polarization sum depicted in Eq. (C.46) is rather complex, but it can be simplified. It can be
shown that

i€y (p2) M o pel(pa), (C.47)
which implies that, for a longitudinal polarization:
plpﬁLu(p2)MlW X pgeLu(pQ) =0, p% =0, (C48)

therefore
pluPQVM'LW =0. (049)

In particular, it means that po,el(pe) M* = 0 if € (po)py = 0 for h = + (meaning that such gluon is
transverse).
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Therefore, the second term in the parenthesis of Eq. (C.46) vanishes because of Eq. (C.47) for
physical gluons:

Z ‘MP =\~ Z ezl(pl)ezhl (P1)gue | M7 MM
hi,ho=% L hi=+
[ D190}
= |Yup9vo — guai{u } MFPTMHY
L P19

- (C.50)
Piiude} — Pryuie} pQ{quIT}

_ ha xhg PO N\ AUV
= | YupYGvo + E €,°(p2)€y (D2 M*PT M
e h_i”( )" (p2) pi-q  pi-q p2-q
L 2_
B /
Pig,90} Pog, 4

= | 9upGvo — H{p 2 2{v ‘7,} M*po’MH,V’

i p1-q p2-q

where again the transversality of €”(py) has been exploited. Finally, expanding the symmetrical
combination in the parenthesis, the square amplitude reads:

! /
P19,P2,95 + P1,9,P25%
M2_|: - — PIH H2p, ]M*pJMuy. )
h1,§h2:i‘ \ Gup9v (p1-q)(p2 - ¢) (0.5 )

A convenient choice of the reference momenta will introduce a further simplification: setting ¢ = po
and ¢’ = p1, Eq. (C.46) becomes

> IMP = [g oo — P2P2 1017 T P11 Dol 2"} M7 P .52
- vo .
Iy Pt o (p1 - p2)? (C.52)

In general, the second term of Eq. (C.52) yields non-vanishing contribution of the polarization sum.
However, in Appendix B the axial gauge has been used to extract the form factors; the expression of
the amputated amplitude is

MP = 5 (R T + FyT). (C.53)

It is possible to show that
pluplule‘lV = quPQVTJW =0, (054)

as expected from the tensors written in the axial gauge. Therefore, the second term of Eq. (C.52) will
always lead to a vanishing contribution, and therefore it can be neglected:

2 * PO v
h hZiW' ~ e MO (C.55)
1,12=

It is important to underline that Eq. (C.55) is a direct consequence of considering the polarization
vectors in the axial gauge for the 2 — 2 process. For the 2 — 3 process no axial gauge form factors
will be provided, and the general polarization sum of Eq. (C.43) have to be used.

C.1.5 Differential partonic cross section: Virtual corrections
At LO, the square amplitude (in d = 4) is
V\/ILO|2 = gungM}:’ngg
= 8t [F T + FOTE | [FO T, + BTy | (C.56)

= 20w (|11 +E7 ).
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Putting all the ingredients together, the LO partonic cross sections reads

16732 128 Z D Mol

hl,h2
dit 1 ) 0
- 16752 64 Z(Sabfsba (’Fl( )|2 + |F2( )‘2>
a,b

di  Tr[idyz ] 0) |2 0)

= =8 (EO] 1P

1675 64 (’ v I ’)
dt

0 0
128782 (‘Fl( 7+ 1F; )|2> ’

dopo =

(C.57)

where N, = 3.
At NLO, the interference between the one-loop and two-loop virtual amplitude have to be consid-
ered:

Z QRGMEOMNLO = QQMpQVUReMﬁl({)M;IpfO
hi,ho==%

= 25,408, Re [ FOT» 4 F° )Tu,,r [Fl(l)Tmu " F2(1)T2W] (C.58)
= 40ap0paRe (F OF® 4 F5© )FQ(U)

which leads to

dt * *
dAoNLo = g Re (Fl Op® 4 g <°>F;1>) . (C.59)

C.2 2 — 3 process
The 5-point kinematics are more involved than the 4-point one. Consider the 2 — 3 process

9(p1) + g(p2) — Hi(ps) + Hi(ps) + g(ps), (C.60)

where an additional outgoing particle with four-momentum

ps = (Es5,Ps5), (C.61)

has been considered. After applying the conservation of the four-momenta, the kinematics of the
process can be written as

P1+ P2 = P3 + P4+ Ps
U
(By + Ba, Era + Esb) = (V/3,0)
{(Eg + Ey4 + Es5, F3é + Eqd + E5é) = (V3,0)
U

Ela+Bb=0 — FEia=—-Eb — B =E ="
V3
2

(C.62)

v

E3+Ey+Es=Vi = as+autas=2  E=ux

)

where x; is the fraction of centre-of-mass energy §. The momentum ps is parametrized such that it lies
on the 2z axis. Before explaining the details of the phase space, we introduce the relevant kinematical
variables

2p1 - p2 = 5, —2p1 - ps = 1, —2py - ps = 1, (ps+pa)’ =8+t+0=0Q" (C.63)
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The incoming-particle four-momenta can be parametrized as follows

P = \f(l,Sin 015, 0, cos 015), p2 = \f(la —sin 5,0, — cos 015), (C.64)

where the scattering occurs in the 2z plane and the radiating parton ps lies on the Z axis; 015 is the
angle between p; and ps on the 2z plane:

V3

b5 = 7‘7’.5(17 07 07 1) (C65)

At last, we define the angle 035 and ¢35 that in spherical coordinates parametrize the direction of
p3; due to momentum conservation, these directions are sufficient to parametrize the scattering. Note
that the same setup can be applied by choosing any of the outgoing momentum, and we can define
the angles 6;; and ;; for every couple of momenta.

Therefore, the kinematics of the process are:

V&

p3 = 75U3(1, 33 cos 35 sin O35, B3 sin 35 sin 35, F3 cos b35),

S . . .
pa= 5 (w4, —x333 cOS @35 sin O35, —333 sin 35 sin 35, —x5 — 2303 cos b35),

(C.66)
Hi = %»

[ 2
75 2 TiZ;
Bi = 1—4—:27 cos@ij——ijij(l—xi—acj—i- 22]+,ui+,uj—uk>.

These definitions set boundaries on the parameters we have chosen. The particle production
thresholds state that (p; + p;) > (m; + m;)%. For x5, we have

p2 >0
{(pz +pa)? = (p1+p2—p5)* > (mp, +mu,)?
)
0 <ws <1—(pm, + pm,)*.

(C.67)

The constraint on x3 comes from the image of cos 635, meaning that it can be read from

—1<cosfs; <1 = cos?fs5 <1
(3 (C.68)
x§(1 —x5) —x3(2—x5)(1 —x5 —A)+ (1 — x5 — A)2 + ,u%hxg <0,
and solving for x3, we obtain the following condition:
xy <z <ay

+ (2=z5)(1 =25 — A) £ a5(1 — x5) 84
T3 =

2(1 — w5) (C.69)
,8 _ 1— (HH2+MH1)2 1— (NHz_MHl)Z )
5 (1 — 335) (1 — .775)
C.2.1 d-dimensional Phase space integrals
Recalling the definition presented in Section C.1.2, the phase space element dR3 is
4—d ddflp ddflp ddflp 1 1 1

o 2\ 45 3 4 5 dsd B _ B

dRS - (:u‘ ) / (27T)d_1 (27T)d_1 (27T)d_1 (20J3) (2&)4) (20J5) (27T) d (P ps3 Y2 P5)7 (070)
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where P = p; + py = (V/3,04_1) and p3,p4, ps are the two Higgs boson momenta and the additional
parton. Similarly to the steps described for the 2-particle phase space, the integration over py yields

2\4—d ddfl ddfl
ary = S [ R s 97— iy, ) OW)IP — s s — 1)

(2m)2d=3 | (2w3) (2ws
(@)t [ dpydtips .
N 4(27r)2d_3/ w3 ws 0P =ps = ps)” —m,).

The argument of the Dirac delta distribution is

~

R . S
(P —p3 —ps)® —my, =8 — §(v3 +25) + 5163965(1 — B cosbs) +my, —mi,
=3 [1 — 3 — x5 + %(1 — P cosbzs) — A} ;

and we define the angle for which this expression vanished as

2 1
cos 9§5 = Batats [1 — A —23—1x5+ 21:31‘5] .

Moreover, the integration measure in spherical coordinates becomes

a—2

~8—< d—3
hence
(u2)4-dgd-2 ) . 0
dZ—dddeQ % 5(cos O — cos 60,
Rs3 4(27T)2d—34d—2/ r3dxs d— 2(53@3:65) 863963%5(005 35 — cos 055

The angular elements are:
anl, = / $in®3 O35 sin? 4 ¢y - - - sin Py_3d035d s - - - dbg_o

= [/ sin®™* ¢ - - - sin Ppg_sdery - - - dpg_2 (1-— cos? 935)%dcos 035

2 da—4
= Qg_3(1 — cos“O35) 2 dcosbss,

dQ£15) = Qq_4(1— cos® 015) 7 sin® g5 dcos Brzdipss.

The integral over the solid angle yields:

n+1
o2
Q, = -2
r(=H)’
therefore
iR (u2)4-dgd=3 on it it
3:

(27T)2d—34d—2 F(H)F(dQ ) X

X dxzdrsd cos O15dpss(1 — cos 935) (1 — cos 915) 5 sind—4 035 (63963305)(1_4

R 42€7T2 47r/,L
-~ (An)tra—er (3¢

x dxzdrsd cos 015dpss(1 — cos? 035)~¢(1 — cos? O15) ¢ sin =2 pg5 (Bawzws) 2.

At last, using the following identity:

)

(C.71)

(C.72)

(C.73)

(C.74)

(C.75)

(C.76)

(C.77)

(C.78)

(C.79)
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the phase-space integral becomes

5 4 % 51 —cos20%:\ (1 — cos®fy5) ¢ sin~ 2 o35
~ ()t G, . C.80
dR3 (47T)4 <§$35L'5> (63 4 F(]. — 26) d$3dl‘5d COS 015d@35 ( )

The dR3 can be manipulated such that a Ry factors, and the general integration boundaries of
the fractions of the momenta z3 and x5 are set from 0 to 1. Notice that

1 —cos 695 1 (I—z4)+A

SR R N A AL e
2 283 [BS M T3T5 ’
0 _ _ _

1+costz 1 By — 1 Jr2(1 z3)(1—a5) — A , (C.81)
2 233 T35
2.2 21—c0529§5 2 2
r3w503 — 1 (1= 24)(1 = 23)(1 — 25) — piy, w5 + A2(1 — x3 — x5) + 2325 — A].

Defining the variable z to be the fraction of the invariant Higgs-pair mass Q? with respect to v/3

Q72 (p3 + pa)®

=1l—-25 = 25=1-— 2, drs = —dz, (C.82)

S S

the Eq. (C.81) simplifies:

1 — cos? 63
sy = (w3 — 2)(1 = ws)2 — iy, (1= 2)* + ARz — ) +a5(1—2) — Al (C.83)
Defining 3 = 1 — y, the expression reads

2 n0
— cos” O35

a3t = (1 y )y i, (12 4 A2y —2) (1)1 2) — Al (C84)

Finally, letting y = (1 — z)z, Eq. (C.81) reads

2 221 —cos® 0 2 2 2 2
BB = (1 2)%2(1 — ) — iy (1= 2)° = (1= 2)A[L - (14 2)2] - A2,
SRR PR P Tl (e o
z 2(1—2) z2(1—2)2
This change of variables leads to the following integration measure:
1_(NH1 +NH2)2 x;r 1 T4
/ d:v5/ dxs :/ dz/ dzx(1 — z),
0 z3 (b, Hhp,)? T
(C.86)

z(1—2) z z

Aol <1+ Al +2) i52>, 5, = [1 (e, +qu)2] [1 (e, —qu)Ql.

Notice that the parameter 5, strongly resembles the 8 defined in the context of the 2 — 2 scattering:
recalling the definition of ¥ and A, a simple manipulation of its expression yields

B, =1/1—- "=+ 7 (0.87)

that shows an explicit dependence on the fraction of total energy of the Higgs-pair invariant mass.
Important quantities are related to a combination of the boundaries of x:

2
. K, i A AQ

Ty —x_ =, Tyir_ = ~ 1= 2) + A= 2% (C.88)

that can be plugged into Eq. (C.85) to obtain a very compact form.
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Introducing a variable r such that it runs through the limit of integration of x, the term involving
the cos? #3; becomes:

r=x_+ (xy —x_)r,

1 — cos? 69
wadfy————— = —(1— 2)*z(z —x_)(z — xq) (C.89)

4
=(1-2)%zy —z )1 —7)
=(1- z)2zﬁ2r(1 —r).

Therefore, the 3-particle phase space element becomes:

e (47w2

* —€ _ 1-2¢ _ 2 —e
(4 )4 a ) [T_E(l - T)_e Si11726 @35drd(p35] z (1 Z) (1 COS 915)
7I

I'(1- 2e)

dR3 = dzdcosys.  (C.90)

S

The term in the parenthesis can be integrated

& I'(1-2
/ sin” % pg5dipss = 4 ¥7

0 I2(1—¢)

1 F2(1 ) (C.91)
—€ 1 _ —€d —_
/0 r (L) T(2 - 2¢)’
therefore
2nl—2¢ 2\ 2€ _—e(1 _ N1-26(1 _ nna2 —e
dR3 :46778(% i (47;” ) aat Z)F(2 (12 )COb 15) dzd cos 015
T — 2¢

(C.92)

= g 47f/‘2 “T(1-¢ 47?1“2 C 8z Ml -2)' 7 (1 -cos®i5 ) dzd cos by5.
87 $z (2 — 2¢) 8z 3272 I'(1—c¢) 4

The variable z can be expressed again in terms of the invariant Higgs-pair momentum Q? as follows

1-2e¢ 4 2\ € (1 — 2 4 2\ ¢ ,—1+e 1— 1—-2e¢ 1— 2 —€
dRs = [52 ( il ) ( 6)] @ < il > : (1-2) ( o8 915) dzdcos 615

8 2 I'2-2 3272 2 I'(1— 4
y 2 ¢ 2\ € ( 1+ (6) ; 2 v 2 (—e 6) (C.93)
Q AT 27T (1 —2) 7= (1 —cos” 05
= ‘0
R2 3271_2 Q2 F(l — 6) 1 dzd cos 15

We remark that S, is essentially the same [ defined for the 2-particle phase space since it has
been factorized from the 3-particle one and it contains information only on the 2 — 2 subprocess.
This factorization is crucial for a coherent definition of the infrared subtraction terms expressed in
Chapter 3.

C.2.2 Differential cross section: real corrections

As for the virtual corrections, the real contributions have the following differential partonic cross
section:

dR3

dA&z] ‘Mz] ’2
B dzd cos s [(4mp®\ 26(1 — 2)172¢ (1 — cos? 015 _672
=g ( Q? (1—e¢) 4 M| (C.94)

dzdcos b5 (4mp®\ 2°(1 = 2)' 7% (1 —cos® b5 O i i 2
= I 6472 ( Q2 F(l — 6) 4 COlOpOICspln ; |Ml]|

Each channel contributing to the real corrections has a different color, polarization and spin
average. Below, the definitions of the quantities occurring in Eq. (C.94) are presented.
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qq — HiHzg
% —1q % — = C‘J‘?_l

pol — spin 4’ col T 97

D Mgl =D T T D (pa)yulpr)i(pr ) v (p2)€s” (ps)el (ps) ML Ml

ext. spin pol col
(C.95)
= | D vlp2)vulpr)a(pr) v (p2) (Z e(’;h(ps)e}i(ps)> SoraTs | My Mby
spin h ij,a
= T [0y | (=900 T [ ] M7 Mty
= =32 [p1pp2u — (P1 - P2)9pu + P2oP1u] G Mag” Mg -
qg — HiHzq
1 1 1
Y — Y = CY — —
ol (d—2)7 TPt el g
D IMagl? =D T T a(ps ) vuu(pr ) a(py)vou(ps e (p)es (pa) Mg My
ext. spin pol col
(C.96)
= | D alps)vuulpr)a(p:)ypulps) (Z ei';h(pz)eﬁ(pz)> SoTeTs | MMy
spin h i.j,a
=Tr [p17Pp5’yﬂ:| (_gau) Tr [61\7371} M;gaMggy
= =32[p1ppsu — (P1 - P5)9pn + PspP1ul Gor Mag” Mig .
gg — HiHsg
1 1
99 _ 99 _ 99 _
C’pol - (d _ 2)2’ Cspin - ]‘7 Ccol - @7
Z |Mgg‘2 — Z Z fabCfabcezhl (Pl)Gzl (p1)€;h2 (pz)ﬁlf,bz (pz)Ggs (p5)ezh5 (p5)MZ§UBMZga
ext. pol col
- (S ot ) (S ) (Selrtomtoon) X s | s
hi ha hs a,b,c
= —]\/vc(]\/vc2 — 1) [gupguagaﬁ + A,up,l/o,aﬁ] M;ZUBMg;/a
=—24 [gﬂpgl/aga,@ + Aup,ua,a,@] MzgaBM;gL;/a
Pi{u1p} ) ( P2{vq2s} ) ( Ps5{ad58} >
AL vo = _L+7 _VO'+7 - + — YppYvo .
poveel ( e I P22 98 T s g Jupdvo ol
(C.97)

The amplitudes contributing to the q¢ and qg channels can be built from the LO diagrams by
putting an incoming gluon off-shell and attaching a fermion line to it (Appendix H). This fact allows
to factor out from the amplitudes the quantities that have to be added. Moreover, the presence of a
single on-shell gluon in the final state allows to use the QED-like Ward identities, and the axial term
of the polarization can be dropped.

The gg channel is a bit different, since it contains pentagon diagrams. They cannot be constructed
from the LO diagrams. These contributions do not even represent a gauge-invariant subset of the
amplitude. In addition, if one does not want to consider the ghost contributions, the polarization
sums have to be performed over the physical polarization states since in the usual Lorenz gauge no
Ward identity ensures the cancellation of the unphysical ones. In Eq. (C.97), the tensor A would
vanish in QED ones contracted with the full amplitude because of the on-shell Ward identities; in
QCD this argument is not anymore valid, and in general it will give a non-zero contribution.
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Appendix D

Passarino-Veltmann reduction

The Feynman integrals contributing at each order of a perturbative QFT expansion do not form an
linearly-independent set: it can be shown [149] that every one-loop tensor integral can be expressed
as a linear combination of scalar integrals. Such independent integrals are called master integrals.
The decomposition of a tensor integral in terms of its master integrals is called reduction. Several
algorithms allow the reduction to master integrals, both at integral and integrand level. In this
Appendix the Passarino-Veltmann reduction algorithm is presented with explicit examples.

Consider the following set of denominators:

Do=k—m?,  Di=(k—p)?>—m}  Dy=(k+p)?—mi
p% = 07 p% ?é 07 (pl +p2)2 = m%{j’ (Dl)
Dy, = (k+p1 +p2)® —ms,

and the general scalar integrals:

Ag(mi) = /k [kQ—lmg]’ (D.2)
1
ot = | gy 03
1
C’O(Q%vqu(% —Q1)2;m%,m%,m§) = /k iE —mo][(k+q1) —ml}[(k—i-qQ) —mg] (D.4)

When all denominators have the same mass, instead of writing the full list, a redefinition of the
argument will be performed such that {m?,...,m?} = m7. The integrals built with D;, i = {0, 1,2}
defined before are:

2 72
o(p5;m;) By(0;m;
D D D D
0 o1 (D.5)
Co(0
( p27mH 7mt /DQDlDQ
and through a shift & — k + p1, an additional integral can be defined
/ ! —/ ! = Bo(m?.;m?) (D.6)
leDQ k,DO_DHj 0 Hj’ t): .

In the following section, the reduction of the 2-point and 3-point integrals is presented.

D.1 Reduction to scalar integrals

D.1.1 2-point tensor integrals

We firstly have to express the scalar products containing at least one loop momenta in terms of
denominators, so that

1 1
k* = Do +m2, k-plz—i(Dl—Do), k-p2:§(D2—Dg—p§). (D.7)
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The strategy will be the same for each tensor integral:
e defining the tensor structure of the tensor integral;
e contracting both the tensor integral and the tensor structure for its tensor basis;

e inverting the system to find the tensor coefficients.

Coefficient B;

The simplest example is the rank-1 By(p3,m3) integral. It can be written in terms of its tensor
structure:

= Blpg, (DS)

where Bj is a coefficient depending on the kinematic invariants and masses. Contracting both side of
Eq. (D.8) with pf, the equation reads

k- po
& DoD>

1 1 1 1
S )
2 \Jr Do i D2 i DoDs

1 .
= —5Bo(p3, 77 )3,

Bip3 =

where we have used the identities of Eq. (D.7) and the identity
1 / 1
— ==, D.10
fioo= ] (D-10)
follows from the shift k — k — py. Inverting Eq. (D.9), the rank-1 By(p3,m?) is given by

kH 1
= — = Bo(p2, m?)pt. D.11
. DoDs 5 O(anmt )P2 ( )

Coefficient B;;

Similarly, the rank-2 Bo(p3,m?) has the following tensor structure

kHEY
& DoD2

= Boog"” + Bi1phps. (D.12)

Contracting both sides with its tensor basis, a system involving the coefficients By and Bi; is defined:

()= (2 ) (o 2me) (i)

__r 1 < 2(p2)2 Ag(m?) + (p2)2(4m? — p2) Bo (s 72) ) (D.14)
(d— 1)(p2)% 4 \2p3(d — 2)Ag(m32) — p2(4m? — dp2) Bo(p%;m2) )’
and
ok [Z(pg)mo(mt?) + (p3)°(4mg —pg)Bo(pg;m?)} v
k DoD2 4(d — 1)(p3)? g -

N [2p§(d —2)Ag(m7) — p3(4m} — dp%)Bo(pg;m?)] oy
4(d —1)(p3)? 2
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D.2 3-point tensor integrals

Coefficient C;

The rank-1 Cj is

—— = C1pt + Coph. D.16
/kDOD1D2 1p7 + Capy ( )

where the tensor integral has already been set. Contracting both sides of Eq. (D.16) for the tensor
basis, the system for evaluating the coefficients C'; and Cs can be written as

1 k 'p1> < 0 m 'p2> <01>
I=) — = = GC, D.17
/k DoD1D, <k D2 p1-p2 D3 Co ( )

where G is the Gram matrix. Its determinant is

G =—(p1-p)° (D.18)
and its inverse is
a_1( p  -m -m)
G'= 2 : D.19
G <P1 " P2 0 ( )
The left-hand side written in terms of scalar integrals is
1 BO(QQ;mt) BO(mH amt2) )
I=- __ __ . D.20
2 <B0(0;mf) BO(mHj,mt) CO(O pz,mH ;m2) ( )
Finally, inverting the Gram matrix, the coefficients of the tensor expansion are given by
€y = G {pz(Pl p2)Co (0, Pz»mH ;mz) + ((p1 - p2) — pg)BO(m%{j;mg)
+ ¢3Bo(g5;m3) — (;1 ‘PZ)BO(OQWt)] ) (D.21)
Cy :(1?12%2) {Bo(m% ;) — BO(Q%m?)} :
and the rank-1 integral becomes
/ DoDiDs _ 2G [pz(pl p2)Co(0,p3, m%,;7m7) + ((p1 - ) — p3) Bo(miy ; 7)
+ @3 Bo(g3:m;) — (p1 - p2)Bo(0;m7)] pf (D.22)
PP [ ) — o) o
Coeflicient Cj;
Similarly, the rank-2 integral can be decomposed as
kh &
= Chog™” Cyiptp, D.23
. DoD1 D 009" + Z ijD; Dy ( )

=1

where we already expressed it as a general tensor depending on p; and po.
Contracting the r.h.s. with respectively g"”, p{'p¥, pi'py, php} and php4 we can generate a system:

d 0 (p1-p2) (p1 - p2) P% Coo
0 0 0 0 (p1 - p2)? Cn

GC = | (p1-p2) 0 0 (p1-p2)*  (p1-Dp2)p3 Cia | . (D.24)
(p1 - p2) 0 (p1 - p2)? 0 (p1 - p2)P3 Ca

p3  (pr-p2) (p1-p2)p3 (p1-p2)p3  (p3)? Ca
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The contraction of the l.h.s. is:
BO(m%{ﬂmt) + mtOO(O p27mH ,m%)
1BO(P2,m§)(P1 102) - *BO(mH 7mt)(P1 P2)
I= 7Bo(p2,mt>p§ BO(mH 7mt)(p2 b1 p2)
*Bo(p%mt)pg BO(mH ,mt)(pg p1 P2)
1Bo(0;7m7) (p1 - p2 — p3) + iBo(mHj,mt)(sz p1-p2) + ;(p3)*C

(D.25)

2Co(0, p3, myy i 77)

The determinant of the matrix G can be written in terms of the Gram determinant:
det G = (d — 2)[(p1 -p2)2]4 =(d- 2)G4. (D.26)

Finally, inverting M, we can get the expression of the coefficients C with C = G~'I. Due to gauge
invariance, we are only interested in Agg and Asq, whose values are

(p1 - p2)(P3 + 2(p1 - p2))Bo(miy;;7m7) — (p1 - p2)p3 Bo(p3; ;) + 4mi (p1 - p2)*Co(0, p3, my s m7)

Coo == d-2)G ’
o (p1 - p2)((d —4)(p1 - p2) — p3) Bo(miy,;m7) + (p1 - p2)p3 Bo(p3;mi) — 4mi (p1 - p2)°Co(0, p3, miy, ;m7)
21 — — .
A(d—2)G

(D.27)

The procedure explained in this Appendix is the core of the Passarino-Veltmann reduction, which
can be extended to boxes Dy and pentagons Fy. The complexity of the tensor coefficients rapidly
increases with the number of external legs and tensor-rank. The Gram determinants G strongly
depend on the kinematics, and they introduce strong numerical instabilities when the phase space
integral is performed: high-rank integrals increase its power of G in the denominator, and regions
where G becomes small can lead to strong cancellation and loss of numerical precision.

D.3 Recurrence relations

An alternative to the reduction down to scalar integrals is represented by the recurrence relations.
Once that the scalar integrals are defined, a rank-r integral can be expressed in terms of a tensor basis,
where its coefficients depend on the rank-(r — 1) ones. This means that the coefficients of such tensors
can be obtained by iteration starting from the scalar integrals. In general, every rank contributes with
one power of inverse Gram determinant, which lead to the potential numerical problems expressed in
the previous Section.

B;; coefficients

Consider the tensor structure of the rank-2 2-point integrals

kHEY

x DoD2

In complete analogy of what has been done in the previous section, contracting both sides with the
momentum p* and the metric tensor g"¥, two equations can be obtained

= Boog"” + Bi1phph. (D.28)

kP EY
9w | 5 p = Bood + B11p3,
k DoD2
P 2 (D.29)
5 | =—— = Booph + Biipiph.
D2 . DoDs 00Dy + D11popy

Using the relations of Eq. (D.7), and expressing the rank-1 integrals with their tensor structure, the
l.h.s. becomes

%
9u . DoDs = AO(mt) +mtBO(p27mt)
Kl kY 1 o
P2 | 5D p2 . Do @ DoD (D-30)
k oL/2 0 k 0472

2
= S Ao(m)rk — 2 Bl
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Therefore, the system of equations can be solved for the coefficients B;;

By 2d—1)p3 \-2 d Ao(m?) — p3By ’ )

and using the fact that G = p3, the coefficients B;; are given by

1
2(d—1) |
1
2(d—1)G 1

By = Ao(m7) + 2mi By (p3;m;) + p3B1(p3; ;)]
(D.32)
B = d— 2)Ao(mt) - 2mtBO(p2amt) dszl(Pzamt)]

Thus, the coefficients Byg and Bjj of the rank-2 2-points integrals depend explicitly on B, namely
the coefficient of the rank-1 2-points tensor integral, which in turn is related to the scalar integral By
through the Eq. (D.9).

C;; coefficients

The rank-2 3-points integrals have the following tensor structure:

kHEY

2
A A Ciptp? D.
L DOD1D2 009 + Z szz pj ) ( 33)

i=1
Contracting both sides for the external momenta, a system of four equations can be built:

kHEY 1

V] = =+3 2 .2 2 o\
& » DoD1Dy +2 {Bl(mHJ"mt) +B0<mvamt)} i

1
+3 [Bl(mH ;;) — Bl(p27mt)] Ph

= [Coo + Ci2(p1 - p2)]p| + Caaphy,

(D.34)
Pa i m = 5 [Bl(pz; ) Bl(mH 7mt) BO(mH amt) —p3Cy|p
1 2 2 2
t3 [31(mHj;mt) +p202] Ph
= [C11(p1 - p2) + Cr2p3]p! + [Coo + Ca1(p1 - p2) + Caap3lphy,
which lead to the following system and its solution
Bl(mH smy) + BO(mH ;my) — 2Coo 0 (p1 - p2) 0 0 C11
By (p3;m;) — Bl(mH ;M) — Bo(mH ;m;) — p3Ch —9 (p1-p2) P3 0 0 Co1
Bl(mH amt) Bl(p27mt) 0 0 0 (pl 'pz) Ci2
Bl(mH 7mt) + p3Ca — 2Coo 0 0 (p1 - p2) 3 Caa
[
Ch1 p% *(p1 ~p2) 0 0 Bl(mil 7mt) + BO(mH 7mt) —2C0o
Co _ 1 | —(p1-p2) 0 0 0 By (p3;m7) — Bl(mH ;Mg) — BO(mH ;mz) — paCh
Cia 2G 0 0 P —(p1 - p2) Bl(mH 7mt) Bi(p3;m;)
Ca2 0 0 —(p1 - p2) 0 Bi(mi, ,mz) + p3C2 — 2Coo
(3
c (P3 + p1 - p2) Bu(miy ;i) + (03 + p1 - p2) Bo(miy, ;¢ ) — 2p3Co0 — (p1 - p2) Bi(p3; %) + p3 (p1 - p2)Ca
11 =
2G ’
O (p3 = p1 - p2) Bi(miy,; ;i) — p3B1(p3;mi) — (p1 - p2)p3Ca + (p1 - p2)2Coo
12 — 2G )
o — Bi(p3;my;) — Bi(miy,;mi) — Bo(mi,;m;) — psCh
21 — 2 )
o Bi(mi,;mi) + p3Ca — 2Coo
22 =
2

(D.35)
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where we defined the Gram determinant G = —(py - p2)?. The remaining Cy coefficient can be found
by contracting the Eq. (D.33) with the metric tensor g"” and using the results found in Eq. (D.35).

As for the previous example, the C;; tensor coefficients are related to the C; and B; ones, which in
turn are related to the Cy and By scalar integrals. The generalization of this procedure for the rank-r
n-points tensor integrals is straightforward: 1. find the Lorentz basis on which the rank-r tensor
integral can be projected; 2. define the equality between the tensor integral and its decomposition of
such tensor basis; 3. contract both sides of the equation found in 2. for every external momentum;
4. express the rank-(r — 1) in terms of its tensor structure; 5. solve the system with respect to
the coefficients of the rank-r tensor structure. It can be shown that it is possible to build a master
equation which holds for any rank-r n-points tensor integral and relates its tensor coefficients to the
rank-(r — 1) n-points (or lower) ones (See e.g. Ref. [170, 171]).
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Evaluating the basis of one-loop
integrals

One-loop amplitudes can be written as a combination of scalar integrals: the minimal requirement
for the evaluation of such amplitudes is to know how to calculate the integral basis. There exist
many methods [172-177] for expressing one-loop scalar integrals into series expansions in e. In this
Appendix the calculation of the simpler scalar integrals will be presented by using the standard
technique involving Feynman parametrization and the tadpole integral.

The tadpole integral is defined by:

1
Ao(mf) = /k P _m? (E.1)
The integral over the loop momentum is
kQ a T _y_4d T d 1
/ ; (2) 5w = (—1)n=e) (n—a Q)d(aJr?) _ (E.2)
K [k? = ¢* — M?] T'(n)T(5) (2 + M2~ 2

and it can be applied directly on Eq. (E.1). It reads
ra-%9 1
_d
P (mp)t=

S e (E3)

=mZ(m?)"T(1 +¢) (1 + 1) + O(e).

Ag(mf) = -

For more complex integrands, the Feynman parametrization allows the integrand to take the
tadpole-like form. However, additional integrations over the Feynman parameters have to be per-
formed, making the calculation of one-loop scalar integrals highly non-trivial. In the following Section,
the 2-points and 3-points scalar integrals will be calculated up to the order O(1).

E.1 2-points scalar integrals

Bo(¢*, m})
The integral By(q?,m?) is
1
Bo(¢?, m? :/ . E.4
(@) = J 2 =+ 07 — 2] (E4)
Writing By (qQ,W?) in terms of Feynman parameters, it reads:
. F(Q) 1 5(1 — X1 — 352)
Bo(q%,m? :// dzdx , E.5
T = TP Sy Jo 0 e+ (bt 0)2 — )P (55)
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Rearranging the terms in the denominator and integrate over x; it becomes

2 m2)
d
o™ 1) // P22+ (2k - q+q)x2— 72
d
// 2 (k2 + ¢? xg(l—:vg) m?)2’

where the shift k¥ — k& — gz, has been applied. Using Eq. (E.2) the integral becomes

2 _9 F(Q — %l) 1 dxg
By (q mt) F(Q) A [m% _ q2;1;2(1 _ $2)]2_% )

and by setting d = 4 — 2¢ and renaming x9 = x it reads

L dx
B =10 ||

_ oo L+e [ da
— (m2) /0 .

2 €
¢ T’i—%x(l — ac)]

Expanding the last expression up to the finite order and defining 7‘;—22 = p, Bo(q?,m?) reads
t

1
Bo(q?,m2) =T(1 4+ €)(m?)~¢ [1 - /0 dzlog[l — px(1l — :L')]] .

The integral in the parenthesis can be evaluated analytically:

R G ]

N3
1
/0 dwlog[1 — pa(1 — z)] = 2[g(r) — 1],

Therefore, the analytical expansion of the 2-point scalar integral is
2 2 2v—c | 1
Bola®. ) = (1-+ ) [+ 2 29(7)].

An important limit of this integral is obtained for ¢ — 0:

L+e
—

BO(Ovmf) = (m?)_

The derivative of By(p?; ) is given by:

d

L B0l ) = =T (1+ ) (m) 20/ (+(e?)).

S = ooy (S 1)),

8my \1—7 7

and the on-shell limit of the derivative of By(q?,m7) is

d;lBo(O 2) o T(1+ €) ()~ oy

(E.7)

(E.8)

(E.9)

(E.10)

(E.11)

(E.12)

(E.13)

(E.14)

(E.15)



Evaluating the basis of one-loop integrals

107

By(p*;0)
A particular case arises when we set the internal masses to zero, i.e. m? — 0.
. re-9 t 1
BO(QQaO) = ( 2)/ dx d
@) Jo [—q2x(1 —2)]*"2

the last term can be written in terms of Gamma functions:

/01 tx—l(l _ t)y_ldt — ?((L‘)F(y) )

Hence
d _1yrd _
Bo(¢%,m) = (—¢%)2 7T <2 - ;l) I F(il)i(;) D
) TO G0
Bo(p*;my, 0)

Consider the integral

1
B 2; 2,0 :/ .
om0 = | e+ )2

Using the same steps as for the equal mass case, the 2-point integral reads

Bo(p?; m? // o
"m0 (k2 + 2k - px + p22 — m2(1 — x)]2

// s el d) mi(1 — )]

dx
F(2) /0 [m?(1 — z) — p2x(1 —2)]* 2

—wptor (- 8) [a-ot?(1- 2) i
= (m}): T <2 - ;l) /01(1 — )22 (1 pzlr)g_2 da.

The hypergeometric function is defined as

U

1
B(b,c —b)oFi(a,b;c;z) = / 2711 — 2)7 (1 — za) "%,
0

where

(E.16)

(E.17)

(E.18)

(E.19)

(E.20)

(E.21)

(E.22)

(E.23)
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Hypergeometric functions can be expanded as follows

2F1 (a,b; ¢ Z) _ Z (a)n(b)nﬁ

= () nl

= oF1 (b a;¢;2), (E.24)
(@) = 1 n=0  TI'(zx+n)
" Na@+1)--(x+n-1) n>0 D) ’

hence, they can be written as

() X “2253’”’;”.

F( €) ~=T(1+n)T(e+n) p"
- T(DT(e )nZ;J I'2—e+n) TI'(l+n)

r(2 2. I(e+n) 7 (E.25)
= I'2—e+n)
_ F(2 - e) T'(e) I'(1+e) I'2+e¢) ,
G {r(ze) e’ "Ta—o” 7
B I'2—¢T(1+e) I'2—¢)T(2+¢)
R P R v s U w7 e v s U
_ € e(l+¢) 9
s g s s U
Looking closely at the definition of 5 F7, the m-th term is
ele+1)(e+2)---(e+n—1)  e((n—1)+0()) (F.26)

2—e)B3—€)--2—€e+n—1)  (n+1)+0() °
Thanks to this expression, and by using the derivative of a rational function, the m-th term becomes

d f(e) _ f'(9g(e) = f(e)g'(¢)

deg(e) 9%(e)

_, (=114 0@l + D!+ 0] =0) _ (n=1)} (E.21)
[(n+ 1!+ 0(e))?  (n+1)!

Thus, the expansion around € = ( reads
JFi (1,6;2 . 1’2) = o) (10:2:) + e B (12— i) o)
:1+e[g+’§+-~-] +0(e)
Z(n—1)
- 1+e7; En+ 1;!,0 +0(é?)
=1+ epi 0 1!2)!;)” +0(é?) (E.28)
ZT(A+n)I(1+n)p”

=1+ gﬁ ( F(3)—|—(n) )Z| + O(€?)
=1+e¢ F(IE)(E)(I)QFl (1,1;3; p) + O(€?)

=1+ 6%2F1 (1,153; p) + O(€?).
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The hypergeometric function in the last identity is

! -z
2F1 (1,1,3 p) = 2/0 dx((ll—pl?)
C2[(=p) [! (—p)it
T [ p /0 (1-pt) H} (129
= [2) [(1;@ log(l—p)~|—1]
Hence
< P’ (1-p) 2
oF1 (1,62 —¢; m2> =1+e¢ [plog(l —p)+ 1} + O(€?), (E.30)

and finally, the By(p?; m?,0) around € = 0 is

1
Bo(p*;mi, 0) = (m{)"T(1 +¢) (e - 1) 2F1 (6,1;2 — € p)

(E.31)
_ 2\ —¢ 1 (]' B p)
= (m;)"T(1+¢) - + Tlog(l —p)| +O(e).
E.2 3-point scalar integrals
Co(0, p3, m3;, ;77
Consider the integral
Col0. % my i) = | :
j o T2 = ][0k~ p0)? — mif][(k + p2)? — i (E.52)
p% = 07 p% = m%’]j'
Doing the same steps done for the 2-points integrals, Cy(0, pg, m%{j;mf) reads
Co(0, 2) // dz1dzodzsd(1 — 1 — 32 — 3)
P s, m m (R —m)zs + (k= p1)” = mf)as + ((k+p2)” = mF)aaf?
l1—xo 1
= E.33
2/0 dx2/0 s / — 2k - (p1z1 — p2w2) + 3w — mi[? (£.33)

o o 1
Xr .
: (k2 4 2(p1 - p2)w1w2 + pawa(l — x2) — mf]?

Shifting the Feynman parameters as z; — z1(1 — x2) and x9 — x2, and rewriting (p; - p2) =
(p1+p2)* —p3 = m%{j — p3, Cp reads

1 1—332
Co(0, pa, m% . ;m> =2/ dx daz/
00 P2 min, i me) =2 | dmdes | e ma(l — w2) + PRra(l — 2) — milP
o (E.34)

=2 dxidz —.
/0 ! 2/,C [k2 + m%ljxlxg(l —29) — paz172(l — x2) + Piz2(1 — T2) — M2]3

After integrating the expression with respect to the loop momentum, and expressing it in terms of
€, Cyp becomes:

(1 — xz)dl’ldl'z
1= m2) + (my, — p3)wa(l — m2)z |+

1
2 2 _2
3 =-I'(1
CO(Oap27mHJ7mt) ( +€)/0 [m2 — p2aa( (E.35)

This expression is already finite, so one can immediately set ¢ = 0 at integrand level. Furthermore,
defining pp = quj /m? and py = p3/m3

(1 + €) (1 — z2)dz1dxs
Co(0,p2, m% ;e / ) E.36
(0,2, miye) = [1 = pawa(l — x2) + (pr — p2)z2(l — 22)21] (EL36)
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Integration over x; yields this expression:

/1 (1 — .%'2)d.%'1d1‘2 .
o [1—p2w2(l —22) + (pr — p2)wa(l — w2)w1]

/ dxy / (pa — p2)r2(1 — 22)d21 _
(pm — /32 — pax2(l — z2) + (pu — p2)z2(l — 22)71] (E.37)
dl’ r1=1 ’
/ —2log [1 = paza(l — ) + (pr — p2)aa(l — w2)71]
pH p2) £1=0
Ldx
[/ —log 1—pgz(l —2x) —/ —log [1 — pox(1 —x)]} .
PH p2) o T
Lastly, defining
4 4 1 o[ 1+vi-7
7-27 :77 f(T):—*IOg 3
4 1-Vi-T
t/bgl—mxﬂ—wﬂ=—ﬂﬂﬂ, (£:38)
[ roalt — puatt ~ ) = 250,
o X
the integral can be performed analytically
1 (1 — .TUQ)dJ:‘lde 2
=— 7)— f(A)]. E.39
/0 [1— pawa(1l — x2) — (pr — p2)w2(l — z2)21] (P — p2) () = 7)) (E-39)
and, expressing po and py respectively in terms of A and 7:
1
(1 — :L'Q)dl'ld.%'g 1 7
= —— 7) — f(N)]. E.40
/0 [1 = pawa(l — w2) — (pr — p2)wa(l — w2)z1] 37 )= T (E.40)
Finally, Co(0, p3, m%{j ;m7) takes the following analytical expression
FA+e) o c[TAS(T)— (N
Co(0, anmH am?) T?(mf) [27_)\ . (E.41)

The one-loop integrals evaluated in this Appendix have direct application both at LO and at NLO,
where they are involved in the real corrections and the one-particle-reducible contributions. 4-points
and 5-points integrals are much more complex, and when it is needed, a numerical approach would
be more convenient.

E.2.1 Scaleless scalar integrals

Within the dimensional regularization, the scaleless Feynman integrals vanish [178]. Consider the
integral

_ 2\« _ d+2a
Jo= [0, (] = e, (E.42)

A first naive argument for it to vanish is the dimensionality. The integral J, does not contain any
physical scale apart from the loop momentum k; the loop momentum is integrated out, so that its
dimensionality has to by absorbed be some other dimensionful quantity. Since such scale is absent, it
must vanish: J, =0, Va.

Another argument is related with a constructive definition of the Feynman integrals as a function
of the dimension d € C and its analytical continuation. Consider the integral

k2 « Ja ]{72 a+1
AM+W:AW. (E.43)
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The left and the right-hand side are exact identities. The analytical evaluation of the integrals
appearing in Eq. (E.43) is

() Tt di—a-9) L0,
/k(k:2—m2) = (! 13(1)r(g) )
1 k,201+1 F1+O(+QF—OZ—Q 1_ 9 4
m2/k (1512—)7712) = (-t m;ﬂ(é) 2) (2 (E.44)
— 1—ar(a+%)r(1_a_ %) m2 %_1_(1
Y rorg

The two integrals have the same analytical expression: this fact brings Eq. (E.43) into the state that

k,2a Jo k2a
i = Ly = =0 (E49)

Rigorously, this result is true for —2(a+1) < d < —2a. The extension for every d € C can be done by
means of the analytical continuation. More details on the constructive approach to the d—dimensional
integrations can be found in Ref. [178]. A direct consequence of Eq. (E.45) is that the general one-loop
massless tadpoles vanish
1
Ao(0) = /k 5 =Ja=0. (E.46)

In dimensional regularization, the scaleless integrals vanish because of Eq. (E.45) and (E.46). The
n-point scaleless one-loop integrals is:

I O O
! Do (E.A7)
:(k:+qi)2, qo =0, (g - q])—O Vi, je{l,...,n}.

The Feynman parametrization of I7 (0;0) yields

d(1—xo—"+—mp)
i ()O drg---d
! // (xoDo + - - - + Dyxp)tt "o o

o T in dey - - dx
= d dxo - - - d n E.48
/k;/o Tl /0 €9 /0 L, [kQ + 2k - Q]"'H ( )
' (I—z)" Tl —ap)" 2 (1 —xp1)
/k/o o v (k2 + 2k - Q)" +1

such that @ = > | piz; and Q? = 0. Completing the square in the denominator and shifting
k — k — @, the integration over the Feynman parameters yields:

i @0) - [ / oo, LSO ()

[(k + Q)]+
n 1,.n-2
"1:2 .. xnfl
o 1 - an 1
_n! g (B2)ntl ol

This fact shows that each scaleless n-point one-loop scalar integral can be related to a massless tadpole
integral with the power of the denominator equal to the number of external legs. Eq. (E.49) can be
generalized by taking into account denominators with positive indices!. This generalization involves
the only replacement n — Y " | a;, where a; is the (positive) power of the denominator D;.

'For negative indices one can use either integral or integrand reduction methods in order to obtain a combination of
scalar integrals with positive powers of the denominators.
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The vanishing of the scaleless one-loop integrals can be shown at multi-loop level as well:

_ 1
B0 = [ e
kikr [Jicg Hj:l Dy

(E.50)
Dij = (ki + ¢;5)%, o =0, (¢ij - qrs) = 0,
Vi,red{l,... 0}, je{l,....,n;},j€{1,....,n;} s€{l,...,n.}.
The Feynman parametrization yields
1—:51—---—mn)
I 0 0 / / dri---dz
: k1K (x1D11+ -+ + Dipyzn)™ ! " (E.51)

(1—x1—-—xp)
dxy - dxy,
/,ﬂ ,ﬂ/ (kT - Ak+2q K)o

where n = Z -nij, k' = (ki,---, k) is the vector containing all the loop momenta k; and q contains
a comblnatlon of the internal momenta ¢ with coefficients depending on the parameters x;. The
matrix A (symmetric) admits a decomposition A = ST'S such that ST = S. Hence,

0(1—a1—- —my)
I 0 0 / dzry -« dz,. E.52
: k1-ky Sk r Sk+2q k] ! ( )

Applying the rotation k& — S~'k, the Jacobian is d%k; - - - d%k; — det(S™1)d%; - - - d%ky,

01—z —- —xp)
I 0 0 dri---dzxy,
: /kl kl/ det!( k2 +2q7 (S‘lk)]” '

/kl k:l/ det(S k2+2(5 Iq)T _k]ndfﬁ dxn,

(E.53)

and the shift k — k — S~ !q

Sy 1
1 (0;0) = day - da,
i (0:0) /0 det! (S) e /kkl 7]

1

(E.54)
—=C

where C' is the factor containing the integral over the Feynman parameters. Notice that the loop
integral has the following structure

O — C dk‘o}l s dk‘o,ldd_lgl oo dd_lgl
I (0;0) = — / 2 _ (%2 |21 (E.55)
(im2)t S [(ko) + (koa)? = |kal® = — |k ]?]
The time and space components can be grouped as follows:
dko, - - dkoy = d_1|Ko|' " d| Ko| = d' Ky
d—17. d—17. T T T (d—1)-1 I(d—1 (E.56)
Ay - dT Ry = dkyy - dRygoadkor - digoy = dgg_1y K[V THK] = K,
therefore l {d—1) W
_ C /ngd YK / d*K
I (0;0) = =C | ——==0CJ_,. E.57
P00 =) e~ (E:57)

The Eq. (E.57) hides a subtlety: its metric tensor is not anymore the standard Minkowski metric
with signature (1,d — 1), but (I,d — ). However, this very same calculation could have done in the
Fuclidean space by means of the Wick rotation, leading to a non-ambiguous definition of the scalar
products. Moreover, it can be shown [178] that for dimensionally regularized integrals the following
relation holds:

/ddlkl/dkoQf(k% +k3) = /dd1+d2Kf(K2), K = (ki1,k2), (E.58)
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from which Eq. (E.57) follows, after inverting the Wick rotation.
It is important to notice that there are scaleless integrals for which their vanishing value comes
from a non-trivial interplay between UV and IR divergences. This fact can be shown explicitly from

the massless bubble: )

By(0;0,0 :/, 2=0. E.59

The Feynman parametrization yields

SRRy — A NP

Instead of directly setting it to zero, the reason why it vanishes can be shown by analytically integrating

the loop momentum:
1 dkd 4=k
BO(0,0,0) = d/[(

it J {00 TP
771_% d(d_l)E
- Ay o T

Renaming B = 1y, setting d = 4 — 2¢ and integrating over the solid angle d€2;_»:

Bo(0;0,0) = —4~° FF((;__;G)) / - ycfi. (E.62)

There is no way to make the integral of Eq. (E.62) converge by acting on the € parameter. However,
an appropriate analytical continuation with respect to € ensures its vanishing behaviour. It is possible
to recover this behaviour by splitting the integration regions at a scale A and imposing two different

conditions on e: A
(oo} oo
/ dy _ / By | / v (E.63)
0o yite 0o y'te A yite

The first term diverges if € > 0; the second one if € < 0. Imposing e;g = € < 0 for the first term and
euv = € > 0 for the second, the integral in the Lh.s. is not divergent anymore:

/°° dy 1 1> 1 1%
0o Yyt ERYT [y €uv YUYy
A*GIR AerV
=- +
€IR cov (E.64)

_ <_€IlR +10g(A)> + <€$v — log(A)> + O(evv, €R)
— (1 — 1) + O(euv, €IR),

€UV €IR
which turns to be independent on the choice of the scale A. Thus, the massless bubble becomes
By (00 0)_4*6M 11 (E.65)
S D) eov ) '

The vanishing behaviour of By(0;0,0) is related to an exact cancellation between the UV and IR
poles. The UV pole extracted in this way is the one that is canceled by MS counterterms for massless
quark self-energies.



114 Appendix E




Appendix F
Utilities

In this Appendix, some useful identities used to make the expressions compact are presented. In
the first Section, identities involving the kinematical variables and the transverse momentum are
presented. In the last Section, the transformations regarding the Feynman parameters are shown for

the one-loop case.

F.1 Useful kinematical identities

In the context of this thesis, the transverse momentum p% has been defined as follows:
n 2 \(n 2 )
o2 (t —mi, ) (@ — myy,) — dmiy,

T B

(F.1)

Momentum conservation relates the 3, ¢ and @, and p% can take different expressions, for examples:

spp = (F—miy,) (@ — miy,) — smiy,

=—(t - m%h)(f - m%b) — 5t (F.2)
= ti — mlqu mf%.
Moreover, looking back to Appendix C, the ¢ variable runs from t_ to ¢y, defined as
. S
fe=—2(1-5%5) (F.3)
Combinations of ¢ and ¢4 can be defined:

r 2 2
t+t7 = mHlmHQ,

i =3
i+l =-31-5),
g n h (F.4)
;g ty —1t_
t—ty = —%(1 + cosf) = —(+2)(1 + cos @),
— P
t—1t_ = ?(1 —COSQ) — (+2)(1 —COSQ)7
so that . . .
Sprp = tu — miy, myy,
22
= Sz(l — Y —Bcosh)(1 —X + Bcosh) —t,i_
S A
= [(1-%)*— B2cos? 0] —t4i_
! (F.5)
=1 [(ﬁ- +t.)? — (i3 —t_)%cos? 9] —tt
1. .
= 1( - t,)Q(l — cos? 0)
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It is possible to define the df element as follows

dt dt
ﬁ — — = S =~ = . (F6)
W (-1
The partial fractioning on the denominator yields
dt dt 1 1
>~ 92 — 77 ~ [AA_AA] (F7)
W -t (1) (-1
It is easy to show that the identity
(F—i4) = —(a— ), (F.8)
is valid and, therefore
dt dt 1 1
5 = 7 = |: ——— :| . (F.9)
W -t -1 a1

The partonic cross section can be written as the integral of a function depending on the kinematic
variables with respect to ¢

ty dt . o iy dt f(f,ﬂ) f(??,ft)
/f— %f<t’u)/f_ (i — i) [(f—f_ﬁ(a_f_)]' (F-10)

The second term can be written with the same denominator of the first one by noting that

[t f(ad)
)_/f dt(f_fi), (F.11)

and so

togp . b ab o fda) + f(a,d)
/f_ f(t,U)—/f_ TR (F.12)

The integral of Eq. (F.12) shows manifestly the logarithmic instabilities that lie in the boundary of

the integration region. In Chapter 4 these instabilities have been tamed with a dedicated change of
variables.

F.2 Feynman Parameter Tricks

The numerical integration of the Feynman integrals requires fixed boundaries, which for the Feynman
parameters is a hypercube. In this Section the manipulations of the Feynman parameters which
have been performed to obtain the convenient integration volume will be presented. The strategies
presented in this Section have been employed for setting the integrands

F.2.1 Boundaries

Consider the integral measure occurring in a Feynman integral after its parameterization (for a 4-point
integral):

1 4
/ dirdiod@sdi s (1 - Zx> , (F.13)
0 i=1

Extending a parameter domain to the real axis:
0 4 4
/ di1diodizdig (1 — Zx) [T6@)o1 — ). (F.14)
- i=1 i=1
Now the delta function can be legitimately integrated with respect to x4

0 3 3 3
/ didiodish (Z a:) 9 (1 - Zx) [ToG)e0 - ). (F.15)
=1 =1

- i=1
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The first two Heaviside distributions yield the conditions
(21 + T2+ 23)0(1l — 21 — T2 —23) >0 <= —01 — 2 <23 <1—23; — Zo. (F.16)
Because of the 0(23)0(1 — &3) function, the lower limit for Z3 has to be in between 0 and 1:
0< —G1—ds <1 e i1 =0Ads =0. (F.17)

Hence the lower limit for x3 has to be 0.
Same argument holds for the upper limit for &3, except that now it does not get a single value,
but a condition over Zs:

0<1—21—22<1 = 9> -1 NTa<1-— 2. (F18)

As for the first condition, for 7 > 0, the lower limit on 5 is zero.
Putting all the conditions together, the integration region is

3 3 3
0 Ti|O0(1=) 0(2:)0(1 — &) >
() o (-2 ) oo -s 20

= 0<21 <IN <1 —-—21N0<23<1—21 — 2o,

1 4 1 11—z 1—x1—x2
/ diydigdisdied | 1—) & | = / dity / di / di3. (F.20)
0 im1 0 0 0

This argument can be extended for any number of Feynman parameters

therefore,

n+1 1 l—z1——xp n
0 0 j
7j=1

Note that the order of the integrations it totally arbitrary:

1—x1 1- $2
/ dT1dT9dT30 <1—Zx> / dml/ dio = / dxg/ (F.22)
0

This fact leads to the first trick: whenever a pattern that resembles the r.h.s. of Eq. (F.21) shows up,
the integration order can be permuted to the most convenient one.

F.2.2 Transformations

To achieve the numerical integration, the variables have to be transformed such that the new inte-
gration volume is the n-dimensional unit cube C = [0,1]". The easiest way is to use the following

transformation ‘
T; = [H;;ll(l - QZJ)} z;, 1>1
.ii'i = T, 1=1
. (F.23)
d"i (Hu - xz)”—1> d"z,
i=1
hence
n+1 1 n—1 ‘
/ d"is (1 - Z%) - / d"x (Hu — xi)”_l> : (F.24)
0 i=1 0 i=1

Focusing on the previous example, we can write:

1 4 1
/ d#1dzodisdisd (1 - Z$> = / dridzadrs(1 — z1)%(1 — x9). (F.25)
0

0 i=1
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Note that the integration boundaries are invariant on the shift x; - 1 —x

1 1
/0 dxf(x):/o def(1—x). (F.26)

Therefore, this shift can occasionally be convenient:

1 4 1
/ di1diodisdigd (1 - sz> = / dridaadrs(1 — 21)%(1 — x9)
0 — 0

X (F.27)
= / dxidrodrs(ziesy)
0

The Eq. (F.23) offers a general change of variable for mapping the domain of the Feynman parameters
in [0, 1]". However, the complexity of the mapping increases with the number of Feynman parameters,
and issues related with the end-point subtractions can arise. At NLO, a dedicated change of variables
have been chosen for treating the two-loop integrals for the virtual contributions, which has been
presented in Chapter 3. Here below a sketch of the strategy employed in the construction of the
change of variables at NLO is presented with LO examples.

Example 1

Let I be a one-loop 4-point integral. Using Feynman parametrization it reads

1 1—22o 1—%1—T2 5 - A
1:/ d:f:g/ dil/ diy—SELInEs)
0 0 0 [N (&1, &2, 23)]P

N7 (1,89, 3) = 1 — @o(1 — &1 — &2)ps — B3(21 + £2)(pr — prr,) — B2z (pu — pr,) — B3(1 — &3) i, -
(F.28)

Applying the first transformation 1 = 1 — &1 — &, the expression reads

1—2o 1
I—/ dm/ d;z:l/ i, JEL 2, 85) flx1, 22, 23)
0 (N2 (21, o, 33)]P (F.29)

Ni(#1,82,83) = 1 — Zoz1ps — 23(1 — 1) (pr — pry) — B283(pu — pry) — #3(1 — 33)pw,

Switching the boundaries for o and x1, I becomes

1 1—ao 1 5, 1-21 Z1 o %
/ di / dy / di3 ;’;(xl’x?’x?’ / d, / dis / dis J;(xl’?’ff*) . (F.30)
0 0 0 [NT (21, T2, 23)]P 0 [NT (@1, £2, £3)]P

Finally, setting the boundaries from 0 to 1 through the transformation Z5 = (1 —x1)z2 and I3 = z1x3,
the total transformation is

:i’l = (1 — 3:1)(1 — xz)
&y = xo(1 — 1) . (F.31)

i’g = T1x3

Hence, the full integral reads

1 .
I:/ darydpdary —T P22 23)
0 [N (21, &2, &3)]P

z1(1 — 21). (F.32)

Notice that the Jacobian depends on a single variable.
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Example 2

The Feynman parametrization brings the integral for My in the following form:

1 1—z3 1—@g—z2 .
1:/ d:eg/ d@/ diy ];(gfl’gf?’”f?’) ,
0 0 0 [N5(Z1, 22, 23)]P

NE (i1, &g, d3) = 1 — 23(1 — &2 — 3)pa — 43(1 — &1 — &g — &3)ps+

—({i‘z =+ 12‘3)(1 — T — T9 — :ﬁg)pf — (i‘z + 12‘3)(1 — T — 9 — i‘g)le.

(F.33)

The first replacement will be « =1 — 21 — Z9 — 3 =— 1 = 1 — a — Ty — Z3. Therefore

1 1—23 1—&3—&2
I= / dfcg/ d:&g/ da. (F.34)
0 0 0
Exchanging the integration order and performing the change of variables § =1 — 22 — &3, I becomes
1 1—23 1—d3—&2 1 l-a l—a—i3
/ dfcg/ d{i‘g/ da = / da/ di“g/ dzo

0 0 0 0 0 0

1 l—a 1—3 (F.35)
= / da / dzs / dg.
0 0 a

The domain for («, 3) is the upper triangle inscribed into the square [0, 1]2. Exchanging the integration
variables, the boundaries can be mapped into the unit cube by means of the following identities

1 11—« 1—23 1 1—23 1-23
/da/ dﬁcg/ dﬁ:/d@/ da/ a8
0 0 « 0 0 «
1 1-33 B
- / s / a8 / da
0 0 0
Lo ) (F.36)
- / 48 / dis / da
0 0 0

= /Cdml(l —x1).

Collecting all the change of variables, the mapping reads

1%1:1*01*:@2*1?3:>i‘1:,8*a:$1(1*562)
CACQZ].—/B—ZZ'?,:>1%2:1—B—(1—,8)$3:(1—CC1)(1—1L'3) (F37)
igz (1—ﬁ)x3 — ng(l—xl)l‘g.
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Appendix G

Running of as in QCD

In this Appendix, the evaluation of the counterterms for ay in the MS scheme for the N ¢ = 9 active

massless flavours with the top-quark mass decoupled from the running will be presented.

G.1 Gluon propagator

p

—_—

pv,ab
MVP = K v

M‘é”’“b = 1 ToOOOY

Figure G.1: Diagrams contributing to the gluon propagator.

The gluon propagator expressed in its form factor reads

i(sab(p2g/w _p,upu)HO(p ) Muuab+Muuab M;éu,ab

and the counterterm behaves such that

Iy(p?) — &3 = finite.

G.1.1 Massless flavours

M = 1 47r) 5 (dmp)? /k (—igsy"T*) ljﬁ (—igs'YVTb) zg:ng
1 dg: o, _a [ TRy (R +
ey [
ig? a _d kHEY kFp” + pHEY
= _2(471')26 b(47rlu2)2 24 [2/k k‘Q(k’—i-p)2 +/k kQ(k+p)2

2

_ Zgg 5ab [ng;w _ p,upy} 47(:“ 61“(1 + 6)21
(47)? —p? 3e

Summing over the massless flavours, we obtain

2

. 9 €
v, g 4
MM ab _ (47Ts)25ab [pQQMV _ pupu] < _;;2 ) F(l + )

121

|
k

2Nf1

+ finite.

(k2 +k-p)
k2(k + p)?

(G.1)

(G.2)
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The triple gauge boson interaction diagram is given by

w,a 1 —d ac « o «
Mt = 5(47r) 5 (4mp?)? 2/k(—gsf Ug"* (k +2p)° + g**(=2k — p)* + g"*(k — p)*]) x
7 0’6 © e v o vo o v —1 g 6df
(I (g ok 2007 - 2] () (69)
:E 2 facdfbcd e %/
2 (4m ) w) DyD
where

N = [g"?(k +2p)” + ¢*° (=2k — p)* + ¢7"(k — p)°][g™ (k + 2p)” + g"° (k — p)” + g°"(—2k — p)"]
= 2(2d — 3)kFE” + (2d — 3)(k"p” + p"k”) + (d — 6)p*'p” + g"[2(k - p) + 2k* + 5p?]

(G.6)
The PV reduction applied to the integral yields
[(6d — 5)p*g"” — (7d — 6)p"p"] , 5
| 55 e Bo(p*:0), (@)
so that ) ,
. B w o
M;I},ab _ Ca g5 5ab(471'/1,2)27% [(6d 5)]7 g (7d 6)p p ]Bo(pz;ﬁ), (GS)

2 (47m)2 2(d—1)

which is not transverse.
The ghost contribution is needed to remove the contribution of the unphysical degrees of freedom:

(4mp?)>~% /k(—gsfm(k +p)") (ﬁ;) (=g fT"E") (22;>

pv,ab _ ?
Me =y
Lt kv

_ ig? ace rbce -4 k¥

=i om0 [ ] (9
C ) ,uy d— LoV _

—_ 714(2791_5)26(1[)(471- )2—— |:p g ( 2)p p :| Bo(p2;0)

2(d— 1)

The sum of the ghost contribution and the non-abelian bubble contribution recovers the transversality
of the propagator tensor:

g2 4rp\ € 5C4 1
MUt pgiab — (f:)Q&“” (p*g" — p''p") ( f]’; ) I(1+e )TAf + finite. (G.10)
In massless QCD with Ny active flavours, the divergent part is
2 2\ €
e = (49;)2 (412‘2 > I'(1+e¢) (5? - 2?”) + finite, (G.11)
which is canceled by the following MS counterterm
2 (4r 5C4 2N\ 1
8 = (49‘) ( M“ > I(1+e¢) (3“ _3f> - (G.12)
R
G.1.2 Top-mass contribution
' _d . (4 e , i(f+p +me)
Muuab _ L An 2\2 ‘21/ —ig ,y,uT(z Z(% (—zg ’YVTb)
(a0 00 oy 90 7
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_ g T[T (4n z)g_g/ (G.13)
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Expanding the trace, we obtain

NM = Te[y" oy (f + p)] + miTe [y "]

G.14
= 42kMEY + EFpY + pHEY — ¢"k - (K +p) + mfg’“’], ( )
and the PV reduction of this amplitude (see Appendix D) yields
- 2 1.V oV 1.V
pv,ab Qng ab 2 2—% Ktk / k P~ +p k /w/ mt k+p)
Myp™ = = Ty ) {2 . DoDy ). DeDr 9, D0
- 9 2 2 2.2
_ L9s ab 2 27% [(d - 2)17 + 4mt}BO(p mf) 2(d — 2 Ao(mf) N7 pﬂp
= ) 1) T
;2 2 v
_ _Y9s cab ave [ [2(1 — €)p? + 4mf] 2. 2 4(1—¢) 2 o PP
- (47’(’)2 d (47rlu ) { (3 — 26) BO( ) t) (3 — 26) Ao(mt) g p2
ig? , , 1 Am? L, 41—
= e - ) am) (2 ) [0 - 0+ | Bty - 202 gt
(G.15)
Therefore, the form factor II;(p?) of MW % with the top quark in the loop reads
2 2
g; . 1 m _ 4(1 —¢)
1) =~ s tam?) (25 ) {20- 94 5 oty - L2t} cao)

The on-shell limit of this form factor is useful to check the proper cancellation of the wave function
corrections due to the top-quark contributions. Expanding Eq. (G.16) around p? = 0:

2
1) =~ 5 tami?)* (25 ) { o [Am2Bo(0im?) — 401 ) Ao
+ [2(1 — €)Bo(0;m2) + 4m?djﬁB (0;m )} + O(p )} (G.17)
g2 [(AmpP\‘T(1+e) ([2 4
=~y () "3 AL 3] 10}
and around € = 0O: ) N -
g (4mp
I, (p?) = — (in)? ( 2 > 1+ 6)52 +O0(p%,€) (G.18)

Here, the derivative of the bubble integral presented in Appendix E has been used. Therefore, the
form factor for an on-shell gluon is

2 T 2\ €
Ht(o):—(f;)2 <4m’§ ) I(1+ )gi (G.19)

The on-shell limit presented in Eq. (G.19) takes part in the wave function correction of the NLO:
their contribution, shown in Figure G.2, is the product of two form factors:

2 2\ €
I, (0)F = — 9 (47””‘> 1+ 02O, (G.20)

J (4m)? \ m? 3e J

The vacuum polarization diagrams are the only ones that receive contributions that depend on the
top mass: this fact can be exploited to build a counterterm that makes the top quark decouple from
the running of «s. The decoupling can be enforced by the condition

83 — 0% — I1,(0) = finite (G.21)

where d3 is the total vacuum polarization counterterm and 0% is the massless vacuum polarization
counterterm. The explicit expression of d3 in the MS scheme is

o () oo (SR B ()] e

R

Later on, the decoupling of the top mass from the running of a; will be shown explicitly.
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Figure G.2: Wave-function corrections due to top-quark loops.

G.2 Quark Self-energy

P W
i J

Figure G.3: Diagram contributing to the massless quark self-energy.

The self-energy diagram and its counterterm can be expressed as

—ipsIS(p?) = M,

(G.23)
¥ (p?) — 0y = finite.
and the amplitude can be written as:
. . . v ab
(f) — ¢ 4 2 27% 3 wa % i I/Tb 729# 0
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= 5 (4 : [
e [
- 9
195 17 -2 d -2 n)
= (an)? Cpd (4mp?)? % (72)7130 (p°,0),
where p? is the off-shellness of the quark propagator. The pole structure is:
- 92 - 4 2 € 1
M) = (41978201;,5” ( il ) T(1+ ¢)p- + finite
™) P ‘ (G.25)
So(p?) = — g Ampi” 6r(1+)1+ﬁ't |
o\p (47T)2 F 2 € c nite
and its MS counterterm is
5 9 o (A 6r(1 4ol (G.26)
— €)— .
T m2 T\ e
G.3 Vertices
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3 7, 7,
Mi =B poMEt = k| y
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Figure G.4: Diagrams contributing to the vertex corrections



Running of as in QCD 125

Lastly, we need the vertex diagrams. This contribution has the following structure:

_igsTa'Yquert(pMPQ) = le’a + Mg’a

G.27
Iyert (plap2) + 51 = finite ( )

The amplitude for M}

Z( k _pg ( zg MTG) (_’% +p1)(

(k + p2)? ’ (k —p1)?

_ g TbT“Tb(47ru2)2’%/ (k+p2)”y”(%—zﬁl)%
(4m)? k2(k = p1)?(k + p2)?

Since the scalar triangle Cy is finite, we can already drop the terms that generates such integrals.
- 3 TRy — AT RVY Vo + VP Y

MU = 95 pirpa g2y /v Fyt ey 7 Fy fn 72}/527 fy

(4m) k k2(k — p1)*(k + p2)

Using the PV reduction, it is possible to show that the terms proportional to ¥ do not develop any
pole. It relies on the pole structure of By, which is independent on the kinematics. Therefore, the

rank-1 tensor integrals produce finite terms.
Neglecting rank-1 terms, the amplitude reads:

_igap(sbc

-t szTb) 12

My = o m [ igarre) o
(4) k (G.28)

ol

+ finite (G.29)
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Applying the PV reduction on this last term, we obtain the following pole term:
- 3 2 € o
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= — S —_— = Ta F 1 - ﬁ i
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The second diagram can be written as
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For reasons which are completely analogous to the previous diagram, terms which are proportional
to rank-0 and rank-1 integrals will generate finite terms. Therefore:

At — (495)2 e /k vk kg?kkp —)Qg(kfp - IR finite
ey [ T e
ey [ LR

and lastly, the PV reduction yields:
M ﬁ;cATG (417;;2)}(1 . E)% + finite, (G.34)

which leads to the following total contribution:
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4 1
(Cp +Ca) ( ”}/:2 ) T(1+ )% + finite, (G.35)
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and to the following MS counterterm

2

2 €
95 Amp 1
= — Ir'(1 -.
: <4w>2(CF+C“‘)( u%) 1+

(G.36)

G.4 MS scheme for a, with N ¢ = 5 massless flavours with the top
quark decoupled

From the fermion field and mass renormalization of the QCD Lagrangian it is possible to access the
renormalization of the strong coupling constant:

= 1 (G 3 )
(67 Qg. 37
s,0 ZQ 7 s

malized one reads
Q50 = g (1 + 267 — 265 — 83) + O(6?)

’ 5 (G.38)
= a5 + das + O(a3).
Therefore, the one-loop counterterm for the strong coupling reads:
dag
= 261 — 209 — I3 (G.39)
which gives the following explicit form:
das as [ Amp®\© 33-2(N¢g+1) 2 W
—=—|— | I'(1 _— 1 7. G.40
o (47T)(u%) () [P Do (2 (GA40)

It is possible to see explicitly the decoupling of the top mass from the running of « from the defi-
nition of the S-function [179-182]. Differentiating the Eq. (G.38) with respect to the renormalization
scale ,u%z:

5 dos o o do o doog

MR d/J,QR =U= MRdM%% + UR d/ﬁ{

since the bare coupling is independent on the renormalization scale. The first term of the r.h.s. of
Eq. (G.41) is the definition of the one-loop beta function; the second term is its analytical expression,

which gives:

dog Qg 47r,u,2 ¢ 2

B=uh—  fB= ( T(14¢) (11— Ny ). (G.42)
"dp3 (4m) \ % 377

This beta function is manifestly independent of the top quark contribution, and it gets contributions

only from the massless flavours.

+0(a?) (G.41)
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Feynman Diagrams for gg — H{H>

In this Appendix, the complete set of Feynman diagrams involved in the g¢g — HiHo NLO cross
section is presented.
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H.1 Real corrections
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Figure H.1: Diagrams contributing to &4g.
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Figure H.3: Diagrams contributing to 644.
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H.2 Virtual contributions

H.2.1 Vertex contributions
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Figure H.4: Triangle contributions.
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H.2.2 Box contributions
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Topology 2.
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Figure H.11:

One-particle reducible diagrams.
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Feynman Rules

In this Appendix, the Feynman rules coming from the 2HDM and the QCD, relevant for this thesis,
are depicted.

I.1 2HDM scalar propagators and Yukawa couplings

Scalar propagators

1 _
____h____ :(]2—777127 hE{H17H27A7H+aH }a
h
Yukawa couplings
_ .m
gi Qi Hy = —i— 201,
_ .m
I q;q;H2 = —ZTq&jYz,
- - = B my s
q;q;A = —TQ’Y 0ijYa,
_ s _ by g
qj uzd]H = *;‘/in_i_ N
7 - Uiy i
he {H, Hy, A,H*, H"} diugH ™ = ——Vi3¥ >
type I  typeIl type X typeY
I cos o cos & cos o cos
up quarks
Y; P sin /3 sin 3 sin 3 sin 3
4 K cos « sin cos sin «
own quarks — —
d sin 3 cos f3 sin 3 cos 3
K sin « sin sin « sin
up quarks
Y, bd sin 8 sin 8 sin 8 sin 8
4 K sin « cos sin « cos «
own quarks
d sin 3 cos f3 sin 3 cos 3
v up quarks cot 3 cot 3 cot 3 cot B
A
down quarks | —cotfs tanf3 —cotf tanp

type I, type X type II, type Y

Y_ﬁj V2 [mdj cot SPr — m,, cot BPL] -2 [mdj tan BPr + my,, Pr, cot ,8]

Y9 | V2 [mdi cot BPr, — my,; cot BPR] —V2 [mdi tan 3P + my,; cot BPR]
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1.2 2HDM trilinear Higgs couplings
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I.3 SM QCD Feynman rules
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