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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-points
two-loop Feynman integrals, which represent the nowadays bottleneck for many higher order correc-
tions. 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 ultravio-
let divergences will be isolated through the endpoint subtraction, the infrared ones by a dedicated
subtraction term coming from 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 of the 15%. The uncertainties related with the choice of the top-mass
renormalisation scale and scheme are proven to be sizable. Such uncertainties are of the same order
of the usual strong coupling renormalisation and factorization scale ones, bringing a strong impact on
the estimation of the theoretical uncertainties.






Resumen

El descobriment ’any 2012 d’un bosé escalar i neutre compatible amb el bosé de Higgs del Model
Estandard ha obert la possibilitat d’estudiar el potencial de Higgs. Les actuals incerteses experi-
mentals no exclouen que aquesta partcula puga pertanyer a models més enlla del Model Estandard.
L’estudi de les interaccions propies del Higgs seran necessaries per a clarificar la seua naturalesa.

L’acoblament quartic del Higgs amb ell mateix esta fora de I'abast des d’una perspectiva exper-
imental. Malgrat aixo, la futura actualitzacié del LHC i altres collisionadors obriran la possibilitat
d’investigar ’acoblament triple del Higgs amb ell mateix. Una mesura directa de ’acoblament triple
del Higgs involucra canals de produccié de parells de Higgs. El canal dominant és la fusié de gluons
induida per QCD amb bucles de quarks top. Un calcul a segon ordre en teoria de pertorbacions és
obligatori per complir amb les demandes de precisié per una comparacié amb les dades experimentals.

Els diagrames de Feynman que contribueixen a la seccio6 eficac¢ de les correccions virtuals inclouen
integrals de Feynman de dos bucles i quatre punts, que hui en dia representa un coll de botella per
moltes de les correccions d’ordre superior. Com que un calcul analtic no és una estrategia viable encara,
calculs numerics sén necessaris. Un marc numeric general que inclou tant el Model Estandard com
models amb dos Higgs es presenta en aquesta tesi. La part crucial del calcul és I’allament i cancellacié
de les divergencies ultraviolades i infraroges que venen de les integrals de Feynman (divergents). Les
divergencies ultraviolades sén allades utilitzant la sostraccié de punt final, les infraroges per un terme
de sostraccié dedicat que ve d’un calcul en el limit de quarks pesats. La part restant de I’amplitud
virtual pot ser calculada considerent 'amplitud de produccié d’un sol Higgs i el decament del Higgs
en un bosé Z i un fotd. La correccid real ha sigut calculada utilitzant llibreries publiques per calculs
d’un bucle. El resultat d’aquest estudi és la secci6 diferencial depenent de la massa invariant del parell
de Higgs i la seua integral, és a dir la seccid eficac total de produccié de parrells de Higgs via fusié de
gluons a NLO.

Els efectes deguts a la massa del top a segon ordre introdueixen desviacions importants de la seccio
eficac diferencial comparada amb el limit de quarks pesats de més del 20% en la cola, incrementant-se
amb D’energia del col-lisionador. La desviacié al nivell de la seccié eficac es reflecteix en un decreix-
ement de la seccié hadronica total del 15%. Les incerteses relacionades amb I'eleccié de 'escala de
renormalitzacié a la massa del top i de I'esquema de renormalitzacié han resultat ser considerables.
Aquestes incerteses son del mateix ordre que les escales de renormalitzacio i factoritzacié usuals de la
constant d’acoblament, tenint un fort impacte en ’estimacio de les incerteses teoriques.
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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 terms which are quadratic with respect to the massive fields
into the SM Lagrangian. Introducing such mass terms requires the so-called spontaneous symmetry
breaking, which requires a scalar field with non-vanishing vacuum expactation value. As a reminder,
the spontaneous symmetry breaking generate 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 analysis 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 definitively attest that this scalar neutral boson is
the SM Higgs particle, its self-couplings have to be measured and compared with the phenomenlogical
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 its presence allows the
spontaneous symmetry breaking. The present experimental uncertainties are unsufficient 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
prevent 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 luminos-
ity 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 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 enlights 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
of the strong coupling are demanded.

The dominant process involving a Higgs-pair production is the QCD induced gluon fusion [30].
Since there is no mechanism that produces a direct gluon-Higgs interaction, the Feynman amplitude
of this process 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 fullfil the demanded theoretical precision, the total cross section for this
process requires a next-to-leading order (NLO) calculation, for which two-loop Feynman amplitude
have to be taken into account.

Within the SM, the top-quark loops are responsible for more than the 99% of the total cross
section caused by the presence of the Yukawa coupling, 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 permit
enhancements on the their Yukawa couplings [10, 23]. This latter case will be consider 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-points two-loops Feynman integrals, entering
into the virtual corrections, and five-points one-loop Feynman integrals, which are the building block
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of 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 enstablished yet.

Along the past 25 years, great efforts have been made to study the higher order correction 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, and 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 region, 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 occuring at the first perturbative order. A first calculation [47] has been
carried out by applying the integration-by-parts identities [48, 49] of the amplitude, achieving its
master integrals 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 renormalisation scheme and scale
of the top-quark mass. The procedure can be summarize 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 endpoint
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 with respect to the LO
amplitude, in the spirit of the Catani-Seymour subtraction method [51, 52]; 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 parameter and
the phase space. The renormalisation 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 applyed to the NLO SM Higgs-pair production via gluon-fusion [53-55]
will be discussed in detail in this thesis, presenting the differential cross section distributions and the
total cross section for different centre-of-mass energies. There will be shown how the uncertainties
related to the renormalisation and factorization scales together with the top-mass renormalisation
scheme and scale uncertainties have a huge impact, leading to sizeable relative errors. At last, it will
be discussed how a dynamical top-mass renormalisation scale choice is needed to control the top-mass
effects at high energies. The possibility of choosing different 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 renormalisation 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 7 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 an Higgs boson [1-6]
represent the most recent success of the SM. It further provides a solid theoretical framework for a
pleathora 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 interaction [56-63] 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 [64-66]; 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 Q = I3 + Y, know as
Gell-Mann-Nishijima formula [67, 68].

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 p o7
wq—{d s b}’ wl—{ye Vi VT}'

The indices b runs over the gauge group, a is the index of the adjoint representation, Ag,u are the
fields that represents the boson which mediates the b interactions and g are the coupling constants.
For each generator of the gauge group, a boson field have 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
elecroweak bosons W** and B*.
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Quarks Leptons
0, = ur, cr tr c 3928 1 I — Vel Vu,L Vr.L c 1928 1
E=\dr ) \sp) \be 6 P e )0 N\ )0 \ e 2
2
UR, CR, tR € 3®]l®§ €Rr, VR, TR e 1xl1l®-—1
1
dgr, Sgr, br S 3®]l®—§

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 have quantum isospin numbers I = % and

I3 = +3.

The matter content is encoded into the spinors v,. Each spinor have two chiral components labeled
left-handed and right-handed. Strong interaction are not sensible to the chiral components, while EW
interaction acts 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:

AW cosby  sinfy B* 1 1 R
(Z“) - (— sinfy, cos OW) (W?”“) ’ Wk = E(W TF AW
The field A* is the photon and with the EW boson Z" contributes to the neutral currents. The EW
bosons WT# lead to charged currents. The fermions which interact only via EW interaction are the
leptons. The matter content that goes into the spinors 1, 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 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
(9" 1 1 (0
‘I’—<¢0 € 1®2® 3, <¢>_ﬁ ;

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

The mass terms allowed into a Lagrangian which satisfies the Lorentz invariance is 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

Vo = 20t d + %yq>+<1>|2, (1.5)
where 12 < 0 and A > 0. The field ® has a non-vanishing vacuum expectation value (VEV):
1 /0 B 2u?
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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:

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

°@ = 75 (o4 110 (18)

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

Embedding the Lagrangian Lg into the Standard Model implies the replacement of 9% — DH,
therefore:

A
Ly =D'®TD,® — 120t P — 51@*@\4,

v? , : 1.9
DIBF Db gy o [V + W) W) = W) + (W — gy B) (g W — gypy] (1)

=my WHHW, +m3 2" Z,,

where g7, = 1/9% + g%, cos By, and

2
grv v/ 2 mw H
mw 2 ’ mz 2 97, +gY COS QW’ ma ) mg 9 ( )

The mass terms introduced by adding the scalar field ®(x) 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 [69, 70].

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

—Ly = Ylgl @i,L(I)dj,R + Yi?@i,Lq)cuj,R + YilszL(I)lj,R + h.c.
U (1.11)

_EY % Ld R + ij ful Lu],R + z] \/* Q Llj R + h C. )

’L] \/>
where ®¢ is the charge conjugate of ®, Q; ; and L; 1, are the quark and lepton isospin doublet, the
Yk are the Yukawa couplings and

ml; ﬁ} (1.12)
are the mass matrices. Each of these mass matrices can be diagonalized by means of the CKM matrix,
for the quark sector, [71, 72] and the PMNS [73, 74] matrix, for the lepton sector.

The Standard Model Lagrangian? is the sum of the massless £Lg + £¢ and the Higgs and Yukawa
Lagrangian
Lsv=Lag+ L+ L+ Ly. (1.13)

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

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-Doublets 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

nrri) (gl 2 10y
D[I()(I()ﬂLl)—Ym}vz 114
25" Y2 0 ' (1.14)
O

p:

The experimental data [75] 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
overcomplexities 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 super-
sypersymmetry [76] and the Peccei-Quinn model [77, 78], and it might explain the baryon asymmetry
[79-81]. Further details can be found in the review of Ref. [10].

Scalars

+
as() < reret ()

_ (o B 0
<1>2_<¢28) € 1323, <¢2>_\%<v2>

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

The model we are going to introduce is the Two-Higgs-Doublets Model (2HDM) [82], 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 represent 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

3 (070:)°+

A 2
Vorpm = p3 ®F @1 — pfo[@F g + OF 1] + p3, @5 P2 + ?1 (‘I);rq)l) + o
(1.15)

A 2 2
+ A B105 D2+ M 205 D1 + 5 (@1 02)" + (25 01)7].

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 [83-86]:

A1 >0, Ao >0, Az > —v/ A1), )\3+)\4—|>\5|>—\/)\1)\2

(1.16)
A1, A2, A3 € R,

and the non-zero VEVs of the scalar doublets

0 o)

are constrained by v% + v% = v. Additional constraints on the 2HDM parameters can be set, like the
unitarity contraints and experimental bounds [86-91].
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Following the same steps presented for the SM case, it can be shown that after the spontaneous
symmetry breaking SU(2);, ® U(1)y — U(1)gm, 3 d.o.f. of the two doublets are eaten by the mas-
sive 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:

D, = ( ( f+ > (1.18)
\[ vj + pj +in;)

The mass terms with this new set of variables are

VoHDM |nass = [H12 — (A4 + As)viva)(d7 , ¢5 ) My @;_) — (p1, p2) M, <p1>

P2
2
+ [/112 — 2>\5] (n1,m2) M, <771>

v1v2 2
(1.19)
2 —1 ’1)2 —U1V
M¢ = (211 ’U1> P ]\4,’7 = (_U2U U12 2) , M¢ = U1U2M7]
Vo 102 1
M. = ( M12 1)2 -+ AlfUl —,LL%Q ()\3 + )\4 -+ A5)1}1’U2> ‘
’ _M%Q ()\3 + A+ /\5)’01’1)2 M12 oy )\2’02

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 Hy and Ho.

The mass matrices can be diagonalized by means of two angles: « for the neutral scalar Higgs
bosons and g 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 [92]. Therefore,
the physical fields of the 2HDM scalar sector are

2, .2
. vy + v
=t cosg—atsmp,  md = LB - (4 dsjure],
. vy + v
A =mngcos B —msinf, m} = (10,02) (135 — (A3 4+ Ay + As)vrva]
. 1m2 (1.21)
Hy = pycosa — pysina, mi, = 5 {Tr [M,] — \/Tr [Mp]2 — 4det Mp} )
Hy = pycosa+ prsina m? —1{Tr[M]+\/Tr[M]2—4detM}
; Hy = 5 p p |-

The new Yukawa interactions have to be included into the 2HDM Lagrangian. The Yukawa terms
for the down-type quarks is
—LY =Y Q; 1djr + Y Qi Podj g + hec.

ij
v (1.22)
d 1Y 2 V2
—Ly ~ Dy <Yz] \/» + Yl] \/>> i Ldj,R + h.c.
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 [93] 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 FCNC by means of the PGW theorem, there are many possibilities:
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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 ®5

Another possibility is that the Yukawa couplings involving ®; and ®5 are proportional in the flavour
space [94-96].

Type I can be induced by imposing a Zs symmetry on ®;, Type II by imposing an additional Z-
symmetry on dj g. Type I has been studied in the context of dark matter[97-103], 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 [9, 104—106].

The 2HDM has a variety of interactions vertices and 5 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 [107-109], Naturalness
[110] and the origin of the neutrino masses [98].

The 125 GeV resonance discovered in 2012 compatible with a Higgs boson candidate have set
another strong constraints. The possibility that it was a signal of the pseudoscalar boson A has been
studied in Ref. [111], 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 [112]. 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 Hs.

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 [113]. 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) have
fix its mass to my = 125.09 £+ 0.24 GeV [113]. 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 dataset 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 analysis 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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Figure 1.2: Best fit for the Higgs production and decay.

Knowing the Higgs mass, its production and decay can be study. A detailed analysis of the follow-
ing production processes have been done: gluon fusion, vector boson fusion and associated production
with a vector boson or a top-quark pair [113]. The decay rates, that this analysis has considered,
are: H — ZZ WW, ~v,77,bb and pu. The already mentioned dataset shows a 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 infered by 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 analysis have checked most of the quantities related with the
Higgs boson, namely its mass, CP properties and coupling with 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 comes from the Higgs potential:

2H2—&2H3—M—2H4

2
_ M o ASH 3 MH 1.23
= HH? + SE P+ S H (1.23)
3m?2 3m?2
Asg = — UH, A = — UQH

The parametrization of the 2HDM gives rise to more complex structures, but the trilinear-quartic
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Higgs couplings can be written as follows (Appendix I)

2
my. Nk Nkl
Varpm = ) 5 1+ > 7;;, H;H;Hi + ) Z' H;HjHH,
j ijk ikl (1.24)
3¢k 3¢k
Aijk = — ;J ; Aijki = — ;;

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 the 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 give another suppression factor. In addition to all this suppressions, there are
several irreducible background subprocesses which lead to the same final state but does 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 involves the production of an off-shell Higgs boson that decays into two
Higgs bosons [114]. These interaction may occur into the Higgs-pair production processes, which is
the ingredient for a direct measurement of the trilinear Higgs coupling.

103 L o(pp * HH +X) [fb] g » HH (NNLO ) U(pp — HH + X) [fb]

E M, = 125 GeV oo 1000 Vs =14 TeV, My = 125 GeV
£ H™ T
: PDFALHCIS gg — HH
10° E
3 100 ¢ i
"’" qq’ — HHqq'
10 VBF (N'LO)
‘ 10 | i

af 1 1} q@ - WHH - ,,_4.:;','.'.‘.1'_1'.'_,..-.--“‘_
10 3 qd — ZHH -

2 ] o1 ' :
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Figure 1.3: Left plot: Cross section of the Higgs-pair production channels [30]. Right plot: sensitivity
of the 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 [115-118],
vector-boson fusion [119-121], double Higgs-strahlung [117, 122] and associated production with heavy
quarks [23, 123]. 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 order
of magnitudes 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 Ak
o AsH

(1.25)

These fact 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 correction. Since
gluon fusion is a QCD induced process, it is known that higher orders® in QCD may introduce very

3In the next section we will define to which order are we referring here.
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large contributions to the total cross section: for single-Higgs production via gluon fusion, higher
order terms introduced corrections of more than 60% [124-127].

Since the Higgs boson does not couple with the gluons directly, the gluon fusion channel is mediated
by quark loops already at the lower 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 quarks 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, 125]. 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 i = j the process is very similar to the SM one, where the only difference
lies into the Yukawa couplings to the top quark and the Higgs mass. The difference starts to be
noticeable in the case where ¢ # j, which involves two different Yukawa coupling and 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 3
(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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Figure 1.4: Branching ratios of the Higgs boson [128].

As shown in Fig 1.4, the Higgs mainly decays into a bottom quark pair [30]: hence it may be
natural to search 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
—8A3g < A3 < 15A3g. With the forthcoming high luminosity LHC, ATLAS can decrese the bound
to —0.8 A3y < A3y < 7.7A3m [114].

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 represent 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 = 99 — HiHs) = 01,0 + Aonro + - - + Aoxnpo + O (a§<”+1>) . (1.26)

The QCD factorization theorems [129] 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 collision their constituents interact: we are interested in the case
where a gluon carrying momentum p; = 1 P; interacts with a gluon carrying momentum po = w9 P,
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) [130]. These
objects have a non-perturbative nature, and they take into account the structure of the hadrons.
PDF's 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 — H1Hs) = / dxidrs fo(w1, pr) fo(xe, pr)oLo(g(p1)g(p2) — H1H2), (1.27)
0

where fg(x;, ur) are the PDFs for the gluons, x; is the fraction of the i proton momentum, pr is the
factorization scale and & is the partonic cross sections. ug is 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 1/s; the production of the two Higgs bosons starts
above the production threshold § = (my, +mpy,)?; putting together these consideration, the LO cross
section becomes

L dree
oro(pp — 99 — H1Hy) = / dr

70

dr &(é) ‘§=TS7

(1.28)
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where % is the gluon luminosity.

The PDFs are determined by experimental fits of data obtained from deep inelastic scattering
processes. The pure theoretical dependent 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) = /dPSg|MLo|2, (1.29)

where dPSy is the phase space element and My is the scattering amplitude. The line over the
square amplitude stands for the polarization average. The scattering amplitude, namely the sum of
the Feynman diagrams [131], can be build 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 verteces between Higgs and gluons, the
amplitude of gg — Hy1Hs 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
lead us to consider only the top loops. Notice that at LO*, there is an additional threshold: § = 4m?.
This corresponds to the t¢ production threshold.

40f course, this threshold occurs at every perturbative order, but sbeyond 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 two-loop amplitude is required; in addition,
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 ¢g, the quark-gluon gg and the
gluon-gluon gg initial states. The NLO partonic cross section can be written as

A&NLO = A(}virt + A(&qq— + Aa'qg + Aﬁgg
Abyiry = / dPS2 |2 M5 o My, (1.30)
A&ij = /dPS3|Mz’j‘2’

where Myt is the virtual amplitude containing the two-loop diagrams, and M;; are the contributions
of the 7j 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 momenta. 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 comes purely from
the loop integration. The latter is an infrared (IR) divergence , occuring 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 propagator that
becomes 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 [70]: the idea is to treat the amplitude
as analytic function of the space-time dimension d = 4 — 2e:

4 dd d
/M((217rk)4_>(”2)2/m(;l7r];i (1.33)

where the ’t Hooft scale u has the role of preserving the mass dimensionality of the amplitude. The
regularisation procedure makes the UV and IR divergences be poles in the € analytic expansion around
€ = 0 (namely the 4-dimensions limit). At NLO, the analytic structure manifests poles up to second
order.

The procedure of canceling the UV divergences is called renormalisation. 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 in the perturbative
expansion are the counterterms. The choice of the counterterms fixes the renormalisation scheme.
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The only constraint is that the counterterms have to cancel the UV poles coming from the NLO
amplitude. The renormalisation scheme influences the finite part of the amplitude, which introduces
a renormalisation 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
renormalisation scheme we have chosen can be found in Chapter 3.

The IR divergences are treated in a different way. The Kinoshita-Lee-Nauenber (KLN) theorem
[132, 133] ensure 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 [51, 52, 134-137]. They rely
on the introduction of an auxiliary differential cross section do 4 with the same IR pole structure of
the process. This term will be added and subtracted at the level of differential cross section in the
following way:

AbNLO = /dP82 [|2M;OMM| —l—/dPSldaA} +/dP83 [|qu|2 + [Mggl? + [Mgg|? — dUA} (1.34)

Fach 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 sources of divergences come 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 renormalisation of the PDF's, meaning that the behaviour of the collinear emission of a parton by
the initial state is a non-perturbative process that has been removed by the hard scattering.

1.6 Present status

The Higgs-pair production within the SM has been investigated in many approximations, valid for
different phase space regions. There are three phase space region of interest: the low energy region
(8 < 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 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 a tree level real
corrections. The differential K-factor, defined as

_ doNrpo
doro ’

(1.35)

found in this approximation ranges between 1.9 and 2 with scale uncertainties of 20%.

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 in the
inclusion of complete one-loop five points matrix elements, contribution to the real corrections. The
introduction of these top-mass effects yields to a -10% with respect to the previous approximation
and a decrease of the scale uncertainties of the 5%.
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Going further in this direction, a NNLO Born-improved has been included in the previous calcula-
tions [34, 35]. This includes virtual two-loop effective amplitude and soft contributions with 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 increasing of the 20% of the K-factor. 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 estimated by varying
the factorization and renormalisation scales a factor 2 up and down from v/§ /2. Recently a complete
HTL N3LO calculation has been performed [38]. This 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 perfoming 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 been included 8 expansion terms
for the box and 5 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-reductible contributions,
including diagrams involving two-loop effective verteces 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 rely on the Padé approximant ansatz, which reads

ag + aww + - + apw” 5 A
B | _ ' 1.36
[n/m](W) 1+ blw + e apw™ 4mf (1 + w)2 ( )

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 up to NNLO cross section for v/3 < 450 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 energy region can be explored by performing an expansion for m? < s, |t| and
myg = 0. This approach has been explored at NLO SM in Refs. [44-46], where other refinements have
been considered: 8 additional terms of the top mass m?/5 expansion, and 2 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 dependence form
factors. The radius of the convergence of the expansion have been increased further by introducing
Padé approximants for the master integrals.

The differential distribution obtained with this approach have been cross-checked with the full
NLO calculation, resulting into a 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. [138] where an expansion in terms of small trans-
verse momentum pgr ~ 0 has been performed. It has a very wide range of validity, that covers the low
energy and threshold regions, arriving up to v/§ < 750 GeV, giving an approximation at NLO SM
better than per-mille.
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At last, a NLO SM Higgs-pair production calculation with full top-mass dependence has been
carried out in Refs. [47, 139]. 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, 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 the ratio mg/m;. The masses have been fixed for 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 [53, 54] 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 renormalisation scale and scheme [55].

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 applied to the process in exam is the presence of
Higgs bosons of different mass. This introduce 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 have 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 a and S. It can be represented schematically as

my

.y .
—— = —1—
v

Y, 1.37
v R ( )

where j refers to the light Higgs H; or the heavy Higgs Hs. For the charged scalars H* and the
pseudoscalar A, there is an additional v°, responsable of the eventual CP violation, which does not
change the prescription we use:

. 5
—— = ——~°Y.. 1.38
? v v v ( )

The introduction of pseudoscalars requires a prescription to treat the 4°, since we use dimensional
regularisation and it is impossible to define a d—dimensional v° [140]. In particular, it is not possible
to have both

{7’ =0,  u=A{1,--.d}, (1.39)

and
Tr [757“’7V’Yp’70} — AleHvPo (1.40)

A convenient choice for dealing with the AA final state is using the naive dimensional reqularization:
no definition of 4° will be set and both the relations in Eq. (1.39) and Eq. (1.40). The Dirac traces
will be expressed in terms of § and e tensors pretending that they are four dimensionals, and at the
end the result are interpreted in d dimensions. For mixed scalar-pseudoscalar cases, the presence of
the ABJ anomaly [141, 142] makes the previous choice unconstistent. The proper way to treat the
7% has been proposed by 't Hooft and Veltmann [70], and systematized by Breitenlohner and Maison
[143]. They define the d—dimension 7% from Eq. (1.40), leading to

1
7P = 1€ W Yo (1.41)
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and Eq. (1.39) to be
{7577M}:07 :u’:{l? 74}7
[’75>’7M]:07 /’L:{5> 7d}>
such that the axial term does not vanish.

Even if different Higgs-pair final states will lead to extremely variegate phenomenology, at the level
of the calculation they can be treated within the same framework, as we will explain in details into
Chapter 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 — HjHs at partonic level.

Briefly, our strategy can be summarize as follows:

(1.42)

- Generate the LO and NLO amplitude;
- Perform the projection into form factors and the numerator algebra;
- Isolate the UV/IR divergences by means of the end-point subtraction;
- Take care of the IR divergences with a dedicated subtraction term:;
- Renormalize the form factors to obtain 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 from the PDFs.
All the integration involved in this calculation will be performed numerically, using a Monte Carlo

integration. Its details will be discussed into Chapter 4. The phenomenology analysis 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 to the renormalisation of the NLO
amplitude and to the subtraction scheme for the IR divergences. It is a very old calculation [115], 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
verteces [32]. At last, the LO form factors will be expressed in terms of scalar Feynman integrals
after having applied the Passarino-Veltmann reduction [144]. It is important to underline that such
integrals have to be known up to the order O(e?), as it is required by the NLO UV counterterms. The
LO form factors will be implemented into a FORTRAN routine 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 )

33

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 momenta ¢* 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 NH = (—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 = D] Ty TR la(r) o]+ g ) — SO+ s ) - £l

me T—=A) (1= 2(r =N 2(r — ) (2.19)
_ (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 TH ) o ouv
- (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 — 0. Since the off-shellness of
the incoming gluon and the leading dependence on the top mass are encoded into the Z(7, \) factor,
it will be the only term affected by this limit:

2 €
uv,ab HTL e cab A v v
M) M =i () v () T+ 0 - 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 into the final state are CP-even; the

s 0000000y———T ~——-"~---
s

O

Q000000 )———— - = = = = =

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

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(p1)en (p2) (1) (1) (ME + MEP™), (2.22)

where we have separated the two gauge-invariant subset 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 get

~ ) 2 47-(’“2 € ~
F(O) — L0 %6(11) (1 (0)
A (4m) v? m? (L+e)A,

3 R (2.24)
- 6Yi\i10 3
Agm = - . — Z(1,00) .
zj: §— m%{j - zmHjF(m%Ij) m?
The on-shell limit for the gg* — H amplitude leads to the following expression:
I(r,00) = lim T(r,\) = —= [1 — 7£(7) + f(7)]. (2.25)
A—00 2

Since the form factor F g] ) has a factorizable dependence from the type of virtual Higgs boson

which propagates from the top-loop. This lead to an important factorization:

FO — o F O,

3
6Yj)\j12 (2.26)
Ca = Z S§—m '
J

%{j - imHjF(m%j )

The form factor Fg)) 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 F g)) holds at
NLO. Single-Higgs production form factors are already known at NLO, and we can implement them
into 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

. '/ _ i s\ sab M ‘ % . wro v
zzK} T Z(3m2)5 (mg ) PA+e)— [(p-a)g™ —a"p"]. (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 the Furry’s theorem, contributes with an additional factor 2.

TOOO --- TOVO , -7

A2

9000 - - - Q000 \
(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 diagram can be expressed as follows:

prab _ o .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:

1 T(ap +-+ap) [! zgo iU%"_l(S(l_Zj j)
a0 @ = / d.%’odx -
D§°--- Dy, (a1)---T(an) Jo [Doxo + - -+ + Dypan)>=i %

_ Llai + -+ ap) / (1 —Zj xj)ao—l...a;%n—l )
P(ar)--T(an) Jo  [Do(1 = X, ;) + -+ + Dpy) =i (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 from any 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)
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which brings the amplitude to have the following form

va iog m? _d d A (p,x
MEab — TgylygTr[T“Tb](zm?)? 2 /Cdx [r (4 — > L)d—

(471') 2 [q2 + M2]4—§

d\ d B*(p,x

Y (3 - ) d_B"(p.x) (2.36)
2) 2 [¢2 + M2]32

nv

ir(o-d)d (i 4y e |

2)2 2) [¢®+ M2)* 2
Using € = % and extracting the dependence on the Gamma function, we obtain:

s mi dmp®\ © (1+¢) A*"(p,x)
Mpvab s Ty yppad r@ /d %) _
Tl ) O e
my
_(2-¢ B"™(p,x)
m? [q2+M2:| 1+e (237)

2
my

(2—¢(3—¢) C"(p,x)
e

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

3 3 3
Alp.x) = @+ M mi+ 30 aiag(pi - i) — 305 bi (P py) 1Y Pl
p) - m? - m2 — 1] m2 .
t t t

(2.38)
i,j=1

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

. 2 2\ € 1 v
pr,ab 10 % armb 47TM (1 + 6) A (p7X) o
M = () o2 1Yo Te[T9T7) < m? ) r —|—6)/0 dx det [J(g)] { (mI A
(2—¢) B™(p,x)
— e INETIn (2.39)
+(2 —6) (3—¢) C"(p,x)
€ A¢ '

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:

2 1
m—zzfYlyzmTaTb]§ / dx det[J(g)]C*™ (p, x). (2.40)
v €

0

(4m)

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

Mlély7ab ~Ne-1 —

OTr [V I FAY K] + T Iy kEy K] = 8K2 (2K kY — k2" + 4(k2)2gM
N 4(k2)2guu4%dd — (k2)2C‘“’(p,x) (2‘41)

= C"(p,x) x ¢,

where we neglected the presence of the denominator since they contribute like 1 4+ 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 loop, 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 =ps Py =p1 —ps
= P = —
Q2 =p1 . ) =Dp2 — Pp1 (2.48)
Q3 = p2 P3 = p3 —pa
Q1 =3 Py=ps—p

as it can be seen in Figure (2.3). The box diagram (2) can be found by crossing ¢ <+ u (P2 <+ P3)
from the box (1).

Pr=p1—p Q2=p1 P=p—m P = )= — ) = —p:

00000 ---- '~ Hswwo @2 L
Q1 =p4 )3 = D2 vs. Q1=0 Q3=p3—p1
Q00000 -——- 00000 _———

Py=py—p3 Q4=p3 Py =p3—p2 Py=ps Qi=p2 Py=—py

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
momentum. This is equivalent to set one internal momentum to zero. We choose py = 0, therefore

pi=p3=0, p3=4%
_ t—my, _ t—mi, I (2.49)
(p1-p2) = - (prps)—-T, (p1 - p3) =3

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

1 1 J xn—l
= 2.
Dy DY /0 x[Dol‘-FDl(l —.CU)]”+1’ (2:50)

the integration boundary already is the interval [0, 1]. Exploiting this relation, we can apply recursively
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 = Dy, z—i—l Diy1(1— ;) + D; iLi

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

The D4 is quadratic in the loop momenta, and it can be expressed in terms of the general variables
defined in the previous section:

det[J(g)] = ach%, ¢ = plrizexs + phas(l — x2) + p§ (1 — 23)

(2.52)
Ml = mt p2(1 — Tg)3,
and
3 @
Ai=1-— 72(1 — wg)xg + —5- (253)
my 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)] = w923 is performed: applying the parametrization
to all four propagators, we arrive to 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 brought the integrals
in a more compact form:

P =p Q1=0
P, = —p3 N Q2= -, 7
P3 = —p4 Q3 =p3 —p1
P, = =
e @1 =p2 (2.56)
2 2 2 2 2 2
pi=p3 =0, p3=my, p;=miy,
. = é . — 75_7777‘2]—[1 . — 711 B m%—ll
p1 - P2 Bk p1 - Dp3 B » P2-P3 5 .
A useful momenta will also be
2p1 - p2 — 2p1 - p3 — 2pa - p3 = My, — mi,. (2.57)

The new momentum flow yields a different expression for the (same) integrals. Of course, the diagram
is completely parameterization-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 momenta convention are:

(1—=z1)(1 —z3)
g1:C— 10,1, qi(x) = T1%2 . det[J(g1)] = z1(1 — 1),
561(1 — Ig)
1 =—(1—z1)p} + z122ph + (1 — z1)73pf,
ME=m?+ (1 —x1)z32(p1 - p3) — (1 — $1)$3m%[1,
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 into the tensors A*”(p,x), B*(p,x) and C*”(p,x) defined into 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 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 momenta 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:

k) b \N/
ME* =2 + N+ : (2.68)
02000/ --- 02000/ N -
which lead to the following d-dimensional tensor-structure:
M“V’“b——Qm—sm—?YYTr[T“Tb] dmyi? Er(1+ ) x
O = %m0z m? ¢
1 v v v
(1+¢) AY (2—¢) B (2—6)(3—6)0{‘]
dxq det [J —
<), X{ L e N 2.69
det [J( )]|:(1+€) A (2-¢ B  (2-¢(3—¢ C{“’} N (2:69)
POl a3 TmE A e Al
(L4 4" (-9 BY (2-9(B-¢ c}
det [J - + .
! “’”ﬂ(mf)? AFFET T ApF S
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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( 1 (65+e>

)
-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; — o0), which
can be solved analytically. 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 provide us a first analytical expression to handle. Before writing
explicitely 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;+

ety + Ly et

+ 2a’“’ 201 + Qa”" 51 + 244’ 52} m? 4+ O(1 ))

2
_ 4 HY m2
mt([b Moy Oy + Bh | it
[+ + i+

Ty "N v v 1
+b/;,(_1)(51 +blf( 1)(51 —|—bg7(_1)(52:| +0 (T)’L2>>} +O(€) =
' (2.74)

_ 9 A

i M2 o
(i) v—;ylygTr[T i (

1
x / dx det [J<g>1{12g*‘”+ [ Ty + b)) -

r(1
mt) ( +€)X

N2 iz
—2[1) TR AR 1)}+

+ <129W)(252 — 01 — (51)

1
(m3?)
ety +
+ 207" _g)01 + 20 _ 2)51 +2a5 (500 }

ng T v
[bl (0 T o) + 020 F
AN TR A Ny VL 0 !
+ 07, —1)01 + 07 ()01 + 0y (102 + Gamig :

Since the Yukawas verteces 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) ’
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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, 115].

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 [144].

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 into form factors is:

Mo = eu(pr)en(p2) (1) ()M + M)

) ) (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:
0 . ) a 1 VST
FO = —(—igy)2(i)* (m [T Tb]) o < = ) T(1+ €)x
3
X Z (—zY @> - 3)\j12 L (mt.A( ))
- / v §—my —imy I‘(quj) A
€ 3
s My cqp (4T 3YjAj12 (0)
-t I'(l+e¢ _ A\,
(4m) v? ( 2 > ( ) z]: (S —my — zmHjF(m%{j) A (2.89)

where the explicit expression for .A(AO) is

(d—4)

0 o 4m? s .
A = ac, = 2)Bo(s,mf) - (d _tz - 2) Co(o,o,s,mf)] . (2.90)

where

v (2.91)

The Passarino-Veltmann decomposition for the box form factor lead to a more complex expressions:

FO = —(=ig)*(0)* (21 [1o7°]) ‘ <4;/;2>6r(1+e) (—i%)megAg())
t

(4m)?
. 2 2 €
ias mj ab [ 4Tp O]
—tyv; (1 .
(4m) 02 20 < m? > (14457, (2.92)
3
Niji
A = P.“”/J”“’, € (1,2),
; ; A (1,2)

where the index j runs over the three independent box diagrams (Figure 2.2).



50

Chapter 2

™) = 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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—Cy (0,0,3,m3) § [4(d — 3)(m3;,mFy, — ta) + (d — 2)(t + a)(t + @ — 8m])] +
) [(d = )y, m¥, — ) (my, +miy, — Smd)+

+ 5(d — 2)( Smtt+mH1mH2)}—|—

. 2
A — - m A
o vy t?) S [0 4y oy ey, — B0y, + iy, — i)

+5(d - 2)(@* - 8mFa + miy,miy,) |+

— Co (0,1, 72) 122 [ (d = 4) (¥, my, — E0)(m, + iy, — Sm?)+

+8(d — 2)(F2 — 8m2f + m%,mYy, )} +

) [(d 4)(m3y, myy, — ta)(m¥y, +m¥, —8mi)— (2.94)

+5(d - 2)(a2 — SmPa + mi{lm%b)}—l—

+ Co (8, m3y,, my,, M) (4—d) (t+ @ — 8m7) [({ + @)* — 4(m3;, mFy, — ta)] +

+ Dy (0, 0, mHl,mHQ, s,f,m?) [ — 4mf(f+ i — Smf)(qulmf% — Au)—i—
d — 4)8t(m3;, m3y, — ta)+

-2 N 2
- 8mtu+mH1mHz)]

2 2 RN
m3; mi. — tu
—( H, {{2 ) + 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 counterterms needed
to renormalize the UV divergences at NLO develope second order poles, for which terms of the LO
form factors up to O(e?) are needed.

— Do (0,m3;,,0,m%,,t,4,m;) ( + @ — 8mj) [(d—él)

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:

~

dLl my +mgy )?
99 51,0(3 =T8), 0 = —( h )
dr S

Lo = [y o) 1y (L)

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

1
oro(pp — g9 — H1H3) = / dr
7 (2.95)

510(8) = CuxCoym / dPSs| My
(2.96)
= CtuxClymClay / dPS, U FO 4 R0 ] \FQ ‘ ]
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can be found in Appendix C. Here, Cyy,, = 1, since no identical particles lie in the final state, and

where Cly, takes into account the polarization average. More details on the phase space integration
(2.97)

1
Chux = 25"
5

o10(5) = (2§)(1256) /dP82 “FX)) +F1(0)’2+ ‘Féoﬂ
o WQAQ+KEA@wanA9”.

~ (4m)?512782
The partonic transferred momentum square ¢ is related to the scattering angle 6 in the following

Gt [
t

way: A
f=-21-%—Beosh), B=\1-25+A?
2 2 2 2
_ M, T M, A — Mu, — ", (2.98)
~ 9 §

Y —

3

~ 3

== —5(1 -XFB)

The LO cross section has been extensively studied in the past decades [115-117], 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 into top-quark propagators
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 are 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 (Ha2).

The real contribution is made of 43 one-loop diagram where and additional parton is emitted in
the final state. There are three channels that contribute to the real cross section: qq — HjHog,
q9 — H1Hsq and g9 — H1Hsg. Most of the diagrams of the real amplitude can be build 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
explicitely. The latter channel contains contribution 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 = €u(p1)en(p2) (1) (1) (MA 1 MEyaby

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

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.
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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 [145]. Therefore, the triangle form factors can be expressed as:

F =F [1 b= C(g)] . (3.2)

o
(4m)

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:

. 2 4 o\ 4—d
F = i) () (%) vin () s gpa)

k

4 f

2 2 2€

ot m? ., Ay FlI—-el'(1+¢) (1
= (5 1Y, y
LR ( n ) fi-20 79 (3.3)
Ndiags N Ndngq
_ 062 Z KZCOIP)]HV Jl,/u/ _ 02 Z Kcol ]l , e (172)
=1

The minus is related to the presence of closed fermion loops in each diagram; the 6*° 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 Yukawas coupling represent a global factor. We also used the substitution:

I'(1—eT(1+e)
(1 — 2¢)

T2(1+¢) + O(€%). (3.4)

)

With this setup, we have completely factorized out the common factors in the form factors F;
and the two-loop contributions lie into ,15}) For simplicity, when we refer to the form factors of single

diagrams, we will have in mind .%T;-}), 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* — H; diagram. Since it is easier to express this contribution starting from the amplitude,
we will extract the form factors from the following form:

_7/6 9po Muo bd

Mipr = = My v (p1,ps — p1)( )P g9 Hs (P2, P1 — D3)- (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:

iag m? ab 1GI(T17 )‘t)I(T27 )\t) o o v v
Mipr = _WUTHYQ(S m2(pr — ps)? [(p1 - 431)9"7 — ¢5197] [P2 - 4319”5 — @51P2,0]

ia? m? 16Z(11, At)Z(72, At)
— _ siyydab ’ ’ . po _ Moo . v o_ v -

(471')2 ’U2 142 m?(pl _p3)2 [(pl p3)g p3p1} [(p2 p4)g o DyP2, } (3 6)

ja? m? 167 yA ’

= % Ty, ge 0 (T;’At) (TQ’QMM/‘”, with

(4m)% v mi(p1 — p3)

M™ = [(p1 - p3)(p2 - pa)g™ — (p2 - P4)PEDY — (p1 - P3)P4Ds + (p1 - P2)Pips]

where we exploited momentum conservation p; + p2 = p3 + p4 to obtain a more compact expression.
Note that Z(79, A) is the function that contains the loop-integrals, and it is already finite: the
projection of Mi_pr 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

P = ST, (3.7)

The projection of M, onto the tensor Ty uv yields

P M, = % [(p1-p3)(p2 - pa) + (p1-p2)(p3 - pa) — (p1 - pa) (P2 - p3)] .
= —%(m —p3)?(p1 - p2), |

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

AN g = =i A (71, M) (72, ) + 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:

Py M, = ! [((p1-p3)(P2 - Pa) — (p1 - P2)(P3 - Pa) + (P1 - Pa) (P2 - P3)]
2 (3.10)

= ——p7(p1 - p2)

N —

and the second form factor is:

A op = —i |4T(r1, AT (2, M) <’W“;”1p2> AT (11, M) (T2, M) <”t”“p_p1p2>] . (3.11)
t u
These form factors represent the total contribution of the one-particle-reducible diagrams, which
is 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 spefic boxes.
Consider the Box 15 (Fig. 3.1). We fix the external momenta 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 momenta approaches. We can fix a routing for the whole topology and modify the external
momenta according to it.
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P -
kx‘
k1
Dy e

Figure 3.1: Ezternal momenta 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 ],

(¢ +my)

Ay(q) = AT

t(Q) qg _ m%

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

The [} 15 has the usual structure of a Feynman integral, but this time we cannot 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,
following the same procedure we have done in Section (2.2.2).

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

Nji15(k1, k2)

Ii15 = 3.13
71 ker 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 + ko —p1 +p3)” — 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}5" have to be applied on each subset of propagator depending
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on k1 and ko subsequentially. The quantities defined in

Njis(kr — qi5.1, k2)
_] 15 = /k2 / 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 parametrize 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

S« 5—a—9 ~(q
/ B](-’l)5(k2) B 1"(7 — - %) /1 dxﬁ/ Tg 2B](-,1)5(k?2) (3 19)
—a-% ey —4d —a—4’ :
k2 D7Dg : T6-a-35)/)o ko (kg — q%5,2 - ]\/-[125,2)7 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:

D PN ST EYEY L CES A LER)

50 r(4)r(d) -

) / 11— )] P75 det[J (g15)] B2 (x)
0 2-f=5 NT-a—B—d
; L6 ) 15 ) (3.21)
o alB—a—-B+2e)T(a+5T(B+9)
_ 1 (T—a—p) 2 2
2 TERE] X

/1 z3(1 — z3)zy ‘B (x)
X dX6 ’
0

2y P = ) BeAT TR

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 divergences can arise from the numerator.

There is still the possibility that I 5 developes 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 comes from an interplay between the integra-
tion over the Feynman parameters and the S-rank integrals. The highest possible rank for I; 15 is 6,
from which follows the constraint o + 5 < 3.

Divergences arising from the integral comes 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 B](O{E’)B) (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 on the numerator:

! T ! 0 ! 1) — f(O
/0 dx1f(1,1€) _/0 dxlfl(er/O P 1)176f()

Ly Ty Ty
= f(eo) +/1dx1f(xl);€f(0) (3.24)
0 Tq
! flx)  f() Lo fle) - f(1)
/odxl(l—xl)l_e_ ¢ +/0 R

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

An additional source of ultraviolet singularities comes from the Gamma function which multiplies
Eq. (3.21) when a + 8 = 3:
1T(1 + 2¢)
P
This is a completely independent behaviour, which can happen simultaneously to the poles com-
ing from the integrals jis|qiv. Therefore, I;15 developes second order poles in €, that have to be
renormalized. For later purposes, notice that

I'(2€) = (3.25)

I'(1+el(1—e)
(1 + 2¢)

L(1+2¢) = + O(€?). (3.26)
Once that every ultraviolet divergency has been singled out, the form factor I 15 can be e-expanded
and its coefficient will be suitable for a numerical integration.

For kinematic region above the top-mass production threshold (p; > 4), threshold singularities
enter into the game. These kind of divergences can be avoided 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 form factor from ¢; 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 a useful
tool to decrease the power of the denominator, at the price of increasing the number of integrands.
A single integral with o = 8 = 0 occuring in the form factor can be written as:

1 22x3(l — x B(O’O)’(n) X
_[](3)5 _ _2/ dXﬁ 1 3( 3) 7,15 ( ) (328)
0

3
A15

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'(ws)
L5 /0 des (axs+ )3 2ab2  2a(a+b)? * 2@/0 dzs (axs + b)%’ (3.29)

Therefore, when a term of a form factor is linear dependent on a Feynman parameters, 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 momenta 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 assume the usual structure of a Feynman integral:
Njas(k1, k2)

Tjas = 3.31
” k1,k2 D1D2D3D4D5D6D7 ( )
where ) )
Dy = (k1 —p1)° — mg, )
Dy = (ky — p2)* —m} Ds = ha
2 = (K1 —P2)” —my,
Yo, De=(ketm) (3.32)
D3 = (k1 — p1 +p3)” —mj, )
2 9 D7 = (k2 —p2)~.
Dy = (k1 + k2)* —mj,
Here, we summarize the quantities coming from the Feynman parametrization:
First integration
(1 — .’L’l)
9151 :C = [0,1, gusa(x) = |21(1—a2) |, det[J(gas,1)] = zia2,
T1X2T3
qas.1 = (1 — 21)ka — 2129p1 + 71(1 — 22)p2 + T1 72233,
Mfm = m? -(1- $1)/€§ — x1x973t, (3.33)
Qis1 + M5 =mi — x1(1 — z1)k3 — 221 (1 — 21) ko - {@ap1 — (1 — 22)p2 — Towsps} — sziwe(l — x2)—
— tr12073(1 — 2122) — Wrtwons(l — 22) — miy, T12223(1 — 212223)
qz5,1 + M35,1 = —x1(1 — 1),
hence
> d dy 1 = (0)
ald—a—3)la+3 det[.J B (ks)
Ij745 = Z(_1)5 ( . gd) ( 2) / dxa [ (94541_)(1_2 / 4;_,4;5_1 (3.34)
a=0 (E) 0 [x1(1 — x1)] 2 Jko DsDs 2 DeD-
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Second integration
T4y

945,2 * C— [O, 1]3, g45,1(X) = (( 1-— Is ) , det[J(g45,2)] = (1 — JJ4)$§,

1 —x4)z526

qas2 = (1 — x5 + zoxaxs)p1 — [Taxs (1 — z2) + (1 — x4)T526]p2 + T2T3T4T5P3,

M T4T5M? B S$1x2x4x5(1 — T9) B ~Tox3T425(1 — T122) B
1527 o (1— ) (1—x1) (1—xq)
o $1$2$3$4$5(1 — 3;‘2) _ m2 $21‘3I4Z‘5(1 — l‘ll‘g.ﬁg)
(17%1) L6 (17£81) ’
A45 = L{‘IAL — T [$1$2I4(1 — 1’2) + (1 — 1‘1)(1 — Iy + $2Z4I5){1’6(1 — 1’4) + $4(1 — SCQ)}] psf
.’[71(1 — .’[71)
— T1T2X3%4 [1 — X1X2 — (1 — xl)(l — x5 + $2$4l‘5)] pt—
— r1@ox3x4 [£1(1 — x2) + (1 — 21)as5{(1 — 24)x6 + 4(1 — 22)}] P,
— z1xow3xy[l — Trx0ws — (1 — xl)x2x3x4x5]p1},
~ .
Ays = 2 A
45 (=21 45, )
hence
2
o rasTB—a—B+20T(a+HT(B+ D)
Tjas = Z (=1) A\ d X
~ INGING))
=0 e (3.36)

! 3B+ 8 B('if) (x)
X / dxe [l’l (1 — ) P ey (1 — x4)zy Ty 6] 3;7—017—6—‘1-26
0 Ays
Even if it can develope 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,

B = 0 and factorize the x4 from B](-&’g) (x):

b (=)o) B (R, )
Ij’45 X d:(}4 ’
0

(3.37)
(ax3 + bry + c)3+2

where the new index 7 has been introduce to take into account the x4 factors 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 = azi +bxg +c=c(l+r_xq)(1 +rizy)

b 4ac] (3.38)
L= 57 PRE

1+4/1—
2c

In the limit of ¢ — 0:

b ac b .
r+(c) ~o - (1 + 7) ~oL = limry = oo,

2
b c—0 (339)
(c) ~ b (%> ~ 2 = limr. =
e \B2) T e R

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 form factor in the heavy-top limit, it is known that only the coefficient b and ¢ gives contributions
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to the IR structure. Therefore, subtracting the limit we have found for Ay is equivalent to subtract
the heavy-top limit form factor from it.
The explicit subtraction yields:

(070) S (0,0) R
Ij45 OC/I dag (1 — zq)zy T B 45 (%4, 74) B 5 (%4,0)
Js 0 4 (az? + bxy + c)3+2 [e(1+ %154)] 3+2¢

(3.40)

j,45 (X4,0) 4 1+n+ b o
+]C3+26/(; dl'4 Ty K 6(1—31?4) 1+E$4 .

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

I'(c) R —b—1 -
Fi(a,b;c;2) = ————— dt t 1—1t)° 1—2zt)~% 3.41
oFilabieis) = pmog [ dt e = =) (3.41)
Therefore:
/1d e gy (142 L@t b s es et
T4 T -z -z =——>= € €; €—— .
; 4 Ty 4 04 F(3+7]+6)21 ) n ; n T
(3.42)
By using the properties of the hypergeometric function, the divergence can be factorized from oF7:
o DL —a), _ o 1
oF1(a,b;¢2) = F(b)F(c—a)( 2) % F (a1 —c+a;l —b+a;z7")
_ T(e)T(a —b) —b . -1
= 7F(a)F(cfb)( 2) 9 F (b,l c+bl—a+bz )
J
F'2+n+e) _ A
W2F1<3+2672+77+€,3+77+6, C)—
L T(—14n—€) feyd2e . e (3.43)
- T (5) o F) (3—1—26,1—17—1—6,2—77-1—6,—5)
P2+n+el(1—n+te) roy2tnte .
T(3 + 2¢) (b) 2F1 <2+”+€’0’” “ b)
_ Tl —1—¢) reyotee ot —mae S
T T T—o (b) 2 <3+26’1 nte2-nte b)
Fr2+n+e'l—n+e) <5)2+n+e
T(3 + 2¢) b
where 2F(a,0;¢;2) = 1. Now, the expression is suitable for an analysis of the pole structure.
Plugging Eq. (3.43) in Eq. (3.40):
(0,0) /4 P(n—l—e)gFl(3+2€,1—77+6;2—77+6;—%)
Ij,45|poles O<Bj,45 (X470){ F(n — 6) H3+2e +
(3.44)

+F(2+77+6)F(1—77+6) 1
F(3 + 26) 62“7“01*”*6 :

Since the hypergeometric functions in Eq. (3.44) are regular for every 7, 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 7 = 0 divergence lies into the term ¢~'~¢, for which the end
point subtraction is needed. For this, we need the explicit expression of ¢, which is

c=—psr1(l —21)(1 — z5)x6. (3.45)

The divergent part of o = 3 = 0 added of the form factor I; 45 is:

e 1. 0,0) /4
viTows Pyt ) By (%4,0) (3.46)

1
. —_— —€ X
IJ,45|poles C ( 1) F(2 + E)F(l + 6)/0 dxy ((1 _ x5)1+€x(]3-+6 b2+e ’
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which developes poles for x5 = 1 and xg = 0. Since these two divergent behaviours can happen
simultaneosly, a proper subtraction term is needed:

/ dl’5d$6 ‘T57x6 / dl’5d I5,I6) f(lvxﬁ) - f(xf)vo) + f(170) + f(lao) _

(1—x5) 1+5171+€ (1- x5)1+€zé+“ €2

e {/ d%f(l x6)1+ef(170) "‘/ dx5f(m5’0) — J(1,0)
0 Tg o

€ (1 —x5)lte

(3.47)

Therefore, Box 45 can have e 2 and e ! poles. It can be shown that an additional pole can arise
from the remaining dependence from x1, x9 or z3, but it is properly canceled after summing all the
diagrams belonging to topology 6.

Finally, after having end point-subtracted all the divergences arising from the loop integrals, the
finite part is numerically integrable and, with the help of the integration by parts technique, the
integration results are stable.

3.2 Renormalisation

The NLO form factor 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 explicitely.

Infrared divergences cancels against the real corrections. Ultraviolet divergences have to be renor-
malized by chosing a renormalisation scale and scheme and adding the proper counterterms. Different
choices of renormalisation will 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 the
NLO, we end up with a renormalisation-dependent result. The variation of the renormalisation scales
and schemes are useful to estimate the theoretical uncertainties arising from the truncation of the
perturbative series expansion.

Every parameter involved in this calculation have a running with respect of the energy of the
process. These quantities are the strong coupling constant as = as(pugr) and the top-quark mass
my = my(UR).

In the whole calculation, we have consider these parameters as bare quantities (a0 and my ),
which lead to the usual divergent behaviour of higher order contributions. An UV finite result can be
achieved by considering the renormalized quantities:

meo = My + 6my + O(om?)
Qg0 = ag + dag + 0(5045).

)

(3.48)

The counterterms dm; and das have scheme and scale dependence, but all schemes are employed in
such a way that the UV poles at NLO are canceled against them. Different schemes will only lead to
different finite parts.

We start by considering the on-shell (OS) renormalisation scheme for my: the quark propagator
can be writteng as .

i

P —meo+ Xa(p)
The term Eg(p) contains all the one-loop contributions to the quark propagator. We also have
explicitely shown the relation between the bare and renormalized propagator.

Expanding the renormalisation constant up to the first order:

iGao(p) = = 1Z2Ga, r(p)- (3.49)

P—mio+ Eg(p) + 52,31) — damyp
T P — my — dmymy + Sa(p) + o — domny
B p—mi+Zr(p)

ZGQ R(}é)

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

ER(mt) =0, CZﬂER(p)Lmt =0 (3.51)

which fix the conditions on dm; and 2. Since we are only interested in the mass counterterm, its
explicit expression in the OS scheme is

omy g 4P\ (1 4

— = I -—+-). 3.52

my  (4m) (1+¢) < m? € * 3 (3:52)

The OS scheme counterterm has a finite part. Later on, the MS counterterm will be considered,

therefore its expression is

omy o <471',uQ>6 1

— = I'l4+e) | —— ) —. 3.53

i)~ @ T\ ) (3:53)

For the s counterterms we will use the MS scheme. It is designed to cancel only the poles, without
generating a finite part. The expression for the 5 flavour massless QCD is:

o=t () raa [ (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:

iis = (Z;) <4ZZQ>EF(1 +e) [—HCA i(Nf il 1)] . (3.55)

However, the MS scheme is mass-independent scheme. The remaining top-mass dependent terms
2
depends on pp logarithmly, like log ZL—; This might break the perturbative expansion, since these

R
logarithm can be arbitrarily high. The way to avoid such logarithms is to decouple the top-quark mass
from the running of as. This procedure leads to the following counterterm:

das s (4”“2)6F(1 +€) [— (HCA — z(Nf i 1)> %+ glog (gj’;)] . (3.56)

o (4m) \ ph :

where the finite term milds 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 variables:

Fj(as,()»mt,o) =~ Fj(O) (as + 6as; my — 5mt> + Fj(l)(asamt>

(0) oF;" o (1)
= Fj (OZSa mt) + 5043 (9043 (Oés, mt) - 6mt amt (aSa mt) + Fj (Oés, mt)
(0)
0 5043 0 6mt OF; 1 (3'57>
= F} ssme) + T F (0 me) = 27mi 5 (asme) + B (g m)

= Fj(o) (os,my) + Fj(CT’l)(as,mt) + Fj(l)(as,mt)

—@
= Fj(o) (as,my) + F§ )(as,mt)

where the linearity of F J-(O) (as) with respect to as has been exploited. The terms proportional to dog
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.

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

0 as [Arp?\°© 21
1, OF () = -5 () T+ 031, (3.5)




NLO Cross Section 65

and calling 64, = II,,,(0) + 22 the complete counterterm for oy is

Qg
(0) O 471’/L2 ¢ 11C4 — 2Ny 1 (0)
5a5Fj (asvmt) - (47‘_) < H% ) F(l + 6) ( 3 €Fj (asvmt)
il (3.59)
c 20,02 2\ 2¢ 2
(0) _dag my (AT 9 11C4 —2Ng\ [1 15

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

(0)
© _ om0
O, I (as,mt)——2ﬁmt aril,? (as, my). (3.60)
Therefore:
. 9 2 2\ 2€
(0) it mg 9 A 1 4 0A;
o FO (g my) = 2% My yor2(g e oA+ S5 61
b o) =275 0 0 () (T g) [0 -+ 58] o
and
F]-(CT’l)(as, me) = (5065Fj(0)(a5, myg) + (5th]-(0) (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,

I(1—¢) (4np®\“ |6 11C4 —2N; [ pu?\ ¢ 0
FO. (ay) = == =AY (B ) g1 42| FOa, 3.63
L (%) = T —ag \ =5 ) |2 T 5 -3 T Fy ), (3:63)
and summing it with the o, counterterm, we get
ia? m? I'(1—e(1+e) [4mu? %
SR Fy (s, my) = — =5 — V1Y) < - )
(4m)% v (1 — 2¢) -3 (3.64)

12 6 -5 -3
X [2 — —log (g) + 3log? (2) —22+ 271'2} Ag-o),
€ € m3 m;

where we used the following replacement:

I'l1—eI(1+e¢)
I'(1— 2e)

I?(1+¢) — (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 having any numerical issue, like instability or diverging behaviour.

3.3 Virtual cross-section

The form factors of the partonic process gg — Hi1Ho at NLO QCD get contributions from the box
diagrams, one-particle-reducible diagrams and triangle diagrams. Each diagram has been processed
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 —(1

FY Pl .
© o ~ o)

Fj FHTL,j

(3.66)
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which means that they have the same IR pole structure. Hence, we define

—(1 1) —(1) —(1)
F) Fih, A Ay

RY = x 2 (3.67)
J 0) (0 (0) 0 7
F; Fyr, Aj AHTL,j
such that the virtual cross section split into a finite part dé’f,‘ir;t and divergent one doppy;:
Gyiry = O + gy (3.68)
Therefore, the virtual cross section is:
Gint = CoymCaiux2Re / aPS:Co [ (CaFY + F") (CaFL + FV) + B O D],
~fin o Gami 0% L0 0|? 0 0|? o0
O = o7 Tam /ti dt“CAA(A)’ RY +v2vE [0 RO + vy | AP REY
+ Y1 Y2Ca AV A (R ( D+ R(l))}
(3.69)
5 7M)
R ol GEmy (0) AHTL A (0) AHTL 1 )% ArTL,2
THTL = (47)3 32752 / - dt“CAA Aw) YRV ’A ‘ AY) YRV ‘A 4©
HTL,A TL,1 HTL,
—(1)
* A4 A
+ Y1Y2C'A.AA(0)A50) ?OP)FL S (PSL ! ] .
Antra Antea
It is useful to define also the ratio between the NLO and LO partonic cross section:
O.ﬁn
Crass = 2Re [ ““] , (3.70)
JLO
such that the virtual contribution to the NLO cross section becomes:
Ldc,
Aoyiry = E . ?ULO(TS)Cmas& (371)

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: Kinematics convention for the real amplitude

The missing piece to complete the calculation is the real contribution cross section. They consist of
one-loop diagrams with an additional emission of a massless parton in the final state. The integration
over the sphase space will lead to IR divergences which will cancel against oy, coming from the
virtual correction.

There are three channels for the real corrections: q¢ — H1Hsg, qg — H1Hoq and gg — HiHag.
The number of diagrams amounts to 43, up to fermion-loop flow. For the first two channel, only
triangle and box integrals are needed. For the last channel, there are pentagon integrals involved.
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Finding the Lorentz projector is not an easy task: for the gg — HyHog 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):

s =2p1 - p2, t = —2p1 - ps, u = —2ps2-ps5

(3.72)
st+tt+u=(ps+ps)®=Q*

3.4.1 Heavy top limit

To illustrate how the procedure has been done, let us focus on the ¢ — Hj Hag process in the heavy-
top limit. This process can be build from the effective verteces we have calculated in the Chapter 2.
The triangle contributions are:

_ o % . igo'p T . )\j12)
Ma =70 u € —igs E —§3—= ] x
A (p2)77u(p1)e;, (ps) (—ig )(p T p2)? J (p1+p2 —ps)? — %1_7 ( v

Qs oy AT\
X {5 ’ <ml;> L(1+¢€)ps - (p1+p2)9"” —pE(m1 erz)”]}

3mv " (3.73)
_ e 0TS ap 3Yihjia  (4mp®\° 1(t+u) ps(p1 + p2)*
_ . 6‘1 (1 H/) —_— |,
v(p2)rpu(pr)en(ps) 55 — Q7 —miy, \ m? SR P ’ s
and the box one is
_ - “ . i9op
M = u € 5)\—s) 77— 5
0 = 0p2)yTulpr)en(ps)(=igs) 0 5
- ay ab (4712
i nivao () T+ s G-+ pe)g ~ o+ (379
t

—v(p2)ypulpr)en(ps) 5 o .

Already with this contribution we can find a feature that happens to all the channels: there is a
common factor related with the couplings that can be factorized. Let us define

f—Z( 3YA712 ) —Y1Ys. (3.75)

my

dmp?\© 1 £ "
zaégséab< 71'/; ) T+ 6) {2(t—i;u)g#p+p5(p1 + p2) }

Summing these contributions we arrive at the following amplitude:

s Ys cap (4 “\° Lt + 4 + .
My = ool )R o (T ) w14 [ g BILERE] g

3mv 7 2 s s

Let us evaluate the square amplitude explicitely. Since the polarization sum gives a factor?
€u(ps)€v(p5) = —guw, and the spin sum gives us

Z u(p1)ov(p2)v(p2)ypu(pr) = Tr [}752%,’?1%} (3.77)

the square of the tensor structure yields:

T [, 08,0 [Wtu)guupé(pl +p2)u] [1 (t + ) J+IM:| B

s 2 s K s
) [iw [+ T [mmﬂ =GR 1)

e (t+u)?

S S

2Since there is only one external on-shell gluon, the Ward identities grant that we can neglect the ”axial gauge”
added.
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Therefore, the averaged square amplitude is

9 8a3G2. [ 4mu\ % 42 2 + 2
S M = e F( “5) r2<1+e>[ LA ] (3.79)

81w my s s

pol,spin

For completeness, the HTL square amplitude for the other channels is

2e
Z ‘MHTL _ RQEG% (47T;;2> (1 +)€) {52 + u? +€(5+u)2} |

el 27w m; (1—e¢ —t t
pol,sp s e (g R (3.80)
Z |MHTL = g 7”; ‘ (1-— E)S l —4eQ?| .
127 m? (1—¢)? stu

pol,spin

A little sidenote on the gluon-gluon channel. The sum over the polarization must be done on the
physical polarization states: the QED Ward identities does not hold anymore for QCD contribution
with triple gluon interaction. Therefore, the sum have to be restricted on the physical polarization,
meaning

", v VoM
D1Py +P1D
> ep)en(pr) = —g + 2T (3.81)

P1-Pr
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, and to introduce the additional
tensor. 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 applyed
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 prefered to decompose the
integrals in the internal momenta 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 automatized, and the procedure we
exploited is in the end completely analogous to the LO amplitude one. We present the strategy with
the ¢¢ channel as an example:

o igs mt ab 477-!“’ 5 * ARV
Mg = (an)? e - < 2 ) r( +e)v(pg)fyl,u(pl)eu(m)K]Aj , (3.82)
where K; encodes the normalization, remaining factors and the dependence on Aj12, Y1 and .A"; Y is the
7-th Feynman integral. Taking as an example the gauge-invariant triangle subprocesses, the internal
momenta basis for Ay Y reads

A =" Cooig " ¢V arp + Y dai (@ gm)Cita
i iklm
+ Coog"” + Z q; @ Cir + Z 7 4;.Ci (3.83)
: ik
+ 9" 3B + Y By + ¢ Aw,
- :
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> ----- b3
P15

Py 090000 )———- - - - - - P4

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

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, this expression drastically simplifies with massless particles, Ward iden-
tities, same propagator mass in the loops, and in general with low number of scales. The coefficient of
the tensors are known using standard recursion relations. Once that the projection of the amplitude
on the internal momenta basis has been applied, we take the modulus square of the result and the
spin, polarization and color average. This constitute 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 [146] and FeynCalc [147] 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 left to the package LoopTools [146], 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 a IR divergent part:
2 HTL |2
M M
2 HTL
Mrol*  [IMESH?

= (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 have the same IR structure.
Defining the IR safe quantity

(r) _ ’Mij|2 _ |M3TL|2 (3.85)
(Mrol”  [MEGH '

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

Miol2R™ £\ Myol? —4
| LO| | LO| |MESL|2

5i5(8) = / dPS;

|MHTL 2]

(3.86)
:/dPS;g [|ML0|2R(T)] +5’5TL

The &ZI}TL will cancel against the 6y, coming from the calculation of the virtual cross section.

It is necessary a clarification on the meaning of the ratio R(". Since the two processes do not
share the same number of external legs (and so the kinematic invariants), the 3-particle phase space
have to be projected over the 2-particle one. The IR behaviour comes from the soft and collinear
limit 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 happen.
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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

Mg D MMTE)@B,@;%,M), (3.87)
P15
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

g PLP2 PP P2 P Q?
1>

Pis = DL 2 1= 5P (3.88)
Py = Py,
and the outgoing ones are
2psa- (K + K ~ o 2p3a- K
Pia=phs— ( ~ )(K+K)M+72Kua
(K + K)2 K (3.89)
K" =pi +ph — pk, KM =P+ ph.

Further details on the factorization of the 2 — 2 phase space out of the 2 — 3 can be found in Ref.
[51].

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

6i;(3) = / dPSs [|MLO|2R<’">} + ol

o L g, (3.90)
- /TO 61008 Dy(2).
The coefficients D;; have the following structure:
Dyq(2) = dgq(2),
Dyg(z) = dgg(2) — 2261}1((11__266)) <4Zg%{> Pyg(2), (3.91)
Dyg(2) = dgg(2) — iII‘;(ll:Zeg) (42/2;%)6 Pyg(2) +6[1 — 2+ (1- 5)4] [logl(l_; Z)} . )

The coefficients d;;(z) contain the top-mass dependence of the partonic cross section, and they have
an already-known heavy-top limit:

32
dgq(2) R ?7(1 - 2)3»

me o0 2
dgg(z) 225 522 —(1-2)2 (3.92)

The functions P;;(z) are the Altarelli-Parisi splitting functions:
414 (1-2)?
3 z ’
1 1
P,y =6 —|—;—2—|—z(1—z) + (1 —2)
+

1—2z

qu =
(3.93)

33 — 2N,
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and

1
O = £(2) = 6(1 - 2) / 42 f(2) (3.94)

0
is the plus prescription.

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

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

) . Qs 1 T'(1—e) 47r/ﬁ% ‘ . .
lur) =61 — == [ d Py(2) + Ky , .
OR, ](NF) Oij (471') / z |: 26 F(l o 26) < ,u%‘ ](Z) + j,FS(Z) ULO(ZS) (3 95)

where Kjjps(z) is an arbitrary function of z. It is possible to show that such term arises from the
renormalisation of the partonic distribution functions. Recalling that

1
i =/ dridzy fo0(21)fg0(22)0:5(21228), (3.96)
0
the bare gluon densities can be renormalized in the following way

¢ .
foo(x) = fola, pr) + G [ 1 Td—¢ (4 KR

) Pog + Kgg,FS] ® fo(z, pF)

(4m) | 2¢T(1—2¢) \ w2
Qg 1 F(l —6) 471'/13% € (397)
(47) [_%F(l — 2¢) ( 12 ) Paq +Kgq,FS] ® folz, pr),
where )
f®g(z, pr) :/ —Zf(z UE)g (g,,U,F). (3.98)

The functions Kj;;rs(z), as for the UV renormalisation, are completely arbitrary. They can be fixed
by chosing a renormalisation scheme. The simplest choice will be the MS scheme, which sets these
functions to zero everywhere: K;;ps = 0. Therefore:

s 1 I'(1— A2\ €
Z[7T)26F((1 —266)) < Z§R> [Pyg @ fo(; pir) + Poq @ foy(2, pir)] (3.99)

fg,O(x) = fg(mqu) + (

Finally, the finite parts of the real contribution to the cross sections are

Ol dﬁ dz
Aagg = (47?)/ gg/ ?ULo(ZTS)qu(Z),
Qs dﬁ dz
Aoy = 55 / s / Z 610(275)Cya(2), (3.100)
@ ! d£ Ldz
A — S 99 _~a
799 (4) /TO dr dr Jno z 710(275)Cg(2);
where
Cqq(2) = dgq(2),
2
_ _z _HMr
Cyq(z) = dgq(2) 2qu(z) log (7_8(1 _ z)2> ’ (3.101)

Cyg(2) = dyg(2) — 2P,y (2) log (’f) F6[1+ 2+ (1—2)Y [loglﬂ_zz)L
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Chapter 4

Numerical integration

In this Chapter, the technicalities related to the numerical integration of the quantities found in
Chapter 3 are presented. The main ingredients are: the Vegas algorithm [148] for Monte Carlo
integrations and the Richardson extrapolation [149]. The Vegas algorithm is an adaptive method
to drastically decrease the numerical error on the integration, keeping the statistic under control,
based on the importance sampling. For each form factor, a relative statistical error of 107° 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 used for extract the differential
cross section for the narrow width top quark, also known as the ”1limit” ¢; — 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 details, and some
explicit example will be presented.

The Richardson extrapolation, together with the trapezoidal rule, will be also exploit in the
integration of 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 mp,. 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 the LO and NLO form factors:

do diags diags diags
~fin ~ (k)
T%(TS):C’virt( 8) =0an+01a + ZU + Z o1 '+ 20227 (4.1)

(%)

where &, ;s partial partonic cross sections constituted by the interference of the (total) LO form

factor ¢ with the NLO form factor j belonging to the diagram k. Each term has the following structure

510 (3,¢ / dt/ dx I (i,x), (4.2)
t

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

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

di o di [ Lo 1
spr. (it —i) L(t—t)  (a—1i7)
) (4.3)
A . it n I.(.) t,x —l—I@ i, X
dtfl(k)(t,x) — §p%/ _ th 1) ( A) AZJ ( )7
i- J - (t—17) (tt—1t7)

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

t—t di

=lo , dy = —— 4.4
y=log = y=r—x (4.4)
and the integral becomes
R v dy k) (f (k)
[ =i [T 1060 + 1 ) 0] (4.5)
t y- ([t —17)

We have to regulate the behaviour of the boundaries since applying the change of variables of Eq. (4.4),

the lower boundary becomes y~ = —oo. Introducing a technical cut-off regulator € it reads
=t + (T —1)g Tttt —1)e (4.6)

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

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

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

_ _ 1—¢€
y=y + -y )er,  dy=log— (4.8)
so that it can be treated like an additional Feynman parameter. The integral become:
(k) - 1—¢€\ [! . R
505 e0) = sp <1og - > / dxdwy [I (i), %) + 13 (ier), %)) (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

T; — € + (1 — 2@)%’1‘, dr; — (1 — 26).”[31
Y
L . (4.10)
sB) oy o2 — , (k) (7 k) (o
6;; (8,€) = sprp (log Z ) H(l - 261)/0 dxdzy [Iij (t(z7),x) + I (u(:m),x)} .

)

The numerical integration of each &g-c)(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 integrate between 0 and 1. The numerical
integration can be written as

1 1 X
|| Tt = 5 3w =), (@.11)
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where x,, comes from an uniform distribution. If z, 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) = 1]]"(73;)] = 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,
preliminar integration of f(z) with uniform distribution will provide an estimation of the distribution
g(z) that will be used to integrate f(z) with an incresed precision. The process can be iterated as far
as the aimed precision has not been reach.

The VEGAS algorithm has been implemented into the Fortran code XVEGAS, and it has been
run into 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 runs from 270 — 2500 GeV, with a scan of 25 GeV
around the theshold region (§ = 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 parameters regulator have been fixed to € = & = 1078, The top-mass regulator 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 be clear later.

For each integral, a number of 10 preliminar sampling 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 (501(?) ~ 107°. Due to limitations
related with the hugeness of the calculation, we choose to split the integration on multiple random
number seeds, and combining the result afterwards by combining the single estimates for each seed.
For the majority of the form factors, for the regulators set to ¢, > 0.4 and € = & = 1078, two
runs with number of sampling points N ~ 108 can be combined to obtain the aimed precision. The
lower is €; and the higher is the partonic §, the lower is the convergence of the integration and the
numerical stability: for ¢, = 0.1 and § > 1000 GeV and for the whole tail the differential cross section
distribution, 50 runs were needed to achieve (5036) ~ 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,
fixing its value to 172.5 GeV; the other 3 times considering the top-mass in the MS scheme. For this
last run, we performed the calculation with () = 163.015161017019 GeV, m.(8) and m(8/4).
Since these last three runs have a role into the estimation of the uncertainties related with the top
mass scheme, a simplified energy scan have 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 to the top mass as m? — m?(1 — ie;) plays the role of the 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 ”limit” into our numerical framework lies in the Richardson extrapolation
method. Consider a function f(h) depending polynomially' on h. We are interested in its value for
h = 0 knowing it for h = hg and h = 2hg. Expanding f around h = 0:

{f(ho) = f(0) + hof'(0) + O(h{) (4.15)
2h f

f(2ho) = f(0) + 2ho f'(0) + O(h{)
Combining the two expressions:

£(0) = 2f(ho) = f(2ho) + O(h3)
) (4.16)
RiEx2 40 [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 hy. One more example with three node yields

£(0) = 318 (o) — 6£(2ho) + F(4ho)] + O(1)
I (4.17)
RiExs g [£(0)] = %[8 F(ho) — 6(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 &f}ﬁt(é), 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 v/§ between 300 GeV and 350 GeV, we set ¢ = 0.025; for v/ between 375 GeV
and 475 GeV, we set ¢, = 0.05; for all the other energies ¢, = 0.1. The reason for chosing different
pivot with respect to the energy region will be clear later.

For each of the energy bins, a 9-nodes Richardson extrapolation for each form factor contribution
&g?)(é, €¢) has been performed:

m+8
. ~(k) /A ~(k) /A n
RiExgm.0.0250600 (3,0)] = Y ea6)(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

~ (k)

k)
05

(3,0) = RiExg 2002561} (8, 0)] £ 220" |RiExs 2m.0.025(51)

(8,0)] — RiExzm0025[6. (5,0)] ‘ ,
(4.19)
where a factor 2 is added in order to obtain a conservative estimate of the error around the tt-
production threshold. The Richardson extrapolation error will be summed quadratically with the
statistical error coming from the Monte Carlo integration. These errors represent the complete sta-
tistical 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.

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

'The polynomial requirement is demanded for having a good convergence of the method.
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Figure 4.1: Richardson extrapolation of the narrow width my of the NLO 2HDM HyHo production

differential cross section of the Box 47 (left panel) and the total contribution of the boxes (right).

P5 is the contribution O'(Ai + aﬁl) + 0'§2)

width approzimation of RiEx, p,[6 §j7)(

Upper panels: Richardson extrapolation of the marrow

$,0)] for different pivot and number of nodes; middle panels:

relative error for each bin; lower panels: deviation between RiExy 1[0, (. )(s 0)] and all the other
extrapolations.

ratio: ) .
’RlEXn’hO - RIEXn,17hO|

RiEXn—l,ho

The sequence will be consider ”quickly” convergent if 6, < 1% for n > 5 and §,, < 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. (4.20) 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 .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
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 have been massively 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

(RiEXn,ho)n§9a 671 —

(4.20)

2These criteria are mostly empiric.
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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
RiExg 0.1[6; (- )(s 0)], which has been taken as central value.

In more detaﬂs, the behaviour 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 differents partonic cross sections tends to approach a ”limit”
distribution, until the red curve starts to be undistiguishable 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 .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 undistiguishable from RiExg g 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 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 g 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. Adding these new regulator 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 reliabile Richardson extrapolation for
V5 > 500 GeV and /5 < 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 025 reach their plateau
value and the deviation between them is lower than their respective errors. Therefore, the RiExg ¢.025
has been chosen to be the expectation value for the bins V3§ = {300, 325,350} GeV, RiExg .05 the
one for v§ = {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 O'Z(])(S 0). The numerical framework that has been setup in the previous section is suitable

for the trapezoidal rule:

“d 35 | d L do d
UNLO:/ TRO(3)ds = 5 |G +2Z TRC(5 +08) + IR (54) | + 0(65) @)

= O'NLO<5§> + O(6§ )7

where 65 is the step size of the energy bins. The trapezoidal rule introduces a dependence on 48§,
and an error proportional to §52. The analytical integration, in the spirit of the Riemann integral, is
the limit when the small steps 0§ goes to 0 and the number of steps goes to infinity. Since the two
quantities are related, the limit 6§ — 0 is sufficient to describe the continuos limit.

3For our setup, the number of sampling points were the same. Instead, it has been exploited the multi-seeds structure
of the codes. For problematic boxes, around a thousand seeds have been combined.
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We can assume a polynomial dependence on §§, such that the limit 5§ — 0 can be extrapolate by
the Richardson extrapolation:

oxLo = RiEx, ss[onro(0)] + O(58%"2), (4.22)

Different pivot value have been selected depending on the region. Empirical argument have shown
that for the threshold region, namely for 300 GeV < v/§ < 700 GeV, a 25 GeV energy scan must
be consider 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 < v/§ < 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 have been applied and studied extensively in Refs.
[54, 55] for the SM case, where mpy, = mpy, = 125.09 GeV and Y; = Y2 = 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 [150, 151]. 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 [139, 152]. The mass effects become sizeable for increasing values of
the Higgs-pair invariant mass.

Three main topics will be discussed in details: the size of the uncertainties due to the top-mass
renormalisation scale and scheme, the proper top-mass renormalisation 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 [153].

5.1 SM Differential and Total cross section

The addition of the virtual and real contributions constitute the differential cross section which reads

d
jjg a'LO Cmass (§)

§dA0'NLO _as(pr)

dz dLij
ds 4nm s

1) g wCi8R)|

s T zs

(5.1)

T=

For the SM calculation, we have set mpg, = mpg, = my = 125.09 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 multiseeds 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 PDFs are used to obtain
the numerical results [150, 151]. The distributions we provide are built for centre-of-mass energy of
Vs =14, 27, 100 TeV. The renormalisation and factorization scheme have been set to ur = up = %
We presente 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 renormalisation and factorization uncertainties included as red band. Here
mug = V3§ is the Higgs-pair invariant mass.

V3 = 1000 GeV. This deviation becomes even larger at centre-of-mass energies of \/s = 100 TeV,
with a decreasing of -40% when the real correction are taken into accoung (red line). This behaviour
does not show up to Higgs-pair invariant mass 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 ugp = pur = § and pp = prp = i.
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 not containing 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 () Vs (TeV) — our (fb)
13 27.737135% 13 32.51715%
14 32.817)35% 14 38.651 5%
27 127.0110 7% 27 156.2°17%
100 11401107 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 v/ > 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 renormalisation
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 [54] of around 15%; the inclusion of the mass effect have reduced the scale uncertainties
too. These cross sections show complete agreement with the literature [139)].

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 have an inverse proportionality relation with
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the trilinear Higgs coupling close to the SM value

Ao A)\gH

_— A —

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 [154]. A more general approach including all
dimension-6 operators has been studied up to the NNLO HTL [128, 155, 156].
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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 renormalisation scale is fized to
V'3/2. 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

A3H Az
ONLO = 01 + 02— + 03 <> (5.3)
AsM AsMm

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, 157]. 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(i). The meaning of constructive and destructive interference for Fl(i) is manifest in
the HTL [115, 116, 158], 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 -
PR = Hp = Mypg/2 — Vs=14TeV

go b e OTL — 5=27TTeV |
—— full NLO Vs =100 TeV

)‘HS/ )‘f-I]X!

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

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 Agg > 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 A 2
ONLO|14Tev = <72.27(7) — 50.70(6)%*4 +11.23(9) <A;§> ) b,

A Asi )2
ONLO|271ey = <270.9(3) - 183.1(2)Asill\*4 +39.5(4) <A;”§> ) fb, (5.4)

A As )
ONLO|100Tev = <2323(2) B 1496(2))\5%1 +313(3) <)\;I\{/I> ) .

where the PDFALHC PDFs have been used and the central scales pr = jup = v/5/2 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 renormalisation scheme and scale. The uncertainties due to
the renormalisation ugr and factorization ug scales have already been taken into account in previous
studies [53, 139] 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 renormalisation scheme and
scale dependent variable as well. Different choices of the renormalisation scheme and scale will lead
to different runnings of the top mass, and introduce an additional source of theoretical uncertainties.
Such uncertainties and the ones coming from the renormalisation of the strong coupling 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 sizeble, a dedicated study
of the uncertainties due to the choice of different mass renormalisation scheme and scales have been
performed.

We have evaluated the top-mass uncertainties by evaluating the whole differential cross section by
chosing four different top-mass scenarios: m; = 172.5 GeV in the on-shell renormalisation scheme and
(M) = 163.01516101 GeV, m(3) and m(3/4) in the MS renormalisation scheme!. The running of
the MS top mass has been considered at N3LL:

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 [159-163]. 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 v/§ = 300 GeV and
Vé =400 GeV and 100 GeV for v/s > 400 GeV.

Figure 5.5 shows the distributions obtained for the four top-mass scheme chosen. For v/§ > 400 GeV
the maximum value for each bin is the OS scheme and the minimum is the distribution for 7,($).

Chosing the OS scheme as central value, we estimated the mass uncertainties by taking the enve-
lope of the different mass distributions bin-by-bin. This procedure make the top-mass uncertainties
to be strongly asymmetric at the differential cross section level (Table 5.2): for V5 > 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
of about a factor two, being of order 30% at 600 GeV. This same behaviour have 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 renormalisation scheme is mandatory to avoid that large
logarithms involving the Higgs-pair invariant mass v/ do not spoil the convergence of the QCD
perturbative expansion.

In Figure 5.6 the differential distributions for different choice of top-mass scale and scheme are
presented, and important information can be infered 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 m,(3) and my(8/4),

Note that since different top-quark masses has to be used, this study can only be performed nowadays woth the
method presented in this thesis.



Results and Discussion 87
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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 constants for Higgs-pair invariant mass v/ > 500 GeV. This
behaviour of the ratios reflect two distinct effect of the scale choice:

1. decreasing top-mass effect for the choice of fixes value of the mass renormalisation scale;

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

These trends can be clearly understand 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 mass has been integrated out [32, 35, 164, 165], which manifests an effective
vertex between gluons and Higgs boson:

Qs

127

Lo = —Tr[G"G ) <C;1H _ o H2> . (5.6)

202
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VE(Gev) 290 ey MO () V5 (TeV)  onio (D)
NG e NLO
300 0.01656 5% 0.02978(7) "%, 13 277371
400 0.09391+9%. 0.1609(4) 9%, 14 3281715
600 0.02132+9% 0.03204(9) 5%, 27 127.0135%,
1200 0.0003223 0% 0.000435(4) *9%, 100 1140795,
J
onLo = 32.81(7) T 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 section including top mass scheme and scale uncertainties for
Vs =13,24,27,100 TeV.

gg — HH at NLO QCD | /s = 13 TeV | PDF4LHC15
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Figure 5.6: Ratio of the NLO differential cross section with the HT'L NLO one for the mass schemes
considered for \/s = 13TeV.

The Wilson coefficients C; of the HTL Lagrangian, independents from the scattering process, are
determined by the matching to the SM Lagrangian. These coefficients at NLO are

11 /a 2777 19 o 1 % 67 s\ 2
O 1 (2 L2 g () vy [Raog (£2,) = STV (22 o),
1= () s Taetee e ) PR [glee g ) o) () TOM)

_ 35 2 g\ 2 3
Co=C1 + (24 + 3Nf> (?> + O(as).

(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 scale choice.

The large v/§ behaviour can be understood by considering the analytical high energy expansion
of the Higgs-pair production form factors [45, 46]. First of all, the triangle contributions are strongly
suppressed, because of the off-shell Higgs propagator, so the dominant contribution comes from the
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virtual corrections. The analytical 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 GG; are complicated functions of the partonic kinematic invariants. Notice that the dependence of
Fi(l) on the top mass is completely isolated. However, the logarithm involving the top mass introduce
large contribution 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 renormalisation 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 renormalisation scale makes the NLO finite top-mass effects to be independent on
the Higgs-pair invariant mass, and their size assest to around 10-15% for p; = Vs /4.

5.2.2 Combining the uncertainties

Collecting all the results we have found in our analysis, the uncertainties on 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 renormalisation
and factorization scale choice; the central one shows the uncertainties related to the top-mass renor-
malisation 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 en-
velope too, leading to the linear sum of the uncertainties. Additional corrections to the Higgs-pair

Vs (TeV) onvo (fb) Vs (TeV) onro (fb) Vs (TeV) onro (fb)
13 27.73+138% 13 27.7371% 13 27.73 1T 8%
14 3281500 & 14 3281008 _ 14 32.817375%
27 1270710 7% 27 127.0H47% 27 127.07357%
100 1140107% 100 1140455, 100 1140% 2302

Ren.+fac. uncertainties

top-mass uncertainties

Combined uncertainties

Table 5.3: Left table: NLO SM total cross sections with renormalisation 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.

production 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, 153].
This calculation estimates a renormalisation and factorization scale uncertainties up to 5%.

To analyze how to combine these 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, 55].
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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 renormalisation
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 for 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 [153]. 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 on the renormalisation
and factorization scale choice, we are legitimate to consider the combined uncertainties to be the
envelope of the two relative, 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 regularisation
in the presence of pseudoscalar and charged Higgs bosons.

The building block of the NLO contributions are the amplitudes built with up to four-points
two-loops Feynman diagrams with five mass scales and five-points 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 reduction methods have
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 the end-
point subtraction. Particular care has been dedicated to the end-point subtraction of the divergences
coming from the diagrams belonging to the topology 6: the universality of the IR divergences have
been exploited to build a subtraction term from the heavy-top limit of the form factors. The addition
of the renormalisation 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 renormalisation 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-particles 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
verteces. At last, the NLO triangle contributions have been built from the single-Higgs production
form factors.

The numerical setup have involved the Vegas algorithm for Monte Carlo integration [148], im-
plemented into a Fortran code built with a multi-seed approach. Numerical instabilities arise for
energies laying above the diagram thresholds, which can be tt or gg production thresholds. A small
imaginary parameter €; introduced as top-quark mass finite 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 have been performed to decrease the power of the
denominators, and the numerical stability has been improved further. The narrow width top quark
has been extracted from combining linearly evaluations of the differential cross section for different ¢,
regulator values. This is the core of the Richardson extrapolation method, whose extrapolation error
is inversly proportional to the number of nodes. Nine nodes for each energy bins have been combined
to obtain the final differential distribution for each interference terms, leading to a complete virtual
differential cross section contributions.

The real corrections have been obtained through standard algorithms, involving the decomposition
of the real amplitude into the Passarino-Veltman tensor basis, and by taking its analytical square
average. FEvery analytical step has been implemented into a Mathematica code that provide 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

91
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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 renormalisation and factorization scale
uncertainties. The total cross section as 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 renormalisation
scheme and scales, suitable for the first estimation the uncertainties they introduce. The MS top
mass to different scale choice has underlined the importance of these uncertainties, that amounts to
15% at the total cross section level and down to -35% at the differential cross section level. The
behaviour of the differential cross section at different renormalisation scales has been discussed, and
it has been shown how a dynamical renormalisation scale is the most natural choice for large Higgs-
pair invariant mass. The quasi-independence of the top-mass uncertainties from the renormalisation
and factorization scheme lead 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 renormalisation and factorization uncertainties have 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 5. Further
future application will involve final states containing pseudoscalars and charged scalars. Moreover,
the dependence on the 5 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.
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HTL gluon-Higgs effective vertex

The low-energy Higgs effective Lagrangian contains the effective gluon-Higgs interaction verteces.
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 occuring 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 momentum:

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 p of M#”. With this consideration, since pf en(p1) =
phey(p2) = 0, the general tensor M reads:

MM = agogh” + anphpl + asiphpt + agsphph + asspips (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 allow to use the QED-like Ward identities
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)

97



98 Appendix B

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 proportioanl 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
T4 Ty, = d — 4. The projectors onto 71" and T4" can be defined by using 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 kinematic
variables and the space-time dimension d.
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Appendix C

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 dimension of the phase space depends on the number of particle involved
in the process, and increases fastly 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) + Hz(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 unitary 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 tri-momenta 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 kinematic of the process becomes

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

wi —my, = wi —mi,
w% — m%ﬁ = (\/§ — w3)2 — m%b, (\/§ — w2)2 — m%ﬁ = wZ — m%b
s +m%[1 — m%{Q §— m%l —I—m%b
w3 = ) Wy = )
2V 2V/5
. T, MY
and defining A = —2—1, we get
2 2
A _ mH2 - mHl
K
N3
V3 V3

The Higgs bosons momentum pcp, in the CM frame is

(1-— A)2 — m%h

<1+A2—2<A+2nﬁ{1>>
S

_S+a2_ox
4

Vé s V3
:>pcm:7 1+A%2-2 :767

NG VAN

2 _
pcm_

= w>

where we defined ) )
s My M

~

S

With these constraints, the transferred momentum square £ is

t=(ps —p1)* = —2(p1 - ps) +p3
=mj, + pemV3(2 - 0) — Vaw
9 5 s
=my, + §Bc089 - 5(1 —A)

:qul - ;(1—A—BCOS¢9)

3
= —5(1 — X — Bcosh).
Using momentum conservation, the missing kinematic variable is @, which is

U= —g(l-XH—ﬁcosG).

(C.6)

(C.7)

(C.10)

(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+ --- + n differential cross section is

_ dd-1 441 n 1 1
do o (4?) / R T (@2m)?0U(P —p1 — - = pa)IMP,  (C.12)

2m)ET T 2m)dT (2w)  (2wn)



Phase space integral 103

where the integration is performed over the d.o.f. for which the amplitude does not depend on and
t, | M|? is the square amplitude averaged over the polarizations and P = p, + py is the total incoming
momentum. Hence, we can define

e d—1 d—1
R = ) / éﬂ)dlill o (d27r)c£"1 (20101) h (231”) (2m) 4P —p1 =+ — pa)- (C.13)

We are interested in dRs i.e. the phase space element of the 2 — 2 scattering process:

i d—1 d—1
iRy = ()% [ P G G )P = =), (©.14)

where P =p, +p, = (\/g, 04_1) and p3, p4 are the two Higgs bosons momenta. Using the identity

ddflp 1 ddp
/(27r)d_412w4 :/(%);—15(?5—”%2)9(604)7 (C.15)

we obtain

4-d dd 1p ddp
1Ry = ()5 [ G g 6 — w0 (en) (2m) 5 (P — s )
4—d (C.16)

_ (u2)=2" / dd*1p35((P —p3)2 _ m%b)@(\/g— ws).

(2m)2 ) 2ws

The delta function can be transformed as follows

(P —pg,)2 — m%b = s — 2V5ws + m%ql — m%b,

S C.17
§ (P —p3)?* —mi,) :2\1/55 (ws—\g(l—ﬁ)> : (€17

The integration of the momenta in d-dimensional spherical coordinates reads
" ps = i dpemdQ = ply wsdwsdQq o, (C.18)

the integral reads as

12 =4 » 3
ARy 4(( Tzd 2/d 3de 2 d 35< —{(1—A)> @(\/g—w;;)
= (M2)42dm d€2q—2© (f(l + A)) (C.19)

The condition on the Heaviside function is always satisfied (A > 0).
The (d — 2)-dimensional sphere can be integrated over (d — 3) angles since does not have any role
in the scattering, and can be integrated out directly. The integration yields:

/ dQy_o = dfsin® 30 [ /O i dy sin?=* @] e { /0 i dpg_3 sin qsd_g] [ /0 " d¢d_2]
(C.20)

= dfsin® 30 / dQy_3,
The angle element df has been factorized since the integrand will depend explicitely on it.

Using the following identity

EI‘(%(n +1
L(3(n+m)+1)

/2 do;sin” ¢ cos™ ¢; = , (C.21)
0
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for m = 0, the volume element becomes

(el | st (L o
/deQ: [ (F?H§2)] [ (F?d—?’;Q)] [ (r)(§§2)] [/0 dqﬁdz} sin?=3 0do

(C.22)

which contains a remarkable value of the Gamma function, such as
1
r <2> = 73. (C.23)

27"'176 d—3
dQg_o = —— sin®"° 6df C.24
/ 2T — e ’ (C.24)
where we have integrated over the ¢4_o angle since the scattering occur on the zz plane. We will see
that we are not legitimate to integrate away this variable for the calculation of dRj3 since the 2 — 3
scattering does not happen on a single plane. An important result of this integration states that:

Therefore, we get

n n—1
272 2m2

A1 = =7~ = = ——sin""20df (C.25)
Lz T3

We can first present the result of the integration over the whole phase space:

2\ € pl-2¢
T B 1 / . d-3
/dR2 = < 2 > P2 T — o) sin®"° 6d6
(Y8 1 [ra-arg)
§ ) 427 2gl-cT(1 —¢) ’

F(3+1—¢)
A useful identity involving the Gamma function is:

(C.26)

47'L
V4

which brings the phase space integral to the following form

o () 2 s

I'(2n) =

I'(n)I (; + n> , (C.27)

If we keep the dependence on the 6 angle, the expression is more involved

2\ € gl—2¢ a2\ €
ARy — (47T,u > B 1 <1 cos 0> dcost, (C.29)

§ 16m I'(1—¢) 4

but the factor involving the cosine square can be simplified by using the explicit expression of cosf
in Eq. (C.10) and the relations contained into Appendix F:

1—cos0 1 [(f—mfy) (E—mj,)+3t| 1 p2
4 __52 §2 _623

(C.30)

|2
Arp®\ € 1
dRy = (Wél) ﬂidcosﬁ.
b

The integral over the 0 angle is related to the trasferred momentum square ¢:

t= —%(1—2—[30089) — dt = %dcos@, (C.31)
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hence we get the following final expression:

4o\ 1 dt
dRy = —. C.32
’ ( 7 ) L(1—¢) 873 (C.52)

where p?p depends on t. For the LO and the NLO virtual corrections, the dRy can be expanded around
e — 0

dt
dR?‘g:O == % (C33)

C.1.3 Differential partonic cross section: setup

The differential cross section for the partonic scattering under investigation is
d6 = CouxCsym / dPSs|Myo)? (C.34)

where Cfyy is the flux factor and Cgyr, is the symmetry factor. The flux coefficient Cyy for the QCD
Higgs-pair production via gluon fusion process is

¢ 1 1 . C.35
fl - = = — .
4o ) — il Alpope| 28 (C.35)
hence the differential cross section becomes
dR
do = CSym 2IMP2 ‘M|2
dA (C.36)
= A2
C(sym 16752 ’M|

We now extract the factor coming from the averaged square amplitude: each gluon in the initial state
can have 2 polarizations and (N2 — 1) colors. Therefore

o d£ 1 sym 2
0= Tor2a (V2 222’/\4‘

ab hi,ho

dt 1Coym
= Ton2d o1 2 2 MP

a,b hi,ho

(C.37)

where Cgyn, 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

. dt
d ~ 16742 464 Z Z M

b hi,ho

1671'52 128 Z Z |M|2

ab hi,ha

q

(C.38)

C.1.4 Polarization sum

Assuming that a gluon is moving along the 2 axis with momentum p}" = w; (1, 2), its two polarization
physical polarization vectors can be written as!

67[(1?1) = \}E(O,l,i,O), (pl)

!The Lorentz gauge is implicitely assumed.

7( ) 7_i70)' (039)
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These polarization vector satisfy the following relations:
pies(p1) =0,  eht(pr)e (pr) = —™"2. (C.40)

The basis can be completed by adding the longitudinal polarization and an additional light-like po-
larization vector:

1 I 1 i
L= #@=—50.-2)=

e e e L L ral

where ¢* is a reference momentum, whose 3-momentum is anti-parallel to the gluon 3-momentum.
The completeness relation of this basis reads

= wy(1, —2), (C.41)

—er(p)e (1) — e (p1)€;™ (1) + €nu(P1)€1,(0) + €Lu(@)€l, (1) = Gy, (C42)

and using the explicit expressions for the longitudinal four-vectors, the polarization sum takes the
following form:

* P1pGv + qupiv Pi{p9v
> e (p1) = —gu + T = g, + U} (C.43)
h== p1-4q p1-4q

where the {---} is the symmetrization of the tensor with respect to the index they wrap.
For QCD processes, if one wants to perform the QED-like polarization sum, namely

> e (1) = —gu (C.44)
h=%4

the ghost contributions are needed, otherwise the general polarization sum of Eq. (C.43) is mandatory
in order to avoid not sum over the unphysical degrees of freedom. To make clear this point, the
amplitude of the process under consideration can be written as

M = e, (p1)en(p2) M. (C.45)

The sum of over the physical polarization yields:

ST OMP= Y o) (p)e) (p2)es (po) MM MP,

h1,ha==% i ho==+
Poguloy
2 _ Z h *h . 2{v4s v g gipo
L s l(ml Pt ] MM (C.46)
h17h2:i hlzj:
/
* * p2 q P
== 3 e o) + Y (o) (p) ST | ME M,
hi=% hi==+ D2 q

The polarization sum depicted into Eq. (C.46) is rather complex, but it can be simplified. It can be
shown that,

i€y (p2) M o psel(p2), (C.47)
which implies that, for longitudinal polarization:
plpﬁLu(p2)MlW X pgeLu(pQ) =0, p% =0, (C48)

therefore
plpPQuM“V =0. (049)

In particular, it means that pa,el(pe) M* = 0 if € (pe)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 into 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 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 ).



108 Appendix C

Putting all the ingredients together, the LO partonic cross sections reads

X dt 1 5
doro = 16ws2@2 > Mol

a,b hi,ho

di 1 0)2 (0)2

= 5 A dabOba ’Fl | +|F2 ‘
16732 64 ; ( ) (C.57)

di Tr[6n2_4] 0|2 (0)}2
T 16782 64 <‘F1 ‘ RN >
- dt (0),2 (0)2
T 128742 (‘Fl i |>’

where N, = 3.
At NLO, the intereference between the one-loop and two-loop virtual amplitude have to be con-
sidered:

Z 2ReMioMnro = 2gupgwReM€VOM*NpLUO
hi,ho=%

— 26,050 Re [FI(O)T{W n F§0>T;V} [Fl(”Thw N FQ(I)TQ#V] (C.58)
= 45ab5baRe (Fl*(O)Fl(l) + FQ*(O)FQ(D>

which leads to

~

dt

dAONLO = s

Re (F{O R + PO RY). (C.59)

C.2 2 — 3 process

The 5-points kinematic is more involved than the 4-point one. Consider the 2 — 3 process

g(p1) +g(p2) — Hi(ps) + Hi(pa) + g(ps), (C.60)

where additional outgoing particle with four-momentum

ps = (Es,Ds), (C.61)

is considered. After applying the conservation of the four-momentum, the kinematic of the process
can be written as

P1+ P2 = p3 -+ ps+ps
J
(E1 + B, Eya + Exb) = (V/3,0)
{(ES + Ey + Bs, E3¢ + Eyqd + Fsé) = (V5,0)
J

Eia+Eb=0 = Eja=-—-Fyp = E;=Fy=—,

V&
E3—|-E4+E5=\/§ = 23+ 24+ 25 =2, Ei:«fi?,

(C.62)

1\33
VA

where x; is the fraction of center-of-mass energy §. The momentum p3 is parametrized such that it
lies on Z axis. Before explaining the details of the phase space, we introduce the relevant kinematic
variables

2p1 - p2 = 5, —2p1 - ps = 1, —2py - ps = 1, (ps+pa)’ =8+t+0=Q" (C.63)
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The incoming particles four momenta can be parametrize as follows
p1= 7(1,(308 015,0,sin015), p2 = 7(1, —cos 015, 0, —sin 015), (C.64)
where the scattering occur int the zz plane and the radiating parton ps lays on the Z axis; 615 is the
angle between p; and ps on the 'z plane:

D5 = \ggajf)(]-v 07 07 1) (065)

At last, we define the angle 035 and ¢35 to be the projected angles that in spherical coordinates
parametrize the direction of ps; 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 kinematic of the process is:

V3

p3 = 7&3(1, B3 cos a5 sin O35, 3 sin 35 sin O35, B3 cos b35),
P4 = 7(964, —1x3/33 cos 35 sin O35, —x3(33 sin 35 sin O35, —r5 — 1333 cos O35),
(C.66)
m;

/Lz—%v

[ 2
75 2 TiZ;
Bi = 1—4—z27 cos@ij——ijij(l—xi—xj—i- 22]+Mi+,uj—/ik>-

These definitions set boundaries on the parameters we have chosen. The particles production
thresholds state that (p; + p;) > (m; +m;)?. For x5, we have

p3 >0
(ps +p1)? = (p1 +p2 — p5)? > (mp, +mp,)?
|2
2
0<uwzs5< 1_(:UH1 +MH2) :

(C.67)

The constraint on x3 comes from the image of cos 635, meaning that it can be read from

—1<cosls; <1 = cos?ls5 <1
. (C.68)
221 —a5) —23(2 —25)(1 — 25 — A) + (1 — 25 — A) > + ,“J%leg <0,
and solving for x3, we obtain the following condition:
vy <az<ay

. (2 —a5)(1 — 25 — A) £ 25(1 — 75) B
F=

21— w5) (C.69)
_ _ (1m, + MH1)2 _ (pr, — MH1)2
= 1 ] | G

C.2.1 d-dimensional Phase space integrals

Recalling the definition presented in Eq. (C.1.2), the phase space element dR3 is

dR 7( 2)4;—‘1/ dd71p3 dd71p4 ddilPE) 1 1 1
3=\ (2m)d=1 (2m)4—1 (2m)4—1 (2w3) (2w1) (2w5)

(27T)d5d(P —P3 — P4 —Ds), (C.70)
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where P = p, +py = (1/5,04—1) and p3, p4, p5 are the two Higgs bosons momenta and the additional
parton. Similarly to the steps described for the 2-particle phase space, the integraation over p4 yields

dd 1p ddflp
s = (( ))2d 3/ (2w3)3 (2w5)5ddp45(p‘21_m%b)@(pg)‘sd(P—Ps—p4—p5)
(H2)4_d /dd_lpg dd—1p5

_ N2 2
© 4(2m)2d-3 w3 ws 0P =ps = ps)” —m,).

The argument of the Dirac delta is

~

L 5
(P —p3—ps)? — m%{Q =5—8§(x3+x5) + §x3x5(1 — P cosbss) + m%h — m%{Q

=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 measurements in spherical coordinates becomes

a—2

~8—< d—3
d*'ps = ‘“(Qﬂ?’_%’)w?,dxgdgg??
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 angle elements are:
anl, = / sin® 3 035 sin? 4 ¢y - - - sin dy_3d035des - - - dpg_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 manipulae such that a Rs factors, and the integration boundaries of the fraction
of the momenta z3 and x5 are set from 0 to 1. Notice that

1 —cos 695 1 (I—z4)+A

SRl N 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? 05 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
These change of variables lead 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 resemble the 5 defined in the context of the 2 — 2 scattering:
recalling the definition of ¥ and A, a simple manipulation of its expression yields

that shows an explicit dependence on the fraction of total energy of the Higgs-pair invariant mass.
Important quantities are related with a combination of the boundaries of x4:

2 2
B . . K, A A
oy —o- =P, = * (1-2)z + (1—2)2z’

(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).

The 3-particle phase space element therefore 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 into 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 informations 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)

_ p dzdcosbis drp®\© 2(1 = 2)17% (1 — cos® O15 ol R NoL) 2
= I 6472 ( Q2 F(l — 6) 4 COlOpOICspln Z |Ml]|

ext.

Each channel contributing to the real correction have different color, polarization and spin average.
Here the definition of the quantities occuring in Eq. (C.94) are presented.
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qq — HiHag

09 — 1, 99— 1 0% — 1

pol — spin 47 col T 97

D Mg =D T v(p2)veu(py)u(pr)vpv(p)es” (s el (ps) Mis” Mby

ext. spin pol col

(C.95)
= | Y o(p2)vuu(pr)alp)v,v(p2) (ZEZ’L(ps)EZL(ps)) D TET | MagT Myy
spin h ©,J,a

=T [pl’YPWQ’VH} (=9ov) Tr [51\’3—1] MzgaMgg

=32 Lplpp2y - (pl 'p2)gp;t + p2pp1u] gauM;gaMgg~

qg — Hi1Hz2q

1 1 1

q99 __ q9 q99 __
Cpol - 57 Cspin - 5’ CYcol - ﬂ’

D IMgl? =D 0NN T T a(ps ) yuu(pr ) a(pr )y, ulps e (p2)er (p2) Mo MbY

ext. spin pol col

(C.96)
= | > alps)vuulpy)u(py)ypu(ps) (Zeih(m)eﬁ(??ﬂ) O TETS | Mo Mby

spin h iga
=Tr []/j{)’p]”s’m} (_gau) Tr [61\7371} M;ga./\/lgg”
= —=32[p1ppsu — (1 P5)Gpu + PspP1u] Gou MehT My
gg — Hi1Hoag
1 1
99 — 99 _ 99 _
Op()l N 17 CSPin - 1’ C'col - a’

D IMglP =D F e ()€t (p)es (p2)el? (p2)efs® (ps)es™ (ps) Mo My

ext. pol col

= (Z e (pr)el <p1>> (Z ez;h2<p2>e22<p2>> (Z €f” (ps)es” (p5>> D e | Mg,
hi hs

ha a,b,c
— No(N2 1) [gupuo o + Aupvoras) Mo MU
= —24[9up9vo9ap + Aupvo,asl MZZGBM%Q

Pi{pq1 P2{vq2 Ps5{ads
Appvoap = (—gw + M) (—gw * p{;q:}> <—9a6 + p{aqf}> = upYvoYas-

(C.97)

The amplitude contributing to the ¢¢ and gg 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
by the LO diagrams. The contributions do not even represent a gauge-invariant subset of the am-
plitude. In addition, if one does not want to consider the ghost contributions, the polarization sum
have to be performed over the physical polarization states since in the usual Lorentz 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 does not form

an independent set: it can be shown [144] that every one-loop tensor integral can be expressed as

a linear combination of scalar integrals. Such integrals, which are independent, 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-points and 3-points 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:

2p2 4(p2) Bo(p27mt) p2 (p2) Bll ’
W thh ha.S as Sohltion

()= (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-points 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 A; and Ao can be written as

1 k 'p1> ( 0 m ‘]32) <A1>
/k DyD1D, <k D2 p1-p2 D3 As ( )

where G is the Gram matrix. Its determinant is

G =—(p1-p2)° (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) 3 Coo
0 0 0 0 (p1 - p2)? C1

MA = | (p1-p2) 0 0 (p1-p2)*  (p1-p2)P3 Cia | . (D.24)
(p1 - p2) 0 (p1 - p2)? 0 (p1 - p2)P3 Co

p3  (prop2) (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 M can be written in terms of the Gram determinant:
det M = (d — 2)[(p1 - p2)?]* = (d — 2)G*. (D.26)

Finally, inverting M, we can get the expression of the coefficients A with A = M~'P. Due to gauge
invariance, we are only interested in Agg and As;, whose values are

(p1 - p2)(3 + 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 are 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

k DoD2

In complete analogy of what has been done in the previous section, contracting both sides for 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 % 5“@'DD (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)]

Therefore, the coefficients Byg and Bj; of the rank-2 2-points integrals depend explicitely on Bj,
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
— Cong Chiplp? D.33
L DOD1D2 009 + Z szz pj ) ( )

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)
Py  DoDiDy =3 [Bl(Pz; 1) — Bl(mH ;M) — Bo(mH ;m;) — p3Ch| 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) 2 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 = 3
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 )
Co — 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) for 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 side of the equation found in 2. for every external momenta; 4.
express the rank-(r — 1) in terms of its tensor structure; 5. solve the system for the coefficient 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. [166, 167]).
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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 amplitude is to know how to calculate the integral basis. There exist
many methods [168-173] for expressing one-loop scalar integrals into a series expansion in e. In
this Appendix the calculation of the simpler scalar integral 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 integrand, 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)
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By(p*;0)
A particular case arises when we set the internal masses to zero, i.e. m? — 0.
_ Te-9 1 1
BO(QQaO) = (F 2 2) / dx o_4d
2 Jo [—q%c(i —x)]*" 2 (E.16)
= (—q2)1_2f <2 - > / dmx%_Q(l —z)272
0
the last term can be written in terms of Gamma functions:
! [(z)T
/ (1 — g = L@TW) (E.17)
0 Iz +y)
Hence p p
rée-nreE-—-1
BulgP, ) = (-7 (2 § ) HE A=)
P gr( ( )_ ) (E.18)
2\ —e — € — €
=(— T
Bo(p*; my, 0)
Consider the integral
1
Bo(p?*;m?,0) = / . E.19
im0 = J =l (19
Using the same steps did for the equal mass case, the 2-point integral reads
dx
By(
("m0 // (k2 + 2k - px + p22 — m2(1 — x)]2
/ / 5
k2+pw — ) - mi(1 - 2)?
= 2 / de E.20
F(2) 0 [m2(1—2z)—p2z(l - x)]%% (E:20)
d
d 1 2 52
= (m?)%*QI’ <2 - ) / (1-— a:)772 <1 - pzx) dx
2 0 mt
2nd_9 d ! d_o d_o
=(m;)2 T |2— B / (1—z)277(1 — px)2 “dux.
0
The Hypergeometric function is defined as
1
B(b,c —b)oFi(a,b;c;z) = / 2711 — 2)7 (1 — za) "%, (E.21)
0
where I )
T+y
B(x,y) = E.22
)= @) (5:22)
With these definition, the Eq. (E.20) reads
2., 2 242 d ! 1-1 —(2-%)
By(p*;mi,0) = (my)2~°T 2-3 (1—x)2 (1—pz) " 2 da
0
d
= 2 5_21—‘ 2 —_
(m¢) 2 (E.23)
d
2
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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 using the derivative of a rational function, the m-th term becomes

d f(e) _ f'(9g(e) = f(e)g'(¢)

degle) 9%(e)

_, (=114 0@l + D!+ 0] =0) _ (n=1)} (E.21)
[(n+ 1!+ 0(e))?  (n41)!

Thus, the expansion around € = 0 yields
oy (1, €2 —¢ p;) =9F1(1,0;2;p) + G%QFl (1,62 —¢€p) L, + 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)
(1 +n)T(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

L —x
Fi (1,1;3: p) —2/0 dx((ll_ pw?)
_2[(—=p) [ (=p)dt
_p{ p /0 (1—pt)+1} (129
= /2) [(1 =) log(1—p) + 1]
Hence
o Fy <1 €2 — ¢ pQ) =1+ce¢ [(l_p) log(1 — p) + 1} + O(€?) (E.30)
b 7m% p Y

and finally, the Bo(p%;m?,0) around € = 0 is

1
Bo(p?;my,0) = (m7)~T(1 +¢) (e - 1) oI (6,152 — € p)

(E.31)
= (m;)"T(1+e¢) s Tlog(l —p)| +O(e).
E.2 3-points scalar integrals
2,2 a2
00(07p2)mHj7mt)
Consider the integral
Col0., %, my i) = | :
; o T8 [k — p1)? — mi][(k + p2)? — ] (B.32)
pl = 0’ p% - mHj‘
Doing the same steps done for the 2-points integrals, Cp(0, p%, m%{j;mf) reads
Co(0, p2, m%, ;m2) = // dz1dzedzsd(1l — 1 — T2 — 3)
PP T T () r m [(k2 = m3)ws + (k= p1)? — mB)er + ((k+ p2)” — m)za®
1—zo 1
= E.33
2/0 dl‘z/o dl‘1/ (% — 2k - (pra1 — pawa) + plas — 0P ( )

1
= d d .
/ JZ72/ 3171/ [k2 + 2(p1 - p2)T1T2 + P3z2(l — T2) — MZ]?

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 17(62
Co(0,p3, m¥y. ;s :2/d d /
(0, pz, miz; e o T TR 2(pr - po)mias (1 — w2) + plaa(l — wa) — mE)?
o (E.34)

=2 | dxridx / .
/0 E my w172(1 — 22) — piwrwa(l — x2) + piwa(l — @2) — mi?

After integrating the expression in the loop momenta, and expressing it in terms of €, Cy becomes:

(1 — .’L’Q)d{l?ld$2
(1 —m2) + (m3y, — p3)aa(l — m2)ma |t

1
2 2 2
3 =-I'(1
00(07192’7”}1]77”1&) ( +€)/0 [m? — p2z2 (E.35)

This expression is already finite, so one can immediately set ¢ = 0 at integrand level. Furthermore,
defining pp = m%,j /m? and py = p3/m?

(1 + €) (1 — z2)dz1dxs
Co(0, p2, m% ;e / ) E.36
(0,2, iy ) = [1 = pawa(l — x2) + (pr — p2)z2(l — 22)21] (EL36)
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Integrating over x; this expression:

/1 (1 — xg)d$1d$2 .
o [1=p2w2(l —z2) + (pu — p2)z2(l — 22)71]

/ dzs / (pr — p2)r2(1 — x2)dxy _
(pu — Pz 1= pa2(1 = 2) + (pr — p2)a(l — 22)1]

(E.37)
de r1=1
— 10g [L = poxa(l — x2) + (p1 — p2)za(l — z2)21]
pH p2) 21=0
La
x
[/ —log 1—ppz(l —x)] —/ log[l—pgx(l—x)]} .
PH p2) o T
Lastly, defining
4 4 1 14++v1-—
T=— )‘:77 f(T):—10g2|: i T:|7
PH P2 4 1—vV1—-171
Vdx
| SFr0e = paslt =) = =250, (E.38)
[ S ros 11 puatr - = 21,
the integral can be performed analytically
1 (1 — CL‘Q)dl‘ldl‘Q 2
=— ) — f(N)]. E.39
/o [1 = pawa(1 —w2) = (pm — p2)wa(l —x2)ua]  (pm — p2) () = F) (E-39)
and, expressing po and py respectively in terms of A and 7:
1 (1 — x9)dz1dxs 1 7A
= —— 7)— f(N)]. E.40
/0 (1= pawa(l = 2) = (pr — p2)w2(l — 22)21] P U AR (E-40)
Finally, Cy(0, p3, m%{j :m?) takes the following analytical expression
TA+e), o [TAS(T) =)
Co(0, p3, miy,; m;) = T?( 7) [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. 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 regularisation, the scaleless Feynman integrals vanish [174]. Consider the
integral

_ 2\« _ d—2«
Jo = /k (D)%, [J] = [M]%2 (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 have to by absorbed by 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

(k) el + T —a—9) 1,
/k(k2 —py — Y rord )
Lofe) TOHat ST a—d) L,
) =)~ Y rorg (A
_ e+ 9ra-—a—9) 1
SO e

The two integrals have the same analytical expression: this fact brings Eq. (E.43) to 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. [174]. A direct consequence of Eq. (E.45) is that the general one-loop
massless tadpoles vanish

Ao(0) = /k % - (E.46)

In dimensional regularisation, the scaleless integrals vanish because of Eq. (E.45) and (E.46). The
n-points 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 parameterisation of I3 (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-points one-loop scalar integrals can be related to a generic
massless tadpole integral with the denominator equal to the number of external legs. The Eq. (E.49)
can be generalized by taking into account denominators with positive indices'. This generalization

implies only the change n — > | a; where a; is the (positive) power of the denominator D;.

'For negative indices one can use 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 generalize at multi-loop level:

_ 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 Minkowsky metric with
signature (1,d — 1), but (I,d — I). However, this very same calculation could have been 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 [174] that for dimensionally regularized integral 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 explicitely 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, there can be shown the reason why it vanish by analytically
integrating the loop momentum:

1 dk0d(@-VE
By(0;0,0) = d/{(

in? k)% — |k[?]2
Wk% dd-D%
= - / 72 5 (E.61)
dQdq—2

Renaming B = Yy, setting d = 4 — 2¢ and integrating over the solid angle d€2;_s:

Bo(0;0,0) = —4~ 1?(21:266)) / h ycfﬁ (E.62)

There is no way to make the integral of Eq. (E.62) converge by acting on the e parameter. However,
an appropriate analytical continuation with respect of € ensures its vanishing behaviour. It is possible
to recover this behaviour by splitting the integration regions and imposing two different conditions

on e€: ~ 1 o
/ Clly _ / dy | / dy_ (E.63)
0o Y +e 0 y1+e 1 yl+e

The first term diverges if € < 0; the second one if € > 0. Imposing e;g = —e for the first term and
eyyv = € for the second, the integral is not divergent anymore:

1 e’}
/°° clly R L S (N S (E.64)
0o Y +e €IR 0 €Eyuv Yeuv 1 €IR €UV
and F(l—¢ (1 1
—€
By(0;0,0) =4"°¢ -——. E.65
0( y Uy ) P(2—26) ( v GIR> ( )

The vanishing behaviour of By(0;0,0) lies in an exact cancellation between the UV and IR poles.
The UV pole extracted in this way is the one that is cancel by MS counterterm for massless quarks
self-energies.
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Appendix F
Utilities

In this Appendix, some useful identities used for 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
N N[ "o

The partial fractioning on the denominator yields

~

ﬂ:_AdEA [(A 1 ] F.7)

St (ty —t) LE—14)  (E—12)
It is easy to show that the identity
(f—ty) = —(a—1), (F.8)
therefore A A
Aditz:Ath [AlA_’_AlA] (F.9)
W -t (-1 (-1

The partonic cross section can be written as the integral of a function depending on the kinematic
variables with respect to ¢

Bl ) (@)
J @ﬁ“”‘éldy%qhﬁﬁq+m—ﬂﬂ‘ (710

The second term can be written with the same denominator of the first one by noting that

B fdEa) M flad)
/5_ dti(ﬂ_f_) _/E_ dt(i—f_)’ (F.ll)

and therefore

Beat o (B db o fda) + f(a,d)
/{_ f<f7“)—/£_ i G (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 instabilites have been milded with a dedicated change of
variables.

F.2 Feynman Parameters Tricks

The numerical integration of the Feynman integral requires a fixed boundaries, which for the Feynman
parameters is an 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 occuring in a Feynman integral after its parameterization (for a 4-point

integral): \
1
/ di1dRodisdigd <1 - Zx) , (F.13)

0 i=1

Extending a parameter domain to the real axis:
o 4 4
/ di diodisdigd <1 - Z:c) [[0(o0 — ). (F.14)
> i=1 i=1
Now the delta function can be legitimately integrated with respect to x4

) 3 3 3
/ diydiodish (Z a:) 9 (1 - Zx) [0 - ). (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 resambles the r.h.s. of Eq. (F.21) shows up,
the integration order can be permuted in 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
/def(:c):/o dxf(1—x) (F.26)

therefore sometimes can be convenient to shift our parameters

1 4 1
/ di1diodisdigd (1 - sz> = / dridaadrs(1 — 21)%(1 — x9)
0 0

i=1 (F.27)

1
= / 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 endpoint subtraction 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-points 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 trasformation &9 = (1 — z1)xs and I3 = zqx3,
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)

Notive that the Jacobian depends on a single variable.
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Example 2

The Feynman parameterisation 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 (a, 3) is the upper triagle inscripted 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—2z3 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 into its form factor reads

i(sab(p2g/w _p,upu)HO(p ) Muuab+Muuab M;éu,ab

and the counterterm behave 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 + )

137

|
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

v,a 1 Il: —_—— ac (6% (0 «
Mt 5(4@2(4##2)2 g/k(aqsf Ug(k + 2p)? + g*P(—2k — p)* + ¢ (k — p)*]) x
x (00N (L febf[gp"<k+2p>f’+g”(k—p>f3+g”p<—2k—p>"}) ~igepd? (G.5)
k2 ’ (k +p)?
1 7’93 acd bcd
sl (4m1s%) « DoD
where

NI = [g"P(k +2p)7 + g™ (=2k — p)!' + g7 (k — p)’l[g™ (k + 2p)° + ¢ (k — )’ + g7P(—2k — p)”]
= 2(2d — 3)k*K” + (2d — 3)(kHp” + p"kY) + (d — 6)pHp” + g" [2(K - p) + 2k* + 5p?]

(G.6)

The PV reduction applied to the integral yields

ny [(6d — 5)p*g" — (Td — 6)pHp"] 5 =
: G.7
/DO 2(d71) BO(p 70)7 ( )
that
o b _ Ca i3 <oy, ovo_a [(6d—5)p*g"” — (Td — 6)p*p”] ,, o =

MTI’ = 5 0 (477,& ) 2 Bo(p ;0), (G~8)

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:

et [ (o) ((k‘j;) (e ) (if)

_ Zg? ace pbce _% ﬂ " kiu
=— (47r)2f free(4mp?)? [/ ETpame + pt /k 7 +p)2] (G.9)
_Ca ig? o, _a [P?g" + (d = 2)p"p .
=% G ) { 2(d—1) } Bo(p*;0)

pv,ab
Mg = —

The sum of the ghost contribution and the non-abelian bubble contribution recovers the transversality
of the propagator tensor:

. 9 2\ €
v,a v,a 195 a v v 4am 5CA
MEZS 4 M = (47T>25 " (pPg" —p"p”) ( _52) T(1+ )5~ + finite. (G.10)

In massless QCD with Ny active flavours the divergent part is

2 2\ €
v gs Ay 5C4 2Ny .
I = 5 I'(1+ _— - — + finit G.11

0 (4m)? ( —p? ) (1+¢) ( 3 3 ) e ( )

and the counterterm is

20 (Amp?\© 5C4  2Ng\ 1
5, = 932(7?5> T(1+e) (A—f>€. (G.12)

G.1.2 Top-mass contribution

v,a i _d . a z(%+mt . v ’L(}é'i‘p—f—mt)
M“ b= _(47r)2(47m2)2 2 /k(—igs’Y”T )m (—ng’Y Tb) [(k+p)2 — m2]
g2 armb _a [T E A me)y (R 4 p o+ me)]
S G B e e (619
_ ng ab NW’
-~ 2(4m)? CU kDODl'
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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)
Mye = (47T)26 (mes’) {2 x DoD1 * r DoD1 - k Do
- 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 J (47rlu ) { (3 — 26) BO( ) t) (3 — 26) Ao(mt) g p2
ig> 1 Am? 4(1 —
= *(457:)25“” [pg"" — p"p”] (4mp?) <3 — 26) {{2(1 —€) + pgt] Bo(p*;my) — (pg 9 Ao(mf)}
(G.15)
Therefore, the form factor II;(p?) of /\/l“ b with the top quark into the loop reads
2 2
95 of 1 m oy 41—
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 — €)By(0;m2) + 4m? ddQB (0;m )} +O(p )} (G.17)
B g2 A7y [(1+4¢€) (4m; 2 4
~—aime () 50 e [2 3] voun),
and around e = 0: ) 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 contribution depending on the top
mass: this fact can be exploited to build a counterterm that makes the top quark decouple from the
running of a;. 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 is

o () oo (PR B ()] e

R

Later on, the decoupling of the top mass from the running of a; will be shown explicitely.
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_________ “00000000000 -
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Figure G.2: Wave-function corrections due to top-quark loops.

G.2 Quark Self-energy

i J
Figure G.3: Diagram contributing to the massless quark self-energy.

The self-energy diagram and its counterterm can be expressed as

—ipdIn(p?) = M,

(G.23)
Y(p?) — 6y = finite.
and the amplitude can be written as:
- - v Ssab
() — ¥ (4,224 gl % gAY —igh’d
M) = s m [ (i T G (ian T
. 2 ,J/
_ 195 ara 2 2—% Y kWu
SR e ol
ig? g (d—2)k (G.24)
9s ij 2\2—¢
= (4 : [
(471')2 C’F ( T ) /k kQ(k _p)g
s 2
_ "9 ij (4 227g(d_2)3 25
(47‘_)20]76 ( 7T,LL) 2 p O(p 70)a
where p? is the off-shellness of the quark propagator. The pole structure is:
. 9 - 4 2\ € 1
M((Jf) = 9 Cro®” T [(1+ €)p— + finite
(ar)? - ‘
. I\ X (G.25)
2 s .
Yo(p?) = — (471-)2CF (—pQ> '+ e)z + finite
and its counterter is
2 2\ €
gs dmp 1
0y = — C I'(1 - G.26
=~ gir () T+ (G20
G.3 Verteces
b1 :— b1 :—
o
o r, 7,
Mie= |8 pooMEt = g p
o
)
P2 ——— P2 ———-

Figure G.4: Diagram contributing to the vertex corrections
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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}

i a z( k - p i(—k+p)
Mu,a _ 471' 2 2—5/ _7; < O’T(, 2 Z Y ;ATa 1

;43 + H — -

— _ ngQTbTaTb(47T/,L2)27% / (2}6 pZ)FYQ (% pl);/

(4m) k2(k = p1)?(k + p2)
Since the scalar triangle Cy is finite, we can already drop the terms which generates scalar triangles.
- 3 TRy — AT RVY Vo + VP Y
MU = 95 pirpa g2y /v Kyt Ry : 7Ky fn 72}/527 gt
(4m) k k2(k — p1)*(k + p2)

Using the PV reduction, it is possible to show that the terms proportional to ¥ do not develope 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

(G.28)

ol

+ finite (G.29)

;43 o “w
ma _ __YYs TOYTaTb (47,2 272/ i %’Y %’Ya fini
MY (an)? (4mp=)""z2 20— )2k £ pa)2 + finite
ig3 ThTeTh 4 2)2_3/ (d — 2) (2K} — K24H) + bt (G.30)
= T p nite
(4m)? P R E = P pe)?
Applying the PV reduction on this last term, we obtain the following pole term:
- 3 2 € o
M — (if:)szTaTb (417“2 ) r(l+ e)% + finite
=9 o Lo (TN ra 42 i -
 (4n)? Fmoha —p? ¢ € e
The second diagram can be written as
. _iaQ0 _iaBp
Mu,a _ (3 A 2 2—%/ i 3 ﬂTc % i 3 aTb g 19
2 (471_)2( :U’) k( gs7Y )k2( gs7 )(k—p1)2 (k+p2)2)
(=95 /7% [g7" (=k + 2p1 + p2)° + g""(—k — p1 — 2p2) + g”° (2k — p1 + p2)"] (G.32)

_ gs >rb T 2\€ ,ypk,ya
_(477)2 T°(4mp”) /ka(k—pl)Q(kerg)Qx

97" (=k + 2p1 + p2)’ + g"°(=k — p1 — 2p2)° + ¢”7 (2k — p1 + p2)"].

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 lead to the following total vertex contribution:

Fvert(plap2) = (4 2) (CF + CA) (4771/:2 ) F(l + 6)%7 (G35)
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and to the following counterterm

2

2 €
95 Amp 1
= — Ir'(1 -.
: <4w>2(CF+C“‘)( u%) 1+

(G.36)

G.4 MS scheme for o, with 5 massless flavour with the top quark
decoupled

From the field and mass renormalisation of QCD Lagrangian we know how to renormalize the strong
coupling constant

Zt (G.37)
Qs = —5—Q )
s,0 Z22Z3 s
Expanding the latter with respect to the number of loops:
Qg0 = Qg (1 + 261 — 25; — 53) + 0(53) (G38)
= a5 + das + O(a3).
Therefore, the one-loop counterterm for the strong coupling reads:
doug
= 261 — 209 — I3 (G.39)
S
which give the following explicit form:
dag as [4mp®\© 33—-2(Ng+1) 2 13
— = —| —— ) I'(1 _ 1 =), G.40
as  (4m) < I (1+¢) 3e + 3 0% m? ( )

It is possible to see explicitely the decoupling of the top mass from the running of « from the def-
inition of the S-function [175-178]. Differentiating the Eq. (G.38) with respect to the renormalisation

scale:
2 das,o N2 das 2 d(SOés

KR =U0=pr55 tUr 3
dpd, dy, dyh
since the bare coupling is independent on the renormalisation scale. The first term of the right

hand side of Eq. (G.41) is by definition the one-loop beta function, the second term is its analytical
expression, which gives:

+0(0?) (G.41)

g dag

Qs 4\ € 2

The beta function is manifestly independent from the top mass, and it gets contributions only from
the massless flavours.



Appendix H

Feynman Diagrams for gg — H{H>

Here the complete list of Feynman diagrams involved in the gg — HjHs NLO cross section is pre-
sented.
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H.1 Real corrections

6
0 s
= h v
--% o
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N
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16

1o

HU

32

1o

Hli

20

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

h() // h() // h() //
/7 /7 /7
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Figure H.4: Triangle contributions.
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H.2.2 Box contributions
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Figure H.6:

Topology 2.
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ho h 0

Hl] H(

.

Hl] - Hq

1SV
% i %f
Z
I’ = >
I - ~
\ -
\ o

N
S

h(]
A Y
I Y
A Y
T h }_;f
31

Figure H.7: Topology 3.
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Figure H.9: Topology 5.
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Figure H.11:

One-particle reducible diagrams.



Appendix 1

Feynman Rules

Here, the main Feynman rules coming from 2HDM and QCD relevant for this thesis are depicted.

I.1 2HDM scalar propagators and Yukawa couplings

Scalar propagators

o h :%, he{H,Hy, A, H  H"},
¢ —mj
Yukawa couplings
qi q;q;H = _i%éijyly
I q;qiH2 = —i%%YQ?

m
q;q5A = —Tq755inA,

ij ﬂide+ = —;V;jY_f_],
_ B i i
he {H, Hy, A, H*, H"} djuH™ = —— VY™

type I  typeIl type X typeY

I cos cos & cos cos
up quarks - - - :
Y, bd sin 8 sin 8 sin 8 sin 8
cos sin cos o sin av
down quarks - — - —
sin 3 cos f3 sin 3 cos 3
K sin o sin av sin a sin av
up quarks - - - -
Y, P sin 3 sin 3 sin 3 sin 3
sin « Ccos o sin «v cos o
down quarks - -
sin /3 cos 3 sin 3 cos f3
up quarks cot 3 cot 3 cot 3 cot 8
Ya
down quarks | —cotfS tanfS —cotf tanp

type I, type X type II, type Y

Yf V2 [md]. cot fPr — m,, cot BPL] -2 [mdj tan B8P + my, Pr, cot 5]

Y | V2 [mdl cot BPr, — my; cot BPR] —V/2 [mdi tan BPr, + my,; cot BPR]
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1.2 2HDM trilinear Higgs couplings

i7j7k € {H17H27A7H+7H7}

m%h [2cos(a + ) + sin 2asin(B — )] — A5v? cos(a + ) cos? (B — )

o Cijk
>\ijk: = —237”
v

9

)

)

c111 = .
sin 2
cos(8 — a)[2sin2a(2m7; 4+ m7, ) — Asv*(3sin 2a — sin 23)]
cli2 = .
6sin 20
sin(8 — a)[2sin 2a(m3;, +2mi;,) — As0*(3sin 2 + sin 23)]
€122 = — .
6sin 203
m¥, [cos(B — a) sin(20) — 2sin(a + B)] + Asv? sin(a + §) sin®(5 — )
2= sin 23
) cos(a + B)(2m2; — A5v?)
c1aa = sin(8 — ) (2m% —my,) 3 sin 221
sin(a + B)(2m%,. — Asv?)
‘ cos(a + B8)(2m3;, — Asv?)
ci4— =sin(B — a)(2mi —mi;,) + 3 sin 21;1
sin(a + B8)(2m%, — Asv?
2s— = cos(B — a)(2m? — m3,) + S PN, = 5v)

3sin 20

)

)

)

Y
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I.3 SM QCD Feynman rules

P — . i(p + my)
q p* —mg

q

ap = —iggyHTe

@, pPTTOOO N,y = ——5——
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