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Introduction

“Learn from yesterday, live for today,
hope for tomorrow. The important thing
is not to stop questioning”

Albert Einstein (1879 - 1955)

The Standard Model (SM) is the particle physics theory that describes (for now) best
the reality at the smallest scales which are currently probed by experiments. It was
formulated by S. Glashow, A. Salam and S. Weinberg in the 60’s as a gauge theory
based on the SU(2) x U(1) group unifying electromagnetism and weak interactions.
It predicted that gauge bosons should be massless. However weak interaction is a very
short distance interaction. The easiest explanation was that the force carriers should
be massive. Their mass was in fact fixed by P.W. Higgs, R. Brout, F. Englert, G. Gu-
ralnik, C. Hagen and T. Kibble’s theory, in which they added a new scalar doublet field
interacting with bosons in a gauge invariant way. Due to its non-vanishing vacuum ex-
pectation value, once the theory is expanded around this minimum, mass-terms for the
weak gauge bosons appear as well as a new scalar particle, the famous Higgs boson.
This is now known as the BEH mechanism. Experimental data confirmed eventually
that weak gauge bosons (W and Z bosons) were indeed quite heavy, explaining at the
same time the weakness of this interaction.

In the meantime M. Gell-Mann, H. Fritzsch, D. Gross, F. Wilczek and H. D. Politzer
put the foundation of the Quantum Chromodynamics (QCD) which is the theory de-
scribing strong interactions. Their formulation, based on the SU (3) group, was driven
by surprising results in nucleons experiments. From then hadrons like protons and
neutrons started to be seen as bunches of new partons called quarks and gluons.

The SM has then remained barely the same for almost forty years, experimentalists
measuring parameters and processes still more precisely, until the Higgs boson was
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discovered at the Large Hadron Collider (LHC) on 4th July 2012. This was the last
missing confirmation of the validity of the SM. At present, five years later, data con-
firmed that this new particle has indeed the right characteristics to be considered as
the Higgs boson that was postulated fifty years ago.

All these major achivements in particle physics wouldn’t have been possible with-
out the rigorous work of thousands of physicists around the world either involved in
making precise theoretical predictions or building, running and operating impressive
accelerators. Given the LHC is colliding protons at very high energy, processes includ-
ing strong interactions represent a huge background for all kind of searches because
QCD rates are usually much bigger than those of other electroweak processes. More-
over since in particle physics any observable is computed in perturbation theory, and
since the strong coupling constant o; ~ 0.1 is not so small, QCD can induce sizable
corrections to these observables. This explains why a lot of efforts have been spent
last years in improving computations that include QCD corrections, at least at the first
order, and in providing automated simulation tools to get theoretical predictions much
easily.

Despite its beauty, the SM is known to be incomplete. Many different extensions have
been suggested over the years to solve important issues raised by experimental obser-
vations or theoretical considerations. There are for example too many apparently free
parameters which calls for an elucidation; the large hierarchies between some of them
look unnatural; Dark Matter nature remains unknown; there is no fully satisfactory
explanation for the matter anti-matter asymmetry of the universe; etc. All SM exten-
sions not only have to be self-consistent from a theoretical point of view but they also
have to be compatible with available experimental data and new predictions should
make them testable experimentally.

All these Beyond-SM (BSM) theories are in general characterized by a set of new
physical states interacting weakly and possibly strongly with the known SM particles.
If their couplings are sufficiently large and their masses are in the kinematical reach of
the LHC, these particles are expected to be produced and to decay in the detectors (or
to escape them), giving visible signatures (or missing transverse energy). Extracting
these new physics imprints from the huge amount of data is a real challenge given the
numerous QCD radiations, both from theoretical and experimental points of view.

The link between pure theory and experiment is however not straightforward to estab-
lish since the technicality of both approaches requires a high level of specialization.
This is where phenomenology enters the game. This branch of particle physics is
concerned with filling possible gaps between these two sub-fields by developing inter-
esting theoretical models and comparing predictions to experimental data in order to
put limits on the model parameters. Phenomenologists provide experimentalists with
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the theoretical input, the strategies and tools needed to analyse the rough information
obtained from their impressive detectors.

Physics strategies can generally be classified into two distinctive categories. Top-down
approaches focus on a particular theory (model) and try to use the maximal amount of
available theoretical, indirect and direct constraints in order to define specific bench-
mark points. The possible signatures of the theory for these particular benchmark
points are then investigated in great detail. The hope is of course that New Physics
would be discovered around one of these benchmark scenarios. This is mainly the
approach we will adopt in this thesis. The other possibility is to consider several sig-
natures ("inspired" by realistic theories) from a model independent point of view and
to scan the whole free parameter space to identify winning search strategies. Looking
at particularly sensitive physical quantities, for example the top anti-top quark pair in-
variant mass distribution, in order to find deviations from the SM prediction is usually
referred to as a "bottom-up" approach.

The electroweak symmetry breaking mechanism predicts the strength of all Higgs
boson couplings to be uniquely determined by the masses of the elementary parti-
cles. This also includes the triple and quartic Higgs boson self—couplings, which in
the SM are linked to the Higgs mass and its vacuum expectation value (VEV), and
are therefore fully fixed after the Higgs mass measurement. Current measurements
of the Higgs couplings to fermions and vector bosons [1] agree within 10-20% with
the SM predictions, while no direct information is available on the Higgs boson self—
interactions. In view of this experimental picture, possible non—minimal Higgs sectors
are constrained, but certainly not ruled out. While some new physics models are no
longer compatible with the present collider data, there are still many extended Higgs
sectors which can accommodate a 125 GeV Higgs boson with coupling strengths sim-
ilar to the SM. As detailed later in this thesis one possible candidate for such a theory
is the Two—Higgs—Doublet Model (2HDM) [?2].

If effectively realized in Nature, the 2HDM could lead to genuine indications of new
physics at colliders. For instance, the direct production of additional heavy scalars
offers excellent prospects to identify these novel particles through a variety of decay
modes and final—state signatures [[3H7]] . Not less important are the indirect signatures
from such extended Higgs sectors, which could arise via modified Higgs couplings to
the fermions and gauge bosons, as well as through modified Higgs self—interactions.

The production of Higgs boson pairs at hadron colliders provides a direct handle on the
trilinear Higgs self—coupling. Its direct experimental measurement plays a paramount
role in the reconstruction of the Higgs potential and represents a key step towards
unraveling the fundamental structure of electroweak symmetry breaking. While the
profile of the 125 GeV resonance discovered at the LHC largely agrees with a SM
Higgs profile, there is still experimental room, and also strong theoretical motivation,
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for a non—minimal Higgs sector. Accurate predictions for Higgs production cross
sections and distributions, including reliable estimates on the theoretical uncertainties,
are thus necessary to identify and characterize eventual deviations from the SM. The
2HDM constitutes therefore an exemplary framework in which to describe the possible
signatures of an extended Higgs sector.

In this thesis I will present the state-of-the-art predictions for the most dominant pro-
duction mode (gluon fusion) for several processes involving new Higgses from the
2HDM. We will use the 2HDM as a generic SM extension of the scalar sector and
study it from the perspective of precision test and for its signatures at the LHC.

In chapter 1 I will give a detailed introduction to the two main physics models I will
use for the results. First I will present the mathematical framework of the SM, its
particle content as well as its interactions, with a particular focus on the Higgs sector.
After reviewing the current status of the experimental constraints on Higgs properties
and couplings I will switch to the 2HDM. I will briefly review the new Higgs potential
before looking at the consequences on the couplings. Finally I will conclude this
first chapter by reviewing the numerical tools that have been used to get the results
of the following chapters. I will introduce the main method we adopt to overcome
the limitation of automatic Monte Carlo events generators and discuss most of the
constraints that need to be taken into account when designing new physics benchmarks
in the context of a 2HDM.

In chapter 2 I will present the first loop-induced process of interest: gg — ZH pro-
duction. I will start first by reviewing the calculation in the SM and then extend the
tools and analyses to the 2HDM. In chapter 3 we will turn to the study of Higgs pair
production at the LHC at high precision level. Finally in chapter 4 we will dig more
into the t{ final state coming from a single Higgs boson production. Special accent
will be put on the interference between signal and background. We will start first
by reviewing some important feature in the SM then we will look at some simplified
models that can be linked to the DM context and some 2HDM benchmarks.

This thesis is based on the following publications:

[[8] Higgs pair production via gluon fusion in the Two-Higgs-Doublet Model

[9] Higgs and Z boson associated production via gluon fusion in the SM and
the 2HDM

[10] A comprehensive approach to dark matter studies: exploration of simpli-
fied top-philic models

[[11]] Signal background interference effects in heavy scalar production and de-
cay to a top-anti-top pair
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and on the results in the following sections of the CERN Yellow Reports 4 [[12]]: Hand-
book of LHC Higgs Cross Sections: 4. Deciphering the Nature of the Higgs Sector.

e Chapter 1.5: VBF and VH

e Chapter 1.7: Higgs pair production

e Chapter 1.8: Off-shell Higgs Production and Higgs Interference

During my PhD I also had the opportunity to present my research work at several
places:

e Talk on Higgs pair production at PhD day Panda school "Physics and astro-
physics” (22/05/14)

e Talk on Higgs pair production at Cargese international summer school: multi-
TeV probes of the Standard Model and Beyond (21/07/14)

e Poster at MCnet summer school Spa (02/07/15)
e Talk on ZH production at the annual ERC miniworkshop at Cern (2/06/15)

e Talk on ZH production at the 28th Rencontres de Blois: Particle physics and
cosmology (31/05/16)

e Talk on interference effect in top-antitop production at the annual ERC mini-
workshop at Cern (05/07/16)

Finally I was also allowed to teach general physics to veterinary students 2h/week and
I enjoyed this a lot.
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Chapter

Phenomenological framework

“It doesn’t matter how beautiful your
theory is, it doesn’t matter how smart
you are. If it doesn’t agree with experi-
ment, it’s wrong.”

Richard P. Feynman (1918 - 1988)

In this first chapter we present a brief summary of the main models we will use to make
predictions in this thesis. We start by introducing the main elements of the Standard
Model (SM), more details can be found in [13]]. After reviewing the SM matter con-
tent, the gauge structure of its fundamental interactions is discussed. Based on these
required ingredients, we then review the major role played by the spontaneous break-
ing of the electroweak symmetry and the Brout-Englert-Higgs (BEH) mechanism, and
how the latter explains the mass of the particles in the SM.

Then we will have a brief overview of the Higgs production mechanisms as well as its
decays. We will introduce some Effective Field Theory (EFT) notation and shortcuts
and then we will explore the current experimental constraints on the Higgs boson. In
the last section we will devote our attention to an extension of the scalar sector of
the SM which is called the Two-Higgs-Doublet Model (2HDM). In particular we will
study the new Higgs potential, the resulting couplings to the new spin-0 particles and
their decay rates in order to set the path for the analyses presented in the following
chapters.



2 Chapter 1. Phenomenological framework

1.1 The Standard Model

The SM is one of the most successful theories of physics up-to-date, surviving decades
of research in high-energy physics. It describes three of the four fundamental inter-
actions observed in Nature and is the result of two theories formulated during the
second half of the 20th century, namely, the electroweak theory of Glashow, Wein-
berg and Salam based on the gauge symmetry group SU(2)y, x U(1)y which unifies
electromagnetism and weak interactions, together with Quantum Chromo-Dynamics
(QCD), the theory of strong interactions associated to the SU(3). group. From then
all these three interactions stopped to be seen as of completely different nature but
rather as three different representations of the same object, in the same way as light-
ing up a cylinder from different sides can result in viewing either a rectangle, a circle
or a parallelogram shadow.

Technically the SM is a quantum, gauge, relativistic and renormalisable theory based
on SU(3). x SU(2)r x U(1)y which contains and describes all the elementary par-
ticles we have observed until now along with their interactions. Both are described in
the context of a quantum field theory (QFT) based on several underlying symmetries.
The first one is a space-time symmetry under translations, rotations and boosts which
constitute the class of simultaneous transformations of both space and time. The sec-
ond main symmetry principle is called gauge invariance and will be explained when
we will introduce interactions between matter particles.

Particle Content

At the particle level, the SM includes two kinds of fields: matter and gauge fields.
All elementary particles can be classed in two groups according to their quantum
numbers. The matter particles, called fermions, carry a half-integer spin, whereas the
mediators of the fundamental interactions, the bosons, have an integer spin. For every
fermion, there exists an antiparticle partner with identical mass, but differing from its
counterpart by opposite signs of its quantum numbers.

The twelve fermions are divided themselves in two types of Dirac chiral matter fields.
There are six quarks which have electric, weak and color charges, and six leptons
which only carry electric and weak charges. The left-handed components of the fields
transform as doublets under the weak isospin group SU(2),, while the right-handed
components transform as singlets. The upper and lower partners of each doublet have
a weak isospin projection 735 equal to 1/2 and -1/2 respectively, whereas the third axis
projection of the weak isospin vanishes for singlets.
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Quarks and leptons are grouped together to form three generations with identical prop-
erties except for their mass, which increases from the first to the last generation. Lep-
tons generations consist in one electrically charged particle with the fondamental elec-
tric charge () = —e and one neutral massless particle called neutrino. As they do not
carry colour, they are only affected by the electromagnetic and weak forces. The elec-
tron (e) and the electron-neutrino (v, ) compose the first generation, while the muon
() and the tau (7 ) are similarly arranged with the corresponding neutrinos (v,, and
v;) to form the second and third generations. Note that since right-handed neutrinos
completely decouple in the SM (zero isospin, no electric charge nor hypercharge),
they will not be considered in what follows.

= () () (7)) =

Similarly each of the three families of quarks consists of two types of quarks, carrying
an electric charge Q),,, = 2¢/3 and Qown = —e/3, respectively. Up and down quarks
(u, d) form the lightest generation, the second family contains the charm and strange
quarks (c, s) while the heaviest generation is formed by the top and bottom quarks (t,
b). As observed, all these six quarks have an additional quantum number with respect
to leptons: colour. As a consequence, quarks are the only known matter particles
sensitive to the strong interaction, and transform as triplets under SU(3).. Because
of this additional property, quarks are submitted to what is called color confinement,
meaning that quarks cannot be observed in nature as free particles. They always have
to combine with other quarks, in a process called hadronization, in order to form
"white’ colored bound states. Up to now two distinct possible combinations have been
observed: mesons which are composed of a quark and a antiquark and baryons which
are made of three quarks. These two categories form the hadrons.

i U c t

o-(3),(0), (),

up = (Wr, (r, O)r ; dr=(d)r, (5)r, O)r
In addition to matter fields, the SM contains gauge fields which are responsible for the
interactions between all the fermions. We can distinguish eight gluons G, associated
to the eight SU(3). group generators, one neutral boson B,, associated to the U(1)y
group generator along with three weak bosons W:L associated to the three SU(2),
group generators. These last four electroweak gauge bosons will then give birth to
the photon () and the W+ and Z° bosons after spontaneous symmetry breaking (see
Sec. [I.1.2). This mechanism also explains the existence of the lately discovered Higgs
boson.

The particle content of the SM, its associated fields and their quantum numbers are
summarised in Tab. Note that the hypercharge Y which corresponds to the
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Fields | N. | T3 | YV | Q
ub, | 3 | +12 | 173 | 23
db, |3 |12 13 ]-13
ub, | 3| 0 |43 |23
db, | 3| 0 |23 -1/3
v L1 [ +12) -1 |0
", 1| -12] -1 ] -1
ool o | 2| -1

g 310 0| 0
v 1] 0 0| 0
w+ 1| 4172 +1 | +1
Z° 1] 0 0| 0
W= | 1 [ -12] -1 | -1
H 1| <12 +1 | 0

Table 1.1: SM particle content and their quantum numbers.

conserved charged associated to the U(1)y group verifies the Gell-Mann-Nishijima
relation which was originally introduced in the context of the strong interaction:
Y

Q=Ti+ Y ()

1.1.1 Lagrangian and symmetries

We will now build the SM lagrangian step by step. First of all it’s important to respect
global Lorentz transformations, so that physics that will be derived from it won’t de-
pend on the choice of a reference frame. A second necessary ingredient is renormal-
isability in order to allow theoretical predictions on observables to be made thanks to
perturbative computations. A necessary (but not sufficient) condition for renormalis-
ability is gauge invariance. Last but not least the SM lagrangian must respect unitarity
so that probability amplitudes are finite and can be renormalised.

Gauge invariance

Gauge invariance is a key notion in quantum field theory as this principle is at the
basis of all fundamental interactions described by the SM. As a reminder, let’s recap
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on gauge transformation. Let’s consider symmetry group SU(N), with generators
T% a =1,...,N? — 1. A local gauge transformation for this group is given by the
unitary matrix U (x):

U(z) — V'(z) = U(x)¥(x) (1.2)

with U(z) = exp@*@T" = 1 4+ jga,(z)T* + O(g*>a?), where ay(x) is a phase
factor and g the coupling constant associated to the interaction described by the group.
The Lie algebra of the generators is given by

[T, T") = i f**T, (1.3)

where the f?¢ are called structure constants of the group. For an abelian group as
U (1), there is only one generator, so that the commutator hereabove vanishes, result-
ing in an associated boson with no charge. However in Yang-Mills theories (weak and
strong interactions), structure constants are not trivial and bosons can interact among
themselves, leading to more complex computations and less predictability for these
interactions.

As we will see, all interactions in the SM are derived from a lagrangian density. Im-
posing gauge invariance on this lagrangian leads to gauge transformation laws for
fermions and bosons. This can be achieved by introducing a covariant derivative D,,.
Since we want to have D,,1)(z) — U(z)D,3(z), we need D,, — U(x)D,UT(x)
so that,

Oy — Dy = 0, — igAj,(z)T° 1.4)
where AZ(.%‘) is a generic gauge boson transforming like:
1
Al(r) — U(a:)AZ(x)Uﬁl(a:) + gU(m)ﬁuUfl(x)

= Aj(z)+ éauaa(x) + fabCAZ(x)aC (1.5)

It is common to define a field strength tensor associated to the gauge fields as

F = FLT°
FY, = 0,45 —0,A% +g fabCAj;Ag
[D,,D,] = —igF,, (1.6)

Actually the SM lagrangian can be divided into two contributions: the free lagrangian
Ly, which we will also refer to as the kinetic part, as it accounts for free particles
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propagation, and the interaction lagrangian £;, which is responsible for all possible
kinds of interactions between particles (diffusion, decay, ...).

As a result general solutions are described as perturbations associated to the free so-
lutions. This expansion is called Dyson series and is at the very basis of the powerful
graphical method in perturbation theory in particle physics. This method relies on
Feynman diagrams which represent any process at a given order in this expansion. The
first order is called Leading Order (LO) and corresponds in general to tree-level dia-
grams. The second term in the expansion in called Next-fo-Leading Order (NLO) and
includes extra boson emissions as well a virtual corrections which form what is called
loops. NLO is the standard level of precision nowadays. However some processes are
now known at NNLO or even up to N3LO, reducing the theoretical uncertainties by a
large factor.

The free part can always be solved exactly by the principle of least action:
oL oL
Oy <) ——=—=0 1.7
0ue)) 00
which leads to the two main equations for the free fields dynamics:

e The Dirac equation for fermionic fields : (id — m )y = 0

e The Klein-Gordon equation for bosonic fields : (8”9, + M?)y, = 0

Let’s now have a look at each of the three main groups of the SM separately.

SU@B) The eight generators (7'*) of this group are defined by the Gell-Mann matrices
AY)viaT?* = %)\“ and the eight associated gauge fields correspond to the eight gluons
(G}))- Gell-Mann matrices are three by three hemitian matrices verifying the following
identites:

triA\*] = 0
[)\a’ Ab] _ Qifabc)\c
tr]A*, A = 26
2@ /\b ¢
ith if" = 2Tr (|5, 5|, = 1.
with  if 7"([2,2}72) (1.8)
Explicitly, they read:
0 1 0 0 —2 O 1 0 O
A= 1 0 0 ], = i 0 0 |, = -1 0 1,
0 00 0 0 O 0 0 O
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0 01 0 0 — 0 00

Ay = 00 0 |X= 0 0 O , Ag = 00 1],
100 ¢t 0 0 0 1 0
0 0 O 1 1 0 O

A7 = 0 0 — |, X=—F5 01 0 (1.9)
0 ¢+ 0 V3 0 0 -2

The tensor associated to the strong interaction is written G, = G}, T, with G}, =
0,Gy — 0,GY, + gsf“bCGZGf,

SU(2) The three generators of this group (T"%) are defined with the Pauli matrices
(%) and are related to the three weak gauge fields (VVﬁ). The Pauli matrices are two
by two hermitian matrices verifying:
trle’] = 0
(o', 0] = 2igko* (1.10)

Explicitly, they are given by:

0 1 0 —i 1 0
o—lz(lo)?oQ:(i 0>,03=(0_1> (111)

where £%/* is the fully antisymmetric Levi-Civita tensor.

The tensor associated to the weak bosons is written W, = W, 7', with W}, =
0. Wi — 0,W + geli* Wi,

U(1) The only generator is the hypercharge Y and its associated electromagnetic
boson is called B,,. The tensor associated to the electromagnetic boson is written
B,, = 0,8, — 0,B,.

Now, all the pieces can be put together to form the kinetic part of the lagrangian for
the gauge bosons:

e 1 1 1
LoD LG = =1 BB — STr(Wu, W) = STr(CuGM)  (112)

The last missing part to have the full free lagrangian of the SM is to include the kinetic
part for the fermions. In the SM, fermions are discribed by Dirac spinors 1) with
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four components. While bosons fields are associated to a Lie algebra with particular
commutation relations as seen in [I.3] fermion spinors form a space on which acts a
Clifford algebra. The matrix representation of this algebra is generated by the four by
four Dirac matrices (or gamma matrices) which follow anticommutation rules:

A=, pve(0,3] (1.13)
n"" is the Minkowski metric with signature (+ — ——) and Iy is the 4x4 identity
matrix. In the standard representation they are given by:
40 = ( gz (112 )7 N = ( (lgi gi ) ic123 (1.14)
The kinetic part of the fermion lagrangian is then written:
LI =N inpi0 s = it (1.15)
J J

where we introduce the Feynman slash notation @ = 0, y") and where the index
j runs for all possible fermions. Sometimes it’s more interesting to express this la-
grangian in term of the chiral fermion states. This can be achieved by using the +°
matrix defined by:

. : 0 I
7’ =iy = ’ (1.16)
I, 0

This matrix can then be used to project the spinor 1 onto its left and right components
via:

(0 YL+ YR
o = Pup=3(1-7)

1
where P, and Pg are projectors :
P} =P, Pi=Pr, PLPr=PrP,=0, Pp,=Pg (1.18)

This leads to the chiral decomposition:

Uy VA W+ Upy U p
Uy = \I;L\I/R + \I;R\I/L (1.19)
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The lagrangian[I.15]can then be written in term of the chiral states shown in Tab.
Ll =37 (1Q19Q) + itiuy, + idhddy, +iL3IL], + ichiey) (1.20)
j=1

Fundamental interactions

Now that the free lagrangian is complete, let’s introduce some interactions between
these free particles. Among the four fundamental interactions that are currently known
only three of them can be described by the SM in a unified mathematical framework
(quantum gravity still needs to be implemented):

Electromagnetism is responsible for the infinite range force between any electrically
charged particles and also describes light propagation. It rules many of the
interactions of our daily life, from the chemical bounds to communications.

Weak interaction is responsible for nuclear phenomena such as beta decay. It’s range
is limited since the carriers of the interaction (the Z and W= bosons) are mas-
sive. Although this interaction seems to be more exotic than the other two, it’s
present in our everyday life as it allows our sun to shine.

Strong interaction is responsible for the cohesion of the nucleus (and of all the
hadrons) and also explains the interaction between quarks and gluons. This
is the strongest force at short distances but, due to confinement, its range is
limited.

The SM describes these interactions at the quantum level. At small scales gravity is
so weak compared to the other three forces that it can be safely neglected, something
that we systematically do when computing cross-sections and decays of particles in
high-energy experiments. The main problem with gravity as one of the gauge theories
in the SM comes from the fact that the quantum description of General Relativity is
not renormalisable.

The key to get interactions between bosons and fermions is gauge invariance. The
principle of minimal coupling allows us to simply replace any simple partial derivative
0,, appearing in the kinetic lagrangian with the covariant derivative D,, to get the
proper interactions among the SM particles. In the same way as for Eq. [[.4] we get the
following transformation by taking into account all three interactions:

. Y
Oy — Dy =0y —igsGLL" —ig,W,T* — Eigq’ﬂBM (1.21)
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where g, is the strong coupling while g,,, g,, are the electroweak couplings. Substi-
tuting this in the free lagrangian leads to:

— 1 1 ., o1
Ek:in + £int = Z (Z\II'LE\I/Z) - ZB;LVBMV - ZW:WWWM - EGZVGMUG (122)

7

All the basic ingredients are now in the SM lagrangian. A few problems persist
though. Gauge invariance imposes all particles appearing in the lagrangian to be mass-
less. We know however by experimental results that this is clearly not the case (with W
and Z bosons being roughly eighty times heavier than a proton). The solution comes
from the spontaneous symmetry breaking (SSB) of the electroweak interaction. This
last step is known as the Brout-Englert-Higgs (BEH) mechanism.

1.1.2 Brout-Englert-Higgs mechanism

Up to now, all particles (fermions and bosons) we introduced have to be massless in
order to verify local gauge invariance. However, in the SM, we observed that some
electroweak gauge bosons are massive (their mass is in fact related to the small range
of the weak interaction and hence to the relatively long lifetime of particles decaying
via weak interaction). This requires at least the presence of three scalars to be absorbed
as the longitudinal degrees of freedom of these vector fields in addition to the extra
scalar needed to trigger this mechanism.

The minimal solution is to group these four fields into one SU(2);, complex doublet,
called Higgs doublet, with weak hypercharge Y = +1

+ 1 1 12
=(4) = (5740)

The most general gauge invariant and renormalizable scalar lagrangian can be written
as the difference between a kinetic part (where we already apply the principle of min-
imal coupling to get interaction between this Higgs doublet and the other electroweak
gauge bosons) and the Higgs potential:

Ls = LF —V(0) = (D'0) Dup — 1p20T6 — AGT0)? . (129)

where A > 0 to ensure the scalar potential to be bounded from below. The minimum of
this potential corresponds to the vacuum expectation of the scalar field and is obtained
by solving:

av

oV 2 3 _
5 = 1O+ =0 (1.25)
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Figure 1.1: Higgs potential and spontaneous symmetry breaking.

The sign of 2 is essential because it triggers the spontaneous symmetry breaking.

e If 42 > 0, the minimum is given by (¢)o = 0 and there is no breaking, the
symmetry is said to be explicitly realized and the corresponding fields remain
massless.

e If 42 < 0 the potential becomes a mexican hat shape as depicted in Fig. [1.1
with a non-zero vacuum state.

In this last case V(¢) is still invariant under SU(2), transformations (the minimal
energy state is degenerated under rotation in the plane (¢, ¢°)) but choosing a par-
ticular direction is now equivalent to choosing a particular gauge. That’s why the
minimum of the potential in L£g can always be arranged using a SU(2)r, x U(1)y
transformation to become

(P)o = . ( 0 ) : (1.26)

v

where v ~ 246 GeV is the vacuum expectation value (VEV) and is derived from:

9
(¢¢*)mm:T” v? (1.27)

It corresponds to the energy scale associated to the electroweak symmetry breaking
SU(2)r, x U(1)y = U(1)em- To get the physical meaning of the lagrangian we can
develop the field ¢ around its minimum, so that:

X @F 0 q
P(z) = 7 ( v+ Hiz) ) (1.28)

and the scalar potential becomes:

1 1
V(H) = Z/\U4 + M?H? + AwH? + 1AH“ (1.29)



12 Chapter 1. Phenomenological framework

with (H(x)) = 0, H(x) being associated to the Higgs boson and x*(x) to the Gold-
stone bosonﬂ By applying a new SU(2); gauge transformation with parameter

—x'(z) /v we get:

S(w) = — ( v—|—21(:v) > L ¢° = ioyg” = \}i( g+h(x) > (1.30)

This particular choice is known as the unitary gauge. In this case the Goldstone bosons
get combined with the weak gauge bosons so that they acquire a mass. We can now
define the physical states (mass eigenstates) for the electroweak gauge bosons by com-
bining the interaction states W;l and B,;:

1
+ _ 1 2
WH = E(WM F ZWN)
A, = cosbwB, + sin@WWS
Z, = —sinfwB, —|—cosHWW5’ (1.31)

The masses of the physical bosons are then given by:

G mw 92+ gi2v (132)

my =0, MW=y mzzcosﬁwi 2
where the Weinberg angle (0yy) is defined by
Juw Y

cos Oy = sin Oy = (1.33)

NN V92 + g2

It’s then possible to relate the VEV to the Fermi constant G = 1.16637.10~°GeV —2
via:

2 2 1 1
Gr_ % _ _ 9w _ 1 1 (1.34)

V2 8miy o 8(ju%g3) 207 VGrV2
The values of the W+ and Z bosons masses predicted by the theory are in excel-
lent agreement with their experimental values, my = 80.385 = 0.015 GeV and
my = 91.1876 £+ 0.021 GeV [14]. It’s important to stress that the photon A* stays
massless after this process because the U(1),,, remains unbroken. Another important
consequence is that its coupling constant is related to the g,,, g, electroweak couplings
as a result of the SSB:

e = gw sin by = g, cos Oy (1.35)

IThey are massless spin 0 particles which appear each time a continuous symmetry is broken sponta-
neously as a vertue of the Goldstone theorem
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In summary we saw that the fundamental principle behind the BEH mechanism is the
transfer of three degrees of freedom originally associated to a complex scalar field
to the three gauge vector fields W[L which then become massive. In this process an
additional massive scalar fields H, the so-called Higgs boson, had been introduced in
the theory. Its mass, my = v 2\v2 can be infered from Eq. but was not known
numerically given that ;2 and A are not predicted by the theory. The three interactions
are now well separated and the particle content is realized. The massless photon A
is responsible for electromagnetism interaction as it couples to electrically charged
particles proportionaly to their charge. The charged weak bosons W+ couples to both
quarks and leptons and, as will be discussed in Sec. [I.1.2} are responsible for flavour
changes. The neutral Z° boson on the other hand is responsible for neutral current in
the SM, along with the photon. Finally the eight gluons G* couple to quarks and are
responsible for strong interactions.

Moreover on 4th July 2012, the ATLAS and CMS collaborations of the Large Hadron
Collider jointly announced that they had observed a new boson in the mass region
of 125 GeV [15]]. On 14th March 2013, CERN officially confirmed the existence of
the Higgs particle. On 8th October 2013, the Nobel prize in physics was awarded
both to F. Englert and P. Higgs for "the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic particles", and
which has recently been confirmed through the discovery of the predicted fundamental
particle. As of 2017, it is now acknowledged that the properties of this scalar particle
are consistent with those predicted by the SM and the BEH mechanism. With the
impressive amount of data collected since the start of the LHC, the ATLAS and CMS
collaborations put a final end to a 50 years effort for proving the existence of the
ultimate building block of the standard electroweak theory.

Origin of fermion masses and Yukawa couplings

Although the spontaneous breaking of the electroweak symmetry allows the W, Z and
H bosons to acquire a mass through the BEH mechanism, the experimental observa-
tions of massive quarks and leptons still have to be explained in the SM.

By definition, chiral fields belong to inequivalent representations of SU(2), x U(1)y,
and cannot be massive in the SM because explicit Dirac mass terms are not gauge
invariant since they mix fermions with opposite chirality:

MY = mid Yri + Mgt (1.36)

The solution comes once again from the BEH mechanism we just introduced. In fact
it not only gives mass to the electroweak gauge bosons but it also explains all fermion



14 Chapter 1. Phenomenological framework

masses and fermions-Higgs interactions via the so-called Yukawa couplings:

Lyukawa = — Z /(Z}/}/;j QW?}
"j

. (QLYiorufy + QuYiodh + LiYSoeh)  (13D)

7,7=1

with ¢¢ = i05¢. In the last equation we wrote explicitly mass terms for up(down)-
type quarks and lepton separately. Y;; are 3x3 complex matrices that mix the flavor
eigenstates i and j and define their Yukawa couplings. After spontaneous symmetry

breaking we get:
H) o siavt H)
= — u + v Y; ,7d'7
ijl <QL \/* R QL J \/ﬁ R
. + H) .
+ LZLYi;(”ﬂ)e;%) (1.38)

A famous algebra theorem states that any complex matrices Y can be diagonalized by
unitary left and right matrices Vp ,r such that Yy;0y = VLT Y Vgx. The same unitary
matrices can then be used to rotate the flavour eigenstates into the mass eigenstate
basis as

hys
flyr=Vi R 2% (1.39)

so that we finally get:

Ly = ;( vy, )M\@H)uﬁ ‘Z(VdTYdVRWj;{)d%
+ & (VETYGVR)(UJF\EH)e{%>
= —é(@%?m\/;])u;+dg (”\7 Ch2) 'Yij(”j/iH)eg)
— il (yiﬂiui(vj@H) + yﬁl&idi(v;f) + ygélezm\/;)>
= - Y mfas (1.40)

fermions
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withmy = % This leads to new Feynman rules for the Yukawa couplings: g, y¢ =

—imf

. The fact that this coupling is proportional to the mass is a general feature im-
posed by the breaking mechanism and is very important for Higgs boson phenomenol-

ogy.

Complete SM lagrangian

In this section we gather all the lagrangian pieces we build before. In its minimal
form, the final SM lagrangian reads:

£SJVI = _TlF;LVFMV

i + (h.c.)

Vlyi i ¢+ (h.c.)

Dol — V(o) (1.41)

+ + +

By expanding the field strength tensors in the first line we get the kinetic terms for
the gauge bosons as well as their self-interactions. Substituting the expression for the
covariant derivative in the second line gives the kinetic term for the fermions and their
interactions with the gauge bosons. The third line contains the fermion mass terms
and their interaction with the Higgs boson. Finally the last line includes Higgs self
interaction and kinetic terms along with its interactions with massive gauge bosons.

Another way to express the interactions of fermions with gauge bosons is via currents
J# associated to each interaction: eA, JE,, g (W, Ty, + W, Ji,- + Z,J7) and
Js AZ J&#. These currents are conserved (09, J* = 0) as a result of Noether theorenﬂ
and are given explicitly by:

ZNoether’s theorem states that to every infinitesimal transformation which let the action invariant corre-
sponds a conserved quantity.
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) 2 . 1-
Jb, = —etei+ suyM'u; — cd'yMd;
3 3
1 ,
S+ = E(WLV“@M‘ +ap Y Vormdri)
1 —1 n 71
- = E(e’ﬂ' vii + Ay Vi e pui)
Jy = ! 1171‘7“1/ ; + —1+sin20 et yter; +sin® Oyeny en;
z cosOy |27 L7 2 W)Lt WERT R
1 2 . 2 ;
+ — — Zsin? 0y urYHrur; — = sin? Owury ' up;
2 3 3
1 1 .2 7i m 1 -2 E7)
+ (gt gsin Ow | diytdri + 3 sin Owdpy" dr;
JER = iy T+ dy TS dy (1.42)

While electromagnetic and strong interactions don’t change the flavor of the fermions,
this is no longer true for the weak interaction. It allows transitions inside and between
generations of fermions. It comes from the fact that the quark interacting states are
different from the flavor states (see Eq. [I.39). Explicitly we have

Viuey 3 up = Viu

Viady 5 dp=Vid), (1.43)

UR
dr

By convention, the flavour and mass eigenstate are chosen to be the same for up-type
quarks, that is V* = V}¥. Inserting this into the gq’ W+ interactions terms we get:

_ 9 ij +
Ly = Euiﬂ” Creadri Wi+ (hec.) (1.44)

where we introduced the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix:
Vexm = (Vi) TV (1.45)

The elements of this matrix encode the transition probabilities between the different
quark flavours through weak interaction and are measured experimentally:

Via Vs Vi 0,974 0,225 0,003
Vekn = | Vea Ves Va |~ | 0,225 0,973 0,041 (1.46)
Vie® Vie Vi 0,008 0,040 0,999

In its standard parametrization, the CKM matrix is given in terms of three mixing
angles (Euler angles) and one complex phase which allows direct CP violation in the
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SM. The presence of such a phase is linked to the number of fermion generations, as
with only two generations it could be reabsorbed in the fields definition.

Note that this change of basis doesn’t affect the currents with the Z boson or the
photon. This implies that neutral current couplings do not allow for flavour-changing
processes, as they can only couple a fermion to its corresponding antifermion. This
is summarised by the so-called Glashow-Iliopoulos-Maiani (GIM) mechanism, which
states that there are no flavour-changing neutral currents (FCNC) among chiral quarks
at tree-level in the SM.

There is in principle no natural explanation for the hierarchy observed in the CKM ma-
trix elements. Although the SM fermion masses are generated from the same mech-
anism, the original Yukawa matrices from which they originate are arbitrarily free.
This issue is known as the fermionic mass hierarchy and could be the indication for
new physics beyond the electroweak scale as discussed in Sec. [I.I.5] For instance,
deviations from these values could be a hint of the existence of new fermions.

1.1.3 Higgs boson phenomenology

The Higgs boson is at the heart of this thesis. In this section we will describe its prop-
erties and its couplings to the other SM particles in more detail. The SM Higgs boson
is a 125 GeV (the heaviest boson) spin-0 scalar eletrically neutral and colorless parti-
cle. It only couples to massive particles such as W, Z bosons and massive fermions,
via Yukawa terms.

By developping the covariant derivative and expanding ¢ in the Higgs lagrangian of
Eq. after SSB we get the Higgs interactions with weak gauge bosons:

1 1 1 1
Lo = GOHOH — W W — JFu P — 2 2,,7"

+ 93;1)2 [(W+)2 + (Wf)Q] + (g?u +gg)v2 (Z#)2

8 H H 8
2 2
G + — Jw 72 + -
+ B pwiwe + e prw e
2 2 2 /2
+ (gw —Zgw)’UHZ#ZM + (gu) ;gw)HQZ”2M

1
+ p?H? - MH? — ZAH‘* ... (1.47)
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Figure 1.2: Higgs boson Feynman rules in the SM.

From this expression we can then derive the corresponding Feynman rules and cou-
plings:

i 9 . _ 2im}
gHWW 5V = igumw = e
. 2 L2
o i 2 12 G, _ 2sz
JHZZ = 5900 t9u5) = oo ow v
i 2 1 _ 2im€V
JHHWW 29w vIHWW = 2 (1.48)
. i/ 9 9 o 1 o 2im7 :
guazz = 5e+9w) = L9HZZ = T
g _ —3im%
HHH = —
o 73im§1
JHHHH = o2

with m?;, = —2u? = 2 v?. We already wrote the couplings to fermions in Eq.
so that we can summarize its couplings like this:

—im 2im? 2im? JHVV
Imyf = —, Ly gmvy = UV i YHHVV = UQV = 7(1-49)

The fact that the Higgs bosons couples proportionnaly to the mass (or mass squared)
explains why it will interact mostly with heavy particles (top quark, weak bosons) and
why it was so hard to discover: it rarely decays to electrons or muons which are the
most easily trackable particles.
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Figure 1.3: Main Higgs production modes at the LHC.

Note that the SM Higgs boson is the minimal solution to the problem of fermion and
boson masses. Other complex solutions involving extra doublets exist, one famous
example will be discussed in Sec. [I.2]and will be further investigated in the main part
of this thesis.

Production modes and decay channels

The Higgs boson was already searched for at LEP and Tevatron before being discov-
ered five years ago at the LHC. Up to now, all tests and property analyses made on
Higgs data tend to confirm it is well the predicted Higgs boson of the SM.

As we saw in the last section the Higgs boson couples to particles with a strength pro-
portional to the particle mass. It’s then evident that the four main production processes
at the LHC involve each either a Higgs boson coupling to the W /Z bosons or to the
top quark, as can be seen on the corresponding Feynamn diagrams depicted in Fig.
Sorted by decreasing total rate, we have:

gluon fusion, via top/bottom quark loop

vector boson fusion (VBF)

W H/Z H associated production

tt H associated production

An exhaustive study of these four production modes can be found in the Handbook of
LHC Higgs cross sections 4 [12]]. In this thesis we will only focus on the gluon fusion
process for two main reasons. First it’s the dominant production mode. The parton
distribution functions are depicted in Fig. [[.4 We can see that at small Bjorken-x
the gluon PDF is dominant, as at high energy, a lot of gluons exist inside a proton,
leading to a higher probability of colliding gluons when two protons interact. The
second main reason is that it is a loop-induced process. This requires much more
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MSTW 2008 NLO PDFs (68% C.L.)

Figure 1.4: MSTW 2008 NLO PDF’s at different Q) energy [16]

effort to be computed as the simplest diagram already contains a loop. NLO involves
thus two-loop topologies which are very difficult to compute.

The state-of-art predictions for the total rates at the LHC at /s = 13 TeV are shown
in Fig. [[.3] The total cross section for gluon fusion is known up to next-to-next-to-
next-to-leading-order (N3LO in QCD [17] in the infinite top mass limit, including soft
gluon resummation up to NNLL). VBF has been computed up to NNLO in QCD [/18]]
as well as VH [19]]. Finally ¢£H is known up to NLO QCD [20].

In the last years, two main goals emerge from the theory point of view in particle
physics: computing as accurately and precisely as possible total rates by developping
new computation techniques and developing numerical automated tools for fully dif-
ferential prediction of observables. In Sec. @ we will describe one of these tools,
MADGRAPHS5_AMC@NLO, and give more technical details about the computation
techniques we will use throughout this thesis to overcome the lack of automated nu-
merical tools in the pasﬂ

Even though we will focus on the production and not on what happens next to the
Higgs boson, for completeness we simply review the possible decay modes of the
Higgs boson. As shown on Fig. [[.§|for my = 125 GeV the main decay channels are
bb(~ 60%), WTW~(~ 20%), gg(~ 10%) and 7F7~ (~ 6%) as they are the most

3This is no longer the case since MG5_aMC_v_2_3_x (released in July 2015) which allows loop-
induced event generation at LO.
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Figure 1.5: Left Higgs production cross sections as a function of the centre-of-mass
energy. Right: Higgs production cross sections as a function of the Higgs mass at 13
TeV. These plots are taken from
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Figure 1.6: SM Higgs boson decay branching ratios. Right: zoom on the my = 125
GeV.

massive particles with m < my /2. Note however that the Higgs discovery was made
in two other decay channels: four leptons coming from ZZ* and two photons final
states. Even if the branching ratios of these channels are relatively small (< 1%), they
lead to cleaner signatures in the detectors and hence were more easily analysed.

Effective field theory and Higgs operators

As we saw, the Higgs boson doesn’t directly couple to gluons and photons as they
are massless. As a result the Higgs can only couple to these bosons indirectly via
a triangle loop of massive particles. Coupling to gluons occurs via quark loops (top
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and bottom mainly) while coupling to photons also includes a W boson loop (which
dominates over the fermion loop).

In some exotic toy models we would like to have new spin-0 particles that directly
couple to the gluons and/or photons This can be achieved in the CP conserving case
through the following dimension-5 operators:

ozscs 0 ascp ~ 0

L, = ﬁGWGWH ~ 8m-j G, G" A (1.50)
200em S Qemc? N

L, = - gmj"*FWFWHO— m” E, FrA° (1.51)

This form of interaction is what one obtains in the case of additional heavy states in
the loop which can be integrated out, with 05 and 05 corresponding to the rescaling
factor of the heavy quark Yukawa couplings with respect to that of the top in the SM.
In fact, the operators in Eq. [I.50 match the infinite top mass limit used for the SM
Higgs when ¢ = 1 and ¢/’ = 0; this approach is called Higgs Effective Field Theory
(HEFT) and allows to have a LO tree level diagram instead of a loop-induced one. As
will be explained in details in Sec. [I.3.2] we will use these kind of HEFT models to
generate events for several processes involving Higgs bosons and build a reweighting
technique to improve the precision on the theoretical predictions

1.1.4 Experimental constraints
The Large Hadron Collider

The Large Hadron Collider (LHC) is a 27 km long circular accelerator (synchrotron)
built 100 m under the ground and installed near Geneva. It uses the former LEP tunnel,
but accelerates and collides protons instead of electrons/positrons.

The LHC is currently running at 13 TeV of centre of mass energy. To reach such high
energies, a few steps are required to accelerate the protons. As shown on Fig.
the protons go through different smaller linear injectors and circular pre-accelerators
called in order LINAC2, BOOSTER, PS (Proton Synchrotron) and SPS (Super Proton
Synchrotron) before they reach the LHC ring. The protons comes first from hydrogen
ionization. They are then grouped into bunches and first accelerated by the LINAC2
accelerator up to 50 MeV. In the BOOSTER they acquire a kinetic energy of 1.4
GeV. They enter then in the PS where they are accelerated up to 25 GeV. The time
separation between two proton bunch is 25 ns. Finally after passing through the SPS,
where they increase their energy up to 450 GeV, they enter into the LHC for their final



1.1. The Standard Model 23

CERN's Accelerator Complex

CMS

LHC

North Area

SPS

TTi0
ATLAS AWAKE
HiRadMat
201 | TT60
r
AD
™

PS

b LINAC 2
neutrons LElR ‘E
< .
e
p ion reutrons ) P (antiproton) ) electron e /antiproton conversion

Figure 1.7: LHC acceleration’s chain and detectors.

acceleration with radio frequency cavities. Run-I (2011-2013) of the LHC consisted
of protons of 3.5 TeV and 4 TeV. Then, after its first upgrade, the LHC reached his
current energy of 6.5 TeV by proton in Run-II (2015-2018). Finally it should reach its
maximal energy in Run-IIT (2021), when protons will then have 7 TeV of energy. The
magnetic field needed to curve their path is about 8.33 T, and is created in the 1282
dipoles that form the LHC accelerator. Note that such intense magnetic fields can only
be achieved using superconductive technology (~ 2 K).

The two beams of protons circulate in opposite directions in separated pipes and only
cross at four particular points of the LHC where impressive detectors are installed
(CMS, ATLAS, ALICE, LHCb). Each of the 2800 bunches contains on average 10!
protons in a volume of a cylinder of more or less 8§ cm long and 6 pm radius at the
interaction points.

Among the four main experiments CMS and ATLAS are called "multi-purpose"” de-
tectors by opposition to the other two, ALICE and LHCb which are oriented towards
more specific processes involving heavy ions collisions to study QCD plasma physics
(ALICE) and CP violation in B physics (LHCb). That’s why in this thesis we will
only focus on the constraints brought by CMS and ATLAS. Their main motivation is
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to observe new particles (like they did for the Higgs) and to measure their properties
with the best level of accuracy.

The probability to observe a particular process at the LHC is related to the production
cross section (o) of this process. The number of expected events in the detectors of
the LHC is then (from a pure theoretical point of view):

N = Lo (1.52)

where L is called luminosity and represents the density of protons at the interaction
point in a given time interval. This instantaneous luminosity is defined by:

N1 Ny
2

L=vk (1.53)

Yixe

with v the frequency of crossing, /N1 o the number of protons per bunch, k a factor of
beam occupancy level and o the estimated root mean squared of the bunch distribution
in the transverse plane. As the LHC is running the luminosity sums up so that we speak
in terms of integrated luminosity to refer to the total amount of data accumulated at a

given moment. The SI units of luminosity and cross sections are respectively m~2s~!

and m?. In particle physics however we use much smaller units: 1 barn = 10728m2,

but even in these units cross sections are often expressed in pb or fb.

The choice of using protons as colliding particles is related to the desire of having
high luminosity. Tevatron used pp collisions because at ~ 2 TeV the production is
dominated by quark antiquarks interactions, while at the LHC at 13 TeV this is no
longer the case as gg interactions become dominant, as we saw in Fig. [T.5]

The cross section of a process with two hadrons as initial state, each having a momen-
tum P;, is given by:

1 1 2
o(Pr, P) = Z/o /0 0ab(P1, P2, %)fa(xla;u'%‘)fb(x%u%)dxlde (1.54)
a,b F

where the sum goes over all the possible partons (g, u, d, s, c,b and their antiparti-
cles), 1,2 are the fraction of the momentum carried by the partons (p; = x;F;), ¢
corresponds to the partonic cross section, Q2 is the typical scale of the process (usu-
ally close the the masses involved), up is called factorisation scale and the f; are the
parton density functions (PDF) shown in Fig. [T.4]

The factorisation scale is an arbitrary parameter defining the separation between the
hard and soft perturbative regimes at NLO and highers orders. Soft parton emissions
from the initial states lead to logarithmic divergencies that can then be reabsorbed into
the PDF if ur is close to the scale of the hard scattering. This means we can then
focus on the interesting part of the process, the partons interaction, without having to
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bother with how these partons were obtained. This idea of process factorisation will
be further explored in Sec. [I.3.1}

Another important scale in any process is the renormalisation scale pr which cor-
responds to the energy scale at which coupling constants are evaluated. In QED for
example, vacuum polarisation effects screen the bare electron charge. There is an infi-
nite number of "screening" diagrams. Summing them all up, we obtain at large energy

Q*

« Q? « Q? 2 «
O[(QQ):O(O 1+3}210g]\42+(3}210g]\42> + ... 0

= (1.55)
QQ
1 — 53 log 3=
where M is a cut-off on the loop momentum to prevent infinite contribution. This

dependence on the cut-off can be eliminated by introducing the renormalisation scale
KR!

2
o
(Q?) = Q(LR)R) - (1.56)
1-— 3r log E

In QCD a similar mechanism occurs except that, contrary to photons, gluons self-
interact. There are then additional vacuum polarisation diagrams with gluon loops
which "anti-screen" the colour charge. The corresponding evolution equation is given
by:
s(12 33
as(Q%) = s (17) Dby =L 22 (1.57)

11— boas(p%) log l%i 6r 127

where ny corresponds to the number of quarks with m,; < . The Dyson expan-
sion can then be expressed as: R = ) ¢, which, after renormalisation, becomes
R(log(Q?/u%), as(u%)) and satisfies the renormalisation group equation (RGE):

dR 0 das 0
= — )JR=0 1.58
dlog p% ((’ﬂog,u% + dlog p3, 8a5> (1.58)

It follows that R(log(Q?/p%), as(u%)) = R(1,as(Q?)), meaning that it is com-
pletely determined by the running of «; which is described by the S-function at one
loop:

Oag

% = _pya? 1.59
Olog u% 0%s ( )

Blas) =

CMS and ATLAS detectors

Most of the particles of interest are experimentally detectable only through their decay
products: leptons, jets (quarks,gluons), photons, neutrinos (via missing energy). The
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two general purpose detectors were thus optimized to detect them and measure their
properties in order to discover new heavy particles.

Quarks and gluons, due to hadronization, are never observed directly, but form jets
instead. A big issue comes from the residual partons coming from the protons that
don’t interact during the collision. These partons create forward jets which can have a
very large total momentum even if their transverse momentum is small. The jets need
then to be removed from the analysis by imposing cuts as the are not likely to origi-
nate from the hard process of interest. Electrons and muons on the other hand lead to
cleaner signature because they can be directly observed through their electromagnetic
interaction. A good detector needs to track the particles, stop them in calorimeter to
measure their energy, have a high magnetic field to measure their transverse momen-
tum and distinguish positively and negatively charged particles and finally have some
techniques to identify separated jets in order to infer the presence of quarks/gluons.

Visual representations of the CMS and ATLAS are displayed in Fig. [I.8] A complete
description can be found in [21,22]] while here we only summarize the main points.
The central feature of the CMS is a superconducting solenoid of 6m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are located in
concentric layers a silicon pixel and strip tracker, a lead tungstate crystal electromag-
netic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of one barrel and two endcap sections. The apparatus is completed by
ionisation muon chambers which surround the solenoid and are embedded in the steel
flux-return yoke. Three technologies are used for these chambers: drift tubes, cathode
strip chambers, and resistive plate chambers. The ATLAS detector also consists of
inner tracking devices (silicon pixel detector, silicon microstrip tracker and transition
radiation tracker) surrounded by a superconducting solenoid providing 2T magnetic
fields, a liquid argon ECAL, a steel scintillator-like HCAL and muon spectrometer.

Constraints on the Higgs boson

As we saw the Higgs mass was not predicted by the SM, it is a function of the z2, A
parameters. Only experiments could help us to get its value. In Fig. [I.9] we show
ATLAS and CMS combined results for the Higgs mass in the two main channels we
already discussed. The resulting Higgs mass are taken from [23]] for CMS, [24] for
ATLAS and [25]] for the combined measurement:

125.0315-28 (stat.) T 13 (syst.) GeV CMS
mp =4 125.36 + 0.37 (stat.) + 0.18 (syst.) GeV  ATLAS (1.60)
125.09 4 0.21 (stat.) & 0.11 (syst.) GeV  combined
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Figure 1.8: CMS and ATLAS detectors

In order to check if the observed scalar boson is well the Higgs boson predicted by the
BEH mechanism it’s of vital importance to measure precisely its couplings to fermions
and gauge bosons. This is done in the so called x framework which presents ratios
over the SM couplings. The precision achieved by the two experimental collaborations
has become higher over the years. Two years ago, CMS and ATLAS collaboration
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Figure 1.9: Left: Log-likelihood ratio as a function of the Higgs boson mass my for
the ATLAS and CMS combination of the H — ~v (red), H — ZZ — 4l (blue),
and combined (black) channels. The dashed curves show the results accounting for
statistical uncertainties only, with all nuisance parameters associated with systematic
uncertainties fixed to their best-fit values. The 1 and 2 standard deviation limits are
indicated by the intersections of the horizontal lines at 1 and 4, respectively, with
the log-likelihood scan curves. Right: Summary of Higgs boson mass measurements
from the individual analyses of ATLAS and CMS from the combined Higgs boson
mass measured from each experiment and from the combined analysis. The system-
atic (narrower, magenta-shaded bands), statistical (wider, yellow-shaded bands), and
total (black error bars) uncertainties are indicated. The (red) vertical line and corre-
sponding (gray) shaded column indicate the central value and the total uncertainty of
the combined measurement, respectively.

released their combined measurements of the Higgs boson production and decay rates
and their constraints on its coupling using data at /s = 7 and 8 TeV [1]. We will now
review a few of these results.

The global signal strength is the most precisely measured Higgs boson coupling-
related observable. However, since it combines all production and decay measure-
ments by assuming that all their ratios are the same in the SM, it is very model-
dependent. A less model-dependent approach consists in relaxing these assumptions
separately for production cross sections and decay branching ratios. The five main
production rates are shown in Fig. [I.10]as well as the five main decay rates.

We can see that both CMS and ATLAS agree within 1o for all processes. All com-
bined results are very close to the SM predictions except in the ttH mode where
there is a small tension (excess of ~ 2.30). The conclusions hold also for the decay
channels where all combined measurements are in agreement within 1o with the SM
expectations. SM is thus incredibly well established.
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Figure 1.10: Left: Best-fit results for the production signal strengths for the combi-
nation of ATLAS and CMS. For completeness results for each experiment separately
are also shown. The error bars indicate the 1o (thick lines) and 20 (thin lines) inter-
vals. The measurements of the global signal strength 1 are also shown. Right: Best-fit
results for the decay signal strengths for the combination of ATLAS and CMS. For
completeness results for each experiment separately are also shown. The error bars
indicate the 1o intervals.

To directly measure the individual coupling modifiers, an assumption about the Higgs
boson is necessary. Two scenarios were considered in [1]]: the first one leaves BRpgyr >
0 free and assumes |ky| < 1 while the second assumes BRps)s = 0. The constraints
assumed in the first scenario are compatible with a wide range of BSM physics, which
may occur in the loop contributions from new particles or shifted couplings. This is
probed at the LHC via the effective coupling modifiers to gluons and photons rg, Ky
which are a very convenient way to express Higgs production via gluon fusion and
decay into two photons, for example:

o(gg — H)Br(H —vy) o K3

osm(9g = H)Brsu(H —y) —9°0,75x2 4 0,25k2

(1.61)

where the factors 0.75 and 0.25 come from branching ratios (which in turn is due to
color charge).
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Figure 1.11: Fit results for the two parameterisations allowing BSM loop couplings,
with Ky < 1, where ky stands for kz or kyy, or without additional BSM contributions
to the Higgs boson width, i.e. BRpgys = 0. The measured results for the combination
of ATLAS and CMS are reported together with their uncertainties. The error bars
indicate the 1o (thick lines) and 20 (thin lines) intervals. The uncertainties are not
indicated when the parameters are constrained and hit a boundary, namely xy = 1 or
BRpsy = 0.

Furthermore, potential deviations of the tree-level couplings to SM particles are also
parametrized with their respecting coupling modifiers. There are then seven indepen-
dent coupling modifiers which are show in Fig. [.TT}

We can see that some of the kappa’s are 20 away from the SM expectation. This is the
case for the top and bottom quark couplings which also have the biggest uncertainties.
Since in the rest of this thesis we will mainly work with gluon fusion the x4 quantity
is also important. The current limits in the first scenario are shown in Eq. [T.62] along
with those on ..

" . (1.62)
“aro= 0891017 (CMS) ; 0.871(1] (ATLAS)

tro= 0697075 (CMS) ; 0.94%07% (ATLAS)
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Figure 1.12: Best fit values as a function of particle mass for the combination of AT-
LAS and CMS data in the case of the parameterisation described in the text, with
parameters defined as x gm ¢ /v for the fermions, and as /kymy /v for the weak vec-
tor bosons. The dashed (blue) line indicates the predicted dependence on the particle
mass in the case of the SM Higgs boson. The solid (red) line indicates the best fit
result with the corresponding 68% and 95% CL bands.

One final interesting feature is shown in Fig. [I.12] where we see that all measured
Higgs couplings are indeed compatible with equation [T.49]

1.1.5 SM limitations

Hierarchy problem

Even though the SM is currently an exceptionally accurate theory both in the elec-
troweak and QCD sectors, there are a few theoretical problems. As we saw in the
BEH mechanism, both weak gauge bosons masses and fermions masses originate
from the Higgs boson. No theoretical argument can however explain the apparent
mass hiereachy between the fermion generations:

Me KMy KMy 5 My KMe LKmy 5 Mg K mg K my (1.63)

nor the large mass splitting within the third generation: m, ~ m; < m;. In the
SM the only natural mass scale appears to be the one given by the top quark, as
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it is the only SM particle with a Yukawa coupling of order 1 (y; = mth/i ~ 1).
In that sense, the other particle masses seem "unnatural’. This is what is called the
naturalness problem. We would have expected that all fermion masses would have
been proportional in the same way to the VEV of the Higgs fields. So despite the
elegance of the BEH mechanism and the discovery of the Higgs boson, the origin of
masses and mixings remains unexplained.

The Higgs mass m?; corresponds by definition to the pole of the free propagator of the
H boson in momentum space: m Since it is not protected by any symmetry, m?,
receives quadratically divergent corrections at the quantum level from highers orders
in the perturbative expansion of the Higgs two-point function. The mass corrections
at the one-loop level include three main contributions: top quark, Higgs boson and
electroweak gauge bosons. If we adopt the cut-off regularization scheme and evaluate
the corrections at large momentum, in the unitary gauge, we have:

0 3
dm2 =m? —mg{) =322

(4m3F —m3; —2miy, —4m%)A? +O(In(A?)) (1.64)
where A is the cut-off scale. It’s important to notice that the largest contribution comes
from the top quark. Radiative corrections for the Higgs mass are then much larger, by
many orders of magnitude, than its final mass itself. In order to add up to 125 GeV,
fine-tuning is required i.e. to let the bare Higgs mass perfectly balance the radiative
corrections. This problem is called the hierarchy problem and is one motivation of
many theorists to introduce new scenarios beyond the SM.

All this is in fact linked to the huge gap between the weak scale (~ 10?> GeV) and the
Planck scale (~ 10' GeV) where we expect quantum effects of gravity to become
strong. Even if this is not a problem of the SM in itself it suggests that there is room
for new physics in these seventeen orders of magnitude. These new particles could
then contribute to the mass of the Higgs boson.

On the other hand this argument can be turned around to predict the scale A at which
new physics should appear to cancel the unwanted divergencies in the radiative cor-
rections to the Higgs mass. A common feature to the numerous proposals that have
been made is to associate the radiative m stability to new symmetries. Supersym-
metry for example relates bosons and fermions, so that every SM field have a new
super-partner whose spin differs by a half-integer, but share the same mass and qua-
tum numbers. These new particles also bring new corrections to the Higgs mass, and
solve the instability due to the fact that all fermionic particles enters with a negative
sign in Eq. [T.64] while all bosonic super-partners come with a positive sign, leading to
an exact cancellation and vice-versa. The remaining terms in Eq. [T.64]diverge at most
logarithmically, solving the quadratic divergence.
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Apart from SUSY a lot of other models try to solve this problem by adding extra
fermion generations, new gauge bosons or new scalar particles. In this thesis we will
focus on an extended scalar sector as described by the 2HDM.

1.2 The Two-Higgs-Doublet-Model

1.2.1 Motivation

The 2HDM |[2]] extends the minimal scalar sector of the SM by introducing a second
SU(2), doublet @5 with weak hypercharge Y = +1.

oF ¥
¢1:(¢9> ! ¢2:(¢3> (1.65)

This gives rise to an enlarged particle content with five physical Higgs bosons, i.e. in
the case of C'P conservation, a light C' P-even one, hY, a heavier C P-even one, HY, a
C P-odd one, A°, and two charged Higgs bosons H*.

The 2HDM provides a simple UV—complete perturbative extension of the SM, which
can be viewed as the low—energy Higgs sector of more fundamental theories such as
the MSSM [26427]], GUTs [28},29], composite Higgs models [[30,31], and little Higgs
models [32133]].

A popular motivation for the 2HDM is supersymmetry. In supersymmetric theories the
scalars belong to chiral multiplets and their complex conjugates belong to multiplets of
the opposite chirality. Since multiplets of different chiralities cannot couple together
in the lagrangian, a single Higgs doublet is unable to give mass simultaneously to the
charge +2/3 and charge -1/3 quarks. Besides, since scalars are in chiral multiplets
together with chiral spin 1/2 fields, the cancellation of anomalies also requires an
additional doublet to be added. This is called the Minimal Supersymmetric Standard
Model (MSSM).

Aside from its very rich and distinctive phenomenology, the 2HDM also sets the
ground for novel approaches to diverse unsettled conundrums, from e.g. the origin
of neutrino masses [34] to Naturalness [35]], Electroweak Baryogenesis [36}/37]] and
Dark Matter [38,[39]. In summary the 2HDM should be seen as a tool, not as a final
answer in itself.
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1.2.2 Higgs potential

This new theoretical framework is described by modifying the Higgs lagrangian of the
SM in this way:

2

Ly = (Dus)) (D ¢:) — V(1. 62) (1.66)

i=1

Expanding the covariant derivatives as seen before gives interaction with the SM
gauge bosons. The most generic form of the 2HDM potential reads:

V(or,2) = miiolor+mbelos — (mholos + he)
£ g (olen) + 5 (6hen) 42 (101) (0hon)
+ i (o) (dhon) + [ 32 (ole)’
+ 2 (0lor) (el) + A7 (010s) (0]2) +he]  (167)

There are fourteen independent free parameters: m?,,m3, and A1 2 3 4 are real while
m3, and A5 ¢ 7 are complex. However most phenomenological studies of 2HDM make
several simplifying assumptions. For example in this thesis we will impose CP conser-
vation; this leads to \g = A7 = 0 while A5 and m?, become real, and allows to distin-
guish between scalars and pseudoscalars. Assuming natural flavor conservation [40],
the absence of tree—level FCNC interactions is protected by a global, flavor-blind, Z,
discrete symmetry ¢; — (—1)%¢;. The latter is approximate up to the soft-breaking
mass term Ly D M3y (b{ ¢2 + h.c. Note that we keep the m?, term as it gives more
room to accomodate large enhancements in the trilinear couplings and yet comply
with vacuum stability and unitarity constraints. It’s also a matter of generality: there
is no need to enforce a symmetry, if nothing tells that it should be fulfilled. Finally
it’s the minimal way to accomodate larger mass spectrum which would otherwise be
much more constrained.

After electroweak symmetry breaking, the neutral components of the Higgs doublets
acquire real VEVs, ¢9 = v;/+/2. The eight independent parameters in the lagrangian
basis are then:

m?l’m%25m%21)‘17>\27)‘3a)\47>\5 (]68)

Three out of the eight remaining degrees of freedom are reabsorbed to give mass to
the W+ and Z gauge bosons in a similar way to the BEH mechanism, the other five
lead to the five physical spin-0 Higgs fields.
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Requiring v? = v} + v = G3'/v/2 so that the 2HDM Higgs mechanism does
implement the EWSB of the SM, removes one parameter. The ratio of the two VEV’s
is then given as tan 8 = vy/v1. Overall, we are left with seven parameters which
form the physical basis:

tan B ,sin(B — a) ,mpo ,Mpo ,MA0 ,Mp+ , M. (1.69)

The convention 0 < 8 — a < 7 (with 0 < 8 < 7/2) guarantees that the Higgs
couplings to the weak gauge bosons have the same sign in the 2HDM and in the SM.
This criterion fixes the possible sign ambiguities in the generic parametrization of the
model [41]].

The mass of the new heavy bosons are expressed as:

2

(V]

2 mio v
M cos Bsin 8 (Aa +2s) 2
2 2 2
2 mio v 2 v
= 12 5.7 M= As)—
ma cos Bsin 8 °79 mis + (A 5)2
2
2 mio
= 1z 1.70
M cos Bsin 8 ( )

To avoid large deviations on the p parameter defined by:

2
myy

= ——— 1.71

p m? cos? Oy (1.71)

custodial symmetry is imposed and leads to two cases [42,143]]: usual or inverted

hierarchy (also called twisted 2HDM)

e \y=Xs=my+=ma ; miy=(m% + Asv?)cosBsinp

e \y=—As = mpy+=my ; miy=m?cosfBsinf

Custodial symmetry leads thus to a degeneracy in mass between the charged Higgs and
either the scalar H° or the pseudoscalar A° and the soft breaking mass 115 is linked to
the mass of one of these new particles. Note that in the MSSM no custodial symmetry
is imposed but it arises from further constraints (decoupling of the H°, A%, H*) and
leads to the only possible relation m7,. = m?% + m3;, ; m3, = m? cos Bsin 8 with
)\4 = 792/27 )\5 =0.

The angle 3 corresponds to the rotation angle which diagonalizes the mass-squared
matrices of the charged scalars and of the pseudoscalar. A mixing angle « is also
introduced to diagonalize the C’P—even squared mass matrix.

R = Hysina— Hycosa
H° —H, cosa — Hysina (1.72)
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Figure 1.13: New feynman rules of interest for the process studied in this thesis.

Recalling from the definition of tan 8 we can write v; = v cos 3, vo = vsin 3 so that
the SM Higgs boson can be written as

HM = H, cos f + Hysin (1.73)

Using Eq. we end up with Eq. which encourages us to identify the light
state h° with the Higgs particle observed at the LHC, given that sin(8 — a) ~ 1 as
will be discussed in Sec. [1.3.4] and to fix its mass to mo = 125 GeV.

HM = pPsin(8 — a) — H® cos(f — «) 1.74)

The different possible choices of fermion field transformations under Z» lead to dif-
ferent Yukawa coupling patterns. We will hereafter focus on two canonical setups: 1)
type—I, in which all fermions couple to only one Higgs doublets (¢2); and ii) type—II,
where up—type (down—type) fermions couple exclusively to ¢2 (¢1).

1.2.3 2HDM couplings

The existence of new particles with respect to the SM leads to new possible diagrams
and Feynman rules. A condensed set of Feynman diagrams that will be studied in more
detail in this thesis are shown on Fig. [I.T3] In this section we will study separately
the couplings to fermions and gauge bosons.

Yukawa couplings

The dependance of the relevant Yukawa couplings on the 2HDM parameters is shown
in Tab. [I.2] for type-I and type-I1 setups, as rescalings of their SM counterparts.

Yukawa couplings appear in nearly all Higgs production processes. Studying these
couplings experimentally is more efficient in processes where only Yukawa couplings
appears. This is for example the case in gg — ¢ — tt production (see Chap. [4] for
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Coupling Type-1 Type-11
Jnoet cosa/sinf | cosa/sinf
nows cosa/sinf | —sina/ cos 3
JHOE sina/sinf | sina/sing
91085 sina/sinf | cosa/cosf
JA04T cot 8 cot 8
94005 —cot 3 tan g3

Table 1.2: Dependence of the Yukawa couplings for up and down-type quarks on the
2HDM parameters for type-I and type-1I setups. All couplings are normalized to
their SM counterpart, as denoted by gngg = gime /93 1ng-

Figure 1.14: tt¢¢ associated production diagrams with ¢ = h?, HY, A°.

more details). Another example is gg — tt¢¢$ whose diagrams are shown in Fig.
m and which has been studied in [44]. However this process also features diagram
with Higgs self interactions. This diagram will be much suppressed though and won’t
contribute a lot to total rates except in case of a resonance decaying to two light Higgs
bosons.

In order to have a better idea of the possible values of the bottom and top Yukawa
couplings to the 2HDM Higgs bosons we draw scatter plots in Fig. [[.I5] by varying
the two angles randomly and independently in the range 0 < tan 5 < 10 and | sin(5—
a)| <1 for a type-I1 2HDM.

As a general feature, Yukawa couplings to h° and H° vary in the opposite direction
as can be inferred from the formulae. When tan 8 > 1 bottom Yukawas can have a
wide variety of values as they are proportional to 1/ cos § which increases when tan 3
increases. Top Yukawa values on the other hand tends to stay relatively small because
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Figure 1.15: Yukawa values normalized to their SM value as a function of tan 5 and
sin(8 — ). Left plots are for 0 < sin(8 — «) < 1 while the right plots correspond
to —1 < sin( — a) < 0. Dashed lines define region where Yukawa couplings are
smaller than the SM value.

they vary as 1/sin 3. Note also that g0, and §zo,5 can have a wide range of values
because they depend on both angles while § 4044 only depends on the 3 angle.

An important point to make here is that |§4:;| is maximum when tan $ is small
(tan 8 < 1) leading to enhanced top Yukawa couplings compared to their SM val-
ues. This range is interesting in order to show deviations from the SM predictions in
a wide variety of processes where the top couples to the Higgs boson (ZH, HH, tt,
thj, etc.). However such a region is mostly inaccessible as it is already excluded by
theoretical and experimental constraints as will be discussed in Sec. [I.3.4]
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R H° A
h'Z 0 0 cos(f — a)
H°Z 0 0 —sin(f — )
AZ | cos(B—a) | —sin(B — ) 0
(4% sin(8 —a) | cos(f — ) 0
HE¥WT | cos(B—a) | sin(B—a) 1

Table 1.3: Higgs coulings to the SM gauge bosons (V' = Z, W) as rescaling of the
SM value. These couplings are identical for type-I and type-11 2HDM.

Figure 1.16: Vector boson fusion and Drell-Yan V¢ production diagrams with ¢ =
h°, HO.

Gauge boson couplings

While it was not straightforward to see the effect of mixing angles on Yukawa cou-
plings, the Higgs gauge bosons couplings are much simpler to visualize. This time all
couplings only depend on the difference between the two angles « and 3. They are
summarized in Tab.

Such couplings arise in vector boson fusion Higgs production mode (see diagrams
in Fig. [I.16) where their values can be directly derived from the total rate as only
this new coupling appears in the diagrams. Another important channel for studying
the V'V couplings is the associated production of a Higgs with a Z or W* boson:
qq — V ¢. This Drell-Yan process is well known up to NLO. However at NNLO a
new contribution comes from gg — Z¢ (loop-induced diagram) which will be studied
in Chap. [2]in detail.

Note that up to now we were able to isolate each coupling independently by looking at
particular production modes. However if one is interested in the relative sign (phase)
between the Yukawa couplings and gauge boson couplings for example this is not
possible. To do so we need a production process involving all these couplings at the
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Figure 1.17: Generic Feynman diagrams describing pp — th°/H"j production in the
2HDM at leading order.

same time. This is the case for example in the H — ~y decay mode due to the negative
interference at LO between the W boson loop and the heavy quark loop [45,46].

Another very interesting process for studying this relative phase is single top + Higgs
+ jets production process pp — t¢j. For the sake of brevity in this thesis we only
mention qualitative results, while partial quantitative results were obtained at NLO.
For a detailed analysis in the SM, see [47].

The diagrams of interest are shown in Fig. When working in the 5-flavour
scheme, bottom quarks are considered massless and are thus incorporated in the PDF.
The special feature of this process is that it involves ¢bb, ptt, W W~ and H* bt
couplings. Moreover, each coupling appears at most once in each diagram, which
allows us to access the relative phase between these couplings. Note that since we
are interested in Higgs phenomenology, we discarded diagrams with an s-channel
W boson. It’s important to keep in mind that diagram 1 and 4 (involving Yukawa
couplings) will interfer destructively with diagram 3 (involving coupling to gauge
bosons).

In general third and fourth diagrams will dominate while the first diagram will be quite
small and the second one will be very suppressed by the WhYH~ coupling which is
proportional to cos(8 — «). That’s why we don’t expect much deviation from the SM
in this channel.

Diagrams for tHj production are the same as in Fig. In this case however
couplings are very different. First diagram is now enhanced with respect to the fourth
diagram while the third diagram nearly vanishes because of the cos(8 — «/) factor. The
diagram involving the charged Higgs will also be small.

We conclude this discussion with the last possible process where the top quark is
produced along with a pseudoscalar particle. Because A cannot couple to the gauge
bosons, there is one diagram missing with respect to the other processes (Fig. [T.18).



1.2. The Two-Higgs-Doublet-Model 41

Figure 1.18: Generic Feynman diagrams describing pp — tA°j production in the
2HDM at leading order.

Here again we expect the first diagram to be enhanced by the Yukawa coupling while
the last one will be suppressed. The second diagram on the other hand will this time
be enhanced as the W A° H~ couplings is independent of the mixing angles and tbH —
varies as cot (3.

When computing these diagrams for several benchmarks we found that th°; gives
rates similar to the SM expectation, small enhancements being due to soft Yukawa
shifts. tH"j however has smaller rates because the H°W W couplings is much sup-
pressed and top Yukawas are reduced. Finally tA°; is also very small. Given the
existing constraints on the 2HDM model (both from theory and experiments) it seems
that single top production in association with a Higgs and one jet is for now out of
reach at the LHC given the very small rates.

1.2.4 Gluon fusion production and decay rates

Now that we reviewed all the couplings between all the particles in the 2HDM let’s
compute the total rates for Higgs production via gluon fusion both for a scalar Higgs
or a pseudoscalar hypothetical particle:

aiGr X .
Oggmo = o= MR Yo, Goqq s (7q) *0(5 — M)
128 2m (1.75)
« F . .
Ogg—sA0 = IZQWMEJ >q 9404 Fp(74)[P0(5 — M3)
m2
where 7, = —MQ']. The F(7,) = Fa(r,) functions are called form factors (FF).
24

They encode the information of the triangle loop and are given for a scalar (Fs) and
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Mass |Fs| | |Fp]
Bottom | 4.5 GeV | 0.066 | 0.070
Top 173 GeV | 0.688 | 1.046

Table 1.4: Values of the Higgs FF for the two heaviest quarks (mpo = 125 GeV).

pseudoscalar (F'p) particle by:

Fs(r) = 71+ Q1 —71)f(7)]
Fp(r) = 7f(1)
T) = arctanz( ! ) (1.76)
f( ) \/ﬁ *

For heavy quarksﬂ (T4 > 1) we get by expanding the arctan function:

2 7 1
1 1

which leads to Fs(+00) = 2/3 and Fp(400) = 1. This results was one evidence to
rule out the existence of a fourth generation of quarks. Indeed adding an extra very
massive quark would add a term 2/3 in the total rate sum for Higgs production leading
to predictions far beyond the observed production rates.

For light quarks (7, < 1), i.e. basically all quarks except the top quark, we get:

Fs(r) = 7 <1 + 75) +O(rIn(1)) = 0 (1.79)

which leads to Fis(0) = Fp(0) ~ 0, meaning that the light quarks impact (u, d, ¢, s)
in the triangle loop is very limited both for scalar and pseudoscalar particles. This
is the reason why in this thesis will only consider the top (and bottom quarks when
relevant) in our calculations. Values of their form factors are computed in Tab. [T.4]for
mpo = 125 GeV.

To conclude the analysis of the FF, we plot in Fig. real and imaginary parts of the
FF as a function of the mass of the particle in the loop. We clearly see both limits we

computed before as well as the imaginary part which vanishes as soons as m, > 5.

“4Note in the SM this is only the case for the top quark
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Figure 1.19: Graphical representation of the scalar and pseudoscalar FF. On the top we
show FF as a function of the mass of the circulating quark (left: real part, right: imag-
inary part). The lower left plot shows the ratio of modulus squared of pseudoscalar
FF over scalar FF as a function of the Higgs mass. The lower right plot shows these
functions in the complex plane. ’+” marks correspond to the bottom quark and ’x’ to
the top quark.

This behaviour will be important when we will study interference in ¢ production in
Chap. ] We also see that Fip is alway bigger than the corresponding F, this effect
being maximal when mg = 2my.

1.3 Numerical tools

In this section we present the numerical framework we used to get the results of the fol-
lowing chapters and explain some important notion in particle physics computations.
All the numerical results have been obtained using MADGRAPH5_AMC@NLO [48§]].
It is a Monte Carlo simulation based program which allows users to automatically gen-



44 Chapter 1. Phenomenological framework

erate the code to generate events at LO and NLO accuracy in QCD for many processes
in the SM or some more exotic models the user implements.

1.3.1 Monte Carlo simulations

The first approach to model a collision is via the matrix element technique where
the Feynman amplitudes associated to a process are computed exactly, taking into
account the possible interference between diagrams, spin correlations, etc. The in-
tegration over the phase space gives an estimation of the cross section and allows to
generate events. Many other generators can be used for this purpose: Sherpa [49],
CalcHep/CompHEP [50], Alpgen [51]], Whizard [52]]. MADGRAPH5_AMC@NLO ,
besides being very flexible, allows to get fully differential results for NLO processes
in an automated way. Recently it has been updated to allow event generation for loop-
induced process like Higgs production through gluon fusion [53]], and another module
has been added for automated reweighting [54]]

Basically, calculating the cross section of a process requires to compute a phase space
integral. Monte Carlo (MC) generators as MADGRAPHS_AMC @NLO use MC inte-
grations as it is one of the most efficient numerical integration technique to estimate
multi-dimensional integrals. With this method, the error decreases like 1/+/N no mat-
ter the number of dimensions. The most basic principle to solve the integral I of a real
function f(z) defined in a hypervolume [0, 1]¢ is to generate a sample of N random
points 21, 22, ..., 2 according to a uniform distribution and to approximate it by:

N
1= [ s == fVE_j f() (1.80)

The error on the estimator (o) is related to the variance of the function which in turn
can be estimated by S2:

olf) .S

o 1 = 2
O-I_WN\/N ; S —m;[f(zn)_ﬂ]

(1.81)

In order to improve the efficiency of MC integration, instead of using random points
following a uniform distribution, we can use a different probability density which
depends on the function to be integrated. Of course determining the optimal phase-
space mapping for a given integrand is in general difficult because it depends on the
shape of the integrand which can be hidden in complicated expressions.

In MADGRAPHS5_AMC @NLO the particle content and interactions can be adapted
to any particle physics model. To build such a model, another public tool called FEYN-
RULES [55] is available. As an addon to Mathematica [56], it allows the user to define
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its own fields, couplings, and lagrangians. Then FEYNRULES computes all the rele-
vant couplings, vertices and Lorentz structures and output the model in a UFO format
that can then be directly used in MADGRAPHS_AMC @NLO . Recently progress has
been made to create NLO models with all required counter terms.

The approach of matrix element technique is appropriate only in certain regions of the
phase space where the hard part of the process takes place. However the calculation of
cross sections with emission of massless partons (soft radiations) will only be correct
if they are sufficiently separated in the phase space, as fixed order calculations suffer
from collinear and infrared divergencies.

In the soft and collinear limit of gluons emission for example, the cross section o,
associated to a process with n partons, is modified by the splitting of one parton as
dt
do, = dan_l%—P(z)dz (1.82)
2 t
where t is the virtuality of the incoming splitted parton, z is the ratio between the
energy of this parton and the energy of one of the outgoing partons and P(z) is the
Altarelli-Parisi splitting function which depends on the nature of the involved partons.

In the soft/collinear limit, the problem is thus facotrizable in two pieces: the born cross
section, which can be evaluated only once, and the terms containing the divergencies
which can be considered separately:

N 2\ 1N
g~ ao‘;‘\;! {m (?0)] (1.83)

with @ the starting scale of the emission and ¢ the threshold under which no splitting
is allowed and which is typically linked to the hadronization scale. o( corresponds
to the partonic cross section and can be calculated with the matrix element method
while the logarithmically divergent terms are best given by parton shower simulations
as implemented in Pythia8 [57] or Herwig++ [58] for example. For both initial and
final state radiation, the algorithm creates a tree structure of branching controlled by
the DGLAP evolution equation which determines the y evolution of the parton density
functions f,(x, u?):

Ofglz,p®) oy [Mdy 2 x
“DlogpE 27T/z y foly, nw*)P ” (1.84)

The key principle is that for initial state emissions the virtuality increases with succes-
sive parton emissions while in the final shower it decreases towards the hadronization
scale. In other words, branchings and splittings happen as long as the virtuality is
bigger than the hadronization scale in the final state radiation or lower than the hard
scattering scale for the initial state radiation. The shower structure is therefore related
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to the probability of having an emission above a certain threshold. This probability is
called Sudakov form factor and is given by:

t / 1—e¢
@ dt as(t)
Atg, ty) = — — d P 1.85
ot =exp | [ [ %8 e (185)
The shower algorithms also use MC methods as they control the branching by assign-
ing to A(t,,t,) a random number from a uniform distribution in the interval [0,1].
The value of the momentum fraction hold by each parton is also calculated in the
same way according to a probability proportional to P(z).

In the following chapters we will use PYTHIAS for parton shower and hadronisation.
The matching to the PYTHIAS parton shower (virtually ordered and pr—ordered) is
also automated within MADGRAPH5_AMC@NLO, see Sec. [[.3.3] This is also the
case for the scale and PDF uncertainties which are generated at no extra computa-
tional cost, following the reweighting prescription of [59]. In our analyses we varied
independently both scales in the range (/2 < pr, pr < 240 and PDF uncertainties
at the 68% C.L. were extracted by following the prescription given by the MSTW
collaboration [16].

1.3.2 Reweighting techniques

As we saw in section Higgs boson phenomenology often includes loops even
at LO. Few years ago, generating events for this kind of diagrams was not possible in
MADGRAPHS5_AMC@NLO . However it was already possible to obtain the one-loop
amplitudes |M|? with MADLOOP [60] for such processes by computing one-loop
matrix elements using the OPP integrand—reduction method [61] (as implemented
in CuTToOLS [62]]). To overcome the past limitations concerning event generation
for loop-induced processes we used another technique based on additional manual
reweighting.

This reweighting method has been employed for a series of processes within the
MADGRAPHS5_AMC@NLO framework [8}63|64]] both at LO and NLO accuracy
and it has recently been automated (at LO) and made public as part of the official code
release [54]. Finally, note that our reweighting strategy also helped to validate the
loop-induced event generation inside MADGRAPHS_AMC@NLO .

LO reweighting

In practice this procedure involves generating events through the implementation of a
tree-level effective field theory UFO model [65,/66]. After events generation, events



1.3. Numerical tools 47

1L ‘ Loop |
EFT
= 01F 1
E |
—~ |
2 r
S o001 ff 13
S &
< o
2 3 5
0.001 |l 12
g
| MSTW2008LO 3
| LHC14TeV =
0.0001 U ‘ I w w w w w A
200 300 400 500 600 700 800 900 1000
mzu [G(‘V]

Figure 1.20: Comparison of the invariant mass of the ZH system for g¢g — ZH
production in the SM using FT and EFT models.

weights obtained from the tree-level EFT amplitudes are modified by the ratio of
the full one-loop amplitude (computed by MADLOOP) over the EFT ones, i.e., r =
|IM3 oopl/|ME prl, Where |M3 | represents the numerical amplitude as obtained
from MADLOOP.

In our cases, manual reweighting proved to be efficient in terms of computational
speed, as the loop amplitudes have to be calculated for significantly fewer phase-
space points than what is needed to integrate them directly. Moreover the EFT leads
to distributions that are in general harder in the tails, and therefore the EFT events
populate regions that are later suppressed by the exact loop matrix elements, resulting
to no significant degradation of the statistical uncertainty.

NLO reweighting

One important aspect is the treatment of the NLO corrections to the gluon fusion chan-
nels. Given that this production mechanism is loop—induced at LO, two ingredients
would be needed for an exact NLO calculation: i) the one—loop 2 — 3 real-emission
amplitudes; ii) the two—loop 2 — 2 virtual correction amplitudes. While the former
can be calculated by means of standard techniques, the latter were beyond the reach
of the state—of—the—art calculations.

On the other hand, in Fig. [[.20] we show an example of the well-known fact that
HEFT provides only a rough estimate of total rates [67]], while it poorly reproduces
the kinematical distributions [[68]]. The usual approach in higher—order studies is to
extract the QCD corrections from the HEFT, and then employ the exact one-loop LO
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amplitudes to reweight the HEFT virtual- and real-emission matrix elements. This
conventional strategy, as implemented in HPAIR [|69,/70], will be referred to as the
“born—improved” approach in Chap. [3] One important point in this procedure is that
the reweighting of the 2 — 3 real-emission part is based on its factorization into the
2 — 2 LO matrix element, which is then reweighted by the full LO amplitude, times
a global factor, whatever the extra jet being soft or hard.

As an alternative, we developed a “loop-improved” approach which was first presented
in [[71]. In the “loop-improved” calculation we include the exact one—loop results not
only for the 2 — 2 LO amplitudes, but also for the NLO 2 — 3 real-emission matrix
elements. Therefore, the only approximation we make at the amplitude level concerns
the finite part of the NLO virtual corrections which, in the absence of the exact two—
loop calculation, was first taken from the one—loop HEFT results, and then reweighted
with the exact one—loop LO matrix elements.

Including the exact one—loop 2 — 3 matrix elements provides a more accurate de-
scription of the tails of the distributions. In this phase space region, where hard parton
emissions take place, the factorization of the 2 — 3 real-emission amplitudes into
the 2 — 2 LO amplitudes, as implicit in the “born-improved” approach, cannot accu-
rately describe the hard parton kinematics.

Despite the upgraded treatment of hard real emission, our “loop—improved” method
still relies on the one—loop HEFT virtual corrections in place of the exact two—loop
results. The impact of these exact two—loop results have been only recently quantified
due to recent progress in two-loop NLO QCD computation for Higgs pair production
in [72]] and will be discussed in Chap. [3]

From the technical point of view, in the MADGRAPHS_AMC@NLO setup, NLO
computations are carried out using two independent modules: i) MADFKS [73],
which takes care of the Born and the real-emission amplitudes, subtracts the infrared
singularities according to the FKS prescription [74]], and generates the parton shower
subtraction terms required by the MC@NLO method [[75]]; ii)) MADLOOP and the
OPENLOOPS method [76].

1.3.3 Matching-merging

Matrix Element combined with Parton shower (ME+PS) schemes allow the consistent
combination of matrix elements with different jet multiplicities via their matching to a
parton shower. This merging-matching approach makes use of the fact that while tree
level fixed-order amplitudes describe reliably the region of hard and well separated
jets, the parton shower provides a better description of the soft and collinear regions.
Combining the two requires of course a consistent treatment to avoid double-counting



1.3. Numerical tools 49

which would affect the value of the cross sections as well as the distributions. The
principle of jet matching is to divide the phase space into two independent regions
charaterized by the hardness of QCD emissions. This is achieved by various merging
algorithms. Methods that are widely used for tree level merging are CKKW [77L7§]],
CKKW-L [79] (and their later improvements [[80]]), and MLM [81]]. More recently new
methods have been developed in MADGRAPHS5_AMC@NLO to perform merging
at NLO, see for example FxFx [82] and UNLOPS [83]], yet not directly applicable
to 2 — 2 loop-induced processes at the Born level yet, mainly due the absence of
analytic results for the two-loop 2 — 2 matrix elements.

The implementation of MLM merging in MADGRAPH5_AMC@NLO /PYTHIA 8
comes in two variants: the traditional k7-MLM and the shower-kr schemes. They
both give comparable results as discussed in detail in [84]]. In this thesis we em-
ploy the shower-k7 scheme and we only mention here its main features. While
this scheme has been used for phenomenological studies with PYTHIA 6 in the past,
see for example [85]], we employ the most recent implementation of the scheme in
MADGRAPHS5_AMC @NLO combined with PYTHIA 8.

In the shower-kp scheme, matrix element events are generated with a minimum sep-
aration pr, . , between parton and the initial state (B), and Q.. between final-state
partons (i5), defined by the measure:

dig = p7, > p,,e di; = min(p7,, p7, ) AR > Qly, (1.86)

where ARZ; = 2[cosh(n; — ;) — cos(¢i — ¢;)] and pr,, 7; and ¢; are the transverse
momentum, pseudorapidity and azimuthal angle of particle 7. Short distance (parton
level) events are then passed to PYTHIA 8 which evolves them down using the pp-
ordered shower. In practice, for each event PYTHIA 8 records the scale of the hardest
shower emission: Q5. .. This scale is then used to accept or reject the event as
follows: for the low multiplicity events, the event is rejected if QL5,... > QME,
while for the highest multiplicity the event is rejected if QL5 . > QME _ with

QME . being the scale of the softest matrix-element parton in the event. The value

of QME is selected on a process-by-process basis to ensure that there is a smooth
transition between the ME and PS regimes. In practice, this is assessed by examining
the differential jet rate distributions which show if the transition is indeed smooth.
Matching and merging up to one jet will be used in Chap. [2] in order to improve

current predictions.



50 Chapter 1. Phenomenological framework

SM Parameters Values
aem(MZ) Tlggzl
as(Mg) 0.118
Gp 1.16637e™° GeV—2
my 91.188 GeV
mw 80.385 GeV
mpy 125 GeV
myp 4.5 GeV
my 173 GeV
Ty 2.49 GeV
Ty 2.08 GeV
'y 4.04 MeV
Iy 1.49 GeV

Table 1.5: Values of the SM parameters used in our simulations. These values are in
agreement with the Particle Data Group [[14]]

1.3.4 Benchmarks design
Model implementation

As for the 2HDM implementation, we use the 2HDM @NLO model obtained with the
NLOCT package [86]. The model is based on the FEYNRULES and UFO frame-
works. It includes all relevant UV counterterms and R2 vertices needed for the MAD-
LOOP calculation, and allows to compute tree—level and one—loop processes within a
completely general 2HDM setup.

The 2HDM benchmarks are imported into MADGRAPH5_AMC@NLO using a pa-
rameter card, constructed with the help of the public calculator 2HDMC [87].The
values of the SM parameters that are used as input in our 2HDM card generator are
summarized in Tab. [I.5] PDF, factorization and renormalisation scales, CM energy of
the collision and other cuts will be specified separately for each studied process.

Theoretical and experimental constraints on 2HDM parameters

Multiple conditions place constraints on the parameter space of the model. On one
hand, there are theoretical constraints like unitarity [88H90]], perturbativity [91]] and
vacuum stability [92-94] that guarantee the correct high—energy behavior of the the-
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Figure 1.21: Example of diagrams modified by the new scalar charged particles.

ory. One important consequence is that the Higgs self-interactions cannot be arbi-
trarily large. On the other hand, agreement with electroweak precision tests com-
presses the allowed mass splitting between the heavy scalar fields [95H97]], and there-
fore prevents any exceedingly large deviation from the (approximate) custodial SU (2)
invariance [98]]. Fixing the Higgs mass to myg = 125 GeV, a global fit to elec-
troweak precision observables in terms of the oblique parameters S, T', U [99] yields
S =0.03+0.01,7 =0.05+0.12, and U = 0.03 £ 0.10 [[14}[100}[101]].

Aside from these conditions connected to the structure of the model, the allowed pa-
rameter space shrinks even further as we enforce compatibility with the average LHC
Higgs signal strength [23,/46] and the direct collider mass bounds on the heavy neu-
tral [102H106] and charged Higgs bosons [[107}/108]].

Finally, low—energy heavy flavor physics [[109-111]] and the muon (g —2),, data [112,
113] place additional indirect constraints on the (my+) — tan 8 plane. Indeed many
flavor changing decays are now modified by the presence of the additional charged
Higgs bosons H* while in the SM, only the W+ was present. The charged Higgs
bosons could then induce deviations in b — sv process, By — By mixing as can be
seen for example in Fig. [[.21]

In order to take into account all these theoretical and experimental constraints when
designing our benchmarks for the processes we review in this thesis we used several
public tools along with additional routines of our own:

2HDMC [87] is a C++ code that performs calculations in a general CP-conserving
2HDM. It features conversion between different parametrization of the 2HDM
potential, checks its positivity and perturbativity as well as S-matrix unitarity,
computes decay widths and contains methods for calculating the 2HDM contri-
butions to the oblique parameters (S,T,U,V,W,X) and to the anomalous magnetic
moment of the muon (g — 2),,. The last important achievement of this program
is to provide an interface to the other tools we describe hereafter.

HiggsBounds [114-116] allows us to test models with arbitrary Higgs sector against
the published exclusion bounds from Higgs searches at the LEP, Tevatron and
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LHC experimentﬂ To achieve this, it takes the Higgs masses, BR, cross sec-
tions and total decay widths as input (provided by 2HDMC in the form of a
SLHA file) and calculates the predicted signal rates for search channels consid-
ered in experimental data. These rates are then compared to the expected and
observed cross section limits for the Higgs searches to determine whether this
benchmark point is excluded or not at 95% confidence level. The list of all the
analyses included in the tool can be found in the mentioned reference.

HiggsSignals [117,118] is a fortran code that tests the compatibility of extended
Higgs sector predictions against Higgs rates and masses as measured at the LHC
or Tevatron based on the same input as HiggsBounds. It features two statistical
tests, one which determines the compatibility of the model with experimentally
observed Higgs signals, and a second which tests for general compatibility with
the observed Higgs data at the predicted mass(es) of the Higgs boson(s) in the
theory. Since the two tests are complementary, it also provides a method to
perform both simultaneously and to use the combined results for models with
multiple Higgs bosons.

SuperlIso [119,120] is a program to evaluate flavor physics observables in the SM,
2HDM and MSSM like the isospin asymmetry of B — K*~, branching ratio
of B— Xy, Bs » ptp~, B = 1v;, B— Drv., K — pv,, Dy — Tv;
and Dy — pvy,. As the two previous tools it requires SLHA file as input.

In addition, we also considered the findings in [121]], where values of tan < 1
(resulting in enhanced top Yukawa couplings) are ruled out for a type-I1 2HDM by
BR(B — X,v) and AMp, experimental constraints but are allowed for a type-II
2HDM as long as my+ > 600 GeV.

Despite the large amount of constraints, 2HDM scenarios that satisfy these limits and
yet have a significantly different phenomenology than the SM exist and have been
studied extensively in the literature [91,/122H126]]. These scenarios arise in two cases:
the alignment limit, i.e., in the limit of cos(8 — «) < 1 or in the decoupling limit,
which ensures that the masses of the additional Higgs bosons lie well above the light-
Higgs one. Note that decoupling implies alignment while the opposite is not true.
Indeed in the decoupling limit the 2HDM can be mapped onto an effective theory,
whose expansion parameter cos(3 — ) ~ v? /Mh2eavy < 1 determines the hierarchy
between the light mpo = O(v) and the heavy scalar masses mgo ™~ m o ~ my+ ~
O(Mheavy) [127,]128].

Interestingly, the decoupling limit is not the only 2HDM realisation which is consistent
with all parameter space constraints. Scenarios with light additional Higgs bosons are
also allowed in the “alignment limit" [129}|130].

3Tt includes the latest LHC results presented in 2013, many of which are based on the full 8 TeV dataset
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Figure 1.22: Yukawa values normalized to the SM value as a function of the tan 5 and
sin(f8 — «) with constraints of Eq. Left plots are for 0 < sin(f — «) < 1 while
the right plots correspond to —1 < sin(f8 — a) < 0.

We conclude this chapter by illustrating the impact of experimental constraints on the
Yukawa couplings. Roughly speaking, global and basic requirements are

[sin(f—a)~1 , 0.7<tanf <20 (1.87)

When we apply these restrictions to the previous plots of Fig. [[.13] the allowed regions
get much smaller as we see in Fig. [[.22] We also show heatmaps in Fig. [[.23]to get
a better understanding on how « impacts the values of the Yukawa couplings. The
results in these plots will reflect in all the benchmarks we will introduce during our
study of the 2HDM processes in the next chapters.
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Figure 1.23: 2HDM Yukawa rescaling factors as a function of the two mixing angles.
Left: No constraints. Right: Zoom on the allowed region.

It’s also interesting to analyze the relative size of the Higgs production cross sections
via gluon fusion. The three ratios are given by:

~2

Tog=H®  _ JHow _ tan? o

Tgg—+h0 Giose

Tgg—A° G0t | FpI? _ cos® B |Fp|?
Tgg—hO rog IFSI? sin®a |F§[?
Tgg9—A° Gz [Fp|* _ cos® B |Fp|?

= = = (1.88)
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In Fig. they are shown as a function of cos(8 — «) and tan 8. We can see
that these ratios are small in a wide part of the parameter space, with small regions
where differences are significant. Once constraints are taken into account, the three
final states have nearly the same total rates, indicating no huge cross section should be
expected in the 2HDM for single Higgs production.
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Figure 1.24: Ratios of 2HDM Higgs production cross sections via gluon fusion as a
function of the two mixing angles for the same spin-0 mass. Left: No constraints.
Right: Zoom on the allowed region.
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Chapter

Higgs and Z boson associated
production via gluon fusion

“All of physics is either impossible or

trivial. It is impossible until you under-

stand it, and then it becomes trivial”
Ernest Rutherford (1871 - 1937)

2.1 Introduction

Among processes probed at the LHC to study Higgs couplings is the associated pro-
duction of a Higgs boson together with a vector boson V, either a W or a Z, also
known as Higgs-strahlung, i.e., at the leading order in QCD, the Drell-Yan produc-
tion of an off-shell vector boson qg — V* with its subsequent decay V* — V H.
While suppressed in the SM with respect to the leading gluon-gluon and vector bo-
son fusion channels, V' H production is of phenomenological interest mostly because
the presence of the vector boson (and possibly of leptons coming from its decay) in
the final state can help to access the large yet challenging H — bb decay mode.
For instance, Higgs-strahlung has been the dominant Higgs search mode at the Teva-
tron [131]. At the LHC, the ATLAS [132]] and the CMS [|133] collaborations have
investigated V' H production, with the Higgs boson decaying to a b—quark pair, both
reporting small excesses above the background only hypothesis. Searches for Higgs
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decaying to W W~ [[1341[135] and to invisible states [136}/137]] have also been per-
formed by both ATLAS and CMS.

On the theory side, predictions for ZH production are known at NNLO in QCD
and at NLO electroweak in EW theory. The NNLO QCD cross section includes
the Drell-Yan type terms of O(g*a?) first computed in [[138}[139]. In addition to
Higgs-strahlung, it has been noted that contributions from quark—anti-quark initiated
diagrams where the Higgs is emitted from a top quark loop arise at the same order.
These diagrams interfere with the LO and NLO Drell-Yan amplitudes and have been
computed in [[140], where they were found to contribute to the inclusive NNLO cross
section at the percent level. Implementations of the NNLO QCD calculations are pub-
licly available in VH@NNLO [141]] and HVNNLO. Fully differential NLO QCD and
EW results can be obtained with the program HAWK [142}|143]], while event gen-
eration accurate at NLO in QCD (inclusively and for higher jet-multiplicitites), can
be nowadays obtained (automatically or semiautomatically) in several frameworks,
i.e., MADGRAPH5S_AMC@NLO / POWHEG [144] + PYTHIA 8 /HERWIG++ and
SHERPA.

At NNLO, a purely virtual gluon fusion contribution emerges, through the gg — ZH
amplitude squared, which at the LHC can be enhanced by the large gluon-gluon lumi-
nosity at small Bjorken x. Its contribution to the total cross section has been known
for a long time [[145,|146] and it has been included in the implementations of the
NNLO calculations [[19}]141]]. The gluon fusion component is separately gauge invari-
ant, IR and UV finite and accounts for about 10% of the total NNLO cross section at
14 TeV. Being essentially a leading-order contribution, gg — Z H introduces a rather
strong scale dependence to the NNLO result, which in turn is known quite precisely.
In order to reduce the associated theoretical uncertainty, recently, NLO corrections
for the gluon fusion contribution have been estimated by computing them in the infi-
nite top-quark mass limit [[147]. The NLO corrections to this process, O(a?), while
formally part of the N?LO ZH cross section, are expected to be large, similarly to
other gluon fusion processes such as Higgs single or pair production. The computa-
tion of the approximate NLO corrections in the infinite top mass limit has confirmed
this expectation. The NLO computation in the infinite top mass limit reduces the scale
uncertainty by a factor of two, yet the size of the finite top-quark mass effects remains
unknown: the exact NLO result requires two-loop multi-scale amplitudes whose ana-
Iytic form is beyond the current advances in the multi-loop technology. In an effort to
further reduce the theoretical uncertainties in this process, a soft gluon resummation
for the gluon-gluon contribution has been performed in [148|] promoting the previous
results to NLO+NLL accuracy. We should note here that in contrast with single Higgs
production, where the infinite top-quark mass limit provides a good description of the
process, and allows the computation of higher order corrections, here, similarly to (yet
with even less control than) Higgs pair production, the much higher scales involved
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make the effective field-theory approach unreliable, especially so at the differential
level.

In addition to the SM production mechanism and characteristics, interesting features
can be expected from Higgs production in association with a Z boson in BSM sce-
narios. The 2HDM is an attractive framework in which Higgs-strahlung can lead to
interesting features. First the range of channels is richer: in addition to the production
of the light (125 GeV) Higgs boson in association with a Z boson (Zh), Z associ-
ated production of the heavy scalar (ZH?) and pseudoscalar boson (ZA°) are also
possible [5]. Experimental searches are already underway to look for signals of these
processes, especially in the case where cross-sections can be enhanced by the resonant
production of an intermediate scalar (H° or A®) with subsequent decays into Z and
a lighter scalar. In particular, CMS has searched for signals of the decay of the pseu-
doscalar A° into a Zh® pair [149,|150] and that of the heavy scalar H" into a ZA°
pair [151]] and the results have been used to set constraints on the 2HDM parameter
space.

So far considerable effort has been devoted to provide accurate total rates in this chan-
nel for both the SM and the 2HDM, but accuracy and precision in the differential
distributions is also of vital importance. This need becomes more important for ex-
perimental analyses which make use of exclusive observables, in order to tame the
typically very large QCD backgrounds. Moving in that direction, it has been noted in
the literature [5./152] that the gluon induced component can play an important role.
The gluon fusion Higgs pr distribution peaks at higher values than the correspond-
ing Drell-Yan one, and therefore its relative contribution becomes more important
in boosted Higgs searches, which are preferred experimentally to reduce the back-
grounds. The prospects of such searches have improved recently due to progress in jet
substructure techniques, after the seminal suggestion in [[153]].

The aim of this chapter is to contribute to the understanding of gluon induced ZH
production and to improve the predictions for the differential distributions. We con-
sider the 2 — 2 and 2 — 3 matrix elements entering the gluon fusion contribution
to Z Higgs-strahlung. We first review the main features of the 2 — 2 ones and then
examine the importance of the 2 — 3 contributions. Given the lack of an exact and
fully differential NLO computation for this process, we provide a better description
of the kinematics for this component by combining the 2 — 2 and 2 — 3 matrix
elements in a merged sample, matched to a Parton Shower (PS). This provides a fully
exclusive control at the hadron level. A similar approach has been followed for other
loop induced processes, such as single Higgs production [154] and Higgs pair produc-
tion [155[/156]. In general, this method provides a better description of the kinematics,
yet as the formal accuracy for total rates remains at LO, it is often combined with a
normalisation obtained from higher-order computations, when available.
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Figure 2.1: Representative Feynman diagrams for Z H production in gluon fusion in
the SM.

In this chapter we study gluon induced Higgs-strahlung at the LHC, presenting the
first merged-matched results for gg — Z¢, with ¢ being a generic scalar, by em-
ploying the 0 and 1-jet matrix elements for the SM and the 2HDM. It is organised
as follows. In Sec. we discuss the process within the SM, first by reviewing the
important features coming from the gg — ZH matrix elements. We also consider
the behaviour of the 2 — 3 matrix elements, which we then combine with the 2 — 2
ones. We describe our methodology, and present results both at the parton level and
after merging and matching to a parton shower. In Sec. [2.3] we explore the results of
various 2HDM scenarios using the same calculation setup. We draw our conclusions
in the final section.

2.2 Gluon induced ZH production in the SM

Representative Feynman diagrams contributing to the g9 — Z H process in the SM
are shown in Fig. Massive fermions, ¢ and b—quarks, run in the box, while
all flavours run in the triangle. The contribution of the two light generations to the
triangle vanishes as required by the anomaly cancellation. In practice, it is only the
axial vector part of the heavy-quark-Z coupling that contributes to the amplitude. The
amplitude for this process was first computed in [[145L|/146].

In what follows, we will first review the main features of the 2 — 2 process for gluon
induced Z H production before discussing the implications of the 2 — 3 one. A sam-
ple of the relevant diagrams contributing to ZH j is shown in Fig. In addition
to the gg initial state amplitudes, the qg and ¢q channels also open up, when an ad-
ditional jet is allowed. The gg — Z Hg amplitudes were used in [[157] to calculate
the gg part of the Z H j cross-section at the LHC for various jet transverse momentum
cuts. In what follows, we will consider these along with the gg and ¢g diagrams to
discuss the behaviour of the 2 — 3 amplitudes and subsequently to obtain a merged
sample of 0 and 1-jet multiplicitities.
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Figure 2.2: Representative Feynman diagrams for gluon induced Z H j production in
the SM.

This procedure involves generating events through the implementation of a tree-level
effective field theory (EFT), in this case obtained by taking the limit of infinite top-
quark mass with all other quarks being massless.

2.2.1 Parton-level results

Before proceeding to the technical setup and presenting results of the merging-matching,
we consider the salient aspects as observed at the parton level. The one-loop ampli-
tudes squared for ZH and ZH j can be obtained with the help of MADLOOP. The
findings of this study will reveal some previously unnoticed features of gg — ZH
and will act as a motivation to employ a merging-matching procedure in the following
section.

We note here that finite width effects in the propagators of the loops can be taken
consistently into account within MADGRAPHS5_AMC @NLO via the implementation
of the complex mass scheme [158}/159]]. The effect of a non-zero top width is shown
in Fig. where the matrix element squared for gg — ZH, for 90° scattering, is
shown as a function of the invariant mass of the Z H system. The correction is more
important at the t¢ threshold, where it reaches 20%. Finally, when integrated over all
centre-of-mass energies and scattering angles, we find the top-quark width to modify
the gg — Z H cross-section by ~2% at 14TeV, an effect similar to that observed for
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Figure 2.3: Top width effect on the matrix element squared for gg — ZH. Results
for I';=0 and 1.5 GeV are shown along with their ratio.

single and double Higgs production in [160] and [63], respectively. For the rest of the
results presented in this work the width of the top quark is set to zero.

An interesting aspect of the gg — ZH matrix element is its angular dependence.
While in Fig. we have fixed the scattering angle to 90°, in Fig. we show the
dependence of the amplitude squared on the centre-of-mass scattering angle, for vari-
ous values of 5. The matrix element starts with no angular dependence at low energies,
but varies significantly with the angle at high energies. This angular dependence of the
matrix element implies that at high energies, very forward or backward scattering is
favoured over 90° scattering. This behaviour originates from the interplay between the
triangle and the box diagrams, and their respective angular behaviour. As we will also
discuss later, box and triangle interfere destructively, with the triangle contribution
dominating at low energies. The cancellation becomes nearly exact at high energies,
mostly leaving a remainder from the box contribution that is strongly dependent on
the scattering angle.

We now proceed to discuss results for the LHC. As loop-induced event generation
was not yet implemented in MADGRAPHS5_AMC@NLO in 2014, our procedure in-
volved generating events through the implementation of a tree-level effective field
theory (EFT), in this case obtained by taking the limit of infinite top-quark mass with
all other quarks being massless. Then a reweighting was applied as discussed in Sec.
in order to take into account the finite top mass in the loop. Parton distribu-
tion functions (PDFs) are evaluated using the MSTW?2008LO set [[16] and the central
renormalisation and factorisation scales are set to the invariant mass of the ZH sys-
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Figure 2.4: Matrix element squared for g9 — ZH as a function of the centre-of-
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tem: pu® = p% = u% = mzy. In our results, scale variations are obtained by varying
the scales in the range of /2 < pup r < 2u°.

Tab. 2.1] summarises results for the gg — ZH cross section and the “loop-induced”
Z H j contribution, originating from the square of the amplitudes shown in Fig. 22
For reference we also include the total pp — Z H cross section at NNLO obtained
with VH@NNLO. The NNLO cross section includes the gg — Z H result of the first
row, for which excellent agreement has been found between our computation and the
result of VH@NNLO. We note that the results shown in the second row of Tab. 2.1]
for ZHj are obtained using the loop amplitudes shown in Fig. 2.2] These ¢g and
qq amplitudes can interfere with the Drell-Yan type real emission amplitudes. This
interference contribution to the cross section has been computed in [[140] and found
to be at the per-mille level. In our computation we use these amplitudes squared, i.e.,
at O(a2). Itis clear that at this order, other gg loop-induced contributions can enter
squared, for example, the set of diagrams where the Z couples to a light quark and the
H to atop-quark loop. We have not included these diagrams here, as we consider them
of a different origin, but we have checked that their amplitude squared contribution to
the cross section is small, below the femtobarn level, and therefore at least one order
of magnitude smaller than those in Fig. [2.2] The interference of this type of diagrams
with the Drell-Yan amplitude was computed in [140]] and also found to be small.

Given that the Z Hj amplitude is divergent in the limit of a collinear or soft jet, we
apply a cut on the pr of the jet to obtain finite results. We have set this cut to 30 GeV
in Tab. 2.1} The 2 — 3 contribution comes mainly from the gg initiated diagrams,
with ¢gg giving about 20% of the Z H j cross section. The Z H j contribution is not as
suppressed as expected from the extra power of ay, leading to results comparable in
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Contribution [fb] Vs =8TeV | \/s=13TeV | /s =14 TeV
+34% +30% +29%
g9 — ZH 17.4 F33% 58.5 T30% 70.7 205
pp — ZHj (p), > 30 GeV) | 12.4 T52% 49.0 Taa% 58.4 T4T%
pp — ZH (NNLO) 387 T2 795 T5-2% 886 527

Table 2.1: Cross sections (in fb) for Z H associated production at the LHC at /s =
8,13 and 14 TeV. The uncertainties (in percent) refer to scale variations. No cuts are
applied to final state particles apart from the jet pr cut in the second row (pjT > 30
GeV) and no Higgs or Z branching ratios are included. The Z H j contribution shown
here is obtained from the loop diagrams shown in Fig. [2.2] while the NNLO results
are obtained with VH@NNLO.

size to the gg — ZH cross section. Of course these results are extremely sensitive
to the chosen cut for the transverse momentum of the additional parton, as the cross
section diverges in the IR limit. Such a problem would not arise in the case of a NLO
computation matched to a parton shower, for example with the MC@NLO method, in
which all divergences are regularised and cancelled for inclusive observables.

The results in Tab. also demonstrate the problem of large scale uncertainties for the
LO gg cross section, that contribute significantly to the total NNLO scale uncertainty.
The problem persists also for the loop-induced Z H j contribution. A significant re-
duction of these intrinsic QCD uncertainties can only be achieved by a complete NLO
computation, as discussed in [147].

In addition to the total cross-section results presented in Tab. [2.1} interesting obser-
vations can be made by studying the differential distributions for the gluon fusion
process. We start by presenting distributions for the invariant mass of the Z H system
and the transverse momentum of the Higgs in Fig. [2.5|for the LHC at 14 TeV. These
distributions have been shown elsewhere in the literature, for example in [[152]. In
addition to the gluon fusion results, we also include the NLO Drell-Yan like distri-
butions obtained automatically with MADGRAPHS5_AMC@NLO . We note here that
differential NNLO results for the Drell-Yan like contribution can be provided by the
code HVNNLO. As is evident from [[19]], the NNLO computation leads to an overall
20% decrease of the Drell-Yan component but not to any significant shape difference
compared to the corresponding NLO one.

The first observation regards the clear presence of the 2m; threshold, at which the
gluon fusion amplitude acquires an absorptive part, related to the on-shell gg — ¢t ,
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Figure 2.5: Invariant ZH mass and p¥ distributions for Z H production at /s = 14
TeV. The gluon fusion contribution is decomposed into the triangle and box contribu-
tion. For completeness we also plot the Drell-Yan type contributions at NLO obtained
with MADGRAPHS_AMC@NLO .

tt — Z H scattering, leading to a characteristic rise in the invariant mass distribution.
It is evident from Fig. [2.3] that the gluon fusion component leads to distributions
of fundamentally different shape from the Drell-Yan ones and therefore it should be
considered in all relevant studies, in particular in the boosted region of pZ > 100
GeV, where its relative importance increases.

In the plots, we decompose the gluon fusion result into the triangle and box compo-
nents. The two interfere destructively over the whole range of centre-of-mass energies,
with the cancellation between the two being nearly exact at high energies. Such a can-
cellation is due to unitarity: while each of the two diagrams grows with energy the
cancellation leads to a well-behaved amplitude at high energies. We stress here that
this behaviour of the amplitude is not present in the infinite top mass limit. In this
limit, the amplitude for the box diagram vanishes and therefore only the triangle con-
tributes to the amplitude, giving a rather bad approximation of the one-loop amplitude
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Figure 2.6: Normalised distributions of the lepton angle 6 for gluon fusion and
Drell-Yan like ZH production at /s = 14 TeV. Results for an imposed cut of
100 GeV on the pr of the Z are shown in dashed lines.

at high energies. In addition, we note that this is a process highly sensitive to the rela-
tive phase between the HZZ and Htt couplings. To demonstrate this, in Fig. we
show the result obtained by changing the relative sign between the top Yukawa and
the HZZ coupling. In pair with other processes where such unitarity cancellations
take place, such as H — ~vy or pp — tHj [[161H163], flipping the sign results in an
increase in the gluon fusion induced contribution by a factor of five, and much harder
distributions as the interference between triangle and box becomes constructive, see
Fig. [2.5] We conclude that, given the difference in the shape as well as the size of the
cross section above 2my, the Z H invariant mass or transverse momentum of the Higgs
or the Z could also be used to bound the relative phase between the Higgs couplings
to fermions and to vector bosons.

The difference in the pr shape between the Drell-Yan and gluon fusion production
persists also in the distribution of the lepton pr coming from the Z decay. Besides,
another interesting aspect of the gluon fusion process is that it leads to different angu-
lar distributions for the resulting leptons compared to the Drell-Yan component [[164].
This is evident from studying Fig. [2.6| wich shows the normalised distributions of the
angle 67, defined as the angle in the Z rest frame between the lepton and Z flight
direction in the lab frame. In the plot, we use the NLO Drell-Yan result, and plot the
distributions with and without a cut of 100 GeV on the pr of the Z. The shape of the
distribution without any cut, is significantly different, with the tree-level ZH giving
a flat distribution while the gluon-fusion one peaks at 90°. The shape becomes simi-
lar for pZ > 100 GeV, while a 200 GeV cut (not shown here) completely eliminates
the difference. This behaviour is related to the polarisation of the Z which differs
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Process Jo (%) | fo (%) | fr (%)
g9 — ZH 82.2 8.9 8.9
99 — ZH,p% > 100 GeV | 86.3 6.9 6.8
g — ZH 35.6 324 32.0
qq — ZH,p% >100GeV | 62.6 18.8 18.6

Table 2.2: Polarisation fractions for the gluon fusion and NLO Drell-Yan production
mode of ZH at 14 TeV with and without a cut on the Z pp.

between the two production modes. This can be quantified by examining the relevant
polarisation fractions in Tab. 2.2] as they are defined in [165]].

fo = 2—5(cosh*)?
-1 G —c 5
fi = 5 % (cos0™) + B (cos 0*)?
LTCR
-1 C%_C%{ * o *\ 2
fr = 7+m<0059>+§<0059> (2.1)
LTCR

where cp = sin? 6, = 0.23 and c;, = T3 — Qe sin? 6,, = —0.27 are the left and right
couplings of Z boson to fermions (see Eq. [[.42). The fact that the Z in gg — ZH
is predominantly longitudinal leads to the central peak, while the small difference
between fr and fg leads to a very mild asymmetry for ¢gG. Setting a 100 GeV cut
on pZ changes these values in agreement with the equivalence theorenﬂ i.e., by in-
creasing the longitudinal polarisation fraction. For completeness, we also mention
here that the main background for this process, Z + b-jets leads to predominantly left-
handed Z bosons [[165,/167]] and therefore to different angular distributions, that could
be potentially used as an additional discriminating handle to distinguish signal and
background.

Further to the gg — Z H results that we have discussed above, interesting conclusions
can be drawn by studying the loop-induced Z Hj distributions. We have seen in Tab.
[2.1] that these contributions are not negligible and their relative importance increases
with the centre of mass energy. A complete NLO computation for gg — ZH would
be fully inclusive in these contributions but as such a computation is not available yet,
we aim to draw some conclusions by studying them independently. For such a study a
minimum cut has to be set on the transverse momentum of the additional jet to avoid

I'The equivalence theorem states that, at an energy F > my-, the LO amplitude with longitudinally
polarized vector bosons on mass-shell is given by the amplitude in which these vector bosons are replaced
by the corresponding Higgs ghosts [1606]
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Figure 2.7: Invariant Z H mass and p#’ distributions for loop-induced ZH and ZH j
production at /s = 14 TeV. The results for the ZHj distributions are shown for
various jet pr cuts: 30, 50 and 100 GeV and again concern only the loop diagrams of

Fig. 27

the divergent soft and collinear limit. We compare the distributions of the invariant
mass of ZH and the p! to those from 2 — 2 amplitudes by varying the p7 cut set on
the additional jet in Fig. 2.7]

The Z H invariant mass distribution shows that for all values of the jet pr cut the bulk
of the cross-section remains close to the 2m; threshold. The characteristic threshold
behaviour due to the absorptive part of the amplitude remains visible for all cuts.
At high invariant masses, we find that the amplitudes with an extra parton fall more
slowly and overtake the 2 — 2 process.

In contrast to the invariant mass distribution where no extreme modification of the
shape takes place, the p¥ distribution is very much affected. First, we note that the
threshold corresponding to mz g ~ 2m; is now not visible in the pr distributions for
ZHj. The second and more striking observation is that above 300 GeV the 2 — 3



2.2. Gluon induced ZH production in the SM 69

z i

Figure 2.8: New preferred jet configuration

process leads to a much harder pr spectrum compared to the 2 — 2 one. Moreover,
for pH values above 400 GeV all three distributions for Z H j coincide. The fact that in
this region the result is insensitive to the jet pr cut implies that hard jet emissions are
dominating. This occurs because by allowing the emission of a parton new kinematic
configurations open up. In this high pr region, the kinematic configuration in which
a soft jet is emitted and the Z and H basically recoil against each other is not the
most favourable one. Instead, the configuration in which a hard jet recoils against the
H, with the Z remaining rather soft becomes the preferred one (see Fig. 2.8). We
have explicitly confirmed this behaviour by setting a high cut on the pr of the Higgs,
and studying the corresponding jet and Z transverse momentum distributions. A clear
preference for the configurations where the jet is hard and the Z is rather soft is found
when sufficiently far from the IR divergence. The behaviour of the 2 — 3 amplitudes
at high pr can be traced back to the presence of {—channel gluon diagram such as the
g9 — Z Hg one shown in the top right of Fig. which becomes dominant in this
region. The same behaviour is displayed by the gqg — Z H q contributions, when these
are considered separately, as they include diagrams of the same type as shown in the
second row of Fig. [2.2]

In conclusion, we have found that, especially for the transverse momentum distribu-
tion of the Higgs, the emission of an additional jet can dramatically modify the shape,
due to new allowed kinematic configurations. This effect might prove important in
studies involving highly boosted Higgs as discussed for example in [[152]]. The 2 — 3
matrix elements are important and therefore need to be taken into account for accurate
simulations. To combine the two in a consistent way and therefore provide a more re-
alistic picture of the differential distributions, we will resort to merging and matching
to a parton shower. In the following section we will discuss how this method allows
us to provide more accurate predictions for the distributions.
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2.2.2 Merged sample results up to 1 jet

Given the lack of a complete NLO computation and the relevance of the 2 — 3 matrix
elements, the best available procedure to accurately predict the distribution shapes is
to employ the Matrix-Element—Parton Shower (ME+PS) procedure. In our study we
employ the MLM shower k7 scheme as implemented in MADGRAPHS5_AMC@NLO
. Merged samples are then passed to PYTHIA 8 [168]] for PS.

Using the setup described previously in Sec. [I.3.3|for the merging and matching, we
present in this section our merged results for various observables. In our simulations
we keep the H and Z stable. For the merging performed here, the shower-k7 scheme
is used with Qe = pr;,,, = 30 GeV. We have checked that this choice leads to smooth
differential jet rate distributions, and therefore a smooth transition between the ME
and PS regimes.

We start by presenting the results for the invariant mass of the ZH system and the
pr of the Higgs in Fig. while pZH and pjf distributions are shown in Fig. [2.10
A comparison is made between the gg — ZH sample showered with PYTHIA 8§
and the merged O and 1-jet matched sample, presented in combination with the un-
certainties associated with scale choices for both the factorisation/renormalisation
scale of the hard process and the shower starting scale. We set the central value
for the renormalisation and factorisation scales to mzp, as for the parton-level re-
sults. The shower starting scale in PYTHIA 8 can be set to either the kinematical
limit (pr = é), corresponding to what we refer to as “power"—shower or the fac-
torisation scale of each event (mzy in our case), i.e., “wimpy"—shower. PYTHIA 8
allows us, for the “wimpy"-shower case, to modify the shower starting scale in the
range of 0.5ur < @Qps < 2ur. This gives us the possibility to systematically study
the dependence of the results on the choice of the shower scale for both the merged
and gg — Z H-only samples, as shown by the blue bands in the plots. To study the
systematic uncertainties due to renormalisation and factorisation scale variations, we
vary the scales between 0.5ug < ur,r < 2p9, with pig = mzg. This variation is
shown by the yellow bands in the plots (with the central prediction being the “power"-
shower result). In the results shown for mz gy and p¥ in Fig. we also include the
parton-level results for comparison purposes.

First, we notice that not all distributions are sensitive to the procedure of merging-
matching. In particular, the invariant mass of the ZH system shows no shape vari-
ation. In this process, we only have initial state radiation and therefore significant
changes in the shape are not expected for an observable like m 7 ;. Other observables,
on the other hand, are highly sensitive to the choice of shower parameters. The dis-
tributions for the transverse momentum of the Higgs, p? , but more importantly the
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Figure 2.9: Invariant ZH mass and p¥ distributions for gluon induced ZH produc-
tion at v/s = 14 TeV. The left column shows the results obtained for the gg — ZH
case, with different starting scale for the shower: “wimp” and “power” shower. The
blue band shows the variation of the shower scale for “wimpy"” shower in the range
0.5uFr < Qps < 2up, while the yellow bands show the uncertainty associated with
a factor of two variation of the renormalisation and factorisation scales with respect
to their central value. The right column shows the same results for the merged sam-
ple. The green curves in the left column correspond to the parton level results before
passing them through PYTHIA 8.

transverse momentum of the Z H system, p%H , and that of the hardest jet, p%q, which
are trivially zero at parton-level, depend strongly on the shower parameters. We first
notice that the shower produces a p4f distribution harder than the parton-level one
for all shower scale choices. This is related to the harder behaviour of the 2 — 3
distributions discussed earlier.

Another interesting observation to be made is related to the shape changes associated
with the shower scale choice. The “power” shower leads to consistently harder dis-
tributions, while the “wimpy” shower gives softer distributions. The different shower
predictions start to diverge in a region correlated with the invariant mass of the ZH
system, as this is the factorisation scale which is taken to be the starting scale of the
“wimpy”” shower. The shower scale uncertainty bands become wider at larger pr val-
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Figure 2.10: Transverse momentum of the Z H system and hardest jet pp distributions
for Z H production at /s = 14 TeV. The setup is the same as in Fig. [2.9

ues. This is more evident in the second set of observables, p%/ and p?., for which
the non-merged predictions can vary by more than one order of magnitude between
different shower scale options. At high transverse momentum, the shower uncertainty
becomes more important than the intrinsic QCD one associated to the factorisation
and renormalisation scale choice for the hard process. We note here that despite the
fact that the factorisation and renormalisation scale uncertainty is large, as evident
from the yellow bands, it seems to mainly affect the normalisation of the curves.

The advantage of the ME+PS procedure is then made obvious by noticing that the
shower scale uncertainty is almost completely eliminated in the merged predictions.
For all observables, the shower scale uncertainty bands remain well within the corre-
sponding renormalisation and factorisation scale uncertainty ones, even at high trans-
verse momentum. ME+PS predictions are therefore more accurate/precise and pre-
dictive than the parton shower alone as they include the exact 2 — 3 matrix elements.
These play an important role in the phase space regions populated by highly boosted
objects which is often the case for LHC searches.
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Figure 2.11: Representative Feynman diagrams for ZH%/Zh° production in gluon
fusion in the 2HDM.
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Figure 2.12: Representative Feynman diagrams for ZA° production in gluon fusion
in the 2HDM.

2.3 Z¢ production in the 2HDM

In the previous section we discussed gluon induced ZH production in the SM, em-
ploying the ME+PS merging method to improve the accuracy of the predictions for the
differential distributions at the LHC. In this section, we will follow a similar approach
for a BSM scenario.

Some examples of viable 2HDM scenarios will be considered in this section to ex-
plore possible 2HDM signatures in Higgs production in association with a Z boson.
Interesting features can arise in this process, not only because of possible deviations
of the light Higgs couplings from their SM values, but most importantly because of
the presence of the heavier states, H 0 and A°, which can lead to resonant production
of Z ¢ final states. Three neutral combinations of final states are possible: Zh°, ZH°
and ZA®. These 2HDM processes have already been discussed in [5]. Similarly to
Z H production in the SM, the production of the Zh? and ZH? final states can oc-
cur through Drell-Yan type diagrams, and in gluon-gluon fusion. The Drell-Yan like
cross sections can be obtained straightforwardly by the appropriate rescaling of the
SM cross-sections by the ratio of the g4z~ coupling over its SM counterpart, but the
situation for the gluon fusion case is more involved. This can be inferred by consid-
ering the corresponding Feynman diagrams for the gluon fusion processes, shown in
Fig. 2.11)and [2.12] The possibility of resonant production depends on the masses of
A® and HO, while interesting interference patterns can arise due to relative sign of the
A%pZ couplings.
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Type | tan8  cos(B—a) | myo Mg mpz | miy
Bl I 1.75 0.07 300 441 442 | 38300
B2 I 1.20 0.14 200 500 500 | -60000
B3 II 1.70 0.02 350 250 350 12000

Table 2.3: Parameter choices for the different 2HDM benchmarks used in our study.
All masses are given in GeV. The lightest Higgs mass is fixed in all cases to mpo =
125 GeV.

We stress here that several studies have been presented in the literature in particular
for the A°Z process, mostly in the context of the MSSM [169H171]. In the case of
the MSSM, there are more constraints on the values of the Higgs couplings, while
the 2HDM allows more freedom that can lead to more striking signals. A particularly
interesting cosmologically motivated 2HDM scenario leading to a A° — ZH?O sig-
nature at the LHC is presented in [[172]], that finds very good prospects for discovery
or exclusion even for the low-luminosity LHC. We also mention that various 2HDM
scenarios allow significantly enhanced bottom Yukawas, and the Z¢ states can be
produced mainly through bb annihilation. This has been extensively discussed in the
literature [[170,173}174]], and in relation with the subtleties of the treatment of the bot-
tom quarks [175]]. In this section, we will be focussing on the gluon fusion channel,
presenting results for a series of 2HDM benchmarks.

2.3.1 2HDM benchmarks

The calculation setup, regarding the reweighting and the ME+PS merging procedure,
follows closely that described in the previous section for the SM.

Three benchmarks will be employed to present the 2HDM results, with the corre-
sponding parameters shown in Tab. [2.3] Here we briefly mention the main features of
each benchmark. These benchmarks were chosen because they exhibit each a different
mass hierarchy and have different top Yukawa couplings due to the various values of
the tan 8. The values fo the relevant couplings for gg — Z¢ production are listed in

Tab. [2.4]according to Tab. [I.2]and [I.3]

e Benchmark B1: It is a type-II 2HDM scenario with moderately heavy Higgs
masses taken from benchmark H1 in Ref. [176]]. Small tans and cos(8 — )
values ensure that the couplings of the light Higgs boson remain SM-like with
a slightly enhanced bottom Yukawa (O(10)%). This is also the reason why this
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Gnoti Jnovh | 9HOtT  GHowy | GAotE  Jaopp
B1| 096 1.12 | -0.64 1.68 | 0.57 1.75
B2 | 1.11 1.11 | -0.68 -0.68 | 0.83 -0.83
B3 | 099 1.03 | -0.61 1.68 | 0.59 1.70

gaozno  Gaozmo | Gzzmo  Gzzho
B1 -0.07 -0.99 -0.07 0.99
B2 0.14 -0.99 0.14 0.99
B3 -0.02 -1.00 -0.02 1.00

Table 2.4: Normalised heavy—quark Yukawa couplings and Higgs Z couplings for the
different 2HDM benchmarks defined in Tab. Yukawa couplings are normalised
to their SM counterparts as discussed in Sec.

benchmark evades CMS [151]] and ATLAS limits [[177]. This scenario allows a
resonant production of both the light and Heavy Higgs with a Z boson through
the decay of the pseudoscalar A°. The sign of the Zh% A° coupling determines
the interference of the A°-mediated production with the SM-like diagrams.

e Benchmark B2: Type-I 2HDM scenario with a relatively light heavy Higgs
HY and a significantly heavier pseudoscalar A°. Both light-Higgs top and bot-
tom Yukawas are enhanced by ~ 10%. The large and negative value of m?,
protects the stability of the vacuum as can be seen from the formulae in the ap-
pendix of |1 78] where the interplay between m 2 and the lambda self couplings
parameters is shown. This scenario also allows the resonant production of both
the light and Heavy Higgs with a Z boson through the decay of the pseudoscalar
AL,

e Benchmark B3: Another type-II 2HDM scenario with a reversed mass hierar-
chy between the heavy scalar H® and the pseudoscalar A°. The small tan 3
value allows us not to over-suppress the § 4047 coupling, while the § 40,7 is en-
hanced. Thanks to the inverted mass hierarchy myo < m 40 < mpgo the res-
onant production of AY with a Z boson due to the heavy neutral Higgs decay
becomes kinematically allowed.
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gg—>Zh0 gg—>ZH0 gg—>ZAO
Bl 113 T30% | 686 130% | (622 +327%

—21% —22% —23%
B2 | 85.8 T30% | 1544 T30% | 0.869 T3
B3 | 167 736 | 0.89 T33% | 1325 125%
SM 7077205

Table 2.5: Cross sections (in fb) for gluon induced Z Higgs associated production at
the LHC at /s = 14 TeV for three 2HDM benchmarks. The uncertainties (in percent)
refer to scale variations. No cuts are applied to final state particles and no Higgs or Z
branching ratios are included.

2.3.2 2HDM results

In this section we present our results for the three 2HDM benchmarks introduced in the
previous paragraph. We start by considering the total cross section for each process,
which is shown in Tab. @ The rest of the calculation details, such as the scale and
PDF choices follow closely those of the SM calculation. We note here that where
possible, we compared our results with the VH@NNLO version described in [5] and
found very good agreement between the two implementations.

Before moving to the discussion of some differential results, we first comment on the
results in Tab. First we notice that the cross-section for the Zh" process can be
significantly enhanced. To be more precise, benchmark B3 leads to a cross section
nearly twice the SM prediction, benchmark B1 to a 60% enhancement, while B2 is
gives a smaller ~20% increase. The main source of the increase in the cross-section
is the presence of the resonant decay A — Zh°, which is kinematically allowed in
all three scenarios. The relative change in the Zh cross section is strongly correlated
with the mass of the pseudoscalar and the value of the A°Zh° coupling. We remind
ourselves that this coupling is proportional to cos(8 — «), i.e., it tends to zero in the
alignment limit. For all scenarios considered here, its value remains small as seen in
Tab. [2.4] Consequently, it is not possible for this process to receive extremely large
contributions from the resonance. This is in contrast with what can be seen in light
Higgs pair production (see Chap. [3) where the resonant decay of the heavy Higgs can
lead to an enhancement of up to a factor of 60 for the gg — h°h cross section [8].

The most interesting feature of Tab. [2.5] is the potential size of the cross section for
the ZHY process. We find that this can exceed 1 pb when the pseudoscalar A° is
sufficiently heavy to allow the resonant decay into the heavy Higgs and a Z. This
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has been noticed and discussed recently in [[I72]], as a signature for a cosmologically
motivated 2HDM scenario. It is remarkable that even if the production threshold lies
significantly higher, this process can lead to larger cross sections compared to the
ZhO. This is possible as the relevant coupling, §z 040, as shown in Tab. is
not suppressed by the “SM-like" light Higgs constraints. Despite the fact that the
prospects for discovery depend strongly on the resulting decay products of the heavy
Higgs, it is worth noting that even in the scenarios where H” decays predominantly
into bb, the current experimental searches for ZH set a cut on the invariant mass of
the bb pair close to the light Higgs mass and would therefore miss this signal. Finally,
we note that the ZA° production cross section remains very small in the scenarios
where the A° is heavier than H, but can reach the picobarn level in a scenario such
as benchmark B3, as a result of the inverted mass hierarchy.

Further interesting information on these processes can be extracted from the differ-
ential distributions. For brevity we present only those for the invariant mass of the
system and the transverse momentum of the Higgs, but our setup is fully differential
and any distribution can be plotted. We show these in Fig. for the cases in which
the cross section is not negligible. The results shown here are obtained with merged
samples of 0 and 1-jet matched to PYTHIA 8 for parton shower, in the same setup as
that described in Sec. 2.2 for the SM.

For the Zh° final state we also show the SM prediction for comparison. Resonance
peaks arise in all scenarios for Zh°, each time located at the mass of the pseudoscalar
AP, The sharpness of the peak varies with the mass of A°, as heavier A° have larger
widths going from 0.01 GeV for B3, to 7 GeV for B1 and 35 GeV in B2. We also
notice various interesting interference patterns, clearly visible for benchmarks B1 and
B2. The A°-mediated diagram interferes with the SM-like amplitude, with the inter-
ference switching sign at /s = m 40. Comparing scenarios B1 and B2, we see that
the Zh®A® couplings have opposite signs and therefore in one case the dip appears
right before the resonance peak, and in the other right after. More subtle features are
also visible in the plots away from the resonance peaks. These features can always be
traced back to the 2HDM parameters and the value of the relevant couplings as shown
in Tab. 2.4 One such example is the fact that the B2 mz,o curve lies a bit lower
than the SM one in the region below 350 GeV, which can be linked to the enhanced
top Yukawa leading to a bigger box contribution. The box is in turn interfering de-
structively with the triangle leading to a smaller total amplitude for the gg — Zh"
process.

For the Z HY process, only the two benchmarks that give measurable cross sections are
shown. The plots shown for this process are dominated by the resonant decay of A°.
This is more obvious in the B1 curve as the resonant peak is closer to the threshold.
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Figure 2.13: Differential distributions for gluon induced Zh°, ZH® and Z A° produc-
tion at /s = 14 TeV for the three 2HDM benchmarks and comparison with the SM.
Left: Invariant mass of the Z¢ system. Right: Transverse momentum of the Higgs.

Scenario B2 receives some non-negligible off-peak contributions from the Z triangle
and box diagrams, which in this case interfere constructively, as the H top Yukawa
sign is flipped. For B1 both the top Yukawa and ZZ H° couplings signs are flipped,
therefore the interference between triangle and box is destructive, and the result in the
tails away from the resonant peaks, is suppressed compared to B2.

The situation is less complicated for Z A° for which in B3 a resonance very close to
the mz + m 4o threshold dominates the plots, while the cross sections for B1 and B2
are extremely suppressed as no resonant decay is kinematically allowed. Moreover the
production of a rather heavy Z A° pair probes the gluon luminosity at large partonic
values and is therefore suppressed.
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2.4 Conclusions

An important process to be more precisely measured at the LHC is the associated pro-
duction of a Higgs with a Z boson. In addition to the Drell-Yan type contributions,
this process acquires a gluon fusion component at NNLO, which proves to be of par-
ticular importance in the boosted regime. In this chapter, we have reviewed the main
features of the gg — Z H process, both at the matrix-element and cross-section level.
We have examined the behaviour and the relative importance of the 2 — 2and 2 — 3
matrix elements for the gluon induced component. We have found that in the high pp
regions the 2 — 3 matrix elements behave in a different way from the 2 — 2 ones and
therefore have to be taken into account to provide accurate predictions for the differ-
ential distributions. To achieve this, we have combined the two in a consistent way,
by merging different jet multiplicity samples and matching them to a parton shower.

Our results have been obtained within the MADGRAPHS_AMC@NLO framework
with the help of PYTHIA 8 for the parton shower. The ME+PS approach provides
a more accurate description of the process compared to the parton shower alone. In
particular, it significantly reduces the uncertainty associated with the shower scale
choice. For observables such as the transverse momentum of radiated jets in the hard
region, the prediction of the parton shower alone can be misleading as here the results
are extremely sensitive to the shower parameters. We find that in the merged pre-
dictions this sensitivity is almost completely eliminated, with the shower uncertainty
remaining well within the intrinsic QCD uncertainty due to the renormalisation and
factorisation scale variations.

The reduction of the uncertainties associated with the SM prediction and especially
the accurate description of differential distributions is crucial for searches for beyond
the SM scenarios. One scenario that the LHC aims to explore is the 2HDM. In this
chapter, we have also provided predictions for the gluon fusion component of the
Z ¢ associated production in the 2HDM. Following the same setup as in the SM, we
have presented our predictions for three representative 2HDM benchmarks. We have
considered all three neutral Higgs bosons, presenting results for the cross sections and
the differential distributions.

In the production of the light Higgs in association with a Z, large enhancements can
be achieved compared to the SM prediction if the resonant decay of the pseudoscalar
AV is kinematically allowed. Moreover, interference patterns arise between the addi-
tional diagrams and the SM-like ones, leading to interesting features in the differential
distributions. The resonant production of a H"Z pair also becomes important as the
H°Z A® coupling is not suppressed, leading to large cross sections for gg — ZH? if
the pseudoscalar A° is heavier then H°. Finally in scenarios where the pseudoscalar
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AV is lighter than the heavy Higgs, gg — H° — Z A° production is allowed and leads
to large cross sections in still-to-be-excluded scenarios.



Chapter

Higgs pair production via gluon
fusion in the 2HDM

“Whether you can observe a thing or
not depends on the theory which you
use. It is the theory which decides what
can be observed.”

Albert Einstein (1879 - 1955)

3.1 Introduction

At present, the experimental reconstruction of the Higgs potential is a major step to-
wards the fundamental understanding of the EW symmetry breaking mechanism. This
task can be fully accomplished through the direct measurement of the Higgs boson
three—point and four—point interactions [[179,[180]] or via an alternative method relying
on the precision effects of electroweak loops featuring an anomalous trilinear coupling
that would imprint on single Higgs production at the LHC [[181]]. In this chapter we
focus on multiple Higgs boson production processes which are instrumental in this en-
deavour, not only because they directly depend on the Higgs self—couplings, but also
because they are sensitive to possible new heavier states and/or to higher—dimensional
operators [67}/68L|182H184]]. Extracting the Higgs self—couplings from collider data is
known to be an arduous task [[185,[186]]. While the triple Higgs rates lie beyond the
reach of the LHC capabilities [187}|188]], the prospects of measuring Higgs pair pro-
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duction are better, but still challenging. There are multiple production channels which
lead to Higgs boson pairs at hadron colliders, including vector boson fusion; associ-
ated production with gauge bosons and heavy quarks; and gluon fusion. The latter is
dominant in the SM and gives an approximate next—to—leading order (NLO) cross sec-
tion of approximately 35 fb at the 14 TeV LHC [71]]. Recent studies [[68155,189-192]
have investigated the potential of digging out the di—Higgs signal over its backgrounds
in various Higgs decay channels, among them ~ybb, W TW ~bb, bbr 7~ and bbbb,
assisted e.g. by jet substructure techniques. The current picture is that, aside from
potential new physics effects, the extraction of the coupling gy,1,;, will require copious
integrated luminosity. Optimistic estimates point towards values of 3000 fb—! at 14
TeV in order to reach an accuracy of ~ 40% [[193]. The reason is not only the rather
modest total rate, but also the limited sensitivity to the trilinear coupling g and the
large theoretical uncertainties. With this research program ahead, accurate predictions
for the total and differential di—Higgs rates are in order — for the SM and beyond, while
more sophisticated experimental analyses are required to explore the precise reach of
the LHC.

In this chapter we investigate the phenomenological possibilities of Higgs pair pro-
duction via gluon fusion in and beyond the SM. Many BSM physics models with SM-
compatible single Higgs boson signal strengths can exhibit a di-Higgs phenomenol-
ogy vastly different from the SM expectation. We resort to the 2HDM as an illustra-
tive new physics framework, and present results for all seven combinations of 2HDM
Higgs pair final states. We compute the total and differential Higgs pair rates at NLO
accuracy in QCD, matched to the PYTHIAS parton shower (PS) with the MC @ NLO
method. The dedicated reweighting strategy described in Sec. [[.3.2]is employed to
improve the NLO calculation beyond the infinite top—mass limit, by also employing
the exact real-emission matrix elements. The results presented here improve upon,
and further extend, the earlier studies in the literature. To the best of our knowledge,
this work provided for the first time NLO+PS event samples for these processes, which
can be readily used for realistic simulations, including those at the detector level once
the Higgs bosons are allowed to decay. Accurate predictions for the differential rates
are also important, as they can be used to identify the distinctive properties of the sig-
nal kinematics and compare them to the backgrounds. This is e.g. instrumental in the
context of jet substructure techniques [68}/184f], which are known to improve upon
the more traditional search strategies based on inclusive observables.

The remainder of this chapter is organized as follows. Sec. defines a series of
2HDM benchmark scenarios, which are constructed to cover all representative phe-
nomenological features of the model. In Sec. [3.2.2] we move on to describe the theo-
retical structure of Higgs pair production at leading and next—to—leading order. In the
second part of the chapter we present a comprehensive numerical analysis of all Higgs
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Type I Type 1T
groe | 1+&/tan B —&2/2 1+¢/tan B —¢2/2
nowy | 1+&/tan B —2/2 1—¢tanf — €2/2

Grosg | —1/tan B+ €+ €2/(2tanB) | —1/tan B + € + £2/(2tan j3)
Gpopy | —1/tan B+ €+ €2/(2tanB) | tan B + € — £€2/2 tan

Table 3.1: Heavy—quark Yukawa couplings to the light (heavy) CP—even Higgs bosons
for type I and type II 2HDM. Their decoupling behavior is given in terms of the ex-
pansion parameter £ = cos(f — ) up to O(&3).

pair production channels within the 2HDM. Total rates are documented and discussed
in Sec. while in Sec. [3.3.3|we focus on the light di—-Higgs differential distribu-
tions. We then look at up-to-date predictions for Higgs pair and triple production in
the SM in Sec. [32] and finally, we summarize and conclude in Sec. @

3.2 Phenomenological framework

3.2.1 2HDM Benchmarks

The decoupling condition £ < 1 correlates the two mixing angles through the rough
approximations

1 2tan 8

22
sm-o~Y —5— or ~N .
¢ 1+ tan? 3

1+ tan? -1

The right formula is obtained from the first one by performing Taylor expansions
and dropping higher order terms. The behavior of the relevant Higgs interactions
in the decoupling limit is explicitly shown in Tab. [3.1] and Eq. [3.2] Notice that
even for £ < 1 some of the couplings may be substantially shifted. This behavior
appears for instance in the tan 8 > 1 (tanf < 1) regimes (delayed decoupling)
[194] (cos(8 — a) tan B ~ O(1)). As for the Yukawa couplings, these shifts may be
more (in type-I) or less (in type—II) correlated within each fermion generation and can
lead to enhanced, suppressed, or even sign—flipped couplings [[195].
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9m?, 12mi,

AROROpo = 3mio + 52 5  sn 23
8mi, 2¢ 6m1,
Noworo = —¢ (2’”30 T = 595 ) T tanag |27 T~ G5

4m3, 2¢ 6m?,
AHOHOhO = mio + 2m§{0 — sin Zﬂ —+ m m}QLo + 2m%{0 —

14m?, 5
+ 52 <sin 2/ - §<m%‘0 + Qm%{O)

—6 2m? 12m
A _ 2 12 2 12
HOHOH? tan 2 lmHO sin 203 & | Imipo sin 203
3¢° 6mi,
3mye — 3.2
+ tan 23 ( e sin 28 (3.2)

The decoupling behaviour of the triple Higgs self—interactions involving the neutral
CP—even Higgs fields in the 2HDM are given in Eq. [3.2)in terms of the expansion pa-
rameter & up to O(&£?). They are normalized as Apps = iU gpep, With the SM Higgs
self—coupling being g%MH g = —3im3% /v. The triple Higgs self-coupling gpopnopo
may be enhanced by up to 100% above the SM in type—I models — while for type-II,
LHC data favours gpopono S g3ty with allowed suppressions up to O(50)% [196].
Let us also note that in the exact alignment limit, see Eq. [3.3] the light Higgs trilin-
ear coupling becomes gjo0,0,0 — g%MH g and ggropopo — 0 while the others couplings
can be substantially shifted. The potentially large Higgs self—coupling deviations con-
stitute a genuine trait of the 2HDM, with no counterpart in e.g. the Higgs sector of
the MSSM. In the latter case, SUSY relates all Higgs self—couplings to the gauge
couplings, implying that their size becomes restricted.

)\hohoho = 3m,210
Apopogo = 0
Apo = m20+2m27% for X = H°, A°, H*
hOX X h X COSBSinﬁ’ B 5
2 m%z
)\HOHOHO = 3(tanﬂ — cot /6) mHo — m
Aggo = (tan S — cot ) mzofmi%2 for X = A, H*
XX HY cosBsin )’ ’

(3.3)
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Type | tan 3 a/m | mpo  mao  mp= m2y

Bl I 1.75 -0.1872 | 300 441 442 | 38300
B2 I 1.20 -0.1760 | 200 500 500 | -60000
B4 II 1.50 -0.2162 | 700 701 670 | 180000
B5 II 222 -0.1397 | 200 350 350 | 12000
B6 I 20.00  0.0000 | 200 500 500 2000
B7 I 10.00 -0.0382 | 500 500 500 | 24746
B8 I 10.00  0.0323 | 500 500 500 | 24746

Table 3.2: Parameter choices for the different 2HDM benchmarks used in our study.
All masses are given in GeV. The lightest Higgs mass is fixed in all cases to myo =
125 GeV.

Gnott  Growy | gHOte  GHoby | GAott  GAopy | Gnonono  GHORORO
B1 | 0.958 1.118 | -0.639 1.677 | 0.571 1.75 0.956 -0.317
B2 | 1.108 1.108 | -0.684 -0.684 | 0.833 -0.833 1.324 -1.542
B4 | 0.935 1.132 | -0.755 1.403 | 0.667 1.50 0.592 -2.058
B5 | 0.993 1.035 | -0.466 2.204 | 0.450 2.22 0.999 -0.019

B6 | 1.001  1.001 0 0] 0.05 -0.05 0.995 0.042
B7 | 0.998 1.203 | -0.120 9.978 0.1 10 0.986 -0.346
B8 | 0.999 -1.018 | 0.102  9.998 0.1 10 0.991 -0.951

Table 3.3: Normalized heavy—quark Yukawa and trilinear Higgs self—couplings for
the different 2HDM benchmarks defined in Tab. [3.2] All couplings are normalized to
their SM counterparts.

These rich phenomenological possibilities are captured by the set of 2HDM bench-
mark scenarios which we introduce in Tab. [3.2] Two of them were already used in our
Z H investigation while the other five are new. They have been designed to exhibit
different trilinear couplings, small changes of the top Yukawa couplings and various
mass scales. We employ them further down in Sec. [3.3]to examine the distinctive
2HDM signatures on the Higgs pair production observables. Note the impact of the
m?, parameters on the trilinear couplings, as can be seen in Eq.

In Tab. [3.3] we quote the numerical values for all the Yukawa couplings and for the
Higgs self—couplings which are relevant to the light Higgs pair production for all seven
2HDM benchmarks defined in Tab. [3.2] Their expression can be found in Tab. [T.2]
and Eq. Note that in Tab. we expressed these couplings in term of & as it is
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more easy to infer what happens in the alignment limit, on which all our benchmarks
relies. The key physics properties of the different 2HDM scenarios are summarized as
follows:

e B1: Moderate mass hierarchy - It corresponds to a type I 2HDM with mod-
erate (viz. 300 — 500 GeV) heavy Higgs masses. The small values of tan 3
and cos(8 — «) lead to an O(5)% suppression in the triple Higgs self coupling
As we will show in Sec. the major new physics effects in this case origi-
nate from the resonant heavy Higgs—mediated contribution gg — H® — h°h0.
These effects are particularly enhanced here due to the dominant heavy Higgs
cascade decay H° — hOh®, whose branching fraction is BRy0p0 ~ 0.6.

e B2: Enhanced triple Higgs self—coupling — we assume i) type—I Yukawa cou-
plings, for which the LHC Higgs signal strength imposes weaker constraints; ii)
a small tan /3 value; iii) a value of ¢ for which the Higgs coupling to the gauge
bosons gnyy ~ sin(f — a) ~ 1 — £2/2 is reduced by ~ O(1)%; iv) a soft—
breaking mass term close to the unitarity limit. Such parameter setup leads to an
O(30)% enhancement for the light Higgs triple self-coupling, and of O(10)%
for the heavy quark Yukawas. The relatively low mass m o < 2myo prevents
the resonant heavy Higgs production and allows to better access the genuine
model-specific imprints on the di-Higgs production observables.

e B4: Large mass hierarchy - taken from benchmark a.l in Ref. [176]. At
variance with the B1 scenario above, all of the additional Higgs bosons have in
this case masses of O(700) GeV, so that they effectively decouple. The very
large Zo soft-breaking term m?, is responsible for the O(40)% suppression
of the trilinear Higgs self—coupling Gjop0p0, while at the same time it enlarges

GHORORO-

e B5: Non-resonant SM limit - in which the relatively light CP—even Higgs
companion mgyo = 200 GeV < 2myo precludes the resonant production gg —
HY — hOh®. The parameter choice is inspired by the benchmarks of class [c]
from Ref. [[176]. They are characterized by a rather light Higgs spectrum, along
with moderate values for tan 3 and m?,. The Yukawa interactions are once
again fixed according to a type—II setup. The resulting coupling patterns in this
case are SM-like for the lightest Higgs field, with mild deviations not larger
than 1%. For the heavy neutral field H° we find a suppressed (resp. enhanced)
Yukawa coupling to the top (resp. bottom) with opposite signs, and a strongly
reduced trilinear coupling ggopop0.

e B6: Fermiophobic heavy Higgs — a situation which can only be accomplished
in type—I models for sin @ = 0. On the one hand, compatibility with the LHC
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Higgs signal strength enforces £ < 1, meaning that these scenarios are only
viable at large tan 3, according to Eq. (3.1). The value of m?, is tailored to
fulfill the vacuum stability and unitarity bounds, which become very tight at
large tan 3. Notice that for ¢ < 1 the (relatively low—mass) heavy Higgs H°
hardly couples to the gauge bosons and the light Higgs h°, while by construction
it cannot couple to any fermion either. Consequently, in this case there is no
heavy Higgs contribution to the light di—-Higgs production gg — H°® — hOh°.

e B7 and B8: Enhanced and sign—flipped bottom Yukawa — both instances are
possible in type—II models at large tan 3, where the bottom Yukawa coupling
gnowy, = (1 — Etan B) g5M, may yield either gpop, ~ — g5, OF Grovy > Grrips
in correspondence to the two branches sina > 0 and sina < 0 along the
decoupling condition of Eq. (3.I). The possibility of a strongly modified bottom
Yukawa, with all of the remaining couplings being SM-like, is a trademark
property of the 2HDM [195]], and relies on the delayed decoupling behavior
mentioned earlier [[194]. A similar mechanism occurs for top Yukawa coupling
to H° when tan 3 < 1, although this situation is in practice disfavored by the
flavor constraints.

3.2.2 Higgs pair production in the 2HDM

The pair production of Higgs bosons at hadron colliders can proceed via weak gauge
boson fusion [[197,/198]], double Higgs—strahlung off the W and Z bosons [199], and
gluon fusion [[69,200]. Because of the large gluon luminosity in the high—energy pro-
ton beams, the gluon gluon fusion channel dominates. Predictions for the SM are
known at NLO [70] and NNLO [201] in QCD, both in the infinite top—mass effective
theory. Further studies have reported on the subleading O(1/m?) terms [202], thresh-
old resummation [203]], as well as on gluon fusion results merged to one jet [156].
More recently, predictions for all Higgs pair production channels at NLO and matched
to parton showers have been presented in Ref. [71]. These studies conclude that
higher—order effects are large, especially for the dominant gluon fusion channel, and
that including them significantly reduces the theoretical uncertainties.

In this study we focus on the Higgs pair production in the 2HDM, and consider the

seven possible final—state double Higgs combinations. These may be sorted out into
the following three categories:

1. Neutral Higgs boson pairs: h°h®, h® H®, HOHY A°A°.
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Figure 3.1: Generic Feynman diagrams describing the production of neutral Higgs
boson pairs (h = h°, H°, A%) in the 2HDM through gluon fusion at leading order.
The Feynman diagrams have been generated using FEYNARTS.STY [204].
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Figure 3.2: Generic Feynman diagrams describing the production of mixed CP—even
/ CP—odd neutral Higgs boson pairs [hY A°, H? A°] in the 2HDM at leading order. We
separately show the two possible partonic initial—states i) gluon fusion (left, center);
ii) ¢¢ annihilation (right-most).

2. Mixed CP—even/CP—odd neutral Higgs boson pairs: h® A°, H?A°,

3. Charged Higgs boson pairs: H+H ™.

There are two LO mechanisms contributing to the gluon fusion di-Higgs channels
pp(gg) — hh (with h = k9 H° A®), whose generic Feynman diagrams we display
in Fig. 3.1} These correspond to:

1. Triangle topologies, which give rise to O(Gp a, G,4) contributions through the
s—channel exchange of a neutral Higgs boson. The Higgs boson couples to the
gluons via the usual heavy—quark loops.

2. Box topologies, which contribute at O(Gp o Qg) through the virtual heavy
quark exchange.

While the triangle topologies have a linear dependence in the Yulawa and Higgs self-
coupling, the boxes are quadratic in the former. In the SM, and similarly to what
happened to ZH, the two topologies interfere destructively. This effect is particularly
strong near the threshold as seen in Fig. [3.3]or Ref. [203] and explains in part why the
total rates are quite modest. One additional destructive interference arises between the
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Figure 3.3: Top: amplitude squared for the triangle and box contribution in HH
production. Bottom: ratio of triangle contribution over the box one.

top and bottom—mediated loops, although the bottom quark effects are very small in
the SM.

For category 2), we have additional tree—level contributions for which a quark-antiquark
pair annihilates into a virtual Z-boson (cf. the right-most diagram in Fig. [3.2). For
the charged Higgs boson pairs of category 3), also the photon exchange from the qg—
annihilation contributes. The relative size of these gg—initiated subchannels is quanti-
fied in Sec.

To gain further insight into the structure of the (loop—induced) gluon fusion mecha-
nism, let us focus on the neutral CPP—even Higgs pairs of category 1). The partonic
cross—section at leading order may be written as

d6(gg — hih; GZa? h;

S Z]
dt 28(271')3 =, Mg s—ms +imy Iy,
h=r", H®
2
Gh qq Gh, qq V* I Ghi aq Ih, qq V* .
+ P (st a)| + 27”” S Gn(s,ha)| 2G4
mq q=t,b mq

The functions Fa was already introduced in Eq. while F5 and G denote the
one-loop gauge—invariant form factors from the box contribution, and depend on the
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Mandelstam kinematical invariants and the quark and Higgs masses. Their expression
can be found in the appendix of [69]. The variable ¢ corresponds to the momentum
transfer squared from one of the incoming initial-state gluons to one of the Higgs
bosons in the final state. The sum over the neutral CP—even Higgs fields h = h°, H°
accounts for the respective Higgs—mediated triangle topologies. Notice that the s—
channel exchange of the CP—odd Higgs A° is forbidden by CP—conservation. The
model-dependent Yukawa couplings are related to their SM counterparts through the
coupling shifts quoted in Tab. [3.1]

Finally, the symmetry factor ¢;; = 1/2(1) for ¢ = j (¢ # j) properly accounts for
the cases with identical (different) final-state particles. The overall normalization of
Eq. [3.4]is consistent with the notation of Ref. [[69]. The corresponding hadronic cross
section is obtained by convoluting Eq. [3.4] with the gluon luminosities.

The two box form factors Fg, G correspond to the two possible S—wave and D—
wave contributions. These are linked to equal (resp. opposite) gluon helicities, which
respectively add to a total angular momentum J, = 0 (resp. J, = 2) along the
collision axis. Instead, the triangle diagrams only contribute for ./, = 0 and hence
give rise to a single form factor F'a . The large (resp. low) mass limits of the loop
form factors read [69]]:

2

¢ 2 & /o2 b mj mp - 24
FA=§—|—(’)(S/mt); F =— P log 3 +im| + O(m;/3)
2
=2 og/mi) By =0mi/s)
G = O0(3/m3); Gt = O(m3/3) (3.5)

The opposite signs for these form factors reflect the negative interference patterns
between i) boxes and triangles; ii) top and bottom—mediated loops.

The Higgs pair total rates and distribution shapes are determined by the size and rela-
tive signs of these different loop—induced contributions, and the way they interplay
according to Eq. [3.4] The results are thereby sensitive to the underlying 2HDM
dynamics. For instance, sign—flipped couplings may revert the partial cancellation
between the triangle and the box loops. The possible variations in the Yukawa and
the Higgs self—couplings may either enhance or suppress these interference patterns.
If kinematically allowed, the on—shell production of a heavy neutral CP—even Higgs
through the heavy top triangle, followed by the cascade decay H° — h°h°, will over-
whelm the SM expectations. All these cases will be examined in Sec. [3.3] with the
help of the different 2HDM benchmark scenarios defined in Tab. 3.2}
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Figure 3.4: Sample Feynman diagrams describing the production of neutral Higgs
pairs (h°, H®) via gluon fusion at next-to—leading order in the 2HDM. The shaded
blobs denote the effective Higgs couplings to the gluons in the HEFT approach.

3.2.3 Next—to—leading order corrections

The NLO QCD corrections arise at O(a?) and are obviously linked to the color
charges of the initial partons. They originate from i) virtual gluon exchange; and
ii) light parton radiation. The NLO virtual corrections to gg — hh are intrinsically
a two—loop effect, and, as already stated, have only been computed recently. As an
alternative, Higgs pair production studies at NLO and NNLO [70,201] resorted to the
HEFT framework.

A selection of the Feynman diagrams describing the relevant NLO QCD effects are
illustrated in Fig. 3.4 The NLO virtual corrections in the HEFT picture are obtained
from one—loop topologies, as shown by the first two Feynman diagrams of Fig.
The shaded blobs denote the effective three—point and four—point Higgs couplings to
the gluons. In our calculation, these HEFT virtual corrections are combined with the
exact 2 — 3 real-emission amplitudes (cf. the right-most diagrams in Fig. [3.4) as
an alternative to the more traditional approach, which only uses the exact LO result to
improve upon the infinite top-mass limit. Further details are provided in Sec. [1.3.2]
Aside from the leading—order gg—initiated partonic subchannel, notice that for the
NLO real-emission contributions also the mixed ¢qg fusion channels open up.

3.3 2HDM results

3.3.1 Numerical setup

As already mentioned, the HEFT description from Eq. (T.51) relies on the infinite top—
mass approximation and thereby has a limited validity. In this section, we compare
the Higgs pair total rate predictions obtained within the “born—improved” (in which
only the exact one—loop 2 — 2 LO matrix elements are used for reweighting) and
the “loop—improved” methods (with both the exact 2 — 2 LO matrix elements and
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the exact one—loop 2 — 3 real-emission matrix elements used to reweight the HEFT
results), while for the differential rates we concentrate on the “loop-improved” results.

The validity of the approximation is nonetheless limited, not only because the top
quark mass is not parametrically large as compared to the other relevant scales of
the process, but also because of the enhanced bottom—quark contributions which are
possible in the 2HDM. Given that the low—energy theorems do not hold for bottom-—
mediated loops, we expect the HEFT virtual results for certain 2HDM configurations
to be less reliable than in the SM case. Let us also note that, for the gg—induced pro-
duction of the mixed CP- even/CP— odd pairs, the NLO virtual corrections must
again be approximated by the one—loop HEFT results. As for the s—channel Z—
mediated contributions in the latter cases, we use the same factorized form as for
the A°—mediated ones, which is exact in the m; — 0o, mp — 0 limit as discussed in
Ref. [70]]. Concerning the NLO real-emission corrections, in all these channels we in-
clude the full set of non—zero Feynman diagrams contributing to gg — gh® A%/ H? A°,
among them the box diagrams of the form gg — gZ* — gh®A°/H® A°. The latter
were not included in the analysis of Ref. [70], as they cannot be factorized into the
LO amplitude and a universal correction factor. These contributions are infrared and
collinear—finite and are expected to be small, but we nevertheless calculate them for
completeness. Similar approximations are made for the charged Higgs pair case.

From the technical point of view, for the 2HDM Higgs pair processes which are tree—
level at LO, such as the gqg — h°A° subchannels, the NLO results may be obtained
automatically within MADGRAPHS5_AMC@NLO . At variance, for the loop—induced
gluon fusion channel events are generated at NLO using the HEFT results and then
reweighted using the exact 2 — 2 and 2 — 3 one—loop amplitudes, by means of a
separate reweighting routine. All one—loop matrix elements are computed by MAD-
Loopr. The final results are in all cases fully differential, so that they can be used to
obtain any distribution at will, after matching with the parton shower.

The lightest neutral CP—even mass—eigenstate of the 2HDM is identified with the SM
Higgs boson, with a mass mpo = 125 GeV. The LHC center—of-mass energy is fixed
to /s = 14 TeV. All particle widths are set to zero in the loop propagators, while
the s—channel Higgs boson widths are computed with 2HDMC and included in the
MADGRAPH5_AMC @NLO parameter cards. Finite width effects in the heavy quark
loop propagators are not taken into account.

Parton distribution functions (PDFs) are evaluated using the MSTW2008 sets with
four active flavors at LO and NLO consistently [[16]. Therefore, the bb—initiated chan-
nels are not included in our calculation. For all results that follow in this study, we
set common factorisation and renormalisation scales, fixing their central value to half
the invariant mass of the Higgs pair u% = u% = my, n; /2, where ij account for all
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possible final-state combinations. This scale choice has been proved to yield pertur-
batively stable results for the Higgs boson pair production at NLO [71], and to behave
very similarly with respect to alternative scale settings used in the literature (cf. e.g.
Ref. [70,200]). The strong coupling constant is evaluated at the renormalization scale
as(u%) along with the PDFs. For conciseness, only observables linked to the final—
state Higgs pair are shown in the following. This implies that the Higgs bosons are
kept stable at the parton shower stage.

The dedicated codes for the calculation of the gluon fusion channels can be down-
loaded from [207]]. This website contains in addition a selection of standalone codes
for different Higgs pair production processes in the SM and beyond.

3.3.2 Total rates

We report on the 2HDM predictions for the Higgs pair total cross sections at the LHC.
Our results are documented in Tab. [3.4H3.10] Characteristic model-dependent fea-
tures are highlighted by the different benchmarks defined in Sec. [3.2.1] For the sake
of brevity, we select a representative subset of them (B1, B4, B5) to compute the total
rates for all seven combinations of 2HDM Higgs pair final states. The corresponding
results are shown in Tab. [3.4H3.9] For the remaining parameter choices (B2, B6 — Bg),
we concentrate on the light di-Higgs production h°h° (cf. Tab. . In addition to
the total rate predictions for the (leading) gluon fusion mechanism, Tab. [3.5] and
[3.9)include the contribution from the additional gg—initiated channels. The latter only
feature for the mixed neutral Higgs pairs (h’ A°, H° A®) and the charged Higgs pairs
H*H~, and occur already at tree—level through the s—channel Z° boson exchange
— as well as through photon exchange in the charged Higgs case. We show in all
cases the total rate predictions at LO and NLO accuracy in QCD. For the gluon fusion
channels, we explicitly distinguish between the two reweighting schemes in use, as
described in Sec. The total rate central values are shown along with the scale
and PDF uncertainties. The size of the NLO corrections is quantified in terms of the
K —factor, provided in the right—-most column of the tables. The latter is defined con-
sistently through K = o0 /010, where the NLO cross section for the gg—initiated
channels stands for the “loop—improved” result. For the gg—initiated channels, the
NLO prediction corresponds to the exact result.

Before we discuss the characteristic model-dependent features, some general com-
ments are in order. First of all, we find large NLO corrections, with typical K—factors
in the range of 1.5 — 1.7 for the gg—initiated channels. These sizable QCD effects are
primarily due to the NLO real emission. This is a well-known fact for processes with
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Benchmark B1
gg — LO NLO-loop improved | NLO-Born improved | K
LR T R A B R LA R .
A0 [ 5ar ATt | g el L% o0 e
AT | 0ac o 3T iseaan ST
AT 000 TSI 35 ae e S3g T AT 50
: —25.4—3.5% . 714.27‘4.6% U 7—15.5—4.6% .
HEH- [ 032050 s | 053 0s ien 056777 gy | 165

Table 3.4: Total Higgs pair cross sections via gluon fusion pp(gg) — h; h; (in fb)
for all seven final-state combinations within the 2HDM. The rates are computed at
LO and NLO, including the QCD corrections within either the “loop—improved” or
“born—-improved” approach. The associated K—factors are displayed in the right-most
column. The total rate central values are folded with the theory uncertainty estimates
from scale variations (first quote) and PDFs (second quote). The LHC center—of mass
energy is /s = 14 TeV. The 2HDM parameters are fixed to benchmark B1 in Tab.

B2

Benchmark B1
qq — LO NLO K
hOA° | 0.018 THTFETR 10,023 TR | 109
HOAY | 153 5550 o | 195 0o [ 1.27
HYH- | 081 T01F20% 1 102 T23720% 1125

Table 3.5: Total Higgs pair cross sections via quark—antiquark annihilation pp(qq) —
h; hj (in fb) for the mixed CP—even/CP—odd and charged Higgs pair combinations
within the 2HDM, in the same setup as Tab. [3.4 The 2HDM parameters are fixed to
benchmark B1 in Tab. 3.2

color—singlet final states, where there is plenty of phase space to accommodate the ra-
diation of initial-state light partons [68|208-210|]. Notice that these K —factors do not
change significantly as we compare the different gg—initiated di—Higgs final—states.
Likewise, they do not depend on the chosen benchmark and they are quantitatively
similar to the SM prediction. We note here for completeness that the corresponding
predictions for the SM give a LO cross section of 23.0 fb, a NLO “loop-improved"
result of 34.9 fb and a NLO “Born-improved” one of 38.9 fb [[71] and therefore a
K—factor of 1.52. These traits can be again explained by the structure of the QCD
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corrections (cf. Sec. [3.2.3), which is common to all Higgs pair channels and unlinked
to the underlying 2HDM dynamics. Actually, all genuine 2HDM imprints (viz. the
modified couplings and the heavy resonances) modify the LO and NLO predictions in
exactly the same way, leaving the K—factor values unaltered.

The reduction of the theoretical uncertantities is manifest in the smaller scale varia-
tions when we compare the total rates at LO and NLO accuracy. For gluon fusion, we
find typical scale uncertainties spanning Ao /o = [o(u°/2) — o (2u°)] /o ~ 30—40%
at LO, while they shrink down to Ao /o ~ 15 — 20% at NLO. The PDF uncertainties
lie at the per—cent level and increase with heavier Higgs masses. This behavior can
be attributed to the uncertainty in the gluon parton density, which increases with the
Bjorken variable z in the kinematically relevant regions for these processes. On the
other hand, the ¢g—initiated subprocesses exhibit an overall milder scale uncertainty, in
line with the fact that they do not depend on as at LO. The corresponding K —factors
are also smaller in these cases (cf. Tab. [3.5] and [3.9) and remain in the range
K ~ 1.2 — 1.3, as expected for Drell-Yan-like processes. Notice also that, unlike
the scale uncertainties, the PDF uncertainties slightly grow from the LO to the NLO
predictions. This is explained by the additional initial-state partons which become
active at NLO. The differences between the “loop—improved” and “born-improved”
results are typically smaller than 10% and therefore lie within the theoretical uncer-
tainties. Another aspect to mention is the relative size of the (tree—level) gg—initiated
channels versus the (loop—induced) gg—fusion mechanism. This varies significantly
with the different Higgs pair combinations. For instance, while gluon fusion prevails
for hA°, in the case of H° A we find that the bulk contribution is ¢g induced. This
difference can be traced back to the coupling g0 40 zo (resp. ggo 40 z0), which is pro-
portional to cos(8 — «) (resp. sin(8 — «)) and therefore vanishes (resp. maximizes)
in the decoupling limit cos(5 — o) — 0.

While the K—factors barely depend on the specific 2HDM scenario, the total rates
critically rely on the chosen benchmark. In the light Higgs pair case, these can vary
from oNO ~ 30 fb up to oNO ~ 2 pb. The latter pb—level rates are roughly two
orders of magnitude above the SM expectations, and are linked to the resonant heavy
Higgs contribution gg — H® — hOhY. This trait is common to all scenarios in
which the cascade decay H? — hOh0 is kinematically accessible (mgo > 2mpo)
and reflects the fact that the resonant production effectively involves one power of G
less compared to the continuum pair production. Such enhancements are tamed if the
position of the resonance is shifted away from the di-Higgs threshold 2,0 and vanish
consistently in the SM limit of cos(8 — &) — 0 and mgo > myo. The fact that the
resonant contribution to o(h°h°) decreases with increasing m o values is explained
by i) the larger phase space required to produce the intermediate heavy state H; and
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Benchmark B4

gg — LO NLO-loop improved | NLO-Born improved | K
POR° | 851550t | 13550 4755 [ 159
P | oSt e s e
HOET | 0008 T 001 T T 000 |16
hOA° 0-613?:323‘% 09922%3:?%‘;7 l-OZiiéigiiz?{% 1.62

0 A0 +40.2+4.8% +13.9+5.8% +17.5+5.6%
N oosassey | D Poouaasy | DWoeles |0
N —26.8—4.9% N —14.1-6.7% : —15.7—6.5% :

AR I O O AT 3 Y

Table 3.6: Total Higgs pair cross sections via gluon fusion pp(gg) — h; h; (in fb) for
all seven final-state combinations within the 2HDM, in the same setup as Tab.
The 2HDM parameters are fixed to benchmark B4 in Tab. [3.2]

Benchmark B4

qq — LO NLO K
0 A0 3 ¥6.242.1% 3 +2.242.6%

hYA 5.6-10 9715.63702'0% 7.1-10 2772%741'9% 1.3
0 A0 +9.1+3.0% +2.7+3.4%

HA 0.0834:8769_2296% 0.10 ;3-8‘3-3% 1.21

— 6+2.9% 6+3.3%
HTH 0.12_7_5_2.7% 0.14 s 509 1.22

Table 3.7: Total Higgs pair cross sections via quark—antiquark annihilation pp(qq) —
hi h; (in tb) for the mixed CP—even/C’P—odd and charged Higgs pair combinations
within the 2HDM, in the same setup as Tab. [3.4 The 2HDM parameters are fixed to
benchmark B4 in Tab.

ii) the correspondingly lower gluon luminosity, which is probed at larger z—values,
the more massive the heavy field becomes. It is also remarkable that these resonant
situations are almost insensitive to the actual value of the triple Higgs self—couplings.
This is due to the fact that i) the dependence of the resonant production gg — H° on
the coupling ggop0p0 is cancelled by the dominant decay mode H® — hh° and ii)
the light Higgs—mediated diagrams gg — h%* — h°h° are subdominant with respect

to the resonant part, in such a way that the dependence on the coupling gjop0x0 i
overshadowed.

A number of model-specific fingerprints can be unraveled by comparing the total rate
predictions for the different 2HDM benchmarks. These can be ultimately traced back
to the characteristic coupling patterns and the extra Higgs boson masses in each sce-
nario, given in Tab. @] and @ For the resonant scenarios, B1 and B4 , the on—shell
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Benchmark B5S
g9 — LO NLO-loop improved | NLO-Born improved | K
LRERS 1 AN 1 B0 B
f o et e
PR P es & ok o R T ES L R R PTRRLE e e
et ceaE L PSiagg P
1 -24.0-2.7% —0—14.4-3.2% 7 -15.5-3.2% :
AA | 0490t | 07985 e 084751 gy | 1.62
HEH- | 08475070500 | 1400030 e 150,58 5k [ 167

Table 3.8: Total Higgs pair cross sections via gluon fusion pp(gg) — h; h; (in fb) for
all seven final-state combinations within the 2HDM, in the same setup as Tab. @
The 2HDM parameters are fixed to benchmark B5 in Tab. [3.2]

production of the heavy Higgs field H? is responsible for the total rate enhancement in
a(h°hV), by a factor 70 (resp. 4) above the SM. The difference of one order of magni-
tude between the two scenarios is linked to the fact that, while in B1 the heavy Higgs
mass is relatively low and lies right above the di—Higgs threshold mgo ~ 2my,0, in
scenario B4 the HY field is substantially heavier. The total h°h° rates in the first case
thus benefit from the larger on—shell single H rates; as well as from the overly dom-
inant decay mode H® — h°h°. For scenarios B7 and B8 in Tab. we find milder
(~ 30%) resonant enhancements of the h°h® cross section as compared to B1, even
though the H" mass is also quite low in these cases. This is because the H° con-
tribution through gg — H°® — hYhY is suppressed by the reduced heavy Higgs top
Yukawa gfl ‘) Finally, for the non-resonant scenarios (viz. B5, B2 and B6) our pre-
dictions for o(h°h?) fall down to values close, or even slightly below the SM. This is
explained naturally by the SM-like coupling pattern of B5 and B6 (cf. Tab. [3.3). For
B2, the reduced rate is a consequence of the stronger destructive interference between
i) the triangle-mediated contributions gg — h%* — hOh® and gg — H** — hORO,
which are enhanced by the larger trilinear couplings; and ii) the box—mediated dia-
grams. Barring possible on—shell resonances, we conclude that significant deviations
from the SM Higgs pair predictions are not possible rate—wise. This is in agreement
with the findings reported in Ref. [176]. Similarly, we see that the distinctive model-
specific features have very little impact on the total rates and on the size of the QCD
corrections.
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Benchmark B5
qq — LO NLO K
0 A0 3 12.6+1.5% 3 +1.9+2.2%
hYA 1.96-10 312‘17&/1/6% 2.55-10 2?1'2651'7% 1.30
0 A0 +3.4+1.6% +2.1+2.2%
HA 5.02 li‘éﬁg% 6.50 _%.?;%_Z% 1.29
_ . 8% +2. 4%
HTH 2.17 AWRRRY 2.76 1o 18% 1.27

Table 3.9: Total Higgs pair cross sections via quark—antiquark annihilation pp(qq) —
hi h; (in tb) for the mixed CP—even/C’P—odd and charged Higgs pair combinations
within the 2HDM, in the same setup as Tab. [3.4 The 2HDM parameters are fixed to
benchmark B5 in Tab.

Benchmarks B2, B6 — B8

LO NLO-loop improved | NLO-Born improved | K
+32.0+1.9% +16.6+2.0% +18.4+1.9%
B2 [ 1807500 | 87T 0T 05155 [ 159
+32.3+2.0% +15.1+2.0% 442.0%
00| Bhganaan | O et | Dofiopay LD
+32.4+2.0% +14.5+2.0% +18.4+2.0%
A T A Ly e
+32.6+2.1% +15.44+2.1% +18.3+2.0%
B8 29.1 —23.0—2.4% 449 —13.6—2.5% 49'5715.172.5% 154

Table 3.10: Total light Higgs pair cross sections via gluon fusion pp(gg) — h°h° (in
fb) within the 2HDM, in the same setup as Tab. The 2HDM parameters are fixed
to benchmarks B2, B6 — B8 in Tab. [3.2]

Before closing this discussion, let us devote one last word to the heavier di—Higgs
combinations, shown in Tab. [3.6]and [3.8]for the B1, B4 and B5 scenarios respec-
tively. The reported total rates span a wide range from o ~ O(1072) fbto o ~ O(10)
b and lie in all cases below the light di—Higgs pair predictions. The reason is twofold:
i) the relative phase space suppression and ii) the lower initial-parton luminosities in-
volved in the production of these heavier states. The cases in which different rates
are obtained for different Higgs pair combinations of similar masses (e.g. for hOH°
and HYH" in benchmark B5) can be understood by considering the size of the Higgs
couplings in the given scenario.

3.3.3 Differential distributions

As we have seen so far, the most apparent 2HDM imprints rate—wise are of resonant
nature. These appear when the on—shell subprocess gg — H® — h°h0 is kine-
matically available and adds to the continuum production. This possibility crucially
depends on the heavy Higgs spectrum and is almost insensitive to the distinctive cou-
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pling patterns of the 2HDM. The mere observation of an enhancement in the total rate
would thus not be undisputed evidence of an underlying 2HDM structure.

Instead, a richer landscape opens up as we move on to the kinematical distributions.
These are particularly helpful to track down the model—-specific effects which are oth-
erwise smeared once we integrate over the whole phase space. For the remainder of
this section we shall focus on the light neutral CP—even Higgs pair channel A°h° and
study representative di—-Higgs distributions for the LHC at 14 TeV. Our results are
displayed in Fig. [3.5H3.10] in which we show the light Higgs pair rates as a function
of the di—Higgs invariant mass mopo (left panels) and the hardest Higgs transverse
momentum p'jwo (right panels). We concentrate on these two for the sake of concise-
ness, even though any alternative distribution can be obtained at will, as our setup is
once again fully differential. All histograms are shown at both LO+PS and NLO+PS
accuracy, where the NLO results follow from the “loop—improved” approach. The SM
prediction (also at NLO+PS) is overlayed for comparison. In the lower subpanels we
display the bin—by—bin ratio of the 2HDM NLO+PS results over the SM values.

We begin by pointing out a number of features common to all 2HDM scenarios. Let us
first recall that, unlike the SM, there are two types of triangle topologies that contribute
in the 2HDM; one of them is linked to the s—channel exchange of the light Higgs bo-
son h?, while the other one proceeds through the heavy Higgs exchange H°. The first
subprocess gg — h%* — hOhY follows the shape of the virtual Higgs boson propa-
gator and would peak around § ~ mio. At larger invariant masses, the light Higgs
propagator is probed off—shell, which means that for these kinematical configurations,
the light Higgs triangles become subleading. The virtual heavy Higgs counterpart
gg — H* — hOh0 becomes relevant at larger invariant mass values m0p,0 ~ M o
and may either add to, or partially cancel, the light Higgs triangle amplitudes in this
region — depending on the relative signs of the different Yukawa and trilinear Higgs
self—couplings. If mgyo > 2myo0, the heavy Higgs is produced on—shell and its res-
onant peak takes over. As suggested to above, these resonant situations overshadow
all other possible new physics effects. In particular, neither the total nor the differen-
tial rates are sensitive to a possible enhancement or suppression of the trilinear Higgs
self—couplings.

The interplay between the triangles and box topologies, which have different phase
space dependence, generates a variety of model-specific signatures which are reflected
in the histograms. For instance, a modified trilinear coupling gjox0,0 Will mostly
reveal itself at low invariant masses. Instead, the boxes are unresponsive to variations
in the triple Higgs self—interactions. Shifted Yukawa couplings will typically become
more apparent in the larger myop,0 and pl}o regions, through their influence on the
box contributions. The latter topologies have a slower decrease with myo,0 and p%o
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compared to the triangles, and hence dominate in the hard Higgs tails. Independent
changes in the top and bottom—quark Yukawas, which are possible for type—II models,
can in addition modify the interference between the top and the bottom loops.

We can see from all histograms that, except the cases with low—mass H 0 resonances,
the majority of the di—Higgs events concentrates on the invariant masses well above
the Higgs pair threshold § 2 4m,2LO. This is after all the reason for the breakdown
of the infinite top—mass effective theory (HEFT), which is meant to hold for § <
m3. The HEFT fails to correctly reproduce the exact distributions not only at large
invariant masses but also for moderate values. The transverse momentum distributions
are problematic for the same reason [211},212].

We also notice that the QCD NLO effects, while quantitatively important rate—wise,
have very little effect on the distribution shapes. Notice that both the LO and the NLO
histograms in all figures vary in parallel, which implies a fairly constant K —factor.
This is certainly not unexpected, in view of the structure of the NLO QCD corrections,
as we have described in Sec. [3.2.3] Neither the exchange of virtual gluons between
the incoming partons nor the light parton radiation off the initial—state colored legs can
significantly influence the leading kinematical features appearing in the 100 and péﬂo
distributions, which rely fundamentally on ii) the relative sizes and signs of the heavy—
quark Yukawa and the triple Higgs self—couplings; and iii) the potential enhancement
due to a resonant (or close—to-resonant) intermediate heavy Higgs exchange — all
these mechanisms being already present at the LO.

Let us now move on to the different model-specific features which can be appreciated
in the plots. We begin in Fig. [3.5]by showing the results for benchmark B1. The on—
shell heavy Higgs contribution gg — H® — h®h0 is evident in the resonant peaks for
both the di—Higgs invariant mass (mpopo ~ Mpyo = 300GeV) and the hardest Higgs

. . . 0 .
transverse momentum distributions (p% ~ \/ (mpo/2)? —m3,), which of course

overwhelm the SM expectations in the low mpop0 and péﬂo regions. The dip in the
signal right after the resonant peak is due to the interference between the boxes and
the heavy Higgs—mediated triangles. The small deviations from the SM away from
the resonant peak are caused by the modified trilinear and Yukawa couplings. As
expected, at large invariant masses mypopo 2 600 GeV the cross section is dominated
by the box diagrams. Thereby we explain the 2HDM/SM ratio through the rescaled
top Yukawa (gho.7/gpes)* ~ 0.85.

A qualitatively similar situation is encountered for benchmark B4, as shown in Fig.
Again, the heavy Higgs resonant peak is manifest for myop0 ~ 700 GeV and
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Figure 3.5: Light Higgs pair differential rates as a function of a) the di-Higgs i in-
variant mass myopo (left panels); and b) the hardest Higgs transverse momentum pT
(right panels). We separately show the results at LO+PS and NLO+PS accuracy in
QCD, where the latter correspond to the “loop—improved” approach. The NLO+PS
prediction for the SM is overlayed for comparison. In the lower subpannels we display
the bin—by-bin ratio of the 2HDM prediction at NLO+PS over the corresponding SM

result. The LHC center—of-mass energy is /s = 14 TeV. The 2HDM parameters are
fixed to benchmark B1.
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Figure 3.6: Light Higgs pair differential rates as a function of a) the di-Higgs in-
. . . ho
variant mass mpopo (left panels); and b) the hardest Higgs transverse momentum p’.

(right panels), in the same setup as for Fig. [3.5] The 2HDM parameters are fixed as in
benchmark B4.
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Figure 3.7: Light Higgs pair differential rates as a function of a) the di-Higgs i in-
variant mass mpopo (left panels); and b) the hardest Higgs transverse momentum pT

(right panels), in the same setup as for Fig. [3.5] The 2HDM parameters are fixed as in
benchmark BS5.

pé‘rg =~ 330 GeV. Given that the heavy Higgs mass is now larger, its on—shell single
production via gg — H?Y is suppressed by phase space and by the lower gluon lumi-
nosity. This accounts for the smaller rates with respect to the B1 scenario discussed
above. Close to the light Higgs pair threshold myop0 ~ 2myo0, we find an enhanced
differential rate with respect to the SM. The interplay between several effects is re-
sponsible for this behavior. On the one hand, the heavy Higgs—mediated triangles
are small in these bins, while the light Higgs—mediated ones dominate. On the other
hand, these leading triangle topologies are pulled down by the O (40)% reduction of
the trilinear Higgs self—coupling gnopnop0. The net result is a reduced (destructive)
interference with the box contributions. The sharp dip immediately after the resonant
peak is once more due to the interference between the heavy Higgs triangles and the
boxes — which again leads to a partial cancellation in this case, because the go;7 and
gropopo couplings have the same (negative) sign. In the large mpop0 tail, instead,
the differential rates mostly depend on the box contributions, and hence lie roughly ~
20% below the SM yields.

In contrast to the previous cases, the differential distributions in scenario B5 (cf. Fig.
barely depart from the SM. The reason is twofold: i) the absence of the on—shell
heavy Higgs contribution; ii) the SM-like pattern of all light Higgs couplings in the
limit cos(8 — ) — 0. In this case, also the trilinear coupling ggopopo is extremely
suppressed, so that the heavy Higgs—mediated process gg — H° — hOh® barely
contributes. The flat 2HDM/SM cross—section ratio is a further indication that no
distinctive 2HDM imprints arise in any region of the phase space. The results for
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Figure 3.8: Light Higgs pair differential rates as a function of a) the di-Higgs i in-
variant mass mpopo (left panels); and b) the hardest Higgs transverse momentum pT
(right panels), in the same setup as for Fig. [3.5] The 2HDM parameters are fixed as in
benchmark B2.
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Figure 3.9: Individual contributions to the light Higgs pair differential rates as a
function of the di-Higgs invariant mass myopo. The results are shown separately
for 1) the light Higgs—mediated triangles (long—dashed, green), ii) the heavy Higgs—
mediated triangles (short—dashed, blue); iii) the box topologies (dotted, magenta); and
iv) the combined contribution. All histograms are computed to LO+PS accuracy. The
2HDM parameters are fixed as in benchmark B2.

benchmark B6, which we do not show explicitly, are also featureless. The SM-like
profile in the latter case also results from the fermiophobic nature of the heavy Higgs
boson, which cannot couple to the quarks and hence has no influence on the light
di-Higgs production.
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A variety of non—standard imprints can be appreciated in Fig. for benchmark B2.
These genuine 2HDM effects have in this case a non-resonant origin and can be better
interpreted by analysing the individual components from the different topologies. The
latter are shown separately in Fig. [3.9] One first observation is the increased rates
right next to the di—Higgs threshold mpp, =~ 2mpo. These are primarily caused by
the additional heavy Higgs contribution, and are particularly strong in this case not
only because of the low heavy Higgs mass myo = 200 GeV, but also due to the
unsuppressed trilinear coupling ggopo,0 — in contrast to scenario BS discussed above.
In fact, it turns out that in this region (viz. the first bin of Fig. @]), the box and the
heavy Higgs triangle amplitudes have comparable sizes but opposite signs. Given this
effective cancellation, the net result comes from the (enhanced) light Higgs triangles
only. The sharp dip in the mpopo =~ 350 GeV bin is related again to an accidental
and nearly exact cancellation between the three contributions in the game. In this
case, one can check that the two triangle—mediated contributions are largely cancelling
the box—mediated ones. In the intermediate bins mop0 ~ 400 — 700 GeV, the di—
Higgs rates lie below the SM expectations due to the additional interference between
the boxes and the heavy Higgs—mediated triangles. This partial cancellation is quite
strong in this case as both the top Yukawa gjo:z and the trilinear coupling ggopop0
are enhanced. This effect is also manifest in the transverse momentum distributions
in the region of 100 - 200 GeV (cf. right panels of Fig. [3.8). Finally, at large di-
Higgs invariant masses and in the boosted Higgs tails (viz. mpop0 = 800 GeV and
pr 2, 400 GeV) the rates are dominated by the box contributions. Correspondingly,
the O(10%)—-enhanced Yukawa coupling accounts for the increased 2HDM rates in
these tails, which exceed the SM results by up to O(50)%, as expected from the overall
rescaling (gpos /g3, )* ~ 1.5.

Last but not least, in Fig. [3.10] and 3.11] we study the impact of a strongly modified
bottom—quark Yukawa, as realized by benchmarks B7 and B8. While the two sce-
narios share a number of similar features, their differences highlight some remarkable
properties of the 2HDM. In both cases we observe the expected on—shell peak from
the heavy Higgs cascade decay, although here it is softer as compared to the previ-
ous resonant scenarios. This milder effect is visible not only in the distributions but
also rate—wise and can be explained by the strongly suppressed top—quark Yukawa
coupling to the heavy Higgs go.7 (cf. Tab. [3.3). One further common trait to both
benchmarks is the asymptotic behavior at large di—-Higgs invariant masses and in the
boosted Higgs tails, where we obtain results very close to the SM predictions. All that
said, we can also appreciate some relevant differences. On the one hand, the O(20)%
enhanced bottom Yukawa in B7 reinforces the destructive interference between the top
and bottom—mediated triangles. In addition, the amplitude of the individual triangle
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Figure 3.10: Light Higgs pair differential rates as a function of a) the di-Higgs
invariant mass mpopo (left panels); and b) the hardest Higgs transverse momentum
pi}o (right panels), in the same setup as for Fig. The 2HDM parameters are fixed
as in benchmark B7.
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Figure 3.11: Light Higgs pair differential rates as a function of a) the di-Higgs
invariant mass mpopo (left panels); and b) the hardest Higgs transverse momentum
p’%o (right panels), in the same setup as for Fig. The 2HDM parameters are fixed
as in benchmark BS.

diagrams is pulled down further by the (slightly suppressed) trilinear self—coupling
gropopo. Both effects cooperate to reduce the interference between the triangle and
the box topologies in the lowest myop0 and pé}o bins, in such a way that we obtain
rates slightly above the SM expectations.
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A similar mechanism operates in the B8 scenario, albeit in the opposite direction. In
this case, the sign—flipped bottom—quark Yukawa causes the top and bottom—mediated
triangles to interfere constructively. As a result, we are left with slightly enhanced tri-
angle amplitudes, which thus reinforce the interference with the boxes. In agreement
with this fact, the predicted number of events for myop0 < mpyo falls slightly be-
low the SM expectations. Unlike the previous resonant scenarios, in this case we find
no dip right after the resonance peak. Instead, we obtain slightly enhanced rates for
mpopo 2, myo because the fact that (ggopopo)(ggoy) < 0 (cf. Tab. leads to
a constructive interference with the boxes. A dip does appear instead right below
mpopo S mpyo due to the additional negative sign from the heavy Higgs propagator

1/(s —m2,).

At this point, let us mention that we are aware of possible caveats in matching the
NLO prediction to the parton shower in the case of enhanced bottom Yukawas. These
have been discussed in the context of single Higgs production [6,[213]] and are related
to the heavy—quark mass dependence of the Higgs transverse momentum distributions,
which is not known exactly beyond the LO. These issues mostly concern the low Higgs
pr region and become more relevant if the bottom—quark Yukawa increases. This is
indeed the reason why we do not expect them to matter in our case, as in all of the
scenarios that we have explored only the bottom—quark coupling to the heavy Higgs
boson ggoy, is significantly enhanced. In view of this fact, and since the bottom—
mediated effects to the gg—induced heavy Higgs production are very small, we do not
find it necessary to adjust our setup to include a more dedicated treatment.

3.4 Higgs pair and triple production in the SM

We conclude this chapter by reviewing the latest results for multiple Higgs production
in the SM (see Ref. [12] for a very detailed report on Higgs physics at the LHC in
various channels)

Contrary to the 2HDM we studied previously, there is only one triangle contribution
in SM Higgs pair production, with an off-shell Higgs as mediator. This implies that
this contribution is very small, leading in turn to a very small cross section even at 14
TeV. Tab. summaries the NLO in QCD cross sections for several centre of mass
energies in the limit in which the top mass effects are retained in the real contributions
and in the infinite top mass limit. The relative difference between the two predictions
are around 10% and, as expected at lower energies, total rates doesn’t differ much
between both while at higher energies differences reach 15%. Recently, full top-mass
dependance has been computed for NLO QCD Higgs pair production [[72[214]. Their
study confirms, as expected, that loop-improved method is closer to the full NLO
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7 TeV 8 TeV 13 TeV 14 TeV 100 TeV
F17.2% +16.8% +15.0% +14.6% F+14.3%
e | sttt | ooetsa | 220aag | 00 aaag | g
HEFT | 6.4277500 | 9327700 | 31.817 ¢ | 37.797 1ger | 14647 00
PDF +4.0% +3.7% +2.7% +2.6% +2.1%
A 6.4% 7.5% 8.0% 8.5% 15.5%

Table 3.11: Signal cross section along with scale uncertainty (in fb) for gg — H H at
NLO QCD with a central scale choice pg = myg /2 for my = 125 GeV at different
centre-of-mass energies. The first row shows results in the loop-induced approxima-
tion (FT) while the second row represent the m; — oo limit, reweighted by the exact
LO result, of Ref. [[70,)206]]. The PDF uncertainty based on the PDF4ALHC15_nlo_mc
set is shown on the third row for each energy. The last row shows the relative differ-

ence A =

o(EFT)—oc(FT)

between both prediction models.

o (BEFT)
Lo 7 TeV 8 TeV 13 TeV 14 TeV 100 TeV
mun | 5087500 | T41T 570 | 25.337 575y | 30.1575500 | 11367557 %
PDF +4.0% +3.7% +2.7% +2.6% +2.1%
A 15.5% 14.0% 13.4% 12.8% 8.2%

Table 3.12: Effect of the renormalisation and factorisation scale on the signal cross
section (in fb) for gg — H H at NLO QCD for my = 125 Gev with up = pr = po.

The last row shows the relative difference A = 2(# ’“(' T/n 2)=o(mun) petween both
o HH/2)

scale choice.

results than the born-improved one. In the tails of the Higgs transverse momentum
distribution, they observe a 50% and 20% difference respectively for born-improved
and loop-improved reweighting. They also show results for the total cross section
where a reduction of 24% can be expected at 100 TeV compared to born improved
total rates.

We already stressed the importance of the renormalisation and factorisation scales
choice in Higgs production. In Tab. 3.12] we show the effect of going from m gy to
mp g /2 on the total rates. As expected the scale dependence is reduced as the centre
of mass energy increases.

We now present in Fig. [3.12] some distributions obtained using the loop-induced ap-
proximation for the NLO results to establish to which extent approximate NLO event
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Figure 3.12: Transverse momentum distribution of the leading Higgs boson (left) and
invariant di-Higgs boson mass differential distribution (right) in GeV for pp — HH
at LO and NLO for my = 125 GeV and /s = 14 TeV. The scales are chosen to
be ur = purp = mpgp/2. Scale and PDF uncertainties are added linearly in the
distribution. The K-factor is defined as the ratio between NLO and LO cross sections.

generators can be used, and to which extent this calculation provides a guideline to
relate fiducial cross sections to inclusively modeled quantities. Distributions were ob-
tained for the five previous centre of mass energies but we only show results for 14
TeV here for brevety.

Due to the destructive interplay between the trilinear and box contributions, the top
mass threshold significantly impacts the differential distributions for the gluon fusion
process, and the invariant di-Higgs boson mass differential cross section in particular.
On one hand, the momentum-dependent distributions of the di-Higgs system are ex-
ploited in phenomenological analyses (either implicitly or explicitly), as they exhibit
a highly sensitive response to BSM-induced modifications of the SM coupling pat-
tern. On the other hand, experimental characteristics of a particular set of selection
cuts motivated from the desire to enhance signal over background strongly depend on
the transverse Higgs momentum (and therefore on m ) selection threshold; boosted
Higgs kinematics are a particularly drastic example of this.

Finally we also computed the triple Higgs production gg — H H H at NLO in QCD
as shown in Tab. [3.13] The same conclusion about the scales effect can be drawn as
for the H H production case.
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o 7 TeV 8§ TeV 13 TeV 14 TeV 100 TeV
MHHH 9'91—16:6572 15'14—16:0072 63'32—14:172 76'15—14:0?2 4306—12:3072
PDF +5.3% +4.8% +3.4% +3.2% +1.8%
A 17.6% 15.8% 13.8% 12.3% 9.0%

Table 3.13: Signal cross section (in ab) for g9 — HHH at NLO QCD for myg =
125 Gev with ug = pr = po. The last row shows the relative difference A =

”(mHH(I;{m*U(mHHH) between both scale choice.
o(muun/2)

3.5 Conclusions

In this chapter we have examined the production of Higgs boson pairs via gluon fusion
in the 2HDM. We have provided predictions for the 14 TeV LHC at NLO accuracy in
QCD, matched to the PYTHIAS parton shower. We have considered all seven possible
final-state Higgs pair combinations in the model and explored representative up—to—
date 2HDM benchmarks. The Higgs bosons in the final state have been kept stable in
our simulated event samples. The NLO QCD corrections to the (loop—induced) gluon
fusion channels have been handled via a reweighting procedure which includes the
exact one—loop matrix elements. Dedicated codes for this computation are available
in [207]].

We have reported large QCD corrections, reflected in the sizable K —factors in the
ballpark of K ~ 1.5 — 1.7 (for the gg—initiated channels) and K ~ 1.2 — 1.3 (for the
qq—initiated ones). These QCD effects are dominated by the initial-state light—parton
radiation. They remain almost constant over the phase space and barely depend on the
model parameters. Once they are taken into account, the theoretical uncertainties on
the Higgs pair rate predictions are significantly reduced.

We have examined a variety of characteristic 2HDM features and evaluated their ef-
fect on the total Higgs pair rates and kinematical distributions. The underlying model
structure influences the light di-Higgs production in different ways i) the virtual (real)
heavy Higgs—mediated contribution gg — H%*(H°) — h°h®, which may enhance
the total rates by up to roughly 2 orders of magnitude above the SM expectations; ii)
the diverse possible combinations of enhanced, suppressed and/or sign—flipped Higgs
couplings, which lead to increased or reduced rates, particularly apparent in the differ-
ential distributions. Finally we presented the recent prediction for NLO results with
top mass effect in the SM for several collider energies, giving insight on what could
be achieved with a 100 TeV accelerator.
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One further step would be to combine our current results with the corresponding Higgs
branching ratios, and to evaluate the signal-over—background significances for the re-
spective decay modes. Identifying the channels with the best prospects of being mea-
sured requires dedicated studies which should involve detector effects and selection
cuts to optimize the signal extraction over the backgrounds. Complementary informa-
tion can be obtained by including the additional double Higgs mechanisms besides the
dominant gluon fusion mode, namely vector boson fusion; associated production with
gauge bosons; and Higgs radiation off heavy quarks. The ultimate goal is to iden-
tify the most promising experimental opportunities for these extended Higgs sector
searches at the LHC.



Chapter

Interference effects in heavy
scalar production decaying to a
top pair

“The measure of greatness in a scien-
tific idea is the extent to which it stimu-
lates thought and opens up new lines of
research. ”

Paul A. M. Dirac (1902 - 1984)

41 Introduction

The top quark might have a special role in electroweak symmetry breaking (EWSB),
as it is the only fermion with a coupling to the Higgs of order one and therefore with a
mass of the order of the Higgs field vacuum expectation value. This unique feature has
been exploited in a wide range of BSM scenarios, from being a window into strongly
interacting scenarios to triggering EWSB in supersymmetric theories. After the top
discovery at the Tevatron more than 20 years ago, a plethora of searches have been
performed to measure its properties and to look for hints of new physics both at the
Tevatron and the LHC. Unlike all the other quarks, the top high mass makes its partial
weak decay width to bW larger than the QCD hadronization scale meaning that it
decays before being able to form mesons or baryons.

111
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The main production channel at hadron colliders is in ¢ pairs via strong interac-
tions, with the EW single production following with roughly a third of the cross-
section. New physics effects in top pair production can generally be classified into
two categories: resonant and non-resonant. Non-resonant effects are conveniently
described within effective field theory, i.e. including the effect of dimension-6 opera-
tors [215H217]]. Resonant effects arise in physics models which predict new particles
that couple to the top, either via an s-channel or a t-channel, leading to top quark
pairs possibly in association with other visible or invisible final states. The search for
s-channel resonances above the 2m; threshold but within the experimental reach, is
particularly promising [218]]. These can be spin-0, 1 or 2, colour octet or singlet de-
pending on the model [219]. These resonances often arise only in top pair production
if their couplings to light particles are suppressed.

Experimental searches for heavy scalar particles decaying into top quark pairs have
been performed by both CMS [220] and ATLAS [221] in Run I of the LHC. These
searches are interpreted in terms of upper bounds on production cross-section times
branching ratio, assume a narrow width resonance, and generally ignore the interfer-
ence of the signal with the SM background. Nevertheless, it has been shown that
the interference should be taken into account, as the heavy state does not necessar-
ily show up as a resonance bump in the top pair invariant mass distribution but most
likely leads to a peak-dip structure [222}[223]]. Similar effects have been discussed
recently in [224] in the light of the excess reported at 750 GeV by ATLAS [225]] and
CMS [226].

In order to extract maximal information on the new physics in the presence of an ex-
cess or to constrain BSM scenarios in the absence of one, accurate predictions are
not only needed for signal and background, but also for their interference. The QCD
background is known at NNLO in QCD [227]] and NLO in electroweak [228] (see
also [229]] for a detailed study at LHC 13 TeV). Recent work in the direction of pro-
moting signal and interference predictions beyond LO has been presented in [230].
While all ingredients are available for the computation of the signal at NLO, this
is often computed at LO or in some approximation such as the one in [230]. NLO
K -factors computed for the scalar production cross-section, o (pp — ®), are often ap-
plied to the signal, especially in studies assuming narrow width approximation. The
bottleneck of a complete NLO computation is the virtual corrections to the interfer-
ence between the signal and the QCD background, which involve two-loop multiscale
integrals that are currently unknown.

In this chapter we investigate interference effects between the signal gg — ® — t£
and background gg — tt, where ® represents a spin-0 particle, taking higher order
effects into account. Our method can be applied to any UV complete model involving
heavy scalar particles. We demonstrate our results in a simplified model with an addi-
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tional scalar or pseudoscalar particle and the 2HDM. The predictions for the signal and
interference can then be compared with the experimental results to obtain constraints
on models with new scalars. In particular the impact of higher order QCD effects and
of taking into account the interference on the excluded parameter space regions can
be explored. Our implementation is available within the MADGRAPH5_AMC @NLO
framework.

This chapter is organised as follows. In Sec. we discuss the simplified model
and 2HDM benchmarks we will employ in our study. In Sec. [.3] we explore the
main features of top pair production in the presence of additional scalars. Higher
order QCD effects including the effect of additional jet radiation and NLO corrections
for the process are discussed in Sec. In Sec. we examine the impact of
our improved predictions on the constraints that can be set on new physics models
(including dark matter models) using top pair resonance searches. The implications
of the reported diphoton excess at 750 GeV in the context of top pair production are
studied in Sec. .6} before we conclude in Sec. [£.7]

4.2 Top pair production in the presence of heavy
scalars

In the presence of additional scalar particles, the leading order, O(g?), diagrams for
the signal and the QCD background are shown in Fig. f.1] Any possible CP-even
(including the light 125 GeV Higgs), CP-odd or mixed CP scalars are denoted gener-
ically by Y in the Feynman diagramsp_-] A couple of observations are in place here.
We first note that the signal/background interference is colour suppressed at leading
order in QCD. The QCD amplitude (for instance the one on the right in figure 1) can
interfere with the signal only when the top-quark pair is in a colour singlet (i.e. with
probability ~ 1/N?2, N, being the number of colours). We also mention that the am-
plitude for the signal is proportional to the square of the coupling of the scalar to the
top, which implies that unless another heavy coloured state runs in the loop, there is
no sensitivity to the sign of the Yukawa coupling. In this chapter we will consider the
process of Fig. @.1]in a simplified model and the 2HDM. The parameters of our BSM
models relevant for this process are briefly presented here.

"While bottom quarks couple to the SM Higgs and possibly to the heavy scalars, their contribution is
very suppressed (for moderate bottom Yukawa couplings) in the region of interest which lies above the
top—anti-top threshold. Therefore we will only consider top quark loops throughout this study.
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> > 2

Figure 4.1: Leading order Feynman diagrams for gg — t# production in the presence
of spin-0 particles coupling to the top quark.

4.2.1 Simplified Model

A simplified model in which one or two additional scalars (one scalar and one pseu-
doscalar) are present is considered first. As in the 2HDM, heavier CP-even and CP-
odd scalars are denoted by H" and A" respectively, coupling to the top in the following
way:

v

V2

t
7Y .S, 0 7Y .~P_ 5, 40

L = t=—=9 tH +t—i tA”. 4.1
\/§ t 9¢ Y ( )
For convenience we normalise the scalar and pseudoscalar interactions with the top
quark (%) by the SM top Yukawa coupling (y¢ = “t). We note here that a mixed state

(Y') is also allowed in our model, coupling to the top in the following way:
_ yt

L= 15 +ig )y, 4.2)

V2

with CP-violation present when both ¢ and §/ are non-zero.

The above Lagrangian is not invariant under the SM gauge group. In ultraviolet com-
pletions where Y is one of the components of an SU(2), doublet, as in the 2HDM,
our simplified model corresponds to scenarios with a high degree of alignment. In this
case, the couplings of the gauge bosons to the heavier C' P-even scalar are suppressed,
e.g. cos(8 — ) ~ 0. Such setups are in particular common in minimal supersym-
metric realisations. In contrast, if the mediator is a gauge singlet, it should mix with
the Higgs sector, leading to a more complex phenomenology as in the so-called Higgs
portal dark matter models (see e.g. the works of Ref. [231-236]). On the other hand,
it has also recently been shown that the use of simplified models for LHC and future
(feasible) collider studies does not break perturbative unitarity [237,238].

In this simplified model, the parameters of interest for the production of the heavy
scalars and decay into top pairs are: the Yukawa couplings §;, G-, the new particle
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Type | tan 3 a/m | mgo mao  mp= mi,
Bl II 1.75 -0.1872 | 300 441 442 | 38300
B9 II 0.9 -0.267 | 500 550 620 | 10000
B10 II 0.7 -0306 | 380 590 610 | 10000
Bl11 II 0.6 -0.328 500 710 720 | 10000

Table 4.1: Parameter choices for the different 2HDM benchmarks used in our study.
All masses are given in GeV. The lightest Higgs mass is fixed in all cases to mpo =
125 GeV.

masses Mo, m g0, my and their widths I'go, I" 40, 'y, A minimum value for the
widths can be obtained by computing the partial top decay width and loop-induced
(suppressed) decays to gluons and photons through top-quark loops. The parameters
of the model can be matched to UV complete models such as the 2HDM. In particular
the total width of the particle can be larger if it couples directly to other SM particles,
or new states such as a Dark Matter (DM) candidate as explored in [[10,[239,[240]. In
what follows we will present results for the simplified model using the minimal width
and a larger value allowing for other decay channels.

Finally we note that in our model implementation one can have spin-0 particles di-
rectly coupling to the gluons through the dimension-5 operators in the same way as
presented in Eq. [I.5T] for the Higgs boson. We will employ these operators in Sec.
4.6]

4.2.2 2HDM

Our set of representative 2HDM benchmark scenarios are introduced in Tab. (.}
These are all type—II and have been constructed in agreement with all up—to—date
parameter space constraints. Notice we used again benchmark B1 to allow comparison
with the other processes we studied. The other three new benchmarks were designed to
give highly enhanced top Yukawa couplings to heavy states and different mass scales.

In Tab. 4.2] we quote the numerical values for the top Yukawa couplings, scalar widths
and top branching ratios for the benchmarks defined in Tab. [4.1] All couplings are
again normalized to their SM counterparts, as denoted by gz = grioM /gSM | where

H stands for the SM Higgs boson.

The properties of the different 2HDM scenarios can be summarised as follows:
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Gnott  guogt  gaoye | U'mo BRpo_yg | Thao  BRjo_yg
B1 096 -0.64 0.57 | 0.138 0.0 7.20 0.723
B9 1.00 -1.11 1.11 13.75 0.9997 29.97 0.999
B10 | 1.00 -1.43 1.43 3.39 0.9989 64.57 0.849
B11 | 1.00 -1.67 1.67 | 30.93 0.9998 105.23 0.896

Table 4.2: Normalised top quark Yukawa couplings, heavy scalar widths (in GeV)
and top branching ratios for the different 2HDM benchmarks defined in Tab. 4.1 All
couplings are normalised to their SM counterparts.

e B1: The tan8 > 1 is responsible for smaller top Yukawa couplings for the
heavy scalars. The CP-even scalar has a rather narrow width (main decay chan-
nel is h°h%) and lies below the resonant top—anti-top threshold while for the
pseudoscalar the branching ratio to tops rises to more than 70%.

e B9: Both new resonances feature slightly enhanced top Yukawa couplings. In
this scenario the new particles are all around 500 GeV and always decay into tt.
The widths of the heavy scalars remain below 10% of the mass.

e B10: The top Yukawa couplings are enhanced due to the smaller value of tan
B. Compared to B9 the width of the scalar is suppressed due to its lower mass
while the width of the pseudoscalar reaches ~10% of its mass. The CP-even
state decays almost exclusively to top quarks, while A° can also decay into a
ZH pair.

e B11: Both resonances are rather broad due to the larger masses of the par-
ticlestheir and enhanced couplings to the top quark. Both H® and A° decay
predominantly to top quarks.

4.3 Features of additional scalar contribution to
top pair production

In this section we explore the main features of the top pair production process in the
presence of new scalars. Conclusions can be drawn already at the amplitude squared
level by varying the various model parameters. We investigate the interference pat-
terns between the signal and the QCD background in the presence of

e one state, CP-even or CP-odd,
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e one CP-mixed state

e two states, one CP-even and one CP-odd.

We note here that while both scalar and pseudoscalar amplitudes interfere with the
QCD background, there is no interference between them if the two spin-0 states are
one pure CP-even and one pure CP-odd. We also mention that bottom quarks in prin-
ciple enter in this process as they have non-zero Yukawa couplings. However, as the
effects we consider here concern the region above the top—anti-top threshold, any con-
tribution of bottom quarks is expected to be very small for moderate values of the
bottom Yukawa. In the 2HDM scenarios we consider a small value of tan(3, so that all
bottom Yukawa couplings are small. Indeed in the 2HDM, when the top Yukawa cou-
pling is increased, which is what our benchmarks aim to do, then the bottom Yukawa
coupling is automatically reduced. In conclusion, we can safely ignore bottom-quark
loops in what follows.

In the case of a CP-even or mixed state the signal interferes also with the SM-like
Higgs (125 GeV) contribution. We find that this interference is suppressed compared
to the interference with the QCD background yet we do include it in our results. We
also compute the light Higgs contribution to the SM background, both the pure Higgs
contribution and its interference with the QCD background. Both are extremely sup-
pressed compared to the QCD background.

To demonstrate our results we select the invariant mass distribution of the top pair, an
observable which can very clearly reveal the presence of a resonanceE] As an example
we show in Fig. [£.2] the amplitude squared for the signal, background and interfer-
ence separately for a scalar, a pseudoscalar and mixed (equal scalar and pseudoscalar
couplings) spin-0 state for various widths (90° centre-of-mass frame scattering angle).
The Yukawa couplings (gg9 ) are all set to 1. The values of the widths chosen for the
plots are i) the minimal width computed at LO assuming the scalar particle only cou-
ples to the top and ii) a larger width to allow for decays to other SM particles (e.g.
vector bosons) or new states (such as a DM particle).

The plots show that the interference is important even for narrow resonances with
widths as small as ~2% of the mass, which is the case for the scalar 500 GeV reso-
nance. The interference can be as large as the signal in size and leads to the character-
istic peak-dip structure. The different width choices highlight the impact of the width
of the additional particle on the relative importance of the interference. When the
width of the heavy scalar becomes large (~ 10% of the mass) the peak-dip structure
becomes less pronounced and basically leads to a dip dominated by the interference.

2We note here that top decays can also be generated in our simulation framework. While observables
involving top decay products are known to provide useful information on the nature of a top resonance [219],
in this chapter for brevity we will only consider stable top quarks.
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Figure 4.2: Amplitude squared for gg(— ®) — t{ in the presence of a heavy scalar of
500 GeV as a function of the centre-of-mass energy for different widths. The centre-
of-mass frame scattering angle is set to 90°. Results are shown for a scalar state (top),
a pseudoscalar one (middle) and a mixed one (bottom). The lower inset shows the
ratio of the signal and interference over the QCD background.

Note also that the pseudoscalar resonance peak reaches larger values than the scalar
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Figure 4.3: Amplitude squared for gg(— ®) — ¢t in the presence of a scalar and a
pseudoscalar state as a function of the centre-of-mass energy for different mass split-
tings and widths. The centre-of-mass frame scattering angle is set to 90°. Top left:
small mass splitting (Am = 10 GeV), top right: moderate mass splitting (Am = 30
GeV), bottom left: large mass splitting (Am = 50 GeV) and bottom right: larger
mass splitting (Am = 100 GeV). All couplings are equal to the SM top Yukawa. The
lower inset shows the ratio of the signal and interference over the QCD background.

case for same mass and width, which is related to the structure of the top loop ampli-
tudes for gg — H°/AY, see Eq.

In a scenario where both a heavy scalar, H 0 and a pseudoscalar, AV are present,
more interesting features arise in the invariant mass distribution of the top pair as
discussed also in [241]]. We consider this scenario in Fig. 3] where the amplitude
squared is studied in the presence of one scalar and one pseudoscalar particle. The
patterns observed in the invariant mass distribution are determined by the mass split-
ting and widths of the two particles. In the narrow width case, for Am = 10 GeV it
is not possible to disentangle the two peaks. However, a larger mass splitting leads to
two distinctive peak-dip structures. For the 50 GeV widths the effects are very mild
compared to the background and dominated by the interference. In practice, the ex-
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Figure 4.4: Amplitude squared for gg(— ®) — ¢t as a function of the centre-of-mass
energy for the HY and A° resonances for different values of the Yukawa couplings.
The widths are set to the minimum ones: for g: = 1,1'go = 3 GeV, I' 4o = 21.3 GeV
and for g; = 2,T'go = 12 GeV, I' 4o = 85.1 GeV.

perimental top pair invariant mass resolution will determine the mass gap required for
the two states to be distinguished even in the narrow width case.

To conclude our amplitude analysis of interference effects in top pair production, we
modify the Yukawa couplings gy, §; of the new particles. The results are shown in
figure d.4] Note that flipping the sign of the Yukawas has no effect on the interference
pattern for this process as Mg;gnar (grye)?. In this case, the width is computed
at LO assuming only top decays for all values of the Yukawa couplings. The plot
demonstrates the range of possible shapes one can expect in the case of two reso-
nances with different signal strengths. The values of the Yukawa couplings change
not only the normalisation but also the shape as the interference and signal have dif-
ferent functional dependences on the Yukawa coupling. We also note that the signal
and interference cannot simply be rescaled when one changes the Yukawa couplings,
as for consistency the width of the heavy state should be appropriately recomputed.
In particular we notice that in this model the width rapidly increases with the Yukuwa
couplings, quickly reaching values beyond the narrow width approximation.
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Scalar Pseudoscalar
Width Thin=11.1 T'=50 | I'n =21.3 T'=50
Signal 2.38 0.47 4.54 1.81
Interference -1.27 -1.25 -2.19 -2.50

Table 4.3: Cross sections (in pb) for the LHC at 13 TeV for the signal and interference
with the background for a new heavy scalar or pseudoscalar particle of m go 40 = 500
GeV for different width values (in GeV). Yukawas are equal to the SM values.

The same qualitative conclusions can be drawn by studying the results at the proton-
proton cross-section level. Leading order results are presented for both the simplified
model and the 2HDM scenarios presented above. Signal events and interferences
are generated at LO with recent MADGRAPHS5_AMC @NLO version, which allows
event generation for loop-induced processes. All results are obtained for the LHC at
/s = 13 TeV with MMHT2014LO PDFs [242]. The renormalisation and factorisa-
tion scales are set to up = pr = po = myz/2. The cross sections obtained for the
signal and interference at LO are shown in Tab. [4.3]for a scalar and pseudoscalar res-
onance of 500 GeV for two width choices. For comparison the LO QCD background

(including the quark—anti-quark contribution) is cgcp = 498.13;:3% pb and the in-

terference between SM Higgs and QCD background is or—_gcp = —0.90f§§é;‘; pb.

In the following when we refer to background we will use 042, . una = 762p +

31.4% F 33.3% o
o2 qep = 497.2f22'4; pb. Note that oy = oPPH=H = 22.15f23'5; fb is also

part of the SM background but since its contribution is very small it is here discarded.

Fig. shows the tf invariant mass distribution for a scalar and pseudoscalar state
separately and confirms our observations at the amplitude squared level. The effect
of the scalar particle remains at the few percent level compared to the background
and hardly visible especially due to a cancellation between the signal and interference
contributions, as reported in Tab. [£.3] We note that the signal changes with the width
following a < 1/I" behaviour at the total cross-section level, as expected in the narrow-
width approximation. Effectively, increasing the total width without changing the
partial top width decreases the branching ratio (I';z/T"). The impact of changing the
width on the interference is not straightforward to predict at the total cross-section
level. The interference is decomposed into a part coming from the imaginary part of
the one-loop amplitude which is always destructive and one coming from the real part
which changes sign at the mass of the resonance, as also discussed in [224]]. The total
interference can be negative or positive depending on the relative size of these two
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Figure 4.5: Top-pair invariant mass distribution for a single heavy resonance of
m = 500 GeV with different widths at the LHC at 13 TeV. Top: scalar. Bottom:
pseudoscalar. The contributions of the signal and interference are shown separately as
a percentage of the QCD background in the lower panels.

components. In general though the relative importance of the interference compared
to the signal is larger for larger widths as shown in Tab. 3]

In Fig. [4.6] we show the invariant mass distribution for a scenario in which both a
scalar and pseudoscalar resonance are present. The corresponding LO cross sections
for the signal and interference with the QCD continuum are reported in Tab. f.4] In
this case the mass splitting and widths of the two states are varied. The behaviour of
the amplitude squared is replicated here. In the narrow width scenario, for a small
mass splitting, we cannot distinguish between the two contributions. For Am = 50
GeV two separate peaks appear. In general, we find that the interference is destructive
and large compared to the signal, in particular when the widths are large, a case where
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Figure 4.6: Top pair invariant mass distribution for the LHC at 13 TeV for the H°
and A resonances with different masses and widths. Top left: small mass splitting
(Am = 10 GeV), top right: moderate mass splitting (Am = 30 GeV), bottom left:
Am = 50 GeV and bottom right: large mass splitting (Am = 100 GeV). The ratio of
the signal and interference over the QCD background is shown in the lower panels.

deviations from the background are generally suppressed. For all mass combinations,
the interference is comparable in size with the signal even for the narrow width choices
and its impact on the line-shape is important. The interference can lead to shapes very
different from the resonance peaks that one expects from the signal alone.

We conclude this section by considering the 2HDM benchmarks presented in Sec. 4.1
to have a picture of possible deviations from the SM predictions in a UV-complete
model. In this case the widths are computed using the 2HDM parameter input. The
2HDM parameters of interest i.e. the Yukawa couplings, the widths and top-quark
branching ratios are given in Tab. #.2] The corresponding cross sections are collected
in Tab. 3] where we also show the corresponding scale uncertainties obtained by
varying the renormalisation and factorisation scales up and down by a factor of two.
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mpo = 400 GeV, mgo =410GeV | 'y | I = 50 GeV
Signal 17.56 3.09
Interference -11.85 -10.69
mpgo = 400 GeV, m 40 = 430 GeV
Signal 14.92 297
Interference -9.60 -8.91
mpgo = 400 GeV, m 40 = 450 GeV
Signal 12.92 2.77
Interference -7.88 -7.46
mpgo = 400 GeV, m 40 = 500 GeV
Signal 9.68 2.22
Interference -5.23 -4.94

Table 4.4: Cross sections (in pb) for the LHC at 13 TeV for a new heavy scalar and
pseudoscalar particle for different widths and masses. Yukawas are equal to the SM
value.

Total Signal Interference
Scalar Pseudoscalar Scalar Pseudoscalar
BI [ 497.155070 [ 00155378 2137590 | 0.627550%  -L78TE
B9 | S0L0¥5, %% | 29075358 35175550 | -155Thise 10900
BIO | 50407200 | 10867000 335705 | ese R 1St
BI1 | 50214555 | 6194500 1851000 | 3530000 0301500%

Table 4.5: Cross section at LO (in pb) for the LHC at 13 TeV for the 2HDM scenarios
of Tab. [4.1] with scale uncertainties. The signal and interference is decomposed into
contributions from the scalar and pseudoscalar resonances.

The interference is important and destructive for all scenarios, ranging in size from
40% to 100% of the signal at the total cross-section level. For completeness we also
show the various contributions involving the light 125 GeV Higgs in Tab. [4.6] These
are found to be small in all cases. The differences between the four scenarios in the
contributions involving only the light Higgs are due to the differences in the light
Higgs Yukuwa coupling. The invariant mass distribution of the top quark pair for the
four scenarios is shown in Fig. We can see that the dip due to the interference is
very small and would therefore be very difficult to observe experimentally.
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g9 — H — tt | H — HY interference | H-QCD interference
+332% +32.7% +32.1%
Bl 0.019;%?? 0.03152.%) —0.82133.}1;)
B9 0.022;%;%3 0.01133;%‘; —0-90;%1%2
B10 0.022;%;%5 0.25132135 *0~90;§§I§gﬁ
BIl | 0.022333% 0.03+31-3% —0.90753 55,

Table 4.6: Cross sections at LO (in pb) for the LHC at 13 TeV for the 2HDM scenarios
of Tab. [4.1] with scale uncertainties for the various contributions involving the light
SM-like Higgs.

We find that benchmark B1 only shows deviations from the background around the
mass of A°, as HY lies below the top—anti-top threshold. The A contribution is dom-
inated by the interference leading to a dip in the invariant mass distribution. Scenario
B9 shows a more involved structure due to the presence of two resonances with a 50
GeV mass splitting. All Yukawas are enhanced, nevertheless the large widths and the
cancellation of the destructive interference with the signal lead to effects of a few per-
cent compared to the background. Benchmark B10 is the only scenario that leads to a
visible resonance peak at 380 GeV and a mild dip at around 590 GeV, corresponding
to the narrow H° and broad A° resonances respectively. Finally B11 shows a small
excess over the background at 500 GeV and a mild dip at around 700 GeV. Due to
the large widths the effects on the invariant mass distribution are extremely mild and
would therefore be difficult to detect.

4.4 Higher-order QCD effects

As we have seen in the previous subsection the interference between the signal and
background can lead to interesting peak-dip structures, and needs to be taken into ac-
count to obtain a reliable prediction for the line-shape of a new resonance. It is well-
known that the interference between the signal and the QCD background is colour-
suppressed: i.e. the only background configuration which contributes to the interfer-
ence is the one where the top—anti-top pair is in a colour singlet state. In this section
we investigate whether this colour suppression could be lifted by allowing additional
QCD radiation.
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Figure 4.7: Invariant mass distribution for the ¢¢ pair for the different 2HDM bench-
mark points. The ratios of the signal and interference over the QCD background are
shown in the lower panel.

4.4.1 Signal-background interference in tt+jet

We consider for the first time signal and background interference effects for the tt+jet
process. Fig. shows a comparison between the LO process pp(— Y) — ¢ and
the one with an additional jet emission pp(— Y') — tij, for a scalar or pseudoscalar
of my = 500 GeV and I'y = T',,;,,. For the pp(— Y') — ttj process a cut has to
be applied on the jet transverse momentum. The ratio of the signal and interference
over the background is shown for various cuts on the jet pr. We find that the extra jet
does not give rise to a significant increase of the interference. For the scalar resonance
the relative size of the interference is identical to that for the 2 — 2 process, while
for the pseudoscalar a small increase is found. The line-shape of the resonance is
not visibly modified by the QCD radiation. This persists even for very hard jets for
which the cross-section is as expected suppressed. We associate this to the fact that
the main contribution to the 1-jet process is related to initial state radiation, for which
no change in the colour state of the top-quark pair is expected and therefore the colour
suppression is not lifted.

We note here that a consistent way to include both 0 and 1 jet multiplicities would be
to employ the ME+PS method. However given the results obtained for the 1-jet sam-
ples which show the very mild effect of the extra QCD radiation on the interference
between signal and background and hence the line-shape of a heavy scalar, we refrain
from performing a detailed analysis of a merged sample.
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Figure 4.8: Top pair invariant mass distribution for the LHC at 13 TeV for pp(—
Y) — ti(j) for a heavy scalar or pseudoscalar with my = 500 GeV. Different p,
cuts are applied for the ¢ process. The lower panels show the signal and interference
ratios over the background.

4.4.2 NLO resulis

In order to improve the accuracy of the predictions for this process, we now examine
the impact of NLO corrections. We start by reviewing the main ingredients needed
for the computation of the signal, background and interference at NLO. The NLO
QCD corrections for the signal require 1-loop real emission amplitudes and 2-loop
virtual correction amplitudes. A sample of the required diagrams is shown in Fig. .9]
These can be classified in three categories: initial state corrections, final state correc-
tions and corrections connecting initial and final state, the so-called non-factorisable
corrections. The initial state corrections are identical to the NLO corrections for sin-
gle Higgs production and are well known [243]244]]. The final state corrections are
also well known as part of the QCD corrections to the Higgs decay width to heavy
quarks [245]]. Results are not available for the class of two loop amplitudes shown in
the centre of Fig. [4.9] as these require multiscale integrals at the edge of current mul-
tiloop technology. Exact results can be obtained for the signal at NLO, as this class
of diagrams does not interfere with the Born amplitude as in the Born configuration
the top quark pair is in a colour singlet. The non-factorisable corrections only play a
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Figure 4.9: Two-loop virtual corrections diagrams for the heavy scalar signal.
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role in the interference between the signal and the continuum background, which is
therefore formally known only at leading order.

An approximation to the NLO results has been presented in [230], where two ap-
proximations are made. The first regards the interaction of the Higgs to the gluons,
which is computed in the infinite top mass limit. The second is the computation of the
NLO QCD corrections for the signal and interference in the soft gluon approximation.
Here we follow a different approach. We compute the NLO corrections for the signal
with the exact top mass dependence, while for the interference we employ a K -factor
obtained from the geometric average of the signal and background K -factors. The
K -factor approximation can be employed both at the total cross-section level and on a
bin-by-bin basis for the differential distributions. A similar procedure is recommended
for other loop-induced processes such as gg(— H) — V'V which also suffer from the
lack of two-loop results. In the context of this study we have explicitly verified that the
geometric average of the signal and background ratios of 1-jet over 0-jet cross section
provides a good approximation for the corresponding ratio for the interference in the
proximity of the resonance mass.

On the computational side, within MADGRAPHS5_AMC @NLO , the background can
be obtained automatically at NLO. For the signal the two loop virtual corrections
for Higgs production are taken from those in SusHi [246] as implemented in aMC-
SusHi [247]]. These are combined with the 1-loop corrections in the final state which
are computed with MADLOOP. The full 1-loop real and born amplitudes and 2-loop
virtual corrections are inserted in the computation through a reweighting procedure.

We decompose the total cross section using the following additive prescription:

___back signal int
ONLO =ONLO T ONTOo T VEsKg, (4.3)

where the signal and background are computed exactly at NLO in QCD. /KsKpg
can involve either the total cross-section K -factors for the signal and the background
or the bin-by-bin K -factors in the invariant mass spectrum as well as for any other
observable of interest.

For brevity we present results at NLO only for our four 2HDM benchmarks. Results
for the simplified model can be straightforwardly obtained with our setup. In Tab.
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Signal Ks | Interference: VKgKp ofber
T16.8% +30.7%

Bl 3.31;%%0? 1.55 -3.0013421%5)

B9 | 902, | 14! P

o | e | o

BIl | 11.517143% | 1.43 4237500y

Table 4.7: Cross sections and corresponding scale uncertainties at NLO (in pb) for
the LHC at 13 TeV for the 2HDM scenarios. The corresponding K -factors and the
interference with the QCD background obtained from the geometric average of the
signal and background total cross-section K -factors (K g = 1.40) are also given.

the signal at NLO with the scale uncertainties, the corresponding K -factors and
the NLO approximation for the interference are given for the four scenarios. The
interference is computed at LO with NLO PDFs and the result is subsequently adjusted
by the K -factor. The total cross-section K -factors are used to obtain the interference
K -factor used in Tab. We note that the scale uncertainties for the interference
are those obtained from a LO computation and therefore are much larger than those of
the signal and background. For the interference, our results provide a more accurate
prediction, however we do not improve the precision of this contribution and therefore
keep the LO uncertainties. For completeness we mention the NLO QCD background

cross section cgcp = 698.6ﬂ§:i?}2 pb and the corresponding K -factor Kp = 1.40.

The top pair invariant mass distribution for the LHC at 13 TeV is shown in Fig. [4.10]
The ratios of the signal and interference over the background are shown at LO and
NLO, along with the signal and background K -factors with the corresponding scale
uncertainties. We find large QCD corrections for the signal, with K -factors reaching
two close to the resonance. The background K -factor is lower but rises with m;;. Due
to the larger K -factor for the signal compared to the background we notice an increase
of the signal and interference over background ratios. The significant reduction of the
scale uncertainties at NLO is also evident in the results. We note here that for the
distributions we have extracted the K -factor for the interference using the signal and
background K -factors in each bin.
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Figure 4.10: Top pair invariant mass distribution for the different 2HDM benchmark
points at NLO for the LHC at 13 TeV. The signal and interference ratios over the
background are shown in the second panel, while the third and fourth panels show
the background and signal K-factors along with the corresponding scale uncertainty
bands.
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4.5 Comparison with experimental data

4.5.1 Constraints on a simplified Dark Matter model

Evidence for the existence of DM, although indirect, is quite convincing [248-250].
Measurements of the cosmic microwave background and baryonic acoustic oscilla-
tions predict a dominant dark matter component in the matter budget of the Universe
(in the framework of standard cosmology). In addition, detection of gravitational
anomalies, such as the flattening of galaxy rotation curves and the presence of gravi-
tational lensing in the absence of visible matter (e.g. the bullet cluster [251]]), strongly
favours gravitational interactions of dark matter as plausible explanations.

The many hints for dark matter created a huge endeavour to detect it and measure its
properties, leading to a number of experiments and searches which exploit very dif-
ferent ideas and approaches to dark matter detection. The experiments can be broadly
grouped into three categories:

A wide range of underground nuclear recoil experiments aimed at detecting
galactic dark matter scattering off atomic nuclei;

Searches for dark matter annihilation in the galaxy or nearby dense sources via
measurements of, for instance, gamma-rays;

e Collider searches in channels with large missing transverse energy ().

Collider mediator searches without £-.

However, despite an enormous experimental effort, the detection of the dark matter
particles remains elusive. In fact, there is no clear indication that dark matter interacts
with ordinary matter via forces other than gravity, and current experimental results
are not able to put stringent bounds on the dark matter properties and couplings in a
model-independent way.

As so little is known about the true nature of dark matter, it is a useful strategy to try
and constrain viable dark matter scenarios in the most model-independent way (i.e. via
simplified models [252]), confronting them with results from collider experiments,
direct dark matter searches, astrophysical observations and cosmology.

The simplified top-philic dark matter model that we consider is constructed simply
by supplementing the toy model we already used in this chapter with a Dirac-type
fermionic dark matter candidate X . The interactions of the particles are described by
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the Lagrangian :

Ly :—(gtﬂfﬂ—gXXX)Y, 4.4)

V2
where the new physics interaction strength for the dark matter is denoted by gx.

The model contains four free parameters (two couplings and two masses),

{gt7 gx, mx, mY} ) (45)
while the width I'y is fixed by the remaining model parameters.

In this section we will mainly focus on indirect collider searches in the v+, ¢t and four
tops channels. We start by reviewing the constraints on them separately before putting
them on top of cosmological and astronomical constraintsﬂ

Collider indirect searches

As discussed above, simplified top-philic dark matter scenarios can be probed at col-
liders through the production of the mediator either in association with a top-quark
pair or through a top-quark loop. Depending on the mass and coupling hierarchy, the
mediator decays either into a pair of dark matter particles, which results in signatures
including missing transverse energy (£1), or into SM final states. The size of the
cross sections associated with these two classes of mediator production mechanisms,
among other, is depicted in Fig. where we present their dependence on the medi-
ator mass my . For the case where the mediator is singly produced, we use the Higgs
cross section values that are reported in the Higgs Cross Section Working Group doc-
umentation [253]] and evaluated at the next-to-next-to-leading order (NNLO) accuracy
in QCD.

All cross sections shown in Fig. are proportional to §? and we therefore arbitrarily
choose g; = 1 as a benchmark. In this case, sizeable cross sections of 101 — 103 pb
are expected for the production of light mediators with my < 100 GeV at a centre-
of-mass energy of 8 TeV, the dominant mechanism being the loop-induced gg — Y
production mode. Requiring an extra hard jet in the final state reduces the cross section
by a factor which depends on the missing energy (or the jet transverse momentum pr)
selection, and the production rates are not sensitive to the mediator mass as soon as
the latter is smaller than the J0- selection threshold. The cross sections for producing
the mediator in association with a SM Higgs or Z boson are further suppressed and

hence are not shown here. In contrast, the cross section related to the production of the

3More detail about the cosmological part can be found in [[10].
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Figure 4.11: Total cross sections (with scale uncertainties) for various mediator pro-
duction channels (with g; = 1) at a centre-of-mass energy of /s = 8 TeV as a func-
tion of the mediator mass. The NNLO cross section for single mediator production
a(Yy) is taken from the Higgs Cross Section Working Group report, the Yyt one is
computed at NLO accuracy and all other loop-induced processes are evaluated at LO
accuracy. The monojet (Yy7), mono-Z (YyZ) and mono-Higgs (Yph) cross sections
include a transverse momentum cut on the mediator as indicated in the figure. In the
lower panel, we show the ratios of the cross sections evaluated at a centre-of-mass
energy of /s = 13 TeV over those at 8 TeV.

mediator in association with a top-quark pair is significant for light mediators, but falls
off quickly with the increase in the mediator mass due to phase-space suppression.

In this section we focus on searches relying on Y[ resonant contributions to SM pro-
cesses. In our scenario, dijet, diphoton, top-pair and four-top searches are expected to
set constraints on the model parameter space. This is discussed in the next section.

Resonance constraints

Tab. 4.8l summarizes the 8 TeV LHC constraints on direct resonnance searches that
we will use in this section.

We start by giving the partial width expressions for a scalar or pseudoscalar Y particle.
We will mainly be interested in three kinds of decays: decays into fermions (mostly in
tt pairs), gluons and photons (due to the large excitment there was around the 750 GeV
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Final state | Imposed constraint Reference Comments

ij o(my =500 GeV) < 10pb | CMS [254] for my > 500 GeV
Yy o(my =150 GeV) < 30fb | CMS [255] for my > 150 GeV
tt o(my =400 GeV) < 3pb ATLAS [221] | for my > 400 GeV
titt o < 32fb CMS [256] Upper limit on o5™

Table 4.8: Summary of the 8 TeV LHC constraints used in this section.

excess in the diphoton channel). The last two decays include loops as the new spin-0
particle Y is not electrically charged nor coloured. These loops are again described at
LO through the same two form factors given in Eq. Note that in the following
expression we include possible extra effective coupling to the gluons ¢4 and photons

¢, introduced in Eq. [T.50T.5T}

A2 3yt2mY

I'(Ys — tt) =4y om ﬁf’ O(my — 2my),

5 3yim
D(Yp = 10) =3y g1 O(my —2my).

D(s - g9) =2 35, pstm) + [
L'(Yp — gg) :;%Z),LSQ gviiFp(r) +cl|
D5 1) =2 85 p e+ oS
D(Vp = 1) = gy o) + ]| @)
with
Be=4/1— i:g% “@.7
Y

tt resonances For scenarios with mediator masses above the top-antitop threshold
(my > 2m.), tt resonance searches from both ATLAS and CMS [221,257,258]] can
be used as probes of the model. We derive constraints on our model from the ATLAS
8 TeV tt resonance search [221] that relies on the reconstruction of the invariant mass
of the top-quark pair to derive a 95% CL exclusion on the existence of a new scalar
particle coupling to top quarks. The associated cross section limits range from 3.0 pb
for a mass of 400 GeV to 0.03 pb for my = 2.5 TeV, assuming that the narrow width
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Figure 4.12: NNLO gg — Y, and NLO pp — Y, production cross section taken
from the HXSWG as a function of the Y mass. The color band shows QCD scale
uncertainty, while dashed line represent the PDF+«¢ uncertainty.

approximation is valid with a mediator width being of at most 3% of its mass and that
there is no interference between the new physics and SM contributions to the ¢f signal.

Constraints are computed using the 8§ TeV NNLO mediator production cross section
from the Higgs Cross Section Working Group (HXSWG) (see Fig. [#.12) and the rele-
vant top-antitop mediator branching ratio derived from the formulas presented in Eq.
.6 The latter is in fact very close to one in the relevant region as the mediator decays
into gluons and photons is loop-suppressed. The results are presented in the (my, g)
plane in Fig. @.13] The left plot shows that scalar mediators with masses ranging from
400 GeV to 600 GeV could be excluded for g; couplings in the [1, 3] range, the exact
value depending on my and on the fact that the narrow-width approximation must be
valid. When considering a pseudoscalar mediator instead (right plot of #13)), we see
that the excluded region for the coupling goes down to [0.6, 1.6] because of the width
limitation requirement and the higher production cross section. Results for a mixed
case are not shown here as they can be guessed from the combination of the two plots.
These two plots demonstrate the ability of the ¢f channel to probe a significant portion
of the my > 2m, region of the model parameter space.

Four-tops signals Scenarios featuring a mediator mass above twice the top-quark
mass can be probed via a four-top signal, since the mediator can be produced in asso-
ciation with a pair of top quarks and further decay into a top-antitop system. Theoreti-
cally, the SM four-top cross section has been calculated with high precision [259]], but
the sensitivity of the 8 TeV LHC run was too low to measure the cross section. Instead,
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Figure 4.13: Resonance search constraints from the LHC results at a collision centre-
of-mass energy of 8 TeV on the simplified top-philic model presented in terms of the
mediator mass my and the g; coupling (left: scalar, right: pseudoscalar). The different
coloured areas are excluded by the tt [221]] (red) and ¢ttt [256] (blue) searches. We
include information on the mediator width to mass ratios (green curves). We assume
a negligible branching ratio to the invisible sector.

an upper limit on the cross section at a centre-of-mass energy of 8 TeV has been de-
rived [256,260]. The four-top production rate is constrained to be below 32 fb [256],
a value that has to be compared to the SM prediction of about 1.3 fb. Only models
with new physics contributions well above the background (see e.g.Ref. [261]]) can
therefore be constrained by the four-top experimental results.

In our model, the new physics contributions to the four-top cross section can be ap-
proximated by the ttY; cross section, the branching ratio being B(Yy, — tt) ~ 1.
Using the NLO cross section (see Fig. f.12)), we derive limits that we represent in the
(my, §+) plane in Fig. 4.13] For a scalar mediator a small region of the parameter
space with g; > 2.5 and in which the mediator mass lies in the [2my, ~ 450 GeV]
mass window turns out to be excluded. On the other hand for a pseudoscalar res-
onance, the region with g; > 1.5 in the mass range [2m;, ~ 500 GeV] can be ex-
cluded. The weakness of the limit is related to the steeply decreasing cross section for
pp — Yytt with the increase in my .

The mediator width In all the above studies, the mediator width has been assumed
narrow. In the region where my > 2m;, the width of the mediator rises quickly
with its mass, and the width over mass ratio rapidly exceeds the 3% value that has
been imposed in the ATLAS t¢ resonance search [221]] as can be seen in Fig. 4.13
The reinterpretation of the ATLAS results to a generic ¢ resonance model should
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therefore be made carefully, as the limit cannot be necessarily applied to scenarios
featuring significantly larger mediator widths. This is shown in Fig. .13 where we
can also observe that most of the points that would have been excluded by the ATLAS
search do not fulfil the requirement of a width below 3% of the mediator mass. In our
excluded region of the parameter space, we allow the mediator width to reach 8% of
its mass, by the virtue of the experimental resolution on the invariant mass of the tf
system. This leads to the exclusion of scenarios with mediator masses up to 600 GeV.

The ATLAS resonance tt study claims that varying the width of the resonance from
10% to 40% results in a loss in sensitivity by a factor 2 for a 1 TeV resonance. An
extension of the reinterpretation of the ATLAS limits on our simplified top-philic dark
matter model to the case of larger resonance widths could then be performed by rescal-
ing the limits by the appropriate correction factor. We have nonetheless found that no
additional points are excluded even without rescaling the sensitivity of the search as
the ATLAS analysis rapidly loses sensitivity for resonance masses above 600 GeV.
Considering model points with a mediator width to mass ratio of at most about 8%
therefore provides a realistic exclusion over the entire model parameter space.

Dijet and diphoton resonances Dijet and diphoton resonance search results could
(in principle) be used to constrain the simplified top-philic dark matter model. Due to
double-loop suppressions, mediator-induced contributions to dijet and diphoton pro-
duction are only relevant in the parameter space regions where my < 2mx, 2m; (i.e.
where the mediator cannot decay into top quarks and/or dark matter particles). The
partial mediator decay rate into gluons is then always dominant (as can be seen in Eq.

[4.6) since

(Y, 2
Lo —>7y)  8ac g5 (4.8)
LYy — g9) 9 a2

S

All LHC dijet resonance searches focus on the dijet high invariant-mass region, lead-
ing to no useful constraints on the top-philic dark matter model. The lowest mediator
mass that is probed is ~ 500 GeV, with a visible cross section restricted to be smaller
than 10 pb [254].

Although the branching ratio of the mediator into a photon pair is very small, the
background associated with a diphoton signal is low so that one expects to be able to
obtain stringent constraints on the model from the diphoton search results. We focus
here on the CMS 8 TeV diphoton search [255] that investigates resonance masses
ranging from 150 GeV to 850 GeV and derives limits on the corresponding cross
section. For instance, the 95% CL upper bound on the mediator-induced diphoton
production cross section o(pp — Yo — ) is of 20 fb (4 fb) for a mediator mass
of 150 GeV (300 GeV). Making use of the pp — Yj cross section values shown in
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Figure 4.14: Resonance search constraints from the LHC results at a collision centre-
of-mass energy of 8 TeV on the simplified top-philic dark matter model presented in
terms of the mediator mass my and the g; coupling. The different coloured areas are
excluded by the diphoton [255] (orange), tt [221]] (red) and ¢ttt [256]] (blue) searches.
Lighter colours (yellow, magenta, cyan) correspond to a pseudoscalar Y. We include
information on the mediator width to mass ratios (green curves, solid: scalar, dashed:
pseudoscalar). We assume a negligible branching ratio to the invisible sector.

Fig. F12) and the Y; — - branching ratio computed from the formulas shown in
Sec. we present diphoton constraints on the model on top of the ¢t and four
tops constraints in the (my-, §;) plane in Fig. for both spin-0 parity. These results
assume that the dark matter particle is much heavier than the mediator that can thus
not resonantly decay invisibly. The constraints are found to be stringent below the
2m, threshold, where the §; coupling cannot be larger than 0.6.

Concluding remarks on direct mediator searches Mediator resonance searches at
8 TeV show good prospects of constraining our simplified top-philic model in a com-
plementary way, especially in the mediator mass range of 150-600 GeV by means of
the top and diphoton searches. So far, the ¢ resonance searches are strictly applica-
ble to a limited parameter space region of the simplified model, and considering larger
widths in the interpretation of the future results would allow for a more straightforward
reinterpretation of the limits to a wider range of parameters. Concerning the four-top
analysis, it can presently only exclude a restricted part of the parameter space, but
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e

Cosmology relic > —————— 4:: myx < my Planck, Fermi-
indirect ’ LAT
Astrophysics mx > my
direct mx >1GeV LUX,
— CDMSLite

Colliders no Fr
3> ,,,,,, < my > 2my tt
3> ,,,,,, 4:: my < 2mx,2m; 7y

Table 4.9: Signatures of our simplified top-philic dark matter model.

future measurements are expected to lead to more competitive bounds while diphoton
imposes very stringent exclusion limits for lower Y, masses.

Combined results

Let’s now have a look at how tt, diphoton and four tops results can add constraints
on our DM top philic model on top of the astophysical and cosmological constraints
coming from direct detection, relic density and indirect detection (see Tab. 4.9). Note
that a comprehensive analysis have been performed including constraints for addi-
tional processes at the LHC including ¢+ MET constraints. However for the sake of
brevety we stick here to the resonnance effect only. See [[10] for more details. In the
following, we explore the full four-dimensional model parameter space and present
results in terms of two-dimensional projections.

We perform a four-dimensional sampling using the MULTINEST algorithm [262/263]].
The choice of prior ranges for the parameters is summarised in Tab. .10] We choose



140 Chapter 4. Interference effects in heavy scalar production decaying to a top pair

MULTINEST parameter Prior
log(mx/ GeV) 0—3
log(my/ GeV) 0—3.7

log(gx) —4 — log(m)
log(g+) —4 — log(m)

Table 4.10: MULTINEST parameters and prior ranges for the four free parameters. All
priors are uniform over the indicated range.

Observable Value/Constraint Comment
Measurement Qpwm h2 0.1198 4+ 0.0015 Planck 2015 [264]
Limits Ty /my <0.2 Narrow width approximation
Iy > 10711 Gev Ensures prompt decay at colliders
oSt < 0Pl (90% CL) | LUX bound [265] (mx > 8 GeV)
oSt < 088115 (95% CL) | CDMSlite bound [266]
(1GeV < mx < 8GeV)

Table 4.11: Summary of the observables and constraints used in this analysis and
encoded into our MULTINEST routine. The relic density constraints assume a Gaus-
sian likelihood function, while the direct detection limits use step likelihood functions
smoothed with half a Gaussian.

to limit the coupling values to a maximum of 7 to ensure perturbativity. Tab. F.T1]
summarises the constraints that we have imposed on the model parameter space.

Throughout our study, we assume that X is the dominant dark matter component,
namely that it fully accommodates a relic density Qpyih? as measured by the Planck
satellite [264]]. Concerning the direct detection of dark matter, we consider the cur-
rently most stringent bounds on the spin-independent (SI) nucleon-DM cross section
as measured by LUX for dark matter with mx > 8 GeV [265]] and by CDMSLite
for 1 GeV< mx < 8 GeV [266]. We also include indirect detection constraints that
are imposed on the basis of the gamma-ray measurements achieved by the Fermi-LAT
telescope [[267,268]]. For the purpose of the relic density and direct detection cross sec-
tion calculations, we used both the MADDM [269,270] and MICROMEGAS [271]
numerical packages, although we only present the results obtained with MADDM.

We find that in the region where gx, g: < m, the 8 TeV collider results on direct me-
diator production and decay into SM particles (tt, vy, tttt) provide relevant bounds.
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Figure 4.15: Results of our four-dimensional parameter scan projected onto the
(my,mx) plane once constraints set from the LHC results are imposed for a scalar
Y particle. The points excluded by the diphoton, the £ and the four-top considered
searches all satisfy the relic density, narrow width and direct detection constraints.

Fig. illustrates our results and shows the scenarios that are excluded by reso-
nant top-pair searches as well as by the four-top analysis and diphoton constraints.
All points in the plot accommodate the dark matter relic density and direct detec-
tion constraints, while the colours indicate points excluded by individual complemen-
tary collider bounds. The vast majority of excluded points lie in the region where
2mx > my. This is the region where the mediator decay into a pair of dark matter
particles is kinematically forbidden, ensuring large branching fractions for decays into
SM particles. The ¢t results constrain the 400 < my < 600 GeV region. The four-
top probe is able to exclude a narrow parameter space region close to my ~ 2my, in
agreement with the findings shown in Fig. while the diphoton excludes lower Y{
masses up to 150 GeV.

Relaxing the requirements on the relic density, the direct detection and the upper
bound on the coupling strengths allows for another meaningful study of combined
collider constraints. For this purpose we have performed a joint analysis of col-
lider bounds on the top-philic simplified dark matter model in the scope of a four-
dimensional parameter scan with a flat likelihood function over all dimensions. We
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have performed the scan by restricting the couplings to be smaller than 27, as well as
by allowing the mediator widths to reach 50% of the mediator mass. Fig. .16 shows
our results, where the panels show the points excluded by individual LHC Run I col-
lider results.

To conclude, we saw that the 8 TeV tf resonance search provides constraints in the
region of my € [150,600] GeV and mx = 100 GeV, and is able to rule out g;
couplings of O(1). The four top searches constrain roughly the same region of the
(my, myx ) parameter space as the ¢t searches. However, the characteristic size of the
couplings that four top searches are able to constrain is significantly larger than the

case of tt.

4.5.2 A deeper analysis including interference effects at
NLO

In this subsection we will use again the ATLAS ¢ resonant search at 8 Tev but now
we will study the impact of the interference on such limits. We will go back to our
simplified model of Eq. and use our improved theoretical predictions to set con-
straints on our simplified model with an extra scalar or pseudoscalar particle coupling
to the top quark. Our results can be reinterpreted in terms of 2HDM scenarios and be
combined with other constraints.

Fig. .17 shows the width of a spin-0 resonance coupling to the top only as a function
of its mass and the top Yukawa coupling for a scalar and pseudoscalar particle. The
ATLAS 8 TeV tt resonance search limit is also shown on the plot, extracted by con-
verting the 95% C.L. cross section to a value of the coupling using LO predictions.
The region above the red line labelled “ATLAS 8 TeV” is excluded, if one assumes
that the scalar particle only couples to the top quark. Our results show, as before, that
scalar mediators with masses from 400 GeV to 550 GeV could be excluded for cou-
plings g; 2 1.5 depending on the mass of the mediator. For a pseudoscalar, smaller
values of the coupling can be excluded as the production cross-section is larger in this
case. While the search extends to much larger masses of mediators we do not show
any results above 550 GeV as within this model it is not feasible to obtain a limit sat-
isfying the narrow width approximation. As shown in Fig. the width over mass
ratio rises quickly with g; and my. In order to apply the ATLAS results we allow
widths below 8% of the mass (which is the experimental resolution of the invariant
mass of the ¢£ system), which allows masses up to 550 GeV to be tested.

Focussing on this region the width remains small for couplings §; < 2. Using our
signal predictions at LO and NLO we extract the exclusion region in Fig. for
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Figure 4.16: Constraints derived from the LHC Run I results on the simplified top-
philic dark matter model. The panels show results of a four-dimensional parameter
scan, uniform on the linear scale. The first row corresponds shows the points ex-
cluded (95% CL) by the resonant v~y constraints, the second row is for ¢t searches ,
while the last row shows the four top constraints. The left columns corresponds to a
scalar mediator, while the right one is for a pseudoscalar mediator. The results assume
couplings smaller than 27 and I'y /my < 0.5, with no constraints from astrophysics
or cosmology being imposed.
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Figure 4.17: Width of a spin-0 resonance as a percentage of its mass as a function
of the mass and coupling to the top. Top: scalar. Bottom: pseudoscalar. The region
above the red curve labeled “ATLAS 8 TeV” is excluded when LO predictions for the
signal are used.

a scalar and pseudoscalar resonance. As expected the exclusion region extends to
smaller values of the coupling when we use the NLO predictions. We find that for
the scalar mediator a larger region is excluded compared to the pseudoscalar one. The
reason is the fact that the narrow width approximation is valid for larger values of the
coupling for a scalar mediator compared to the pseudoscalar one. This allows us to
apply the ATLAS results for a wider range of couplings for the scalar mediator.
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Figure 4.18: Exclusion region obtained using the ATLAS 8 TeV tt resonance search
results [@] for a scalar (top) and pseudoscalar (bottom) resonance coupling to the
top only using LO (left) and NLO (right) predictions for the signal cross section. Grey
points are discarded because of narrow width assumption, blue points have been tested
but are not excluded while red points are.

We note here that the interference between signal and background is not taken into ac-
count by the ATLAS analysis. This implies that the search is based on the assumption
that the signal will appear as a Breit-Wigner resonance over the SM background. In
order to allow for the interference to be taken properly into account the experimental
strategy would have to be modified, as the interference can lead to shapes which are
very different from those expected for the signal only. This is particularly important
when searches start focussing on resonances which are not extremely narrow. As we
have already seen, the larger the width the bigger the impact of the interference.

It is clearly not possible to a posteriori account for the impact of any potential shape
changes, i.e. deviations from a Breit-Wigner resonance shape, on the 95% C.L. exclu-
sion cross-section obtained by ATLAS. Nevertheless we can estimate how including
the interference at the total cross-section level can modify the limits set on the cou-
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Figure 4.19: Exclusion region obtained using the ATLAS 8 TeV tt resonance search
results [@] for a scalar (top) and pseudoscalar (bottom) resonance coupling to the
top only using LO (left) and NLO (right) predictions for the BSM cross section. Red
points are the same as in Fig. .18 and green points are points which are excluded
even when the interference between the signal and background is taken into account.

pling in our simplified model, in the cases where the interference does not completely
dominate the BSM contribution and therefore the shape of the deviation from the
background.

In order to investigate this, we compute the interference for the parameter points of
interest. The results for the exclusion regions are shown in Fig. .19 where the
integrated interference rate is simply added to the signal. At LO in the scalar case we
see that points with g, > 2.1 are excluded even when the interference is taken into
account, while for the pseudoscalar no points are excluded which demonstrates the
huge impact of the interference in these scenarios. This is particularly evident in the
pseudoscalar case due to the small coupling restriction imposed by the 8% constraint
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on the width. The absolute value of the interference can amount up to 50% of the
signal in the scalar case and 65% in the pseudoscalar one.

At NLO also, for both scalar and pseudoscalar resonances, taking into account the in-
terferenceﬂ modifies the exclusion region by reducing the number of excluded points.
Most of the affected parameter points have cross-sections which were excluded only
when computed at NLO. For these points including the destructive interference re-
duces the cross section enough to fall below the 95% C.L. limit.

4.6 750 GeV diphoton excess

In this last section we discuss the possible implications of the diphoton excess reported
at 750 GeV on top pair production. In the end this excess was simply a spurious signal,
but it was nevertheless the occasion to stimulate new theoretical ideas. The signal in
the diphoton spectrum [225|226] was characterised, for ATLAS, by:

my ~750GeV, Ty/my <6% and o, ~1— 10fb. 4.9)

By considering a 750 GeV spin-0 resonance we show the top pair invariant mass
distribution in Fig. 4.20] The Yukawa couplings are allowed to vary and the widths are
computed accordingly which demonstrates that the resonance becomes very broad for
g: > 1 and even in that case deviations from the QCD background are at the percent
level. Such a model does not give a sufficiently large diphoton signal. A simple
computation shows that a simplified model with a scalar or pseudoscalar resonance
coupling only to the top cannot satisfy the observed features of the excess, as to obtain
a sufficiently large production cross section the coupling to the top and consequently
the width is forced to be large and beyond perturbative values.

A possible way of enhancing the production cross section without increasing the width
beyond the values observed at the LHC is to employ the dimension-5 operators of eq.
Using only an effective coupling to gluons is not sufficient. Indeed we find
that in order to satisfy the signal strength properties of the diphoton excess one needs
a large coupling to the top to generate the loop suppressed coupling of the scalar to
photons. As the dominant decay mode is decay into top-quark pairs, this setup leads to
large top-pair cross section values which have already been excluded by the resonant
searches. To circumvent this problem we need to introduce direct couplings of the
scalar to the photons as well as in Eq. [I.51]

To investigate the implications of the 750 GeV resonance on top pair production we
employ the scalar couplings to tops, gluons and photons. The width of the scalar

4 Again we use the LO value multiplied by /K5 K 5.
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Figure 4.20: Top pair invariant mass distribution at the LHC at 13 TeV for a 750 GeV
scalar coupling to the top with different Yukawa couplings. The width of the scalar is
computed for each value of the Yukawa. Left: scalar. Right: pseudoscalar. The lower
panels show the ratio of signal and interference over the QCD background.

g ¢y ¢y Dy |alpp=Y =y) olpp =Y —th)
1 10 100 328 9.4 fb 0.2 pb
Sealar 1 15 55 317 6.7 fb 0.4 pb
1 20 30 314 3.6 fb 0.7 pb
1 25 20 314 2.5fb 1.1pb
1 075 65 4l1 9.0 fb 0.2 pb
Peoudoscalar | 1 10 45 403 7.8 fb 0.4 pb
1 15 20 398 3.6 fb 0.9 pb
1 175 10 397 1.2 fb 1.2pb

Table 4.12: Example of benchmarks points in our simplified model satisfying the
currently available information on the diphoton excess. The couplings of the scalar to
tops, gluons and photons are given along with the total width (in GeV) and the narrow
width diphoton and #¢ signal cross sections for a 750 GeV scalar or pseudoscalar

resonance.

particle can then be computed from the partial widths to the tops, gluons and photons
and has been given in Eq. [4.6]
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Figure 4.21: Top pair invariant mass distribution for the LHC at 13 TeV in the presence
of a 750 GeV resonance coupling to gluons, photons and top quarks. The values of the
couplings shown here satisfy the diphoton excess properties. The lower panels show
the ratio of the signal and interference over the QCD background.

A selection of possible parameter setups which satisfy the diphoton observations of
Eq. .9)is shown in Tab. .12 along with the scalar width, the diphoton and top—anti-
top signal cross-sections computed in the narrow width approximation using NLO
cross sections for the scalar production. We note that we have checked explicitly that
the tt cross-section is smaller than what one would exclude at 750 GeV using the LHC
resonant search results, despite the fact that the top branching ratio exceeds 95% for
all scenarios listed here. For this selection of benchmark points, we present results for
the signal and signal-background interference in top pair production in figure d.21] for
a scalar or pseudoscalar resonance of 750 GeV. In all cases the interference should be
taken into account and has a significant impact on the line-shape of the resonance.

4.7 (Conclusions

We have studied the interference between a new physics signal and the QCD back-
ground in the presence of additional scalars that decay into top quark pairs. The in-
terference with the background needs to be taken into account to reliably predict the
line-shape of the additional scalar. We have explored the impact of the interference
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within a simplified model with a heavy scalar, pseudoscalar or mixed state as well
as for a set of representative 2HDM scenarios. The interference leads to interesting
peak-dip features in the invariant mass distribution of the top pair. While the observed
features depend on the specific model parameters, we find that in general the impact
of the interference becomes rapidly important once the width over mass ratio of the
resonance rises above a few percent.

In addition to the ¢ process, the interference has been studied when the top pair is
produced in association with a jet. We find that the size and shape of the interference
compared to the background is not significantly modified compared to the 2 — 2
process but remains important in the determination of the shape of the invariant mass
distribution. In order to improve the precision for the signal process we have computed
it at NLO accuracy in QCD. We find large QCD corrections for all scenarios studied.
While an exact NLO computation for the interference is beyond recent advances in
loop technology, we approximate the interference at NLO using the geometric average
of the signal and background K -factors, which provides an estimate of the higher
order QCD effects. This procedure has also been validated by the tt-+jet calculation.

For a simplified model of an additional scalar coupling to the top only, we have stud-
ied the region of the parameter space of the model that can be excluded by the ATLAS
top pair narrow-width resonance search. This simple scenario demonstrates the im-
portance of taking into account both the NLO corrections and the interference with
the QCD background when setting limits on BSM scenarios. While in our analysis
only total rates have been used to set limits on the parameter space of the model, it is
important to stress that the shapes of the distributions are significantly changed by the
interference and the experimental analyses should be accordingly modified to account
for this, in particular as they extend their search beyond the narrow width approxima-
tion.

Finally we have also discussed the implications of a hypothetical 750 GeV diphoton
excess on top pair production. We have explored a scenario with a 750 GeV scalar
boson coupling to gluons and photons through an effective coupling and in addition
directly to top quarks. For parameters satisfying the characteristics of the excess we
find that again the interference with the QCD background needs to be taken into ac-
count when searching for signs of the resonance in the top—anti-top channel.



Conclusion

In this thesis we studied and improved theoretical predictions for three very important
channels in Higgs physics at the LHC: ZH produciton which is related to the well
studied 11bb, ll7+ 7~ final state, H H production which, even if rates are very small,
is linked to yybb, bbr 7~ and bbW W ~ final states and finally H — ¢ production
which is very important as it lies at the border of top and Higgs physics and could
give interesting resonance patterns given that any heavy spin-0 particle would decay
predominantly into top quarks.

We started by analysing the associated production of Higgs and Z boson via heavy-
quark loops at the LHC in the Standard Model and beyond. We reviewed the main
features of the Born 2 — 2 production and discussed the high-energy behaviour, an-
gular distributions and Z boson polarisation. We also considered the effects of extra
QCD radiation as described by the 2 — 3 loop matrix elements, and found that they
dominate at high Higgs transverse momentum. We showed how merged samples of 0—
and 1—jet multiplicities, matched to a parton shower can provide a reliable description
of differential distributions in Z H production. In addition to the SM study, results in
a generic 2HDM were presented for a set of representative and experimentally viable
benchmarks for Zh°, ZH® and Z A° production. We observed that various interesting
features appear either due to the resonant enhancement of the cross-section or to in-
terference patterns between resonant and non-resonant contributions. Merged results
help improving predictions for this NNLO correction to the Drell-Yan Z H production
process but full results at NLO would be required in order to take into account the
virtual missing corrections and further reduce the dependence on the shower scale.

We then studied the production of Higgs boson pairs via gluon fusion at the LHC
in the 2HDM. We presented predictions at NLO accuracy in QCD, matched to parton
showers through the MC @NLO method. A dedicated reweighting technique was used
to improve the NLO calculation upon the infinite top-mass limit. The inclusion of the
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NLO corrections led to large K-factors of K (1.5-1.7) and significantly reduced theo-
retical uncertainties. We examined the seven 2HDM Higgs-pair combinations using a
number of representative 2HDM scenarios. We showed how the model-specific fea-
tures modify the Higgs-pair total rates and distribution shapes, leading to trademark
signatures of an extended Higgs sector. Accent was put on the h°hY final state but sim-
ilar results have been obtained for any other final state, except for H+ H ~. In this case
three different scales are involved in the box diagrams and hence are not computable
with current loop technology. Pursuing effort in this direction is then required.

Finally we analysed the production of a top quark pair through a heavy scalar at the
LHC. We reviewed the main features of the signal as well as the interference with
the top—anti-top background at leading order in QCD. We then studied higher order
QCD effects. While the background and the signal could be obtained at NNLO and
NLO in QCD respectively, that was not the case for their interference, which is cur-
rently known only at LO. In order to improve the accuracy of the prediction for the
interference term, we considered the effects of extra QCD radiation, i.e. the 2 — 3
(loop-induced) processes and obtained an estimate of the NLO corrections. As a re-
sult, we found that the contribution of the interference was important both at the total
cross-section level and, most importantly, for the line-shape of the heavy scalar. In
particular for resonances with widths larger than a couple of percent of the resonance
mass, the interference term distorted the invariant mass distribution and generically led
to a non-trivial peak-dip structure. We studied this process first in a simplified model
involving an additional scalar or pseudoscalar resonance as well as in the 2HDM for a
set of representative benchmarks. Then we turned to a top philic DM model where we
combined constraints coming from collider with astrophysical and cosmological con-
straints. We presented the constraints on simplified models featuring an extra scalar as
set by the LHC searches for top—anti-top resonances, and the implications of the 750
GeV diphoton excess reported by CMS and ATLAS in 2016 for the top pair production
assuming a scalar or a pseudoscalar resonance. In order to improve exclusion regions
further improvements in the interference computation at NLO are needed. Eventually
such results would also confirm or reject our approximation in terms of K factors.

In these three processes we designed 2HDM benchmarks in order to exhibit particular
and interesting features. Finding such benchmarks was not always an easy task, given
the existence of the large amount of constraints coming from various sources: flavor
physics, Tevatron, LHC, etc. The allowed parameters space shrinks more and more but
2HDM is not excluded yet and even if spectacular resonances are probably ruled-out,
there remains space in the alignment region for 1 < tan 8 < 10.

Via the multiple uses and implementations of our reweighting techniques we set the
path for future investigations. Going beyond this work and improving predictions for
these processes will be based on the newly available two-loop results. A reweighting
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strategy similar to the one we implemented has already been followed to get NLO-
improved NNLO HEFT results before full NNLO results could be obtained in the
future..
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