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Search for tt̄H production at the LHC

Abstract

The recent discovery of a Higgs boson with a mass close to 125 GeV, by
the ATLAS and CMS experiments at the CERN LHC, represented a remark-
able accomplishment of the Standard Model of particle physics. Studying
this newly discovered particle provides insight into the electroweak symme-
try breaking mechanism, by which all fundamental particles acquire mass.
The mass of fermions, in particular, is proportional to the corresponding
Yukawa couplings. The top quark Yukawa coupling is of order unity, much
larger than that of any other fermion. A precise measurement of this pa-
rameter is a stringent test to the validity of the Standard Model. In proton-
proton collisions, such as the ones occuring at the LHC, the production of
a Higgs boson in association with a pair of top quarks (tt̄H) is the only
process allowing a direct measurement of the top quark Yukawa coupling.

In this thesis, a search for the production of tt̄H at the LHC is discussed.
In the addressed channel, the Higgs boson decays to bb̄ (H → bb̄) and the
decay of the tt̄ system is dileptonic (tt̄→ bb̄W+W− → bb̄νν̄`+`−). An event
reconstruction algorithm is described, along with a large set of new angular
observables: the motivation for the interest in such observables is given, as
well as the instructions for their computation.

Two complementary studies employing the new angular variables are
presented. The first study demonstrates that these observables provide dis-
crimination between samples of tt̄H and the irreducible background process
tt̄bb̄. In the second study, the observables are tested as discriminants be-
tween tt̄H and tt̄A, where A stands for a non-Standard Model pseudoscalar
Higgs boson. When compared to a set of observables suggested for this
purpose found in a literature review, the new angular observables show re-
markable discrimination.
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Pesquisa por produção de tt̄H no LHC

Resumo

A descoberta recente de um bosão de Higgs com uma massa próxima dos
125 GeV, pelas experiências ATLAS e CMS, no LHC, CERN, representou
um feito assinalável do Modelo Padrão da f́ısica de part́ıculas. O estudo
desta part́ıcula recentemente descoberta permite compreender o mecanismo
de quebra espontânea de simetria, através do qual todas as part́ıculas funda-
mentais obtêm massa. A massa dos fermiões, em particular, é proporcional
aos acoplamentos de Yukawa correspondentes. O acoplamento de Yukawa
do quark top é da ordem de grandeza da unidade, muito maior do que o de
qualquer outro fermião. Uma medida precisa deste parâmetro é um teste
rigoroso à validade do Modelo Padrão. Em colisões protão-protão, tais como
as que ocorrem no LHC, a produção de um bosão de Higgs associado a um
par de quarks top (tt̄H) é o único processo que permite uma medida directa
do acoplamento de Yukawa do quark top.

Nesta tese, discute-se uma nova estratégia de pesquisa por produção de
tt̄H no LHC. No canal de decaimento abordado, o bosão de Higgs decai para
bb̄ (H → bb̄) e o decaimento do sistema tt̄ é dileptónico (tt̄→ bb̄W+W− →
bb̄νν̄`+`−). Descreve-se um algoritmo de reconstrução de acontecimentos e
um conjunto extenso de novas observáveis angulares é apresentado: é dada
a motivação para o interesse nessas observáveis, bem como as instruções
para o seu cálculo.

Dois estudos complementares das novas observáveis angulares são apre-
sentados. O primeiro estudo demonstra que estas observáveis proporcionam
discriminação entre as amostras de tt̄H e o fundo irredut́ıvel tt̄bb̄. No se-
gundo estudo, as observáveis são avaliadas enquanto discriminantes entre
tt̄H e tt̄A, onde A representa um bosão de Higgs pseudoescalar, não previsto
no Modelo Padrão. Quando comparadas com um conjunto de observáveis
anteriormente propostas para esse efeito, encontradas numa revisão da lite-
ratura, as novas observáveis exibem discriminação notável.
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Outline of the thesis

The Higgs boson was predicted in 1964 by three independent groups of physi-

cists [1–6], as the experimentally verifiable consequence of a mechanism responsible

for the spontaneous symmetry breaking in electroweak interactions. One of the

main goals set for the operation of the Large Hadron Collider (LHC) [7], at CERN,

was a better understanding of the electroweak symmetry breaking mechanism and,

in particular, the discovery of this boson. It remained as the only undiscovered

fundamental particle predicted by the Standard Model (SM) of particle physics,

since the top quark was discovered in 1995, at the Tevatron [8, 9]. In July 2012,

the CMS and ATLAS experiments at the LHC announced the discovery of a new

particle with a mass close to 125 GeV [10, 11], as a result of their searches for

the predicted boson. Since this discovery, many analyses have been carried out

with the purpose of studying the properties of the new particle. Continuing these

studies exhaustively is of fundamental importance to reveal the extent to which

this boson is compatible with the SM Higgs boson. In this sense, these properties

studies are stringent tests to the validity of the SM. Ultimately, they may reas-

sure our confidence in the SM as the most complete theory of particle physics,

or may uncover divergences from the theory expectations, leading to exciting new

developments.

In the SM, the mass of elementary fermions is given by a term proportional to

their Yukawa coupling, which also characterizes the interaction of fermions with

the Higgs boson. A verification of this proportionality between fermion mass and

interaction with the Higgs boson is an important test to the electroweak symmetry

breaking mechanism. The top quark, being by far the most massive elementary

fermion, has the largest Yukawa coupling, which is close to 1. The fact that this

coupling is so large means that, if the SM is a valid theory up to the Planck

scale (MP = 1.22× 1019 GeV), this coupling gives important contributions to the

Higgs potential, and has an impact on the allowed region of vacuum stability

scenarios [12, 13]. A direct measurement of the top quark Yukawa coupling can be

obtained from the cross-section of associated production of a Higgs boson with a

pair of top quarks (tt̄H) at the LHC. The presence of an interaction vertex between

a top quark and a Higgs boson in this process also gives it the desirable property
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of being sensitive to the CP (charge-parity) nature of the Higgs boson [14]. This

means that from the reconstruction of the final state of this process, one could be

able to determine which of the following scenarios corresponds to the produced

Higgs boson: a scalar (CP-even) particle, as in the SM; a pure pseudoscalar (CP-

odd) particle, which means the Higgs field would change sign under a combined

transformation of charge and parity; or a mixed state (CP-violating) particle.

This thesis presents a phenomenological study in which the search for tt̄H pro-

duction at the LHC, as well as the measurement of a possible pseudoscalar com-

ponent of the Higgs boson, are discussed. The proposed search focuses on the final

state in which the tt̄ system decays dileptonically (tt̄ → bb̄W+W− → bb̄νν̄`+`−,

where ` stands for either a muon or electron), and the Higgs boson decays to bb̄.

Two features differentiate this analysis. The first is a tool for reconstructing the

undetectable neutrinos and the intermediate particles of the tt̄ decay chain. The

second is an extensive set of new angular observables, proposed as discriminants

between tt̄H and the expected backgrounds at the LHC, as well as discriminants

between two different Higgs boson CP scenarios (scalar and pseudoscalar).

In section 1, an introduction to the physics of the Higgs boson is given. The SM

of particle physics is reviewed, emphasizing the need for an electroweak symmetry

breaking mechanism, and its inevitable consequence: the existence of a Higgs bo-

son. Some theoretical predictions for Higgs boson production at the LHC, namely

rates of production and decay, are discussed. The ATLAS and CMS analyses which

resulted in the 125 GeV Higgs boson discovery are presented. A set of results sum-

marizing the experimental state of the art in studies of Higgs boson properties

is also discussed. Finally, some arguments are given for the importance of tt̄H

production in studies of Higgs boson properties and in tests to the validity of the

SM.

In section 2, the experimental setup in which the observation of tt̄H production

can currently take place is discussed. The LHC operation is described, as well as

the ATLAS [15] and CMS [16] detectors. The ATLAS experiment, in particular, is

described in considerable detail, as an example of a modern, general-purpose parti-

cle physics experiment. Since the present study was based on simulated events, the

tool used for detector simulation, Delphes [17], is also described in this section.

The body of the analysis and the different studies performed are described in
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section 3, starting with the generation of the simulated event samples and the

parameters used for the fast simulation of a generic detector. The expected final

state of signal events is defined and the main expected background processes at the

LHC are listed. Then, the developed reconstruction routine is described, mostly

focusing on the kinematic fit performed in order to reconstruct the neutrinos and

the intermediate heavy particles in signal events. The description also includes the

selection cuts applied and the truth-matching procedure used to match generated

particles to the corresponding reconstructed objects.

The use of new angular observables is a central feature of the proposed anal-

ysis. The motivation for the observables is given, as well as the details for their

computation. A procedure for tagging one of the top quarks in each event as hav-

ing radiated the Higgs boson is proposed, which allows the definition of a whole

new set of different angular observables. A study of the discrimination obtained

between signal and background using the new observables is described. This study

relies on a series of multivariate analyses in order to compare the signal sensitivity

provided by different sets of observables. Finally, some observables proposed as

discriminants between different Higgs boson CP scenarios in publications prior to

this work are presented and compared to the new angular observables.

In section 4, the results of the studies described before are shown and discussed.

Regarding the search for tt̄H production, the distributions of the new observables

which exhibit best discrimination between tt̄H events and background events are

shown, as well as the results of the different multivariate analyses performed.

Regarding the measurement of a pseudoscalar component of the Higgs boson, a

selection is also presented of distributions of the new angular observables showing

the best discrimination between different CP scenarios. The observables collected

from the literature review are also replicated, and the effects on discrimination,

from simulating a detector and performing a kinematic fit, are shown.

The conclusions of this work are given in section 5. It is argued that recon-

struction of the tt̄ system may be advantageous in searches for tt̄H production.

Many of the new angular observables are remarkably discriminant between tt̄H

and backgrounds. The multivariate analysis tests show that combinatorial back-

ground (events in which the assignment of reconstructed jets to quarks is done

incorrectly) currently limits the potential gain in signal sensitivity. Many of the
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new angular observables proved to be good discriminants between the two different

Higgs CP scenarios studied. Only a few of the observables collected from prior

studies remain as good as those, after the detector effects and the kinematic fit.

Still, all the ones that remain good discriminants require reconstruction of the

tt̄ system. Some proposals for improving the work presented here and comments

about applying it to future data analyses are also provided.
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1 Introduction

In the first part of this introductory section, the theoretical framework leading

to the prediction of the Higgs boson is discussed. A brief review of the SM of

particle physics is presented. The particle content of this theory is exposed, as

well as its underlying group structure and the lagrangian density, which governs

the particle interactions and kinematics. The most important limitations of the

SM are pointed out. The need for a mechanism leading to the electroweak sym-

metry breaking is explained, and illustrated by a simplified example of a Higgs

mechanism.

In the second part of this section, experimental aspects are addressed. The

main Higgs boson production processes at the LHC are presented, as well as its

main decay channels. Then, the analyses which eventually led to the discovery of

the 125 GeV Higgs boson in 2012 are summarized. Some results of other analyses

are also discussed, regarding the properties of the new particle, including produc-

tion and decay rates, couplings to other particles, and spin-parity configuration.

In the end of the section, a summary of properties of the top quark is presented.

The importance of a precise measurement of the top quark Yukawa coupling is

given as the leading motivation for studying the tt̄H production process.

1.1 Standard Model of particle physics

The SM of particle physics is a theory that describes elementary particles and

all their interactions, with the exception of gravity [18–21]. Fundamental particles

in the SM are divided into fermions, gauge bosons and the Higgs boson.

Fermions are spin-1/2 particles and are divided into leptons and quarks, each

set organized in three families. The first family of leptons is composed of the

electron (e−), with negative electric charge −e and the electron neutrino νe, with

zero charge. The first family of quarks is composed of the up (u) quark, with

charge +2/3|e| and the down (d) quark, with charge −1/3|e|. The second and

third families of leptons are each composed of a charged lepton and a neutrino.

Analogously, each of the three families of quarks is composed of an up-type quark

and a down-type quark. Quarks in the second and third families have the same
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charge as their counterparts in the first family.

Fermion masses (or equivalently, Yukawa couplings) are free parameters of

the SM. The masses of neutrinos are an exception to this, since neutrinos are

assumed to be massless in the SM. This assumption was recently proven to be

wrong. Albeit small, neutrino masses must be non-zero to accomodate for the

experimental observation of neutrino oscillations [22]. For this experimental result,

the 2015 Nobel Prize in Physics was awarded to Takaaki Kajita and Arthur B.

McDonald, who led the Super-Kamiokande and SNO collaborations, respectively,

where the oscillations were first observed [23]. Concerning the fermions which are

massive in the SM, a mass hierarchy is evident among quark families, and among

leptonic families, with every fermion in the third family being more massive than

the corresponding one in the second family, which in turn is more massive than its

first family partner.

The gauge bosons are spin-1 particles and, within the SM, they play the role

of force carriers. The photon (γ) is massless, electrically neutral and is responsible

for carrying the electromagnetic force, thus interacting with all electrically charged

particles. The gluons (g) are also massless and electrically neutral, and they

mediate the strong nuclear force. The gluons interact with all particles carrying

colour charge. This includes all quarks, but also gluons themselves. The weak

force carriers are the Z, the W+ and the W− bosons. The Z boson is electrically

neutral, while the W± bosons have charge ±|e|. They are massive particles, which

explains the short range of the weak force.

The Higgs boson is the only scalar (i.e., spin-0) fundamental particle in the SM.

It is electrically neutral and is not a force carrier. Instead, it plays a central role in

electroweak symmetry breaking (EWSB) and generates the masses of fundamental

particles, in the context of a mechanism further exposed in the next section.

For every elementary particle, a corresponding anti-particle exists, with the

same mass and opposite-sign quantum numbers. A scheme of the particle content

of the SM is shown in figure 1.

Formally, the SM is a quantum field theory based on the local gauge symmetry

SU(3)C ×SU(2)L×U(1)Y . This gauge group includes the symmetry group of the

strong interactions, SU(3)C , and the symmetry group of the electroweak interac-

tions, SU(2)L × U(1)Y . The gauge fields corresponding to the SU(3)C group are

6



Figure 1: Particle content of the SM, with the three families of fermions, the gauge bosons, and the Higgs
boson. Shaded areas surrond each gauge boson and the fermions that interact with it [24]. The mass hierarchy

in the fermionic families is evident.

Gα
µ (α = 1, ..., 8), and can be identified with the gluon fields, one for each of the

8 independent bicoloured kinds of gluons. The gauge fields of the SU(2)L group

are W i
µ (index i can be 1, 2 or 3) and the field of the U(1)Y group is Bµ. After the

EWSB, linear combinations of the fields W 1
µ , W 2

µ , W 3
µ and Bµ can be identified

with the physical photon, Z boson and W± bosons. It is in this sense that the

electromagnetic and the weak interactions are said to be unified in the SM.

The full SM lagrangian density (usually referred to simply as the ‘lagrangian’)

can be written as

LSM = LGauge + Lf + LSSB + LY ukawa. (1)

LGauge contains the kinetic and self-interacting terms of the gauge fields:

LGauge = −1

4
Gα
µνG

µν
α −

1

4
W i
µνW

µν
i −

1

4
BµνB

µν . (2)
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This is written in terms of the field strength tensors

Gα
µν = ∂µG

α
ν − ∂νGα

µ + gsf
αβγGµβGνγ (3)

W i
µν = ∂µW

i
ν − ∂νW i

µ + gεijkW j
µW

k
ν (4)

Bµν = ∂µBν − ∂νBµ, (5)

where fαβγ and εijk are the structure constants of the respective groups. They are

necessary in order to preserve gauge invariance whenever the generators of a group

do not commute.

Lf contains the terms that couple each fermion to the gauge fields. It can be

written as:

Lf =L̄γµ(i∂µ − g
1

2
τ ·Wµ − g′

Y

2
Bµ − gsT ·Gµ)L

+R̄γµ(i∂µ − g′
Y

2
Bµ − gsT ·Gµ)R,

(6)

where L and R are the left-handed and right-handed chirality components of the

fermion fields, respectively, and a sum is implicit over all leptons and quarks.

The i∂µ term is the kinetic term of the fermion field. The second term rules

the interaction with W i
µ, which are the weak fields of the SU(2)L group. The

corresponding coupling constant is g and τi
2

are the generators of the group, also

called the components of the isospin operator, in analogy to the spin operator. The

L in SU(2)L stands for “Left”, meaning that only left-handed chirality fermions

transform as isospin doublets under action of the group. Right-handed fermions

transform as isospin singlets and, as a result, they don’t interact with the W i
µ

fields. After the EWSB, this leads to W± bosons only coupling to left-handed

fermions. The third (and the sixth) term governs the interaction with the Bµ

field. The associated coupling constant is g′, and Y is the generator of the group,

known as the hypercharge quantum number of the fermion field. The isospin, the

electric charge and the hypercharge quantum numbers for the elementary fermions

are listed in table 1. The fourth (and the last) term in Lf contains the interaction

with the gluon fields Gα
µ. The strong coupling constant is gs, and Tα are the

corresponding generators of the group. Quarks transform as triplets of colour

under SU(3)C . Since leptons transform as singlets (T = 0), they do not take part

8



Table 1: Quantum numbers of elementary fermions [18]: τ and τ3 are the total isospin and the third component
of the isospin, respectively, Q is the electric charge in units of |e|, and Y is the hypercharge. The symbol e
stands for any charged lepton, ν for any neutrino, u for any up-type quark and d for any down-type quark.

Fermion τ τ3 Q Y
νL 1 1 0 −1
eL 1 −1 −1 −1
eR 0 0 −1 −2
uL 1 1 2

3
−1

dL 1 −1 −1
3
−1

uR 0 0 2
3
−1

dR 0 0 −1
3
−1

in strong interactions.

LSSB is the spontaneous symmetry breaking lagrangian:

LSSB = |(i∂µ − g
1

2
τ ·Wµ − g′

1

2
Bµ)φ|2 + µ2φ†φ− λ(φ†φ)2, (7)

where φ is the Higgs field. The terms inside the squared absolute value include the

Higgs kinetic term and its interactions with the electroweak fields. The SM Higgs

field is an isospin doublet, thus interacting with the W i
µ fields. The negative of the

last two terms is collectively referred to as the Higgs potential (µ2 and λ must be

real and > 0). This potential is such that it allows for the EWSB to occur, giving

the Higgs field a non-zero vacuum expectation value, as explained below.

LY ukawa is the lagrangian confering mass to all fermions. It can be written as

LY ukawa = −(K1L̄φR +K2L̄φCR + h.c.), (8)

where φC = −iτ2φ
∗ and transforms identically to φ. The couplings K1 and K2

are chosen such that, after EWSB, this originates mass terms for all fermions.

Another consequence of this term is an interaction term between each fermion and

the Higgs boson, proportional to the fermion mass.

The SM has proven very successful at making predictions up to energies in

the few TeV scale. One remarkable result is the agreement between the quan-

tum electrodynamics (QED) prediction and the experimental determination of
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the electron magnetic moment. This quantity has been measured with a precision

of 0.28 × 10−12 and the difference to the QED computed value is smaller than

5× 10−12 [25]. Within the electroweak theory, the prediction of the masses of the

Z and W± bosons before they were discovered is also noteworthy [26, 27].

In spite of its success, the SM is not a complete description of all fundamental

interactions in nature. It does not account for gravity at all and, even within the

scope of the interactions it describes, there are phenomena that remain at least

partially unexplained. A few of those are enumerated here.

The experimentally verified oscillations and non-zero masses of neutrinos [22]

are not predicted by the SM. Extensions of the SM exist that do accomodate

these features, but it is not consensual which one best describes the structure

of the neutrino fields. Another unsolved issue is the strong CP problem [28].

According to the SM, the strong force is allowed to violate the CP symmetry,

i.e., it is not necessarily invariant under a combined transformation of charge and

parity. However, CP violation has never been observed experimentally in strong

interactions, and very small upper limits have been set to the free parameter of

the SM which dictates its rate, suggesting that either the parameter is very finely

tuned, or that an additional mechanism is required that imposes CP conservation

in the strong sector. Also related to the issue of CP violation is the asymmetry

between existing matter and antimatter in the Universe. If equal amounts of

matter and antimatter existed immediately after the Big Bang, CP violation could

provide an explanation for the present abundance of matter in the Universe, in

contrast to the scarcity of antimatter. However, the currently measured rates of

CP violation in weak interactions from neutral kaon decay do not seem to be

consistent with the verified asymmetry [29].

Another puzzling issue is the naturalness of the Higgs boson mass. The SM

predicts corrections to the Higgs boson mass proportional to the square of the

renormalization scale of the theory. If the SM is a complete theory up to the

Planck scale (MP = 1.22× 1019 GeV), at which gravity becomes important in par-

ticle interactions, these very large corrections must nearly cancel each other out

in order for the observed Higgs boson mass to lie in the weak scale (∼ 102 GeV).

If one wishes to avoid the unnaturalness of this near cancellation, the renormal-

ization scale must be chosen at a few TeV. This is only justifiable if new physical
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processes beyond the Standard Model (BSM) are introduced at this scale, with

additional symmetries “protecting” the Higgs boson mass from larger corrections.

In fact, this naturalness problem has motivated BSM theories such as supersym-

metry (SUSY) [30], technicolour [31], and theories predicting the existence of extra

dimensions [32].

1.2 Electroweak symmetry breaking and the Higgs mech-

anism

After the established success of QED in the 1950s, gauge theories were exten-

sively studied as models for elementary particles and their interactions. Salam,

Weinberg and Glashow [33–35] are credited for having unified the electromagnetic

and weak forces.

A challenge posed by this unification is the origin of mass of the weak gauge

bosons. If mass terms for the gauge bosons are introduced ‘ad-hoc’ in the la-

grangian of the theory, the gauge invariance is lost.

An alternative mechanism to avoid introducing symmetry-breaking terms di-

rectly into the lagrangian is a spontaneous symmetry breaking. Such a symmetry

breaking occurs when a theory has a degenerate set of minimal energy (i.e. vac-

uum) states. The symmetry breaking occurs because the system evolves into one

particular state among the degenerate set. That particular vacuum state is no

longer invariant under the same gauge transformations as the original lagrangian.

The lagrangian can then be re-written, replacing the original fields in the theory

with their constant vacuum expectation values and a perturbation relative to those

values. In this way, the fundamental lagrangian keeps the original symmetry, and

the re-written lagrangian contains the desired mass terms for the gauge bosons.

However, if the broken symmetry is continuous, the symmetry breaking should

give rise to Goldstone particles, which are massless bosons, not consistent with

observation [36–38].

In 1964, three independent groups (Peter Higgs [1–3]; Robert Brout and François

Englert [4]; Gerald Guralnik, C. R. Hagen and Tom Kibble [5, 6]) proposed a mech-

anism to explain the spontaneous breaking of the electroweak symmetry. This

mechanism introduced the now called Higgs field, a scalar field with a non-zero
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expectation value in the vacuum, thus breaking the gauge invariance of the ground

state of the theory. This mechanism ensures that the degrees of freedom of the

Goldstone bosons are “absorbed” by the longitudinal polarization states of the

vector bosons, allowing them to acquire mass, and leaving an additional degree

of freedom which corresponds to the mass of the Higgs boson itself. Through

the Yukawa interaction terms, the Higgs field also gives mass to all fundamental

fermions. The existence of the Higgs boson, a massive and scalar particle, is a

verifiable prediction of the mechanism. Decisive proof that the electroweak theory

is renormalizable came only later, from ’t Hooft and Veltmann [39].

1.2.1 Spontaneous breaking of U(1) symmetry

In this section, the example of spontaneous breaking of an U(1) local gauge

symmetry is given [18]. In the SM, the relevant broken symmetry is SU(2), and

the minimal Higgs mechanism requires a scalar doublet. The U(1) case requires

only a singlet and can be presented more briefly, while illustrating the key aspects

of the Higgs mechanism. We consider a scalar complex field φ = (φ1 + iφ2)/
√

2,

where φ1 and φ2 are real. The lagrangian of the theory is

L = (∂µφ)∗(∂µφ) + µ2φ∗φ− λ(φ∗φ)2, (9)

where λ and µ2 are assumed real and positive in order to generate the sponta-

neous symmetry breaking. If we impose invariance under the local transformation

φ→ eiα(x)φ, the introduction of a gauge field Aµ is necessary. The derivative ∂µ

must be replaced with the covariant derivative Dµ = ∂µ− ieAµ and the gauge field

must transform as Aµ → Aµ + 1
e
∂µα. The gauge-invariant lagrangian becomes

L = (∂µ + ieAµ)φ∗(∂µ − ieAµ)φ+ µ2φ∗φ− λ(φ∗φ)2 − 1

4
FµνF

µν , (10)

where Fµν is the field strength tensor defined from Aµ as Fµν = ∂µAν − ∂νAµ.

The Higgs potential is V (φ) = −µ2|φ|2 + λ|φ|4, which is minimum along the line

|φ|2 = µ2
/2λ ≡ v2. An example of a Higgs potential is plotted in figure 2.

In terms of φ1 and φ2, we can write φ2
1 + φ2

2 = v2. Without loss of generality,

let us consider the case where φ1 = v and φ2 = 0. Expanding the field φ about
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Figure 2: Higgs potential V (φ), often called the “Mexican hat potential”, due to its shape.

the vacuum, using the real fields η and ξ, yields

φ(x) =
1√
2

[v + η(x) + iξ(x)], (11)

and for the lagrangian,

L′ = 1

2
(∂µξ)

2 +
1

2
(∂µη)2 − v2λη2 +

1

2
e2v2AµA

µ

−evAµ∂µξ −
1

4
FµνF

µν + interaction terms.
(12)

At this point, the mass term for the η field is evident, with mη =
√

2λv2. More

importantly, the symmetry breaking was successful in generating the mass term

for the vector boson Aµ, with mA = ev. However, ξ remains massless, as expected

from a Goldstone boson. By confering mass to the vector boson, we allow it to

have a longitudinal polarization, thus increasing by 1 the number of polarization

degrees of freedom of the theory. Such a change should not be allowed by simply

making a transformation of the field variables. The off-diagonal term proportional

to Aµ∂
µ motivates us to make a different gauge transformation. To first order in

ξ,

φ =
1√
2

(v + η + iξ) ' 1√
2

(v + η)eiξ/v. (13)

13



This suggests we write φ in terms of new fields h and θ, and choose the gauge in

which φ and Aµ transform as

φ→ 1√
2

[v + h(x)]eiθ(x)/v and Aµ → Aµ +
1

ev
∂µθ, (14)

with θ(x) uniquely determined so that h is real, anticipating the vanishing of θ

from the theory. Substituting in the original lagrangian gives

L′′ = 1

2
(∂µh)2 − λv2h2 +

1

2
e2v2A2

µ −
1

4
FµνF

µν + (h,Aµ) interaction terms. (15)

Finally, it is clear that the Goldstone boson does not appear as a physical

particle: the apparent degree of freedom corresponded to the choice of gauge

transformation. The lagrangian describes only two interacting particles: a massive

scalar h and a massive vector Aµ. It is in this sense that the Goldstone boson is

said to be “absorbed” by the longitudinal polarization of the gauge vectors.

It has been mentioned that fermions acquire mass through the Yukawa cou-

plings to the Higgs field. Before symmetry breaking, these terms have the form

shown in equation (8) for LY ukawa. But when the scalar field acquires a non-zero

vacuum expectation value v, the term for a fermion field ψ can be written as

L′Y ukawa = − yf√
2
ψ̄ψ(v + h) = −yfv√

2
ψ̄ψ − yf√

2
ψ̄ψh (16)

where yf is the Yukawa coupling of the corresponding fermion. The first term

is the mass term of the fermionic field, while the second is the interaction term

between the fermion and the Higgs boson. The mass of the fermion is given by

mf = yfv/
√

2. The interaction term can then be written as −(mf/v)ψ̄ψh, making

more clear the proportionality between fermion mass and interaction with the

Higgs field.

1.3 Higgs boson physics at the LHC

The Higgs boson production in proton-proton (pp) collisions at the LHC is

expected to occur through four main processes [40–42]: the one with the largest

cross-section is gluon fusion (ggF), the next is vector boson fusion (VBF), followed
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Figure 3: Main processes for Higgs boson production at the LHC. In (a), although the top quark dominates,
there are contributions from loops of every massive fermion.

in turn by associated vector boson production (ZH and WH) and, finally, asso-

ciated top quark pair (tt̄H) production. Examples of typical LHC leading order

production diagrams are shown in figure 3. The theoretical cross-section for each

process in pp collisions is plotted as a function of the centre-of-mass energy in

figure 4 [43], assuming a SM Higgs boson with mass mH = 125 GeV.

With a mass of 125 GeV, the Higgs boson branching ratios (BR) are 57.7%

to a b-quark pair (bb̄), 21.5% to WW , 8.57% to a gluon pair (gg), and 6.32% to

ττ [43]. Less common but relevant decay modes include H → ZZ (2.64%) and

H → γγ (0.228%). Theoretical values for the most important branching ratios are

listed in table 2 [43].
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Figure 4: Theoretical cross-sections for the different processes for SM Higgs boson production in pp collisions as
a function of the centre-of-mass energy [43]. A Higgs boson a mass of 125 GeV is assumed. The line widths

correspond to theoretical uncertainties.

Table 2: Theoretical values for the Higgs boson branching ratios, assuming a SM Higgs boson mass of
125 GeV [43].

Decay channel bb̄ WW gg ττ cc̄ ZZ γγ Others
BR (%) 57.7 21.5 8.57 6.32 2.91 2.64 0.228 < 0.2
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Both the production cross-sections and the decay branching ratios shown above

were calculated for a Higgs boson mass of 125 GeV. It should be stressed, however,

that before the discovery of the 125 GeV boson, there was no particular reason to

believe that the Higgs boson mass was close to this value. Expected production and

decay rates change with the Higgs boson mass, and searches have to be inclusive

enough to accomodate for all possibilities. For example, for a Higgs boson with

a mass just above twice the W boson mass, the decay into WW would be the

dominant one, and the bb̄ decay fraction would be much smaller than it is for a

light Higgs boson.

Even for a light Higgs boson, the H → bb̄ decay is not the preferred one

for discovery or mass measurements at the LHC. The products of the decay are

indistinguishable from the multijet background, a problem that can be partially

overcome if the analysis is performed in one of the rare associated production

channels (V H or tt̄H), resulting however in a much smaller number of events.

Besides, the experimental energy resolution of jets is worse than that of leptons and

photons, resulting in a weaker resolution of the reconstructed Higgs boson mass.

As for H → WW , even if one or both of the W bosons decay leptonically, there

are neutrinos in the final state that go undetected and can only be reconstructed

from missing transverse energy in the calorimeters, a process that brings the same

resolution issue. The decay channels H → γγ and H → ZZ∗ → 4` (4` stands for

final states containing 2 pairs of same-flavour charged leptons) are relatively rare.

However, they produce unique final states, with leptons and photons, particles

which are detected with excellent energy resolution. Therefore, H → γγ and H →
ZZ∗ → 4` provide the best resolution in Higgs boson mass measurements [44, 45],

and the new particle was expected to produce a narrow peak in the reconstructed

mass, over the smooth background. For this reason, they were used in the Higgs

boson searches at the LHC.

1.4 Higgs boson discovery and experimental status

The discovery of the Higgs boson and, more generally, a better understanding

of the electroweak symmetry breaking, is one of the primary goals for the opera-

tion of the Large Hadron Collider [7] and of the general-purpose LHC experiments
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ATLAS [15] and CMS [16]. On the 4th of July 2012, both the ATLAS and CMS

collaborations announced, as a result of their searches for the SM Higgs boson,

the discovery of a new resonance with mass close to 125 GeV, consistent with the

predicted particle [10, 11]. In 2013, the Nobel Prize in Physics was granted to

Peter Higgs and François Englert “for the theoretical discovery of a mechanism

that contributes to our understanding of the origin of mass of subatomic particles,

and which recently was confirmed through the discovery of the predicted funda-

mental particle, by the ATLAS and CMS experiments at CERN’s Large Hadron

Collider” [46].

Following this discovery, the properties of the new particle are being studied on

its many production and decay channels, to further check its compatibility with

the SM Higgs boson, and also to constrain SM extensions. The results of some of

these measurements are presented below, all of which showing that the discovered

particle is so far consistent with the SM predictions for the Higgs boson.

The H → γγ and H → ZZ∗ → 4` channels were analysed by both CMS

and ATLAS to perform measurements of the Higgs boson mass [44, 45]. Figure 5

shows two histograms of the invariant mass of the particles expected as products

of the Higgs boson decay. In both plots, the excess of events in the Higgs boson

mass region is evident. The plot on the left is from the CMS analysis of the

H → ZZ∗ → 4` channel [47], and the plot on the right is from the ATLAS

analysis of the H → γγ channel [44].

The collaborations later combined the results to obtain the currently most

precise measurement [48]:

mH = 125.09± 0.21(stat.)± 0.11(syst.) GeV.

Searches for higher mass resonances decaying to a photon pair were performed

on the data delivered during the LHC Run 2, at a centre-of-mass energy of 13 TeV.

Both ATLAS [49] and CMS [50] presented results hinting at the existence of a res-

onance with a mass of about 750 GeV. The local significance of this signal is at

the 3.6σ level in the case of the ATLAS collaboration, and 2.6σ for the CMS col-

laboration. Such significances are far from excluding the possibility of statistical

fluctuations. Nevertheless, the fact that both experiments reported an excess of
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data in the same mass region has triggered numerous attempts by model-builders

in finding SM extensions that predict the diphoton resonance. Interestingly, the

excess is not straightforward to explain within the most commonly considered

frameworks for BSM physics, like two-Higgs-doublet models or the minimal super-

symmetric standard model [51].

In order to assert that the particle discovered in 2012 is an SM-like Higgs

boson, it is not sufficient to discover a signal in the predicted production and

decay channels. Alternative scenarios regarding particle properties such as spin

and parity must be excluded with reasonable confidence. Besides, the production

cross-sections, as well as the decay branching ratios, must be consistent with the

values predicted by the SM, given the Higgs boson mass mH .

In the SM, the Higgs boson is a spin-zero, CP-even particle (JP = 0+). For

the Higgs boson discovered at the LHC, the spin-1 scenario is excluded by the

Landau-Yang theorem [52, 53], which states that a diphoton decay is forbidden for

a massive spin-1 particle. Measurements have been performed to further constrain
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the spin-parity quantum numbers of the discovered Higgs boson. Analyses using

the whole dataset of LHC Run 1 (with approximately 5 fb−1 of data at
√
s = 7 TeV

and 20 fb−1 at
√
s = 8 TeV) were carried out by ATLAS [54] and CMS [55].

The ATLAS analysis used the decay channels H → γγ, H → ZZ∗ → 4` and

H → WW ∗ → eνµν. It tested the SM hypothesis against spin-2 models and non-

SM spin-0 models. All the alternative models were excluded at a confidence level

greater than 99.9%. However, assuming the spin-0 scenario, the Higgs boson can

be in a mixed state of the SM CP-even state and a non-SM CP-odd state. Using

the H → ZZ∗ → 4` and H → WW ∗ → eνµν channels, ATLAS gave an upper

limit to the CP-odd fraction of the Higgs boson of f < 0.41, with a 95% confidence

level. The CMS analysis used the decays H → ZZ∗, Zγ, γ∗γ∗ → 4`, H → γγ and

H → WW ∗ → `ν`ν. It excluded the spin-two hypotheses with confidence levels

above 99%. The pure pseudoscalar hypothesis was excluded at a 99.98%. The

upper limit for the pseudoscalar Higgs fraction was set at f < 0.43 with a 95%

confidence level, using the H → ZZ∗ → 4` events.

The CMS and ATLAS collaborations combined the results of measurements of

Higgs boson production and decay rates using the available data from LHC Run

1 [56]. This comprehensive study included the production processes ggF, VBF,

WH, ZH and tt̄H, and the decay modes H → γγ, H → ZZ, H → WW , H → bb̄,

H → ττ and H → µµ.

The signal strength parameter is commonly used to express signal yields in such

measurements. Signal strengths can be defined for a given production process i or

for a decay channel f as

µi =
σi

(σi)SM

, µf =
BRf

(BRf )SM

, (17)

where σi is the measured cross-section of the production process i (i = ggF, VBF,

WH,ZH, tt̄H) and BRf is the measured branching ratio of the decay mode f

(f = H → γγ, H → ZZ, H → WW, H → bb̄, H → ττ, H → µµ). The subscript

SM refers to the respective SM predictions.

The number of events in which the Higgs boson is produced through process

i and decays through channel f is proportional to µi × µf , and the µi and µf

values cannot be separately obtained from the number of such events alone. Even
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the selection of events resulting from a particular production process i and decay

channel f is not always possible. In the ATLAS and CMS combined analyses,

events were classified in mutually exclusive categories, defined by selection cuts

based on the final state objects. The number of signal events in each category k

is given by

nsignal(k) =
∑
i,f

µi × µfN f
i (k), (18)

where N f
i (k) is the theoretically expected number of events resulting from the

production process i and decay channel f to be accepted in the k category. It

is obtained from the luminosity, the detector acceptance, the analysis efficiency

for that particular process, the predicted cross-section (σi)SM and the predicted

branching ratio (BRf )SM.

In the ideal case, each category k would exclusively select signal events from

one production process i and one decay channel f . For the decay channels, this

ideal case is approached, since the definition of categories is based on the detected

decay products. In the case of the production processes, however, the categories

are much less pure, and there is important cross-contamination in most channels.

Still, the µi and µf can be used as parameters to fit the obtained number of signal

events in each category k.

A global signal strength can be obtained by requiring all production and decay

signal strengths to be equal among themselves, as in the SM (in which, by defini-

tion, they are equal to 1). This reduces the number of fit parameters to a single

one, µ. The value for µ obtained from the fit was:

µ = 1.09+0.11
−0.10 = 1.09+0.07

−0.07(stat.)+0.09
−0.08(syst.),

which shows remarkable agreement with the SM. However, the requirement that

all signal strengths are equal makes this measurement strongly model dependent.

To obtain values for each production and decay signal strength in a more model-

independent way, the fit parameters were partially relaxed. In one fit, all the decay

signal strengths were set to the SM value µf = 1, and no condition was imposed

on the production signal strengths µi. In another fit, all µi were set to 1 and the

µf were the fit parameters. The results are shown in figure 6.
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Figure 6: Best-fit results for the signal strengths for the combination of ATLAS and CMS, and the results for
each experiment [56]. Error bars indicate the 1σ (thick) and 2σ (thin) intervals. Left: Production signal

strengths. The measurements of the global signal strength µ are also shown. Right: Decay signal strengths.

A similar fit procedure was also used to obtain values of the Higgs couplings

to other particles. This is accomplished by writing the production cross-sections

and decay rates in terms of the individual couplings, at lowest order.

In the first fit, the parameters were the following couplings (normalized to

the SM prediction): κZ , κW , κt, κb, κτ , κg, κγ and BRBSM. In this fit, κW

and κZ were constrained to values ≤1. The BRBSM parameter was introduced to

account for possible undetected BSM decays of the Higgs boson. Besides, κg and

κγ were included as effective couplings, since the Higgs does not couple at tree-

level to neither gluons nor photons. Thus, these effective couplings are sensitive to

contributions from BSM particle loops. A second fit was performed with the same

parameters, but instead setting BRBSM=0 and letting the κW and κZ free. This

fit is not sensitive to BSM decays, but could still reveal BSM loop contributions

through κg and κγ. The result of these fits is shown on the left side of figure 7.

The third fit performed is even more constraining, expressing κg and κγ in

terms of the fermion and weak boson couplings to the Higgs, as predicted from

the SM loops. No BSM decay parameter is included. The coupling to the muon is
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Figure 7: Left: Fit results for the two parameterisations allowing BSM loop couplings. In black, results with
κV ≤ 1, where V stands for Z or W , and in yellow, without additional BSM contributions to the Higgs boson
width, i.e. BRBSM = 0. The measured results for the combination of ATLAS and CMS are reported together
with their uncertainties [56]. Error bars indicate the 1σ (thick) and 2σ (thin) intervals. Right: Fit results for
the combination of ATLAS and CMS in the case of the parameterisation with reduced couplings (yF = κF

mF
v

for fermions and yV =
√
κV

mV
v

for vector bosons) as a function of the particle mass [56]. The dashed line
indicates the SM predicted dependence on the particle mass.

added as a parameter, resulting in the set of parameters: κZ , κW , κt, κb, κτ , κµ.

This parameterisation is composed of the couplings to the massive vector bosons

and to some of the heaviest fermions. From the Higgs mechanism, a linear relation

between fermion couplings to the Higgs boson and fermion masses is expected, as

well as a linear relation between vector boson couplings to the Higgs boson and

the square of vector boson masses. Reduced couplings are defined for fermions as

yF = κF
mF
v

, and are defined for vector bosons as yV =
√
κV

mV
v

, so that the same
y
m

= v is expected for both fermions and vector bosons. The result of the fit is

presented on the right side of figure 7.

1.5 Top quark

The top quark was the last discovered quark and completes the third family

of elementary fermions. It is a spin-1/2 particle and has charge +2/3|e|, being an

up-type quark. Both the top and bottom quarks were first theoretically proposed
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by Makoto Kobayashi and Toshihide Maskawa, in a model aiming to describe

CP-violating weak interactions in hadrons [57]. Top quark production was first

observed in 1995 at the Tevatron by the D∅ and CDF experiments [8, 9]. It is

the most massive elementary particle in the SM. The world combination of top

quark mass measurements [58] from D∅, CDF and the 2011 datasets of ATLAS

and CMS yielded mt = 173.34± 0.27(stat.)± 0.71(syst.) GeV. In September 2015,

CMS published a combination of its top quark measurements from the whole Run

1 dataset [59], yielding mt = 172.44± 0.13(stat.)± 0.47(syst.) GeV.

The top quark decay width has been measured by the D∅ collaboration [60],

with the result Γt = 2.00+0.47
−0.43 GeV. Using the Heisenberg relation ∆E∆t ≥ ~, the

top quark mean decay time can be quickly estimated to be of order 3.3× 10−25 s.

In fact, the D∅ collaboration obtained τt = 3.29+0.90
−0.63 × 10−25 s, which translates in

an upper limit for the top quark lifetime of τt < 4.88× 10−25 s, at 95% confidence

level. Such a lifetime is much shorter than that of any other quark and shorter than

typical hadronization time (τhad = ~/ΛQCD ' 3 × 10−24 s), which means the top

quark is the only quark that decays from its “bare” state, instead of hadronizing.

The main decay channel for a top quark is the charged current t → W+b

(t̄ → W−b̄), with a probability very close to 1. Classification of the top quark

decay is based on the decay of the resulting W boson. The decay is said to be

leptonic if the W decays to a lepton and a neutrino, and hadronic if the W decays

to a quark and anti-quark pair.

The short decay time of the top quark ensures that its spin state can be mea-

sured from the decay products. In the leptonic decay in particular, the resulting

lepton in the final state preserves most of the spin information of the decaying top

quark. This is in contrast with any other quark decay, in which the spin informa-

tion is quickly degraded during hadronization, as hadronic bound states emerge

and decay in succession [61]. Consequently, the polarization of a top quark pair at

production level is fully transferred to the decay products of the system. Although

tt̄ pairs are unpolarized in production at hadron colliders, their spins are strongly

correlated [62].
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1.6 Importance of the tt̄H production process

The way fundamental fermions acquire mass in the Higgs mechanism is through

Yukawa terms in the lagrangian that couple the fermion fields to the Higgs field.

The top quark, being the most massive fermion, is then expected to have the

largest Yukawa coupling to the Higgs field. This ensures that Higgs production

channels involving fermion loops, such as that in figure 3 (a) will get their main SM

contribution from top quark loops. However, this kind of process is not ideal for

measuring Yukawa couplings, because there exist contributions from loops of every

massive fermion, which does not exclude possible BSM contributions. Besides,

even assuming SM-only loops, the total cross-section of the gluon-fusion process

is sensitive to several orders of perturbation, resulting in an important systematic

uncertainty.

An alternative process that allows direct measurement of this coupling is tt̄H

production. In this process, there is always one vertex of interaction between the

Higgs boson and a t or t̄ in the leading production diagrams. Examples of such

diagrams are shown in figure 8. After tt̄H production, the decay of the tt̄ system

can either be fully-hadronic, semi-leptonic or dileptonic if, respectively both, one

or none of the top quarks decays hadronically.

If the SM is assumed to be a valid theory for energies up to the order of the

Planck scale, the Higgs quartic self-coupling λ, as defined in section 1.2, must

be corrected for loop contributions, which become important at higher energy

scales [13]. In particular, the value of λ is very sensitive to the Higgs mass pa-

rameter mH and to the top quark Yukawa coupling, since it is the only Yukawa

coupling of order unity. For corrections near the Planck scale, a large top Yukawa

coupling could drive λ to zero and even negative values. This change of sign would

have dramatic consequences for the Higgs potential V (φ). Depending on λ, the SM

vacuum could either be stable (global minimum), metastable (local minimum) or

unstable (not a minimum at all). The requirement that the SM vacuum is a stable

one results in a constraint between the Higgs boson and the top quark masses.

The currently measured mass values fall into the metastable region, but are still

compatible, within uncertainties, with the stable scenario [12].

As already mentioned, the observed asymmetry in the Universe between mat-
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Figure 8: The four main processes for tt̄H production at the LHC.
(a): Gluon scattering through the exchange of a t-channel top quark.

(b): Quark fusion. (c): Gluon fusion. (d): Top quark fusion. An important remark is that (a), (b) and (c) are
simply processes of tt̄ production followed by radiation of a Higgs boson from one of the top quarks.
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ter and antimatter is in need of an explanation, usually believed to require new

CP-violating interactions beyond the SM. One possibility would be to introduce

CP violation in the Higgs sector, by allowing the Higgs boson to be in a mixed

state of CP-even and CP-odd components. In popular BSM models such as su-

persymmetry and the two Higgs doublet model, the existence of CP-odd Higgs

bosons is predicted.

The SM Higgs boson is a CP-even particle, which means the Higgs field is

invariant under a combined charge and parity transformation. The field of a CP-

odd Higgs boson would instead flip sign under such a transformation. Analyses

have been conducted to exclude alternative CP scenarios for the Higgs boson, using

the decays to ZZ and WW [54, 55]. However, a pseudoscalar boson is not allowed

to couple at tree-level to gauge bosons [14], which means that decays of such a

particle into WW and ZZ can only occur through loops, and are expected to be

highly suppressed, when compared to the scalar scenario.

On the other hand, the tree-level coupling to fermions is allowed for a pseu-

doscalar Higgs boson, resulting in the effective interaction lagrangian

LHff̄ = − yf√
2
ψ̄f (af + ibfγ5)ψfh, (19)

where af and bf are respectively the scalar and pseudoscalar components of the

Higgs boson, for the interaction with the fermion f . The SM is recovered by setting

af = 1 and bf = 0, a pure pseudoscalar has af = 0 and bf 6= 0, whereas a mixed

CP state has both af 6= 0 and bf 6= 0.

In the most general case, it is possible that the values of bf are different for dif-

ferent fermions, and the Higgs boson coupling to all fermions should be addressed.

However, if these bf are similar (as the af in the SM), the large top quark Yukawa

coupling makes tt̄H production a privileged process for studying the Higgs boson

CP nature. Measuring the total production cross-section is obviously not enough,

as it will only be sensitive to a2
f + b2

f , and not to the relative size of af and bf .

Sensitivity to the relative size of the components can be obtained by exploiting

the kinematics of the tt̄H decays. Several discriminating observables have been

proposed in [14, 63–65], and in the present work a set of new angular observables

for this effect are also suggested.

27



28



2 Experimental setup

In this section, the current experimental conditions available for studying Higgs

boson physics are discussed. An overview of the LHC operation is given, and the

general-purpose detectors in which the Higgs boson was discovered are described.

The ATLAS detector is described in detail as an example of such a detector.

It is one of the multi-purpose detectors at the LHC, along with CMS. Knowledge

of the ATLAS experiment and its very complete set of subsystems is an excellent

starting point to understand other general-purpose and even specialized particle

detectors, through comparison of the technologies and construction strategies em-

ployed. It was chosen for a description with greater detail because the studies

presented here were performed within a team mostly composed of members of the

portuguese ATLAS group. Following the phenomenological work presented here,

this team will engage in the Run 2 data analysis efforts in ATLAS. A summarized

description of the CMS detector is also presented, highlighting the features that

differentiate it from ATLAS.

The studies presented in this thesis required the simulation of a generic multi-

purpose detector. In the end of this section, the package used for this fast detector

simulation, Delphes, is also described.

2.1 Large Hadron Collider

The Large Hadron Collider is the world’s largest particle accelerator [7]. It

is located at CERN’s accelerator complex, in Geneva, crossing the French-Swiss

border, and was first started on the 10th September 2008. The LHC consists of

a 27 km ring of superconducting magnets buried at approximately 100 m under-

ground, with a number of accelerating stages to boost the energy of the particles.

Inside the accelerator, two high-energy beams travel in opposite directions, in

separate beam pipes.

The beam pipes are kept at ultra-high vacuum and the beams are guided around

the accelerator ring by a strong magnetic field maintained by the superconducting

electromagnets. The magnetic dipoles operate at a temperature of 1.9 K. For this

reason, much of the accelerator is connected to a distribution system of liquid

29



helium, which cools the magnets.

For each detector along the ring, there is a precisely defined interaction point.

As the beams approach the detectors, they are radially confined (“squeezed”) and

crossed to induce particle collisions in these interaction points. Particles circulat-

ing in the LHC are distributed in bunches along the beam direction. In proton

collisions during the LHC Run 2, the spacing between consecutive proton bunches

is such that bunches cross every 25 ns at the interaction points.

The LHC was designed to collide proton beams with a centre-of-mass energy

of up to 14 TeV and a luminosity of 1034 cm−2s−1, and also to collide heavy (Pb)

ions with an energy of 2.8 TeV per nucleon and a peak luminosity of 1027 cm−2s−1.

The LHC integrated luminosities delivered to ATLAS and CMS, as of March 2016,

are summarized in table 3 [66, 67].

Table 3: Integrated luminosities delivered by the LHC to the ATLAS and CMS detectors [66, 67]. Delivered
luminosity is not totally recorded by the experiments, due in part to detectors being started only after the

stable beams are circulating in the beam pipe. In collisions involving lead (Pb) ions,
√
s is the nucleon-nucleon

centre-of-mass energy.

pp pPb PbPb√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 5 TeV

√
s = 2.76 TeV

ATLAS 5.46 fb−1 22.8 fb−1 4.2 fb−1 31.2 nb−1 175.69µb−1

CMS 6.10 fb−1 23.30 fb−1 4.22 fb−1 36.14 nb−1 184.07µb−1

The high luminosity delivered by the LHC also poses an experimental challenge.

The design luminosity is such that, in every bunch crossing, the average number of

inelastic pp interactions expected to occur is 24. This overlap of events is known

as pile-up. In figure 9, distributions of the mean number of inelastic pp collisions

per bunch crossing is shown, corresponding to the data collected by the ATLAS

experiment during the LHC Run 1 [66].

Between February 2013 and March 2015, the LHC has undergone its first long

shutdown period for maintenance and upgrade [68] [69]. A large engineering effort

took place in order to strengthen the accelerator, with the main purpose being

to consolidate the 10 170 high-current connections between superconducting mag-

nets. This renovation work made the LHC safer from magnet quenching incidents

for current operation, with proton beams circulating with the energy of 6.5 TeV
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Figure 9: Distributions of the mean number of inelastic pp collisions per bunch crossing in data collected by
ATLAS during the LHC Run 1 [66]. The average number of collisions in data collected at

√
s = 8 TeV was 20.7,

close to the design goal average of 24.

per proton and colliding at a centre-of-mass energy of 13 TeV, unprecedented in

accelerator high-energy physics.

2.2 ATLAS detector

ATLAS was designed and built for probing pp and PbPb collisions, being able

to perform a wide range of precise SM measurements and having sensitivity for

new physics processes [15, 70, 71]. A set of the new phenomena expected to occur

at the TeV scale defined the requirements for the detector features.

In particular, the search for the SM Higgs boson established the minimum

performance requirements for many sub-systems of ATLAS. The decay of the Higgs

boson into a photon pair should be a relatively clean channel, requiring good

electromagnetic calorimetry. On the other hand, the decay H → bb̄, dominant

for Higgs masses below twice the Z boson mass, is expected to have a large QCD

background and to require good b-tagging efficiency, only attained with fine vertex

reconstruction. Associated production of the Higgs boson, as in tt̄H , WH and

ZH should be relatively clean thanks to leptons from tt̄ or vector boson decays.

These decays involve neutrinos in the final state, which adds the requirement for

good missing transverse energy reconstruction.

Other important physics processes which motivated ATLAS features include
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Table 4: General performance goals of the ATLAS detector [15]. The units of energy (E) and transverse
momentum (pT ) are in GeV. The symbol ⊕ means a sum in quadrature.

Detector component Required resolution
η coverage

Measurement Trigger
Tracking σpT /pT = 0.05% pT ⊕ 1% ±2.5

EM calorimetry σE/E = 10%/
√
E ⊕ 0.7% ± 3.2 ± 2.5

Hadronic calorimetry (jets)

barrel and end-cap σE/E = 50%/
√
E ⊕ 3% ± 3.2 ± 3.2

forward σE/E = 100%/
√
E ⊕ 10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9

Muon spectrometer σpT /pT = 10% at pT = 1 TeV ±2.7 ± 2.4

heavier Higgs bosons (mH & 600 GeV), new heavy gauge bosons W ′ and Z ′,

supersymmetric particles and experimental signatures of the existence of extra

dimensions.

The ATLAS detector must provide a mechanism to deal with pile-up, which

again requires high precision tracking, for resolving the different interaction ver-

tices in a single bunch crossing.

The performance goals imposed by the constraints mentioned before are sum-

marized in table 4.

ATLAS uses a right-handed reference system with its origin at the nominal

interaction point (IP) in the centre of the detector and the z-axis along the beam

pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis

points upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ

being the azimuthal angle around the beam pipe. The polar angle θ is the angle

from the beam axis and the pseudorapidity η is defined as η = − ln[tan(θ/2)].

Distances in (η, φ) space are given as ∆R =
√

∆φ2 + ∆η2.

ATLAS is a forward-backward symmetric, multi-layered detector, with 25 m

in height and 44 m in length, weighing approximately 7 000 tonnes. Starting

from the inner region, its subsystems are: the inner detector (ID), which is im-

mersed in a 2 T uniform magnetic field and reconstructs the charged particle tracks;

the electromagnetic (EM) calorimeter, a setup of lead and liquid argon (LAr)

accordion-shaped layers where photons and electrons are contained and where

EM-interacting particles leave energy deposits; the hadronic calorimeters, also
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Figure 10: Cutaway view of the ATLAS detector [15]. The subdetectors and main systems are identified, and
two persons are visible on the image for a notion of scale.

LAr-based in the forward (|η| > 1.5) region and composed of scintilating tiles in

the central (|η| < 1.7) region, where hadrons are contained and also leave energy

deposits; and the muon chambers, immersed in a magnetic field created by toroid

magnets, which track the curved trajectories of muons. A cutaway view of the AT-

LAS detector with its subdetectors exposed is shown in figure 10. During the LHC

long shutdown, improvements were made to the ATLAS experiment, notably with

the insertion of an additional pixel layer in the inner detector, the inner B-layer

(IBL) [72].

At the LHC, the nominal bunch crossing rate is 40 MHz. With the design

goal of 24 interactions per crossing, ATLAS gets an incoming interaction rate of

' 1 GHz. The ATLAS trigger system was designed to reduce the event rate from

40 MHz down to an average (peak) of ' 200 Hz (400 Hz), such that the event data

could be stored during the LHC Run 1. During the second run of the LHC, the

final event recording rate increased to 1 kHz. The trigger system must be very

efficient and fast at eliminating the large background rate, while recording the

rare events with potentially interesting physics.
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2.2.1 Inner detector

The inner detector (ID) is the innermost subdetector of ATLAS. Being so close

to the interaction point where the beams collide, it must deal with a very high

density of particle tracks. The ID is a tracking system for charged particles, which

allows momentum measurements and precise reconstruction of interaction vertices.

The momentum measurement relies on bending the particle trajectories in a mag-

netic field peaking at 2 T and pointing along the z-axis, provided by a solenoid

magnet placed outside the ID. The inner detector is composed by three subcom-

ponents: the pixel detector, the semiconductor tracker (SCT) and the transition

radiation tracker (TRT), each with structures covering the barrel region and the

end-cap regions.

The pixel detector along the barrel region is arranged in a set of concentric

cylinders, starting as close as 31 mm from the beam axis (after the insertion of the

IBL). On the end-cap region, it is disposed in circular disks, perpendicular to the

beam axis. The high granularity of the pixel detector is crucial for the vertexing

performance of ATLAS. The semiconductor tracker (SCT) is composed of silicon

strips disposed in four concentric cylinders around the beam axis. The end-cap

region is covered by nine disks on each side, with the strips aligned radially. The

transition radiation tracker (TRT) is based on straw tube detectors with 4 mm in

diameter with a gold-plated wire running inside. Electron identification capability

is added by employing Xenon gas to detect transition radiation photons created in

a radiator between the straws. The maximum straw length is 144 cm in the barrel,

which contains about 50 000 straws. The end-caps contain 320 000 radial straws.

Each channel provides a drift time measurement, giving a spatial resolution of

170µm per straw. Each end-cap consists of 18 wheels.

The inner detector is connected to 80.3 million readout channels for the pixels,

6.3 millions for the SCT and 351 000 for the TRT. Figure 11 shows a cutaway view

of the ID where all of its components are visible.

2.2.2 Electromagnetic calorimeter

The electromagnetic calorimeter is the detector layer in which electromagnet-

ically interacting particles leave energy deposits, and where most photons and
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Figure 11: Cutaway view of the inner detector, with all of its components labeled. [71] The image portrays the
ID before the insertion of the innermost pixel layer, the IBL.

electrons are contained. It is divided into a barrel part (|η| < 1.475) and two

end-cap parts (1.375 < |η| < 3.2). In the barrel region, the EM calorimeter shares

the vacuum vessel with the central solenoid. It consists of two half-barrels, with a

4 mm separation at z = 0.

Each of those half-barrels is composed by accordion-shaped layers of lead, liquid

argon (LAr) and electrodes (copper deposited in kapton). Figure 12 shows a

stack of accordion-shaped layers that belong to the barrel EM calorimeter. The

accordion geometry provides complete and symmetrical coverage in φ, avoiding

gaps. The high density lead plates act as the absorber elements of the calorimeter.

They induce the production of particle showers and give a large effective depth

to the calorimeter, assuring that particles such as electrons and photons do not

punch through into the outer layers of the detector. As they cross the LAr layers

(active element), the particles in the shower ionize the argon atoms, thus creating

a current in the electrodes which is then detected and recorded. Only a fraction

of the energy of the particles in the shower is deposited in this way. Using this

fraction of energy as a sample and through calibration of the calorimeter, the

measurement of the total energy deposited and its spatial distribution is obtained.

Each end-cap calorimeter is mechanically divided into two coaxial wheels: an

outer wheel covering the region 1.375 < |η| < 2.5, and an inner wheel covering the
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Figure 12: Photograph of a partly stacked barrel electromagnetic LAr module, where the accordion geometry is
visible [15].

region 2.5 < |η| < 3.2.

2.2.3 Hadronic calorimeter

The hadronic calorimeter is the subdetector where hadrons not contained by the

EM calorimeter are ultimately contained and deposit their energy, which is then

measured through sampling. This calorimeter is composed by the tile calorimeter

(placed directly outside the EM calorimeter), the LAr hadronic end-cap calorimeter

(consisting of two wheels per end-cap) and the LAr forward calorimeter, a high

density cylinder which provides both EM and hadronic calorimetry in a region of

larger |η|.
The tile calorimeter is, in its turn, composed of three barrels: the central barrel,

which roughly matches the EM barrel in its z extension and covers the region

|η| < 1; and two extended barrels, covering the range 0.8 < |η| < 1.7. The central

barrel, as well as the extended barrels, are divided azimuthally in 64 modules, and

radially range from an inner radius of 2.28 m to an outer radius of 4.25 m. This

calorimeter uses steel as the absorber medium and scintillating plastic tiles as the

active material. The scintilating tiles emit light as they are crossed by ionising

particles. The emmited light is collected by two optical wavelength-shifting fibres

at the edges of each tile. The fibres are arranged in bunches and attached to
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Figure 13: Segmentation in depth and η of the tile-calorimeter modules in the central (left) and extended (right)
barrels.

photomultiplier tubes (PMT) which are placed at the outer edge of each module.

The wavelength-shifting fibres correct the spectrum of the scintillator to match the

sensitivity of the PMT. The readout cells corresponding to the bunches of fibres

leading to the photomultipliers are represented in figure 13, where it is visible that

they are approximately projective towards the interaction point.

The two wheels in each end-cap of the LAr hadronic calorimeter share the same

cryostat as the EM end-cap calorimeter and are placed directly behind it. They

cover the region with 1.5 < |η| < 3.2, overlapping with the η coverage of both

the tile calorimeter (|η| < 1.7) and the LAr forward calorimeter (|η| > 3.1). Each

wheel is built from 32 azimuthal modules. The wheels are composed of parallel

copper plates, 25 mm thick in the inner wheel and 50 mm thick in the outer wheel.

In both cases, the plates are alternated with 8.5 mm LAr gaps, which serve as the

active medium.

The LAr forward calorimeter (FCal) is composed of a cylindrical structure

placed inside each of the end-cap wheels of the LAr hadronic calorimeter, sharing

the same LAr cryostat. It has three modules in depth, with the innermost module

made of copper, optimized for EM calorimetry and the two outermost modules

made of tungsten and optimized for hadronic calorimetry. The electrode structure

consists of concentric rods and tubes parallel to the beam axis. The sensitive

medium is the LAr gap between each tube and the rod inside it.
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2.2.4 Muon spectrometer

Muons are the only particles, besides the undetectable neutrinos, that are not

contained by the calorimeters. The ATLAS muon system serves the purpose of

tracking and measuring the momentum of these particles. It is based on a complex

arrangement of toroid magnets which deflect the muon trajectories, a dedicated

muon trigger system and high-precision tracking chambers.

There are three large air-core toroids in the ATLAS magnet system: the central

barrel toroid, which provides magnetic bending over the range |η| < 1.4 and two

end-cap toroids, performing the same function in the region with 1.6 < |η| < 2.7.

Each of the toroids is composed of eight superconducting coils of an Al-stabilised

Nb/Ti/Cu alloy, which operate at a temperature of 4.6 K. The coils are assembled

symmetrically in planes of constant φ. The end-cap toroids are rotated in φ by

an angle of π/8 with respect to the barrel toroid to enable radial overlap of the

toroids and to optimize the bending power in the transition range of 1.4 < |η| <
1.6. Each coil of the barrel toroid is housed in its own cryostat, while the end-cap

toroid coils are assembled inside one large cryostat for each end-cap. The field

produced in the central region is approximately 0.5 T on average and 3.9 T at its

peak. In the end-caps, the field is approximately 1 T on average and 4.1 T at its

peak. Figure 14 shows the 3D configuration of all the magnet coils in ATLAS.

The precision tracking chambers in the barrel region are placed in three concen-

tric cylindrical layers around the beam axis at radii of approximately 5 m, 7.5 m,

and 10 m, with the innermost and outermost ones roughly on the limits of the

barrel toroid and the central one inside it. These layers exhibit the same eight-fold

symmetry as the toroid magnets and have a small component and a large one at

each octant. Projections of the ATLAS muon system on the transverse plane and

on an axial plane are represented in figure 15. In the two end-cap regions, muon

chambers form large wheels, perpendicular to the z-axis and located at distances of

|z| ' 7.4 m, 10.8 m, 14 m, and 21.5 m from the interaction point. In each end-cap,

the wheel closer to the interaction point is placed in front of the end-cap toroid,

another wheel is placed around the toroid, and the other two are placed behind it,

as can be seen in the bottom image of figure 15.

The precision momentum measurement is performed by the monitored drift
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Figure 14: Geometry of magnet windings and tile calorimeter steel. The eight barrel toroid coils, with the
end-cap coils tilted relative to the barrel ones are visible. The solenoid winding lies inside the calorimeter

volume. [15]

tube (MDT) chambers. They cover the pseudorapidity range |η| < 2.7 (coverage is

limited to |η| < 2.0 in the innermost end-cap layer). These chambers are composed

of three to eight layers of drift tubes with an operation similar to the TRT in the

inner detector. The working absolute pressure inside the tubes is 3 bar, and these

chambers achieve an average resolution of 80µm per tube, or about 35µm per

chamber. In the forward region (2.0 < |η| < 2.7), cathode-strip chambers (CSC)

are used in the innermost tracking layer, since they can handle higher hit rates and

have finer time resolution. The CSC are multiwire proportional chambers in which

cathode planes are segmented into strips running in perpendicular directions. This

allows measurement of two coordinates from the distribution of the induced charge.

The resolution of a chamber is 40µm in the plane containing the beam axis and

the track (bending plane) and about 5 mm in the transverse (non-bending) plane.

A high-precision optical alignment system monitors the positions and internal

deformations of the MDT chambers; it is complemented by track-based alignment

algorithms.

The precision tracking chambers are complemented by a system of fast trigger

chambers. In the barrel region (|η| < 1.05) this is accomplished with Resistive

Plate Chambers (RPC), while in the end-cap (1.05 < |η| < 2.4) thin gap chambers
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Figure 15: Labels: B/E - barrel/end-cap, I/M/O - inner/medium/outer, S/L/F - small/large/feet. Top:
Cross-section of the barrel muon system perpendicular to the beam axis (non-bending plane), showing three

concentric cylindrical layers, each comprising eight large and eight small chambers. The outer diameter is about
20 m [15]. Bottom: Cross-section of the muon system in a plane containing the beam axis (bending plane).

Infinite-momentum muons would propagate along straight trajectories which are illustrated by the dashed lines
and typically traverse three muon stations [15].
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(TGC) are used. The design goal was to minimize time contributions from signal

propagation and electronics to allow efficient identification of the beam crossing.

Both chamber types deliver signals with a spread of 15–25 ns, allowing each indi-

vidual chamber to tag the beam-crossing with efficiency ≥99%. Besides triggering,

TGC provide a measurement of both coordinates of the track, one in the bending

plane and one in the non-bending plane. In particular, the measurement in the

non-bending plane is used as the second coordinate of the track, instead of the

value from the MDT, which has a larger uncertainty.

2.2.5 Trigger system

The ATLAS trigger system is structured in two trigger levels: the Level-1 (L1)

trigger and the higher-level trigger (HLT).

The L1 trigger is based in custom-made electronics which process information

from the trigger chambers in the muon spectrometer and from all the calorime-

ters, with reduced-granularity information from the latter. It searches for high

transverse momentum (pT ) muons, electrons, photons, jets and τ -leptons decay-

ing hadronically. It also looks for large missing transverse energy and large total

energy in the event. L1 takes up to 2.5µs to select the events and define some

regions of interest (RoI) in the detector, while the full data is stored in the pipeline

memory. The RoI information includes the η and φ coordinates of the interesting

feature, the type of feature (electromagnetic, hadronic, muon...) and the reached

threshold. This trigger level delivers an output event rate of up to 100 kHz.

The HLT takes the previously defined RoI information as input, and has access

to full granularity and precision information from all the detectors withtin those

regions (approximately 2% of the total event data). The HLT selection is mostly

implemented using offline analysis procedures, which reduce the event rate, allow-

ing permanent storage of the data. The average output rate of the HLT is 1 kHz.

The event processing average time at this level is of the order of 4 s, and the final

event size is approximately 1.3 Mbyte.

For the second run of the LHC, the ATLAS trigger system experienced impor-

tant upgrades [73]. The Level-1 trigger output rate of 100 kHz resulted from an

upgrade, in which it was increased from the Run 1 rate of 70 kHz. The previously
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existing Level-2 trigger and Event Filter were effectively merged into the HLT, to

avoid the overhead of transmitting the same event information at least twice, to

different devices. The final event recording rate was also increased from an average

of 400 Hz during Run 1 to the already mentioned rate of 1 kHz.

2.2.6 Object reconstruction

Electrons and photons

The reconstruction of electrons and photons starts from an energy deposit

(cluster) in the electromagnetic calorimeter. All the reconstructed tracks in the

inner detector are searched, looking for one that loosely matches that cluster.

Also in the inner detector, a search for a matching photon conversion to e−e+

takes place. Based on the result of these searches, the cluster is identified either

as an electron candidate or a photon candidate: electrons are required to have an

associated track, but no associated conversion, and photons are defined as not hav-

ing a matched track, or as being matched to a conversion. Electron identification

results from the combination of reconstruction properties. These include the ratio

of energy (measured by the calorimeter) to momentum (measured at the ID), the

difference between the (η,φ) coordinates reconstructed from the cluster and the

ones obtained from the track extrapolation into the calorimeter, and transition

radiation hits on the track.

The energy of high-pT electrons is obtained from the calorimeter measure-

ment. However, the direction (i.e. η and φ) is more precisely determined from the

matched track. The identification for isolated high-pT electrons is based on cuts

on the shapes of particle showers and on information from the associated track.

Depending on the requirements of each particular physics analysis, different sets

of cuts can be applied, resulting in different electron identification efficiencies and

jet rejection rates: “loose cuts” consist of simple shower-shape cuts and very loose

matching between reconstructed track and calorimeter cluster; “tight cuts”, on

the other hand, tighten the track-matching criteria and the cut on the energy-to-

momentum ratio. Additionally, calorimeter energy isolation beyond the cluster

itself can be required, ensuring further isolation of the electron.

For photons, both the energy and the (η,φ) direction are derived from the
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calorimeter. Unlike isolated energetic electrons, such as those expected from the

decay of a vector boson, photons are much harder to differentiate from the jet

background. A single set of cuts for photon identification, analogous to the electron

“tight cuts”, has been optimized. It relies on calorimeter shower shapes and focuses

on separating single π0 mesons from photons, using the very fine granularity in

η of the silicon strip layer. A track isolation requirement has also been added to

further improve the jet rejection, while preserving most of the converted photons.

Muons

ATLAS identifies and measures muons in the muon spectrometer, and combines

information from the calorimeters and the inner detector to improve identification

efficiency and resolution of the momentum measurement. The muon spectrometer

also has the capability of efficiently triggering on muons, for pseudorapidities |η| <
2.4 and over a wide range of energies.

Momentum measurements are performed using combined tracks from the inner

detector and the muon spectrometer. The best resolution of the muon spectrometer

measurement is obtained for pT ' 100 GeV. For lower pT muons, the energy

losses in the calorimeters determine the resolution, and for higher pT , it is the

spatial resolution of drift chambers. Momentum resolution of muons with pT below

100 GeV benefit significantly from combining measurements from both subsystems.

Below 30 GeV, the resolution is dominated by the inner detector resolution, which

is much better than the spectrometer in this pT region. Even at the largest values

of |η|, excellent momentum resolution is assured by the toroidal field.

When performing the momentum measurement, muon tracks in the spectrom-

eter are propagated back to the interaction point. This requires a momentum

correction due to the energy lost by the muon in the calorimeters. An algorithm

is used to perform this correction, by means of a parameterised expected energy

loss, obtained from simulation. A measured energy loss may be used instead, if

the muon track is isolated and if the measured loss is much larger than expected

from the parameterisation.

Jets

Jet reconstruction from calorimeter signals relies on the use of a clustering
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algorithm. The choice of algorithm depends on the particular physics analysis.

Currently, almost every ATLAS analysis uses the anti-kt algorithm [74]. Some

algorithms, including anti-kt, must be given a ∆R parameter. Typical values are

∆R = 0.4 for narrow jets and ∆R = 0.6 for wide jets. The application of the

clustering algorithm is followed by a calibration step. Jet-clustering algorithms

can take different object collections as input for finding jets, as long as those

objects have defined directions and energies. Most ATLAS analyses use topological

clusters as the objects on which the algorithm is performed.

Topological cell clusters result from attempting the reconstruction of three-

dimensional calorimeter energy depositions. For every cell, σcell is defined as the

total noise expected in that cell, both from electronics and pile-up events. First, a

seed cell is identified if a significant absolute signal above the major seed threshold

4σcell is present. Then, the nearest neighbours of each seed cell are collected,

independently of the amplitude of their signal. They can be considered secondary

seeds, if the absolute value of their signal magnitude is above the secondary seed

threshold 2σcell. If this is the case, their nearest neighbours are also added to the

cluster. Finally, if there are not additional secondary seeds among these nearest

neighbours, all the cells surrounding the ones collected so far, with signal above

a very low threshold are added to the cluster. The resulting cluster is searched

for local signal maxima. If more than one maximum is found, the cluster is split

into smaller ones, along the boundaries determined by signal valleys between the

maxima.

Missing ET

In hadron colliders, the inelastic physical processes studied occur between con-

stituents of the colliding protons, called partons. These partons do not necessarily

carry the same fraction of momentum from the parent protons. An important con-

sequence of this is that, in events resulting from hadron collisions, the sum of the

momenta of resulting particles does not add up to zero. However, that is the case

for the transverse component alone. For this reason, it is usual to use transverse

quantities, such as pT , in hadron collider experiments. Missing transverse energy

(missing ET , or /ET ) is defined as the negative of the vectorial sum of the pT of all

detected particles. If there are energetic undetected particles in the event, such as
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neutrinos, this quantity should roughly correspond to the transverse component

of the sum of their momenta.

The reconstruction of /ET in ATLAS relies primarily on the calorimeter cell en-

ergies, after calibration, and on the reconstructed muons. The muon term in /ET is

calculated from the muon momentum measurement from the muon spectrometer

alone. This means that energy losses of muons in the calorimeters are not counted

twice, since they only contribute to /ET through the calorimeter term. Sometimes,

in events with very energetic jets, many jet constituents reach the muon spectrom-

eter and a ‘fake’ muon is identified. In order to reduce possible contributions of

‘fake’ muons to the /ET muon term, only muons matched to an inner detector track

are considered.

After this primary calculation, the /ET reconstruction introduces the cryostat

term, which accounts for the energy lost by particles in the cryostat between the

barrel electromagnetic calorimeter and the tile hadronic calorimeter.

A final calibration of /ET is performed through the following matching proce-

dure. All reconstructed high-pT objects in the event are carefully ordered and, for

each one of them, the calibrated calorimeter cells close to that object are associated

to it, unless they were already associated to a previous object. The calibration

of /ET consists in replacing the initial term from globally calibrated cells by terms

from the high-pT objects corresponding to those cells. The cells which are not

rejected by a noise cut and are not matched to any reconstructed object are also

accounted for in the /ET calculation, keeping the previous global calibration.

b-tagging

The ability to tag hadronic jets arising from heavy flavours is an important

asset for many physics analyses, such as precision measurements in the top quark

sector and searches for Higgs bosons or other new physics signatures. The basic

b-tagging algorithms use charged particle tracks to produce a set of variables which

discriminate between different jet flavours [75]. ATLAS uses three distinct basic

b-tagging algorithms, which provide complementary information. First, tracks are

associated to a calorimeter jet, based on their angular separation ∆R (track, jet).

The ∆R association requirement varies as a function of the jet pT , resulting in a

narrower cone for jets at high pT , which are more collimated. Then, tracks are
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required to pass a quality selection, which is different for each of the b-tagging

algorithms.

The impact parameter-based algorithm makes use of the impact parameter of

the tracks matched to the jet. The impact parameter is the distance of the track

to the primary vertex at the point of closest approach. The sign is defined positive

(negative) if this point is in front of (behind) the primary vertex with respect to

the jet direction. The inclusive secondary vertex reconstruction algorithm aims

to explicitly reconstruct an inclusive displaced secondary vertex within the jet.

The decay chain multi-vertex reconstruction algorithm exploits the topological

structure of weak b and c hadron decays inside the jet and tries to reconstruct the

hadronic decay chain: primary vertex → b→ c.

The output of these b-tagging algorithms are later combined in a multivariate

discriminant, which provides the best separation between the different jet flavours.

Depending on the physics analysis, a cut on this discriminant variable defines the

b-tagging working point. For example, a typical b-tag working point for LHC Run

2 requires a 70% b-tagging efficiency, resulting in rejection factors of 8.1 for c-jets,

26 for τ -jets and 440 for light-flavoured jets [75].

Pile-up removal

With an average number of inelastic pp collisions per bunch crossing close to 20,

every hard-scattering process that triggers an event in ATLAS is expected to be

detected simultaneously with many pile-up interactions. These pile-up interactions

are uncorrelated with the hard-scattering process, and are mostly composed of soft

hadronic activity, resulting in small energy depositions [76]. Thus, the most severe

effects of pile-up are on the reconstruction of jets: it can affect the reconstructed

jet energies and structure, and it can even lead to the reconstruction of additional

jets.

The time space between bunch crossings at the LHC was 50 ns for most of the

Run 1, and it is 25 ns during Run 2. The response time of many subdetectors

is much larger than this time interval, which can result in the association of a

detection to the wrong bunch crossing. This effect, called out-of-time pile-up (as

opposed to the in-time pile-up explained above), is especially important in the

electromagnetic LAr calorimeter.
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Many strategies have been developed to remove the effects of pile-up in AT-

LAS. The most imediate strategy consists in adjusting the σcell parameter used

in the construction of topological clusters. This parameter defines a threshold,

and if it is kept above the typical pile-up noise in the corresponding calorimeter

cell, the number of topological clusters formed solely of pile-up depositions is sig-

nificantly reduced. The limitation for increasing this parameter comes from the

loss of efficiency in reconstructing desirable jets. The expected pile-up noise can

be obtained from simulation, given the mean number of interactions per bunch

crossing 〈µ〉. For data collected at
√
s = 8 TeV, for example, the parameter σcell

used corresponded to 〈µ〉 = 30.

A correction is performed on the transverse momentum of reconstructed jets,

according to

pjetT → pjetT − ρ× A
jet,

where ρ is the pile-up pT density and Ajet is the area of the jet, in (η, φ) space.

The pile-up pT density ρ is calculated separately for each event. The kt algorithm

is used to find jets in the event, without a minimum pT threshold, and then ρ is

defined as the median pT density of all those jets. The kt algorithm is particularly

sensitive to low energy radiation, and thus adequate to describe pile-up behaviour.

The subtraction procedure described above removes a significant fraction of

in-time pile-up. However, it is not efficient at removing out-of-time pile-up, es-

pecially in the forward regions of the detector. After the subtraction of ρ × Ajet,
a residual subtraction is performed, with one term proportional to the number

of reconstructed pile-up vertices (to address the remaining in-time pile-up), and

another term proportional to 〈µ〉. Because 〈µ〉 is a function of the instantaneous

luminosity, it is a good estimator of out-of-time pile-up activity, and actually the

subtraction of the term proportional to 〈µ〉 is effective in mitigating out-of-time

pile-up. Both these terms are derived from parton-level jets in simulated dijet

events.

After the pT corrections are applied, energy contributions of pile-up to jets from

the hard scattering are greatly minimized. Besides, the majority of reconstructed

pile-up jets are removed because, after the ρ × Ajet subtraction, they fall below

the pT threshold of 20 GeV. Still, it is possible that some pile-up jets remain in
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Figure 16: Cutaway view of the CMS detector, with its subdetectors exposed [77]. The calorimeters fit inside
the solenoid, unlike in ATLAS.

the event. They can be either genuine QCD jets from a pile-up vertex, or jets

reconstructed from a local fluctuation in the energy depositions coming from pile-

up. Removal of such jets relies on reconstructed tracks and vertices in the inner

detector. The tracks from each vertex are propagated into the calorimeter cells,

and discriminant quantities are used to classify each jet either as coming from the

hard-scattering vertex or from a pile-up vertex.

2.3 CMS detector

The design of CMS (Compact Muon Solenoid) [16] was driven by the same

physics goals and experimental challenges as the design of ATLAS. The main

distinguishing features of CMS are a high-field solenoid and a homogeneous elec-

tromagnetic calorimeter based on scintillating crystals. CMS is 21.6 m long, has a

14.6 m diameter, and a total weight of 12 500 tonnes. A cutaway view of CMS is

shown in figure 16.
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2.3.1 Superconducting magnet

The central element of CMS is a superconducting solenoid, 12.5 m long and

with 6 m of inner diameter, large enough to accomodate for the inner tracker and

the calorimeters inside it. It produces a 4 T uniform field pointing along the z

direction (the CMS coordinate system is defined in the same way as the ATLAS

system), and provides a bending power of 12 Tm. At full current, the total stored

energy is of 2.6 GJ. The coil consists of a distinctive 4-layer winding, made from

a stabilised reinforced NbTi conductor, and has a cold mass of 220 tonnes.

On the outside of the solenoid, the magnetic flux is returned by a 10 000 tonne

iron yoke, comprising 5 wheels and 2 end-caps, each end-cap composed of three

disks. Part of the CMS muon system is placed within the volume of this return

yoke.

2.3.2 Inner tracking system

The CMS tracking system is designed to provide precise and efficient mea-

surement of the trajectories of charged particles, and to enable reconstruction of

secondary vertices. It spans a cylindric volume with 5.8 m of length and a 2.5 m

diameter. It consists of three layers of silicon pixels close to the interaction point,

with radii from 4.4 cm to 10.2 cm, and 10 layers of silicon strips, extending out to

1.1 m in radius. Additionally, each side of the end-cap region is covered by 2 disks

in the pixel detector and 12 disks in the silicon strip tracker. These extend the

acceptance of the tracking system to |η| < 2.5. The CMS tracker is the largest

silicon tracker ever built, with about 200 m2 of active silicon area.

2.3.3 Calorimeters

The electromagnetic calorimeter (ECAL) in CMS is a hermetic and homoge-

neous detector, based on scintillating crystals of lead tungstate (PbWO4). It is

composed of 61 200 crystals in the central barrel region, and 7324 crystals in each

of the end-caps. Avalanche photodiodes are used to detect the scintillation light

in the barrel region, and vacuum phototriodes are used in the end-cap regions. In

front of the end-cap ECAL, a preshower detector system is installed to provide π0
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rejection. The ECAL covers the pseudorapidity range |η| < 3.0, and its thickness

is larger than 25 radiation lengths.

The hadronic calorimeter (HCAL) is a sampling scintillator calorimeter, using

brass as the absorber medium. Scintillation light travels through wavelength-

shifting fibres before being detected by hybrid photodiodes. The HCAL barrel

extends from an inner radius of 1.77 m to an outer radius of 2.95 m, covering the

pseudorapidity range |η| < 3.0. Its thickness varies from 7 to 11 interaction lengths,

depending on η. The outer radius of the HCAL barrel is limited by the magnet

coil. In order to increase the amount of material crossed by hadronic showers in

the central region and thus increase the HCAL stopping power, a “tail catcher”

calorimeter is placed outside the magnet coil. Including this “tail catcher”, the

total thickness of HCAL varies from 10 to 15 interaction lengths.

In the forward region (|η| > 3.0), a calorimeter using quartz fibres as the active

medium, and steel as an absorber, placed at 11.2 m away from the interaction

point, provides coverage up to |η| = 5.2. This calorimeter uses photomultipliers to

detect the Cherenkov radiation produced by the forward particles travelling inside

the quartz fibres.

Regions of even higher pseudorapidity are covered by dedicated detectors: the

CASTOR and ZDC calorimeters, and the TOTEM tracking detectors. These

are especially designed for studying heavy ion collisions, as well as diffractive pp

collisions.

2.3.4 Muon system

The middle name of CMS is “Muon”, hinting at the central importance that

the muon system had for its design. The muon detection system of CMS serves

three purposes: muon identification, muon momentum measurement, and muon

triggering. It comprises 4 muon stations, structurally integrated with the iron yoke.

The latter also serves as a hadron absorber, resulting in cleaner muon detection.

The muon stations are shaped as concentric cylinders in the barrel region and

parallel disks in the end-caps. Each muon station consists of several layers of

aluminium drift tubes (DT) in the barrel region and cathode strip chambers (CSC)

in the end-cap region, complemented by resistive plate chambers (RPC). The muon
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system has a total area of detection planes of about 25 000 m2.

The barrel region DT chambers cover the pseudorapidity range |η| < 1.2. The

first (innermost) muon station fits inside the iron yoke, the second and third sta-

tions are among the return yoke plates, and the fourth station is outside the yoke

and limits the CMS detector volume. Each station is segmented in 12 sectors

along φ and in 5 wheels along z, a segmentation imposed by the structure of the

iron yoke. In order to preserve efficiency, the segmentation in φ is such that the

unavoidable gaps in each station do not overlap with the gaps in other stations.

In the first 3 stations, each one of the 12 × 5 = 60 segments contains one DT

chamber. Each DT chamber contains 12 layers of drift tubes: 4 inner layers, with

tubes parallel to the beam pipe, which give a φ measurement; 4 layers in the middle

with tubes perpendicular to the beam pipe, which give a z measurement; and 4

outer layers, again parallel to the beam pipe, to provide the best possible angular

resolution. A depiction of such a chamber is shown in figure 17. In the fourth

station, some segments contain 2 chambers, resulting in a total of 70 chambers

for this station, and 250 chambers for the whole muon system. The fourth station

chambers do not contain the z measurement layers of tubes.

Muon detection in the end-caps is provided by CSCs, which are radiation re-

sistent and have fast response times. These CSCs are placed among the flux return

plates and they identify muons in the range 0.9 < |η| < 2.4. The cathode strips in

each chamber run radially outward and provide a precise measurement of φ. The

anode wires are approximately perpendicular to the strips, and are used to obtain

measurements of η and beam-crossing times. Each CSC is composed of 6 layers,

which enables good rejection of non-muon background and matching of tracks to

other stations and to the CMS inner tracking system.

The muon system efficiency for muon identification is above 95% for almost the

entire range |η| < 2.4. The muon transverse momentum is measured independently

by the inner tracker and by the muon system. Combining these measurements,

the obtained resolution is of about 3% for a muon with pT = 100 GeV and about

10% for a muon with pT = 1 TeV, assuming muons with high pseudorapidity

(1.2 < |η| < 2.4), for which the resolution is worse.

The trigger function of the muon system is provided by resistive plate cham-

bers (RPC). They produce a fast response with good time resolution, but coarser
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Figure 17: Transverse cut of a CMS barrel muon chamber [16]. The chamber is fixed to the plates of the iron
yoke. In this figure, two sets of 4 φ-measuring layers are visible, as well as the 4 z-measuring layers between
them. The honeycomb plate has a structural purpose. The presence of two RPC layers indicates that this

chamber belongs to one of the first 2 muon stations.

position resolution than the DTs or CSCs. They also help to resolve ambiguities

in attempting to make tracks from multiple hits in a chamber. A total of 6 layers

of RPCs were placed in the barrel muon system: 2 in each of the first 2 stations

and 1 in each of the last two stations. In the end-cap muon system, 1 layer was

introduced in each of the first 3 stations. The redundancies in the placement of

these trigger chambers improve the beam-crossing time identification, as well as

the background rejection rate.

2.4 Delphes framework

When physics analyses or detector studies require a high level of accuracy, it

is usual for collaborations to rely on tools that fully simulate a detector response.

Such tools must reproduce the particle interactions with the matter content of

the detector, the electronic response of each detector component, and the complex

algorithms used in the real experiments to obtain the observables from the elec-

tronic output of the detector. Such a complete framework requires computational

resources not usually available to individual researchers or small collaborations.
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In phenomenological studies such as the ones presented here, a full detector

simulation is not required. It is then customary to use fast detector simulators,

which parameterise the response of the detector, while keeping a reasonable degree

of realism. The Delphes [17] package, used for the work presented here, is one ex-

ample of such a tool. Delphes simulates the response of a multi-purpose detector,

composed of an inner tracker immersed in an uniform magnetic field, electromag-

netic and hadronic calorimeters, and a muon detection system. All are organized

concentrically with cylindrical symmetry around the beam axis. The detector ac-

tive volume, calorimeter segmentation and strength of the uniform magnetic field,

which is directed along the beam axis, are parameters which can be set by the

user.

2.4.1 Particle propagation

The first phase of detector simulation simply propagates the particles result-

ing from the physics process (generation and hadronization) through the inner

tracker. Neutral particles travel along straight lines and charged particles describe

helicoidal curves, according to their momentum and to the magnetic field strength.

Particles are propagated until they reach a calorimeter cell. Particles originating

outside the tracker volume are not considered in this phase.

Tracking is assumed to have perfect angular resolution, which is not far from

real conditions. The user can define the resolutions of energy and pT as func-

tions of particle type, pT and η. Also the probability for charged particles to be

reconstructed as tracks is a user-defined parameter.

2.4.2 Calorimeters

The calorimetry in Delphes is performed by two calorimeters: the electromag-

netic calorimeter ECAL, and the hadronic calorimeter HCAL. These calorimeters

are segmented in a rectangular grid in (η, φ). The size of the rectangles can be

defined by the user and can depend on η. Segmentation in φ is uniform, and the

granularity is the same for ECAL and HCAL.

Each particle has parameters fECAL and fHCAL, representing the fraction of its

total energy which is deposited in the ECAL and HCAL, respectively. By default,
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electrons and photons have fECAL = 1 and hadrons have fHCAL = 1, except for

kaons and Λ particles for which fECAL = 0.3 and fHCAL = 0.7. Neutrinos and

muons do not deposit any energy in the calorimeters. Assuming that hadrons do

not deposit any energy in the electromagnetic calorimeter and that muons do not

deposit any energy at all are rough approximations. However, these are default

parameters which can be changed to more adequate values.

Since ECAL and HCAL are equally segmented, a straight line coming from the

interaction point crosses one ECAL cell and one HCAL cell covering precisely the

same region in (η, φ). These pairs of cells are called calorimeter towers, and are

used in the object reconstruction, together with tracks.

The detected energy in each tower is given by a sum over all particles travelling

through that tower. Each particle contributes with an ECAL term and an HCAL

term. These are equal to the energy deposited in the corresponding calorimeter,

after the application of a smearing. For these smearings, the energy resolution

used is a function of the particle total energy and η, which is different for the

ECAL and for the HCAL terms.

2.4.3 Charged leptons and photons

Muons

For muons, the user can define a global probability of reconstruction and the

momentum resolution, which is a function of the muon pT and η. The momen-

tum measurement is then obtained from a gaussian smearing of the original muon

4-momentum, according to the defined resolution. The muon reconstruction ef-

ficiency is zero outside the tracker acceptance and for muon momenta below a

certain threshold, to avoid looping particles.

Electrons

Typical electron identification requires combining information from the track-

ing system and the calorimeter. Delphes avoids this necessity by parameterising

the electron reconstruction efficiency as a function of energy and η. The elec-

tron energy resolution is a combination of the tracker and the ECAL resolutions,

such that the tracker resolution dominates at low energy, while at high energy,
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the calorimeter resolution dominates. Electron identification efficiency vanishes

outside the acceptance of the tracker and below a certain energy threshold.

Photons

The reconstruction of photons relies solely on the ECAL. The final photon en-

ergy is obtained from applying the ECAL resolution to the original photon. Pho-

ton conversions into e+e− pairs are neglected, and electrons with no reconstructed

track that reach the ECAL are reconstructed as photons.

Currently, Delphes does not include a fake rate for electrons, muons or pho-

tons. The fake rate parameterises the possibility of a certain object (for example,

a jet) being misidentified as a lepton or photon. In physical analyses with multi-

lepton final states, the lepton fake rates are important to correctly determine the

expected contribution of each background process to the analysis yield.

For a lepton or photon to be reconstructed, an isolation criterion must be

met. The isolation variable I of a particle P is defined as the sum of the pT

of all particles with pT above a threshold pminT and within a cone of ∆R < R

around that particle, normalized to the pT of P . The particle is said to be isolated

if the condition I < Imin is verified. The default values of the parameters are

pminT = 0.1 GeV, R = 0.5 and Imin = 0.1.

2.4.4 Particle-flow reconstruction

The particle-flow approach aims to obtain the best measurements, using infor-

mation available from all subdetectors. In real experiments, the momentum of a

charged particle can be estimated from the particle track or from the calorime-

ter. The preferred measurement depends on an energy threshold, below which

the momentum resolution obtained from the track is better. Above the threshold,

the calorimeter energy deposit is more reliable to estimate the momentum. In

the particle-flow phase of the simulation, if a track exists for a certain particle,

information from the track is always preferred.

The particle-flow algorithm creates two sets of 4-vectors, which will serve as

input for the subsequent reconstruction of jets and /ET . These 4-vectors include
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particle-flow tracks and particle-flow towers. A particle-flow track is created for

every track in the inner tracker. Then, for each calorimeter tower, the energy

deposits originating from particles with reconstructed tracks are subtracted. If

the remaining energy Etower is positive, a particle-flow tower is created with this

energy and with the direction of the tower (η, φ) coordinates.

This definition implies that particle-flow tracks include charged particles, mea-

sured with good resolution, and that particle-flow towers include a combination

of neutral particles, charged particles without a track, and excesses in deposits

originating from the smearing process of the calorimeters, all measured with worse

resolution. While very simple when compared to what is actually required in real

experiments, this algorithm reproduces well the performance achieved at LHC

experiments.

2.4.5 Jets

Jet reconstruction can be performed using one of three different collections

of objects as input: the long-lived particles resulting from parton shower and

hadronization, the calorimeter towers, or the particle-flow tracks and particle-

flow towers. Delphes integrates the FastJet [78] package, making it possible to

choose one among the most common jet clustering algorithms, and setting the

corresponding parameter values. A minimum pT threshold for a jet to be stored in

the final jet collection can also be set. In order to avoid double-counting, Delphes

automatically removes jets which have already been reconstructed as leptons or

photons.

b and τ jets

The algorithm for b and τ jet identification is purely parametric. A jet can

potentially be identified as a b or τ candidate if its direction is within a certain

∆R cone relative to a generated b or τ , respectively. Given this condition, the

probability for the jet to be identified as a b or τ will be given by user-defined

parameterisation of the tagging efficiency. A mis-tagging efficiency can also be

introduced, leading to the realistic possibility that a particle other than b or τ can

be identified as such.
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2.4.6 Missing ET and HT

The total transverse energy HT is defined as the scalar sum of the pT of all

detected particles.

Just as was the case with jets, the missing ET and the HT can be estimated

from one of three object collections: generated particles, calorimeter towers, or

particle-flow tracks and particle-flow towers.
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3 Analysis

The spin correlation of top quark pairs in tt̄ production in the dilepton topology

has been extensively studied with the use of angular observables [62]. It has been

suggested that observables of this kind provide an useful separation of tt̄H signal

and irreducible backgrounds (tt̄bb̄ and tt̄γγ), with a gain in signal-to-background

ratio of up to 15%, depending on the particular observable [79].

The work presented here is motivated partially by that suggestion. It consists

in a phenomenological study, with the primary goal of finding a set of angular

observables with potential for discriminating tt̄H events, in which the tt̄ system

decays dileptonically and the Higgs boson decays through H → bb̄, from the dom-

inant background, tt̄bb̄, under the experimental conditions of the LHC Run 2.

The discrimination between SM tt̄H and non-SM tt̄A (where A stands for a pure

pseudoscalar Higgs boson) is also a strong motivation for such a study.

In the present section, the main steps of this study are exposed, and a descrip-

tion of the employed tools is given.

Firstly, the generation of the simulated event samples used and the general-

purpose detector simulation are described. Secondly, the signal and background

processes are identified. Then, the analysis routine is explained in detail. This

includes the event selection cuts, the truth-matching procedure, used to match

generated particles to the corresponding reconstructed objects, and the kinematic

fit, which is a distinctive feature of this analysis used to reconstruct the unde-

tected neutrinos and the intermediate heavy particles in the events. Strategies for

reducing combinatorial background are also discussed.

After describing the analysis routine, a motivation is given for the type of

angular observables studied, using the helicity formalism. The computation of

these observables is also explained. Also, a review is presented of observables

proposed in previous studies as potentially discriminating between tt̄H and tt̄A

production.

Finally, a set of angular observables is chosen, and five different multivariate

analyses are performed using TMVA (Toolkit for Multivariate Data Analysis with

Root) [80]. The goal of the TMVA analyses is to quantify the potential gain in

signal sensitivity coming from the use of the proposed variables. The first TMVA
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analysis is performed with the set of variables used in the correponding ATLAS

analysis at 8 TeV [81]; the second analysis is performed with the set of angu-

lar observables chosen previously; the third analysis is performed with the same

observables, but using truth-matched objects to separate out the effect of combi-

natorial errors; the fourth analysis is performed using both the ATLAS variables

and the chosen angular observables, to evaluate the sensitivity gain from using the

new variables; finally, the fifth analysis also uses these variable sets, but it is run

over a background sample including all the main SM backgrounds. It serves as a

validation for the initial choice of only considering the tt̄bb̄ background.

3.1 Generation of samples

The generation of signal and background simulated event samples was done

using MadGraph5 [82]. The decay chains of heavy particles (Higgs bosons, top

quarks and vector bosons) were handled by the MadSpin [63] module. This

module ensures that spin correlation effects are preserved during particle decays.

The resulting events were then passed to Pythia6 [83] for simulation of parton-

showers and hadronization. Parton radiation is described differently in the event

generator and in the parton-shower and hadronization software. In order to avoid

phase-space overlap from these different descriptions in multijet events, a matching

procedure was done in the MLM scheme [84], which does so by rejecting events

lying on the region of overlap.

The events were generated for pp collisions at a centre-of-mass energy of 13 TeV.

The Higgs boson and the top quark masses were set to mH = 125 GeV and mt =

173 GeV, respectively.

The tt̄H and tt̄A signal samples, as well as the tt̄bb̄ background, were generated

at next-to-leading order (NLO) in QCD. For the signal samples tt̄H and tt̄A,

2.5×106 events were generated. For the background tt̄bb̄, 1.6×106 events were

generated.

Additional backgrounds were generated at leading order (LO) in QCD, with

up to 4 light-flavoured jets (not b-jets), to account for additional radiation con-

tributions. A list of all the generated samples is shown in table 5, with details

about the generation, including the maximum number of additional jets gener-
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Table 5: Generated event samples. For each sample, the table lists the order in QCD at which the sample was
generated, the maximum number of additional light-flavoured jets allowed in the production, the enabled decays

in MadSpin, and the product of cross-section and branching ratio returned by MadGraph5. Leptonic decays
include only electrons and muons, and exclude taus.

Process QCD order No. of jets Enabled decays σ×BR (pb)

tt̄H NLO 0 H → all, tt̄→ dileptonic 2.28× 10−2

tt̄A NLO 0 A→ all, tt̄→ dileptonic 9.12× 10−3

tt̄bb̄ NLO 0 tt̄→ dileptonic 7.90× 10−1

tt̄+ jets LO 3 tt̄→ dileptonic 3.15× 101

tt̄V + jets (V = W,Z) LO 1 tt̄→ dileptonic, V → all 6.18× 10−2

Single t LO 0 t→ leptonic 9.63× 101

Z + jets LO 4 Z → leptonic 3.12× 103

Zbb̄+ jets LO 2 Z → leptonic 1.23× 102

W + jets LO 4 W → leptonic 3.45× 104

Wbb̄+ jets LO 2 W → leptonic 2.89× 102

V V + jets (V = W,Z) LO 3 V → all 1.33× 102

ated, the decay channels enabled in MadSpin, and the product of cross-section

and branching ratio returned by MadGraph5.

3.2 Detector simulation

A fast simulation of a general-purpose detector was performed in Delphes [17],

using the default ATLAS parameters, without pile-up simulation. A summary of

those parameters is given in the present section.

The particle propagation phase takes place in a cylinder with radius r = 1.15 m

and length l = 7.02 m, under a magnetic field of 2 T.

Particle tracking efficiencies are defined in segments of |η| and pT , and sepa-

rately for charged hadrons, muons and electrons. All tracking efficiencies are zero

for pT ≤ 0.1 GeV or |η| > 2.5. They remain relatively small for charged particles

with 0.1 GeV < pT < 1 GeV, ranging from 50% to 75%. The efficiency for track-

ing charged hadrons with higher pT is always larger than 85%. For electrons, it

is always larger than 83%, and for muons always larger than 98%. Momentum

resolution for charged tracks is defined in segments of |η| and pT , and it is never

larger than 5%.
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The energy resolution δE for electrons is defined as a function of energy of the

form (
δE

E

)2

=

(
S√
E

)2

+

(
N

E

)2

+ C2, (20)

where the parameters S, N and C are defined in segments of |η| and energy.

For E ≤ 25 GeV and |η| ≤ 2.5, C = 0.015 is the only non-zero term, which

means constant fractional resolution of 1.5%. For electrons with E > 25 GeV

and |η| ≤ 2.5, or any energy and 2.5 < |η| ≤ 3.0, the parameters S, N and C

are such that the resolution matches the 1.5% value at E = 25 GeV, and drops

asymptotically to 0.5% for higher energies. For forward (|η| > 3.0) electrons, the

high-energy asymptotical limit for the energy resolution is 10.7%.

The muon momentum resolution is defined in segments of |η| and pT . In

general, the resolution is worse for higher pT and higher |η|, with its maximum at

10%, for pT > 100 GeV and 1.5 < |η| ≤ 2.5.

Calorimeters are segmented in (η, φ) rectangular cells. In the region with |η| ≤
2.5, the cells have dimensions (η, φ) = (0.1, 10o), and for |η| > 2.5, their size is

(η, φ) = (0.2, 20o). The ECAL and HCAL resolutions are defined as a function

of energy, of the same kind as in equation (20). Parameters S, N and C are

defined in segments of |η|. The energy deposition fractions fECAL and fHCAL are

defined for electrons, photons and π0 mesons as fECAL = 1, fHCAL = 0. For kaons

and Λ particles, fECAL = 0.3 and fHCAL = 0.7. For muons and neutrinos, both

energy deposition fractions are zero. For any other long-lived particle, fECAL = 0,

fHCAL = 1.

Photon, electron and muon identification efficiencies are parameterised in seg-

ments of |η|. All identification efficiencies are 95% in the central region |η| ≤ 1.5,

85% in the intermediate region 1.5 < |η| ≤ 2.5 (2.7 for muons), and zero for

|η| > 2.5 (2.7 for muons) or pT < 10 GeV. The parameters used for checking

the isolation of electrons, photons and muons, as defined in section 2.4, are set to

pminT = 0.5, R = 0.5 and Imin = 0.1.

Jet reconstruction is performed by the anti-kt algorithm [74], with the ∆R

parameter set to 0.6. Only jets with pT > 20 GeV are stored in the event infor-

mation. The efficiency for b-tagging is given separately for b-jets and c-jets, as an

asymptotically increasing function of pT , in two segments of |η|. For b-jets (c-jets),
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Figure 18: Signal process: tt̄H production (in this example, through tt̄ fusion), followed by dileptonic decay of
the tt̄ system and decay of the Higgs boson into bb̄. The resulting final state includes 2 charged leptons, 4 b-jets

and 2 neutrinos.

the b-tagging efficiency is limited to 50% (20%) in the |η| ≤ 1.2 segment and to

40% (10%) in the 1.2 < |η| ≤ 2.5 region. It is zero for jets with pT ≤ 10 GeV

or |η| > 2.5. A default constant b-tagging efficiency is set to 0.1% for any other

jet, to simulate a misidentification rate. In most of the studies presented below,

b-tagging information was not used at all. It was used only in the TMVA analyses,

to define the signal-rich region in which the analyses are performed.

3.3 Signal and background identification

The analysis presented here is a search for Higgs bosons produced in association

with a tt̄ pair, with the Higgs boson decaying through H → bb̄ and the tt̄ system

decaying through the dileptonic channel. An example of a signal event diagram is

shown in figure 18. Each of the final state leptons must be either an electron or a

muon. Decays into τ -leptons are not considered as signal in the present analysis.
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The τ -lepton decays into hadrons or into a less massive lepton and 2 neutrinos.

Either one of those decays “spoils” the desired resolution in a leptonic final state.

The tt̄H production is a rare process, with a cross-section of about 129 fb in

pp collisions at a centre-of-mass energy of 8 TeV and about 509 fb in collisions at

13 TeV [43]. On top of that, only about 4% of tt̄ decays are dileptonic (already

excluding final states with τ). However, this final state with isolated leptons

is very distinct from the multijet background, and the relative lack of statistics

is compensated by the improved signal-to-background ratio. Additionally, if a

kinematic fit is to be performed, the relatively lower number of jets in the final

state minimizes the chances of making a mistake during the necessary assignment

of reconstructed jets to the decay products of H, t and t̄.

The production of tt̄A, with the tt̄ system decaying dileptonically and the pure

pseudoscalar Higgs boson decaying as A→ bb̄, is also studied. The expected final

state objects are the same as with the scalar Higgs boson. The pure pseudoscalar

scenario has been excluded with a 99.98% confidence level for the observed 125 GeV

Higgs boson [54, 55]. Nevertheless, observables discriminating between the pure

scalar and pure pseudoscalar scenarios are still of great interest. Since there is

a possibility that the Higgs boson is in a mixture of a CP-even and a CP-odd

state, these observables can be used to measure and set limits on this possible

pseudoscalar component.

The main source of background for this search comes from the production of top

quark pairs, decaying through the dileptonic mode, in association with at least two

jets. This source can be separated in two categories: the irreducible background

tt̄bb̄, in which the tt̄ pair is produced together with a correctly identified bb̄ pair,

resulting in the same exact final state objects as the signal; and tt̄ + jets, where

the produced jets come from cc̄ production or lighter flavour quark pairs and

are misidentified as b-jets. Background processes besides tt̄ + jets include all

production processes that may result in a dileptonic final state, together with

energetic jets. The most important ones are tt̄V , where the tt̄ pair is produced

in association with a vector boson (V = W,Z), W + jets, Wbb̄ + jets, Z + jets,

Zbb̄+ jets, diboson production (ZZ, WZ and WW ) and single top production.

Table 6 shows the expected cross-sections of signal and background processes

from proton collisions at 13 TeV, and the corresponding expected number of events
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in a data sample with an integrated luminosity of 20 fb−1. The cross-sections were

extracted from the event simulation, as described in section 3.1, with the exception

of tt̄ + jets, single t, and tt̄H, for which theoretical values are available, more

accurate than the ones from the MadGraph5 generation at LO (NLO for tt̄H

and tt̄bb̄). For tt̄ + jets, the cross-section is predicted to be 832+40
−46 pb for a top

quark mass of 172.5 GeV. It has been calculated at next-to-next-to-leading order

(NNLO) in QCD, including resummation of next-to-next-to-leading logarithmic

(NNLL) soft gluon terms with Top++2.0 [85]. For single-t, the reference values

from NLO calculations recommended by the LHC Top Physics Working Group

were used [86]. For tt̄H, the cross-section obtained from the MadGraph5 NLO

generation was multiplied by a scale factor obtained from NLO calculations with

NLL resummation corrections [87]. Number of events is also shown after the

requirement of 2 leptons (e or µ) in the final state. No events from the W + jets

background survive this requirement because we are only considering ‘prompt’

leptons in the final state. In reality, the leading contribution of W + jets to

dilepton final states requires the leptonic decay of W and the reconstruction of

one ‘fake’ lepton. A ‘fake’ lepton can result from a leptonic decay inside a jet,

for example, in which the lepton is radiated in a direction far enough from the

cone of the jet for it to meet isolation criteria. The effect of further requiring 4

b-quarks in the final state is also shown. Again it should be noted that parton-

level b-quarks are considered, neglecting the inefficiency in b-tagging jets and the

possible appearence of ‘fake’ b-jets. In order to obtain the total production cross-

sections from the product σ×BR returned by MadGraph5, as well as to obtain

the expected number of events with leptons and b-quarks in the final state, the

branching ratios listed by the Particle Data Group [19] were used.

Further requiring the invariant mass of two opposite-sign leptons (m``) to be

outside a window of 20 GeV around the Z boson mass peak (∼ 91 GeV) rejects

most of the Z + jets background. This exercise assumes perfect lepton identifica-

tion and b-tagging, which is far from the real experimental conditions. However,

two valid conclusions can be retained from it. The first is that requiring dilepton

final states with more than 2 b-jets and with m`` far from the Z boson mass peak

(|m`` −mZ | > 10 GeV) mitigates most of the background processes at the LHC.

The second is that, after such a selection, tt̄ is the dominant background, with

65



Table 6: Cross-sections of signal and background processes, from proton collisions at
√
s = 13 TeV, and the

corresponding expected number of events in 20 fb−1 of data. Cross-section values were obtained from the
MadGraph5 simulation, with the exception of tt̄+ jets, single t, and tt̄H, for which more accurate values were
used, respectively from [85], [86] and [87]. Also shown is the expected number of events with at least 2 leptons

in the final state, and also with at least 2 leptons and 4 b-quarks.

Process σ ( pb) N (total) N (≥ 2`) N (≥ 2`,≥ 4b)

tt̄H 5.50× 10−1 1.10× 104 8.69× 102 2.89× 102

tt̄bb̄ 1.74× 101 3.48× 105 1.58× 104 1.58× 104

tt̄+ jets 8.54× 102 1.71× 107 7.76× 105 0
tt̄V + jets 1.36× 100 2.72× 104 3.06× 103 1.07× 102

Single t 3.03× 102 6.06× 106 6.60× 104 0
Z + jets 4.66× 104 9.31× 108 6.24× 107 0
Zbb̄+ jets 1.84× 103 3.67× 107 2.46× 106 2.46× 106

W + jets 1.62× 105 3.24× 109 0 0
Wbb̄+ jets 1.36× 103 2.71× 107 0 0

V V + jets (V = W,Z) 1.33× 102 2.66× 106 1.56× 105 0

a much larger expected number of events than tt̄H. In table 6, tt̄bb̄ is the only

component of tt̄ remaining after the selection. Experimentally, this is not the case,

since the misidentification rate of light jets as b-jets is enough for tt̄ + jets to be

of the same magnitude as tt̄bb̄, even after the requirement of more than 2 b-tagged

jets.

The background mainly addressed here is the dominant irreducible background

tt̄bb̄, which is the most challenging one. In a first approach, the other background

processes will not be discussed at all and it will be assumed that the methods found

to deplete the tt̄bb̄ background will be effective on a complete set of backgrounds.

Eventually, this assumption is justified by conducting the final analysis on an

inclusive bakground sample, and confirming that it yields results similar to the

tt̄bb̄ sample alone.
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3.4 Reconstruction routine

The main analysis tool used in this work is a reconstruction routine imple-

mented in MadAnalysis5 [88] expert mode. This routine reads all the generated

and simulated events. It processes events one by one and, for each event, it stores

all the variables necessary for the later physics studies. This record of event in-

formation is organized in three levels, with the same set of variables replicated

for each level. MadAnalysis5 outputs files in Root format, and the Root [89]

framework is used for further data processing and visualization.

The information stored in the first level (generator level, or parton level) is

obtained directly from the generated particles, before quarks and gluons hadronize

and before any interaction with the detector takes place. At this level, the particles

in the tt̄H or tt̄bb̄ decay chain are identified, from t and t̄ (and H in tt̄H events)

down to the neutrinos, leptons and b-quarks, and including the intermediate W

bosons. Besides, for a given final state particle, the decay chain it came from

is also known. This means, for example, that the b-quark resulting from the t-

quark decay is immediately identified as such, and will not be misidentified as the

b-quark from the H decay. At this level, the momenta of the neutrino and the

anti-neutrino resulting from the tt̄ dileptonic decay are directly obtained from the

generator information.

In the second level (reconstruction with truth-match), particles are recon-

structed using combined information from the detector objects (leptons, jets, /ET )

and the generated particles. This combination consists of a truth-matching pro-

cess. Each parton-level particle is matched to a detector object, using a proximity

criterion in (η, φ) space. However, the four-momenta of the particles used are the

ones obtained from the detector objects. The expected result in this level is to

reproduce the resolution effects and inefficiencies of the detector on reconstructed

particles, but still to assign correctly, in most of the events, the reconstructed lep-

tons and jets to the corresponding generated leptons and quarks. The momenta of

the neutrino and the anti-neutrino are lost (only the resulting missing transverse

energy is reconstructed), and these particles, along with all the intermediate par-

ticles in the tt̄ decay chain, must be reconstructed using a kinematic fit, described

later in this section.
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The third level (reconstruction without truth-match) does not require infor-

mation from the generated particles at all. The lepton charge must be correctly

identified (which, in Delphes, is the case 100% of the time) and 4 out of all the

reconstructed jets must be assigned to the 4 b-quarks in the final state of the tt̄H

or tt̄bb̄ event. The kinematic fit is also used to reconstruct the tt̄ decay chain, while

at the same time it excludes possible choices of 4 jets that are not consistent with

the decay of the tt̄ system. The reconstruction level without truth-match is the

one that most closely reproduces experimental conditions, and this study is based

on the premise that any variable or set of variables that provide discrimination

between samples at this level may be of interest to study with real data.

3.4.1 Selection cuts

In order to assure that it is possible to apply the reconstruction routine suc-

cessfully, and because signal events are expected to result in high-energy final state

particles, events are required to have at least two leptons with transverse momen-

tum not below 20 GeV and |η| ≤ 2.5, and at least four jets meeting the same pT

and η requirements. At this stage, no requirement on the b-tagging of jets is made.

If a data analysis were to be carried out instead of this phenomenological study,

event selection would begin at the trigger. Since the signal has a dileptonic final

state, events in which the single lepton trigger was activated should be used. This

trigger is highly efficient, especially in dileptonic events, and rejects most of the

events with purely hadronic final states, abundant at the LHC. The requirement

of some b-tagged jets would also be an effective way of suppressing important

backgrounds, such as tt̄ + jets and vector bosons, which produce mainly light-

flavoured jets.

In the official ATLAS analysis of the same channel at
√
s = 8 TeV [81], the

events considered were collected using a single-electron or single-muon trigger, and

only while the beam conditions were stable and all subdetectors were operational.

Only jets reconstructed with pT > 25 GeV and |η| < 2.5 are considered, and

events must have at least 2 b-tagged jets. Furthermore, in that analysis, events are

separated in 3 categories according to the flavour of the leptons: ee, eµ and µµ.

In the ee and µµ categories, additional cuts are performed on the invariant mass
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Table 7: Summary of selection cuts used, compared to the necessarily more sophisticated ATLAS analysis of the
same channel [81].

Variable Condition ATLAS selection condition
No. of leptons ≥ 2 = 2 (opposite charge)

No. of jets ≥ 4 ≥ 2

Lepton pT ≥ 20 GeV
> 25 GeV (for the highest-pT lepton)
> 15 GeV (for the other lepton)

Lepton |η| ≤ 2.5 < 2.5 for muons only
Jet pT ≥ 20 GeV > 25 GeV
Jet |η| ≤ 2.5 < 2.5

No. of b-tagged jets - ≥ 2
m`` - > 15 GeV and |m`` −mZ | > 8 GeV for ee and µµ
HT - > 130 GeV for eµ

of the 2-lepton system, m``, to exclude resonances decaying to same-flavour lepton

pairs. Requiring m`` > 15 GeV excludes hadronic resonances such as J/ψ and Υ,

and |m`` −mZ | > 8 GeV excludes the Z boson resonance. In the eµ category, the

scalar sum of the transverse energies of leptons and jets, HT , is required to be

above 130 GeV.

In table 7, the selection cuts used in the present work are summarized, and

are compared to the ATLAS analysis. All the studies discussed in the following

sections were performed after these selection cuts were applied. The fraction of

generated events that pass the selection cuts is 16.3% in the tt̄H event sample

(resulting in 4.08× 105 events), 17.1% in the tt̄A event sample (resulting in 4.28×
105 events), and 11.0% in the tt̄bb̄ event sample (resulting in 1.76× 105 events).

3.4.2 Truth-matching

At the reconstruction level with truth-match, the matching between detector

objects and generator level particles is done in the following way. First, the re-

constructed leptons are matched to the generated ones. Leptons are required to

lie inside a cone of ∆R < 0.1 relative to the direction of the parton-level lepton

to which they are being matched. A loop runs over all reconstructed leptons. The

reconstructed lepton with the lowest ∆R relative to the generated positive lepton
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is identified as the positive lepton. The information about the reconstructed lep-

ton charge is not used. After this identification, the same procedure is used for

the negative lepton.

Once the leptons are matched, a similar procedure is used to match the jets. A

reconstructed jet is required to have ∆R < 0.5 relative to the parton-level quark

to which it is being matched. A loop runs over all possible ways of assigning 4 out

of all the reconstructed jets to the 4 generated quarks. Each possibility can be

represented by a vector of 4 distinct reconstructed jets, ji, with 1 ≤ i ≤ 4. If the

vector of generated quarks is qi, the matching (ji, qi) is done for the combination

that minimizes
∑4

i=1 ∆R2
ji,qi

.

The implemented truth-matching procedure is a very simple one. Two im-

provements that would lead to a more sophisticated truth-matching procedure,

and possibly better results, are suggested here, but were not tested. The first one

would be to include jet energies or pT in the truth-matching. Currently, only the

jet direction is considered, allowing for a parton-level jet to be matched to a recon-

structed jet, even if their energies are very different. One possible way to include

the jet energy E would be to define ∆R′ ≡
√

∆φ2 + ∆η2 + (∆E/Eparton)2, and use

this new distance in place of ∆R in the procedure explained above. The second

improvement would be to allow more than one reconstructed jet to be matched

to the same quark, since it is possible for a quark to radiate an energetic gluon

before hadronizing into a jet, such that the gluon itself originates an additional

jet. In that case, the momentum of the original quark would be best described

by the system composed of the two resulting jets. Combinations of jets could be

tried within the ∆R < 0.5 cone around the parton-level quark, for example.

In spite of these limitations, truth-matched objects provide an estimate of

the detector effects on reconstruction. In figure 19, the pT resolution is shown

for jets (left) and leptons (right). The resolution ∆pT/p
parton
T is defined as the

difference between reconstructed pT and parton-level pT , normalized to the parton-

level value. Jet pT resolution is worse than that of leptons, and it is expected

to propagate to the reconstruction of intermediate particles. Furthermore, jets

coming from the H decay have worse resolution than those coming from tt̄ decay.

Since Delphes parameterises the resolution as a decreasing function of energy,

this difference is likely due to the jets from a t or t̄ decay being more energetic
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Figure 19: Resolution in pT of the reconstructed b-jets (left) and leptons (right). The resolution ∆pT /p
parton
T is

defined as the difference between reconstructed pT and parton-level pT , normalized to the parton-level value.
The bin content dn/dx is in units of fraction of total number of events per bin, where only events with successful

truth-match and at least one kinematic fit solution are considered for the total. Jet pT resolution is visibly
worse and is the dominating the resolution effect when reconstructing intermediate particles, like t, t̄ and H.

than the ones from a H decay.

3.4.3 Kinematic fit with truth-match

After the dileptonic decay of a tt̄ system, the top and anti-top quarks can

be reconstructed from their respective decay products. However, the neutrino

and anti-neutrino momenta are not available from the detector, since neutrinos

are not detectable in general-purpose experiments. It is assumed that the missing

transverse energy corresponds to the transverse projection of the summed momenta

of the neutrino and the anti-neutrino. That is,

pxν + pxν̄ = /E
x

pyν + pyν̄ = /E
y
.

(21)

To find solutions in which all components of the momenta of the neutrino and

anti-neutrino are fully determined (six quantities in total), at least four additional

equations are neccessary. Conservation of momentum in a particle decay (for

example t → W+b) imposes that the momentum four-vector P of the decaying

particle is equal to the sum of the momenta of the decay products (for example,
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Pt = PW+ + Pb). Using the relation P 2 = m2 and setting the masses of W+, W−,

t and t̄ to fixed values, the four necessary equations are obtained:

(Pν + P`+)2 = m2
W+

(Pν̄ + P`−)2 = m2
W−

(PW+ + Pb)
2 = m2

t

(PW− + Pb̄)
2 = m2

t̄ ,

(22)

where PW+ = P`+ + Pν and PW− = P`− + Pν̄ , making clear the dependence on

the unknowns Pν and Pν̄ . The quadratic nature of these equations implies that

there may be several solutions for the momenta of the neutrino and anti-neutrino,

all meeting the mass constraints and resulting in the observed missing transverse

energy.

To choose one particular solution among these, a likelihood method was used.

We define PV (V ′) as the probability density function (p.d.f.) of the variable V ,

evaluated at V = V ′. p.d.f.s can be generalized to more than one dimension. For

example, in two dimensions, PV,U(V ′, U ′) is the probability density function of two

variables, V and U , evaluated at (V, U) = (V ′, U ′). The use of p.d.f.s of dimension

two or larger is especially important when dealing with correlated variables. In

most cases presented here, V ′ and U ′ will not take particular values, and the

abbreviated notation P (V ′) ≡ PV (V ′) can be used without ambiguity.

For this kinematic fit, the solution chosen is the one that maximizes the fol-

lowing likelihood:

1

pT νpT ν̄
P (pT ν)P (pT ν̄)P (mt,mt̄)P (pT t)P (pT t̄)P (pT tt̄). (23)

The p.d.f.s used were obtained from generator-level tt̄H events, with the excep-

tion of P (mbH b̄H ), which will be addressed below, in the discussion of the kinematic

fit without truth-match. For the definition of a pT p.d.f., the starting point is a

50-bin histogram filled with the parton-level pT distribution. The relatively small

number of bins means that statistical fluctuations are small in this histogram.

However, if it were to be used as a p.d.f., abrupt changes in the probabitlity would

appear on the edges of each bin. Besides, pT distributions drop to zero rapidly
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as pT also goes to zero, a behaviour that cannot be captured by the wide bins in

this histogram. In order to correct for these effects, another histogram is filled

with a copy of the contents of the 50-bin histogram, but instead it has a total

of 800 bins, such that each original bin is now subdivided in 16 bins with equal

content. Then, the content of the first bin is set to 0. A smoothing procedure

available in Root is applied 105 times to this histogram, and the result is used as

the p.d.f.. The 2D p.d.f.s of the top quarks and W boson masses are simply filled

with the parton-level distributions, in bins of 1 GeV×1 GeV. In these p.d.f.s, the

top quark masses range from 170 GeV to 176 GeV, and the W boson masses range

from 76.4 GeV to 84.4 GeV. Outside these ranges, the p.d.f. is zero.

Figure 20 shows some of the p.d.f.s used. The pT p.d.f.s are overlapped with the

50-bin histograms from which they were obtained. Outside the ranges represented,

the p.d.f.s are set to zero. Units are not shown on the vertical axes, but they must

be such that the p.d.f.s are normalized. P (pT ν̄), P (pT t̄) and P (mW− ,mt̄) are not

shown, but they are similar to their conjugates.
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Figure 20: P.d.f.s used in the kinematic fit. The pT p.d.f.s and mbH b̄H are overlapped with the 50-bin histograms from which they were
obtained. Units are not shown on the vertical axes, but they must be such that p.d.f.s are normalized. P.d.f.s are set to zero outside the

ranges represented here. P (pT ν̄), P (pT t̄) and P (mW− ,mt̄) are not shown, but they are similar, respectively, to P (pT ν), P (pT t) and
P (mW+ ,mt). Also represented is the obtained p.d.f. for mbH b̄H if the ∆R cut for truth-match were set to 0.7, instead of 0.5.
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Each p.d.f. in the product (23) is introduced in order for the pT and mass

distributions of reconstructed events to resemble the ones at parton level. When

only the p.d.f. factors are used, there is a bias towards solutions in which neutrinos

have higher energies than at generator level. The origin of this effect is likely due

to the next-to-leading-order generation of signal events. This order of generation

allows a gluon to be radiated by any coloured particle during the event. If the

gluon carries enough energy, it will originate a whole different jet in the event.

The kinematic fit is designed in a leading-order philosophy, in the sense that it

will not try to combine more than one jet to recover intermediate particles. The

fit procedure must somehow compensate for this NLO radiation (as well as any

detector losses) in order to reconstruct reasonable top quark and W masses. This

compensation can only happen through the free parameters of the fit: the momenta

of the neutrinos, which become systematically larger. The initial factor 1/(pT ν ×
pT ν̄) is introduced to compensate for this effect, by favouring solutions with lower-

pT neutrinos.

To set the values used as the masses of the W+, W−, t and t̄, mass variations

must be allowed, but special care must be taken to preserve the expected phase-

space density of states. For example, setting the mass value of one of the top

quarks, immediately constrains the available phase-space for the event, and it is

not straightforward to assume that the mass distribution of the other top quark

is independent from this constraint. Likewise, the mass of a decaying top quark

affects the allowed mass distribution of the resulting W boson.

The way this is implemented in the kinematic fit is the following. Firstly, the

t and t̄ masses are randomly generated, according to the 2D p.d.f., P (mt,mt̄).

This p.d.f., obtained from generator-level events, is expected to contain any exist-

ing correlations between the t and t̄ masses. Then, the W+ and W− masses are

generated according to the P (mW+ ,mt) and P (mW− ,mt̄) p.d.f.s, respectively, con-

sidering only the “slice” of bins containing the value of the t or t̄ mass generated

previously.

After this initial sampling of the 4 masses, a fine random variation of the gener-

ated values is performed, within the resolution of the P (mW+ ,mt) and P (mW− ,mt̄)

p.d.f.s (1 GeV× 1 GeV). Then, an attempt is made at solving the system of equa-

tions (21) and (22). First, using the initial set of masses, and then, the finely
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variated one. The solution used to reconstruct the event is chosen among all of

the solutions found in these two trials such that the quantity (23) is maximized.

The fine variation procedure is used to increase the efficiency of the kinematic fit

and also the “quality” of the solutions found.

Still, if none of the two trials return a solution, the procedure of generating

new mass values is repeated from the initial sampling of P (mt,mt̄), P (mW+ ,mt)

and P (mW− ,mt̄) p.d.f.s, up to 500 times.

The kinematic fit using truth-matched objects can find at least one solution

for 26% of tt̄H events that pass the selection cuts (the truth-matching itself is

performed successfully in 36% of the events, and at least a solution is found for

72% of those truth-matched events). Statistical uncertainties in percentages will

not be represented whenever they are smaller than 0.5%, which is the case. Overall,

a reasonably good reconstruction of the event kinematics is obtained through this

method.

Figure 21 shows some pT distributions of particles reconstructed with truth-

match, compared with the corresponding p.d.f.s. This agreement between the

distributions at reconstruction level with truth-match and at parton level is only

obtained by combining the p.d.f.s and the 1/(pT ν × pT ν̄) factors in the same likeli-

hood. Using only either one or the other results in reconstructing neutrinos with

systematically higher or lower pT than at parton level.

In all the distribution histograms shown from this point on, unless otherwise

stated, the event content dn/dx (or dn/(dxdy) in 2D histograms) is always given

in units of fraction of total number of events per bin. The total number of events is

obtained after the application of selection cuts, and requiring at least one solution

to the kinematic fit.
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Figure 21: Distributions of the pT of particles reconstructed with truth-match, compared with the corresponding p.d.f.s used in the fit.
There is good agreement, which justifies the use of the 1/(pT ν × pT ν̄) factor in the likelihood. Distributions of pT ν̄ and pT t̄ are similar to

their conjugates, but are not shown.
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In figures 22, 23 and 24, the correlations between kinematic variables of the

reconstructed particles and the same variables at parton level are shown. For these

figures to be correctly interpreted, it should be noted that, while a kinematic fit

procedure of this kind is expected to result in the recovery of the parton-level

distributions, it is not expected to exactly recover the parton-level kinematics of

each event. This is the case because the leptons, jets, and /ET used for the fit

are already affected by the detector resolution and inefficiencies, as well as by

the limitations of the jet clustering algorithm employed. Furthermore, the signal

events were generated at next-to-leading order in QCD, while the kinematic fit has

a leading-order design, as it was explained above.
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Figure 22: Two-dimensional distributions of kinematic variables in tt̄H events. The horizontal axes represent variables recorded at parton
level, and the vertical axes represent the corresponding variables recorded at reconstruction level with truth-match. Left: Distributions
of pT , η and φ of the neutrino ν. Similar distributions are obtained for the anti-neutrino ν̄, but are not shown. The azimuthal angle φ is
defined from −π to π, which explains the peaks at the lower-right and upper-left corners of φ plots. Right: The same distributions for
the W+, with the addition of the mass distribution. The resolution in the mass plot is the same as in the p.d.f.s used in the mass trials

during the kinematic fit. Similar distributions are obtained for the W−, but are not shown.
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Figure 23: Two-dimensional distributions of kinematic variables in tt̄H events. The horizontal axes represent variables recorded at parton
level, and the vertical axes represent the corresponding variables recorded at reconstruction level with truth-match. Left: Distributions
of pT , η, φ and mass of t. The resolution in the mass plot is the same as in the p.d.f.s used in the mass trials during the kinematic fit.

Similar distributions are obtained for t̄, but are not shown. Right: The same distributions for the tt̄ system.
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Figure 24: Left: Two-dimensional distributions, in tt̄H events, of pT , η and φ of the Higgs boson H. The horizontal axes represent
variables recorded at parton level, and the vertical axes represent the corresponding variables recorded at reconstruction level with

truth-match. Right: Mass distributions of the Higgs boson H, in tt̄H events. In the upper plot, the parton-level mass. In the lower plot,
invariant mass distribution of the bb̄ system truth-matched to the H decay. The fact that mbb̄ is not nicely peaked around 125 GeV as in

the H → γγ decay is due to the relatively worse resolution in the energy of jets, compared to that of the energy of photons.
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A general conclusion that can be drawn from all the 2D distributions is that the

particle direction variables (η and φ) seem to be robust with respect to detector

effects and NLO radiation. The reconstructed pT , on the other hand, shows large

deviations from its parton-level value. This better correlation in direction variables

is in part artificially introduced by the requirement that truth-matched objects lie

within a cone of ∆R < 0.5 relative to the parton-level particle.

It is also evident that reconstructed particles are more alike the ones at parton

level as we move backwards in the decay chain. The reconstructed neutrinos must

compensate for all the energy losses and resolution effects in the event, and thus

they are significantly different from the parton-level neutrinos. However, when the

reconstructed neutrino is combined with the reconstructed lepton, the resulting

W boson is not very different from the one at parton level. The similarity is even

more pronounced in the top quark, obtained from combining the W boson with

the jet matched to the corresponding b-quark. Finally, the reconstructed tt̄ system

is remarkably similar to the one at parton level.

The mass distributions of the top quarks and the W bosons within the allowed

intervals are preserved, even though there is no correlation between the parton-

level masses and the reconstructed ones. This happens because variations of these

masses are allowed within a small interval (6 GeV for the top quarks and 8 GeV for

the W bosons) compared to the resolution in reconstructed energies of jets. The

main concern is to preserve the mass distributions and the correlations between

them at each level, and not so much the correlation between reconstructed and

parton-level masses.

The reconstructed Higgs boson is very similar to the parton-level one with

respect to the direction variables. The reconstructed pT , however, shows an im-

portant asymmetric smearing, such that the Higgs boson is most of the times

reconstructed with pT lower than at parton level. The reconstructed mass also

shows a large and asymmetric smearing. Large smearing in mass is expected since

the natural Higgs boson width is very small (few MeV), and the energy resolu-

tion of jets is large (1 − 10 GeV). Asymmetries in both the pT and mass of the

Higgs boson can be explained by energy lost from the jets matched to the b and

b̄ from the Higgs boson decay. Energy can be lost in out-of-cone losses, in which

the b-quark radiates an energetic gluon, for example, that falls outside the cone
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defined by the jet algorithm, or in decays of heavy particles in the jet that result

in neutrinos or muons, and thus energy from the jet that is not deposited in the

calorimeter.

3.4.4 Kinematic fit without truth-match

The previous section summarizes the reconstruction procedure with truth-

match. However, when reconstructing without truth-match, additional choices

must be made. It is neccessary to identify each of the reconstructed jets as orig-

inating from the b or b̄ produced in the t and t̄ decay, respectively, or from the b

or b̄ produced in the decay of the H (or bb̄ system, in background events).

There is not an upper limit to the number of reconstructed jets in each event.

In events with many jets, the corresponding number of jet-assignment possibilities

can become overwhelming, increasing the probability of choosing one of the many

wrong assignments. Each unique possibility is determined by the jet assigned to

the b-quark from the t decay, the jet assigned to the b̄ from t̄ decay, and the two

jets assigned to the H decay (or bb̄ system, in the background). The result of

exchanging the jets assigned to the b and b̄ from the H decay is not considered a

different assignment.

In order to limit the number of possibilities for the kinematic fit, a ‘good’ jet

selection is applied, and only good jets can be assigned to the b-quarks from the

tt̄H or tt̄bb̄ final state. A jet is considered ‘good’ if it satisfies pT > 20 GeV and

|η| < 2.5. It should be stressed that the selection cuts presented in 3.4.1 already

include the requirement of at least 4 good jets in each event. This additional

requirement ensures that any jet, besides these 4, can only be assigned to a quark

from the decay of tt̄H or tt̄bb̄ if it also is a good jet.

Jets originated from the b-quarks of the tt̄H or tt̄bb̄ final state are expected to

be some of the most energetic ones in each event. With this motivation, good jets

(‘good’ as in the definition given above) were ordered by pT , and the upper limit on

the number of good jets to be used in the reconstruction without truth-match was

set to 6. Thus, in events with 4, 5 or 6 good jets, all jet-assignment possibilities

are considered. In events with more than 6 good jets, only the 180 possibilities

using the 6 good jets with highest pT are considered.
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Table 8: Fraction of tt̄H events, after the requirement of successful truth-match, in which the n highest-pT jets
contained the 4 jets truth-matched to the b and b̄ quarks, for n = 4, 5, 6. Also shown is the number of

assignment possibilities using n jets.

n
n pT -leading jets Assignment
contain bt, b̄t̄, bH , b̄H possibilities

4 0.53 12
5 0.84 60
6 0.96 180

This choice of the 6-jet cutoff resulted from studying the tt̄H event sample.

After requiring a successful truth-match of the events (i.e., 4 jets were truth-

matched), the fraction of events in which the n highest-pT jets contained the 4

jets truth-matched to the b and b̄ quarks in the final state of tt̄H was calculated,

for n = 4, 5, 6. The results are presented in table 8, together with the number

of assignment possibilities using n jets. This study does not take into account

whether the n jets are good or not (‘good’ having the same meaning as before).

In order to limit the number of meaningful possibilities for the assignment of

jets to b and b̄ quarks, information about the charge of the jets would be useful.

From the experimental point of view, the charge of a jet is not an immediately

available quantity. There are methods that can be used to estimate it, using a pT -

weighted average of the charges of the jet constituents [90]. However, their current

ability to discriminate between a positively charged and a negatively charged jet

is limited, and they will not be addressed here.

The use of b-tagging could also limit the number of jet-assignment possibilities,

by excluding light jets originated from QCD radiation or from some other process

taking place in the same event besides tt̄H (or tt̄bb̄). Since the b-tagging efficiency

is also limited, and there is a non-negligible possibility of b-tagging light jets, such

a criterion was not used here to decide the assignment of jets.

With the intent of optimizing the criteria used to choose among jet-assignment

possibilities, the kinematics of truth-matched objects in signal (tt̄H) events were

studied. The focus was on quantities obtained directly from jets and leptons, such

that these quantities could be used prior to the kinematic fit when reconstructing

without truth-match. The studied variables included mostly ∆R, invariant masses
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Figure 25: Left: Distribution of m`b for `b pairs originating from the same t or t̄ decay (blue), for `b pairs in
which the lepton and the jet come from different top quarks (red), and for `b pairs in which the jet comes from
the Higgs boson decay (orange). Right: Distribution of mbb for the two jets resulting from the H decay (blue),
for the two jets resulting from the decay of the tt̄ system (red), and for pairs of jets in which one jet comes from

H and the other from tt̄ (orange).

and angles between pairs of objects, where each object could either be a lepton or

a jet. A few quantities proved useful at discriminating between correct and wrong

assignments of jets.

The invariant mass of the system composed of a lepton and a b-jet, m`b, exhibits

a very different behaviour whether the lepton and the jet originate from the same

t or t̄ decay or not, as can be seen on the left side of figure 25. If they indeed

originate from the same decay, m`b is very unlikely to be larger than 150 GeV.

Otherwise, there is a significant probability for m`b > 150 GeV.

On the right side of figure 25, the invariant mass of two jets, mbb, shows a

similar behaviour, with most events at mbb < 150 GeV when the two jets originate

from the H decay, and a more significant higher-mass tail for two jets originating

from different intermediate particles.

Another variable to consider could be the angle θ`b, expected to be small if the

lepton and jet originate from the same top quark decay. This angle should depend

on the energy of the decaying top quark. If the decaying t or t̄ is very energetic

(momentum much larger than mt), its decay products will be very collimated and

θ`b will be small. Otherwise, if the t or t̄ energy is of order mt or smaller, the

allowed range for θ`b should be larger. An estimation of the t or t̄ momentum can
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Figure 26: 2D distributions of tt̄H events with 1− cos(θ`b) in the horizontal axis and p`b in the vertical axis.
Upper left: For the correct pairing `+, bt, where a strong correlation can be seen. Upper right: For `+, b̄t̄,

where the event density is more uniform. Bottom: For `+ and each of the b-quarks from the H decay. Similar
distributions are obtained with `−, but are not shown here.

be obtained from the momentum of the system composed of a lepton and a jet, p`b.

2D histograms of tt̄H events were created with p`b in one axis and 1− cos(θ`b) in

the other. These histograms are shown in figure 26. While the correlation between

the variables is evident when the lepton and the jet come from the same top quark

decay, the density is more uniform when this is not the case.

Combining this information, the following selection is applied to the possibili-

ties of jet-assignment: m`+bt < 150 GeV and m`−b̄t̄
< 150 GeV, where bt is the jet

assigned to the b-quark from the t decay, and b̄t̄ is the jet assigned to the b̄-quark

from the t̄ decay; mbH b̄H < 150 GeV for the jets assigned to the b and b̄ from the

H decay.
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The θ`+bt and p`+bt , as well as θ`−b̄t̄ and p`−b̄t̄ , were not used to constrain the

possible jet assignments. In the future, this could be done by requiring that the

jet assignment being tested verifies the correlation observed in the 2D plot for

the truth-matched objects. In order to apply this requirement, two functions of

1−cos(θ`b) should be fitted to the upper and lower bounds of the densely populated

region in the 2D plot of the correctly assigned `b pair. Trial jet assignments would

then be required to lie between these two curves.

After applying the 6-jet cutoff and the kinematics selections as explained before,

a reduced set of possibilities for the jet assignment is obtained for each event. For

each possibility in this reduced set, the kinematic fit is performed. The masses of

the W+, W−, t and t̄ are generated as explained before, with up to 500 trials, each

generating two finely different sets of mass values, until a trial returns at least one

solution.

Then, all the solutions obtained from all the considered jet assignments are

compared. The solution picked (along with the corresponding jet assignment) is

the one with the highest value of the likelihood

1

pT νpT ν̄
P (pT ν)P (pT ν̄)P (mt,mt̄)P (pT t)P (pT t̄)P (pT tt̄)P (mbH b̄H ), (24)

where mbH b̄H is the invariant mass of the system composed of the two jets identified

as originating from the H decay in that particular combination of jets. P (mbH b̄H )

is obtained from the mbH b̄H histogram at reconstruction level with truth-match,

by the same smoothing procedure as the pT p.d.f.s. The p.d.f. used is shown

in figure 20, together with the 50-bin distribution from which it was obtained.

Also represented is the p.d.f. that would be obtained in case the ∆R cut for

truth-matching were set to 0.7, instead of 0.5. From ∆R = 0.5 to ∆R = 0.7, a

slight increment of number of events is visible in the low mass region. In both

cases, the asymmetric shape of the p.d.f. reflects the distorted distribution of

the reconstructed Higgs boson mass, even with truth-match, and is expected to

transfer that distortion to the reconstruction level without truth-match.

Because the Higgs width is much smaller than the experimental mass resolution,

the parton-level distribution was not used, unlike for all the other p.d.f.s. If it were

to be used, it would boost the probability of combinations where the Higgs boson
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is reconstructed with an invariant mass close to 125 GeV, and fall abruptly to

0 outside a 0.2 GeV range around that value. Such a behaviour would exclude

most of the correct assignments, as can be seen from the mbH b̄H distribution at

reconstruction level with truth-match, on the right side of figure 24.

Although the mbH b̄H criterion seems very reasonable for signal events, it is

important to notice that there is no reason why in background events (such as tt̄bb̄)

this should result in a correct identification of jets as originating from tt̄ system

or from the bb̄ system. Thus, in background events, this method is expected to

possibly result in wrong assignment of jets and to introduce a bias in the invariant

mass distribution of the bb̄ system, creating a peak similar to the one in tt̄H events,

with no physical meaning. This should not be a reason to worry, since the focus

of the kinematic fit is to correctly reconstruct the signal. By trying to reconstruct

signal-like features in the events (masses of W bosons, top quarks and mbH b̄H , pT

of neutrinos, etc.) immediately some degree of background rejection will exist.

The background events that somehow manage to be reconstructed by this fit must

be truly irreducible, and at this point discriminant variables must be found that

hopefully allow the extraction of a signal.

The kinematic fit without truth-match finds at least one solution for 78% of the

signal events that pass the selection cuts. Figure 27 shows some pT distributions

of particles reconstructed without truth-match, as well as the reconstructed Higgs

boson mass, all compared with the corresponding p.d.f.s. In figures 28, 29 and 30,

the correlations between kinematic variables of the reconstructed particles without

truth-match and the same variables at parton level are shown. In figure 31, 2D

distributions of the W+, t and t̄ masses are represented, and it is clear that the

mass trial procedure preserves the correlations between them.
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Figure 28: Two-dimensional distributions of kinematic variables in tt̄H events. The horizontal axes represent variables recorded at parton
level, and the vertical axes represent the corresponding variables recorded at reconstruction level without truth-match. Left:

Distributions of pT , η and φ of the neutrino ν. Similar distributions are obtained for the anti-neutrino ν̄, but are not shown. Right: The
same distributions for the W+, with the addition of the mass distribution. The resolution in the mass plot is the same as in the p.d.f.s

used in the mass trials during the kinematic fit. Similar distributions are obtained for the W−, but are not shown.
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Figure 29: Two-dimensional distributions of kinematic variables in tt̄H events. The horizontal axes represent variables recorded at parton
level, and the vertical axes represent the corresponding variables recorded at reconstruction level without truth-match. Left:

Distributions of pT , η, φ and mass of t. The resolution in the mass plot is the same as in the p.d.f.s used in the mass trials during the
kinematic fit. Similar distributions are obtained for t̄, but are not shown. Right: The same distributions for the tt̄ system.
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Figure 30: Two-dimensional distributions, in tt̄H events, of pT , η and φ of the Higgs boson H. The horizontal axes represent variables
recorded at parton level, and the vertical axes represent the corresponding variables recorded at reconstruction level without truth-match.
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Figure 31: Two-dimensional distributions, in tt̄H events, of the t, t̄ and W+ masses, showing that mass correlations are respected in
reconstructed events. Left: The horizontal axes represent the t mass and the vertical axes represent the t̄ mass. The upper plot is the

parton level distribution. It is the first 2D p.d.f. used in the mass trials of the kinematic fit. The middle (bottom) plot is the same
distribution at reconstruction level with (without) truth-match. Right: The horizontal axes represent the t mass and the vertical axes

represent the W+ mass. The upper plot is the parton level distribution. It is the second 2D p.d.f. used in the mass trials of the kinematic
fit. The middle (bottom) plot is the same distribution at reconstruction level with (without) truth-match. Similar distributions can be

obtained for t̄ and W−, but those are not shown here.
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At this level, the same general conclusions that were drawn at the reconstruc-

tion with truth-match are valid. Direction variables are reconstructed more closely

to their parton-level values than pT . Again, reconstructed particles in the earlier

steps of the decay chain are more similar to parton-level particles.

In general, without truth-match, the reconstructed particle directions and pT

are less correlated to the ones at parton level, than when the reconstruction is

done with truth-match. This is expected for two reasons. First, there is the

effect of applying the ∆R < 0.5 cut when truth-matching the particles, which

immediately led to large correlation in direction variables. Then, there is the

effect of combinatorial background, which is particularly evident in distributions

of φ and in the Higgs boson pT . In these distributions, the superposition of two

populations can be observed: the correctly assigned events populate the band

around x = y, while the combinatorial background is more uniformly distributed.

As expected, the reconstructed Higgs boson mass recovers the mass distribution

obtained with truth-match, since it was used as a p.d.f. to weight the likelihood

of the jet assignments.

In order to characterize the overall ability of the routine to correctly assign

the jets, a migration matrix M was filled and is shown in table 9. Mij is the

number of tt̄H events with 4 truth-matched jets in which the jet truth-matched to

a given quark i is assigned to the quark j. Mij is normalized to the total number

of events with 4 truth-matched jets, whether they have kinematic fit solutions or

not. The numbers across a line or column do not sum to 1 because jets which were

not truth-matched to any quark at all can be used in the reconstruction without

truth-match, as long as they are good (pT > 20 GeV and |η| < 2.5) and within the

6 pT leading good jets. Also, it may happen that the truth-matched jets do not

pass the good jet criteria or the 6-jet cutoff, thus being rejected at reconstruction

level without truth-match.

Besides this migration matrix, a fraction was calculated that should be inter-

preted as follows: given a successfully truth-matched event returning at least one

solution to the kinematic fit with truth-match, the kinematic fit without truth-

match will return the same jet assignment as the truth-match procedure 33% of

the time. It is important to notice once again that the exchange of the b and b̄

from the Higgs boson decay is not considered to result in a different assignment.
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Table 9: Migration matrix characterizing the ability of the reconstruction routine to correctly assign jets to the
quarks in tt̄H events. Values are fractions of the total number of events with 4 truth-matched jets, regardless of

whether they have kinematic fit solutions or not. Statistical uncertainties in these fractions are below 0.002.

Assigned
bt b̄t̄ bH b̄H

Truth-matched

bt 0.53 0.10 0.13 0.15
b̄t̄ 0.12 0.52 0.13 0.15
bH 0.16 0.16 0.28 0.30
b̄H 0.16 0.16 0.28 0.30

If this fraction were to be computed using the full set of successfully truth-

matched events, whether they have kinematic fit solutions or not, the value would

be expected to drop. This happens because, if no solutions are found in the kine-

matic fit with the truth-match jet assignment, the kinematic fit without truth-

match should not find a solution for that same jet assignment. There is a minor

chance that it could happen because of the random procedure in the mass trials.

However, since the number of trials is 500 when no solutions are found, the sam-

pling of the phase-space is quite exhaustive, and the probability for a solution to

appear after 500 unsuccessful mass trials is small.

3.5 Angular observables

In this work, several angular observables were tested for their potential as

discriminating variables. The aim is twofold: to identify variables that distinguish

between tt̄H and the irreducible background tt̄bb̄ and variables to discriminate

between different parity scenarios of the Higgs boson in tt̄H production (scalar

or pseudoscalar). For every variable, Kolmogorov-Smirnov (K-S) tests were run

to check the statistical compatibility of the distributions of tt̄bb̄ and tt̄H (SM

Higgs boson) events and the compatibility of tt̄H (SM Higgs boson) and tt̄A (pure

pseudoscalar Higgs boson). In the present section, the tested observables are

defined, and the motivation for this definition is given, within the scope of the

helicity formalism applied to successive particle decays.
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3.5.1 Helicity formalism in successive particle decays

The theoretical argument for the use of angular observables to increase the

signal sensitivity in the search for tt̄H production rests largely on the fact that,

in a particle decay, the probability of the decay products travelling in a certain

direction is constrained by the spin states of the decaying particle and of the decay

products. The detail of these constraints is illustrated below in the context of the

helicity formalism [91].

The helicity operator is h = ~S ·p̂, that is, it is the projection of the spin operator

along the direction of momentum of a particle. It is a convenient operator because

it commutes with the total angular momentum operator J and with the momentum

operator p. This ensures that particle states can be built which are simultaneously

eigenstates of helicity and linear momentum or eigenstates of helicity and angular

momentum.

Let us denote a two-particle eigenstate of helicity and linear momentum as

|θϕλ1λ2〉, where the two particles have helicities λ1 and λ2 and, in the centre-of-

mass of the two-particle system, particle 1 has momentum ~p with spherical com-

ponents (p, θ, ϕ), with respect to a given z-axis (particle 2 must have momentum

−~p).
Then, it is interesting to compute the quantity 〈θϕλ1λ2|U |JM〉, which is the

amplitude for a state with total angular momentum J and angular momentum

projection M on the z-axis to decay, through some interaction U , into a two-

particle linear momentum and helicity eigenstate, where the angles θ and ϕ are

defined with respect to the same z-axis.

To compute this quantity, we expand it in the complete basis of eigenstates of

angular momentum with helicities λ1 and λ2, which yields

〈θϕλ1λ2|U |JM〉 =
∑
jm

〈θϕλ1λ2|jmλ1λ2〉〈jmλ1λ2|U |JM〉. (25)

The fact that angular momentum is conserved in the process implies that the only

non-vanishing component is the one with j = J and m = M . This leaves

〈θϕλ1λ2|U |JM〉 = 〈θϕλ1λ2|JMλ1λ2〉〈JMλ1λ2|U |JM〉. (26)
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The matrix element 〈JMλ1λ2|U |JM〉 is rotationally invariant and will be denoted

Aλ1λ2 .

The momentum eigenstate in the first bra of the expression can be obtained

from applying a rotation operator1 R(ϕ, θ,−ϕ) to the momentum eigenstate with

particle 1 travelling in the direction of the z-axis. The quantity can then be written

as

〈θϕλ1λ2|U |JM〉 = 〈θ = 0, ϕ = 0, λ1λ2|R†(ϕ, θ,−ϕ)|JMλ1λ2〉Aλ1λ2 . (27)

In general, the |θϕλ1λ2〉 states do not have definite values of J or M . However,

the state |θ = 0, ϕ = 0, λ1λ2〉 is unique because the particles are travelling along

z, the quantization axis of M . Since the orbital angular momentum is ~L = ~r × ~p,
its projection along z vanishes. Thus, the total angular momentum projection M

is simply the spin projection, and this particular state is an eigenstate of M , with

eigenvalue λ = λ1 − λ2. It can be expanded in the eigenstates of total angular

momentum with angular momentum projection λ:

〈θϕλ1λ2|U |JM〉 =
∑
J ′

cJ ′λ〈J ′λ|R†(ϕ, θ,−ϕ)|JMλ1λ2〉Aλ1λ2 , (28)

for some coefficients cJ ′λ.

Because the rotation operator preserves the total angular momentum, the only

non-vanishing term is the one with J = J ′. The result of applying a rotation to

an eigenstate of total angular momentum and angular momentum projection can

be written in terms of Wigner D-matrices, yielding

〈θϕλ1λ2|U |JM〉 = cJλ〈Jλ|R†(ϕ, θ,−ϕ)|JMλ1λ2〉Aλ1λ2

= cJλ
∑
M ′

DJ
M ′,λ

†
(ϕ, θ,−ϕ)〈JM ′|JMλ1λ2〉Aλ1λ2

= cJλD
J
M,λ

†
(ϕ, θ,−ϕ)Aλ1λ2 .

(29)

This result can be used to compute angular distributions in successive particle

1The arguments of the rotation operator are the conventional Euler angles.
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Table 10: Elements of the d-matrices dJM,λ(θ), for J = 0, 1/2, 1 [19]. All the missing elements can be obtained

from the relations dJM,λ(θ) = (−1)M−λdJλ,M = dJ−λ,−M .

J = 0 J = 1/2 J = 1

d0
0,0 = 1

d
1/2
1/2,1/2

= cos( θ
2
) d1

1,1 = 1+cos θ
2

d1
1,0 = − sin θ√

2

d
1/2
1/2,−1/2

= − sin( θ
2
) d1

1,−1 = 1−cos θ
2

d1
0,0 = cos θ

decays. The Wigner D-matrices are given in terms of the (small) d-matrices as

DJ
M,λ(α, θ, γ) = e−iαMdJM,λ(θ)e

−iγλ. (30)

The elements of the d-matrices are shown in table 10 for J = 0, 1/2, 1, which are

the only necessary ones in treating decays of fundamental particles [19]. Not all

the elements are listed, but all the missing ones can be obtained from the relations

dJM,λ(θ) = (−1)M−λdJλ,M = dJ−λ,−M .

To compute the decay amplitude of a particle which in its turn resulted from

a previous decay, the rest frame of the particle should be considered, with the

z-axis defined as the momentum direction of the particle in the rest frame of the

previously decaying particle. This ensures that the particle is simultaneously in an

eigenstate of total angular momentum (equal to its spin) and angular momentum

projection along z (equal to its helicity, as measured in the rest frame of the

previous particle).

For every decay in an event, the corresponding θ angle dependence will appear

in the amplitude. This is the angle between the momentum direction of the decay-

ing particle, in the rest frame of the particle that decayed into it (or an arbitrary

axis in the case of the first particle in the decay chain), and the direction of mo-

mentum of one of the decay products in the rest frame of the decaying particle.

Which of the two final particles is chosen to compute the angle is conventional

since, in the decaying particle rest frame, they travel back-to-back.

The overall amplitude of a decay chain is obtained from the product of the

98



g
t̄

b̄t

t

H

b

(a)

1

2

23

123

3
4

 
123
1

 
23
3

 
3
4

Figure 32: Left: tt̄H production through an s-channel gluon, which splits into a t̄ and a t. In its turn, the t
radiates a Higgs boson, which decays into bb̄. Right: General decay chain with particles labeled 1, 2, 3 and 4.

amplitudes of the individual decays, where a sum must be made over all possible

values of the helicities of the intermediate particles. Computing the square of the

absolute value of the amplitude results in a cross-section, with multiple angular

dependence.

In an experiment such as the ones at the LHC, the final state helicities are not

measurable. In order to obtain an angular distribution comparable with experi-

ment, it is necessary to sum the cross-sections over all possible helicities of final

state particles.

3.5.2 Angles of the type θXY and derived observables

In the tt̄H production process shown on the left side of figure 32, three succes-

sive decays take place: the s-channel gluon decays into the tt̄ system and then the

t radiates a Higgs boson (in the case of the tt̄bb̄ background, similar diagrams are

possible, with the radiation of a gluon, a photon or a Z boson). Finally, the Higgs

boson decays to bb̄. According to the formalism exposed in the previous section,

three relevant angles will appear in the overall decay amplitude computation.

The first angle is between the direction of the s-channel gluon (kinematically

equivalent to the whole tt̄H system) in the lab frame (arbitrary frame, since it is

the first particle in the decay chain) and the direction of one of the top quarks in

the rest frame of the tt̄H system. The second angle is between the direction of

momentum of t, before it radiates the Higgs boson, in the rest frame of the tt̄H

system, and the Higgs boson direction in the rest frame of this t. The third angle
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is between the direction of H, in the rest frame of t before it radiates H, and the

direction of b or b̄ in the rest frame of H.

The decay chains of the final t and t̄ also introduce additional angular depen-

dences of potential interest, computed in a similar way.

The notation used from now on for angles of this type is θXY , meaning “the

angle between the direction of particle Y in the rest frame of X and the direction

of particle X”. If X is the tt̄H system, its direction will always be calculated in

the lab frame. For other particles, the rest frame in which the direction of X is

considered will always be made clear in the context in which the angle appears.

Many of the angular observables distributions studied follow a single form,

which can be easily related to the angles that appear in the computation of the

decay amplitude as explained before. Considering a set of 4 particles labeled from

1 to 4, as on the right side of figure 32, two large families of functions of angles

were addressed:

f(θ123
1 )g(θ3

4) and f(θ23
3 )g(θ3

4).

Functions f and g are either sine or cosine. Particles 1 to 3 can either be t, t̄ or H,

without repetition. Particle 4 can be any of the products of the decay of the top

quarks and the Higgs boson, including the intermediate W bosons. Labels with

more than one particle symbol means the system composed by those particles.

For example, t̄H means the system composed of the Higgs boson and the anti-top

quark. If indeed the t̄ radiated the Higgs boson, then t̄H is kinematically equivalent

to the t̄ before radiating. Direction of particle 3 was always computed in the rest

frame of the system 23 and direction of the system 23 was always computed in the

rest frame of system 123.

Some ambiguity exists in boosting particles from one rest frame to another.

As an example, supposing θ3
4 is to be computed, particle 4 must be boosted to the

rest frame of particle 3. One possibility is for this to be done directly: the four-

momentum of particle 3 is computed in the lab frame, and particle 4 is boosted from

the lab frame according to this four-momentum of particle 3. The other possibility

is to do it sequentially: particle 4 is boosted to the 123 frame according to the

four-momentum of 123 in the lab frame, then it is boosted again to the 23 frame

according to the 23 four-momentum in the 123 rest frame, then finally it is boosted
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to the 3 rest frame according to the four-momentum of particle 3 in the frame of

23. The directions of particle 4 resulting from each of these different boosting

procedures are also different, due to the so-called Wigner rotations, that result

from successively applying Lorentz boosts in non-collinear directions [92]. All the

new angular observables shown in this work were defined using the sequential

prescription, which respects the reasoning from the helicity formalism. However,

angular observables obtained with the direct prescription were also studied. The

differences in the distributions obtained are not significant, but any future study

of observables of this kind must take this choice into consideration.

With respect to the definition of new angular observables that can be tested

as discriminants in the future, the possibilities are countless. Since the motiva-

tion for the construction of the observables studied in this work was a chain of 3

successive decays, one straightforward generalization would be to compute prod-

ucts of 3 functions of angles (f(θ123
1 )g(θ23

3 )h(θ3
4)). Some of these products of three

functions were studied and, although interesting distributions are obtained, there

are no major differences in the resulting discrimination of samples. The functions

of angles themselves could be picked differently, for example as higher modes of

oscillation (cos(nθ) or cosn θ). However, from the Wigner D-matrices definition

and because the decaying particles have spins 0, 1/2 or 1, all features in the dis-

tributions of the θXY angles should appear in modes with n ≤ 2. A more diligent

approach would be to compute the angular dependence of the whole decay chains

of tt̄H, tt̄bb̄ and tt̄A processes, using the rules exposed in 3.5.1. Doing such a

calculation for the production through top quark fusion (as in figure 8 (d)) would

require revisiting the helicity formalism since, besides the decay amplitudes, also a

scattering amplitude must be computed. In the end, however, the full dependence

of the production cross-sections on each angle θXY would be obtained, and a more

insightful construction of independent angular observables could be done. This

exercise falls beyond the scope of the present thesis, but should be addressed in

the future.

Histograms of variables from both families were generated, permutating the

particles assigned to each number and alternating the use of sine or cosine as

the f and g functions. For each observable, two Kolmogorov-Smirnov (K-S) tests

of statistical compatibility were performed, in order to assess the discriminating
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power of the observable. One test was performed between the tt̄H and tt̄bb̄ samples,

and another test between the tt̄H and tt̄A samples.

The following variant of the Kolmogorov-Smirnov test was employed. The

cumulative distribution F (x = x′) is defined as the fraction of events in which the

variable x is strictly smaller than x′. For each observable, the test compares the

cumulative distributions FA(x) and FB(x), where the A and B subscripts stand

for sample A and sample B that must be discriminated. The value returned by

the test is the maximum of |FA(x)− FB(x)| over the allowed x range.

The sorting of the many new angular observables from better discrimination to

worse discrimination (between tt̄H and tt̄bb̄, as well as between tt̄H and tt̄A), was

performed according to the result of the Kolmogorov-Smirnov test between the

two samples. This is a statistical compatibility test with some limitations. One

limitation in particular is illustrated in the following example.

Let us suppose the test is being applied to two samples, A and B. We consider

then an observable with simple distributions: an A-rich region (A > B) and a B-

rich region (B > A), separated at some value of the observable. The absolute value

of the cumulative difference between the sample distributions rises in the A-rich

region, reaches its maximum at the point of population inversion (this maximum

is the output of the K-S test), and decreases in the B-rich region, reaching 0 at

the end of the x range. Let us consider another observable, in which the A-rich

and B-rich region pattern repeats more than once (n times, for example), but the

A and B relative populations in these regions are the the same as in the previous

example. If this is the case, the cumulative difference will rise to its maximum at

the first population inversion, then decrease to 0 at the following inversion. Since

this pattern repeats itself n times, the maximum of the cumulative difference, and

thus the K-S test result will be smaller than in the previous example by a factor

n. However, both distributions would be equally constraining in a fit to data,

for example. An alternative would be to use a different compatibility test, such

as a chi-squared test. Of course, every statistical compatibility test has its own

limitations, and possibly combining the results of two or three different tests could

provide a better discriminant classification.
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3.5.3 α-β assignment

From the reasoning presented before, it is clear that θ123
1 , θ23

3 and θ3
4 can repre-

sent the angles appearing in the amplitude computation of the successive decays

of the process on the left side of figure 32. In order for this to be the case, particle

1 should be assigned to t̄, particle 2 and 3 should be assigned respectively to the

final t and to the Higgs boson, and particle 4 should be either b or b̄ from the H

decay.

The reconstruction package developed for this analysis can take us as far early

in the event as reconstructing the four-momenta of the t, t̄ and H before they

decay. In order to recover the angles resulting from the amplitude calculations,

it is necessary to identify which of the top quarks has radiated the Higgs boson.

Otherwise, we can, for example, label t as particle 1 in all events, and t̄ and H as

particles 2 and 3, respectively. Assuming production through diagrams in which H

is radiated by t or t̄, this implies that, in approximately one half of the events (those

in which the t̄ actually radiates the Higgs boson), the angles involved will have

the correct physical significance derived from the helicity formalism. However, in

the other half of the events, the interpretation is not valid and the same angular

distributions are not expected.

In fact, the mixing of these two different distributions may be destructive

for any pre-existing discernability between different samples. In figure 33, an

example is given of a pair of observables at parton level which exhibit similar

distributions for an inclusive set of events (left). If the events are restricted to

those in which the Higgs boson (or bb̄ system, in tt̄bb̄) is known to have been

radiated by t (and not radiated by t̄ or resulting from tt̄ fusion, such as in figure 8

(d)), the distributions are very different (right), and both provide greater signal-

background discrimination than in the inclusive set.

These different distributions could potentially be recovered in inclusive sets of

events if one knew whether the t or t̄ radiated the Higgs boson (or bb̄ system, in

tt̄bb̄) in each particular event. An attempt was made at creating a mechanism to

reach for that information. Four samples, with 25 000 events each, were generated

to allow this study: two samples of tt̄H events and two samples of tt̄bb̄ events.

For each process, in one of the samples, all production diagrams were suppressed,
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Figure 33: Distributions, at parton level, of sin(θtt̄t ) cos(θt
b̄H
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t̄

) cos(θt̄
b̄H

) (bottom). The two

observables are obtained from one another by exchanging t with t̄. Left: For an inclusive set of tt̄H and tt̄bb̄
events, the variables have similar distributions. Right: For a sample of events in which the Higgs boson (or bb̄

system, in tt̄bb̄) was exclusively radiated by t, it is clear that the t-t̄ exchange symmetry is broken. The
distributions are different from each other and better at discriminating signal from background.

104



Table 11: Conditions tested as indicators of whether t or t̄ radiated the Higgs boson. The test was performed in
signal events generated with the condition that the Higgs boson was radiated by t. The values are the fraction

of events in which the condition was true. The uncertainties represented are statistical only.

Condition Parton level
Rec. with Rec. without

truth-match truth-match
θtH < θt̄H (tt̄H frame) 0.73± 0.02 0.70± 0.03 0.57± 0.02

mtH < mt̄H 0.73± 0.02 0.70± 0.03 0.57± 0.02
∆RtH < ∆Rt̄H 0.68± 0.02 0.66± 0.03 0.57± 0.02
∆ηtH < ∆ηt̄H 0.67± 0.02 0.64± 0.03 0.57± 0.02

except those in which the t radiated the H (or bb̄ system). The other sample

included all production diagrams. The generation and simulation procedure were

similar to the ones described in section 3.1, and the samples were submitted to

the same analysis routine as the main samples.

Using the tt̄H events generated with the condition that t radiated the Higgs

boson, a set of variables were tested for their efficiency at correctly identifying t,

as opposed to t̄, as the Higgs-radiating quark. This test is summarized in table 11.

All variables resulted in similar performances, within the statistical uncertainty.

The criterion chosen was to pick the top quark yielding the smallest angle between

its direction and the H direction, in the tt̄H rest frame. At generator level, in

(72.9 ± 2.0)% of events, the direction of H was closer to the direction of t, than

to the direction of t̄. The efficiency drops to (57.1 ± 1.7)% after reconstruction

without truth-match.

This condition was used in all events of the main samples to identify which of

the top quarks is the most likely to have radiated the Higgs boson (or bb̄ system).

This t or t̄ is labeled tα, and the other top quark is labeled tβ. All the particles in

the decay chains of tα and tβ also get the subscripts α and β, respectively.

A new set of angular observables was computed using the same prescription as

in the previous section. The only difference is that particles 1 to 3 can either be

tα, tβ or H, without repetition. As before, particle 4 can be any of the products

of the decay of the top quarks and the Higgs boson. However, if particle 4 results

from the decay of one of the top quarks, it is identified using the α or β label.

For this new set of angular observables, histograms were filled with the tt̄H,
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tt̄A and tt̄bb̄ events. The statistical compatibility (Kolmogorov-Smirnov) tests

were also performed, between tt̄H and tt̄bb̄ distributions and between tt̄H and tt̄A

distributions.

3.6 Signal-background discrimination using TMVA

3.6.1 ATLAS analysis at
√
s = 8 TeV

The official ATLAS analysis of the physical process addressed in this work (tt̄H

production, with tt̄ → dileptonic and H → bb̄) using 8 TeV data [81] classifies

events in different categories, based on total number of jets and number of b-

tagged jets. Only good (pT > 25 GeV and |η| < 2.5) jets are considered for this

classification. The notation (nj,mb) is used to refer to the category of events with

n jets and m b-tagged jets.

Six independent regions were considered. The signal-rich regions are (≥4j,3b)

and (≥4j,≥4b), where the analysis is performed. The regions (2j,2b), (3j,2b),

(3j,3b) and (≥4j,2b) are considered signal-depleted regions, since they are expected

to exhibit signal-to-background ratios below 1%. These regions were used exclu-

sively for background modelling, with the exception of (3j,3b), which is expected

to have some sensitivity to the signal, and was also analysed. Figure 34 shows the

expected fractions of background sources in each category. The dominance of tt̄bb̄

in the signal-rich regions is clear.

In the ATLAS analysis, a neural network (NN) was implemented in each

signal-rich region to discriminate between signal and background, using the Neu-

roBayes [93] package. The choice of variables relied on the ranking procedure from

NeuroBayes. Several classes of variables were considered: object kinematics, global

event variables, event shape variables and object pair properties.

As already described in section 3.4.1, selected events must have exactly two

opposite-sign leptons and two b-tagged jets. The analysis only considered jets

with pT > 25 GeV and |η| < 2.5. Leptons were required to have |η| < 2.5, the

pT -leading lepton is required to have pT > 25 GeV and the sub-leading one must

have pT > 15 GeV. In the regions with ≥ 4 jets, a maximum of five jets were

considered to construct the kinematic variables. The jets were ordered first using

all the b-jets, ordered from highest to lowest pT , and then the untagged jets, also
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Figure 34: Left: Expected signal-to-background ratio (S/B) and signal significance (S/
√
B) for each of the

event categories in the ATLAS 8 TeV analysis [81]. Signal-rich regions are painted red. Right: Fractions of
different background sources in each region. In the signal-rich regions (≥4j,3b) and (≥4j,≥4b), the dominant

background process is tt̄bb̄.

from highest to lowest pT .

When necessary for the computation of a variable, the two b-jets closest in ∆R

to the leptons are assigned to the corresponding top quark decays and, among the

remaining b-jets, the two b-jets leading in pT are assigned to the H decay. None

of the variables used require t or t̄ reconstruction.

A set of 10 variables was used as input for the NN in each region. The full set of

17 variables is listed in table 12, with the respective variable definitions. The def-

initions in the table should be completed with information about the event shape

variables H4 and Aplanjet, where ‘Aplan’ is short for aplanarity. The momentum

tensor pαβ and the fifth Fox-Wolfram moment H4 are defined as

pαβ =

∑
i p

α
i p

β
i∑

i |pi|2
, H4 =

∑
i,j

|pi||pj|
E2

vis

P4(cos θij), (31)

where in the case of Aplanjet, the sum is over jets only, and in the case of H4, it

is over jets and leptons, and should include i = j terms. Evis is the total visible

energy in the event and P4 is the Legendre polynomial of order 4.

Figure 35 shows signal and background distributions, obtained by ATLAS, for

some of the top-ranked variables in the (≥4j,3b) and (≥4j,≥4b) categories [81].

Also shown are distributions of the neural network output for both categories. In
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these, the tt̄H signal and the different backrounds were fitted to data events, which

are also represented.

3.6.2 Analyses at
√
s = 13 TeV using TMVA

For the study presented here, addressing signal-background discrimination at
√
s = 13 TeV, the region considered was (≥4j,≥3b), which comprises the two

signal-rich regions of the ATLAS analysis. Besides the selection cuts described in

section 3.4.1, the cut |m`` −mZ | > 10 GeV, used in data analyses to exclude the

Z boson mass peak, was also applied.

The TMVA [80] package was used to implement the multivariate analysis.

Several different methods were enabled: a likelihood method, a boosted Fisher

method, two variants of the boosted decision tree (BDT) method, and a multi-

layer perceptron (MLP) method, which is a neural network. Three sets of variables

were defined:

• ‘ATLAS’ set: the set of discriminant variables used in the ATLAS 8 TeV

analysis of the (≥4j,3b) and (≥4j,≥4b) together, that is, the first 13 variables

listed in table 12.

• ‘Angular’ set: set of angular observables of the kind f(θ123
1 )g(θ3

4) or f(θ23
3 )g(θ3

4),

with or without α-β assignment. All angular observables of this kind were

ordered by the output value of the statistical compatibility test between the

respective tt̄H and tt̄bb̄ distributions, at reconstruction level without truth-

match and after the (≥4j,≥3b) and |m``−mZ | > 10 GeV cuts. The angular

observable ranked first (the one with the highest result in the K-S test) enters

this set. The second one enters this set if the linear correlation coefficient

in signal events relative to the first one is not larger than 60%. The third

one enters the set if the coefficients relative to the two variables already in

the set are not larger than 60%, and so on, until 13 variables are selected.

Two more observables were added to this set: the reconstructed Higgs mass

as obtained from the kinematic fit (this is different from the ATLAS defi-

nition of the Higgs candidate mass) and θHW+ , which is the angle between

the direction of W+, in the H frame, and the direction of H, in the t̄H rest

frame.
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Figure 35: Top: Signal and background distributions of the four top-ranked variables in the (≥4j,3b) category.
Middle: The same for the (≥4j,≥4b) category. Bottom: Distributions of the NN output, for the (≥4j,3b)

category (left) and for the (≥4j,≥4b) category (right). The represented signal and backgrounds were fitted to
data events, which are also shown. A normalized signal distribution is shown as a dashed histogram because, at

the correct scale, the tt̄H distribution (filled in red) is small compared to the backgrounds.
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• ‘Truth-matched angular’: the same set of 15 variables as in the ‘Angular’

set, evaluated using truth-matched objects.

The procedure employed in the choice of the ‘Angular’ set is motivated by

the fact that, in a multivariate analysis, the use of highly correlated variables

is undesirable. A variable correlated to the ones already in the set should not

increase significantly the amount of information available and can compromise the

performance of discrimination.

Five different analyses were performed, corresponding to different combinations

of variables. The first three analyses correspond to each one of the variable sets

defined before. The fourth analysis corresponds to a comprehensive set, combin-

ing the ‘ATLAS’ and ‘Angular’ variables. By comparing the performance of the

comprehensive set against the ‘ATLAS’ set, an assessment can be made of the

potential gain in signal-background discrimination resulting from the use of the

angular observables being studied. The fifth analysis also used the comprehensive

set of variables. It was run on a background sample containing not only tt̄bb̄, but

the full set of generated SM background samples, as described in section 3.1.

3.7 Review of observables proposed for testing the Higgs

boson CP nature

The reconstruction package developed was used to study a set of variables

proposed by other authors as potentially useful for probing the CP nature of the

Higgs boson in tt̄H production. This study had two goals: the first goal was

to validate the new angular observables proposed here against the ones already

published, and the second goal was to evaluate the impact of an experimental

setting, with its inevitable degradation of information, in the discrimination power

of the published observables, which were obtained from parton-level studies.

The angle between the direction of flight of `+ in the t rest frame and the

direction of flight of `− in the t̄ rest frame will be referred to as θ(`+, `−). In [63],

cos[θ(`+, `−)] was proposed as a discriminant between scalar and pseudoscalar

Higgs boson production.

Azimuthal angle differences were proposed in [65] for the same effect. The

observable ∆φtt̄(`+, `−) is defined as the azimuthal angle difference between the
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`+ direction, in the t rest frame, and the `− direction, in the t̄ rest frame. The

∆φH(`+, `−) is the same azimuthal angle difference, but in this case the momenta

of the leptons are both evaluated in the H frame. A third proposed angle is

∆φ(t, t̄), where the t and t̄ directions are evaluaed in the laboratory rest frame.

A more elaborate observable was proposed in [14]. The angle between the

`+ and `− directions, projected onto the plane perpendicular to the H direction

in the lab frame, is defined as θ⊥H(`+, `−). Then, β is defined as the sign of

(~pb− ~pb) · ( ~p`−× ~p`+) (b and b̄ result from the t and t̄ decays, respectively) and β′ is

defined as the sign of ~pH · ( ~p`− × ~p`+). The proposed observables are the products

β ·θ⊥H(`+, `−) and β′ ·θ⊥H(`+, `−). In a CP-violating scenario, the β and β′ factors

make these observables sensitive to the relative phase of scalar and pseudoscalar

components of the Higgs boson.

Several observables involving projections of the t and t̄ momenta were pro-

posed in [64]. The transverse momentum vector is written as ~pT . The proposed

observables are:

a1 = sign( ~pT t · ~pT t) , a2 = sign(pxt p
x
t )

b1 =
~pT t · ~pT t
pT tpT t

, b2 =
~pT t · ~pT t
ptpt

, b3 =
pxt p

x
t

pT tpT t
, b4 =

pztp
z
t

ptpt
.

(32)

An important remark is that some of these observables require a reconstruction

of the t and t̄, such as the one performed in the kinematic fit. For the sake of an

easier comparison, the distribution plots published along with the proposals are

shown in the results section. All the observables described were computed at par-

ton level and at reconstruction level, with and without truth-match. Histograms of

the distributions for tt̄H, tt̄A and tt̄bb̄ samples were produced, and the statistical

compatibility tests were performed between the tt̄H and tt̄A distributions.
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4 Results

In the current section, results of the studies described in section 3 are presented

and discussed. The section is logically divided in two subsections, corresponding to

the twofold motivation given for the use of new angular observables: discrimination

between signal and background, and discrimination between Higgs CP scenarios

(scalar and pseudoscalar).

The first part adresses discrimination between signal and background. Initially,

distributions of some of the most interesting observables for this effect are shown

and interpreted. Then, the results of integrating such observables in a TMVA

analysis are presented. The obtainable signal efficiencies and background rejection

rates are compared among the different sets of observables tested, including the

set from the ATLAS analysis of this process. The importance of combinatorial

background for signal sensitivity is discussed, and the earlier choice of only con-

sidering the tt̄bb̄ background is validated, by applying the TMVA analysis on a full

set of SM backgrounds, and confirming that similar results are obtained.

The second part adresses discrimination between tt̄H and tt̄A production.

Again, it starts with the presentation of distributions of new angular observables,

in which a good discrimination is visible. Then, it focuses on the observables col-

lected in the literature review: their distributions are shown and compared to the

originally published ones. The effects of the detector simulation and the kinematic

fit are discussed, and this collection of observables is compared to the new angular

ones.

4.1 Discriminating between tt̄H and background

4.1.1 Angular observables from θXY angles

One particular class of observables, commonly used with angular variables, are

forward-backward asymmetries (AFB). Given a variable x that can take either

positive or negative values, the forward-backward asymmetry AFB(x) is defined as

AFB =
N(x ≥ 0)−N(x < 0)

N(x ≥ 0) +N(x < 0)
, (33)
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where N is the number of events verifying the condition inside the brackets. AFB

ranges from -1 (x < 0 in all events) to +1 (x > 0 in all events), and is equal to 0

if events are symmetrically distributed.2

Considering one background and one signal sample only, the expected AFB(x)

in data is given by

AdataFB (x) = sAsFB(x) + bAbFB(x), (34)

where s and b are the relative contributions of signal and background events. Since

AdataFB (x) is an observable and AsFB(x) and AbFB(x) can be obtained from simula-

tion, the forward-backward asymmetry can be used to fit the relative background

and signal contributions to data. The larger the difference between AsFB(x) and

AbFB(x), the more stringent the resulting fit will be.

Forward-backward asymmetries were computed for observables of the type

cos(θ123
1 ) cos(θ3

4) and cos(θ23
3 ) cos(θ3

4) without α-β assignment. Some observables

exhibiting remarkable asymmetry differences between tt̄H and tt̄bb̄ have been pub-

lished in [94]. The published asymmetries correspond to the set of observables

cos(θt̄HH ) cos(θHY ), where Y can be any of the leptons, W bosons, or b-quarks. These

results are summarized in table 13, and the distributions for Y = `+ and Y = `−

are shown in figure 36. At the time of the referred publication, the samples used

were generated at leading order (LO) in QCD and the procedure for reconstruction

without truth-match was slightly different from the one described previously.

The search for new discriminant variables between tt̄H events and the irre-

ducible background tt̄bb̄ resulted in an extensive set of 960 new angular observ-

ables. Many of these observables are of course highly correlated, namely those

differing only in the particle chosen as particle 4, if this particle results from the

same decay chain in both observables. For example, changing particle 4 from l+

to W+ or bt results in a new observable highly correlated to the original one.

Also, in observables without α-β assignment, the exchange of every particle and

its anti-particle (H left unchanged) results in a new observable that, although not

obviously correlated to the original one, exhibits similar distributions.

2It is elucidating to notice that the difference between signal and background forward-
backward asymmetries can be defined in terms of the cumulative distributions as −2(Fs(0) −
Fb(0)). In this sense, the output of the Kolmogorov-Smirnov test can be understood as a gener-
alized asymmetry difference, computed at a value of x such that this difference is maximized.
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Table 13: Forward-backward asymmetries AFB of distributions of the type cos(θt̄HH ) cos(θHY ), for several Y [94].

The asymmetries are shown for tt̄H and tt̄bb̄ events and the difference ∆AFB = Att̄HFB −A
tt̄bb̄
FB is also presented,

at parton level before applying selection cuts and at reconstruction level without truth-match. These results
were obtained using samples generated at leading order (LO) in QCD and using a slightly different procedure

for reconstruction without truth-match.

Parton level, no cuts Rec. without truth-match

Y Att̄HFB Att̄bb̄FB ∆AFB Att̄HFB Att̄bb̄FB ∆AFB
`+ −0.157 −0.137 −0.020 −0.141 −0.268 +0.127
`− +0.291 +0.056 +0.235 +0.331 +0.118 +0.213
W+ −0.154 −0.119 −0.035 −0.119 −0.275 +0.156
W− +0.317 +0.067 +0.250 +0.348 +0.127 +0.221
bt −0.155 −0.141 −0.014 −0.179 −0.306 +0.127
b̄t̄ +0.293 +0.053 +0.240 +0.334 +0.117 +0.217
bH +0.000 +0.001 −0.001 +0.086 −0.048 +0.134
b̄H +0.000 −0.001 +0.001 −0.086 +0.048 −0.134

Figure 36: Angular observable distributions exhibiting forward-backward asymmetry differences between tt̄H
and tt̄bb̄ [94]. Left: cos(θt̄HH ) cos(θH

`+
). Right: cos(θt̄HH ) cos(θH

`−
). The upper plots are the distributions at

parton level, and the lower plots are the same distributions at reconstruction level without truth-match. These
results were obtained using samples generated at leading order (LO) in QCD and using a slightly different

procedure for reconstruction without truth-match. Similar asymmetry differences were obtained for W bosons
instead of leptons.
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Of particular interest for signal-background discrimination, are the observables

with similar distributions in tt̄H and tt̄A events. Such observables have a signal-

background discriminating power independent of the CP nature of the Higgs boson.

In a data analysis, this would result in a model-independent constraint on the ratio

between tt̄H production and background production.

Angular observables were separated in 4 different categories, explained below.

Each of the following figures contains two examples of distributions among the

best classified ones in each category. For the choice of the observables shown,

some independence relatively to the Higgs CP scenario was also required, and the

tt̄A distribution is also represented to demonstrate this feature. The distributions

are shown at parton level and at reconstruction level, with and without truth-

match. The events represented at parton level are restricted to those for which

the kinematic fit without truth-match found at least one solution. Also visible is

the output of the (tt̄H, tt̄bb̄) Kolmogorov-Smirnov (K-S) test.

• Figure 37 shows 2 examples of observables of the type f(θ123
1 )g(θ3

4) without

α-β assignment;

• Figure 38 shows 2 examples of observables of the type f(θ23
3 )g(θ3

4) without

α-β assignment;

• Figure 39 shows 2 examples of observables of the type f(θ123
1 )g(θ3

4) with α-β

assignment;

• Figure 40 shows 2 examples of observables of the type f(θ23
3 )g(θ3

4) with α-β

assignment.

116



)b(t)
tθ)cos(H

Httθx = sin(

1− 0.5− 0 0.5 1

dxdn

0.05

0.1

0.15
 = 13 TeVspp @ 

MadGraph5_aMC@NLO
Htt Att bbtt

Parton level
) =bbtH, ttK-S test (t 0.213

)W-
tθ)sin(H

Httθx = sin(

0 0.2 0.4 0.6 0.8 1

dxdn

0.01

0.02

0.03

0.04
 = 13 TeVspp @ 

MadGraph5_aMC@NLO
Htt Att bbtt

Parton level
) =bbtH, ttK-S test (t 0.201

)b(t)
tθ)cos(H

Httθx = sin(

1− 0.5− 0 0.5 1

dxdn

0.05

0.1

0.15  = 13 TeVspp @ 
MadGraph5_aMC@NLO

Htt Att bbtt

Rec. w/ truth-match
) =bbtH, ttK-S test (t 0.111

)W-
tθ)sin(H

Httθx = sin(

0 0.2 0.4 0.6 0.8 1

dxdn

0.01

0.02

0.03

 = 13 TeVspp @ 
MadGraph5_aMC@NLO

Htt Att bbtt

Rec. w/ truth-match
) =bbtH, ttK-S test (t 0.103

)b(t)
tθ)cos(H

Httθx = sin(

1− 0.5− 0 0.5 1

dxdn

0.02

0.04

0.06

0.08

0.1

0.12

 = 13 TeVspp @ 
MadGraph5_aMC@NLO

Htt Att bbtt

Rec. w/o truth-match
) =bbtH, ttK-S test (t 0.131

)W-
tθ)sin(H

Httθx = sin(

0 0.2 0.4 0.6 0.8 1

dxdn

0.01

0.02

0.03
 = 13 TeVspp @ 

MadGraph5_aMC@NLO
Htt Att bbtt

Rec. w/o truth-match
) =bbtH, ttK-S test (t 0.122

Figure 37: Two examples of observables of the type f(θ123
1 )g(θ3

4), without α-β assignment, that performed well in the K-S test between
tt̄H and tt̄bb̄ samples. Distributions are shown for tt̄H, tt̄bb̄ and tt̄A events, at parton level (top), reconstruction level with truth-match

(middle) and reconstruction level without truth-match (bottom). Left: sin(θtt̄HH ) cos(θt̄bt ). Right: sin(θtt̄HH ) sin(θt̄
W− ).

117



)l-
Hθ)sin(H

tHθx = sin(

0 0.2 0.4 0.6 0.8 1

dxdn

0.02

0.04

0.06

0.08

0.1
 = 13 TeVspp @ 

MadGraph5_aMC@NLO
Htt Att bbtt

Parton level
) =bbtH, ttK-S test (t 0.414

)W+
Hθ)cos(H

tHθx = cos(
1− 0.5− 0 0.5 1

dxdn

0.01

0.02

0.03

 = 13 TeVspp @ 
MadGraph5_aMC@NLO

Htt Att bbtt

Parton level
) =bbtH, ttK-S test (t 0.18

)l-
Hθ)sin(H

tHθx = sin(

0 0.2 0.4 0.6 0.8 1

dxdn

0.01

0.02

0.03

 = 13 TeVspp @ 
MadGraph5_aMC@NLO

Htt Att bbtt

Rec. w/ truth-match
) =bbtH, ttK-S test (t 0.177

)W+
Hθ)cos(H

tHθx = cos(
1− 0.5− 0 0.5 1

dxdn

0.01

0.02

0.03

0.04
 = 13 TeVspp @ 

MadGraph5_aMC@NLO
Htt Att bbtt

Rec. w/ truth-match
) =bbtH, ttK-S test (t 0.118

)l-
Hθ)sin(H

tHθx = sin(

0 0.2 0.4 0.6 0.8 1

dxdn

0.01

0.02

0.03  = 13 TeVspp @ 
MadGraph5_aMC@NLO

Htt Att bbtt

Rec. w/o truth-match
) =bbtH, ttK-S test (t 0.0852

)W+
Hθ)cos(H

tHθx = cos(
1− 0.5− 0 0.5 1

dxdn

0.01

0.02

0.03

0.04
 = 13 TeVspp @ 

MadGraph5_aMC@NLO
Htt Att bbtt

Rec. w/o truth-match
) =bbtH, ttK-S test (t 0.0816

Figure 38: Two examples of observables of the type f(θ23
3 )g(θ3

4), without α-β assignment, that performed well in the K-S test between
tt̄H and tt̄bb̄ samples. Distributions are shown for tt̄H, tt̄bb̄ and tt̄A events, at parton level (top), reconstruction level with truth-match

(middle) and reconstruction level without truth-match (bottom). Left: sin(θtHH ) sin(θH
`−

). Right: cos(θtHH ) cos(θH
W+ ).
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Figure 39: Two examples of observables of the type f(θ123
1 )g(θ3

4), with α-β assignment, that performed well in the K-S test between tt̄H
and tt̄bb̄ samples. Distributions are shown for tt̄H, tt̄bb̄ and tt̄A events, at parton level (top), reconstruction level with truth-match

(middle) and reconstruction level without truth-match (bottom). Left: sin(θtt̄HH ) cos(θ
tβ
Wα

). Right: sin(θtt̄HH ) cos(θ
tβ
b̄H
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Figure 40: Two examples of observables of the type f(θ23
3 )g(θ3

4), with α-β assignment, that performed well in the K-S test between tt̄H
and tt̄bb̄ samples. Distributions are shown for tt̄H, tt̄bb̄ and tt̄A events, at parton level (top), reconstruction level with truth-match

(middle) and reconstruction level without truth-match (bottom). Left: sin(θtαHH ) sin(θHWβ
). Right: cos(θtαHH ) cos(θH`α ).
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From the set of 960 new angular observables, many were found to exhibit

good discriminating power between signal and background. In spite of the already

mentioned correlations within this set, the selection represented above demon-

strates that at least a few distinct families of distributions arise, with good signal-

background discrimination and reasonable independence with respect to the CP

nature of the Higgs boson. The angular observables with the best Kolmogorov-

Smirnov test results yield values larger than 0.12 in that test.

4.1.2 Analyses at
√
s = 13 TeV using TMVA

Signal and background (tt̄bb̄ only) distributions of the variables in each set used

for the multivariate analyses are shown in the following figures. The distributions

shown were produced after the signal-region cuts. The ‘ATLAS’ and ‘Angular’ sets

were used with all events reconstructed successfully without truth-match. On the

other hand, the ‘Truth-matched angular’ set can only be used with events recon-

structed successfully with truth-match, which results in a much smaller sample.

• Figure 41 shows distributions for the variables in the ‘ATLAS’ set, defined

in table 12;

• Figure 42 shows distributions for the variables in the ‘Angular’ set and their

definition;

• Figure 43 shows distributions for the variables in the ‘Truth-matched angu-

lar’ set.
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Figure 41: Signal and background (tt̄bb̄ only) distributions for the observables in the ‘ATLAS’ set.
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Figure 42: Signal and background (tt̄bb̄ only) distributions for the observables in the ‘Angular’ set.
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Figure 43: Signal and background (tt̄bb̄ only) distributions for the observables in the ‘Truth-matched angular’ set.

1: sin(θtt̄Htβ ) sin(θHWβ
) 2: sin(θtt̄HH ) cos(θt

W− ) 3: sin(θtt̄Htβ ) sin(θHWα )

4: cos(θ
Htβ
tβ

) sin(θ
tβ
b̄H

) 5: cos(θ
Htβ
tβ

) sin(θ
tβ
bH

) 6: sin(θtt̄Htβ ) sin(θHbH
)

7: sin(θtt̄HH ) cos(θtαbH
) 8: sin(θtt̄HH ) cos(θt̄bH

) 9: sin(θtt̄Ht ) sin(θt̄
b̄H

)

10: sin(θtt̄H
t̄

) sin(θtbH
) 11: sin(θtt̄H

t̄
) sin(θt

b̄H
) 12: sin(θtt̄HH ) cos(θt̄

b̄H
)

13: sin(θtt̄Htα ) sin(θHbβ
) 14: mbb̄ 15: θH

W+

124



The procedure for constructing the ‘Angular’ set showed that a large number

of discriminant observables can be chosen while requiring that correlations are not

too high between any two of them, at least up to linear order. The comparison

between distributions from the ‘ATLAS’ set in figure 41, and the ‘Angular’ set in

figure 42, leads to the conclusion that most of the individual angular observables

used show greater separation of tt̄H and tt̄bb̄ than the best observables in the

‘ATLAS’ set, with the exception of the first ‘ATLAS’ variable, ∆ηmax ∆η
jj .

The TMVA package provides information about the correlation between pairs

of variables. Figure 44 shows the linear correlation coefficients (in %) between

every pair of variables in the comprehensive set, for signal and background events.

The ‘Angular’ set was built under the condition that these coefficients must be

< 60% in signal events. Although in background (tt̄bb̄ only) events some pairs

of variables exceed this value, the majority of correlation coefficients within the

‘Angular’ set are not large. The same is true within the ‘ATLAS’ set. Even pairs

resulting from picking one variable from each set result in small correlations, which

is remarkable, considering that the sets were constructed independently.
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Figure 44: Linear correlation coefficients between every pair of variables in the comprehensive (‘Angular’+‘ATLAS’) set. Top: Signal
events. Bottom: Background (tt̄bb̄ only) events. The subsets were built independently in such a way that high correlations between

variables are avoided within each one of them. Remarkably, the resulting correlation coefficients between variables of one subset and the
other are also small.
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In the multivariate analyses implemented, a fraction of the events in each sam-

ple is used as the training sample and the remaining events are used as the test

sample. The training samples serve as input for the multivariate method to find,

within the multidimensional space of the variables used, the features that better

discriminate between signal and background. The phenomenon of overtraining is

said to occur whenever the multivariate method ‘picks up’ features of the training

sample that are not actually a feature of the global process. Overtraining results

in worse discrimination performance of the analysis and can be diagnosed if the

discrimination in the training sample is much better than the discrimination in the

test sample. In order to avoid overtraining, the number of events in the training

sample must be larger for analyses with a larger number of variables.

The result of a TMVA-based analysis is a discriminant variable for each one

of the methods enabled. Then, events can be selected as signal or background by

cutting on the obtained variable. Alternatively, the distributions of the discrimi-

nant variable could be used to perform a fit to data, allowing the extraction of a

signal. In the case of a selection cut, the choice of the particular value where the

cut is performed results in a certain signal efficiency ε and a certain background

rejection rate r.

In order to compare the different methods and different analyses, the cut-values

can be hidden altogether, and the background rejection rate can be plotted as a

function of the signal efficiency. The TMVA package outputs such a plot for

each one of the methods enabled in a multivariate analysis. In general terms, a

discriminant variable is better if the area below the r(ε) curve is larger.

The following figures show the r(ε) curves from the four analyses performed,

and the distribution of the best discriminant variable in each one. For all the

analyses, the best dicriminant method was one of the BDT methods. These dis-

tributions show both the training sample and the test sample, in order to monitor

the possibility of overtraining.

• Figure 45 shows the r(ε) curves and the best BDT discriminant distribution

for the analysis using the ‘ATLAS’ variable set;

• Figure 46 shows the r(ε) curves and the best BDT discriminant distribution

for the analysis using the ‘Angular’ variable set;
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Figure 45: Results of the TMVA analysis with the ‘ATLAS’ set of variables. Left: r(ε) curve. Right:
Distribution of the discriminant from one of the BDT methods with best results.
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Figure 46: Results of the TMVA analysis with the ‘Angular’ set of variables. Left: r(ε) curve. Right:
Distribution of the discriminant from one of the BDT methods with best results.

• Figure 47 shows the r(ε) curves and the best BDT discriminant distribution

for the analysis using the ‘Truth-matched angular’ variable set;

• Figure 48 shows the r(ε) curves and the best BDT discriminant distribution

for the analysis using the comprehensive set of variables.

• Figure 49 shows the r(ε) curves and the best BDT discriminant distribu-

tion for the validation analysis, which was run on the full set of generated

backgrounds, using the comprehensive set of variables.

The better discrimination visible in the individual variables of the ‘Angular’

set with respect to the ones in the ‘ATLAS’ set does not seem to be reflected

in the results of the multivariate analyses. The analysis using the ‘Angular’ set
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Figure 47: Results of the TMVA analysis with the ‘Truth-matched angular’ set of variables. Left: r(ε) curve.
Right: Distribution of the discriminant from one of the BDT methods with best results.
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Figure 48: Results of the TMVA analysis with the comprehensive set of variables. Left: r(ε) curve. Right:
Distribution of the discriminant from one of the BDT methods with best results.
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Figure 49: Results of the TMVA analysis performed on a full set of backgrounds, with the comprehensive set of
variables. The choice of primarily focusing on the tt̄bb̄ background alone is validated by these results. Left: r(ε)

curve. Right: Distribution of the discriminant from one of the BDT methods with best results.
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alone performed slightly worse than the analysis using the ‘ATLAS’ set alone.

With the two sets combined into one comprehensive set, some improvement in

the performance of the analysis is visible, comparatively to using the ‘ATLAS’

set alone. One straightforward conclusion is that the ‘ATLAS’ set of observables

contains more discriminating information than the ‘Angular’ set, which can be

explained from the correlations within the ‘Angular’ set, which are generally larger

than within the ‘ATLAS’ set.

Given these results, the very slight improvement in the analysis performance

from including the angular observables should be put in perspective, with a com-

ment regarding the difficulty in extracting a signal in the addressed channel. On

the left side of figure 34, the signal-to-background ratio (S/B) and signal signif-

icance (S/
√
B, where

√
B is the typical size of background-only statistical fluc-

tuations) are shown for the different regions considered in the ATLAS analysis.

For both the signal-rich regions, the signal significance is close to 0.4. Since this

significance scales as
√
L, where L is the integrated luminosity, the observation of

a tt̄H signal in each of these regions with enough significance to claim a discov-

ery (5σ) would require ∼ (5/0.4)2 ∼ 150 times more data than that collected at
√
s = 8 TeV during the LHC Run 1. This number reveals the difficulty of this

search, the necessity of combining analyses of different decay channels, and also

the importance of a gain in signal significance, even if a small one.

For this TMVA study, only events with at least one kinematic fit solution were

considered. This requirement is in fact an additional cut, and must be considered

together with the information in the r(ε) curve. At least one solution is found for

74% of signal events, and for 69% of background (tt̄bb̄ only) events, resulting in

a 7.2% gain in signal-to-background ratio from making this requirement. While

the computation of the new angular observables requires a successful kinematic fit,

this is not the case for the ATLAS variables. If it is assumed that the performance

of the ATLAS analysis is the same for the events rejected by this selection, paying

the efficiency price may or may not be desirable, even though only 26% of signal

events are lost. Selecting events with a kinematic fit solution is interesting because

it provides access to many observables that are not otherwise available. The loss

in efficiency must then be weighted against three advantages: the 7.2% gain in

signal-to-background ratio from selecting events with at least one kinematic fit
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solution; the possible gain in signal sensitivity from the otherwise unavailable

observables (which, at the moment, is not yet significant, as can be concluded

from comparing the TMVA runs using the ‘ATLAS’ set and the comprehensive

set); and the physics results that can be extracted from new observables besides

the signal yield, for example regarding the CP nature of the Higgs boson.

One possible explanation for the superior performance of the ‘ATLAS’ set is

that its discrimination ability cannot be estimated from the discrimination of the

individual distributions. Indeed, the procedure used by ATLAS for choosing the

variables on which the
√
s = 8 TeV analysis relied, was simply to let the mul-

tivariate method itself rank the variables. This led to a set of variables which

is intrinsically multivariate, so it is possible that important discriminant features

arise only in higher-dimensional distributions. On the other hand, the variables in

the ‘Angular’ set were picked one by one, considering only the individual K-S test

results and that linear correlation coefficients in signal events were not too large

(≥ 60%).

Considering this interpretation, a different method for constructing a set of

angular observables to be used in the multivariate analysis is in order. The most

obvious one would be to let the multivariate tool rank the best observables among

all the ones available, including angular observables and the observables in the

‘ATLAS’ set. The ranking procedure is expected to avoid unwanted correlations

and may find discrimination in combinations of observables, that would not qualify

as good discriminants if they were classified individually.

Reconstructing the tt̄ system enables the definition of new observables, that

may be necessary to obtain better signal-background discrimination. Angular

observables show some potential for this purpose, as can be seen in the results

of the TMVA analysis using the ‘Truth-matched angular’ set, in figure 47. This

set yields much better signal-background discrimination than any other of the

sets used. Since they are defined with truth-matched objects, the variables in the

‘Truth-matched angular’ set are the same as the ones in the ‘Angular’ set, given

that the jet assignment is done correctly at the reconstruction level without truth-

match. In other words, the result of the TMVA analysis using the ‘Truth-matched

angular’ set represents the potential gain in discrimination using the ‘Angular’ set

alone, if the combinatorial background could be entirely removed.
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Table 14: Expected number of events passing the signal-rich region cuts in 20 fb−1 of data, for the different
generated backgrounds. Cross-sections used to obtain these numbers are the same as in table 6. Uncertainties

are statistical only.

Process N (signal-rich region)

tt̄H (SM) 6.34± 0.04

tt̄bb̄ 68.3± 0.8
tt̄+ jets 115± 6
tt̄V + jets 2.19± 0.15

Single t 2.48± 1.24

Total 194± 6

Completely avoiding combinatorial background is virtually impossible in a pro-

cess with several jets from different sources in the final state. However, it appears

from these results that even a partial reduction of wrong jet assignments could

significantly improve the performance of the ‘Angular’ set, and consequently the

performance of a comprehensive analysis.

The TMVA run in which a full set of backgrounds was used (figure 49) per-

formed better than the run with tt̄bb̄ as the only background (figure 48). This

is expected from the irreducible nature of the tt̄bb̄ background. Since tt̄bb̄ is the

most signal-like background, any additional background component will be easier

to discriminate from the signal. This result validates the initial choice of focusing

on the discrimination between tt̄H and tt̄bb̄. In table 14, the expected number

of events surviving the signal-rich region cuts (≥ 4j,≥ 3b, |m`` −mZ | > 10 GeV)

and the requirement of a kinematic fit solution are shown, for the SM tt̄H signal

and for the generated SM backgrounds, in the case of a data sample with 20 fb−1

of integrated luminosity. The cross-sections used for obtaining the numbers are

the ones in table 6. The background processes W + jets, Wbb̄ + jets, Z + jets,

Zbb̄ + jets and V V (V = W,Z) are not represented since they yielded 0 events

after the selection.

Distributions of ‘fake’ data were generated using distributions of the full SM

simulation (signal plus background) as the p.d.f.s for the random generation, and
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the total number of generated ‘fake’ entries corresponds to the expected number

of total SM (signal plus background) events in 20 fb−1 of data. In figure 50,

four such distributions are shown, with the ‘fake’ data distributions overlapped

with the different backgrounds. The purpose of these distributions is to illustrate

the expected data distributions after a 20 fb−1 data-taking at the LHC, and the

difficulty in extracting a signal from such a sample.
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Figure 50: Distributions of angular observables and reconstructed mass of the Higgs candidate (bb̄ system) for the different samples
generated, compared with the generated ‘fake’ data distributions. Number of events were obtained after the signal-rich region cuts, and

considering an integrated luminosity of 20 fb−1.
Top left: sin(θtt̄HH ) cos(θt̄bt ) (same observable as on the left side of figure 37).

Top right: sin(θtt̄HH ) cos(θ
tβ
b̄H

) (same observable as on the right side of figure 39).

Bottom left: sin(θtt̄Htβ ) sin(θHWβ
) (same observable as on the right side of figure 54).

Bottom right: mbb̄ (same observable as on the bottom right plot of figure 27).
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4.2 Testing the CP nature of the Higgs boson

4.2.1 Angular observables from θXY angles

The Kolmogorov-Smirnov test was applied to all angular observables, compar-

ing the tt̄H and tt̄A samples, at reconstruction level without truth-match. A good

discriminant between the CP-even and CP-odd Higgs production should be robust

with respect to background fluctuations, since the background dominates the total

number of events in a data analysis of this channel.

The result of a search for a possible CP-odd Higgs component could be ex-

pressed as an upper limit to the ratio between tt̄A and tt̄H production. For

the estimation of this ratio to remain as constant as possible with respect to back-

ground fluctuations, the tt̄bb̄ overlaps with tt̄H and tt̄A should be small and similar

to each other. Such a discriminant could be used in a measurement of the CP-odd

component of the Higgs boson, complemented with observables exhibiting good

signal-background discrimination, independently of the Higgs CP nature (such as

the ones described in section 4.1.1). The latter would fix the signal-to-background

ratio model-independently, and the first would fix the tt̄H-to-tt̄A ratio. For this

reason, distributions of tt̄bb̄ events are also shown in the figures below.

Angular observables of the type f(θ23
3 )g(θ3

4) exhibit poor discrimination of tt̄H

and tt̄A events. Therefore, unlike in section 4.1.1, only two categories of observ-

ables are considered. Four examples of distributions among the best classified ones

in each category are represented in the following figures. Distributions are shown

at parton level and at reconstruction level, with and without truth-match. Only

events which were eventually reconstructed without truth-match are considered

for the distributions at parton-level. Also visible is the output of the Kolmogorov-

Smirnov test between tt̄H and tt̄A samples.

• Figures 51 and 52 show 4 examples of observables of the type f(θ123
1 )g(θ3

4)

without α-β assignment;

• Figures 53 and 54 show 4 examples of observables of the type f(θ123
1 )g(θ3

4)

with α-β assignment;
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Figure 51: Two examples of observables of the type f(θ123
1 )g(θ3

4), without α-β assignment, that performed well in the K-S test between
tt̄H and tt̄A samples. Distributions are shown for tt̄H, tt̄bb̄ and tt̄A events, at parton level (top), reconstruction level with truth-match

(middle) and reconstruction level without truth-match (bottom). Left: sin(θtt̄Ht ) sin(θH
W− ). Right: sin(θtt̄Ht ) sin(θHbH

).
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Figure 52: Two examples of observables of the type f(θ123
1 )g(θ3

4), without α-β assignment, that performed well in the K-S test between
tt̄H and tt̄A samples. Distributions are shown for tt̄H, tt̄bb̄ and tt̄A events, at parton level (top), reconstruction level with truth-match

(middle) and reconstruction level without truth-match (bottom). Left: sin(θtt̄H
t̄

) sin(θH
`−

). Right: sin(θtt̄H
t̄

) cos(θH
W+ ).
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Figure 53: Two examples of observables of the type f(θ123
1 )g(θ3

4), with α-β assignment, that performed well in the K-S test between tt̄H
and tt̄A samples. Distributions are shown for tt̄H, tt̄bb̄ and tt̄A events, at parton level (top), reconstruction level with truth-match

(middle) and reconstruction level without truth-match (bottom). Left: sin(θtt̄Htβ ) sin(θHWα ). Right: sin(θtt̄Htα ) sin(θH`β
).
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Figure 54: Two examples of observables of the type f(θ123
1 )g(θ3

4), with α-β assignment, that performed well in the K-S test between tt̄H
and tt̄A samples. Distributions are shown for tt̄H, tt̄bb̄ and tt̄A events, at parton level (top), reconstruction level with truth-match

(middle) and reconstruction level without truth-match (bottom). Left: sin(θtt̄Htβ ) sin(θHbH
). Right: sin(θtt̄Htβ ) sin(θHWβ

).
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4.2.2 Observables from the literature review

All the observables described in section 3.7 were studied. In the following fig-

ures, the distributions of tt̄H, tt̄A and tt̄bb̄ samples are shown for each observable,

at parton level and at reconstruction level, with and without truth-match. When

available, the distributions originally published along with the proposal of the cor-

responding observable are also shown. Such distributions should be compared to

the replicated parton-level distributions, since they don’t include detection and re-

construction inefficiencies. Even at parton-level, the distributions are not expected

to be equivalent, because the replicated distributions include the selection cuts de-

scribed in section 3.4.1, unlike the originally proposed ones. The distributions at

reconstruction level without truth-match demonstrate the expected discrimination

between tt̄H and tt̄A events under experimental conditions.

• Figure 55 shows distributions of cos[θ(`+, `−)], including the originally pub-

lished distributions [63];

• Figures 56, 57 and 58 show distributions of ∆φtt̄(`+, `−), ∆φH(`+, `−) and

∆φ(t, t̄), respectively, including the originally published distributions [65];

• Figure 59 shows distributions of β ·θ⊥H(`+, `−) and β′ ·θ⊥H(`+, `−), including

the originally published distribution of β · θ⊥H(`+, `−) [14];

• Figures 60, 61 and 62 show distributions of the a1, a2, b1, b2, b3 and b4

observables proposed in [64].
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Figure 55: Distributions of cos[θ(`+, `−)]. Top left: Histograms published in [63], in which the observable is proposed as a discriminant.
Top right: Distributions replicated in the present work at parton level, not only for tt̄H and tt̄A samples, but also for tt̄bb̄. There is
reasonable agreement between the histograms. Bottom left: Same distributions at reconstruction level with truth-match. Bottom

right: Same distributions at reconstruction level without truth-match.
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Figure 56: Distributions of ∆φtt̄(`+, `−). Top left: Histograms published in [65], in which the observable is proposed as a discriminant
(a is the scalar component of the Higgs boson, and b is the pseudoscalar component). Top right: Distributions replicated in the present
work at parton level, not only for tt̄H and tt̄A samples, but also for tt̄bb̄. The agreement between the histograms is good. Bottom left:

Same distributions at reconstruction level with truth-match. Bottom right: At reconstruction level without truth-match, where a
significant distortion of the original shapes of the histograms is visible.
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Figure 57: Distributions of ∆φH(`+, `−). Top left: Histograms published in [65], in which the observable is proposed as a discriminant
(a is the scalar component of the Higgs boson, and b is the pseudoscalar component). Top right: Distributions replicated in the present

work at parton level, not only for tt̄H and tt̄A samples, but also for tt̄bb̄. There is good agreement between the histograms. Bottom
left: Same distributions at reconstruction level with truth-match. Bottom right: Same distributions at reconstruction level without

truth-match.
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Figure 58: Distributions of ∆φ(t, t̄). Top left: Histograms published in [65], in which the observable is proposed as a discriminant (a is
the scalar component of the Higgs boson, and b is the pseudoscalar component). Top right: Distributions replicated in the present work

at parton level, not only for tt̄H and tt̄A samples, but also for tt̄bb̄. There is good agreement between the histograms. Bottom left:
Same distributions at reconstruction level with truth-match. Bottom right: At reconstruction level without truth-match, the

distribution of the tt̄A sample is distorted and there is a significant loss of discrimination.
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Figure 59: Distributions of β · θ⊥H(`+, `−) (left) and β′ · θ⊥H(`+, `−) (right). Top: Distributions published in [14], in which the
observable is proposed as a discriminant (a is the scalar component of the Higgs boson, and b is the pseudoscalar component). It was

suggested that both β · θ⊥H(`+, `−) and β′ · θ⊥H(`+, `−) should have similar distributions. Upper middle: Distributions replicated in
the present work at parton level, not only for tt̄H and tt̄A samples, but also for tt̄bb̄. The application of selection cuts significantly

distorts the distributions, but the tt̄H and tt̄A discrimination is present. Lower middle: Same distributions at reconstruction level with
truth-match. Bottom: Reconstruction level without truth-match, at which the observables keep some degree of discrimination.
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Figure 60: Distributions of a1 (left) and a2 (right), proposed as discriminants in [64]. In that proposal, there is no prediction of
distribution shapes. Top: Distributions replicated in the present work at parton level, for tt̄H, tt̄A and tt̄bb̄ samples. Middle: Same

distributions at reconstruction level with truth-match. Bottom: Reconstruction level without truth-match.
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Figure 61: Distributions of b1 (left) and b2 (right), proposed as discriminants in [64]. In that proposal, there is no prediction of
distribution shapes. Top: Distributions replicated in the present work at parton level, for tt̄H, tt̄A and tt̄bb̄ samples. Middle: Same

distributions at reconstruction level with truth-match. Bottom: Reconstruction level without truth-match.
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Figure 62: Distributions of b3 (left) and b4 (right), proposed as discriminants in [64]. In that proposal, there is no prediction of
distribution shapes. Top: Distributions replicated in the present work at parton level, for tt̄H, tt̄A and tt̄bb̄ samples. Middle: Same

distributions at reconstruction level with truth-match. Bottom: Reconstruction level without truth-match. The b4 observable preserves
impressive discrimination even after the detection and reconstruction process.
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Among the observables collected in the literature review, only a handful can

be expected to preserve significant discrimination in experimental context. This

is the case of ∆φH(`+, `−) (figure 57) and ∆φ(t, t̄) (figure 58) from [65] and b1,

b2 (figure 61) and b4 (figure 62) from [64]. These observables retain considerable

discrimination between tt̄H and tt̄A at reconstruction level without truth match.

The distribution of b4, in particular, exhibits the largest asymmetry difference

among all the tested observables, including the angular observables. The K-S test

between tt̄H and tt̄A samples yields a result of 0.157 for this distribution. The K-S

test result is not impressive neither for ∆φH(`+, `−) nor ∆φ(t, t̄). However, the

difference in distribution shapes is visible, and the K-S test used systematically

underestimates the statistical incompatibility in symmetrical distributions such as

these.

The definition of b1 is b1 =
~pT t· ~pT t
pT tpT t

, which is equal to cos(∆φ(t, t)). The observ-

able b2 has a similar definition to b1, except that the denominator is replaced by

the product of the total momenta ptpt̄. The azimuthal angle difference between the

leptons (in the Higgs boson rest frame), ∆φH(`+, `−), is expected to be correlated

to the azimuthal angle difference between the top quarks, ∆φ(t, t). With these

remarks, a relation is established between four out of the five most interesting

reviewed observables. In terms of physical intuition, their respective distributions

state the fact that, in tt̄A production, t and t̄ directions tend to be closer in the

transverse plane than in tt̄H production. On the other hand, the distributions of

b4, defined as b4 =
pzt p

z
t

ptpt
, can be understood as stating that, in tt̄A production, the

t and t̄ often travel to opposite directions with respect to the beam axis, whereas

in tt̄H events, they tend to travel both to the z > 0 or both to the z < 0 region.

When compared to the observables from the literature review, the new angular

observables show remarkable discrimination between the two Higgs CP scenarios

considered. Some of the best discriminating observables yield K-S test results

above 0.12 and a few distinct distribution shapes are obtained. However, since

the observables from the literature are themselves constructed mostly using angles

between particle directions, they are likely to be correlated to the new angular

observables. If a data analysis were to be implemented with the intent of measuring

the CP-odd component of the Higgs boson, the choice of the observables to be

used should take these correlations in consideration. It should also be stressed
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that the most discriminating observables among the ones studied, and notably b4,

require reconstruction of the tt̄ system, which makes this procedure of particular

importance for this kind of searches.

The most discriminating new angular observables, both in signal-background

and scalar-pseudoscalar tests, are observables defined using the α-β assignment.

Furthermore, some of the distribution shapes obtained are evidently different from

the distributions of observables without this assignment. This method succeeds in

identifying the Higgs-radiating top quark in 57% of events reconstructed without

truth-match, in which the Higgs actually is radiated by t or t̄. Although this is

not a very high rate, when truth-matched objects are used, the correct assignment

increases to 70%, which motivates the belief that α-β assignment may lead to even

more discriminating observables if one is successful in reducing the combinatorial

background.
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5 Conclusions and outlook

In summary, the work presented here tries to convey the message that full

reconstruction of the tt̄ system in searches for tt̄H production, with H decay-

ing through H → bb̄ and the tt̄ system decaying dileptonically, should not be

overlooked. It opens countless possibilities for construction of new observables,

otherwise inaccessible. Angular observables, in particular, demonstrate interest-

ing signal-background discrimination and sensitivity to the CP nature of the Higgs

boson. The combinatorial background arising from the 4 jets (at least) in the fi-

nal state is a high price to pay, but the results of this study suggest that what

is gained using the new observables may be worth this price. They also indicate

where future work would be beneficial: the development of techniques to sup-

press combinatorial background and to improve reconstruction purity could lead

to increased performance of this analysis method.

Some strategies for reducing combinatorial background that should be used

in the future have already been pointed out. The results of b-tagging algorithms

can be studied separately for b-jets coming from the t, t̄ and H decay, as well as

for jets from other sources (QCD or underlying event, for example). A similar

study can take place with respect to the charge identification of jets. Exploiting

the kinematics of the top quark decay, it is possible that constraints between the

resulting lepton and b-jet provide additional rejection of wrong jet assignments.

The correlation between θ`b and p`b, shown in figure 3.4.4, is an example of such a

constraint, and could be used either to implement a selection cut or serve as input

for calculating the likelihood of a given jet assignment.

Simply applying selection cuts to the result of these individual methods could

compromise the overall efficiency of the analysis. Alternatively, they could be used

as input for calculating a likelihood for each of the possible jet assignments, in a

similar way to what is done with the use of p.d.f.s. Another possibility would

be to train a multivariate analysis, combining information from all methods, to

distinguish between correct and incorrect jet assignments.

So far, the kinematic fit itself stands as the best tool for reducing the combina-

torial background. It requires that the neutrino and anti-neutrino are consistent

with the reconstructed missing transverse energy, that intermediate particles are
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reconstructed with the desired masses, and that the neutrino and anti-neutrino

pT p.d.f.s obtained from generated events are respected. This recipe is mainly re-

sponsible for the 33% rate of correct 4-jet assignments in events with at least one

solution with truth-match. Although this rate is not likely to impress, it should

be reminded that a completely random choice of jet assignment will be correct

1/12 ' 8.3% of the time in events with 4 jets and merely 1/180 ' 0.56% of the

time in events with 6 jets. Relative to this ‘blind’ choice, the kinematic fit increases

the rate of correct jet assignment by a factor somewhere between 4 and 60.

It has been made clear that the reconstruction routine presented here, as well

as the choice of angular observables, can benefit from numerous improvements in

the future. Nevertheless, the step that immediately will follow the work discussed

here, ideally in parallel with the mentioned improvements, is the implementation

of the developed tools in a search for tt̄H production, in a data analysis of LHC

Run 2 pp collisions at
√
s = 13 TeV. The goal is to perform this implementa-

tion in the context of the ATLAS experiment, complementing the existing Run 1

analysis with the reconstruction routine and with a selection of angular observ-

ables. Furthermore, the search should be extended to include a measurement of

the pseudoscalar component of the Higgs boson.

Analogously to the ATLAS search in Run 1, the decay channel of tt̄H in which

the Higgs boson decays through H → bb̄ and the tt̄ system decays semileptonically

must also be addressed. The branching ratio for this channel is approximately four

times larger than for the dileptonic mode. However, the final state with a single

lepton and 6 jets is more contaminated by background processes, and more prone

to combinatorial background when attempting the reconstruction.

Moving from a phenomenological study into a data analysis meeting the stan-

dards of a large collaboration such as ATLAS greatly increases the complexity of

the work involved. There is the requirement of using event samples in which a

full simulation of the detector has been performed (instead of a fast simulation,

as in Delphes). Exhaustive studies of the systematic uncertainties must also

take place. The simulated events must be reweighted to correct for inaccuracies of

the background modelling or inefficiencies and resolution effects of the detectors.

Regarding the data samples, the trigger options must be chosen appropriately,

depending on the final state of the physical process being studied. In this case,
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electron and muon triggers should be used. Additional selection cuts must be

applied to ensure good working conditions of the detector, good object reconstruc-

tion, good lepton isolation, among other quality cuts. In such a data analysis,

the amount of details requiring consideration can pose a challenge. Nevertheless,

the possibility of working by analogy to a previously existing analysis of the same

physical process surely makes the process less overwhelming.

The results of the work presented here demonstrate some advantages and diffi-

culties of reconstructing the tt̄ system in tt̄H events, with H → bb̄ and tt̄ decaying

dileptonically. From the discrimination obtained between signal and background

using the angular observables proposed, and considering the wide room for im-

provement regarding the combinatorial background, a reconstruction procedure

should not be readily discarded in any tt̄H search through this decay channel.

The discrimination between tt̄H and tt̄A samples, obtained with the new observ-

ables, is similar to that of the best discriminants found in the literature, which in

their turn also require reconstruction of the tt̄ system.

During the LHC Run 2, tt̄H events are being produced at a higher rate than

ever before. Careful analysis of these events during the next few years will result

in the most stringent direct measurements of the top quark Yukawa coupling, and

in measurements of the pseudoscalar component of the Higgs boson. This single

process may be crucial for validating the SM as the ruling theory in particle physics,

by finding the top quark Yukawa coupling to be just as predicted from the Higgs

mechanism, and by setting smaller and smaller upper limits on the pseudoscalar

Higgs component. If, however, the SM fails this validation, then the same physical

process can become the experimental starting point for models of new physics in

the Higgs sector. Either of these scenarios is a motivation for the work in tt̄H

searches and a reason for great excitement.

153



154



6 Bibliography
[1] Peter W. Higgs. Broken symmetries, massless particles and gauge bosons. Phys. Lett., (12):132, 1964. URL

http://dx.doi.org/10.1016/0031-9163(64)91136-9.

[2] P.W. Higgs. Broken symmetries and the masses of gauge bosons. Phys. Rev. Lett., (13):508, 1964. URL

http://dx.doi.org/10.1103/PhysRevLett.13.508.

[3] P.W. Higgs. Spontaneous symmetry breakdown without massless bosons. Phys. Rev., (145):1156, 1966. URL

http://dx.doi.org/10.1103/PhysRev.145.1156.

[4] F. Englert and R. Brout. Broken symmetry and the mass of gauge vector mesons. Phys. Rev. Lett., (13):

321, 1964. URL http://dx.doi.org/10.1103/PhysRevLett.13.321.

[5] G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble. Global conservation laws and massless particles. Phys.

Rev. Lett., (13):585, 1964. URL http://dx.doi.org/10.1103/PhysRevLett.13.585.

[6] T. W. B. Kibble. Symmetry breaking in non-Abelian gauge theories. Phys. Rev., (155):1554, 1967. URL

http://dx.doi.org/10.1103/PhysRev.155.1554.

[7] Lyndon Evans and Philip Bryant. LHC Macchine. JINST, (3):S08001, 2008. URL http://dx.doi.org/10.

1088/1748-0221/3/08/S08001.

[8] CDF Collaboration. Observation of top quark production in p̄p collisions with the collider detector at

Fermilab. Phys. Rev. Lett., (74):2626, 1995. URL http://dx.doi.org/10.1103/PhysRevLett.74.2626.

[9] D∅ Collaboration. Observation of the top quark. Phys. Rev. Lett., (74):2632, 1995. URL http://dx.doi.

org/10.1103/PhysRevLett.74.2632.

[10] The ATLAS Collaboration. Observation of a new particle in the search for the Standard Model Higgs boson

with the ATLAS detector at the LHC. Phys. Lett. B, (716):1, 2012. URL http://dx.doi.org/10.1016/j.

physletb.2012.08.020.

[11] CMS Collaboration. Observation of a new boson at a mass of 125 GeV with the CMS experiment at the

LHC. Phys. Lett. B, (716):30, 2012. URL http://dx.doi.org/10.1016/j.physletb.2012.08.021.

[12] A. V. Bednyakov, B. A. Kniehl, A. F. Pikelner, and O. L. Veretin. Stability of the electroweak vacuum: Gauge

independence and advanced precision. Phys. Rev. Lett., 115:201802, Nov 2015. doi: 10.1103/PhysRevLett.

115.201802. URL http://link.aps.org/doi/10.1103/PhysRevLett.115.201802.

[13] J.R Espinosa and M Quirós. Improved metastability bounds on the standard model higgs mass. Physics

Letters B, 353(2–3):257 – 266, 1995. ISSN 0370-2693. doi: http://dx.doi.org/10.1016/0370-2693(95)00572-3.

URL http://www.sciencedirect.com/science/article/pii/0370269395005723.

[14] Fawzi Boudjema, Rohini M. Godbole, Diego Guadagnoli, and Kirtimaan A. Mohan. Lab-frame observables

for probing the top-Higgs interaction. Phys. Rev., D92(1):015019, 2015. doi: 10.1103/PhysRevD.92.015019.

[15] ATLAS Collaboration. The ATLAS experiment at the CERN Large Hadron Collider. JINST, (3):S08003,

2008. URL http://iopscience.iop.org/1748-0221/3/08/S08003.

[16] CMS Collaboration. The CMS experiment at the CERN LHC. JINST, (3):S08004, 2008. URL http:

//iopscience.iop.org/1748-0221/3/08/S08004.

155

http://dx.doi.org/10.1016/0031-9163(64)91136-9
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRev.145.1156
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://dx.doi.org/10.1103/PhysRev.155.1554
http://dx.doi.org/10.1088/1748-0221/3/08/S08001
http://dx.doi.org/10.1088/1748-0221/3/08/S08001
http://dx.doi.org/10.1103/PhysRevLett.74.2626
http://dx.doi.org/10.1103/PhysRevLett.74.2632
http://dx.doi.org/10.1103/PhysRevLett.74.2632
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://link.aps.org/doi/10.1103/PhysRevLett.115.201802
http://www.sciencedirect.com/science/article/pii/0370269395005723
http://iopscience.iop.org/1748-0221/3/08/S08003
http://iopscience.iop.org/1748-0221/3/08/S08004
http://iopscience.iop.org/1748-0221/3/08/S08004


[17] J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V. Lemâıtre, A. Mertens, and M. Selvaggi. DELPHES
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