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Abstract

A search for the resonant and non-resonant Higgs pair production is presented based
on events containing WW bosons with the semi-leptonic decay from one Higgs boson
and γγ from the other Higgs boson. This search is performed by a proton–proton
collision data recorded by the ATLAS detector at the Large Hadron Collider with an
integrated luminosity of 36.1 fb−1 at

√
s = 13 TeV. The observed and expected upper

limits of the non-resonant Higgs pair production (pp→ hh) at 95% confidence-level on
the cross-section are 7.6 pb and 5.3 pb, respectively. While by assuming a narrow-width
the observed and expected upper limit for the resonant Higgs pair production at 95%
confidence-level on its cross-section times the branching fraction ((pp→ X)× Br(X →
hh)) are as follow: a range between 37.5 pb to 6.1 pb are observed and 16.9 pb to 4.4 pb
are expected for the resonant mass between 260 GeV to 500 GeV. In addition, a study
of multilepton signatures arising from two new scalar bosons H and S at the Large
Hadron Collider is carried out. These two new bosons are an extension of the Standard
Model and they interact with the Higgs boson. We consider two production modes for
H, one being gluon fusion and the other being in association with top quarks. The
H → Sh decay mode is considered, where leptonic final states are studied. The nature
of the S boson is considered in two separate contexts. Firstly, in a simplified model,
it is considered to have Higgs-like couplings. Secondly, we consider a heavy neutrino
model and its interactions with the Z,W± and S bosons. In Refs. [1, 2] an excess in
di-lepton plus jets and missing transverse energy is predicted. The available data form
the ATLAS and CMS experiments displays this excess. Assuming a simplified model
where all the signal comes from H → Sh, with mH = 270 GeV and mS = 150 GeV,
the significance of the excess is 3.2 standard deviations. This result is combined with
other excesses predicted by the model, yielding β2

g = 1.38 ± 0.22, or 6.3σ, where βg is
the strength of the Yukawa coupling of H to top quarks. A number of regions of the
phase-space is suggested to the experiments for further exploration.
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1
Introduction

The discovery of the Standard Model (SM) Higgs boson (h) [3, 4] in 2012 was announced
by the ATLAS and CMS [5, 6] experiments; in which its spin, charge and parity (CP)
have been extensively studied. There is a great excitement as to what new physics
may arise, from the theoretical side with the discovery of the scalar Higgs boson the
particle spectrum of the SM is complete. This opened a wide range of research area to
investigate whether the discovered Higgs boson is unique in its nature or just one of the
spectrum of the SM Higgs boson. This comes from the fact that the neutrino oscillation
experiments showed that the neutrinos possess tiny masses. However, the theory of the
SM, which we look at in chapter 2, reports that neutrinos are massless particles. Many
theories have been introduced in the so-called beyond the Standard Model of particle
physics (BSM), such as the 2HDM [7]. These theories are an extension of the SM, where
additional massive Higgs bosons appear, as explained in chapter 3.

From the experimental point of view, to reveal the mystery of the SM and BSM an
upgrade of the Large Hadron Collider (LHC) and its associated experiments has been
scheduled. The first run of the LHC (Run-I), in which the SM Higgs boson was observed,
had a centre-of-mass energy of 8 TeV of pp collision. Now in the second data taking
period (Run-II) the total energy of the collider beams reached 13 TeV and the luminosity
increased almost twice of the first run. This upgrade is due to the experience gained
from the first circulation. In chapter 4, we present the work of the LHC and the ATLAS
experiment.

The SM shows the possibility of the self-coupling of the SM Higgs boson. Nevertheless,
the cross-section of the SM Higgs boson pair production as it has been predicted by the
SM is 33.41 fb [8]. The observation of this production in Run-I data was impossible
as reported in Ref. [9]. However, the Higgs boson pair production can be significantly
enhanced in the BSM scenario by assuming a heavy boson that decays into two SM
Higgs boson. Therefore, in chapter 5 we investigate the production of two Higgs bosons
at the LHC in both resonant and non-resonant productions. The search is conducted
in WWγγ channel using the data collected by the ATLAS detector at a centre-of-mass
energy of 13 TeV with a total integrated luminosity of 36.1 fb−1. Monte Carlo simulation

1
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for the signal and the considered background is also discussed. Moreover, we describe
the method used to model the signal and background shape. Also a discussion of the
possible uncertainty from both experimental and theoretical sides is presented, besides
the statistical result. In addition, we present a prospective search using different BSM
model ( see chapter 3).

After the discovery of the Higgs particle a new challenge is faced. The current goal of
the collaborations is to confirm its properties via measurements of its couplings, decay
width and differential distributions (of observables such as transverse momentum phT ,
rapidity yh etc...). In addition, the expectation is that physics BSM might be identified
with larger datasets from the LHC at the current centre-of-mass energy of

√
s = 13 and

possibly even in the 8 TeV data. A plethora of BSM models are being considered in the
literature, including additional scalar/vector bosons, fermions or exotic BSM objects.
In fact, the non-zero upper limit for the neutrino mass is clearly an interesting BSM
scenario for further studies both at present and future colliders [10, 11, 12, 13].

Of particular interest in this dissertation is the BSM scenario considered in Refs. [1, 14,
2, 15, 16, 17, 18] and also demonstrated in chapter 3. Scalars H and S were introduced
to explain a number of features in the Run-I data. These include distortions of the Higgs
boson transverse momentum spectrum, accompanied with an increase in the associated
jet activity, elevated rate of leptons in association with b-tagged jets used for the search
of the associated production of the Higgs boson with top quarks, and results from the
search for double Higgs boson and weak boson production. In chapter 6, an effective
model which is introduced in chapter 3 was tested against both the ATLAS and the
CMS data. This model suggests that the production and decay modes of these scalars
which could have significant signals at the LHC. The masses of these BSM scalars are
constrained to mH = 272+12

−9 GeV with mh < mS < mt, where mh and mt are the
masses of the Higgs boson and the top quark, respectively. Constraints were made
on the decays of H. For the most part, the features of the data that triggered the
investigation reported in Ref. [1] remain or are magnified in the results with Run-II
data reported so far, excluding tth production (see Ref. [19] for a recent review).

We also study some relevant multilepton signatures of these scalars in different scenarios.
Two production modes of H are considered: gluon–gluon fusion (ggF), the assumed
dominant production mode and top associated H production (pp → tH, t̄H and pp →
tt̄H). Here we consider that the H → Sh branching ratio (BR) is 100%,1 and that
the S → χχ BR is 0%. The S boson is modelled in two different ways. Firstly, S is
considered to be Higgs-like, such that its BRs are the same as a Higgs boson with a
mass mS . Secondly, a model with heavy neutrinos (Ni) is introduced which interact
with S in non-standard ways. We study leptonic final states via S → Niν` decay modes.

In Ref. [2] emphasis is made on rare multilepton final states. These would include the
production of four leptons from the production of four W s and the production of three
same sign leptons from the production of six W s. We concentrate on other multilep-
ton signatures, such as di-lepton and tri-lepton final states. Comparisons between the
prediction made here and the data are made, when appropriate. We have located an

1In the language of Ref. [2], we are in the limit where a1 → 0.
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access in the di-lepton plus jet channel (``+ jets), in particular leptons with a b-tagged
jet. The compatibility of the data with the parameters obtained in Ref. [1] is discussed.
Conclusions are drawn in chapter 7.



2
The Standard Model of Particle Physics

The SM of particle physics is considered as our best understanding of the phenomenology
of particle physics. So far the SM explains the existence of ordinary matters. However,
it is yet to explain dark matters of which we can only sense its present. This chapter
discusses the phenomenology of the SM which leads to the discovery of the SM Higgs
boson by ATLAS and CMS in 2012.

2.1 Fundamental particles

Before 1978 the constituents of matter seemed to be very confusing. From theoretical
as well as experimental point of view, there was a belief that the Eightfold way and
the quark model were good enough to describe all fundamental particles; yet, questions
arise as to why we have four leptons (e, νe, µ and νµ) and only three quarks (d, u and
s), which were known at that time. Later Glashow and others provided a more specific
reason for why it required having four quarks as leptons, see Ref. [20].

However, this thought was shattered by the discovery of new leptons which are the tau
(τ) and its associated neutrino (νµ). After a few years, it was realised that three more
quarks existed the charm (c), bottom (b) and the top (t). This knowledge was gained by
restoring Glashow symmetry [20], but it was hard to tell why the top quark is so heavy
than the rest (40 times bigger than the bottom quarks). This was challenging due to
the limitation of the experimental facilities that existed. The situation was very hostile
until the era of the Electroweak (EW) theory began. The EW theory was developed by
Glashow Weinberg and Salam. It is needed to offer precise prediction at relativity high
energies where Fermi’s theory of beta decay failed, see Ref. [21].

The EW theory predicts that there should be three carrier particles that mediate the
weak interaction, i.e., the W s and Z bosons in which their masses have been also
estimated. Furthermore, Glashow, Weinberg and Salam suggested that there also should
exist at least one field in the theory (nowadays known as Higgs field and hence, Higgs
boson emerged). This was the beginning of the formulation of what is now known as

4
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Figure 2.1: The particle content of the Standard Model of particle physics [22].

the SM of particle physics. Since 1978, the SM of particle physics has been used to
describe all the known particles in nature in a very elegant way.

The particle content of the SM is shown in Figure 2.1. Where particles are classified
according to their spins, masses and charges. The latter determine the properties of
their interactions, as we will see later.

Fermions are divided into three generations, the lighter family is stable and the heavier
families are unstable, and hence they decay to the lighter ones. All fermions are spin-1/2
particles and they are classified into two groups, namely quarks and leptons. Quarks
are divided as follows: the up quark and down quark possess electromagnetic charges
which are 2/3 and −1/3, respectively and they are the first generation quarks. The
second generation are the charm quark c which has a charge of 2/3, the strange s with
a charge of −1/3, the top quark t which has a charge of 2/3 and the bottom b with a
charge of −1/3. Quarks are distinguished by their colours and they interact through
strong interaction [23, 21].

There are six leptons: electron (e), muon (µ) and tau (τ), all of them have a charge
of −1 and they organised in the first, second and the third generation, respectively.
Each lepton has its associated neutrino: the electron neutrino (νe), muon neutrino (νµ)
and tau neutrino (ντ ), in which they are grouped according to the lepton that they
associate with. Neutrinos are neutral and they do not have any charge. All these
particles have their antiparticles in which their signs are reversed. For instance, the
electron has antiparticle called positron with +1 charge. This scenario applies to the
other particles. Leptons are colourless and they interact through the weak interaction
unlike quarks [23].

Vector bosons are spin-1 particles and they interact by the electromagnetic (photon is
its mediator), strong (that mediates gluon) and weak interaction (which mediates W s
and Z bosons). Photon and gluon are massless particles, while W s and Z boson are
massive [23]. The Higgs boson is spin-0 particle and its existence was first suggested by
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Glashow, Weinberg and Salam [24, 25]. Later Peter Higgs formulated the mechanism
that gains the symmetry in the electroweak and hence, predicted the Higgs particle [26,
27].

2.2 The mathematics of the SM

The above mentioned particles can be described by the so-called SM of particle physics.
Before we start constructing the theory of the SM, let us re-call some definition from
Classical Mechanics in which we build the model on them. Consider a particle moving
with a kinetic energy (T ) in a potential energy (U). The best way to describe the
properties (dynamics) of this particle is by writing its Lagrangian [28], which is away
to describe the behaviour of the particle, the Lagrangian of such system can be defined
by:

L = T − U. (2.2.1)

Hence, we can get the equation of motion of this particle, let us call it “an action (S)”.
The action is just the integral of the Lagrangian with respect to the time (S =

∫
Ldt)

which can be used to trace the path of the particle, as particles follow the path of the
least action [28]. However, if we are no longer dealing with particles and we work only
with the field that the particle produces. We can use the same idea (the Lagrangian)
and define a Lagrangian in terms of fields and their derivatives [28]. Now we call it a
Lagrangian density L(Φi(x

µ), ∂µΦi(x
µ)) and its action is represented by:

S =

∫
dµxL(Φi(x

µ), ∂µΦi(x
µ)), (2.2.2)

L(Φi(x
µ), ∂µΦi(x

µ) can be taken as a sum of a polynomial ϑ(Φi(x
µ), ∂µΦi(x

µ)) values
of the fields and their derivative, as:

L(Φi(x
µ), ∂µΦi(x

µ)) =
∑
k

ckϑk(Φi(x
µ), ∂µΦi(x

µ)), (2.2.3)

where xµ = (x1, x2, x3, x4) is space-time coordinate, Φi(x
µ) and ∂µΦi(x

µ) are general
fields and their derivatives for i = 1, 2, 3, 4. ck are coefficients of dimension 1/ΛD, D > 0
and Λ is an energy scale. The general field Φ can be combination of a scalar field φ or a
vector field ψ or both of them. The notion of particle antiparticle allow us to introduce
the chirality, as it turns out that fermions correspond to left- and right-chirality [29].
Therefore, fermions come in doublet, in case of the left-chiral, and singlet, for the right-
chiral, which can be combined as:

QiL =

(
uiL
diL

)
; uiR, diR, (2.2.4)
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LiL =

(
νiL
eiL

)
; eiR, (2.2.5)

where i = 1, 2, 3 run over the three generations of fermions, QiL are the left-chiral
quarks and LiL are the left-chiral leptons. The right-handed quarks and leptons singlet
are represented by uiR, diR and eiR, respectively. Since the SM is a gauge theory, it
should be represented by a gauge group which is a quantum field theory consists of
fundamental set of particles. For instance, strong interaction is transformed under the
non-abelian gauge group SU(3)c [23], where c stands for colour as gluons are coloured
massless particles. Also the SU(2)L is a subgroup for the weak interaction [23]. More-
over, electromagnetic interactions correspond to U(1)Y , where Y is the hypercharge.
Therefore, the SM gauge group is:

GSM = SU(3)c × SU(2)L × U(1)Y . (2.2.6)

Notice that each subgroup corresponds to a different generator. For example, the gen-
erator for SU(3) is τa = λa/2, a = 1, 2, 3, . . . , 8 and for SU(2) is τb = σb/2, b = 1, 2, 3.
λa and σb are Gell-Mann and Pauli matrices, respectively. The hypercharge is related
to the isospin (T3) and the charge (Q) by:

Q = T3 + Y. (2.2.7)

The most general Lagrangian for the SM, in which we call here the SM Lagrangian LSM,
in terms of scalars and fermions can be written as:

LSM(φ, ψ) = LSM
kin + LSM

ψ + LSM
Yuk + LSM

φ , (2.2.8)

where LSM
kin is the kinetic term in which describes any dynamical system, the term that

defines the fermions fields is LSM
ψ and it is a quadratic in the fields (ψTψ, in case of

Majorana mass) or (ψψ in case of Dirac mass), LSM
Yuk is the Yukawa term which consists

of a scalar field and two fermions fields (φψ̄ψ) and LSM
φ is the part that defines the scalar

fields, it could have either φ2, φ3 or φ4. The SM Lagrangian governs the interactions
of the particles discussed in section 2.1. There are properties that the SM Lagrangian
should preserve, one could consider them as axioms, based on the following:

1. The SM Lagrangian should be a function of the fields and their derivatives.

2. The total probability (the action) is conserved, which means that the SM La-
grangian must be real.

3. LSM should be invariant under translation in space-time and Lorentz (Poincaré
symmetry).
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4. It should also be invariant under internal symmetry group which operates on the
fields only.

5. For a free field, it must be polynomial which means the function of the fields
should be analytic.

6. The SM Lagrangian should be renormalisable in the sense that it remain pertur-
bative and calculable. This depends on the energy scale Λ.

2.3 Gauge sector

By following the properties of the SM Lagrangian, discussed above, we can now start
building the Lagrangian. The LSM

ψ is zero, since there is no mass term for the fermions

in case of Majorana and Dirac.1 In other words all fermions have hypercharge.

Without one considering the symmetries of the fields the kinetic term of the Lagrangian
can be written as:

LSM
kin = − (∂µφ)† (∂µφ)−QiL /∂QiL − i uiR /∂uiR − i diR /∂diR

− i LiR /∂LiR − i eiR /∂eiR, (2.3.1)

these are the all possible terms that can describe the free propagation of a particles
related to these fields. However, these terms violate the local symmetries. For example,
if we have a field φ → eiQθ(x)φ and consider x is space-time coordinates, this function
will break under local symmetry. So to solve this problem, using the gauge symmetries
we introduce a covariant derivative and the following fields strength:

Gµνa = ∂µGνa − ∂νGµa − gsfabcG
µ
bG

ν
c , (2.3.2)

Wµν
a = ∂µW ν

a − ∂νWµ
a − gεabcW

µ
b W

ν
c , (2.3.3)

Aµνa = ∂µAν − ∂νAµ. (2.3.4)

where Gµνa , Wµν
a and Aµνa are a gauge fields that represent the mediators of the strong,

weak and electromagnetic interactions, respectively. The sub-index “a” is the degree
of freedom and the local symmetry “SU(3) × SU(2) × U(1)“ force us to introduce 12
degree of freedom. gs and g are the coupling strength for the strong and weak forces,
respectively. fabc is the structure constant of SU(3) and εabc is the structure constant
for SU(2).

1For instance, Majorana and Dirac masses can be written as follows: ψTCψ = ψTLCψL+ψTRCψR+h.c.
and ψψ = ψRψL+ψLψR, where C stands for the charge conjugation. These can have masses only under
certain Lie group and will not have masses under the symmetry in which we operate (GSM) [30]. Due
to the fact that right-handed neutrinos do not exist in the SM.
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In addition, each field should have specific covariant derivative Dµ. Using the generators
for the subgroup of SU(3)c and SU(2)L, the covariant derivative can be defined by:

Dµφ =

(
∂µ +

i

2
gWµ

b σb +
i

2
g′Aµ

)
φ, (2.3.5)

DµQiL =

(
∂µ +

i

2
gsG

µ
aλa +

i

2
gWµ

b σb +
i

6
g′Aµ

)
QiL, (2.3.6)

DµuiR =

(
∂µ +

i

2
gsG

µ
aλa +

2i

3
g′Aµ

)
uiR, (2.3.7)

DµdiR =

(
∂µ +

i

2
gsG

µ
aλa −

i

3
g′Aµ

)
diR, (2.3.8)

DµLiL =

(
∂µ +

i

2
gWµ

b σb −
i

2
g′Aµ

)
LiL, (2.3.9)

DµeiR =
(
∂µ − g′Aµ

)
eiR, (2.3.10)

where g′ is the coupling strength associate to U(1)Y . The field φ is scalar and thus it
will not fail the SU(3) as well as the leptons. Using Equations (2.3.6) to (2.3.10), the
kinetic term in Equation (2.3.1) becomes:

LSM
kin = − 1

4
Gµνa Gaµν −

1

4
Wµν
b Wbµν −

1

4
AµνAµν −QiL /DQiL

− i uiR /DuiR − i diR /DdiR − i LiR /DLiR − i eiR /DeiR

− (Dµφ)† (Dµφ) . (2.3.11)

The possible terms for Yukawa sector can be written as:

LSM
Yuk = Y d

ijQiLφdjR + Y u
ijQiLφ̃ ujR + Y e

ijLiLφ ejR + h.c., (2.3.12)

where φ̃ = iσ2φ
† and Y d

ij , Y
u
ij and Y e

ij are dimensionless Yukawa matrices (3×3, complex
and flavour dependent matrices). The h.c. is the hermitian term, it is needed because
none of the terms which appear in the LYuk terms are self-hermitian.

2.4 The Brout-Englert-Higgs Mechanism

The Brout-Englert-Higgs (BEH) Mechanism focuses on the part of the Lagrangian where
the W s and Z bosons appear to be massless. This part could be considered as a potential
which depends on the scalar field φ, its doublet carries a hypercharge. This means we
can not form a φ3 term, because we can not make a singlet out of three doublets.
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Figure 2.2: Higgs potential as function of the field φ for Equation (2.4.1).

Notice that this field is required to allow the gauge fields as well as the fermions to
acquire masses. Consequently, the SU(2)L × U(1)Y symmetry is broken [27] unlike
the SU(3)c, as gluons are already massless particles. This tells us that the ground
state of the universe does not respect all the symmetry of the Lagrangian, but only
part of them. So we call this a spontaneous symmetry breaking (SSB), as shown in
Figure 2.2, where the parameters µ/λ are breaking the Poincaré symmetry. Therefore,
the potential is symmetric under the global transformation and Equation (2.2.7) can be
used as generator for the SU(2)L × U(1)Y , hence, the potential expressed by:

LSM
φ = −µ2φ†φ− λ

(
φ†φ
)2
, (2.4.1)

the parameter λ is supposed to be positive, because if it has a negative value then the
potential will not be bounded from below. The parameter µ2 has two possibilities; either
less than zero or greater than zero as shown in Figure 2.2. However, the square-root
on the parameter is just an indication that µ has a dimension of mass squared. Let
v2 = −µ/λ, where now v is the vacuum expectation value (vev) that minimises the
potential. Equation (2.4.1) can be defined in terms of the vev as:

LSM
φ = −λ

(
φ†φ− v2/2

)2
. (2.4.2)

The minima of the field could be a achieved when |〈φ〉| = v/
√

2, see Ref [3], and
depending on the choice it can be written as:
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〈φ〉 =

(
0
v√
2

)
. (2.4.3)

From Equations (2.3.11), (2.3.12) and (2.4.2) the SM Lagrangian can be written as:

LSM = − 1

4
Gµνa Gaµν −

1

4
Wµν
b Wbµν −

1

4
AµνAµν −QiL /DQiL

− i uiR /DuiR − i diR /DdiR − i LiR /DLiR − i eiR /DeiR

+ Y d
ijQiLφdjR + Y u

ijQiLφ̃ ujR + Y e
ijLiLφ ejR + h.c.

− (Dµφ)† (Dµφ)− λ
(
φ†φ− v2/2

)2
, (2.4.4)

which breaks the symmetry because of the non zero potential of the field.

2.5 Masses of the SM bosons

1. The Higgs boson:

The SM Lagrangian, Equation (2.4.4), can describe all the elementary particles
listed in section 2.1. Let us start by the Higgs field so we know that it is a scalar
and complex field, as defined by:

φ(x) = e[iσbθb(x)−Iθ3(x)] 1√
2

(
0

v + h(x)

)
⇔ 1√

2

(
φ1 + iφ2

φ3 + iφ4

)
(2.5.1)

where θb; b = 1, 2, 3 are Goldstone bosons which emerge due to the SSB, h is the
Higgs boson that result from the introduction of the field [31]. Hence, applying
rotation by SU(2)Y × U(1)Y on φ(x), of one degree of freedom, yields:

φ(x) =
1√
2

(
0

v + h(x)

)
. (2.5.2)

Hence, φ†φ become:

φ†φ =
1

2

(
v2 + 2vh+ h2

)
, (2.5.3)

substituting Equation (2.5.3) on Equation (2.4.2) we get:
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LSM
φ = −λv2h2 −

(
λvh3 − λ

4
h4

)
. (2.5.4)

This leads us to a real scalar boson, the Higgs boson h, whose mass is m2
h = 2λv2.

We will see how the Higgs boson is observed experimentally in section 2.6, where
λ is a parameter of the theory.

2. Vector bosons:

By acting on the Higgs field using the definition of the covariant derivative in
Equation (2.3.6), (Dµ 〈φ〉)†(Dµ 〈φ〉), we get:

Dµ 〈φ〉 =
i√
8

(
gWµ

b σb + g′Aµ
)( 0

v

)
=

i√
8

(
gWµ

3 + g′Aµ g (Wµ
1 − iW

µ
2 )

g (Wµ
1 + iWµ

2 ) −gWµ
3 + g′Aµ

)(
0
v

)
=

iv√
8

(
g (Wµ

1 − iW
µ
2 )

−gWµ
3 + g′Aµ

)
. (2.5.5)

Then from the last term of Equation (2.3.11) and Equation (2.5.5), we can express
the mass term of the vector boson as:

LSM
MV

= (Dµ 〈φ〉)†(Dµ 〈φ〉)

=
v2

8

(
g (W1 + iW2)µ −gW3µ + g′Aµ

)(g (Wµ
1 − iW

µ
2 )

−gWµ
3 + g′Aµ

)
=
v2

8

(
g2(W1+W2)µ(Wµ

1 −iW
µ
2 )+g2

(
W3µ− g′

g Aµ

)(
Wµ

3 −
g′

g A
µ
))
,(2.5.6)

if we replace W±µ = 1√
2

(W1 ∓ iW2)µ, tan θW ≡ g′

g , Z0
µ = cos θWW3µ − sin θWAµ

and B0
µ = sin θWW3µ + cos θWAµ into Equation (2.5.6), we get:

LSM
MV

=
1

4
g2v2W+µW−µ +

1

8
(g2 + g′2)v2Z0µZ0

µ. (2.5.7)

where W±µ are charged bosons whereas B0
µ and Z0

µ are neutral bosons [31], their
masses can be written in terms of Equation (2.5.7) as:

m2
W =

1

4
g2v2, m2

Z =
1

4
(g2 + g′)v2, mB = 0. (2.5.8)

Similarly, one can use Equation (2.3.12) to compute the masses of the fermions.
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Figure 2.3: The production cross-section of the SM Higgs boson as a function of its
mass at the LHC with centre-of-mass energy of (a) 8 TeV and (b) 14 TeV [8].

2.6 The discovery of the Higgs boson

As discussed above, the SM unifies the electromagnetic and weak interactions. More-
over, it proposes the existence of a scalar and neutral boson ”that is the Higgs boson”,
which is observed by the ATLAS and CMS experiments [5, 6]. However, the SM does
not provide a prediction for the mass of the Higgs boson. This was challenging for exper-
imentalists as it turns out that constraints for the mass has to be developed. Therefore,
two types of constraints are considered. Firstly, there are experimental restrictions on
the mass of the Higgs boson, where it mainly comes from experiments such as Tevatron,
LEP and SLC. Figure 2.4 displays the constraints of the SM Higgs boson in which the
lower bound of the Higgs mass is found to be 114+69

−45 [32]. Furthermore, the idea of
the SM should be valid under a certain range of energy probed within some theoretical
limits. For instance, the mass of the Higgs boson determine the shape of the potential,
see Figure 2.2, depending on the value of the scale Λ [33]. Figure 2.5 shows the allowed
mass region for the Higgs boson mass as a function of the scale Λ.

The SM Higgs boson is produced in four production modes at the LHC as follows:
gluon-gluon fusion (ggh), vector boson fusion (VBF), production with association with
the W± and Z bosons (V h) and associated production with top quarks (tt̄h). The
deferences in their production mechanisms are shown as a function of the mass of the
Higgs boson in Figure 2.3 for 8 TeV and 14 TeV. The ggh and the VBF have the largest
cross-section, with the VBF being a few order of magnitude less than the ggh, as shown
in Figure 2.3. While the tth has the lowest cross-section among the other production
mechanisms, the V h is an orders of magnitude bigger than the tth. Figure 2.3 also
shows that the contributions coming from both the V h and tth at masses greater than
300 are negligible.

The technical details of the discovery rely on the decay of the SM Higgs particle. Where
manifest on the couplings of the SM Higgs boson to the SM particles. The properties
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Figure 2.4: Values of ∆χ2 resulted from the fit of the electroweak precision data as
a function of the mass of the Higgs boson. The blue shaded band is the theoretical
uncertainty caused by missing high order correction. While the solid line denotes the
measurement with full data set shown in Ref. [32]. Whereas the dashed lines express the

results with the estimation of the ∆α
(5)
had(m2

Z), the plot is taken from Ref. [32]

Figure 2.5: Upper and lower bounds limit of the mass of the SM Higgs boson as a
function of the scale Λ [33].
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Figure 2.6: The branching ratio of the Higgs boson decaying to all channels as a
function of the mass of the Higgs boson [8]. These channels are referred to the SM
particles that couple the SM Higgs boson, such as WW , bb̄, ZZ, gg, ττ , cc̄, Zγ, γγ and
µµ.

of the Higgs boson decay are determined by the particles that it interacts with, as the
Higgs boson has a very short life time of about 10−22 s. For example, Equation 2.5.8
shows that the coupling strength is directly proportional to the masses of the vector
bosons. The computed branching ratios of the decay of the Higgs boson to other SM
particles are in Figure 2.6. We can divide Figure 2.6 into lower (lighter Higgs boson,
100 < mh < 130 GeV) and higher mass (heavy Higgs boson, 140 < mh > 200 GeV)
regions. Therefore, at lower mass region about 80% of the Higgs boson decays to bb̄
(h → bb̄) and 9% to ττ (h → ττ). At higher mass region W boson dominates and its
fraction is about 98%. While only about 2% of the Higgs boson goes to ZZ.

In addition, channels coming from other sources should be considered as background
during the analysis. The observation of a neutral scalar boson with a mass of 126.0±0.4

±0.4 GeV
was reported by the ATLAS detector in Ref [5]. It has been measured with a significant
of 5.9 standard deviations [5]. Combined results, for 7 TeV and 8 TeV, and results for
the h→ ZZ∗, h→ γγ and h→WW are shown in Figure 2.7.
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Figure 2.7: In Figure (a) A combined results for WW , bb̄, ZZ, gg, ττ , cc̄, Zγ, γγ and
µµ channels are shown. Where (i) The signal strength at 95% confidence limit (CL) of
the observed (solid line) and the dashed line is the expected background-only; the bands
correspond to the uncertainty, (ii) the local p0 for the observed (solid) and the expected
signal (dashed) and (iii) the best fit of the signal strength. Figure (b) is the local p0

for (i) h → ZZ∗ → 4`, (ii) h → γγ and (iii) h → WW ∗ → `ν`ν. Each sub-plots is
displayed as a function of the mass of the SM Higgs boson [5].
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Summary

In this chapter, we reviewed the content of the SM of particle physics. We also looked at
each sector in the SM such as the gauge sector, Yukawa sector and the Higgs sector. In
addition, we discussed the BEH Mechanism which explains the EW interactions. Where
the introduction of a scalar field is needed in the theory, which means the existence of a
new particle (Higgs boson). Hence, we build the SM Lagrangian which is invariant under
Lorentz transformation. Later the SM Higgs boson was discovered by both ATLAS and
CMS experiments. Although the SM is successful on its prediction, there are reasons
to think that it is not a complete theory. Searches for physics BSM have been carried
by both theorists and experimentalists which will be discussed next chapter.



3
Extending the Higgs Sector

We have seen in chapter 2 that the SM has been very successful in explaining the
particles which we observe in nature. There we assumed a scalar field which transforms
under SU(2) doublet. However, there are several reasons to believe the SM is just the
lower energy regime and its scalar sector is not complete. For example, in the fermions
representations of the SU(3)c the parity is conserved, but it is not in the SU(2)L×U(1)Y
representation. Also there is unexplained large differences of the fine structure constant
between the strong, electroweak and electromagnetic interactions. In addition, there
are no right-handed neutrinos in the SM that is why neutrinos in the SM have small
masses [34].

In this chapter, we discuss theories that go beyond the SM of particle physics (BSM). In
particular, the two-Higgs-doublet model (2HDM) is reviewed and a possible extension
for the 2HDM with an additional singlet scalar is addressed.

3.1 Two-Higgs-doublet model

The general Lagrangian for the 2HDM can be expressed by:

L2HDM = L2HDM
kin + L2HDM

Yuk + L2HDM
φ , (3.1.1)

where L2HDM
kin , L2HDM

Yuk and L2HDM
φ are the kinetic, Yukawa and the scalar field of the

2HDM Lagrangian. These terms depend on the component of the scalar field which will
be introduced. Mostly the Yukawa and the potential term will be affected when we move
the scalar part of the kinetic term to the Higgs scalar term, as shown in Refs. [35, 36].
The Higgs sector can be written as:

L2HDM
φ = (Dµφ1)† (Dµφ1) + (Dµφ2)† (Dµφ2)− V (φ1, φ2), (3.1.2)

18
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where φ1 and φ2 are a complex scalar fields, same as Higgs field, notice that these
doublets have same hypercharge +1. Therefore, the 2HDM potential can be written in
away similar to Equation (2.4.1) as follows:

V (φ1, φ2) = m2
11φ
†
1φ1 +m2

22φ
†
2φ2 −m2

12

(
φ†1φ2 + φ†2φ1

)
+
λ1

2

(
φ†1φ1

)2

+
λ2

2

(
φ†2φ2

)2
+ λ3

(
φ†1φ1

)(
φ†2φ2

)
+ λ4

(
φ†1φ2

)(
φ†2φ1

)
+
λ5

2

(
φ†1φ2

)2

+

[
λ∗5
2

(
φ†2φ1

)2
+ λ6

(
φ†1φ1

)(
φ†1φ2

)
+ λ7

(
φ†2φ2

)(
φ†1φ2

)
+ h.c.

]
, (3.1.3)

where m11, m22 and λ1 to 4 are real parameters. While m12 and λ5 to 7 are complex
parameters. Since we have too many parameters (14 real and complex parameters)
the minimisation of the potential will be rather difficult. Therefore, to ensure that
the potential must be bounded from below and all the vevs are real and positive, the
following assumption have been made:

1. In the Higgs fields the CP is required to be conserved and not spontaneously
broken.

2. The parameters in Equation (3.1.3) must be reduced. This is attained by assuming
that λ6 = λ7 = 0. In addition, the λs should satisfy the following conditions [37]:

λ1 > 0, λ2 > 0, λ3 > −
√
λ1λ2, λ3 + λ4 ± |λ5| > −

√
λ1λ2 (3.1.4)

3. The introduction of two doublets field causes the Higgs field to emit flavour-
charging current neutral, which implies that Yukawa matrices in Equation (2.3.12)
will no longer be simultaneously diagonalised. This is known as the FCNC problem
in the 2HDM. However, to avoid this problem one might consider a continuous or
discrete symmetries, where the quartic transform under Z2 symmetry:

Z2 : φ1 → φ1, φ2 → −φ2, (3.1.5)

where φ1 and φ2 are defined by:

φa =

(
φ+
a

va+ρa+iηa√
2

)
, a = 1, 2, (3.1.6)

4. The parameter m2
12 and λ5 can alter the Z2 symmetry as follows: If m2

12 = 0,
the symmetry will not be affected by this choice. However, if they are non-zeros
the symmetry will acquire an additional global symmetry (U(1)), that sponta-
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neously breaks the Z2 symmetry. This symmetry break is known as Peccei-Quinn
symmetry [38].

The minimisation of the potential can be written as:

〈φ1〉 =

(
0
v1√

2

)
, 〈φ2〉 =

(
0
v2√

2

)
. (3.1.7)

After applying the conditions summarised above, we are left with 8 parameters. Three
of these parameters are absorbed to give masses to the three vector bosons, the W± and
the Z bosons. The other Higgs fields parameters give rise to the two neutral bosons,
the SM Higgs (lighter) and Higgs boson (heavier than the SM Higgs boson). Therefore,
the spectrum of the 2HDM can be computed using the extrema of the potential, and
the set-up of the parameters can be given as:

∂V (φ1, φ2)

∂φ†1

∣∣∣∣
(φ1=〈φ1〉,φ2=〈φ2〉)

= 0 .

∂V (φ1, φ2)

∂φ†2

∣∣∣∣
(φ1=〈φ1〉,φ2=〈φ2〉)

= 0 . (3.1.8)

Hence one can get the following:

m2
11 = m2

12

v2

v1
− λ1

2
v2

1 − (λ3 + λ4 + λ5)
v2

2

2
,

m2
22 = m2

12

v1

v2
− λ2

v2
2

2
− (λ3 + λ4 + λ5)

v2
1

2
, (3.1.9)

by substituting Equation (3.1.9) and (3.1.9) into Equation (3.1.3) we get the following
mass terms [7]:

L2HDM
φ± =

[
m2

12 − (λ4 + λ5) v1v2

] (
φ−1 , φ

−
2

)(v2/v1 −1
−1 v1/v2

)(
φ+

1

φ+
2

)
, (3.1.10)

L2HDM
η =

m2
A

v2
1 + v2

2

(η1, η2)

(
v2 −v1v2

−v1v2 v1

)(
η1

η2

)
, (3.1.11)

L2HDM
ρ = − (ρ1, ρ2)

(
m2

12
v2
v1

+ λ1v
2
1 −m2

12 + λ′v1v2

−m2
12 + λ′v1v2 m12

v1
v2

+ λ2v
2
2

)(
ρ1

ρ2

)
, (3.1.12)

where λ′ = λ2 + λ3 + λ5. Let us define v =
√
v2

1 + v2
2, v1 = v cosβ, v2 = sinβ and

tanβ = v2/v1 to obtain;
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(a) (b)

Figure 3.1: Sketch describing the effective Lagrangian in Equation (3.3.5) when (a)
adding a singlet scalar χχ to the 2HDM which interact with the H and h throught a
quartic coupling λHhχχ and (b) after adding a CP-even scalar as an intermediate scalar
S which couples to the H, h and χχ through λHhS and λSχχ, respectively.

(
H1

H2

)
=

(
cosβ sinβ
− sinβ cosβ

)
=

(
φ1

φ2

)
(3.1.13)

in which β represents the angle of rotation that diagonalises the mass-matrix of the
charged scalar and psudoscalar. The square-mass of the charged scalar (m2

φ±) and

pseudoscalar (m2
A) can be written as in Ref. [7]:

m2
φ± = (v2

1 + v2
2)

(
m2

12

v1v2
− λ4 − λ5

)
, (3.1.14)

m2
A = (v2

1 + v2
2)

(
m2

12

v1v2
− 2λ5

)
, (3.1.15)

Equation (3.1.14) demonstrates the observed parameters which let the charged W±

bosons acquire masses. This comes from the digonalisation of the 2 × 2 matrix in
Equation (3.1.11), which corresponds to so-called Goldstone boson G±. It is associ-
ated with a zero eigenvalue which express the neutral Z0 boson. The pseudoscalar is
originated from the diagonalisation of the 2 × 2 matrix of Equation (3.1.12). While
Equation (3.1.12) diagonalisation produces the light scalar h and the heavy scalar H.
An additional scalar is added to the 2HDM in order to handle some of the problems
that the 2HDM is facing. This is known as the Madalla hypothesis which is the 2HDM
plus a scalar boson S (2HDM+S).

3.2 The Madala hypothesis

The 2HDMs introduce scalars to the Higgs sector in an attempt to explain the phe-
nomenology that SM has failed to accommodate. However, several points still need to
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No. Scalar particles Decay mode

1. h bb̄, τ+τ−, µ+µ−, ss̄, cc̄, gg, γγ, Zγ, W+W−, ZZ
2. H The decay mode of h, hh, SS, Sh
3. A The decay mode of h, tt̄, Zh, ZH, ZS, W±H∓

4. H± W±h, W±H, W±S
5. S The decay mode of h, χχ

Table 3.1: Table shows list of the particles content and the possible decay modes of the
2HDM+S [2].

be understood. For instance, the source of dark matter and the origin of mass for the
neutrinos. In this section, we discuss a 2HDMs based model that suggests additional
scalars to the 2HDMs. We refer to this model as the Madala hypothesis (MH) which
was introduced in Ref. [2]. In this model, a singlet scalar is added to the Higgs sector
which satisfies all the assumptions discussed above. This new field interacts with the
SM Higgs boson, heavy Higgs boson, pseudoscalar and charged Higgs boson, as shown in
Figure 3.1(a). The phenomenology of this scalar is studied in Ref. [2], and it is beyond
the scope of this dissertation. Similarly, a CP-even scalar has been also added to act
like a mediator to the fields. This new scalar could be considered as SM Higgs-like that
couples to all SM particles, as shown in Figure 3.1(b). The potential in Equation (3.1.3)
can be re-written for the new CP-even scalar:

V (φ1, φ2, S) = V (φ1, φ2) +
1

2
m2
SS

2 +
λS1

2
φ†1φ1S

2 +
λS2

2
φ†2φ2S

2

+
λS3

4

[
φ†1φ2 + h.c.

]
S2 +

λS4

4!
S4 + µ1φ

†
1φ1S + µ2φ

†
2φ2S,

+ µ3

[
φ†1φ2 + h.c.

]
S + µSS

3, (3.2.1)

where the coupling of Equation (3.2.1) and the interactions vertices have been computed
in Ref. [2]. In this dissertation, we focus on process where the heavy boson H decays
into SM Higgs boson h and scalar boson S. Other possible decay mode for the S is
shown in Table 3.1. In the MH we assume that the BR of H to Sh, hh or SS is dominant
and the BR of H to SM particles is very small.

The production and decay modes of H make use of an effective field theory (EFT)
approach. S, on the other hand, is considered to be produced dominantly through the
decay of H. The nature of the S decay modes should include multiple leptons, but we
still have to assume how it decays in order to reduce the number of free parameters it
introduces in the model. As in Refs. [1, 14, 2, 15, 16, 17, 18], the mass ranges for the
new scalars are as follows:

• Light Higgs-boson (h): mh = 125 GeV (as the SM Higgs-boson),

• Heavy Higgs-boson (H): 2mh < mH < 2mt, where mt is the top-quark mass, and
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g

g

H
βg

(a)

H

S

h

λHhS

(b)

Figure 3.2: Feynman diagrams contributing to (a) the dominant production mode of
H (g g → H), and (b) the dominant decay mode (H → Sh). The coupling parameters
βg and λHhS are defined in Equations (3.3.1) and (3.3.10).

• Higgs-like scalar (S):1 mh . mS . mH −mh,

3.3 Effective field theory of H and S

Following an EFT approach, and after electroweak symmetry breaking (EWSB), the
required vertices for this study are:

LG = −1

4
βgκ

SM
hgg

GµνG
µνH + βV κ

SM
hV V

VµV
µH, (3.3.1)

LY = − 1√
2

[
yttH t̄tH + y

bbH
b̄bH

]
, (3.3.2)

LT = −1

2
vλ

Hhh
Hhh, (3.3.3)

LQ = −1

4
λ
HHhh

HHhh, (3.3.4)

where βg = yttH/ytth is a scale factor with respect to the SM Yukawa top coupling for
H, and therefore multiplies the effective ggH coupling. In Ref. [1], for Run-I fit results,
βg was constrained to be 1.5 ± 0.6. A similar factor βV is used for V V H couplings,
where V = W± and Z bosons. κSM

hgg is the SM ggh coupling and v is the standard vev.

These interactions are independent of the SM Lagrangian (LSM), that we deliberated
on in chapter 2, and the Higgs sector is given by:

LH =
1

2
∂µH∂

µH − 1

2
m2
HHH + LG + LY + LT + LQ. (3.3.5)

Similarly the Lagrangian for the singlet real scalar S can be written as:

1Note that this range is not strictly adhered to, since the original idea was to keep the H → Sh
decay mode on-shell. While off-shell decays not studied here since it deserve especial consideration.
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LS = LK + LSV V ′ + LSff̄ + LhHS , (3.3.6)

where

LK =
1

2
∂µS∂

µS − 1

2
m2
SSS, (3.3.7)

LSV V ′ =
1

4
κSgg

αs
12πv

SGaµνGaµν +
1

4
κSγγ

α

πv
SFµνFµν

+
1

4
κSZZ

α

πv
SZµνZµν +

1

4
κSZγ

α

πv
SZµνFµν

+
1

4
κSWW

2α

πs2
wv
SW+µνW−µν , (3.3.8)

LSff̄ = −
∑
f

κ
Sf

mf

v
Sf̄f, (3.3.9)

LHhS = −1

2
v
[
λ
hhS

hhS + λ
hSS

hSS + λHHSHHS

+ λHSSHSS + λ
HhS

HhS
]
, (3.3.10)

The notation of V here differs slightly from what is seen before. In this case, V ≡
g, γ, Z,W± and W±µν = DµW

±
ν −DνW

±
µ , DµW

±
ν = [∂µ ± ieAµ]W±ν . αs and α are the

strong and weak couplings respectively. Other possible self interaction terms for S are
omitted here since they are not of any phenomenological interest for this study. The
total effective Lagrangian is therefore,

Ltot = LSM + LH + LS . (3.3.11)

As mentioned above, the dominant production mechanism for H is assumed to be ggF,
and the dominant decay mode is H → Sh. The Feynman diagrams for this production
and decay chain can be seen in Figure 3.2.

3.4 Modelling the decays of S

Of particular interest in this research is the ability of the BSM scenario we consider to
produce multiple leptons. Since the process pp→ H → Sh is considered, one would be
able to produce multileptonic signatures through the decay of S, while the Higgs boson
decays dominantly to b-quarks. In an attempt to model this, we have considered two
different models for the decay of S.
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νl, l
∓

(b)

Figure 3.3: The vertices that build the decay chain of S in the HNM. (a) The decay
S → Niν̄l, and (b) the decay Ni → Zνl, Ni →W±l∓.

3.4.1 The Higgs-like S model

Following the logic of Ref. [2], the decays of S can be made simple through the assump-
tion that it has Higgs-like couplings. These couplings are assumed to be suppressed,
such that S is not directly produced with a large cross-section. However, its BRs should
be the same as those for a SM-like Higgs boson with a higher mass. This greatly reduces
the number of free parameters in the model. If this is the case, then the S should decay
more dominantly to W and Z boson pairs as its mass gets closer to ∼ 2mW . Therefore,
the S becomes a source of multiple leptons through the decays of the gauge bosons.

3.4.2 The heavy neutrino model

As mentioned above, we have also taken an opportunity to study the possibilities of
heavy neutrinos at the LHC. Thus, we introduce the interactions discussed in Refs. [10,
11, 12, 13], where heavy mass neutrino eigenstates Ni couple to the EW bosons Z,W±

and S via mixing with left-handed (LH) neutrinos νL.

Following the notation used in Ref. [10], the flavour state νl in the mass basis is expressed
as:

νl =

3∑
m=1

Ulmνm +

n∑
m′=1

Vlm′N
c
m′ , (3.4.1)

where Ulm and Vlm′ are the observed light neutrino mixing and active-heavy mixing
matrices, respectively. Considering only one heavy mass eigenstate N , for simplicity,
the interaction Lagrangian with the electroweak bosons is given by:
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Lint = − g√
2
W+
µ

τ∑
l=e

3∑
m=1

ν̄mU
∗
lmγ

µPLl
− − g√

2
W+
µ

τ∑
l=e

N̄ cV ∗lNγ
µPLl

−

− g

2 cos θW
Zµ

τ∑
l=e

3∑
m=1

ν̄mU
∗
lmγ

µPLνl −
g

2 cos θW
Zµ

τ∑
l=e

N̄ cV ∗lNγ
µPLνl

− gmN

2MW
S

τ∑
l=e

N̄ cV ∗lNγ
µPLνl + h.c. (3.4.2)

The precise values of VlN are model dependent. These are constrained by 0νββ-decays,
oscillation and collider experiments and tests of lepton universality, as discussed in
Refs. [10, 39, 40].

In the Heavy Neutrino Model (HNM), S is still a source of leptons due to the interaction
between the heavy neutrinos and the gauge bosons. The Feynman diagrams showing
the decay chain of S in the heavy HNM can be seen in Figure 3.3. The mass of the
HNM (Ni), however, is not as well constrained and therefore has been considered in the
range mN = 100− 1000 GeV.

Summary

In summary, we discussed the Higgs sector of the 2HDM. This is done by considering the
assumptions presented above. We explored a possible extension of the 2HDM, where we
introduced a singlet scalar into the Higgs sector of the 2HDM. As a consequence, two
new scalar bosons S and H appear in the extended 2HDM. Furthermore, we introduce
a new decay mode for the S in addition to the decay modes shown in Table 3.1. In
chapter 5 and 6 we focus on the future of the S in this extended 2HDM model.



4
The Large Hadron Collider and the ATLAS Detector

This chapter discusses the experimental setup of the Large Hadron Collider, how it
operates, and the ATLAS detector which is within the scope of this dissertation.

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the biggest and powerful machine that humanity
has ever made. LHC is made as a discovery machine that was built on the experience
learned from colliders such as Tevatron, HERA and Spp̄S [41]. It was established by
CERN, the European Laboratory for Particle Physics.

The LHC is biggest in accelerator complex at CERN. It is about 27 kilometres in cir-
cumference and 75 meters under-ground. It is filled with superconducting magnets that
have accelerating points that boosts the energy of the circulating beam of particles up
to 7 TeV. Within this ring there are two vacuum pipes that the beam of protons will
be injected to. One of these beams goes clockwise and the other counter-clockwise,
counter-rotating in four points. These points are place-holders for four huge and impor-
tant experiment facilities. These are a Large Ion Collider Experiment (ALICE) [42],
A Toroidal LHC Apparatus (ATLAS) [43], Compact Muon Solenoid (CMS) [44] and
LHC-beauty (LHCb) [45], which is the smallest of them [46].

The LHC receives particles from Super Proton Synchrotron (SPS), that is 7km in cir-
cumference [47]. The SPS is designed to accelerate the proton beams to 450 GeV. The
LHC is designed to collide a beam of about 1011 protons. This collision happens 40
millions times per second, which produce 13 TeV of proton-proton collision with an in-
stantaneous luminosity of 1034 cm−2 ·s−1. Although LHC is designed to collide protons,
it can also accommodate heavy ions [41].

27
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Figure 4.1: CERN’s accelerator complex [48].

4.1.1 How does the LHC work

There are four stages that the proton beam has to go through before it ends up colliding
in one of the detector experiments:

1. Hydrogen atoms are injected into the Linear accelerator (LINAC 2), see Figure 4.1.
Where the electrons will be pulled out of the LINAC 2 chamber, this leaves only
the protons which have positive charges. That can be accelerated in an electric
field. At this stage the particles will be accelerated up to one third of the speed
of light and their energy reach 50 MeV [49], hence the protons are then sent to
stage 2.

2. The Proton Synchrotron Booster (PSB), as shown in Figure 4.1, is 175 meters in
circumference and consists of four rings which maximise the intensity of the energy
beam that comes from LINAC 2, this raises the energy of protons to 1.4 GeV.
The PSB accelerates the protons to 91.6% of the speed of light [50] and deliver
them to the next step.

3. The Proton Synchrotron (PS), see Figure 4.1, is 628 meters in circumference and
is responsible of accelerating the protons package to 99.9% of the speed of light.
Here the protons reach the speed limit and, therefore, start getting heavier. The
mass of each proton becomes 25 times bigger [51], and then they will be sent to
the last stage.
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Figure 4.2: A right-handed Cartesian and cylindrical coordinate used by the ATLAS
detector.

4. The Super Proton Synchrotron (SPS) increases the energy of the beam up to 450
GeV and then delivers them to the main gigantic LHC ring, see Figure 4.1 for
both SPS and LHC.

5. In the LHC particles are accelerated up to 7 TeV per side, the beam get another
boost and will be split into two beams moving away from each other. The velocity
of the beams now reach 99.9999% of the speed of light, and hence they cross at
14 TeV in the interaction point of the four experiment.

This is the case where the injected particles are protons, however, same procedures
apply for the heavy ion. For the heavy ion collider, the linear accelerator (LINAC 3)
point is used and instead of protons lead (Pb) ion is used.

4.2 The ATLAS Experiment

ATLAS experiment is a multi-purpose detector and the second-largest experiment in the
LHC. The weight of the ATLAS is 7000 tonne and it is 46 meters in length and 25 meters
in hight and width. It has been made to explore the products of the proton-proton (p–p)
and ion-ion (Pb–Pb) collisions from the LHC. ATLAS uses a right-handed Cartesian
coordinate system. The origin of the detector is considered to be the interaction point
(IP). The beam direction lays in the horizontal plane and is defined by the z-axis, as
shown in Figure 4.2. The x-axis points from the IP toward the centre of the LHC.
While the y-axis points upward, the x− y plane is the plane transverse to the direction
of the beam and is perpendicular the direction of the pipe. The cylindrical coordinate
is defined by:
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Figure 4.3: CERN’s accelerator complex [52].

r =
√
x2 + y2, (4.2.1)

φ = arctan
(y
x

)
, (4.2.2)

θ = arctan
(r
z

)
, (4.2.3)

η = − ln

(
tan

(
θ

2

))
, (4.2.4)

where φ is azimuthal angle, which is measured around the beam line from the x-axis,
r is the radius measured from the beam and θ measures the angle from the beam and
the momentum of the flaying particles. The ATLAS experiment like the other LHC
experiments is designed to measure the tracks and energies of scattered particles. It
consists of sub-detesters which surround the IP each corresponding to specific measure-
ments. These are the Inner Detector (ID), Calorimeter and the Muon detector, which
are explained briefly below.

4.2.1 The Inner Detector

The ID is covered by a 2 T solenoid field, it measures the tracks and momentum of
charged particles, such as electron and muons. It is a composite of Pixel detector,
Silicon microstrip (SCT) tracker and Transition radiation tracker (TRT) as shown in
Figure 4.4. The Pixel detector and SCT consist of very sensitive sensors that measure
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Figure 4.4: A 3D cut-away view of the ID detector and its sub-systems [52].

the position of particles with a precision of the order of 50 micro-meters. TRT provides
an accurate identification of particles by measuring their transition radiation [53, 52].
The Pixel detector, SCT and TRT can measure particles up to |η| = 2.5.

4.2.2 The Calorimeter System

The ATLAS calorimeter system consists of a Liquid Argon (LAr) Electromagnetic
calorimeter, Tile Hadronic Calorimeter (TileCal), Endcap and Forward cap Calorime-
ter. The main goal of these calorimeters is to measure the energy of hadrons, electrons
and photons. Figure 4.5 displays the calorimeter and sub-calorimeter systems. They are
specific in terms of the region of the pesudorapidity that they cover. For instance, the
LAr Electromagnetic calorimeter and TileCal cover the range |η| < 3.2 and |η| < 1.7,
respectively. While the Endcap and the Forward cap Calorimeter measure particles
span the range of 3.1 < |η| < 4.9 (1.7 < |η| < 3.2). This means that the calorimeter
systems cover 4.9 of the pseudorapidity.

4.2.3 The Muon Spectrometer

The Muon Spectrometer represents the outer shell of the ATLAS detector. It is designed
to measure any charged particles escaping from the end-cap Calorimeter. The Muon
System can measure these particles in the range of |η| < 2.7. In addition, it acts as a
trigger on particles spanning the range of |η| < 2.4.
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Figure 4.5: A three dimensional view of the ATLAS Calorimeter System and its sub-
systems [52].

Summary

In this chapter we discussed the LHC and how it collides proton–proton to achieve a
large centre-of-mass energy. Furthermore, the ATLAS detector, which is one of the LHC
experiments, is summarised. Data collected from the ATLAS is analysed or simulated
in chapters 5 and 6, along with MC simulated data.



5
Search for Higgs Pair Production in WWγγ Channel

This chapter is fully based on our work that is presented in Refs. [54, 55]. It discusses
the semi-leptonic WW ∗γγ final state from a Higgs pair decay, where two photons from
h, two jets and one charged lepton together with missing energy from h is considered.
W s bosons decay semileptonically and hadronically. The non-resonant (gg → hh →
WW ∗γγ → lνjjγγ) and the resonant (as in gg → H → hh → WW ∗γγ → lνjjγγ)
processes are discussed. In addition, a possible search for a heavy boson based on the
model discussed in chapter 3 is also presented.

5.1 Data samples

The data samples used in this analysis correspond to the data taken by ATLAS through-
out 2015 and 2016, which sums up to an integrated luminosity of 36.1 fb−1. The whole
dataset is recorded with all of ATLAS subsystems operational.

5.2 Monte Carlo samples

Monte Carlo simulation is used to simulate the SM Higgs background and the sig-
nal. Data-driven method is used to determine the continuum background of the multi-
photons and multi-jets processes. The production cross-section of the Higgs pair at√
s = 13 TeV in gluon–gluon fusion (gg → hh) is 33.41 fb [8].

5.2.1 Signal samples

The resonant and non-resonant signal samples are generated at next-to-leading-order
(NLO) by using MadGragh5 aMC@NLO [56]. The production of these events are
performed with a Higgs Effective Field Theory (HEFT) model [57]. These events are
hadronised by Herwig++ with UEEE5 [58] tune and CTEQL1 PDF set [59]. The
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Figure 5.1: Feynman diagrams for leading-order Higgs boson pair production in the
SM through (a), a heavy-quark loop and (b) an intermediate heavy resonant.

masses of the heavy boson X at the generation level are set to be: 260 GeV, 300 GeV,
400 GeV and 500 GeV. This is done by assuming a narrow decay width for X which is
set to be 10 MeV. The heavy boson X is forced to decay to a pair of SM Higgs, one of
them decays to WW bosons and the other SM Higgs boson decays into two photons.

The WWγγ kinematic distributions for particles for signal samples are shown for the
resonant and non-resonant. Figure 5.4, 5.3 and Figure 5.4 show the kinematic distri-
butions for the photons, jets and leptons, respectively. They displace the transverse
momentum of the leading and the sub-leading of the photons, jets and leptons.

5.2.2 Background samples

Since we consider a heavy boson X decaying into two SM Higgs boson hh, SM Higgs
bosons which come from other sources should be taken into account. Therefore, five
production channels are regarded as SM Higgs background. These channels are the
gluon-gluon fusion gg → h (ggh), vector-boson fusion qq̄ → qq̄h (VBF), Higgs produc-
tion in association with the W± and Z bosons qq̄ →Wh/Zh and the associated produc-
tion with a top quarks gg/qq̄ → tt̄h (tt̄h). A prediction of the cross-sections calculated
at next-to-next-to-leading order (NNOL) in case of VBF, V h and tt̄h and next-to-next-
to-next-to-leading order (N3LO) for the ggh are summarised in Table 5.1. The ggh is
simulated by using Powheg NNLOPS [60]. The VBF events are mimicked at NLO
by Powheg and the cross-section is computed in QCD and electroweak (EW) correc-
tions [61, 62]. The processes of V h are generated, including QCD and EW up to NNLO
corrections [63, 64], by Powheg MiNLO. MadGragh5 aMC@NLO [56] is used to
generate the contributions from tt̄h. The (PDF) sets that are used for the generation
are PDF4LHC15 and NNPDF3.0 for the processes ggh, VBF and V h and tt̄h, respec-
tively. There are also particles in the final states, such as pp→ `νjjγγ and pp→ jjjγγ,
that contaminate our signal. Here we refer them as continuum backgrounds. `νjjγγ
events are simulated using MadGragh5 aMC@NLO which interfaced with Phyia8,
accompanied by AU2 tune and NN23LO1ME PDF set. The computed cross-section
of these event is 31.739 fb. Sherpa is used to generate the jjjγγ events with CT10
tune, where the cross-section is found to be 40.127 pb.
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Figure 5.2: Distributions of the MC simulation for WWγγ of the di-Higgs produc-
tion. (a) and (c) are the transverse momentum pT of the leading and sub-leading photon,
respectively. (b) and (d) are the pseudorapidity η of the leading and sub-leading photon,
respectively.
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Figure 5.3: Distributions of the MC simulation for WWγγ of the di-Higgs produc-
tion. (a) and (c) are the transverse momentum pT of the leading and sub-leading jet (at

psub-leadingT > 30 GeV), respectively. (b) and (d) are the pseudorapidity η of the leading
and sub-leading jet, respectively.
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Figure 5.4: Distributions of the MC simulation for WWγγ of the di-Higgs produc-
tion. (a) and (c) are the transverse momentum pT of the electron and muon, respec-
tively. (b) and (d) are the pseudorapidity η of the electron and muon, respectively. (e)
Corresponds to the transverse momentum of neutrino.
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Processes Cross-section [pb]

ggh 48.5200
VBF 3.7790
W+h 0.8379
W−h 0.5313
Zh 0.8839
ggZh 0.7600
tt̄h 0.5065

Table 5.1: The production cross-sections of the SM Higgs boson background for mh =
125 GeV [65].

5.3 Object reconstruction and identification

Photons are reconstructed based on the energy deposited in the electromagnetic calorime-
ter (EM), as described in Ref. [66]. These photons must be in the pseudorapidity of
|η| < 2.37, excluding the crack region of the detector between 1.37 < |η| < 1.5. To
suppress the fake photons, the selected photons should pass the tight identification in
the inner detector (ID) cut [67]. Tight ID refer to the method that used to separate
the converted and unconverted photons. This gives a photon identification efficiency
of about 85% for photons with ET > 40 GeV and background with rejection factor of
5000. The transverse momentum of the isolated photon piso

T is required to be inside a
cone of ∆R =

√
(∆η)2 + (∆φ)2 = 0.2. Moreover, the diphoton invariant mass should

be in the range of (106, 160) GeV.

Electrons are formed by matching an energy deposit in the EM calorimeter to a track
in the inner detector. The identification of electrons from jets or non-prompt electron
is performed by a set of likelihood-base algorithm [68]. Electrons are required to have
a transverse energy ET > 10 GeV and pseudorapidity |η| < 2.47, excluding the part of
the calorimeter between 1.37 < |η| < 1.52. leptons are required to be isolated within a
cone of ∆R = 0.2.

Muons are reconstructed incorporating tracks in the ID with that of muon spectrometer
(MS) [69]. Muons are required to have pT > 10 GeV and |η| < 2.7. A cone with
∆R = 0.3 is used to isolate muons.

Jets are reconstructed by using the Anti-kt algorithm [70] with distance parameter
R = 0.4. The transverse momentum of jets must be greater than 25 GeV, and they
should be within |η| < 2.5. A multivariate technique (MV2c10) [71, 72] is used to
classify the b-tagged jets, with an efficiency of 70%. Jet vertex tagger was used to reject
jets which are coming from pileup. This was applied for jets with pT < 60 GeV and
|η| < 2.4.

Missing transverse energy (Emiss
T ) is defined as the negative sum of the transverse mo-

mentum pT of all reconstructed charged or neutral particles, such as electrons, muons,
jets and photons.
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Cuts

Samples Non-resonant Resonance Mass
260 GeV 300 GeV 400 GeV 500 GeV

All Events 100.0% 100.0% 100.0% 100.0% 100.0%
Duplicate 100.0% 100.0% 100.0% 100.0% 100.0%
GRL 100.0% 100.0% 100.0% 100.0% 100.0%
Pass Trigger 73.8% 68.5% 69.4% 71.8% 74.4%
Detector Quality 73.8% 68.5% 69.4% 71.8% 74.4%
has PV 73.8% 68.5% 69.4% 71.8% 74.4%
2 loose photons 59.0% 56.3% 55.8% 57.2% 59.5%
Trig Match 58.8% 56.0% 55.5% 56.8% 59.2%
Tight ID 48.6% 45.3% 44.7% 46.8% 49.4%
Isolation 43.9% 38.5% 38.5% 41.9% 44.9%
Rel.Pt cuts 40.4% 36.1% 35.0% 38.2% 41.7%
105 < mγγ < 160 GeV 40.2% 36.0% 34.9% 38.0% 41.5%
At least 1 lepton 17.5% 16.5% 15.8% 17.4% 17.9%
At least 2 central jets 11.0% 6.40% 7.54% 10.3% 11.9%
B-veto 10.4% 6.08% 7.11% 9.66% 11.2%
pT(γγ) > 100 GeV 8.63% - - 7.82% 10.4%

Table 5.2: The accumulative cut efficiency for the non-resonant and resonant signal
samples.

Overlap removal technique was applied to ensure that we did not count the event twice.
The removal is defined by the value of ∆R, as follows: electrons and jets are removed
if their distance to photon is smaller than 0.4 in ∆R, namely ∆R(e, γ) < 0.4 and
∆(γ, jet) < 0.4. Also jets and muons with ∆R(µ, γ) and ∆(µ, jet) less than 0.4 are
removed. In addition, jets with ∆(jet, e) < 0.2 are also removed.

5.4 Event selection

Events are required to have two photons, as explained in section 5.3. The selection
of these photons is performed according to the selection in Ref. [73]. The leading and
sub-leading photon must have ET satisfying EγT/mγγ > 0.35 and 0.25, respectively. In
addition to the two photons selections, events with at least two jets are required to have
pT > 25 GeV and |η| < 2.5. Also, an event will be rejected if any b-tagged jet is found in
the events. A b-tagger (MV2c10) with a b-tagging efficiency of 70% is used to suppress
the contribution coming from tt̄h. Moreover, the number of leptons in the final state
should be at least one lepton and it could be either a muon or an electron.

The continuum background is suppressed, to enhance the non-resonant and the resonant
Higgs, by cutting on the diphoton transverse momentum pγγT . For the non-resonant and
resonant Higgs boson pair production with mX < 400 GeV the transverse momentum
is required to be greater than 100 GeV, as shown in Figure 5.5.

The selection efficiencies for the signal samples as a function of the mass of X are
shown in Table 5.2. Where the selection efficiency at the diphoton invariant mass
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Figure 5.5: Kinematic distributions of the transverse momentum of two photons sys-
tem pγγT ; for the signal in case of the non-resonant di-Higgs and when the mass of the
heavy boson X is 260 GeV, 300 GeV, 400 GeV and 500 GeV. A cut on pγγT > 100 is
applied for the non-resonant and resonant with mass of 400 GeV and 500 GeV.

(mγγ) cut is 40.2%, 36.0%, 34.9%, 38.0% and 41.5% for the non-resonant and resonant
with 260 GeV, 300 GeV, 400 GeV and 500 GeV, respectively. After additional cuts,
the selection efficiencies for the signal are 8.63%, 7.82% and 10.4% for the non-resonant
and for the resonant with masses 400 GeV and 500 GeV, respectively. In cases where
the mass of X is lower than 400 GeV, the efficiency becomes 6.08% for mX = 260 GeV
and 7.11% for mX = 300 GeV.

5.5 Signal and background estimation

5.5.1 Signal modelling and estimation

A double-sided Crystal Ball (DSCB) is used to model the shape of the signal. The DSCB
is used to fit the MC simulation of the non-resonant and resonant di-Higgs production
with mh = 125 GeV and different resonant masses, to the distribution of the invariant
mass of the two photons. The DSCB is defined as:
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Cuts
Samples ggh VBF W+h W−h Zh ggZh tt̄h

All Events 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Duplicate 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
GRL 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Pass Trigger 59.9% 61.0% 55.6% 60.4% 57.1% 67.7% 73.5%
Detector Quality 59.9% 61.0% 55.6% 60.4% 57.1% 67.7% 73.5%
has PV 59.9% 61.0% 55.6% 60.4% 57.1% 67.7% 73.5%
2 loose photons 49.8% 50.8% 43.2% 48.1% 46.0% 56.2% 59.1%
Trig Match 49.7% 50.7% 43.1% 48.0% 45.9% 56.0% 58.6%
Tight ID 43.2% 43.8% 37.0% 41.1% 39.4% 48.1% 48.6%
Isolation 38.6% 39.6% 32.6% 36.2% 34.7% 43.2% 40.3%
Rel.Pt cuts 35.8% 36.0% 29.9% 33.1% 31.7% 39.4% 36.7%
105 < mγγ < 160 GeV 35.8% 36.0% 29.7% 33.0% 31.6% 39.2% 36.3%
At least 1 lepton 0.0266% 0.0355% 5.24% 5.66% 2.30% 3.09% 11.4%
At least 2 central jets 0.00381% 0.00789% 0.715% 0.791% 0.426% 0.936% 10.6%
B-veto 0.00317% 0.00694% 0.683% 0.748% 0.386% 0.856% 1.97%
pT(γγ) > 100 GeV 0.000873% 0.00404% 0.373% 0.367% 0.186% 0.643% 1.10%

Table 5.3: The selection efficiency for the SM Higgs background samples of the ggh,
VBF, W+h, W−h, Zh, ggZh and tt̄h.

CB(mγγ) = N ×
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(5.5.1)

where t = (mX − µCB)/σCB, µCB is the Gaussian distribution peak and σCB is the
width of the DSCB Gaussian core. The parameters αlow and αhigh are the exponent
high of the low mass and exponent high of the high mass, respectively. nlow and nhigh

are the power-low and power-high of the exponent tile, respectively. MC samples are
used to compute the expected events of the non-resonant and resonant signals. This is
performed by assuming the cross-section for the non resonant to be σ(pp→ hh) = 1 pb
and in the resonant case σ(pp→ X)× BR(X → hh) = 1 pb.

5.5.2 Background modelling and estimation

The single SM Higgs boson is considered as background and its contribution to the mγγ

distribution is estimated by using MC simulation. Table 5.3 displays the cut efficiencies
for the SM background. It shows that most of the contribution comes from the tt̄h, this
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is assignable to the lepton which comes from the decay of the top quark and the high jet
multiplicity. The continuum background contribution to the mγγ is estimated from the
fit to the diphoton invariant mass. Where several functions are examined to model the
continuum background. The test and the computation of the continuum background
are given below.

Spurious signal

The spurious signal method is important in helping us decide which PDF will be suitable
for our study. In addition, it allows us to describe the continuum background and to
estimate the fluctuation in the continuum background.

The spurious signal is computed only on the range of the SM Higgs boson signal mγγ .
The model used for the fitting is signal plus background (S+B), which has the composite
PDF form:

NS × PDFS +NB × PDFB. (5.5.2)

Where NS , PDFS , NB and PDFB are number of signal, PDF of the signal, number
of background and PDF of the background, respectively. The PDF of the signal is
already stored in the workspace and the PDF of the continuum background is to be de-
termined by this study. The selection of the continuum background PDF is performed
by HGamTool. HGamTool is a software package that inherent from HGamAnaly-
sisFramework that is used by the HGam group. as follows:

• A fit of (S+B) will be done first on the input MC, so that we can get the number
of the signal for all the selected background PDF’s.

• The maximum fitted signal will be computed in the SM Higgs boson mass signal
(NS).

• Then we apply selection as to whether to accept or reject a certain PDF. The
acceptance of the PDF is achieved by selecting the maximum signal over the
error to be less than 20%, max(NS/∆NS) < 20%. Where ∆NS is the systematic
uncertainty of the spurious signal.

• The PDF is chosen if it passed the condition above. However, if all the selected
functions passed the selection criteria, then the PDF with less parameters will be
selected by the tool.

• In the configuration file, the integrated luminosity of the input dataset has to be
consistent with the luminosity of the computed yield.

• The lower and upper end of the window to maximise over to compute the spurious
signal is (Higgs mass signal ± 8 GeV).

• Exponential, ExpPoly2, Poly1 and Poly2 are the PDF functions that are to be
tested.
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Function Max(NS) Max(NS/∆NS) Result Function Max(NS) Max(NS/∆NS) Result

Exponential 0.81309 16.08% pass Exponential 0.82685 16.25% pass
ExpPoly2 −0.43869 −10.51% pass ExpPoly2 −0.45901 −10.90% pass
Poly1 −1.69689 −44.85% fail Poly1 −1.73049 −45.43% fail
Poly2 −1.11274 −29.16% fail Poly2 −1.13824 −29.63% fail

For mX = 260 GeV For mX = 300 GeV

Exponential 0.245930 10.53% pass Exponential 0.240416 10.55% pass
ExpPoly2 −0.264615 −10.61% pass ExpPoly2 −0.259126 −10.74% pass
Poly1 −0.272567 −11.83% pass Poly1 −0.269504 −12.05% pass
Poly2 −0.277345 −11.86% pass Poly2 −0.253425 −11.07% pass

For mX = 400 GeV For mX = 500 GeV

Exponential 0.243031 10.56% pass
ExpPoly2 −0.260077 −10.64% pass
Poly1 −0.274957 −12.10% pass
Poly2 −0.261354 −11.31% pass

Non-resonant

Table 5.4: Spurious signal computation and the selection result of the PDF function
for the background. The examined PDF functions are Exponential, ExpPoly2, Poly1
and Poly2. NS is the amount of the spurious signal around the mγγ and ∆NS is the
systematic uncertainty in the signal. The value of Max(NS/∆NS) < 20% is the criteria
used to make judgement, as to whether the PDF function should pass or not.

• The scan range has been set to be between the range of (115− 135) GeV.

• The scan is performed by taking 0.5 GeV as interval between the scan points.

The input dataset for the test is generated by merging the γγ background samples.
That is to be used as an input file for the spurious signal study. Each sample has been
normalised by its number of events in the control region (side-band). The samples are
smoothened by an exponential function, then merged. The reason for smoothing the
samples is that the samples do not have enough number of entries. So the only way to
avoid the MC fluctuation is to smooth single samples and fit them because we use a
non-binned likelihood estimator. Then the spurious test is only testing the difference
between the mixed function and the single final fit function. The result of the (S +B)
fit parameters for the background is shown in Table 5.4. The table shows results for
the non-resonant and the resonant Higgs boson pair production.

5.6 Systematic uncertainties

A combined uncertainties from different sources could severely affect the measurements.
Therefore, we consider different uncertainties that can have a huge impact on our mea-
surements. For instance, the uncertainty in the measurement of the delivered luminosity
is systematic uncertainty.
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Processes +QCD Scale −QCD Scale PDF αs

ggh +3.9% −3.9% ±1.9% ±2.6%
VBF +0.4% −0.3% ±2.1% ±0.5%
W+h +0.5% −0.7% ±1.7% ±0.9%
W−h +0.5% −0.7% ±1.7% ±0.9%
Zh +0.5% −0.6% ±1.7% ±0.9%
ggZh +25.1% −18.9% ±1.8% ±1.6%
tt̄h +5.8% −9.2% ±3.0% ±2.0%

Table 5.5: Theoretical uncertainties for the production of the SM Higgs boson with
mh = 125 GeV. These uncertainties are for the QCD scale, PDF uncertainties and the
coupling constant (αs) which are taken from [65].

5.6.1 Theoretical uncertainties

These uncertainties come from theoretical models such as the SM and its extensions.
Where the determination of their fundamental parameters plays a crucial role. In this
work, theoretical uncertainties are considered for the QCD scale, QCD coupling constant
and PDF uncertainties. For a single SM Higgs boson production the recommended
uncertainties are shown in Table 5.5, as provided in Ref. [65]. And the theoretical
uncertainties for the di-Higgs production are given in Table 5.6, as recommended by
Ref. [8]. The uncertainties in the continuum background are estimated as explained
in section 5.5.2. Where the uncertainties range from 2.6% to 4.6% as shown in the
highlighted area in Table 5.4.

5.6.2 Experimental uncertainties

In Run-I data taking period it is found that the uncertainty for 22.7 fb−1 of pp collision
delivered to ATLAS at

√
s = 8 TeV is ±1.9% [74]. Following similar arguments the

luminosity uncertainty in Run-II is found to be 2.1% for 36.1 fb−1 luminosity of pp
collision at

√
s = 13 TeV.

The uncertainty of the diphoton trigger is computed to be 0.4%, as reported by Ref. [75].
A maximum uncertainty of 1.7% is estimated for misidentification of photons that
come from the radiative Z boson, including γ events and events that come from Z →
e+e− [67]. There is also uncertainty due to the photon track isolation which mainly
comes from the measurements of the data to simulation efficiency, and it is about 1%.
Moreover, the measurement of the photon energy resolution can have impact on the
efficiency of the event selections and it ranges from 1.2% to 2.0%.

Jet energy scale uncertainties are estimated from Run-I and Run-II data, which are
found to affect the selection of the event from 3.5% to 5.2%. In addition, uncertainty
from the resolution of the jet energy is found to have a value of 0.2% to 8.0%. Electrons
and muons are found to have uncertainties coming from their reconstructions, identi-
fication and isolation of about 1%. Uncertainties arising from pileup re-weighting, to
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√
s σNNLOgg→hh Scale ±PDF % ±αs % EFT

13 TeV 33.41 fb
+4.3% ±2.1% ±2.3% ±5%
-6.0%

Table 5.6: Theoretical uncertainties for the di-Higgs production in gluon–gluon fusion
(ggh), taken from Ref. [8].

differentiate the events distribution per bunch crossing, range from 2.0% to 1.8%. A
summary of these uncertainties are provided in Table 5.7.

5.7 Statistical model

A likelihood function to the parameters to the data is used to perform the fit of diphoton
invariant mass and its form (see Ref. [76]) is given by:

L (µ, θ) =

∏
i(NBSM(µ, θ)× fDSCB(mi

γγ , θ) +NSM(θ)× fDSCB(mi
γγ , θ)

+NCont × fCont(m
i
γγ , θ) +NSS × fDSCB(mi

γγ , θ))
∏

Norm(θ|0, 1)
, (5.7.1)

where NBSM and NSM are the expected signal yield and expected events of single Higgs
boson, respectively; fDSCB is a double-sided crystal ball for both SM and BSM sig-
nal. NCont is the events number of the continuum background, fCount is a second order
exponential PDF function that describes the continuum background and NSS is the
estimated spurious signal. The number of events of spurious signal and the PDF func-
tions are shown in Table 5.4. µ represents the cross-section for the non-resonant case,
and the cross-section times the branching ratio in the resonant case. The nuisance
parameters (θ) are estimated by using the Norm (probability density function), and i
is the index of the event. Finally there are normalisation terms that pull the value of
nuisance parameters to their best value. The best fit is performed by setting an upper
limit Ref. [76] which is defined by:

q̃µ =


−2 ln L (µ,

ˆ̂
θ(µ))

L (0,
ˆ̂
θ(0))

if µ̂ < 0

−2 ln L (µ,
ˆ̂
θ(µ))

L (µ̂,θ̂)
if 0 ≤ µ̂ ≤ µ

0 if µ̂ > µ

(5.7.2)

where L is the likelihood function in Equation 5.7.1, µ and θ are same as in Equa-
tion 5.7.1.
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Source of uncertainties Non-resonant hh X → hh Single-h bkg Single-h bkg
pγγT > 100 GeV No pγγT selection

Luminosity 2015+2016 2.1 2.1 2.1 2.1

Trigger 0.4 0.4 0.4 0.4
Pileup re-weighting 0.5 0.9 0.7 0.6
Event statistics 1.7 2.2 1.6 1.3

Photon

energy resolution 7.7 5.1 11.4 9.3
energy scale 0.5 0.4 0.5 0.5
identification 1.7 1.4 0.8 0.8
isolation 0.8 0.7 0.4 0.4

Jet
energy resolution 0.1 1.6 0.5 1.0
energy scale 4.0 9.9 2.4 2.6

b-tagging

b-hadron jets 0.06 0.09 3.8 3.6
c-hadron jets 1.5 1.0 0.7 0.6
light-hadron jets 0.3 0.3 0.1 0.1
extrapolation 0.02 0.001 0.1 0.08

Lepton
electron 0.5 0.7 0.2 0.2
muon 0.5 0.7 0.3 0.5

Theory

PDF on σ 2.1 - 3.4 3.4
αS on σ 2.3 - 1.3 1.3
scale on σ 6.0 - 0.9 0.9
HEFT on σ 5.0 - - -
Scale on Acc 3.4 4.1 - -
PDF on Acc 3.0 2.4 - -
PS on Acc 7.8 29.6 - -
jet multiplicity - - 6.3 6.3
BR(h→ γγ) 2.1 2.1 2.1 2.1
BR(h→WW ∗) 1.5 1.5 1.5 1.5

Total 14.8 32.4 14.8 13.2

Table 5.7: Summary of systematic uncertainties propagated to the yields in percentage.
Entries marked by ‘-’ indicate that the systematic uncertainty is not applicable for the
corresponding process. The extrapolation uncertainties in b-tagging include two com-
ponents: one is from the extrapolation to high-pT (pT > 300 GeV) jets and the other
one is from extrapolating c-jets to τ -jets. The resonant numbers shown here assume
mX=260 GeV.
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Figure 5.6: Upper limit at 95% confidence level of the resonant di-Higgs production
cross-section multiplied by the branching ratio of X → hh as a function of the mass of
the X. (a) Without considering the SM branching ratio of h→WW ∗ and h→ γγ. (b)
Considering the SM branching ratio of h → WW ∗ and h → γγ. The solid line is
the expected limit and the dashed line is the expected. The green and yellow band are
correspond to 1σ and 2σ interval on the expected limit, respectively. The region on
the right hand of the dashed-vertical line at mX = 400GeV was evaluated with pγγT >
100 GeV cut in both plots, but not the one on left hand of the dashed-vertical line.

5.8 Results

Following Ref. [77], a frequentist approach CLs is adopted to compute 95% confidence-
level (CL) exclusion limits that yield the expected 1 σ and 2 σ band. The results are
shown for the non-resonant and resonant di-Higgs production with and without pγγT >
100 GeV cut, as described in section 5.4. It is hardly worth mentioning excess in the data
associated to the expected total background. The resonant with mγγ = 400 GeV reports
substantial variation from the background-only hypothesis. This deviation corresponds
to a 2.0σ effects. The expected cross-section of the non-resonant di-Higgs production
is 5.4 pb, while the observed cross-section is 7.7 pb giving a small excess in the data.
The expected cross-section times the branching ratio of (X → hh) is 17.6 to 4.4 pb,
meanwhile, for the the mass of the resonant between 260 and 500 GeV the observed
cross-section times the branching ratio is in the range of 40 pb to 6.1 pb. This was
unaccompanied by the branching ratio of the SM Higgs boson to WW ∗ and γγ, as shown
in Figure 5.6(a). However, by including the branching ratio of the SM Higgs boson to
WW ∗ and γγ, the expected cross-section times the branching ratio of hh → WW ∗γγ
for the non-resonant is 5.3 fb, and the observed limit is 7.6 fb. In the resonant case the
the expected cross-section times hh → WW ∗γγ limit ranges 16.8 fb to 4.2 fb and the
observed limit is 38.2 fb to 5.9 fb, as shown in Figure 5.6(b). The invariant mass of the
diphoton mγγ derived using the statistical model described in section 5.7 is shown in
Figure 5.7.
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Figure 5.7: Kinematic distributions of the selected events (`νjjγγ) of the diphoton
invariant mass for data and MC simulation. The fit is performed for (a) non-resonant
and the resonant masses (b) mX = 260 GeV, (c) mX = 300 GeV, (d) mX = 400 GeV
and (e) mX = 500 GeV. (b) and (c) are evaluated with pγγT > 100 GeV cut.
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Summary

In this chapter we investigated the SM Higgs boson pair production in the WWγγ
channel with one lepton, two jets and two photons in the final states. The search is
carried out on pp collision data that is collected by the ATLAS experiment in the data
taking period of 2015-2016. The analysis is performed at luminosity of 36.1 fb−1 at
centre-of-mass energy of 13 TeV. The non-resonant and resonant di-Higgs production
are studied. It is found that the main source of the uncertainty is coming from the
resolution of jet energy which have value of 0.2% to 8.0%. No significant deviation from
the SM prediction is observed in the data.



6
Multilepton Signatures at the LHC

Leptons have very distinct signatures in particle physics detectors, such as ATLAS and
CMS detectors. In this chapter, the phenomenology of a heavy boson which decays to
a scalar boson and a SM Higgs boson is studied in a BSM scenario. Furthermore, we
analyse the results of the di-lepton invariant mass that are reported by ATLAS and
CMS collaborations. In addition, a study of three leptons final states is also reported.

This chapter is largely based on the work descried in Ref. [78], which uses the effective
models explained in chapter 3. Details about simulation, phenomenology and analysis
of the BSM signals are illustrated in chapter 1. The focus of this chapter is at the
production of the heavy boson in gluon-gluon fusion.

6.1 Simulation and analysis

Monte Carlo (MC) events were generated and analysed in order to study the cross-
sections and kinematics of the BSM scenario that we have discussed in this chapter.
Firstly, model files were built based on the Lagrangian described in Equations (3.3.5), (3.3.11)
and (3.4.2) using the FeynRules package [79]. The various processes were simulated by
using MG5 aMC@NLO [80]. These hard scatter events were passed to Pythia8 [81]
for the parton shower (PS) and hadronisation; with NNPDF2.3QCD+QEDLO [82]
PDF set, and thereafter through Delphes3 [83] to estimate the detector response for
both ATLAS and CMS. Jets were clustered using FastJet [84] with the anti-kT al-
gorithm [70] using the distance parameter R = 0.4. For b-tagged jets pT > 25 GeV
within |η| < 2.4 were used. Only signal processes were generated for this study; all con-
tributing backgrounds were extracted from the relevant ATLAS and CMS papers, as
referenced in the text. We have considered direct production mechanisms of H through
ggF (gg → H → Sh) and the production of the H in association with the top quarks
(t(tt)H → Sh).

50
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Figure 6.1: Distributions of the χ2 sum of the di-lepton invariant mass of ATLAS and
CMS data [85, 86, 87, 88, 89] comparing to the Higgs-like S, HNM with mNi > mS

and HNM with mNi < mS; as a function of the mass of the scalar boson (mS). These
measurements resulted from the analysis of the di-lepton invariant mass of the ATLAS
and CMS data (see appendices A, B and C).

6.2 Data and background samples

The analysis is based on the data collected by both the ATLAS and CMS experi-
ments [85, 86, 87, 88, 89] through Run-I data-taking period. This corresponds to a
centre-of-mass energy of 8 TeV with integrated luminosity of 20.3 fb−1 for ATLAS data
and 19.4 fb−1 for CMS data. Currently no results are available with 2016 data.

6.3 Method for determining the best fit mass points of S

Based on the analysis of the di-lepton invariant mass,1 we studied the masses of the S
that can fit the data in Refs. [85, 86, 87, 88, 89] best. As explained in chapter 3, we scan
the mass of the S in the range between (130, 160) GeV; taking 5 GeV as a step. Hence,
each mass point is added (in the BSM scenario) to the SM backgrounds described in
Refs. [85, 86, 87, 88, 89]. Then χ2 values (defined in Equation A.1.1) are calculated
after fitting the di-lepton invariant mass spectrum (m``). The sum of the χ2 for all
the ATLAS and CMS measurements (

∑7
k=1 χ

2
k) is shown in Figure 6.1. This figure

1More information about these analysis are provided in appendices A, B and C.
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shows that the Higgs-like S and the HNM (mNi is on-shell) follow the same pattern.
They have the same minima at mS = 135 GeV and maxima approximately around
mS = 155 GeV. However, the HNM with mNi off-shell (mNi > mS) deviates from the
latter two by 5 GeV. This gave the HNM two local minimus at mS = 140 GeV and
mS = 155 GeV, and maximum at mS = 132 GeV. To simplify the analysis we will use
mS = 135, 140 and 150 GeV. These masses will be compared to the ATLAS and CMS
data and SM background in Refs. [85, 86, 87, 88, 89].

6.4 Direct production of H

As mentioned above, we assume that the H is produced primarily through ggF, and
has a 100% BR to Sh. Thereafter, h is allowed to decay to all possible modes according
to the available phase space. The scalar boson S, on the other hand, decays according
to the two scenarios discussed in chapter 3. Firstly, through SM-like Higgs boson decay
modes, S decays into all possible SM final states. Secondly, S decays through Ni to
leptons and missing transverse energy (Emiss

T ) in the HNM (as shown in Figure 3.3).

By considering S to be a Higgs-like scalar boson, the number of free parameters is
drastically reduced. For this reason, we consider the Higgs-like S model for comparisons
to data and fitting the masses of H and S. This choice also enhances the number of
leptons via the decay of S, since for a Higgs-like scalar boson with a mass near 2mW ,
the BR for S →W+W− becomes dominant.

In contrast with this, the HNM produces Ni, which naturally gives leptonic signatures
either through charged or neutral leptons in association with W± and Z bosons. We also
note that for mNi > mS the Ni become off-shell, as shown in Figures 6.2(c) and 6.2(d).
This affects the features of the kinematic observables as opposed to the case where
mNi < mS is on-shell as shown in Figures 6.2(a) and 6.2(b).

6.4.1 Di-lepton final states

There are two natural signatures that arise from event selections based on the sign
of leptons. These are opposite-sign (OS) and same-sign (SS) di-leptons. We have
only considered e± and µ± as leptons, barring possibilities from τ± leptons. In OS
the selection we have required e±e∓, µ±µ∓ or e±µ∓ pairs, and for SS pairs we have
required e±e±, µ±µ± or e±µ±. The event selection based on kinematic cut is the same
for both cases, and it is as follows: electrons should satisfy |ηe| < 2.47 and excluding
the transition region of the calorimeter 1.57 < |ηe| < 1.37. Muons are selected if
|ηµ| < 2.4. Jets must have transverse momentum pjet

T > 25 GeV and must be in
the pseudorapidity |ηjet| < 4.5. Events must have exactly two leptons with OS or SS
leptons and should satisfy the selection criteria described above. The leading and the
sub-leading leptons are required to have transverse momentum plead

T > 25 GeV and the
sub-leading psub-lead

T > 15 GeV. These selections are summarised in Table 6.2 for OS
leptons and in Table 6.1 for SS leptons.
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Figure 6.2: Kinematic distributions of the HNM for the off shell and on shell effect
of the mass of the HNM mNi. For mNi < mS (a) The scalar sum of all final states
particles transverse momentum HT and (b) The missing transverse energy. In case of
mNi > mS (c) The scalar sum of all final states particles transverse momentum HT

and (d) The missing transverse energy.
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Higgs-like S HNM with mNi = 1000 GeV HNM with mNi = 100 GeV

All events 2000000 2000000 2000000
e±e±/µ±µ±/e±µ± 7301 206443 209451
plead

T > 25 GeV 6144 187646 182472
psub-lead

T > 15 GeV 5042 164825 154735

Efficiency 0.002521 0.0824125 0.0773675

Table 6.1: Cutflow for MC simulation of the event selections of two SS leptons
(e±e∓/µ±µ∓/e±µ∓) for the SM background, Higgs-like S and the HNM. Two cases,
depending on the mass of the HNM mNi, are considered for the HNM.

SM Higgs-like S HNM with mNi = 1000 GeV HNM with mNi = 100 GeV

All events 2000000 2000000 2000000 2000000
e±e∓/µ±µ∓/e±µ∓ 102538 31619 412713 418597
plead

T > 25 GeV 86625 27064 376229 367165
psub-lead

T > 15 GeV 69265 22526 324992 297133
Emiss

T > 20 39134 15715 284717 261284

Efficiency 0.019567 0.0078575 0.142358 0.130642

Table 6.2: Cutflow for MC simulation of the event selections of two OS leptons
(e±e∓/µ±µ∓/e±µ∓) for the SM background, Higgs-like S and the HNM. Two cases,
depending on the mass of the HNM mNi, are considered for the HNM.

Based on the above requirements, basic kinematic distributions are shown in Figures 6.3,
6.4 and 6.5 for mH = 270 GeV, mS = 145 GeV, mNi = 100 GeV and mNi = 1000 GeV.
A SM prediction is also shown for the OS di-leptonic events, whereas for the SS selection
the SM acceptance was far too low to generate a reasonable amount of statistics. Even if
the SM can produce a few SS di-leptonic events, they are constructed from fake leptons
and should be ignored.

A number of features deserve discussion. As opposed to the production of the SM Higgs
boson via ggF, the direct production of di-leptons with H → Sh displays significantly
larger jet multiplicity (6.3(a) and 6.3(c)). Di-leptons are studied at ATLAS and CMS
within the context of h-related measurements and the measurement of the non-resonant
WW production by applying restrictions on the number of hadronic jets and b-tagged
jets. In this context it would be interesting to study the di-lepton invariant distributions
in events with more than one hadronic jet and with the application of a veto on b-tagged
jets. OS di-leptons display the feature that about a third of the events contain at least
one b-tagged jet, where top-related backgrounds contribute strongly (see section 6.4.2).
The production mechanism of S suggested here is distinct from the potential direct
production via gluon-gluon fusion due to the significantly enhanced jet activity and the
associated production of b-tagged jets.
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Figure 6.3: Normalised distributions of (a), (b) jet and (c), (d) b-tagged jet multi-
plicities for the event pre-selection in case of OS (left) and SS (right) channels, where
the process is gg → H → Sh.
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Figure 6.4: Normalised distributions of (a), (b) leading-lepton pT and (c), (d) pT of
di-lepton system for the event pre-selection in case of OS (left) and SS (right) channels,
where the process is gg → H → Sh.
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Figure 6.5: Normalised distributions of (a), (b) ∆φ; (c), (d) invariant-mass of di-
lepton system and (e), (f) invariant transverse-mass of di-lepton system for the event
pre-selection in case of OS (left) and SS (right) channels, where the process is gg →
H → Sh.
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Measurement Reference Expected events Post-fit event yield β2
g χ2

SM
− χ2

SM+BSM

ATLAS, 20.2 fb−1

e±µ∓

Nb-jet ≥ 1
[85] 112± 26 397± 93 4.89± 1.15 12.11

ATLAS, 20.3 fb−1

e±µ∓

Njet = 0
[86] 28± 6 48± 46 2.37± 2.27 0.43

ATLAS, 20.3 fb−1

e+e−, µ+µ−

Njet = 0
[86] 16± 4 82± 20 7.07± 1.73 7.31

ATLAS, 20.3 fb−1

e±µ∓

Njet = 1
[87] 70± 16 20± 36 0.39± 0.71 0.16

CMS, 19.4 fb−1

e+e−, µ+µ−, e±µ∓

Njet = 0
[88] 46± 11 136± 58 4.08± 1.74 3.31

CMS, 19.4 fb−1

e+e−, µ+µ−, e±µ∓

Njet = 1
[88] 111± 26 46± 43 0.57± 0.53 0.58

CMS, 5.3 fb−1

e+e−, µ+µ−, e±µ∓

Njet ≥ 2, Nb-jet ≥ 2
[89] 25± 6 17± 58 0.94± 3.20 −0.04

Table 6.3: Best fits to the di-lepton invariant mass spectra reported by ATLAS and
CMS at a proton-proton centre of mass of

√
s = 8 TeV. The post-fit event yield reflects

the number of BSM events required to fit the data (in excess of the SM prediction).
The value of β2

g corresponding to the post-fit event yield is reported along with the test
statistic χ2

SM
− χ2

SM+BSM
in order to gauge the significance of the fit. The mass of the

heavy scalar is fixed at mH = 270 GeV and the mass of S is allowed to vary, where
the best fit is found for mS = 150 GeV. For simplicity, it is assumed that H decays
exclusively into Sh. The higher value for the statistic is more evidence for the BSM
physics.

6.4.2 Comparison with ATLAS and CMS OS di-lepton invariant mass
spectra

The BSM scenario discussed here is of particular interest with regards to several AT-
LAS and CMS SM measurements of di-lepton invariant mass spectra, since the BSM
OS di-leptonic signature has some sensitivity towards them. For this reason, various
8 TeV ATLAS and CMS results were selected for study. The BSM signal was gener-
ated according to the event selections described in the publications by collaborations,
and then added to the SM prediction. A best fit event yield was calculated by varying
the BSM normalisation and fitting the SM+BSM prediction to the data, using the χ2

approach described in appendix A. A list of the measurements that were considered
can be seen in Table 6.3. The SM MCs are normalised to the data in the region of
the di-lepton mass, m`` > 110 GeV, where the signal is expected to be negligible (see
Figure 6.5). The data with m`` < 100 GeV is compared to the re-scaled SM MC plus
the BSM signal. The mass of the heavy scalar is set to mH = 270 GeV and the mass
of S is varied. This is motivated by the fact that the di-lepton invariant mass is not
significantly sensitive to mH .
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As discussed in chapter 3, the cross-section of the BSM signal is proportional to β2
g ,

which is a free parameter. Therefore, from the fits of the invariant mass spectra (shown
in Figures 6.6 and 6.7), the value of β2

g can be calculated along with its standard
deviation. In addition to this, a test statistic can be used to determine the significance
of the BSM signal’s improvement on the SM-only hypothesis. The test statistic that
was considered is ∆χ2 ≡ χ2

SM
− χ2

SM+BSM
.2 The combined best fit is obtained for mS =

150±5 GeV, as shown in Figure 6.1. The results of the individual fits are compared with
the prediction of the direct production of H → Sh. The cross-section is estimated by
using a combined value of β2

g = 1.38± 0.32. The latter is obtained from different Higgs
boson signal strengths reported so far (see Ref. [19]). Results are reported in Table 6.3.
In order to present the numbers in Table 6.3, the di-lepton invariant mass distributions
are used. Those differential distributions are shown in Figure 6.6 and Figure 6.7 with
the best fit data points from ATLAS and CMS, respectively. It is very interesting to
point out that ATLAS with a luminosity of 20.2 fb−1 has a statistic at 12.

A combined fit is performed with a common value of β2
g . This tests the ability of

the simplified model to describe the data. The best fit obtained here corresponds to
β2
g = 1.22±0.38. This corresponds to a significance of 3.2 standard deviations. The value

of β2
g obtained in this section is in good agreement with the combined value discussed

above. A few remarks are in order here: A simplified assumption is made here whereby
the BSM contribution arises solely from the direct production of H → Sh. A non-trivial
contribution from H → hh is expected, as detailed in Refs. [1, 14, 2]. This contribution
can impact the di-lepton invariant mass distributions. To date, no complete set of
results with the data taken in 2016 is available to give a more reliable estimate than
that given in Ref. [1]. As a result, the hh decay is not taken into account here. The
contribution from OS di-leptons from the associated production of H (see section 6.5)
is neglected here. The contribution from the decay H →WW → `ν`ν is also neglected.
As the mass of H becomes less than mh + mS , the di-boson decay includes off-shell
effects. This is expected to have a non-trivial impact on the expected yields of the
di-leptons and hadronic jets, including b-tagged jets. This effect is not studied here. A
method for calculating β2

g is shown in appendix A, where we extracted the combined
β2
g for mS = 145 GeV and mS = 135 GeV.

2The analysis of the results reported in Ref. [85] is sensitive to the assumed systematic uncertainty.
The latter is obtained from the different MC predictions of the shape of the di-lepton invariant spectrum
reported there. The analysis of the rest of the results is largely insensitive to the assumed systematic
error. A systematic error of 2% is assumed there.
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Figure 6.6: Distributions of the ATLAS data and SM background comparing to the
BSM signal (Higgs-like S boson) for the di-lepton invariant mass. In (a) events are
required to have two opposite-charge leptons (e, µ) with at least one b-tagged jet [85].
For (b) events are required to have two opposite-charge leptons with different-flavour
(eµ) and (c) with same-flavour (ee/µµ), where both analysis require zero jets [86]. In
case of (d) events are required to have two opposite-charge leptons (e, µ) with exactly
one jet. The data used here is from pp collision collected by the ATLAS experiment at√
s = 8 TeV with luminosity of 20.3 fb−1 for (b), (c) and (d), and 20.2 fb−1 for (a).
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Figure 6.7: Distributions of the CMS data and SM background comparing to the
BSM signal (Higgs-like S boson) for the di-lepton invariant mass (m``). Events are
required to have two opposite-charge leptons with (a) zero-jet, (b) one-jet [88] and (c)
eµ channel [89] with at least two jets and one b-tagged jet. The data used here, are
from the measurement of the W+W− and tt̄ production cross-section in p−−p collision
at
√
s = 8 TeV with luminosity of 19.4 fb−1 and 5.3 fb−1 for top and bottom plots,

respectively.
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Channel Number of BSM candidate events β2
g

eµ 37.04± 12.10 3.03± 0.99
µµ 37.22± 17.52 4.25± 2.00

Tri-lepton 6.00± 5.52 0.75± 0.69

Combined 1.69± 0.54

Table 6.4: The number of BSM candidate events and the corresponding values of β2
g for

each channel in the CMS Run-II search in Ref. [90]. The combined result is calculated
as the error weighted mean of the individual values calculated for each channel [78].

6.5 Production of H in association with top quarks

Although the production of H in association with top quark (ttH) is 100 times less
than its production by the gluon-gluon fusion, experimental results in Ref. [91] show a
non-negligible deviation from the SM. Therefore, by following same procedure applied
on the direct production of H explained before, we can try to explain the excess in the
data.

The signal that has been studied in Ref. [78] is H → Sh, where the H is simulated
to be produced by the disturbance in the top quark field. Notice that, H originated
from both single (tH) and double (ttH) top quarks. Hence, the Higgs-like S signal is
compared, with relevant analysis, to the CMS data [90]. The measurements that have
been taken into account for the comparison are the azimuthal angle ∆φ`` between the
leading same-sign pair, pseudorapidity and jet multiplicities. The masses that are used
in this analysis for the heavy boson H and the scalar boson S are 270 GeV and 150 GeV,
respectively. The values of β2

g and the number of the BSM signal in different channels
are shown in Table 6.4. The combined β2

g is found to be β2
g = 1.69 ± 0.54, which is in

agreement with the value of β2
g obtained with the same mass point in section 6.4.2.

6.5.1 Tri-lepton final states

Another important final state to check is the production of three leptons with a total
charge of ±1, since the prediction of the model is not excluded by the existing data.
Therefore, pre-selections are applied for the leptons and jets as follows: Both electrons
and muons should have pT > 15 GeV and they must be within |ηe| < 1.37 or 1.52 <
|ηe| < 2.47 (ηµ < 2.5) for the electrons (muons). Jets are required to have pT > 25 GeV
and pseudorapidity |η| < 4.5.

Events are required to have exactly three leptons in the final-state (eee, µµµ, eµµ or eeµ)
and satisfy the selection criteria described above. We consider a phase space where the
kinematics of final-state lepton associated with the ZW± bosons decay. Two leptons
with same-flavour (SF) and OS which have invariant mass consistent with the Z boson
mass are selected and the last lepton assumed to decay from the W± bosons; at least
one of these leptons should have pT > 25 GeV. To suppress the background coming
from the misidentification of the jets as lepton, the transverse momentum of the lepton
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SM Higgs-like S HNM with mNi = 1000 GeV HNM with mNi = 100 GeV

All events 2000000 2000000 2000000 2000000
eee/µµµ/eeµ/µµe 46764 16540 552094 486334
|m`` −mZ | < 15 GeV 12042 3914 139513 84242

p≥1lep
T > 25 GeV 11973 3901.00 139189.00 84025.00

p3rdlep
T > 20 GeV 6179 2625 98833 55318

mW±
T > 30 GeV 4174 1977 74035 41697

Efficiency 0.002087 0.000885 0.0370175 0.0208485

Table 6.5: Cutflow for MC simulation of the event selections of three leptons
(eee, µµµ, eµµ or eeµ) for the SM background, Higgs-like S and the HNM. Two cases,
depending on the mass of the HNM mNi, are considered for the HNM.

associated with the W± bosons must be greater than 20 GeV. The transverse mass of
the W± boson is defined by:

mW±
T =

√
2 · Emiss

T · p`T [1− cos(∆φ(`, ν))], (6.5.1)

where ∆φ(`, ν) is the difference of the azimuthal angle between lepton associated with
the W± bosons and neutrino. The transverse mass of the W± bosons are required to
be greater than 30 GeV. Cutflow of the events after each cut is shown in Table 6.5. Fig-
ure 6.8 shows the kinematic distributions of the W± bosons transverse mass, transverse
mass of the ZW± bosons system, the invariant mass; the transverse momentum of the
Z boson (pZT) and the azimuthal angle of the lepton associated with the W± bosons and
the neutrino.
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Figure 6.8: Normalised distributions of (a) transverse-mass of reconstructed W±-
boson, (b) transverse-mass of reconstructed ZW±-boson system, (c) reconstructed mass
of Z-boson, (d) pT of Z-boson and (e) ∆φ between leading lepton and missing energy for
the event pre-selection for the tri-leptons channel, where the process is gg → H → Sh.



Section 6.5 Production of H in association with top quarks Page 65

Dataset Extracted β2
g Standard deviations

Higgs boson signal strength 1.38± 0.32 [19] 4.3
Leptons with b-tagged jets 1.69± 0.54 [78] 3.1
Di-lepton with jets 1.22± 0.38 3.2

Combined 1.38± 0.22 6.3

Table 6.6: Summary of the combined β2
g values and the significance for different

datasets.

Summary

In this chapter we discussed the phenomenology of multilepton that arises from the
decay of the scalar boson S. In particular, special attention has been given to di-lepton
final states. We compared the di-leptons signal of the BSM to the ATLAS and CMS
data. This was done in order to understand the excess in the di-leptons results. The
scale factor (the combined β2

g for different datasets) is used to make judgement of how
the BSM signal performs. The combined β2

g calculated from the di-leptons invariant
mass of H → Sh signal with ATLAS and CMS data is found to be β2

g = 1.22 ± 0.38
which corresponds to 3.2σ for mH = 270 GeV and mS = 150 GeV. This result is
in good agreement with the scale factor extracted from the collected data so far. In
Refs. [19, 78] the combined β2

g values for the Higgs boson signal strength and leptons
with b-tagged jets are β2

g = 1.69 ± 0.54 and β2
g = 1.22 ± 0.38, respectively. Combining

these results together using Equation A.7.5 we get β2
g = 1.38± 0.22. This corresponds

to a 6.3 standard deviations. A summary of the combined β2
g and the significance for

different datasets is given in Table 6.6. Also we looked at three lepton final states
showing an interesting kinematic distributions.



7
Conclusions

7.1 Overview of this research

In chapter 2 we first review the SM and we built the SM Lagrangian which describes the
particles we observed in nature. Secondly, we explained the discovery of the SM Higgs
boson and the channels of the discovery. In chapter 3 we illustrated the 2HDMs and
their possible extension. The latter is the focus of this dissertation, which introduces
two scalars bosons S and H to the 2HDMs. The scalar boson S which originated from
introducing a CP-odd scalar field to the 2HDMs. The particle contents of this extension,
which we call the Madala hypothesis, are the SM Higgs h, heavy Higgs H, pseudoscalar
A, the charged Higgs boson H± and the scalar boson S. In this dissertation, we focused
on the H where its decay modes could be either hh, SS or Sh we only studied the Sh
process. In contrast, the S could decay to a two dark matter candidates and can have
Higgs-like nature. So this research explore H → Sh process with S having the Higgs-
like decay modes. Since the ATLAS data and the simulation of MC samples were used
throughout this dissertation, we gave a short introduction on the LHC and the ATLAS
detector in chapter 4. In chapter 5 we investigated the non-resonant and resonant
Higgs boson pair production in the LHC by using the data collected by the ATLAS
experiment. Lastly, the phenomenology of the H → Sh is studied and a comparison of
this signal to the Run-I data is explored in chapter 6. The results of these studies are
discussed in the next section.

7.2 Key results

Firstly, a search for the non-resonant (pp → hh) and resonant (pp → X → hh) Higgs
boson pair production is performed. We investigated the presence of the Higgs boson
pair in WWγγ channel. The data used is p–p collision data collected by the ATLAS
detector corresponds to luminosity of 36.1 fb−1 at centre-of-mass energy of 13 TeV.
No significant deviation is observed in the data. The expected (observed) upper limit
at 95% CL for the pp → hh cross-section is 5.3 pb (7.6 pb). While for the resonance
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production cross-section times its branching ratio the expected (observed) upper limit
at 95% CL as function of the mass of the resonant range from 16.9 pb (37.5 pb) to
4.4 pb (6.1 pb) for the masses between 260 GeV-500 GeV.

Secondly, we elaborated on the phenomenology discussed in Refs. [1, 14, 2] by discussing
various multilepton final states. This includes the production of SS and OS di-leptons
and three leptons. Here we consider Higgs-like decays of S as well as the leptonic decays
via heavy neutrinos. Available data is compared against predictions from a simplified
scenario. This includes the production of OS di-leptons with missing transverse energy
in conjunction with jets and b-tagged jets, and the production of SS di-leptons and tri-
leptons in association with b-tagged jets. The inclusion of the simplified BSM scenario,
where H decays only to Sh, significantly improves the description of the data compared
to the SM-only hypothesis.

The available OS di-lepton invariant mass spectra are fitted to the spectra predicted
from the direct production of H → Sh assuming mH = 270 GeV. The mass of mS

is scanned, where the best fit is obtained with mS = 150 ± 5 GeV. The hadronic jet
activity in events with SS di-leptons and tri-leptons in association with b-tagged jets
reported by CMS is studied in the context of the production of H → Sh in association
with single and double top quarks. In both cases the BSM signal yields with mH =
270 GeV and mS = 150 GeV are fit by varying β2

g , where βg = 0 corresponds to the
absence of a BSM signal. For the OS di-lepton invariant mass spectra, it is found that
β2
g = 1.22± 0.38, whereas in the multileptons in association with b-tagged jets, we find

that β2
g = 1.69±0.54. These compare well with β2

g = 1.38±0.22 obtained from available
measurements of various Higgs boson signal strengths, excluding the production of tth.
This is compatible with previous studies on the BSM scenario we have considered and
is an encouraging insight into potential BSM physics which may already be visible in
the existing ATLAS and CMS data. A comprehensive study of these and other effects
present in the data that are related to the model described here is beyond the scope of
this research. The combination of β2

g values for different datasets discussed above yield
β2
g = 1.38± 0.22 which corresponds to 6.3σ.

In addition, we point out to corners of the phase-space with leptons and hadronic
jets that have not been explored at the LHC, where the simplified model considered
here predicts anomalous production. It is suggested that the experiments explore the
production of OS di-lepton with missing transverse energy in association with two or
more hadronic jets and vetoing on b-tagged jets. This region of the phase-space is
not explored in the measurements of production cross-section of the non-resonant WW
production, which to date are constrained to the measurement of the cross-section with
a full jet veto and in association with exactly one jet. The measurement of the signal
strength of tth does not seem to capture the full extent of the discrepancy between the
data and the SM. In the context of the model discussed here this would imply that
an anomalously large rate of SS di-leptons and tri-leptons in association with at least
three b-tagged jets is expected. So far the experiments have not reported results in this
corner of the phase-space. It is important to study the possible connection between the
elevated rate of SS di-leptons and tri-leptons with 1 ≤ Nb-jet ≤ 2 observed so far with
the rate in association Nb-jet ≥ 3. It is also suggested that we explore the production of
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OS di-leptons in association with Nb-jet ≥ 3.



A
Higgs-like Scalar Boson Signal

Using the information provided in chapter 6 section 6.1 a scan is performed for the mass
of the scalar boson S. We consider the range of the mass to be between (130−160) GeV
taking a step of 5 GeV. In this chapter, the di-lepton invariant mass distributions that
have been discussed in Refs. [85, 86, 87, 88, 89] will be analysed in terms of the Higgs-like
scalar boson signal explained in chapter 6.

A.1 Analysis techniques

In this analysis, we use the di-lepton invariant mass that produced by the ATLAS and
CMS collaboration in Refs. [85, 86, 87, 88, 89]. In these results, we consider the MCs
to be the SM prediction and the signal that we generated to be the BSM signal.

The SM backgrounds are normalised to the data for the mass of the di-lepton m`` >
110 GeV. Hence, the BSM signal is added to the normalised backgrounds and a fit for
each signal is performed. RooFit [92] packages are used to re-fit (a binned likelihood fit)
the data to the new SM backgrounds and the BSM signals. After fitting the data to the
MC prediction, the event yield is calculated using χ2 defined bellow for m`` < 100 GeV:

χ2 =
∑
i

(
NData
i −NSM

i −NBSM
i

)2(
∆NData

i

)2
+
(
∆NSM

i

)2 , (A.1.1)

where NData
i , NSM

i and NBSM
i are the number of the events after the fit for bin number

i of the data, SM background and the BSM signal, respectively. ∆NData
i and ∆NSM

i

are the systematic uncertainty in the data and the theoretical model, respectively. The
systematic in the data is estimated by the square-root of the bin (i) content. For the
MCs the systematic uncertainty of the measurement in Ref. [85] is taken to be 1.2%
and 2% for the other six measurements, as it is difficult to estimate the systematic from
the results directly.
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A.2 ATLAS, 20.2 fb−1 with e±µ∓ and Nb−jet ≥ 1

We follow same analysis produced as in Ref. [85] on the Higgs-like scalar boson signal.
Events are required to have two OS leptons (e, or µ) with at least one b-tagged jet.
Electrons must have transverse momentum pT > 25 GeV and pseudorapidity |η| < 2.47
excluding the transition region between 1.37 < |η| < 1.52. Muons are required to have
transverse momentum pT > 25 GeV and pseudorapidity |η| < 2.5. Jets should have
pT > 25 GeV and |η| < 2.5. Events pass the selection criteria descried above are shown
in Table A.1.

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00
e±µ± events 4389.00 5262.00 5980.00 6803.00 5370.00 5159.00 4603.00
Nb−jet ≥ 1 1542.00 1836.00 1920.00 2104.00 1989.00 1892.00 1746.00

Efficiency 0.000771 0.000918 0.00096 0.001052 0.0009945 0.000946 0.000873

Table A.1: Cutflow of the events survived the cuts for the selection of two OS lep-
tons (e or µ) and the efficiency with luminosity of 20.2 fb−1; according to the ATLAS
simulation.

The kinematic distribution of the di-lepton invariant mass is shown in Figure A.1(a), in
which peaks in the region where the data differ from the simulation in Ref. [85]. To see
whether the invariant mass peaks around the mass of the S, W s or Z boson we define
the transverse mass (as shown in Figure A.1(b)) as,

m``
T =

√(
E``T + Emiss

T

)2 − ∣∣p``T + Emiss
T

∣∣2, (A.2.1)

where E``T =
√
|p``T |2 +m2

``, E
miss
T is the missing energy transverse, p``T and m``

T are

the transverse momentum and the invariant mass of the di-lepton system, respectively.
The transverse momentum of the leading and the di-lepton system are also shown in
Figures A.1(c) and A.1(d). The azimuthal angle of the di-lepton ∆φ`` is flat, as could
be seen in Figure A.1(e).

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 18.122 6.256 3.624 1.564 0.003 0.181 400±95 0.912
mS = 135 GeV 18.122 7.211 3.624 1.803 0.003 0.125 363±89 1.150
mS = 140 GeV 18.122 6.817 3.624 1.704 0.003 0.146 391±95 1.054
mS = 145 GeV 18.122 6.991 3.624 1.748 0.003 0.136 395±96 1.097
mS = 150 GeV 18.122 6.014 3.624 1.503 0.003 0.198 397±93 0.848
mS = 155 GeV 18.122 7.892 3.624 1.973 0.003 0.096 361±91 1.307
mS = 160 GeV 18.122 6.102 3.624 1.526 0.003 0.197 389±92 0.872

Table A.2: χ2 values, p-value, signal yield after the fitting and the significance for
the SM background and the SM+BSM for events contain two OS leptons (e or µ). The
BSM signal is Higgs-like S boson (pp→ H → Sh); for the ATLAS data with luminosity
of 20.2 fb−1 [85].
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Figure A.1: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS leptons
(e or µ) and at least one b-tagged jet with the ATLAS detector simulation.
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A.3 ATLAS, 20.3 fb−1 with e+e−/µ+µ−/e±µ∓ and Njet = 0

In this analysis, we use the event selections descried in Ref. [86]. In which, two OS and
same-flavour (ee or µµ) or different-flavour (e or µ) leptons are selected. Electron must
be within |η| < 2.47 excluding the region 1.37 < |η| < 1.52. Muons should originated
from the region in the ATLAS detector where |η| < 2.4. Jets are required to have
pT > 25 GeV and pseudorapidity |η| < 4.5.

In addition to the two leptons selection the leading and the sub-leading lepton must have
pT > 25 and pT > 20 GeV, respectively. In order to remove the multi-jet background,
in case of the different-flavour, the invariant mass of the di-lepton should be greater
than 10 GeV and missing energy Emiss

T > 45 GeV; as shown in Table A.3. Similarly,
for the same-flavour the di-lepton invariant mass must be above 15 GeV to remove
the contributions that come from J/ψ events and missing energy Emiss

T > 45 GeV; the
cutflow of these events are presented in Table A.4. In these events, no jets are selected
for both same-flavour and different-flavour.

The kinematic distributions of two OS and different-flavour leptons are shown in Fig-
ure. A.2 and for same-flavour leptons are shown in Figure A.3. Equation A.2.1 is used
for the di-lepton invariant mass.

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00
e±µ± 10757.00 12382.00 13882.00 14812.00 12095.00 11338.00 10594.00
plead

T GeV 8843.00 10338.00 11726.00 12669.00 10262.00 9627.00 8923.00
psub-lead

T GeV 4902.00 5911.00 6992.00 7666.00 6061.00 5818.00 5258.00
m`` > 10 GeV 4758.00 5727.00 6724.00 7426.00 5820.00 5575.00 5099.00
Nb-jet 543.00 628.00 751.00 892.00 617.00 504.00 502.00
Emiss

T GeV 411.00 489.00 592.00 729.00 493.00 398.00 383.00

Efficiency 0.0002055 0.0002445 0.000296 0.0003645 0.0002465 0.000199 0.0001915

Table A.3: Cutflow of the events survived the cuts for the selection of two leptons (e or
µ) and the efficiency with luminosity of 20.3 fb−1; according to the ATLAS simulation.

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00
e+e−/µ+µ− 15373.00 17587.00 20508.00 21784.00 18036.00 16219.00 15060.00
plead

T > 25 GeV 12677.00 14656.00 17218.00 18503.00 15208.00 13698.00 12581.00
psub-lead

T > 20 GeV 7814.00 9131.00 11144.00 12084.00 9735.00 8781.00 7906.00
m`` > 15 GeV 7331.00 8512.00 10495.00 11417.00 9147.00 8210.00 7414.00
|m`` −mz| > 15 GeV 4985.00 5619.00 7012.00 7672.00 6125.00 5808.00 5203.00
Njet = 0 494.00 510.00 796.00 956.00 666.00 531.00 451.00
Emiss

T > 45 GeV 150.00 201.00 338.00 408.00 288.00 207.00 194.00

Efficiency 0.000075 0.0001005 0.000169 0.000204 0.000144 0.0001035 0.000097

Table A.4: Cutflow of the events survived the cuts for the selection of two OS and same-
flavour leptons (ee or µµ) and the efficiency with luminosity of 20.3 fb−1; according to
ATLAS simulation.

The data and SM background in Ref. [86] is compared to the BSM signal. And the
results are shown in Table. A.5 for the different-flavour and Table. A.6 for the same-
flavour.
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χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 14.665 14.615 1.629 1.827 0.101 0.067 30± 47 1.498
mS = 135 GeV 14.665 14.250 1.629 1.781 0.101 0.075 49± 47 1.436
mS = 140 GeV 14.665 14.023 1.629 1.753 0.101 0.081 52± 45 1.397
mS = 145 GeV 14.665 14.388 1.629 1.798 0.101 0.072 41± 47 1.460
mS = 150 GeV 14.665 14.239 1.629 1.780 0.101 0.076 48± 46 1.434
mS = 155 GeV 14.665 14.521 1.629 1.815 0.101 0.069 34± 48 1.482
mS = 160 GeV 14.665 13.802 1.629 1.725 0.101 0.087 58± 45 1.359

Table A.5: χ2 values, p-value, signal yield after the fitting and the significance for
the SM background and the SM+BSM for events contain two different-flavour and OS
leptons (e or µ). The BSM signal is Higgs-like S boson pp→ H → Sh; for the ATLAS
data with luminosity of 20.3 fb−1 [86].

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 18.313 11.566 3.052 2.313 0.005 0.041 86± 21 1.736
mS = 135 GeV 18.313 9.861 3.052 1.972 0.005 0.079 94± 20 1.410
mS = 140 GeV 18.313 10.974 3.052 2.195 0.005 0.052 81± 20 1.627
mS = 145 GeV 18.313 10.875 3.052 2.175 0.005 0.054 88± 20 1.608
mS = 150 GeV 18.313 11.005 3.052 2.201 0.005 0.051 82± 20 1.633
mS = 155 GeV 18.313 11.829 3.052 2.366 0.005 0.037 81± 20 1.784
mS = 160 GeV 18.313 12.292 3.052 2.458 0.005 0.031 81± 21 1.866

Table A.6: χ2 values, p-values, signal yield after the fitting and the significance for the
SM background and the SM+BSM for events contain two same-flavour and OS lepton
(ee/µµ) category. The BSM signal is Higgs-like S boson pp→ H → Sh; for the ATLAS
data with luminosity of 20.3 fb−1.
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Figure A.2: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS and
different-flavour leptons (e or µ) and zero jet with the ATLAS detector simulation.
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Figure A.3: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS and
same-flavour leptons (ee or µµ) and zero jet with the ATLAS detector simulation.
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A.4 ATLAS, 20.3 fb−1 with e±µ∓ and Njet = 1

Table A.7 shows the events selected with the same even selections applied on Section A.3
in addition to exactly one jet. The kinematic distributions of the di-lepton invariant
mass, transverse mass, pT of the leading and sub-leading lepton and the azimuthal angle
between the di-lepton are shown in Figure A.4. The comparison of the data and SM
prediction in Ref. [87] is compared to the BSM as shown in Table A.8.

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00
e±µ± 10757.00 12382.00 13882.00 14812.00 12095.00 11338.00 10594.00
plead

T GeV 8843.00 10338.00 11726.00 12669.00 10262.00 9627.00 8923.00
psub-lead

T GeV 4902.00 5911.00 6992.00 7666.00 6061.00 5818.00 5258.00
m`` > 10 GeV 4758.00 5727.00 6724.00 7426.00 5820.00 5575.00 5099.00
Njet = 1 1100.00 1444.00 1735.00 1749.00 1577.00 1642.00 1388.00
Emiss

T GeV 768.00 1051.00 1353.00 1402.00 1229.00 1264.00 1046.00

Efficiency 0.000384 0.0005255 0.0006765 0.000701 0.0006145 0.000632 0.000523

Table A.7: Cutflow of the events survived the cuts for the selection of two OS leptons
(e or µ) plus exactly one jet and the efficiency with luminosity of 20.3 fb−1; according
to ATLAS simulation.

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 12.965 12.931 1.441 1.616 0.164 0.114 13± 35 1.204
mS = 135 GeV 12.965 12.764 1.441 1.596 0.164 0.120 23± 37 1.174
mS = 140 GeV 12.965 12.800 1.441 1.600 0.164 0.119 22± 37 1.180
mS = 145 GeV 12.965 12.925 1.441 1.616 0.164 0.114 16± 37 1.203
mS = 150 GeV 12.965 12.803 1.441 1.600 0.164 0.119 20± 36 1.181
mS = 155 GeV 12.965 12.805 1.441 1.601 0.164 0.119 21± 36 1.181
mS = 160 GeV 12.965 12.913 1.441 1.614 0.164 0.115 16± 36 1.201

Table A.8: χ2 values, p-value, signal yield after the fitting and the significance for the
SM background and the SM+BSM for two OS leptons (e or µ) plus exactly one jet. The
BSM signal is Higgs-like S boson pp → H → Sh; for the ATLAS data with luminosity
of 20.3 fb−1 [87].
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Figure A.4: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS leptons
(e or µ) and exactly one jet with the ATLAS detector simulation.
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A.5 CMS, 19.4 fb−1 with e+e−/µ+µ−/e±µ∓, Njet = 1 and
Njet = 0

Following the analysis in Ref. [88], two OS leptons (e+e−/µ+µ−/e±µ±) are selected.
These leptons are considered from the leptonic decay of the W± boson (W+W− →
`+ν`−ν̄), where ` could be (e or µ). Electrons are required to be within pseudorapidity
|η| < 2.5 and muons within |η| < 2.4. Both leading and sub-leading leptons must have
pT > 20 GeV.

Jets are required to have pT > 30 GeV and pseudorapidity |η| < 2.7. Events are
categorised into two categories; zero jet (0-jet) category when no jets are selected and
one jet (1-jet) category when it required exactly one jet in the events. For the 0-jet
category, the di-lepton invariant mass is seated to be greater than 12 GeV. The missing
transverse energy Emiss

T is greater than 20 GeV for the two categories. The cutflows of
the event selections for the 0-jet and 1-jet categories are shown in Tables A.9 and A.10.

The kinematic distribution of the di-lepton invariant mass m``, the transverse mass of
the di-lepton system m``

T , the pT of the leading lepton, the pT of the di-lepton system
for the 0-jet and 1-jet categories are shown in Figures A.5 and A.6.

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00
2 lepton 27495.00 31579.00 36133.00 38881.00 32061.00 29165.00 26975.00
plead

T /sub-lead > 20 GeV 13896.00 16282.00 19654.00 21583.00 17505.00 15938.00 14194.00
m`` > 12 GeV 13303.00 15483.00 18753.00 20650.00 16690.00 15134.00 13605.00
e+e−/µ+µ−/e±µ∓ 7404.00 8587.00 10429.00 11594.00 9728.00 9134.00 8288.00
Emiss

T > 20 GeV 713.00 883.00 1182.00 1484.00 949.00 823.00 715.00
Njet = 0 600.00 749.00 1075.00 1359.00 849.00 704.00 631.00

Efficiency 0.0003 0.0003745 0.0005375 0.0006795 0.0004245 0.000352 0.0003155

Table A.9: Cutflow of the events survived the cuts for the selection of two OS lep-
tons (e+e−/µ+µ−/e±µ±) with zero jet and the efficiency with luminosity of 19.4 fb−1;
according to CMS simulation.

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00
2 lepton 27495.00 31579.00 36133.00 38881.00 32061.00 29165.00 26975.00
pleadT /sub− lead > 20 GeV 13896.00 16282.00 19654.00 21583.00 17505.00 15938.00 14194.00
m`` > 12 GeV 13303.00 15483.00 18753.00 20650.00 16690.00 15134.00 13605.00
e+e−/µ+µ−/e±µ∓ 7404.00 8587.00 10429.00 11594.00 9728.00 9134.00 8288.00
Emiss

T > 20 GeV 1776.00 2091.00 2580.00 2666.00 2515.00 2357.00 2220.00
Njet = 1 1390.00 1709.00 2260.00 2342.00 2054.00 1888.00 1773.00

Efficiency 0.000695 0.0008545 0.00113 0.001171 0.001027 0.000944 0.0008865

Table A.10: Cutflow of the events survived the cuts for the selection of two OS lep-
tons (e+e−/µ+µ−/e±µ±) with one jet and the efficiency with luminosity of 19.4 fb−1;
according to CMS simulation.

The comparison of the BSM signal to the CMS data and the SM background [88] is
shown in Tables A.11 and A.12.
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χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 18.220 13.837 1.656 1.384 0.077 0.181 158± 60 0.913
mS = 135 GeV 18.220 14.327 1.656 1.433 0.077 0.159 145± 58 1.000
mS = 140 GeV 18.220 15.343 1.656 1.534 0.077 0.120 124± 56 1.175
mS = 145 GeV 18.220 15.388 1.656 1.539 0.077 0.119 125± 57 1.182
mS = 150 GeV 18.220 14.907 1.656 1.491 0.077 0.136 136± 58 1.101
mS = 155 GeV 18.220 15.439 1.656 1.544 0.077 0.117 122± 56 1.191
mS = 160 GeV 18.220 16.343 1.634 1.618 0.077 0.090 107± 55 1.339

Table A.11: χ2 values, p-value, signal yield after the fitting and the significance of the
SM background and the SM+BSM for two OS leptons (e+e−/µ+µ−/e±µ±) with zero jet
selection. The BSM signal is Higgs-like S boson pp→ H → Sh; for the CMS data with
luminosity of 19.4 fb−1 [88].

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 14.695 14.309 1.336 1.431 0.197 0.159 39± 42 0.997
mS = 135 GeV 14.695 14.148 1.336 1.414 0.197 0.166 47± 43 0.969
mS = 140 GeV 14.695 14.279 1.336 1.428 0.197 0.161 41± 42 0.992
mS = 145 GeV 14.695 14.085 1.336 1.409 0.197 0.169 48± 43 0.958
mS = 150 GeV 14.695 14.111 1.336 1.411 0.197 0.168 46± 43 0.962
mS = 155 GeV 14.695 14.093 1.409 1.409 0.197 0.169 46± 43 0.959
mS = 160 GeV 14.695 14.495 1.336 1.450 0.197 0.152 32± 41 1.030

Table A.12: χ2 values, p-value, signal yield after the fitting and the significance of the
SM background and the SM+BSM for two OS leptons (e+e−/µ+µ−/e±µ±) with one jet
selection. The BSM signal is Higgs-like S boson pp→ H → Sh; for the CMS data with
luminosity of 19.4 fb−1 [88].
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Figure A.5: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS leptons
(e+e−/µ+µ−/e±µ±) and zero jet with the CMS detector simulation.
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Figure A.6: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS leptons
(e+e−/µ+µ−/e±µ±) and one jet with the CMS detector simulation.
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A.6 CMS, 5.3 fb−1 with e+e−/µ+µ+/e±µ∓, Njet ≥ 2 and
Nb−jet ≥ 2

Events with two OS leptons (e or µ) are selected, leptons should have pT > 20 GeV
and |ηe| < 2.5 for the electron and |ηµ| < 2.1 if it is muon, as described Ref. [89].
In addition, at least two jets and one b-tagged jet are selected, the jets must acquire
pT > 30 GeV and |ηjet| < 2.5. The di-lepton invariant mass should be greater than
10 GeV, the cutflow of these selections are shown in Table A.13.

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00 2000000.00
e±µ∓ 11003.00 12612.00 13977.00 15312.00 12670.00 11696.00 10888.00
pleadT > 20 GeV 10172.00 11754.00 13104.00 14470.00 11841.00 10944.00 10141.00

psub−leadT > 20 GeV 5213.00 6230.00 7262.00 8182.00 6660.00 6248.00 5513.00
m`` > 10 GeV 4597.00 5417.00 6272.00 7056.00 5733.00 5393.00 4840.00
Nb-jet ≥ 1 1697.00 1803.00 2053.00 2414.00 2197.00 1956.00 1867.00
Njet ≥ 2 1387.00 1500.00 1672.00 2064.00 1690.00 1505.00 1444.00

Efficiency 0.0006935 0.00075 0.000836 0.001032 0.000845 0.0007525 0.000722

Table A.13: Cutflow of the events survived the cuts for the selection of two OS leptons
(e or µ), at least two jets and two b-tagged jets and the efficiency with luminosity of
5.3 fb−1; according to CMS simulation.

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 12.859 12.752 0.756 0.797 0.746 0.691 38± 60 -0.498
mS = 135 GeV 12.859 12.880 0.756 0.805 0.746 0.682 21± 58 -0.472
mS = 140 GeV 12.859 12.889 0.756 0.806 0.746 0.681 18± 61 -0.470
mS = 145 GeV 12.859 12.902 0.756 0.806 0.746 0.680 15± 65 -0.467
mS = 150 GeV 12.859 12.895 0.756 0.806 0.746 0.680 17± 58 1.089
mS = 155 GeV 12.859 12.866 0.756 0.804 0.746 0.683 24± 60 -0.475
mS = 160 GeV 12.859 12.818 0.756 0.801 0.746 0.686 28± 57 -0.485

Table A.14: χ2 values, p-value, signal yield after the fitting and the significance of the
SM background and the SM+BSM for (e±µ∓) with at least two jets and two b-tagged
jets. The BSM signal is Higgs-like S boson pp → H → Sh; for the CMS data with
luminosity of 5.3 fb−1 [89].
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Figure A.7: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS leptons
(e or µ) and at least two jets and two b-tagged jets with the CMS simulation.
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A.7 Method for extracting β2
g

In order to get the β2
g value, we make use of the results presented in Tables A.2, A.5, A.6

and A.8 of the ATLAS data comparison and for CMS Table A.11, A.12 and A.14. First,
we identify the point mass of the interest, for instance mS = 145 GeV, then we apply
the following: the expected number events (µexp) is computed by the cross-section σ of
the production of the heavy boson H, the luminosity (lumi) of the measurement and
the efficiency (eff) of the selection as:

µexp = eff × σ × lumi, (A.7.1)

∆µexp =
β∗ 2
g

∆β∗ 2
g

× µexp, (A.7.2)

where β∗ 2
g and ∆β∗ 2

g are estimated cross-section from Higgs signal collected from the
data up to date [19] β∗ 2

g ±∆β∗ 2
g = 1.38± 0.32. Since the mass of the H is fixed (mH =

270 GeV) the cross-section (4.04 pb) of the production as taken from Higgs cross-section
working group [8] is scaled by the value of the extracted β∗ 2

g . β′ 2g , considered as a central
value for each measurement, results from our analysis in Tables A.2, A.5, A.6, A.8, A.11,
A.12 and A.14 is calculated by:

β′ 2g =
yield× β∗ 2

g

µexp
, (A.7.3)

∆β′ 2g =
yield error

yield
, (A.7.4)

For mS = 145 GeV and mS = 135 GeV the expected events, event yield β′ 2g and ∆χ2

are shown in Table A.15 Table A.16, respectively. Since we are dealing with samples of
Gaussian nature but each measure has different standard deviation, by using weighted
mean, following chapter 4 in Ref. [93], the combined β2

g can be written as:

β2
g =

N∑
i=1

β′ 2gi(
∆β′ 2gi

)2 , (A.7.5)

where N runs on all the seven measurements from the ATLAS and CMS collaboration
discussed above. The extracted β′ 2g s for each measurements are displayed in Table A.15
for mS = 145± 5 GeV and Table A.16 for mS = 135± 5 GeV. By using Equation A.7.5
the combined β2

g is found to be β2
g = 1.35±0.32 and β2

g = 1.09±0.28 for mS = 145 GeV
and mS = 135 GeV, respectively.
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Measurement Reference Expected events Post-fit event yield β2
g χ2

SM
− χ2

SM+BSM

ATLAS, 20.2 fb−1

e±µ∓

nb ≥ 1
[85] 118± 27 395± 96 4.62± 1.12 11.13

ATLAS, 20.3 fb−1

e±µ∓

Njet = 0
[86] 41± 10 41± 47 1.38± 1.58 0.28

ATLAS, 20.3 fb−1

e+e−, µ+µ−

Njet = 0
[86] 23± 5 88± 20 5.28± 1.20 7.44

ATLAS, 20.3 fb−1

e±µ∓

Njet = 1
[87] 79± 18 16± 37 0.28± 0.65 0.04

CMS, 19.4 fb−1

e+e−, µ+µ−, e±µ∓

Njet = 0
[88] 73± 17 125± 56 2.36± 1.08 2.82

CMS, 19.4 fb−1

e+e−, µ+µ−, e±µ∓

Njet = 1
[88] 127± 29 48± 43 0.52± 0.48 0.61

CMS, 5.3 fb−1

e+e−, µ+µ−, e±µ∓

Njet ≥ 2, nb ≥ 2
[89] 30± 7 15± 56 0.69± 2.58 −0.04

Table A.15: Best fits to the di-lepton invariant mass spectra reported by ATLAS and
CMS at a proton-proton centre of mass of

√
s = 8 TeV. The post-fit event yield reflects

the number of BSM events required to fit the data (in excess of the SM prediction).
The value of β2

g corresponding to the post-fit event yield is reported along with the test
statistic χ2

SM
− χ2

SM+BSM
in order to gauge the significance of the fit. The mass of the

heavy scalar is fixed at mH = 270 GeV and the mass of S is allowed to vary, where
the best fit is found for mS = 145 GeV. For simplicity, it is assumed that H decays
exclusively into Sh.
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Measurement Reference Expected events Post-fit event yield β2
g χ2

SM
− χ2

SM+BSM

ATLAS, 20.2 fb−1

e±µ∓

nb ≥ 1
[85] 103± 24 363± 89 4.86± 1.19 10.91

ATLAS, 20.3 fb−1

e±µ∓

Njet = 0
[86] 28± 6 49± 47 2.42± 2.32 0.4

ATLAS, 20.3 fb−1

e+e−, µ+µ−

Njet = 0
[86] 11± 3 94± 20 11.79± 2.51 8.45

ATLAS, 20.3 fb−1

e±µ∓

Njet = 1
[87] 59± 14 23± 37 0.54± 0.34 0.20

CMS, 19.4 fb−1

e+e−, µ+µ−, e±µ∓

Njet = 0
[88] 41± 9 145± 58 4.88± 1.95 3.89

CMS, 19.4 fb−1

e+e−, µ+µ−, e±µ∓

Njet = 1
[88] 92± 21 47± 43 0.71± 0.65 0.55

CMS, 5.3 fb−1

e+e−, µ+µ−, e±µ∓

Njet ≥ 2, nb ≥ 2
[89] 22± 5 21± 58 1.32± 3.64 −0.02

Table A.16: Best fits to the di-lepton invariant mass spectra reported by ATLAS and
CMS at a proton-proton centre of mass of

√
s = 8 TeV. The post-fit event yield reflects

the number of BSM events required to fit the data (in excess of the SM prediction).
The value of β2

g corresponding to the post-fit event yield is reported along with the test
statistic χ2

SM
− χ2

SM+BSM
in order to gauge the significance of the fit. The mass of the

heavy scalar is fixed at mH = 270 GeV and the mass of S is allowed to vary, where
the best fit is found for mS = 135 GeV. For simplicity, it is assumed that H decays
exclusively into Sh.



B
Heavy Neutrino Signal with mNi

> mS

This appendix follow the same analysis procedure applied in appendix A. However, here
we consider the mass of the heavy neutrino Ni to be off-shell (mNi = 1 TeV).

B.1 ATLAS, 20.2 fb−1 with e±µ∓ and Nb−jet ≥ 1

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
e±µ∓ events 23090.00 22597.00 22916.00 23376.00 25005.00 25416.00 25929.00
Nb−jet ≥ 1 541.00 513.00 573.00 571.00 568.00 617.00 669.00

Efficiency 0.001082 0.001026 0.001146 0.001142 0.001136 0.001234 0.001338

Table B.1: Cutflow of the events survived the cuts for the selection of two leptons (e
or µ) and the efficiency with luminosity of 20.2 fb−1. The BSM signal is the heavy
neutrino model with mNi > mS according to the ATLAS simulation.

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 18.122 6.268 3.624 1.567 0.003 0.180 421±99 0.915
mS = 135 GeV 18.122 6.787 3.624 1.697 0.003 0.148 403±97 1.048
mS = 140 GeV 18.122 5.911 3.624 1.478 0.003 0.206 430±100 0.821
mS = 145 GeV 18.122 7.705 3.624 1.926 0.003 0.103 395±98 1.265
mS = 150 GeV 18.122 5.876 3.624 1.469 0.003 0.209 477±111 0.81127
mS = 155 GeV 18.122 4.825 3.624 1.206 0.003 0.306 535±121 0.508
mS = 160 GeV 18.122 7.525 3.624 1.881 0.003 0.111 478±118 1.223

Table B.2: χ2 values, p-value, signal yield after the fitting and the significance for the
SM background and the SM+BSM. The BSM signal is the heavy neutrino model with
mNi > mS (pp→ H → Sh); for the ATLAS data with luminosity of 20.2 fb−1 [85].
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Figure B.1: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS lep-
tons (e or µ) and at least one b-tagged jet with the ATLAS detector simulation. The
BSM signal is the heavy neutrino signal with mNi > mS.
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B.2 ATLAS, 20.3 fb−1 with e+e−/µ+µ−/e±µ∓ and Njet = 0

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
e±µ± 44206.00 48808.00 42719.00 42443.00 42667.00 42203.00 41917.00
plead

T > 25 GeV 39486.00 41945.00 38511.00 38380.00 39204.00 39024.00 38898.00
psub-lead

T > 20 GeV 25284.00 25161.00 25326.00 25709.00 27258.00 27645.00 28120.00
mll > 10 24573.00 24385.00 24582.00 24998.00 26589.00 26968.00 27491.00
Njet = 0 6997.00 7190.00 6784.00 6762.00 6744.00 6651.00 6469.00
Emiss

T > 20 GeV 6016.00 5972.00 5838.00 5875.00 5873.00 5869.00 5629.00

Efficiency 0.012032 0.011944 0.011676 0.01175 0.011746 0.011738 0.011258

Table B.3: Cutflow of the events survived the cuts for the selection of two leptons (e
or µ) and the efficiency with luminosity of 20.3 fb−1. The BSM signal is the heavy
neutrino model with mNi > mS according to the ATLAS simulation.

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
e+e−/µ+µ− 61146.00 61305.00 60642.00 60745.00 61431.00 61127.00 61079.00
pleadT > 25 GeV 54713.00 52977.00 54677.00 55353.00 56610.00 56750.00 56972.00

psub−leadT > 20 GeV 36150.00 33419.00 37240.00 38119.00 40412.00 41632.00 42144.00
mll > 15 34112.00 31488.00 35250.00 36269.00 38541.00 39867.00 40287.00
|mll −mz| > 15 24916.00 23438.00 25648.00 26186.00 26538.00 27021.00 26665.00
Njet = 0 7433.00 6955.00 7443.00 7447.00 7158.00 7051.00 6930.00
Emiss

T > 45 GeV 3603.00 2464.00 3500.00 3448.00 3544.00 3612.00 3570.00

Efficiency 0.007206 0.004928 0.007 0.006896 0.007088 0.007224 0.00714

Table B.4: Cutflow of the events survived the cuts for the selection of two OS and same-
flavour leptons (ee or µµ) and the efficiency with luminosity of 20.3 fb−1. The BSM
signal is the heavy neutrino model with mNi > mS according to the ATLAS simulation.

χ2 χ2/ndf
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 14.665 14.080 1.629 1.760 0.101 0.080 61±52 1.407
mS = 135 GeV 14.665 14.243 1.629 1.780 0.101 0.076 51±50 1.435
mS = 140 GeV 14.665 14.115 1.629 1.764 0.101 0.079 56±51 1.413
mS = 145 GeV 14.665 14.114 1.629 1.764 0.101 0.079 57±51 1.413
mS = 150 GeV 14.665 13.935 1.629 1.742 0.101 0.083 72±55 1.382
mS = 155 GeV 14.665 13.992 1.629 1.749 0.101 0.082 74±56 1.392
mS = 160 GeV 14.665 13.729 1.629 1.716 0.101 0.089 88±58 1.346

Table B.5: χ2 values, p-value, yield signal after the fitting and the significance for the
SM background and the SM+BSM of (eµ) events. The BSM signal is the heavy neutrino
model with mNi > mS (pp → H → Sh); for the ATLAS data with luminosity of 20.3
fb−1 [86].
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χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 18.313 10.818 3.052 2.164 0.005 0.055 93±21 1.597
mS = 135 GeV 18.313 10.591 3.052 2.118 0.005 0.060 94±21 1.554
mS = 140 GeV 18.313 10.587 3.052 2.117 0.005 0.060 94±21 1.553
mS = 145 GeV 18.313 10.418 3.052 2.084 0.005 0.064 95±21 1.520
mS = 150 GeV 18.313 10.230 3.052 2.046 0.005 0.069 102±22 1.483
mS = 155 GeV 18.313 10.245 3.052 2.049 0.005 0.069 104±22 1.486
mS = 160 GeV 18.313 10.220 3.052 2.044 0.005 0.069 108±23 1.481

Table B.6: χ2 value, p-value, yield signal after the fitting and the significance for
the SM background and the SM+BSM of (ee/µµ) events.The BSM signal is the heavy
neutrino model with mNi > mS (pp→ H → Sh); for the ATLAS data with luminosity
of 20.2 fb−1 [86].
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Figure B.2: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS and
different-flavour leptons (e or µ) and zero jet with the ATLAS detector simulation. The
BSM signal is the heavy neutrino signal with mNi > mS.
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Figure B.3: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS and
same-flavour leptons (ee or µµ) and zero jet with the ATLAS detector simulation. The
BSM signal is the heavy neutrino signal with mNi > mS.
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B.3 ATLAS, 20.3 fb−1 with e±µ∓ and Njet = 1

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
e±µ± 44206.00 48808.00 42719.00 42443.00 42667.00 42203.00 41917.00
plead

T > 25 GeV 39486.00 41945.00 38511.00 38380.00 39204.00 39024.00 38898.00
psub-lead

T > 25 GeV 25284.00 25161.00 25326.00 25709.00 27258.00 27645.00 28120.00
mll > 10 24573.00 24385.00 24582.00 24998.00 26589.00 26968.00 27491.00
Njet = 1 8841.00 8604.00 8867.00 8974.00 9512.00 9502.00 9883.00
Emiss

T > 20 GeV 7785.00 7143.00 7795.00 7873.00 8340.00 8382.00 8742.00

Efficiency 0.01557 0.014286 0.01559 0.015746 0.01668 0.016764 0.017484

Table B.7: Cutflow of the events survived the cuts for the selection of two leptons (e
or µ) plus exactly one jet and the efficiency with luminosity of 20.3 fb−1. The BSM
signal is the heavy neutrino model with mNi > mS according to ATLAS simulation.

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 12.965 12.959 1.441 1.620 0.164 0.113 15±42 1.209
mS = 135 GeV 12.965 12.943 1.441 1.618 0.164 0.114 16±40 1.206
mS = 140 GeV 12.965 12.949 1.441 1.619 0.164 0.114 16±41 1.208
mS = 145 GeV 12.965 12.961 1.441 1.620 0.164 0.113 15±41 1.210
mS = 150 GeV 12.965 12.999 1.441 1.625 0.164 0.112 10±49 1.216
mS = 155 GeV 12.965 12.998 1.441 1.625 0.164 0.112 6±82 1.216
mS = 160 GeV 12.965 13.003 1.441 1.625 0.164 0.112 7±76 1.217

Table B.8: χ2 values, p-value, yield signal after the fitting and the significance for the
SM background and the SM+BSM for (e±µ∓) with 1jet. The BSM signal is the heavy
neutrino model with mNi > mS (pp→ H → Sh); for the ATLAS data with luminosity
of 20.3 fb−1.
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Figure B.4: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS lep-
tons (e or µ) and exactly one jet with the ATLAS detector simulation. The BSM signal
is the heavy neutrino signal with mNi > mS.
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Figure B.5: Distributions of the ATLAS data and SM background compared to the
BSM signal (HN model with mNi > mS) for the di-lepton invariant mass. In (a) events
are required to have two opposite-charge leptons (e, µ) with at least one b-tagged jet [85].
For (b) events are required to have two opposite-charge leptons with different-flavour
(eµ) and (c) with same-flavour (ee/µµ), where both analysis require zero jets [86]. In
case of (d) events are required to have two opposite-charge leptons (e, µ) with exactly
one jet. The data used here is from pp collision collected by the ATLAS experiment at√
s = 8 TeV with luminosity of 20.3 fb−1 for (b), (c) and (d), and 20.2 fb−1 for (a).
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B.4 CMS, 19.4 fb−1 with e+e−/µ+µ−/e±µ∓, Njet = 1 and
Njet = 0

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
2 lepton 102649.00 112413.00 100253.00 99096.00 100225.00 99390.00 99099.00
plead

T /sub-lead > 20 GeV 62005.00 62093.00 62541.00 62961.00 66655.00 67919.00 68888.00
mll > 12 GeV 59592.00 59461.00 60163.00 60753.00 64505.00 65782.00 66857.00
e+e−/µ+µ−/e±µ± 38900.00 38550.00 38575.00 38724.00 41560.00 42673.00 43197.00
Emiss

T > 20 GeV 9654.00 10661.00 9346.00 9314.00 9383.00 9103.00 8921.00
Njet = 0 8675.00 9203.00 8393.00 8414.00 8437.00 8217.00 8048.00

Efficiency 0.01735 0.018406 0.016786 0.016828 0.016874 0.016434 0.016096

Table B.9: Cutflow of the events survived the cuts for the selection of two OS leptons
(e+e−/µ+µ−/e±µ±) with zero jet and the efficiency with luminosity of 19.4 fb−1. The
BSM signal is the heavy neutrino model with mNi > mS according to CMS simulation.

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
2 lepton 102649.00 112413.00 100253.00 99096.00 100225.00 99390.00 99099.00
plead
T /sub-lead > 20 GeV 62005.00 62093.00 62541.00 62961.00 66655.00 67919.00 68888.00
mll > 12 GeV 59592.00 59461.00 60163.00 60753.00 64505.00 65782.00 66857.00
e+e−/µ+µ−/e±µ∓ 38900.00 38550.00 38575.00 38724.00 41560.00 42673.00 43197.00
Emiss

T > 20 GeV 14180.00 13904.00 14337.00 14319.00 15029.00 15454.00 15541.00
Njet = 1 12576.00 11564.00 12719.00 12639.00 13346.00 13728.00 13733.00

Efficiency 0.025152 0.023128 0.025438 0.025278 0.026692 0.027456 0.027466

Table B.10: Cutflow of the events survived the cuts for the selection of two OS leptons
(e+e−/µ+µ−/e±µ±) with one jet and the efficiency with luminosity of 19.4 fb−1. The
BSM signal is the heavy neutrino model with mNi > mS according to CMS simulation.

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 18.220 14.163 1.656 1.416 0.077 0.166 155±61 0.971
mS = 135 GeV 18.220 14.024 1.656 1.402 0.077 0.172 153±59 0.947
mS = 140 GeV 18.220 13.785 1.656 1.374 0.077 0.183 158±60 0.904
mS = 145 GeV 18.220 14.076 1.656 1.408 0.077 0.170 154±60 0.956
mS = 150 GeV 18.220 13.753 1.656 1.375 0.077 0.185 171±64 0.898
mS = 155 GeV 18.220 13.778 1.656 1.378 0.077 0.183 175±66 0.903
mS = 160 GeV 18.220 13.619 1.656 1.362 0.077 0.191 182±68 0.874

Table B.11: χ2 values, p-value, signal yield after the fitting and the significance of the
SM background and the SM+BSM for two OS leptons (e+e−/µ+µ−/e±µ±) with zero jet
selection. The BSM signal is the heavy neutrino model with mNi > mS (pp→ H → Sh);
for the CMS data with luminosity of 19.4 fb−1 [88].
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χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 14.695 13.435 1.336 1.344 0.197 0.200 70±47 0.840
mS = 135 GeV 14.695 13.609 1.336 1.361 0.197 0.192 64±45 0.872
mS = 140 GeV 14.695 13.377 1.336 1.338 0.197 0.203 70±46 0.830
mS = 145 GeV 14.695 13.189 1.336 1.319 0.197 0.213 75±46 0.795
mS = 150 GeV 14.695 12.861 1.336 1.286 0.197 0.232 88±49 0.734
mS = 155 GeV 14.695 12.832 1.336 1.283 0.197 0.233 91±51 0.728
mS = 160 GeV 14.695 12.510 1.336 1.251 0.197 0.252 101±52 0.667

Table B.12: χ2 values, p-value, signal yield after the fitting and the significance of the
SM background and the SM+BSM for two OS leptons (e+e−/µ+µ−/e±µ±) with one jet
selection. The BSM signal is the heavy neutrino model with mNi > mS (pp→ H → Sh);
for the CMS data with luminosity of 19.4 fb−1 [88].
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Figure B.6: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS lep-
tons (e+e−/µ+µ−/e±µ±) and zero jet with the CMS detector simulation. The BSM
signal is the heavy neutrino signal with mNi > mS.
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Figure B.7: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS leptons
(e+e−/µ+µ−/e±µ±) and one jet with the CMS detector simulation. The BSM signal is
the heavy neutrino signal with mNi > mS.
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B.5 CMS, 5.3 fb−1 with e+e−/µ+µ+/e±µ∓, Njet ≥ 2 and Nb−jet ≥
2

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
e±µ∓ 44911.00 50040.00 43457.00 42947.00 43098.00 42937.00 42412.00
plead

T > 20 GeV 43164.00 47322.00 41919.00 41522.00 41860.00 41844.00 41358.00
psub-lead

T > 20 GeV 26483.00 27070.00 26448.00 26655.00 28108.00 28742.00 29073.00
mll > 10 23655.00 23921.00 23504.00 23997.00 25416.00 26045.00 26627.00
Nb−jet ≥ 1 915.00 826.00 890.00 958.00 1017.00 1092.00 1144.00
Njet ≥ 2 619.00 528.00 616.00 649.00 736.00 767.00 824.00

Efficiency 0.001238 0.001056 0.001232 0.001298 0.001472 0.001534 0.001648

Table B.13: Cutflow of the events survived the cuts for the selection of two OS leptons
(e or µ), at least two jets and two b-tagged jets and the efficiency with luminosity of
5.3 fb−1. The BSM signal is the heavy neutrino model with mNi > mS according to
CMS simulation.

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 12.859 12.906 0.756 0.807 0.746 0.680 12±82 -0.467
mS = 135 GeV 12.859 12.891 0.756 0.806 0.746 0.681 10±90 -0.470
mS = 140 GeV 12.859 12.892 0.756 0.806 0.746 0.681 21±64 -0.469
mS = 145 GeV 12.859 12.883 0.756 0.805 0.746 0.681 23±64 -0.471
mS = 150 GeV 12.859 12.781 0.756 0.799 0.746 0.689 39±70 -0.492
mS = 155 GeV 12.859 12.921 0.756 0.808 0.746 0.678 24±71 -0.463
mS = 160 GeV 12.859 12.969 0.756 0.675 0.746 0.675 36±75 -0.454

Table B.14: χ2 values, p-value, signal yield after the fitting and the significance of the
SM background and the SM+BSM for (e±µ∓) with at least two jets and two b-tagged
jets. The BSM signal is the heavy neutrino model with mNi > mS (pp→ H → Sh); for
the CMS data with luminosity of 5.3 fb−1 [89].
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Figure B.8: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS lep-
tons (e or µ) and at least two jets and two b-tagged jets with the CMS simulation. The
BSM signal is the heavy neutrino signal with mNi > mS.
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Figure B.9: Distributions of the CMS data and SM background compared to the BSM
signal (HN model with mNi > mS) for the di-lepton invariant mass (mll). Events are
required to have two opposite-charge leptons with (a) zero-jet, (b) one-jet [88] and (c)
eµ channel [89] with at least two jets and one b-tagged jet. The data used here, are
from the measurement of the W+W− and tt̄ production cross-section in pp collision
at
√
s = 8 TeV with luminosity of 19.4 fb−1 and 5.3 fb−1 for top and bottom plots,

respectively.



C
Heavy Neutrino Signal with mNi

< mS

This appendix follow the same analysis procedure applied in appendix A. But here we
use the mass of the heavy neutrino Ni to be on-shell (mNi = 100 GeV).

C.1 ATLAS, 20.2 fb−1 with e±µ∓ and Nb−jet ≥ 1

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
e±µ± events 21149.00 20921.00 20751.00 20598.00 20813.00 21438.00 22108.00
Nb-jet ≥ 1 506.00 509.00 532.00 539.00 502.00 531.00 517.00

Efficiency 0.001012 0.001018 0.001064 0.001078 0.001004 0.001062 0.001034

Table C.1: Cutflow of the events survived the cuts for the selection of two leptons (e
or µ) and the efficiency with luminosity of 20.2 fb−1. The BSM signal is the heavy
neutrino model with mNi < mS according to the ATLAS simulation.

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 18.122 7.300 3.624 1.825 0.003 0.121 381±93 1.171
mS = 135 GeV 18.122 6.032 3.624 1.508 0.003 0.197 403±94 0.853
mS = 140 GeV 18.122 7.349 3.624 1.837 0.003 0.119 374±91 1.182
mS = 145 GeV 18.122 6.965 3.624 1.741 0.003 0.138 377±91 1.090
mS = 150 GeV 18.122 7.462 3.624 1.866 0.003 0.113 360±88 1.209
mS = 155 GeV 18.122 8.775 3.624 2.194 0.003 0.067 356±93 1.499
mS = 160 GeV 18.122 7.940 3.624 1.985 0.003 0.094 368±92 1.318

Table C.2: χ2 values, p-value, signal yield after the fitting and the significance for the
SM background and the SM+BSM. The BSM signal is the heavy neutrino model with
mNi < mS (pp→ H → Sh); for the ATLAS data with luminosity of 20.2 fb−1 [85].
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Figure C.1: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS lep-
tons (e or µ) and at least one b-tagged jet with the ATLAS detector simulation. The
BSM signal is the heavy neutrino signal with mNi < mS.
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C.2 ATLAS, 20.3 fb−1 with e+e−/µ+µ−/e±µ∓ and Njet = 0

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
e±µ± 45598.00 45629.00 45544.00 45469.00 45447.00 45946.00 45701.00
plead

T GeV 39785.00 39879.00 39814.00 39688.00 39752.00 40437.00 40569.00
psub-lead

T GeV 23003.00 22813.00 22629.00 22477.00 22808.00 23322.00 23962.00
m`` > 10 GeV 22231.00 22063.00 21824.00 21674.00 22037.00 22480.00 23187.00
Njet = 0 6318.00 6475.00 6356.00 6232.00 6521.00 6323.00 6398.00
Emiss

T GeV 5458.00 5567.00 5465.00 5344.00 5620.00 5462.00 5549.00

Efficiency 0.010916 0.011134 0.01093 0.010688 0.01124 0.010924 0.011098

Table C.3: Cutflow of the events survived the cuts for the selection of two leptons (e
or µ) and the efficiency with luminosity of 20.3 fb−1. The BSM signal is the heavy
neutrino model with mNi < mS according to the ATLAS simulation.

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
e+e−/µ+µ− 61044.00 60400.00 60019.00 59689.00 60080.00 60106.00 60743.00
pleadT > 25 GeV 53185.00 52639.00 52237.00 52063.00 52387.00 52701.00 53600.00
psub-lead

T > 20 GeV 31381.00 30771.00 30115.00 29990.00 30465.00 31088.00 32582.00
m`` > 15 GeV 29217.00 28619.00 27958.00 27816.00 28281.00 28782.00 30213.00
|m`` −mz| > 15 GeV 22962.00 22635.00 22413.00 22301.00 22656.00 22945.00 24019.00
Njet = 0 6750.00 6641.00 6648.00 6707.00 6756.00 6602.00 6703.00
Emiss

T > 45 GeV 3327.00 3290.00 3240.00 3162.00 3333.00 3212.00 3282.00

Efficiency 0.006654 0.00658 0.00648 0.006324 0.006666 0.006424 0.006564

Table C.4: Cutflow of the events survived the cuts for the selection of two OS and same-
flavour leptons (ee or µµ) and the efficiency with luminosity of 20.3 fb−1. The BSM
signal is the heavy neutrino model with mNi < mS according to the ATLAS simulation.

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 14.665 13.867 1.629 1.735 0.101 0.085 65±50 1.372
mS = 135 GeV 14.665 13.893 1.629 1.737 0.101 0.085 65±50 1.375
mS = 140 GeV 14.665 14.011 1.629 1.751 0.101 0.081 60±49 1.395
mS = 145 GeV 14.665 14.018 1.629 1.752 0.101 0.081 58±49 1.396
mS = 150 GeV 14.665 13.893 1.629 1.737 0.101 0.085 62±49 1.375
mS = 155 GeV 14.665 13.994 1.629 1.749 0.101 0.082 62±50 1.392
mS = 160 GeV 14.665 13.900 1.629 1.738 0.101 0.084 66±49 1.278

Table C.5: χ2 values, p-value, yield signal after the fitting and the significance for the
SM background and the SM+BSM of (eµ) events. The BSM signal is the heavy neutrino
model with mNi < mS (pp → H → Sh); for the ATLAS data with luminosity of 20.3
fb−1 [86].
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χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 18.313 10.378 3.052 2.076 0.005 0.065 96±21 1.512
mS = 135 GeV 18.313 10.306 3.052 2.061 0.005 0.067 95±21 1.498
mS = 140 GeV 18.313 10.714 3.052 2.143 0.005 0.057 92±21 1.577
mS = 145 GeV 18.313 10.512 3.052 2.102 0.005 0.062 92±21 1.538
mS = 150 GeV 18.313 10.438 3.052 2.088 0.005 0.064 94±21 1.524
mS = 155 GeV 18.313 10.151 3.052 2.030 0.005 0.071 97±21 1.468
mS = 160 GeV 18.313 10.223 3.052 2.045 0.005 0.069 100±22 1.482

Table C.6: χ2 value, p-value, yield signal after the fitting and the significance for
the SM background and the SM+BSM of (ee/µµ) events.The BSM signal is the heavy
neutrino model with mNi < mS (pp→ H → Sh); for the ATLAS data with luminosity
of 20.2 fb−1 [86].
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Figure C.2: Kinematic distribution of (a) the di-lepton invariant mass, (b) the
transverse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of
the di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS
and different-flavour leptons (e or µ) and zero jet with the ATLAS detector simulation.
The BSM signal is the heavy neutrino signal with mNi < mS.
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Figure C.3: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS and
same-flavour leptons (ee or µµ) and zero jet with the ATLAS detector simulation. The
BSM signal is the heavy neutrino signal with mNi < mS.
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C.3 ATLAS, 20.3 fb−1 with e±µ∓ and Njet = 1

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
e±µ± 45598.00 45629.00 45544.00 45469.00 45447.00 45946.00 45701.00
plead

T > 25 GeV 39785.00 39879.00 39814.00 39688.00 39752.00 40437.00 40569.00
psub-lead

T > 20 GeV 23003.00 22813.00 22629.00 22477.00 22808.00 23322.00 23962.00
m`` > 10 GeV 22231.00 22063.00 21824.00 21674.00 22037.00 22480.00 23187.00
Njet = 1 7859.00 7807.00 7810.00 7709.00 7703.00 8020.00 8184.00
Emiss

T > 20 GeV 6928.00 6825.00 6847.00 6741.00 6738.00 7041.00 7203.00

Efficiency 0.013856 0.01365 0.013694 0.013482 0.013476 0.014082 0.014406

Table C.7: Cutflow of the events survived the cuts for the selection of two leptons (e
or µ) plus exactly one jet and the efficiency with luminosity of 20.3 fb−1. The BSM
signal is the heavy neutrino model with mNi < mS according to ATLAS simulation.

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 12.965 12.915 1.441 1.614 0.164 0.115 16±39 1.201
mS = 135 GeV 12.965 12.915 1.441 1.614 0.164 0.115 17±39 1.201
mS = 140 GeV 12.965 12.913 1.441 1.614 0.164 0.115 17±39 1.201
mS = 145 GeV 12.965 12.917 1.441 1.615 0.164 0.115 17±38 1.202
mS = 150 GeV 12.965 12.908 1.441 1.614 0.164 0.115 17±39 1.200
mS = 155 GeV 12.965 12.932 1.441 1.616 0.164 0.114 16±39 1.204
mS = 160 GeV 12.965 12.934 1.441 1.617 0.164 0.114 17±40 1.205

Table C.8: χ2 values, p-value, signal yield after the fitting and the significance for the
SM background and the SM+BSM for events contain two OS leptons (e±µ∓) plus one
jet. The BSM signal is the heavy neutrino model with mNi < mS (pp→ H → Sh); for
the ATLAS data with luminosity of 20.3 fb−1.
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Figure C.4: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS lep-
tons (e or µ) and exactly one jet with the ATLAS detector simulation. The BSM signal
is the heavy neutrino signal with mNi < mS.
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Figure C.5: Distributions of the ATLAS data and SM background compared to the
BSM signal (HN model with mNi < mS) for the di-lepton invariant mass. In (a) events
are required to have two opposite-charge leptons (e, µ) with at least one b-tagged jet [85].
For (b) events are required to have two opposite-charge leptons with different-flavour
(eµ) and (c) with same-flavour (ee/µµ), where both analysis require zero jets [86]. In
case of (d) events are required to have two opposite-charge leptons (e, µ) with exactly
one jet. The data used here is from pp collision collected by the ATLAS experiment at√
s = 8 TeV with luminosity of 20.2 fb−1 for (b), (c) and (d), and 20.3 fb−1 for (a).
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C.4 CMS, 19.4 fb−1 with e+e−/µ+µ−/e±µ∓, Njet = 1 and
Njet = 0

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
2 lepton 103501.00 102958.00 101523.00 102232.00 102726.00 102512.00 103268.00
plead

T /sub-lead > 20 GeV 54681.00 53787.00 52708.00 52787.00 53979.00 54477.00 56637.00
m`` > 12 GeV 52129.00 51232.00 50193.00 50173.00 51375.00 51815.00 53936.00
e+e−/µ+µ−/e±µ∓ 36092.00 35624.00 34882.00 34914.00 35927.00 36674.00 38470.00
Emiss

T > 20 GeV 9160.00 9133.00 9050.00 9146.00 9247.00 9227.00 9562.00
Njet = 0 8272.00 8225.00 8113.00 8178.00 8293.00 8226.00 8525.00

Efficiency 0.016544 0.01645 0.016226 0.016356 0.016586 0.016452 0.01705

Table C.9: Cutflow of the events survived the cuts for the selection of two OS leptons
(e+e−/µ+µ−/e±µ±) with zero jet and the efficiency with luminosity of 19.4 fb−1. The
BSM signal is the heavy neutrino model with mNi < mS according to CMS simulation.

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
2 lepton 103501.00 102958.00 101523.00 102232.00 102726.00 102512.00 103268.00
plead

T /sub-lead > 20 GeV 54681.00 53787.00 52708.00 52787.00 53979.00 54477.00 56637.00
m`` > 12 GeV 52129.00 51232.00 50193.00 50173.00 51375.00 51815.00 53936.00
e+e−/µ+µ−/e±µ∓ 36092.00 35624.00 34882.00 34914.00 35927.00 36674.00 38470.00
Emiss

T > 20 GeV 13106.00 13037.00 12627.00 12644.00 12957.00 13115.00 13964.00
Njet = 1 11652.00 11523.00 11206.00 11189.00 11443.00 11586.00 12371.00

Efficiency 0.023304 0.023046 0.022412 0.022378 0.022886 0.023172 0.024742

Table C.10: Cutflow of the events survived the cuts for the selection of two OS leptons
(e+e−/µ+µ−/e±µ±) with one jet and the efficiency with luminosity of 19.4 fb−1. The
BSM signal is the heavy neutrino model with mNi < mS according to CMS simulation.

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 18.220 14.881 1.656 1.488 0.077 0.136 142±60 1.096
mS = 135 GeV 18.220 14.385 1.656 1.439 0.077 0.156 149±60 1.010
mS = 140 GeV 18.220 14.643 1.656 1.464 0.077 0.146 144±60 1.055
mS = 145 GeV 18.220 14.548 1.656 1.455 0.077 0.149 144±59 1.039
mS = 150 GeV 18.220 14.357 1.656 1.436 0.077 0.157 148±60 1.005
mS = 155 GeV 18.220 14.650 1.656 1.465 0.077 0.145 146±60 1.057
mS = 160 GeV 18.220 14.531 1.656 1.453 0.077 0.150 153±61 1.036

Table C.11: χ2 values, p-value, signal yield after the fitting and the significance of the
SM background and the SM+BSM for two OS leptons (e+e−/µ+µ−/e±µ±) with zero jet
selection. The BSM signal is the heavy neutrino model with mNi < mS (pp→ H → Sh);
for the CMS data with luminosity of 19.4 fb−1 [88].
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χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 14.695 14.033 1.336 1.403 0.197 0.171 52±45 0.948
mS = 135 GeV 14.695 14.096 1.336 1.410 0.197 0.169 49±44 0.960
mS = 140 GeV 14.695 14.059 1.336 1.406 0.197 0.170 50±44 0.953
mS = 145 GeV 14.695 14.018 1.336 1.402 0.197 0.172 51±44 0.946
mS = 150 GeV 14.695 14.094 1.336 1.409 0.197 0.169 50±44 0.959
mS = 155 GeV 14.695 14.017 1.336 1.402 0.197 0.172 53±45 0.945
mS = 160 GeV 14.695 14.089 1.336 1.409 0.197 0.169 52±45 0.958

Table C.12: χ2 values, p-value, signal yield after the fitting and the significance of the
SM background and the SM+BSM for two OS leptons (e+e−/µ+µ−/e±µ±) with one jet
selection. The BSM signal is the heavy neutrino model with mNi < mS (pp→ H → Sh);
for the CMS data with luminosity of 19.4 fb−1 [88].
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Figure C.6: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS lep-
tons (e+e−/µ+µ−/e±µ±) and zero jet with the CMS detector simulation. The BSM
signal is the heavy neutrino signal with mNi < mS.
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Figure C.7: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (d) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS leptons
(e+e−/µ+µ−/e±µ±) and one jet with the CMS detector simulation. The BSM signal is
the heavy neutrino signal with mNi < mS.
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C.5 CMS, 5.3 fb−1 with e+e−/µ+µ+/e±µ∓, Njet ≥ 2 and Nb−jet ≥
2

mS = 130 GeV mS = 135 GeV mS = 140 GeV mS = 145 GeV mS = 150 GeV mS = 155 GeV mS = 160 GeV

All events 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00 500000.00
e±µ∓ 46266.00 46162.00 45561.00 45963.00 46152.00 45909.00 46354.00
plead

T > 20 GeV 43944.00 43845.00 43244.00 43759.00 43878.00 43735.00 44351.00
psub-lead

T > 20 GeV 24296.00 23950.00 23390.00 23483.00 24162.00 24273.00 25258.00
m`` > 10 GeV 21192.00 20791.00 20255.00 20377.00 20928.00 21093.00 21925.00
Nb-jet ≥ 1 845.00 812.00 781.00 772.00 836.00 913.00 915.00
Njet ≥ 2 584.00 559.00 537.00 528.00 576.00 640.00 626.00

Efficiency 0.001168 0.001118 0.001074 0.001056 0.001152 0.00128 0.001252

Table C.13: Cutflow of the events survived the cuts for the selection of two OS leptons
(e or µ), at least two jets and two b-tagged jets and the efficiency with luminosity of
5.3 fb−1. The BSM signal is the heavy neutrino model with mNi < mS according to
CMS simulation.

χ2 χ2/ndf p-value
N. signal Significance

SM background SM+BSM SM Background SM+BSM SM Background SM+BSM

mS = 130 GeV 12.859 12.890 0.756 0.806 0.746 0.681 18±61 -0.470
mS = 135 GeV 12.859 12.865 0.756 0.804 0.746 0.683 25±60 -0.475
mS = 140 GeV 12.859 12.901 0.756 0.806 0.746 0.680 11±84 -0.468
mS = 145 GeV 12.859 12.830 0.756 0.802 0.746 0.685 27±57 -0.482
mS = 150 GeV 12.859 12.898 0.756 0.806 0.746 0.680 19±60 -0.468
mS = 155 GeV 12.859 12.782 0.756 0.799 0.746 0.689 31±58 -0.492
mS = 160 GeV 12.859 12.836 0.756 0.802 0.746 0.685 31±61 -0.481

Table C.14: χ2 values, p-value, signal yield after the fitting and the significance of the
SM background and the SM+BSM for (e±µ∓) with at least two jets and two b-tagged
jets. The BSM signal is the heavy neutrino model with mNi < mS (pp→ H → Sh); for
the CMS data with luminosity of 5.3 fb−1 [89].
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Figure C.8: Kinematic distribution of (a) the di-lepton invariant mass, (b) the trans-
verse mass of the di-lepton system, (c) the pT of the leading lepton, (c) the pT of the
di-lepton system and (e) the azimuthal angle of two leptons; in events with an OS lep-
tons (e or µ) and at least two jets and two b-tagged jets with the CMS simulation. The
BSM signal is the heavy neutrino signal with mNi < mS.
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Figure C.9: Distributions of the CMS data and SM background compared to the BSM
signal (HN model with mNi < mS) for the di-lepton invariant mass (mll). Events are
required to have two opposite-charge leptons with (a) zero-jet (b) one-jet [88] and (c)
eµ channel [89] with at least two jets and one b-tagged jet. The data used here, are
from the measurement of the W+W− and tt̄ production cross-section in pp collision
at
√
s = 8 TeV with luminosity of 19.4 fb−1 and 5.3 fb−1 for top and bottom plots,

respectively.
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