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Introduction

Almost half a century after its prediction, the Higgs boson has been discovered
in 2012 by the ATLAS and the CMS collaborations with the data accumulated
during the first run of the LHC. This was a major event in the particle physics
community since now all the predicted particles from the standard model have
been observed experimentally, making the theory self-consistent.

The standard model of particle physics is a theory developed in the 70s that
aims at describing the fundamental particles and their interactions. The model
contains three of the four known interactions: the electromagnetic, the weak
and the strong interaction. It has accumulated successes to describe experimen-
tal results including precise measurements of theoretical predictions. However,
physicists have evidence that the standard model is not the end of the story. For
instance, it neither includes gravitation nor a dark matter candidate and con-
tains some theoretical features.

The theoretical difficulties have been studied for decades and many ways of
extending the standard model to accommodate for them have been explored
and experimentally tested. Many of these predict a more complex scalar sec-
tor, as supersymmetry for instance, but the searches for such new physics have
shown no success so far. The current situation is therefore completely partic-
ular to our field, we expect the theory to be incomplete, but no evidence of
new physics are yet been found among the huge number of analyses at the
LHC. The recent observation of the only scalar particle predicted in the stan-
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dard model has quickly turned into precision measurements, which currently
shows no deviation from the standard model either.

A simple extension of the scalar sector, the 2HDM, predicts the existence of
five scalar bosons. While it is not considered as a complete theory, it provides
a very rich phenomenology and therefore new channels to test the standard
model. Special cases of the 2HDM, in the so-called alignment limit, are ex-
tremely relevant, since the lighter scalar behaves in such theories as the stan-
dard model Higgs boson.

It is in this context that this thesis has been written. The goal is to search
for a typical signature of the aligned 2HDM: the production of a heavy scalar
H decaying into a Z boson and a pseudoscalar A with the CMS detector. In
addition to being well motivated theoretically, searching simultaneously for
two new resonances brings a very clear signature in the detector that would
have escaped other existing searches.

Searching for two unknown particles also brings practical difficulties: the two-
dimensional masses spectrum of the heavy scalar and the pseudoscalar bosons
has to be probed. It therefore requires many signal models and then many
simulation which are time consuming.

More generally, the huge quantity of data taking at the LHC will bring fun-
damental changes in the usage of the detector simulation in particle physics.
An alternative tool called DELPHES provides parametric simulation of generic
detectors at the LHC and for future colliders. While less precise than the com-
plete simulations, parametric simulations allow to gain a factor 10* in time
consumption and has shown to be ideal for phenomenological studies. To
face the variety of applications, significant improvement of the software were
needed. Once performed, DELPHES appeared as a useful solution to perform
the many detector simulations of 2HDM processes events needed to cover the
full 2HDM A and H masses spectrum.

This thesis is divided into three chapters. The first chapter describes the the-
oretical context and motivations of this work. Among others, the standard
model, the 2HDM and the scalar sector phenomenology at the LHC are re-
viewed. The experimental setup, including the description of the CMS detector
at the LHC, is discussed in the second chapter. A discussion of the event recon-
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struction is presented through a comparison between the parametric approach
and the complete detector simulation. Finally, the first searches for new scalar
bosons in the /[bb final state at the LHC are explained in the third chapter.
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Chapter

Study of the scalar sector at
proton-proton colliders

1.1 The standard model

The standard model is a theory describing the elementary particles and their in-
teractions. It has provided so far a good modeling of the observed phenomena
at the accessible scales. Therein, the elementary particles are divided in two
distinct groups. The first gathers all the particles that obey the Bose-Einstein
statistics. These particles are called Bosons and are the carriers of the differ-
ent interactions. While gravitation is not included in the standard model, it
includes the three other fundamental interactions:

e The photon (v) mediates the electromagnetic interaction.

e The WT, W~ and Z bosons are the carriers of the weak interaction. It
is responsible, for instance, for the nuclear fusion inside the Sun.

o The eight gluons are the force carriers of the strong interaction. It en-
sures the stability of most ordinary matter.

The second group of particles, called fermions, are all the particles that obey
the Fermi-Dirac statistics. The fermions are the matter component of the uni-

13



14 Chapter 1. Study of the scalar sector at proton-proton colliders

verse (e.g. the atoms) and are further divided into two sub-groups: the leptons
that are interacting through the Electromagnetic or Weak interactions and the
quarks which are also sensitive to the strong interaction. There exists three
generations of quarks and leptons and for each of them there exists a partner
with the same mass but opposite charge: its anti-particle.

The standard model is the result of decades of theoretical and experimental
research. It started with the elaboration of the Quantum Electro-Dynamics
(QED) at the end of the 40’s by, among others, S. Tomonaga [1[], J. Schwinger [2}
3], F. Dyson [4]] and R.P. Feynman [5, 6]. At the beginning of the 50’s, C.N.
Yang and R. Mills generalized QED by developing the theories of the gauge
fields [7]. This generalization was the first ingredient that led to the unifica-
tion of the electromagnetic and weak interactions in 1961 by Glashow [8].
Unfortunately, at that time, the theory still had a huge issue. Indeed, the parti-
cles (bosons and fermions) were modeled without mass. A solution to give a
mass to the particles has been developed by three independent groups (Robert
Brout and Frangois Englert [9], Peter Higgs [10] and Gerald Guralnik, C.R.
Hagen and Tom Kibblel [11]]) and introduced into the standard model still un-
der construction by Weinberg [12] and Salam [13]. This mechanism, called
the Brout-Englert-Higgs mechanism allows to provide a mass to the particles
by adding an extra scalar field to the model. In 1970, the quarks were added
to the electro-weak theory by Glashow Illiopoulos and Maiani [[14f]. Finally,
Quantum Chromo-Dynamic (QCD) has been added to the model to describe
the strong interaction. This work completed the standard model in the mid-
dle of the 70’s after the work of D. Gross, F. Wilczek [[15] [16] and H. David
Politzer [[17]]. Since then, all the predicted particles have been observed and
the observations are in agreement with the standard model expectation, as il-
lustared in Fig[I.1]

Modern particle physics is based on the Lagrangian formalism. Any term in
the lagrangian must be reference frame invariant, therefore it has to be invariant
under the Poincaré group. In a local field theory, it is a function of one or more
fields ¢(x) and their derivatives 0,,¢

L= L(¢(x),0u9) (1.1)
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The gauge part of the standard model is based on the group of symmetry
SU(3)c ® SU(2)L ® U(1)y. Each term of the Lagrangian is also invariant
under this group of symmetry.

In this section, all the evolutions and the different steps of the standard model
will be omitted to focus on the components and the standard model itself. To
do so, the notations and derivations are taken from Peskin and Schroeder [[19].
First, the fermions will be introduced in Sec The gauge bosons and the
description of the electroweak symmetry breaking mechanism are discussed in
Sec Sec provides a second look at the leptons to introduce their
mass and the different quantum numbers. More details about QCD, and in
particular the notion of asymptotic freedom and confinement are introduced
in Sec[I.1.4] To conclude this section, the standard model Lagrangian and its
weaknesses are discussed in Sec[I.1.3]

1.1.1 Fermions, Part I: Unbroken symmetries

The fermions are defined as the particles with a half-integer spin. They obey
to the Fermi-Dirac statistics. Two kinds of elementary fermions have been
observed: the quarks, which are sensitive to the strong interaction, and the
leptons, which are not.

o There are three lepton families, summarized in the first part of the Ta-
ble The first family is composed of the electron (e™), the positron
(e™) and the electronic (anti-)neutrino(v, and 7). The muons (ui) and
the muonic-neutrinos (v, and v,,) belong to the second family. The third
family contains the taus(7F) and the tauonic neutrinos (v, and 7).

e There are also three families of quarks, summarized in the second part
of Table The up and down quarks, which are the main components
of the proton and the neutron, are in the first family. The second family
of quarks contains the strange (s and 5) and the charm (c and ¢) quarks.
The bottom (b and b) and the top (¢ and t) quarks are members of the
third family.
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A fermion of mass m is represented by a four-component field ) called a
Dirac spinor. A free lepton is described by the Dirac equation, derived from
the Dirac Lagrangian

L7 = iy, ' — mi) (12)

where @Zmaw is a kinetic term related to the motion of the field ) and ma)1)
is a mass term. The nature of the neutrinos has still not been revealed experi-
mentally. They are often believed to be Majorana particles which could imply
that a neutrino is its own anti-particle.

Leptons Charge
l © H ’ -1
511keV 105MeV 1.77 GeV
" Ve Uy vy 0
<25eV <170keV < 18MeV
Quarks
u c t 9
Tl 93MeV 1.27GeV 173 GeV 3
d s b 1
%1 48MeV 95MeV  4.66 GeV 73

Table 1.1: Lepton and quark list of physical states.

Leptons Quantum numbers

The main differences between quarks and leptons and between the up and
down part in each family is driven by their behavior under the different in-
teractions and therefore their quantum numbers.

While the leptons are singlet under SU(3)c, the quarks are assigned with an ex-
tra quantum number: the color. The resulting consequences will be explained

in Sec
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A fermion can be right-handed when its spin is parallel to its direction of mo-
tion or left-handed when it is opposite. From the point of view of the weak
interaction, left- and right-handed fermions are different particles. It is there-
fore convenient to decompose a fermion into its left and right part.

[ YL
Y= ( on ) (1.3)

In fact, only the left-handed particles are sensitive to the weak interaction, this
is translated in terms of the associated quantum numbers, the weak-isospin,
by assigning 0 to the right-handed fermions, and +1/2 to the left-handed
fermions.

The hypercharge is the quantum number associated with the U(1)y gauge
symmetry. It is intimately related to the charge of a particle, this will be
demonstrated in the Sec

Left-Handed Right-Handed
qu qd Z ! qu @ v 1
Hypercharge | 1/6 1/6 -1/2 -—-1/2| 2/3 —-1/3 0 -1
Weak Isospin | 1/2 —-1/2 1/2 —1/2 0 0 0 O
Color r-b-g r-b-g r-b-g  r-b-g

Table 1.2: Lepton and quark quantum numbers.

1.1.2 Bosons and the electroweak symmetry breaking

We have seen in Eq. [1.1|that the Lagrangian can be written in term of the fields
and their derivatives. The construction of a locally gauge invariant Lagrangian
requires the definition of the covariant derivative D, = 0,, + igA}; T, where
g is the gauge coupling, Ajj is the connection and T is the generator of the
group. Using the previous definition, one can construct the gauge field tensor
Fl. as

igF*,, T* = [D,,D,] . (1.4)
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In establishing the standard model, three particular cases are interesting. First,
the SU(3)¢ gauge group which is composed of eight bosons G2, with a =
1,...,8. Using Eq. and the SU(3) group generators t?*, we find:

G2, = 0,G% — 0,G% + gs f**° GG (1.5)

where £ is called the structure constant and gg is the coupling constant of

the strong interaction. Second, the SU(2);, group induces three gauge bosons

AL with ¢ = 1,2, 3 and a structure constant being elik,

A, = 0,AL — 0,A% + g7 AL A (1.6)

where g is the associated coupling. The last and simplest group considered
here is U(1). The coupling constant associated to this group is denoted g’ and
the gauge tensor is defined as

B,LLI/ = apBl/ - 8VB/,L (L.7)

The most general locally invariant Lagrangian for the fermion field ¥ contains
all the kinetic terms of the gauge bosons

1 1 1
Egauge = _EB;U/B“V - ZA/U/A”V - itrGuVGuy (18)

the interaction terms between the fermions and the vector bosons

ﬁfermion = @(ZDW (1-9)

and the mass term for the leptons,

Ltermion-mass = _@me (1.10)
where only the dimension four operators have been considered. It can also be

concluded that no mass term for the gauge bosons is present (e.g. %mAMA“)
since it would violate gauge invariance.

Electro-Weak symmetry breaking Mechanism

From the previous section, we have seen that the assumption that the interac-
tions are gauge invariant requires the existence of massless vector fields for
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each symmetry generator, while it is known from the experiments that the
weak interaction carriers the W= and the Z bosons are massive. Also, the
construction of a fermion mass term such as

AL = —me(erer + €rer) (1.11)

is forbidden because 17, and 1 have different gauge quantum numbers. Sim-
ple terms are therefore violating gauge invariance.

The solution proposed in the standard model is to add a complex scalar field ¢
doublet under SU(2), which has therefore four degrees of freedom. This new
field interacts with itself and with the electro-weak gauge fields, where it is
assumed that the scalar field has a charge % under the U(1) symmetry. One
can therefore consider the following Lagrangian:

L= Egauge + ‘Du¢‘2 - V((b) (1.12)

where one assumes the potential to have a Mexican hat form.
* )\ *
V(9) = =166 + 5 (¢70)” (1.13)

with 2 > 0. When minimizing the potential, the field acquires a non-zero
vacuum expectation value and the electro-weak symmetry SU(2);, ® U(1)y is
broken. The field ¢ acquires a vacuum expectation value, that can be chosen
to be

1 {0
() = 7 ( . ) : (1.14)

2\1/2 .. . .
where v = %) is the minimum of the potential energy. The covariant

derivative of ¢ is given by:
1
D,¢p = (8u —igAj T — ng’Bu> 10) (1.15)

and therefore the kinetic term |D uqb\Q of the Lagrangian can be re-written as
following:

1v2
AL = 5T [8%(A})? +g°(A2)” + (—gAl + ¢'BL)?] . (1.16)
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Three massive vector bosons arise from this equation:

1 v
+ _ 1 a2 . _
W, = E(A“ FiA;) withmass my = 85 (1.17)
Z,, = cos GwAz —sinfyB, withmass myz = /g2 + g’zg (1.18)
and a massless boson
A, =sin HWAi + cos 0B, (1.19)

g

/92+g/2

and

where we have defined the weak mixing angle 6, as sin 0y, =

cos Oy = g From the Eqs.|1.17|and |1.18] we see that:

/92+g/2 :

my = mycos By (1.20)

From the four degrees of freedom introduced in the model, we see that three
are “eaten” by the W and Z bosons to acquire a mass and the massless A is the
photon field.

Let us investigate further the behavior of this scalar field ¢ by parametrizing it
in the unitarity gauge as a doublet with a vacuum expectation value plus a real
field h.

1 0
o(x) = 7 ( o+ hz) > (1.21)

The potential (Eq[I.13]) becomes

R Y \/X 3 14
Ly = thh 2mhh 4)\h (1.22)

where m, = v/2\v. The remaining degree of freedom is therefore an ex-
tra massive scalar particle. The same exercise applied on the kinetic term of
Eq[I.12] shows that this new scalar field has a coupling with the gauge bosons
which is proportional to their masses:

1 1 h\?
Liin = 5(a,m)2 - [mﬁvwwwu_ + 2m2ZZ“ZM] : (1 + U) (1.23)

Therefore, this mechanism appeared so far with two important predictions:
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e The relation between the Z and the W-bosons masses.

e The existence of an extra scalar field, the Higgs Boson, that couples to
the gauge bosons proportionally to their masses.

Both have been confirmed and the status of the Higgs Boson observation is
summarized in Sec. [[.3.3]

1.1.3 Fermions, Part II: Charges and Masses

For a fermion field in the SU(2) representation with a U(1) charge Y, the
covariant derivative can be re-written in terms of the physical fields:

D, = 0,—igAjT* —ig'YB,
o . g + v —m— . 8 3 i 2
= 8u_1$ (WMT W, T )_IMZ“(T — sin” 6, Q)
—ieA,(Q)

where T* = (T! 4 iT?) and where the coefficient of the electromagnetic in-
teraction e and the electric charge quantum number QQ have been identified.

/

e = 58 (1.24)
/g2+g/2
Q = T°+Y (1.25)

We have seen in Sec[I.1.2]that it was not possible to put an ordinary mass term
without violating gauge invariance. Here also, the mechanism of spontaneous
symmetry breaking brings a solution. Keeping in mind that ¢ is a spinor under
SU(2) and has a hypercharge of 1, we can write:

AL. = —MXEr - ¢er +h.c. (1.26)
1
= ———\cvérer +h.c. + ... (1.27)

V2
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where the ). is a dimensionless coupling constant that determines the mass of
the fermion with the vacuum expectation value v.

me = \ﬁ)\ev (1.28)

We find that for each fermions f, the Higgs boson couples as

- h
Ly=-msff <1+v> . (1.29)
This last equation provides an extra prediction:

e The Higgs Boson couples to the fermions proportionally to their masses.

This prediction is also verified so far and will be discussed in Sec.[1.3.3]

1.1.4 Asymptotic freedom and confinement

The strong interaction also has some particular features related to the coupling.
Unlike electromagnetism and weak interactions, the effective coupling a5 de-
creases as a function of the energy.

On the one hand, at high energy, a5 (¢?) — 0 and the quarks and gluons behave
as free particles. This phenomenon is called asymptotic freedom.

On the other hand, at low energy, the coupling constant diverges. It is therefore
not possible to develop the Feynman diagrams in series for QCD. This is most
probably related to another feature of QCD called confinement. In fact, the
colored particles have never been observed isolated. Only hadrons, which
are “white” bound state of several (anti-)quarks, are observed. Two types
of hadrons are commonly observed: the mesons are made of gq pair and the
baryons are combinations of three quarks.
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To better understand the behavior, let us use a classical picture with a potential
of the form

Vi(r) = —g%wcr (1.30)
When a pair of quarks is produced at high energy and drifting away, the po-
tential will start rising with the distance. Once the energy accumulated is suf-
ficient, an extra pair of quarks will be created from the vacuum. After loosing
enough energy by this procedure, quarks and anti-quarks will combine with
each other and produce a cascade of hadrons dubbed jets. This process is

called hadronization or fragmentation.

1.1.5 The standard model and some difficulties

Through the previous section, we have built all the lagrangian terms that satisfy
the required symmetries at order four. The sum of these pieces defines the
standard model Lagrangian:

L= Egauge + EHiggs + £fermions + ACYukawa (131)

Despite the experimental confirmations of the electro-weak symmetry break-
ing, some theoretical difficulties of the standard model could be related to the
scalar sector.

The theory is renormalizable [20], and therefore well-defined and calculable
up to infinite energies. Nevertheless, it is known, since it doesn’t include gravi-
tation, that the standard model is not the complete theory. In particular, gravity
is supposed to become important around the Planck mass

Mp ~ 1.2 x 10"GeV. (1.32)

Hierarchy problem

If the Planck mass is the scale of the new physics, or if there is another new
physics scale A > v, new loop-diagrams will contribute to the self-energy of
the of the Higgs bosons. Those one-loop corrections to mj would be much
greater than v/2\v and would therefore require a huge cancellation mecha-
nism. This difficulty of the standard model is called the hierarchy problem.
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Neutrino masses

The neutrinos are considered in the standard model as massless particles. The
mass measurement is currently still an upper limit but the observation of neu-
trino oscillations implies that neutrinos are massive particles.

Dark Matter

Even though the nature of the dark matter is still not known, much evidences
of its existence has been observed. The rotation curves of the galaxies and
the gravitational lensing are convincing observations, among others. In the
relevant hypothesis that dark matter is a new particle, several conditions must
be fulfilled: dark matter has to be electrically neutral, colorless and very long-
lived or stable.

Since it has a mass, dark matter is expected to interact with the Higgs boson. In
fact, a simple dark matter candidate arises already when adding a scalar singlet
to the standard model [21]].

Fermion masses hierarchy

While very elegant in the gauge sector, the Yukawa part of the standard model
Lagrangian implies one new parameter per fermion related to its mass. This
leads to a striking feature: the charged leptons/quarks masses range from 173
GeV for the top quark down to 0.5 MeV for the electron. This feature is far
from being explained in the standard model.

Vacuum stability

When considering loop diagrams, corrections to the Higgs potential arise with
two different contributions: the Higgs self-interaction and the top quark loop.
Those effects modify the "Mexican hat’ shape of the potential and three differ-
ent scenarios are possible:
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e The vacuum is stable if there is only one minimum, or if there is another
minimum higher than the electroweak minimum.

o [f the additional minimum is lower or at the same level, quantum tunnel-
ing could make the vacuum decay. If the lifetime of the vacuum is larger
than the age of our universe, the vacuum is metastable.

o I[f the lifetime of the vacuum is smaller than the age of the universe or if
the vacuum is not bounded from below, it is unstable.

150 |

100 |

Top mass M, in GeV

50/

0 50 100 150 200
Higgs mass M}, in GeV

Figure 1.2: Regions of absolute stability, meta-stability and instability of the
SM vacuum in the m¢-my, plane [22]).

The measurement of the mass of both the Higgs and the top particles indicates
that the universe is in the particular metastability region, as can be seen in

Fig[T2]
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Matter-antimatter asymmetry

In the universe, almost only matter is observed rather than an equal amount of
matter and antimatter. One of the challenges in particle physics is to understand
the source of this asymmetry. Indeed, significant CP violation is necessary to
produce matter and antimatter at a different rate. The standard model contains
several sources of CP violation that are too small to explain this observation.
Sources of CP violation could therefore arise from extensions of the standard
model, in particular in the scalar sector.
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1.2 Extending the scalar sector

The recent discovery of a Higgs look-alike particle appears as an evidence of
the mechanism of spontaneous symmetry breaking and proved the existence of
elementary scalar particles in the universe. It is also clear from Sec [I.1.5]that
extensions of the standard model are expected and motivate, eventually, a more
complex Brout-Englert-Higgs sector. In particular, one can add extra singlets,
doublets, triplets, etc... In 1973, the two-Higgs-doublet model (2HDM) has
been first proposed as an attempt to find new sources of CP violation [23]].

In this context, the 2HDM is not taken as being the ultimate theory but rather
as a part of the solution. Another example of such theories is the Minimal
Supersymmetric Standard Model(MSSM) which contains, among other extra
particles, a constrained 2HDM.

1.2.1 Electro weak symmetry breaking with two Higgs Dou-
blets

In this work, we will consider that CP is conserved in the Higgs sector and
not spontaneously broken. Following the reference [24], if we consider two
doublets ¢ and ¢o with Y = 1, the most general scalar potential is

Vg1, ¢2) = m%ﬂﬂéf)l + m%2¢£¢2 —m%, <¢I¢2 + ¢£¢1)
A /o Ao /i
+? (¢1¢1> + 5 <¢2¢2>
FAsplprdbda + Mol dadldn
A
A [CORICON (133)

where the parameters are real. By analogy with the SM, we can assume that
the minimization of this potential gives

(é1)0 = ( N ) (f2)o = ( M ) (1.34)
va v
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Since these are complex scalar SU(2) doublets, there are four fields for each
doublet and they can be parametrized as:

od 1,2 1.35
o = ('Ua‘|‘,0a+i77a)/\/§ y a=1, (1.35)

By inserting Eq[1.35]in the Lagrangian [[.33] we can write the mass term for
the charged scalars:

2

2 +

m3 o v5 —V1V2 o1
. _ o omi 1.36
¢i mass ’U% + 'Ug (¢1 7¢2 ) ( —1V9 U% ) ( gb; ) ( )

2
myo
V1V2

where m? = [ — A\ — )\5} (v? + v3). The diagonalization of this mass

matrix provides one zero eigenvalue and the mass to the W* bosons. The mass
term for the pseudoscalar has the same form:

2 2
ma (%) —U10V9 m
Ly mass = — 2 (y, 1.37
T 0+ ) ( —vvy v} > < 2 > 4=

2
myo
V12

whith m2 = [

done by applying the same angle 3 such that tan 5 = % The zero eigenvalue

— 2>\5} (v? 4 v3). Interestingly, the diagonalization is

provides a mass to the Z boson. Finally, the mass terms for the scalars are:

2 v 2 2

myo U? + )\lvl —m7j, + 3450102 P1
2 2 2

—mfy + A3a501v2  Mipk + Aoy P2

(1.38)

Ep mass — (P17P2) (

The rotation angle « is defined as the angle that performs the diagonalization
of the mass-squared matrix of the scalars.

The physical scalars h and H are therefore defined as

= pisina — pycosa (1.39)

h
H = —picosa—pssina (1.40)

As a remark, the parameters mj; and mgs can be written in terms of v; and
vg, and the other parameters of the models. In the 2HDM model, v; and v
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are constrained by the relation v? + v3 = v? where v ~ 246 GeV. Therefore
a change of variable can be performed from v; and vq to v at its SM value and
tan [ as a free parameter. This change of variable defines the general basis of
a CP-conserved 2HDM:

)\1 )\2 )\3 )\4 )\5 mio tan ﬁ

We also notice that the standard model Higgs boson can be written as a com-
bination of both h and H. This is straightforward when using the Higgs basis,
in which only one doublet acquires the vacuum expectation value v.

hM = hsin(8 — a) — Heos(8 — a) (1.41)

The limit 8 —« ~ F in which the light h tends to the SM-Higgs boson is called

alignment limit.

Couplings to vector bosons
The couplings of h and H to the vector boson W+ and Z are given by

vy == sin(f —a) and gpyy = Y cos(f—a) . (142)

In the alignment limit, we see that the heavy H is decoupled from the vector
bosons. The couplings between a scalar, a pseudoscalar and the Z boson are
also determined by the gauge coupling structure:

gsin(8 — a)
2 cos 0y,

gcos(f — )

2 cos by, (pu _pA)“

(1.43)

97An = — (Ph—pA)p and  gzam = —

1.2.2 Couplings to fermions and flavor conservation

The presence of several Higgs doublets in a theory generally induces Flavor
Changing neutral currents (FCNC) via the Yukawa couplings. This difficulty
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can be solved by considering that all the fermions with the same quantum
numbers couple to the same Higgs doublet. Four different possibilities have
been proposed:

o All quarks and leptons couple to one Higgs doublet (¢2 by convention)
in 2HDM type-I.

e The ) = % quarks couple to one Higgs doublet (¢2 by convention) and
the ) = %1 quarks and the charged leptons couple to the other. This
possibility is called type-I1.

e The lepton specific model assume that the quarks couple to ¢ and the
leptons to ¢;.

e The Q) = % quarks and the charged leptons couple to one Higgs doublet
(¢2 by convention) and the ) = %1 quarks couple to the other. This
possibility is called flipped.

Those four naturally flavor-conserving models are summarized in Tab

Model u d e
Type-I P2 P2 P2
Type-II P2 o1 41
Lepton-specific | ¢2 @2 1
Flipped P2 P11 P2

Table 1.3: Two-Higgs-doublet models leading to natural flavor conservation.

1.2.3 Physical basis

So from the general basis with the seven parameters A\;_5, mjo and tanf,
we can move on to the so-called physical basis with as parameters the five
scalar bosons masses my,, my, ma and myT, the soft Zo-symmetry breaking
parameter mjo and the angles o and tan .

The couplings to fermions are summarized in Tab for the Type I and Type
1L
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Typel Typell
€l cos o cos o
h sin 3 sin 8
d cos a —sina
€h sin 8 cos 3
6l cos o —sina
h sin 3 cos 3
€l sin sin
fl{ sin 8 sin 3
sin o cos o
€q sin B cos 3
El sin cos
H sin 3 cos 3
€4 cot 8 cot 3
ejiq —cotf tanf
664 —cotB tanp

Table 1.4: List of couplings

1.2.4 Mass spectrum: Hierarchical vs Degenerate 2HDM

In the standard model, the p-parameter is a relation between myz, myy and 6,,
and is equal to 1 at tree-level. It has been measured with a very good precision:
p = 1.00037 £ 0.00023 [25]]. In the 2HDM, as for many models beyond the
standard model, this relation is in general not satisfied. A custodial symmetry
has therefore to be enforced by hand to protect the p parameter from significant
corrections. Applied to the 2HDM, that extra symmetry entails two possible
cases:

e The usual hierarchy where the H have to be degenerate in mass with
A, therefore forming a mass triplet.

e The inverted mass spectrum, as proposed in [26, 27|] with a triplet
formed of H,H*. Such models are naturally arise from 2HDM invari-
ant under twisted custodial symmetry and motivate the search for a light
pseudoscalar state.

As proposed in [28]], we will make the distinction between degenerate scenar-
ios with A, H and H* close in mass and hierarchical scenarios with a mass
splitting Am 4 = |ma — my| big compared to the vector boson masses.

It has also been shown that a significant Am4_g could contribute to the
electroweak baryogenesis and therefore brings a key ingredient to explain the
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cosmic baryon asymmetry. In fact, Am4_p favors strong EW phase transi-
tion [29]], as shown in Fig[T.3] The physical region is defined as models that
satisfy unitarity, perturbativity, electroweak precision constraints and collider
bounds. Among the physical points, those with a strongly first order electro-
weak phase transition are added in the heat-map of the right part of Figure[I.3]
In particular, models with m = 300 GeV and lighter H close to the alignment
limit are motivated.

Physical Strong PT
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= 500 k
ST ]
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Figure 1.3: Heat-maps for the physical region (left) and region with a strongly
first order EWPT (right). Top: (my,« — (5)-plane. Bottom: (my,ma)-plane.
The dotted-black line corresponds to may = my + my.

These studies motivate, therefore, two different scenarios. The case where a
heavy A and a lighter H are present and the twisted case with a light pseu-
doscalar.
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1.3 Higgs bosons phenomenology at the LHC

The main result of the last years in particle physics is the discovery of the
Higgs boson at the LHC. After decades of searches at LEP and at Tevatzron,
the choice of a proton-proton collider has been driven by the fact that the pro-
ton radiates significantly less than the electron when accelerated. Therefore
it is much easier to have high energy protons with circular collider. Also, the
production of protons is easier than anti-protons, allowing a greater parton lu-
minosity at high energy. For this reason, proton-proton colliders are frequently
called discovery machines, since they allow to study physics with a high energy
in the centrer of mass and a high luminosity. Besides this argument, proton col-
lisions and more generally hadrons collisions are subject to the complexity of
the strong interaction already mentioned in Sec Sec[I.3.1]is dedicated to
this context and to the modelling of proton-proton collisions.

Currently, Higgs-related research is divided into two topics, the study of the
H and the searches for extensions to the scalar sector. Sec discusses the
different production mechanisms of the standard model Higgs Boson and its
decay modes. The current experimental status is summarized in Sec [1.3.3]
Those results, and in particular the measurement of the couplings of the newly
discovered boson have a significant impact on the 2HDM phenomenology. In
Sec these results are examined and some interesting features are re-
viewed.

1.3.1  Proton-proton collisions and their simulation
The proton and the partons

At high energy, a collision between protons is modeled as an interaction be-
tween their constituents called partons. The probability density to find a parton
with an energy fraction x at a squared energy scale Q? is called “parton density
function”.

When computing hadronic cross-section, one needs to take into account all
radiations or splittings of the initial-state partons, which induce collinear di-
vergences. These IR divergences can be absorbed into a redefinition of the
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parton densities at a scale pr. The formulation of the hadronic cross section is
therefore given by

1 1
Utot:/ d$1/ dxo fi(xs, pv) fi (x4, pr)oij(x122S, pr) . (1.44)
0 0

MMHT14 NNLO, Q? = 10* GeV?
1.2 ——— R
zf(z,Q?)

1
0.8 [
06
0l

0.2 F

xT

Figure 1.4: Left: Deep inelastic process Feynman diagram. Right: Parton
density function obtained by the MMHT 2014 group.

Since the pdfs describe properties of hadrons in the non-perturbative regime,
they cannot be calculated with perturbative QCD an need to be measured by
experiment. The partonic structure of the proton can be studied with inelastic
electron scattering off proton, where the lepton acts as a probe which trans-
fers a momentum q to the nucleon in the collision. The deep inelastic process
diagram is drawn in the the left part of Fig[I.4] The H1 and ZEUS collab-
orations have measured deep inelastic cross sections in neutral and charged
current unpolarised e*p scattering at HERA electron-proton collider at DESY.
Recently, the precise measurements from DO and CDF at the Tevatron and
from ATLAS, CMS and LHCb at the LHC on jet, vector boson and top quark
pair production bring extra information to the estimations of the pdf.

Several collaborations provide pdf£ fits, as drawn in right part of Fig[1.4] Some
of them and their inputs are summarized here.
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e The NNPDF 3.0 [30] uses a dataset including HERA-II deep-inelastic
inclusive cross-sections, jet production from ATLAS and CMS, vector
boson measurements from ATLAS, CMS and LHCb and top quark pair
production total cross sections from ATLAS and CMS. Results are based
on LO, NLO and NNLO QCD theory and also include electroweak cor-
rections.

e The CT10 [31] fit is obtained using a dataset from HERA and the asym-
metry in the rapidity distribution of the charged lepton from W boson
decay from the CDF and DO collaborations.

e The MMHT 2014 pdf set [32] is based on HERA, Tevatron and ATLAS
and CMS results at LHC. In particular, it is based on jet production, vector
boson measurements and top quark pair production total cross sections
from ATLAS and CMS.

Event generators and hard scattering

The high energy part of the interaction is called hard scattering and has the
advantage to be in the perturbative regime. Cross-section can therefore be pre-
cisely computed with lowest orders of the series expansion only. Programs
called event generators can generate events using the Matrix element informa-
tion with up to the next-to-leading order precision. This therefore provides a
fully differential cross-section.

e MADGRAPH_aMC @NLO [33]] is the latest version of the MADGRAPH
suite. Those are generic and automated generators since it is possible to
generate any SM or BSM processes automatically. In the latest version,
one can choose between LO and NLO precision in QCD.

o POWHEG [34] is another suite of event generator with NLO precision.
It has the advantage to provide unweighted events.

Parton shower, hadronization and underlying events

Once the hard scattering event is generated, several contributions involving
low energy QCD are added using tools such as PYTHIA or HERWIG.
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e the emission of initial and final states radiation (ISR and FSR)

e the hadronization

Aside from the hard scattering process, other interactions may occur between
the two protons. Those remnant are called underlying events and are also sim-
ulated by PYTHIA or HERWIG.

1.3.2 Higgs boson production mechanisms and decay modes

At p-p colliders, there are several Higgs boson production mechanisms. The
mechanism with the highest cross-section is called gluon fusion. It consists
of two gluons coming from each proton, and fusing into one Higgs boson
through a top quark loop. The leading order diagram is drawn on the top left
part of Fig For m;, = 125.5 GeV, the production cross-section computed
at (NNLO+NNLL) QCD and NLO EW is 43.831%%(scales) + 3.1(PDF+a)
pb [35]. This process has been studied a lot in the last years and is the first
process calculated at next-to-next-to-next-to-leading order (N3LO) in pertur-
bative QCD [36]. The N3LO corrections are of the order of +2.2% and the
scale variation of 3%.

The second highest cross-section mechanism is called vector boson fusion. In
this case, two vector bosons, emitted by (anti-)quarks from the protons, fuse to
produce a Higgs boson. The leading order diagrams are drawn on the top right
part of Fig[1.5] For my, = 125.5 GeV, the production cross-section computed at
approximated NNLO QCD and NLO EW is 3.767 fgé(scales) +2.1(PDF+ag)
pb [35]].

The third mechanism is the associate production of a Higgs boson and a vector
boson. The production is made of the annihilation of (anti-)quarks as incoming
particles into an off-shell vector boson where the vector boson can be a W or
a Z. The leading order diagram is drawn in the bottom left part of Fig[I.5] For
my, = 125.5 GeV, the cross-section in association with a W boson calculated
at NNLO QCD and NLO EW is 1.355f8:?(scales) + 1.9(PDF+ag) pb [35].
The cross-section in association with a Z boson calculated at NNLO QCD and
NLO EW is 0.8744f§{(scales) + 1.6(PDF+ag) pb [35]].
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The fourth mechanism is the associate production of Higgs boson and a pair
of top quarks. The initial state particles are two gluons as drawn in the bottom
right part of the Fig[I.5] For my, = 125.5 GeV, the cross-section calculated at
NLO QCD and NLO EW is 0.5023f3:g(scales) =+ 3.6(PDF+ag) pb [35].

Figure 1.5: Top Left: Higgs boson production by gluon fusion. Top Right:
Higgs boson production by vector boson production. Bottom Left: Associate
production of a Higgs boson and a vector boson. Bottom Right: Associate
production of a Higgs boson and a ¢t pair.

For masses close to 125 GeV, the Higgs boson can decay to a lot of different
final states, including fermions and gauge bosons. The main fermionic decay
mode is a pair of bottom quarks with a branching fraction of 0.575, followed
by a pair of tau leptons with 0.062 [35]]. The bosonic decays to W W~ leads
with a branching fraction of 0.22 while the ZZ-decay reaches 0.027 and the
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proton - (anti)proton cross sections
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Figure 1.6: Standard model proton-(anti-)proton cross sections as a function
of collider energy, including 33 TeV HE LHC [37].
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Figure 1.7: Standard model Higgs boson decay branching fractions for 80 GeV
< my <200 GeV [35].

h — v~ is 0.0023. Other decay modes and their variations with the Higgs
boson mass are drawn in Fig[T.7]

1.3.3 Standard model Higgs boson: status

During the first run of data taking at the LHC, both CMS and ATLAS have
observed a new boson with properties in agreement with the Higgs boson pre-
dictions. The mass measurement of this new particle obtained from the com-
bination of CMS and ATLAS results[38] is summarized in Fig[L.§]

The resulting mass my = 125.09 4+ 0.24 GeV has been obtained using a com-
bination of h — v and h — 4l final states which provide the best mass
resolution. This result fixes the value of the last free parameter of the Brout-
Englert-Higgs mechanism, as explained in Sec[I.1.2] Other channels such as
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———
ATLAS and CMS —e—iTotal

Stat. [ Syst.
LHC Run1 Total Stat. Syst.
ATLAS H - yy F——e——+ 126.02 % 0.51 (*0.43 + 0.27) GeV
CMS H - yy —=— 124.70 + 0.34 (+ 0.31 0.15) GeV
ATLAS H-ZZ -4l | —— | 124.51+ 0.52 (+ 0.52 + 0.04) GeV
CMS H-ZZ -4l —t—— 125.59 +0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy }-—Ell—i 125.07 + 0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 4| }'—I‘E—'I 125.15 + 0.40 ( £ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l r—ElH 125.09 +0.24 ( +0.21 + 0.11) GeV
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Figure 1.8: Higgs mass measurement from the combination of CMS and
ATLAS results.

h — WW,7H7~,bb and ut 1~ have been probed, and provide a convincing
agreement with the standard model predictions. The CMS and ATLAS com-
bination note [39, 40]] provides a summary of the different results. The most
important results are probably the measured signal strength for the different
channels and the significances of those measurements. These are reported in

Tab

Channel ref ATLAS ref CMS n ATLAS n CMS o ATLAS o CMS
h— vy [41] [42] | 1.157035 1127033 | 5.0(4.6) 5.6(5.1)
h — 77 [43] [44] | 1517039 1.057032 | 6.6(5.5) 7.0(6.8)
h— WW 145, 146] [47] | 1.2373% 0917021 | 6.8(5.8) 4.8(5.6)
h— 77~ [48] [49] | 1417532 0.89703% | 4.4(3.3)  3.4(3.7)
h — bb [50] [51] | 0.627037  0.817045 | 1.7(2.7)  2.0(2.5)
h— urp~ 152] (53] | —0.7+£36 0.8+35

pp — tth [54,155] [56] 1.998 - 29708 | 2.7(1.6) 3.6(1.3)

Table 1.5: ATLAS and CMS Higgs results: signal strength and significances for
the different channels[39, 40].
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Figure 1.9: Left: Higgs boson production cross-section and branching ratios.
Right: coupling modifers.

The interpretations of the measurements in terms of production cross section
and branching ratios have then been computed and are presented in the left
part of Fig [I.9] To reduce the systematic uncertainties and since the most
precise measurements are the gluon fusion production mecanism and the h —
41 Branching ratio, those have been used as denominator.

To facilitate the interpretation, the coupling modifiers k; have been introduced
in [57]]. For the production or decay mode i, ; is defined as
2 gi 2 I

R; = or KR; = -
1 SM 7 i
o Tm

(1.45)

The coupling modifiers are defined for each individual couplings, including
and k. since new physics particles could contribute there in a different way.
The results on the right part of Fig[[.9] are then presented with ratios of the
coupling modifiers \;; defined as:

Aj = (1.46)

kj
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1.3.4 Phenomenology of a hierarchical 2HDM
Indirect constraints from h coupling measurements on the 2HDM

The measurement of the couplings of the newly observed boson described
in[1.3.3|provides indirect constraints on the 2HDM parameters tan 3 and cos(5—
«). The CMS results are plotted in Fig for both type I and type II [58].
Similar results have been obtained by the ATLAS collaboration [59]. The
inputs used are the 7 and 8 TeV searches for h®M decaying to v+, 77(41),
WW (212v), 77 and bb. These results are very generic and are valid for any
values of mp, my > my,.

CMS Preliminary <5.1fb™(7 TeV) +<19.7 b (8 TeV) > CMS Preliminary <5.1fb™(7 TeV) + <19.7 fb* (8 TeV) >
E Qo o

@ 1 @ 10¢
s 1o S | 2HDMTypell 10
5t 5t
4t at
3r —8 3r —8
2t 2t
—16 —16
1= 1=
osf 4 051 4
04 0.4
03} 03}
2 = Observed 95% CL 2
0.2 2HDM Type | —— Expected 95% CL 0.2 —— Expected 95% CL
---SM  #Best fit --SM  #Best fit
0.1 : = L 0 0.1 . . 0
-0.5 0 0.5 -05 0 0.5
cos(B-a) cos(p-a)

Figure 1.10: Excluded parameter space in white from h couplings mea-
surement with the CMS detector for 2HDM type-I (left) and 2HDM type-II

(right) [58].

As visible on Fig|1.10} this analysis strongly constrains cos(8 — «), in addi-
tion to the couplings to the vector bosons which are sensitive to cos(8 — ).
Lower values of tan 8 in both type-I and type-II are partially excluded since

the coupling to up-type quarks ( proportional to Zfrfg would be enhanced (see

Tab|[T.4) Higher values of tan (3 in type-II are also partially excluded since the
couplings to charged fermions proportional to sin «/ cos /3 would be enhanced.
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Since the coupling measurements are in agreement with the SM predictions,
the alignment limit is strongly favored.

Direct searches: new scalar production mechanism

While indirect searches provide an important exclusion in the parameter space,
they do not cover the full picture of the 2HDM status. For instance, we have
seen that in the alignment limit, the light scalar from the 2HDM behaves ex-
actly as the standard model Higgs boson, making this limit unreachable with
only coupling measurements. It is therefore interesting to search for the pro-
cesses that would be involved in this limit. Since in the alignment limit the
coupling to vector bosons is negligible, only two production modes will be
studied: the gluon-gluon-fusion with a top loop and the bb-pair associated
mechanism. Both are plotted in Fig[T.T1]

Figure 1.11: Left: Higgs boson production by gluon fusion. Right: Associate
production of a Higgs boson and a bb-pair.

Obviously, the cross-sections will depend on the different parameters of the
model. The cross-section for the two mechanisms mentionned is plotted as a
function of tan 3 in Fig On can see that the gluon-gluon mechanism is
decreasing with tan /3 since, from Tab the coupling to the top is propor-

sin

tional to - 3 in all types of 2HDM. On the other hand, in type-II, the coupling

cos
cos 3

bb-associated production as tan 3 increases.

to the bottom quark is proportional to which is therefore increasing the
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Figure 1.12: Cross-section for the production of a heavy scalar with my =
400 GeV close to the alignment limit cos(5 — «) = 0.01. Two mechanisms
are plotted, the gluon-gluon fusion with continuous line and the bb-associated
production with a dashed line. Those cross-sections are calculated at NLO in
QCD and contain NNLO corrections due to the top-quark with the program
SuUsHI [60].
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Hierarchical 2HDM and exotic decays

Both CMS and ATLAS collaborations, at first, have extended their analyses
searching for the Higgs boson to higher masses. Examples of such are searches
for H - WW/ZZ [61] and A — Z~ [62]. But, in the alignment limit, decays
of 2HDM scalars often involve other new (pseudo-)scalars. Those are called
exotic decays since they involve cascades of new particles. To illustrate this
statement, the branching fraction of both A and H are plotted in Fig for
the 2HDM type-I and in Fig for the 2HDM type-II.

Some decay modes are particularly relevant in this context. Here is a non-
exhaustive list of the final processes:

e H/A — ZA/H — It17bb/IT1- 777~ /ITI~tt are of particular interest
when Am 4_ g is bigger than my [27,28]. The bb and 777~ final states
are relevant for my < 2m;. The bb final state has a higher cross-section
and the 77 is very pure. The tf final state is dominant when ma > 2m;
and leads to a very clear signature.

e h/H — AA — prp~bb/ptp—rtr/rtr—rtr= /ptp~ptp has
been studied in the CMS collaboration considering the scalar as being at
125 GeV [64, (65,166l 67, 68]]. The H — AA is also of relevance in the
Hierarchical 2HDM for tan 3 # 1, as motivated by Figs and

e A — Zh — llbb/llTT has already been intensively studied within the
CMS collaboration [69,[70]]. The two final states provide very clear sig-
natures. Unfortunately this process is strongly reduced in the alignment

limit (Eq[T.43).

e H— ZA — 77h is a promising channel for tan 8 2 5 and ma < 2my
in type-I 2HDM, see Fig[I.I3] In [71], lots of final states have been
investigated. In particular [l1lbb and [lj jbb provide the best limits.

Lots of final states involve two leptons and two b-jets. The searches for H/A —
ZA/H — IT1~bb at the LHC is the main goal of this thesis. The two existing
analyses at 8 and 13 TeV are presented in the third chapter.
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Figure 1.13: Branching fractions of the heavy scalar and the pseudoscalar in
2HDM type I, with mp = ma + 200 GeV, tan § = 1.5(5) and cos(f8 — o) =
0.01. Those values are obtained using 2HDMC [63].
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Chapter

The CMS Experiment, Object
Reconstruction and Simulations

After the discovery of the standard model Higgs boson, one goal of the LHC
is to study the details of the scalar sector. In this context, the first chapter
motivates the search for additional scalar bosons in final states containing two
leptons and two b-jets. It is inspired by the 2HDM in which five degrees of
freedom are to be probed. These degrees of freedom influence the masses of
the new particles A and H, their width and the production cross section.

This chapter focuses on the description and simulation of the CMS detector as
well as the reconstruction of leptons and b-jets. A precise simulation of the
detector response is highly computing intensive, which is problematic when
probing big new physics parameter spaces like the 2HDM, therefore an alter-
native parametric simulation framework called DELPHES is presented.

The first section focuses on the description of the CERN accelerators complex
and the CMS sub-detectors. An overview of the different simulation methods
used in high energy physics and an introduction to DELPHES are given in the
second section. The third section describes the reconstruction of electrons,
muons and b-tagged jets with the CMS detectors and comparisons with the
parametric approach.

49
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2.1 The CMS Detector at CERN

Close to Geneva, the most powerful particle accelerator has been built 100
meters under the French-Swiss border in a circular tunnel of 26.6 km of cir-
cumference. The Large Hadron Collider accelerates protons or heavy ions in
both directions and collides the particles at four distinct places. Four particles
detectors have been built around these points to study the high energy colli-
sions with different goals.

o The ATLAS [72]] and CMS [[73]] detectors are general purpose detectors.
Both collaborations studies cover a wide range of physics including pre-
cise tests of the standard model (electro-weak measurement, QCD, top,
Higgs, B-physics, etc.) and searches for physics beyond the standard
model (super-symmetry, dark matter, extra dimensions, etc.).

e The LHCD [74] detector focuses on the physics of the b-quark by study-
ing the particles and their decay when they are produced almost collinear
to the beam.

e The ALICE [75] detector has been built specifically to study the quark-
gluon plasma that is created in heavy ions collisions.

2.1.1  The LHC Accelerator Complex

At CERN, the proton accelerator complex is a succession of accelerators that
progressively brings the protons to their nominal collision energy. The source
of the protons is hydrogen gas from which the protons are first separated
from the electrons in an electric field. The protons are then injected in a lin-
ear accelerator called LINAC2 that increases the energy of the protons to 50
MeV. The Proton Synchrotron Booster is composed of four superimposed syn-
chrotron rings and brings further the energy up to 1.4 GeV. Next, the Proton
Synchrotron, which is a 628 m circumference ring built in 1959, accelerates
protons up to 25 GeV and injects them into the 6.9 km circumference Super
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Figure 2.1: CERN’s accelerator complex

Proton Synchrotron. It accelerates the bunch of protons to 450 GeV and in-
jects it into the LHC in the two directions. Fig[2.1]is a sketch of the accelerator
complex and the LHC machine is described in [76].

One year after the 2008 inaugural tests, interrupted by a quench incident, the
first operational run started in 2009 with 0.9 and 1.2 TeV in the center of mass.
The LHC increased the beam energy up to 7 TeV in the center of mass in 2010.
45 pb~! were delivered in 2010 and 6.1 fb~! in 2011.

The center of mass energy has been increased further to 8 TeV in 2012 and
23.3 fb~! were delivered, which ended the first run of the LHC. After a two-
years long shut down (LS1), the run II of the LHC started with 13 TeV as
energy in the center of mass. 4.2 fb~! were delivered in 2015, the LHC aims
at delivering 150 fb~! during the run-II.

A second long shutdown is foreseen in 2019-2020 during which a first phase
of detector upgrades will be completed. The LINAC4 is a H ~ accelerator that
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will replace the current LINAC2. It will accelerate H~ up to 160 MeV, then
remove the two electrons and inject the proton into the synchrotron booster. It
is a key ingredient to increase the luminosity at the LHC. The run Il is expected
to start in 2021 with 14 TeV in the center of mass.

In 2024, the second phase of the upgrade will start with the installation of the
High-Luminosity LHC. During the following runs, the HL-LHC is expected to
deliver 3000 fb~! at 14 TeV. The High-Luminosity [78] schedule is plotted in
Fig.2]

At the LHC, several collisions per bunch-crossing occur in high luminosity
conditions, most of them resulting in a small amount of activity in the sur-
rounding detectors. Due to the elongated shape of the proton bunches consti-
tuting the beams, such pile-up events take place in a similarly elongated region
(called the beam spot) around the nominal interaction point.

2.1.2 The CMS Detector

The Compact Muon Solenoid (CMS) is built inside and around a superconduc-
tive solenoid of 13 m with an inner radius of 2.95 m. It produces a quasi-
homogeneous magnetic field of 3.8 T inside and about 2 T outside its volume.
A sketch of the CMS detector is represented in Fig It is a symmetric de-
tector with an onion structure. Two kinds of detection methods are present in
the CMS detector: trackers and calorimeters. The trackers are used to measure
the trajectories of the charged particles in the magnetic field. They therefore
provide information on the momentum of the particles. The inner tracker is
placed around the beam pipe to detect all charged particles. The outer tracker
is a second layer of trackers dubbed muon chambers are placed outside the
solenoid to better measure the muons and to identify them. The calorimeters
are used to measure the energy lost by the particles in their sensitive volume.
The superconducting magnet provides the large bending power needed to mea-
sure the momenta of high energy charged particle with a sufficiently large bore
to place the calorimeters inside the magnet volume.

A specific frame is attached to the CMS detector. The x and ¥ axis are defined
as the direction of the inward LHC radius and the upward vertical direction
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respectively. The z axis is defined as the direction of the beam pipe such that
Z X ¢ = % and points towards the Jura mountains. The pseudo-rapidity 7,
defines the angle with the beam pipe and is defined as

0
n= —lntan§ (2.1)

where 0 is the polar angle to the z axis. The azimuth angle ¢ is measured as
the angle with the z axis in the z — y plane and 7 is the radial coordinate.

Inner Tracking

The tracker is the closest detector to the interaction point. Its goal is to recon-
struct tracks with a very high efficiency within the rapidity range |n| < 2.5.
The geometry of the tracker is drawn in Fig[2.4] The CMS Tracker is entirely
made of silicon detectors and is composed of two sub-detectors. The innermost
part of the tracker is the pixel tracker.

o In the barrel region, it consists of three 53 cm long layers atr = 4.4,7.3
and 10.2 cm.

e Two endcap disks on each side at |z| = 34.5 and 46.5 cm covering a
radius from 6 to 15 cm.

Each layer is composed of 100 um x 150 um pixels. The silicon strip tracker
is the second part of the tracker and covers the region with radius between 20
and 110 cm.

e The Tracker Inner Barrel (TIB) is the inner part of the strip tracker.
The four layers cover up to |z| < 65 cm with a cell size of 10 cm X
80(120) pm. The outermost part is the Tracker Outer Barrel (TOB). It
consist of six layers covering |z| < 110 cm with a cell size of 25 cm X
120(180) pm. The two first layers of the TIB and of the TOB are com-
bined with slightly tilted modules called stereo modules in order to im-
prove the tracks reconstruction.
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Figure 2.4: Detailed geometry of the CMS inner tracker.

e Each Tracker End Cap (TEC) is composed of nine vertical disks that
cover the region 120 cm < |z| < 280 cm. The Tracker Inner Disks
(TID) cover the region between the TEC and the TIB with three small
disks.

The tracker covers the region in pseudo-rapidity |n| < 2.5.

The presence of silicon detectors implies the presence of a relatively high ma-
terial quantity in the tracker volume. The material budget in unit of radiation
length is plotted in Fig[2.5]

The event reconstruction in the tracker starts by identifying clusters as groups
of neighboring cells with a signal significantly higher than the noise. A hit is
a cluster with its position information and is the basic ingredient for track re-
construction. Once the track angle is known, another pass of the pixel cluster
reconstruction algorithm is performed, based the cluster shape which signif-
icantly improves the resolution. The efficiency of the hit reconstruction has
been measured to be higher than 99% in the pixel detector and overall 99.8%
in the strip detector when excluding the defective modules. The resolution in
r¢ is 9.4um and between 20 and 45um in z.
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Figure 2.5: Material budget of the CMS tracker in units of radiation length

Electromagnetic Calorimeter

The Electromagnetic calorimeter (ECAL) is a hermetic homogeneous detector
built of lead tungstate (PbWQ,) crystals. The barrel region (EB) is composed
of 61200 crystals with a front face cross-section of 22 x 22 mm? and a length
of 230 mm(25.8x() placed with an inner radius of 129 cm and tilted at 3°. The
endcaps (EE) are 7324 crystals with a front face of 28.6 x 28.6 mm? and a
length of 220 mm (24.7xg). It covers the rapidity range 1.479 < |n| < 3.0.
Two planes of lead radiator followed by silicon strips with a pitch of 1.9 mm
and a radiation length of 2 x( and 1 o are placed over much of the endcap
rapidity range.

The energy resolution of the ECAL is usually parametrized by

5 () - ()

Where S is called the stochastic term, IV the noise and C the constant term.
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These terms have been estimated using simulation and test beams. In the barrel
2.7(5.7)

(endcap) region, the stochastic term is %, the noise term is measured to
be 155(770) MeV and the constant term is 0.55(0.55)% [80].

Hadronic Calorimeter

The hadronic calorimeter (HCAL) surrounds the ECAL system. To minimize
the non-gaussian tails and hermicity of the measurement, the design maximizes
the material inside the magnet. The HCAL is divided in four distinct parts. The
CMS barrel and endcap sampling calorimeters use scintillator tiles as active
medium combined with brass as absorber material.

e The Hadron Barrel (HB) covers the region —1.4 < n < 1.4 with 2304
towers. Each tower has a segmentation of the order An x A¢ = 0.087 x
0.087. After crossing the ECAL, the particles cross a 9 mm scintillator.
Then 15 plates of brass are separated with 3.7 mm scintillator.

e The Hadron Endcaps (HE) consist in 2304 towers and cover the pseudo-
rapidity 1.3 < |n| < 3.0. The segmentations vary from An = 0.087 to
0.35 and A¢ = 5° to 10°.

e The Hadron Outer (HO) is an extra layer of scintillators located outside
the magnet and covers the region —1.26 < 1 < 1.26 using the solenoid
coil as an extra absorber. Its goal is to increase the number of interaction
lengths and therefore reduce the tail in the energy resolution distribution.

e The Hadron Forward (HF) covers the pseudo-rapidity region from 3 to
5 and is exposed to huge particle fluxes. These particularly harsh con-
ditions are the main motivation to use Cerenkov quartz fibres as active
medium. The fibres are inserted in the steel absorber structure and pho-
tomultipliers are used to measure the energy deposit.

Muon Chambers

Three types of gaseous detectors are used to identify and measure muons:
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o The Drift Tubes (DT) are located in the barrel region, where the neutron
and muon fluxes are small and the magnetic field uniform. The four
stations of DT chambers that cover the region |n| < 1.2 are interspersed
among the layers of the flux return plates.

e In the endcap region, the muon flux is high and the magnetic field is
large and non-uniform, therefore four stations of Cathode Strip Cham-
bers (CSC) are used. CSCs are fast detectors with fine segmentation that
cover the range 0.9 < || < 2.4.

e In addition, some Resistive plate Chambers (RPC) are installed in the
barrel and in the endcaps. These are fast gaseous detectors providing a
muon trigger system parallel to those of the DTs and CSCs.

2.2 Detector Simulations

Testing the standard model requires a precise modeling of the proton-proton
interaction and the detector response. These simulations are based on Monte-
Carlo methods and aim at directly comparing reconstructed quantities from
the data with the simulations. This is used to validate our understanding of
various processes as well as to search for new physics. Indeed, simulations are
often used to estimate the backgrounds and are very useful for optimizing and
validating the analyses. In this thesis, simulations are also used to provide a
signal model.

Currently, the chain containing the most precise modeling of the proton-proton
collision and the object reconstruction are obtained with the following recipe.

1. The physics occurring at the collision point is modeled by the event gen-
erators described in Sec [I.3.1] with an NLO precision, re-weighted to
(N)NNLO cross section.

2. The produced particles are then propagated through the detector. The
detector simulation consists in the simulation of the particle-matter in-
teraction in a very fine step using a very detailed description of the de-
tector geometry. It includes a precise simulation of the physics processes
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such as electro-magnetic showering, nuclear interactions, bremsstrahlung,
photon conversions, etc. This step is currently based on GEANT 4 [81]].

3. The emulation of the digitization process uses up-to-date models to trans-
late the energy or charge deposits into electronic signals.

4. The object reconstruction is the last step and consists in applying al-
gorithms to reconstruct objects (electrons, muons, jets, etc.) from the
electronic signal information. In principle, this step is the same for both
the data and the simulation. Sec[2.3]is dedicated to the description of the
different objects and their reconstruction.

This procedure called full simulation provides the best data/simulation agree-
ment. It is also very time consuming: the complete detector simulation, dig-
itization and reconstruction procedure of one tt-event in the ATLAS or CMS
detector takes around 1-10 minutes depending on the pile-up conditions. To
put this in perspective, during the second run of the LHC, 150 fb are expected
to be delivered, which means approximately 140 x 109 ¢f events.

Speeding up the simulations It is possible to increase the speed of the sim-
ulation in many ways. The most common techniques are:

the use of approximate detector geometries.
e using parametrization in the digitization.
e using libraries of pre-simulated showers (e.g. FrozenShowers [82])

e parametrization of the calorimeter response (e.g. GFlash [83]], FastCaloSim [84]],
etc.)

e using MC-truth information to speed up object reconstruction, for ex-
ample when tracking particles in central detectors.

When some of these techniques are used, the simulations are called Fast Sim-
ulations since the speed is typically increased by a factor 10-100. Fast sim-
ulations are mainly used by the experiments to simulate signal events when
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big parameter scans are needed, such as in supersymmetry. For instance, the
CMS experiment fast simulation [85] is approximately 100 times faster than the
GEANT 4-based simulation.

the parametric approach Instead of speeding up the three steps separately,
one can just smear the generated jets and leptons or all the particles to simulate
the detector response. This method is extremely fast and provides results with
precision driven by the quality of the parametrizations.

An example of a pure parametric approach is the TURBOSIM algorithm [86]. It
uses full-simulated events to produce a lookup table matching one or more par-
tons to 0 or more reconstructed objects. This method provides, by construction,
the inefficiencies, the misidentification probabilities and the merging-overlap
of particles. A TURBOSIM table of half a million lines with a total size of
~ 100 MB has been produced using the H1 detector simulation [87]. The table
is then interpolated and used to perform the detector simulation. The resulting
simulation runs at roughly 10 ms per event (in 2006) and is in agreement with
the full simulation.

The Pretty Good Simulation (PGS) and DELPHES programs are also paramet-
ric simulation. The philosophy is to first perform a very basic detector simula-
tion with tracks and calorimeter deposits, then use these tracks and calorime-
ters to reconstruct the physical objects. The method is therefore a hybrid be-
tween a purely parametric and a fast simulation. PGS has been initially de-
signed for CDF and DO detectors at the Tevat ron while the first version of
DELPHES was more dedicated to the simulation of LHC experiments.

Since the time per event is reduced to 10 ms, this type of simulation has a very
wide scope of applications.

e Parametric simulations are used to design an analysis and bring first es-
timations of the discovery potential of an analysis.

e These very fast simulations are ideal to recast existing analyses with
tools such as CHECKMATE [88]] and MADANALYSIS 5 [Conte:2012fm
] [Conte:2014zja ] [89].
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o When developing detectors, one can test the impact of new geometries
or resolutions on the physical results (e.g. analysis forecast for high-PU
scenarios)

o It is also used a lot for pedagogical purposes, since it avoids all the com-
plexity of the full simulation.

2.2.1 CMSSW and the cMs detector simulation

The CMS collection of software, dubbed CMSSW, aims at facilitating the de-
velopment of the reconstruction and the analysis software. It is built around a
modular framework, an Event Data Model (EDM) and the services needed by
the simulation, the calibration and alignment and reconstruction modules [90].
An event is a C++ object. It is a container for all raw and reconstructed data
for a proton-proton collision. The events based on both the detector and the
Monte-Carlo data are processed with the same executable called cmsRun.

The Fig[2.6]is a work-flow chart of the simulation program [91]] implemented
in CMSSW. Events generators provide a collection of particle 4-vectors which
are provided to the GEANT 4-based simulation code. Among others, the ge-
ometry of the detector, the material content and the magnetic field are provided
to the simulation code and are configurable at run time.

Geometry/ :
material Simulated

description Hits from

gl

Physics | Particle Detector |Simu|ated Electronic Simulated
Generetor 4-vectors Simulation Hits Simulation Raw Data

Figure 2.6: Flow chart of the CMS simulation program, inspired from [91]].

The number of in-time and out-of-time pileup events are selected randomly
from a poisson distribution based on the luminosity and the total inelastic
cross-section. The pileup events are extracted from a collection of pre-processed
GEANT 4 simulated hits from minimum bias events generated with PYTHIAG
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and 8. The hard scattering event is then merged with these pileup events and
processed by digitization or electronic simulation.

The complexity of the CMS simulation contrasts with the parametric approach
taken in DELPHES. To illustrate this statement, here are a few facts about each
sub-detector simulation:

The tracker requires a high degree of accuracy in the active and passive
component description and a precise treatment of bremsstrahlung.

e The requirement for the ECAL subdetector is an accurate description of
the geometry and material budget and a complete implementation of the
electromagnetic physics process.

e The HCAL simulation is very time consuming, therefore shower li-
braries and noise libraries are used.

e The muon physics description up to 10 TeV in GEANT 4 has been im-
proved and validated at the LHC. It includes u-bremsstrahlung, p-nuclear
effects and multiple scattering, which are requirement for muon detec-
tors.

2.2.2 DELPHES 3

DELPHES3 is a modular framework written in C++ that takes as input the
most common event generator output and performs a fast and realistic detector
simulation of a general purpose collider detector. The project has been very
successful and has lead to a publication with more than 600 citations and many
conference presentations. Writing, testing and validating modules are part of
the work done in this thesis.

With respect to its previous incarnation [[92]], the present version of DELPHES [93]]
includes a successul attempt to emulate the particle-flow reconstruction phi-
losophy used in ALEPH [94]] and CMS [95]], based on the optimally-combined
use of the information from all the subdetectors to reconstruct and identify all
particles indvidually. While the aim is not to re-implement the particle-flow
algorithm in all its complexity, the simplified approach adopted is particularly
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suitable for the treatment of pile-up, as well as for the emulation of b and 7 tag-
ging, and is able to reproduce the jet and missing energy resolutions observed
in CMS with their complete reconstruction.

DELPHES validation suite From a technical perspective, the code structure
is fully modular, providing great flexibility to the user and allowing the inte-
gration of DELPHES routines in other projects. The DELPHES developments
are community-based and users are strongly encouraged to participate to the
improvement of the program. It is therefore important to provide an automatic
procedure to test the effect of any modification to the code (e.g. new efficiency
or resolution paramatrization, new energy flow algorithm, etc.). The DELPHES
particle gun has been developed for that purpose. It uses PYTHIA to generate
single-electron, -muons, -taus, -photons events or dijets event with a gg or a
gluon-pair. The DELPHES detector simulation is performed and the output is
used to produce a standard set of validation plots, including the resolution and
reconstruction efficiencies for each object.

DELPHES detector simulation An example of flow-chart is plotted in Fig[2.7]
where one can find an overview of the basic modules in the rectangular boxes.
In a parametric simulation, it is not straightforward to divide the detector sim-
ulation part from the object reconstruction since some of them are performed
simultaneously. For example, one can take a generated electron and modify its
4-momentum according the experimental resolution to produce a reconstructed
electron. This step therefore reproduces the results of both the detector sim-
ulation and an object reconstruction. In this section, only the pure simulation
steps are discussed.

In DELPHES, only in time pile-up events are considered in the pile-up merger
module. Minimum bias interactions are extracted from a pre-generated low-
Q? QCD sample and randomly placed along the beam axis according to a
given longitudinal spread that can be set by the user. The actual number of
pile-up interactions per bunch-crossing is randomly extracted from a Poisson
distribution.

The particles are propagated through the tracker in the magnetic field, neglect-
ing the interactions with the material of the tracker. Therefore, the long-lived
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charged particles are propagated through the tracker volume according to a
helicoidal trajectory. The long-lived neutral particles are propagated straight.

The calorimeter cells are defined in the (7, ¢)-plane. When a particle reaches
the calorimeters, its energy fraction deposited depends on its type. The frac-
tions fecar and fuacar correspond to the assumed deposition ratios are sum-
marized in 2.1l

Table 2.1: Energy fraction deposited in each calorimeter for the different long-
lived particles

fecaL  fucaL
e,y 100% 0%
Wy V 0% 0%
K9 A 30%  70%
charged hadrons | 0% 100%

The ECAL and HCAL energy deposits are independently smeared with a log-
normal distribution centered at the generated energy and with the correspond-
ing resolution as standard deviation. The resolutions are parametrized as a
function of the energy of the particle and the pseudorapidity of the reached
calorimeter cell:

(%)2 = (%)2 + <Ng7)>2 +C(n)? 2.3)

The ECAL parametrization is obtained from [96} 97|, from which a 2D reso-
lution is extracted.

o= (1 + 0.647?)v'E20.0082 + E£0.112 + 0.402 In| < 1.5
o= (2.16 +5.6(n — 2)%)vE20.0082 + F0.112 + 0.402 1.5 < || < 2.5
o= VE20.1072 + E2.082 2.5 <|n] <5.0

The HCAL parametrization is assumed to be:
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o= +E20.0502 + E1.502 || < 3.0
VE?20.1302 + E2.702 3.0 < |n| < 5.0

As a result, jets, the missing energy, isolated electrons, muons and photons,
and taus can be reconstructed, as described in Sec[2.3]

2.3 Object reconstruction: from complete to para-
metric simulation

It is important to understand the limitations and advantages of the parametric
approach adopted in DELPHES. To do so, the object reconstruction in CMS
will be reviewed and compared with DELPHES with the CMS configuration
card used in this thesis.

2.3.1 Tracking

The tracking is the reconstruction of the charged particles trajectories in the
inner tracker using the hits positions. The algorithm developed in CMS is called
iterative tracking. It consists in several passes of the Combinatorial Track
Finder (CTF) which is in the following sequence:

o The seed generation using only a few hits (2 or 3) provides initial track
candidates.

e The track finding extrapolates the seed and check if extra hits can be
added to the seed. This step is based on a Kalman filter.

o The track fitting estimates the final track parameters using position of all
hits associated to the same charged particle.

e The track selection selects the tracks based on quality requirement.
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The basic idea is to reconstruct the easiest tracks during the first iterations:
The iteration “0” is the source of most reconstructed tracks with pr > 0.8
GeV and three reconstructed pixel hits. Iteration “1” aims at reconstructing
tracks with only two pixel hits while the ‘“2” recovers low-pr tracks. The steps
“3” to “5” are designed to reconstruct tracks originating outside the beam spot.
Between each iteration, hits associated with high purity tracks are removed
which reduce the combinatorial complexity.

Parametric tracking

The particles follow ideal trajectories in the DELPHES tracker while track re-
construction implies inefficiencies and imprecisions. The track reconstruction
is mimicked by applying to these trajectories a probability to be reconstructed
(an efficiency) as a track and a degradation of the transverse momentum (a
smearing). The efficiency and the smearing are function of 7 and py. Since
parametric reconstruction doesn’t need to be applied on the data, one can use
the information on the type of particles that are going through the tracker vol-
ume. The tracks are therefore divided in three different categories with tra-
jectories originating from electrons, muons and charged hadrons and smeared
accordingly.

In the case of the CMS detector, the functions are computed using the full
detector simulation and standard reconstruction. When no complete simulation
is available yet, tools such as TKLAYOUT [98]] can be used to estimate the
tracking performances for a given geometry.

The tracking efficiencies are plotted in Fig While the efficiencies are by
construction correctly taken into account, the disadvantage of the parametric
approach is the difficulty to implement the fake tracks. One can, for instance,
define a fake track as a reconstructed track that has less than three reconstructed
hits corresponding to the simulated hits originating from a generated particle.
The fake rate is strongly dependent on the local multiplicity of tracks and there-
fore on the pileup conditions. It is also linked to the non-reconstructed tracks
around it, from which one or two hits are shared. It is therefore very difficult
to emulate those fakes with a parametric approach.
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2.3.2 Calorimeter clustering

The role of the calorimeter clustering [99] is essential to detect the stable neu-
tral particles. It is a key ingredient in the reconstruction of the electrons and
the bremsstrahlung photons. It also allows to improve the charged particles
measurement at high-pr since high-pr tracks are not measured accurately.

The clustering consists in identifiying cluster seeds as local maxima of energy
deposits. The neighboring cells passing the threshold are then combined with
the seed if they have at least one corner in common to form the topological
clusters.

This procedure is performed in each calorimeter separately. It aims for high
detection efficiency while keeping separated close energy deposits.

Parametric calorimeter clustering

In the DELPHES framework, no energy sharing is implemented between neigh-
boring calorimeter cells. Therefore, the clustering is not needed, and not im-
plemented in the CMS configuration card.

2.3.3 Linking and particle flow

In general, particles are expected to induce the creation of clusters and/or
tracks. For instance high energy muons are likely to leave tracks, in the in-
ner and outer tracker while electrons typically generate an inner track and an
ECAL deposit, as illustrated in Fig [2.10] The key ingredient to identify the
particles with a detector like CMS is to properly link the different elements.
Once linked, one can combine the different measurements which are assumed
to be produced by the same particle. This technique, called particle flow [99]
100] is heavily used within the CMS collaboration.

The charged particle tracks are first extrapolated to the PS (in the endcaps), the
ECAL and the HCAL. The depth of the extrapolation depends on the expected
longitudinal electron profile in the ECAL and to one interaction length in the
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Figure 2.10: CMS slice [[101]]

HCAL. A link between the charged particle track and a calorimeter cluster
is created if the extrapolation crosses the cluster boundaries. Links between
ECAL and HCAL are also created when the ECAL cluster is within the HCAL
cluster envelope. In addition, links between charged particle tracks and muon
tracks, called global muons, are created when a global fit between the two
tracks return a satisfactory 2.

Particle flow approach in DELPHES

A simplified version of the particle flow aiming at reproducing properly the
CMS object resolutions is implemented in DELPHES. The tracker and calorime-
ter information is combined for each particle that interacts in both sub-detectors.
In practice, when a track is reconstructed in the direction of a calorimeter cell,
the energy of the track is computed assuming a massless particle and is com-
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pared to the measured energy in the calorimeter. If the difference is smaller
than twice the uncertainty:

Eealo — Erack < UE(Eu "7) s (2.4)

the energies are combined to improve the energy resolution. If the calorimeter
cell energy is larger than twice the track energy, a neutral tower is created with
the missing energy. The case where several tracks reach the same calorimeter
cell is solved using the particle truth information.

2.3.4 Pile-up subtraction

Pile-up interactions are usually identified by means of vertex reconstruction.
Indeed, if such interactions occur far enough from the hard interaction, a pre-
cise vertexing algorithm is able to detect these charged tracks and remove PF
candidates not associated with the primary vertex. This procedure is called
charged hadron subtraction in CMS.

The residual pile-up contamination comes from neutral particles and charged
particles matching the main primary vertex. It directly affects the performance
of jets, qunss and isolation. The neutral pile-up subtraction of jets is described
in Sec

DELPHES Charged pile-up subtraction In the default CMS configuration,
no vertexing is performed. Actually, it would not make sense since only the
transverse momentum of the tracks are smeared. This is not a limitation of
the DELPHES framework but a choice when creating the CMS default config-
uration card which allows to save time and simplify the procedure. Therefore
it is assumed that vertices corresponding to pile-up interactions occurring at a
distance z from the hard scattering, such that |z| > §Zx can be reconstructed.
The parameter §Zyx is the spatial vertex resolution of the detector. We assume
that pile-up interactions occurring at a coordinate z, such that |z| < §Zyx can-
not be disentangled from those originating from the high-Q? process. There-
fore every charged particle originating from such vertices cannot be subtracted
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from the event, while every charged particle originating from a vertex posi-
tioned at |z| > 6Zytx can be identified as originating from pile-up, provided
that the corresponding track has been reconstructed. If the particle-flow al-
gorithm is used, the particle-flow tracks identified as originating from pile-up
interactions are removed from the list of 4-vectors entering the jet clustering
and the isolation procedures.

2.3.5 Electrons

The electrons are reconstructed by combining a track in the silicon detector
with a cluster in the ECAL.

In CMs, electrons deposit about 97% of their energy in a 5 x 5 crystal array,
as measured in test beams [102]]. The magnetic field bends the trajectory of
the electrons which on average lose 33% of their energy by radiating photons
mainly along the ¢ direction. It is therefore mandatory to measure these ra-
diations in order to precisely estimate the initial energy of the electron. The
clustering of the electron energy in the ECAL is made separately in the EB and
in the EE.

e The hybrid algorithm is used in the EB. It starts with a cluster that con-
tains most of the energy deposited in the considered region: the crystal
seed. Arrays of 5 x 1in 1) X ¢ crystals surrounding the seed in the ¢
directions are added if their energies is superior to a minimum threshold.
The global cluster produced is called a supercluster (SC)

o The multi-5 x 5 algorithm is used in the EE. It starts with seeds that are
the crystals with with maximal energy relative to their four direct neigh-
bors and an energy exceeding a threshold. The energy is then collected
by adding clusters of 5 x 5 crystals that can partly overlap around the
seed within a range in ™"¢¢ = 0.07 and ¢"™"¢® = 0.3 rad to produce SC.

Since the electron loses a large amount of energy through radiation in the
tracker, the hit efficiency is reduced and it results in a poor estimation of track
parameter when using the standard track Kalman Filter(KF)-based reconstruc-
tion. A dedicated tracking procedure is therefore used for the electrons. Since
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this method is very computing intensive, it is initiated only when one of the
two following kinds of seeds are present. The ECAL-based seeds are based
on the SC energy and position. The tracker-based seeds are based on standard
track reconstruction extrapolated to the ECAL and that match a SC.

Once an electron seed is reconstructed, they are used to start the electron-track
building, followed by the track fitting.

e The track building is based on the combinatorial KF method, taking into
account the energy loss modeled through a Bethe-Heitler function.

o The Gaussian-sum filter (GSF) has been developed for the electron track
fitting. It allows for important energy loss along the trajectory.

The electron energy measurement is optimized by combining the ECAL SC
energy with the track momentum. The track momentum is more precise than
the ECAL SC energy for electrons with transverse momentum lower than 15
GeV and brings significant improvement up to 35 GeV. Results at 13 TeV can
be found in [96, 97, 103, {104].

Electron selection and isolation The identification is needed to discrimi-
nate the prompt isolated electrons from the main background sources includ-
ing photon conversion, jet misidentification and electrons coming from b- or
c-decay. In order to perform this selection, many variables are available and
divided into three main categories.

First, the purely calorimetric observables category includes the variables re-
lated to the shape of the shower in the ECAL. It also contains the energy
fraction in the HCAL and the preshower energy. Then, the purely tracking
observables are related to the tracking information, in particular the differ-
ences between the GSF and the KF fitted tracks. Last, the “ECAL and tracker”
variables includes the matching (geometrical and energy-momentum) between
the track and the SC. An example of selection applied to the tight electron
identification is written in Tab[2.2

To further reject background coming from misidentified jets or electrons from
b- and c-decays, one can select only electrons with a small energy flow sur-
rounding their trajectory. This isolation procedure consists in first looping
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Variables

barrel cuts endcap cuts

5 X 5 cluster rms 07y

|An| between SC and extrapolated track

|A¢| between SC and extrapolated track

HCAL energy behind the SC / SC energy

Relative isolation
11
EfSC PTrack
|dp|: transverse distance to the beamspot

|d.|: longitudinal distance to the PV
Max. number of missing inner hits

0.0101 0.0279
0.00926 0.00724
0.0336 0.0918
0.0597 0.0646
0.0354 0.0646
0.012GeV~!t 0.00999GeV~!
0.0111cm 0.0351cm
0.0466 cm 0.417cm
2 1

Table 2.2: Cuts for the “tight” electron identification used with 2015 data. The
variable ¢;,;,, smoothen the efficiencies across the ECAL crack.

over particle flow charged hadrons, neutral hadrons and photons candidates in a
cone of AR = 0.3 around the electron. Then the sum of the energy/momentum
of those candidates is added and compared to the energy of the selected elec-
tron. Typical valued are reported in Tab This computation takes into

account the correction for the pile-up.
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Figure 2.11: Central electron energy resolution comparison. Left: CMS per-
formances at 8 TeV [97]. Right: Delphes electron energy resolution, using
calorimeter deposits, tracks and the combination.
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Electron parametric reconstruction

In DELPHES, since the material of the tracker is neglected, no bremsstrahlung
photons are simulated. The electron can therefore directly be reconstructed
from the energy flow candidates. The energy associated to the electron is com-
puted by combining the track momentum and the ECAL energy deposit.

To match the observed selection efficiencies, an extra efficiency is applied with
pr- and n-dependence. One can see the difference between the track efficien-
cies and the reconstructed electron efficiencies in the two top plots of Fig
The impact of the particle flow emulation on the energy resolution is well vis-
ible.

The isolation is also modeled by summing the pr of the energy flow charged
hadrons, neutral hadrons and photons candidates. The electron is considered
as isolated if this sum is smaller than 15% of its own energy.

2.3.6 Muons

The detection of muons relies mainly on the muon chambers since muons are
essentially the only charged particle reaching the outer part of the detector.
This detection is improved by using the inner tracker that allows very precise
position and momentum measurements. This complementarity is used to de-
fine several types of reconstructed muons.

First, the segments (track stubs) are formed with hits from the DT and the CSC.
These segments are used as seeds for the track fitting using DT, CSC and the
RPC hits. These muon chamber tracks are called stand-alone muon tracks.
Then, a track properties comparison is performed with the tracker tracks, and
the global fit (inner and outer track) provides a global muon track. Low-pr
muons are likely to not reach the outer stations of the muon system and there-
fore do not trigger the creation of stand-alone muons. Therefore, all inner
tracks with pr > 0.5 GeV are extrapolated to the muon spectrometer. If at
least one muon segment matches the extrapolated track, it is qualified as a
tracker muon.
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Fraction of valid tracker hits 0.8

x2/ndof 3

Kink finder 20

Segment compatibility 0.303
Or

Fraction of valid tracker hits 0.8

Segment compatibility 0.451

Table 2.3: Requirements for a global or tracker muon to pass the medium iden-
tification criteria.

As for the electrons, an isolation variable is computed for each muon by sum-
ming the pr of the energy flow charged hadrons, neutral hadrons and photons
candidates in a cone around the muon trajectory.

Muon parametric reconstruction

Muon reconstruction is completely driven by the tracking in DELPHES. The
existence of the muon chambers in the CMS detector is translated into better
tracking performances. The reconstructed muons therefore have exactly the
same behavior as the muon induced tracks as shown in Fig As for the
electrons, an extra (1, pr)-dependent efficiency is applied to match the ob-
served identification step, as it can be seen plots of Fig

2.3.7 Jets

The creation of high energy quarks and gluons induces cascades of hadrons
that interact with the detector, as argued in Sec m] To reconstruct and un-
derstand hadron collider interactions, it is therefore of primary importance to
reconstruct the jets efficiently. Several algorithms have been developed to re-
construct jets.
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Figure 2.12: Central muon transverse momentum resolution comparison. Left:
CMS performances at 8 TeV [105]]. Right: Delphes muon momentum resolu-
tion.

At the LHC, the anti-k; algorithm is used by both CMS and ATLAS collabora-
tions. A distance to the beam pipe and between two four-vectors is defined as,

respectively:
d; = (Eri)?
2 ..
dij = min{E%];, E%?}*ARRQ’])

The jets are then clustered by combining the four-vectors ¢ and ;7 when their
distance d;; < d;. Once d; is the smaller distance, ¢ is qualified as a jet and the
algorithm continues iteratively.

The choice of the parameter p defines distinct algorithms, for instance:
p=1: Kk algorithm

p = 0:  Cambridge/Aachen algorithm
p = —1: anti-kp algorithm

The main difference between the different algorithms is the shape of the pro-
duced jets when their distance is of the order of their size. In practice, these
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algorithms provide infrared and collinear safe jets with the advantage that high-
pr jets will tend to be more circular with the anti-kr algorithm.

CMS Particle flow Jets

In CMS, jets are reconstructed with the anti-k; algorithm applied on the parti-
cle flow objects. For the first and second run of the LHC, jets are reconstructed
with the anti-k7 algorithm and the R distance parameter of 0.5 and 0.4 respec-
tively.

Residual pile-up subtraction A combination of vertexing and tracking in-
formation allows the identification of contaminating charged particles from
the pile-up, as seen in Sec[2.3.4] while neutral particles do not produce tracks.
Therefore, neutral pile-up contamination can only be estimated on average.
This is also true for particles originating from vertices which are too close to
the hard interaction vertex to be identified as a pile-up and charged particles
for which the track is not reconstructed.

The Jet Area method [[106,|107] is widely used in current collider experiments.
It allows the extraction of an average contamination density p on an event-by-
event basis. The pile-up density p, can then be used to correct observables
that are sensitive to the residual contamination, the jet energies and the iso-
lation variable. In the presence of residual pile-up contamination, these two
quantities are corrected in the following way:

Djet — Djet — P - Ajets (2.5)
Py — I1(p)-" mR? (2.6)
pr(P)’ '

where Aje; is the jet area estimated via the FASTJET Package, and R is the
diameter of the isolation cone.

In CMS, a slightly modified version of the jet area, dubbed hybrid jet area
method, is developed. It improves the performances by considering a more
complex parametrization of the correction including a n-dependence [[108]].
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The Jet Energy Correction is mainly a simulation-based correction applied
to the reconstructed jet to correct the bias due to the reconstruction. First, the
particle-level jets are matched to the closest reconstructed jets and a correction
factor is extracted in 7- and pp- bins. This factor is then applied to modify
the reconstructed jets momentum. A residual correction is extracted from data
using y-+jets events.

Particle-Flow-like jets in DELPHES

In DELPHES, the energy flow objects are created and therefore available for jet
clustering. The jet algorithm uses the tracks and towers as input and produces
jets with any of the algorithms available in the FASTJET Suite. This method
produces realistic anti-k; jet collections, depending on the track and calorime-
ter parametrization. It has the advantage to have some predictive behavior. For
instance, if one changes the calorimeter size or resolution, the energy resolu-
tion will change accordingly.

The neutral pile-up subtraction is, as in the full simulation, based on a 7-
dependent jet area method provided in FASTJET. Finally, the reconstructed
jet energy is corrected to remove the bias from the particle level jet energy.

Similar results are observed when comparing CMS and DELPHES jet energy
resolution, as drawn on Fig An improvement of jet resolution up to 1
TeV is observed thanks to the particle flow approach. These particle flow jets
are reconstructed with a resolution of 15% at low pp and decrease to approxi-
matively 5% at very high pr.

2.3.8 B-tagging

The identification of jets that result from the hadronization of heavy flavour
quarks, typically b or ¢ quarks, is important in high energy collider experi-
ments. In particular, the decay of the Higgs boson to a bb pair or the the decay
of the top to bW are important motivations. B hadrons have a typical decay
length of 500 pm, inducing typical trajectory of a few mm in the detector. Here
are some examples:
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Figure 2.13: Jet energy resolution for corrected calorimeter jets and particle
flow jets in the barrel region. CMS results on the left are obtained with R =
0.5 [95]], while DELPHES on the right plot uses 0.4.

hadron cT

B* 491.1um
B 455.7 ym
BY 452.7 um
AY 439.5 um

The charged particles originating from the B hadron decays induces the recon-
struction of several tracks slightly displaced from the interaction point. The
identification of the jets originating from a b quark is based on the reconstruc-
tions of displaced secondary vertices built from these charged hadrons tracks.

CMS secondary vertex reconstruction The Inclusive Vertex Finder is used
to produce a collection of reconstructed vertices. The algorithm takes as in-
put the tracks passing a very basic quality selection and which are not too far
displaced in the z-direction from the primary vertex. These tracks are pro-
cessed with a clustering algorithm. It loops over all displaced seed tracks and
checks which other tracks are close to it to construct clusters. Each cluster is
then fitted and the output of the algorithm is a collection of non-independent
secondary vertices.

It is followed by the Vertex Merger, then the Vertex Arbitrator and the Vertex
Merger again.
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The Vertex Merger loops over all the reconstructed clusters and checks if they
share a significant number of tracks with another cluster. If it is the case and if
the distance between the two vertices is small compared to the uncertainty, the
two vertices are considered as merged and one of the two is removed from the
list.

The Vertex Arbitrator is applied to each secondary vertex. It loops over all
the associated tracks and checks if they are more compatible with the primary
vertex or with the secondary vertex. If at least two tracks remain, the vertex is
re-fitted.

A second pass of the Vertex Merger is then applied to get rid of tracks that are
associated with several secondaries.

Combined Secondary Vertices Several different algorithms are used to tag
jets in CMS. The Combined Secondary Vertex (CSVv2) is a very efficient al-
gorithm that takes advantage of the very high performances of the tracker and
combines the vertices information with extra tracks and jet information. Ex-
amples of track information are the impact parameter significance in the trans-
verse plane and in the three dimensions. The jet kinematic is also used and the
three kinds of information are combined using a boosted decision tree. Three
working points are available: loose, medium and tight corresponding to the
purity of approximately 0.1, 0.01 and 0.001 respectively.

DELPHES b-tagging possibilities

In DELPHES a purely parametric approach based on the truth information is
available as well as a track counting algorithm.

Parametric The algorithm for b jet identification proceeds as follows: the
jet becomes a potential b jet if a generated b is found within some distance
AR = /(e — nP)2 + (@t — ¢P)2 of the jet axis. The probability to be
identified as a b depends on user-defined parameterizations of the efficiency.

The user can also specify a mistagging probability parameterization, that is,
the probability that a jet originating from a particle other than a b is wrongly
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Figure 2.14: Parametric b-tagging efficiencies for different 1 region. The b-
tagging efficiency used in DELPHES corresponds to the medium working point
of the CMS CSVv2 algorithm.

identified. Modularity allows the user to use several b-tagging algorithms for
the same jet collection and to easily implement other tagging algorithms, pos-
sibly involving an analysis of the jet constituents.

The parametric b-tagging efficiency obtained using the default CMS card cor-
responds to the typical efficiency obtained for the medium working point of
the CSVv2 algorithm, see Fig[2.3.8]

Track Counting When the track counting b-tagging is selected, the impact
parameter of each track inside all reconstructed jets is smeared according to a
Gaussian distribution. The width of the Gaussian distribution is defined by the
user and can depend on the pr and n of the corresponding track. The Track
Counting is then applied on each jet and requires a minimum number of tracks
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(typically 2 or 3) with a high impact parameter significance for the jet to be
tagged. While less precise than the parametric approach, this method provides
the predictive power needed for a future detector design when a full simulation
is not yet available.

2.3.9 Trigger

When comparing the cross-section of the processes of interest with the total
cross section in Fig[I.6 it is obvious that only a tiny proportion of the events
are “interesting” such as those involving the Higgs or a weak boson. Also,
with groups of protons colliding every 25 ns, its impossible to read and save
every events, given the quantity of information in one single event.

A trigger system has been developed to select the potentially interesting events
and reduce the rate of stored events to less than 1 kHz.

The CMS triggering system is divided in two levels.

The Level 1 Trigger is an extremely fast and automatic procedure that se-
lects around 100 kHz of data using very simple criteria. It is based on a combi-
nation of local information to reconstruct simple objects. The decision is taken
in approximately 3us during which the data is kept in memory buffers.

The High Level Trigger (HLT) is a computer farm selecting events inter-
esting for physics analysis based on particular requirements on one or more
particle candidates. Some conditions are of general interest such as the single-
electron trigger, and some are dedicated to specific analyses, for example
the 3-jets-with-MET trigger. This second step reduces the number of events
recorded to less than 1kHz.

Two triggers are particularly relevant for this work: the di-muon and the di-
electron triggers. In 2015, they recorded events with two reconstructed muons
(electrons) with transverse momentum higher than 17 (17) and 7 (12) GeV for
the leading and subleading muon (electron) respectively.
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Chapter

Search for new scalar bosons in
the llbb final state

The search for the production of a heavy Higgs boson often involves leptons
and b-jets in the final state. In particular, it has been shown in the first chapter
that the search for a heavy scalar decaying into a Z-boson and a pseudo-scalar
A in the final state with two leptons and two b-jets is very relevant. As shown
in Fig the main production mode of the heavy scalar is the gluon fusion
process. The corresponding Feynman diagram is drawn in Fig

The following sections will be motivated by this specific process. It is never-
theless important to keep in mind the other processes arising from extensions
of the scalar sector that provide the same final state: A — Z(I*1~)H(bb),
h — Z(IT17)A(bb) and A — Z(IT17)h(bb). One could also think of the
specific process H — Z(1*17)Z(bb). The resonant and non-resonant Higgs
pair productions (H —)h(bb)h (1T 11~ ) induce similar final state but induce
some extra missing- E7 due to the presence of neutrinos in the final state.

In order to be sensitive for the three hierarchies sketched in Fig[3.2Jone needs to
search for both H — Z A and A — ZH. In practice, the search will therefore
be based only on spin-independent variables, allowing to easily recast results
for one process to the other. The im2HDM-motivated H — Z A process is the

87
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Figure 3.1: Left: Feynman diagram of the production of a heavy Higgs boson,
decaying to Z and A in the final state with two leptons and two b-quarks. Right:
Corresponding production cross-section in the 2HDM type-II, with tan § =
1.5 and cos(f — a) = 0.01.

best choice since it offers a more complete parameter space: the pseudo-scalar
mass is not bound by the Higgs boson mass, as illustrated in Fig[3.2]

As seen in Fig the associate production of a heavy scalar and two b-
quarks leads at high values of tan 5. There is currently no specific search for
this final state which consist in two extra forward b-jets, but the analyses are
also sensitive to this production mode, since no vetos are applied on extra jets
or b-jets.

This search has been performed for the first time with the 2012 data at 8 TeV.
In this analysis, we have tested the complete 2D m 4 —my map and made many
use of the DELPHES detector simulation. A second iteration has followed using
2015 data at 13 TeV, where we have tested several mass point with a similar
analysis strategy. In the first and second sections, the signal process and the
standard model processes involving final states with two leptons and two b-
jets are reviewed. The sections three to four are the details of the analysis:
selections, strategy and systematic error estimation. Since these are the newest
results, only the 13 TeV analysis will be described these sections. In the fifth
section, applications of fast simulations described in the second chapter to the
analysis are commented. These are mainly personnal results obtained in the
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Figure 3.2: Three different possible hierarchies from the 2HDM where the
light scalar mass is fixed at the discovered Higgs boson mass.

context of the 8 TeV search. The results of both analysis are presented in the

sixth section.

3.1 The signal

The signal samples are produced using MADGRAPHS interfaced with the par-
ton shower generator PYTHIAS.2. The parton distribution function is NNPDF2.3
LO four flavors, and the factorization and renormalization scales are estimated
dynamically. The NNLO cross-section for the process pp — H 1is calculated
with SUSHI and used to normalize the Monte Carlo samples. The mass hy-
potheses considered in the 13 TeV (henceforth denoted H,|!1) search are:

o ARG, S
o P AR, HE. . M,
o H50", Mo H300, Mico- Hroo-

The lightest scalar boson mass is fixed at 125 GeV. Following the constraints

from the standard model Higgs measurements described in Sec[1.3.4] the sam-
ples have been generated close to the alignment limit. The chosen values for
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tan 8 and cos(8 — «) are 1.5 and 0.01 in a type-II 2HDM. As illustrated in
Fig the masses of the charged Higgs bosons are kept equal to the mass of
the heaviest neutral boson to preserve the degeneracy mp+ ~ max(my, mp ).
The value of the soft Z>-symmetry breaking is set to m?, = my=2tan 3/(1+
tan? 3), inspired by the MSSM parametrization. This choice is arbitrary and
not very relevant since it affects only the scalar self-interaction allowing only
secondary order impact: if the H — hh branching fraction is enhanced, the
H — ZA process rate decreases.

3.2 The backgrounds

The typical signal signature is two b-jets and two same flavor, opposite signs
leptons. Several processes of the standard model, called backgrounds, will
produce signatures in the detector very close to the one of our signal. On the
one hand, the irreducible backgrounds are the processes that involve exactly
the same final state object. This is the case of the ZZ — [11~bb for instance.
On the other hand, the reducible backgrounds are the processes that provide a
different final state that possibly fakes the final state object.

3.2.1 Drell-Yann plus jets

The production of one Z/~-boson in addition to at least two jets will be the
most important background. At leading order, two production mechanisms are
possible, the gluon-gluon case where a gluon from one proton interacts with a
gluon from the other proton and the quark-antiquark case where a quark from
one proton interacts with an anti-quark from the other proton.

The gg — Z(I717)j;j has the biggest cross-section thanks to the high gluon
pdf, while the g — Z(I17)jj is reduced by the parton density function of
the antiquark. These two processes are irreducible when two b-jets are in the
final state, as illustrated in the Feynman diagrams in Fig[3.3] When no or only
one b-quark is produced in the acceptance, the background is reducible and
will depend on the b-tagging performances.



3.2. The backgrounds 91

The simulated sample used in the analysis is generated using MADGRAPH_aMC @NLO
and PYTHIAS. Two samples have been generated: one with a generation cut

of my; > 50 GeV yielding a cross-section of 6025.2 pb at 13 TeV; the other

with a generation cut of 10 < my; < 50 GeV yielding a cross-section of 18610

pbat 13 TeV.

Figure 3.3: Example of leading order diagrams of the gg — [T1~bb process.

3.2.2 The top-pair background

The production of a top-antitop pair also provides two leptons when both W+
decay leptonically. There are different possibilities to produce two same flavor
opposite sign electrons or muons. The obvious one is when both W decay to
electrons or muons and the less obvious one is when at least one of the W
decays to a 7-lepton. The 7 can itself decay leptonically, creating an extra
possibility to observe two same flavor leptons.

A POWHEG [109] sample of pp — tt — bblt1~ v is used at 13 TeV. Its
cross-section computed at NNLO is 87.31f§:8§ =+ 3.68 pb.

3.2.3 ZZ and Zh

The production of two Z-bosons arises with a much lower rate because of the
extra weak couplings. A sample of ZZ — "1 qq is generated with MAD-
GRAPH.aMC@NLO and a cross-section of 3.22 pb. Interestingly, the asso-
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Figure 3.4: tt Process, leading diagrams.

ciate production of a Higgs boson with a Z where the Higgs particle decays
to two b-quarks is a similar background with its cross-section computed at
NLO of 0.87 pb. Leading order diagrams of these two processes are drawn on

Fig[3.5

-
Figure 3.5: Leading order ZZ and Zh process diagram.

3.2.4 Single top production

The production of only one top quark is also a source of background. The most
important production mode is the associate production of a (anti)top quark and
a W boson, see Fig The production cross section is 72.2 pb for an ap-
proximated NLO sample generated in the five flavor scheme. It means that the
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Figure 3.6: Single top production in addition to a W boson, leading diagram.
The production of the antitop is explained by a similar diagram, where the
direction of the arrows are changed.

b-quark is a possible initial state and its pdf is considered instead of consider-
ing a gluon splitting into a b-quark pair.

There are two other mechanisms of single top production with a W in the t- and
s-channel. Samples are generated with respectively 70.69 and 3.36 pb with an
NLO precision. These two modes are considered but provide only one lepton
in the final state and are therefor heavily reduced when selecting signal events.

Figure 3.7: Feynman diagram of the production of a single top with a W boson
in the t-channel on the left and s-channel on the right.
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3.2.5 W plus heavy flavor jets

The production of one W-boson in addition to at least two jets is also a back-
ground. The simulated sample used in the analysis is generated using MAD-
GRAPH.aMC@NLO and PYTHIA8. An inclusive sample with all W+jets
has been generated and the cross-section computed at NNLO is 61536.7 pb at
13 TeV.

Figure 3.8: Example of leading order diagrams of the gg — Wbb process.

3.3 Event Selection, Background Control and
MC-Corrections

The online selection of the events is based on the dilepton triggers which re-
quire two leptons passing the identification and isolation criteria. In addition,
a sufficiently high transverse momentum is required. The di-electron(muon)
trigger requires at least 17 and 12(8) GeV respectively for the leading elec-
tron(muon) and subleading electron(muon).

3.3.1 Pile-Up Reweighting

The MC samples are produced before the data taking. Therefore, the primary
vertex multiplicity distribution does not reproduce the observed distribution
from the data. An event-by-event weight is applied to each simulated event to
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Figure 3.9: Distribution of the number of reconstructed vertices. The events
are selected when at least two muons are reconstructed, the grey area represent
the associated systematic error.

match the data distribution derived from the instantaneous luminosity for each
bunch-crossing. The data/MC agreement in the primary interaction multiplic-
ity is shown in Fig[3.9]

3.3.2 Muons

The first event selection step of this analysis is the requirement of two same
flavor leptons. We use all events passing that very simple selection criterion to
check the primary vertices and the leptons reconstruction.

The two global or tracker muons are selected by requiring pr > 20 GeV,
|n| < 2.4 and some additional track- and muon-quality requirements defined
in Tab[2.3] This selection is driven by the double muon trigger acceptance and
spatial boundaries of the CMS muon chambers. In addition, the muons must
be well isolated. The sum of the charged neutral hadrons, photons and PU
(corrected with the AS correction) contribution, combined as

1ty = [T P max(0, 30 B 3 EL - 0.5 )] o
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must not exceed 0.25 in a cone with radius of 0.4 around the muon. The
A3 correction consists in subtracting one half neutral PU quantity for every
charged PU quantity found in the cone.

Each selected muon must lie within a cone of AR = 0.3 from one of the object
that has fired the DoubleMuon trigger, with a relative pr difference of 0.5.

Some basic kinematic distributions are plotted in Fig [3.10] for the leading and
sub-leading muons. The isolation variable is plotted in Fig[3.T1]

The MC muon momentum is corrected to remove the effects from the detector
misalignment or errors in the magnetic field. This method is called Rochester
correction and induces a very good agreement of the di-muon invariant mass
distribution with the data (see bottom of Fig [3.10). This method improves
also the di-lepton transverse momentum plotted on the bottom right part of
Fig 3.10] A slight disagreement is still visible in the data-MC ratio at low
transverse momentum of the dilepton system.

The efficiency of triggering, identification and isolation are extracted from the
data using a Tag and Probe technique [110]] and the scale factors extracted are
applied on the simulated events.

3.3.3 Electrons

The two electrons are selected by requiring pr > 20 GeV, |n| < 2.5 (exclud-
ing the ECAL gap at 1.566 < |n| < 1.442). Additional quality requirements
are applied. These are based on the supercluster quality, the energy deposited
in the HCAL, the track distance to the primary vertex and the energy match-
ing between the track and the ECAL deposits. The identification corresponds
to the selection in Tab and typically yields an efficiency close to 70% on
the electrons from Z boson decay. This selection is driven by the double elec-
tron/gamma trigger acceptance and spatial boundaries of the electromagnetic
calorimeter.

The selection also includes the isolation in a cone with radius AR < 0.3.
As for the muons, the contributions of the charged hadrons, neutral hadrons,
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Figure 3.10: Top left(right): transverse momentum of the (sub-)leading muon.
Center left(right): pseudo-rapidity of the (sub-)leading muon. Bottom left:
di-muon invariant mass. Bottom right: di-muon transverse momentum.
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Figure 3.11: Distribution of the leading(left) and sub-leading(right) muon iso-
lation variable.

photons and PU are used. The relative isolation is set to Iy < 0.035 in the
barrel region and 0.064 in the endcap region.

Some kinematic distributions are plotted in Fig [3.12] for the leading and sub-
leading electrons. The isolation variables are plotted in Fig[3.13]

The electron energy correction was not yet available when performing this
search. One can see that the di-electron mass distribution is slightly shifted,
producing a wave in the data-MC ratio plot around the Z-mass on the bottom-
left plot of Fig 3.12} This effect doesn’t affect significantly the results since
the my; variable is used only for background normalization.

As for the muons, a Tag and Probe technique is used to extract scale factors
that are applied to the simulated events.

3.3.4 Jets

The jets are required to satisfy pr > 30 GeV and || < 2.4 to be selected. Jets
are selected requiring less than 90% of the EM and HCAL deposits to come
from neutral deposits and composed of at least two objects. In addition, tight
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Figure 3.12: Top left(right): transverse momentum of the (sub-)leading elec-
tron. Center left(right): pseudo-rapidity of the (sub-)leading electron. Bottom
left: di-electron invariant mass. Bottom right: di-electron transverse momen-
tum.
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Figure 3.13: Distribution of the leading(left) and sub-leading(right) electron
isolation variable.

jets are required to have an EM fraction of less than 99% and a charged hadron
fraction as well as the multiplicity greater than zero. The leading and sub-
leading jet transverse momentum and 7 distributions are plotted in Fig [3.14]
Only events with two selected leptons and at least two selected jets enter this
distribution.

The b-jets are selected by requiring the medium working point of the CSVv2 b-
tagging algorithm described in Sec[2.3.8] The CSVv2 discriminant is plotted
on the bottom of Fig [3.14] before applying the b-tagging scale factors. The
medium working point corresponds to a misidentification probability of light-
parton jets (jets originating from gluons or u, d and s quarks) equal to 1%.
By default, the medium working point is considered, which is justified by a
couple of reasons. First, the presence of light or c-jets tagged as b-jets by the
CSVv2 algorithm is small: the ¢f background provides two genuine physical
b-jets per events, and it is known from previous studies that the proportion of
Z + c/light does not contribute to more than 15% of the yields. Therefore,
there is no reason to enforce the b-jet purity, which would degrade the signal
efficiency significantly. Second, using a tighter working point may lead to a
larger sensitivity to modeling issues especially at the level of the parton shower
(fragmentation, hadron decay). The loose working point is not considered
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Figure 3.14: Top left(right): transverse momentum of the (sub-)leading jet.
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(sub-)leading jet CSVv2 discriminant.
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since the fake rate from Drell-Yan process is more problematic to control. The
medium working point is therefore the most reasonable option.

The efficiency of the CSVv2 b-tagging has been shown to be different in data
and simulations. Scaling factors are therefore used to correct the prediction
from simulation. The baseline selection of events with two leptons and two
b-jets is the last step used to check that backgrounds are well understood.
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3.4 Analysis strategy

Due to the potentially large differences between the background and signal
levels (and assuming that there is more background than signal), this analysis
requires a method to control the background level accurately. The option of
controlling the background level using the prediction from theory only cannot
be considered here. The recent progress in terms of precision of event colli-
sion modeling through the use of higher-order matrix-element calculations and
parton shower tunes, allow in general a better predictability in terms of normal-
ization and/or differential cross-section for the standard model processes. But,
there are still various physics cases where a large disagreement between the
data and the predictions from theory is visible, even on “simple” quantities
(number of jets, etc.).

In this work, the chosen strategy, while being conceptually simple, certainly
fits the needs considering the available statistics. What is proposed is the fol-
lowing: for each tested couple of mass, a signal region is defined by a rectan-
gle in [myy, myps] plane, the size of the sides being defined by three times the
width of the signal peak (different for my, and my;,). This ensures to recover
nearly 100% of the signal distribution. More details are discussed in Sec[3.5.4]

The control region is defined by the rest of the [myy, mypp] plane, excluding
the rectangle defined for the signal, as illustrated in Fig

For each tested couple of masses, a fit is then performed in the control re-
gion to estimate the different backgrounds. The backgrounds are fitted using
a histogram of the invariant mass of the dilepton system in the control region,
which allows to efficiently separate the DY (dominated by the associated pro-
duction of a Z boson and a pair of b-quarks) and the ¢t components. The MC
simulations are used to obtain the ratio of number of events in the signal and
in the control region for each background source. The expected background in
the signal region is interpolated using this information in addition to the con-
trol region fit. The rescaling factor, together with the resulting statistical and
systematic uncertainty, is propagated onto the signal region. The comparison
between the data and the predicted background can be used for a statistical
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Figure 3.15: Left: Illustration of the signal and background region definition.
Right: Illustration of the fitting procedure.

interpretation either in terms of the agreement between the data with the SM
prediction, or with a particular signal hypothesis.

3.4.1 Systematic Uncertainties

For each hypothesis considered in Py 4, a fit is performed in the correspond-
ing CR to match appropriately the background processes to the data. This fit
takes into account different sources of systematic uncertainties affecting the
normalization or the shape.

e The luminosity uncertainty is set to 2.7%. It affects the normalization of
each backgrounds.

e The uncertainty on the lepton reconstruction and efficiency is obtained
by varying the scale factors applied on the theory predictions by one
standard deviation. This uncertainty ranges from 1 to 4% depending on
the pr and 7 conditions.

e The uncertainties on the jet energy correction(resolution) are evaluated
by shifting the correction factor up and down by one standard devia-
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tion with respect to the default correction factors. The uncertainty as-
sociated to the correction ranges from 6% at low pr to 1.5% around
100 GeV [111]].

e The uncertainty associated with the correction for the b-tagging effi-
ciency is obtained by varying up and down by one standard deviation.
The b-tag scale factor (SF) variation is taken to be correlated with the
c-mistag SF variation, while the light SF variation are supposed uncor-
related. Uncertainties of about 4% are associated to b-tagging efficien-
cies [[112].

e The Drell-Yann and the #¢ normalization uncertainties are taken from the
NNLO predictions.

e The scales uncertainties on the theory predictions are obtained by vary-
ing the factorization and renormalization scale by a factor two, indepen-
dently, and ignoring the extremal variations: {up, ur} = {/2, x2} and

(2, /2}.

e The uncertainty coming from the PDF is also taken into account. A set
of Monte Carlo replicas is generated by NNPDF taking into account
the correlated systematics from the different measurements described
in Sec The uncertainty is obtained by running on these hundred
replicas and taking as error the RMS of the variation.

For myp = 300 GeV, the b-tagging remains the source of the largest experi-
mental systematic uncertainty while counting the number of events in the sig-
nal region across the whole mp range, oscillating between 6 and 9%. Both
JEC and JER uncertainties remain small, fluctuating around one percent. The
distribution of the invariant mass built from the two b-tagged jets and from the
two b-tagged jets and leptons from the Z boson decay is shown in Fig.[3.16]

The rescaling factor obtained from the fit, together with the resulting statisti-
cal and systematic uncertainty, is propagated onto the signal region, and the
comparison between the data and the predicted background can be used for a
statistical interpretation either in terms of the agreement between the data with
the SM prediction, or with a particular signal hypothesis. Some distributions
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Figure 3.16: Pre-fit distribution of the invariant mass build from the two b-
tagged jets (left) and the two b-tagged jets and leptons from the Z boson decay
(right), for the ee-channel (top) and the ppi-channel (bottom). The shaded band
shows the quadratic sum of the systematic uncertainties, including the MC sta-
tistical uncertainties, and the error bars show the data statistical uncertainties.
On the ratio plots, the shaded band shows the effect of the systematic uncer-
tainties and the error bars show the data and MC statistical uncertainties added
quadratically.

obtained by applying the rescaling factor are drawn in Fig[3.17} The top left
figure of Fig[3.17]is particularly interesting since it shows that both the DY-like
and the tt-like backgrounds are well scaled.
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This method allows to strongly constrain the different systematics and there-
fore reduce their impacts on the final results. For instance, the b-tagging uncer-
tainty degrades the 300 GeV-100 GeV limit of about one percent and the JEC
impacts the limit of less than half a percent. The effect is very visible while
comparing the uncertainty bands in Fig[3.16|and Fig

3.4.2 Statistical method

Following the discussion and notations from [113]], the likelihood function is
the product of the Poisson probabilities on each bin:

N
L(p, 0) = HPOIS ni|bi(0) + psi(6)) - pr(ap|0p) 3.1
=1 P

where n; is the observed rate, b; is the background expected rate and s; is the
signal expected rate. The parameter y is defined as the signal strength modifier.
When p = 0, the likelihood obtained corresponds to the background only case,
and when g = 1 it correspond to the reference signal model. Here, the refence
signal model has a cross section of 1 fb. 6 contains all the nuisance parameter
terms and the fj,(a,|6,) are the constraints terms.

Shape uncertainties Since the number of nuisance parameter is high, the
multi-dimentional modelling of the nuisance parameter is very complex. To
simplify the problem, what is usually done is to have a nominal setting of the
parameters o and then individually vary each parameter *up’ and *down’ by
a reasonable amont. For each sample, one has to interpolate and extrapolate
these predictions to produce the parametrized variation in rate and shape. The
shapes are interpolated quadratically for shifts below 1o and linearly beyond.
When building the likelihood, each shape uncertainty is associated to a nui-
sance parameter taken from a unit gaussian distribution.

In this analysis, the histograms and the up and down variations of the his-
tograms for each non-constant systematic are produced (b-tagging, jet en-
ergy correction and resolution, parton density functions, lepton identifications,
scales (up and pR).
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Rate uncertainties The functional form of the constraints are taken to be a
log-normal distribution with the computed uncertainty used as standard devia-
tion for the normalization uncertainties. For instance, log-normal uncertainties
are used for the background cross-sections and for the luminosity.

Test statistic, p-value and CLg In this analysis, the procedure to establish a
model exclusion is based on a frequentist significance test using the likelihood
ratio as statistic:

L(p,0(p))

- (3.2)
L(f1,6)

qu=—21In

where 6 and [ are the values of the parameters that maximize the likelihood

function L(, §) 0 is the value of § that maximizes the likelihood function
with y fixed. It is often called the profiled value of 6.

The p-value associated with the hypothesis of a signal strenght g is written:

Pu:/ f(qluvé(uyobS))qu (3.3)

qrobs

where q,0bs 18 the value of the test statistic for the observed data and f is
the pdf of the test statistic g,. The most general method, called “toy Monte
Carlo”, is to perform the integral by generating pseudo-experiment. Here, the
distributions are assumed to take on their asymptototic form. Therefore, the
Higgs combine tool is used to compute these upper limit on the cross-section
in the asymptotic limit [[114]. The p-value has the feature that for a downward
fluctuation, the upper limit of the confidence interval can be arbitrarily small.
Therefore, in particle physics, a modified frequentist approach called CLg is
often used [1135]). It is defined as a ratio of p-values
r_ _Pu

= , 3.4
Pu=1_p, (3.4



110 Chapter 3. Search for new scalar bosons in the 1Ibb final state

where p;, is the p-value associated with the background only hypothesis is
given by:

pp=1- / £(4/0,6(0, 0bs))dg,, - (3.3)

qpobs

The CLs upper limit f1y, at 95% is obtained by solving p), = 5%. With the
choice on the definition of y, the obtained iy, provides directly the excluded
cross-section.
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Figure 3.17: Post-fit distributions after the selection of events with two same
flavor leptons and two b-tagged jets. Top left: invariant mass of the di-lepton
system. Top right: transverse momentum of the leading b-tagged jet. Bottom:
Post-fit distributions of the di-jets invariant mass (left) and the four-body mass
(right) after the selection of events with two same flavor leptons and two b-
tagged jets.
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3.5 Going back: 8 TeV analysis

Before looking at the results, let’s discuss the first dedicated search for the
H — ZA — [T~ bb with the 8 TeV data from the LHC since it is also a work
realized as part of this thesis. Since the principles are similar to the 13 TeV
analysis, the accent will be put on the few differences first. Then, each aspect
of the analysis performed with the DELPHES framework will be reviewed.

3.5.1 Some differences

The basic selection was similar at 8 TeV. One extra selection was applied on
the E%iss—signiﬁcance where it was required to be less than 10 in order to
further suppress background events originating from the ¢t processes. The
Er?iss—signiﬁcance [116]] is an event-by-event assessment of the likelihood that
the E?i” is consistent with zero, given the content of the reconstructed event
and the experimental resolutions.

The background estimation is the main difference between the two analyses
(8 vs. 13 TeV). The method used at 8 TeV has been originally designed for a
standard model measurement: the Z plus heavy flavor jets cross-section. It was
then mandatory to efficiently distinguish the other main processes, namely ¢t
and Z plus light jets from the Z plus heavy flavor processes. The DY catego-
rization was done as follow:

e The Zbb was the category with events containing two b-originated jets
and no extra-jets.

e The Zbzx contained the events with three jets including two b-originated
jets and events with two jets of which one is originating from b-hadrons.

e The Zxx was the category with two or three reconstructed light jets.
To perform the background normalization, the three DY contributions and the

tt contribution were left free to float in a single two-dimensional fit to the shape
of the following observables:
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e The product of the CSV discriminants of both selected jets was designed
to discriminate the Zbx and Zxx categories versus the Zbb and tt.

e The invariant mass of the lepton pair discriminated the three DY contri-
butions versus the ¢ events.

In this analysis, the backgrounds were therefore estimated once and for all,
assuming that the signal is small enough to be negligible at this stage.

3.5.2 DY Mismodeling

A deviation between the data and the prediction has been observed in the dis-
tribution of the my;,;, mass. The magnitude of the deviation ranges up to 20%
in some region after the background fit. Several investigations have been per-
formed and it was shown that the discrepancy was also present with looser
selection: one Z candidate and two jets. These discrepancies were due to the
fact that the DY samples were generated only at LO, since big samples are
needed for this analysis.

Given the huge amount of resources needed to produce an NLO sample with
a decent number of events, the strategy is to apply a re-weighting technique
to the existing MADGRAPH 5 reconstructed sample already in use for this
search. A comparison between the LO MADGRAPH 5 sample and a MAD-
GRAPH.aMC@NLO NLO sample has been performed and has shown a dis-
agreement comparable to what is seen in the data. The comparison has been
made after reconstructing both generated samples: MADGRAPH S + PYTHIAG
and MADGRAPH_.aMC@NLO + PYTHIAS8 with DELPHES.

Even though they are related, the NLO effects are expected to be different for
the Z+jets and for the Z+heavy flavor events. Therefore, it was mandatory to
separate the re-weighting according to the originating partons or hadrons of
the jets in the events. The categorization used is the same as in the background
estimation: Zxx, Zbx and Zbb. The NLO/LO ratio is shown in Fig in
which the jet flavor is distinguished (light or heavy). The ratios have then been
fitted using a third-order polynomial function. These functions are the ones
that have been used to re-weight the LO MADGRAPH 5 sample. The method
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Figure 3.18: Comparison between LO sample MADGRAPH + PYTHIAG6 and
the NLO sample MADGRAPH.aMC@NLO + PYTHIAS for the four-body
masses (two leptons and two light jets on the left, two leptons and two b-
tagged jets on the right). Both generated samples have been reconstructed
using DELPHES simulation.

has shown to improve the data/MC agreement of the my;,, without impacting
negatively the other variables.

A systematic uncertainty has been assigned to this re-weighting. In addition to
the four parameter estimation, their uncertainty and the covariance matrix are
derived as a result of the fit performed. A set of curves is generated according
to the uncertainties and taking into account the correlation of the parameters.
This is done keeping the same normalization such that only the shape is af-
fected.

The curves corresponding to the =10 variation of the parameters are shown on
the ratio plots of Fig[3.18] The final effect on the results has been checked and
turned out to be a major systematic ranging from 10% at low my;, to 25-30%
at high values.
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3.5.3 Many signal samples

For each bin in [mp — mpg], an estimation of the expected quantity of sig-
nal events passing the selection is needed. Therefore, more than 300 signal
samples were generated using MADGRAPH 5 and PYTHIA with masses cor-
responding to the center of the different rectangular signal regions. While only
twelve of these were produced using the CMS full simulation, the DELPHES
fast simulation as been used on each sample. DELPHES has shown to repro-
duce realistically the performance of the CMS detector 10.000 times faster than
the full simulation of the CMS detector. Nevertheless, the tuning of the param-
eters, efficiencies and smearing is mandatory to go beyond the typical 10%
agreement obtained using public CMS informations. In the tuning procedure,
we worked on the main reconstruction and selection effect of this analysis:
the tracking efficiency, the electron and muon reconstruction efficiency and
isolation, the B-tagging parametrization.

The b-tagging efficiency depends on the final state particles and momentum.
Twelve fully simulated samples were therefore used to extract the pr and -
dependence of the b-tagging for this particular topology. The b-tagging effi-
ciency has been implemented in DELPHES.

Once all the mentioned DELPHES tuning was performed, the variables of inter-
est such as myp, and my,}, have been compared with the full simulation. These
distributions are shown in Fig for two specific mass choices. The agree-
ment observed is satisfactory in the light of the many simplifications described
in the second chapter.

The “only goal” of these samples is to provide the efficiency for a sample to
pass the basic selection and rectangular cut centered at the mass where it has
been generated. So, this efficiency is the important quantity to compare with
the full-simulation results and it was found that the agreement was within 10%,
see Tab[3.4] The very low mass comparison suffers from an important statis-
tical uncertainty coming from the fully simulated sample, since the efficiency
is very small. In addition, efficiencies for this signal are particularly difficult
to model since the leptons and b-jets tranverse momentum are very low and
close to the selection criterias. A complete 2D map is extracted from the ratios
—a_  The interpolation is performed using the Delauney triangulation and

€DELPHES
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for two benchmark mass points for the my,, (left) and myy,, (right).
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ma myg [GeV]

[GeV] 142 200 329 575 875
30-35 | 41+ 24 83+ 10

50 84+ 5

70 9%6+2 91+4
90 80+ 3

142 93 +£2 93 + 2
378 89+2 9141
575 89 + 2
761 85+ 2

Table 3.4: The ratio —<2£—(%) of the efficiencies between DELPHES and the

€DELPHES
full simulation for a few representative benchmarks.

the map is also extrapolated to cover the entire parameter space. This map is
then used to multiply the DELPHES based efficiencies, which provides a better
modeling, and in particular allows to recover the full-simulation efficiencies
for the dedicated points.

A systematic uncertainty is derived from the interpolations and assigned to the
final results. When the ratio was extrapolated, the uncertainty was set to 10%.

3.5.4 Analysis design: bin size

The choice of the bin size is a key ingredient of this search. On the one hand,
the rectangle size has to be chosen to maximize the significance of signal
events inside the selection cuts. On the other hand, since the search has to
be easily re-casted, the bin size must be as simple as possible and not depend
on the 2HDM parameters (which change the width of the scalar resonances).

The choice made is to take the bin size as three standard deviations of the
expected width of each resonance. The experimental resolution on the di-jet
and the four body masses is assumed to be 15% of the reconstructed mass. To
validate this assumption, the DELPHES samples have been used to compute
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Figure 3.20: Top left: Map of the efficiency x acceptance for the signal mass
points using DELPHES. Top right: Map resulting from the interpolation of
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Figure 3.21: Left: di-jet mass resolution as a function of the pseudo-scalar
mass for my = 575(378) GeV in the top(bottom), the 45% line is drawn in
red. Right: four-body mass resolution as a function of the pseudo-scalar mass
for my = 575(378) GeV in the top(bottom), the 45% line is drawn in red.
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the standard deviation of the signal peak in function of the masses it has been
generated with. The Fig [3.21] shows the result for two choices of mp: 378
and 575 GeV. The left plots are the di-jet mass resolution as a function of
the pseudo-scalar mass and show a very good agreement with the 3 x 15%
(drawn in red) choice. The right plots are the four-body mass resolution as
a function of the pseudo-scalar mass. The 15% lines provide a good order
of magnitude, and are higher than the experimental resolution, allowing to
not lose signal events. In fact, it is expected, since the two leptons have a
much better resolution than jets. Combining the four objects therefore tends to
reduce the o7 /M ratio and the reduction depends on the generated masses.

So, for simplicity, the 3 x 15% of the mass has been chosen in these analyses
for both my,;, and myy,.

The natural width of the 2HDM heavy scalar is plotted in Fig for com-
parison. The natural width reaches the same order of magnitude as the experi-
mental resolution only for high myy and low my. Using signal samples gener-
ated with this model guarantees that the results are valid for typical choices of
2HDM with masses up to 1 TeV. Nevertheless, computing the excluded cross
section for models with higher width in that region requires the computation
of a new efficiency map as in Fig[3.20]

3.6 Results at 8 and 13 TeV

3.6.1 Limits on cross-section

At 13 TeV, in addition to the 1- and 2-0 CLs, the observed and expected limits
are displayed in Fig for several ma hypotheses and my being 300 GeV
(top left), 500 GeV (top right) and 800 GeV (bottom left). For my; = 300 GeV,
the expected limit on ¢ x BR ranges from 300fb to 1000fb. The limits are
lower, around 150fb, for myy = 500 and 800 GeV since backgrounds decrease
(Fig 3.17). The sensitivity gets worse for the point my, my = 800 GeV,
50 GeV because the typical AR distance between the two the b-tagged jets
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Figure 3.22: Natural width of the heavy scalar in the 2HDM type-II, with tan 3
= 1.5and cos(f — a)) = 0.01

become smaller than the jet size. The observed limit is in agreement with the
expected limit for each H i

At 8 TeV, the complete map is computed thanks to the use of hundreds of
DELPHES samples. The bottom right plot of Fig [3.23] shows the observed
upper exclusion limits on the cross section of the H — Z(Il)A(bb). Since
no parity dependent variables were used, the limit has also been interpreted
in terms of the process A — Z(I[)H(bb). Typically, a cross section around
10-100 fb is excluded. Two excesses with local significance above 20 have
been found, these are discussed in detail in A.Caudron thesis [[117]. As for
the 13 TeV results, the excluded cross section is higher around 300 GeV-100
GeV, which is the region with the highest background, and in the triangular

myg

region where my is lower than 5§

in which the b-tagged jets are entering the
collinear regime.

Following the discussion in Sec [3.4] the limit is valid for any model in which
the scalar and pseudo-scalar width are small compared to the bin size, or to the
used model.
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Figure 3.23: Limit on the 0 x BR(H — ZA) x BR(Z — II) x BR(A — bb).
At 13 TeV for my = 300 (top left), 500 (top right), 800 (bottom left) GeV
where the predicted production cross sections of pp — H — ZA — [T17bb
are also shown for different values of tan 5. At 8 TeV in the bottom right in
the plane [my4, myz].



3.6. Results at 8 and 13 TeV 123

CMS 19.8 b (8 TeV) . CMS 19.8 b (8 TeV) ,
<1000~ =100 [ @ =100 .
ST Lo = 2HDM type-Il (H - ZA) ERa
QL tan@)=15; cos(B- ) =001 1 - MEE="S78IGeVi; m) = 1558EEN =
£ r - S PTRS | e

800 El /j\ =10
r : ] E|
L g 1., / 7
L 5 =10 [/ "\ g
E E tF ‘| —

i GiomE 1 T i 510
L g%N 1,2 Nt ) E
r S8 1| =10 N\ o et ) 7
[ = E ]

i o< ] — N

n q 3
i R 1

H 3 = 10"
L =1 =|
E N Exp. excl. -
] —— Obs. excl. 1

Il " L

% ol 1o T e e BT

m, (GeV) cos(pB-a)

Figure 3.24: Observed limit on the signal strength ;1 = 0959, /oy, after com-
bining results from the [[bb and [l77 final states. The dashed contour shows the
region expected to be excluded. The solid contour shows the region excluded
by the data. Left: Limits are shown in the plane [m 4, my] for the considered
2HDM benchmark. Right: Limits are shown in the plane [cos(5 — «),tan 3 ]
for the signal masses of my; = 378 GeV and my = 188 GeV.

3.6.2 2HDM interpretation of 8 TeV results

The 8 TeV limits on the cross-section have been combined with the similar ll77
analysis [[118]] and interpreted as a limit on a signal strength defined as the ratio
between the excluded cross-section at 95% confidence level and the 2HDM
benchmarks theoretical cross-section. The signal strength is interpolated on the
left part of Fig for any masses of the heavy scalar in the range [140, 1000]
and of the pseudo-scalar in the range [10, 1000].

In the MSSM-like mass hierarchy, this model is excluded from approximately
200 to 600 GeV for the pseudo-scalar mass. The inverted hierarchy case is
more subtle. In the left part of the plot, the pseudo-scalar is very light. A
small ratio E—ﬁ implies a boosted topology, which mean that the two b-quarks
induce only one jet. These events are therefore not selected and the analysis
is not sensitive in that region, which explains the shape of the not excluded
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region. There is also a not excluded island around [ma, my] = [100,250]
corresponding to the highest background region.

To illustrate the statement that this analysis is motivated by the alignment limit,
the mass point: [ma, my| = [188 GeV, 378 GeV] is selected to plot the signal
strength in the [cos(3 — «)-tan 3 ] plane into the right of Fig The data
allows to exclude a region between tan 8 = 0.5 and tan 5 = 2 in the alignment
limit. A lower tan 3 induces a small A — bb branching fraction, while a high
tan 8 implies a smaller gg — H production cross-section.

Since only three masses have been tested with the 2015 data, some theoretical
cross section lines have been drawn on the three plots of Fig[3.23] allowing an
easy interpretation.

3.6.3 2HDM results combination

Several analyses with different final states are complementary to study the
2HDM. Therefore summary plots with the different analysis performed with
the CMS detector have been produced in [58|]. The choice has been to fix the
value of cos( — «) at 0.1, since it is close to the constraints obtained from the
Higgs coupling measurements (see Fig[I.10). It is also assumed that the mass
difference between the scalar and the pseudo-scalar is 100 GeV.

To ensure a stable vacuum and perturbativity, the soft-Z5 symmetry breaking
parameter is taken to be:

mp = max(1 — tan 372,0) - %sin(2ﬁ)(mA2 + A\50?) (3.6)

according to [119}58].

The cross section and the partial decay width have been computed using SUSHI
and 2HDMC for the 2HDM type-I and type-II. A table with all parameters is

given in Tab
The exclusions are plotted on the left(right) of Fig for the type-I(type-II).

The h(125) results are directly taken from the indirect constraints from h mea-
surements [40]]. These are explained in Sec[1.3.4]and is visible in Fig
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Table 3.5: Parameters of the 2HDM type-I and II used in this section. The
2-dimensional scan is performed in my-tan 3.

Parameter Value

my, 125.09 GeV

ma my + 100 GeV

my+ my + 100 GeV

cos(ff — «) 0.1

m2, max(1 — tan 372,0) - 5 sin(28)(ma? + A50?)

The A — ZH analyses are helping when the pseudo-scalar mass is smaller than
twice the top mass. This is translated in a limit around my = 250 GeV that can
be observed in both type-I and type-II plots. In both models, the production
cross-section decreases with tan 3. It is excluded up to tan S ~ 1 — 1.5(2) in
the type-I(type-1D).

The A/H/h — 77 [120] is, as expected from Fig and [1.14] a very
constraining final state. In particular, the 77 final state tackles more the low-
tan 3 case in the type-I and the high-tan g in the type-IL.

The H — WW /ZZ analyses [61] are helpful when the heavy scalar is heavier
than twice the W-mass and lighter than twice the top mass. We note here the
fact that this analysis loses its relevance when getting closer to the alignment
limit.

3.7 Going beyond

The first conclusion from the 2015 data analysis is that the standard model
describes the observed data extremely well, as confirmed in the many results
presented in the ICHEP 2016 conference. The tools used such as the NLO
event generators coupled with parton shower and the full detector simulation
provide a very accurate modeling of the proton-proton interactions. In ad-
dition, the LHC is (at the time of writing the thesis) providing data with the
expected rate and more than 37 fb~! have been collected in 2016.
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Figure 3.25: 95% CL exclusion contour, in two 2HDM scenarios of type-I on
the left and type-II on the right. These limits are obtained by several analy-
ses performed with the run-I dataset. The colored lines with hatches indicate
the regions that were expected to be excluded based on the null-hypothesis
assumption of a SM-like Higgs sector. The gray regions correspond to non-
perturbative or unstable scenarios of 2HDM.
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Taking these facts into account, as well as the many arguments in the analyses’
descriptions, leads to several ideas for future developments.

Background estimation will therefore be a central question. Indeed, using
MC doesn’t induce significant systematic error as far as there more simulated
events than observed events. Once this condition is not fulfilled, it is important
to estimate the background using the data only. Different choices are possible,
for instance defining a signal region in the [y, my;p,] plane and estimate the
background using a region surrounding the signal region.

Many signal samples are needed to make a precise 2D scan in ma —mpg. A
combination of fully simulated and parametric samples has shown to efficiently
provide a complete map at a decent cost in computing-time.

Cut optimization Tilted elliptic selection could drastically improve the anal-
ysis performances. For a given value of ma and myy, the my,;, and myy,p, will
be correlated since they are built from the two same b-jets. The correlation is
dependent on mp and my and a tilted elliptical selection would take the cor-
relation into account. The relation between mp, my and the ellipse angle is
under study.

The boosted regime defined as the region where mpy < my/10 is not
probed with the current analysis. Indeed, in this region, the AR distance be-
tween two jets originating from the pseudo-scalar is smaller than the jet size
used in the analysis. Such events would therefore not be selected when requir-
ing two b-tagged jets. The key ingredient is the requirement of one fat-jet with
a AR-cone of 0.8 for instance. The signal fat-jets are particular since they
are induced by two b-quarks. So, the fat-jet will contain two prongs and both
sub-jets are originating from b-quarks. The exploration of the analysis opti-
mization to tackle this parameter space have been studied by Liliya Milenska
in her master’s thesis [[121]].
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Conclusion

I started my PhD thesis in 2012, just after the discovery of a new scalar boson,
at the end of the first run of the LHC. The second run of the LHC was foreseen in
2015 with two main goals: The study of the properties of the newly discovered
boson and the complete exploration of the TeV scale. Is it really the Higgs
boson? is the question that motivated me during the first months. To address it,
we started working on tools to measure the spin and parity of this new particle
using the Matrix-Element-Method in three different final states (ZZ — 1111,
WW — llvr and Zh — 1lbb). At that time, a simplified Matrix-Element-
Method was used in the ZZ analysis and we observed no significant gain by
applying a more general method. Soon, the ATLAS and CMS released the
first official results that favored the scalar hypothesis and excluded the spin-
2 hypothesis. After more than one year of research, I rapidly gained interest
in the second goal: searching for new physics. To me, the discovery of a
first fundamental scalar particle strongly motivates the searches for new spin-0
particles. Indeed, while the existence of the electroweak symmetry breaking
mechanism is now a piece of evidence, the scalar particle content could not be
limited to the Higgs boson. In fact, extra scalar bosons arise naturally when
extending the standard model of particle physics which describes beautifully
the experimental observations but still contains many theoretical difficulties.

The 2ZHDM is a very generic extension of the scalar sector in which an extra
Higgs doublets is added to the standard model. Many existing indirect and
direct searches are constraining the 2HDM, including the measurement of the
coupling of the Higgs to the other standard model particles. With the inter-

129
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esting parameter choice called alignment limit, in which the 2HDM lightest
scalar behaves as the standard model Higgs boson, the 2HDM survives the ex-
isting observations. In this limit, the processes pp — H — ZA — [T17bb or
pp — A — ZH — [T17bb, depending on the considered mass hierarchy, are
strongly enhanced. The main work of thesis is the search for such processes
with the CMS detector using data taken during the first run and the first year
of the second run of the LHC. The LHC has delivered more than 23 fb~! of
proton-proton collisions in 2012 with 8 TeV in the center of mass and 4.2 fb~*
at 13 TeV in 2015.

Having in mind the large variety of 2HDM and more complex models that
could involve such processes, the analysis strategy has been chosen to be easily
re-casted or reinterpreted. The adopted strategy provides model independent
results, which allow to exclude a cross section of 10 fb for a large fraction
of the parameter space since no significant deviation from the standard model
expectation has been found. The analysis allows to exclude parts of the param-
eter space in the alignment region, which is unreachable using only the Higgs
boson properties.

In 2016, the LHC has delivered more than 36 fb~! of data with 13 TeV in the
center of mass. It is the first time in history that such an amount of data is taken
and the complete second run is expected to contain 150 fb~!. This amount of
data is a motivation to reduce the dependence on the backgrounds simulation.
Several improvements described in the third chapter are therefore foreseen and
include a set of optimizations of the analysis aiming at improving its sensitivity
while keeping the model independent approach. In fact, the analysis performed
in this work is not only sensitive to both H — ZA and A — ZH processes, but
also for any resonance decaying into a Z and another resonance. Therefore, it
covers as well processes like A — Zh, h — ZA or a new resonance decaying
to a pair of Z bosons. The goal of the planned improvements is to reach a
competitive sensitivity also for such particular processes.

The H — ZA process is not the only exotic decay in hierarchical 2HDM: the
process H — AA is also potentially important. While the h — AA process
has been intensively studied already with the CMS detector, the case where the
initial resonance mass is different from 125 GeV hasn’t been studied yet. The
final state with two b-jets and two muons is potentially very interesting and
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if an excess is found in the H — ZA analysis, this is the place to look for a
related excess and a better interpretation of an eventual new particle. Extend-
ing the current analysis to di-muon resonances with a mass different from the
Z-mass could therefore improve strongly the sensitivity to many extensions of
the scalar sector.

Alongside this, we have provided the community with a modular parametric
detector simulation widely used and ideal for recasting. The current DELPHES
version is able to tackle events as complex as the foreseen 200 pileup events
and apply state-of-the-art pileup subtraction. The emulation of the particle flow
has been also significantly improved. The program has shown to realistically
reproduce the performances of the CMS detector at the LHC. In addition to
many other applications, DELPHES appeared as a useful solution to perform
the many detector simulations of 2HDM processes events needed to cover the
full 2HDM A and H masses spectrum as well as for establishing first physics
prospect for the HL-LHC.

To summarize, we have explored a new region in the 2HDM parameter space
by searching for new resonances with exotic decays H — ZA or A — ZH.
No evidences of new physics has been found with the data collected in 2012
and 2015, we have therefore partially excluded the parameter space. The next
steps are the optimization and the generalization of the analysis and aiming at
gaining in sensitivity and increasing the number of studied processes.
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