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Introduction

What is the smallest piece of matter? This is a question people have been asking
since the time they first began to wonder about the structure and origins of the
world around them. Over the past century, particle physicists have used tools
of ever and ever more powerful to look deep into the very heart of matter in
the continuing quest to find nature’s basic building blocks and to discover the
simple physical laws that make our universe more understandable. All these
developments make what is called the Standard Model of particle physics. For
the past 30 years, its predictions have matched with the experimental data
like the confirmation of the existence of the weak currents at CERN and the
discovery of the top quark in 1995 at the Tevatron. However, some questions
are left opened like the explanation of the origin of the mass of particles or
the mass hierarchy of the fermions, the asymmetry between matter and anti-
matter. As far as the mass origin is concerned, the common consideration
assumes a solution based on the Brout-Englert-Higgs mechanism developed in
the 60’s. It is based on the spontaneous symmetry breaking principle and it
predicts the existence of an additional particle to the Standard Model, the
so-called Higgs-boson.

When this thesis began, the Higgs Boson was the missing piece of the Standard
Model of particle Physics. Experiments at the LEP or at the Tevatron did not
find it but restricted the mass region of existence of such a particle. The Large
Hadron Collider, LHC, at CERN have been designed with as one of its main
purpose to prove the (non-)existence of a Higgs boson.

Since 2012 July, we are about to claim the presence of the missing Higgs boson.
The Large Hadron Collider, LHC, at CERN allows physicist to discover a new
resonance which is compatible with the Standard Model Higgs boson. The ob-
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servation of this new particle in specific final state is not sufficient to claim that
it is the Higgs boson. Precise measurement of the mass and other properties as
the spin must be performed as well and all the theoretical predictions, about
the coupling to the different particles have to be confirmed. Eventual obser-
vation of the Higgs boson in the various possible decay channel is necessary.
This thesis will focus on one of them where the Higgs boson decays in pair of
bottom quark. As this observation is very challenging an advance technique
based on the Matrix Element method (developed at Tevatron for Top quark
Physics) has been setup.

The first chapter introduces the motivations and the theoretical context of the
Higgs boson search analysis presented in this thesis. It includes a discussion on
the electroweak sector of the Standard model and the introduction to the Brout-
Englert-Higgs mechanism that leads to the Higgs boson particle. The strong
interaction will also be briefly reviewed and the experimental setup described.
Then the analysis technique, the Matrix Element Method used all along this
presentation is introduced as well.

The second chapter focus on top quark physics studies bases on the Matrix
Element Method. Indeed, a preliminary top quark mass estimation performed
with the first 36 pb~! of 2010 CMS data is presented. The purpose of this
analysis is to improved our expertise and to test the use of the method, at
the LHC, before applying it to Higgs search. Then a second application for
search for new physics for t¢ dileptonic processes based on the reconstruction
of differential cross section performed with the Matrix Element method will be
presented.

The third chapter presents a first search analysis based on the Matrix Element
for Higgs boson decaying in bb analysis. Considering an associate production
with a Z° boson decaying into two leptons. The methodology consists to use
the Matrix Element method in association with another multivariate analysis.
It is first validated in the context of a Standard Model analysis, the estima-
tion of the ¢t background fraction in order to perform a Z(I1)bb cross section
measurement. The analysis procedure is then generalized in order to discrimi-
nate the Higgs signal and the different backgrounds. The multivariate analysis
provides discriminant quantities that have been used to estimate a 95% upper
limits on the ratio of Standard Model production of Z(11)Hbb .



Chapter

Physics at LHC.

Proton-proton collisions at high center of mass energy allow the production
of rare processes such as the production of top quark or more recently the
discovery of a new scalar particle with a mass of 126 GeV/c? which is compatible
with the predicted Standard Model Higgs boson. The top quark was discovered
and its properties already well measured at Tevatron [1, 2]. Although the higher
luminosity and the higher center of mass energy reached at the LHC allow a
high rate production of top quark. The top quark was re-discovered quickly at
LHC either with the top anti-top quark pair production or with the single top
production [3]. The high rate production allows precise measurements of this
particle especially about its mass.

The concept design of the LHC machine contributed to the recent discovery
of a Standard Model Higgs boson. According to the theoretical description [4]
this new particle is produced according to a variety of processes and decays
in several final state. The observation of each of these decay processes brings
informations to confirm that this discovery is compatible with a Higgs boson.
Among all of them, the channels in which the Higgs decays into a pair of b and
anti-b quark are the most challenging due to the high level of processes with a
similar final state.

This thesis will focus on the search for a Higgs boson decaying in a pair of b’s
and produced in association with a Z% boson decaying into two leptons. Ex-
perimentally it provides a final state composed of two b-quark, two leptons. It
is similar to one of the decay mode of top quark pair production. The processes
with a final state corresponding to this specific topology will be discussed in
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this presentation. However the production rate of processes with the same final
state is large.

In order to overcome this difficulty, many analysis techniques can be used,i.e.
cut and count analysis or more advanced multivariate shape analysis. All of
these approaches assume a correct theoretical description either the predicted
yields or the shape description of some kinematic variables. This work will
focus on another technique using an analysis model dependent method that
makes use of the maximal amount of information available for a specific process,
considering the theoretical description in addition to the observation at detector
level.

This first chapter introduces first the Large hadron collider and the Physics
that occurs at high energy proton proton collisions and described by the Stan-
dard Model of particles Physics. Then it focus on the production and decay
of an hypothetical light Higgs boson, the status of searches and measurement
is briefly reviewed as well. Thereafter, as it is not the purpose of this thesis,
motivations for top quark mass measurement are introduced. Indeed, a prelim-
inary study presenting such measurement and done to improve our expertise
in the Matrix Element method, will be discussed in the next of this work. The
experimental set-up, the CMS experiment, and the analysis technique called
Matrix element method [5] used all along this thesis will be introduced as well
in this chapter.

1.1 The Large hadron Collider

The Large Hadron Collider (LHC) was built to study particle interactions at a
new energy frontier. To do this a proton-proton collider has been chosen and
it is running for physics since 2010. It is a 26.7 km circular collider, located
approximately 100 meters under the border between France and Switzerland.
The LHC strikes protons together at a center of mass energy of a few TeV.
During the last campaign of run, the center of mass energy of the two proton
beams was /s = 8 TeV. Although, this thesis presents analysis with the data
recorded during the two first years of run (2010 and 2011) where /s was at
7 TeV.

Such a high energy is needed to increase the production probability of the rare
processes of interest and to perform analysis sensitive to them. For example,
the previous hadron collider, the Tevatron located at Fermilab produced and
discovered the top quark striking proton anti-proton at a center of mass energy
of 1.96 TeV.
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The Large Hadron Collider is the final piece of the CERN complex accelerator,
illustrated in Fig. 1.1. The protons are extracted by ionization of hydrogen then
accelerated by a linear accelerator (Linac 2). They are injected in the Proton
Synchrotron Booster and then into the Proton synchrotron to get an energy
around 26 GeV. Afterwards the beam is injected to the SPS which accelerates
the proton up to an energy of 450 GeV. This beam is finally injected in the
LHC.

The LHC is composed of resonant cavities (for the particles acceleration) and
magnetic multipoles (for the beam curvature and collimation) producing mag-
netic field up to 8.3 Tesla. The two beams are, composed of bunches of protons,
accelerated in opposite direction, in vacuum chamber at a low temperature
(1.9 K), and they cross in four points where collisions occur.

The ring was equipped with four experimental interaction points where are
located: The Compact Muon Solenoid (CMS) [6], the ATLAS [7] experiment,
LHCD [8], and ALICE [9]. CMS and ATLAS are all purpose detectors designed
for full luminosity. LHCB was built primarily for B-Physics aiming for a re-
duced peak luminosity. Lastly the LHC is also designed for operation with ion
beams, ALICE was designed primarily for this LHC operating mode. ATLAS,
LHCB and ALICE will not be discussed further in this thesis.

Figure 1.1 — Illustration of the full accelerator complex at CERN where the Large
Hadron Collider, is the final component of the chain.
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The most important parameter for a such collider is the luminosity, £. Lumi-
nosity in high energy particle physics is a measure of the number of particles per
unit area per unit time available for collisions. It depends on the beam prop-
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erties and it is directly a function of the number of protons in each bunch (Ny,
Ns), the collision frequency(f), and the effective area of the beams (o, 0y).

o= p e (1.1)

Arogoy

The LHC delivered to the CMS experiment an integrated luminosity of 44.22 pb~1
during the 2010 data taking period and 6.13 fb~! in 2011. The collisions occur
as small crossing angle and this effect is neglected. The expected number of
events for a specific process can be obtained by the product of the luminosity
with the cross-section of the related process, N = L X o.

A disadvantage of such a collider is due to large number of proton per bunch,
a significant number of inelastic collisions are expected to occur at each cross-
ing. This effect called pile-up is considered and is kept under control since it
produces additional background in the detector. Therefore, to distinguish such
events from one another, a high granularity is mandatory, which implies a large
number of detector channels.

1.2 Standard model of particle physics

The high energy physics phenomena occurring at the LHC and currently ob-
served are explained in a theoretical frame developed during the past 40 years.
This description so-called, the Standard Model (SM) of particle physics [10]
is the mathematical description, based on the quantum fields theory, of the
elementary constituents of matter and their interactions via three among the
four fundamental interactions.

The SM particle content consists of a total of 61 distinct elementary particles or
anti-particles [11]. The anti-particles have opposite units of charge and lepton
flavor number. There are 12 leptons, 36 quarks, 12 force mediators, and the
theorized Higgs boson. The leptons listed in Table 1.1 come in three generations
and consist of the familiar electron, its heavier relatives, the muon and the tau
along with corresponding neutrinos and all of their anti-particles.

The quarks presented in Table 1.2 also come in three generations and a total
of six varieties: up, down, charm, strange, top and bottom along with their

antiparticles coming each in one of three colors (red, green, or blue). The up,

. 2 .
charm and top quarks are said to be up type quarks and all have § units of
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Table 1.1 — List of the Standard Model lepton with their respective masses [11].
Three of them carry an electric charge while the three neutrinos are neutral particles.

Mass [MeV/c?] electric charge

e 0,511 -1
Ve <3x107 0
1 105,6 -1
vy <0.17 0
T 1777 -1
Vr < 15.5 0

electron charge, while the down, strange and bottom quarks are down type
quarks and carry %1 units of electron charge.

Table 1.2 — List of the quarks in the Standard Model [11]. Three of them carry a
positive electric charge of —5—% while the other a negative charge of —% .

Mass (xc?)  electric charge
up 1.7 - 3.3 MeV 2/3
down  4.1—5.8 MeV 1/3
charm 1270 MeV 2/3
strange 101 MeV -1/3
top 173.3 GeV 2/3
bottom 4.3 GeV -1/3

Exchange of force mediator particles are responsible for the interactions be-
tween particles. These interactions are described by renormalizable gauge the-
ories, the EM interaction is an abelian theory while the other two are Yang-Mills
theories. The three interactions considered by the Standard Model of particle
physics are :

The electromagnetism: Interaction acting between electrically charged par-
ticles. Charged particle interact together by the exchange of photon (v) which
is a bosonic particle. It’s an infinite range interaction that implies a massless
photon.

The weak interaction: Interaction describing the nuclear 8 decay. It is a
limited range interaction due to the massive gauge bosons (W+W~2%) which
are the mediators of the interaction.
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The strong interaction: describing how quarks interact by exchange of mass-
less gauge bosons, the gluons. Quarks are the basic building blocks of all the
hadronic state as the protons (uud) or the neutrons (udd). Their cohesion is
insured by the strong interactions. The corresponding mediator particles are 8
gluons, one with each color permutation.

At particle collider the rate of transition between an initial state, P; defined by
the incoming particles P4 and Pgx, to an observed final state Py composed of
n particles is provided by the process cross section which is expressed as

1 2 dgpi
MAPT] =52 (12)
4y/(Pa.Pg)% — m4m% ! };[1 (2m)32E;

do = (2m)*6*(Py — P))

In this equation, the term |M fi|2 which is the square of the Feynman am-
plitude represents the probability density function of occurrence of a specific
high energy process. In the following of this section, the strong interaction is
first introduced then I focus on the he electroweak sector introducing the Higgs
boson by the spontaneous symmetry breaking mechanism. I will also discuss

the top quark physics, which is the heaviest particle in the standard model.

1.2.1 The strong interaction

The strong force is responsible for the interactions between colored particles,
quarks and gluons and is modeled by the QCD (Quantum ChromoDynamic)
theory [12]. This interaction is responsible for the nucleus binding of the atoms.
The quantum number related to this interaction is the color which can be red,
green, or blue. Free quarks have not been observed, indeed the theory of
the strong interaction states that all particles in nature should be ’colorless’.
Quarks then can combine in one of two ways to produce particles. Mixing these
color states with their corresponding anti-color states (¢q), "white” particles are
built. These combinations correspond to the Meson particles. Combinations
of three quarks (gqq), one of each color, define the Baryons which include the
neutron and the proton.

The strong interaction description is a renormalizable Yang-Mills theory based
on a gauge group, which is in this case SU(3). There are eights generators for
this symmetry group, the 3 x 3 Gell-Mann matrices. These generators are as-
sociated to the massless gauge bosons that can mix the color, the gluons vector
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Figure 1.2 — Representation of the different QCD coupling, between quarks and
gluons and between gluons themselves.
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field Gj;. The quark flavor is not affected by these processes. The Feynman
diagrams which illustrate the strong interaction are presented in Fig 1.2.

Compared to the other interactions, the strong force is relatively large but acts
only at very short range 107!% meter, that correspond approximately to the
size of a nucleus.

The strong interaction coupling constant; as ranges over several orders of mag-
nitude when moving from hard, i.e. large momentum transfer processes, to
soft processes. The free parameter of QCD, Agcp is defined as the energy
scale (u) at which the strong interaction cannot be described by a perturba-
tive theory, its value is extracted to fit to experimental data and its value is
Agep =~ 200 MeV.

At high energy, > Agep, it is equivalent to short distance interactions, the
quarks and gluons behave as free particles. This effect is known as “asymptotic
freedom”. It allows treatment of QQCD interactions in high energy physics using
perturbative methods to calculate cross sections. It also provides an important
physical feature preventing the unbinding of protons and neutrons that make
up all the matter around us.

By opposition the coupling is stronger at lower energy, it corresponds to large
distance interactions, where only ’colorless’ bound states of quarks and gluons
can be observed. This phenomena is called the confinement.

When there is a transfer of energy to a ¢;q; system, for example by a collision,
their distance increase but this makes their coupling stronger, and therefore the
energy density of the vacuum between them increases, and if this reaches the
point where a new ¢;@; pair appears, one can get the formation of ¢;G; and ¢;q;
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mesons. For high energy process, when the energy of quarks, produced by this
cascade phenomena, are low enough, the confinement implies the hadronization
effect. The shower of baryons and mesons produces what is called a hadronic
jet.

The factorization principle [13] at hadron collider is illustrated in Fig. 1.3, that
shows the evolution from the free parton involved in the hard scattering to the
hadronization phenomena at lower energy scale. It also shows that the other
parton of the colliding protons will interact, this is called the multiple parton
interaction (MPI).

Figure 1.3 — Illustration of the QCD factorization principle [13]. From the asymp-
totic freedon of the proton constituents (at high energy), their hard interaction (red
Dot) to the confinement that produce hadronization (green dot) of colored particles
(at lower energy). It also shows that other partons from the same or other proton in
the bunch can interact (blue point).

=

e T 0> =

i LY oet LN

LA 3\ o
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@ Hardevent
® Multiple interactions
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In the parton model approximation, the process can be factorized between the
hard process and the free evolution of the partons. At hadron collider it is
the partons, inside the proton, that interact and the cross section for process
initiated by two hadrons with four momenta p; and ps is conveniently described
by Eq. 1.3,
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» Q*
dop,p, = /d‘thZf(qlalﬁ?)f(Q%N%‘)U(ZJ)(phpQ;as(ﬂ%‘)a7%) (1.3)
7

where @ is the energy scale of the hard scattering, typically myz for Z boson
production. o(;;) represents the cross section for hard scattering of partons i
and j that will be calculated by perturbative QCD. The arbitrary parameter pp
represent the factorization scale [14] that separated the long distance interaction
and the short distance one. This scale is at the same order as the hard scale
Q. The sum is performed on all the possible parton combinations.

In this framework, partons carry a fraction of the total longitudinal momentum
of the proton, described by f(g;). The parton distribution function (pdf) [15],
decribes the probability that a parton carries a momentum fraction ¢;. These
pdf, for quarks and gluons, have been estimated by fitting in particular the
HERA [16] and [17] and TEVATRON [18] and [19] data. The CTEQ6L1
pdf [20] are represented in Fig. 1.4 at the electroweak scale.

Figure 1.4 — Overview of the CTEQ6M parton distribution functions at Q = 100
GeV [20]

102
c Q = 100 GeV
10! |- -
— L
Ls)
00
x 100 . -
B \
1 \
107° = E
F \
. 1
. \
L \ \
1074 10-3 10~2 10~1 100

X

The production cross section calculation as expressed by Eq 1.3, the freedom
due to the pdf are taken into account by integrating them for both incoming
parton, as illustrated by the f(g;) terms.
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1.2.2 Electroweak sector

In 1961 Glashow, Weinberg and Salam (GWS) [21, 22, 23] proposed an unified
theory of electromagnetism and weak interactions, based on the fact that the
coupling constant ”¢” to the weak boson ZY is similar in magnitude to the elec-
tromagnetic coupling ”e”. It leads to the possibility that these two interactions
can be unified with a same coupling strength. The so-called electroweak theory
is based on the existence of charged and neutral intermediate vector bosons.
The discovery of neutral-current, at CERN in 1973 by an experiment using the
large bubble chamber "Gargamelle” [24], was important since providing clear
evidence in favor of this unified model.

On the one hand there is the electromagnetic interaction between charged par-
ticle that is well describe by the QED theory. It is a gauge theory based on
the local invariance under the U(1)q transformation. The group generator A,
is associated with the vector boson of the interaction, the photon.

On the other hand the non observation of right-handed neutrino leads to a
weak interaction theory that does not respect the parity. The weak interaction
description implies both charged and neutral current interactions. The cou-
pling to the fermions are restricted as follow: on the one hand the W* bosons
couple exclusively to the left-handed fermions, whereas, on the other hand, the
Z bosons couple to both left and right handed fermions. The weak interac-
tion description is then based on the SU(2)p symmetry group. It suggests
to organize the left-handed fermions as weak isospin doublet, ¢; and [;, and
right-handed fermions as weak isospin singlet, dr and eg.

!/
/ ur, ’ / vy
qL = (d/ Ll UR7 R» ZL - ) €R,
L er

The Lagrangian density of the electroweak sector is build to be invariant under
transformations of the gauge group SU(2);, x U(1)y, where U(1)y represents
the QED component.This structure goes along with four massless gauge bosons
associated to the group generators. Three coming from SU(2)r, the W; which
are related to the Pauli matrices (7% = Z-) and the one from U(1), called B,,,
is related to the hypercharge Y defined as combination of the electric charge
(involved in QED) and the weak isospin (involved in weak interaction). The
associated fields tensor are then defined as
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By = 0,B, — 0,8, (1.4)
Wy, = 0, W, — 0,W), + geis W)W} (1.5)

For such a group the covariant derivatives required to insure the local gauge
invariance is given by

, Y
D, = 0" —igT'W}' —ig' B, (1.6)

where g and ¢’ are the coupling constants for the weak isospin and hypercharge
currents respectively . The corresponding gauge Lagrangian (Lg) reads:

3
1 0 g 1 v
Lo=—7 ;WWW "~ BuB" (1.7)

Moving to the basis of the physical fields, the vector bosons W=, Z°, v can be
expressed from the four gauge fields introduced in this description. The Wl}
and Wﬁ fields are electrically charged and according to the group algebra the
W= fields can be defined as

(1.8)

These fields are responsible of the charged current interactions that mix up and
down fermion type. While the two other fields, Wl‘j’ and B, do not. Still, the
charged and neutral currents described by the GWS theory require to introduce
a new physical observable. This free parameter is the mixing angle called the
weak angle Oy which enters in the definitions of the physical neutral currents
7% and A (photon) as
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A, = —sinQWVVi’ + costw B, (1.9)
Z, = cosw W}, + sinfw B, (1.10)

The g and ¢’ coupling constant present in the Eq. 1.6 are related to the electro-

magnetic coupling constant e as e = gsin 0y = g’ cos Oy with cos Oy = %TVZV

The short range nature of the weak force led to the prediction of the masses
of the (W+; W ~; Z%) bosons mediating the weak interaction which required to
include an additional theoretical principle. This principle has been introduced
by Brout-Englert and Higgs through the spontaneous symmetry breaking [25]
of the electroweak gauge group SU(2)r x U(1l)y to the remaining unbroken
abelian group U(1)q of electromagnetism.

This theory has been confirmed with the discovery of the vector boson W# and
7% in 1983 at UA1 and UA2 experiments [26] [27]. However, this description
is not complete since nor gauge fields neither matter fields can have mass.
No mass terms naturally appear in the Lagrangian. That implies an infinite
range interaction which is in contradiction with the observations. Moreover,
we know that some fermions are massive too. Including a mass term such as
m?W,W* would violate the gauge invariance. Since mass term mixes left and
right-handed fermions, and since these have different gauge quantum numbers,
the introduction of fermionic mass term, mU¥ = m(\f/L\IJR + \I/R\IIL) , is not
gauge invariant as well. A solution to that problem is the Brout-Englert-Higgs
mechanism discussed in the next section.

1.2.3 The Brout-Englert-Higgs mechanism

In the SM the W¥ and Z° bosons acquire mass via a broken symmetry called
the Brout, Englert and Higgs Mechanism [28] [29] [30] which as a consequence
predicts an additional massive scalar particle called the Higgs boson. In ad-
dition to giving mass to the W=+ and Z0 bosons the mass of the fermions can
be explained by their coupling to the Higgs field. This section will present the
mechanism and will then focus on the production mode of this new boson at
LHC.

The main idea is that an additional scalar field is introduced in the theory in
such a way that the Lagrangian still respects the SU(2); x U(1)y symmetry,
but the vacuum state does not.
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Starting from a gauge invariant theory, the Brout-Englert-Higgs mechanism
allows to have massive gauge bosons and fermions via spontaneously breaking
of the gauge symmetry. It implies to include a complex scalar field which is an

SU(2)r, doublet. This new field parametrized as

o— L ((I)lﬂ%), (1.11)

T /2 \ @5 +idy
(1.12)

has four degrees of freedom. The corresponding Lagrangian is written as

Ls = (D,®)(D"®) - V(dTD), (1.13)
V(®) = 20T + %A(@“I))Q (1.14)

where V(@) represents the Higgs potential. The presence of a minimum requires

A > 0 while the parameter p is choosen such that the field ® acquires a vacuum
expectation value different from zero, < ® >= v = —£-. The projection in

1-dimensional space of this potential is illustrated in Fig. 1.5

Figure 1.5 — Representation of the shape for a 1-D projection of the Higgs potential
where p? < 0.

There is a gauge transformation such that the field ® components in the vacuum

state are expressed as ®; = &5 = &, = 0 and the 3 = v.

This particular gauge choice breaks the SU(2) x U(1)y gauge symmetry to
the U(1)es, that ensures a massless gauge boson (7) for the electromagnetism.
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According to perturbative theory, the variations along the ®5 component called
the excited state of ®, generate the Higgs boson field (h(x)),

*= (o1 nevz) (1)

The substitution of the scalar field ¢, in the Eq. 1.14, by its expression (Eq. 1.15),
makes appear an explicit mass term for the Higgs field, m7 = 20?\ which is
expressed as

1 1
V= 5(2m2)h2 + Mh® + ZM4 (1.16)

Gauge boson masses: The interaction between the scalar field ® and the
gauge boson fields of electroweak theory, makes appear mass terms. Looking
at Eq. 1.13 and using the covariant derivative defined at Eq. 1.6, it turns out
that the vacuum expectation values of ® provides masses to the gauge bosons
following Eq. 1.17.

1
mig WWHH 4 §(mQZZMZ”) where: (1.17)
1
miy, = 192112 ,m% = (g% + g2 (1.18)

while the photon remains massless assuming that the weak mixing angle satisfy
tanfy = %. Experimentally the measurements of the vector boson mass
provide myy+ = 80.04 GeV/c? and mzo = 91.017 GeV/c? [11].

The Yukawa sector

The presence of the Higgs field in the SM theory allows also massive fermions.
Interaction terms between the Higgs field and the fermions, the so called
Yukawa interaction term may be added to the Lagrangian:
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Ly ukawa = A [VrPUR + Yr®YL], (1.19)

where ® = ir,® . The consequence is the apparition of mass term for the
fermions.

Quark masses: The Yukawa Lagrangian Eq. (1.19) is expressed in term of
the flavor eigenstate (¢}, u’p and d7) as

rauerk Yi?dii/q)dljzj i Yii;u_Li,(I)ule + he. (1.20)

Yukawa

where nyl and Y}y are the Yukawa matrices, for up and down quark type re-
spectively. These are arbitrary matrices which mix flavor eigenstates i and
j. It implies that the flavor eigenstates are not necessarily the same as mass
eigenstates (qr, ur and dg). Substituting ® by the vacuum state makes the

following mass matrices appear for the flavor eigenstates,

and M =vi- (1.21)

v
M5 =Yii— EINGE

i]\/é

which are not automatically diagonal. These mass matrices are diagonalized by
using unitarity transformations, VL“/ r and VLd /R which are respectively acting
on up or down, left-handed or right handed quark type respectively. It allows
to change from the flavor eigenstate basis to the mass eigenstate basis. In this
latter one, the diagonal mass matrices for up and dow quark are expressed as

for type up: Mv = ng%w (1.22)
for type down: M? = VLde%V}gT. (1.23)

According to these transformations, the charge current interactions will involve
a combination of matrices (V2V}* T). By convention, the flavor eigenstate and
the mass eigenstate are choosen to be the same for the up-type (V}* = V¥ =1).
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The down type quarks are therefore rotated from the flavor basis to the mass
basis by the Cabbibo-Kobayashi-Maskawa (CKM) matrix written as

dl Vud Vus Vub d
)= Vea Ves Vo |- |5 (1.24)
b’ Via Vis Vi b

Because of this rotation, the CKM matrix elements appear in the Lagrangian
expression of the charged current interaction with the quark sector. This La-
grangian is then written as

ACzrclt = —%‘/ijﬂLi'YHdLjW}j + h.c., (125)

where V;; represents the CKM matrix element of the transition between an
up-type quark of flavor ¢ and a down-type quark of flavor j.

Lepton mass: Concerning the leptons, substituting the field ¢ by its vacuum
state, in Yukawa Lagrangian (Eq.1.19), makes appear a mass term associated
to the leptons, Eq. 1.26. It shows also that the coupling between the leptons
and the Higgs boson is proportional to the lepton mass.

Ve
V2

me =

(1.26)

The same procedure as for the quark sector can be used. It gives mass to the
down type fermions while the neutrinos remain massless. That is in agreement
with the non observation of right handed neutrino.

To summarize, GWS with the Brout-Englert-Higgs mechanism provides a model
that contains two charged gauge bosons W+ degenerated in mass. It contains
also two neutral gauge boson, one massless coupling only to the charge particle,
the photon 7 and a massive one Z° . However, the striking point is that the in-
troduction of a scalar field with a non vanishing vacuum expectation value that
spontaneously breaks the gauge symmetry implies a new massive and neutral
particle, the Higgs boson.



1.2. Standard model of particle physics 19

1.2.4 Production and decay of a Standard Model Higgs
boson.

There are several Standard Model Higgs production processes which occur at
the LHC. The dominating Higgs production mode at high energy colliders is
through gluon-gluon fusion, gg — H + X. Following gluon-gluon fusion the
other production modes include vector boson fusion, q§ — ¢q¢H + X, and
associated production, ¢q§ — VH + X where V is a W* or Z° boson. Lastly
with a greatly reduced production rate you have a Higgs produced in association
with a top quark pair.

Since the Higgs boson couples to massive particle, the gluon-gluon production
mode is achieved through top quark loop. This loop dominates because the
coupling between top quark and Higgs is dominating. The evolution of the
cross section with respect to the Higgs boson mass has been calculated at NLO
in electroweak and in NNLO in QCD, for the the various production modes. It
is shown in Fig 1.6(a) for proton-proton collision with a center of mass energy
of 7 TeV.

The Vector boson fusion (VBF) production is the second most common pro-
duction mode at the LHC. It is achieved through a pair of quarks radiating a
W= or Z° boson which combine to produce a Higgs Boson.

Figure 1.6 — a- Evolution of the standard Higgs boson cross section of production
with respect to the Higgs mass. This is for proton-proton collision at /s = 7 TeV
at LHC. b- Evolution of the standard Higgs boson cross section of production with
respect to the Higgs mass.
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Another channel is the associated production (VH) mode, it is the smallest
production mode at the LHC. The Higgs is produced when it is radiated from
a W*/Z° boson. VH events have a remaining W*/Z° in the event.

The Higgs boson is not directly observable in a detector, it decays instanta-
neously according to several possibilities. The branching ratios for the different
decay channels of a Standard Model Higgs boson depend strongly on the Higgs
mass. For a Higgs boson with a relatively low mass, below 135 GeV, decays to
fermions dominate, specifically to bb and 77. At higher mass, the Higgs decays
to WW and ZZ dominate. The branching ratio for the Higgs boson decay in
the different channels is displayed in Fig 1.6(b) as a function of its mass.

In the low mass region the decays to leptons and quarks are involved in the
majority of Higgs decays. Firstly bb comes with a branching ratio starting at
80% at 90 GeV and then slowly going down as mass increases and WW and
Z7 decays are increasing. After bb you have the 77 decays at about 1 order
of magnitude lower.

Searches at the LHC are particularly reliant on ZZ and vy due to the good
separation of the signal from the irreducible backgrounds in these channels.
Concerning the vy and the ZZ search channels, it is possible to reconstruct
the full energy of the decay products resulting in a high resolution mass peak
compared to backgrounds that are non-resonant. However, the bb and 77
modes remain important channels for verifying the coupling to leptons. They
have much larger backgrounds but also have a considerably higher cross section
times branching ratio.

During the past, the experimental non observation of a Standard Model Higgs
bosons allowed to restrict the phase space region allowed for such a particle. At
the LEP collider (Large Electron Positron collider) searches for the Higgs boson
have been done by the OPAL, L3, DELPHI, and ALEPH collaborations. The
main production mode came with a Higgs boson in association with a Z boson.
The search channels included; H — bb+ Z — qq/ll/vv and H — 77+ Z — qq.
A combination was done from all experiments resulting in a Standard Model
Higgs excluded [31] for masses my < 114.4 GeV/c? with 95% confidence level.

Direct searches have also been performed at Tevatron and exclude at 95%
confidence level the presence of a Standard Model Higgs boson in the two mass
ranges 100 < My < 103 GeV and 147 < My < 180 GeV [32].

In addition to these direct constraints, a fit of the Standard Model parameters,
based on the electroweak precision measurements [33], implies a Higgs boson
mass lighter than 152 GeV/c?.
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In summer 2012, both ATLAS and CMS collaboration announced the observa-
tion of a new resonance compatible with the Standard Model Higgs boson [34].
The discovery has been claimed combining results of the searches performed
in the different decay channel. That includes results from the H — ~v,
H—-WtW~-,H— ZZ, H— 77, and H —bb , analysis. The most significant
contributions among these analysis come from the two decay modes with the
best mass resolution, the vy and ZZ — 4 leptons decay channels. Indeed an
excess of events is observed in the diphoton and in the four leptons invariant
mass spectrum as illustrated in Fig 1.7(a) and in Fig 1.7(b) respectively.

Figure 1.7 — Observation of a new boson by the CMS experiment. (a) Di-Photon
invariant mass distribution the bump in the distribution at 125 GeV indicates the
presence of a new particle, (b) 4 lepton invariant mass from the ZZ search channel
the peak of events at 125 GeV represents a new particle. [35]
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Studies measuring some properties of the new resonance, as its mass or its
parity, have been performed. Considering the H — ZZ — 4 leptons (electron
or muon) decay channel, the CMS collaboration measures a mass of 126.2 +
0.6 (stat) 0.2 (syst) GeV/c? and shows that the spin parity of this new particle
is consistent with a pure scalar hypothesis [36].

The observation of Standard Model Higgs boson in the mass region around
126 GeV/c? is very challenging at hadron colliders. At such a mass value,
the dominant decay channel is the bb pair production as shown in Fig 1.6(b),
indeed the bb pair production constitutes the highest massive state among
those kinematically allowed, while WW, ZZ and tf cannot be produced on-
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shell by the decay of a so light particle. However, considering the gluon-fusion
production mode, the QCD background is so huge implying no hope to see the
H —bb signal.

It motivates to focus on the associated production of standard model Higgs
with a vector boson Z° or W*. Among the latter two options, the case of
the associated production with a Z° boson is the one studied in this thesis,
while the CMS collaboration considers five different channels: W;, H, Z; H,
and Z,, H). The search analysis, for these five particular channels, performed
by the CMS collaboration measures an upper limit at 95% confidence level of
1.89 times the standard model prediction for a Higgs boson mass of 125 GeV
while the expected limit is 0.95 [37].

The process of interest in this thesis is represented at the leading order by the
Z(Il)Hbb diagram in Fig 1.8. The total cross section has been computed at
NLO for the electroweak accuracy and at NNLO for the QCD accuracy. In the
hypothesis of a Higgs boson with a mass of 125 GeV, proton proton collisions
at /s =7 TeV lead to a total cross section of 0.3158 pb.

Figure 1.8 — Leading order diagram illustrating at hadron collider the associated
production of Higgs boson decaying in bb with a Z° boson decaying into two leptons.

Fig. 1.9(a) shows the common signal strength (0/ogas) values obtained in dif-
ferent sub-combinations of search channels for my = 125.7 GeV, organized by
decay mode. The plot shows a satisfactory level of compatibility between all
the channels contributing to the combination. However it also shows that the
decay channel to vector boson has a higher sensitivity than analysis looking for
Higgs decaying to fermions.

Studies looking for Z(l11)Hbb , performed at the LHC by ATLAS and CMS
as well, are interesting because this process involves the coupling between the
fermion and the Higgs boson. Indeed the measurement of H —bb will be the
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first direct test on the coupling between the Higgs field and the quark sector. Up
to now, these couplings have only been tested through loop interactions which
allow the gluon fusion production. The Standard Model predicted couplings [38]
have already beeen tested as illustrated in Fig. 1.9(b). The consistency of the
couplings of the observed boson with those predicted for the SM Higgs boson
is tested in various ways, and no significant deviations are found, so far.

Figure 1.9 — (a): Values of production cross section times the relevant branching
fractions o /o g for the combination (solid vertical line). The vertical band shows the
overall uncertainty. The horizontal bars indicate the +1 standard deviation uncertain-
ties for the individual modes. [39]. - (b) Fits for the deviation to the Standard Model
prediction of the coupling between Higgs boson and fermions/vector bosons. For the
fermions it is the values of the fitted Yukawa couplings while for vector bosons it is
the square-root of the coupling divided by twice the vacuum expectation value [39].
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The search for associated production of Higgs boson with a vector boson is not
the only study looking for evidences of the new particle decay in bb . Indeed,
there are also studies performed by CMS and searching for Standard Model
Higgs boson produced in association with a ¢¢ pair or produced by vector
boson fusion. In these two analysis the observed upper limits are 3.6 and 5.2
while the expected limit are 3.0 and 5.8 times the standard model prediction [40]
and [41] respectively.
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1.2.5 Top quark Physics

The top quark is the heaviest elementary particle of the Standard Model of
particle Physics, in the theoretical description it is the SU(2) partner of the
b quark. Its discovery, at Tevatron, in 1995 [42][43] by both CDF and DO
experiment completes the classification of the fermions in three families.

Physics of the top quark involves both strong and electroweak interactions,
indeed, the production of top quark pair is described by QCD processes while
its decay and the single top production are driven by electroweak phenomena.
At hadron collider, the top quark production is dominated by the top anti-top
quark (¢t ) pair creation, either by quark anti-quark annihilation or by gluon
fusion. These processes are illustrated in Fig. 1.10 at leading order. At the
LHC, the dominant production mode is the gluon fusion, approximately 90%.

Figure 1.10 — Leading order diagram illustrating at hadron collider the production
of top quark pairs either by ¢g (10%) or by gluon fusion (90%).

The tt production cross section is theoretically obtained by perturbative QCD
calculation. This measurement at LHC, for proton proton collision with a
center of mass energy of 7 TeV [44], combines CMS and ATLAS results and
measure a production cross section of 173.3 & 10.1 pb
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The top quark decay is driven by the weak interaction which does not conserve
the flavor. The decay coupling involved CKM matrix element as illustrated
by Eq. 1.27. The main the decay mode is almost exclusively t — Wb, as the
CKM matrix element Vy;, is theoretically close to 1. This is confirmed by CMS
measurement of the branching ration of R = B(t — Wb)/B(t — Wq) [45]
which provides R = 0.98 4+ 0.04 and is consistent with the Standard Model
prediction.

;9 ul i AD
zﬂVm 5 =7") (1.27)

Concerning the tf processes, the branching ratios (BR) of the different decay
processes are proportional to the product of the related BR of the W boson
decay. This vector boson has nine possible decay modes: two quarks with 3
colors provide six of them and the others are due to the decay in lepton pairs
for the three families. Because of that, the t¢ decay processes lead to three
categories of final states which are:

The fully hadronic: Both W decay hadronically. This decay mode represents
the highest branching ratio (= 45%). However, the main difficulty is the large
amount of background from high multiplicity QCD process.

The lepton + jet: One of the W decay hadronically while the other decay
leptonically. One missing particle appears in the final state. The branching
ratio represents = 30%. The amount of background is still more important
than for the dilpetonic channel.

The dileptonic: It’s a symmetric decay chain terminating with two quarks
and two W& boson where both of them leptonically. These boson decays
provide two charged leptons, two neutrinos. The branching ratio is smaller
than the two other decay modes = 5%. Due to the presence of two neutrinos
this decay channel is very challenging to perform precision measurement despite
the fact that backgrounds are limited.

The tt process decaying fully leptonically constitutes the most challenging
channel to perform a top quark mass measurement due to the presence of two
neutrinos in the two branches of the process. The full decay is represented
in 1.11.

The top-quark mass (my,p) is an essential parameter of the standard model.
It affects predictions of SM observables via radiative corrections. A precise
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Figure 1.11 — Diagram illustrating the top decay ¢t — wb according to the coupling
1.27.

measurement of the top quark mass is one of the most important inputs to the
global electroweak fits [46] [47] which provide constraints on the properties
of hypothetical particles, including the Higgs boson. Precise measurement of
the top quark mass has been used to put stronger constraint on the Standard
Model Higgs mass which also depends on top mass in the corrections terms.
Now with the observation of the Higgs bosons the direct measurement of the
three masses (t, W and H) tests on the consistency of the SM can be performed.
The Fig. 1.12 illustrates the constraints on the Standard Model by the top quark
mass and the Higgs boson mass direct measurement [46].

Figure 1.12 — The 68% confidence level contour in myep and mpiges for the fit to
all data except the direct measurement of my.p, indicated by the shaded horizontal
band of +1 sigma width. The vertical bands show the 95% CL exclusion ranges on
MHiggs from the direct searches. [46].
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The quark masses are complicated to measure given that quarks are a colored
particles. Confinement in QCD implies that there are no asymptotic states.
However the top quark has the property to decay before hadronizing (I'top >
Agep). Due to this particularity, the pole mass of the top quark can be
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measured directly. The pole mass represents the real part of the propagator:
Vv p2 = Mypole — %F

The top quark mass measurement performed by the CMS collaboration is
173.49 £ 0.43(stat+7E5) £ 0.98(5yst) GeV/c? and has been achieved using a
kinematical fit method [48].A study of the difference between M; and M; has
also been performed by CMS collaboration which is

A(M;z, M;)272 £ 196(stat) +122 (syst) MeV [49).

However, the Tevatron combined top mass measurement is still the most accu-
rate value of 173.2 4+ 0.87 GeV/c? [50].
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1.3 The compact muon solenoid

The Compact Muon solenoid detector (CMS) [6] is one among the four exper-
iment at the LHC. It is a cylindrical general purpose detector of 21.5 meters
long and 15 meters of diameters. It is the heaviest detector with a weight of
12500 tons. The detector is centered on one of the four interaction point of the
LHC. Some of the main goals of the CMS experiment are the observation of
the Higgs boson and the measurements of its properties.

In order to identify the position and the direction of each particle in the detec-
tor, a specific coordinate system is defined as follow:

e The cartesian description is such as the Y axis is oriented to the top, the
X axis point to the center of the circular collider and the Z axis is align
with the beam line with a direction chosen to ensure the right-handed
coordinate system.

e This coordinate system is not the most convenient to do physics. In the
X, Y plan the ¢ angle is defined from the X axis. The Y axis corresponds
to ¢ = 5. The pseudo-rapidity n is then defined as 7 = —Zn[tcmg], where
0 is the angle with respect to the Z axis, in the Y, Z plan. Physically,
the difference of pseudo-rapidity between two particle, A(n), is invariant
under boost along the Z axis.

The CMS detector is composed of various subdetectors which are organized
in different layers as illustrated in Fig. 1.13. Two main parts can be distin-
guish, the barrel region which consists into the the cylindrical central part of
the detector. And the endcaps region, it consists of disks located at the two
extremities of the barrel.

From inside to outside, the CMS detector is composed by the tracker detec-
tor (cf sec. 1.3.1), the electromagnetic calorimeter system (cf sec. 1.3.2), the
hadronic calorimeter subdetector (cf sec. 1.3.3) and finally the muon identifi-
cation system (cf 1.3.4). Additional calorimeters are located close to the beam
pipe in the forward region in order to increase the detector acceptance up to
In| <5.

There is also a solenoid superconducting magnet [51] located between the
hadronic calorimeter and the muon system. It produces a 3.8 T magnetic
field, parallel to the beam axis, in region of 6 meters of diameters and 12.5
meters long. Outside of the magnet, the magnetic flux is returned through a
10000 tons yoke structure. The purpose of the magnetic field is to curve in the
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Figure 1.13 — Schematic repersenation of the CMS detector [|. Starting from the
interaction point, the detector is composed of; the pixel tracker system, the silicon
strip tracker, the electromagnetic calorimeter, the hadronic calorimeter, the magent
solenoid and then in the magnet yoke structure, the muon chamber.

transverse plan the trajectory of charged particles. The transverse momenta of
charge particle is computed by the measurement of the Sagitta of the trajectory.

When particles are created they have to pass through the different detector
layers to be identified and also to measure their kinematic properties. Each
subdetector, detailed in the following sections, provide a fraction of information
in order to reconstruct the particles candidate objects. These measurements
are not perfect, a degradation of the information due to detector resolution and
efficiency occurs.

1.3.1 The tracking system

The inner tracker system of CMS has been designed to provide precise measure-
ment of trajectories of charges particles and precise identification of vertices.
The tracker detector observes the charged particles emission. These particles
are detected by micro sensor detectors, the set of hits recorded is then used
to reconstruct the trajectory of particle. This section describes the tracking
system and the tracks reconstruction.
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The Tracker is centrally located around the interaction point. It is 5.8 meters
long and 2.5 meters of diameters. High precision on the hit position is required
for precise reconstruction of trajectories and transverse momentum measure-
ment. It requires a high granularity detector. It also requires to have a fast
response detector to avoid overlap between consecutive events.

Figure 1.14 — Structure of the CMS tracker system. View in one quadrant of the
z — r plane. From inside to outside, the pixel detector (barrel and end-cap), the TIB
and TID the the TOB in the barrel region while the TEC compose the endcap region.
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Two different subdetector systems has been choosen to perform the tracking
in CMS [52]. A pixel detector and a silicon strip detector. Fig. 1.14 represents
the structure of the tracker with all its constituents.

The pixel detector: This subdetector system is composed of three cylindrical
layers of 98 cm long in the barrel region at radii of 4.4, 7.3 and 10.2 ¢m. There
are also two complementary layers in the forwards disks. These disk are located
at £34.5 cm and £46.5 cm along the Z axis. It is the part the closest to the
interaction region. Its acceptance cover —2.5 < |n| < 2.5 pseudo-rapidity
region. The pixel detector delivers three high precision space points on each
charged particle trajectory. The pixel detector is important for the secondary
vertex reconstruction, which is used for the b-jet identification.

The silicon-strip detector is in the radial region between 20 and 116 cm. It
is composed of three different subsystems. The TIB and TID are the tracker
inner barrel and disk, the TOB is the tracker outer barrel and the TEC is the
tracker endcap.
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e The TIB is radially extended from 20 to 55 cm. It is composed of four
layers of silicon micro-strip sensors that allow trajectory measurements up
to 4 (r—®). The micro-strip sensor are 320 um and their strip are aligned
along the z axis. The two first layer are double sided with sensors, that
allows a resolution in the z direction of 230 pm. The (r — @) resolution
varies between 23 pm for the two first layers to 35 um for the two second
layers.

e The TID detector is composed of three disks that close the TIB. As for
the TIB, the two first layer are double sided with sensors. It’s extended
between 80 and 90 cm along the z axis. It ensures a pseudo-rapidity
coverage up to |eta| < 2.5.

e The TOB surround the TIB/TID subsystem. The outer radius of TOB
is 116 c¢m. It is composed of six layers with silicon micro-strip sensors
parallel to the z axis. The sensors are 500 um thick. The TOB detector
is 2.18 meters long. The (r — @) resolution is 35 wm for the two external
layers and 53 pm for the fourth first layers. As for the TIB and TID, the
two first layers are double sided with sensors.

e The TEC subdetector system is composed of nine disks which close the
tracker system on both side. Each disks is built with 16 petals. It ex-
tends from 124 to 282 c¢m along the z axis. The radial coverage region is
extended from 22.5 e¢m for the first disks to 113.5 e¢m for the last disks,
that corresponds to the coverage of |n| < 2.5. The 9 layers carry up to 7
rings of micro-strip sensor. This number goes to 6 from the fourth disk,
then to 5 at the sixth disk and finaly the last disk contains 4 rings.

The double sided layer in the TIB and TID are such that the micro-strip are
mounted back to back but with and angle of 100 mrad in order to perform a

measurement of the second coordinate, z for the barrel detector, and (r — ®)
for the TID.

Each charged particles produce a signal crossing the tracker layers. This
recorded signal called hit contains informations about the position and the
charge of the particle. The trajectory of the particle is reconstructed using the
set of recorded hits. Based on these tracks the primary vertex is reconstructed
as well.

The track reconstruction is an iterative process [53]. It is based on the hits
recorded by the Tracker system. The default track reconstruction is performed
by the combinatorial track finder algorithm (CTF) [54], starting with the seed
finding and then using the capability of the Kalman Filter for simultaneous
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pattern recognition and track fitting. Starting from an initial estimation of the
track parameters, the algorithm iterates through the layers of the tracker and
builds a combinatorial tree of track candidates. The seeds are created in the
innermost layers of the tracking system. A seed is made out of a hit pair and
a loose beamspot constraint or out of a hit triplet. The starting parameters of
the trajectory are calculated from a helix passing through the three points. The
selected hits must be pointing towards the interaction point and a minimum
transverse momentum cut is applied. From each seed a propagation to the
next surface is attempted. Hits are identified in a window whose width is
related to the precision of the track parameters. If a hit is found within the
window, it is added to the candidate trajectory and the track parameters are
updated. Candidates are sorted according to their quality (based on the x?
and the number of hits) and the best ones are retained for further propagation.
The presence of the magnetic field allows to measure the particle transverse
momentum and charge via the reconstructed curvature of the track.

The primary vertex reconstruction starts from the tracks collection using
the vertex finding. According to the normalized x?, the impact parameters
and the number of hits, a set of tracks are selected. These tracks are clustered
according to their z coordinate of their point of closest approach to the beam
line. Vertex candidates are build for each cluster separated by Az. The primary
vertex in then fit from this cluster, with an adaptive vertex fit [55], in which
each track is weighted between 0 and 1 according to their compatibility with the
common vertex. The resolution on the reconstructed primary vertices depends
strongly on the quality and the transverse impulsion and the number of the
tracks used to fit them.

1.3.2 Electromagnetic calorimeter and electron reconstruc-
tion

Surrounding the tracker, the electromagnetic calorimeters [56] of CMS is an
hermitic scintillator detector made of lead tungstate (PbWOy,) crystals. This
subdetector is the principal system used for the identification and reconstruc-
tion of photons and electrons. There are 61200 crystals mounted the barrel
region while 7324 from the endcap region which close the subdetector. The
light collection is performed by Avalanche Photodiodes (AVDs) in the barrel
and vaccum phototriodes in the endcaps (APDs). The use of high density
crystals allows a fast response detector with a high granularity and resistant
to radiation. One of the main condition for that design is the observability of
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a Higgs boson decaying into two photons, that was in fact the first discovery
channel.

Figure 1.15 — Representative view of a quadrant of the electromagnetic calorimeter.

in the z — y plan.
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The ECAL barrel detector cover a pseudo-rapidity region up to |n| < 1.479.
The granularity is of 360 elements in ® and 85 elements in both positive and
negative 1 region. The endcap part of the ECAL is located at 3.17 meters
from the interaction point. It covers a pseudo-rapidity range from |n| > 1.479
to |n| < 3.0. In the barrel region, the crystals are oriented in direction of
the interaction point, with an angle of 3 degrees in ® and 7, as illustrated in
Fig. 1.15. The scintillation decay time of these production crystals is of the
same order of magnitude as the LHC bunch crossing time.

There is an additional component at this system, the preshower detector which
is located between the TEC and the endcap calorimeter. The tickness of this
subdetector is of 20 ecm. The principal aim of the preshower detector is the
neutral pion identification in a fiducial region 1.6 < |n| < 2.6. It also helps for
the identification and position determination of the electron. This subdetector
is a sampling calorimeter composed of two layers. A lead component initiate
the electromagnetic shower, from the incoming photons and electrons, while a
layer of silicon strip sensor measure the energy deposit.

At high energy (above 100 MeV), the electrons loose their energy by bremsstrahlung
emission of photon. In the matter, the photon at high energy create pair of



34 Chapter 1. Physics at LHC.

electron-positron. These two phenomena are repeated and create the electro-
magnetic shower. At each step of the shower the energy per particle decrease
until a critical energy E.. The material is such as the whole shower is contained
in the detector. Electron, positron with an energy below F. interact inelasti-
cally with the electron of the detector matter. The amount of light produced
is related to the total energy of the incoming particle (e*, 7).

The electron reconstruction used information recorded by the electromag-
netic calorimeter in addition to tracker measurements. The electron reconstruc-
tion start by clustering the the ECAL energy of the electron. The starting point
consist to the search of crystals in wich the transverse energy deposit is above
a given threshold. A single particle produce a shower affecting several crys-
tals. Around the seed, the energy deposit are grouped by using the Hybrid
algorithmin the barrel and the Multi 525 algorithmin the endcap region. Af-
ter supercluster determination the electron track is identified by matching the
ECAL supercluster with triplet of pairs of hits in the inner tracker part, PIXEL
or TIB/TID. The supercluster position have to be on the helix of the initial
electron trajectory. Then, backpropagating, according to the magnetic field ef-
fect, the helix parameters, it is possible to predict the hit position towards the
innermost part of tracker to define a track seed. Of course both charge hypoth-
esis are considered to define the windows of search in the tracker. Once a track
seed is defined, the full track reconstruction is performed using the GSF (gaus-
sian sum filter) algorithm [57]. This algorithm is an extension of the Kalman
filter developed in order to take into account the effect on bremsstrahlung that
occurs in the tracker. This effect strongly affect the momentum and energy
measurements. This method, providing the ECAL driven GSF electron collec-
tion, is very efficient for identification and isolation of electron with a Pt > 10

GeV.

The electromagnetic calorimeter resolution on the energy measurement [58] can
be parametrized as Eq. 1.28.

(2= (F) + )+ (129

where C' is a constant term that includes effect from the non-uniformity of lon-
gitudinal light collection, the calibration uncertainty and the leakage of energy
from the back of the crystal. The noise term, N, groups the electronic noise,
the digitization and the pile-up noise effects. There are three contributions to
the stochastic term, S: the event to event fluctuation in the lateral shower con-
tainment, the photostatistics contribution and the fluctuation of energy deposit
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in the preshower absorber with respect to what is measured by the preshower
silicon detector.

1.3.3 The hadronic calorimeter and jet reconstruction

The hadronic calorimeter, HCAL [56] [59], is important for hadron jet measure-
ment. And it provides indirect measurement of the presence of non-interacting,
uncharged particles such as the neutrinos. Surrounding ECAL, the barrel re-
gion extend from R > 1.77 to R < 2.95 and 8.6 meters long. While the endcap
parts are located between 300 and 500 cm from the interaction point, along
the z axis. The barrel acceptance is extended up to |n| < 1.3. Endacp parts of
HCAL extend it up to |n| < 3. It is an sampling calorimeter where both barrel
and encap subsystem are made of repeating layers of dense absorder and active
material. The absorber is made of steel or brass depending of the layer. The
active material consist into tile of plastic fluorescent scintillator. Structure of
the HCAL is illustrated in Fig. 1.16. Radially, there are 16 layers of absorber
and 17 of scintilators.

Figure 1.16 — Representative view of a quadrant of the hadronic calorimeter [59].
in the z — y plan.
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This subdetector system resolution is degraded by the pile-up effect and the
hadronization and showering of the hadrons. However the design of the hadron
calorimeter impliesa good hermiticity, and a good transverse granularity. The
hadronic calorimeter is built in towers oriented to the interaction point. The
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plastic scintillator is divided into 29 7 sectors, resulting in a segmentation
(A®, An) = (0.087,0.087) for the region |n| < 1.6 (AP, An) = (0.17,0.17) for
the region 1.6 < |n| < 3. The energy resolution is different in the geometrical
region of HCAL and can be expressed as:

OF 0.9
orward : — = —=+40.045 1.29
s - (1.29)

1.72
Barrel/Endcap : 8 _ 21 0.09 (1.30)

E  VE

In addition, two hadronic forward calorimeters (HF) are positioned at each
extremity of the CMS detector, close to the beam pipe.

In the central pseudorapidity region, the combined stopping power of EB plus
HB does not provide sufficient containment for hadron showers. To ensure
adequate sampling depth for || < 1.3, the hadron calorimeter is extended
outside the solenoid with a tail catcher called the HO or outer calorimeter.
The HO uses the solenoid coil as an additional absorber and is used to identify
late starting showers and to measure the shower energy deposited after HB.

The incoming particles interact with the absorber material producing a shower
of other particles. The passage of some of these resulting particles in the
scintillator layer produce a blue-violet light emission related to the energy of
the particle. Light is collected for each scintillating tile.

Due to confinement principle colored particle are not directly observed. The
reconstructed objects are jets. It consists to clusters of energy deposits which
are supposed to be the result of the parton hadronization. If all the clustered
deposits are due to the particles coming from the initial parton, the measure-
ment on the reconstructed jet correspond to the physical one. Resolution on the
initial parton kinematic is strongly dependent of the energy-deposit resolution,
see Eq 1.29.

These jets are reconstructed by the use of "Jet Algorithms” implemented in the
FASTJET package [60]. The studies presented in this thesis are based on the use
of the anti-k; algortihm [61].

The anti-Kt jet algorithm is a sequential recombination algorithm. It is a
infrared and colinear safe procedure. This algorithm use the distance between
elements (energy deposit, particles, pseudojet), d;; and the distance between
the beam and the element i, d;g.
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Ay
dip = ki;” (1.32)

where A;; represents the distance in the n — ¢ plan between the element i
and j. Both distances for each element are calculated, and the minimal ones
identified. If d;; < d;p, the elements ¢ and j are recombined in pseudo-jet.
If d;; > dip i is considered as a jets and removed from the object list. This
iterative procedure is repeated until no elements left.

The anti-k; algorithm is more robust than the other ones with respect to non-
perturbative effects like hadronization and underlying event contamination,
improving in this way the momentum resolution and therefore the calorimeter
performance. Analysis presented in this thesis are based on anti-k; jets with
parameter R = 0.5. Due to the dependency in 1/k;2, the distance d;; between
similarly separated soft elements will be much larger. Therefore soft particles
will tend to cluster with hard ones long before they cluster among themselves.

Jets energy measured in the detector is typically different from the correspond-
ing particle jet energy. The main sources of these differences are the non uni-
form and non linear response of the CMS calorimeter to the jet showers. There
are also effects due to the electronic noise and the pile-up contamination.

Jet corrections procedure consists to a set of corrections [62] used to take into
account some discrepancies between the raw jets (output of the jet algorithm)
and generator jets. The first level corrects for the electronic noise effects, and
pile-up events. The second correction step, the "L2” is a relative correction
applied in the two jets events. Thats correct jet energy, in function of the
pseudo-rapidity and transverse momentum of the jet, with respect to a control
region (the barrel region). There is a third level of correction, the "L3” that is
the absolute correction applied to adjust the mean reconstructed energy to the
same quantity at generator level.

1.3.4 The muon system

CMS detector includes a dedicated subsystem for muon detection [63]. It has
been designed to reconstruct the charge and momentum of muons for a large
energy spectrum. The system is composed of three different technologies of
gas chamber detector. As the other subdetector, the muon system is naturally
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divided into a barrel detector and two planar endcap components. The system
is located outside of the magnetic coil and is composed by 25000 m? of detec-
tion planes located inside the free space of the magnetic flux-return iron yoke
structure as illustrated in Fig. 1.17. This disposition allows to fully exploit the
1.8 Tesla return flux of the magnetic field.

Figure 1.17 — Structure of the muon system represented in one quadrant of the z —r
plane. It is composed of Drift chamber (green), the resistive plate chamber, RPC (red)
and the Cathode strip chamber, CSC, (bleu). [63]
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The barrel region system, covering a pseudo-rapidity region up to |n| < 1.2, is
based on the use of drift chamber. Radially four detection stations are disposed
in 5 wheels of 12 sectors. There are 60 chambers in each of the three first layers
and 70 in the fourth one. The first three stations are composed of 8 chambers
providing a measurement of the coordinate in the (r — ®) bending plane and
a measurement of the z coordinate. The fourth layers does not contain z
coordinate measuring plane.

The endcap region of the muon subdetector is composed of CSC (Cathode
strip chamber). The CSCs are fast response time detectors and have a fine
segmentation, and are radiation resistant. The CSCs identify muons between
0.9 < |n| < 2.4. There are 4 stations of CSCs in each endcap, with chambers
positioned perpendicular to the beam line and interspersed between the flux
return plates.

Both of the DT and the CSC can trigger on muon transverse momentum with
a good efficiency and high background rejection. However a complementary
system mainly dedicated to the trigger system is included. It is composed of
resistive plate chambers (RPC) and it improves the P; resolution. A total of 6
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layers of RPCs are embedded in the barrel muon system, 2 in each of the first
2 stations, and 1 in each of the last 2 stations.

The muon reconstruction is performed by several ways [64] . The use of
muons chambers informations only lead to the "StandAlone Muon”. Muons are
also reconstructed using the tracker information only, "Tracker Muon”. The
third algorithm uses information from both and it provides the "Global Muon”
collection [65].

e Tracker muon: It consists in an inside-outside technique. All tracker
reconstructed tracks with a transverse momentum above pr > 0.5 GeV
and a total momentum py > 2.5 GeV are considered. These tracks are
extrapolated up to the muon system taking into account the trajectory
bending due to magnetic field, the average energy losses and the multi-
ple scattering with the material. If an extrapolated track trajectory is
compatible with at least one hit in the first station of the muon chamber
system, this track is qualified as tracker muon.

e Global muon: This outside to inside method is the opposite approach
to the tracker muon algorithm. The initial point or the reconstruction is
the localization of track segment in the DT, or three measurements in the
RPC. Then based on a Kalman filter algorithm the track reconstruction
starts. This iterative procedure update the trajectory parameters at each
step in order to reduce the bias of the seed. At each of these standalone
muon candidate a tracker track is associated by comparing the parameters
of the extrapolated two tracks. Combining all the hits, from tracker and
muon system, a global muon track in then fitted.

The reconstruction of low P, muons is better with the tracker muon algorithm
while the high transverse momentum muons reach more easily the muon cham-
ber so the global muon algorithm is more appropriated. However to ensure a
tighter muon selection candidates must satisfy both tracker and global muon
reconstruction criteria. This allows a reduction of the rate of muons from flight
decay (muons produced from hadronic decay). This selection is used in many
of the CMS analysis.

1.3.5 Particle-flow reconstruction

In addition to the reconstructed objects discussed in the previous sections, CMS
analysis are based on a more complete way to reconstruct these objects, the
particle flow algorithm, PF [66]. The aim of PF is to identify and reconstruct
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individually all particle candidate coming from LHC collisions, i.e. charged
hadrons, neutral hadrons, electrons, muons and photons. It is performed com-
bining information of all different sub-detectors avoiding to use twice the same
information, i.e, hit or energy deposit, to reconstruct different particle. The
Fig. 1.18 illustrates the particle-flow view.

The particle-flow algorithm works with basic element reconstructed from the
different sub-detector. A given particle is, in general, expected to give several
particle-flow elements in the various CMS sub-detectors: one charged-particle
track, and/or several calorimeter clusters, and/or one muon track. These ele-
ments must therefore be somehow connected to each other by a link algorithm
to fully reconstruct each single particle. The algorithm produces “blocks” of
linked elements, tracks, calorimeter cluster. Due to the CMS detector gran-
ularity, these blocks generally group between one and three elements. That
constitute the input for particle reconstruction.

Figure 1.18 — Schematic representaion of the Particle flow object by comparison to
the detector level. Particle flow particle candidates are constructed using information
of several subdetector systems. [66]
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Firstly, each global muon candidate rise to a PF muon and the corresponding
track is removed from the block collection. Electron reconstruction and identi-
fication follows. Assuming the tracker as a pre-shower system, the electron will
produce short tracks and will lost its energy by bremsstrahlung in the tracker
layer on their way to the ECAL. These electron candidates are then re-fitted
with the GSF algorithm. The identified electrons are qualified of PF electron
and the associated tracks and energy deposits are removed from the block.
Linked tracks and calorimeter cluster provide charge hadrons candidates,”PF
charged hadron”. Several tracks can be associated to a same cluster as one
track can be linked to several cluster of ECAL/HCAL. It is performed in a
such way that we avoid double counting of energy deposit. The neutral parti-
cles are based on the calorimetric energy clusters: clusters separated from the
extrapolated position of tracks constitute a clear signature of these neutral par-
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ticles, photon for ECAL energy deposit and neutral hadron for HCAL energy
deposit; neutral particles overlapping with charged particles in the calorimeters
can be detected as calorimeter energy excesses with respect to the sum of the
associated track momenta.

The PF jets are constructed by the use of jet algorithm, on the particle collec-
tion. The anti-k; PF jets are then considered in the studies presented in this
thesis.

This algorithm leads to an improved reconstruction of physical object such
as the jet and the transverse missing energy. The transverse missing energy,
denoted PF-MeT, is then computed as EJ¥* = — 3" FE! where the sum if
performed on all the particle ¢ reconstructed by the PF algorithm. In addition
to the EF%% itself its significance is also used.

The EFS significance is a likelihood estimator built to quantify the possibility
that the reconstructed value of the E*¢ is consistent with fluctuation around
zero amplified by finite measurement resolution of the detector [67].

1.3.6 b-jet identification

Among the reconstructed hadron jet, some are coming from B hadron con-
taining b-quark, and are identified. Due to the b quark mass (4.5 GeV) the
B-hadron survive during a short time, so it courses a small distance before
decaying. Identifying b-jets relies on the properties of the production and the
weak decay of B-hadrons. These B-hadron have a lifetime of ~ 1.6 ps, that
correspond to an observable flight distance with high resolution tracking de-
tectors. There are different techniques, to perform this b-tag identification,
available in CMS [68]. Three of them have been applied in the presented anal-
ysis, the track counting (TC), the search for secondary vertex and the combine
secondary vertex method. They are briefly described in this section.

e The track counting algorithm: The TC approach identifies a jet as
a b-jet if it contains at least a minimal number of tracks (V) each with
a significance of the impact parameter exceeding a given threshold. B-
hadrons present on average 5 charged particles per decay [69]. The dis-
criminator is the value of the significance of the impact parameter for
the N-th track, the tracks being ordered in decreasing significance. The
discriminators associated with N = 2 and N = 3 are called "track count-
ing high efficiency” (TCHE) and "track counting high purity” (TCHP),
respectively.
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e The search for secondary vertex tagger (SSV): The not negligible
lifetime of B-hadron leads to secondary vertices displaced from the pri-
mary vertex and charged particle tracks incompatible with the primary
vertex. The secondary vertices are reconstructed in an inclusive way, us-
ing tracks, inside the jet using the Trimmed Kalman Vertex Finder [70].
The Simple Secondary Vertex (SSV) algorithms use the significance of
the flight distance as the discriminating variable. Two working point
have been defined, the High efficiency working point, HE, version uses
vertices with at least two associated tracks, while the High purity work-
ing point, HP, version require at least three tracks.

e Combine secondary vertex tagger (CSV): This algorithm combine
the secondary vertex reconstruction and related variables with other kine-
matical and topological variables as the track impact parameter, to de-
fine a b-tag discriminant. Jets are categorized according to the secondary
vertex reconstruction. There is first the "reco vertex” category if at least
a secondary vertex is correctly identified. The second category called
"pseudo vertex” includes events where no secondary vertex are recon-
structed and in which tracks not compatible with primary vertex are
used to define the pseudo vertex. The last category is called NoVertex,
and contains the remaining events. Depending of the category, several
variable are used in a multivariate analysis to define the b-tag discrim-
inant. The considered quantities are: the invariant mass, energy and
pseudo-rapidity of charged particle associated to the secondary vertex,
the distance between primary and secondary vertex, the track impact
parameter significance of the first track exceeding the charm threshold.
The multiplicity of track associated to the secondary vertex is used as
well. Two likelihood ratios are built from these variables. They are used
to discriminate between b and c jets and between b and light-parton jets.
They are combined with prior weights of 0.25 and 0.75, respectively.

The performances of these b-tag algorithm are available in [68] [71] [72] for

the three considered b-tag discriminant.

1.3.7 The CMS trigger system

The LHC produces interactions at high rates 40 MHz frequency, however only

a small fraction of these interactions produce interesting events for physics

analysis. The purpose of the trigger system is to select the subset of event that

are interesting.
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A two level trigger system has bee adopted by CMS. The level 1 trigger [73] (L1-
trigger) is made of custom designed programmable electronics and is designed to
reduce the 40 MHz input rate to a manageable 100 kHz. This hardware system
runs on calorimeters and muon system information ,.1 Calorimeter trigger and
L1 Muon trigger. These regional trigger search for isolated electron, photon
muon or jet and use them to evaluated the MeT. The L1 global trigger combine
informations of the two sub-systems in order to take the decision. This decision
has to be taken for each bunch crossing.

The second level is the high level trigger [74] (HLT trigger) which feeds the
100 kHz output from the L1 and has access to complete readout of the colli-
sion event and reduces the data rate to what is stored, which has to be less
then 1 kHz. The HLT code performs reconstruction from all detector system
recorded information, using the full granularity. The reliability of HLT algo-
rithms is of capital importance, because events not selected by the HLT are
lost. Selected event are then fully reconstructed by the official framework of
CMS collaboration, CMSSW. [75]

1.4 Monte Carlo simulation

Accurate simulations of CMS events are essential in order to characterize the
details of the events observed in the data and to identify interesting events.
The simulation is done is several steps of a chain from the event generation to
the detector reconstruction. This section briefly describe the events generation
and the detector simulation.

Events generation: The event generation step includes hadronization, un-
derlying event, and event pileup. Event generation is done using Monte Carlo
(MC) [76] event generators as Pythia [77], MadGraph [78] [79], AlpGen [80],
Sherpa [81] or Powheg [82]. The MC generators use Parton Distribution Func-
tions (PDFs) and Feynman calculus to designate the momentum and decay of
various particles produced in the hard scattering process.

Concerning the events generation, one approach relies on the factorization prin-
ciple (sec. 1.2.1) where the event generation starts with a matrix element cal-
culation to give a differential cross section for the hard scattering process. It
takes into account the possible interference between all the Feynman diagram
due to processes that have the same initial and final states. The integration
over the phase space provides an estimation of the cross-section at a fixed or-
der and allows event generation, by Monte-Carlo technique. In addition to the
hard scatter interaction the decay of short lived particles is also handled at
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this stage. The most considered matrix element event generator in this the-
sis is MadGraph/MadEvent [78] [79], which are leading order matrix element
generator.

However the matrix element approach alone is not sufficient to provide realistic
simulation. This is due to infrared and collinear divergences that appear when
a parton splitting occur, e.i. soft gluon emission. Therefore, a further step
deals with the colored partons produced in the previous step and describes the
hadronization process in which they are turned into colorless particles. This is
referred to as parton showering which include as well the initial and final state
radiations (ISR/FSR). ISR/FSR refer to photons radiated from charged par-
ticles or gluons radiated from quarks or other gluons before/after the primary
hard scatter interaction. Then as last step a program deals with the underlying
event, or the soft interactions of the partons present in the proton that are not
involved in the hard scatter process. The matrix element generators are inter-
faced with parton-shower simulation tools as Pythia [77] which handles these
two last step. Pythia handles as well the hadronization of the quarks

As matrix element generator and parton shower run independently, the multi-
jets events generations suffer from double counting between different multiplic-
ities samples. This problem will affect the cross section estimation as well as
the kinematic distributions. The way to handle this problem consists to split
the phase space into two regions according an energy scale of QCD emission,
Qcut- The soft radiation, below the cut, are generated by the parton shower
while the hard radiation by the matrix element generator. This technique is
called the jet matching/merging method [83].

The Q. is expressed in term of P, and Ay between the radiation. It allows to
define some jets, called in this context generated jets. The transition between
matrix element and parton shower generation have to be smooth with respect
to the Q..+ variations and the cross-section must be stable as well. This is
control looking at the differential jet rate variable.

The energy scale at which an event pass from the N + 1 jets configuration to
the N jet configuration is used to defined the differential jet rate variable shown
in Fig. 1.19. It presents the 1 — 0 and 2 — 1 differential jet rates assuming
att +0,1,2 jets sample. As the additional parton multiplicity is 2, it is not
require to look at higher orders so the transition 3 — 2 is given entirely by the
parton shower.

In this example, the Q.. has been chosen at 30 GeV, looking at the differential
jet rate distribution, below the matching scale, the shape of the curve is given
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Figure 1.19 — Differential jet rate 1 — 0 jet, 2 — 1 jet and 3 — 2 jets from QCD
radiation for a ¢ +0, 1,2 jets production at LHC.
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completely by the shower while above the matching scale the shape is mainly
given by the matrix element.

Detector simulation: In addition to the event generation, simulation of the
event is needed to model the interaction with the detector and the response of
the electronics to the final state particles. The CMS detector simulation official
software framework (CMSSW) uses the GEANT4 [75] (Geometry ANd Track-
ing) package. This framework considers a detailed description of the detector
materials including sensitive detector, detector parts with sensor readout, and
dead materials such as cabling and cooling components. In order to perform
studies based on Monte-Carlo simulated events, it takes as input the parton-
shower output.

So, the particle interaction with the material is accurately modeled taking
into account energy loss and secondary particles produced in the interaction.
Moreover information about the magnetic field is used to calculate particle
trajectories. The resulting final set of particles is then considered as input of the
software component which estimate the response of the detector. The detector
noise and other factors are included at this stage. Finally the information is
output in the same format as that produced by the actual detector data to be
used in such a way the processing of data and simulation is nearly identical
during the following stages of analysis.

1.5 The Matrix Element Method

Studies in high energy Particle Physics require to be able to distinguish between
the different processes which provide similar final state signature at detector
level. The simplest case consists to built a discriminator on one reconstructed
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observable, i.e. the invariant mass of two leptons to emphasize resonances like
J/, v, or Z° boson.

The discriminant power can be enhanced by using a sophisticated algorithm
such as Neural Network (NN) [84] or Boosted Decision Tree (BDT) [85] which
analyses the distribution of MC events with respect to a large number of ob-
servables.

The Matrix Element Method (MEM) is a more advanced technique which is a
semi-analytic approach. By opposition to the standard methods which assume
the theory information only through the shape of the kinematic variables of
the Monte-Carlo simulated events, the Matrix Element method uses an ana-
lytic probability density function described by the Feynman amplitude M of
a considered process. So this model dependent approach maximizes the use of
theoretical information and estimates the probability that an observed event,
denoted p¥%*, is compatible with a given process describes in a well defined
theoretical frame characterized by its parametrization (&).

This method provides an event by event analysis method which is used for
Standard Model precision measurement or for searches. The probability is
obtained directly from the theory prediction for the differential cross-sections of
the relevant processes and the detector resolution. This probability is then use
to do physics measurements. So the mathematical expression for the Matrix
Element probability relies on on the description of high energy processes at
hadron collider assuming a correct description of the shapes for all the kinematic
quantities.

This description assumes the QCD factorization theorem between the hard
scattering between the proton constituents which are short distance interactions
and their evolution as free particle inside the protons. Considering a case, called
ideal situation, in which the kinematic of the particles produced by the hard
interaction is perfectly measured, the probability, P(py:s|@) is expressed by
Eq. 1.33.

Paacap**1) = — [ dandaof () Flae) [ a0 Malo)P0(p5™) (133

In this equation, the first integral is done over the parton distribution function,
f(q1) and f(g2), describing the energy spectrum of the two incoming partons.
The second integral evaluates the probability amplitude |Mgz(p)| of the hard
scattering for a specific process between these partons. The associated partonic
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state to the considered process, p is a configuration of the infinitesimal parton
level phase space measure d®. The Feynman amplitude contains parton level
informations about coupling between particles, intermediates resonances (Breit-
Wigner) present in the considered process and the spin correlations as well.
This last term gives its name to the technique, the Matrix Element Method [5].
Both of these two theoretical aspects are described by the Standard Model of
particle physics. In this presentation the hard scattering probability amplitude
is considered at tree-level. The effects due to higher order processes which
present extra-radiation will also be discussed.

The normalization factor in Eq. 1.33 is chosen such that the overall expres-
sion can be interpreted as a probability density function over the phase space
spanned by the reconstructed events satisfying the analysis selection require-
ments:

/dpvis ideal(pvis|&) -1 (1.34)

This phase space is defined by the detector geometric acceptance efficiency,
the detection and reconstruction efficiency, and the analysis event selection
efficiency. Because of that the normalization factor becomes o, — ol =
o, X efficiencies factors.

Looking further to a more realistic case, the QCD long distance interactions
occurring at lower energy have to be considered. It includes phenomena which
occur when colored particles produced by the hard interaction radiate and
hadronize, producing jets. Effects due to this evolution from parton level to jet
level has to be considered. Moreover the detector resolution on particle obser-
vation, briefly discussed in the previous section, induces effects which cannot
be neglected. Therefore, in order to deal with these aspects an additional term
called the transfer function and denoted W (p, pyis) is introduced. The transfer
function is defined as a conditional probability, which translates the transition
between a final state at generator level characterized by its kinematic and the
associated reconstructed final state at detector level. In principle the set of
transfer function has to be extracted for each considered processes at a given
energy and depends on the detector.

According to that description, a way to define the probability P(p¥%*|@) consist
to assume a factorization of the processes according to the engaged energy of
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the phenomena that follow a collision at hadron collider. This approach can
be written as Eq.1.35.

P(p**ld) = %/dqldQQf(QI)f(qQ)dp|M&(p)|2W(p7pvis) (1.35)

Moreover there are some ambiguities due to the different object assignment
between reconstructed and generated level. This difficulties is handled by the
evaluation of the integral of Eq. 1.35 for all the possible configurations, then
the different results are combined and normalized to provide the Matrix Ele-
ment probability. The impact of the consideration of both correct and wrong
permutation is discussed in next chapter.

Historically, the prescription Eq. 1.35 on the Matrix Element probability for-
mulation at hadron collider has been introduced in 2000 to perform top quark
mass measurement at Tevatron. The goal of the MEM analysis was to use
more information with less dependence on the MC. In 2004, the first complete
measurement of the top quark mass by the D0 experiment was published [86].
This study has considered all detector effects, i.e. reconstruction efficiencies,
cuts, trigger, correct normalization, background probabilities, MC tests of lin-
earity, pull calculations and estimation of systematic effects. The method has
been use as well to measure the W boson helicity from top quark decay [87].
A similar Matrix Element method is currently used by CMS collaboration to
perform the measurement of the parity of the new Higgs boson candidate [88].

Different studies based on the Matrix Element method are presented in the
following of this thesis. Various aspects about the Matrix element method
related to the process of interest (¢t , ZH) are presented like the transfer function
estimation, the effects due to the L.O. matrix element approximation and the
possibility to apply the method for over-constrained processes.

1.5.1 MadWeight

Practically, the integral of Eq. 1.35, is numerically estimated by Monte-Carlo
technique using a dedicated tool called MadWeight [89]. This generic and
automatic event reweighting software is based on MadGraph which provide the
leading order Feynman amplitude M, while the transfer function for the various
particle in the final state are user-defined analytical function. MadWeight is
able to estimate the Matrix Element weight whatever is the experience process.
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The integrator on which MadWeight relies on is VEGAS [90] algorithm. The
Monte-Carlo integration procedure generates points in the available phase space
according to the structure of a multi-dimensional integration grid which is
automatically generated. Due to the complexity of Eq 1.35, there is no simple
phase-space parameterization that maps all the peaks in the integrand

It implies that the numerical integration requires to generate a large number
of phase space point, this is highly time consuming. In order to handle this
difficulty, MadWeight is optimized to perform some change of variable such as
the most constrained quantities in the integrant are align with the integration
grid. So theses quantities peak along one direction of the grid.

The purpose of MadWeight is to perform automatically the adapted change of
variable in order to improve the numerical integration. This transformation is
process dependent and is decomposed in a set of change of variable, each of
them corresponding to one part of the full decay chain. MadWeight includes
generic transformations which correspond to the changes of variable needed for
typical subprocesses, these are called blocks. The choice of the blocks to use is
driven by the process and also by the choice of the transfer function, § function
will not leads to the same use of block as a more complex TF. The set of block
allows to define an optimal change of variable for a large number of process.

There are some processes for which several change of variables are possible.
In this case, in order to improve the precision, the computed weight is then
given by the weighted sum of the integral estimated with different changes of
variable. This is called multi-channel method.
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Chapter

Matrix Element Method for top
quark physics

The Matrix Element Method has already been used at Tevatron in CDF' [91]
and DO [92] collaborations, for a precise measurement of the top quark mass.
However, the performances of this advanced and elegant analysis method have
not been studied in the context of physics analyses at the LHC. In order to
gain experience with this method this section presents various studies involving
top quark pairs produced at LHC energies. We also concentrated on the fully
leptonic final states where the MEM is expected to be particularly relevant
given the lack of reconstructed information due to the presence of neutrinos.

The first study is probing the possibility to extract the top quark mass with this
method. It has been performed with the first 36 pb~! of integrated luminosity
recorded by the CMS experiment in 2010, as illustrated in Fig. 2.1. The anal-
ysis has been done only with ¢ events decaying in the dimuon channel while
the dielectron and electron-muon final states have not been considered. The
dileptonic final state is challenging since it does not provide enough observables
to kinematically reconstruct the mass of the ¢ and £ quarks.

The goal of this study is to show that the MEM can be used for a topology
where other methods, such as kinematical fitting [93], are expected to show
limitations. Effects of wrong pairing and initial state radiations are also briefly
discussed.
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Figure 2.1 — Evolution of the LHC delivered and the CMS recorded luminosity
during the 2010 proton-proton collision campaign.
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Then an original approach for performing a model independent search of heavy
resonances decaying into a top quark pair is addressed by using a variant of
the usual MEM.

Both studies are based on the the top quark pair production and decay prob-
ability amplitude, |Mppﬁttﬁbl,,bl,,|2. The integration has been performed for
both jet permutations and results are then combined.

2.1 tt dileptonic selection

The dileptonic tt events are characterized by the presence of two reconstructed
leptons of opposite charge, two reconstructed b-jets and a large transverse miss-
ing energy. The main background to t¢ dileptonic events are the diboson (WW)
plus jets production, the Drell-Yan plus jets processes and QCD production.
Since the goal of these studies is to evaluate the potential of the MEM for top
quark physiques without going into a level required for a final analysis, the
background contamination effects have not been considered for both studies
presented in this chapter. However a reduced background region is defined
according to requirements on the reconstructed objects. The selection criteria
are based on a reference selection [94] for 2010 data taking used for the first
measurement of the top quark pair production cross section at LHC [95].
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Due to changes in instantaneous luminosity, the trigger rates and trigger prescales
evolve with run number. For this reason, a run dependent trigger selection is
applied to the data. The trigger selection is based on single muon HLT triggers,
Mu9, Mull or Muibvl in function of the run-number.

The purpose of the leptonic selection is to identify the muons coming from a W
decay. However, events containing 7 decaying to a muon will be automatically
selected as well. The selected muon must satisfy the following requirements:

e Be flagged as GlobalMuon and as TrackerMuon, as defined in sec(1.3.4)

e Have a Pt > 20 GeV, a pseudorapidity,|n| < 2.4 and at least one muon
with |n| < 2.1

e The global muon fit has to be perfomed with a number of valid tracker
hits (> 10) and a number of valid hits in the muon chamber (> 0) and
muon track reconstruction have to satisfy x2/ndof < 10 for the global
muon fit.

e The muon impact parameter with respect to the beam spot has to be
lower than 0.02 cm.

It is also required that muons are isolated with respect to other particles. This
isolation can be quantified by evaluating the deposits in the calorimeter and
in the tracker systems in a cone around the considered muon. The isolation
variable is defined as:

tracks ECAL HCAL
racks py.  SNECAL gy 4 Et
Lz SPOM B+ S B o
Pt,

The geometrical cone on which this quantity is evaluated has an angle of aper-
ture of AR = 0.3.

To avoid pile-up effects, a primary vertex constraint is applied. The two selected
muons must be associated to the same primary vertex. The dilepton channel
is affected by an important background which is the Z + jets production. This
process is strongly reduced by putting a veto on events where the invariant mass
of the dimuon pairs is between 76 GeV and 106 GeV. The dilepton invariant
mass is also required to be higher than 12 GeV. That allows to reduce the con-
tribution of resonances at lower mass such Upsilons production,my =9 GeV.
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Moreover selection requirement have been applied on the hadronic part of the
process. The reconstructed b-jet candidates have to satisfy:

e two particle flow jets, describe in Sec.(1.3.5), reconstructed with the antig;
algorithm, describe in Sec.(1.3.3) with Pt > 30 GeV and |Eta| < 2.4.

e The Jet overlapping with selected muons candidates are rejected. The
overlap region is defined by a cone of AR > 0.4 centered on the jet.
PFJetID

Due to the presence of two neutrinos in the considered topology, some trans-
verse missing energy is expected. Selected event must have a transverse missing
energy above 30 GeV. At this level of the selection the expected yields for the
various process are detailed in Table 2.1, and compared to the data. These
number have been estimated according to the prescription of the the top-quark
mass measurement in the fully-leptonic channel with the 2010 dataset analy-
sis [94].

It is also required that one of the two selected jets is identified as a b-jets. The
b-tag algorithm used for this analysis is the TrackCountingHighEffBJetTags
presented in Sec.(1.3.6) at low working point. The b-jet identification reduces
the selected data yields to 24 events.

Table 2.1 — Event yields for the uu channel in data and MC after the event selection,
before the b-tag requirement. MC samples are rescaled to luminosity of 36 pb~*.

Dataset Lepton sel. 4+ Z mass + PF jet + Met
Z+jets 15479 1239 32.2 3.6
tt background 2 1 1 0.8
tt dimuon 42 32 23.8 20.3
Single top 3 2 0.8 0.7
Total MC 15525 1275 57.7 25.3
Data 15301 1505 86 28

2.2 Matrix element method for top quark mass
measurement

The use of the Matrix Element method for ¢t fully-leptonic studies is not
obvious because of missing reconstructed information associated to neutrinos.
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On one hand this topology presents, at detector level, eight unknown quantities
(dof). Two of them are the pdf (fq1, fq2) and the other six are due to the non
observation of the two neutrinos (P, , ®), . On the other hand the Matrix
Element method expressed by Eq. 1.35 assumes the conservation of the total
energy and the momentum of the system in addition to the presence of the four
resonances, two times My and My,,. Therefore, the number of constraint is
equal to the number of dof.

It allows to define a phase space point at generator level that matches with
the observed event. However as the relation between constraints and dof is
not a linear system, it is possible that different partonic states satisfy the
constraints. The Matrix Element integration considers all these possibilities in
order to evaluate a probability that the observed event is compatible with a
production of top quark pair decaying fully-leptonically.

The first part of this chapter presents the use of Matrix Element method with
the goal of estimating some of the & parameters. The probabilities, P(p¥’*|@)
have been estimated for several values of a. Then a discrete likelihood function
is defined by the product of the probabilities as expressed by Eq. 2.2.

L@= ] P& (2.2)

events

The set of parameters @ that provides the maximum value of the likelihood
function is the most probable set of parameters of the considered model. In
order to perform a top quark mass measurement, the @ is the standard model
parametrization, where we will vary the mygp.

This kind of analysis requires that the transfer function term, W (p, p***) has
to be estimated. The next section describes the transfer function estimation
for b-jets. The effect of selection efficiency is also discussed.

2.2.1 Transfer Function

The transfer function, W (p,p"*), as described in Eq. 1.35 can in principle
depends on the studied topology as well as on the event reconstruction.

The transfer function can depend on Pt, n and ¢ for all final state objects and
it can therefore be a complicated function. However, in good approximation, it
can be drastically simplified by assuming factorization on the different particles
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in the final state and on the kinematic variables. As already mentioned in
chapter 1 the jet energy transfer function takes into account hadronization,
showering and detector resolution effects. With these assumptions, the jet to
parton transfer function takes the form:

W (p,p"**) = H Wi(pi, ™) (2.3)

Wi(pi, pi**) = Wi(E;, E}"*)W;(Eta;, Btal™)W;(¢;, ") (2.4)

Assuming further that for the leptons, energy and direction are well recon-
structed, the corresponding transfer functions are three-dimensional d-function.
Finally a perfect measurement of the directions of the jets is also assumed
such that only the transfer function for jet energy to parton energy remains
non trivial. Furthermore only jets with an energy from 30 GeV are consid-
ered. The number of pairs, jet-parton, with jet energy between EV* and
Evis + §EY" and with parton energy between E and E + §F is represented
by n(Ev, E,)0EV**§E. it can be written as:

n(Evis7E)(5Evis(SE _ n(E)&E % WE(E’ Evié‘) (2.5)

where n(E)JE represents the number of partons with energy between E and
E+4dE. In order to reproduce the peak, the tails and possible bias, the transfer
function W (E, EV**) on jet energy is parametrized as the sum of two gaussians
not centered on the same value,

5 ) 1 7(E—E’””2—u1)2 (EfE”izﬂm)?
WEE,B")= —— |e 23 faze % ] (26
( ) \/ﬂ(a2+a3a5)[ 3 J- (26)

The parameter a; depends on the parton energy according to a; = a;0 +
a; 1 E [96]. This choice is motivated by the parametrization of the energy reso-
lution of a calorimeter Sec.(1.3.3). It results ten parameters that are extracted
by maximizing an unbinned maximum likelihood [97] using a large number of
pairs, jet-parton. The matching between generator and reconstructed levels
is performed for events selected according to Sec.(2.1) from a specific sample
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of simulated events generated with M;,, = 175GeV. The matching criteria
between the b-parton and the selected b-jet is the min(AR(quark,jets)), with
= +/(An)?2 4+ (A¢)? < 0.5. The likelihood is build as expressed by Eq. 2.7.

—InL=-) Inn(E, E)) (2.7)
jets
=-> n(E;) - > ExWJ(E;,E™) (2.8)
jets jets

The first term does not depend on the a; parameters and can be ignored. The
transfer function parameters are then fitted using MINUIT [98], by performing
a minimization of

~InL=-Y WF(E;,E") (2.9)

jets

The extracted values of the ten parameters and their correlations are presented
in the Table 2.2.

The transfer function estimation has been done for b-jets only. A quality check
of the parameters is done comparing the two dimensional distributions of par-
ton energy, F, and jet energy, EV% with the prediction of the transfer function,
as shown by the Fig. 2.2. As it is not easy to compare two dimensional dis-
tributions, projections of §E = E — EV* are shown at the Fig. 2.3 for four
different ranges of energy. A reasonable level of agreement is obtained.
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Figure 2.2 — a) 3D-plot of parton energy vs jet energy for a sample of partons
associated to jets. b) 3D-plot of parton energy vs jet energy using a transfer function
with double gaussian parametrization and parameters of Table 2.2
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Figure 2.3 — Projection of §E = E — E°* for different range in energy to show
evolution with energy of the transfer function. The black distribution is obtained by
jet-parton association. The blue distribution is built by adding up the fitted transfer
function (normalized to unity) for each event.
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2.2.2 Acceptance term

In a realistic analysis, the phase space on which a measurement is performed
is reduced due to different factors, such as the geometrical acceptance of the
detector, the trigger, the reconstruction and the selection and reconstruction
efficiencies. In order to ensure that the Matrix Element method still provides
a probability, the normalization factor is adjusted to this visible phase space,
1 1

o Ovis

The Matrix Element probability from Eq. 1.35, has to be modified as follows:

B(p"i*|i) = #@Asc@)mwsm (2.10)

With Ace(p) equals to one for events passing the event selection. In order to
ensure the normalization of P as a probability density function,

[T [reria -1, (2.11)

events

the acceptance correction term Ef f(«) is simply related to the event selection
efficiency Ef f as follows:

#Selected Fvents

Eff = /Acc(p)P(p|6Z) ~ % ProducedEvents (2.12)

The corrections associated to the acceptance are corrected on an event by
event basis. However as the correction factors are the same for all events the
acceptance effect can be considered as a global correction. It implies that
the correction can be include at the likelihood computation level such that
the function to be minimizes with respect to & parameters can be written as
Eq. 2.13.

#Selected Events
#ProducedEvents

~InL(@) =— Y InP@p"*|a) + Nin(

events

) (2.13)

Where N is the number of selected events.
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As far as tt events are concerned, the acceptance term has to be computed in
the dimuon channel. Based on the selection criteria described in Sec. (2.1), the
efficiency term Ef f(«) depending of M,,, has been estimated from simulated
events sample with eleven different values for the top quark mass. Then the
acceptance term has been fitted by a sigmoid function (Eq. 2.14) as represented
in Fig. 2.4

Py
1+ e—P1 (P2—myop)

Eff(mtop) =

(2.14)

Figure 2.4 — Evolution of the selection efficiency, with the top quark mass in the
e channel, described by a sigmoid function.
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2.3 Top quark mass estimation

The goal of this study is to demonstrate that the Matrix Element method can
be used at LHC for precise measurement rather than providing a complete
analysis taking into account all the systematic uncertainties. This analysis is
based on the transfer function estimated at Sec. (2.2). Results obtained from
Monte-carlo simulation at partonic and reconstructed levels are first presented,
using the standard ¢t selection defined at Sec. (2.1). Then a more exclusive
analysis is presented, that prevents next to leading order effects to be too
dominant. For the later analysis, the dataset will be splitted into two samples.
The first one contains the events with exactly two jets, the second one contains
event with at least three jets.
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2.3.1 Determination of the top quark mass at partonic
level.

A first analysis is performed at generator level, with a leading order event gen-
erator, in order to validate the method. At this level, all transfer functions are
assumed to be well modeled by J-functions. Moreover, it is the same leading
order generator (MadGraph) that is use for the event generation, that provides
the probability amplitude, M, which is integrated in Eq. 1.35. The unmea-
sured quantities are the initial parton momentum and the neutrino kinematic
variables.

The association of the b-jet between reconstructed and generated level is not
unique. Indeed, two possible permutations exist: P; (b-jet; b-quark ; b-jets
b-quark ) or P, (b-jety b-quark ; b-jet; b-quark ). The Matrix Element proba-
bilities are estimated for both of them and then combined. At partonic level it
is possible to identify the correct from the wrong permutation and to look at
their probabilities separately. The Matrix Element probabilities of both per-
mutations have been estimated with one thousand of ¢¢ dileptonic events. The
variable of interest is the ratio of the wrong permutation probability value by
the correct one (P/Py). This quantity is represented in Fig 2.5.

Figure 2.5 — Ratio between the two possible jet permutations of the Matrix Element
probabilities estimated for ¢¢ dilpetonic event at generator level.

Evt Nbr
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Weight ratio (wrong permutation/correct permutation)

The result shows that for 92% of the events the correct permutation is a larger
than the wrong one. The remaining 8% of events can be understood by the fact
that the freedom on the kinematic of the two neutrinos allows generator level
configuration for which the wrong jet permutation has a larger probability. An
analysis of ¢t events decaying in the semi-leptonic channel [99] did a similar
study. In what Fellows, the final Matrix Element probability is the result of

the combination of both permutation, P = #.
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To perform a top quark mass estimation, the conditional probability P(pyis|miop)
has been estimated according to twelve top quark mass (myp) hypothesis.
These working values have been chosen to be around the true mass. The
estimated top quark mass has been extracted using a likelihood function as
Eq. 2.13.

Following the ¢t dileptonic selection requirement at Sec.(2.1), 500 tf events gen-
erated with a top quark mass at 175 GeV have been considered. The selection
cuts have been applied at reconstructed level, then the partonic information
of the selected event has been used. The Matrix Element method provides an
estimation of the top mass of 175.7 = 0.6 GeV as represented in Fig. 2.6(left).
This result includes the statistical uncertainty only. It also illustrates the im-
portance of including the acceptance term correction. Indeed the minimum of
the log likelihood illustrated in Fig. 2.6(left) presents a shift to upper values for
the top quark mass estimation performed without the acceptance correction.

This measurement at parton level has been repeated for eleven samples gen-
erated with different top quark mass. Each of these measurement has been
performed with the same number of events. The obtained results have been
used to estimate a calibration curve that represents the reconstructed value as
a function of the true one. A linear fit as been performed according to the
parametrization

Myee = a X Mcen + b, (2.15)

At partonic level the calibration curve is represented by the Fig. 2.6(right) while
the fit parameters are in Table 2.3 and no significant bias on the observed top
quark mass appears. That shows a control of the method at generator level.
However, the calibration is not perfectly diagonal. Indeed, the slope parameter
of the calibration curve is not compatible with 1 within its uncertainty.

A working hypothesis that can explain this effect is the use of the wrong per-
mutation in the Matrix Element probability estimation. Among the eleven
different values of the top quark mass measured at partonic level, three have
been considered for a more advanced study. Indeed, the top quark mass has
been estimated for each of these samples respectively, considering only the Ma-
trix Element probability computed considering the correct permutation only.
The resulting calibration curve is shown in Fig. 2.7.

It shows that the slope of the calibration curve is compatible with 1. However,
the same comparison assuming only the wrong jet assignment is not possi-
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Figure 2.6 — Left: Log likelihood for top mass estimation with ¢ simulated by
Monte-Carlo events. Theoretical top quark mass is 175 GeV at partonic level (with
and without acceptance term). Right: Calibration curve estimated at generator level.
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Figure 2.7 — Calibration curve estimated at generator level obtained assuming the
Matrix Element probability estimated considering the correct jet assignment only.
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ble, due to the not negligible fraction of event for which the Matrix Element
Probability estimation failed assuming only the wrong permutation.
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2.3.2 Determination of the top quark mass at
reconstructed level.

This second analysis is performed on the same events but the parton shower
is initiated as well as the full simulation of the CMS detector response and
event reconstruction. Therefore, the transfer function on b-jet energy defined
at Sec (2.2.1) is considered. Again a LO Matrix Element assuming generator
level final state composed of two muons of opposite sign, two b-quark and two
neutrinos is used. At detector reconstructed level, the two most energetic jets
(amongst which one must be b-tagged) are considered as the”two” selected b-
jets. No corrections related to the amount of initial state radiations have been
applied.

Calibration

In order to estimated if any significant bias impact the top quark mass esti-
mation, the measurement has been repeated for several samples of simulated
events generated with different top quark mass (163 GeV, 169 GeV, 172 GeV,
175 GeV, 181 GeV,187 GeV) as illustrated in Fig.2.8.

The corresponding calibration curve specific to this selection at reconstructed
level is presented in Fig. 2.9. A small deviation with the perfect diagonal
is observed. It can be due to the efficiency of the b-jet selection and their
assignment and/or due to the approximation of a L.O. Matrix Element for
events with extra radiation. The fit parameters related to this curve are listed
in Table 2.3.

Expected accuracy on the top quark mass measurement.

A tt sample independent to the one used to obtain the calibration curve has
been considered. Among this dataset, 500 ¢ events generated with a top quark
mass at 172 GeV have been selected. At reconstructed level, the top quark
mass has been estimated and corrected according to the calibration curve. The
expected top quark mass obtained is

Mop = 170.75 GeV £ 1.13 GeV % 0.3 GeVyee £ 0.2 GeVgy,

where the uncertainty related to the acceptance and to the calibration have
been clearly separated, on top of the expected statistical error. The error
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Figure 2.8 — Representation of the log likelihood for top quark mass estimation with
different simulated by Monte-Carlo dataset (full reconstruction). Events are selected
according to criteria section defined Sec.(2.1), an inclusive selection asking at least
two jets with at least one b-tagged. The two most energetic jets are considered as
the b-jets. a) with Mo, = 163GeV, b) Mo, = 169GeV | ¢) Miop = 181GeV and d)
Miop = 187GeV
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Figure 2.9 — Calibration curve obtained using the inclusive selection asking at least
two jets with at least one b-tagged. The two most energetic jets are considered as the
b-jets. For each top quark mass 500 events are used. The dotted line represent the
perfect diagonal. The error are quadratic combination of the statistical uncertainty
with the acceptance error.
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due to the calibration procedure is estimated by variating the parameters of
the calibration curve within their uncertainties taking their correlation into
account. A similar procedure is applied for evaluating the error related to the
acceptance term. In both cases, the quoted error is estimated as the difference
between the nominal top mass measurement and the various up and down
fluctuations.

2.3.3 Determination of the top quark mass with 36.1 pb—!
of 2010 Data

According to what has been described in the previous section a top quark mass
estimation based on the Matrix Element method has been performed with the
data corresponding to the first 36.1 pb~! recorded in 2010 by CMS where 24 t£
dimuon candidates have been selected.

The calibration factor established previously has been applied. The measured
top quark mass is

Miop = 173.14 £ 5.8 gp0r £ 0.3 gee + 0.3 o GeV, (2.16)



68 Chapter 2. Matrix Element Method for top quark physics

as represented in Fig. 2.10.

Figure 2.10 — Top quark mass estimation with 2010 CMS data (36.1 pb~'). 24
events selected. The extracted top quark mass value is 172.4 GeV £ 5.8 GeV + 0.3
GeVgee. Using the calibration curve correction : 173.14 GeV £ 5.8 GeV £ 0.3 GeVgee
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This measurement is in agreement with what was measured by the CMS col-
laboration with the 36.1 pb~! integrated luminosity of the 2010 dataset in
dilepton channel [94], M;,, = 172.9 + 4.9(stat) T35 (syst), using both dimuon
and dielectron final states. Independently to the systematic uncertainties, the
use of the Matrix Element method allows to perform a precise measurement,
with equivalent luminosity.

2.3.4 TImpact of Extra-radiations

The calibration curves obtained previously seems too good given the difference
that exist between the theoretical hypotheses used in the ME-weights and the
reality.

Indeed, an important assumption is that the Matrix Element, M, which is being
used, considers the production of tf pair at leading order, this means without
extra jets. It is therefore relevant to evaluate the effect of additional jets. In
order to do this, two different selections based on the jets multiplicity have
been considered. The first category considers events with exactly two jets with
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at least one of them being b-tagged. The second category selects events with at
least three selected jets. For both selections the calibration procedure has been
applied and the expected accuracy computed as in the previous section. Finally
the results obtained by these two selections were combined to be compared with
what is obtained with the inclusive selection.

Exclusive two jets selection

The measurements presented in this section have been based on events with
exactly two jets among which at least one of them have to be identified as a
b-jet. The goal is to illustrate the impact of the jet mis-assignement on the
estimated top quark mass. First an ideal situation has been considered. It
consists to a case in which the identification of a jet as a b-jet is perfect. It is
obtained by requiring exactly two real b-jets. This criteria is ensured by using
the Monte-Carlo information to do a perfect matching between the selected jets
at reconstructed level with the two b-partons coming from the top decay. This
matching must be satisfied in a cone of AR = 0.3 around the reconstructed
jet. According to this selection criteria the acceptance has been re-evaluated
and top quark mass measurements have been performed in order to fit the
calibration curve presented at the Fig. 2.11.

Figure 2.11 — Calibration curve obtained with a selection of events without extra
jet with pr > 20 GeV and with an ideal b-tag based on the Monte-Carlo truth.
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As expected, the calibration curve is compatible with the diagonal. It allows to
conclude that the method works well in this ideal situation, it also means for
instance that no bias is introduced by the use of a non trivial transfer function.

Then moving to a real b-tag selection, requiring at least one b among the two
selected jets, a significant shift towards lower mass is observed on the calibration
curve represented in Fig 2.12. The linear parametrization of this curve is shown
in Table. 2.3. It illustrates a non negligible effect of b-jet mis-assignement on
the my,, measurement.

Figure 2.12 — Selection efficiency depending on the top quark mass for the dimuon
decay channel. Selection of events with exactly two jets passing the selection criteria,
no MC-matching applied on these selections.
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The expected accuracy for this exclusive selection has been estimated from a
subset of 323 two-jets events selected from the independent sample generated
with generated m; = 172 GeV. After application of the calibration factor, the
estimated top mass result is

Myop(njet =2) = 1715 + 1.13 g4 £ 0.3 4o £ 0.3 caii GeV.  (2.17)

Exclusive more than two jets selection

The second category studied is based on a tt+jet(s) selection. Still using the
matrix element of #f decaying in the dimuon channel at leading order, this
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selection will be sensitive to the effect of the extra-radiation on the top quark
mass measurement. The two most energetic jets are considered as the two
b-jets, and at least one of them has to be b-tagged. So the extra-jets are
not considered in by the Matrix Element method and the considered transfer
function are still the one defined in Sec. (2.2.1).

The calibration curve (parameters are listed in Table 2.3) showed in Fig. 2.13
and corresponding to the selection of events containing at least three jets and
analyzed with a Matrix Element of ¢¢ +0jets, is this time shifted towards upper
top mass values with respect to the generated ones. This is due to the presence
of initial state radiation with jets of transverse momentum above 30 GeV. It
is to be compared with the ideal case, without ISR (with Pt > 20 GeV) and
with the correct jets selection [100].

Figure 2.13 — Calibration curve computed from top mass estimation using sample
of events selected according to section [3] and containing three jets and more (with
at least one b-tag requested).

AU e e s e e e e e e e
|g 1901 Catibration fit: }
@ #iets>2

o

® 185/ %2/ ndf 1.821/4

2 PO 15.56 + 9.582

p1 0.9436 = 0.05624

4

=
g

o 4 by b ey
160 165 170 175 180 185
M_gen GeV

o
af

As for the previous selections, the accuracy in the measurement is evaluated
using the independent samples generated with M;,, = 172 GeV. The estimated
top mass value is

Myop(njet > 2) =169.5 £+ 2.06 510t £ 0.3 g £ 0.4 o1 GeV.  (2.18)

The Table 2.4 summarizes, for the different selections presented, the impact
of the acceptance and the calibration corrections on the top quark mass esti-
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Table 2.3 — Parameter of the linear fit of the calibration curves for the inclusive and
the two exclusives selection presented. The slope and the offset parameter are close
to 100% anti-correlated.

Slope Offset
inclusive 091+£0.06 14.7£8.5
exclusive 2 jets 0.90 £0.05 14.25+9.2
exclusive > 2 jets | 0.944+£0.06 15.6 +9.6

mated with the Matrix Element method from a sample generated with m,, =
172 GeV. These measurements are all compatible with the generated values.

Table 2.4 — Estimated top quark mass according to the inclusive at the different
step of the coreection procedure, the acceptance and the calibration. Only statistical
uncertainties are presented in this Table.

M.E. output + Acc + Cal

inclusive 175.25 £1.24 GeV  170.7+1.14 GeV  170.75 £ 1.14 GeV
exclusive 2 jets 1728 £1.32 GeV  168.1 £1.3 GeV 171.5+£ 1.4 GeV
exclusive > 2 jets | 184.4+2.4 GeV  173.6 £2.06 GeV  169.5 £+ 2.08 GeV

Combination

For an analysis categorizing events as a function of the jet multiplicity, the
final top quark mass can be obtained by the combination of the two exclusive
measurements illustrated in Fig. 2.14.

There are different methods to combine these measurements. The first way
consist to do a weighted sum of the two independent final results obtained in
each channel. It is expressed by Eq. 2.19 [11].

1 N
= 2N i 2.1

where i = 2, x; are the two estimated values, w; is defined as 0—12 andw =3, w;.
This operation provides a reconstructed top quark mass value of 170.8 GeV
+1.15 GeV, statistical uncertainty only.
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Figure 2.14 — Top quark mass estimation for a dataset with 500 event with M., =
172 GeV. LEFT : reconstruction using the exclusive two jets selection, on 323 events,
the estimated value is 171.5 £+ 1.13 star + 0.3 gee £ 0.3 cas GeV. RIGHT :
reconstruction using the exclusive three jets and more selection, on 177 events, the
estimated value is 169.5 £ 2.06 star = 0.3 qeec £ 0.4 cais GeV.
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An other method to combine the two results obtained from the exclusive anal-
ysis consists into a combination of the two log likelihood corrected by the
calibration. Applying this method the estimated top quark mass is evaluated
at

Myop(comb) = 170.94 +1.09 grar 095 1ot cariGeV. (2.20)

This way to combine both measurements is illustrated in Fig. 2.15.

This combination is in agreement with the measure performed with an inclusive
selection. However, we have shown that the result, obtained with the inclusive
selection, is affected by two effects shifting the observed value of the top mass in
opposite direction. All these results are summarized in Table 2.5. Moreover it is
observed a slightly lower uncertainty combining results from the two exclusive
selections can be observed.
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Figure 2.15 — Top quark mass estimation for a dataset with 500 events with Mo, =
172 GeV. Combination of the — Log likelihood used for top quark mass estimation for
the two exclusive analysis.
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Table 2.5 — Top quark mass estimated according to the inclusive, the two exclusive
selections separetely and the combination of the two exclusive measurements. The
central value, statistical, acceptance and calibration uncertainties are presented.

Top Mass Ostat | Oacc | Ocal Otot

inclusive 170.75 GeV | 1.14 | 0.32 | 0.19 1.19
exclusive 2 jets 171.50 GeV | 1.40 | 0.37 | 0.23 1.46
exclusive > 2 jets | 169.54 GeV | 2.07 | 0.38 | 0.44 2.15

[ All exclusive [ 170.94 GeV | 1.09 ol 4R

2.3.5 Effects of initial state radiations

The top-quark mass estimation shows that the use of a leading order matrix
element, for t# dimuon event that presents additional jet is not a correct
assumption. As presented in Fig. 2.13 the presence of extra-jet impacts the
value of the estimated top quark mass. Indeed, this LO approximation implies
that considering the ¢t dileptonic process (pubby,v,), the Matrix Element
probability computation can be performed only on events with a final state
that corresponds exactly to the leading-order one.

For any event with a jet multiplicity larger then the leading order jet number,
the evaluation of the corresponding weight takes as input a reduced event. It
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is defined as the set of all the reconstructed objects that corresponds to the
final state of the LO matrix element. In presence of jets from initial state
radiation, the kinematic of the reduce event would violate the energy momen-
tum conservation imposed as constraint to the partonic state generated for the
integration.

According to that, the reduced event is recoiling against the momentum as-
sociated with the extra radiation in the primary events. In particular, the
transverse momentum is not necessarily balanced among the final state parti-
cles in the reduced event. The Fig. 2.16 illustrates an example of tf event with
one ISR.

Figure 2.16 — Example of a ¢t process with one initial state radiation. The reduced
event is represented by the diagram inside the box. The ISR boost correction is equal
to the P, of the extra radiation or can be deduced from the reduced event.

@,

&

The Matrix Element method has been adapted in order to take into account
these effects by modifying the standard definition of the Matrix Elements
weights. In the center of mass (cms) frame, the incoming partons have no
transverse momentum. However, the weights are evaluated in the laboratory
frame which requires to boost the momenta of the initial partons, from the cms
frame, to balance the recoil of the reduced event. As the integration is anyway
performed on the longitudinal component on the incoming partons, the boost
is performed only on the transverse plan.

The simple boost method has the advantage not to increase the computing
time for weight evaluation. However, this correction method considers only
the kinematic balance of the event and not the QCD effect that involves the
coupling producing the extra jets. More details on the treatment of initial state
radiation effects on matrix element methods are given in [100].
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Different approaches to determine this boost can be applied. One solution
consists to built a transverse boost correction using the kinematic of the re-
constructed additional jets. So the determination of a transfer function on the
extra-radiation is required. It implies a bias due to the threshold of jets selec-
tion. A second approach, that is the choice in the presented analysis evaluated
the boost from the reduced event information.

A first one can be used for all kind of processes that presents neutrinos in the
final state, i.e. t¢ production or single top in leptonic channels. The boost,
given by Eq. 2.21, is computed from the visible final state of the reduced events
and the E%S,

ﬁtboost = - Z ﬁt - Z ﬁt + Eﬁiss. (221)

extra—jets reducedFinalState

Where the sum is done over all the reconstructed objects that form the reduced
final state. The pr of the ISR system is then indirectly estimated.

The measurement of top quark mass from #f events with more than two jets,
discussed in sec (2.3.3), has been reproduced with the ISR correction based on
Eq. 2.21. The comparison with and without the correction is illustrated, in
Fig. 2.17(left), for a Monte-Carlo study with a sample generated with M;,, at
175 GeV. A shift of ~ 4 GeV to lower mass is observable. The Fig. 2.17(right)
represents the calibration curve obtained measuring the top quark mass on tt
+jets events and applying the boost correction for extra-jet. The slope of this
curve 1.08 0.9 is compatible with 1.

Concerning processes with as property that the final state is composed only
by visible particles, i.e. Z(ll)bb, or Z(I)H(bb), the transverse boost can be
expressed differently. For this category of processes, the prescription is that
the P, of the ISR system is completely balanced by the transverse momentum
of reduced final state. In this approximation, the kinematic information of the
initial state radiation are not used as well. In this case, the boost is defined by
Eq. 3.2.

Plygost = — Pt = > Pt. (2.22)

ISR reducedFinalState
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Figure 2.17 — -a) Fit of top quark mass from M.C. sample (generated mass 175 GeV).
The dotted line is obtained with matrix element weights without ISR, correction. The
dashed line represents the fit with from matrix element weight evaluate with ISR
correction. -b) Callibration curve for event with more than two jets. Without ISR
correction, dashed line. With the ISR correction, full line.
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These corrections of ISR constitute an important aspect of the Matrix Element
method, especially to estimate weights for over-constraints processes. For this
kind of processes, a non application of the transverse boost correction would
not allow to cover the phase space where the cross section is high, due to the
presence of narrow resonances.

This method allows to consider ISR on large P; spectrum. Anyway, a more
realistic description of the kinematic of event with hard extra-radiations will
be to include them in the matrix element computation.
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2.4 Differential matrix element method

The Matrix Element reweighting is generally used for precision measurement
(e.i. mass measurement, W polarization, ... ). This analysis technique can be
used to extract differential cross sections.

Evidences for new physics in top quark pair production are predicted in many
theories and can be observed by estimating differential cross section with re-
spect to arbitrary quantities. However, in high energy collider physics, some
observables cannot be fully reconstructed using the detector information only.
Techniques like kinematical fitting (KF) or matrix weighted template (MWT) [101]
have been developed to handle this difficulty — see for example [93]. This is for
instance the case for top quark pair production, where two leptons are present
in the final state together with two neutrinos that cannot be detected.

In this section, i present an analysis technique named Differential Matrix Ele-
ment Method (DMEM) [102] is presented. It estimates differential cross-section
using for each event a density of probability.

2.4.1 The method

The matrix element method as described in the previous chapter has been
slightly modified. The technique has been adapted to be able to estimate dif-
ferential cross sections with respect to arbitrary variables X. It is done by esti-
mating probability density functions (pdf ) of arbitrary variables as g—z(p“is).

From the Eq. 1.35, the probability density function expression correspond to
the relation:

%Wlo = %/da:1dﬂc2f(561)f(w2)d<1>|/\/l(p)|2W(pvpms)Xé(m(p“”)_mO)'

(2.23)

Technically, this integration is too complex to be performed with the ¢ func-
tion. In order to handle this difficulty Eq. 2.23 is evaluated on small interval

(mg, moy;) as

Mo+t V1S
/ amr 2P

m* ———=|m

. Im(p) with: &(mpvisy —mo) — X(Mpeisy, Mo, Mots)
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(2.24)

where y is different from 0 in the considered interval. The integration is per-
formed by MadWeight discussed at Sec. (1.4.1.), and all the requested dif-
ferential quantities are evaluated at the same time. For each partonic state,
generated for the Monte-Carlo integration, the quantities of interest, m(p?®),
have been estimated. This way to evaluate on small intervals introduces a bin-
ning of the differential variables. The number of bins used in this presentation
is 50 whatever is the variable of interest.

It results, for each event, one pdf associated to the variable of interest, as
illustrated in Fig 2.18 for the ¢ invariant mass. A double peak structure can
be observe for some events, it results from the two possible jets permutations.
Differential cross section estimator are built by combining all the normalized

event pdf’s, 542

An analysis based on a similar method was performed at CDF II to search

resonant productions of tf pairs decaying semi-leptonically with an integrated
luminosity of 4.8 fb=! [103].

2.4.2 Prospect at LHC with /s = 14TeV

In order to observe the feasibility of such a techniques MADGRAPH samples of
tt events decaying in the dimuon channel have been generated (1/s = 14 TeV).
The variables of interest considered are the invariant mass of the ¢f system
and the decay angle of the top quark, cos8*. Applying the method at parton
level, the Fig. 2.19(a) and Fig. 2.19(b) illustrate the agreement between the
theory (No ISR, No UE) with the DMEM reconstructed quantities for the two
variables of interest.

In particular there is no bias, due to the lack of knowledge about neutrino
kinematic, is introduce.

In order to do a more realistic study these events are passed through PYTHIA
with ISR activated. However, the matrix element is still a LO matrix element
without the ISR correction mentioned previously. Moreover a fast detector
response simulation was performed with Delphes [104]. As for the top quark
mass analysis, the transfer function on leptons energy and direction are set to §
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Figure 2.18 — Example with four single event of the differential distribution of the
Matrix Element weight with respect to the invariant mass of the t¢ system.
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function as well for the transfer function on jets direction. Jets energy transfer
function has been refitted L.

Some selection criteria similar to those described in Sec.(2.1) are applied.
Events are required to have exactly two jets with a transverse momentum
larger than 30 GeV , and of two opposite sign leptons with pr > 20 GeV .
Additionally, a transverse missing energy larger than 30 GeV is required.

Even with the use of the transfer function and the fact that ISR contaminations.
One observes that the differential curve, obtained with the DMEM, reproduces
the theoretical curves without any significant bias as shown in Fig. 2.20(a) and
Fig. 2.20(b).

A theoretical frame [105] with a spin 1 resonance decaying in tt (Z' — tf —
lbvlbr) has been chosen to illustrate the efficiency of the method by the recon-
struction of the two differential cross-sections. The considered model includes
a Z' with a mass of 1 TeV. Several configurations have been tested according to

Lfit preformed for double gaussian parametrization as in Sec.(2.2.1)
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Figure 2.19 — -a) M,;; normalised differential cross section.-b) cos#* normalised
differential cross section. Both are produced with 5000 top quark pair events decaying
in fully leptonic channel. The theoretical curve (black) are the expected one at tree-
level when neither ISR and UE are taken into account. The DMEM has been used
on the partonic events (red) without considering the neutrinos.
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Figure 2.20 — -a) M,; normalized differential cross section.-b) cos 6™ normalized dif-
ferential cross section. Both are produced with 10000 top quark pair events decaying
in fully leptonic channel. The theoretical curve are the expected one at tree-level when
neither ISR and UE are taken into account. The DMEM is used on fully simulated
events.
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different contaminations xﬁz' = (2,3,5,8,10)%. It is important to stress that

ot
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the square matrix element used in E. 2.23 is the standard model one. Samples
of 5000 events have been analyzed, corresponding to an integrated luminosity
of 5 fb~ 1.

The tt invariant mass spectrum shows the presence of new resonances as il-
lustrated in Fig. 2.21. Selecting the events contributing above 700 GeV in this
spectrum, the angular distribution cos 8* was built, Fig. 2.22. This variable is
sensitive to the spin of the new ¢ resonance decaying in top quark pairs [105].

Figure 2.21 — {t invariant mass spectrum recontructed with the differential matric
element method. This variable is presented with the standard model expectation only
and for several samples with various degree of contamination in Z’ — t£ . The Z’
was generated with a mass of 1 TeV.
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Deviations from the standard model are clearly visible, on both distributions,
when the ratio of new physics increases. The shape of the cos#* distribution
is in agreement with what is expected for a spin 1 hypothesis.

To be able to claim any deviation from the standard model from these variables.
A x? estimator has been defined to quantify these tendencies. Since each event
provides a binned pdf , all bins are correlated to each other. Using 100.000 ¢t
fully leptonic events theses correlations have been computed, they are presented
in Fig. 2.24(a), for My and in Fig. 2.24(b) for cos6*.

A x? estimator is constructed according to
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Figure 2.22 — Distribution of the diffusion angle of the top quark, cos#* emission
reconstructed by the Differential Matrix Element method. Variable represented for
events with DMEM reconstructed M,; that peak above 700 GeV for several sample
containing different fraction of new physics event (Z' —tt ).
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where ¢ and j are the bins, ¢; the variance of bin ¢ and Cj; the covariance
matrix element. This estimator is converted to a confidence level (CL(x3) =
P(x? > x3)) value of standard model exclusion, as shown in Table 2.6. With
an integrated luminosity of 5 fb~! looking at selected event samples, containing
2% of Z', the standard model is excluded at 72%. Increasing the new physics
proportions in the samples, the standard model can be excluded at 99.998%
above 5% of Z’ events.
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Table 2.6 — Confidence level for standard model exclusion computed on several
samples for different contamination of Z’ events.

T 2% 3% 5% 8% 10%
L. for S.M.
C.L. for 5 72%  95.6% > 99.998%
exclusion

2.5 Conclusion

This chapter presented that the use of the Matrix Element method at LHC
could provides a top quark mass estimation compatible with the measurements
performed by the CMS collaboration. Although the presented result seems is
competitive in terms of statistical uncertainty with respect to the measurement
done with other methods used so far in CMS. A full analysis requires to study
the impacts of the systematics uncertainties and the background contamina-
tion effects which were not investigated in this work. However, the analysis
presented in this chapter revealed important effects due to initial state radia-
tions.

Indeed, it has been shown that the method is well understood at generator
level as well as at reconstructed level, considering the use of non trivial transfer
function. Moreover, the top quark mass measurement illustrates the sensitivity
of such a method to the impacts of the wrong jets assignment on a precision
measurement. It also illustrates the limitation of the approximation of the
method to the use of a leading order matrix element. Indeed, performing a
measurement on a set of events that present extra jets, it introduces a bias on
the observed top quark mass.

In order to handle this problem, this analysis presented a method that consist to
estimate the transverse momentum of the extra radiation Pt;s, and to apply the
Matrix Element method boosting the event in the transverse plane according
to Pt;sr. The top quark measurements according to this recipe performed with
tt +jets events illustrate that this correction works well since the measured
values are in agreement with the generated one.

Finally, this chapter introduced an analysis technique based on the Matrix
Element method with the purpose to search for new physics in the spectrum of
differential cross section with respect to arbitrary variable, e.g. the tf invariant
mass. It has been shown that this analysis technique called Differential Matrix
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Figure 2.23 — Matrix representing correlation between bins for variables recon-
structed with the differential matrix element method. These matrices have been
estimated using exclusively 10000 standard model ¢t fully leptonic events. This re-
sults is obtaned after fast detector simulation. a- Correlation for the ¢t invariant
mass spectrum reconstruction. b- Correlation for the cos 8" variable.
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Element method is feasible at LHC to search for new resonances decaying in tt
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Chapter

Search for a SM Higgs boson
decaying to bottom quarks and

produced in association with a
A

The search for the 125 GeV SM scalar boson, decaying into b quarks, is of in-
terest to test the consistency of the Brout-Englert-Higgs model of electroweak
symmetry breaking. Currently, the newly discovered scalar is only found to
decay at the LHC in final states with two bosons: 2 photons, 2 Z’s, 2 W’s. It is
now crucial to see if the newly discovered boson also decays in a final state with
fermions, e.g. H — bb. Such a discovery would not only strengthen the consis-
tency of the Brout-Englert-Higgs mechanism, but would also be a confirmation
of the hypothesis that the newly discovered boson is not only responsible for the
EW symmetry breaking mechanism, but also for the generation of the masses
of elementary charged fermions.

The explored mass range covers 115 — 135 GeV. The CMS collaboration per-
formed these measurement in the channels H — 77 [106] and H —bb [37] [107].
At the LHC the main SM Higgs boson production mechanism is gluon fusion,
as mentioned in Sec (1.2.4). However, in this production mode, the detection
of the H —bb decay is considered nearly impossible due to overwhelming dijet
production expected from quantum-chromodynamic (QCD) interactions. Pro-
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cesses in which a low-mass Higgs boson is produced in association with a vector
boson[108] have cross sections for proton proton collisions at a center of mass
energy of 7 TeV of ~ 0.57 pb and = 0.31 pb computed at NNLO for WH
and ZH, respectively [109]. Despite the low cross section they allow an easier
identification of the signal.

The purpose of this work is to search for evidence of Standard Model Higgs
boson decaying in bb using the Matrix Element Method (MEM). In order to
study a clean channel the analysis focus on the associated Z° and H production
discussed at sec.(1.2.2). So the topology of interest is then composed of two
opposite charge and same flavor leptons and two b-jets in the final state.

This analysis has been performed with an integrated luminosity of 5.0 fb~1
of CMS certified data among the 5.55 fb~! collected at center of mass energy
of 7 TeV, during the 2011 proton-proton collision campaign as illustrated in
Fig 3.1.

Figure 3.1 — Evolution of the LHC delivered and the CMS recorded luminosity
during the 2011 proton-proton collision campaign.
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This analysis constitutes an independent cross-check of the main CMS anal-
ysis [37] and makes use of another methodology. The current CMS search
analysis is based on a multivariate method. After a first level of selection,
eleven kinematic variables are selected to train a Boosted Decision Tree using
the TMVA framework [85].
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The present analysis makes use of the Matrix Element Method The MEM used
in this analysis will test hypotheses corresponding to all irreducible background

and signal processes. !

As explained in Sec. (1.5), the MEM involves sophisticated integrals. These
integrals will be evaluated by means of the MadWeight [89] software which
provides a probability that a given event be produced according to a given
hypothesis. This probability relies on the observed kinematics of the quasi
stable particles of the event and the predictions from the MadGraph [79] event
generatorSubsequently, the unnormalized probabilities (or so-called ‘weights’)
are used in a multivariate analysis as discriminating observables. The shape
of the discriminator between signal and background is finally used to estimate
the significance of a (non-)discovery of a SM Higgs boson decaying into two b
quarks in association with a Z° boson.

This chapter is organized as fellows. First, we present a measurement of the
Z+bb cross section where our main contribution consisted to evaluate the tt
background by means of the MEM. We present the various transfer functions
used and the discriminative power of the method. The second section of this
chapter is fully dedicated to the search for a Standard Model Higgs boson
with an invariant mass around 125 GeV/c?. The event selection is slightly
modified but most of the material and expertise acquired for the cross section
measurement is fully exploited. This is particularly relevant for critical sys-
tematical uncertainties such as those related to b-tagging, Jet energy scale and
background estimate.

3.1 The Z(ll)bb final state

The main motivation to study the associated production of a Z vector boson
decaying into two leptons and heavy flavor jets is to understand dominant pro-
cess contributing to this final state. The Z+2b-jets process that is for example
the main irreducible background for the searches for the associated production
of a Z with a light Standard Model Higgs boson decaying to a pair of b-quarks.

Indeed, the measured production cross-section of Z bosons in association with
two b-jets times the branching ratio of the Z decay to two leptons (electron or
muon) is oz (e 0.36 & 0.01 £0.07 pb at 7 TeV at the LHC [110].

IThe only irreducible background consists in the Z vector boson decaying into two leptons
and produced in association with two b’s. The Drell-Yan+jets where light flavor jets are
mistag as b-jet are not considering as irreducible background.
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while the predicted cross section for the associate H and Z production cross
section times the branching ratio of the 125 GeV/c? Higgs boson decaying into
a pair of b anti-b quark is of the order of 0.012 pb [3§]

3.1.1 Event selection

The event selection criteria are based on the Z(Il)bb cross-section measure-
ment performed by CMS [110]. This dileptonic topology is characterized by
the presence of b-jets, two oppositely charged leptons of the same flavor and
no significant transverse missing energy. Signal events constitute a subset of
a Drell-Yan sample simulated using MadGraph and Pythia. The various com-
ponent of this sample are categorized according to the jet flavor at generator
level as follow

e 7 +0b: Events with at least one b-quark produced at generator level inside
acceptance.

e 7 + c¢: Events that do not satisfy the Z + b criteria but which contain at
least one c-quark produced at generator level inside acceptance.

e 7 +I: Events that do not satisfy Z+b and Z+c criteria inside acceptance.

A high purity Z 4+ b sample of events has been defined according to selection
criteria presented in the following on the leptonic and the hadronic part of the
event.

Lepton selection criteria

As previously said, events must contain two leptons either two electrons or two
muons reconstructed using the particle flow algorithm. A minimal transverse
momentum, pr > 20 GeV is required on each of the two leptons in the event.
In addition to that, the fiducial region is restricted to a pseudorapidity range
|n| < 2.4. Tt is also required that the electrons in the gap region 1.442 <
|n] < 1.566, between ECAL barrel and ECAL endcap, are rejected. The two
leptons coming from the decay of a Z boson can be identified by imposing
isolation criteria. In order to ensure this the following requirement is applied
on the muons (electrons); the ratio between the scalar sum of the transverse
momentum of all the particle flow candidates within a cone of AR =< 0.4(0.3)
and the pr of the considered muon (electron) have to be lower than 0.2(0.15).
The footprint of the lepton is removed from this sum.
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The lepton isolation can be affected by multiple interactions per bunch-crossing
(pile-up) producing extra energy deposit in the isolation cone. In order to deal
with this, the leptons have to be associated to the same primary vertex. The
charged particle entering in the computation of the isolation variable are fil-
tered and rejected if they don’t match the same primary vertex. The neutral
contribution is instead extrapolated using the the charge hadron deposit or
the information about the jet energy density and the number of primary ver-
tices. [111].

The tables 3.2 summarizes the lepton selection criteria used in the analysis.

Table 3.1 — Selection requirements for particle-flow muons (electrons) [110].

Selection requirement

pr > 20GeV

Il <24

In| veto (1.442 < |n| < 1.566)
PF,,, AR < 0.4 (0.3) <0.2 (0.15)

Trigger Matching AR < 0.3 and AP,/P, < 0.5

In order to select events containing Z° candidate, the dileptonic invariant mass
is required to be in the range of 76 GeV < M;+;- < 106 GeV. If more than two
leptons satisfy this requirement the selected ones are those providing the best
79 candidate having the mass the closest to 91 GeV.

Jet and Missing Transverse Energy requirements

The hadronic component of the event has also to satisfy some criteria used to
define the phase space of the cross-section measurment. The reconstructed jets
are required to have a minimal transverse momentum of pr > 25 GeV and have
to be separated from each of the selected leptons by at least AR(I,j) > 0.5.
Furthermore, the selected jets are required to be inside the pseudorapidity
region,|n| < 2.1, to ensure optimal b-tagging performance. The b-tagging tech-
nique exploits an algorithm based on the secondary vertex mass distribution,
see Sec.(1.3.6) and the considered b-tagged jets have to satisfy the requirements
of the High Efficiency working point.

Then in order to suppress the tf background, for the Z+2b-jets sample only, a
cut on the significance of the missing transverse energy (EZ7** ) is applied.
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Table 3.2 — Selection requirement for particle-flow Jets and E7*¢ [110].

Variable requirement

pr > 25 GeV

] <21

Lepton isolation  AR(jet — lept) > 0.5
B-tagging SSV HE working point
Ejpriss MeT significance< 10

Correction factors

In order to match the data, the simulated event sample has been rescaled
according to the leptons and b-tagging efficiencies and reweighted according to
the Pile-Up distribution. These scale factors have been estimated as detailed in
[110]. All results presented in this chapter have been obtained after application
of these corrections factors.

Pile-up reweighting: Pile-Up condition vary for each data taking period
while simulated event samples are generated assuming a distribution of the
number of Pile-Up events that approximately cover what is observed in the
data.

Therefore, the simulated events are reweighted according to the Pile-Up distri-
bution in order to match to the data. The correction reweighting adjusts the
generated Pile-Up distribution of the simulated events to the equivalent quan-
tity in the data. The number of Pile-Up event in the data sample is extracted
using the proton proton inelastic scattering cross section combined with the
instantaneous luminosity per bunch crossing for each luminosity section. The
distribution of the number of Pile Up event corresponding to the data run
considered in the analysis is showed in Fig 3.2, which present an agreement
between data and reweighted simulated events. However, this distribution is
not well modeled by the simulated events for the high number of Pile Up event.

Lepton scale factor: Physics object reconstruction is affected by its intrinsic
efficiency that have to be carefully estimated. The efficiency to select a lep-
ton, electron or muon, according to the selection criteria of the analysis has
been estimated for simulated events and 2011 data. Leptons efficiencies has
been estimated using a data-driven technique, the so called Tag and Probe
method [112]. This method allows to obtain almost unbiased estimates of the
efficiencies of the different steps of lepton offline reconstruction. According to
the lepton momentum range considered by the analysis (here pr > 20 GeV), a
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Figure 3.2 — Vertex multiplicity after Pile-Up reweighting of the Monte-Carlo events
compared to the data distribution. This comparison is done a Z+jet selection level.

[ CMS L=5.0 fb-1

Events
-
()
o

—4— Data
[ Z+b
[ Z+c
I Z+
/|zz
e

10*

10°

10%

f*\um\

o
(&)]

10 15 20 25 30
number of Reco Vertex

selection of events with two leptons peaking at the Z mass is performed. Tight
requirement are applied on one of the lepton called tag while a loose selection
on the second one called the probe. The efficiency is estimated by looking at the
fraction of probe that satisfy the requirement of the offline selection performed
in the analysis. The selection of the probe lepton has to be loose enough in
order ton not bias the efficiency estimation.

The scale factor estimated by tag-and-probe for the reconstruction and isolation
are convoluted with the trigger efficiency to obtain a "per-event” scale factor.

This is the probability that a lepton, selected with the analysis criteria fired one
of the triggers applied in the analysis. The lepton efficiency for simulated event
is assumed to be 100%, therefore the correction is performed by reweighting
the simulated events for data efficiency only.

For muons, the efficiency for the unprescaled high level trigger used in this
analysis have been estimated on the full 2011 dataset. The total efficiency
for the various considered trigger has been computed and has been found to
vary as a function of 1 of the muon, therefore efficiencies for distinct regions
have been evaluated. For the 2011 period the unprescaled single muon trigger
pr threshold changes ( from 7 and 8 GeV to 13 and 8 GeV ). The estimated
efficiency is above 90% whatever is the 1 region.
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The HLT trigger efficiency for the electron channel has been also extracted from
the full 2011 dataset. It has been found to be close to 100% for electrons with
Pt larger than 20 GeV through the entire ECAL fiducial region. The trigger
efficiency estimation have been done for the two 2011 data taking period sep-
arately as the HLT considered during the 2011A campaign has been prescaled
for 2011B.

Simulated events are reweighted according to the per lepton scale factors de-
fined as the ratio between data and simulation efficiency, as a function of their
pr and n. At this point a better agreement between data and Monte-Carlo
is expected on the main lepton kinematic variables distributions. This is illus-
trated by the distribution of the reconstructed Z peak in both dielectron and
dimuon channel shown in Fig. 3.3. The simulated events contribution have been
normalized according to theory predictions, a small excess of data is observed
in the dimuon channel.

Figure 3.3 — Dileptonic invariant mass distribution for CMS 2011 data (5.0f6")
after requirement of all selection criteria and application of correction scale factor.
Left: Dimuon channel. Right: Dielectron channel.
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B-tag scale factor:

In addition to the Pile-Up reweighting and to the leptons selection efficiency
correction, reweighting factor correcting for the b-jet identification efficiency
are needed. These scale factors are applied to simulated events in order to
account for the b-tagging or mistag efficiencies. The evolution of the b-tagging
efficiencies with respect to the jet pr are illustrated by the Fig 3.4 for two
regions of pseudorapidity for the b-tagging algorithm used and the working
point considered.
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Figure 3.4 — SSVHE MC efficiencies. Top: emc as a function of Pt of the jet
in the central |n| < 1.2(left) and forward 1.2 < |n| < 2.4 (right) regions. Markers
denote the values computed using the Z4+b/c Madgraph MC sample, overlaid is the
line corresponding to the exyrc of the QCD sample used [113]
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These scale factors can then be used to estimate the efficiency of a specific se-
lection. Scale factors for c-jets, defined as the ratio of edata/eMC, are assumed

to be the same as for b-jets.

Data and Monte-Carlo yields and control plots.

The different simulated events samples, used to estimate the background, are
normalized with respect to the cross sections expected from theory. The inclu-
sive cross sections related to the considered simulated events which are used
are: 3048 pb for the DY +jets sample and 157.5 pb for the tf +jets sample. The
77 component has been normalized according to the corresponding production
cross-section measured by the CMS collaboration,

6.241'8:28 Pb(stat.) fgé% Pb(syst.) £0.14 Pbumi) [114]. As already said, all
simulated sample have been reweighted to taken into account mismodelling of
pile-up events, p tagging and lepton reconstruction efficiencies. The sets of
data used in this analysis are listed in appendix (B.2). The data yields as well

as the expected yields are summarized in Table 3.3.

These yields present a small excess in data in the dimuon channel. Despite
the acceptable agreement between data and Monte-Carlo, to quantify properly
the background fraction a data driven technique has been considered. Using
the secondary vertex mass distribution [110] or the invariant mass spectrum of
the dileptonic system, template fit of the simulated events to data have been
performed to estimate the fraction of correctly tagged b jets are transformed

into an event purity (PbZH’Qb) of events containing one or two truly b-flavored
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Table 3.3 — The data yields for the different selections, and a comparison with the
expectation from different sources based on Monte Carlo simulation. The expectated

yields are normalised with respect to the theoretical predictions, uncertainties are
statistical only.

Selection Data  MC-tot Zb Zc VA tt 77

Z(pp)+2b-jets 522 480+£13 | 350+12 34+4 5+£1 80+1 12+£1
Z(ee)+2b-jets 362 357+£11 | 258+£10 27£3 24+1 62£1 8%£1

jets and the tt fraction respectively. However this work focuses only on the ¢t
fraction estimation.

Despite a general good agreement between data and simulated events, ten-
sion in the shape of the distribution of the pr of the vector boson has been
observed.The spectrum is harder for the data than what is predicted by the
simulation as illustrated in Fig. 3.5. This might come from a mis-modeling of
the kinematic of the Zbb events selected from a Drell-Yan+jets sample gen-
erated by MadGraph [79] with a five flavor scheme [115] assuming massless
b-quark.

Figure 3.5 — Discrepancy in the P,z spectrum of Z+b events at "Z+HEHE+METsig’
selection working point of the Z+2b cross section measuremnt analysis according to
selection [110]. The spectrum is harder for data than for the M.C.
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Next to leading order Monte-Carlo prediction obtained with aMC@NLO [116]
show indeed a harder spectrum than the LO prediction [117].

3.1.2 Discrimination with Matrix element method

A technique to discriminate signal and background processes consists to use
the Matrix Element method. This approach is able to provide a per event
probability of arising from a particular process. The most common technique
used in searches consists of looking at the ratio [118]: % where Pg repre-
sent the probability for the signal hypothesis while Pg the probability for the
background hypothesis [5].

This work presents an alternative approach in which the normalization to get
a probability is not required. this quantity is then called weight in this presen-
tation,

W =o0.P. (3.1)

Where o and P are defined by Eq. 1.35. The discrimination between signal
and background is then based on the shape of the weight distribution.

After the selection criteria, described Sec (3.1.1), the t¢ production decaying in
the fully leptonic channel remains the most important background for a Z+bb
signal search. In order to estimate this background, the probabilities that an
event is produced according to tt or Z+bb leading order matrix element is
evaluated.

The Z(l1)bb topology has as particularity that all the final state particles
are observable in the detector. The evaluation of the Matrix Element weights
according to such an hypothesis leads to solve an over-constraint system. This
is not the case in the ¢ hypothesis where neutrinos are not detected. The
assumption that a Z boson decays into two leptons is an important constraint
on the dilepton system. Due to the not ideal reconstruction of the leptons, it
implies that § function can not be assumed as transfer function.

As the Z(ll)bb hypothesis is over-constrained there is not freedom to absorb a
possible violation of the energy momentum conservation principle. This implies
that the correction for the transverse boost due to the presence of initial state
radiation is mandatory. It has been checked that without considering any ISR
correction, the computation of the Matrix Element weights sometimes failed. It
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is due to the not convergence of the numerical integration. However the numer-
ical integration converges for all events that are tested with the correct Matrix
Element hypothesis, e.g. for Drell-Yan events under the Drell-Yan hypothesis
or for ¢t events under the ¢t hypothesis.

As no neutrino leading to real missing energy is involved at leading order, it
is assumed that the transverse momentum of the potential extra radiation has
to be deduced from the visible final state only. This assumption implies that
the observe transverse missing energy results from the energy resolution on the
measured particles. So the ISR transverse boost discussed in previous chapter
and expressed by Eq. 2.21 can be simplified to become

Ptopost = — > Pt = > Pt. (3.2)

ISR reducedFinalState

3.1.3 Transfer function

As discussed in Sec.(2.2.1) transfer functions constitute an important input in
the weights computation. For the 2011 data analysis the jet energy transfer
function have been updated from what has been presented in the previous chap-
ter. While transfer functions for the lepton energy have also been estimated.
Concerning the direction variables (n and ¢), perfect measurement has been
assumed for both jets and leptons, implying the use of ¢ function as transfer
function for these quantities.

Jets energy transfer function: The jets energy transfer function is esti-
mated from a high statistic sample consisting of pairs of b-parton, b-jets ex-
tracted from ¢ and Drell-yan +b. The parton-jet pairing is obtained by re-
quiring that the maximal distance in the 1 — ¢ plane (Ag) between the parton
and the reconstructed jet be less than 0.3.

The jet energy reconstruction resolution is not uniform on all the pseudo-
rapidity range covered by the CMS detector. Therefore, the energy transfer
function has been divided into two. The "central” region 0 > |n]je: < 1.6 and
the "forward” region which covers 1.6 > |n|jer < 2.4. Both transfer functions
are parametrized as double gaussian (Eq 2.6). The five parameters a; depend
on the b-parton energy follow

a; = a0+ amE + am\ﬂE), (33)
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up to fifteen parameters for both transfer functions are being adjusted by the
fitting program. This parametric form is motivated by the calorimeter energy
resolution formula, Eq. 1.28. They are estimated by an un-binned likelihood
fit as presented in the Sec.(2.2.1). The extracted values of the parameters are
presented in Table 3.4 for the jets in the central region and in Table 3.5 for the
jets reconstructed in the forward-backward (FB) region. The transfer functions
have been estimated only for b-jets. A quality check of the parameters is done
comparing the projections of §E = E— EV% for four different ranges of b parton
energy, which are shown in Fig. 3.6.

Electron energy transfer function: Dielectron final states are considered
and energy transfer functions for both leptons have been estimated. As for the
b-jets, the electron energy transfer function have been also parametrized by a
double gaussian. Two regions in 7 have also been defined for the electron-energy
transfer functions. Fitted parameters are summarized in Table 3.6 for the
electrons in the central region and in Table 3.7 for the electrons reconstructed
in the FB region. Transfer functions for electrons are shown in Fig.3.7 for
different energy ranges (at generator level).

Muon transfer function has been parametrized as function of I%T instead of
the energy. It is motivated by the fact that muons reconstruction is driven by
the tracking and muons chamber systems in contrast to the jets or electron for
which the measurement of the energy is driven by the deposits in the calorime-
ters.Therefore, the transverse momentum resolution mainly comes from the
uncertainty on the Sagitta of the muon track. However the parametrization

remains the same such that Eq. (2.6) becomes

(G- —L-—a1)? (L -1l _an)?

T T

a1 1 1 - 1;(,2 i Zag
Wer (—, m's) = e ‘2 + ase 5 1.(3.4)

ITT Pr vV 271’(&2 + (13(15)

Unlike the jets and electrons, the muon transfer function has not been divided
into several pseudo-rapidity region. Up to fifteen parameters have been ex-
tracted using the same approach as for electrons and b-jets. These parameters
are presented in Table 3.8 while the control plots for four different windows in
pr presented in Fig. 3.8, show an acceptable level of agreement.
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Figure 3.6 — Projection of 0E = E — E* for different ranges in energy for jets.
The black curve represents the distribution obtained by associating the generated
partons with the reconstructed jets for events simulated using MadGraph. The blue
(continuous) curve corresponds to the transfer function. The curves are normalized to
unity. The four plots on the top have been obtained for central jets, |n| < 1.6, while
the four plots on the bottom have been obtained for jets in the forward-backward
region, |n| > 1.6.
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Figure 3.7 — Projection of §E = E — EV* for different ranges in energy for electrons.
The black curve represents the difference between the generated and reconstructed
energy. The blue curve corresponds to the transfer function. Both are normalized to
unity. The four top plots represent the central region |n| < 1.5 and the four bottom
plots are for the forward-backward region |n| > 1.5.

0<E eGEN <60 60 <E eGEN <150
0. T T
CMS\S=7TeV pp Preliminary e p.c. CMS\S=7TeV pp Preliminary s M.C.
0.3 o:
—_— t j transfer furiction
03
[ 0.1

- P " JI

20 -15 -10 1 1 2 g.!ﬂ -20 -10 10 20 30 40
E eGEN - E eRECO [GeV] E eGEN - E eRECO [GeV]
150 < E eGEN < 200 200 < E eGEN <1000
LAAARAARARI ARARS AERAS T T T
CMS\S=7TeV pp Preliminary —mmi m.C. 0.18]- CMS\5=7TeV pp Preliminary . ==—=_W.C.
o = transfer function 0. ‘w——transfer funct
0.
0.
01
[ 01

o
,SF

0.0
0 -20 0 1 2 3 A -40 -20 20 4 6 8
E eGEN - E eRECO [GeV] E eGEN - E eRECO [GeV]
0<E eGEN<60 60 <E eGEN <150
: r r T r
0.35F. CMSVS=7TeV pp Preliminary e m.c. 0.09F- CMSNB=TTeV pp Preliminary . __.
0 = transfer function. 09 —— trarisfer fundtion
o 1
[¥ o, 11.
o. g
5 _ Py
0. H j
0.
‘1 0.0 j
ok
5020 -0 7 20 T 7 20
E eGEN - E eRECO [GeV] E eGEN - E eRECO [GeV]
150 < E eGEN <200 200 <E eGEN <1000
0.14F T T T
CMSNE=7TeV pp Preliminary | mm M.C. 0.1 CMS\s=7TeV pp Preliminary - e

; | 1o
: 1T
b R r—-%; z\‘%

A
)
E eGEN - E eRECO [GeV] E eGEN - E eRECO [GeV]




Search for a SM Higgs boson produced in association with a Z°.

00 = 0% 00= T 70— 967’ T F €0 —2969'T = 09p  ueIssned puodss o

$0 —220°T F 10 — 28886'F = ¢¥v 00= "o F0— 9267 T F €0 — 260 T— = Op  uerssned puoodes 17
0°0 =D €0 — 986’ T F 20 — 26y = v 00 = %D onyed

80 — 24’ F €0 — 2G666°C = ¢°v 00= "D 00 = % uerssnes §siyg o
00=¢mw L0—2€8F 90 —2.8T =11 90 —20TF§0—268'T— =t uerssnes gsay 1f

A&&v\/ Id/1 uLIe) Juopusdopul odAT,

‘TWNJUITIOUT ISIIASURI) D[} UO
uorjeuLIojul Surpraoid UOIJONIISTOIDI JOrvI) [N SH USALIP ST UOTIOTLIJSUOIDI UONUI S1[} 92UIS A310US JO Peajsul Wm JO w19y Ul pazLjemrered ST
UOT}OUNJ IoJURI) UOTIUL JOADMOY ‘UOI}OUN] I9jsurl) ASIouo 10[ pur A310U0 UOIPI9[D 1) I0J SB PoWINSSe ST UoljezLIjoureIed vIsSNeS o[qnop y
"00Tre)dedde 91} UT SUONW I0J 17 POOYI[AI] PAUUIQUN Ue SUIZITIXRU AQ P9IIRIIXd WOT)OUN] I9JSURI) TONU A1) JO SI9jomreIed — 8°¢ S[qel,

104



3.1. The Z(11)bb final state 105

1 1
Pt~ proie
The black curve shows the distribution obtained from the difference between the

Figure 3.8 — Projection of §4; = for different range in Pt for muons.

generated and the reconstructed inverse transverse momenta. The blue (continuous)
curve corresponds to the transfer function. The curves are normalized to unity.
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3.1.4 Discriminant variables for Z(Il)+bb vs tf .

There are two obvious quantities generally considered to discriminate ¢# and
DY events: the dileptonic invariant mass and the transverse missing energy or
its significance.

In the context of the Z(Il) 4+ bb cross-section measurement, the MEM is used
to provide a discriminant variable between the signal and the ¢ contamina-
tion. This method is used as a cross check analysis of the estimation of the ¢t
contamination.

Considering the full selection of the Z(1l)bb analysis, for all the simulated
datasets and for the data, weights have been evaluated according to hypoth-
esis: Z(ll)bb, or t# decaying in the fully leptonic channel. Concerning the
Z()bb hypothesis, two weights have been computed. Indeed the tree-level
Matrix Element allows to evaluate the weights independently for the non in-
terfering processes at leading order. One weight is computed according to the
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qq production channel while a second weight assume two gluons as incoming
partons. Figure 3.9 represents the weight distributions for ¢ dileptonic event
and Zbb event for both electrons and muons channel. As shown in Fig 3.9,
these quantities can be used as discriminants variables.

Figure 3.9 — Distribution of the —Logio of the weights for Drell-Yan and tt events
in the dielectron channel. - Top Left: gg — Z(eTe™)bb hypothesis. - Middle top:
qq — Z(ete™)bb hypothesis. For theses two matrix elements the correction for the
transverse boost is evaluated only with the visible particles. - Top Right : t# hypoth-
esis, the boost correction uses the missing transverse energy information. Bottom
plots represent the same discrimination in the dimuon channel.
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Since Fig 3.9 shows —Logo of the weight, higher Matrix Element weights cor-
respond to lower value of the x-axis. As expected, tf events have lower weights
than the Drell-Yan+jets ones for the Z(Il) + bb hypothesis, and they present
higher weights with the ¢ hypothesis. Moreover, signal and background dis-
tributions don’t peak at the same place for the two Zbb hypothesis, there is
therefore a small added value by using them both. There is also a difference
of shape of the t# weight distribution between t# and Drell-Yan+jets which
presents a larger tail. All these weights have been used in order to built a
discriminant quantity between signal and background.

These three Matrix Element hypothesis have also been tested on the ZZ events
and on all the selected data events. The agreement between Data and Monte-
Carlo is represented in Fig 3.10.
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Figure 3.10 — Distribution of the Logio of the Matrix Element weights evaluated
according to q§ — Zbb, gg — Zbb and tt hypothesis for the 5 fb~! of events se-
lected according to the selection of the Zbb cross-section measurement [110]. Top:
Dielectron channel, bottom: dimuon channel.
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Stability with respect to transfer function: In order to see the impact of
the quality of the fit of the various parameters used in the transfer functions,
we have varied the width of the main narrow gaussian by a factor of two. All
weights have then been recalculated with theses degraded transfer functions
and the ratio between the new and old weights has been calculated on an event
by event basis for both ¢ and Drell-Yan+jets samples.

The central values are all compatible with one while the root mean square of
the distribution stays below 1%. The table 3.9 summarized the RMS of the
obtained results for the jet energy and lepton energy transfer function. The
stability obtained with such a drastic modifications has a relatively small impact
on the —Logig of the Matrix Element weights. This study does not allow to
precisely impact the systematic uncertainties related to jet energy scale or even
jet energy resolution on the final discriminant used to discriminate the two
processes. It is however very encouraging and it shows that the goodness of
the fit of parameters used in the transfer function is not critical.
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Table 3.9 — Peak position and RMS of distribution of the ratio Logio(W')/Logio(W )
where W and Wk are the Matrix Element weight estimated with the nominal set of
transfer function and with the modified (a2 — 2 X az) one respectively. The are the
quantities considered in the analysis. Variation done for the different M.E. hypothesis
for both tf and Zbb sample.

Sample tt qqToZ(ee)bb ggToZ(ee)bb

Jet energy TF variations

tt RMS 88107%+210"* 52107%+1.2107° 5810"%+1.3107°
peak 1.00 0.99 1.00

Z(ee)bb RMS 1153107*+3107% 51107+£1.510"° 6410 *+1.81077
peak 1.004 0.99 0.99

Electron energy TF variations

tt RMS 76107 *+210°° 6.8107%+1107* 731073 +2107*
peak 1.001 1.003 1.004

Z(ee)bb RMS  1.310-3+110-4 6.4 1073 + 51075 6.7107% +2 107*
peak 1.00 0.99 0.99

3.1.5 Final ¢t vs Zbb discriminant.

The weights presented in the previous section constitute a set of variables that
can be used to distinguish between different processes. In this section, these
weights are used as inputs to a multivariate discriminator to separate Zbb and
tt events. A multilayer perceptron artificial neural network is used for this
purpose. Additional kinematical variables can also be used as inputs, con-
cretely the possibility of including the EF'** as an input variable is explored.
This method requires a relatively large amount of simulated events in order to
train correctly the neural network. Neural networks discriminants presented in
this analysis are probably not the optimal results that can be obtained with
this method due to the limited available statistics. Moreover, the training is
performed using only simulated events in the ee channel, while the obtained
discriminator is used both for the ee and pu channels. A similar discrimination
is expected in both cases, as the shapes of the the considered weights are very
similar for the two channels.

The multilayer perceptron: The multilayer perceptron is a simple feed-
forward network with a structure as represented in Fig 3.11. Each layer ””
is composed of N; nodes linked to the previous layer by N; x N;_1 connec-
tions called synapses. The purpose consist to define a non linear discriminative
function. The perceptron can be trained on a set of examples using a spe-
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cial learning rule. The perceptron weights are changed in proportion to the
difference (error) between the target (correct) output, Y, and the perceptron
solution, y, for each example.

Figure 3.11 — Schematic representaion of the structure of a multilayer perceptron.
There are n input variables (z;), several layer composed of various number of nodes
characterized by a sigmoid function applied on its input. Each of the node is linked
to all the node of the previous and the following layer and each link is characterized
by a weight. Finaly that converge to the output variable.
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Synapse between the node j of layer [ and the node i of the layer (I — 1)

corresponds to a weight wi] Denoting xﬁfl the output of a node i associated
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to layer (I — 1), §§ is expressed as §§ =>0 w;;x;” . The transformation

associated to each node j, 2} = o(¢}) is a sigmoid function,

1

a(§) = 118 (3.5)

acting on the set of nodes input &;.

A learning rule defines how exactly the network weights should be adjusted
(updated) between successive training cycles called epochs. The aim of the
learning methods is to minimize the total error on a set of weighted examples.
The set of input variables is denoted #. The error is estimated according to

& = [(N(@) - Tal@)PPu(@)iz + [(N@) - To(@)*Po(@)dz, (30

where N(Z) represents the neural network value, T'(Z) is the target value (0 for
the background and 1 for the background) and Pg(py(Z)dZ represents the pdf
for the signal (background).
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Y (N (@) = T(:))?
e = 1 N (3.7)

The learning method is based on the back-propagation of the errors principle.
A loop over all examples is called an epoch. The weights are updated after
each example according to the formula:

wis(t+ 1) = wiy (1) + Awy (1) (3.8)

where Aw;;(t) can be estimated by several techniques. The Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm [119] is the one used in the considered
multilayer perceptron (MLP). All these techniques have the same purpose of
minimizing the error Eq. 3.7.

The Drell-Yan+jet - ¢t discriminant: The output of the the neural net-
work is fixed to 0 for tt events and 1 for Zbb during the training. For both
processes, the simulated events are divided to define training and test sam-
ples, containing each of them 50% of the events of the available samples. Both
dataset are used with an equivalent weight. A structure of the multilayer per-
ceptron and an example of learning are represented in Fig 3.12. The width
of the link between the different nodes represent the weight associated to the
corresponding synapse.

The transverse missing energy is used only to compute the ISR transverse boost
correction in the context of the Matrix Element testing the ## hypothesis. The
Emss s not directly used in the Matrix Element weight estimation. Because
of that, in order to verify if this variable brings some discrimination, two neural
networks discriminant have been trained. The first one used as input the three
Matrix Element weights corresponding to each process hypothesis only while
the second neural network consider the transverse missing energy as an input
as well.

The use of the EF** modify the separation power of the neural network im-
proving the performances. This is illustrated in Fig 3.13(a), which is obtained
scanning the cut on the neural network outputs. The efficiency selecting Z(11)bb
events versus the one selecting tf events is shown there for both neural net-
works. The separation between the two considered processes is illustrated in
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Figure 3.12 — Left: Learning curve of a neural network trained to discriminate ¢ and
Zbb events. For both processes, the training and test samples contain approximately
the same numbe events. - Right: Structure of the neural network used to discriminate
tt and Zbb events.
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Figure 3.13 — Left: Z(I1)bb versus t selection efficiencies estimated acording to three

quantities which are: the EF*** distribution, a neural network that uses the matrix
element weights and the EF*** and one NN based on the matrix element weights

only. - Right: Neural network discriminant, using the matrix element weight, for ¢
and D-Y sample. Both sample are normalized to 1.

FORRTE 9
i E T T .‘ T T ] E 0.22fF = R — T i
g o e NNS we!ghts only E ook B E Dileptonic i
2 5oF- —— NN 3 weights + MeT = B
L2 E 0.18F : —— Drell-Yan+jets HEHEMetSig]
G osf- e MeT only = B q
E E 0.16
0.7f = 5
E ] 0.14f
0.6~ = E
E E 0.12
0.5F =
E E 0.1
0.4~ -
E E 0.08
0.3 =
35 q 0.06
o2E E 0.04
o1 L E 0.02f
P SO Sl Lol b d E - R
0 01 02 03 04 05 06 07 08 09 1 1.1 Ly Y B
Z(l)bb efficiency Neural Network Estimator
(a) (b)

Fig 3.13(b). Fig 3.13(a) also shows the discrimination power between Drell-
Yan+jets and ¢ base on the E%$ distribution.
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The shape of the Matrix Element weight distributions are similar between the
dielectron channel and the dimuon channel as shown in Fig. 3.14. It motivates a
simplified approach consisting to consider only the dielectron channel sample to
build the neural network discriminant. So this sample is divided in the so called
test and training samples. This methodology has been chosen in order to avoid
any bias due to the fact that the learning and test sample, considered to fix
the neural network discriminant, are used to validate the comparison between
data and simulated event. Finally, the obtained discriminator is applied for
both the ee and the puu channels.

Figure 3.14 — Comparison of the distribution of the weights between the ee and
the pp channels. - Left: gg — Z(IT17)bb hypothesis. - Middle: qqg — Z(I + 17 )bb
. For theses two matrix elements the correction for the transverse boost is evaluated
only with the visible particles. - Left ¢t hypothesis, the boost correction uses the
missing transverse energy information.The top plots represents the DY sample while
the bottom plots the t sample
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Since the signal to background ratio can be slighly different for both channels,
neural network discriminants are evaluated separately for the dimuon and the
dielectron channels. In both cases there is a good agreement between simulation
and data, as illustrated in Fig. 3.15(a), and in Fig. 3.15(c). The discrimination
power of the neural network is evaluated by calculating the signal significance,

defined as \/siiB’ where S = Z+b,and B=1tt, Z+c, Z+1, ZZ, as a function
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of the selection cut applied on the neural network output. This is shown in
Fig 3.15(b), and byFig 3.15(d).

Figure 3.15 — Left: Comparison of the distribution of the neural network output
for data and simulated events using 5.0 fb~! of data. - Right: Evolution of the signal
significance as a function of the cut applied on the neural network discriminator
output. The plots are obtained for the neural network based on the matrix element
weights and EZ**** for the dielectron channel (top plots) and dimuon channel (bottom
plots).
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It was shown that the purity of the dataset can be slightly improved by looking
at the a Neural Network discriminator based on the Matrix Element weights.
From the Fig. 3.15 b and Fig. 3.15 d, it is observed that the signal significance

S _ could indeed improve by 2 —3%. However, it has not been used for the

VS+B’
cross-section measurement since systematic uncertainties have not been taken

into account.

3.1.6 tt fraction estimation for Z(ll)+bb cross-section
measurement

The background due to ¢t is the largest with the working points used to select
two b-jets because the Drell-Yan + light flavor jet background are reduced to
a negligible level.

Generally the ¢t fraction is estimated from the dilepton invariant mass distri-
bution, where the mass window is slightly enlarged (60 < My < 120 GeV) to
better constraint the ¢ fraction in a narrower mass window used for the Z + bb
cross section measurement. It is also assumed that the relative fractions of
Z 4+ 1, Z 4+ c and Z + b are correctly extracted from the fit of the normalisa-
tion factors of these contributions to data by using the secondary vertex mass
distribution for the leading and sub-leading b-jet. In addition, the ZZ con-
tribution is obtained by normalizing the simulation to the CMS measured ZZ
cross section [114].

Although the fit to the dilepton mass distribution using narrow dilepton invari-
ant mass window is also possible in the at 5.0fb~! sample, the resulting error
is almost a factor of two larger.

The neural network discriminant presented in the previous section also allows
to extract the fraction of ¢ events remaining after applying the final selection
requirement. Considering both neural networks, trained with and without the
Emiss a fit of the t£ and the Drell-Yan Monte-Carlo template to the shape of
the data provides an estimation of the ¢t fraction. The results from this fit are
summarized in Table 3.10 while the distributions of the neural network after
fit are illustrated in Fig 3.16.

The tt fraction estimated using the neural network discriminant, considering
the Matrix Element weights and the E* | is compatible with what has been
measured in the Z 4 bb cross section measurement analysis [110], where the
fraction has been extracted by a fit of the dilepton mass spectrum on wide mass
window (60 — 120 GeV) and extrapolated to the narrow region (76 — 106 GeV).
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Table 3.10 — ¢t fraction estimated from a template fit of four discriminants. The
invariant mass of the dileptonic system, and the two Neural Network discriminants de-
scribed Sec.(3.1.5). These fractions are extracted after the full selection criteria. The
tt fraction obtained using a wide dilpeton mass window (60GeV < M; < 120GeV)
extrapolated to the narrow mass window is also presented. The uncertainties are
statistical only.

Variable ee channel pp channel
M.C. expectation 17% 15.8%
My, (76 — 106) 17.0 £ 3.9% 12.0 £3.1%
N.N. M.E. Weights only 17.0+3.1% 11.0 £ 2.3%
N.N M.E. Weights + Emss 19.0 + 3.0% 12.0 = 2.0%
My, wide mass window ‘ 14.0% £ 2.5% 13.0% £+ 1.9%

The numbers presented in Table 3.10 show also that both neural network dis-
criminant (using or not the EZ¥%% ) provide similar estimation of the t¢ fraction
within their uncertainties. Furthermore, it has to be noticed that the estimation
of the tt fraction in the narrow dileptonic mass window is slightly more precise
extracted with the use of the neural network discriminant than considering the
shape of the invariant mass of the leptonic system.

Finally, in the context of search for new physics, the distribution of neural
network discriminant between Drell-Yan-+jets and ¢t , shown in Fig 3.16, do
not present any excess of data in a phase space region not tt or Zbb like.

3.2 Search for associated production of Z and
Higgs boson decaying to bottom quarks.

This section presents an analysis searching for the Standard Model Higgs boson
decaying in bb and produced in association with a Z° boson. As already said
previously, the search for such a process is motivated by the observation of the
fermionic decay of the S.M. Higgs boson.

The analysis discussed in this thesis makes use of the various aspect of the
Matrix Element method presented previously. It consists in a totally different
approach to what is done by the main analysis performed by the CMS collab-
oration [37]. Indeed, like for the Z + bb cross section measurement analysis,
the Matrix Element method is used in association with multilayer perceptron
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Figure 3.16 — Template fit for ¢ fraction estimation using the Discriminant variable
build from the ME weights only (top) and adding the transverse missing energy in-

formation in the training (bottom). Left: dielectron channel. Right: dimuon channel
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in order to discriminate our signal from the background, which are Drell-Yan+

jets, , tt in dileptonic channel and ZZ production.

The Drell-Yan + jets events selected with two b-tagged jet are categorized
differently with respect to the Z + bb analysis. Three categories are defined as

follow:

e Z+bb: The two b-tagged jets correspond to a real b-parton using the

Monte-Carlo truth.
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e Z+Dbx: One mistag case. One b-tagged jet correspond to a real b-parton,
the other one is matched with udsc or g parton.

e Z+xx: Two mistags case. Both of the selected b-jets matched with udsc
or g parton.

Concerning the signal, the production cross section for each of the signal chan-
nel considered have been estimated at next to next leading order [108] and
listed in table 3.11. However, the analysis presented in this thesis is optimized
for a search of a Standard Model Higgs boson wit a mass of 125 GeV.

Table 3.11 — Cross section for ZH production at /s = 7 TeV for Higgs masses
between 110 GeV and 135 GeV

ZH \/s =T TeV
My (GeV) [ o (pb) (%)
115 0.4107 +5.5, —5.4
120 0.3598 +5.0, —4.7
125 0.3158 +4.9, —5.1
130 0.2778 +5.2, —5.1
135 0.2453 +5.3, —5.0

This section presents first the event selection requirements, then the Matrix
Element weights computation and the signal versus background discrimination
will be discussed. The background description, the considered sources of sys-
tematic uncertainty and an estimation of the exclusion at 95% of the presence
of a Standard Model Higgs boson are presented as well.

3.2.1 Event selection

The Higgs search analysis is mainly based on the events selection defined at
Sec(3.1.1). Although the b-jets requirements are slightly different. The b-jets
are identified using the combine secondary vertex (CSV) algorithm introduced
in Sec (1.4.6). The CSV b-tagger is chosen because it is most signal efficient, for
a given mistag fraction. The use of the CSV discriminant also allows to enlarge
the pseudo-rapidity range up to | n | < 2.4. Moreover in order to reduce
the contribution of the Z+light jet asymmetric requirements on the jet pr
spectrum have been applied. The pr spectrum of the leading and subleading
b-jets are represented in Fig. 3.17(a) and Fig. 3.17(b) respectively. From these
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distributions a minimal transverse momentum of 40 GeV for the leading b-
jet is required while the cut is pr > 25 GeV for the subleading. The same
motivation, the reduction of Z+light contribution, motivates also to require a
minimal transverse momentum for the vector boson candidate of 20 GeV. These
additional kinematic criteria highly suppress the DY plus jet background while
the efficiency is above 80% for a Z (1) H (bb) signal with my = 125 GeV/c? as
shown by the yield presented in Table 3.12.

Table 3.12 — Expected events yields predicted by theory for the various background
processes at three different selection working points. The expected total number of
simulated event is compared to the number of observed event. It shows the efficiency
on signal and background of the tighter requirement on b-jet and vecto boson pr .

Cuts Zbb Zbx Zxx TT 77 ZH125 SM MC DATA
Z+bb+MetSig 2039 1973 3052 294 85 10 7443 7075

+pp(by) > 40 +pp(by) > 25 GeV 1167 835 1043 256 55 8.5 3356 3213
+pp(Z) > 20 GeV 1060 767 886 231 49 8.0 2994 2866

Figure 3.17 — Transverse momentum distribution for the leading (a) and subleading
(b) b-jet for events selected satisfying the leptons requirement and with two jet with
pr > 20 GeV identified as b according to CSV algorithm for Medium-Loose working
point.
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Of course the correction for b-tag efficiency have been adapted to the recom-
mendation of the b-tag working group. The correction scale factor are avail-
able for three different working points that are function of the b identifica-
tion efficiency. The three working points are the Loose, the Medium and the
Tight. They are defined according to the mistag rate 10%, 1% and 0.1% respec-
tively [72]. The two b-jets required in this analysis have to satisfy the Medium
and the Loose (ML) working point criteria respectively. This work presents
results for events with at least two b-jets selected at Medium-Loose working
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point. The distribution of the CSV b-tag discriminant represented in Fig 3.18,
show that Monte-Carlo prediction reproduce well the data shape. The various
background contribution are here normalized to the theoretical prediction.

Figure 3.18 — Distributions of the CSV discriminant for the leading b-jet(left) and
the subleaing b-jet(right) at Medium-Loose working point.
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The Matrix Element weights according to signal and background hypothesis
have been estimated for each event satisfying these requirements.

3.2.2 M.E. for over constraint system (ZZ,ZH)

The process discrimination technique based on the use of the Matrix Element
weights and presented for the Z(I1)bb analysis has been generalized in order
to discriminate more than two processes, in particular the Z(I[)H(bb ) from
its backgrounds. The Higgs search requires the evaluation of the Matrix Ele-
ment weights under the signal hypothesis as well as under all the background
hypothesis. The ¢t and Z (ll)bl; hypothesis have already been presented, the
two other hypothesis to consider are the diboson production and the signal,
Z(I)H (bb ).

The latter two processes present a fully observable final state at detector level.
For both cases the leading order dileptonic system and the hadronic system
have to satisfy the kinematic constraints related to the Z°/H Breit-Wigner.
Technically, there are 14 quantities to fix. pr , 7 and ¢ of the four final state
particles in addition to the fraction of longitudinal momentum z; and x5 of the
two incoming partons.

In order to fix them, there are constraints from experimental observation and
from the theoretical point of view. The 12 experimental constraints result, via
the transfer function, from the measurement of the kinematic of the two leptons
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and the two b-jets. The theory imposes to the {l/bb system to satisfy the Z°/H
Breit-Wigner, it means two additional constraints. Moreover, the conservation
of the total Energy and Momentum (E-P) brings four other equations to satisfy,
ending with a total of 18 constraints.

In this context, the Monte-Carlo integration computing the Matrix Element
weights is not able to probe the full phase space covered by the transfer function.
In practice, the integration is done on the lepton TF with the Z° Breit-Wigner
constraints. Then by assuming the conservation of E-P, the total energy and
momentum of the hadronic system is fixed. As the transfer function on the
jet direction are modeled by ¢ functions the energy of the b-partons is fixed as
well, the jet energy transfer function and the Z°/H Breit-Wigner are evaluated
and not integrated.

Obviously, the weight estimation approach requires the use of the ISR boost
correction. Any extra-radiation with a non negligible transverse momentum
that is not considered in the ISR correction induces a violation of the E-P
conservation and can lead to the non-convergence of the Matrix Element inte-
gration formula or to a non optimal weight.

In order to maximize the use of the transfer function in the numerical inte-
gration, a solution consists to relax some constraints. Searching for Standard
Model Higgs boson at low mass, around 125 GeV, implies a narrow width of
the resonance (I'g) of the order of 5.1072 GeV. In this context the —Logig of
the Matrix Element weight evaluated on a Z(11)H(bb ) sample with the corre-
sponding hypothesis, presents a sensitivity to the lepton transfer function as
show in Fig. 3.19(top). The black curve shows a double peak structure which
appear for the dielectron events while the weight distribution is spread on a
large spectrum for the dimuon events. The weights evaluation for this two
channels differ by the use of different lepton transfer function. This effect has
been studied by increasing the Higgs boson width up to be similar to the Z°
width.

Relax constraints: There are different ways to relax the constraints like as-
suming a more realistic transfer function on particle direction than § functions.
However, the approach chosen for this analysis consists on relaxing the theo-
retical conservation of the total energy when evaluating the ME weights. In
this condition, the leptonic system does not fix the hadronic one and the MC
integration is performed on both lepton and b-jet energy transfer functions.
However, a limit on the probe energy spectrum is imposed in order to techni-
cally perform the integration on a finite range. For each transfer function, an
integration range is associated, w. Considering double gaussian parametriza-
tion for the transfer function, w is define as a function of the maximum between
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the first gaussian width and the second gaussian width evaluated with the re-
constructed quantities.

w =5 X Max(og1,042) (3.9)

The weights evaluated according the prescription relaxing the energy momenta
conservation in the transverse plan will be denoted W (NoE — P).

Increase of the Higgs width: Assuming the fully constrained Matrix Ele-
ment weight computation, the increase of the Higgs boson width in the model
parametrization makes the double peak structure disappear in the shape of the
weight for the electron channel. This effect is presented in Fig. 3.19(top) which
illustrates the evolution of the shape of the —Logig of the Matrix Element
weights with respect to the evolution of the I'yy up to 2.5 GeV. It also shows
that the dielectron and dimuon channels become similar. This evolution of the
weights goes as % In fact, the weights decrease with the increase of the Higgs
boson width.

It has been observed that this increase of the Higgs boson width in the model
parametrization improves the numerical uncertainty on the Matrix Element
weights, as illustrated in Fig 3.19(bottom), i.e. the numerical relative uncer-
tainty decrease with respect to the I'y increase.

In this work, the Higgs width is choose to be 2.5 GeV, close to the Z° width.
This explains why these effects were not observed for the Z(I1)Zbb hypothe-
sis. This choice is more robust against the transfer function modelization and
provides a better numerical precision. Moreover the discrimination between
the signal, the Z(Il)H (bb and the most important background Z(I1)bb is not
dramatically affected as illustrated in Fig 3.20.

The Higgs width is also enlarged to 0.16 GeV, for the estimation of W(NoFE —
P) weights to keep a reasonable numerical precision (= 1%). Despite the
fact that weights estimated with or without assuming the energy momentum
conservation are correlated, both bring information and are considered in this
analysis.

Another approach consists on keeping the Higgs boson width narrow, as pre-
dicted by the Standard Model. This approach provides more freedom to the
Matrix Element integration by assuming a more realistic transfer function of
the jet direction variables (n and ¢). A preliminary study has been done follow-
ing this prescription. Simple gaussian transfer function on 7 and ¢ of the b-jets
are considered and shown in Fig. 3.21 while their parameters are presented
in Table 3.13. These transfer function have been estimated from a tf and a
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Figure 3.19 — Considering the Higgs Matrix Element weight evaluated assuming the
E-P conservation. Top: Shape evolution of the weight distribution with respect to the
increase of the Higgs width (I'yr). - Bottom: Evolution of the numerial uncertainty

on the weight. Left for the dielectron channel and right for the dimuon channel.
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Table 3.13 — Mean value and width of the gaussian paramerization of the transfer

function on 7 (top) and ¢ of the b-jets.

The first results show indeed that the double peak structure tends to disappear
as shown in Fig. 3.22. However no complete study of the impact of this approach
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Figure 3.20 — Comparison between the Zbb vs ZH efficiency curves for the Matrix
Element Higgs weight estimated assuming the E-P conservation and two different
Higgs width. Similar performances are observed.
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(right) of the b-jets.
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on the discrimination power of the Higgs weight has been performed. So the
analysis presented in this thesis has been performed assuming the Higgs boson
width increase.
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Figure 3.22 — —Log10 of the Matrix Element weight evaluated for a sample of
Z(I1)H (bb ) events under the Z(I1) H(bb ) hypothesis. It assumes the Standard Model
predicted narrow Higgs boson width and use the transfer function on jet direction
presented in Fig. 3.21
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3.2.3 Discrimination ZH vs Background

The Matrix Element weights are considered instead of using a large set of
kinematic variables to separate ZH events from background processes. The
Matrix Element weights evaluated according to the t£ , Z(11)bb , Z(11)Z(bb )
and Z(1l)H (bb ) provide seven quantities to discriminate signal and background
as summarized by table 3.14.

Table 3.14 — List of the different Matrix Element weights estimated for each events
in order to perform the H(bb ) search analysis.

Process Hypothesis ISR correction E-P conservation
Higgs qq — ZH — 171+ bb without MeT conserved
Higgs qq— ZH = 171+ bb without MeT Not conserved
tt pp — tt — 11+ v bb with MeT conserved
Zbb gg — 171+ bb without MeT conserved
Zbb qq — 171+ bb without MeT conserved

77 qq— ZZ = 171+ bb without MeT conserved

77 qq— ZZ — 171+ bb without MeT Not conserved

The distributions of —Logg of these seven Matrix Element weights are repre-
sented in Fig 3.23, for the dimuon channel exclusively, on a phase space region
defined by the selection requirements of Sec (3.2.1), and called full region. The
equivalent control plots for electrons are presented in the appendix B.1 . The
normalization of each background in these figures is extracted from a data
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driven technique detailed later at Sec (3.2.4) (as for all the plots in the rest
of this chapter), while the normalization of the expected signal corresponds to
the theory prediction multiplied by a factor 100.

Distributions of Fig 3.23 show the agreement between Data and Monte-Carlo.
The shape differences between signal and background show the discrimination
power of the Matrix Element weights, especially looking at the two distributions
of the two Higgs hypotheses. The Z + bb hypothesis is represented by the two
Matrix Element weights distributions, the gg — Zbb and qq — Zbb.
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Figure 3.23 — Comparison of Data-MC at 4.5.0 fb~! of the Matrix Element weights

distribution for the seven hypotheses of the ZH analysis. dimuon channel at Z(11)H(bb
) Medium-Loose working point.

w F w0
S50 CMS Preliminary {5=7 TeV, L=5.05 b " Z(up) o MS Preliminary {5 =7 TeV, L =5.05f Z(up)
5 r —+ Data 51 - Data
ES " “El g -z
Z+bx Z+bx
. Z+bb
2001 - Z{bb 161 2
V74
r !%E‘ZH (125 Gev) — 100 * ZH (125 GeV)
150 E
100 =
50l
%1 25 26 27 28 20 30 31 6 17 18 19 20 2
-Log WHiggs -Log WHiggs No(E-P)
= 300F — S < F S
S 7 [ CMS Preliminary Vs = 7 TeV, L = 5.05 fby Z(un) S 300|-CMS Preliminary Vs =7 TeV, L = 5.05 fbo Z(up)
H —~-Data €
2 F 9] L —+-Data
: = i + =z
© 250 — xx
250 . Z+bx © 250— Z+bx
E 2+t r [ Z+0b
[ I [ -
2001~ .z r 2z
r — 100 * ZH (125 GeV) 200 — 100 * ZH (125 GeV)
150~

23 24
-Log Wag
w ] " -
3 Z(uy) S CMS Preliminary Vs = 7 TeV, L = 5.05 fb
H H
22 H
2

r %O‘ZH (125 GeV)
200[- (1zseeh)

.Zz
— 100" ZH (125 GeV)

150/

150 [
100;

100 r
50

J:

415 16
-Log Wzz No(E-P)

<« F
g 400 CMS Preliminary Vs =7TeV,L=505f " Z(un)
£
H
5 =
Ziox
300 - é«bn
-z
25 —— 100 * ZH (125 GeV)

9 21 22 23 24 25 26 27 28 2530
-Log Wit



Search for associated production of Z and Higgs boson 127

In order to build a final single discriminant to distinguish between the Higgs
signal and the background processes, the Matrix Element weights are combined
using MLP’s as presented Sec (3.1.5). The Neural network training procedure
consists to defined two levels of multilayer perceptron. The first step consists
to train three independent neural networks which discriminate the Z (1) H (bb)
process from Drell-Yan + jets, tf and ZZ respectively. These three intermedi-
ates neural networks use as input the Matrix Element weights which correspond
to the processes of interest. Afterwards, a final discriminant quantity is defined
as a neural network considering as input the three intermediates ones. In order
to bring also information about the jet flavor this final neural network uses as
input the the product of the two CSV discriminants.

The analysis is optimized for events with exactly two reconstructed b-jets be-
cause of the use of a leading order Matrix Element. It is therefore natural to
split the analysis in two categories based on the jet multiplicity. On the one
hand the events with exactly two b-jets and on the other hand the events with
at least three jets among them two are identified as b’s. This categorization
is also motivated because looking at Z(11)H(bb) simulated events, the bb in-
variant mass spectrum is wider for the category with at least three jets than
for the category with exactly two jets as represented in Fig 3.24(right) and
Fig 3.24(left) respectively.

The dijet invariant mass distribution peaks at My for the signal, at Mz for
the diboson events, decrease for the Z+jets events, and peaks broadly between
100 GeV and 160 GeV for the tf events. In the more than two jets category,
the larger tails observed on the shape of the My, distribution for Z(1l)H (bb )
events is related to the presence of final state radiations.

Reduced analysis phase space regions have been defined for both of the cate-
gories in order to increase the sensitivity to the signal. These analysis regions
are defined by cutting on the dijet invariant mass spectrum around the ex-
pected Higgs boson mass. The neural network training, as well as the final
measurement, are performed on these reduced phase space regions.
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Figure 3.24 — bb invariant mass spectrum for both 2-jets(left) and more than two

jets (right) categories. Top for the dimuon channel and bottom for the dielectron
channel.
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Two jets events analysis

In this first category, after selecting events with a jet multiplicity equal to two
and according to the requirement described in Sec.(3.2.1), the analysis region
is defined by the dijet invariant mass window 80 < M;; < 150 GeV.

The shapes of the Matrix Element weights distribution are similar between the
dielectron and the dimuon channel. Therefore the multilayer perceptron are

trained from a ee-up merged sample. The following neural networks have been
trained:

e ZH vs DY: based on the two Zbb and on the two ZH weights.
e ZH vs tt : based on the ¢t and on the two ZH weights.

e ZH vs ZZ: based on the two ZZ and on the two ZH weights.
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e ZH vs backgrounds: based on the three previous neural networks and
on the product of the CSV discriminants leading and subleading b-jets.

Due to the tight selection requirements the limited statistic of the simulated
sample is one of the main difficulty in this analysis. In order to handle this
problem additional samples of Zbb events have been considered. In addition
to inclusive one, a Drell-Yan sample, generated with prz above 100 GeV and
an exclusive sample of Zbb+jets generated with MadGraph (in the four flavor
scheme [115]) have been considered to trained the different neural networks
presented in this section. The number of selected events in each sample used
for the neural network training are presented in the Table 3.15. These numbers
show how much the exclusive Zbb sample increase the statistic. Then the ZZ
simulated events is the sample with the smallest number of events. In order
to reduce possible bias induced by the NN training procedure, the MadGraph
Zbb four flavor sample has not been used in the final sensitivity study of this
analysis.

Table 3.15 — Number of events per category in jets multiplicity for the different
sample considered in the neural networks training. In the more than two jets category,
the training has been performed with a looser cut on pr jets at 20 GeV.

Sample 2jets events > 2 jets events
Drell-Yan inclusive 1663 5530
DY P,z > 100 GeV 511 2386
Zbb (4F) 5561 16800
tt 3834 9969
Z()Z(bb ) 3098 4927
Z(H(bb ) (my = 125 GeV ) 12914 11481

Moreover, the simulated event samples used for the optimisation of the final
discriminant, has been divided into two parts in order to define a test and a
training sample. The control plots of the intermediate neural networks are pre-
sented in the appendix (B.2) for the dielectron and dimuon channel. Fig. 3.25
shows the final neural network between ZH and its background in the two jet
category for dielectron and dimuon respectively.

This discriminant show an agreement between the data and the Monte-Carlo
predictions in the background region, < 0.5. The Z(Il)H (bb ) contribution is
scaled up by a factor 100 and, as expected, it is mainly located at higher values
of the discriminant.
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Figure 3.25 — Multilayer perceptron ZH-background trained in the two jets category.
Left Dimuon channel, right: Dielectron channel.
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More than two jets events analysis

This second category contains events with more than two jets. In the same way
as for the two jets category, an analysis region based on the dijet mass spectrum
is defined by requiring 50 < M,z < 150 GeV. In this category, the use of a
leading order Matrix Element method is not optimal to study events with extra-
radiation. Despite the use of initial state corrections the discrimination based
on Matrix Element weights is less powerful in the more than 2jets category.

The degradation is due to the presence of final state radiations that have to be
considered as well. Indeed, the final state radiations (FSR) degrade the reso-
lution on the mass of the Higgs candidate reconstructed from the bb system.
Furthermore as the Matrix Element weights evaluated according to the Higgs
hypothesis are highly correlated with the bb invariant mass, the discrimination
is therefore degraded as well. A possibility would consist to apply a Matrix El-
ement at o order. However, the method is then limited by the computing time
necessary to perform the numerical evaluation of the matrix element weights.

In order to handle this difficulty, a set of additional variables sensitive to fi-
nal state radiations and bringing some discrimination between ZH and the
main background is used. Denoting j the closest extra-radiation in the n — ¢
plan with respect to one of the b-jets, this set of new variable contains: the
invariant mass of the bb +jet system (mpp;), the distance ARp; defined as
min(AR(j,b1), AR(j,b2)), and finally the n — ¢ distance between the two b-
jets. These three extra-variables have been considered in addition to the Matrix
Element weights as input to trained the MLP discriminant. It has been shown
that the use of these additional variables improves the neural network perfor-
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mances similarly to the use of Matrix Element weights computed at higher
QCD order [120].

The low value of Mz (M < 95 GeV) defines the FSR region in which the
ARy; and the my,; variables have some discrimination, while the AR(bB) does
not, as illustrated in Fig. 3.26.

Figure 3.26 — Distributions of three variables used in addition to the Matrix Element
weights to improve the discrimination between ZH and Zbb for events with extra-
radiations. These quantities are showned in a final state radiation region like defined
from the invariant mass of the bb system 50 < Mpp, < 95 GeV.
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Contrary to what has been said for the FSR region, in the complementary
region, at larger values of My, (My; > 95 GeV), the myy; and AR(bb) do
not show any discrimination between signal and Drell-Yan+jets as shown in
Fig. 3.27. However, this figure shows different shape of the AR(bb) spectrum
between both processes.

Figure 3.27 — Distributions of three variables used in addition to the Matrix Element
weights to improve the discrimination between ZH and Zbb for events with extra-
radiation. These quantities are showned in an intitial state radiation region like,
95 < My, < 150 GeV.
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Therefore, the three extra variables are used in addition to the Matrix Element
weight as input variables of the various neural networks. Due to the small num-
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ber of events available in the ZZ sample, the neural network which distinguish
Z 7 from ZH remains based on the Matrix Element weights only. In the more
than two jets category the four following neural networks have been trained
on an extended phase space region. Indeed, the training has been performed
with a looser cut on pr jets at 20 GeV. It has been motivated to maximize
the number of simulated event used to train the different neural networks with
the additional variables.

e ZH vs DY: based on the two Zbb , the two ZH weights, the My, the
AR(bb) and the ARy;.

e ZH vs tt : based on the tf and the two ZH weights, the myy;, the AR(bb)
and the ARy;.

e ZH vs ZZ: based on the two ZZ and on the two ZH weights. Due to
the lack of Monte-Carlo statistic, the additional variables have not been
included.

e ZH vs backgrounds: based on the three previous neural networks and
on the product of the CSV discriminants leading and subleading b-jets.

The final discriminants in the more than two jets category are shown in Fig. 3.28
for the dimuon and the dielectron channel respectively. Like for the two jet
category, the control plots of the intermediate neural networks are presented
in the appendix (B.2).

Figure 3.28 — Multilayer perceptron ZH-background trained in the more two jets
category. Left Dimuon channel, right: Dielectron channel. The signal contribution
has been increased by a factor 100
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These distributions clearly show that the signal is located at higher values of
the discriminant as expected. No discrepancy is observed between data and
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the Monte-Carlo prediction in background region defined by the low values of
the neural network (< 0.5).

3.2.4 Background description

This section discusses the normalization of the various background contribu-
tions. In order to better quantify the background yields, they are adjusted
using a similar data driven technique as the one presented in Sec.(3.1.6) for the
tt fraction estimation. It consists into a template fit of the shape of specific
variables of the Monte-Carlo to the data. Moreover, the background normal-
ization uncertainties obtained using such a data driven approach includes the
uncertainties due to the lepton and b-tag efficiencies for the concern processes.

In order to avoid being affected by the presence of Z(Il)H (bb) events, signal
depleted regions for both two jets and more than two jets categories are defined
based on the final neural network discriminants which are trained to separate
the signal from the different background, see Sec.(3.2.3). These two variables
are required to satisfy M LP < 0.5. Moreover, in order to have a region with
enough simulated events of the t£ process, the control region has been extended
to a wider mass window on the invariant mass of the dileptonic system, 60 <
My < 120 GeV.

The impact of the mis-modeling of the py of the vector boson observed by the
Z (1) 4 bb analysis will be discussed as well in this section.

Background normalization

The background normalization is corrected from the theoretical prediction for
the different background processes. This is performed by introducing data-
driven scale factors for each of these processes with the exception of the ZZ
production which is normalized according to the CMS cross-section Measure-
ment [114]. These scale factors are applied in addition to the theoretical pre-
dicted normalization.

The same scale factors are assumed for both dielectron and dimuon channels.
This reduces the number of scale factors to four: SF_Zbb, SF_Zbx, SF_Zxx,
and SF_tt . . These scale factors allow to adjust the overall yields of differ-
ent background contributions namely: Z+bb, Z+bx, Z+xx and ¢t samples
respectively.

This fit has been performed from two discriminant variables which separate
either the jet flavor or the Drell-Yan+jet from the tf process have been con-
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sidered. The first discriminant is a neural network built to distinguish ¢£ from
Drell-Yan, as presented previously in the Sec (3.1.5). The second variable of
interest is the product of the b-tag discriminants for leading and subleading
b-jet.

Based on these two variables, the scale factors have been estimated performing
two 2-dimensional fits simultaneously for the dielectron and the dimuon chan-
nels. Denoting with "+jets” the processes with extra radiations and assuming
the independence between the 2jets and the more than 2jets category, eights
scale factors can be estimated. However, it is further assumed that the scale
factors for the processes Z+bx, Z+bx+jets and the Z+bb+jets are the same
in both cathegories.

This assumption is motivated by the fact that the theory that describes Z+bx,
Z+bx+jets and Z-+bb+jets processes is dominated by processes at next to
leading order in ars with respect to the LO Z+bb process, as shown in Fig 3.29 (right)
and Fig 3.29 (left) respectively. The two processes, Z+bx and Z+bx+jets, are
indeed similar to Z+bb+jets where one of the jet is not observed or not selected

or badly reconstructed.

Figure 3.29 — Representation on one of the production modes of Zbb events with or
without extra-radiations. Left: Production diagram for the selected Zbb final state
without extra jets. Right: Production diagram for the selected Zbb final state with
extra jets, Zbx and Zbx+jets final states.
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As well, the scale factors related to Z+xx and Z+xx+jets are also assumed to
be the same. Therefore assuming a good modelization of the b-tag and mistag
efficiencies. The number of scale factors has been reduced to four:

e SF_Zbb: It represents the scale factor to apply to the Z+bb events in
the 2 jets category.

e SF_Zbx: It is the common scale factor acting on the normalization of
the Z+bb+jets, Z+bx+jets and Z-+bx processes.
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e SF_Zxx: This is the scale factor to adjust the normalization of the Z+xx
and Z-+xx+jets processes.

e SF_tt : This scale factor adjusts the normalization of the ¢t and tt +jets
processes.

The scale factors are extracted from two 2D simultaneous fit of two variables
between both categories and between electron and muons samples. The nu-
merical values of these scale factors are summarized in the Table 3.16.

Table 3.16 — Scale factor estimated from two 2D simultaneous fit of shape of a neural
network which separate Drell-Yan from ¢t and the product of the CSV discriminant
of the two selected b-jet. It fit the sumulated background shape of these variables to
the data one in a control region.

SF #jets =2 Hjets >3
SF_Zbb 0.984+0.07 1.14+0.08
SF_Zbx 1.144+0.08 1.1440.08
SF_Zxx 0.87+0.08 0.87+0.08
SF_-TT 0.90+0.07 0.9040.07

Fig. 3.30 shows the agreement between data and Monte-Carlo predictions nor-
malized using the scale factors of the Table 3.16. The four top plots present,
for the 2 jets category, the distribution of the b-tag CSV product discriminant
and the neural network which distinguish ¢ from Drell-Yan induced events re-
spectively. The two distributions on the left are for the dielectron channel while
the two on right for the dimuon one. The four bottom distributions illustrate
the same agreement in the case of the more than two jets category.

Considering this data driven background normalization, the expected yields for
the various background and signal processes have been computed and compared
to the number of observed data. The Table 3.17 summarized the yields sepa-
rately for the control and the analysis regions, in both cases results are shown
for the two categories in jets multiplicity in dielectron or dimuon channel. The
use of normalization scale factors extracted from events in the control region
present a good agreement between data and Monte-Carlo yields in the same
region, while a small deficit of data is observed in the analysis region.
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Figure 3.30 — Distributions of the variable of interest used to extract the background
normalization scale factors and normalized according to them (the MLP DY vs ¢¢ and
the product of the CSV discriminnat value for the leading and the subleading b-jet).

The top plots represents the 2 jets category while the bottom plots show the more
than two jets category .
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The kinematic tension that have been observed in the Z(Il)+bb cross section
measurement analysis [110] and shown at Fig. 3.5 have to be study as well in
the context of the Higgs boson search analysis. The spectrum mis-modeling of

the pr of the vector boson for the Z + b's simulated event is study by looking
at the following variable,

(Data — tt — ZZ — Zxx),

= (Zbx + Zbb); ' (3.10)

It consists into a per bin (¢) ratio between the observed number of data events,

from which the ¢ , ZZ and Z-+xx expected yields are subtracted, by the Z-+bx
and Z+bb expected yields.

Considering the categorization defined by the jet multiplicity, the tighter cut
on the pr of the jet than the one considered in the previous analysis, and
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Table 3.17 — Summary of yields after normalization based on the scale factors fitted

differently for the 2 jets and More than 2 jets categories. The ZH sample has been
generated with my = 125 GeV.

Channel Data Tot MC  Zbb Zbx 7xx tt 77 | ZH
Control region

ee 2 jets 566 522.6 154.3 139.4 163.3 62.1 8.4 | 0.4
ee > 2 jets 594 634.4 160.7 156.6 201.9 1089 6.3 | 0.3
ee total 1160 1157 315 296  365.2 171 14.7 | 0.7
up 2 jets 683 707.2 226.2 184.1 2082 774 11.3 | 0.5
up > 2 jets 822 836.2 254.2  199.1 2424 131.8 8.7 | 0.4
pp total 1505  1543.5 480.4 383.2 450.6 209.2 20 | 0.9
Analysis region

ee 2 jets 248 271.8 94.1 78.1 75.9 15.4 8.3 | 1.9
ee > 2 jets 354 420 145.6 104.3 129.8 33.0 8.0 | 1.4
ee total 602 691.8 239.7 1824 205.7 484 16.3 | 3.3
up 2 jets 315 353.4 136.0 93.9  92.8 20.1 106 | 24
up > 2 jets 533 534 1976 123.3 151.7 416 11.2 | 1.8
e total 848 887.4 333.6 2172 2445 61.7 21.8 | 4.2

the data driven normalization of the various background processes, the mis-

modeling observed in the previous analysis tends to disappear as illustrated
by the Fig. 3.31. Indeed, these two plots present that the ratios (R;) can be
described by a constant term, meaning that the no global shape discrepancy is

observed. The agreement between data and MC is also presented in Fig 3.32

which illustrates the distributions of the prz spectrum in the control region,

separately in the dimuon and the dielectron channels and for both categories

in jet multiplicity.

In conclusion, in the phase space defined by the selection requirement described

at Sec.(3.2.1) applying the data-driven background normalization as defined

previously, the modeling of the prz is considered as a negligible effect.
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Figure 3.31 — Ratio (Data—tt — ZZ — Zzx)/(Zbx + Zbb) fitted by a constant term.
Both categories show an agrrement with 1.
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3.2.5 Expected sensitivity including systematic uncertain-
ties.

The search for Standard Model Higgs boson is based on the shape of the final
MLP discriminants of the Fig 3.25 and Fig 3.28 for both categories respectively
and correctly normalized according the prescription of the Sec.(3.2.4) .

Upper limit calculation

It is useful to characterize the sensitivity of an experiment by reporting the
expected significance that one would obtain for a variety of signal hypotheses.

The statistical significance of an observed signal can be quantified by means of
a p-value.

In particle physics one usually converts the p-value into an equivalent signifi-
cance, S, defined such that a Gaussian distributed variable found S standard
deviations above its mean has an upper-tail probability equal to p [121]. That
is,



Search for associated production of Z and Higgs boson 139

Figure 3.32 — Distribution of the pr of the Z boson candidate in the control
region merging togheter 2jets and more than 2jets categories and assuming their
onwn normalization. Left: Dimuon events. Right: dielectron events.
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S=a"'(1-p) (3.11)

where @1 is the quantile (inverse of the cumulative distribution) of the stan-
dard Gaussian. The appropriate level of significance to claim a discovery is for
S =5 that correspond to p-value of p = 2.87 x 10~ 7.

The purpose of this analysis is the to perform the exclusion of a signal hypoth-
esis. In this context a threshold p-value of 0.05 (i.e., 95% confidence level) is
often used, that threshold corresponds to S = 1.64.

In particle physics the procedure to establish discovery (or exclusion) is based
on a frequentist significance test using a likelihood ratio as a test statistic,
Gu [121]. Tt can be applied either for a cut and count analysis with a single
likelihood or for an analysis in which the full shape of a discriminant variable
have sensitivity. In that case, the likelihood function is the product of Poisson
probabilities on all the bins (N):
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N
= [T W 20 st i) (312)
=1

The nj, s; and b; represents in the bin j the observed, the signal expected and
the background expected rates. The parameter p represent the signal strength
modifier (ﬁ) and 6 contains all the nuisance parameter terms, e.g. the the
uncertainty on the predicted event yields. 6 are the expected values of the
nuisance parameters. The tested hypothesis is not signal only but signal and
background expressed as p.s + b. The probability of interest consist into the
log-likelihood ratio as expressed by

‘Lz — —2177/%‘%@ (313)
L(data|p, 9)

where fi and 6 maximize the likelihood given the observed data while 9}1 max-
imize the likelihood for a given value of p with a constraint 0 < i < p.

According to the definition of the likelihood ratio definition, g, represents the
incompatibility between the data and the hypothesized value of p and the
higher is ¢, the greater is the inconsistency. The p-value that quantifies the
level of agreement between the data and hypothesized p for a an observed g, ops
is expressed as

puz/oo flaulp)day, (3.14)

9u,0bs

where f(q,|n) represent the pdf of g, assuming the hypothesis p. This pdf is
built by generation of toy experiments. The confidence level is then constructed
as

CLy(p) = 22 (3.15)
Po

If for 4 = 1, CLs < 0.05, the SM Higgs boson with a nominal production rate
is said to be excluded at 95% Confidence Level (C.L.).
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Systematic uncertainties.

Systematic uncertainties affecting the estimated rates of signal and background
processes, as well as the shape of the final discriminator, can bias the outcome
of this Higgs-boson search. The most important uncertainties that affect the
normalization of the signal are the ones related to the uncertainty on the theo-
retical cross section, the b-tagging efficiency and the jet energy scale. Most of
these uncertainties, like the b-tagging efficiency one, do not affect directly the
normalization of the main backgrounds, as they are determined by perform-
ing a fit to the data. They would only affect the background normalization
if the uncertainty has an effect on the shape of the variables used in the final
discriminant.

For these reasons only the statistical uncertainty of the fit is considered as a
systematic on the global yields for the ¢t , Z + bb, Z + bz, and Z + zx pro-
cesses. The normalization of the ZZ process is based on a CMS measurement,
the uncertainty of this measurement [114], is considered as a rate systematic
uncertainty. For the jet energy scale, also the effect on the shape of the discrim-
inator for the different processes is taken into account. The limited size of the
used Monte Carlo samples is also considered. A detailed list of the systematic
uncertainties considered is given below:

The Background normalization: The uncertainties on the four scale fac-
tors extracted from the fit of the background estimation have been considered
taking into account their correlations. This concerns the DY+jets and the ¢
contribution. The sources of uncertainties have been un-correlated according
to a procedure detailed in the appendix B.1. About the diboson background
the normalization uncertainty comes from the uncertainties on the CMS cross-
section measurement.

Lepton Reconstruction and Trigger Efficiency: These efficiencies are
measured using Z — [l decays in data using the Tag and Probe technique. A
flat uncertainty of 2% is associated to the total trigger and lepton reconstruction
efficiency both for electrons and muons. Uncertainties between electrons and
muons are assumed to be uncorrelated. This uncertainty is only applied to the
signal process.

b-tag reweighting: The scale factors associated to b-jet tagging are variated
up and down according to their uncertainties. This results in a variation in the
number of selected signal events of 6%. The background fit has to be repeated
using the same variations of the b-tag scale factors. However, this source of
systematic has not been considered in the final result presented in this thesis.
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The luminosity uncertainty: An uncertainty of 2.3% is assumed for the 2011
luminosity. As the background normalization is Data driven, this uncertainty
is applied for the signal normalization only.

Signal coss section: The assumed total signal cross section of production and
decay have been computed at next-to-next-to-leading order. The considered
uncertainty is about 4%.

The Monte-Carlo statistic uncertainty: The limited size of the generated
Monte Carlo samples implies a non-negligible source of uncertainty. The Monte
Carlo statistic uncertainty is considered as a shape fluctuation. For each bin
of the final discriminator, alternative shapes are defined by varying exclusively
that bin. The corresponding up and down fluctuation are obtained by looking
at +/— one standard deviation of a poisson law distribution centered on the
number of Monte Carlo events that populate that bin. Fig. 3.33 illustrates it for
the Z+bb process with the bin (0.9 — 0.95). It shows the asymmetry between
the up and down fluctuation due to the poisson statistic consideration.

Figure 3.33 — Illustration of a the shape fluctuation considered to take into account
the statistic uncertainty due to the available number of simulated event. It shows the
asymmetric up and down fluctuation for the bin (0.9 —0.95) for the Z+bb processes.
The distribution stay un-changed for the other bin.
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These variations have been considered as independent nuisance parameters in
the CL, estimation.

Jet energy scale uncertainty: The jet-energy-scale uncertainty is evaluated
by applying jet-energy corrections that describe one standard deviation vari-
ations with respect to the default correction factor. The event selection and
the evaluation of the Matrix Element weights is performed again after applying
the jet-energy shifts. This allows to obtain two alternative shapes (correspond-
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ing to the +10 and —10 shifts) of the final neural network, in order to study
the systematic effect of the jet-energy-scale uncertainty in the shape of the
discriminator. Despite the fact that the procedure has been established, the
systematics due to jet energy scale uncertainty has not been included in the
estimation of the confidence level limits.

others: Additional sources of systematic uncertainties exist but have not been
considered for the results presented in this work. This category includes the
jet energy resolution uncertainty, the uncertainty on the EM* that is used to
defined the transverse boost correction for the t¢ hypothesis or the Monte-Carlo
generator effect.

3.2.6 Results

The shape of the Neural network discriminants presented at Sec.(3.2.3) in
Fig. 3.25 and Fig. 3.28 and normalized according to the prescriptions of Sec.
(3.2.4) allow to evaluate an exclusion limit at 95% of the presence of a Standard
Model Higgs boson, CLs. It has been estimated using the LHC CL,; method
briefly introduced is Sec. (3.2.5).

Despite the fact that the analysis has been optimized only for a Higgs with
a mass of 125 GeV, the limits for four other mass working points have been
computed as well. The hypothesis of Standard Model Higgs with mass of 115,
120, 130, 135 GeV have been tested as well. Z(Il)H (bb) Monte-Carlo sample
generated with these four Higgs masses have been considered. For all the
simulated and data events the Matrix Element weights have been estimated
according to all the Higgs mass hypotheses. The neural network discriminants
have not been retrained, however the MLP function trained with the mpyg =
125 GeV hypothesis has been used to defined discriminant for each mass point
evaluating it with the corresponding Matrix Element Higgs weights as input.

The Expected and observed limits have been estimated separately for the two
jets, more than two jets categories and for the dielectron and dimuon channels.
The systematic uncertainties are partially considered. Indeed the Monte-Carlo
statistic uncertainty, the background normalization, the luminosity uncertainty
and the signal normalization uncertainty only have been considered. However,
we believe that the most important have been included.

The obtained results are summarized in the table 3.18 for a Standard Model
Higgs boson with a mass of 125 GeV and the mass scan is represented in
Fig 3.34.
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Table 3.18 — Expected and observed 95% confidence level upper limit on the ratio of
the Standard Model production of Z(Il)H (bb) with a Higgs boson mass of 125 GeV.
Limits estimated separately for four analysis channels defined according to the jet

multiplicity and the lepton flavor.

Z(I)Hbb /5 =T TeV - my = 125 GeV
Channel ‘ Expected Observed

pp 2 jets | 8.1 759 7.3
ee 2 jets 9.8%30 8.4
pp >2 jets | 15.9758 21.7
ee >2 jets | 16.8716 17.3

Figure 3.34 — Expected and observed 95% upper limits on the ratio of Standard
Model production of Z(ll)Hbb for the Matrix Element method analysis. (a) Z(upu)
in the two jet category. (b) Z(ee) in the two jet category. (¢) Z(up) in the more than
two jet category. (d) Z(ee) in the more than two jet category.
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The four channels have been combined to provide the Z(Il)H (bb) limits for
the considered Higgs mass points. As far as the hypothesis of a Higgs boson
with a mass of 125 GeV/c? is concerned the observed upper limit at 95%
confidence level is 5.7 times the standard model prediction while the expected
one is 5.21_%%. In order to compare with the official analysis, the limit has been
computed blinding the signal shape that is 4.8ﬁ:§ and compare to limit based
on the V(II)Hbb channel from [122] that is 4.5775.
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The expected and blind estimated upper limit are suppose to be the same, since
in the LHC prescription, the expected limit does depend a bit on the data in
the signal region while the "blind” estimation not. On the one hand, in the
case of “expected” limit estimation, the "background” model is taken as a fit to
the data with signal fixed to zero. On the other hand, concerning the ”blind”
calculation, the data shape is replaced by the sum of all the background shape.

Table 3.19 — Expected and observed 95% confidence level upper limit on the ratio
of the Standard Model production of Z(II)Hbb with a Higgs boson mass of 125 GeV.

Z(I)Hbb /s =T TeV - my = 125 GeV
‘ Blind Expected Observed
ZODH(bb ) | 48772 52774 5.7

A mass scan has been performed as well as represented in Fig. 3.35.

Figure 3.35 — Observed and Expected at 95% confidence level upper limit on the
ratio of Z(1)H(bb ) production at 7 TeV. The median expected limit and the 1 and 2
o band are obtained with the LHC CL; method.
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Morever, the observed upper limits are also compared to the median limit
expected in the presence of a Standard Model Higgs boson, using a Monte
Carlo “signal injection” technique. This result showned in Fig. 3.36, presents
a statistical compatibility with the presence or absence of a SM Higgs boson.
This results are obtained with asymptotic CLs approximation. Injection of
Standard Model Higgs signal at 125 GeV/c? provides a very similar shape to
the observed one.

Figure 3.36 — Signal injection expected at 95% confidence level upper limit, com-
pared to the upper limit on the ratio of Z(11)H(bb ) production at 7 TeV assuming
SM background only.
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It has been shown that the Matrix Element method can be applied in order to
discriminate several processes with a same final state observed in the detector
by using a multivariate analysis based on the Matrix Element weights. More
over the discriminant has been used in order to estimate an upper limit at 95%
confidence level of 5.7 times the standard model prediction for a Higgs boson
mass of 125 GeV.

The obtained results using the Matrix Element method are in agreement with
the 2011 CMS measurement performed on the same channels [122] with a differ-
ent approach. Indeed the main differences happen at the level of the selection
requirements, the event categorization that depends on the pr of the vector
boson in the main analysis and not on the jet multiplicity.



Conclusion

The Matrix Element Method (MEM) is an advanced analysis technique that
optimally exploits the underlying dynamics of possible physics processes re-
sponsible of a given final state. Applied for the first time for a precise top
quark mass measurement at the Tevatron, its usage at the Large Hadron Col-
lider (LHC) is more challenging due to the complexity of modeling all possible
interactions responsible for a given observed final state together with the deter-
mination of phase-space integrals taking into account proper transfer functions
parameterizing the detector response. This thesis shows for the first time that
this method can effectively be applied at the LHC for the final state involving
a pair of high energetic lepton anti-lepton and a pair of energetic b and anti-b
quarks (1lbb), with or without significant missing transverse energy.

For events with a large missing transverse energy, it is shown that a top quark
mass measurement, can be performed assuming that the dominant process is
the top quark pair production followed by their leptonic decay. This study
showed that the assumption that a leading order Matrix Element is a good
approximation assuming that corrections for the initial state radiation effect
be taken into account. Despite the fact that the systematic uncertainties have
not been evaluated, the results obtained with the first 36 pb~! recorder during
the 2010 campaign is myyp = 173.1 GeV £5.844: GeV is in agreement with
the official CMS measurements obtained with the same integrated luminosity
as well as with the best current measurement performed at Tevatron which is
Meop = 173.2 GeV £0.87 GeV.

An original approach for performing a model independent search of heavy res-
onances decaying into a top quark pair is also addressed by using a variant
of the usual MEM. This study showed that it is possible to obtained a direct
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measurement of the differential cross sections in the selected phase space re-
gion defined by the selection criteria of the considered 1lbb+MET final state.
In particular, differential cross sections with respect to the #t invariant mass
and the angle between the top quarks in the ¢f rest are shown to be different
according to the presence or not of a new resonance.

For a large dileptonic invariant masses, the llbb final state without a large
missing transverse energy is dominated by the associated production of a Z
boson and a pair of b and anti-b quarks, the production of top quark pair and
the production of two Z bosons. This final state can also be populate by the
associated production of a Z and the Standard Model Higgs bosons (Z (1) H (bb
)) . A Matrix Element Method based study has been first tested in the frame
of the Z(I11)(bb ) cross section measurement and has been used in association
with a multivariate analysis in order to distinguish between the Drell-Yan plus
jets and the t# processes. This study required to apply the transverse boost
correction and was more stable and accurate when using a transfer function
for leptons in addition to the b-jets. The obtained results on the estimated ¢t
fraction are compatible with the other method presented in the cross section
measurement paper.

Finally, dedicated search for a SM Higgs boson based on the MEM has been
successfully performed for the first time, using 5 fb~! data recorded by the CMS
experiment during the 2010 or 2011 data taking periods. The methodology to
discriminate signal and background is similar to the one has been used for the
tt fraction estimation in the context of the Z(Il)(bb ) analysis . The obtained
observed upper limit on the ZH production cross section times the H — bb
branching ratio is 5.7 times the standard model prediction while the expected
upper limit is 5.2%7°¢, for a Higgs boson mass of 125 GeV/c2. The search for a
Standard Model Higgs boson actually covered a mass range from 115 GeV/c?
to 135 GeV/c?. These results confirm that the Matrix Element based search
analysis provides as good measurements as the ones obtained with another
technique used by the CMS collaboration with an equivalent luminosity.



Appendix






Appendix

Appendix to the top quark mass
analysis

A.1 Error calculation on top quark mass mea-
surement

The statistical uncertainty on the top quark mass estimated using the matrix
element method is computed as details in this section. Each event weight carry
a numerical uncertainty coming from the MadWeight integration and from the
cross-section normalization (computed with MadEvent) . As the events are
combined such as Eq A.1,

~InL@) =- ) 1n(/d¢|M'a\2W(p7pvis))+N1n(i)+Nln(Acc(p)

events

the propagation and combination of the uncertainties have to be computed
with respect to

5(f d¢|]\/[a|2W(p,pvis)) %
qus‘MaPW(p’p"iS)) +N( oo ) (AQ)

SInL(@) = Y

events
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Moreover the acceptance correction factor induces also an uncertainty on the
final result. It is a global correction 100% correlated between the different
top mass hypothesis. This systematic uncertainty can be reduced according
to a better description of the acceptance and the error component related to
the acceptance is not represented on the various likelihood plots. However the
effect can be computed varying the acceptance fit parameters in the range fixed
by the error on these parameters with respect to the correlation between them.

As far as the top quark mass estimation is concerned, a parametrization has
been chosen to fit the likelihood.

(Myop — a)Q

—In(L) = 2

+c (A.3)
where a is the top mass at the minimum, b is the width at min+0.5 and c is the
offset. The estimated top quark mass correspond to a and the error is computed

as a quadratic sum of oy = (/02 + b? + 0. The table A.1 summarized how
the statistical uncertainty vary when the statistic increase.

Table A.1 — Error evolution with increasing of event number. The input value for
the top mass is 175 GeV .

Event number central value error

50 174.1 3.47
100 174.3 2.6
250 176.05 1.5

500 176.06 1.15
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Appendix to the Higgs search
analysis

B.1 Background normalization

A data driven technique has been used in order to estimate the background
contamination. Background normalization is corrected from the theoretical
prediction applying a scale factor for each of the Datasets. The ZZ contribution
is normalized according to the CMS cross-section Measurement [].

This Background estimation method provides four scales factors that are not
independent that means thaht their uncertainties are correlated. This informa-
tion is contained in the correlation matrix (C) and the covariance matrix (Cov).
The covariance matrix informs about how much two random variable change
together. Assuming a set of | random variables (z;), the covariance between
two of them Cov;, can be written as:

N
Covig = - (e — Bla)) e — () (B.1)
=1

and the correlation as:

o Yool (@ — E(@:) (@ — B(x))
ik —
\/Z;'Vzl(xji - E(l‘i))Q\/Eé\le(%k — BE(xx))?
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According to the prescription of Sec. (3.2.4) that imposes the same scale factor
for both categories for the tf, Zbx and Zzx processes. Moreover the Zbb
normalization for events in the more than two jets category is supposed to
be the same as for the Zbz.

The uncertainties on the scale factors extracted from the background fit provide
a set of four random variables SFy;, SFzpp2, SFzp: and SFyz,, that define a
not orthogonal basis. Each of theses uncertainties affects the various considered
processes. Their relative uncertainties are considered as nuisance parameters;

Ott y OZbb2y O Zbxy Oz

In this base the uncertainty can be written using the error operator, &, as:

N
j=1
Ot 0 0 0
R . . . 0 o 0 0 = - -~ ~
(6 & & a)= 0 ZOW oze 0 -(SFtt SFzvb2  SFzpe SFZM)
0 0 0 OZax

(B.4)

£ is diagonal, it means that the each uncertainty act only ”in a direction” of one
SF;. Although diagonal in a frame where the base vector are not independent.
So there are four correlated sources of uncertainties that must be considered,
each of them affecting only one process, tt, Zbby, Zbx and Zzzx.

Uncorrelated uncertainties sources can be obtained by a transformation to get
independent error vectors. This transformation must produce a diagonal co-
variance matrix. The transformation matrix (7) diagonalize the covariance
matrix (Cov),

€1 €9 €3 €4
€1 0.00570025  —0.000989216 —0.00124505 0.000599395
Cov=|e —0.000989216  0.00567009 0.00567009  —0.00149803 | (B.5)
es  —0.00124505 0.00567009 0.00567009  —0.00550685
es  0.000599395  —0.00149803 —0.00550685  0.00872356

T~ 'CovT = D. Where D is a diagonal matrix with eigenvalues of Cov on the
diagonal.
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0.0150755 0 0 0
0 0.00609784 0 0
b= 0 0 0.00506176 0 (B.6)
0 0 0 —0.000985979

The matrix 7 is defined as

0.161102  —0.586571 0.793239 0.0274363

AN AN A A —0.462439  0.494196 0.478701 —0.559254
4)_ —0.621913  0.10289  0.176241  0.756027

0.611081 0.633339 0.3325 0.338976

(B.7)
Where E; are the eigenvectors of the covariance matrix. This transformation
provide a new basis with the variables (4; B; C; D).

In this new base the error operator £ transforms as & = 7 '£7. And the
matrix of the error vectors (¢/ = €4, €5, €, €p)in the new base are:

¢ =g (A’ B 5):7*157(/1’ B 5) (B.8)
0'27’71577’71(5?’” SFzupe  SFrpe SF}xm) (B.9)
o =T €. (sﬁtt SFps SEype SF}ZZ) (B.10)

The o) affects the different processes tt, Zbb2, Zbx and Zzx according to:

tt Zbb2 Zbx Zrx
UC1 0.0125001 —0.0333795 —0.0434374  0.0584548
UC2 0.0450039 —0.0355122 —0.00740349 —0.0583422 | (B.11)
UC3 0.0592869  0.0352985 0.012943 0.0309364
UC4 0.00196901 —0.039263 0.0552606 0.030886
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These four uncorrelated sources of uncertainties have been implemented in the
different configuration cards used to estimate the confidence level limit. As
in the category of events with more than two jets, the process Zbb2 does not
appear the equivalent process Zbb3 is subject to the same fluctuation as the
Zbx process.

B.2 Monte-Carlo sample and dataset

The sets of data used in this analysis are

e ElA: /DoubleElectron/Run2011A-08Nov2011-v1/AOD
e EIB: /DoubleElectron/Run2011B-19Nov2011-v1/AOD
e MuA: /DoubleMu/Run2011A-08Nov2011-v1/AOD

e MuB: /DoubleMu/Run2011B-19Nov2011-v1/AOD

The MC samples that are used are in Table B.1

Table B.1 — Simulated events samples with their corresponding number of events
and cross section.

Process Dataset Cross-section Evt Nbr

Z — 1l (My; > 50) /DYJetsToLL_TuneZ2_M-50_7TeV-madgraph-tauola/ 3048 36264432
Falll1-PU_S6_START44_V9B-v1/

Z — 1l (Pty; > 100) /DYJetsToLL_pt100_7TeV-madgraph-tauola 25.1 1137280

tE /TTJets_TuneZ2_7TeV-madgraph-tauola/ 157.5 59244088
Falll1-PUS6g T ART 44y, 9B — v1/

ZZ /2zZTuneZ27TeVpythiabtauola/ 6.206 4191045

Fall11-PU_S6_START44_V9B-vi/

ZH 115 GeV /ZH_ZToLL_HToBB_M-115_7TeV-powheg_herwigpp 0.0300 1090000
ZH 120 GeV /ZH_ZToLL_HToBB_M-120_7TeV-powheg_herwigpp 0.0242 1090000
ZH 125 GeV /ZH_ZToLL_HToBB_M-125_7TeV-powheg_herwigpp 0.0189 1100000
ZH 130 GeV /ZH_ZToLL_HToBB_M-130_7TeV-powheg_herwigpp 0.0143 1100000

ZH 135 GeV /ZH_ZToLL_HToBB_M-135_7TeV-powheg_herwigpp 0.0103 1096956
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B.3 Additional control distributions

This section presents illustrates some results of the chapter 3. First the distri-
bution of the intermediate neural network (MLP), Higgs vs t, Higgs vs ZZ and
Higgs vs DY, in the region defined to estimate the upper limits. These discrim-
inants have been built using the seven Matrix Element weight of the table 3.14
according to the description of Sec.(3.2.3). The Fig. B.1 B.2 and B.3 represent
the intermediate multilayer perceptron. Both category in jet multiplicity and
both dielectron and dimuon channels are presented.

Figure B.1 — Comparison of Data-MC at 5.0 fb~! of the neural network discriminant
between Z(11)H(bb ) and Drell-Yan+jets. Top: 2 jets category, Bottom: More than 2
jets category. Left: Dielectron channel, Right: Dimuon channel.
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The distributions of the Matrix Element weights estimated according to the
seven hypothesis listed in table 3.14 are presented by Fig. B.4 for the dielectron
channel.
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Figure B.2 — Comparison of Data-MC at 5.0 fb~! of the neural network discriminant

between Z(11)H(bb ) and tf . Top: 2 jets category, Bottom: More than 2 jets category.
Left: Dielectron channel, Right: Dimuon channel.
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Figure B.3 — Comparison of Data-MC at 5.0 fb~! of the neural network discriminant
between Z(11)H(bb ) and Z(11)Z(bb ). Top: 2 jets category, Bottom: More than 2 jets
category. Left: Dielectron channel, Right: Dimuon channel.
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Figure B.4 — Comparison of Data-MC at 5.0 fb~! of the Matrix Element weights dis-
tribution for the seven hypothesis of the Z H analysis. Dielectron channel at Z(11)H(bb

) Medium-Loose working point.
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