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Introduction

All kinds of visible matter in the Universe are well-described by the so-called Standard
Model of particle physics, which describes the elementary components of matter as well as
their interactions. Over four decades, a wonderful theoretical description was built, and all
its predictions were proven by various experiments in the world with high accuracy. However,
the Standard Model is not renormalizable if particles have mass, which is already proven. A
possible solution to solve this problem in the Standard Model context is to assume that the
masses of particles are generated by the existence of the Higgs mechanism. This mechanism
predicts the existence of a new boson in the Standard Model: the Higgs boson, whose mass
is not predicted by theory and has to be determined experimentally. The Higgs boson is a
puzzle piece that is need to complete the description of the Standard Model of particles.

The search for the Higgs boson was carried out by various experiments: at LEP in the
90s decade of the last century, at the Tevatron from the end of 80s till 2011, and at the
LHC since 2010. The Higgs boson search is divided into various channels based on its
production and decay channels. A major breakthrough occured in 2012 when the ATLAS
and CMS experiments at LHC found the Higgs boson through its decays to bosons (H — 77,
H — Z*Z, H - WW*) at a mass of ~125 GeV. This thesis will focus on the search for
the Higgs boson in the channel where the Higgs boson decays to a pair of b-quarks and is
produced in association with a Z boson decaying to two neutrinos. The Higgs mechanism,
the constraints for the existence of Higgs boson and its discovery will be reviewed in the first
chapter.

The data collected in the proton-proton collisions at the LHC in the year of 2012 are used
for this search. The center-of-mass energy of the collisions is 8 TeV. This thesis uses the data
collected from the ATLAS detector. The detailed descriptions of LHC and ATLAS detector,
as well as their operation will be found in the second chapter.

The ZH — vibb channel contains a pair of b-quarks and two neutrinos in the final state.
The two neutrinos go through without being detected, leaving missing transverse energy in
the detector. The two b-quarks will form jets in the detector. Thus identifying jets originating
from b-quarks is vital for this analysis. This technique is referred to as b-tagging. The details
of b-tagging algorithms and how to apply them to this Higgs analysis will be discussed in the
third chapter.

The work on the missing transverse energy measurements and its triggers is also important
as this will help identifying the events that contain Z decays to two neutrinos and help
reducing the backgrounds. In this work a new missing transverse energy trigger for the Higgs
boson search will be studied, along with the other already existing triggers, and it is expected
to increase the sensitivity of the Higgs boson search. The chapter four will detail the trigger
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parametrization, as well as application of missing transverse energy triggers in the Higgs
analysis in the ZH — vobb channel.

Finally, the detailed analysis of the search of Higgs boson in the ZH — vbb channel
will be discussed in chapter five. We will go through various steps of the analysis: object
identification and selection, modelling and reduction of the backgrounds, as well as estimating
the systematic uncertainties. We will study the effect of the new missing transverse energy
trigger on the search for the Higgs boson.

11



Chapter 1

Theory context

1.1 Standard Model of Particle Physics

Since the beginning of the twentieth century, physics has witnessed huge achievements
in many aspects, with the birth of the two grand pillars: General Relativity and Quan-
tum Mechanics. The former shows a good prediction of the macroscopic universe (such
as the dynamic of galaxies) while the latter describes well the microscopic world (such as
the atomic world) with high accuracy. Quantum Mechanics was developped in early 20th
century by Shrodinger [1], Heisenberg, Born [2], Planck, etc... for the non-relativistic for-
mulation. The relativistic version of Quantum Mechanics was completed by Dirac [3], which
lead to the prediction of anti-particles. Quantum Mechanics (non-relativistic or relativistic)
can only describe one particle, later developments of quantum theory included fields, and
is usually referred to as Quantum Field Theory. This theory can also depict interactions
in sub-atomic physics, such as Quantum Electrodynamics (QED), which was researched by
Feynman, Schwinger and Tomonaga [4-6]|, the theory of weak interaction, proposed early by
Fermi [7], later developed and unified with the electromagnetic interaction (usually referred to
as Electro-Weak unification) by Glashow, Salam and Weinberg [8-10]. The theory of Quan-
tum Chromodynamics (QCD) for strong interactions was completed by the work of Wilson
in confinement of quarks [11] and Gross, Wilczek and Politzer in asymptotic freedom [12-14].

In parallel with the development of Quantum Field Theory and theories of fundamental
interactions, the discovery of elementary particles also obtained huge achievements. The
baryons and mesons are found (p, n are examples of baryons, and 7*, K* are mesons),
and can be grouped in an eightfold way, developed by Gell-Mann, Ne’eman and Nishijima
[15]. This lead to the birth of the quark model of particles, proposed by Gell-Mann and
Zweig |16, 17|, which predicted that the baryons and mesons are composed of quarks. The
baryons and mesons discovered at that time needed the existence of three quarks, however
the Glashow-Iliopoulos—Maiani mechanism [18] predicted the existence of a fourth quark,
called charm quark (or c-quark), later discovered at SLAC and BNL [19,20]. Moreover, the
observation of CP violation by Cronin and Fitch [21]| can only be explained with the presence
of another two quarks, which was theorized by Kobayashi and Maskawa [22]. The two quarks
were named bottom (or beauty) and top (notation b and ¢, respectively), and both particles
were discovered at Fermilab [23-25|. Last but not least, the observation of weak bosons at
CERN |26, 27| confirmed the theory prediction of weak interaction.

12



All the achievements of theories of elementary particle physics together with Quantum
Field Theory, forms the Standard Model (SM) of particle physics nowadays. Most of the
experimental data are well predicted with high precision using this model, making it one of
the well-established theories in history. However, the Standard Model is still missing the
piece to complete the Electro-Weak picture: the Higgs boson. With the presence of Higgs
boson, the puzzle of Spontaneous Symmetry Breaking in Electro Weak theory will be resolved
in the SM. These problem will be discussed in this chapter.

We will begin with a brief introduction to elementary particles in section 1.1.1 and their
interactions in 1.1.2. The formulation of Standard Model will be described in 1.1.3. Then,
the Higgs mechanism will be discussed in 1.2, the experimental limits in 1.3, and its discovery
at LHC in 1.3.4.

1.1.1 Particle hierarchy in the Standard Model

The Standard Model includes three types of interaction: electromagnetic, weak and strong
interactions. A fourth interaction is at play in nature, gravitation, but the gravitational
interaction is not included in the Standard Model but in General Relativity context (which
will not be discussed here).

Fermions are particles of spin one-half, which obey the Fermi-Dirac statistic. These
particles are the elemental components which form all of observed matter. The fermions in
the SM can be divided into two categories:

e Quarks: There are six quarks discovered as introduced earlier which are named: up
(u), down (d), charm (c), strange (s), top (t), bottom or beauty (b). Quarks cannot
be observed in free states, they can only be seen in their compound states of hadrons.
There are two types of hadrons: baryons, which are formed by three quarks and mesons
formed by a quark-antiquark pair. Quarks have color, which characterizes their strong
interaction.

e Leptons: There are also six leptons discovered: three charged leptons electron (e),
muon (p) and tau (7), along with their associated neutrinos v,, v, v, which possess
very small masses. Unlike quarks, leptons have no color.

Quarks can exchange strong interaction with other quarks thanks to their instrinsic color.
They can also interact with each other via weak and electromagnetic forces. Leptons cannot
have strong interaction since they do not have color but they interact with other particles via
electromagnetic and weak interactions except the neutrinos, which can only exchange weak
force.

The quarks and leptons, as well as their characteristics, are summarized in Table 1.1.
All fermions have their own anti-fermions with the same mass and spin but with opposite
charges. We can list the fermions into 3 generations, with each generation containing two
quarks with different charge, a charged lepton and its associated neutrino, for example: the
first generation will contain u, d, e and v,. From the first generation to others, the masses of
fermions increase, which suggests us that the first generation is the most stable, and in result
most of the observed matter in the universe is composed by those fermions. The fermions
of higher generations can only be observed in the astroparticle phenomena or in particle
collisions.

13



Fermions 1st generation 2nd generation 3rd generation Electric LB
Name | Mass [GeV| | Name | Mass [GeV] Name | Mass [GeV]| charge

Quarks u 2.3x1073 c 1.28 t 173.5 2/3 01
d 4.8x1073 S 95.5x1073 b 4.18 -1/3 01

Leptons e 0.5x1073 W 105.7x1073 T 1.77 —1 110
Ve <2x107° |y, <0.19x107% | v, <182x107% | 0 110

Table 1.1: Quarks and leptons categorized in three generations with their corresponding
masses, charges, number of lepton (L) and baryon (B). Quarks masses are masses of the
“bare” quarks. The anti-particles associated with each fermion have opposite charge [28].
The details of neutrino masses can be found in Ref. [29].

1.1.2 Bosons and interactions

Bosons are particles with integer spin and they obey the Bose-Einstein statistic. All
interactions among fermions in the Standard Model are governed by bosons as follows:

e Electromagnetism (EM): mediated by the photon, denoted by -, also known as the
particle of light. This particle is massless and stable, therefore it has infinite range. All
fermions with non-zero electric charge can interact with the others via electromagnetic
interaction. One example of this interaction is the movement of electron around the
atomic nucleus.

e Weak interaction: All fermions in the Standard Model are affected by the weak force
via the exchange of W¥ bosons with charge &1 and Z boson with neutral charge.
Unlike the photon, all weak bosons are heavy, therefore the range of weak interaction is
finite and short. An example for this interaction is the radioactive § decay of neutron
to proton, electron, and anti-neutrino.

e Strong interaction: This type of interaction is mediated by eight gluons and it
exchanges color between quarks and gluons. This is the interaction responsible for
quark confinement. Although all the gluons are massless, their interaction range is
finite. The strong interaction is observed via the bond among the protons and neutrons
inside the nucleus, and jet creation in particle detectors.

Table 1.2 summarizes some details of each interaction. In Quantum Field Theory, like
the other interactions, gravitation is supposed to have its own quanta, called graviton with
zero mass, zero charge and spin 2. Nevertheless such particles have not been detected yet
by experiments. Moreover the strength of gravitation is extremely small compared to other
interactions in SM (10?° times smaller than the weak interaction). Thus in the Standard
Model context, gravitation is alway neglected.

1.1.3 Formulation of Standard Model

The interactions in the Standard Model can be described by symmetry groups based on
Quantum Field Theory and gauge symmetry [30]:

SU3).® SU(2),@U(1)y
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Interaction Boson Spin | Mass [GeV] | Relative Strength | Range |m]
Strong 8 gluons 1 0 1 1071
Electromagnetic v 1 0 1072 00
Weak W=, Z 1 80.4, 91.2 10713 10718
Gravitation | graviton (?) | 2 0 10738 00

Table 1.2: The fundamental interactions in SM and some properties of their mediator bosons
[28]. The gravitation is not included in SM but it is still counted as fundamental interaction.

e U(1)y: group of hypercharge, characterized by the quantum number Y

e SU(2).: Group of isospin in weak interaction, which affects only the left-handed par-
ticles, characterized by two weak-isospin quantum numbers: T and T3

e SU(3).: Symmetry group that describes the strong interaction and Quantum Chro-
modynamics (QCD). The notation ¢ refers to the color exchange between quarks and
gluons.

All fermions and bosons are supposed to have zero mass so that the Standard Model is a
renormalizable theory!. However the experimental results show that quarks, charged leptons
and weak bosons have mass. A solution for this issue is the Higgs mechanism, which will be
discussed later.

In theory, one can represent the interactions of particles in SM using Quantum Field
Theory by introducing the Lagrangian:

'CSM = 'Cbosons + *Cfermions + 'CHiggs + [’Yukawa

The Lyosons represents the gauge bosons with their self-interactions and field strengths. The
term L fermions represents the kinematics of fermions, as well as the interaction between
fermions and gauge bosons. L4y, shows the Higgs field (described in section 1.2.5) and
Ly urawa describes the Yukawa interactions, which generate masses of fermions. All of these
terms are detailed in the next section.

1.2 Higgs mechanism

1.2.1 Electroweak unification

The Electroweak theory unifies the electromagnetic and weak interactions. The theory is
based on the symmetry group SU(2), x U(1)y. This unification requires that two leptons
in the same family must be arranged in the same representation of the group (for example e
and v,). The three families of leptons are organized as doublets represented as:

()

!The renormalization is the procedure that removes the divergences in theoretical calculation [31].
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However, we can observe the disparity between the leptons in each doublet: while e, u, 7
have mass, the neutrinos are massless in the SM?. Plus, the theory predicted the 4 bosons
associated to the group SU(2);, xU(1)y are massless, in contradiction to experimental results,
which observed the weak bosons are massive (shown in Table 1.2). The most accepted
explanation for these paradoxes is the Higgs mechanism, which will be discussed in the next
section.

1.2.2 The Higgs mechanism

The Higgs mechanism introduces a boson field with non-zero weak isospin and weak
hypercharge interacting with particles (boson and fermions). This mechanism is used to
explain the masses of fermions and weak bosons [33-35]. This field is in fact a complex

doublet of scalar fields:
o+
o (¥) »

The Lagrangian of this field is written in the form:
L = (D,®)(D'd) — V(o'D) (1.2)
V(®T®) = 1 *®Td + \(dTD)? (1.3)

e The first term in the Lagrangian denotes the kinematic part of the field, which contains
the interaction between the field ® and gauge bosons of the group SU(2), xU(1)y. D,
is the covariant derivative needed for local gauge invariance under the transformation

of the group:

T YT
DN = 8M -+ Zg?WM -+ 19 53
where the bosons W** (i = 1,2,3) are the bosons of group SU(2); with coupling con-
stant g and group generators 7* (Pauli matrices), B, is the boson of group U(1)y with

coupling constant ¢ and Y is the hypercharge.

B,, (1.4)

e The second term in the Lagrangian is the potential of the field ®. This term is invariant
under the gauge transformation SU(2)y. The term u? can be understood as mass of
the field ®, and X\ is considered as the self-coupling of the field ®, A must be larger
than 0 so that the self-coupling term of the potential is bounded.

With this choice of kinematic term and potential term, the Lagrangian of the field ® is
invariant under the group transformation SU(2), x U(1).

There are two possibilities of the term p? that can alter the behavior of the potential
V(®TD):

e 112 > 0: The potential V has a paraboloic shape and the equilibrium state where V' = 0
can only be found at ®=0. We can also say that there is only one VEV (vacuum
expectation value). The potential is symmetric, and no symmetry breaking is observed.

2Neutrinos actually have mass but very small [32]. There is no proven mechanism to generate their mass
yet.
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e 112 < 0: Now the potential V has a form of “Mexican hat” and the equilibrium stat2e
of V' can be located anywhere as long as the value of the field satisfies (Pypy) = _%
(Fig. 1.1). In this case we say that the symmetry is broken (spontaneous symmetry

breaking).

Figure 1.1: The shape of potential V(@) in the complex plane of ® for the case p? < 0.

Generally we can choose a specific solution of ® as the following:
0
v (2)
V2

One example for spontaneous symmetry breaking is in ferromagetism: For ferromagnetic
material, it is invariant under the spatial rotations. The considered parameter is the mag-
netic polarization. Above the Curie temperature, this parameter is zero, so no magnetic
polarization and the symmetry is conserved. Under the Curie temperature, the polarization
is non-vanishing, causing the magnetization to point to a certain direction. The rotation
along this direction is symmetric while the other rotations are spontaneously broken.

_ 2
where v —V)\“

1.2.3 Masses of weak bosons

Developing the @y gy around the minimun of V', we rewrite:

Pypy = % (VJEH) (1.5)

where H is the Higgs field in vacuum. Then we can replace the field in eq. 1.5 into the
expression of eq. 1.2 using the covariant derivative in eq. 1.4. Considering the mass terms
in the Lagrangian® we obtain:

G212 g%+ g” (gW3 _ g’B)2

— W’ H? (1.6)

'Cmass =

3the mass term in Lagrangian has the form %ngzSngS
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with W=+ = 2= (W' 4iW?). The bosons W3 and B can also be represented by introducing

75
Z and 7y v
and ~:
v\ _ [ cosfy  sinfOy B (1.7)
Z)  \—sinfy cosby | \W3 ’

g Experimental results show
92+’

Here, we introduce the Weinberg angle 0y, with cos 0y, =

the value sin 6y, =~ 0.23 [28].
Applying the representation of (v, Z) of equation 1.7 in equation 1.6, we can observe the
mass associated with each boson by identifing:

2 12
My =%y, — NEEE

9 9 > N = O, MH = —2,&2

The W# bosons only couple with the left-handed fermions, while the Z boson and v can
be coupled with both left-handed and right-handed fermions.

1.2.4 Masses of fermions

The spontaneous symmetry breaking generated masses of weak bosons, but it takes no
responsibility for masses of fermions. They are from the interactions between fermion fields
and Higgs field described by the Yukawa Lagrangian:

Ly ukawa = C'f\TJLq)\I'R + Hermitian conjugate terms (1.8)

where W, and WUy are left-handed doublet and right-handed singlet fermion fields, respec-
tively. Cf is the Yukawa coupling constant to the fermion field f. This form of Lagrangian is
invariant under the transformation of SU(2)r, x U(1)y. The mass of fermion is proportional
to the Yukawa coupling:

. C Fid

V2

The SM contains 3 generations of quarks so the Yukawa coupling constant must be 3 x 3
matrices in the interaction eigenstates and these matrices are not necessarily diagonal. How-
ever we need the diagonal matrices since the physical particles (which correspond to mass
cigenstates) are needed. Therefore a transformation that changes those coupling constants
from the interaction eigenstates to the mass eigenstates is required, and of course, this trans-

formation must be a unitary matrix and mixes 3 generations of quarks. This matrix is called
the Cabibbo-Kobayashi-Maskawa (CKM) matrix VEEM |22, 36]:

My

Vud Vus Vub
VEEM — [ V) Ve Vi (1.9)
Via Vis Vi

and the transformation between the interaction eigenstates and mass eigenstates of quarks
can be written as:
q/z _ ‘/i?KMq]
where ¢ is the quark vector in weak interaction eigenstates, and ¢’ is the vector in mass
eigenstates, 4,7 is the index of quark (u, d, etc...). The CKM matrix also tells us the

18



probability of quark transition from a quark to another quark via weak force exchange,
which is proportional to |Vj;|*. Each element VS*M in the CKM matrix represents the
coupling constant of the charged weak current to quarks ¢ and j. The CKM matrix can also
be parametrized using different constraints in SM, with three mixing angles and one complex
phase. This phase is needed to explain the CP-violation discovered in kaon-system [21].
Currently the best value of magnitude of each element of CKM matrix* is [28]:

Vial Vi |Va| 0.97427 £ 0.00015 0.22534 =£ 0.00065  0.0035179 00013
V| |Ves| [Vl | = [0.22520 £ 0.00065 0.97344 4 0.00016  0.0412¥90003
Vial - [Visl Vi 0.0086770:00020 0404 +000LL () 9991 46+0 00002

From these values, one can observe that the top quark decays almost 100% to b quark
and W boson. The matrix is almost diagonal.

The existence of neutrino masses suggests that a similar version of CKM matrix should be
applied for the lepton sector,which is so-called Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [37, 38].

1.2.5 The Higgs boson

The Higgs boson associated to the Higgs field in Higgs mechanism is expected to exist.
This is the consequence from the Goldstone theorem [39], which predicts the existence of the
massive scalar field after the symmetry breaking of the gauge group SU(2);, x U(1)y. This
boson is spin 0.

Take a look again in the Lagrangian of eq. 1.2, considering only the Higgs field and note
that v is constant, it can be written as:

2 H) (vt H)

— 2 _
L=|0,H]" = p 9 1

Expanding the last two terms in the Lagrangian, then we obtain the mass terms of the

Higgs:
1
My = 5(_M2)H27

and the self-interaction of Higgs field:

2 2
St K 4
—H — H*.
A + 412

The value of p? has to be negative so that the symmetry breaking can happen, however
its value is still needed to be determined. And in the SM context, this value is not predicted.

Searches could put limits on the Higgs mass, allowing us to specify the regions where the
Higgs mass is discoverable. The hunt is now over, as we will discuss later.

4These values are obtained from global fit in SM.

19



1.2.6 Summary

All discovered particles (fermions and bosons) are categorized as in Figure 1.2, classifying
the generations of fermions and some of their characteristics (mass, spin, charge). The
particles in the first generation are the most stable and they compose most of the observed
matter in the universe (for example, atoms contain electrons moving around the nucleus
which is formed by protons and neutrons, which are composed internally by up and down
quarks). The particles in second and third generations possess much higher masses than
those in the first generation, therefore they are likely to decay to the first generation within a
very short lifetime and can only be observed in high-energy experiments. The neutrinos are
supposed to have zero mass and cannot change their flavor in the Standard Model. However
the discovery of neutrino oscillations proved that neutrinos must have non-zero mass, and
from experimental constraints, these masses are very small.

Three generations
of matter (fermions)

| 1 1]
mass—)| 2.3 MeV/c 1.28 Gev/c 173.5 GeV/c
charge—|{ 24 2}_, 245
spin—{ 2 u V2
name—| up charm top

= .1/3 -3
Vs V2

4.8 Mev/c 95.5 Mev/c* [l | 4.18 Gev/c
bottom

down strange

Quarks

<2ev/E <0.19 MeV/c |<18.2 MeV/c?|

0 0 -V

Ve VY L 1/2
electron muon
neutrino neutrino neulnno

0.511 MeV/c |l |105.7 Mev/& 1.777 Gev/c|
A S I
V2 V2 u ‘/2

~125 GeV/c*
o]

0
Higgs

electron muon Boxen

tau

Gauge bosons

Higgs boson

Leptons

Figure 1.2: Particle hierarchy in Standard Model with their characteristics.

There are three fundamental interactions mediated by 12 bosons (1 v for EM, 3 weak
bosons (W*, Z) for weak force and 8 gluons for strong interaction) in SM. Quarks can ex-
change all types of interaction, and leptons cannot have strong interaction as they have no
color. The bosons must have no mass in order to have gauge invariance, nevertheless the
weak bosons are observed with heavy mass, which can be explained by the spontaneous sym-
metry breaking of the Electro-Weak symmetry. This phenomenon predicts the existence of
the Higgs boson, which also generates masses for all fermions in the SM.

1.3 Search for the Higgs boson

As we have seen in section 1.2, after the spontaneous symmetry breaking, masses of
particles in the Standard Model can be generated by introducing the Higgs mechanism.
However the mass of the Higgs boson is determined by an arbitrary parameter p?, and in the
Standard Model context, this parameter is unknown by the theory. The experimental search
was recently performed at LEP, HERA, and Tevatron afterwards. Currently the Higgs search
is continued at the LHC.
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1.3.1 Theoretical constraints

The Higgs mass is not predicted in the SM, however the theoretical calculations can be
used to derive limits. All the Higgs mass constraints are based on the equation of renor-
malisation group. We will not go through the detailed calculations here, those works can be
found in [40,41].

The results of these calculations can be summarized in Figure 1.3. The allowed region for
the existence of the Higgs boson is between the limit of pertubative regime and the vacuum
stability. From this constraint, if we search for the Higgs boson at TeV scale, the Higgs boson
mass is allowed in the range of 50 < My < 800 GeV.

800 [TT [T T[T T[T T[]
—, 600 my 175 GeV
- i
K: ag(Mg) = 0.118
400
=

200

IIII|IIII

0 | 1| | | 1 | | 1 | | | | 1
102 106 109 10! 1015 1018
A [GEV]

Figure 1.3: Theory constraint of Higgs mass as a function of energy scale A. The red line
is the limit from pertubative regime and the green line is the limit of vacuum stability. The
allowed Higgs region is between the red and green lines [41].

1.3.2 Direct experimental constraints

The experimental constraints on the Higgs mass were obtained by particle colliders: LEP,
Tevatron.

LEP was an ete™ collider at center-of-mass energy of 209 GeV maximum, operated for
over ten years from 1989 to 2000 with an integrated luminosity of 2.5 fb~!. LEP searched
for the Higgs boson in ete™ — Z* — ZH. The data collected from LEP allowed to put a
lower limit on the Higgs mass with 95% of confidence level at 114.4 GeV [42].

The Tevatron used proton-antiproton collisions with energy at center-of-mass 1.96 TeV
to perform its Higgs search. The Higgs search was composed from several production
and decay modes. The data collected showed the exclusion of Higgs mass in range of
90 < mpy < 109 GeV and 149 < my < 182 GeV using the Higgs boson decays to bb, WW*  ZZ*
77,77 depending on the production mode (Fig. 1.4) [43].
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Figure 1.4: The limit of SM Higgs boson production at Tevatron with 95% confidence level.
The regions where CL < 1 are excluded [43].

1.3.3 Indirect experimental constraints

The indirect constraints are used as complementary to direct constraints of Higgs search
based on quantum properties of particle physics. One method uses the mass of W* boson
and top quark to put limits on the Higgs mass. The corrections of W boson mass depend
on Higgs mass logarithmically. Figure 1.5 shows that a small variation on W= boson mass
can cause a large deviation of Higgs mass, and constrains the region where the Higgs mass
is allowed.

Another constraint method that is still using the previous electroweak parameters depen-
dence on Higgs mass is the difference of x? between the theoretical prediction and measure-
ments, the Ax? (this constraint is only available for SM Higgs boson). Figure 1.6 shows that
the most probable value of Higgs mass (the minimum Ax?) is 90752 at 68% CL. The upper
limit of the Higgs is found at my = 158 GeV at 95% CL.

1.3.4 Higgs search at Large Hadron Collider

The production of Higgs bosons at low mass (my < 150 GeV) at LHC can be done in
the following channels (Fig. 1.7):

e Gluon-gluon fusion: the Higgs boson is created in the virtual loop of top quarks.

e Weak boson fusion: Collisions of quarks produce the weak bosons, then the two weak
bosons can be fused together to create the Higgs boson (only available for W*TW~ — H
or ZZ — H).

e Associate production with a pair of top quarks.

e Weak boson strahlung: A pair of quark-antiquark collides, producing a virtual weak
boson. Then this virtual weak boson will radiate a Higgs boson.

The cross-sections for each production mode of Higgs boson as a function of Higgs mass
are shown in Figure 1.8 at the center-of-mass energy /s = 8 TeV (detailed Higgs production
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Figure 1.5: W boson mass as a function of top quark mass. The red and blue contours are
of 68% confidence level. The green zone shows the value of Higgs mass available in SM for
different masses of W and ¢ [44].

cross section can be founded in Ref. [45]). The gluon-gluon fusion is the dominant production
channel®. Then the second dominant production mode is the weak boson fusion. The two
production channels of weak boson bremstrahlung have lower cross-section than the previous
two, however they are still higher than the ¢¢ channel.

The search for Higgs boson at LHC uses all of these production channels, and utilizes
channels of Higgs decays which can be detected (Fig. 1.9) if we are to search for Higgs
boson with low mass (my < 149 GeV as the exclusion from Tevatron). The decay channels
that are being studied at LHC are H — bb, H — 77, H — ZZ*, H - WW*, H — Zv
and H — v7y. As one can see from the branching ratio, the most abundant decay channel
for Higgs search would be the H — bb with 57.7% of branching ratio (mg ~ 130 GeV),
but one should deal with large backgrounds from hadronic production. The three channels
H— 77", H— WW* and H — ~~ can produce more visible signals, but need to face the
low branching ratio.

Results of the search for Higgs boson at LHC The Higgs search has come fruitful
after a long run of searching for almost five decades. In the year 2012, the combination of
Higgs search using Higgs decay channels H — ZZ* — 4¢, H — WW* — {vlv and H — ~v
at the ATLAS and CMS experiments using data of 2011 and 2012 (4.8 fb™" of data collected
in 2011 and 5.8 fb~! in 2012) showed the existence of Higgs-like particle with mass — 126.0
+ 0.4 (stat.) £ 0.4 (syst.) GeV [46,47] (Figures 1.10, 1.11), with the significance of 5.9
standard deviations, corresponding to a background fluctuation probability of 1.7 x 107°.

5At LHC the dominant collision is gluon-gluon, while in Tevatron the collisions are mostly quark-quark.
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Figure 1.6: Ax? between theory and measurement as a function of Higgs mass using fit from
electroweak parameters [44|. The yellow bands are the excluded region at 95% CL from LEP
and Tevatron. The blue band is theoretical uncertainty.

These results confirm the existence of the Higgs boson and also confirm the coupling between
the Higgs boson and the other known bosons in the Standard Model.

In the end of 2013, the results of Higgs search with mass around 125 GeV decaying to
a pair of 7 leptons (combining leptonic and hadronic decay mode of 7) with the ATLAS
and CMS experiments once again confirm the existence of the Higgs particle [48,49] and the
coupling between Higgs boson and leptons [50].

1.4 Conclusion

The Standard Model is a successful theory to describes the hierarchy of fermions (quarks
and leptons) as well as interactions between them mediated by bosons. However, it does
not explain the origin of particle masses. This can only be solved by introducing the Higgs
mechanism in the SM, which proposes the interaction between particles and the Higgs field
to generate masses of particles. Nevertheless, the mass of the Higgs boson is not predicted,
and determining this mass is one of the keys to complete the SM. Various constraints from
theory and experiments allowed to reduce the region to search for the Higgs boson. Search
for the Higgs boson was a primary objective at LEP and Tevatron precedently and LHC at
present. Various channels and production modes are being analyzed at LHC, and the Higgs
boson was found in 2012 through its decays to bosons and leptons at a mass of ~125 GeV.
However the Higgs boson decay to quarks needs confirmation to assure that the discovered
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Figure 1.7: Feynman diagrams for each of Higgs boson production modes.
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Figure 1.8: Cross sections of Higgs boson production as a function of Higgs mass at

Vs = 8 TeV collision at LHC [45].

Higgs boson is the one predicted by the SM.
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Figure 1.9: Branching ratio of each decay mode of Higgs boson as function of Higgs mass [45].
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Chapter 2

Experimental description

Our experimental framework is based on the Large Hadron Collider and proton-proton
collision phenomenology. The Higgs analysis we pursue will be held at the ATLAS detector.
In this chapter we will introduce the operation of the Large Hadron Collider and its objec-
tives. The full description of the ATLAS detector will also be discussed here with all the
components, performance, and physics object reconstruction.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is currently the world’s largest particle collider in terms
of center-of-mass energy. This grand machine is located at CERN, at the France-Switzerland
border, near Geneva. The LHC is designed to test the modern theories of particle physics
at high energy scale, verifying theoretical predictions of interactions among particles and
properties of them. The machine also serves the goal of discovering new physics such as
supersymmetry, and searching for new particles like the Higgs boson.

The LHC was constructed using the tunnel from the LEP collider, which spans 27 km of
circumfence. It was designed to collide protons at the center-of-mass energy /s =14 TeV. In
2010 and 2011 the LHC operated at /s =7 TeV, and in 2012 at /s =8 TeV. The LHC was
shut down for the year of 2013 for two years for upgrading. The machine is supposed to run
at /s =13 TeV in 2015, and in the near future of 2018, it should operate at full energy at
Vs=14 TeV.

Particle collisions at LHC are mainly proton-proton. There are alternatives, such as:
e Collision of eTe™ as in LEP, pp as in Tevatron and ep as in HERA
e Collision with a fixed target.

The reasons for this choice are as follows:

e The proton, much heavier than electrons (about 1836 times heavier), can be acceler-
ated in the LHC synchrotron ring to reach higher energy thanks to its much lower
synchrotron radiation loss: synchrotron radiation loss for a particle with mass m is
proportional to 1/m?, so we can evaluate that the energy loss per turn of proton is 10'3
times lower than for electrons, therefore can be neglected.
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e The protons are much easier to produce than the antiprotons. At Tevatron, the an-
tiprotons were produced by colliding proton beams with a metal target with a rate of
millions of protons collided to produce one antiproton. Therefore a high instantaneous
luminosity® from proton-antiproton collisions is hard to achieve.

The LHC can also be used for heavy ion collisions (mainly Pb).
Using proton-proton collisions can also lead to disadvantages, which will be discussed
later also in this chapter.
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Figure 2.1: The CERN accelerator complex

For the collisions at LHC, proton beams are accelerated through the system of existing
accelerators at CERN before entering the LHC ring (Fig. 2.1). At the first stage, the protons
are created from ionizing hydrogen gas. The linear accelerator (LINAC 2) accelerates proton
beams up to 50 MeV, then they are boosted up to 1.8 GeV by the Booster and injected to
the Proton Synchrotron (PS). Here the protons are accelerated up to an energy of 25 GeV.
After that, the proton beams are accelerated up to 450 GeV by another bigger synchrotron
accelerator, the Super Proton Synchrotron (SPS) before being injected to the LHC as the
final stage of accelerating chain. Proton bunches then are accelerated and collided at four
intersection points (which correspond to the locations of four main detectors at LHC that
will be described later).

The trajectories of proton beams are bended and maintained inside the LHC ring by the
magnetic field generated by the system of superconducting magnets. This magnetic field sets
the limit to the maximum energy that the protons can reach inside the LHC ring. For 7 TeV
beam, the LHC operates at the nominal magnetic field of 8.3 T. Since the proton beams
are to be accelerated into opposite directions to collide, the LHC cannot rely on one single
bending magnetic field. Instead, the magnetic field is designed with two superconducting
dipole magnets and two beam pipes as described in Figure 2.2, where the magnetic field in a

ldefined from number of collions produced per unit of time N = £ - o, where ¢ is cross-section. The unit

of instantaneous luminosity is cm=2s71.
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pipe is opposite to the other pipe. The two superconducting dipole magnets and two pipes
lie in the cryostat cooled down by super-fluid helium down to a temperature of 1.9 K.

There are also the system of quadrupole magnets which aim to keep the beam focused
and multipole magnets for beam corrections.
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Figure 2.2: Transverse cut of a dipole magnet used at LHC.

The number of collisions per second at LHC is given by the formula Neyenis = £ X 0,
where £ is defined as the luminosity of the machine (in cm™2s71), and o is the cross section of
the considered physic process. The luminosity depends on the colliding beams characteristics
and can be written as follows:

o N?-B- frevF

4dr - 0,0,

L

where:
e N is the number of protons per bunch.

e B is the number of proton bunches per beam

frev 1s the revolution frequency of the bunches

04,0, are the widths of the Gaussian distribution of the beam in the transverse plane

F' is the geometrical correction to adjust the crossing angle of the two beams at the
colliding point.

Another quantity of luminosity that we also use often is the integrated luminosity, which
is defined as the integration over time L;,, = [ L(¢)d¢t. This quantity yields the unit of cm™2

Y
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which is the inverse of the cross-section’s unit (in cm?, or barn?). So in LHC operation, we
usually use the units of integrated luminosity as pb™*,fb™ ", etc...
The main features for LHC operation in 2010, 2011, 2012 and nominal operation are shown

in Table 2.1. The integrated luminosity measured by the ATLAS detector is summarized in
Figure 2.3.

Table 2.1: Main parameters of the LHC during operations in 2010, 2011, 2012 and nominal
feature.

Parameter 2010 2011 2012 nominal
V5 [GeV] 7 7 8 14
Number of protons per bunch 1.2-10" | 1.45-10" | 1.7-10' | 1.15- 10"
Number of bunches 368 1380 1380 2808
Bunch spacing [ns| 150 75/50 50 25
Bunch revolution frequency [kHz] 11 11 11 11
Peak luminosity [em™2s™!] 2.1 x10% | 3.7 x 10% | 7.7 x 103 | 1. x 10
Integrated luminosity /year 48 pb! 5.6 th™! 23 fh! 100 fb~*
=—10 T T T T T 1
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Figure 2.3: Integrated luminosity (in fb™') recorded by the ATLAS detector in 2010, 2011
and 2012.

Various experimental projects on modern physics are operated at four main experiments
at LHC:

e ATLAS: A Toroidal LHC ApparatuS: general purpose experiment.

e CMS: Compact Muon Solenoid: same purpose as ATLAS.

21 barn = 10~ %4¢cm?
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e ALICE: A Large Ion Collider Experiment: Mainly observe heavy ion collisions and
study the quark-gluon plasma.

e LHCb: This experiment focuses on studying the parameters of CP violation via the
decays of b-hadrons and on probing new physics via precision measurements.

2.2 Proton—proton collisions at LHC

The proton-proton (pp) collisions at LHC are able to reach high energy and high luminos-
ity, but not without paying a price: unlike electrons or positrons, which are real elementary
particles, the protons are composed by quarks and gluons (or so-called partons), thus the real
collisions at LHC are from the collisions between partons. Those partons carry some fraction
of energy of proton, consequently not all the interactions happen at the same center-of-mass
energy +/s but rather a wide range of /s. Plus, interactions between quarks and gluons are
not perturbative and cannot be calculated precisely in QCD theory. The fraction of energy of
parton inside the proton is characterized by the parton distribution functions (PDF), which
are also not possible to evaluate and can only be determined using experimental data fitting
(at HERA and Tevatron, for example).

The cross-sections for various physics processes using pp collisions at LHC are presented
in Figure 2.4. The elastic collisions do not produce any new kind of particles and new physics
and are not considered here. For the inelastic part, the partons inside protons can interact
and form new particles in the process, for example: W, Z or ¢, Higgs, etc...(we usually call such
processes as hard scattering processes). As the center-of-mass energy rises, the cross-section
of creating new particles increases, resulting in a better chance for them to be detected.

The complexity of proton-proton collision at LHC leads to the following phenomena:

Underlying events Apart from the events from the hard scattering processes during pp
collisions, other events also come from the remnants of interacting protons which can also be
detected. Those kind of events are referred to as underlying events (UE). The modeling of
UE at LHC is crucial for the measurements of high momentum processes, because they can
affect those measurements by impacting on the calibration of the energy of jets for instance.

Pile-up There is more than one pp collision occuring in each bunch crossing, contributing
more events to our interesting processes (for example, production of W and Z bosons, heavy
quarks, etc...) (Fig. 2.5). We define these kinds of events as in-time pile-up events. The
response time from sub-detectors can be higher than the bunch spacing (25 ns), so pile-up
events from preceding and following collisions can contribute signals. Such pile-up events are
called out-of-time pile up. Events from pile-up are different from the underlying events since
they are independent from the interesting interactions. The pile-up at LHC is characterized
by the mean number of interactions per bunch crossing (denoted by (u)). For 2012 data, the
(u) is observed to be significantly higher than in 2011 data. (Fig. 2.6).

Jets The partons can emit gluons that might generate further gluons or quark-antiquarks
pairs. These processes are called parton showers. As those showers expand, the strong inter-
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proton - (anti)proton cross sections
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Figure 2.4: Cross-sections of various processes at Tevatron (proton-antiproton collision) and
at LHC (proton-proton collision) as a function of /s [51].

action coupling increases and this leads to hadronization (see Fig. 2.7), which creates more
stable particles. Collisions at LHC produce very high energy-momentum quarks and gluons.
The resulting cascade of particles generated in the hadronization focus in a narrow space
in some specific direction. Such particle showers are usually called jet. Jet measurements
are important at LHC as these are the key for studying the multijet at TeV scale (constrain
PDF, strong coupling constant «y), they are also the important signals and backgrounds for
the study of new physics (SUSY, Beyond the Standard Model, etc...).
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(marked by colors) in the collisions that Figure 2.6: Luminosity as a function of
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Figure 2.7: The model of hadronization: the quarks produced from collision generate the
parton shower, the shower will eventually convert to hadrons as the strong coupling constant
rises.
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2.3 The ATLAS experiment

2.3.1 General description

ATLAS is one of the two detectors for general-purpose experiments at LHC. It is the
biggest detector ever built with 46 m long, 25 m of height and 7000 t of weight. The
construction began in 1997 in a cavern ~100 m underground.

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 2.8: Overview of ATLAS detector and its sub-detector system.

The overview of ATLAS detector is displayed in Figure 2.8. ATLAS has a cylindrical
form, with the center located at the interaction point of pp collisions. It contains a system
of sub-detectors:

e Inner detector (inner tracker): The closest detector system to the interacting point and
surrounded by a solenoidal magnet which generates a strong magnetic field (about
2T).

e Electromagnetic and hadronic calorimeters: Identify and measure energy of electrons
and photons (in EM calorimeter), as well as the energy of jets (measured also in hadronic
calorimeter).

e Muon spectrometer: surrounded by the air-core toroid magnet. The muon spectrometer
allows to trigger the muons as well as high-precision measurement of muon tracks.

The principle of detecting particles in ATLAS detector is summarized in Figure 2.9.
Charged particles like electrons, muons, etc leave tracks in the tracking system, allowing the
detector to reconstruct their trajectories and momentum. In EM calorimeters, electrons and
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photons will deposit all their energy to the system and can be measured, the other particles
like hadrons and muons will traverse through this part of calorimeter system and deposit
part of their energy. All hadrons will generate hadronic showers in the hadronic calorimeters
and deposit their energy in it, so that their energy is measured by the calorimeters. The
muons will traverse through all the tracking system and calorimeters but are detected by the
muon spectrometer, therefore their momentum can be reconstructed and measured.
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' i £ are invisible to
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Electromagnetic . »
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. H
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Figure 2.9: Particle detections in the sub-detector system of ATLAS.

The neutrinos escape the ATLAS detector without being detected. Details of measuring
energy and momentum of neutrinos will be discussed in chapter 4.

ATLAS coordinate system The ATLAS coordinate system is defined as follows: along
the beam direction of protons is the longitudinal axis, the z-axis. The x —y plane (transverse
plane) is perpendicular to the beam direction with the z-direction pointing to center of LHC
ring, and y-axis pointing upward. We define the azimuthal angle ¢ with respect to the x
axis, 6 is the polar angle with respect to the z axis. We also define the pseudo-rapidity as:
n = —Inarctan(0/2).

The rapidity is also used with the definition:

1. E+p,

Yy = =In )
2 FE—p,

where F is the energy of the particle and p, is the component of momentum of particle along
the z-axis. The distance AR is defined as: AR = \/(A¢)% + (An)2.
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ATLAS performance requirements Table 2.2 summarizes the performance require-
ments of the ATLAS detector in each detector component.

Detector component Resolution 7) coverage
For measurement | For L1 trigger

Inner detector 0pe/pT = 0.05%pT © 1% In| < 2.5 -

EM calorimeter op/E = 10%E ©0.7 % In| < 3.2 In| < 2.5
Hadronic calorimeter og/E = 50%E @ 3% In| < 3.2 In| < 3.2
Forward calorimeter og/E = 100%E & 10 % 31 <n <49 |31<|n <49
Muon spectrometer | o, /pr = 10% at pr = 1 TeV In| < 2.7 In| < 2.4

Table 2.2: Requirements of ATLAS detector performance.

2.3.2 Inner detector

The Inner Detector (ID) [52] is also known as the tracking system of the ATLAS detec-
tor, it is responsible for measuring and reconstructing trajectories of charged particles with
high quality including their momenta, primary /secondary vertices, impact parameters in an
enviroment of high density of tracks thanks to its high granuality. The ID is surrounded by
a 2 T magnetic field generated by a solenoid magnet.

The Inner Detector is composed by three main components: Pixel Detector, Semi-Conductor
Tracker (SCT) and Transition Radiation Tracker (TRT). They cover a region of |n| < 2.5 in
the ID, which is shown in Figure 2.10. The detailed description of these component detectors
will be discussed in the following subsections.

2.3.2.1 Pixel detector

The pixel detector [53] is the closest detector to the collision point along the beam line
(also shown in Figure 2.10). This sub-detector is constructed based on a technology that can
sustain a very high radiation level around the collision point, and can also deliver measure-
ments with low noise, high occupancy, high efficiency and very high precision.

The pixel detector is formed by three barrel layers (numbered from 0 to 2)? surrounding
the beam pipe and three end-cap layers (also numbered from 0 to 2) in each side, covering
a region of |n| < 2.5, aiming to measure at least three space points to reconstruct tracks
of charged particles. The distances of each barrel layer with respect to the beam pipe axis
are 50.5 mm, 88.5 mm and 122.5 mm, respectively. For the end-cap region, the layers are
installed at the corresponding distances of 495 mm, 580 mm and 650 mm with respect to
the center of the detector. The area of detection is composed of 1744 modules with 1456 in
the barrel region and 288 in the end-cap region, containing more than 80 million pixels (67
million in barrel region and 13 million in end-cap region). Each module (Fig. 2.11) is a block
covering an area of 6.08x1.64 cm? composed of:

e Silicon sensor layer: contains the diode in the reverse polarization, which detects par-
ticles via the electron-hole creation when charged particles pass through.

3The innermost layer of the pixel detector barrel (0*") is called b-layer.
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Figure 2.10: The layouts of barrel region (top) and endcap region (bottom) of Inner Detector.

e Readout electronic layer containing 16 Front-End (FE) chips with 2880 readout chan-
nels in each chip, with a total 46080 channels. Each channel associates with a pizel.
The pixel size is of 50x400 pm in r — ¢ and z directions.

e Control card connected to the FE chips and using Module Control Chip (MCC). This
card receives signals from FE chips and delivers them to the data acquisition.

In the barrel region, the modules are mounted on a cooling and mechanical support system
called staves; the staves are designed such that they form a geometry providing full coverage
without gap in each layer. The number of modules, staves and distance from the beam pipe
are summarized in Table 2.3.

In each of end-cap regions, the layers are formed as disks, and each disk consists of
eight sectors with six modules attached (so 48 modules on each disk). Those six modules
are divided into two groups of three on each side (long side of the module is along the R-
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Figure 2.11: Layout of pixel module in ATLAS pixel detector.

Layer | Distance from beam pipe [mm| | Number of staves | Number of modules
0 50.5 22 286
1 88.5 38 494
2 122.5 52 676

Table 2.3: Properties of each layer in barrel region of ATLAS pixel detector

direction) with the modules on the back side rotated by a tilt angle of 7.5° in ¢-direction so
that the full coverage of detection can be guaranteed.

The instrinsic resolutions of pixel detector are 10 ym in the R — ¢ plane and 115 pym along
the z-axis. These are good resolutions in order to separate tracks from long-lived particles
(b or c-hadrons) and deliver a good reconstruction of primary and secondary vertices in both
transverse plane and longitudinal direction. This will be very useful for our analysis.

2.3.2.2 Semi-Conductor Tracker

The Semi-Conductor Tracker (SCT) [54, 55| surrounds the pixel detector. Like the pixel
detector, it is designed to sustain a high level of radiation. It is a semiconductor p-in-n silicon
microstrip detector because silicon is fast and can sustain under long-term high luminosity
operation.

The SCT is composed of four barrel layers and nine disks on each end-cap side (see Fig.
2.10). Four barrels contain a total of 2112 SCT modules with more than 3.2 million readout
channels. On eighteen disks from both end-cap sides, there are 1976 modules in total with
more than 3 millions readout channels. The modules are mounted on a light support material
of carbon fibers (Fig. 2.12), composed of 2 sensors on each side rotated by a small angle of
40 mrad with respect to each others so that the hits ambiguity is reduced.

The modules of SCT cover an area of 63 m? and provide at least four space point mea-
surements. The SCT delivers instrinsic hit resolutions of 17 ym in R — ¢ plane and 580 pum
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Figure 2.12: Layout of SCT barrel module.

along the z-direction in the barrel region while in the end-cap the resolutions are 17 pym in
R — ¢ plane and 580 pum in the radial direction R.

2.3.2.3 Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [56] is the outermost component of ATLAS ID
made from more than 350000 drift tubes of 4 mm diameter called straw tubes, covering a
region of |n| < 2. The strawtubes are arranged along the beam axis in the barrel region with
144 cm length while in end-cap region, they are installed along the radial axis with 37 cm
length. The TRT in the barrel region consists of three cylindrical rings with 32 modules
on each. There are three different types of barrel modules installed from the innermost to
outermost radius.

Each strawtube is filled with a gas mixture of Xe/CO3/O2. The anode is installed at the
center of the strawtube with a 31 pm-diameter tungsten wire plated gold, and the cathode
is the surface of the strawtube. The passing charged particle will ionise the gas mixture in
the tube and the charge drift will be collected at the anode. Figure 2.13 shows the principle
of determining the charged particle trajectory in TRT. The drift time of the ion in the tube
depends on the distance between the anode and the primary ionisation and provide the
resolution of 130 ym in R — ¢ plane. Unlike pixel detector or SCT, the TRT provides only
measurements in R — ¢ plane.

In addition to bringing a good momentum resolution for charged tracks, as it spans up to a
radius of 1 m, the TRT plays an important role in electron identification because the electrons
deposit more energy in the gas mixture inside the strawtube than the other heavier particles
(pions, hadrons, etc...) thanks to the higher transition radiation absorbed in strawtubes®.

4The radiation transition of an ultra-relativistic charged particle is proportional to the Lorentz factor
~v=E/m.
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Figure 2.13: Principle of detecting charged particle in TRT.

2.3.2.4 The ID cooling system

Chips and modules in pixel detector and SCT generate large amount of heat in ATLAS
detector since the high granularity will need high density of electronics. The heat emitted
from the ID can be up to 85 kW at nominal luminosity, so controlling the conditions of
electronic system is essential to maintain the operation of detector and protect the detector
from unexpected damages.

The pixel detector and SCT use the same cooling system using C3Fg as the coolant due to
their high radiation resistance, non-toxic and inflammable. The silicon sensors can operate
at -7° to minimise damage from radiation. Both pixel detector and SC'T operate in a dry Ny
gas flow to remove the possible humidity on sensors and FE electronics.

Unlike pixel detector and SCT, the TRT operates at room temperature, and it uses
CgF14 as the coolant. Additionally, the volume of TRT is filled with COy to suppress the
contamination of the mixture gas inside the straw with other molecules.

2.3.3 Calorimetry system

The ATLAS detector calorimetry system [57] is built with different technologies to deliver
measurements with good energy resolution, good position precision and cover a large range
of pseudo-rapidity |n| < 4.9. The calorimetry system is composed of three main parts: Elec-
tromagnetic, hadronic and forward calorimeters (Fig. 2.14), which serve different purposes
in measurements:

e EM calorimeter (EM): for energy measurement and identification of electrons and pho-
tons. It also takes part in jet reconstruction/energy and missing transverse energy.

e Hadronic calorimeter: Used for jet reconstruction, jet energy measurements and also
measure the missing transverse energy.

e Forward calorimeter (FCal): attached to the end-cap cryostats, this part of calorimeter
is used for forward jet and missing transverse energy measurements.
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Figure 2.14: Layout of ATLAS Calorimetry system.

2.3.3.1 Electromagnetic calorimeter

The EM calorimeter is designed to absorb energy of particles like electrons and photons.
Its high granularity provides a high precision measurement of energy and position of absorbed
particles. The calorimeter is divided into three regions: a barrel region for |n| < 1.375 and
two end-cap regions covering 1.375 < |n| < 3.2. The EM barrel and end-cap are made of lead
absorbers and copper electrodes, and gaps between them are filled with liquid argon (LAr).

The barrel EM calorimeter is split into three layers as shown in Figure 2.15. The first
layer is the closest to the ID and has a high granularity of thin strips (with the size of
An x A¢ = 0.0031 x 0.098) which provides a good resolution to separate electrons/photons
from 7°. The second layer has larger radiation length compared to the first one such that it
can absorb the majority of energy of the electrons and photons up to 50 GeV, its cell size in 7
direction is bigger than the first layer (0.0245 compared to 0.0031) but smaller in ¢ direction
(0.0245 compared to 0.098). Particles with high energy can reach the third layer and are
stopped here, at this point the clusters created by particles in calorimeter are wide enough to
double the size of cells in 7 direction without losing the resolution. In the region of || < 1.8
the Pre-Sampler (PS) is installed in front of EM barrel to correct the energy loss in the ID.

The EM end-cap (EMEC) covers the higher region of pseudo-rapidity. In each side of
end-cap, the EMEC is divided into inner wheel (coverage of 2.5 < || <3.2) and outer wheel
(1.375 < |n| < 2.5). The voltage applied on the EMEC and the LAr gap size vary with
respect to radius so that the response of signal in 7 direction is uniform.

2.3.3.2 Hadronic calorimeter

The hadronic calorimeter absorbs the energy of particles that pass through the EM
calorimeter (usually hadrons), covering a range of || < 3.2, it is composed of two com-
partments: Tile Calorimeter (TileCal) and LAr hadronic end-cap calorimeter.
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Figure 2.15: A schematic view of the three samplings of the ATLAS barrel elec- tromagnetic
calorimeter system.

Tile Calorimeter The Tile hadronic calorimeter is located right behind the EM calorime-
ter. It uses steel as absorber and scintillating plastic tiles as active material (Fig. 2.16). It
is divided into three parts: barrel part, covering a range of |n| < 1, and two end-cap barrels
on each side covering the region 0.8 < || < 1.7.

LAr hadronic end-cap calorimeter Like the EMEC, the hadronic end-cap calorimeter
(HEC) is installed within the same cryostat. It has two independent wheels on each side
of the end-cap, located right after the EMEC. It extends the coverage up to |n| < 3.2,
also overlaping with the forward calorimeter to ensure the material density at the transition
region. It uses copper as absorber and liquid argon as medium.

2.3.3.3 LAr forward calorimeter

The LAr Forward Calorimeters (FCal) provide measurement of jets in the forward region,
and also play an important role in estimating missing transverse energy. They are located
on both sides of the end-cap and contain both EM and hadronic calorimeters. The range
of pseudo-rapidity extended by the FCal is up to |n| < 4.9 and also overlaps with HEC,
therefore ensuring good coverage.

The FCal is divided into three modules as shown in Figure 2.17: The module that is closer
to the interaction point is for EM detection, which uses copper as absorber. The other two
modules are placed right after the EM modules and use tungsten as absorber for hadronic
absorption. All three modules use the same cryostat as the other end-cap calorimeters.

2.3.4 Muon spectrometer

The muon spectrometer is the outermost part of the ATLAS detector and covers other
sub-detectors. Figure 2.18 illustrates the layout of the muon spectrometer and its four compo-
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Figure 2.16: A schematic view of Tile hadronic calorimeter.

nents: Monitored drift tubes (MDT), Cathode strip chambers (CSC), resistive plate chambers
(RPC) and thin gap chambers (TGC). All these components operate under the toroidal mag-
netic field generated by three air-core toroids, with a long barrel toroid located in the central
region and two end-cap toroids in the end-cap region to cover the higher range of pseudo-
rapidity. The magnetic field is constructed such that it is always perpendicular to the muon
trajectory. The muon spectrometer provides a high precision standalone measurement of
muon momentum.

The MDT covers all the region of || < 2.7 with a barrel and two end-caps. At the
innermost layer end-cap region (2.0 < |n| < 2.7), the MDTs are replaced by the CSCs. The
MDT is composed by drift tubes (with diameter of 29.970 mm) containing the gas mixture
of Ar/CO,, and a tungsten-rehnium wire as anode with 50 pm thickness placed at center
(Fig. 2.19). There are approximately 1150 MDT chambers with 350000 read-out channels
with resolution of single tube about 80 pm.

The CSC is the multiwire proportional chambers with cathodes segmented into strips
(Fig. 2.20). The anode wires are placed in radial direction and perpendicular with the
cathode strips, allowing measurements in both directions. The CSC allows the read-out of
high rates of particles with the maximum counting rate of 1000 Hz/cm?. The CSC replace
the MDT in the region of 2.0 < || < 2.7 because the particle flux in this region is beyond the
maximum readout rate of MDT (with only 150 Hz/cm?). The resolution of measurements of
the wires is ~60 pum, and 5 mm in the transverse plane (¢ direction).

The RPC in the barrel region (covering |n| < 1.05) and TGC in end-cap regions (covering
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Figure 2.18: Layout of ATLAS Muon Spectrometer.

1.05 < |n| < 2.4) are used for triggering purpose. The timing resolution of the two are very
high, of 1.5-4 ns, which allows to identify the bunch crossing (the bunch space of LHC is 25
ns). They also pre-define the threshold of transverse momentum for trigger selection. The
resolution in RPC is 10 mm in z-direction and for TGC are 6 mm in R and 7 mm in ¢.

2.4 ATLAS Trigger system

The bunch spacing of pp collisions at LHC is 25 ns, which delivers an extremely high event
rate that costs huge computing resource and storage to write. The ATLAS trigger system is
designed to reduce such high event rate to about 500 Hz so that the events can be written
in storage, serving the purpose of selecting rare interesting events (from very rare processes
or new physics) out of large background from pp collisions.
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Figure 2.19: Cut-view of a drift tube in MDT. Muons passing through the tube ionise the
gas mixture filled in the tube and the ions are collected at the anode placed at center

Figure 2.20: Overview of a CSC (left) with anode wires and cathode strips placed perpen-
dicular to each others (right).

Figure 2.21 illustrates the trigger system in ATLAS detector: the system is divided into
three stages: Level 1 (L1), Level 2 (L2) and Event Filter (EF). The L2 and EF are often
referred to as High Level Trigger (HLT). The detailed description of these three levels will
be discussed in the following subsections.

2.4.1 First Level Trigger

The Level 1 receives signals from calorimeter and muon system. Its main purpose is to
reduce the event rate from 40 MHz to about 75 kHz with a latency of 2.5 us (all the data
from all sub-detectors will be stored in the pipelines during this latency). The decision on
L1 trigger is based on the energy thresholds of the objects in sub-detectors like EM clusters,
electrons, muons, photons, jets, missing transverse energy, etc... The algorithms used to
compute these objects are based on the trigger towers of 0.1x0.1 granularity in Anx A¢ [58].
All the information about these objects will be identified as “Region of Interest” (Rol) at L1
trigger, and later transferred to L2 for further processing.

The limit number of L1 configurations (or L1 items) available at anytime is 256, and each
L1 item is the combination of certain L1 thresholds. A prescale factor can also be specified
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Figure 2.21: Overview of ATLAS trigger system.

for these L1 items®.

Data-taking is divided into time intervals of the order of one minute, called luminosity
blocks. These luminosity blocks are the smallest size of data which can be monitored and
available for physics analysis. Within a luminosity block, the information of L1 trigger like
trigger configuration and prescale factors remains unchanged.

2.4.2 Second Level Trigger

The L2 trigger [59] is a software-based system using a farm of PCs to run the selection
algorithms. It accesses all information from all sub-detectors in the Rol identified by L1 to
create a seed of information of each trigger accepted by L1 containing py threshold and n — ¢
position, using this seed to construct a Rol window, the size of this window depends on the
type of triggered object.

The L2 triggers use refined algorithms with more optimal calibrations that improve the
resolution. The L2 has the ability to access the information that is not available at L1 (for
example the track reconstruction in ID); further rejection as well as higher purity can be
achieved at L2 using information from sub-detector systems.

The L2 provides additional rejection compared to L1, reducing the event rate from 75 kHz
to ~ 2 kHz during operation of detector. The latency of L2 is about 10 us, and the average
time for processing is about 40 ms, including data transferring time.

2.4.3 Event Filter

The Event Filter [59] is the final online selection performed by software algorithm. It
receives the information from L2 and uses them as seed for a more refined analysis. The

5The prescale factor is defined as only 1 event over N events pass for further HLT processing

46



EF uses algorithms more similar to offline reconstruction, which is more complex, providing
more rejection at EF.

The EF receives the events at a rate of 2 kHz, with a processing time of 4s per event
during nominal operation, and will further reduce the rate to less than 1 kHz. The output
rate of EF is limited by offline computing resources and budget.
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Chapter 3

Identification of b—jets

The goal of our analysis is to identify the Higgs boson in the decay mode H — bb, the
two b quarks ending up as jets in the detector. Thus the identification of jets originated from
b hadron (called b-tagging) in the ATLAS detector plays an important role in our analysis.
The b-tagging is not only useful for the search of Higgs boson in H — bb but also important
in the other searches for new physics (SUSY, discover new particles for example). In this
chapter we discuss the b-tagging algorithms, some studies we realized and the use of b-tagging
in our analysis.

The b-tagging algorithms rely on reconstructed tracks in detector that are associated to
jets (so-called track-to-jet association). This chapter introduces a new track-to-jet associa-
tion: the ghost-association, and we later study how the b-tagging algorithms perform using
this new association.

Finally, the application of b-tagging in our Higgs analysis will be described: which algo-
rithm is the best choice and how to deal with possible differences in data and in simulation.

3.1 Jet algorithms in ATLAS detector

As b-tagging algorithms operate on jets stemming from the fragmentation of b-quarks, let
us first give some basic information about the jet reconstruction in the ATLAS detector.

3.1.1 Introduction

Jets are created in the detector from the hadronization of quarks and gluons in a very
localized space, typically in a cone whose axis close to the initial quark/gluon direction.

Almost all the physics studies in ATLAS involve jet reconstruction. Generally there is no
universal jet finder algorithm, the jet finder depends on the physics processes that we want
to study (for instance, in t¢ process, we are interested in narrow jets while in measurement
of cross—section of jets from QCD processes, we prefer wide jets). The basic guidelines for
jet reconstruction are discussed in Ref. [60].

Jets are reconstructed in ATLAS calorimeter system based on the clusters of energy
deposited in calorimeters. They could also be partially reconstructed using tracks in the
Inner Detector to get an independent jet measurement from calorimeters.

48



3.1.2 Standard jet algorithm: anti-k;
3.1.2.1 Jet algorithm

All objects (such as tracks, particles, or more often clusters in calorimeters) can be clus-
tered together to reconstruct jets using jet algorithm. The most used jet algorithm in ATLAS
is anti-k; [61,62]. This algorithm is a fixed—cone jet finder which follows a sequential recom-
bination algorithm for all the input objects based on the following quantity:

(L1 AR
k. k3,0 R?
where 4, j is the index of the 2 arbitrary objects, kz; is the transverse momentum of the
object i, AR;; is the distance in ¢ — n plane between object ¢ and j, R can be understood
as the radius parameter for the algorithm, and d;; can be understood as "distance" between
the two objects i, j. We also define the quantity d; = 1/ k%z which is the distance between
the object ¢ and the beam.

When the minimum value in the list of distances d,;, is some d;;, then the objects 7 and
j are combined into a new object k, therefore recreating the list of objects.

If d,,;n, = d;, the object ¢ is considered as a final jet. This method is repeated until all
jets are found.

The distance R is chosen to control the size of the jets, common chosen value of R is 0.4
for narrow jets, and R =0.6 for wide jets.

There are other jet algorithms available that we don’t use in our study: k; and Cam-
bridge/Aachen. The principle of k; is the same as anti—k; but uses the transverse momentum
k% in the jet finding algorithm instead of using 1/k%. For the Cambridge/Aachen, particles
and tracks are clustered using spatial separation, not considering momenta nor energies.

(3.1)

dij = min

3.1.2.2 Jet calibration

The jet energy measured in the calorimeter should be calibrated to the energy at particle
level because notably of the energy loss when particles pass the cracked region (1.37 < || < 1.52)
or out-of-cone losses. ATLAS provides jet calibration using correction factors derived from
Monte Carlo simulation. This is also called Jet Energy Scale Calibration [63]. In this method
each jet is corrected by a factor as a function of pr and 7 of jet. The corrections depend on
pile-up and jet origin.

3.1.3 Active area of jets

Most of the time we are interested in the jets originating from the hard scattering pro-
cesses. However the underlying event (UE) and pile-up in the collision can affect our jet mea-
surements because particles from those events can contribute to jet clusters in the calorime-
ters. The high pile-up can also form jets that overlap with other jets, resulting in ambiguities.
To deal with this issue, we introduce the concept of active area of jet.

The principle of finding the active area of jets relies on the following steps [64]:

e Get a uniform distribution of low—energy particles (less than 0.01 MeV) called ghost
particles in rapidity and azimuth.
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e All the constituents, including these ghost particles, are then clustered to create jets.

e Since the energy of ghost particles are low, they don’t change the result of clustering
jets, but more important, these jets contain extra ghost particles, so we can measure
the area of the jets by counting the number of ghost particles (present in the jets) times
the average area that a single ghost particle fills in calorimeter.

An example of jet areas using the principle above is shown in Figure 3.1. All the jets
with high momentum have a circular shape area with certain radius R, while other jets with
much lower pr have the crescent shape area.

T antik,R=1 |

Figure 3.1: Sample of parton-level event with many ghost particle uniformly distributed
clustered with anti—k; algorithm.

The active area of jet is applied to study the jet substructure since the real jet may be
originating from more than one particle. The other application is to develop a method of
pile-up substraction. All of these applications are detailed in Ref. [64]

Jet Vertex Fraction Most of the time we are interested in jets originating from the
primary vertex (which is usually from hard scattering processes in ATLAS detector (see 2.2)),
nevertheless the pile-up and underlying events in pp collisions also produce jets, affecting the
jet measurement (Fig. 3.2). To distinguish jets from primary vertex and jets from pile-up,
we use the quantity called jet vertex fraction (JVF) defined as the sum of pr of all matched
tracks from a given vertex divided by the total pr of tracks matched to jet:

Z pr(track!®, vertex;)
JVF (jet, vertex;) =

k
Z Z pr(track’, vertex,)
n p
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JVF[jet vix1] = 1,
JVFfet1vx2] = 0 |

AVFet2,vix1] = f
JVFljet2,vix2] = 1-f

Figure 3.2: Illustration of jet vertex fraction of jet with respect to the given vertices.

The JVF is defined for each jet with respect to each vertex. If jets are from pile-up, the
JVF should be zero. Else if they are originated from primary vertex, this quantity will take
the value 1. And if no track matched to the jet, we set the JVF to be -1.

3.1.4 Association of tracks to jet
3.1.4.1 Principle of track-to-jet association

Association of tracks to jet is important in our study because tracks are one of the key
ingredients in the construction of the b-tagging algorithms. Tracks reconstructed can also
participate in jet reconstruction.

After selecting tracks we can associate them to jet. In most of the studies in ATLAS we use
the cone matching using the quantity AR(jet,track): the track will be associated to a jet if the
distance AR between the track and the axis of jet in calorimeter fulfills AR(jet, track) < 0.4.
However this method is not optimal because the higher transverse momentum of jet, the more
collimated the tracks in jet are (Fig.3.3). Therefore, for a high-pr jet, the cone is too big and
collects backgrounds from noise, pile-up, etc... A solution for this issue is to have the cone
AR varied as a function of pr of jet. In ATLAS, we use R = 0.239+¢~ 1221641070 [65] with
pr in MeV, which has been defined to collect 95% of the b hadron hadronization products,
regardless of the pr.
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Figure 3.3: AR of cone of jet as function of transverse momentum pr of jet

3.1.4.2 Ghost association of tracks to jet

Motivation In the case of isolated jets and low pile-up, the cone-based algorithms (anti-
k;, etc...) can associate well tracks/particles to jet.

In the high pile—up case (appear quite often in high luminosity collisions, especially after
the year 2011, when luminosity is more than 3.7 x 103 cm~2s7!, and particularly in 2012
the luminosity is 7.7 x 10%* cm™2s71), the jets may no longer be isolated. In addition, the
jets can have substructure. The cone—based algorithms cannot associate particles/tracks to
a certain jet when regions of tracks/particles in the calorimeters lie in the intersection area
of the two jets.

More over, in many situation (especially in boosted regime: boosted top, boosted Higgs,
etc...), there always exist situations (H — bb decay, for example) that require b-tagging to
work on these jets.

Principle of ghost-association Using the same principle of finding active area of jets
described in section 3.1.3, we can construct the algorithm to associate tracks to jets using
tracks with low energy (also called ghost tracks), so called ghost-association of tracks to jet:

e Create a list of ghost tracks using the same 7, ¢ of real actual existing tracks but with
low energy,

e Using these ghost tracks and all the other constituents, run the jet clustering algorithm,

e Using the information from calorimeter and from clustering algorithm, we can find the
region where ghost track ends up in calorimeter (region of ghost track in calorimeter is
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very small) and therefore, tell which real tracks (which the ghosts represent) belong to
which jet (Fig. 3.4).

5
© P, (GeV)
4 600

200

100

g b b b b b b b B e g
8 4 3 2 1 0 1 2 3 4 0

'
o

Figure 3.4: Event display in y/¢ plane showing anti-k; jets with AR = 1 and displaying
the use of ghost tracking. Different pattern marks (open or plain circles, triangles, etc...)
correspond to tracks belonging to different jets, the colors correspond to pr of jets.

Advantages of ghost-association jet algorithm The ghost-association can solve the
ambiguity problem of associating tracks in the border regions of non-isolated jets.

The jet-vertex-fraction (see in section 3.1.4.1) requires association of tracks to jet, and
currently use the cone algorithm. However this is not correct if the jets are from pile-up
since it is assumed that the jets are cone-shaped and those jets are side-by—side to other jets.
Ghost-association algorithm allows to run JVF on subjets, and therefore remove subjets with
pile-up dominant.

The ghost—association jet algorithm provides an infrared-safe track matching to non-
isolated jets, which is common for the case g — bb, H — bb.

In this chapter, we will study the performance of b-tagging on ghost-association jets.

3.2 b-tagging in ATLAS detector

3.2.1 Introduction
3.2.1.1 Physics motivation

In the Standard Model, it can be seen easily that except for the top quark, the bottom
quark’s mass is much higher than the others. That means other heavier particles can be
coupled with b quark, and decay preferably to this quark flavour, such as top quark (with
almost 100% decay to b quark and W boson), the scalar Higgs boson (decay to pair of b
quarks is dominant in low mass region), or the other unknown particles (fourth generation
quarks, SUSY particles, etc...).
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Consequently, identifying the jets that come from the hadronization of b quarks, as well
as identifying the other particles originating from the collision, will lead us to reconstruct
the initial decayed particles, identifying their properties. Therefore b-tagging has a the key
role to discover and study the new physics such as searching for Higgs boson, SUSY.

3.2.1.2 Properties of b-jets in detector

In theory, the b quarks have a lifetime of the order of 1.5 ps, therefore they can travel a
distance of ¢ &~ 450 pum (in the rest frame) before decaying to other products. For instance,
a b hadron in a jet with transverse momentum pr of 50 GeV can have a significant flight
path length () = fvycr, traveling around 4 mm in the transverse plane before decaying, this
distance is significant enough to be measured in the detector.

There is a large fraction of b hadron which decay into ¢ hadrons, which will decay into
lighter hadrons. Along the b hadron path, at the point where b hadron decays, one can
determine the displaced tracks and secondary vertex, therefore measure the track impact
parameter, which is the closest distance of tracks to the primary vertex point (Fig. 3.5).

The large mass of b hadrons (more than 4 GeV) implies that the open angles and transverse
momenta of the decay products with respect to b hadron flight direction will be different from
other jets. The b-jets will have a wider cone, higher number of constituent particles and large
invariant mass.

In addition, b—quark fragmentation is hard, that means the b hadron retains about 70%
of the b quark momentum.

There is another important characteristic of b hadron decay: semi-leptonic decay. This
decay mode has a branching ratio of 36% for each lepton flavour (e, p or 7), and including
cascade decays like B — D — [X. This decay mode has high purity and low correlations
with the track-based algorithms, which can be used for checking and calibrating purposes on
data.

3.2.2 Key ingredients for b-tagging

Using the properties of b hadrons in detector discussed in section 3.2.1.2, one can establish
the b-jet identification algorithms based on the following means:

e Measuring the impact parameters (IPs) of the tracks coming from B hadron decay
products (the distance of closest approach of the track to the primary vertex point).
As shown in Fig. 3.5, tracks from b-jets tends to have large IPs compared to the tracks
coming from primary vertex.

e Using the flight distance of b hadron, one can measure this distance by reconstructing
the secondary vertices created by the decay products. The existence of a secondary
vertex is a strong hint of b-jet appearance. Moreover, the secondary vertex contains a
large fraction of b-jet energy.

e Utilizing the semi-leptonic decay of b hadron: because the b hadrons have hard frag-
mentation and high mass, the leptons in jets also have large transverse momentum,
therefore large momentum relative to the jet axis. In this context we won’t discuss
much the detail (more in reference [59]) of semi-leptonic tagging.
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cks
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Figure 3.5: Figure of b-jet decay products: displaced tracks and secondary vertex.

3.2.2.1 Tracks

The most important ingredient for b-tagging is track reconstruction because they are key
objects to reconstruct vertices (primary/secondary vertex), as well as measuring the impact
parameters. Tracks to be associated to jet must pass the good quality selection mentioned
in section 3.1.4.1. There is another selection of track in order to use them for b-tagging
purpose (usually called b-tagging quality): we aim to select the well-measured tracks and
reject fake tracks from long-lived particles (Kg, A and other hyperon decays) and interactions
in detector (gamma conversions, for example), so the extra requirements are: at least 2 hits
in pixel detector and one of them must be in the b-layer, the other requirements are |dg| <
1 mm and |zg — zpy|sinf < 1.5 mm. This selection is applied on all the IP-based b-tagging
algorithms (summarized in Table 3.1).

Table 3.1: Track selection for [P-based b-tagging algorithms

Variables | Cut value

pr >1 GeV

|do| <1 mm

|20 — zpy|sinf€ | < 1.5 mm

] <25

Number of hits in b-layer >1
Number of hits in Pixel Detector > 2

For the secondary vertex (SV) based algorithms, we use looser track selection [66] so as to

optimize the efficiency to reconstruct decay products of neutral particles with long lifetime
(K9 A° etc).
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For ghost-association, the tracks will pass an additional selection in order to obtain good
quality before applying the b-tagging algorithms. This additional track selection for ghost-
association algorithm is shown in Table 3.2.

Table 3.2: List of variables of track selection for ghost-association and their cut values.

Variables | Cut value
pr | > 0.5 GeV
] <25
|do| 5. mm
|20 — zpv|sin @ for b-tagging | < 100 mm
Number of hits in Pixel >1
Number of hits in SCT > 6
Number of hits in Si >6
X?/Naos® 5

%This is the quality of the fit of track

reconstruction

3.2.2.2 Primary vertex

The primary vertex (PV) from the hard scattering process plays a vital role in any b-
tagging procedures since this is the first element to be determined in order to measure the
other quantities relative to it, such as IP of tracks and the displaced vertices. The recon-
struction of PV bases on the track reconstruction following 3 steps:

e Vertex finding: build vertex candidates from tracks.

e Choice of PV: pick-up one of the primary vertex candidates: By default in ATLAS, the
vertex maximizing Y aaspa is chosen.

e Vertex fitting: Reconstruct the position of primary vertex, so as their covariance matrix,
then recalculate track parameters using the vertex constraint, and refit the incident
track parameters. The fitting uses the adaptive vertex fitting algorithm [67].

3.2.2.3 Impact parameter

The impact parameter is the distance of closest approach of the track to the primary
vertex as mentioned earlier. It is the key point to distinguish the tracks from the displaced
vertices from tracks from the primary vertex. To measure the impact parameter, in the
ATLAS coordinate system, we define the following quantities:

e The transverse impact parameter dy, it is the impact paramenter in the r —¢ (transverse
plane)

o6



e 2o: the coordiate along the z-axis of the point of closest approach
e 2ysinf: often used as the longitudinal IP

To have an idea how well the impact parameters are reconstructed, one can divide the IP
of a track by the error of its measurement ( it is the combination of the IP resolution and
error of reconstruction of PV). This quantity is called TP significance:

dy dy
o(do)  \/o2(dj*F) + 0%,

(3.2)

Signing impact parameter There are two possibilities of track position with respect to
jet direction:

e Tracks that intersect the jet flight axis “downstream” the PV (which is more likely
compatible with the fact that those tracks start from a displaced vertex in the direction
of flight as expected for b hadron),

e Tracks intersecting the jet flight axis “in front of” (or “upstream”) the PV (Fig. 3.6).

To distinguise these two cases, we define the sign of impact parameter using the jet direction
P;et (measured in calorimeter), the direction P, and track position X (at the point of
closest approach to the position X;V primary vertex), then the sign of the impact parameter
is calculated as:

signyp = sigh(Prer X Pog) - (Pok X (Xowk — Xpv))) (3.3)

Figure 3.7 shows the two-dimentional distribution of signed transverse IP significance and
signed longitudinal IP significance using MC simulation for tracks in b— and light-jets. We
can observe that the b—jets tend to have positive sign. These properties will be used in
several D-tagging algorithms which will be discussed later.

Tracks associated
to Jet

Figure 3.6: The impact parameter sign for different position of track: positive (negative)
if the point of minimun approach of tracks to the primary vertex is in the same direction
(opposite direction) that the jet with respect to the primary vertex.
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Figure 3.7: Signed longitudinal IP significance vs signed transverse IP significance for tracks
in b-jets (red) and light-jets (grey).

Primary Vertex B

inclusive B/D

vertex

Figure 3.8: Decay chain inside a b-jet
and the fit for multi-vertex using
b hadron flight axis [68].

Figure 3.9: Inclusive vertex fit inside
a jet [68].

3.2.2.4 Secondary vertices

b hadrons usually decay weakly to ¢ hadrons (note that |V,|? > |V,|?), which then decays
later to lighter products. As a result, the typical topology of the particles in a b-jet is a decay
chain with at least two vertices, one is from b hadron decay and the other from c-hadron
decay (Fig. 3.8).

Attempting to resolve the b- and c-vertices separately from the decay chain is very difficult
because of the following reasons:

e The probability to have at least two reconstructed charged particles both from b- and
c-hadron decays is hard to reach 100% efficiency, because of the charged particle multi-
plicities as well as the limited track reconstruction efficiency caused by the interactions
in the detector.

e The resolution of the relevant track parameters, especially at low transverse momenta,
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are not sufficient to separate the two very close vertices efficiently.

Therefore the main approach consists in reconstructing an inclusive secondary vertex, a
kind of average of the two vertices. It is based on the default reconstruction of fitting a
single geometrical vertex. This method is to select displaced tracks that form a good vertex,
only tracks associated to jets and far from primary vertex are chosen, then all these tracks
are combined to obtain an inclusive single vertex (Fig. 3.9). This hypothesis is not correct
completely, but a good approximation for a large fraction of cases. The b-tagging algorithms
using it are SV0 and SV'1 (see later).

In ATLAS, an algorithm was developped to attempt to reconstruct the two vertices. It is
based on kinematical approach by assuming that PV, b- and c- hadron decay vertices lie on the
same line, which is the flight path of the b hadron. This method has several advantages, such
as the ability to reconstruct the incomplete topologies, increasing the chance to separate b/c
vertices, and improving rejection against light quark jets. This algorithm is called JetFitter.

3.2.3 b-tagging algorithms

Now we have gathered all the necessary ingredients for constructing b-tagging algorithms.
In this section we will discuss about various standard b-tagging algorithms, as well as the
combined b-tagging algorithms. The performances of b-tagging algorithm is included as well.
We will refer to the b-tagging algorithms as "taggers".

3.2.3.1 Likelihood ratio formalism

Some of b-tagging algorithm that we will introduce later uses the likelihood ratio method.
This method is done as follows:

e Measure value X; of a discriminating variable and use it to compare with the pre-defined
smoothed and normalized distributions for two hypotheses of b- and light-jet, b(X;) and
uw(X;). The b(X;) and u(X;) functions can be the probability density functions (PDF).
Each tagger has its proper PDF.

e Calculate the weight of jet defined as:

b(X;)
u(X;)’

Wier = Steek In W = Seck In
where Ny.qc is the number of individual track in jet.

3.2.3.2 IP3D algorithm

The principle of IP3D algorithm is to use the signed transverse IP significance dy/o(dp)
and signed longitudinal IP significance zy/o(z0) (Fig. 3.7) and their correlation (2D PDF).
The information are combined via a likelihood ratio.

29



3.2.3.3 SVO0 algorithm

This b-tagging algorithm is based on the 3-dimensional distance between PV and an
inclusive reconstructed secondary vertex divided by the error on its measurement. This
quantity, called SV Ouyeignt = Lsp/0(Lsp), shows how well the SVs being reconstructed. It
is signed like the IPs. We can see from Fig. 3.10 that the low decay length significance
region is dominated by c- and light jets, and the b-jets takes advantage in high decay length
significance region. Thus we can use this discrimination to place a cut of SV0pp to decide:

o If SV O0ueight > SVO0op: the jet is tagged as b,

o If SVO0ueight < SVO0op: the jet is tagged as non-b.

[2] F
© 180 SVO selection Simulation
B 1goE - Data 2010 Hl b jets
@ E —_ B3 cjets
£ 140 WNs=7TeV = light jets
E E L=04nb"
3 120F

100 ArLas
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20F

20 30
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Figure 3.10: The 3-dimensional decay length significance and signed with respect to the jet
axis for secondary vertices reconstructed in data events (markers). The expected events from
simulation is normalized to the number of jets in data and superimposed [66].

Varying the value of SV 0pp allows us to adjust the operating point of this algorithm, i.e
defining its performance.

3.2.3.4 SV1 algorithm

The SV1 algorithm is also a likelihood ratio algorithm and takes advantages of the fol-
lowing secondary vertex properties:

e The invariant mass of all tracks associated to the vertex.

e The ratio of the sum of the energies of the tracks originated from the vertex to the sum
of the energies of all the tracks in the jet.

e The number of vertices in the jet (excluding the vertex of neutral decays or material
interaction).

e The distance between the jet axis and the line connecting the PV to the SV.
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3.2.3.5 JetF'itter algorithm

This algorithm exploits the weak decay of b- and ¢- hadron inside the jet as introduced
earlier in Sec.3.2.2.4. A Kalman filter is used to find the line on which b- and c-vertices
lie, as well as their position, giving an approximated flight path of b hadron. Thus the b-
and c-vertices don’t have to be merged (compare with the case of SV0 and SV'1 that using
inclusive reconstructed vertex) even if they contain only a single track. More detail this
algorithm can be found in references [59, 68].

3.2.3.6 Combined taggers

There are algorithms which combine previous algorithms using different methods:

e [P3D + SV1: This algorithm can be achieved by summing the weights of the I P3D
and SV'1 algorithms.

e [P3D + JetFitter (or JetFitterCombN N): This combination use the artificial neural
network techniques with Monte Carlo simulation traning samples and other variables
describing the topology of the decay chain [59].

e MV1: This is an artificial Neural Network (NN) combination of the IP3D, SV1
and JetFitterCombN N weights. MV1 is the recommended algorithm for all ATLAS
physics analyses in Run 1.

e MV1c: This algorithm is similar to MV'1, but with a better rejection of c-jets.

For the V.H — bb analyses, the b-tagging algorithm MV 1c is used instead of MV'1. This
is because the c-jet mis-tag rate is high in MV'1 since this algorithm is trained only with
b-jets and light-jets as background and didn’t include the presence of c-jet. The MV1 is
optimized only for discriminating b-jets from light jets.

3.2.4 Performance of b—tagging algorithms

In this studies, only jets with pr >15 GeV and |n| <2.5 are chosen to be taggable jets
(jets that will be used for b-tagging). The events which don’t contain a primary vertex
are neglected. We use the sample of simulated tf events, which were generated with the
MC@NLO generator assuming the mass of top quark is 172.5 GeV.

3.2.4.1 Labelling of jet

To estimate the performance of b-tagging algorithms, we need to specify the type of
particles from which the jet originates: this is called jet labelling.

Jets are labelled as a b-jets if a b quarks with pr > 5 GeV is found in a cone of AR = 0.3
around the jet direction. We also have the same labelling definition for c-jets. If neither b or
¢ quark are founded, then the 7 lepton is looked for, and jet will be labelled as 7-jet. If the
jets don’t contain b, ¢ quarks or 7 lepton, they will be labelled as light-jets.
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3.2.4.2 Statistical use

We need to determine how well the b-tagging algorithm can be used to identify a jet as
b-jet. Indeed, the actual flavour of jets can never be identified with 100% certainty due mostly
to experimental limitations. So we can only tell the performance of a b-tagging algorithm
using statistical concept.

For b-tagging algorithm study, we define two quantities: the b-tagging efficiency and the
mis-tagging rate. The b-tagging efficiency ¢, is defined as the fraction of taggable jets labelled
as b-jets which are tagged as b-jets by the algorithm. The mis-tagging rate is the fraction
of taggable jets not labelled as b-jets but are tagged as b-jets. In the performance study we
will use the light-jet rejection (labelled as r,) instead of mis-tagging rate: it is defined as the
inverse of mis-tagging rate.

3.2.4.3 Performance of b-tagging algorithm

We define a pair of (e, r,) as an operating point of the b-tagging algorithm. The per-
formace of b-tagging is obtained by varying continuously the operating points of each tagger
(i.e cut on its discriminating variable). The b-tagging performance for various algorithms is
shown in Figures 3.11 and Table 3.3. For the b-tagging efficiency of 70%, we can observe
that the taggers I P3D and Jet Flitter have mis-tagging rates larger than 3%, while the other
combined taggers can achieve a mistag rate around 1%, especially the MV'1 tagger, which
has mistag rate of 0.7%: this tagger shows the best performance overall.
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Figure 3.12: Light jet rejection as
function of jet transverse momentum
pr for b-tagging efficiency ¢, = 70%,
based on simulated ¢t events.

Figure 3.11: b-tagging performance
for different taggers, based on simu-
lated tt events.

The performance of b-tagging strongly depends on the kinematics of the sample, which
can be seen in Figure 3.12 which shows the light jet rejection as the function of jet pr for
various b-tagging algorithms with the b-tagging efficiency ¢, =70% (for all pi* bins). We
notice that the tagging performance is optimal for 100 GeV < p]; * < 200 GeV. This can be
explained as follows: for low pff ! tracks in jets have relatively low momentum and therefore
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Table 3.3: Examples of b-tagging performances for JetFitter, MV'1 taggers for anti-k; jet
algorithm: light-jet rejection for various b-tagging efficiencies.

Efficiency (%) JetFitter MV1
50 | 619.69 + 12.06 | 2882.39 £+ 121.01
25 | 330.95 £ 4.71 1397.2 + 40.8
60 | 178.43 £+ 1.86 666.94 £+ 13.46
65 97.12 £ 0.75 302.86 + 4.12
70 52.43 £ 0.29 140.35 £ 1.29

75 27.52 £ 0.11 60.03 = 0.36
80 14.34 £ 0.04 22.58 £ 0.08
85 | 3.404 £ 0.004 6.85 £ 0.01

the multiple scattering processes wil reduce the resolution of impact parameter, while at
high pZ;t tracks are more collimated which will affect negatively measurements in the pixel
detector and also in the b-layer, reducing the performance [59].

3.3 b-tagging performance using ghost— association jet al-
gorithm

3.3.1 Comparison with the standard jet algorithm

As mentioned earlier, the b-tagging can be applied directly to the jets using ghost-
association of tracks (we refer as ghost-association jets), like the case of jets using cone
matching (we refer as standard jets). Our main goal in this study is to check the b-tagging
performance of algorithms applying on the ghost-association jets algorithm and compare
them to the b-tagging performance on the standard jets.

The b-tagging performance for ghost-association jet and standard one are displayed in
Figure 3.13 and Table 3.4, showing the light rejection in terms of the b-tagging efficiency
for tagger MV'1 for both algorithm. Overall results show that the b-tagging performance on
ghost-association jet is lower than the performances for standard jet.

These results may due to the track selection for ghost—association on jet, which selects
less tracks to be used for b-tagging algorithms, hence affecting the overall performance on
b-tagging. For instance, at the b-efficiency of 70%, the light—jets rejection on standard jet for
MV'1 tagger is around 140, but for the ghost-association jet, the light-jet rejection is reduced
to 72.5, meaning a huge lost of 50% of performance (more detail at Table 3.5).

3.3.2 Modification of track selection for ghost-association

The lower b-tagging performances on ghost-association jet in comparison to the standard
one may come from the tighter track selection for ghost-association, which allows less tracks
to be associated to jets, and therefore less tracks to be used for b-tagging purpose. We
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Table 3.4: b-tagging performance for JetFitter and MV1 for ghost-association: light-jet
rejection for various b-tagging efficiencies.

Efficiency (%) JetFitter MV1
50 | 439.711 £ 7.21 1724.61 £ 56
95 | 227.71 £ 2.68 | 809.26 £ 17.99
60 | 122.42 4+ 1.06 | 368.88 + 5.53
65 65.05 + 0.41 | 168.72 £ 1.71
70 33.84 £ 0.15 72.5 £ 0.5
75 17.08 £ 0.05 27.59 £ 0.11
80 0.93 =+ 0.01 8.61 = 0.02
85| 1.814 £ 0.001 | 2.959 £ 0.003

Table 3.5: Ratio of light-jet rejections for Jet Fitter and MV'1 for ghost-association jets with
respect to standard ones.

Efficiency (%) | JetFitter | MV'1
50 0.71 | 0.598
95 0.688 | 0.579
60 0.686 | 0.553
65 0.67 | 0.557
70 0.645 | 0.517
75 0.621 | 0.46
80 0.413 | 0.381
85 0.533 | 0.432
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Figure 3.13: The b-tagging performance for anti-k; algorithm (left) and ghost-association
(right).

attempt to modify some cut used for track selection for ghost-association shown in Table 3.2
so that the tracks selected for ghost-association is as close as possible to the same condition
of track selected for standard jets (especially on track used for b-tagging in Table 3.1). We
will study the effect of each individual cut to see how the b-tagging performance changes.

There is an important notice that we should pay attention: if we want to change the
track selection, the calibration of probability distribution function for each taggers should be
redone, and as a result, this procedure can have an impact on the performance. This study
doesn’t include the recalibration, so these results we obtain with the modification of track
selection should be taken with grain of salt. More over, when the recalibration is done for
the likelihood and Neural Network (NN), the more complicated taggers that rely much on
the likelihood and NN (like MV'1, JetFitter + I P3D, etc) are sensitive to this modification,
and the other taggers not using the likelihood nor NN (like SV0) will not be affected much.

From here, to simplify the comparison procedure between the b-tagging performance
on ghost-association jets and on standard ones, we divide the light—jet rejection of certain
b-tagging algorithm’s performance for ghost-association jets by the rejection of the same
algorithm for standard jets, this ratio will vary as function of b-tagging efficiency.

3.3.2.1 Modification of requirement on the number of hits

We attempt to modify the requirement on the number of hits of tracks for ghost-association
to be looser and closer to the cut values for IP-based b-tagging track selection. We change
those cuts as the following:

e Number of hits in Pixel from >1 to >2.
e Number of hits in SCT from >6 to >0.

e Number of hits in Si from >6 to >7.
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Now we compare the b-tagging performance on ghost-association jets versus the perfor-
mance on standard jets after modifying the number of hits. The results is shown in the
Figure 3.14, the left figure is just the ratio between the performance for the track selection
in the previous comparison, the right one is the results after the modification. The dip in
the ratio of light-jet rejection around 80-85% is caused from the difference from the drop on
the b-tagging performance between the two association methods. This drop is come from
the separation of regions in the b-tagging performance: in the region where b-jet efficiency
85-100%, the instrinsic resolution of detector cannot distinguish b-jet and light-jet, so the
discrimination is poor and light rejection increase slowly, in the region where b-jet efficiency
0-85%, the detector can distinguish b-jet from light jet thanks to the decay products of
b-hadrons, therefore the light rejection increase greatly.
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Figure 3.14: Comparison of performance of b-tagging on ghost-association jets with respect
to standard jets for the original selection (left) and after number of hits modification (right).

We can observe a slight improvement of b-tagging performance on ghost-association jets
for all the taggers, although the overall performance is still lower than the case of standard
jets. Further details of these improvements are shown in Table 3.6 for this modification on
number of hits over the original track selection.

3.3.2.2 Modification of longitudinal impact parameter cuts

In this part we will check the b-tagging performance differences with modification on
variable of longitudinal impact parameter z;. To be more specific, we drop the cut on
longitudinal TP |zg — zpy|sin @, and we keep the requirements on the number of hits in the
inner detector same as section above.

The results on Fig 3.15 and on the Table 3.7 shows an immerse improvements of b-
tagging performance on ghost-association after the modification on longitudinal IP variable.
The tagger MV'1 now is very close to the performance on the nominal standard jets, and
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Table 3.6: Comparison of b-tagging performance (ratio of r,) between ghost-association jet
and standard jet for tagger MV'1 after the number of hits modification

Efficiency (%) | Ratio for JetFitter | Ratio for MV'1
50 0.792 0.612
35 0.762 0.611
60 0.753 0.588
65 0.732 0.589
70 0.704 0.544
75 0.668 0.487
80 0.451 0.404
85 0.539 0.438

slightly better for ¢, >70%. The JetFitter tagger, is now giving better performance on
standard jets, for b-efficiency less than 80%.
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Figure 3.15: Ratio of r, of ghost-association jets with respect to standard jets when both
the requirements on number of hits and the zy cut are changed.

So removing the cuts on the longitudinal impact parameter for track selection for ghost-
association has a huge impact on its b-tagging performance. This shows that the planned track
selection for ghost-association was too tight: we were loosing tracks which were important
for b-tagging. Now the b-tagging performances on ghost-association jets may approach (or
surpass) the performances on standard jets. Further tests with other modifications on track
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Table 3.7: b-tagging performance for taggers JetFitter, MV'1 for the number of hits and zg
cuts modification.

Efficiency (%) JetFitter MV1
20 | 694.46 £+ 14.32 | 2637.66 £ 105.93
25 | 365.59 £ 5.47 | 1295.25 £ 36.45
60 1972 4 2.2 636.94 £ 12.56
65 107.7 £ 0.9 296.84 + 3.99
70 57.57 £ 0.34 141.02 £ 1.31

5 30.29 + 0.13 60.83 £ 0.37
80 15.49 = 0.05 23.01 £ 0.08
85 | 3.213 £ 0.004 6.89 £+ 0.01

Table 3.8: b-tagging performance for taggers JetFitter, MV'1 for the number of hits, z, and
dy cuts modification.

Efficiency (%) JetFitter MV1
20 | 680.12 £ 13.87 | 2543.83 £ 100.33
0 | 3b55.25 £ 5.24 | 1271.88 £ 35.46
60 | 191.56 £+ 2.07 604.27 + 11.61
65 | 104.48 £ 0.83 284.08 + 3.74
70 55.71 £+ 0.32 134.114 + 1.21
75 29.13 £ 0.12 57.85 £+ 0.3412
80 15.02 £ 0.04 21.78 £ 0.08
85 | 3.075 £ 0.003 6.44 £+ 0.01

selection will be studied in the next sections.

3.3.2.3 Modification on transverse impact parameter

We maintain the previous modifications for number of hits and longitudinal IP cuts, then
modify the transverse impact parameter dy. The modification on dy will be taken as following:
remove the significance of dy cut, and change the value of dy for b-tagging quality cut from
5 to 2 mm.

The results of this modification (Fig. 3.16, Tab. 3.8) show that the Jet Fiitter tagger still
has better performance for ghost-association jet, although it has lower performance than the
case without dy modification. For the MV'1 case, the performance is a bit lower than the
case in which dy cuts aren’t modified yet. This can be explained as the new cut on d for
b-tagging is tighter and therefore allows less track to be used for b-tagging. We will have
another test with looser dy cut, which will be discussed in later sections.
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Figure 3.16: Ratio of r, of ghost-association jets with respect to standard jets for number of
hits, zy cuts and dy cuts modification.

3.3.2.4 Modification of transverse momentum of tracks

At this point, recall that we modified track selection for number of hits, longitudinal IP
2o cuts and transverse IP dy cuts as the following:

e Number of hits on Pixel > 2, on SCT > 0, on Si > 7.
e No cut on longitudinal IP |2y — zpy|siné (including b-tagging quality).
e dy cut for b-tagging quality = 2 mm, drop d; significance cut.

We keep these cuts and change the requirements on the track pr.

Requiring pr > 1 GeV Currently the selection applies cut of pr at > 0.5 GeV, we will
increase this threshold to 1 GeV. Therefore our track selection for ghost-association is closer
to the track selection for b-tagging quality (see Table 3.1).

The results for this modification are displayed in Figure 3.17, Table 3.9), showing a huge
impact on the performance of Jet Fitter tagger on ghost-association jet: It is better than the
performance on the standard jet, plus, even greater than the performance on ghost-association
for the modification of number of hits and z; cuts.

Requiring pr > 2 GeV We have already seen some improvements of b-tagging perfor-
mances of JetFitter algorithms when increasing the cut of transverse momentum to 1 GeV.
It is interesting to see how the b-tagging performs on ghost-association jets if we extend the
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Figure 3.17: Ratio of r, of ghost-association jets with respect to standard jets for number of
hits, zg, dy and pr > 1 GeV.

lower threshold of pr from 1 GeV to 2 GeV. The purpose is to find if there exist another cut
on pr which allows higher b-tagging performance.

For convenience, we still keeps the previous selection for number of hits, zy and dy cuts.
The only modification here is the cut pr > 2 GeV.

The results in figure 3.18 shows a significant reduction of performance for almost all
the taggers (MV'1, JetFitter, etc) compared to the modification of pr > 1 GeV for ghost-
association jets, except the I P3D tagger. However the I P3D tagger shows an overall im-
provement compared to the last modification, especially for b-efficiency > 65 %, its perfor-
mance is already better than the one for standard jets. This is interesting and imply that we
should consider having a specific and tighter cut on pt for IP3D. The other taggers shows
that this pr modification doesn’t reach their best performance. So this modification im-
plies that there exist another threshold for pr of tracks between 1 < pr < 2 GeV that we can
achieve the better performance for all the taggers (like MV'1, Jet Fitter, Jet FitterCombN N).

Requiring pr > 1.5 GeV The results in Figure 3.19 shows that the overall performance
for Jet Fitter, MV'1is lower than the case of pr > 1 GeV, however like the case of pr > 2 GeV,
the tagger I P3D on ghost-association jet is actually higher than on standard jet. If we have a
comparison between the two modifications of pr (Figure 3.20) (compare the performance for
pr > 2 GeV and for pr > 1.5 GeV), we can observe that the overall performance of all taggers
for pr > 2 GeV is lower than the case of pr > 1.5 GeV. This part can be concluded that the
optimal modification for achieving high performance for I P3D tagger on ghost-association
jet is pr > 1.5 GeV.
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Table 3.9: b-tagging performance for taggers JetFitter, MV'1 for the number of hits, z, and

dy cuts modification.

Efficiency (%) JetFitter MV1
50 | 837.36 & 18.98 | 2640.7 £+ 106.1
55 | 421.84 + 6.78 | 1295.33 £ 36.45
60 | 227.58 £ 2.68 | 608.07 £ 11.72
65 11542 £+ 0.97 283.01 £ 3.72
70 57.57 £ 0.34 128.05 + 1.13
75 29.1 &+ 0.12 54.05 + 0.31
80 15.37 £ 0.05 19.95 £+ 0.07
85 2.62 £ 0.002 5.44 £+ 0.01
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Figure 3.18: Ratio of r, of ghost-association jets with respect to standard jets for number of
hitS, 20, do and pr > 2 GeV.

3.3.2.5 Additional test of transverse impact parameter for b-tagging quality

We attempt to modify the cut of transverse impact parameter dy for b-tagging quality
and see how it affects the performance on ghost-association jets. We keep the previous
modifications (number of hits, impact parameter of tracks) and the transverse momentum of
tracks has to be > 1 GeV. For this test we will require no cut on dy for b-tagging quality.

The obtained results are illustrated in Figure 3.21, suggesting that the b-tagging perfor-
mance are better than with cut on dy for b-tagging, nevertheless it should be noted that we
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Figure 3.19: Ratio of r, of ghost-association jets with respect to standard jets for number of
hits, zg, dy and pt > 1.5 GeV.

have allowed more tracks from the background jets to be included in the procedure, therefore
more jets (mostly light jets) will be included, hence the light rejection increase.

3.3.2.6 Modification on IP-based b-tagging quality track selection

The results for the modification of pr > 1.5 GeV show a strong effect for the performance
of IP3D tagger. In this part, we will see if the modification on IP-based b-tagging quality
track selection on transverse momentum of track has any effect on the b-tagging performance
on ghost-association jets. We relax on the based selection for JetFitter and SV 0 tagger.

We keep all the other cuts for [P-based b-tagging quality track selection in Table 3.1 (i.e
dy, zo, number of hits...), and modify the cut of pr, from 1 GeV to 1.5 GeV. This modification
is expected to change the b-tagging performance on standard jets as well since it will affect
on the algorithms using impact parameters.

One important point to be reminded that to change the track selection for b-tagging like
this, we actually should recalibrate the b-tagging procedure. Hence the results of perfor-
mances may change. However this part is not included in this study, so we will just focus on
the b-tagging performance comparison between ghost-association jets and standard ones.

Compare the b-tagging performance on standard jets before and after the pt
modification on IP-based selection We make the comparison of b-tagging performance
on standard jets between before and after modification of pr. The results is shown in Figure
3.22, show that except the non-related IP taggers (SV'1, SV 0, JetFitter), all the taggers
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Figure 3.20: Ratio of r, for pr > 2 GeV with respect to pr > 1.5 GeV for ghost-association
after modification of number of hits, zg, dp.

related to the IP-based algorithms increase their performance after applying the new cut on
pr for IP-based track selection. However the impact is small (a few percent).

Compare the b-tagging performance between ghost-association jets and standard
jets This comparison of performance is between the two kinds of jets will be based on
the following modification: one is pr > 1.5 GeV for IP-based b-tagging quality, the other
is pr > 1 GeV for track selection on ghost-association jet. Figure 3.23 shows the results of
the comparison. If we compare to the figure 3.17, the results are pretty similar, with the
JetFitter achieving better performance, while the other taggers are slightly lower. This is
expected since we perform the b-tagging on ghost-association jets and standard jets at the
same [P-based selection, although the performance on ghost-association jets increases, but
the performance on standard jets increases as well.

Compare the b-tagging performance on ghost-association jets for pr of track
>1.5 GeV This comparison of performance will take pr > 1.5 GeV on track selection of
ghost-association, then we will see if this cut provide any improvements on overall b-tagging
performance. The results shown in Figure 3.24 show that no improvements is observed.

3.3.3 Conclusion

After various test on b-tagging performance of ghost-association jet by modifying the track
selection for ghost-association, we can conclude that the track selection applied for ghost-
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Figure 3.21: Ratio of r, of ghost-association jets with respect to standard jets for number of
hits, 2, dy and pr > 1 GeV and no d; cut for b-tagging quality.

association is actually too tight, therefore we lose tracks that are interesting for b-tagging.
If we loosen the criteria, then the b-tagging performance for ghost-association come closer to
the standard algorithm. The best selection that we can apply for the ghost-association in
order to achieve the optimal performance is:

e Drop the cut on IPs for b-tagging quality
e pr of tracks > 1 GeV
e For IP-based selection: pfeck > 1.5 GeV

e Keep the IP-based selection, but change p* > 1.5 GeV for track selection of ghost-
assoclation.
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3.4 Applying b-tagging for Higgs analysis

3.4.1 Calibration of b-tagging algorithms in data

The performance of the b-tagging we studied so far are all defined in MC simulation. Then
some questions arise: how can we tag a jet in data? How do we know that the performance
of an algorithm will be the same in data and in simulation? To overcome this problem, we
need a procedure that checks the agreement between the data and MC, called calibration of
the algorithm.

There are two quantities to be calibrated with data: b-tagging efficiency and mis-tagging
rate.

Efficiency in data For the measurement of b-tagging efficiency in data ATLAS uses two
kinds of samples:

e Soft-muon tagging in di-jet events: The QQCD processes in pp collisions can be used as
a source of b-jet, but the fraction of bb production is much smaller. The requirement
of muon in jets increases the fraction of events containing b-jet since the semi-leptonic
decay of b quark can produce p. Therefore the efficiency of b-jet tagging can be mea-
sured in data using this muon identification. The measurements can be done with two
methods: pi¢l and System8 [69]. Those two methods were used at the start of LHC.

e it events: the LHC is the factory of ¢f production. The decay of top quark to b quark
with ~100% of branching ratio is very useful to calculate the b-tagging efficiency: one
can count the number of jets tagged as b-jets and divided by the number of ¢t events.
The measurement of b-tagging efficiency on this sample has advantage over the soft-
muon events because it provides an enviroment with high multiplicity of jets and also
b-jet with high pr, which is more common in physics analyses. This is also the sample
that currently in use for b-tagging calibration |70].

When the b-tagging efficiency on data €444, is extracted and so does on the MC €,,¢, the
scale factor can be calculated as €441 /€pc- The simulation will be scaled by this factor to
reproduce the performance in data. The result of efficiency calibration is presented in Figure
3.25 for the calibration using ¢t events, for the M'V'1 tagger:

Mis-tagging rate calibrating For measuring the mis-tagging rate on data, we use the
inclusive jet samples where heavy flavours is a small fraction. The measurement use two
methods: one is based on the negative impact parameter significance of tracks, and the other
is based on the invariant mass of tracks associated to the reconstructed secondary vertex [71].
These measurements are performed in different binning of jet pr and 7 (Fig. 3.26).

3.4.2 Applying in Higgs analysis

Distinguishing b-jets from c¢- and light-jets is crucial in our Higgs analysis in the channel
H — bb. The b-tagging algorithm MV1c is used instead of MV'1 tagger because of its
superior c-jet rejection.
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In order to gain higher sensitiviy, using the operating points, we divide the b-tagging into
3 categories: Loose, Medium and Tight, corresponding to the working point value cuts and
b-jet efficiencies described in table 3.10. This tagger has been calibrated such that applying
operating point is inclusive: if the b-tagged jet satisfies the “Tight” requirement, is also
passes the “Loose” criteria. Moreover these categories can be used in an exclusive way, such
as requiring the tagged jet to be “Medium not Tight”.

Table 3.10: Efficiencies and their corresponding calibrated operating points for MV'1c algo-
rithm, used for the V H analyses in Run 1.

Category Working point Efficiency

80 Loose (L) 0.4050 79.85

70 Medium (M) 0.7028 70.00
60 0.8353 59.99

50 Tight (T) 0.9237 49.99

For calibration purpose, the dilepton tf events has been used. The b-jet efficiency is cali-
brated using a method called combinatorial likelihood method [70]. The weight distribution
is calibrated such that the efficiencies in MC sample and in data matches each other. The
calibration for ¢- and light-jets efficiencies is done using the D* [72| and di-jet samples [73]
respectively. The continuous and pseudo-continuous® calibration is described in [74].

3.5 Conclusion

In this chapter we have studied the b-tagging performance for various algorithms applying
on the jets reconstructed by ghost-association algorithm, and compared thems to the per-
formance on the jets reconstructed by standard jet algorithm. These works was done with
Monte Carlo samples of tt.

At the first look,the b-tagging performances of taggers on the ghost-association jets were
lower than on the standard jets. This was to the fact that the track-selection on ghost-
association is tight in the selection of number of hits in Inner Detector, and also on the
longitudinal IP zy selection. We can actually modify those cuts to check how they affect on
the b-tagging performances.

After some tests on various cuts, we reached the conclusion that the b-tagging performance
on ghost-association is optimal for the following modifications of track selection for ghost-
association:

IInstead of calibrating single working point, the continuous calibration divides the working points in 5

bins: [100, 80, 70, 60, 50, 0]. The scale factor for calibration is calculated using the pseudo-continuous

MC MC
. . Ei SFifei SF.L 1 . .
approach, cumulative input: SF; = T ream e 1 where €€, SF; is efficiency on MC and scale factor
i+1 i+1

of i*" bin, respectively.
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e No cut on longitudinal and transverse impact parameters variable (zy and dg) for b-
tagging quality: This will lead to the overall improvements of all the taggers on ghost-
association

e Transverse momentum for track pr > 1 GeV: This cut allows the JetFitter tagger to
have the best performance on ghost-association

e For [P-based selection: Transverse momentum for track pr > 1.5 GeV: This will allows
the IP3D tagger to have better performance, and hence, all the IP-related algorithms
are also improved

e Another option: keep the IP-based selection like the original, but change pt > 1.5 GeV
for track selection of ghost-association, this will improve the performance of I P3D
tagger, although the Jet Fitter tagger will be a bit worse than the case of pr > 1 GeV

If we recalibrate the b-tagging algorithm using these modifications on the ghost-association
track selection, this can lead to the future improvements of b-tagging performance, and
therefore, the ghost-association algorithm can be used as a standard track-to-jet association
algorithm in ATLAS detector. This is the plan for the Run 2.

In order to be applied in the Higgs analysis, the b-tagging algorithms need calibration on
data with b-tagging efficiency and mis-tagging rate. The calibration is done on ¢t events. The
b-tagging algorithm used in Higgs analysis is the MV 1c because of its superior c-jet rejection
compared to other algorithms. There are three different category of b-tagging that will be
applied, and carried out in the analysis in chapter 5.
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Chapter 4

Missing transverse energy trigger

4.1 Introduction

In this chapter, we introduce the reconstruction of missing transverse energy in ATLAS,
the triggers of missing transverse energy used for the ZH — vubb analysis, and the detail of
our work on the trigger parametrization for the so-called “delayed stream”.

4.1.1 Missing transverse energy

In the ATLAS detector, neutrinos usually go through the whole detector without being
detected, resulting in missing energy and momentum in the detector. As a consequence,
measuring missing transverse energy (notation E) is one of the most important measure-
ments in various physics studies in the ATLAS detector. For example, it holds a crucial role
in measurement of W boson [75] and top quark [76] properties. It is also an essential asset
in the Higgs boson analysis in the production channel where the Higgs boson associates with
a Z boson and the Z boson decays to neutrinos.

In principle, E2 is defined as the momentum imbalance in the transverse plane, where
the momentum conservation should be fulfilled: it should be zero in the transverse plane if
everything is taken into account. This momentum imbalance is calculated from the opposite
vector of the vectorial sum of all particles detected in the detector [77].

To measure the B it is essential to reduce as much as possible the limitation of detector
and its resolution that can cause fake E¥™S. There are various sources of fake ER such
as the inactive transition regions between calorimeters, dead and noisy readout channels in
running detector. In this context we will not discuss about reducing noise (more can be found
in Ref. [59]). We only focus on the reconstruction of EX* in the detector.

Another important quantity that is measured independently with respect to EMis* is the
track-based missing transverse momentum (notation PX%). Tt is calculated from the track
momenta measured by the ATLAS inner detector |78]. This can be used to validate the
measurement of E¥* based on the calorimeters and it also serves as an additional tool to
reject the multijet background.
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4.1.2 E!rniss reconstruction algorithms

There are two main E¥ reconstruction algorithms used in ATLAS: cell-based and
object—based.

4.1.2.1 Cell-based algorithm

This algorithm reconstructs and calibrates £ from the energy deposits in calorimeter
cells: using the contributions from transverse energy deposits in the calorimeters, from the
correction for energy loss in the cryostat and from the reconstructed muons. Each component
x,y of EX* can be determined as the following:

miss __ rmiss(Calo) miss(Cryo) miss(Muon)
Ex,y - Ex,y + Ex,y + Efr,y

The Calo term in EMS is calculated from the transverse energy measured in TopoCells
(they are calorimeter cells that belong to the TopoClusters, which are 3-dimensional topo-
logical clusters of energy deposits in the calorimeter [59]) in x and y directions:

miss\ Calo
(Em,y ) = _ETopoCeHsEx,y

The muon term of E;‘};SS is calculated from measuring muon momenta covered in pseudo-
rapidity range |n| <2.7:

miss\Muon __
(E%y ) - _ZRecMuonsEx,y

Finally, the (Eg};ss)cryo term is determined from energy lost in the cryostat. This loss is due to
the fact that the hadronic showers lose some energy when they pass the cryostat between LAr
barrel electromagnetic calorimeter and the tile barrel hadronic calorimeter which is about
half an interaction length:

Cryo

(Emiss)Cryo o

z,y - _ERecJetsE,jet

The value of EI is calculated from its =,y components as:

ErIII}iSS — \/(E:rcniss)2 + (E;/niss)?

and the direction of EI* is determined from its azimuthal angle in transverse plane ¢ pmiss,
which is defined as:
L miss miss
G pmiss = arctan(Ly", B

4.1.2.2 Object—based algorithm

The principle of the object—based algorithm is to reconstruct E¥S using reconstructed
objects. The calorimeter cells are associated with a reconstructed parent object which pos-
sesses high pr chosen in the following order: electrons, photons, taus (with hadronic decay),
jets, and muons. Cells not associated with any of the listed objects are also taken into account
toward the EM reconstruction, which we name Ery* (") " All objects are corrected using
the best correction to our knowledge and used in the ET calculation. Energy of muons and
electrons is smeared and scaled, and the jet (as well as 7 and ) energy is also recalibrated.
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When the cells are all associated to the reconstructed objects above, then each component
of B can be calculated as follows:

Egrcrjzi,lss _ E;I}gi/ss(e) + E;I,ILSS(’Y) + E;I};SS(T) + Egrcrj;ss(jets) + E;I}gi}ss(softjets) + E;ﬁlgiJss(CeHOut) + E;I};SS(M),
where ERis(©) pmis) pmiss(t) 16 the terms reconstructed by cells associated with elec-
trons, photons and taus (from hadronic decay of 7 lepton), respectively. Ej. iss(iets) are calcu-

lated from cells associated to jets with pr >20 GeV, the term EX*CMe) roquires that pr

of jet be 7 < pr < 20 GeV. EX is the negative sum of reconstructed muon objects (the
muon energy loss in the calorimeters is subtracted to avoid double counting |[79]).

Each term in this expression is the negative sum of calibrated cell energies associated to
the object in the term.

To improve the EX reconstruction, the cell calibration is replaced by the calibration of
the objects (for example, energy calibration of e, jets, ...) which is supposed to have higher
accuracy. This kind of calibration is called refined calibration [77]. The ER'S reconstructed
after this refine step is mainly used for the analysis. The reconstruction of EX also applies

miss(CellOut
EX ( )

pile-up suppression in term (using tracks or jet area method) and E. ;Ss(jets) term

(using tracks).

4.1.2.3 PP reconstruction

The track-based missing transverse momentum is measured using the tracks originating
from primary vertex and reconstructed with the ATLAS Inner Detector. The primary vertex
is required to have at least 3 tracks and those tracks must pass the quality requirements |78]:

pr > 0.5 GeV

In| <2.5

e > 1 hit in pixel detector

> 6 hits in SCT

Impact parameter requirements with respect to the primary vertex: |dyp| < 1.5 mm and
|20 sinf| < 1.5 mm

These requirements guarantee the track momentum is well measured and reduce the rate
of reconstructing fake tracks. Then the components z,y of P are defined as the following:

miss __
Px7y - _ETrackspx,y~

The tracks from leptons not passing the quality cuts above should also be added to the
Piss calculation.
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4.1.3 Efrniss triggers in ATLAS detector
4.1.3.1 EXs at Level 1

The BT trigger at level 1 uses the L1 calorimeter measurements [58] for transverse
energy Ep and scalar sum of transverse energy X FEr, covering the region |n| <4.9. The
reconstruction of L1 E¥* trigger is based on the Jet/Energy modules, which calculate the
value E,, E, and E¥*s [58,80].

The values of X E, and Y E,, are calculated from L1, then the magnitude of E at L1 trig-

ger is defined as the quadratic sum of the z, y components, namely E%lissm = \/ (XE,)? + (XE,)?
[81] and a threshold is placed on this value. The L1 trigger bits are defined as
Emiss(Ll) Emiss(threShOId)
T > Loy :
In 2012, the noise suppression in the forward region (|n| >2.5) of calorimeters at L1 was
studied because this region is susceptible to pile up [82], so that the EX* dependence on
pile-up contamination in this region is reduced.

4.1.3.2 Efr“iss at High Level Trigger

In 2011 the E3 at L2 was not recalculated and the L1 value was reused. In 2012, thanks
to the upgraded readout electronics in the calorimeters, energy sum of all cells can be readout
and calculated at L2, therefore the resolution of EXS is better compared to L1 EM (Fig.
4.1 [82]), and it also reduces the rate by a factor five.

$  EUATLAS Prefminary & -
O30000F [ — o{EF-L2)= 6.7 GeV—
£ = | Ldt= 275 pb ]
(] C - SEEL =10 7 Cal/
Z25000E" 5= g Ty — o{EF-L1)}=10.2 Je\._:
20000 -
15000 3
10000F- =
5000 E

- | ' R | .:

I 11 ' n . L1
50 40 -30 20 -10 0 10 20 30 40 50
A By [GeV]

Figure 4.1: Resolution z-component of EX at L1 (red) and L2 (blue), which are mearsured
with respect to EF of EMiss,

Each component of EXs at L2 is calculated as:

miss __ rmiss(L2,calo) (L2)
Ex’y - Ex Y - Emuonspxyy Y
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where X,,40ns(L2)ps,, is the momenta of all muons reconstructed by L2 algorithm (satisfying
the matching of track reconstructed in muon spectrometer and in the inner detector). Actu-
ally the L2 trigger can use the muon term, but for our trigger study and during data taking,
the muon terms is not taken into account. Note that even without the muon terms at L2,
the EM trigger decision at L2 is still different from L1 (also explained in Ref. [82]). The
threshold of EX at 1.2 is not the same as at L1.

The EF algorithm takes the sum over clusters after calibration to hadronic scale (mul-
tiplying the E by a constant related to the hadronic/electromagnetic calorimeter energy
fraction in a jet), which leads to further improvement in resolution.

4.1.4 Eg‘iss trigger menu used in Higgs analysis in 2012

There are three ET triggers available in 2012 data that are used in the Higgs analysis:
e EF xe80 tclew

e EF xe80T tclew loose

o BF xe80 tclew_loose

with different threshold at each trigger level (Table 4.1). Each trigger is available in certain
amount of data processed in some duration of the year that are classified in periods. From
period B6, the trigger EF xe80 tclew loose is available thanks to the L1Calo noise sup-
pression in the forward calorimetric region (Sec. 4.1.3.1). Before period B6, the two triggers
EF xe80 tclew, EF xe80T tclew loose are available. The trigger EF xe80T tclew loose
has lower thresholds, but it removes the first three bunches of protons in a train, which aims
to reduce the high trigger rate bunches at L1.

Table 4.1: Data period and thresholds (in GeV) at each level of EI triggers that used in
the analysis.

Trigger Name | Starting period | Level 1 [GeV]| | Level 2 [GeV| | Event Filter [GeV]

EF xe80 tclew A 50 55 80

EF xe80T tclew loose A 40 45 80
EF xe80 tclew loose B6 40 45 80

In the analysis, based on the availability, integrated luminosities (Table 4.2) and trig-
ger thresholds, in order to maximize event acceptance, the three EXS triggers are used as
follows: From period A to B5, the trigger EF xe80T tclew loose is used in the region of
Emiss < 160 GeV, otherwise the trigger EF_xe80 tclew will be used instead; from period B6
to the end of the year, trigger EF _xe80 tclew loose will be used.
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Table 4.2: Data period and integrated luminosity at each level of EX'* triggers used in the
analysis.

Trigger Name | Data period | Luminosity [pb™']

EF xe80 tclew A-B5 2125.7

EF xe80T tclew loose A-B5 1914.6
EF xe80 tclew loose B6-End 18132.1

4.1.5 Efrniss trigger in delayed stream
4.1.5.1 Delayed stream of data

Data collected with the ATLAS detector in 2012 from proton-proton collision at /s = 8 TeV
are divided into different periods from A to L with total delivered luminosity of 20.3 fb™'.
There is a part of data collected on top of regular data taking and processed later, due to the
limited available computing resources, called delayed stream. This part of data stream takes
place from period E1 to the end of the year with the corresponding integrated luminosity
7.29 tb™'. This part of luminosity is included in the full luminosity of data.

4.1.5.2 Triggers in delayed stream

All the nominal ER triggers are available in the delayed stream data. Apart from these
triggers, there are other EX* triggers that exist exclusively in the delayed stream:

e EF xe60 tclew loose delayed,

e EF xe60T tclew loose delayed (with the T meaning that the first three bunches of
protons in the train were skipped).

At each level, these triggers have lower thresholds than other nominal triggers: L1 > 35 GeV,

L2 > 40 GeV and EF > 60 GeV. Due to the lower integrated luminosity of trigger

EF xe60T tclew loose_delayed (6.67 fb™1), we will use only the trigger EF_xe60 tclew loose delayed
in the analysis (with 7.3 fb~'). This trigger was off if the instantaneous luminosity exceeded

the value 5.77x10% cm=2s71.

4.1.5.3 Motivation of using delayed stream trigger

In the previous analysis [83], events are selected from ER > 120 GeV. We aim to move to
lower B region by lowering the EMss lower threshold to 90 GeV, in order to increase signal
acceptance and significance from this region. Thanks to the lower thresholds, the trigger
EF xe60 tclew loose delayed has earlier turn-on than the nominal triggers, resulting in
more signal acceptance in the region of 90 < EX < 120 GeV, as we can see in Figure 4.2,
which shows the distributions of E spectrum before applying any EX trigger, and after
applying trigger EF xe80 tclew loose (nominal trigger) or EFxe60 tclew loose delayed
(delayed stream trigger). The signal acceptance is expected to increase about 20% using
delayed stream trigger (before any selection).
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Figure 4.2: E%“_SS after trigger requirements compared with the inclusive E* spectrum from
the ZH — vvbb signal sample.

4.1.6 EIJ_E‘iSS trigger parametrization study: strategy

The goal of E trigger parametrization is to measure the trigger scale factor, which is
the ratio of trigger efficiency in data and simulation samples, in order to correct the trigger
efficiency in MC samples so that it could match that of data. This ratio is usually referred
to as trigger scale factor. In order to obtain the trigger scale factor, we need to calculate
firstly the trigger efficiencies (or trigger turn-on) at each trigger level in both data and MC
samples, then compute the trigger scale factor by dividing the trigger efficiency of data by
the one of MC.

The trigger parametrization will be measured on the channels with two muons (coming
from the Z boson decay) and 1 muon (coming from the W boson decay). The reason to
choose these 2 channels of muons is that they are events with high purity and also less
contribution from multijet than events which contain electrons. We are selecting a channel
that is similar to the signal (Z — pup compared to Z — vi): the muons can be removed
from EM to simulate the EXsS (which will be discussed later). For the W — pv channel,
although this channel is not similar to the signal (IW vs Z), this channel contains true ER
and higher statistics.

We have to obtain trigger turn-ons and trigger scale factors on both channels (Z — uu
and W — pv) and compare the results between the two channels.
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4.2 Trigger parametrization with Z — pypu and W — uv
events

4.2.1 Monte Carlo and data samples
4.2.1.1 MC samples

All the MC samples used in this parametrization are from the MC12a production per-
formed by ATLAS production group [84] using GEANT 4 program [85]. For the trigger
parametrization, we mainly care about the backgrounds which simulate the events from
Z — ppand W — uv.

Background samples simulate the events from different processes of the pp collisions in
the detector, which are generated by several different generators as the following:

e Top processes: Generated by POWHEG [86] interfaced to PYTHIA [87] which requires
at least one W from the top decays to a lepton (e, p or 7). For the single top pro-
cesses, s—channel and Wt—channel are generated with POWHEG and the t—channel is
generated by AcerMC [88].

e Diboson processes: WW, W Z, ZZ events are modelled by POWHEG [86] + PYTHIA

generator.

o W/Z+ jets processes: produced with SHERPA generator [89]. A filter is applied to
select events containing b, ¢ or light quarks in order to raise statistics of W/Z+ heavy
jets samples. An additional filter is used to select the events with different vector boson

transverse momentum: p?f/z <70 GeV, T0< p%V/Z <140 GeV, 140< pr‘;V/Z <280 GeV,

280< p%V/Z <500 GeV, p%V/Z >500 GeV, so that the statistics of the high pt could be
increased.

4.2.1.2 Data

The data used in this analysis were collected in 2012 from proton—proton collisions with
center—of -mass energy of /s — 8 TeV with an integrated luminosity of 20.3 fb™'. The
data are required to fulfill the conditions that guarantee the ATLAS detector operates with
good efficiency when data are collected. These data requirements are implemented using
Good Run Lists (GRL) based on ATLAS Data Quality (DQ). The currently used GRL is
datal2 8TeV.periodAllYear DetStatus-v61-prol4-02
_ DQDefects-00-01-00  PHYS StandardGRL _All Good. The collected data can be classi-
fied to specific streams that serve for different physics analyses (Higgs, SUSY, etc...) using
corresponding specific trigger (for example, muon stream requires the data to pass muon trig-
ger selection). For the trigger parametrization study, we focus mainly in the muon stream
data.
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4.2.2 Object and event selection
4.2.2.1 Triggers

Our study involves the selection of events with one or two muons, so we use the following
triggers for muon:

e For selecting single muon events, we require the EF _mu24i tight or EF'  mu36_tight
triggers for the full data, where the 24 and 36 stand for the pr threshold of muons (in
GeV) at EF to be triggered and "i" in EF_mu24i tight means the isolation requirement
at EF.

e For selecting di-muons events, the additional trigger EF 2mul3 will be used, this
trigger selects events containing two muons with pr > 13 GeV.

4.2.2.2 Electron selection

Since our ER trigger study selects events containing muons, we veto any events con-
taining electron. For identifying electron, we require loose selection Et > 10 GeV, |n| < 2.47
(including crack region 1.37 < |n| < 1.52), isolation (sum of tracks pr divided by pr within
cone of AR =0.2) less than 0.1, and transverse impact parameter dy (with respect to PV)
less than 0.1 mm.

4.2.2.3 Muon selection

Muon candidates are selected using the combination of track measurement from the inner
detector and muon spectrometer. Muons are selected to lie in the region of || < 2.7, and
require transverse momentum pr > 20 GeV. Muon candidates also fulfill the track cuts
required by Muon Combined Performance group [90]:

e Number of pixel hits + number of crossed dead pixel sensors > 0
e Number of SCT hits+number of crossed dead SCT sensors > 4

e Number of pixel holes + number of SCT holes < 3

e Define n = nfif, + nJilers where nfit is the number of TRT hits of muon track, ngiiers

is the number of TRT outliers of muon track. Then, in the region of 0.1 < |n| < 1.9,

we require that n > 5 and ngitiers < (0.9n.

The impact parameter cut is applied which requires the transverse impact parameter with
respect to primary vertex to be less than 0.1 mm. Additionally, the muons are required to
pass the isolation cut that the sum of transverse momentum of tracks within a cone of radius
0.2 be less than 10% of the transverse momentum of the muon.

For selecting muons in Z — uu events: the muons are required to satisfy the condition
of pr > 25 GeV and || < 2.5, which we refer to as medium selection of muon.

For selecting muons in W — uv events: muon candidates must fulfill the medium selec-
tion, and also the additional tighter isolation cuts which require the ratio sum of calorimetric
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energy deposits in a cone of radius 0.3 divided by its transverse momentum is less than 0.07
and less than 0.03 for track—based isolation (in the cone of radius 0.2), which we refer to as
tight selection.

4.2.2.4 Jet selection

Jets are reconstructed using the anti-k; algorithm with a radius parameter of 0.4 [61,62].
For the kinematic part, jets are required to have pr > 20 GeV and || <2.5 to be considered
as signal jets used for the analysis. Jets to be used for veto are required to have pr > 30 GeV
and 2.5 < |n| < 4.5. To reduce the contribution of jets from pile—up, jets with pr < 50 GeV
and |n| < 2.4 have to satisfy |[JVF| > 0.5 (see definition of JVF in section 3.1.4.1).

For the leading jet, we require an extra condition that the transverse momentum pr > 45 GeV.

For b—tagging procedure to identify b—jets, we use the MV 1c algorithm |74] at the 50, 70
and 80% working points (discussed in section 3.4.2).

Jet labelling The flavour of jets in MC samples is determined at hadron level. The jet is
labelled as b—jet if there is a B—hadron with pr > 5 GeV within a cone of AR =0.4 to the
jet axis. If the jet is not labelled as b but there is a ¢-hadron with pt > 5 GeV in the same
cone, it will be labelled as c—jet. If 7 is found, then the jet is considered as 7-jet. Otherwise
jets are categorized as light jets.

Note that the procedure is slightly different than for chapter 3: hadrons are used instead
of quarks.

4.2.2.5 Overlap removal

In order to avoid double-counting the objects, overlaping removal cuts are applied for
jets, muons and electrons (leptons satisfy the loose requirements, and only signal jets are
selected). If the objects passing the selection are found overlaping with other objects in
certain AR, a classification is made to keep one of the overlaping objects and remove the
others. The classification is as the following in order:

e A jet found with AR < 0.4 to an electron with pp > 15 GeV is removed
e A muon found with AR < 0.4 to a jet (after jet—electron removal) is removed
e An electron with pr < 15 GeV and with AR < 0.4 to a jet is removed

e Electrons with AR < 0.2 to a muon is removed

4.2.2.6 EX'ss calculation for trigger parametrization

In this trigger parametrization, we study the Z — pu events and W — uv events. FEMXiss
in Z — pp events is not that large since it would not be expected to contain neutrinos,
and in W — puv selection the contribution to EX'* is mainly from the sole neutrino from
leptonic decay of W. So ERS recalculation is needed in order to simulate the EX* in the
Z — pp and W — pv selection as the EXS in the Z — v case. The idea is to remove the
contribution of muon terms from the E¥* calculation as we have seen in section 4.1.2.2 .
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For the P the measurement is as mentioned in section 4.1.2.3. As for E}** measure-
ment, we also require the muon momentum removal from the Pf"® measurement.

4.2.2.7 Event selection

To perform our E¥ trigger paremetrization, we are interested in three types of events:
Z — pp, W — pv and tt events, which are selected as follows:
Z — pp selection:

e Select exactly 2 muons passing the above selection with at least 1 muon passing the
medium criteria

e The invariant mass of the 2 muons has to be within the Z mass window
83 < M, <99 GeV

e 2 or 3 jets with transverse momentum of leading jet pr > 45 GeV
W — pv selection:

e Exactly 1 muon passing the tight selection

e Transverse mass of W bosons!' 60 < M7’ < 120 GeV

e 2 or 3 jets with transverse momentum of leading jet pr > 45 GeV
tt selection:

e Exactly 2 muons passing the medium selection

e 7 mass veto: invariant mass of 2 muons must lie in region 40 < M,, < 83 GeV or
M, > 99 GeV

e 2 or 3 jets with 2 b-tagged jets (with b-tagging working point at 70% efficiency).

The MC contributions are normalized to the total integrated luminosity, cross-sections
of processes, pile-up reweighting. The results after these selections are shown in Fig. 4.3
(Z = pp), 4.4 (W — pv) and 4.5 (tt). For the event selection of Z — pu, we obtain a good
agreement between the data and MC in terms of E¥*s and invariant mass of 2 muons. We can
see some discrepancy between data and MC in the W — pv in the region of low EXS and low
My}, which suggests the potential contribution from multijet processes. In this framework
the multijet estimation is not our major study (detailed discussion of multijet background
estimation can be found in chapter 5), instead we propose a selection to reject the multijet,
which will be discussed in the next part of this section. Due to overall low statistics, the ¢
sample will be used only for cross-checking the consistency with the samples of W and Z
bosons.

MY = IR ER (1 cos Ag(n, Bp))
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Figure 4.3: BT without muon contribution (top) and invariant mass of 2 muons (bottom)
in Z — pp channel without multijet rejection cuts.

4.2.2.8 Additional multijet rejection cuts

These additional cuts are to reduce further the multijet contamination on W — pv events
and also simulate multijet background rejection cuts applied in O-lepton channel of the Higgs
analysis (more details at section 5.7). These cuts are defined as follows:

e The minimum value of the angular distance between the EXs and jets:
min A¢(ERS jet) > 1.5

e Distance between two jets AR(jetl, jet2) > 0.7
e Track-based missing transverse momentum P¥s > 30 GeV

e Angular distance between EXSS and PRISS| Agp(Emiss, Pmiss) < g /2

All quantities related to ER' and P are considered after muon contribution removal.
The results after these rejection cuts are shown in Fig. 4.6. These cuts actually reduced
the contribution of multijet processes from W — v events.
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Figure 4.4: B without muon contribution (top) and transverse mass (bottom) in W — uv
channel without multijet rejection cuts.

4.2.3 Trigger emulation

In the MC samples, all the trigger bits of nominal triggers at each level are available and
can be applied directly in the parametrization. Nevertheless, unlike the nominal triggers,
trigger bits at each level of trigger EF xe60 tclew loose delayed are not available. We
can use another approach as we have already seen in section 4.1.3: utilize the components
x,y of BN at each level (which are always recorded in each event), calculate their modules
and put the thresholds on them to reconstruct the ERS trigger bits at each level, then we
can perform the normal parametrization as we do for the nominal triggers.

In data, unlike the nominal triggers, the trigger EF xe60 tclew loose delayed is not
available if the instantaneous luminosity exceeds 5.77x10% cm™2s~!. In order to calculate
trigger efficiencies using the delayed stream trigger we should remove the part of data in

which this trigger is off.
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Figure 4.5: B without muon contribution in ¢¢ channel.

4.2.4 Measuring trigger turn—on

To measure the total trigger turn—on, first we parametrize the trigger efficiencies on each
level of trigger using the error function, then multiply the trigger efficiency functions to
parametrize the total trigger turn—on. The trigger efficiencies at each level are defined as the
ratio between the events that passed the trigger bit and the events that pass the requirement
prior to the trigger bit. In more details:

Efficiency;, = E= pass L1 / B2 Total
Efficiency;, = E2™ pass L2 / B3 pass L1
Efficiency p = EX pass EF | E™ pass L2
Efficiency ., = Efficiency;, x Efficiency;, x Efficiency

The function used for the parametrization of trigger efficiency is defined as:

Eiss threshold))

Efficiency = 0.5 x (1 +erf (
Y V2 % width

where the erf function is defined as:

2 x
erf(z) = ﬁ/ e dt
0

Here we define the two parameters: the threshold is the value of ER at which 50% of
efficiency is obtained, the width determines the “inflection” of the error function. The fitting
range for the error functions is chosen from 40 to 200 GeV, because we want to avoid the
high fluctuated efficiencies in region of ER <40 GeV, and for Em >200 GeV the trigger
efficiency is supposed to reach plateau of 1, in which we have no further interest.

The results of the fits are shown in Figs. 4.7, 4.8, 4.9, 4.10, which show the trigger
efficiencies at each level and their corresponding fit functions with respect to EXs for W and
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Figure 4.6: E¥* without muon contribution for Z — puu (top) and W — puv (bottom)
channel with multijet rejection cuts.

7 samples with 2 jets (for both data and MC samples). The fitting parameters are shown in
Table 4.3. The analytic curves of the fit using error functions show good agreement with data
points and MC for both Z — pp and W — uv events, which means that our parametrization
is reasonable.

4.2.5 Measuring trigger scale factor

After gathering the EXs trigger turn—ons on both data and MC for Z — pv and W — uv
selection, the trigger scale factors can be calculated as follows:

data
Turn-on

W—uv/Z—
Scale factor = i i ,

MC
UrN-ONyy 2, 7y,

data/MC

where Turn—onW ) D

section 4.2.4.

is the product of error functions at L1, L2, EF obtained in

96



Efficiency
Efficiency

ATLAS waork in progress ATLAS waork in progress

=3
o

=3
@

=3
@
LA L L B L L L B

Level 1 efficiency Level 2 efficiency

%%/ ndi 30.08 /31 08 ¥/ ndf 21.25 /31
p0 72.13 + 0.1065 po 50.33 £ 0.253
pi 27.42 £ 0.1476 p1 2252 + 0.2349
0.4 0.4
2
L]
02 02 7-}’}{&‘
X f
el L Ll T SR B SR BN [
% 50 100 750 0 % 50 100 750 0

L L
o 250 o 250
Missing ET [GeV] Missing ET [GeV]

Efficiency
Efficiency

ATLAS waork in progress ATLAS waork in progress

=3
o
=3
o

Event Filter efficiency Trigger total efficiency

0.6 %2 / ndf 50.72 /31 0.6
po 58.12 £0.1797
pl 15.15 £ 0.1628

=3
S
=3
S

N IR RN
150 200 250
Missing ET [GeV]

Dﬁ I50I — I1()E|I — ITSD‘ = ‘EEI)D‘ = ‘25|>DI ‘
Missing ET [GeV]
Figure 4.7: EM trigger efficiencies at level 1 (top left), level 2 (top right), Event Filter
(bottom left) and total efficiency (bottom right) for MC in Z — uu + 2 jets channel.

Figure 4.11 shows the total trigger scale factors from data points and fit results, which
show the overall good agreement between the data points and the curves obtained from fitting
results? down to ~ 60 GeV of EX5. In the analysis we will apply the trigger scale factor in
the region of EI > 90 GeV.

4.2.6 Various comparisons for trigger parametrization

In this section we will see if the trigger turn—on and trigger scale factors change in various
categories: 2 or 3-jet selection, Z or W samples, applying or not applying multijet rejection
cuts. If significant differences are observed among the categories, we need some proper
treatment for each of them in the analysis, else we just need to determine the parametrization
for one category and apply it for the rest.

4.2.6.1 Comparison between 2 and 3-jet selection

In the Higgs analysis, apart from the 2-jet region, we are also interested in the 3-jet region,
so comparing the trigger turn—on between 2-jet and 3-jet bins is necessary to decide if we
need to have a separate parametrization of the trigger in 3-jet bin. The results are shown

2Note: the curve here is not a fit to the points.
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Figure 4.8: BT trigger efficiencies at level 1 (top left), level 2 (top right), Event Filter
(bottom left) and total efficiency (bottom right) for data in Z — pup + 2 jets channel.
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Figure 4.9: BT trigger efficiencies at level 1 (top left), level 2 (top right), Event Filter
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Figure 4.10: EM trigger efficiencies at level 1 (top left), level 2 (top right), Event Filter
(bottom left) and total efficiency (bottom right) for data in W — pv + 2 jets channel.
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Table 4.3: Fitting parameters at each level of trigger for 7 — up and W — ur samples for
MC and data in 2-jet events.

Z = Jp MC data
Threshold [GeV]| Width | Threshold [GeV] Width
Level 1 72.13£0.11 | 27.42+0.15 72.4+0.17 | 28.22+0.24
Level 2 50.33+0.25 | 22.524+0.23 61.35+0.22 | 26.6340.36
Event Filter 58.124+0.18 | 15.1540.16 56.1840.01 | 16.01£0.01
W — uv MC data
Threshold [GeV] Width | Threshold [GeV] Width
Level 1 71.85+0.11 | 27.13£0.07 71.8540.07 27.9+0.1
Level 2 49.51+0.11 | 22.04+£0.1 60.224+0.14 | 26.4140.16
Event Filter 57.5140.08 15+0.07 55.8740.06 | 15.46+0.05
tt MC data
Level 1 66.66+1.14 | 27.534+1.43 61.3£2.87 | 32.57£2.96
Level 2 50.0942.36 | 20.8941.97 61.484+2.68 | 25.134+2.76
Event Filter 57.35+1.79 | 14.714+1.48 54.084+4.43 | 20.78+3.43
5 1iF 5 I
§ . _05; ATLAS work in progress g . 05;
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Figure 4.11: Total EMs* trigger scale factor from data points (black) and from analytic fit
(red curve) in Z — pp (left) and W — pv (right) channels in 2-jet events.

in Fig. 4.12 for Z samples and Fig. 4.13 for W samples. From the results we can conclude
that the trigger turn—on in 2-jet bin and 3-jet bin are almost the same, implying that we can
apply the trigger scale factors of 2-jet bin on the 3-jet bin.

4.2.6.2 Comparison before and after applying multijet cuts

It is important to check if the trigger turn—on and trigger scale factors are affected by
multijet rejection cuts that are discussed in section 4.2.2.8. For the selection we divide into
2 categories: Applying multijet rejection cuts and no applying these cuts. The results are
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shown in Fig. 4.14, 4.15 and indicate that the multijet rejection cuts that we apply in Higgs
analysis do not affect the trigger scale factor and trigger turn—on, so we can still apply the
trigger parametrization using the events without multijet rejection cuts that we have already
done in the previous section because we have better statistical uncertainties without applying
multijet cuts.

4.2.6.3 Comparison between W and Z samples

As we have seen in Table 4.3 comparing the fit parameters between W and Z samples,
those parameters for W and Z are very similar. More visually, Figure 4.16 shows that the
trigger turn—on and trigger scale factors are compatible between the W and Z samples.

Our conclusion is that the trigger scale factors and trigger turn—ons are not dependent on
the type of events, so we do not need separate trigger scale factor, and consider the difference
between them as systematic uncertainty. The trigger scale factor of W are chosen as nominal
since the statistical uncertainty is largely reduced thanks to the high number of W events.

4.2.6.4 Comparison to tt sample

For this part we have a comparison among the 3 samples: Z — up, W — pv and tt
samples. As shown in Figure 4.17, the consistency among 3 samples is confirmed, the ¢t scale
factor curve being indistinguishable from the Z+jets one, and it guarantees that one can
use the trigger parametrization on W samples across the other samples in the analysis. One
should note that the ¢t sample has low statistics.
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4.2.7 Cleaning cut for trigger

This section is to investigate the trigger dependences with respect to certain variables
and how to treat them in the main ZH — vuvbb analysis.

4.2.7.1 Efrniss trigger dependence

Various EXs trigger efficiencies with respect to some variables are studied to test trigger
dependence. The trigger efficiency dependences are checked for number of primary vertices
and average number of interactions per bunch crossing for nominal triggers and delayed
stream trigger (Fig. 4.18, 4.19, 4.20, 4.213) and clearly EM* trigger does not depend on
these variables for both nominal triggers and delayed stream.

ATLAS wark in progress

ATLAS work in progress

Humiper of verfices
Numiper of verices

P BT
200 250
Mizsing ET [GeV]

200 250
Wizsing ET [GeV)

ATLAS work in progress ATLAS work in progress

Event Filter 0| Total Efficiency

Humizer of vertices
Numiper of vertices

G GE—
Figure 4.18: EX trigger turn—on dependence with respect to number of vertices for trig-
ger EF xe80 tclew loose for Z — pp sample in 2-jet bin on MC samples. The colors
correspond to the efficiency.

More tests show that the EX triggers depend on the transverse momentum pr of leading
jet (Figs. 4.22, 4.23) for pr <100 GeV, and we also found trigger dependence on the scalar
sum of pr of the two leading jets (J12pT') (Figs. 4.24, 4.25) for J12pT < 120 GeV. These
results indicate that we need some special treatment to deal with those biases in order to
apply in the analysis. We need to define the cleaning cut in term of pr or J12pT, and
determine which cut is the most optimized for the analysis.

3The sharp cut at average number of interactions around 27 is due to the limit on instantaneous luminosity
of delayed stream trigger (see section 4.1.5.2).
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EF xe80 tclew loose for Z — pp sample in 2-jet bin on MC. The colors correspond to
the efficiency.

4.2.7.2 Defining cleaning cut for E%‘iss trigger

From the last section we have seen the trigger biases with respect to pr and J12pT. We
will now investigate more the trigger dependence and define cleaning cut for the analysis.
This section focuses on the nominal trigger EF xe80 tclew loose, the obtained results are
applied in the nominal analysis as well.

Figures 4.22, 4.24 shows that the trigger turn-on bias with respect to pr and J12pT
stops at pr =100 GeV and at J12pT =120 GeV respectively. Above these cuts the trigger
turn—ons are independent of jet pr and J12pT', and the same behaviour can be found with
delayed stream trigger (Figs 4.23, 4.25). We apply the cleaning cuts to remove trigger biases
using these two thresholds, then re-do the parametrization for triggers again. In order to
determine which cleaning cut is optimized for the analysis, we need to estimate the signal
significance and also the signal acceptance of the Higgs on ZH — vobb channel yielded after
each cleaning cut. The signal significance is defined as the ratio of number of signal divided
by the square root of the number of background; the signal acceptance is determined as the
number of signal after applying the cleaning cuts divided by the one before applying any
cleaning cuts.

The selection for this study of cleaning cuts will be the same as in ZH — vobb channel
which is defined as follows:

e Lepton veto (no electron or muon in the events)
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Figure 4.25: EI trigger turn-on dependence with respect to J12pT for trigger
EF xe60 tclew loose delayed for Z — pp sample in 2-jet bin on MC. The colors cor-
respond to the efficiency.

o EMss trigger EF xe80 tclew loose

ER >90 GeV, PPi*s >30 GeV, Ag(ER™, PR) < 7/2

2 or 3 jets with pr of leading jet > 45 GeV

b—tagging: Exactly 2 b—tagged jets, which have to be the two highest pr jets.

Topological cuts: Angular distance between Z boson and Higgs boson A¢(V, H) >2.8,
minimum value of angular distance between Z boson and jets A¢(ERSS jets) >1.5

Distance between two jets:

— AR(jetl, jet2) >0.7 (for Emiss <200 GeV)
AR <3 (for Ems < 120 GeV)

AR <2.3 (for EMs < 160 GeV)

AR <1.8 (for Emss < 200 GeV)

AR <1.4 (for s > 200 GeV).

Figure 4.26 shows the result of the check for E* after applying the above selection.
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The signal significance and signal acceptance of the Higgs signal will be represented as a
function of the cut value of pr of leading jet or J12pT. Here we consider our study in 2-jet
bin and in 2 ET bins: 90-120 GeV and 120-160 GeV. Figure 4.27 shows that both signal
acceptance and significance in the 90-120 GeV EM bin are reduced as the cleaning cuts
increase, nevertheless, if we apply the proposed cut for pr of leading jet at pr >100 GeV, the
acceptance loss is around 14% while at the cut J12pT >120 GeV the acceptance would lose
around 10%. For the check on 120-160 GeV EX* bin (Fig. 4.28), we can observe a smaller
loss of acceptance: around 5% for cleaning cut of pr of leading jet and 3% for cleaning cut
of J12pT.
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Figure 4.27: Signal significance and signal acceptance as functions of cuts on pr of leading
jets (left) and J12pT (right) in EX* bin of 90-120 GeV and 2-jet bin.
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Figure 4.28: Signal significance and signal acceptance as functions of cuts on pr of leading
jets (left) and J12pT (right) in EX* bin of 120-160 GeV and 2-jet bin.

For the check of signal significance in 90-120 GeV EM bin, the cut of pr > 100 GeV
causes the significance to decrease significantly (40% of its maximum value) while the cleaning
cut for J12pT shows that the significance is maintained at the highest value. If we take a
look at the 120-160 GeV E bin, we can observe a very similar behavior as in 90-120 GeV
EXiss bin, with the loss of significance of only 2% for the cleaning cut at J12pT >120 GeV
and 22% for the cut of py >100 GeV. To conclude this part, we choose the optimized solution
for cleaning cut for EX trigger to J12pT >120 GeV.

Cleaning trigger for 3—jet bin We have defined that the cleaning cut in the 2-jet
case to remove trigger efficiency bias is the cut on scalar sum of pr of the 2 leading jets
J12pT > 120 GeV. However, if we come to 3-jet bin we have to determine another cleaning
cut. We need to check if we are to apply the scalar sum of pr of 2 leading jets or scalar sum
of pr of 3 jets in the events. To do so we estimate which cleaning cut of which variable yields
more signal significance and signal acceptance.

Figures 4.29 and 4.30 show that the cleaning cut for scalar sum of pr of leading jets
(J123pT') for 3-jet case is about 170 GeV (in region 90 < EMs < 120 GeV) or 150 GeV (in
region EX5 > 120 GeV). As we did for the case of 2 jets, we use the 0-lepton selection
and 3 signal jets with 2 b-tagged leading jets, and the significance and signal acceptance
are calculated in two EX: 90-120 GeV and 120-160 GeV. Then we represent the signal
significance and acceptance as a function of J12pT or J123pT cut.

As can be seen in Figures 4.31, 4.32, at the cut J12pT >150 GeV, in EXS bin of
90 — 120 GeV, the significance drops about 50% and the acceptance loses around 78%, which
are high percentages. On the other hand, for the cut at J123pT >170 GeV the significance
loses around 35% and acceptance loss about 60%. If the EX bin of 120-160 GeV is consid-
ered, more significance and acceptance losses are observed for the cut at J12pT > 150 GeV
with the rate of 20% and 45%, respectively, while the significance is maintained at its max-
imum value and only about 8% of total acceptance is lost if the cut J123pT >150 GeV is
applied.

So to conclude the study of cleaning cut in 3-jet bin, in the region of 90 < EXss < 120 GeV,
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Figure 4.29: EI trigger turn-on dependence with respect to J12pT for trigger
EF xe80 tclew loose for Z — pp sample in 3-jet bin.

the cleaning cut is defined as J123pT >170 GeV, and for the region ER >120 GeV, this
cut should be J123pT >150 GeV.

All the cleaning cuts on J12pT and J123pT studied here are included in the main Higgs
analysis in 0-lepton channel.

Applying cleaning cuts on trigger parametrization Now the cleaning cuts are defined.
The trigger parametrization should be re-done again including those cuts in order to verify the
parametrization and also the invariance of trigger across the categories and studied samples.
Table 4.4 shows the fitting parameters for Z — pp and W — uv samples after applying
cleaning cut, and those fitting parameters are very similar between the two samples.

To conclude this part, we consider the trigger scale factor and check the consistency
among the three dedicated samples: Z — pup, W — pv and tt. Figure 4.33 indicates that
the differences among the three samples are small within the statistical uncertainties of tf
sample (note that the tf sample is always low on statistics).

At low J12pT /J123pT (J12pT <120 GeV or J123pT <150 GeV), we can also apply
different trigger scale factors. However the low statistics prevent us from obtaining reliable
results.
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Figure 4.30: EX trigger turn-on dependence with respect to J123pT for trigger
EF xe80 tclew loose for Z — pp sample in 3-jet bin.

4.2.8 Trigger uncertainty and systematics

The statistical error estimation for trigger is done by using the statistical errors on
calculating trigger efficiencies. We are only interested in the region used in the analysis,
Et > 90 GeV. At this point the trigger scale factor uncertainty is around 1.6% for Z sam-
ples, and around 1.3% for W samples (Fig. 4.34). The systematic uncertainty is estimated
as the difference between the scale factor for W samples and the one for Z samples. The
trigger uncertainty with both statistical and systematic errors is presented in Figure 4.35,
showing that the overall uncertainty is small. The trigger uncertainty error vanishes when
the trigger turn—on reaches the plateau (for E¥ > 130 GeV).

As we can observe in Figure 4.33, the difference is about 1.3 % at EXss =90 GeV, and
vanishes when the scale factor reaches plateau as the two scale factors converge to 1. Moreover
the cross—check from last section shows that the scale factor for ¢£ sample is also in consistence
within statistical uncertainty.
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Table 4.4: Fitting parameters at each level of trigger for Z — pp and W — pr samples for
MC and data after applying trigger cleaning cut for 2-jet bin.

Z = i MC data
Mean value [GeV] Width | Mean value |GeV] Width
Level 1 52.87+0.26 | 23.974+0.27 54.2440.39 | 25.11+0.42
Level 2 45.5140.44 | 21.74+0.37 50.341+0.65 | 26.13+£0.58
Event Filter 59.1540.24 | 14.54+0.22 58.321+0.01 | 15.83+0.02
W — uv MC data
Mean value [GeV] Width | Mean value [GeV] Width
Level 1 53.88+0.1 | 23.83+0.12 54.22+0.16 | 24.9940.18
Level 2 44.9540.19 | 21.39+0.16 49.31+£0.28 | 26.3£0.26
Event Filter 58.64+0.01 | 14.37+0.09 57.661+0.05 15.214+0.1
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Figure 4.31: Signal significance and signal acceptance as functions of cuts on J12pT (left)
and J123pT (right) in EX bin of 90-120 GeV and 3-jet bin.
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Figure 4.32: Signal significance and signal acceptance as functions of cuts on J12pT of leading
jets (left) and J123pT (right) in EX bin of 120-160 GeV and 3-jet bin.
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4.3 Conclusion

In this chapter we have discussed the parametrization of the EX'* trigger and the main
target is the EMUS trigger present in the delayed stream of data. Due to the availability
of the delayed stream FEX trigger EF xe60 tclew loose delayed in the 2012 data, in
order to be used in the analysis, from period A of data to before period E, the nominal
triggers (EF _xe80 tclew, EF xe80T tclew loose, EF xe80 tclew loose) are used, and
after period E, the delayed stream trigger is used in the fraction of data in which it is available
(instantaneous luminosity <5.77x10% cm~2s71). If the delayed stream trigger is off at some
point, the trigger EF xe80 tclew loose is used instead.

This parametrization uses Z — pup and W — uv events to model and parametrize the
Emiss trigger. tt events are used for cross-checking consistency only due to its low overall
statistics. This parametrization is based on the trigger efficiency calculation and fitting
using the error function. The results of the trigger efficiency calculation show an overall
good agreement between the efficiency points and the fitting curves, indicating a good trigger
modelling. The trigger scale factors (the ratio of data and MC turn-on curves) also show
good agreement between points and analytic function curves for EX >90 GeV (analysis
region).

The EXss trigger parametrization also shows the independence of trigger on the number of
jets, the application of multijet rejection cuts for O-lepton channel of Higgs analysis, as well as
the event—type (Z — pp, W — ppu, or tt). These independences guarantee the universality of
the trigger parametrization: it is not necessary to treat the trigger parametrization separately
based on the event categories, we only need to parametrize the trigger on just one category
and then apply to all other categories. The reference event—type which yields the most
statistics was chosen: W events with 2 jets and no multijet rejection applied.

In this study, the trigger turn-on is shown to be dependent on certain variables: pr
of leading jet and scalar sum of jets pr (J12pT or J123pT). The study shows no other
dependence. The cleaning cut for ER trigger is important in order to remove the trigger
biases in the analysis, and we need a cleaning cut that can remove efficiently the bias as
well as maintaining the high efficiency and significance of the expected Higgs signal. The
optimized cut is on the J12pT and J123pT variables which are defined as follows:

e For 2-jet events: J12pT >120 GeV,
e For 3-jet events in region 90< EMiss <120 GeV: J123pT >170 GeV,

e For 3-jet events in region EXs >120 GeV: J12p3T >150 GeV.
The same result is also applied for the nominal analysis. Applying these cleaning cuts in the

parametrization again we can use the trigger in the O-lepton channel of the Higgs analysis.
Overall the EX trigger statistical and systematic uncertainties are small (around 1%).
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Chapter 5

Search for the Higgs boson in the bb
decay channel

As summarized in chapter 1, a Higgs-like boson was discovered at LHC and exhibits
coupling with bosons in SM and leptons. Nevertheless, a confirmation of coupling of this
Higgs boson to quarks is needed to confirm the discovered Higgs-like particle is the Higgs
boson predicted in SM.

5.1 Higgs analysis channel

In this part we want to search for Higgs boson in the H — bb decay mode to test the
Higgs coupling to quarks.

5.1.1 Choosing Higgs production mode

Here we consider the search in the proton-proton collisions at 1/s = 8 TeV with 20.3 fb!
of delivered luminosity recorded by ATLAS detector in 2012.

We choose the production mode based on the detectability of the Higgs signal in each
channel of Higgs production for the H — bb decay mode: The gluon-gluon fusion has the
largest cross section (19.27 pb at my = 125 GeV), however a challenge of huge background
(about 10® pb) makes it almost impossible to extract the Higgs signal if we are to search for
decay modes of Higgs to pair of quarks. The same difficulty is present with the weak boson
fusion production (with a cross section of 1.58 pb at my = 125 GeV), where the Higgs boson
is produced with two quarks. The channels that are useful to detect the Higgs boson signal
thanks to their detectable signatures in detector are Higgs-strahlung production, where the
Higgs boson associates with a weak boson (either W or Z) and t¢H production, where the
Higgs boson associates with a pair of top-quarks. At mpy = 125 GeV, the corresponding
cross-sections are: 0.7 pb, 0.42 pb and 0.13 pb. The ¢tH production channel has the lowest
cross section overall, so the Higgs-strahlung is our preferable production channel.

We are therefore considering the Higgs production via the Higgs-strahlung process:

pp — ZF — ZH.
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5.1.2 Choosing analysis channel

5.1.2.1 Choosing Z decay mode

As discussed in section 5.1.1, this search concerns the Higgs-strahlung production of Higgs
boson associated with a Z boson. Regarding the decay mode of Z boson, it can be divided
into 3 categories:

e Leptonic decays: The Z boson decays to a pair of charged leptons (e, u,7) with a
branching ratio for each flavour of 3.37%.

e Invisible decays: The Z boson decays into neutrino-antineutrino pairs (3 families in-
clusively) with a total branching ratio of 20%.

e Hadronic decays: The Z boson decays to quarks with inclusive branching ratio of
69.91%.

The leptonic decay of Z boson has pure signatures thanks to the presence of leptons.
However, the ATLAS detector can identify electrons and muons with high efficiencies while
identifying taus would be harder due to their subsequent decays (leptonic or hadronic). The
Z leptonic decay can therefore be well-detected with total branching ratio of 6.7%, which is
relatively small. The hadronic decays of Z have the largest branching ratio, nevertheless it
would be nearly impossible to extract this channel in the sea of quarks, gluons from the large
amount of processes in proton-proton collisions at LHC. So finally, the invisible decay modes,
which have relatively large branching ratio, is our preferred channel to perform our search
since the neutrinos can be identified as missing transverse energy in the ATLAS detector
(more detail discussed in chapter 4).

5.1.2.2 Choosing Higgs decay mode

For my = 125 GeV, the Higgs boson decays dominantly to a pair of b-quarks (~57.7% of
branching ratio compared to 2.91% of H — ¢¢), so it is the most prospective channel for the
Higgs boson search. Our analysis concerns the Higgs search in the mode where Higgs decays
to a pair of b-quarks.

The topology of our Higgs analysis can be viewed in Figure 5.1.

In total there are three VH(H — bb) analysis channels: ZH — vibb, ZH — ((bb
and WH — (vbb, however the latter two are not included in this context. For the name
convention, we refer the analysis ZH — vobb as 0-lepton, ZH — £¢bb as 2-lepton, and the
W H — (vbb channel as 1-lepton.

5.1.2.3 General analysis

The strategy of searching for the Higgs boson in the channel pp — ZH — vvbb at LHC
and in ATLAS detector can be summarized as follows:

1. Select events (trigger) with large ER (for Z — v events), see chapter 4.
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Figure 5.1: Feynman diagram for Higgs production in Higgs-strahlung production channel.
The Z boson decays to neutrinos and H decays to a pair of b-quarks.

2. Construct distributions of invariant mass, in this case the invariant mass of two b-jets.
Estimate the expected contribution of signal processes, as well as the contributions
from other SM processes that can produce the same signature. The detailed steps can
be followed from section 5.2 to 5.8.

3. Estimate systematic uncertainties: this step is to estimate how much the signal and
background predictions should vary due to the possible measurement errors. This will
be discussed in detail in section 5.9

4. Statistical analysis: This takes the signal and background predictions (also data) as
inputs, as well as their uncertainties, and evaluates how precisely we can observe or
not observe the Higgs boson in our analysis. Section 5.10 will discuss more about the
strategy and implementation.

5.2 Data samples

Data used in this analysis were collected by the ATLAS experiment in year 2012 during
the operation of LHC at center-of-mass energy /s = 8 TeV with total integrated luminosity
21.3 fb™. We also use the delayed stream of data in this analysis with integrated luminosity
of 7.3 fb! (inclusively with the data 2012).

In order to be used in the analysis, the data must satisfy the requirements of good
operation in some essential elements of the ATLAS detector while data are collected. These
data quality requirements are implemented in the analysis by the Good Run List (GRL). This
quality control is to ensure the good reconstruction of the key objects like electrons, muons,
jets, triggers, b-tagging and EM5. After applying this GRL the integrated luminosity yields
20.3 fb~'. The GRL used in the Higgs analysis is datal2 8TeV.periodAllYear DetStatus-
v61-prol4-02  DQDefects-00-01-00 PHYS StandardGRL__All Good.
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5.3 Simulation samples

5.3.1 Background samples

The backgrounds used for this analysis are simulated with different generators. W/Z+jets
samples are modelled by SHERPA generator [89] with massive b/c—quarks, using parton dis-
tribution function CT10 [91]. The filter for p¥% (V stands for W/Z boson) and flavor catego-
rizing are applied in W and Z samples (unit in GeV): pp < 40, 40 < p¥. < 70, 70 < p¥ < 140,
140 < p¥ < 280, 280 < pt < 500, p¥ > 500. The samples of V+jets are applied a filter to
select events with at least one b-hadron, then with at least one c-hadron, and then the rest is
identified as light flavour in order to increase the statistics of the vital V-+heavy-flavour-jets.
For tt background, the simulation is done with the POWHEG [86] with CT10 PDFs, interface
with PYTHIAG6 [87] (CTEQG6L1 [92] as PDFs). For single-top-quark simulation, the s— and
Wt— channels are produced with POWHEG while ¢t—channel are produced with AcerMC [8§]
generator interfaced with PYTHIA6 with CTEQ6L1 as PDFs. The diboson processes (WW,
WZ or ZZ) are simulated by POWHEG with CT10 PDFs, interfaced with PYTHIAS.

Table 5.1 summarizes the generators of each background process and their inclusive cross

section for /s = 8 TeV.

Table 5.1: MC generators used for modeling the background processes and the cross section
times branching ratio (for normalizing purpose) at /s = 8 TeV.

Processes Generator 0 X BR Ngyents (10°)

Z =0 (l=epnT) SHERPA 1.24 nb 66
Z — vv SHERPA 6.71 nb 98

W — ly SHERPA  12.07 nb 390

WW | POWHEG + PYTHIA8  52.44 pb 10

WZ | POWHEG -+ PYTHIAS 9.24 pb 15

77 | POWHEG + PYTHIA8 3.171 pb 15

tt | POWHEG + PYTHIA6 252.89 pb 100

single ¢t s—channel | POWHEG + PYTHIAG6 5.61 nb 6
single ¢ Wt—channel AcerMC + PYTHIA6  22.37 nb 20
single ¢ t—channel AcerMC + PYTHIA6  87.76 nb 9

5.3.2 Signal simulation

The signals of ZH are modeled using the PYTHIA8 MC generator with CTEQ6L1 PDF
(for the q¢ — ZH — vibb/0{bb and qq — W H — (vbb processes) and POWHEG+PYTHIAS
(for the gg — ZH — vibb/{bb process). Samples are generated in the range of Higgs boson
mass between 115 GeV and 150 GeV with intervals of 5 GeV. The total production cross
section, the uncertainties of Higgs mass production, as well as H — bb branching ratios
are taken from Ref. [45]. The central value of Higgs cross-section are calculated at next-
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to-next-leading-order (NNLO) in QCD corrections [93-95] and next-leading-order (NLO) in
electro-weak correction [96]. The decay of Z boson is taken from Ref. [28].

5.4 Object selection

For the object selection, we need lepton identification so that we can veto events containing
leptons because the ZH — vibb events have no lepton. We also need jet reconstruction and
b-jet identification since our analysis contains two b-quarks.

5.4.1 Electrons

Electron selection is divided into 3 categories based on the purity order: loose, medium
and tight. Each category is used depending on the requirements of the analysis channel
(0-lepton, 1-lepton or 2-lepton).

Loose selection For loose criteria, all electrons with transverse energy Fr > 7 GeV and
in the region |n| < 2.47 are chosen. There is an additional requirement for isolation of tracks
1505, 4. < 0.1, which is defined as the ratio of the sum of track transverse momenta around
the lepton inside the cone AR(e, track) < 0.2 and the electron transverse momentum:

. e . 1 track in AR(e,track)<0.2
1S0track — e Pr
T track

The electrons are also required to pass another quality cut called likelihood (LH) criterion,
which is constructed using the probability density functions (detailed in Ref. [97]). For loose
electrons we only require VeryLoose LH selection.

Medium selection The electrons labelled as medium must pass the loose criteria and pass
the additional requirement Er > 25 GeV.

Tight selection For the tight selection, electrons must pass the medium criteria and a
tighter track isolation cut isof,,, < 0.04. An additional isolation cut is also applied on the
calorimeter isolation isof,, defined as the sum of transverse energy of topoclusters around

the electron for AR(e, topoclusters) < 0.3 divided by the electron Et iS0ca, <0.04. There is
another quality cut of LH, which is categorized as VeryTight LH [97].

Calibration and correction Various electron calibration on identification efficiency, iso-
lation and energy scale are computed using Z — eTe™ samples [98] and applied to electron
candidates.

5.4.2 Muons

As for electrons, the muons are also selected in 3 categories of loose, medium and tight
based on purity. There are different types of reconstructed muons in detector:
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e Combined muons: this muon identification uses independent track reconstruction in
muon spectrometer and in ID, then combines the two reconstructions.

e Segment-tagged muons: identified using tracks in ID extrapolated to muon spectrome-
ter and associated with at least one segment in the precision muon chamber. This type
of muon is to increase the efficiency of muon reconstruction in poorly covered regions
and low transverse momenta.

e Calorimeter tagged muons (Calo muons): identified in calorimeter and associated with
ID tracks, to recover the efficiency of muon reconstruction at |n| < 0.1.

e Muon spectrometer stand-alone muons (StandAlone muons): to extend the muon re-
construction up to |n| < 2.7 (not using ID track matching because of ID limited range
In| < 2.5).

Loose selection Muons are required to pass requirements of transverse energy, pseudo—
rapidity, impact parameter cuts (transverse dy and longitudinal z) and track isolation as in
Table 5.2.

Table 5.2: Requirements on different types of reconstructed muons

Requirements | Segment-tagged/Combined | Calo | StandAlone
Er |GeV| >T710 >20 > 7

] <27 <01| [25,27]

do [mm)] <0.1]<0.1 —

2o |mm] <10| <10 -
1SO0¢rack <01]<01 -

For quality aspect, muons (except Calo muons) must pass the Tight Muid criteria. The
Muon Combined Performance (MCP) hits requirements in Inner Detector are applied as
discussed in section 4.2.2.3.

Medium selection For this selection, muons are required to pass the loose criteria, for
Segment-tagged and Combined muons the kinematic cuts pr > 25 GeV and |n| <2.5 are
applied. The medium selection applies only on Combined or Segment-tagged, calo and
StandAlone muons are excluded.

Tight selection Muons must pass the medium selection and additional tighter cuts for
isolation:

® 1SOrack < 0.04

® (S04 < 0.04
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Muon correction The muon reconstruction efficiency is measured on both data and MC
samples using Z — up, then the scale factor is derived to correct efficiency on MC. The
detailed study is presented in Ref. [90].

5.4.3 Jets
Jets are reconstructed using the anti—k; algorithm with a radius parameter value of R=0.4
[61,62].

The track selection mentioned in section 4.1.2.3 is used to select tracks with good quality
to be associated to jets or vertices (primary vertex or secondary vertices).

To reduce the contribution from jets produced by pile-up interactions, a cut on JVF
(defined in section 3.1.4.1) is applied. Tracks with pr > 0.5 GeV are used for JVF calculation.

The JVF is calculated for the vertex with highest Y p% of tracks, the primary vertex,
and the JVF cut is applied only for jets with py < 50 GeV and |n| < 2.4. The reason for this
limitation is the jets originating from pile-up interaction tend to have softer pr spectrum.

There are two categories of jets: Signal jets (which will be considered to be used in the
analysis) and forward jets (jets lying in the forward region of detector). The signal jet with
the highest transverse momentum must satisfy pr > 45 GeV; for the other signal jets the cut
is loosened to pr > 20 GeV, and all the signal jets must fall within the region |n| < 2.5. For
the forward jets, a cut at pr > 30 GeV and 2.5 < |n| < 4.5 is applied.

Jet labelling The jet labelling showing how to identify b-jets, c—jets, T—jets and light-jets
was discussed in section 4.2.2.4.

Events of V+jets are also labeled according to the label of two jets used for Higgs boson
reconstruction. If one of those two jets are labelled as b, then the event is listed as Vb
category. If b-jet is not found but c-jet, then the event is labeled as Ve. Otherwise the event
will be considered as V. There are subvisions of those categories: Vbb, Vbec, Vb, Vee, Vel.
The combination of Vbb, Vbe, Vbl, Ve will be listed as V-+hf (heavy flavour).

Jet calibration The calibration of jet is applied in order to correct the jet energy measured
in calorimeter to the energy at particle level, this is the Jet Energy Scale (JES). The correc-
tions for JES calibration are derived from pr and |n| of jets [99]. A method called Global
Sequential Calibration (GSC) [99] was developed to improve the resolution of jet response

reconstructed jet

(defined as %) and making the jet response less flavour-dependent.
T

5.4.4 b-jet identification

The identification of jets originating from b-quarks was discussed in chapter 3, and this is
a crucial step in the Higgs analysis since we have to identify events containing two b-jets. The
MV 1c algorithm is used in the analysis thanks to its superior c-rejection compared to the
previous version MV'1. The MV1c is the artificial NN combination of b-tagging algorithms:
IP3D, SV1 and JetFitterCombN N, including the information from b — ¢ decay chain.

132



To gain higher sensitivity of Higgs signal, the b-tagging is divided into three categories:
Loose, Medium and Tight, based on the operating points of MV'1c¢ (Table 3.10). The algo-
rithm is calibrated so that the three categories can be used inclusively or exclusively.

b-tagging calibration The calibration for b-tagging was discussed in section 3.4.2.

5.4.5 Missing transverse energy and track-based missing transverse
momentum

The ER is reconstructed by using all standard objects: electrons, muons, photons, taus,
jets, and soft terms (unclustered cells in calorimeter), as discussed in chapter 4. All terms,
except the terms of photon and tau, are re-calculated, synchronizing all the corrections and
systematic uncertainties. For photon and tau, the pre-calculated terms are used. The other
quantity of E¥5 used in the analysis is its direction, which will be used later in multijet
background extraction from data in O-lepton analysis.

The PP is calculated using tracks. The track selection used for P calculation is
defined in section 4.1.2.3 (only tracks from primary vertex are considered). This term plays
a crucial role in O-lepton analysis to suppress the multijet background and also clean the
events from non collision background. This provides us a better way to deal with the multijet
background and non-collision background suppression, rather than the direct cut on jet, which
can lead to bias on jet calibration and b-tagging calibration.

5.4.6 Overlap removal

To avoid the double counting in event selection, overlap removal cuts are applied. The
order of this removal is as following:

1. Check jet-electron overlap: If a jet is found overlaping an electron within AR(jet, e) < 0.4,
then the electron is kept while the jet is removed.

2. Check jet-muon overlap: If a jet has number of tracks < 3 with pfe* > 0.5 GeV and
overlaps with a muon within AR(jet, 1) < 0.4 , then the jet is removed.

track

3. Check muon-jet overlap: If a jet is found to contain more than 3 tracks with p7*** > 0.5 GeV
and overlaps with a muon within AR(u, jet) < 0.4, then the muon is removed.

4. Check muon-electron removal: All the remaining loose electrons within a radius AR(u, e) < 0.2

to a loose muon are removed unless it is a Calo muon, then the electron is kept instead.

5.5 Event selection

5.5.1 Pre-selection for data and MC samples

The data must satisfy the conditions that guarantee some important parts of ATLAS
detector operate properly while collecting the data from collisions. These data quality re-
quirements are done in event selection by the Good Run List (GRL).
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Apart from GRL requirements, there are other cuts that need to be applied in order to
reject the events coming from problems in the detector, in reconstruction processes, etc... :

e Remove the incomplete events which do not contain some detector information (contain
Core EventInfo error flag)

e LAr error flag: to remove the data events affected by LAr noise burst (that have LAr
EventlInfo error flag)

e Corrupted tile events: Since collision at /s = 7 TeV, the Tile Calorimeter suffers from
frequent module trips. Although these trips are tolerable in data quality and are in-
cluded in offline reconstruction, with the discovery of new particle, a full understanding
of detector is required, therefore applying this cut is needed. The corrupted tile events
in data periods from G to J are rejected by using TileTripReader, otherwise they can
be rejected using Tile error flag.

On the MC, the events containing no truth particles are rejected.
Finally, we require the following selection that applies to both data and MC samples:

e The events must contain a primary vertex with at least 3 tracks

e EI cleaning: any events containing loose bad jets (jets not associated to real energy
deposits in the calorimeters) with pr > 20 GeV and |n| < 4.5 (after overlap removal
and before applying JVF cut) are removed.

5.5.2 Trigger selection

For the nominal O-lepton analysis, EM triggers that are already mentioned in chap-
ter 4 are used. For enhancing the data to be analyzed and trigger availability, the trig-
gers EF xe80 tclew loose, EF xe80T tclew loose, EF xe80 tclew are applied as de-
scribed in Table 4.2 in the official analysis. In this chapter we will also take into account
the delayed stream trigger EF xe60 tclew loose delayed. The delayed stream trigger
EF_xe60 tclew_loose delayed should be used in the ZH — vibb analysis as follows:

e For data periods prior to E, use the nominal triggers EF xe80T _tclew loose, EF xe80 tclew,
EF xe80 tclew loose.

e For data periods from E onwards, if the delayed stream trigger is available (with
instantaneous luminosity < 5.77 x 10?3 cm™2s7!), it will be used. Else, the trigger
EF xe80 tclew loose is used instead.

In this ZH — vobb analysis we will show the usage of delayed stream trigger implemen-

tation and compare it with analysis using nominal triggers.

5.5.3 Lepton veto

The Higgs analysis in 0-lepton channel only uses the loose criteria for leptons. We reject
any event containing any type of loose leptons (electrons, muons).

134



5.5.4 Jet selection

The events with exactly 2 or 3 jets without any forward jets are selected for the analysis.
The reason for forward jet veto is to reduce the contribution from single and pair of top
quarks production background (which is one of the main backgrounds).

Events which contain the signal jets then will pass the b-tagging requirements with exactly
two b-tagged jets. The b-tagging requirements are divided into categories as shown in figure
5.2 based on the number of b-tagged jets and type of b-tag. The events before applying
b-tagging (pre-tag), no b-tagged jet (Otag) and only one b-tagged jet (1tag) categories are
also defined for control regions. The double b-tag are divided exclusively into 3 categories:

e Two exclusive tight b-tags: “2TT”
e Two exclusive medium b-tags: “2MM”

e Two exclusive loose b-tags: “2LL”"

1T
{ 50 %
1
Tag MM
| 70%
LL
- [ 80%
0 Tag 1Tag
- /100 %

Figure 5.2: Exclusive b-tag categories. The percent shows the b-jet efficiency.

In 3-jet events (we consider the signal jets only), if the lowest pr jet passes the loose b-tag
criterion, this event will be vetoed. For 2-tag events we require the first two leading jets to
be b-tagged.

5.6 Kinematic selection

From now on, to be more convenient, we use the colors and markers described in figure
5.3 for MC contributions and data.

After the selection above, events then are categorized based on the transverse momentum
of vector boson pY (in O-lepton channel, this quantity is the ER itself). Events with
Exiss > 90 GeV and PP > 30 GeV are considered to be analyzed. Our analysis divides the
EMiss into 4 bins: 100-120 GeV, 120-160 GeV, 160-200 GeV and larger than 200 GeV, that
we call first, second, third and fourth bin respectively. We also select events based on the
number of jets (2— or 3—jet bins)

For multijet estimation and rejection, we define two cuts:
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Figure 5.3: Colors and markers represent the MC contributions and data.

e The difference of azimuthal angle between EM** and the closest jet:

min(A¢(ERSs, jets)) > 1.5 for signal-like events while for multijet modeling the cut
min(A¢(ERs, jets)) < 0.4 is chosen. This can be explained as follows: the signal-
like events of Higgs boson are supposed to have the Higgs boson direction opposite
to Z boson direction, therefore EF¥5 seems to be well-separated from the direction of
signal jets, while the events originating from multijet processes have EX* close to a
jet direction (fake EMi* from mis-measured jet energy) (shown in Figure 5.4). We can
utilize this fact to reduce the events from multijet processes and also to model and
estimate the multijet contribution (details are discussed in section 5.7 ).

e The difference of azimuthal angle ¢ betweem EX5 and Py [100]: For selecting signal-
like events, the cut A¢(ERss PRiss) < 7 /2 is applied, for modeling the multijet contri-
bution, we choose the cut A¢(Emiss Pmiss) > /9,

If the energy in the collision is large enough, the Z and H are not at rest and tend to
travel back-to-back. The larger EM from decay of Z boson into two neutrinos, the larger
boost the Higgs boson has. So the two b-jets from Higgs boson decay tend to be close to
each other. To select such events, we define cuts on distance between the two signal jets
AR(jetl,jet2) (shown in Table 5.3).

Table 5.3: Selection of AR(jetl, jet2) in different bin of EZs.

Exss [GeV] | 100-120 | 120-160 | 160-200 | > 200
AR 0.7-3.] 0.7-23| 0.7-1.8]| <14

On the other hand, in the events with large EX* the Higgs boson and Z boson are

Lthis cut is not applied for the first E2sS bin, discussed later in this section.
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Mssing transverse energy
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Figure 5.4: Schema of the event topology between two jets and ERS for signal-like events
(left) and multijet-like events (right).

expected to be back-to-back, therefore an angular cut A¢(Z, H)? is required to select events
based on EXss:

o BT > 120 GeV: Ag(E™s H) > 28
o BT <120 GeV: Ag(EXs H) > 2.2

To avoid EXs trigger biases (already studied in section 4.2.7), cuts on scalar sum of py
of leading jets (J12pT for 2 signal jets and J123pT for 3 signal jets) are applied based on
EXiss and the number of signal jets present in the events:

® Niets = 20 J12pT > 120 GeV
® Njus = 3: J123pT > 150 GeV for EFs > 120 GeV, J123pT > 170 GeV for B < 120 GeV

Exclusive selection for low EXs region The min(Ag(E¥, jets)) cut is efficient to
reduce multijet background for high EM5 however it loses its potential in the low ERiss
region (100 < ER < 120 GeV) because it will reject a large fraction of ZH — vibb signal.
To deal with this issue, other cuts are proposed in this region. The Ag(jetl,jet2) and Epis
significance are chosen to reduce the multijet. The EX significance is defined as:

VJ12pT

The remaining multijet are rejected using the multivariate likelihood-based technique.
We define the likelihood ratio:

E}"™ significance =

LHsignal
Likelihood Ratio (LR) = el et

2The output events only contain two b-jets and ERsS. We suppose that H is the vectorial sum of two

miss

b-jets with highest pr and direction of Ef"®® is supposed to be the same direction of Z boson.
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where LHsignal — [[7kin psignal | gmultijet — ynkin pmultijet - psignalmultijet o). the probabilities
1 1 Y 1 1 ? 1

derived from PDF functions using Z+jets events before applying any b-tagging requirement,

i is the index of kinematic variables used for constructing the likelihood and ny;, is the

number of those variables. Those variables are:

o Ag(jetl,jet2),
o A¢(V, H),

e Transverse momentum of Higgs boson pI;iggs (defined as the vectorial sum of two leading
jets in event),

o pE / J12pT.

The distribution of the likelihood is shown in Figure 5.5. We can see that there is a
discrepancy between data and MC in region of LR < 0.5, suggesting that this region is
contaminated by multijet processes, as expected.
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Figure 5.5: Distribution of likelihood ratio in lowest E2 bin.

The 3-jet bin in low EXS region is not supposed to contribute significantly to the signal
sensitivity, but it can serve as a test for background modeling with high statistics, particularly
for t£ background, thus we keep the same selection as for EXs > 120 GeV. All the cuts applied
for EXss between 100-120 GeV are summarized in Table 5.4.

5.7 Multijet background estimation

The multijet background is not well-estimated by the MC simulation due to the com-
plication of modelling the sub-processes of proton-proton collision, and a large amount of
events is needed to simulate in high EX region (>160 GeV). The limitation of computing
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Table 5.4: Exclusive selection for 100 < BT < 120 GeV and 2-jet region.

Emiss [GeV] | 100-120

AP(Z, H) > 2.2

Ag(jetl, jet2) < 2.7
EX5ss significance > 7.0
Likelihood ratio cut > 0.5

resources is also another difficulty for simulating multijet processes. Therefore a data-driven
method is proposed in order to estimate the multijet contribution.

There are two kinematic variables used to discriminate the region dominated by multijet
processes and the one in which EW processes (which is from events of diboson, W/Z+jets,
single-top and ¢t production) are preferred:

e azimuthal distance between ER and PRss Ag(Emiss pmiss),

e azimuthal distance between the EX5 and the closest jet to it, min A¢(ERSS, jets).
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70000[ f’- dt=203f", Vs=8 Tev 60000 —— f Ldt=20.31b", (=8 TeV
o000 0 lepton Analysis s0000f- 0 lepton Analysis
50000 400001
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dPhiMETMPT minDPhi

Figure 5.6: Distribution of Ag(FEXss Pmiss) (left) and min A¢(ERS jets) (right) [101].

One can clearly see in Figure 5.6 that in the region where A¢(ERSs, PRiss) < 1.5 EW
processes are present, although this region is much contaminated by multijet contribution.
And for min A¢(ER jets) > 1.5, multijet processes are highly suppressed and EW pro-
cesses dominate. Thus, we define the 4 regions called A, B, C, D based on the cut values of
Ag(Emiss Pmiss) and min Ag( B2, jets), as shown in Figure 5.7.

The region A is usually referred to as signal region and it is the region where we per-
form our Higgs analysis. For the first EFX bin, the likelihood ratio cut is chosen instead
of min Ag(EXs jets) cut (Fig. 5.5), we choose LR <0.2 for B, D regions definition and
LR >0.5 for A,C. The prediction of multijets events in this region is calculated by the

following formula:
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Figure 5.7: Two-dimensional kinematic plane (Ag(ERs, PRiss) min A¢(EMs jets)) used
for defining regions A, B,C, D to estimate the multijet events in signal region (region A).
The optimized cut for min A@(ERS| jets) is chosen to be 1.5.

N(B)
N, A) = —== C
Qcn(A) ND) > (©),
where Nocp(A) is the number of multijet events estimated in region A, and N(B), N(C), N(D)
are the number of events in B, C', D region, respectively. To properly use this formula, we as-
sume that the two variables A¢( ERsS PIiss) min Ag(ERS, jets) are weakly correlated. This
is confirmed on Fig. 5.8, where min A¢(EMs jets) for events with A¢(Emss, PRiss) > /2

or Ag(Emiss Pmiss) < /2 have the same shape.
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Figure 5.8: Distribution of min A¢(EX"S jets) of multijet background in region of
Ag(Ewiss pmiss)y < /2 (blue) and Ag(Emss, PRiss) > 7/2 (red) using data [101]. This
distribution is made in region of first EX bin, before applying b-tagging.

Normally this method is applied after selection mentioned in section 5.5. However, the

data events present after the selection won'’t yield much statistics. So, the b-tagging require-
ment will be ignored in N(B), N(C), N(D) estimation, plus the upper AR cuts will also be
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removed. Then N(B) and N(D) are estimated by multiplying with the b-tagging rate Rp or
Rp, which is defined as ratio between number of events passing b-tagging requirements and
those before b-tagging. These rates are calculated using data samples.

Region B is favoured by heavy-flavor jets compared to region D or A (Fig. 5.9), which
leads the b-tagging rates in region B to always be larger than that in region D (results are
shown in table 5.5 using the estimation on data). Although close to region A, the heavy
flavour jet content in region D is still higher. So in the multijet estimation we prefer to apply
the Rp to avoid over-estimating of b-tagging rate.

0.9

dPhi=[1/2 && mindPhi<0.4{D)

I

0.8 dPhi<IIi2 && mindPhi<0.4(B)

0.7

dPhi<I /2 && mindPhi>0.6(A)

0.6
0.5
0.4
0.3

0.2
ATLAS Preliminary -

0.1

| I ’
1 2 3 4 5 3
truth_label

o

Figure 5.9: Truth label of jet closest to EM in A, B, D region with label <4 means light
jets, label=4 means c-jets and 5 means b-jets [101].

Table 5.5: b-tagging rates for B and D region for each bin of EI® and b-tagging category
for 2-jet events using delayed stream trigger on data.

EXss bin |GeV| b-tag category Region D Region B

LL 0.0058 0.0091

100-120 MM 0.0022 0.0041
TT 0.0013 0.0035

LL 0.02 0.036

120-160 MM 0.0094 0.025
TT 0.0039 0.014

LL 0.02 0.03

160-200 MM 0.0082 0.016
TT 0.0035 0.0079

LL 0.019 0.021
>200 MM 0.0076 0.0096
TT 0.0019 0.0032

Then the multijet events in signal region is re-estimated as:
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NQCD(A> = M X

The multijet estimation of Ngep(A) is presented in Table 5.6. The multijet events are
small compared to EW background with less than 2 % with respect to electroweak back-
ground. The template of multijet in region A is derived from region C' by subtracting the
backgrounds from MC samples. These estimations are added into the distribution of invariant

mass in the final analysis.

Table 5.6: Multijet estimation in signal region and its fraction to electroweak background for
different E¥5 bins and b-tagging categories using delayed stream trigger.

Njets | E¥ bin [GeV] | b-tag category | Ngcep(A) | EW background | MJ/EW (%)
LL 10.06£0.39 | 827.52+63.84 1.2
100-120 MM 3.87£0.15 389.02+£59.4 1
TT 2.3240.09 279.56+£23.63 0.8
LL 12.5£0.8 781.845.88 1.6
120-160 MM 5.9540.38 394.21+5 1.5
9 TT 2.5+0.16 283.94444.44 0.9
LL 1.184+0.27 244.01£5.15 0.5
160-200 MM 0.48+0.11 112.66+4.38 0.4
TT 0.21£0.04 77.274+3.88 0.1
LL 0.414+0.2 182.97+1.98 0.2
>200 MM 0.16+0.08 75.86+£1.52 0.2
TT 0.04£0.02 50.62+1.29 0.2
LL 2.3940.33 222.33+1 1.1
120-160 MM 1.3£0.18 141.71+£1.2 0.6
TT 0.6£0.08 100.52+0.87 0.6
LL 0.31+0.16 92.53£2.85 0.3
3 160-200 MM 0.1£0.05 47.4+0.81 0.4
TT 0.05+0.03 31.02£2.12 0.2
LL 0.11£0.09 82.99+1.39 0.1
>200 MM 0.04£0.02 35.12+1.21 0.3
TT 0.02+0.01 20.6£0.91 0.1

Systematic uncertainty on multijet background The multijet contribution can be
changed by varying the cut on min A¢(E¥" jets) and also change the b-tagging rate in
region D by the one in region B. A systematic uncertainty of 100% is estimated for this
small background and not correleted between 2- or 3-jet cases, b-tagging categories.
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5.8 Applying delayed stream trigger

5.8.1 Mis—modelling issue

In this part we expand our lowest EXS threshold down to 90 GeV.

In the O-lepton channel analysis using nominal EX'S triggers, there is potential mis-
modelling issue occurring in terms of the transverse momentum of Higgs boson * in the
region of 90-120 GeV of Higgs pr (in Figure 5.10). This mis-modelling issue seems to affect
only the lowest EI bin of the analysis, the other higher £ bins suffer no such issue.
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Figure 5.10: Distribution of vectorial sum of momentum of two b-tagged jets (Higgs boson
pr) using nominal analysis for pre-tag in first EX bin (left), pre-tag in second EM bin
(right).

This mis-modelling issue might come from the biases of nominal EX triggers in low
Emiss region. We can have the same test using the delayed stream trigger exclusively, which
possesses a lower threshold, to see if this issue still exists. To implement this test, the part
of data from period E where delayed stream trigger is available is considered, which yields a
luminosity of 7.3 fb~!. For the event selection, we keep the selection as described in section
5.5, except for the where the delayed stream trigger (EF xe60 tclew loose delayed) is
used exclusively instead of nominal triggers.

The results after event selection using delayed stream exclusively show that there are con-
tributions from multijet backgrounds, which are shown in distributions of EXs A¢(jet, jet),
Emiss gignificance (Fig. 5.11). In this study of mis-modelling, we will try to determine the
stricter multijet rejection compared to the selection in section 5.5.

The cuts we apply for multijet rejection purpose is:

o Ag(j,7) <20
o Emiss gignificance > 9.0

The distributions for B2 Ag(j, 7), EM significance and likelihood are shown in Figure
5.12. As we can see these multijet rejection cuts yield overall better data/MC agreement,

3Tn our context, this quantity is equivalent to vectorial sum of momentum of two b-tagged jets.
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Figure 5.11: Distributions of event selection using delayed stream exclusively in first E3"* bin

for EXss (top left), A®(j,7) (top right), EXs significance (bottom left), Higgs pr (bottom
right).

although the acceptances for all background and signal are clearly impacted. These cuts are
not applied in the main analysis and only used for purpose of checking mis-modelling on
delayed stream.

The result for this study is shown in Figure 5.13, showing the mis-modelling seems to
give no issue with the delayed stream trigger. For the analysis using nominal triggers, after
applying the same multijet rejection, the mis-modelling is still visible although it has weaker
impact.

We check if applying the delayed stream trigger inclusively with other triggers in the
analysis with nominal selection improves the modeling. Figure 5.14 shows that the mis-
modelling still exists.

In conclusion, the delayed stream trigger exclusively may provide an analysis with better
modelling compared to the nominal triggers, but when using it inclusively with nominal
triggers, it does not provide better modelling overall. If we are to maintain the first ERiss
bin in the main analysis, then the cut EX > 100 GeV is applied. Figure 5.15 shows that
the mis-modelling issue on the pr of Higgs still exists but has less impact than the case of
Emiss > 90 GeV.

144



2 E T T il ——Daia ] T T T T T T [——Dam |
$20000—ATLAS work in progress « KS — . WH 125 5 [ ATLAS work in progress x KS 7 . WH 125
F1go00l_[Let=7310" vE-8Tev Stat 314 0284 § -%;”25 @i 1000(—|Ldt=7.3f0" V5 =8Tev Stat 098  0.0662 | — 21125
= ’ Syst 0.144 1 b wz I ZH 2 120 GV Syst 0.172 0.974 — wz
16000 }ZHavvbb, pretag2jets, 90-120 GeV Shape 174 0563 W r —vvbb, pretag2jets, 90-120 Ge' Shape 0421 0524 W
= = multijet L | multijet
14000 — . E 4l 800 # M+;++ ] 24l
= 1 Z+ce r 4 + *—t . + ] Z+co
12000 — — S 4§ } g
E E 600— Pt ton —
10000 = L | ]
00001 E L ) B
8000 — * - - + i
E [ ] E L | -
6000— -3 ]
4000— | — 1
2000 = s+t chan I 7 s+t chan
0 C | i ttbar L 7 ttbar
g § —e— (Data-Bkg)/Bkg g —e— (Data-Bkg)/Bkg
g o o Stat = [ stat
2 % [ Stat+Shape 2 [ stat+Shape
@ o L3 @
& 02 [ Stat+Sys & [ Stat+Sys
g 8
= 0 100 200 300 400 500 = 0 05 1 15 2 25 3
Missing ET [GeV] Delta phi(j,j)
§2} T T T T T T T T T —e—Daa |
S [ ATLAS work in progress x Ks 7 . \WH 125
3112000 fjldt _73f" §-8Tev Stat 239 0243 - 24125
Con o poGey St 0043 1 o
10000 [ I—vvbb, pretag2jets, 90-120 Ge' Shape 0535  0.961 b
N ] multijet
E h4 - Z+l
’ B Z+ce
8000 — . - _— Zicl
L ] . Z+bb
[ - B Z+be
6000 — — . Z+bl
r 7 Wil
= | | - 4 I W+ce
4000 — B — Waol
C 4 . \W+bb
C 1 ] I W+bc
2000(— — -l
= B B - s+t chan
ol i . ttbar
%’ § = E —e— (Data-Bkg)/Bkg
S %= = []stat
2 g % [ stat+Shape
o 01 E
& Q&= E [] Stat+Sys
5 43 E
= 0 2 4 6 8 10 12 14 16 18 20
MET significance

Figure 5.12: Distributions of event selection using delayed stream exclusively after performing
tighter multijet rejection cuts in first EXS bin for ER (top left), A¢(4, j) (top right), Emis
significance (bottom).
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5.8.2 Estimation of signal and background

The invariant mass formed by two b-tagged jets is used as input for our future statistical
analysis. By definition, this invariant mass should form the mass of the Higgs boson that
we are performing our analysis to search for. We make two analyses: one analysis with the
implementation of delayed stream trigger, and one using nominal triggers. The two analyses
are made before applying any statistical fit (or pre-fit) (which will be discussed later in
section 5.10.1). The distributions of this invariant mass are shown in Figure 5.16 for the
control regions? (pre-tag, 0-tag and 1-tag) in first £ bin (100-120 GeV) and second ERss
bin (120-160 GeV), and also in the 2-tag regions on the first and second EM bin (Figure
5.17). We can observe the overall good agreement in the control regions (pre-tag, 0-tag
and 1-tag) within the uncertainties. In 2-tag regions there are some discrepancies between
data and MC because the scale factors for each kind of background are not applied (this is
discussed in Sec. 5.11.1).

4In control regions, we define the invariant mass formed by the two leading jets.
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Figure 5.16: Distribution of invariant mass of two b-jets for pre-tag, 0-tag and 1-tag region
(in 2-jet bin and in 2 bins of EX#5: 100-120 GeV and 120-160 GeV) of b-tagging category of
the analysis using delayed stream trigger (pre-fit).
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Figure 5.17: Distribution of invariant mass of two b-jets for LL, MM and TT tag regions (in
2-jet bin and in 2 bins of E&5: 100-120 GeV and 120-160 GeV) of b-tagging category of the
analysis using delayed stream trigger (pre-fit).
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Tables 5.7, 5.8 show the comparison of contribution from each sample between the use
of delayed stream trigger (inclusively with other nominal triggers) and nominal triggers only
in 2TT region in two F¥ bins: 100-120 GeV and 120-160 GeV. Tables 5.9, 5.10 show the
results for analysis using delayed stream trigger in 2LL and 2MM b-tag regions in the first
Emiss bhin, The errors shown in the tables are statistical uncertainties. There is an overall
very slight improvement of signal acceptance and significance when including delayed stream
trigger in the analysis regarding the first E2 bin. The higher E¥* bins are not affected
by the delayed stream trigger implementation because the trigger efficiency is closed to 1 for

Emiss >120 GeV and reaches a plateau for EXs > 160 GeV.

Samples | with delayed stream trigger inclusively | with nominal triggers | ratio
Signal 3.72+0.09 3.58+0.08 1.036
Diboson 3.37+0.22 3.26+0.22 1.034
W+jets 8.84+2.02 8.23+1.89 1.032
Z+jets 48.97+2.66 37.094+2.54 1.037
top 39.08+1.83 37.09£1.75 1.041
multijets 0.89+0.1 0.86+0.11 1.073
All bkgs 101.1646.84 96.68+6.5 1.046
S/VB 0.37 0.365 1.014
data 134 126 1.063

Table 5.7: Comparison of background and signal predictions, signal significance and data in

first bin of E for the two analysis in 2TT tag region (pre-fit).

Samples | with delayed stream trigger inclusively | with nominal triggers | ratio
signal 5.14+0.10 5.12+0.10 1.004
diboson 3.90+0.22 3.83+0.21 1.018
W +jets 11.4541.53 11.1241.45 1.030
Z+jets 49.24+2.23 49.2442.15 1.000
top 34.77+2.20 34.37£1.72 1.017
multijet 0.80+0.16 0.81+0.16 0.988
all bkgs 100.174+5.92 99.37+5.69 1.008
S/VB 0.514 0.513 1.002
data 118 116 1.017

Table 5.8: Comparison of background and signal predictions, the significance and data in

second bin of EI for the two analysis in 2TT tag region (pre-fit).
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Samples

Event yield

Signal 1.9040.06
Diboson 5.26+0.36
W+jets | 153.494+5.73
Z-+jets | 136.2345.38

top 49.3042.28
multijets 3.87£0.45
All bkgs | 348.16+14.19

S/v/B 0.102

data 360

Table 5.9: Comparison of background and signal predictions, signal significance and data in
first bin of EX for the analysis using delayed stream trigger inclusively in 2LL tag region

(pre-fit).

Samples | Event yield
Signal 3.19+0.08
Diboson | 4.20£0.29
W+jets | 33.46+4.02
Z-+jets | 66.22+4.16
top 49.3542.25
multijets | 1.49+0.17
All bkgs | 154.72+10.9
S/v/B 0.256
data 178

Table 5.10: Comparison of background and signal predictions, signal significance and data in
first bin of EX for the analysis using delayed stream trigger inclusively in 2MM tag region

(pre-fit).
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5.9 Systematic uncertainties

Systematic uncertainties are considered as the errors in measurement that may lead to
alternate results from the expected value of the measurememt. The sources of systematics
are from experimental and modelling uncertainties. There are uncertainties affecting the
normalisation (Norm) and others affecting the shape of my, distribution.

5.9.1 Experimental uncertainties

Luminosity and pile up The uncertainty on integrated luminosity is 2.8%. The method
of deriving this uncertainty is discussed in Ref. [102].

Electrons and muons The uncertainties on electron energy and resolution corrections are
named SysElecE and SysElecEResol respectively [103].

For muons, the uncertainty of muon efficiency, as well as isolation, are supposed to be
zero in O-lepton analysis. The non-zero uncertainties of muons come from the muon energy
resolution and its smearing in ID and muon spectrometer [104], namely SysMuonEResollD
and SysMuonEResolMS, respectively.

In O-lepton analysis, the uncertainty of lepton veto efficiency should be estimated, named
as SysLepVeto.

EXiss There are two uncertainties of E¥: scale of soft terms SysMETScaleSoft Terms and
its resolution SysMETResoSoftTerms [79].

E{Fniss trigger The trigger uncertainty is estimated in detail in chapter 4. The statistical
uncertainty is named as SysMET TrigStat, which is estimated from the efficiency of the curve
fit. The systematic uncertainty is SysMETTrigZ, which is the difference between W and Z
events.

Jets For jet energy scale uncertainty [105]:

e Uncertainty for in-situ jet energy scale calibration: There are six parameters that
represent this uncertainty: SysJetNP1 till SysJetNP6rest.

e Uncertainty from 7 intercalibration: the uncertainty come from the comparison be-
tween MC models and also the statistical error of this comparison. They are named as
SysJetEtaModel and SysJetEtaStat.

e Uncertainty for MC non-closure with respect to MC12a/Pythia8 simulation: SysJet-
NonClos.

e Uncertainty for pile-up: there are four of them: SysJetMu, SysJetNPV, for average
number of interaction per bunch crossing or number of primary vertices dependence,
SysJetPilePt for pr dependence and SysJetPileRho for event energy density.

For flavour and topology uncertainties of jets:
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e Uncertainty in b-jet responses in different MC generator: SysJetFlavB.
e Uncertainty in energy from p and v from b-hadron decay: SysJetBE.

e Uncertainty for the mixture of light-quarks and gluons SysJetFlavComp X (with X
corresponds to Top, Wijets or Zjets).

e Uncertainty for response between light-quarks and gluons from MC comparison: SysJetFlavResp X.

There are two jet energy resolution terms [106]: SysJetEResol for jet energy resolution,
and SysBJetResol for b-jet resolution.

Jet Fraction Vertex The uncertainty for Jet Fraction Vertex is obtained from the differ-
ence between the data and MC in JVF cut, which is named as SysJetJVF.

Flavour tagging The MV1c algorithm is used to distinguish between light and heavy-
flavour jets. There are various uncertainties from the scale factors, which are derived from
the calibration on data [70,71|. The uncertainty is a mix of statistical error from data, ex-
perimental errors (on Jet Energy Resolution) and theoretical errors (top pr spectrum in ¢
events). The uncertainties depends on pr and interval between operating points of b-tagging
algorithm. These uncertainties are decomposed to uncorrelated components and 10 most
significant uncertainties for b-jets (SysBTagLOEffic-SysBTagl.9Effic) are kept for the anal-
ysis, 15 for c-jets (SysCTagLOEffic-SysCtagl.14Effic) and 10 for light-jets (SysLTagLOEffic-
SysLTagL.9Effic).

5.9.2 Modelling uncertainties

These uncertainties relate to the simulation procedures of samples used in the analysis.
Those uncertainties are: cross-sections, samples normalizations (Example: W/Z-+jets, tt,
QCD and signal), sample modeling (depends on MC generators), shape corrections for MC
samples to agree with data (such as A¢;;, p¥, m;; corrections).

tt background To correct the measurement on t¢, the top-quark pr reweighting is applied
on MC generator level [107], and this correction comes with uncertainty (SysTopPt). The
other shape uncertainties (SysTtbarPtWCont for correction on p¥ shape, SysTtbarMBBCont
for my, shape, SysTtbarPtB1Cont for leading jet pr shape and SysTtbarMetCont for Emis
shape uncertainty) are also taken into account.

single-top background This background has theoretical uncertainties of 4%, 4% and 7%
corresponding to each channel of s—channel, t—channel and Wt-channel [108]. The differences
on MC generators (AcerMC+Pythia8 for ¢-channel production and POWHEG-+PYTHIAS
for Wt and s production) are compared using 1-lepton channel.
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Z-+jets background Corrections on Ag(jet,jet) (SysZDphi) and pZ (SysZPtV) are ap-
plied in order to correct the data/MC agreement, with their corresponding uncertainties.
The Ag(jet, jet) correction is done on 2- and 3-jet events separately, and treated as they
are uncorrelated. The shape uncertainty of the my, distribution (SysZMbb) is compared
between data and background in the range of 100 < my, < 150 GeV. The uncertainty in
flavour fraction (Zbl/Zbb, Zce/Zbb, Zbc/Zbb) is also taken into account.

W +jets background As for the Z+jets background, the correction on A¢(jet, jet) (SysWD-
phi) and p'¥ (SysWPtV) is also applied on W +jets background for 2- and 3-jet cases sepa-
rately. The uncertainty of normalisation of W1 background are taken from simulation. The
shape uncertainty of the my, distribution is also taken into account, assuming that it is un-
correlated for Wi, Wel, Wbb + Wee and Wbl + Whe, and for Wbb + Wee, it is uncorrelated
among the pY intervals. The uncertainty on flavour fractions (for example, Wbl/Wbb) are
also included.

Diboson background The uncertainty on diboson production cross-sections (WW, W Z, Z Z)
can be calculated in parton level. There are other uncertainties: the normalisation and fac-
torisation scales, the choice of PDFs. The uncertainty of the PDF choice ranges from 2% to
4%. The scale uncertainties are observed to be largest at high p¥, for 2-jet case, the largest
uncertainty is about 22% in WZ channel, and in 3-jet case, the uncertainty is about 17%
applied to all channel.

Signal modelling The uncertainties of the signal production cross-sections (from produc-
tions of ¢q¢ — ZH, g9 — ZH and q§ — W H) are assessed from the choice on normalisa-
tion/factorisation scales and PDFs. The scale uncertainties are 1% on W H production and
3% on gg — ZH production. The PDF uncertainties are 17% on gg — ZH and 2.4% on
qq — (W/Z)H. The uncertainty on H — bb branching ratio is about 3% at my— 125 GeV.

5.9.3 Estimation of systematics

The results of estimation for experimental and modeling uncertainties are listed in Tables
5.11, 5.12, 5.13, 5.14 for the ¢t and Zbb events as an example since they are main back-
grounds. The results for the signal are represented in Tables 5.15 and 5.16. Tables 5.11, 5.13
and 5.15 show the effect of systematic uncertainties (experimental or modelling) over the nor-
malisation and shape (up and down) and Tables 5.12, 5.14 and 5.16 show the flavour-tagging
uncertainties. For the ¢t background, the experimental uncertainty with largest impact on
normalisation is F¥5 shape uncertainty on ¢t with 15%. The shape uncertainties are small,
less than 1%. For Zbb background, we can observe that the uncertainty with largest impact
on normalisation is the mixture of light quarks and gluons with 2.8% of variation on nor-
malisation. The largest shape uncertainty on Zbb background is pr dependence with 25% of
variation on shape. For signal, the systematic with largest impact on normalisation is the
b-tagging SysBTagB1Effic (2.3%). The largest shape variation for signal is 1 intercalibration
SysJetEtaModel (6.6%).
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Name

Experimental uncertainties ¢t

NormUp(%) | NormDo(%) | ShapUp(%) | ShapDo(%)
SysElecE -0.2258 0.1458 0.0143 0.0111
SysElecEResol -0.0312 0.1862 0.0115 0.0227
SysMuonEResolID -0.0001 -0.0049 0.0138 0.0355
SysMuonEResolMS 0.1020 0.0009 0.0158 0.8946
SysJetNP1 -0.2300 -1.9988 0.4482 0.8666
SysJetNP2 -1.1746 0.7473 0.5407 0.5332
SysJetNP3 0.6771 -0.6437 0.4800 0.7039
SysJetNP4 0.5650 -0.3188 0.0824 0.1982
SysJetNP5 -0.5287 0.5989 0.2163 0.1264
SysJetNP6rest 0.0986 0.3702 0.1823 0.3506
SysJetEtaModel -0.9149 -0.3419 0.5955 1.2532
SysJetEtaStat -0.0212 0.1503 0.1922 0.3836
SysJetNPV -0.3313 0.3919 0.5172 0.6519
SysJetMu -0.4801 -0.3415 0.2275 0.2138
SysJetPilePt 0.3816 -0.6889 0.5380 0.3755
SysJetPileRho -0.0725 0.3577 0.2883 0.7465
SysJetFlavComp -1.4655 4.3015 0.0892 0.1079
SysJetFlavResp -0.7404 1.8787 0.0693 0.0730
SysJetFlavB 1.3057 -4.1248 0.5465 0.5539
SysJetNonClos 0.8583 -0.3955 0.5692 0.5489
SysJetBE -0.0190 0.0247 0.2550 0.8920
SysMETResoSoft Terms 0.1530 -0.9601 0.0638 0.0762
SysMETScaleSoft Terms -2.4272 1.7671 0.0507 0.0774
SysMuScale 0.0110 -0.0203 0.0407 0.0351
SysJVF 1.9286 -2.0729 0.0200 0.0269
SysMET TrigZ 0.3071 -0.3071 0.0003 0.0003
SysMET TrigStat 0.3403 -0.3403 0.0003 0.0003
SysJetEResol 4.3416 4.3416 0.3530 0.3530
SysBJetReso -0.1311 -0.1311 0.6114 0.6114

Name Modelling uncertainties ¢t

SysTopPt 0.5412 -0.5412 0.0048 0.0049
SysTtbarPtWCont 3.8421 -3.8421 0.0009 0.0010
SysTtbarMBBCont 0.9387 -0.9387 0.4735 0.4824
SysTtbarPtB1Cont -0.4888 0.4888 0.0105 0.0104
SysTtbarMetCont 15.2237 -15.2237 0.0034 0.0047

Table 5.11: Estimation of experimental and modelling uncertainties using delayed stream

trigger implementation using t¢ sample on 2MM and first EXS region.

155



Name

Flavour tagging uncertainties ¢t

NormUp(%) | NormDo(%) | ShapUp(%) | ShapDo(%)
SysBTagL.OEffic -0.2776 0.2776 0.0039 0.0039
SysBTagL1Effic -0.1893 0.1893 0.0028 0.0028
SysBTagl.2Effic -0.1037 0.1037 0.0026 0.0026
SysBTagL.3Effic 0.0098 -0.0098 0.0012 0.0012
SysBTagl.4Effic -0.0492 0.0492 0.0013 0.0013
SysBTaglL.5Effic -0.0180 0.0180 0.0004 0.0004
SysBTagL6Effic -0.0544 0.0544 0.0011 0.0011
SysBTagL.7Effic 0.0089 -0.0089 0.0003 0.0003
SysBTagL8Effic -0.0040 0.0040 0.0002 0.0002
SysBTaglL.9Effic -0.0215 0.0215 0.0004 0.0004
SysBTagCOEffic 0.1299 -0.1299 0.0009 0.0009
SysBTagC1Effic 0.5291 -0.5291 0.0031 0.0032
SysBTagC2Effic -0.2603 0.2603 0.0015 0.0015
SysBTagC3Effic -0.1000 0.1000 0.0008 0.0008
SysBTagC4Effic -0.0809 0.0809 0.0009 0.0009
SysBTagC5Effic | 0.1881 201881 0.0017 0.0017
SysBTagC6Effic -0.1781 0.1781 0.0014 0.0014
SysBTagCT7Effic 0.4285 -0.4285 0.0025 0.0026
SysBTagC8Effic -0.1406 0.1406 0.0013 0.0013
SysBTagC9Effic 0.1062 -0.1062 0.0015 0.0015
SysBTagC10Effic -0.0930 0.0930 0.0011 0.0011
SysBTagC11Effic 0.0670 -0.0670 0.0011 0.0011
SysBTagC12Effic -0.4636 0.4636 0.0024 0.0024
SysBTagC13Effic -0.0797 0.0797 0.0021 0.0021
SysBTagCl4Effic | 0.1272 20.1272 0.0017 0.0017
SysBTagBOEffic 1.0532 -1.0483 0.0026 0.0027
SysBTagB1Effic 1.9607 -1.9421 0.0028 0.0029
SysBTagB2Effic 0.3389 -0.3392 0.0013 0.0013
SysBTagB3Effic -0.2527 0.2530 0.0005 0.0005
SysBTagB4Effic 0.8835 -0.8810 0.0029 0.0029
SysBTagB5Effic 1.2422 -1.2347 0.0025 0.0025
SysBTagB6Effic 0.1235 -0.1238 0.0016 0.0016
SysBTagBT7Effic 0.0115 -0.0115 0.0006 0.0006
SysBTagB8Effic -0.0099 0.0097 0.0015 0.0015
SysBTagB9Effic -0.7749 0.7776 0.0018 0.0018

Table 5.12: Estimation of uncertainty on flavour tagging using delayed stream on ¢t samples

on 2MM tag and first EXS region.
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Name

Experimental uncertainties Zbb

NormUp(%) | NormDo(%) | ShapUp(%) | ShapDo(%)
SysElecE -0.0022 0.0313 0.0006 0.0051
SysElecEResol 0.0168 0.0002 0.0069 0.0001
SysMuonEResolID 0.0000 0.0002 0.0025 0.0221
SysMuonEResolMS -0.0427 -0.0002 0.0164 0.0106
SysJetNP1 -0.1862 0.4276 12.7515 5.7906
SysJetNP2 -1.3323 0.3776 17.5091 12.1319
SysJetNP3 1.2493 -1.5751 12.2796 1.0271
SysJetNP4 -0.9979 0.6275 0.1379 0.2362
SysJetNP5 0.1057 -0.1302 0.2091 0.2110
SysJetNP6rest 0.2638 -0.1989 11.6892 0.8241
SysJetEtaModel 1.2481 1.2958 1.6022 0.9364
SysJetEtaStat -0.4916 -0.3530 12.2549 1.2385
SysJetNPV -0.4476 -0.2707 11.6622 0.9268
SysJetMu 0.4139 -0.0949 0.1363 0.0912
SysJetPilePt 0.3132 -0.0068 25.0699 2.2191
SysJetPileRho -0.2893 -0.4048 11.9138 1.3513
SysJetFlavComp -0.8919 2.7940 0.0208 0.0315
SysJetFlavResp -0.5711 1.4042 0.0163 0.0230
SysJetFlavB 1.9920 -2.5732 12.2128 2.1818
SysJetNonClos 2.0403 -1.9314 0.7569 2.0865
SysJetBE -0.1439 0.1150 12.2117 2.4654
SysMETResoSoft Terms 1.2678 0.5635 0.1182 1.5298
SysMETScaleSoft Terms -1.5152 1.2004 0.0899 1.7405
SysMuScale -0.7030 0.5808 0.0545 0.0323
SysJVF 0.6740 0.1842 0.0214 0.0159
SysMET TrigZ 0.3025 -0.3025 0.0003 0.0003
SysMET TrigStat 0.3341 -0.3341 0.0002 0.0002
SysJetEResol 1.8288 1.8288 1.8369 1.8369
SysBJetReso -0.0101 -0.0101 2.9905 2.9905

Name Modelling uncertainties Zbb

SysZDPhi -2.4052 2.4052 0.0147 0.0140
SysZPtV -2.4401 2.4401 0.0026 0.0025
SysZMbb 1.5924 -1.5924 2.1630 2.2330

Table 5.13: Estimation of experimental and modelling uncertainties using delayed stream

trigger implementation using Zbb sample on 2MM and first E2 region.
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Name Zbb
NormUp(%) | NormDo(%) | ShapUp(%) | ShapDo(%)
SysBTagBOEffic 1.0080 -1.0046 0.0028 0.0028
SysBTagB1Effic 2.0472 -2.0276 0.0025 0.0026
SysBTagB2Effic 0.7175 -0.7186 0.0033 0.0033
SysBTagB3Effic -0.3416 0.3421 0.0005 0.0005
SysBTagB4Effic 1.7563 -1.7511 0.0056 0.0057
SysBTagB5Effic 1.2192 -1.2131 0.0023 0.0023
SysBTagB6Effic 0.1573 -0.1578 0.0020 0.0020
SysBTagBT7Effic 0.0216 -0.0215 0.0007 0.0007
SysBTagB8Effic -0.1342 0.1338 0.0015 0.0015
SysBTagB9Effic -0.8354 0.8388 0.0015 0.0015

Table 5.14: Estimation of uncertainty on flavour tagging using delayed stream on Zbb samples
on 2MM tag and first EXS region.
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Name Experimental uncertainties signal
NormUp(%) | NormDo(%) | ShapUp(%) | ShapDo(%)
SysElecE -0.0427 0.0650 0.0032 0.0034
SysElecEResol -0.0252 0.0286 0.0058 0.0056
SysMuonEResolID -0.0001 - 0.0014 0.0024
SysMuonEResolMS 0.0054 0.0001 0.0028 0.0011
SysJetNP1 0.3111 0.3770 0.3491 2.3322
SysJetNP2 -0.1845 1.8853 1.7986 1.8652
SysJetNP3 1.0582 -0.4074 0.3667 1.7774
SysJetNP4 -0.1763 0.1156 0.0584 0.1464
SysJetNP5 -0.1601 -0.0732 0.0627 0.0512
SysJetNP6rest 0.3213 -0.0731 0.3106 0.4253
SysJetEtaModel 1.6716 -0.4977 2.3500 6.6300
SysJetEtaStat 0.0724 0.1569 0.2793 1.5861
SysJetNPV 0.0127 0.3023 0.1479 1.6827
SysJetMu -0.1574 0.2294 0.0774 0.2549
SysJetPilePt 0.1505 -0.2124 0.1282 1.1442
SysJetPileRho 0.4181 0.2838 0.3663 2.0675
SysJetFlavComp -0.3405 2.1844 0.3648 0.3500
SysJetFlavResp -0.2699 1.2059 0.1195 0.1052
SysJetFlavB 2.2411 -1.3481 2.0015 2.2750
SysJetNonClos 1.4455 -0.8082 1.9843 2.0143
SysJetBE - - 2.2475 2.0952
SysMETResoSoft Terms -0.3305 0.3354 0.2053 0.1616
SysMETScaleSoft Terms -1.1651 1.1692 0.2050 0.0749
SysMuScale -0.3880 0.3774 0.0732 0.0367
SysJVF 0.3711 -0.1977 0.0148 0.0106
SysMETTrigTop 0.3159 -0.3159 0.0003 0.0003
SysMET TrigStat 0.3391 -0.3391 0.0003 0.0003
SysJetEResol 1.1410 1.1410 1.4133 1.4133
SysBJetReso - - 1.7712 1.7712
Name Modelling uncertainties signal

SysTheoryHPt 2.0000 -2.0000 - -

SysTheory VPtQCD 0.9349 -0.9349 0.0058 0.0059

Table 5.15: Estimation of experimental and modelling uncertainties using delayed stream
trigger implementation using signal sample on 2MM and first ER region.
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Name signal
NormUp(%) | NormDo(%) | ShapUp(%) | ShapDo(%)
SysBTagLOEffic -0.0674 0.0674 0.0054 0.0054
SysBTaglL1Effic -0.0488 0.0488 0.0034 0.0034
SysBTaglL2Effic -0.0080 0.0080 0.0073 0.0073
SysBTagL.3Effic 0.0194 -0.0194 0.0024 0.0024
SysBTaglL4FEffic -0.0166 0.0166 0.0011 0.0011
SysBTagL5Effic -0.0046 0.0046 0.0007 0.0007
SysBTagL6Effic -0.0100 0.0100 0.0019 0.0019
SysBTagL7Effic -0.0025 0.0025 0.0012 0.0012
SysBTagL8Effic 0.0003 -0.0003 0.0005 0.0005
SysBTaglL9Effic -0.0043 0.0043 0.0006 0.0006
SysBTagCOEffic -0.3619 0.3619 0.0422 0.0419
SysBTagC1Effic 0.0160 -0.0160 0.0042 0.0042
SysBTagC2Effic 0.0039 -0.0039 0.0034 0.0034
SysBTagC3Effic 0.0172 -0.0172 0.0008 0.0008
SysBTagC4Effic -0.0094 0.0094 0.0014 0.0014
SysBTagC5Effic 0.0043 -0.0043 0.0008 0.0008
SysBTagC6Effic 0.0061 -0.0061 0.0014 0.0014
SysBTagCTEffic 0.0016 -0.0016 0.0028 0.0028
SysBTagC8Eftfic -0.0072 0.0072 0.0004 0.0004
SysBTagC9Effic -0.0053 0.0053 0.0006 0.0006
SysBTagC10Effic 0.0093 -0.0093 0.0007 0.0007
SysBTagC11Effic -0.0068 0.0068 0.0010 0.0010
SysBTagC12Effic -0.0016 0.0016 0.0008 0.0008
SysBTagC13Effic 0.0069 -0.0069 0.0022 0.0022
SysBTagC14Effic -0.0005 0.0005 0.0032 0.0032
SysBTagBO0Effic 1.2519 -1.2457 0.0031 0.0032
SysBTagB1Effic 2.3152 -2.2912 0.0060 0.0063
SysBTagB2Effic 0.4776 -0.4788 0.0031 0.0032
SysBTagB3Effic -0.2642 0.2645 0.0006 0.0006
SysBTagB4Effic 1.3447 -1.3414 0.0045 0.0046
SysBTagB5Effic 1.2698 -1.2615 0.0034 0.0034
SysBTagB6Effic 0.2612 -0.2618 0.0021 0.0021
SysBTagB7Effic 0.0011 -0.0011 0.0005 0.0005
SysBTagB8Effic -0.1575 0.1573 0.0008 0.0008
SysBTagB9Effic -0.8151 0.8182 0.0014 0.0014

Table 5.16: Estimation of uncertainty on flavour tagging using delayed stream on signal

samples on 2MM tag and first £ region.
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5.10 Statistical analysis

5.10.1 Test statistic

We use the invariant mass distribution m;; as the input for the statistical analysis to
determine the upper limit of cross-section of Higgs boson. This analysis use the presence of
signal at each value of Higgs mass: 115, 120, 125, 130, 135, and 140 GeV.

Let us consider the expected number of signal and backgrounds are S and B, respectively.
Then we define ;1S + B with p the strength of the signal, defined as o/ogp;. =0 corresponds
to the background-only hypothesis while u=1 corresponds to nominal signal hypothesis.

To extract the signal strength x4 from data, a statistical fitting procedure is used, based on
RooStat framework [109,110]. A binned likelihood function is established using the product
of Poisson-probability terms over the bins of invariant mass distribution my, (from four
bins of E¥5 two number-of-jet categories (2 or 3°), three b-tagging categories (2LL, 2MM
and 2TT)) and weight of MV1c algorithm (in two regions of EXiss: EXss < 120 GeV and
Emiss > 120 GeV, 2- and 3-jet bins and 1-tag region), which contains the number of signal
and background yields, by considering floating normalisations of backgrounds and systematic
uncertainties.

The normalisation factors applying for each background are extracted from these fitting
procedure. The invariant mass distribution after applying those scale factors are called post-
fit.

The effect of systematic uncertainties on the predictions of signal and backgrounds is
described by the nuisance parameters (NP) 6?, constrained by Gaussian or log-normal® prob-
ability density functions. The expectations of signal and backgrounds in each bin are func-
tions of 6. The NP is parametrised such that signal and background yields in each bin are
log-normal distribution for a normally distributed 6.

The test statistic [111] g, is constructed from a profile likelihood ratio:

12>

=

L(p,0,)
L(j,0)
where /1, § are the parameters that maximise the likelihood (with 0< & < p), and 91 are the
nuisance parameters that maximise the likelihood for a given pu.

To assess the compatibility between background-only hypothesis and observed data, the

qu = —2In

Y

D>

test statistic gy is used with go = —21n £09)

N

)

5.10.2 Confidence levels and limits

The range of 1 can be extracted from the test statistic while calculating the upper limit
of . We can construct the distribution of the test statistic g, by considering the different
value of signal strength p. This distribution is defined as:

—

f(QM‘:ua mmy, 9)

53-jet events in the first EX bin are not used.
5This is chosen to prevent negative normalisation factors in fitting procedure.
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This distribution depends explicitly on Higgs mass my and nuisance parameters g. Then we
can calculate the p-values for testing a certain value of p using the distribution established

~
—

at 0(u,obs) (the maximum likelihood estimated with observed data) as follows:

inf
P = / F(@uliss mar, B0, obs))dg

Gu,obs

where g, o1s is the value of test statistic for the observed data. The p-value for the test
statistic under the background-only hypothesis is:

inf
Py = / f(qﬂ|07mH7 9(“ - 07 obs))dqu.

4ui,0bs

Then, to calculate the upper limit on pu, the quantity C'L; is calculated as:

CL, = 2.
L—pp
The CLs upper limit on p is obtained from solving C'L,(i) = 5%, labelled as ju,,. The value
of p is considered to be excluded at 95% confidence level if 1 > fi,y.
There is other quantity that we want to estimate: the probability for the fluctuation of
data using background-only hypothesis produce the same output as signal, called py:

inf
5

Po = f(q0|0,mp,0(p = 0,0bs))dqo,

40,0bs

5.10.3 Systematic uncertainty implementation

Systematic uncertainties are included by fluctuating the predictions of signal and back-
grounds in each histogram bin. When forming the computation of probabilities and test
statistics, they are affected by these systematic uncertainties. To compute this effect, we
fluctuate the signal and background estimations in each histogram bin by taking into ac-
count both the Poisson statistical uncertainties and Gaussian variations for each systematic
uncertainty.

The fit to extract the signal strength in section 5.10.1 uses the templates from the signal
and background estimation in the input invariant mass distribution in each bin, with the
systematic variations included as the variations of the nominal template for each up-and-
down variation (o). If the systematic variation ends up as reweighting of the nominal
template (such as b-tagging), then no statistical fluctuations are expected in the existing
nominal template. If the systematic variation can cause a change to the event selection (for
example, JES), additional statistical variations are included, therefore changing the template
of systematic variations. To deal with such cases, smoothing procedure is introduced and
applied to such systematic variation in each region.

The fit uses a large number of nuisance parameters, which costs a long time to run.
To overcome this problem, systematic uncertainties that have negligible impact on the final
results are pruned away. A normalisation uncertainty is pruned if the associated variation
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is below 0.5% in all bins. Another condition for pruning is the signal contribution is less
than 2% of the total background and the systematic variations change the total background
estimation by 0.5%.

It is important to understand which systematic variation causes the largest impact to
the final results, and need more care. To do this, the NP ranking is introduced. For each
systematic uncertainty, the fit is done again using the corresponding fitted NP value 0,
varied up and down by its fit uncertainty, while other parameters float freely to guarantee
the correlation between the systematic uncertainties. The magnitude of the variation on the
fitted signal strength p is expressed as the observed impact of the corresponding NP.

163



5.11 Results

The results for the statistical analysis will be divided in various cases: in O-lepton analysis,
we will consider the two cases: one case focuses on the first bin of EX only, the second case
will use all 2 bins.

5.11.1 Invariant mass distribution after the fit

The normalisation for each type of background after the fit including all ER bin is
shown in Table 5.17, using the constraints introduced by various bins of E¥#5. Table 5.18
shows the normalisation factors on the first E2* bin, with constraints only on that bin. The
new distributions of invariant mass after applying the normalisation scale factors for all ERiss
bin are shown in Figures 5.18, 5.19. The differences between the scale factors in inclusive
EMss bins and in first X bin are due to the constraints on high ER regions: the large
contribution of the Z-jets background and clear shape difference between Z-+jets, W+jets
and ¢t shown in Figure 5.19 for E > 160 GeV provide a control on the normalisation of the
Z-+jets and tt backgrounds, contrary to what can be obtained in the first E¥* bin. Figure
5.20 shows the results after applying normalisation scale factors on the first EX* bin using
Tables 5.17 and 5.18, showing that the normalisation scale factors on 5.18 yields a slightly
better data/MC agreement, as expected from a fit on that bin only. The normalisation
factors are nevertheless better motivated in the fit with inclusive Ef* bins.

Background | Normalisation factor

A 0.93 + 0.07

Zel 0.98 + 0.22
Zhf 1.00 £ 0.14
Wi 1.04 £+ 0.09
Wel 1.22 + 0.27
Whf 0.73 £ 0.23
single ¢ 1.05 £ 0.21
tt 1.49 £+ 0.23

Table 5.17: The normalisation factor for each type of background after the likelihood fit for
all B bin. The “hf” means heavy-flavors bb, be, bl and cc.

Impact of systematic uncertainties The impact of systematic uncertainties on the fit-
ted signal-strength fi (inclusive EXS bin) is represented in Figure 5.21. The uncertainties
are listed in decreasing order of impact on the signal strength. The five systematic uncer-
tainties which have largest impact to the signal strength are: my, shape for Wbb and Wee
background (with pf > 120 GeV), 1-component of b-tagging efficiency, EM scale of soft
terms, normalisation on Zbb background and Zbl/Zbb normalisation for 2-jet case.
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Background | Normalisation factor

Al 1.07 &+ 0.12

Zel 1.24 £+ 0.32
Zhf 0.69 £+ 0.32
Wi 1.01 4+ 0.10
Wel 1.14 4+ 0.28
Whf 0.99 + 0.35
single ¢ 1.12 £ 0.35
tt 2.38 £ 0.57

Table 5.18: The normalisation factor for each type of background after the likelihood fit for
first E25 bin. The “hf” means heavy-flavors bb, be, bl and cc.
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Figure 5.18: Invariant mass distribution for analysis using delayed stream trigger after apply-
ing scale factors in Table 5.17. From top to bottom are plots for 2LL, 2MM, 2TT b-tagging
categories, left plots are for first EX bin, and right ones for second ER* bin.
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Figure 5.20: Comparison of invariant mass distribution for analysis using delayed stream
trigger after applying scale factors in Table 5.17 (left plots) and Table 5.18 (right plots).

From top to bottom are plots for 2LL, 2MM, 2TT b-tagging categories.
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Figure 5.21: Impact of systematic uncertainties on the fitted signal-strength parameter [
for all EM5 bin using delayed stream implementation. The systematic uncertainties are
listed in decreasing order of their impact on i on y-axis. The boxes show the variation of
i (the top z-axis) when setting the corresponding nuisance parameter 6 to its 1o post-
fit variations while fixing every other nuisance parameters to their post-fit values. The
black filled points (referring to the bottom z-axis) show the deviation of the fitted nuisance
parameters § with respect to their nominal values 6, expressed in (6 — 6)/Af (A0 is their
nominal uncertainties). The associated error bars are the post-fit uncertainties of the NPs.
The red filled points and their error bars (also referring to the bottom z-axis) are the fitted
values of the normalisation parameters.
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5.11.2 0O-lepton analysis with first Ea,niss bin

Here we consider two cases of analysis: using nominal triggers and using delayed stream
trigger. Figure 5.22 displays the limit on signal strength y in the first EX bin of the
0-lepton analysis, followed by Tables 5.19 for analysis using delayed stream trigger and 5.20
for analysis using nominal triggers, with mass range from 115 GeV to 140 GeV (with 5 GeV
bin). The expected limit upper range for delayed stream is between 3.79 to 13.92 for analysis
using delayed stream trigger, and between 3.84 and 13.65 for analysis using nominal triggers
at 95% of confidence level. At 125 GeV, the expected limits for analyses using delayed stream
trigger and nominal triggers are 5.77 and 5.89, respectively. It can be seen that there is a
slight improvement (~ 2%) with the analysis using delayed stream trigger.
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Figure 5.22: Plots of confidence levels for signal strength in terms of Higgs mass for first Fss
bin using delayed stream implementation (left) and compared to nominal analysis (right).
The 1o and 20 variation bands of the analysis with delayed stream trigger are also included.

mass [GeV]| | Exp. | +20 | +1l0 | —1lo | —20 | Obs.
115 3.79 | 7.07 | 5.28 | 2.73 | 2.04 | 4.00
120 448 | 835 | 6.23 | 3.23 | 240 | 3.76
125 5.77 | 10.76 | 8.03 | 4.16 | 3.10 | 5.03
130 744 | 13.87 | 10.35 | 5.36 | 3.99 | 5.36
135 9.36 | 17.47 | 13.03 | 6.75 | 5.03 | 8.38
140 13.92 | 25.97 | 19.38 | 10.03 | 7.47 | 9.61

Table 5.19: Expected, observed values and their 1420 variations of limit on y in first ERiss
bin for analysis using delayed stream trigger.
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mass |GeV]| | Exp. | 420 | +1lo | =10 | —20 | Obs.
115 3.84 | 7.17 | 535 | 2.77 | 2.06 | 4.14
120 453 | 846 | 6.31 | 3.27 | 243 | 3.99
125 5.89 | 1099 | 819 | 4.24 | 3.16 | 4.86
130 7.57 | 14.12 | 10.53 | 5.45 | 4.06 | 5.54
135 9.45 | 17.63 | 13.15 | 6.81 | 5.07 | 8.20
140 13.65 | 25.47 | 19.00 | 9.84 | 7.33 | 9.62

Table 5.20: Expected, observed values and their 1420 variations of limit on y in first EXss
bin for analysis using nominal triggers.

5.11.3 O0-lepton analysis with all Efr“iss bin

Like the previous section, the evaluation of the limit on p is implemented in the two
analyses: one with delayed stream trigger included and one with the official analysis. In
this section we will also present the results of py values. Figure 5.23 and Tables 5.21, 5.22
show the results of the limit obtained in function of Higgs mass with range from 115 GeV
to 140 GeV (with 5 GeV bin). The expected limit on p for analysis using delayed stream
trigger is ranged from 1.17 to 3.95, and from 1.17 to 3.44 for using nominal triggers at 95%
of confidence level. The limit on my=125 GeV, the expected limit is 1.59 for using delayed
stream trigger, and 1.61 for using nominal triggers. The two analyses show very close results.
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Figure 5.23: Plots of confidence levels for signal strength in terms of Higgs mass for all Exss
bins using delayed stream implementation (left) and compared to nominal analysis (right).
The 1o and 20 variation bands for analysis with delayed stream trigger are also included.

According to these results, the implementation of delayed stream trigger is consistent
with the nominal analysis.

The results for py value (the observed probability for background processes to provide
results that look like the Higgs signal’s, see section 5.10.2) in terms of Higgs boson mass
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mass [GeV]| | Exp. | +20 | +10 | —10 | —20 | Obs.
115 1.17 | 2.19 | 1.63 | 0.84 | 0.63 | 0.94
120 1.35 | 2.51 | 1.87 | 0.97 | 0.72 | 1.57
125 1.59 | 297 | 2.21 | 1.15 | 0.85 | 2.12
130 1.95 | 3.63 | 2.71 | 1.40 | 1.04 | 2.92
135 2.58 | 482 | 3.60 | 1.86 | 1.39 | 4.24
140 3.45 | 643 | 480 | 248 | 1.85 | 5.04

Table 5.21: Expected, observed values and their 1420 variations
Emiss bins for analysis using delayed stream trigger.

of limit on p including all

mass [GeV] | Exp. | +20 | +10 | —10 | —20 | Obs.
115 1.17 | 219 | 1.63 | 0.85 | 0.63 | 0.93
120 1.34 | 250 | 1.86 | 0.96 | 0.72 | 1.58
125 1.60 | 299 | 2.23 | 1.15 | 0.86 | 2.09
130 1.94 | 3.63 | 2.71 | 1.40 | 1.04 | 2.85
135 259 | 484 | 3.61 | 1.87 | 1.39 | 4.23
140 344 | 642 | 479 | 248 | 1.85 | 4.97

Table 5.22: Expected, observed values and their 1420 variations of limit on p including all
Emiss bins for analysis using nominal triggers.

are shown in Fig. 5.24 and Table 5.23. The expected py at my=125 GeV is at 0.93% for
analysis using delayed stream trigger and 0.96% using nominal triggers. This corresponds to
an excess expected with a significance of ~1.30 for the analysis using the delayed stream.
The observed value shows the excess of 0.90 using delayed stream trigger.
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Figure 5.24: Expected, observed values of py as function of Higgs mass in 0-lepton channel
including all EXs bins for analysis using delayed stream trigger (left) and compared with
nominal triggers (right)

mass [GeV] delayed stream nominal
Exp po | Obs pg | Exp pg | Obs pg
110 0.03244 | 0.54291 | 0.03062 | 0.59031
115 0.04466 | 0.78582 | 0.04518 | 0.79482
120 0.06425 | 0.34551 | 0.06312 | 0.3315
125 0.09349 | 0.2078 | 0.09575 | 0.21271
130 0.13873 | 0.12672 | 0.13837 | 0.14129

140 0.26465 | 0.15881 | 0.26445 | 0.16634

Table 5.23: Expected and observed values of py in 0-lepton channel including all £ bins
for analysis using delayed stream trigger and nominal triggers.
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Conclusion

The main work of this thesis is to search for the Standard Model Higgs boson in the decay
channel ZH — vibb channel. This search is done with the data provided by the LHC and
collected by the ATLAS detector with an integrated luminosity of 20.3 fb~! in the year of
2012. This Higgs analysis is concerned by:

e Higgs decay channel H — bb, therefore the identification of jets originating from b-quark
is vital, which lead to the study of b-tagging algorithms.

e 7 boson decay channel Z — vv: the two neutrinos go undetected in the ATLAS
detector, leaving missing transverse energy behind. So improving the EXS trigger is
also important for this analysis: we use the new trigger available in the delayed stream
of data, which is expected to increase the signal acceptance.

Regarding the b-tagging algorithm performance study, we made our study of b-tagging per-
formance using the new track-to-jet association: the ghost-association. The ghost-association
provides a different approach that can help us deal with the situation where high pile-up and
jet substructure are expected, especially in collisions with high luminosity and high center-
of-mass energy. This kind of association suggested some improvements to the b-tagging per-
formance. If the b-tagging algorithms using ghost-association of track on jet is re-calibrated,
we can expect a higher b-tagging performance and therefore this can become one of the main
track-to-jet association algorithm in ATLAS for the Run 2.

In the B trigger study, we introduced the new EXS trigger called delayed stream trig-
ger, which is expected to help gaining signal acceptance in the analysis. Such trigger needs
deriving data/MC scale factor in order to be applied in the analysis and for that purpose, we
needed parametrisation of trigger turn—ons. The results showed that our model of parametri-
sation and scale factor is good. The further study proved that the parametrization can be
extracted on one sample, W — pur+jets, thanks to its high number of events, so the statis-
tical uncertainty is reduced. The E¥ trigger study also showed some trigger dependence
on certain kinematic variables, and a method was provided to treat these dependences and
maintain high signal acceptance and sensitivity. Those treatments of trigger dependences are
approved and applied in the main Higgs analysis in O-lepton channel, currently under col-
laboration review, for publication this fall [112]. The uncertainty estimation of ER trigger
was done with overall small variations. The delayed stream trigger was also prepared to be
used in the analysis, but this improvement was eventually dropped from the official analysis
because of time constraints.

Profiting from the delayed stream ER trigger, we applied it to the Higgs analysis in
0-lepton channel. We made the comparison between the analysis using delayed stream trigger
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with the one using nominal triggers. There was a mis-modelling observed in the analysis using
nominal triggers. However using the delayed stream trigger inclusively does not improve
the modelling. The tighter cut on EX at 100 GeV was applied to prevent the affect of
this mis-modelling in the analysis. The results showed good agreement between data and
MC for both analyses, and the implementation of delayed stream trigger marginally helped
our analysis gain a bit more signal significance, but not significantly high (~3% of signal
acceptance and ~1% of signal sensitivity higher than the analysis with nominal triggers for
pre-fit). The statistical analysis showed that using delayed stream trigger can provide better
(although small, around 1%) limit on signal strength of Higgs boson in the first EM bin
exclusively. However, the results of the two analyses become consistent when all the Eis
bins are included. The expected py is about 1.30 for both analyses.
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