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Synopsis

The matter around us is made up of basic building blocks known as quarks and leptons. Each
of the group of quarks contains six particles and are further divided into three pairs called gen-
erations. The lightest of the particles, which are also most stable, form the first generations.
While the heaviest and the most unstable, form the third generation. The second generation
is moderately heavy and moderately unstable. The first generation quarks are up quark and
down quark. The second and the third generations are charm and strange quarks and top
and the bottom quarks. The quarks also come in three different colors and combine to form a
colorless object. The three generations of the leptons are electron, muon and tauon with their
respective neutrinos. Electron,muon and tau particles are massive and charged, but neutrinos
are almost mass-less and charge-less.

There are four fundamental forces which act in the universe. They, in the increasing order of
strength, are strong, electromagnetic, weak and gravitational forces. The electromagnetic and
the gravitational force have a infinite range, while the weak and strong forces are of very short
range. The three fundamental forces which are weak, electromagnetic and strong are mediated
by particles called gauge bosons. For the weak force, these are W* and Z bosons. For the
electromagnetic force, it is photon and for the strong force these are gluons. The gravitational
force is said to be carried by graviton. But it is still not detected.

The standard model (SM) is the mathematical structure which governs how the fundamental
particles interact by four fundamental forces. It took the final shape around 1970 and it explains
almost all experimental facts and also predicts many phenomenon. Over many experiments and
over a long span of time, it has established itself as a well tested physical theory. It established
that the universe is made up of few fundamental building blocks and governed by four fun-
damental forces. The standard Model has SU(3)c @ SU(2)r, @ U(1)y local symmetry which
is spontaneously broken to SU(3)c @ U(1)g. This spontaneous breaking of gauge symmetry
is called Higgs mechanism. In the standard model, this mechanism is implemented through a
scalar doublet. The Higgs mechanism gives masses to the W and Z gauge bosons, quarks and
charged leptons. One of the consequences of the Higgs mechanism is the existence of a scalar
particle, the Higgs boson. The search for this particle has been going on for decades. Until
recently, it was the only missing piece of the standard model.

The Higgs boson has been searched for at eTe™ colliders, Tevatron (pp collider) and now at
Large Hadron Collider (LHC) (pp collider). In this thesis, we are looking for the production
of Higgs boson at LHC. The main production mechanism [1] of the Higgs boson at the LHC
is gg — H. This is a one loop process and has the cross section of about 40 pb at 14 TeV
center of mass energy for my = 125 GeV. The next important production method is vector
boson fusion, q¢' — ¢"¢""H. Here typical cross section is about 4.5 pb. The third important
mechanism is the production in association with a W/Z boson. Here typical cross sections are
about 2.0 pb. All these mechanisms give viable signatures of the Higgs boson production. In
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this thesis, we have considered another important production mechanism pp — ttH. The main
decay modes [1] of the Higgs boson of mass 125 GeV are H — bb, 77, WW™* and ZZ*. To
suppress the backgrounds, the rare decay mode v is also sometimes useful.

In the run I of LHC, strong evidence for a Higgs boson like particle have been seen by both CMS
[2] and ATLAS [3] collaborations. In run I, the center of mass energy was 7 and 8 TeV. Both the
collaborations looked for the signature through the production gg — H and subsequent decay
into photons and ZZ*. The decay modes H — 77 and H — W W™ have also been investigated.
On the basis of combining the results, for these decay modes, the collaborations achieved a
significance of more than 5 for the signature of the Higgs boson. The collaborations announced
the discovery of a Higgs boson like particle on July 4, 2012. Since then, the evidence for
the SM Higgs boson has only become stronger. We have considered the channel where the
Higgs boson is produced in association with a top quark pair by quark-quark or gluon-gluon
annihilation. To control the backgrounds we have considered semi-leptonic decay modes of top
quarks, while the Higgs boson decays into a pair of tau leptons or a pair of W bosons. When
a tau lepton decays into hadrons, it will manifest itself as a tau jet. Tau jets are narrow and
have few particles. This can be used to tag a tau jet. The decay of a top quark gives rise to a
bottom jet. It can also be tagged. Tagging of a tau and a bottom jet play an important role
in reducing the backgrounds. The typical cross section for pp — ttH process is about 500 fb
for mpy= 125 GeV. The branching ratio for the Higgs boson decaying into a tau lepton pair is
5% -8% for my=120-130 GeV, while it is 14%-30 % for decaying into a W boson pair.

In the first paper [4] we considered 3-4 electrons/muons + jets signature of the pp — ttH
process. In the second paper [5], we considered two leptons + jets signature. In both the cases,
it was important to tag enough number of tau/bottom jets for the signal to be visible. We used
ALPGEN and PYTHIA to do the calculations. We also used Madgraph sometimes.

In the first paper, we have considered five signatures. The signatures are "4 electrons/muons”,
“3 electrons/muons + a jet”, “3 electrons/muons + a tau jet”, “3 electrons/muons + a bottom
jet” and “3 electrons/muons”. These signatures have two types of backgrounds from the other
standard model processes: a) direct backgrounds b) mimic backgrounds. In the case of mimic
backgrounds, a light quark or a gluon jet fakes a bottom or a tau jet. We considered both
types of backgrounds. We looked for the viability of the signatures of a Higgs boson of mass
120, 125, 130 GeV. We applied generic kinematic cut. For the bottom jets identification and
rejection rates, we took the values as 55% and 1%. For the tau jet case, we consider possibilities
of low tau tagging (LTT) and high tau tagging (HTT) rates. In LTT we have taken the low
value of tau jet identification, 30%, and low mimic rate 0.25%. In the case of HT'T, we have
high identification rate, 50%, and higher mimic rate of 1%. We also used an area variable to
identify a tau jet. We found that the best four-lepton signature was “four electrons/muons +
a bottom jet”. In the case of three lepton signature, the best signature is found to be “three
electrons/muons + a tau jet + a bottom jet”. Both of these signatures have the significance
of more than 5, with the 100 fb~! integrated luminosity at 14 TeV center of mass energy at
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LHC. So in the run II, these signatures may be visible within a year of the run. There are other
viable signatures with three leptons that were also discussed.

In the second paper, we have considered dilepton signatures of the process pp — ttH. In par-
ticular we examined the signatures “2 electrons/muons + a tau jet + a bottom jet” (eurb), “2
electrons/muons + two tau jets”, “2 electrons/muons + a tau jet + 2 bottom jets”, and “2
electrons/muons + bottom jet + 2 tau jets”. Like the first paper, we considered both direct
and mimic backgrounds. We also considered two possibilities of tau tagging, LTT and HTT.
Now the signatures have fewer leptons, so the backgrounds are larger. In particular, there
can be large backgrounds from the ¢t + jets and Z + jets production. We found that these
backgrounds can be managed if we identify at least two tau jets or look at the same sign lepton
signature. Most promising dilepton signature were “2 electrons/muons + a tau jet + a bottom
jet” with same sign leptons and “2 electrons /muons + 2 tau jets”. Both of these signatures
will be observable within a year of restart of LHC.

In summary, we found that tau-jet tagging is important to identify the Higgs boson through the
process pp — ttH. It is specially important for the case of dilepton and trilepton signatures.
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Chapter 1

Introduction

The standard model (SM) has been enormously successful [1, 2, 3, 4]. Until recently, one
important ingredient of the model, the Higgs mechanism, had no direct experimental support.
This symmetry breaking mechanism is now called Brout-Englert-Higgs (BEH) mechanism [5,
6, 7. The implementation of the BEH mechanism through a set of scalar fields has been a
standard paradigm, which is also used in a variety of the extensions of the standard model to
break the gauge symmetries and bring it to the level of the SM. One consequence of the BEH
mechanism is the existence of scalar particles. The number and nature of the particles depend
on the symmetry that has been broken.

In the SM, the mechanism gives rise to a neutral scalar particle — the Higgs boson. On July
4, 2012, the CMS and ATLAS collaborations at the Large Hadron Collider (LHC) announced
the discovery of a boson, which appeared to be like the SM Higgs boson [1, 2]. Combining
the signal of the boson from its various decay modes, more than 5 ¢ enhancement above the
background was seen by both collaborations.

There are many important production mechanisms for the Higgs boson, like gluon fusion,
W-fusion, associated production with a vector boson and the production in association with
a bottom-quark pair or top-quark pair [8]. Because of the large cross-section gluon fusion
mechanism was the discovery mechanism. For a 125 GeV Higgs boson, there are a number of
important decay channels — H — bb, WW*, ZZ* and 77 [8]. All these major production and
decay channels, including rare decays like H — 7 have been looked for at the LHC. At the
conclusion of the the run I (2009-12) of the LHC, with about 25 fb~! of data at the center of
mass energy of 7 TeV and 8 TeV, it has been established that this boson was indeed the long
sought standard model Higgs boson. Some of its properties like spin and mass have also been
measured by the CMS and ATLAS collaborations. Its mass is around 125 GeV and spin-parity
is 0F.



One of the main goals of the run II of the LHC (2015-18) would be to measure various properties
of the Higgs boson, in particular its couplings to the other standard model particles. One would
also like to more firmly establish that this particle is indeed a SM particle, and does not belong
to its extensions or modifications. So, it would be important to identify the Higgs boson through
multiple production mechanisms and decay channels. There are many important production
mechanisms, like associated production with a vector boson and the production in association
with a bottom-quark pair or top-quark pair which are still to be seen. Some other rare decays
of the Higgs boson like H — Z~ will also be looked for.

The Large Hadron Collider (LHC) has completed its run I. It is getting ready for run I with
upgraded C.M. energy and higher luminosity. During run I, as discussed above, a long awaited
discovery was made. A long wait of 45 years was over, and the Higgs boson was discovered.
With its discovery, the final missing piece of the standard model was found. We now know how
quarks, leptons, W and Z bosons acquire masses. More discoveries may be in store in run II.

The first signature of the Higgs boson appeared in its production through gluon fusion and
decay into a pair of photons or Z-boson (to four leptons). With the discovery, next goal is to
detect Higgs boson through its various production mechanisms and multiple decay modes. The
Higgs boson decay modes of a tau-lepton pair and a W-boson pair have also been seen. Goal
now is to measure properties of the Higgs boson and establish beyond any reasonable doubt
that it is the standard model Higgs boson.

In this thesis, we focus on the Higgs boson production in association with a pair top-quark i.e.
pp — ttH. In particular we focus on the decay modes H — 77/WW* [9, 10, 11, 12, 13]. We
analyze di-lepton, tri-lepton and four-lepton signatures and show how they can be useful. The
plan of this thesis is as follows. In this chapter, we give an introduction to the standard model.
In the next chapter, we discuss various production mechanisms, decay modes and consequent
possible signatures of the Higgs boson. In the chapter 3, we describe the initial discovery of
the Higgs boson, as announced by the CMS and the ATLAS collaborations. In the chapters 4
and 5, we describe our work on the pp — ttH production mechanism. In the last chapter, we
give a summary.

1.1 The Electroweak Model

In particle physics, we deal with the constituents of matter and their interactions. Quarks and
leptons are the constituents of matter and they interact via mediation of vector bosons. In
this section we will discuss the electroweak component of the standard model. In this model
the Lagrangian has SUL(2) x Uy (1) gauge symmetry which is spontaneously broken to Ug(1)
gauge symmetry. We now briefly describe how this model came to be.



1.1.1 Weak Interaction Before Gauge Theory

The theory of weak interactions started as a Fermi theory of beta decay. It settled into V-A
theory. An intermediate vector boson was introduced to overcome the problems of V-A theory.
To solve renormalization problem of intermediate vector boson theory, BEH mechanism was
used by Weinberg and Salam to construct the modern electroweak theory [5, 6, 7, 14, 15].

The Four-Fermion Theory

In 1930, Pauli proposed a light, neutral and feebly interacting particle in 5 decay [16]. He
called it neutrino, “a neutral one”. Soon after that Fermi proposed the theory of S decay, i.e
n — perv, [17]. The Fermi Lagrangian was

_Gr
V2

here and below h.c. stands for hermitian conjugate.

Lp(r) = [p(z)yun(x)][e(x)y"v(z)] + h.c., (1.1)

In next few years, many [-decay like processes were discovered. They had a long life time as
compared to other decays. Thus the concept of weak interaction evolved. It was found that the
parity was not conserved in weak interaction [18]. It gave rise to V-A (Vector-Axial Vector)
theory. The Lagrangian became

Lopr=—|—=J!(z)J"(z)| +h.c., (1.2)

where J, is the V-A (Vector-Axial Vector) weak current [19, 20]. It can be separated into
leptonic and the hadronic weak currents. The expression is

Ju(@) = () + T ). (1.3)
For first two generations, the leptonic current can be directly written in terms of lepton fields
I (z) = vy (1 = y5)e + 77" (1 — 5, (1.4)

and the hadronic current can be written in terms of quark fields as
Ji'(x) = ay*(1 — 5)dp + ey (1 — 75) se, (1.5)

where ¢ field was introduced at that time as undiscovered charm quark. Here,

dg = cosb.d + sinb.s,
sp = cosbl.s — sinf.d,

where 6, is the Cabibbo angle [21].



The charm quark was introduced to solve the neutral-current problem The property of the
weak interaction was the existence of a charged current with no neutral current in the lowest
order. Currents are bilinear in fields and involve helicity projection operator (1 — ~5) i.e. only
left handed fermions take part in weak interaction. Thus

V(L = )0 = 209" (1.6)

Now, if we take account of only the first order in Gz, then the low energy experimental data
collected over the years can be described by the V-A Lagrangian. There are some exceptions
also. The non-leptonic decays like decay of B-mesons may not be correctly described by a cur-
rent of type Jy,j), which describes effective Lagrangian as in equation no. (1.2). This happens
because it does not include the strong interactions. It was also not possible to incorporate the
phenomena of CP violation [22]. The V-A theory, in lowest order, was able to describe the weak
interaction of elementary particle. But the Lagrangian in equation (1.2) is not sufficient for
two more reasons. Firstly, it is a non-renormalizable theory and secondly it violates unitarity.

The Lagrangian (1.2) is not renormalizable, since the coupling constant G has a dimension
of mass™2. It implies that the higher order contributions are divergent. If we consider the
coupling constant to be a small number then also the higher order terms may be large. Even if
we restrict to Born approximation, still there are certain processes which violate unitarity. For
example, if we consider the process v,e — uv, which is described by the Lagrangian in equation
(1.2) then the amplitude has only J=1 partial wave and the high energy cross-section is equal to
o~ chs, where s = 2m,.FE with E being the energy of the muon neutrino in laboratory frame.
But the condition of unitarity demands that the the o(J = 1) should be bounded by s~'.
The above explanation says that for the energy above /s ~ G;l/ ® ~ 300 GeV the theoretical
cross-section which is calculated by equation (1.2) would violate unitarity.

Intermediate Vector Boson Theory

The weak current transforms like a four vector under Lorentz transformation. In analogy with
QED, we can introduce a new quantum field W, and thus the basic interaction turned into

»CIVB = g(Jp,W“ + hC) (17)

The four-fermion Lagrangian can be obtained from the above equation. It can be considered
as a low energy interaction of four fermions from L5 in the second order. The Lagrangian
has a term ¢>M;;? = 27Y2Gr. As we know that the quantum electrodynamics is a abelian
gauge theory. The above Lagrangian can be considered as part of a Lagrangian of Yang-Mills
theory, but it has a massive gauge boson and hence it will not preserve the unitarity and the
renormalizablity of the Lagrangian.



1.1.2 Construction of the SU(2)xU(1) Theory

The mediator particle in weak interaction are W=* and Z bosons. In the theory of weak
interaction, the masses of the gauge bosons should be incorporated in gauge invariant way. But
it turns out that when we put the mass term of W¥ and the Z boson, the gauge symmetry
is broken. The solution was given by a mechanism called “BEH Mechanism” [5, 6, 7], in
which the symmetry is spontaneously broken without spoiling the symmetry of the Lagrangian.
The problem of unitarity and the renormalization are also taken care, and a unity of weak

interaction and electromagnetism also appears in the theory. The required gauge symmetry is
SUL(Q) X Uy(l)

The first attempt to unify weak and electromagnetic theory was proposed by Schwinger after
seeing the vector nature of both the forces [23]. Later, a Schwinger’s student, Glashow, to
unify the weak and the electro-magnetic theory, proposed a model which had SU(2) x U(1)
gauge symmetry but renormalization was not there in the theory [24]. The solution was the
BEH mechanism. The BEH mechanism as a solution was proposed first by Weinberg and
later by Salam. In early 1975 't Hooft transformed the subject by proving the gauge theory
is renormalizable with and without spontaneous symmetry breaking [25], thus making the
Glashow-Weinberg-Salam electroweak model complete.

1.1.3 Lagrangian of the Electroweak Model

We can divide the Lagrangian of the electroweak model in four different parts.

1. The first part of the Lagrangian describes the gauge bosons

1o = 1
L = _ZWW'WW — ZBWBW' (1.8)
The above piece of the Lagrangian gives the kinetic energy and the self interacting term

for W=, Z,~. It contains two pieces. In the first piece we have

W = 8, W, — 8,W, — gW,, x W,,. (1.9)
Here W# transforms as
W, — W, — é@u& —ax W, (1.10)
In the second piece
B,, =0,B,—0,B,. (1.11)

The B, is the gauge field corresponding to Uy (1) symmetry.



2. Leptons and quarks kinetic energies and their interaction with W=*.Z,y are given by
= g 1, = Y = g Y
Lo = Ly*(i0, — gET.W# —yg EB;L)L + Ry"(i0, — g EB“)R' (1.12)

The above piece of the Lagrangian gives the kinetic energy of quarks and leptons and
their interaction with W*, Z, ~. It contains two pieces. Here L denotes the left-handed
fermion doublet and R denotes a right-handed fermion singlet. For one generation, they

Ve
corresponds to , and eg respectively. There is an implicit sum over generations.

e

The first piece of L, gives the kinetic energies of all the left-handed particles which include
all the three generations of leptons and quarks. The second and third terms of the first
piece give the interaction of all left-handed leptons and quarks with W and B fields.
The second piece of Ly, which is Ry*(id, — ¢’ %BM)R, also gives the kinetic energies of
all the right-handed particles i.e. all the quarks and leptons excluding the neutrinos,
as the neutrinos are left-handed particles. Right-handed singlets do not interact with
W fields. With the discovery of neutrino oscillations, we know now that neutrinos have
mass. However, it is not certain yet how to incorporate this mass in the electroweak
model. There are many ways to do it. Since this issue does not impact our work, we will
not discuss it further.

3. W*,Z,~ and Higgs boson masses and the couplings are given by

~ Y 2
FW.— g 5Bdl ~V(9), (1.13)

. 1
L3 = |(i0, — 95

where V(¢) = 12670 + A(919)".
The above piece of the Lagrangian gives the masses to the Higgs boson, W+ and Z bosons
and determines their couplings. It contains two pieces.

The first term of the first piece of L3 gives the Higgs boson kinetic energy term. The next
two terms generate the masses of W and Z bosons. This can be realized by considering
these two terms. We also choose a specific vacuum to break the SUL(2) x Uy (1) gauge
symmetries to Ug(1) symmetry. Let us consider,

T o g 2
‘(_ig§'Wu - Z’EB,M‘ ~ (1.14)
Here the first term is
WS Wl _ ~W2
IV g, — W) , (1.15)
g(Wl} + zWi) —gWi’



while the second term is

‘B, 0
7 2u . (1.16)
0 —¢B,

To break the symmetry, we expand ¢ fields around the vacuum v, where v is the vacuum
expectation value of ¢ field,
0
( ) (L17)
v

The above equations when plugged in equation (1.14) give

2

. a1 g*  —gg \ [ W
(Evg) WrIw=r + gU?(I/Vj’,BM) ( Cad o R (1.18)

where W+ = (W' FiW?)/v/2. We see that a mass term for the W boson has been
generated with My, = %gv. We can redefine the fields to diagonalize the second term.
We can write this term as

1 2
UV = 209 WiB" + g7 (B,)°),
1 2
= ng[gWﬁ —g*(B)] .
1 1
= 3 77+ §M§Ai, (1.19)

where we have introduced fields

A = M (1.20)
B / 72 2 ’
gty
and
W3 —¢'B
z,= 9w _9%n (1.21)

" /g% + g7 '
Clearly my = 0 and my = %v«gQ + g2

. Fourth part of the Lagrangian gives masses of quarks and leptons and their couplings to
the Higgs boson. Considering, first generation of the leptons only,

o oF - Ve
Ei:—e v,e); er+ér(op™, @° h.c.|. 1.22
b >(¢0) +en(o ¢>( >L+ | (1.22)

e



We now substitute

1 0
¢=\/;<U+H<x>>. (1.23)

This substitution will break the the symmetry spontaneously and the Lagrangian becomes

L= —kv(éLeR + érer) — ﬁ(éLeR + erer)H. (1.24)

V2 V2

Now we can choose 7. such that m, = \y/%v which generates the electron mass. However
neutrinos remain massless.

The above choice generates the electron mass. Thus the Lagrangian is given by,

me —
L= —m.e — —LeeH. (1.25)
v
Since the mass of electron is dependent upon the arbitrary coupling constant ., the
theory doesn’t give the mass of an electron. Moreover since the value of v is 246 GeV
hence the coupling factor m, /v is very small. So only couplings of the Higgs boson to
heavy fermions is important.

The masses of quarks are also generated in the similar fashion as for the lepton masses.
Only difference is that in order to generate the mass for the upper member of a quark
doublet, we need to construct

_ 40 H
¢c=—i7'2¢*:< gb(b )ﬁ %(U—; ) (1.26)

Here SSB stands for spontaneous symmetry breaking. The above constructed Higgs
doublet has weak hypercharge opposite to ¢ which is Y = —1. It transform in the same
way as ¢ changes and can be employed to construct a gauge invariant theory.

] - ot - _g°
EZ = —yd(ﬂ, d)L qbo dR — yu(ﬂ, d)L d)_ Ur + h.c. (127)
5By mgdd — myut — " il — " gud. (1.28)
v v

In the above equation, we have taken care of only the first doublet of quarks. The weak
interaction acts on (u,d')r, (¢, "), and (¢,b"), pairs. Here the prime states are the linear
combination of flavor eigenstates. Thus the quark Lagrangian looks like,

o ot S —¢°
L = _y:i](uiad/i)L< 4 >de—ny(Ui,d’i)L< o )UjR (1.29)
+ h.c.,



here i and j are flavor indices and go from 1 to 3. Thus after symmetry breaking
_ H , H
Ll = —midd (1 + —) — m,uu (1 + —) : (1.30)
v v

In the above, we have ignored the complication of introducing the Cabibbo-Kobayashi-
Maskawa matrix. Taking into consideration the above equations L4 in general can be
written as

— (yal@R + yuLo:R) + hec., (1.31)

where L stands for left handed doublet of quarks and leptons and R denotes right handed
fermion singlet.

From the above discussion it is clear that the masses of the fermions are dependent on the
arbitrary Yukawa couplings which are not predictable. Masses are parameters of the theory.
They are to be measured by experiments. The couplings of the Higgs boson are proportional
to the masses of leptons and quarks, which can be verified experimentally. We note that the
minimal choice of a single Higgs doublet is enough to generate the masses of gauge bosons and
fermions. Let us now again consider the scalar potential

V() = 12676 + A(o1e)”. (1.32)

Using (1.23), one can find that the mass of the Higgs boson is m?% = 2v*\. Now v is a fixed
quantity, so the mass of the Higgs boson depends on \. If my is very large then we cannot do
the perturbation theory. On the other hand if mpy is very small then the radiative corrections
can remove the minimal at v # 0. This helped put a lower bound on the mass of the Higgs
boson.

Putting all the terms together, the Lagrangian for the electroweak model would be
1 - iy 1 L
Lpw = — ZWW.W — ZB’“/B

_ 1 - Y _ Y
+ LAy*(i0 — 5977.WM — QIEBN)L + Ry"(i0, — QIEBM)R
U BT T
+ |(Zau - égT'WM -9 EBH)¢| - V(o)
— (yaL¢R + yuLoeR) + h.c, (1.33)

In this Lagrangian, sum over the leptons and quarks generations is implicit. This Lagrangian
completely describes the weak and electromagnetic interactions among leptons, quarks, gauge
bosons and the Higgs boson.



1.2 Quantum Chromodynamics

Results of lepton-hadron scattering strongly suggested the quark-parton model to describe
the Bjorken scaling. The data also gave the hint that the field theory of strong interaction
must be asymptotically free and the quarks interact feebly in high energy regime or at short
distances. The quarks have another quantum number called color. By the postulate that the
quarks carry color, the paradoxes and anomalies which occurred in the quark model could
be resolved. The theory of strong forces must be dependent on color, as only color singlet are
observable in nature. It was proposed that the strong interaction can be described by the SU(3)
color Yang-Mills theory [26], where the quarks of each flavor transforms like the fundamental
triplet representation [27]. The theory is called quantum chromodynamics (QCD). With g
representing the quark field and A, representing gluon fields, the Lagrangian is

1 .
Locp = —§tr(Gw,G‘“’) + Z 3w (V" D,, — my)qy, (1.34)
k
where
G/,LV = auAV - auAu - ng [A;m Au]7 (135)
D,qu - (a,u - igsA,u)Qk; (136>
8
A, = > A2, (1.37)
a=1

where ;s are Gell-Mann matrices which obeys SU(3) commutation relation,

)\a )\b _x abc)\c
[?’5} = ifect. (1.38)
The normalization condition is
tr(A*A\P) = 26, (1.39)

The QCD Lagrangian (1.34) has all the well known strong interaction symmetries. We have
conservation of charge conjugation, parity and strangeness.

The QCD is asymptotically free [28, 29]. The beta function is

dgs -1 2
By =mgr = Te - mi)gs = —bg;. (1.40)

We see that as long as n; < 17, b>0, the coupling decreases as the scale increases. This equation
can be solved to give

2y O‘S(NQ)
(@) = 1+ 4mbas(p2)in(Q?/u?) (141)
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Here a(p?) = g?/4n?. This can be simplified by introducing the parameter A. One can rewrite
the above equation as

47
(11 = ny)in(Q?/A?)

We clearly see that as () increases the denominator will become larger which will decrease the
value of a,(Q?). So the interaction becomes weaker as the scale increases.

a,(Q*) = (1.42)

1.3 The Standard Model

The standard model describes the strong, weak and the electromagnetic interactions among
quarks and leptons. Its Lagrangian is

Lsy = Lew + Locp, (1.43)

Lew and Lgep are given by equation (1.33) and equation (1.34). This Lagrangian has SUq(3) x
SUL(2) x Uy (1) gauge symmetry, which is spontaneously broken to Ug(1), using a doublet of
scalar fields. The resulting theory is in very good accord with most of collider data. This model
does not include neutrino masses. There are a number of puzzles which may require us to go
beyond this model. All of this is beyond the scope of this work.
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Chapter 2

Production Mechanisms, Decay Modes

and Signatures of the Higgs Boson

Major searches for the Higgs boson have been made at ete™ colliders LEP1 and LEP2, pp
collider, Tevatron and now at pp collider, the LHC. At LEP2, a lower bound of the order of 115
GeV was placed through the production mechanism ete™ — ZH [1]. In this chapter, we will
discuss important Higgs boson production mechanisms at a hadron collider. After that we will
discuss various decay modes of the Higgs boson. In the end, we will briefly discuss the possible
signatures and their observability.

2.1 Major Higgs Boson Production Mechanisms

In this section, we will discuss the important processes for the production of the Higgs boson
at the LHC (y/s=14 TeV ) [2]. In figure (2.1), we display cross-sections of the Higgs boson
through various important production mechanisms. We then discuss various mechanisms in
some details.

2.1.1 Production of the Higgs Boson via Gluon Fusion

The production mechanisms qq — H is not very important because of the small coupling of
the Higgs boson with the light quarks. Furthermore, there is a high luminosity of gluons at the
LHC. Therefore the Higgs boson production mechanism gg — H has the largest cross-section.
It goes from 40.25 pb to 35.04 pb for the Higgs boson of mass range between 120 GeV to
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Figure 2.1: Total cross-section of the production of the Higgs boson through various processes
at the CM energy of 7 TeV and 14 TeV
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Figure 2.2: Production of the Higgs boson via Gluon Fusion
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Figure 2.3: Production of the Higgs boson via Weak Vector boson Fusion

130 GeV [3, 4, 5]. The QCD radiative corrections have been studied in details to obtain the
accurate theoretical predictions [6, 7, 8, 9]. We know that in QCD perturbation theory, in
the lowest level loop diagrams in gluon fusion, cross-section is proportional to o, where a;
is the QCD coupling constant. The main contribution comes from the large Yukawa coupling
of the top quark. The gluon coupling to the Higgs boson in the standard model is mediated
by triangular loops of top quarks. Although in principle all quarks should be included in the
loop, in practice the restriction to just the top quark suffices because the Higgs boson couples
about 35 times more strongly to the top quark than to the next-heaviest fermion, the bottom
quark, leading to a relative suppression of the bottom contribution by a factor 352. The next to
leading order (NLO) QCD radiative corrections [6, 7, 8, 9] have been calculated in the large m;
limit and maintaining full top and bottom quark mass dependence. The NNLO cross-section
calculations increase the cross-sections by 80% to about 100% at the LHC. The approximations
of the large m; is justified at the NLO. When exact Born cross-section with the full mass
dependence on the top quark is used to normalize the result, the difference between the exact
and the approximated NLO cross sections is very small. When the NNLO calculations are done
in the above said limit, the increase in cross-sections are about 25% only. The next-to-next-
leading-order have been improved by resuming the soft gluon contribution upto NNLL. These

calculations result in an increase of cross-sections by an amount of 7% to 9% for a CM energy
of 7 TeV and 6% to 7% for a CM energy of 14 TeV [10].

2.1.2 Production of the Higgs Boson via Weak Vector Boson Fusion

The vector boson fusion is one of the most important mechanisms for the production of the
Higgs boson. In this process the quarks radiate a virtual vector boson (V*) which annihilate
to produce the Higgs boson [11, 12, 13, 14, 15]. This process has the second largest cross-
section in the mass range 120 GeV - 130 GeV, as far as all the other mechanisms are concerned
[16, 17, 18]. In vector boson fusion process, the QCD NLO corrections [18, 19, 20, 21] are very
small, of the O ~ 5% [22] and hence theoretically under control. The vector boson fusion has
an added advantage that it has a very clean signature of two energetic, strongly forward jet
and a central Higgs boson. This can be used to isolate the signal from the background.
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2.1.3 Production of the Higgs Boson via Higgs-Strahlung Process

Figure 2.4: Production of the Higgs boson via Higgs-Strahlung Process

At the LHC, the cross-section of the Higgs-Strahlung process i.e. o(q¢ — VH), where
V = W, Z boson, is not that large as compared to the two production mechanisms discussed
above, over the Higgs boson in the mass range of 120 GeV - 130 GeV [23, 24]. In this process,
a pair of quark, anti-quark annihilate to give a vector boson which in turn radiates a Higgs
boson. Its production cross-section when it is produced in association of a W boson varies from
1.65 pb to 1.28 pb for the Higgs boson of mass 120 GeV to 130 GeV. When it is produced in
association with a Z boson the production cross-section varies from 0.89 pb to 0.70 pb for the
above Higgs boson mass range. If we compare g¢ — W*H production mechanism and the
production mechanism g7 — Z H cross-section, the later one is about a factor of two lower than
the previous one. The QCD corrections to o(qg — V H), where V is a vector boson coincides
with those of the Drell-Yan process and increase the K-factor by about 30%. The NNLO con-
tributions [16, 17, 18, 25| increase the cross-section by 1% to 3.5% for the Higgs boson in the
mass range of 120 GeV to 130 GeV.

2.1.4 Production of the Higgs Boson in Association with a Heavy
Quark Pair

In the process qq/gg — Htt [4, 5], the Higgs boson is radiated by a top quark. The production
rate, when measured gives information about the top-Higgs Yukawa coupling. Although this
process was not observable at the Tevatron, but will be a good channel at the LHC for the
Higgs boson mass between 120 GeV to 130 GeV. The production cross section goes from 0.70
pb to 0.56 pb for the Higgs boson in this mass range. (When factorization and renormalization
scales are set equal to mg + 3Mp.) The full next-to-leading-order (NLO) calculations have
been done and the increase in cross-section is about 20% of the tree level cross-section, which
depends upon the mass of the Higgs boson and the parton distribution functions used in the
calculations. The next-to-leading-order (NLO) calculations shows that the value of K-factor is
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Figure 2.5: Production of the Higgs boson in Association with a Heavy Quark Pair

almost equal to 1.2 for the Higgs boson of mass range 120 GeV to 130 GeV.

The cross-section for the process pp — Hbb + X is quiet small due to small Yukawa coupling
of Hbb, [26, 27] gwr = ms/v ~ 0.02. The production cross section of qg, gg — bbH is about
5.3 x 102 fb for the Higgs boson of mass 125 GeV at the leading order. It increases to 5.8 x 102
fb when NLO corrections are included. In four-flavor scheme where there is no b quark in the
initial state, the lowest order processes are ¢§ — bbH and gg — bbH. The inclusive cross-section
for the process gg — bbH has large logarithms proportional to L, = log(Q*/m?) which arise
due to splitting of gluons into bb pairs. Since @ > mj, the splitting is of the order of (a,Ly).
Because of the large logarithms, the perturbative convergence may be very poor. Summing the
collinear logarithms to all orders in perturbation theory, convergence can be improved. This
can be done by using b-quark parton distribution at the factorization scale up = @. This
calculation is governed by the fact that outgoing b-quark has a small transverse momentum.
Hence the incoming b partons have been assigned a zero transverse momentum at the leading
order. They acquire a transverse momentum at the higher order. The predictions of the leading
order for these processes have large uncertainties. However, when higher order corrections are
included these scheme and the scale dependence are significantly reduced.

2.2 Major Decay Modes

The standard model Higgs boson is heavy and can decay into many channels. The most promi-
nent are its decay into two bottom quarks, two Ws, two tau leptons, two gluons or two charm
quarks in decreasing order of their branching ratios. These decay channels are prominent in
the mass range 120 GeV to 130 GeV of the Higgs boson. Apart from these modes the Higgs
boson may decay with smaller branching ratios to ZZ*, vy, Z+, ss, pup and so on.
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Figure 2.6: Major Decay Channels of the Higgs boson

The largest decay mode of the Higgs boson in the mass range 120 GeV to 130 GeV is H — bb.
The branching ratio is very large for this decay channel and goes from 0.68 to 0.53 in this mass
range. The second most important decay of the Higgs boson in this mass range is its decay
into two W bosons, where the branching ratio goes from 0.13 - 0.28 in the above mass range.

The third important decay of the Higgs boson in this mass range is H — 7777. The decay
mode H — 77 is sub-dominant having a branching ratio of 6.78 x 1072 to 5.36 x 1072 between
the mass range of 120 GeV to 130 GeV. There are at least two features of this decay mode that
are in its favor: 1) the decay products are leptons, so there will be less of a strong interaction
background; 2) the branching ratio is not very small, about 5% in the mass region of interest.
It’s this decay mode we consider.

The another decay channel through which the Higgs boson can decay is its decay into two
gluons. The Branching ratio varies from 6.88 x 1072 to 6.30 x 1072 for the above mass range.
The Higgs boson sometimes also goes to c¢ with branching ratio of 3.15 x 1072 to 2.45 x 1072
in this mass region.

Although above decay modes have large branching ratios, but there is usually a large back-
ground from QCD processes. Therefore, it is the rare decays which have played important
role in the discovery of the Higgs boson. These rare decays are H — vy and H — ZZ* with
subsequent decays into four leptons. The background to these processes is under control. The
branching ratio for H — v varies from 3 x 1073 to 2 x 1073, while for H — ZZ* it goes from
3 x 1072 to 2 x 1072 in the mass range of 120 GeV to 130 GeV.

19



2.3 Signatures of the Higgs Boson

Once we know prominent production mechanisms and major decay modes, we can determine
the important signatures of the Higgs boson. We will now go through different production
mechanisms and discuss their useful signatures.

2.3.1 The gg -+ H Mechanism

The gluon fusion via a heavy quark loop is the main production mechanism of the standard
model Higgs boson at the LHC. When this production mechanism is combined with the decay
channels viz. H — vy, H - 77, H - WW?* H — ZZ*, we obtain some of the most promising
signatures for the Higgs boson at LHC in the mass range of 120 GeV to 130 GeV.

The H — vy channel

For the Higgs boson between the mass range 120 GeV to 130 GeV, it has been one of the most
promising detection channel [28, 29]. The loop induced process gg — 7 contributes half the
backgrounds. The direct process qg — ~y produces the rest of huge amount of background. A
rejection factor of O(10°) is needed to bring it down to the manageable order. The branching
ratio of the Higgs boson is about 2.16 x 1073 to 2.21 x 10~2 within this mass range. This is
the process in which the first hint of the Higgs boson was seen at the LHC. This has been the
discovery channel of standard model Higgs boson.

The H — WW* channel

This is the second important decay mode. Here WT/* in turn goes to lepton pairs e /u* along
with their neutrinos [38, 39]. Now H — WW* — (lvv final state is attained by only 4% of
WW pair, but it gives a clean signal. Here the advantage is that the H — WW?™ branching
ratio is large enough. But on the other hand we cannot construct the four momentum of the
neutrinos and hence the Higgs boson mass cannot be fully reconstructed. About 68% times W
decay into hadrons and about 33% times it decay into leptons. Therefore one can also look at
state H — e*/u® + 2j. These signatures of the Higgs boson have been seen at LHC.

The H — Z7* channel

Two gluons when fused gives a Higgs boson which in turn can decay into two Z bosons. It
is a major signature. The backgrounds are gg,qq — ZZ processes. When Z boson decays to
quarks which is about 70% of the time, the other backgrounds are gg — Zj7, g9 — WW and
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gg — Wjj etc. as specific to case by case. However when H — ZZ*, which in turn goes to
40* leptons is a golden channel [24, 28, 29, 30]. It may be noted that one of the Z bosons is
virtual. The branching ratio of H — ZZ* is only 1.49% - 3.80% in the above mass range. This
is the decay mode, along with H — 7, where the Higgs boson was first seen at the LHC.

The H — 777~ channel

Higgs boson produced via gluon fusion can decay into two 7 leptons which in turn decay into
either leptons or hadrons. A tau lepton decaying into leptons is always associated with a
corresponding neutrino to conserve lepton number. Therefore in this decay mode the Higgs
boson mass can not be reconstructed easily. The hadronic decays of a tau lepton also has a
neutrino but the tau lepton can be identified as a hard jets. These jets have a high pr value
and are narrow. They can be detected in electromagnetic calorimeter. This decay mode has
been seen at the LHC recently.

2.3.2 The Vector Boson Fusion Mechanism

In this process, accompanying jets haves low pr and are close to the beam pipe and can be
tagged. The various backgrounds can be eliminated by central soft-jet vetoing and double
forward jet tagging. After the proper vector boson cuts are applied, the background is still
very large. The production cross-section is about few pico-barn for the Higgs boson of mass
range My = 120 GeV - 130 GeV. The ratio of signal events to the background events is about
one. However this process is a theoretically clean process as the renormalization, factorization
scale dependence and PDF uncertainties are small. At the LHC, this process will play important
role in determining the couplings of the Higgs boson with other standard model particles.

The H — vy channel

This channel will give a rather clean signature. It virtually contains very little background, but
the branching ratio of the Higgs boson going into two photons is very small and hence it is a
rather exotic process. The backgrounds are pp — 5577 , pp = W~yv, pp — Z~7y, when W and
Z bosons decay hadronically. With high luminosity this process may be seen at the LHC.

The H — bb channel

If we consider the decay channel H — bb, then the signature will be 4 jets. A overwhelming
QCD background is pp — 45. Because of very large background very special techniques would
be needed to see this channel.
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The H — 77 channel

This is a very promising channel for detecting a Higgs boson between mass range 120 GeV <
My < 130GeV. The signatures qqH — qqr7 — qqee/pu + E, qqep + B, and qqlh + F can
give a large significance, specially with 7 jet tagging.

The H — WW* channel

When a Higgs boson is formed via vector boson fusion we have two hadron jets plus a Higgs
boson in the final state. When the Higgs boson decays into two W bosons the background of
the above process are pp — jJWW pp — 77757, pp — jjtt and others, which depends on how
W boson will decay.

In this process, when both of the Ws decay into leptons and their corresponding neutrinos, the
Higgs boson mass cannot be reconstructed [31]. This process may not be a very good discovery
channel. When W bosons will decay into hadrons/leptons, with proper cuts, the background
can be removed [12, 24, 32]. In simulations, which is done at parton level the qqH — qqlvlv
channel, the signal and the ¢t plus zero, one and two jet backgrounds has been studied. It has
been found that one may be able to detect the Higgs boson through this channel.

The H — Z7* channel

Calculations for this channel have also been done for the LHC [33, 34]. But H — ZZ* branching
ratio is very small. Above it, the branching ratio of ZZ — ¢0¢¢ is also very small and ZZ — (055
has to be considered. The largest background for this process is pp — Z+4j. There are number
of other significant backgrounds to this channel. This process would be visible at very high
luminosity only.

2.3.3 The Higgs Straulang Mechanism

The production of the Higgs boson in association with a vector boson, when vector boson decays
into ¢ = e* /u* can be a good channel for the detection of the Higgs boson. This process has
also been looked for at the LHC and can be seen.

In the case of pp — HW, the W — /lv the branching fraction is 0.2. For the pp — HZ
process, Z — (¢ the branching fraction is 0.06. The cross-section of q¢' — W H production is
1.5 times more than q¢' — Z H cross-section. Hence the number of signal events for the process
pp — HZ — H/U{ will be much smaller. The approximate branching ratio of Z — vv is about
18% which has also be taken into consideration in literature. Overall pp — HW, will be a good
process to observe.
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The H — vy channel

When the vector boson decays hadronically and the Higgs boson decays into two photons the
signature is pp — 75y The major backgrounds will be direct production of pp — j7jvv. This
process has been studied in literature. Because of smaller cross-section, this has limited value.

The H — bb channel

In this channel, when W-boson decay hadronically, the QCD backgrounds cannot be controlled.
Therefore, one considers the leptonic decay of W boson, When H — bb, the final state would
have e*/u® + 2j. Even here the background from pp — Wjj, tt will be very high. Therefore
tagging of the jet as a bottom jet would be important. The signature of e*/u* + 2b will be
useful with proper cuts to eliminate Wbb and tf backgrounds. Observation of an extra jet which
is not hard has been found to increase the viability of this signature. At the LHC, this is a
very useful signature. It has already been looked for at the LHC.

The H — 77 channel

In this channel the number of events are very small because the H — 77 branching ratio is
small, of a few percent. Here calculations are done for the signal pp - ZH/WH — jjrr. A
large luminosity and improved tau identification mechanism is needed to detect the signal at
the LHC [32, 35].

The H — WW* channel

The branching ratio of H — WW™* in the mass range 120 GeV < My < 130 GeV is very large
and hence a good discovery channel [32, 36, 37]. The background is pp — WW + W/Z which
is overwhelming and irreducible. The ¢t pair production also add considerably towards the
background. Here the signature can be pp — HW/HZ — WW*jj — Uljj,pp — HW/HZ —
WW+jj — 55 and pp — HW/HZ — WW*jj — €0 + Ep. Over all this is a useful channel.

The H — ZZ* channel

The branching ratio of H — ZZ* is very small [33, 34] in the mass range 120 GeV < My <
130 GeV. The cross-section for the process pp — HW/HZ — ZZ*{v/Z Z*{{ can be small but
the process is very clean and can be seen at LHC with large luminosity.
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2.3.4 The pp — ttH Mechanism

The signatures of this process is the topic of this thesis. This process, when H — bb has been
looked for at the LHC. In this thesis, we are interested in the signatures when H — 77, WW*.
With these decay modes, we can have multi-jet signatures, e/u +jets, di-lepton + jets, and
multileptons + jets signatures. First two signatures are still under study. Last two signatures
have been studied and the results are reported. All these signatures can be seen at the LHC
with enough luminosity. One of the measure findings is the importance of the tau-jet tagging
to reduce the backgrounds. We will discuss these signatures in detail in chapters 4 and 5.
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Chapter 3

Discovery of the Higgs Boson

The Higgs boson was searched at many collider, including the LEP1, LEP2 and Tevatron.
Before LHC began operation in 2009, the lower bound on the mass of the Higgs boson was of
the order of 115 GeV [1]. The bound came from LEP2 where the Higgs boson could be produced
through the process ete™ — ZH and e*e™ — v, H. The LEP2 precision data also produced
an upper bound of approximately 180 GeV [2]. There was also provisional exclusion of the
mass range 160 - 166 GeV at the Tevatron [3]. These bounds overshadowed lower theoretical
vacuum stability bound and upper theoretical bound based on triviality of scalar field theory
[4]. At last the Higgs boson was discovered at the LHC [5]. The discovery was made using the
CMS and ATLAS detectors. In 2012, the CMS and ATLAS collaborations presented strong
evidence for the existence of the Higgs boson of mass about 126 GeV. Subsequent analysis of
the data has confirmed the evidence for the Higgs boson. In this chapter, we will first discuss
the LHC, then the CMS and the ATLAS detectors. We will also discuss how the Higgs boson
was discovered.

3.1 The Large Hadron Collider (LHC)

Currently, the LHC is world’s most powerful particle accelerator. It works on the principle that
by continuously passing the protons through a radio frequency field one could accelerate the
protons rotating in a magnetic ring to higher and higher energy indefinitely. However there is
a limit to the increase in the energy. When any charged particle rotates in a magnetic ring
there are synchrotron losses. The synchrotron losses of an accelerating proton is about few
keV per turn at the LHC. The LHC has a high luminosity of 10?3 cm~2s~! and a data taking
efficiency equal to 107 seconds per year. This high luminosity is achieved by strong currents.
A set of dense proton bunches containing up to 110 billion protons per bunch pass through the
accelerator. The distance between the two consecutive bunches is about 25 ns, in a distance
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Figure 3.1: The LHC at the border of Switzerland and France with its detectors

of 7.5 m. It is also required to squeeze the protons transversely by using magnetic lenses to a
small spot so that the probability of collision of two protons increases [6].

There are several steps for accelerating a proton beam in the LHC. Protons are obtained
by stripping electrons from hydrogen atoms. This proton beam is accelerated by a series of
accelerators. First one uses LINAC-2, which pre-accelerates the protons to 50 MeV. This is
followed by Proton Synchrotron Booster (PSB). PSB consists of four superimposed rings which
accelerate the protons to 1.4 GeV. Then two large circular rings further accelerate the protons
to an energy of 26 GeV through Proton Synchrotron (PS) and 450 GeV through Super Proton
Synchrotron (SPS). This beam is inserted into LHC. The beams are transferred from SPS to
the LHC machine via 3 km long transfer line. To provide appropriate bunch distance, size and
intensity the PSB-PS-SPS require significant upgradation of energy from one channel to the
other.

The energy increases by a factor of 10-20 in each acceleration step. The creation of bunch
pattern and the proton bunches is done by injector. The chain can be summarized as follows:
66 booster bunches are injected into the PS; each of these is split into 12 smaller bunches giving
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a total of 72 bunches at extraction; between 2 and 4 batches of 72 bunches are injected into
the SPS giving from 144 up to 288 bunches; finally, a sequence of 12 extractions of (up to)
288 SPS bunches is injected into the LHC, giving a maximum of 2808 bunches (39 groups of
72 bunches). The filling scheme (difference between the 3564 possible and 2808 actually filled
bunches) foresees a number of short gaps for, e.g., kicker magnet rise times in the injection
chain.

The protons when injected to the LHC apparatus are accelerated from a range of 450 GeV
to 7 TeV. This acceleration is gained in about 20 minutes. The average energy received by
the protons is about 0.5 MeV per turn when passing the electrical radio-frequency (RF) fields
created in 8 superconducting cavities per beam with a peak accelerating voltage of 16 MeV.

The LHC consists of arcs of 2.45 km with bending dipole magnets and 8,545 m long straight
sections. The LHC has a circumference of about 27 km. The strong magnetic field of about
8.3 T is provided by super conducting electromagnets which are kept at 1.9 K. There are 1232
dipoles and 392 quadruples. The cost of the project is about 5 billion euros. The 4 major
particle detectors ATLAS, CMS, ALICE and LHCDb have been constructed and are placed in a
huge underground caverns located at four of the straight sections. Some specialized detectors
will also be used for specific purposes. These are TOTEM, LHCf and MODAL.

3.2 The ATLAS and CMS Detectors

The CMS and the ATLAS are general purpose detectors which can measure physical events of
interest in the high luminosity of 7 TeV - 14 TeV pp collisions [7, 8]. The range of detector
span from charm and beauty physics at lowest transverse momenta (3 GeV), to new physics
searches up to the highest reachable scales (4 TeV). The cross-sections of interesting physical
processes vary over many orders of magnitude at the LHC. They range from dominating QCD
process to rare high scale processes. The vast scales that are to be explored at the LHC drive
the detector design.

Both the ATLAS and CMS detectors have four major components:

inner tracker

calorimeters

e muon spectrometer

magnet systems

Actual design and performance for these components vary for both the detectors.
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Figure 3.2: The schematic diagram of the ATLAS detector

3.2.1 The ATLAS Detector

This is a general purpose detector. Its magnet system is toroidal in shape. It is 46 m long, 25
m high and 25 m wide. It weighs 7000 tons. In run I, it collected integrated luminosity of 27.03
fb=!. Its all system have been upgraded for run II that will start from April 2015. In run I, its
trigger system selected about 100 interesting events per second from 500 million collision per
second.

The ATLAS Inner Detector

The inner detector starts from few centimeter from the proton beam axis. It has a radius of 1.2
meters and it is about 7 meters in length [9, 10, 11]. Its function is to detect the charged particles
when the particles interact with the material at the discrete points of the detector. It gives the
detailed information about the type of the charged particles and about their momentum.

The Pixel detector is the innermost part of the detector which has three concentric layers of
three disks on the each end-cap, with total 1,744 modules, each measuring 2 cmx6 cm. The
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detecting material is about 250 micrometers thick silicon layer. The smallest unit which can
be read out is about 50x400 micrometers. The number of pixel is about 47,000.

The middle component of the inner detector is the Semi-Conductor Tracker (SCT). It has same
function as the pixel detector. It is the most critical part of the inner detector. The Semi-
Conductor Tracker is used for basic tracking in the plane perpendicular to the incoming beams.
It measures particles over a much larger area than the pixel detector, with equal accuracy but
with more sampled points.

The Transition Radiation Tracker (TRT) is the outermost component of the inner detector.
It is a combination of a transition radiation detector and straw tracker. The uncertainty of
position resolution is about 200 pm. This detector is not as precise as the above discussed
detectors. In TRT, particle paths with many very strong signals can be identified as belonging
to the lightest charged particles i.e. electrons and positrons.

The ATLAS Calorimeters

The calorimeters are placed at the outer part of the solenoidal magnet which surrounds the
inner detector [12, 13]. It measures the energy of the particles by absorbing them. The two parts
of the calorimeters are inner electromagnetic calorimeter and the outer hadronic calorimeter.
Here both the calorimeters are sampling calorimeters [14].

The inner electromagnetic calorimeter absorbs the energy from the charged particles as well as
photons. Whereas the hadron calorimeter absorbs energy from those particles that pass from
the electromagnetic calorimeter but do not interact with it. It is less precise than the inner
calorimeter in terms of energy magnitude and localization.

The calorimeter consists of metal plates that acts as absorber and sensing elements. The
interaction of the particles with the metal plates converts it into a ‘shower’. The showers in the
Argon, liberates electron which are then recorded. In the outer section, the sensors are tiles of
scintillating plastic. The showers lead the plastic to emit photons which are thus recorded.

The ATLAS Muon Spectrometer

The muon spectrometer is the one of the largest tracking system of the ATLAS [15, 16]. Tt
consists of three parts: a magnetic field provided by 3 toroidal magnets, a set of 1200 chambers
which measure the tracks of the outgoing muons, with high spatial precision and a set of
triggering chambers. This sub-detector extends from a radius of 4.25 m close to the calorimeters
out to the full radius of the detector i.e. 11 m. The large size of muon spectrometer is used
to measure the momentum of the muons accurately. The detector is tuned to measure the
momentum of 1 TeV muons with 10% accuracy and momentum of 100 GeV muons with 3%
accuracy [17].
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The ATLAS Magnet System

It contains three different magnetic systems: a thin solenoid inner diameter 2.46 m, thickness
5 cm, axial length 5.8 m, axial magnetic field 2 T at the center of the tracking volume around
the inner tracking system, and 8 barrel and 2x8 endcap air-core toroid magnets magnetic fields
between 0.5 T and 4 T, strongly varying with the radial distance from the toroid are arranged
radially around the hadron calorimeters such that the Lorentz force bends charged tracks along
their z coordinates. The toroid magnets do not affect the central solenoid field. All magnet
systems are superconducting. Since there is a high magnetic field, highly energetic particles
also curve enough so that their momentum is determined. The magnetic field is uniform in
direction and the strength of the magnetic field allow to measurement of the momentum of the
particles very accurately [18].

3.2.2 The CMS Detector

The CMS detector is another general purpose detector at the LHC. It is built around a huge
solenoidal magnet. This cylindrical coil of superconducting wire can generates a magnetic field
of 4 T. It is 21 m long, 15 m high and 15 m wide detector. It weighs 12,500 tons. For run II,
it has been upgraded for higher energy and luminosity.

The CMS Inner Tracker

The tracker is designed to reconstruct the paths of highly energetic particles as well as to see
tracks of short lived particles [19]. The tracker is made up of silicon only. The core of the
detector which are the pixels deals with highest intense particles. The CMS silicon tracker has
14 layers in the endcaps and 13 layers in the central region [20]. The innermost three layers has
66 million in total pixels which are 100x150 micrometer in dimension. The next four layers
has a 10 cm x 180 pm silicon strips, followed by remaining six layers of 25 cm x 180 pm strips
It is used to reconstruct the path of highly energetic particles like muon, electron and hadrons
very precisely. It can also see tracks coming from the decay of very short-lived particles such
as “b quarks”. By making accurate position measurement, to record particle paths, tracks are
constructed by using a few measurement points. Each measurement is accurate to 10 pm.

The CMS Calorimeters

Like the ATLAS detector, the CMS calorimeter has two components - electromagnetic and
hadronic. The electromagnetic calorimeter measures the energy of photons and electrons with
high precision [21]. The electromagnetic calorimeter is made up of crystals of lead tungstate,
PbWOy. 1t has barrels section and two end caps which forms a layer between between the

33



CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 um) ~16m* ~66M channels
Overalllength  :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

PRESHOWER

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 3.3: The schematic diagram of the CMS detector

34

Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels



hadronic calorimeter and the tracker. The cylindrical barrel has 61,200 crystals formed into 36
“supermodules”. The ECAL is extremely dense but of optically clear material, which is used
for stopping high energy particles. The lead tungstate crystal scintillates when electron or a
photon passes through it. It produces light proportional to particles energy. For extra spatial
precision, the ECAL also contains pre-shower detectors that sit in front of the endcaps. This
allows the CMS to see the difference between single high energy photon and low energy photon.

The Hadronic Calorimeter is used for the measurement of energy of particles made up of gluons
and quarks i.e. hadrons [22]. It also provide the information about the non-interacting particles
like neutrinos [23]. It is made up of layers of dense material interleaved with tiles of plastic
scintillators. The dense material and the plastic scintillators allow the maximum amount of
absorbing material inside the magnet coil. Brass is used in the end caps of the calorimeter [24].

The CMS Magnet System

The CMS detector has a single, large solenoid magnet (axial length 12.9 m, thickness 60 cm
and inner diameter 5.9 m). The magnet is used to fully immerse the inner tracking systems
and hadronic calorimeters and electromagnetic calorimeters and in a 3.8 T axial magnetic field
[25]. It also provides measurement of muon momentum via the 2 T field in the flux return yoke
made out of 10,000 tonnes of steel. The job of the big magnet is to bend the paths of particles
emerging from high-energy collisions in the LHC. The more momentum a particle has the less
its path is curved by the magnetic field, so tracing its path gives a measure of momentum [26].

The CMS Muon Detector

To identify the muon particle and to measure the momentum of the muon, the CMS has three
types of detectors, drift tubes, resistive plate chambers and the cathode strip chambers [27].
The drift tube is used to measure the precise trajectory in the central barrel region. The resistive
plate chambers (RPC) gives a fast signal when muon passes through the muon detector. The
Cathode strip chambers (CSC) are used in the end caps. The muon chambers are kept at
the end part of the CMS detector where they can register their presence. Drift tube system
measures muon positions in the barrel part of the detector [28]. Cathode strip chambers are
used in the endcap disks where the magnetic field is very uneven and particle rates are very
high. When a muon passes through a CSC or RPC, it knocks out an electron from the atom
in its path and create an avalanche of electron. It helps in detecting muons.

35



3.3 Discovery Of the Higgs Boson

On July 4, 2012, there was a presentation at the CERN, with a press release “CERN experiments
observe particle consistent with long-sought Higgs boson”. According to the ATLAS experiment
spokesperson Fabiola Gianotti “We observe in our data clear signs of a new particle, at the level
of 5 sigma, in the mass region of around 126 GeV but little more time is needed to prepare these
results for publication”. According to the CMS collaboration spokesperson Joe Incandela.“ The
results are preliminary but the 5 sigma at 125 GeV we are seeing is dramatic. This is indeed a
new particle”.

The results, that were presented, were based on the data collected in 2011 and 2012. Results
were preliminary and the full data was still being analyzed. Main evidence for the Higgs boson
came from the production process gg — H and its decay into rare decay channels H — vy and
H — ZZ*. Looking at the mass distributions of photons and four leptons, one could observe
the existence of the Higgs boson. The decay mode H — WW™* was also important. It was
combination of data, which together was giving the strong evidence of the existence of the
Higgs boson.

With more complete data analysis, now the existence of the Higgs boson has been established.
March 14, 2013, CERN press release said, “New results indicate that particle discovered at
CERN is a Higgs boson”.

3.3.1 Discovery Of the Higgs Boson at the ATLAS

Argument for the discovery of the Higgs boson by the ATLAS collaboration [29] was based on
the analysis of the dataset corresponding to the integrated luminosity of 4.8 fb=! at the CM
energy of 7 TeV, collected in 2011, and 5.8 fb~! at CM energy of 8 TeV, collected in 2011 and
2012. They searched for the channels H — ZZ* — 4¢, H — ~~y and H — WW?¥. The previous
analysis which was based on 7 TeV data for H — ZZ* — 4, H — vy H — WW*, H — bb and
H — 77 were also used to strengthen the evidence. They found the evidence for the existence of
a neutral boson with the mass of about 125 GeV. The observation had the combined significance
of 5.9, corresponding to a background fluctuation probability of 1.7 x 107?. The observations
were also compatible with the production and decay of the standard model Higgs boson.

The search of the standard model Higgs boson via its decay into the channel H — ZZ* — 4¢ |
where / is either a electron or a muon, has a very good sensitivity over a range of Higgs boson
mass between 110 GeV - 600 GeV. This is due to a very good momentum resolution of the
ATLAS detector. The analysis comprises of selection/identification of two pairs of same flavor
leptons with opposite sign. The expected cross-section is about 2.2 fb for the C.M. energy 7
TeV and 2.8 fb for the C.M. energy 8 TeV for a Higgs boson of mass 125 GeV for the process
H — Z7Z* — 40. The largest background comes from the continuum (Z*/v*)(Z/~v*). For this
range of the mass of the Higgs boson, there are other backgrounds, these are Z + jets and tt
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Figure 3.4: The distribution of the four-lepton invariant mass, my,, for the selected candidates,
compared to the background expectation in the 80-250 GeV mass range, for the combination
of the 7 TeV and 8 TeV data. The signal expectation for a SM Higgs with my = 125 GeV is
also shown.

production. Here the charged lepton background arise from th decay of hadrons with b or ¢
quark content or from mis-identification of a jet [29].

The expected distribution of my, for the background and also for the Higgs boson signal with
mpy = 125 GeV are compared to the data in Fig 3.1 [29]. The numbers of observed and expected
events in a window of £5 GeV around my = 125 GeV were presented for the combined 7 TeV
and 8 TeV data. The distribution of the mgy versus mi, invariant mass is shown in Fig.3.2 [29].

The search of the Higgs boson through the decay H — 7~ was performed for the mass range
110 GeV and 150 GeV. The main background is the standard model diphoton production.
The other contribution comes from the processes v + jet, jet + jet, when one or two jets are
mis-identified as photons. In this case also 7 TeV data was re-analyzed and merged with 8 TeV
data. The distributions of the invariant mass, m.,, of the diphoton events, summed over all
categories, are shown in Fig.3.3 [29]. The result of a fit including a signal component fixed to
my = 126.5 GeV and a background component is superimposed.

The signature of the channel H — WW* — evuv has two opposite charged leptons with
large transverse momentum and a large momentum mis-match due to escaping neutrinos. The
dominant backgrounds are non-resonant WW, tt, and Wt production, all of which have real
W boson pairs in the final state. The other important backgrounds are pp — Z/~v* — (¢ with
missing transverse energy which may arise from mis-measurement. The W + jet events in which
a jet fakes a electron/muon is also a background.The analysis presented in the paper was for 8
TeV center of mass energy in the mass range 110 GeV < my < 200 GeV [30].
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Figure 3.5: Distribution of the mg4 versus the mq, invariant mass, before the application of
the Z-mass constrained kinematic fit, for the selected candidates in the my, range 120 — 130
GeV. The expected distributions for a SM Higgs boson with my = 125 GeV (the sizes of the
boxes indicate the relative density) and for the total background (the intensity of the shading
indicates the relative density) are also shown.

The mass of Higgs boson between the mass range 110 GeV - 582 GeV was excluded with 95%
confidence level except some regions. The regions which were excluded with 95% confidence
level are 111 GeV - 122 GeV and 131 GeV - 559 GeV. The mass regions excluded with 99%
confidence level were 113 GeV - 114 GeV, 117 GeV - 121 GeV and 132 GeV - 527 GeV, while
the expected exclusion range at 99% confidence level was about 113 GeV - 532 GeV.

For the combination of data at 7 TeV and 8 TeV, the largest local significance was found for
the standard model Higgs boson with the mass hypothesis my = 126.5 GeV. The significance
reaches a value of 6.0 0. In the 2012 data, the maximum local significance of 4.9 o was
reached for the channels H — Z7* — 4, H — vy and H — WW* — (vlv. The channels
H — 77" — 40 and H — 77 were also showing an excess of events which had the highest
mass resolution. While considering the full mass region of the search, 110 GeV - 600 GeV, for
the value of p, = 1.7x10~7 the global significance of the excess was obtained as 5.1 o. The
mass of the observed new particle for the process H — ZZ* and H — 7 is about 126 GeV.

The above discussed results gave an conclusive evidence for the discovery of a new particle with
mass 126.0 GeV. The newly discovered particle decays to a pair of vector bosons. The vector
bosons have the net electric charge zero which tells the newly discovered particle is a neutral
boson. The spin-1 hypothesis was disfavored by the observation in the diphoton channel. The
above results were compatible to the fact that the newly discovered particle was a Higgs boson.
More complete analysis later confirmed the discovery.
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The residuals of the data and weighted data with respect to the respective fitted background
component are displayed in (b) and (d).
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3.3.2 Discovery of the Higgs Boson at the CMS

At the same time, the results were also presented by the CMS collaboration. The database
used was 5.1 b=t at 8 TeV CM energy. The searches were performed for the five decay modes:
H = ~yy, H— Z7*, H - WW?* H — 77 and H — bb. Previous searches by the CMS
experiment had excluded the mass range 127 GeV - 600 GeV.

The CMS collaboration found the excess of events consistent with the production of a particle
with mass 125 GeV. The observed local significance of the signal was 5 o. The strongest
evidence was H — ~v, with significance of 4.1 o, followed by H — ZZ* channel, with a
significance of 3.2 o

For the H — ~~ decay mode, the collaboration searched for a peak in the diphoton mass
distribution in the range of 110 GeV - 150 GeV. This was on the top of irreducible direct
production of two photons. The backgrounds were discussed in the last section. Apart from
applying generic cuts to extract the events, a multivariate analysis, using boosted decision tree
was also done. The events from the vector boson fusion process for the Higgs boson production
were also included where in addition two jets were tagged. The CMS collaboration presented
the results in terms of signal strength which was found to be 1.6 for 125 GeV Higgs boson.
They also considered local p-value to show the existence of such a boson.

For the H — ZZ* decay mode, the backgrounds are similar to that discussed in the case of the
ATLAS searches. They selected again ZZ — 44 events in the range of 110 GeV < my, < 160
GeV. The 4/ events consisted of 4e, 4y and 2e+2u. The background is very small. The CMS
found the signal strength for this mode to be 0.7. Local p-value had a minimum at my= 125.6
GeV.The significance was 3.2 o.

The CMS collaboration when combined the data for both the decay modes H — ZZ* and
H — 27, a significance of 5 ¢ was achieved. Because of large backgrounds, the addition of
H — WW*, H — bband H — 77 signal events did not increase the significance. We note that
the situation in last two years has significantly improved. Now decay modes H — WW™* and
H — 77 are also showing an excess of events over background events.

3.3.3 Study of the Spin and Parity of the Higgs Boson

Both CMS and ATLAS collaborations have analysed their data to determine the spin and parity
of the detected particle [31, 32]. Both experiments have determined that it is a scalar particle,
ie., JI =07,

The ATLAS experiment studied the parity and spin quantum numbers [31] using the Higgs
boson decay into the channels H — vy, H = ZZ* — 4¢ and H — WW"* — (vlv, individually
as well as the combination of the above. The analysis was done at the integrated luminosity
of 20.7 fb~! at the center of mass energy of 8 TeV. For the channel H — ZZ* — 4/ data
with integrated luminosity of 4.6 fb~! at 7 TeV was also used. Because of the observation
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of the H — ~~v decay mode, the possibility of spin-1 was excluded by Landau-Yang theorem
[33]. Still data was analysed by considering models for various spin-parity assignments. Angular
correlations between decay products, angular, momentum and mass distributions favoured with
very high confidence level the assignment of J¥ = 0%,

The CMS experiment [32] used 7 TeV and 8 TeV data with integrated luminosity of 17.3 fb~.
They only looked at the decay channel H — ZZ* — 4¢. The spin and parity of the particle
is sensitive to angular distribution of the lepton pair in this channel. The data was consistent
with spin 0 hypothesis. Pure pseudoscalar hypothesis was not favoured.

3.4 Searches of the Other Production Mechanisms

The production mechanisms pp — VH, where V. = W/Z [34, 35, 36, 37] and pp — ttH
[38, 39, 40] have also been looked for by the both collaborations. For these mechanisms, most
promising decay channel is H — bb. However, H — ~v decay mode has also been searched for
the ttH process.

The ATLAS experiment [35] has analysed its 7 TeV and 8 TeV data to search for the pp — V H,
where V = W/Z processes, with H — bb. The W boson was decaying semileptonically, while
7, could decay into leptons or neutrinos. The signal still does not have enough significance,
only 1.4 (2.6) ¢ for HW(Z) production. The CMS experiment [36, 37] has also analysed its
data for decay modes similar to the ATLAS experiment. The most recent analysis has only a
significance of 2.1 . However, it is clear that in the run II, both experiments would be able to
observe this production mechanism.

The ATLAS experiment [38] has found no excess above the background for the ¢t¢H production.
The CMS experiment [39, 40] experiment has made a more serious search using even neural net
techniques to enhance the signal. They have also considered the pure hadronic decay channels
also. This production mechanism is still to be established. However, as we show in this thesis,
in the run II, this production mechanism should be observable.

3.5 The Status of the Higgs Boson Since July 2012

Since the July 4, 2012, announcement and accompanying papers, not only the discovery of the
particle has been firmly established, but also its status as a standard model Higgs boson has
been affirmed.

Both the collaborations have almost completely analysed their data for the production mech-
anism gg — H with the subsequent decay of the Higgs boson into decay channels H —
vy, ZZ*, WW* 71 in detail [41, 42]. Some other rare decay channels H — ~Z, uu have also
been looked for. Other major production mechanisms, vector boson fusion, V H production,
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and ttH production have also been searched. In these processes, the decay channel H — bb
has been looked for. The CMS and ATLAS experiments have also searched for some other rare
decay modes of the Higgs boson also — H — vZ, H — puu [43, 44, 45, 46]. Because of very
small branching ratios, only some bounds on the branching ratios have been placed.

The ATLAS collaboration has analysed its complete data set of about 25 fb=! collected at
7 TeV and 8 TeV [41]. They have analysed all major production and decay mechanisms.
The data set is consistent with the existence of a standard model Higgs boson of the mass
125.5 GeV with less than 0.5% uncertainty. Since then individual decay channels have been
analysed in more details. The CMS collaboration has also done a complete analysis. They also
find the discovered particle to be consistent with the standard model Higgs boson with mass
of 125.02 GeV with less than 0.5 % uncertainty. The CMS experiment has also used decay
channels H — ZZ*, WW?™ to rule out the existence of the Higgs boson between the mass range
127 — 710 GeV [47].
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Chapter 4

Higgs Boson Production in Association

with a Top Quark Pair

We consider the possible production of the Higgs boson in association with a top-quark pair
and its subsequent decay into a tau-lepton pair or a W-boson pair. This process can give rise
to many signatures of the Higgs boson. These signatures can have electrons, muons, tau jets,
bottom jets and/or light flavor jets. We analyze the viability of some of these signatures. We
will look at those signatures where the background is minimal. In particular, we explore the
viability of the signatures “isolated 4 electron/muon” and “isolated 3 electron/muon + a jet”
The jet can be due to a light flavor quark/gluon, a bottom quark, or a tau lepton. Of all
these signatures, we find that “isolated 3 electron/muon + a tau jet”, with an extra bottom
jet, can be an excellent signature of this mode of the Higgs boson production. We show that
this signature may be visible within a year, once the Large Hadron Collider (LHC) restarts.
Some of the other signatures would also be observable after the LHC accumulates sufficient
luminosity.

4.1 Introduction

In this chapter, we focus on the production mechanism pp — ttH, at \/s= 14 TeV, with the
subsequent decay of the Higgs boson into a tau-lepton pair [16], or a W-boson pair. There
are enormous possibilities for a variety of signatures because there are many heavy particles in
the final state which then decay into many more particles. In this letter, we will look at those
signatures which have most leptons in the final state. More leptons in the final state means
smaller background. However, it comes at the cost of fewer signal events. In a subsequent
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paper [17], we will analyze the signatures which have fewer leptons and more jets. There we
will have more signal events, but larger background.

In the next section, we will discuss production, decay and signatures in a bit more detail. In
the section 3, we would discuss the backgrounds. In the section 4, we would present numerical
results. In the last section, we would conclude.

4.2 Production, Decay and Signatures

We are considering the production of the Higgs boson with a top-quark pair. This is fourth
most important production mechanism. The process occurs through gluon-gluon or quark-
quark annihilation. We will consider semileptonic decay of both the top quarks and the decay
of the Higgs boson into a tau-lepton pair, or a W-boson pair. For the My = 120 — 130 GeV
, the tau-lepton decay mode has a branching ratios of a 5 — 7 percent. The tau-lepton can
further decay into an electron/muon or hadrons and neutrinos. When it decays into hadrons, it
manifest itself as a jet — tau jet. This jet has special characteristics compared to a quark/gluon
jet. It is narrow and has very few hadrons. It is narrow because of the low mass of the tau
lepton; it has few hadrons because tau lepton mostly has one-prong or three-prong decays.
These properties of a tau jet can be used to distinguish it from a quark/gluon jet. The W-
boson decay mode of the Higgs boson has a branching ratio of 14 — 30% for the Higgs boson
with the mass in the 120 — 130 GeV range. Here both W-boson cannot be on-shell. The
W-boson decays into leptons/quarks and neutrinos.

This production and decay chain can give rise to a multitude of signatures. The final state can
have only jets, one electron/muon and jets, two electron/muon and jets, three electron/muon
and jets and four electron/muon and jets. Some of these jets can be bottom jets or/and tau jets.
Of all these signatures, because of the larger branching ratios, “only jets” signature will give
rise to most signal events; but it will also have the largest background due to the production of
the jets through the strong interaction processes. On the other hand, we have a signature of “4
electron/muon + jets”. This signature has least number of signal events, but also the smallest
background. One of the drawback of all these signatures is that one cannot reconstruct the
Higgs boson mass through its decay products. This is because of the presence of many neutrinos
in its decay products. However, as we will see, due to the manageable background, we can still
identify the Higgs boson through these production and decay chains.

We shall consider the signature of “ 4 electron/muon + jets” and “3 electron/muon + jets”.
Because of the small cross section for such events, due to small semileptonic branching ratios, we
would minimize the number of jets to be observed. This will help us in increasing the number
of signal events marginally, without increasing the background. So in the end, we shall be
considering four signatures: “4 electron/muon”, “3 electron/muon + a jet”, “3 electron/muon
+ a tau jet”, and “3 electron/muon + a bottom-jet”. In this list, “3 electron/muon + a jet”
will have largest signal events, while “4 electron/muon” will have the least number of signal
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events. We will also consider the signature “3 electron/muon” alone. The numerical results
would be presented for three of these signatures, as the other two have large backgrounds.

Let us first consider the signature: “4 electron/muon”. Such events occur when both the top
quarks and tau leptons decay semileptonically. Such events also receive contributions when
the Higgs boson (in t¢H production) decays into 2 W-bosons. We will see that it makes larger
contribution. Another contribution comes from the process gg — H and H — ZZ*. Such a
contribution will be reduced if we veto events with a lepton pair of same flavor opposite charge
(SFOC) which has mass close to the mass of the Z-boson. We have not included these events
in the signature. Other signatures, with 3 electron/muon, occur when out of the top-quark
pair and the tau-lepton pair, only three particles decay semileptonically; the remaining particle
decays into hadrons/tau jet. These events also receive contribution from the decay H — WIW*
after the ttH production. In this case, tau-lepton decay mode makes larger contribution.
Because of the decay of the top quarks, these events naturally have bottom jets, irrespective
of whether we observe them or not. We will find that observation of an extra bottom jet can
increase the significance of a signature. We can also have a real tau jet in the signal events
through the Higgs boson or a top-quark decay.

4.3 Backgrounds

All the signatures under consideration will receive contribution from the signal events, i.e. the
production of the Higgs boson, and other SM processes which does not have a Higgs boson.
Question is — is the background small enough to be sure that signal events have been produced
? To establish the viability of the signatures, we shall first identify the major background
processes and then estimate their contributions. There are two classes of the backgrounds:
(1) direct backgrounds, (2) mimic backgrounds. In the case of the direct background, the
background processes produce events similar to the signal events. They have same particles as
in the signal. On the other hand, mimic backgrounds have jets, which can mimic (fake) a tau
jet, a bottom jet, or even an electron/muon. These mimic probabilities are usually quite small
— less than a percent. So even if a background has large cross section, it becomes smaller when
folded with mimic probability.

1. “4 electron/muon”: There are many processes which can be backgrounds. The source of
direct backgrounds are the processes ttZ, WW Z, WWWW, ZZ, tttt. The main sources of
mimic backgrounds are: W Z + jet, ttW, WWW + jet. These background occur when a jet
mimics an electron/muon. As discussed below, the mimic backgrounds are not significant
because of the very small probability of a jet to mimic an electron/muon, about 1077 [41].

Among the direct backgrounds, the most significant backgrounds would be due to the
production of ttZ and ZZ events and subsequent decay into leptons. Using MadGraph v5
[19], we find that the cross sections for the signal t¢H is about 0.44 pb for my = 125 GeV,
while the cross sections for 2 and ZZ are 0.66 pb and 10.8 pb respectively. Because of
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very similar structure, ttZ will always be a significant background to the signal. These
two backgrounds can be reduced by requiring appropriate My ., to be away from the
mass of the Z-boson. But the background when a Z-boson decays into a tau-lepton pair
and subsequent decay of the tau-leptons into electron/muon cannot be reduced in this
way. These and the other values of the cross sections from MadGraph are with its default
settings, unless stated otherwise. The processes WW Z, WW W W, and tttt have the cross
sections of about 100.0, 0.6 and 12.0 fb respectively. We clearly see that these processes
are not important source of the backgrounds due to small cross sections.

2. “3 electron/muon + a jet”: In this case, the direct backgrounds are ttZ, ttW, ZZ W Z +
jet, WWW +jet, WW Z; the major mimic backgrounds are ¢t and WW + 2jet. As above,
due to small probability of a jet faking an electron/muon, the mimic backgrounds can
be ignored. Most of the direct backgrounds are self-explanatory. ZZ production is a
background, when a Z-boson decays into a tau-lepton pair, and one of the tau leptons
appears as a tau jet.

3. “3 electron/muon + a tau jet”: In this case, the direct backgrounds are tt7, tttt, WW Z;
the major mimic backgrounds are tt, W Z +jet, WW +2 jet, WWW +jet, ttW. As above,
the backgrounds that fake an lepton are not important. But that backgrounds W Z + jet
and ¢t can be important where a light /bottom jet mimics a tau jet.

4. “3 electron/muon + a bottom jet”: In this case, the direct backgrounds are ttZ, ttW, tttt.
In these processes the bottom jet would appear from a top-quark decay. The major mimic
backgrounds are tt, WZ + jet, WW + 2 jet, WW Z WWW + jet, ttW.

5. “3 electron/muon”: There are many processes which can be backgrounds. The source of
direct backgrounds are the processes ttZ, ttW, WW Z, WW W, W Z tttt. The main sources
of mimic backgrounds are: WW + jet, tt. These background occur when a jet mimics an
electron/muon.

4.4 Numerical results and Discussion

In this section, we are presenting numerical results. The signal and the background calculations
have been done using ALPGEN v2.14 [44] and its interface with PYTHIA v6.325 [45]. Using
ALPGEN, we generate the parton-level unweighted events. These events are then turned into
more realistic events by hadronization, initial and final state radiation using PYTHIA. We have
also applied following generic kinematic cuts:

P’ > 20 GeV, [ < 2.5, R(jj, &, €) > 0.4.

We have used CTEQSL [46] parton distribution functions and other default parameters includ-
ing renormalization and factorization scales. For the results, we have chosen the center-of-mass
energy of 14 TeV and integrated luminosity is 100 fb~!. We take mass of the top quark is
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174.3 GeV. We are taking three different values for the mass of the Higgs boson — 120, 125 and
130 GeV.

One of our signatures has a tau jet. Both CMS and ATLAS collaborations [23] can identify
tau jets. A tau jet is a manifestation of the hadronic decays of a tau lepton. A tau lepton has
a branching ratios of approximately 65% to decay into hadrons. Two main characteristics of a
tau jet are its narrowness and presence of only a few hadrons. These two features have been
used to identify a tau jet. However, like the identification of a bottom jet, the identification of
tau jet can only be done with some probability. The other jets due to quarks/gluon can also
mimic a tau jet with small probability. Usually there is a trade-off between higher detection
efficiency and higher rejection of the mimic-jets. We are taking two cases - one with high tau
jet detection efficiency, other with low tau-detection efficiency. We are also presenting results
by identifying a tau jet with an area-variable. This variable alone would not work well, as our
number shows. The number of charge tracks will play a crucial role in discriminating a tau jet.

We are considering the detection of a bottom-jet also. We have used the identification proba-
bility (e,) of 55% [34, 35]. For other jets to mimic a bottom jet, we use the probability of 1%.
For a jet faking a lepton, the probability is quite low. A light flavor jet can mimic a lepton
with a probability of about 107°. For a bottom jet such a number is 5 x 107°. As we see in
the signature, leptons comes either from the decay of a top-quark, or the decay of a tau-lepton,
or a W-boson. So a pair of leptons would not have mass near the mass of a Z-boson. But a
number of backgrounds have a Z-boson, so we use a cut of invariant mass of SFOC leptons:
| Mo, — Mz < 15 GeV to reduce these backgrounds.

We are presenting the results for the three signatures: “3 electron/muon + a tau jet”, “3
electron/muon + a bottom jet”, and “4 electron/muon”. In Table 1, we present the results for
“3 electron/muon + a tau jet”. For the signal events, the largest contribution comes from the
tau-lepton decay channel of the Higgs boson. The Contribution of this channel is about 75%.
The contribution of the W-boson decay channel is about 25%. Here we have considered four
cases. In the first case, R-cut, we have used an area-variable of the tau jet cone, Rgfn (adapted
from [14]) to identify a tau jet. The behavior of the variable for the signal and backgrounds
without normalization are displayed in Fig. 4.1. We clearly see that in the processes where
there is a tau jet the variable is peaked towards a low value. We have checked that the area-
variable gives better tau-jet efficiencies than the radius (R7, ) [17]. We have used a cut of
Rf;n <1 x 107*. As we are using only one characteristic of the tau jet, its narrowness, so it is
not necessarily the best way [16]. We have tau-identification rate of 30% and mimic (rejection)
rate of about 3%. In the second case of LTT, low tau-tagging, we have taken the low value for
the tau-jet identification, 27%, and low mimic rate of 0.25%. Compared to the case 1, the signal
decreases a bit and some of the backgrounds, specially W Z + jet and ttW reduce significantly.
Therefore, the significance of the signature increases. The case 3 of HT'T [32], high tau-tagging,
has high identification rate of 50% and the mimic rate of 1%. We see that the significance of
the signature increases again. This is because of the larger number of signal events. In the case
4, we have used the fact that some of the backgrounds do not have a bottom jet for “free”.
So if we observe an extra bottom jet, i. e., the signature “ 3 electron/muon + a tau jet + a
bottom jet”, then the background will reduce further, thus enhancing the significance of the
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signature. Since there are two bottom jets and only one is to be identified, we have used the
identification probability of 80%. We will note that without identification of a jet some of the
backgrounds would be higher by two-orders of magnitude, making the signal harder to observe.
So identification of a jet play important role in reducing the backgrounds.
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Figure 4.1: The profile of RJ;” for the sRiegmnal and major SM backgrounds.

In Table 2, we present the results for “3 electron/muon + a bottom-jet”. So we wish to identify
a bottom jet instead of a tau jet. We now have fewer major backgrounds. But the t{W
background increases by more than a order of magnitude. This is because this process has
a bottom jet, and there is no need for this jet to mimic a tau jet. Therefore this is not an
attractive signature, but with enough integrated luminosity, this signature can be observed.

In Table 3, there are results for the “4 electron/muon” signature. In this case, 75% of the
events are through the W-boson decay channel of the Higgs boson; the rest are from the
tau-lepton decay channel. We notice that this is an observable signature with a significance
3 — 5, depending on the mass of the Higgs boson. This signature is also obtained by the
g9 — H — ZZ* process [29]. So we also look for an extra bottom jet to make the signature
exclusive for the tt H process. The major background is ttZ process. We see that the signature
“ 4 electron/muon + a bottom-jet” is a useful signature with significance approaching 5 with
100 fb~! of integrated luminosity.
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Signal, My (GeV) Backgrounds S/VB, My (GeV)
T jets id 120 | 125 130 tZ |\ WWZ | ttW | WZj | ZZ | 120 | 125 130
R-cut 22 | 20 19 14 2 12 24 29 | 2.6 2.5
LTT 20 | 18 17 13 2 2 4.1 | 3.7 3.5
HTT 37 | 33 32 23 3 10 12 | 5.1 | 4.6 4.4
B-tag/HTT | 30 | 27 26 18 0 0 0 6.6 | 5.9 5.7

Table 4.1: Number of events for the signature “3 electron/muon + tau jet” at the LHC with

the integrated luminosity of 100 fb~! with the cuts and efficiencies specified in the text

Signal, My (GeV) Backgrounds S/V/B, My (GeV)
120 | 125 130 ttZ | ttW | WZj | 120 | 125 130
42 | 34 26 26 | 312 6 23 |18 1.4

Table 4.2: Number of events for the signature “3 electron/muon + bottom jet” at the LHC
with the integrated luminosity of 100 fb~! with the cuts and efficiencies specified in the text.

Signal, My (GeV) Backgrounds S/V/B, My (GeV)
bottom jet id | 120 | 125 130 | ttZ | WWZ | ZZ | 120 | 125 130
no extra b 16 | 19 22 15 2 3 | 31|43 4.9
extra b 13 | 16 18 12 0 3.8 | 4.6 5.2

Table 4.3: Number of events for the signature “4 electron/muon” at the LHC with the integrated

luminosity of 100 fb~! with the cuts and efficiencies specified in the text
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Chapter 5

Dilepton Signatures of the Higgs Boson
with Tau-jet Tagging

We consider the process pp — ttH. This process can give rise to many signatures of the Higgs
boson. The signatures can have electrons, muons and jets. We consider the signatures that
have two electrons/muons and jets. Tagging of a tau jet and a bottom jet can help reduce the
backgrounds significantly. In particular, we examine the usefulness of the signatures “isolated
2 electrons/muons + a bottom jet + a tau jet”, “isolated 2 electrons/muons + 2 tau jets”,
“isolated 2 electrons/muons + 2 bottom jets + a tau jet”, and “isolated 2 electrons/muons + a
bottom jet 4+ 2 tau jets”. We find that signatures with two tau jets are useful. The signatures
with one tau jet are also useful, if we restrict to same-sign electrons/muons. These requirements
reduce the backgrounds due the process with Z-bosons + jets and the production of a pair of
top quarks. We show that these signatures may be visible in the run II of the Large Hadron
Collider.

5.1 Introduction

The BEH mechanism of the Standard Model (SM) now seems to have been validated with the
discovery of a Higgs boson like neutral scalar particle. The strong evidence has been presented
by the both ATLAS [1] and CMS [2] Collaborations on the basis of the data taken in run
I (2009-12) at the Large Hadron Collider (LHC). Because of the appearance of the signal in
multiple channels, as seen by both collaborations, there is little doubt that the Higgs boson of
the SM has been found. All channels of the discovery suggest a mass of about 125 GeV for the
particle.
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The LHC is now on a long shut-down to improve the luminosity and the center-of-mass energy.
When it restarts to take data in 2015, one of its major goals would be to measure the couplings
of the newly discovered Higgs boson to all the SM particles. This is specially important because
of the prediction of the existence of scalar particles, sometime with properties similar to that of
the SM Higgs boson, in various extensions and modifications of the standard model. To do so,
one will need to identify the particle through multiple processes and measure the couplings of
the scalar particle with various other SM particles. These couplings determine the branching
ratios of the decay channels and also the production cross sections. Identification of the scalar
particle through multiple processes will allow us to measure the couplings and confirm that the
scalar particle is indeed the SM Higgs boson.

In this letter, we consider the production of the Higgs boson in association with a top-quark
pair pp — ttH [3, 4], with its subsequent decay into a tau-lepton pair or WIWW*. As of now
the Higgs boson has been primarily looked through its gluon-fusion production mechanism and
then decay into channels H — vy [1, 2, 5], WW™* [6, 7|, ZZ* [8], and 77 [9, 10, 11, 12]. Various
production mechanisms and the decay channels of the Higgs boson give rise to many signatures.
Some of these signatures have already been discussed in the literature [13, 14, 15, 16, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30]. In this letter, we focus on those signatures which
have two electrons/muons (i.e., two electrons, or 2 muons, or one electron and one muon) and
jets in the final state. These jets can be initiated by a light quark/gluons, a bottom quark, or a
hadronic decay of a tau lepton (tau jet). It is experimentally possible to tag a jet from a bottom
quark or a tau lepton. Such tagging helps in reducing the strong interaction backgrounds. One
major source of the backgrounds is the production of a pair of top quarks with or without
additional jets. One strategy to reduce this background would be to restrict the signature
events to same-sign electrons/muons. We show the usefulness of this strategy, specially when
only one jet is tagged as a tau jet.

In the next section, we will discuss the signatures that we consider. In the section 3, we will
discuss the backgrounds to these signatures. In the section 4, we will present numerical results
and some discussion. In the last section, we will conclude.

5.2 Signatures

We are considering a general class of signatures “2 electrons/muons + jets”. As we see from
Table 1, without any tagging of the jets, the backgrounds due to Z bosons + jets and tf + jets
processes would overwhelm the signal. Therefore, to reduce the backgrounds, we are focusing
on the signatures with two electrons/muons and at least two tagged jets. Since the top-quark
background events always have bottoms jets, so to reduce it we will require at least one jet to
be tagged as the tau jet. These signatures occur, when after the production of ttH, the Higgs
boson decays into a tau-lepton pair or WW*. With these considerations, at least one of the top
quark accompanying the Higgs boson decays semileptonically. The possibility of a top quark
decaying into jets leads to an increase in the signal events, relative to when we have more than
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2 electrons/muons in a signature. For the Higgs boson with a mass of 120 — 130 GeV, the
tau-lepton decay mode has a branching ratios of 5 — 7 percent; the W-boson decay mode has a
branching ratio of 14 — 30%. When a tau lepton decays into hadrons, it can manifest itself as
a jet — tau jet. This jet has special characteristics. It is narrow and has very few hadrons. Its
narrowness is due to the low mass of the tau lepton; it has few hadrons because a tau lepton
decays into mostly 1 or 3 hadrons. These properties of a tau jet help us to distinguish it from
a quark/gluon jet. There is usually a 25 — 50% efficiency to tag a tau jet. The probability of
a light quark/gluon jet to mimic a tau jet can be taken to be 1 —0.1% [31, 32, 33]. A bottom
jet is broader than a light quark/gluon jet and has more particles. It can mimic a tau jet less
often. A bottom jet can be identified with a probability of about 50 — 60%, while other jets
can mimic it with a probability of about one percent [34, 35, 36].

To manage the background and at the same time to keep the signal events to a sufficiently
high level, we are analyzing the signatures “2 electrons/muons + a tau jet 4+ a bottom jet”, “2
electrons/muons + two tau jets”,“2 electrons/muons + a tau jet + two bottom jet”, and “2
electrons/muons + two tau jet 4+ a bottom jet”. In the signal, the bottom jets appear due to the
decay of the top quarks; a tau jet can occur due to the decay of the Higgs boson, or the decay
of the on-shell/off-shell W bosons from the Higgs boson or the top quarks. Electrons/muons
can appear due to a decay chain of the Higgs boson, or the decay of the top quarks. Presence
of electrons/muons in a signature is important to reduce the background. Recently, we had
considered the signatures with three or four electrons/muons [38]. We saw that the presence
of a bottom jet with four electrons/muons and the presence of one additional tau jet and a
bottom jet with three electrons/muons help in keeping the background low enough to be able
to detect the signal.

In the case of two electrons/muons, as we will see, it will be useful to have either at least
two tau jets or one tau jet with only same sign electrons/muons in the signatures. Either
of these two strategies will reduce the signal events, but will reduce the backgrounds even
more. We can have same sign charged leptons in the signature because there are three/four
on-shell/off-shell W boson in the production and decay chains under considerations. Two of
these W-bosons can produce the same-sign electrons/muons. Sources of off-shell W-bosons can
be tau-lepton, which can come from the decays of the Higgs boson, the top quark, the W-boson,
or the Z-boson. This strategy of observing same-sign leptons will significantly reduce the large
background from the production of a top quark pair with or without jets and Z + jets. Z + jets
backgrounds are significantly reduced or eliminated due to the the tagging of at least 2 jets as
tau and/or bottom jets. This tagging also reduces the top-quark pair production background
to the same-sign lepton signatures. This is discussed more in the next section.

5.3 Backgrounds

All the signatures under consideration will get contribution from the signal events, i.e. the
production of the Higgs boson, and other SM processes which do not have a Higgs boson. To
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establish the viability of the signatures for signal detection, we shall first identify the main
background processes and then estimate their contributions. We will consider both types of the
backgrounds: direct backgrounds and mimic backgrounds. In the case of the direct background,
the background processes produce events similar to the signal events. They have same particles
as in the signal. On the other hand, mimic backgrounds have jets, which can mimic (fake) a tau
jet, a bottom jet, or even an electron/muon. These mimic probabilities are usually quite small
— less than a percent. So even if a background has large cross section, it becomes smaller when
folded with mimic probabilities. Tagging efficiencies and mimic probabilities were discussed in
the last section.

One important type of background occurs when a B-meson in a bottom jet decays into an
electron/muon and this lepton is away from the jet. This leads to an extra lepton in the event.
Possibility of such backgrounds has been explored in the literature [37]. As we have argued
[38], such backgrounds which can occur due to the top quark production is not significant for
the signatures under consideration. This is mainly due to two facts — (1) we have at least one
tau jet in the signatures, so backgrounds are to be folded with the tau jet mimic probability;
this reduces the backgrounds significantly, (2) the electrons/muons in our signatures are hard
and have same minimum transverse momentum as the bottom jet from which they might have
separated; the p?b > 20 GeV. Let us now discuss the backgrounds to the signatures.

1. “2 electrons/muons + a tau jet + a bottom jet”: There are many processes which can
be backgrounds. The source of major direct backgrounds is the process tZ. The main
sources of mimic backgrounds are: tt, WZ + jet,ttW,Z + 2 jets, WW + 2 jets. We
are not considering backgrounds when a jet mimics an electrons/muons. Such mimic
backgrounds are not significant because of the very small probability of a light jet to
mimic an electron/muon, about 10~* — 107° [39, 40, 41, 42, 43].

Among the direct backgrounds, the most significant backgrounds would be due to the
production of ttZ and subsequent decay into leptons. Because of similar structure, ttZ
will always be a significant background to the signal. This background can be reduced by
requiring appropriate My, 4, to be away from the mass of the Z-boson. But the background
when a Z-boson decays into a tau-lepton pair and the subsequent decay of the tau-leptons
into electrons/muons cannot be reduced in this way. The major mimic background is the
production of a top-quark pair. Even with the folding of mimic probabilities, it remains
large enough to make the signature almost not useful. However, when we consider the
subset of events with same-sign electrons/muons, this signature becomes quite viable.
This is because now the ¢ process is no longer a significant background.

2. “2electrons/muons + two tau jets” : In this case, the direct backgrounds are the processes
ttZ, WWZ,ZZ. The main sources of mimic backgrounds are: tt,WZ + jet,ttW, Z +
2 jets, WW + 2 jets. Presence of two tau jets will be crucial to reduce the mimic back-
grounds.

3. “2electrons/muons + a tau jet + 2 bottom jets”: The source of major direct backgrounds
is the processes ttZ. The main sources of mimic backgrounds are: tt + jet,2WZ +
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jet, ttW, Z + 3 jets, WW + 3 jets. These backgrounds are similar to that of the first
signature, except that some mimic backgrounds have an extra jet.

4. “2electrons/muons + a bottom jet + 2 tau jets”: The sources of major direct backgrounds
are the processes ttZ, WW Z,ZZ. The main mimic backgrounds are: tt + jet,2WZ +
jet, ttW, Z + 3 jets, WW + 3 jets. These backgrounds are similar to that of the second
signature, except that some mimic backgrounds have an extra jet.

5.4 Numerical results and Discussion

In this section, we are presenting numerical results and discussion of the results. The signal and
the background events have been calculated using ALPGEN (v2.14) [44] and its interface with
PYTHIA (v6.325) [45]. Using ALPGEN, we generate parton-level unweighted events. Using
the PYTHIA interface, these events are then turned into more realistic events by hadronization,
initial and final state radiation. We have applied following kinematic cuts:

PP > 20 GeV, || < 2.5, R(jj, £j, £€) > 0.4.

We are presenting results for the three different values of My — 120, 125 and 130 GeV. We have
used the default values for the parameters including renormalization and factorization scales.
For the parton distribution functions, we have used CTEQS5L [46] distribution. We have chosen
the center-of-mass energy of 14 TeV and integrated luminosity of 100 fb~!. The mass of the
top quark is 174.3 GeV.

We are presenting the results for four signatures: “2 electrons/muons + a tau jet + a bottom
jet”, “2 electrons/muons + two tau jets”,“2 electrons/muons + a tau jet + two bottom jet”,
and “2 electrons/muons + two tau jet + a bottom jet”. For the bottom jet, we have used the
identification probability of 55% [34, 35]. For other jets to mimic a bottom jet, we use the
probability of 1%. For a tau jet, we consider two cases. This is because of a trade-off between
higher detection efficiency and higher rejection of the mimic-jets. In the first case of LTT, low
tau-tagging, we have taken the low value for the tau-jet identification, 30%, and low mimic
rate of 0.25% [31]. The second case of HTT [32], high tau-tagging, has high identification rate
of 50% and higher mimic rate of 1%. To reduce the Z boson related backgrounds, we have
required the missing transverse momentum to be more than 25 GeV and applied a cut on the
mass of same-flavor and opposite-sign lepton pair by requiring |My,,, — Mz| > 15 GeV. We
have smeared the jet/lepton energies using the energy resolution function

AFE a
—— = —Ob, 5.1
E VvVE (5:1)

where & means addition in quadrature. For the jets a = 0.5 and b = 0.03. For the elec-
trons/muons we take ¢ = 0.1 and b = 0.007. Since we are not using the mass of two or more
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jets, inclusion of jet energy resolution does not affect the results significantly. Lepton energy
resolution is quite good, so the results are also not significantly impacted.

In Table 1, we display results with only basic kinematic cuts with the observation of only two
electrons/muons. The table has results for the signal events and various possible backgrounds.
There are two cases of same-sign (SS) electrons/muons and opposite-sign (OS) electrons/muons.
These events may or may not have a tau or a bottom jet. This table illustrates the importance
of jet tagging and observing same-sign electrons/muons. First we note that there is marginal
differences in the two-electrons and two-muons events. This is primarily statistical, i. e., due
to the finite event sample. We also notice large backgrounds due to Z boson processes and
top-quarks only processes. A missing pr cut and a cut on the mass of the lepton pair will help
in reducing these backgrounds. Fig 1 illustrates the importance of the missing pr cut. We also
notice the virtual elimination of the background due to a top-quark pair production for the
same-sign electrons/muons. However, it will come at the cost of reducing the signal events by
a factor of about 3. In the case of only one tau jet in the signature, one will have to adopt
this strategy. For the two tau jets case, the extra rejection factor, due to the observation of
the second tau jet, can reduce the backgrounds by about a two orders of magnitude, so the
restriction to same-sign electrons/muons is not necessary.

In the Tables 2-5, we present results for various signatures for the integrated luminosity of
300 fb~!l. This is the expected luminosity for the run II. We have included only the major
backgrounds. We have also taken into account Next-to-leading-order (NLO) contributions to
the signal and background processes. To do so, we have multiplied the leading-order (LO)
results by appropriate K-factors. The K-factor is taken as 1.20 for the ttH [47] process; the
K-factors for the ¢tZ [48], ttW [49], and ZZ [50] are taken to be 1.35. The K-factor for the
W Z + jet [51] is chosen as 1.3, while for the WW Z [52] production, it is 1.7. For the processes
tt [53] and tt 4+ jet [54], K-factors are taken to be 1.5 and 1.4 respectively. For the Z + 2 jet,
the K-factor is 1.3 [55]. Because of the smaller K-factor for the signal, as compared to the
backgrounds, its inclusion increases the significance only marginally.

In Table 2, we present the results for “2 electrons/muons + a tau jet + a bottom-jet”. So we
wish to identify a bottom jet and a tau jet. We note that for the different masses of the Higgs
boson, the number of signal events are almost identical. This is because as My increases, the
branching ratio H — 77 decreases, but it increases for H — WW™*. This together with different
kinematics of the electrons/muons from these two decay modes lead to nearly same events for
different My. For example, for the My = 125 GeV case, the contribution of the WW* decay
mode is about 32%, but for My = 130 GeV it is 60%. The signal events for this signature
are the largest of all the considered signatures. This happens in part due to the appearance
of only one tau jet. With 2 pairs of W boson decaying into only three leptons, it gives rise
to an additional combinatorial factor that increases the signal events. This signature has very
large background from the t¢WW and tf processes. The significance is not good for both the LTT
and HTT cases. However, if we restrict to the same-sign electrons/muons in the signature, the
signature’s significance becomes more than 6, making it a pretty good signature.
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ep ee o 124
Process SS oS SS oS SS oS SS oS Total
ttH (120 GeV)
H— 7171 49.6 103.2 26.3 46.6 27.8 51.8 103.7 201.6 305.3
H— WW* 81.6 173.0 40.4 86.7 41.2 89.5 163.2 349.2 512.4
ttH (125 GeV)
H — 171 44.6 82.7 21.2 42.2 20.9 43.1 86.7 167.9 254.6
H— WW* 116.3 245.0 57.6 121.2 59.4 123.7 233.4 489.9 723.3
ttH (130 GeV)
H— 7171 33.4 65.8 16.8 32.5 17.9 33.4 68.1 131.7 199.8
H— WW* 150.0 315.2 72.9 153.5 77.2 162.4 300.1 631.1 931.3
ttZ 125.9 158.7 62.4 845.7 62.5 886.9 250.8 1891.2 2142.0
wWwwZz 21.5 156.0 10.4 194.8 10.4 203.0 42.3 553.8 596.2
Z7Z 228.6 474.9 116.6 34448.9 111.0 35783.0 456.2 70706.8 71163.0
tt 147.5 | 668973.8 | 98.3 334339.4 49.2 343632.1 295.0 | 1346945.3 | 1347240.3
ttj 3.5 502156.5 0.0 245773.5 3.5 255277.5 7.0 1003207.5 | 1003214.5
tHwW 471.6 920.8 223.9 450.2 244.9 458.4 940.4 1829.5 2769.9
Z2j 0.0 36207.8 0.0 4900649.0 0.0 5019321.2 0.0 9956178.0 | 9956178.0
Z3j 0.0 9668.3 0.0 1382073.3 0.0 1441322.7 0.0 2833064.2 | 2833064.2
WWZj 23.0 159.5 10.7 204.7 10.6 204.8 44.3 569.0 613.3
Z7Zj 113.1 221.6 49.2 14930.5 49.2 15479.5 211.6 30631.6 30843.2
ZZW 7.3 8.1 3.7 92.4 3.8 96.9 14.8 197.4 212.2

Table 5.1: Number of Dilepton events for 100 fb~! integrated luminosity. The results for
different flavor compositions with same-sign (SS) and opposite-sign (OS)
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Figure 5.1: Distribution of missing pr for the signal and the major SM backgrounds.

In Table 3, we present the results for the signature “2 electrons/muons + two tau jets”. The
major backgrounds are ttZ,tt, ZZ, and Z +2 jets. Significance for the 125 GeV Higgs boson is
4.0 for the HTT case. Because of the reduction in the signal events, LTT case is not as useful.
As we see, restricting to the same-sign electrons/muons is again not useful due to a paucity
of events. We can also identify an additional bottom jet. This reduces the number of signal
events, but this also leads to a significant reduction in the Z boson backgrounds. As we see
from Table 4, this signature of “2 electrons/muons + two tau jets + a bottom jet” has a very
good significance.

In the Table 5 we display the results for the signature “2 electrons/muons + a tau jet + two
bottom jets”. Here signal events are smaller as compared to that in Table 2. This is due to the
identification of an additional bottom jet. As there, here the background due to the production
of a top-quark pair is quite large. However, if we observe only the same-sign electrons/muons,
the significance may reach the observational value within the run II of LHC.
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Signal, My (GeV) Backgrounds S/V/B, My (GeV)
T jetsid | 120 | 125 130 tt7 tt W | Z25 | 120 | 125 130
LTT 333 (333 | 330 | 336 | 8228 | 567 | 30 | 3.4 | 34 3.4
HTT 555 | H52 249 061 | 32889 | 942 | 120 | 2.9 | 2.9 2.9
SS/LTT | 111 | 111 111 111 9 189 0 6.3 | 6.3 6.3
SS/HTT | 186 | 183 183 186 3 315 0 8.3 | 8.2 8.2

Table 5.2: Number of events for the signature “2 electrons/muons + a tau jet + a bottom jet”

with the integrated luminosity of 300 fb~! with cuts and efficiencies specified in the text.

Signal, My (GeV) Backgrounds S/VB, My (GeV)
T jetsid | 120 | 125 130 tHwz |\ WWZzZ | attW | tt | Z25 | ZZ | 120 | 125 130
LTT 42 | 41 37 36 6 3 9 9 30 | 44 | 4.3 3.8
HTT 117 | 114 104 111 15 9 147 | 276 | 84 | 4.6 | 4.5 4.1
SS/LTT | 14 | 14 12 12 0 0 0 0 [ 36] 36 3.1
SS/HTT | 39 | 38 35 36 3 0 0 5.8 | 5.7 5.2

Table 5.3: Number of events for the signature “2 electrons/muons + 2 tau jets” with the

integrated luminosity of 300 fb~! with the cuts and efficiencies specified in the text.

Signal, My (GeV) | Backgrounds | S/v/B, My (GeV)
T jetsid | 120 | 125 130 | ttZ | ttW | tty | 120 | 125 130
LTT 34 | 33 30 30 3 6 | 54 |53 4.8
HTT 93 | 91 83 90 6 81 1 6.9 | 6.8 6.2
SS/LTT | 11 | 11 10 10 0 3.5 | 3.5 3.2
SS/HTT | 31 | 30 28 30 3 0.4 | 5.2 4.9
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Table 5.4: Number of events for the signature “2 electrons/muons + 2 tau jets + a bottom jet”
with the integrated luminosity of 300 fb~! with the cuts and efficiencies specified in the text.




Signal, My (GeV) Backgrounds S/\/B, My (GeV)
T jetsid | 120 | 125 130 | ttZ | ttj | ttW | 120 | 125 130
LTT 126 | 126 123 129 | 2286 | 213 | 24 | 24 2.4
HTT 210 | 210 207 213 19141 | 357 | 2.1 | 2.1 2.1
SS/LTT | 42 | 42 42 43 0 72 | 40 | 4.0 4.0
SS/HTT | 70 | 70 69 71 0 120 | 5.0 | 5.0 5.0

Table 5.5: Number of events for the signature “2 electrons/muons + a tau jet 4+ two bottom
jets” with the integrated luminosity of 300 fb~! with the cuts and efficiencies specified in the
text.

Let us now comment on the possible uncertainties in the above results [3]. Theoretically,
the main sources of uncertainties are choices of parton distribution functions, factorization
and renormalization scales. In obtaining our results, we have used the NLO cross sections.
These cross sections have the uncertainties of the order 10 — 15%. Furthermore, when these
choices increase/decrease the signal cross section, they also correspondingly increase/decrease
the background cross sections. Therefore, there is a further reduction in the uncertainties due
to the cancellation when we compute the significance — a ratio. Overall, one may expect only
a few percent theoretical uncertainty in the significance of the signatures. Similarly, there will
be cancellation of uncertainties due to experimental limitations. Therefore, our results about
the significance are quite robust.
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Chapter 6

Summary

This thesis is about the signatures of the Higgs boson through the production mechanism pp —
ttH. We have considered the Higgs boson decay channels H — 77, WW*. This production and
decay chain gives rise to a number of different signatures. Some of these signatures have been
analyzed in this thesis. Remaining are under study. In particular, we have analyzed the two,
three and four lepton signatures. We have emphasized the need to tag tau-jet to control the
backgrounds. We find that in the run II of the LHC, these signatures may be visible.

In the first chapter, we gave an introduction to the electroweak model with some discussion on
the weak interaction before gauge theory, and the construction of the electroweak SU(2) x U(1)
theory. We also saw how the Lagrangian of the electroweak model was developed. Then we
discussed strong interaction and put together the standard model Lagrangian.

In the second chapter, we saw some of the production mechanisms of the Higgs boson, its
decay modes and its major signatures. In this chapter, we discussed the production of the
Higgs boson by four different mechanisms, i.e. via gluon fusion, via weak vector boson fusion,
Higgs-Strahlung process and in association with a heavy quark pair. We then discussed the
major decay modes and some rare decay modes. Combining the production mechanisms and
the decay modes we got some of the possible signatures which we discussed briefly.

In the third chapter, We discussed some elementary aspects of the LHC. Two main general
purpose detectors at the LHC are the ATLAS and CMS. Theses detectors have been used in
the discovery of the Higgs boson and are being used to find any signs of the physics beyond
the standard model. We discussed major components of these detectors. Finding the Higgs
boson has been a major achievement of the LHC. Its discovery was anounced on July 4, 2012.
Subsequent analysis has confirmed its existence. In this chapter, we have discussed the discovery
of the Higgs boson by the ATLAS collaboration in some detail. We also mentioned the discovery
by the CMS collaboration and what has happened since the discovery.
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The fourth and fifth chapters describe the research work done and form the heart of the thesis.
In the fourth chapter, we considered the production of the Higgs boson with a top-antitop
quark pair. The Higgs boson decays into a pair of tau leptons or a pair of W bosons and
we get distinctive signatures of the Higgs boson. The signatures contain electrons/muons, tau
jets, bottom jets and/or light flavor jets. We did analysis of some of these signatures and
found that some of the signatures can have good significance. In particular, we have analyzed
the signatures “isolated 4 electron/muon” and “isolated 3 electron electron/muon + a jet’.
The jet may arise due to a light flavor quark/gluon, a bottom jet or a tau jet. When these
signatures were analyzed, we saw that “isolated 3 electron/muon + a tau jet”, with an extra
bottom jet can be an excellent signature to detect the Higgs boson. It can have a significance
of 5.9, considering the mass of the Higgs boson as 125 GeV and an integrated luminosity of
100 fb~!. We also found that some other signatures like “4 electron/muon + bottom jet”, “3

electron/muon + a bottom jet” and “4 electron/muon” are expected to be observable at the
LHC.

In the fifth chapter, we have again considered the process pp — ttH and the same decay
channels. In this chapter, our focus was on dilepton signatures with jets. Our analysis again
illustrated the importance of the tau-jet tagging. We have analysed the signatures, “isolated 2
electrons/muons + a bottom jet + a tau jet”, “isolated 2 electrons/muons + 2 tau jets”, “isolated
2 electrons/muons + 2 bottom jets + a tau jet”, and “isolated 2 electrons/muons + a bottom
jet + 2 tau jets”. We found that the signatures containing two or a single tau jet are useful
to reduce the background. In the case of a single tau jet, the event should have same sign
leptons. The major backgrounds are the production of top quark and processes with Z boson.
The above defined requirements are useful to suppress the background with Z-bosons + jet and
also the background which is due to the generation of a top quark pair. For the second and
the forth signature the significance is quiet good and the processes can be seen in LHC run II.
The other two signatures have large background due to top-quark pair production. But if we

restrict ourselves to same sign electron/muon the above two signatures may be visible.

Currently, we are working on single lepton + jets and multijet signatures. It appears that in
the case of single lepton, three tau jets need to be tagged, while for the multijet signature, four
tau jets needs to tagged. This work is in progress.
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