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Abstract

This thesis is done in the framework of the ILC. The determination of the electroweak
couplings of the top quark, is one of the tasks at the ILC. The thesis is dedicated to
the measurement of the Forward-backward asymmetry in top quark pairs, at 500 GeV,
using two beam polarization configurations, in the fully hadronic decay channel. The
top quark almost exclusively decays to a b quark and a W boson. The 6 jet final state is
analyzed using full detector simulation. Two jets with highest b-tag are taken as b jets
and the remaining four jets are used to reconstruct the Ws. The identification of the top
and anti-top quarks is done by using the vertex charge of the b quark. Precisions on the
production cross sections are also calculated. It is found that using these parameters,
the ILC will be capable of measuring the electroweak couplings of top quark, with a

precision of less than 0.5%.

This thesis also includes a chapter on the optimization of the Si-W FElectromagnetic
calorimeter of the International Large Detector (ILD), one of the two detectors at the
ILC. The ECAL of ILD, will consist of alternate layers of Silicon and Tungsten, where
Silicon layers are active layers, while Tungsten is passive material. The Silicon layers
are divided into wafers, surrounded by guard rings, to avoid the leakage currents. The
analysis is focused to optimize the guard ring size. The results indicate that a guard
ring of size up to 2mm, does not degrade the energy resolution performance of ECAL,

considerably.

The thesis is divided into 6 chapters. The first chapter gives a brief over view of the
Standard Model and emphasis on the need of a lepton collider for precision measurements.
The second chapter is dedicated to the theoretical aspects of the top quark physics at the
ILC. A detailed description of the ILD and its sub-detectors is given in the 3rd chapter.
The 4th chapter presents the studies of the optimization of Si-W ECAL guard ring size.
The 5th chapter contains the details of analysis of t¢ production at ILC, the measurement

of the A% 5 and cross section oy7. The last chapter contains summary of the results.
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. Chapter 1

. Standard Model

s 1.1 Introduction

s The Standard Model (SM) is the most comprehensive description of elementary particles
s and their laws of interactions in the world of particle physics today. Along with explaining
6 the properties of already discovered particles, it has made deeply tested predictions over
7 the years. The model has an excellent success in describing the building blocks of matter.
s According to the model, matter is made up of fermions, spin 1/2 particles which interact
o via bosons. According to current knowledge, these fermions are elementary particles and
10 they are further classified into leptons and quarks, depending on the type of interaction,
1 in which they take part. There are six leptons and six quarks which are grouped into

12 three doublets. The leptons and some of their properties are given in the table below,

Family | Particle ‘ L ‘ B \ Qe \ Mass

1% e 1]0] -1 511keV
Ve 110] 0 <2eV

ond 1 10| -1]10566MeV
v 10| 0 | <0.19MeV

3rd T 1]o]-1 1.78GeV
s 10| 0| <182MeV

TABLE 1.1: Currently known leptons, in the framework of the Standard Model, along
with their properties.

13 where L,B and @), represent lepton number, baryon number and electric charge respec-

1e  tively. The following table lists the quark doublets and their properties,

15 The numbers represented here, are taken from [24].
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Chapter 1 Standard Model 2

’ Family | Particle ‘ L ‘ B \ Qe \ Mass ‘
1% u 0[1/3] 2/3 2.3 707 MeV
d 01/3|-1/3] 487103 MeV
ond c 01]1/3]2/3 | 1.275 £0.025 GeV
s 0|1/3]-1/3 9545 MeV
3rd t 01]1/3] 2/3 | 173.07 £0.52 GeV
b 01/3]-1/3| 4.18 £0.018 GeV

TABLE 1.2: Currently known quarks in the Standard Model. The masses represented
here are their constituent masses, as the free quarks do not exist.

Interaction | Particle ‘ Charge(electric) ‘ Spin ‘ Mass (GeV/c?) ‘

Weak 7 0 1 91.2
W +1 1 80.4
EM vy 0 1 0
Strong g 0 1 0

TABLE 1.3: Gauge bosons of the Standard Model, and their properties. The respective
interactions of which these bosons are mediators, are also shown.

Leptons and quarks interact through force carrier particles. These particles, also called
the mediators, are spin 1 particles or gauge bosons. The gauge bosons are summarized

here.
The elementary particles can be summarized in pictorial form, as presented in figure 1.1.
The interactions among these particles are divided into three types;
— FElectromagnetic interactions are described by Quantum Electrodynamics (QED).
The photon () is the mediator of this interaction.

— The weak interaction is the one in which all fermions take part. The associated

gauge Bosons are W+ and Z.

— Quarks and gluons interact through the strong interaction as they carry a color
charge. Gluons are the mediators of the strong interaction and are self-interacting

as well. This interaction is described by Quantum Chromodynamics (QCD).
— The Standard Model is completed by the Higgs boson, that couples to all massive

particles.

Currently, the Standard Model does not incorporate gravity, though it is regarded as one

of the fundamental forces of Nature.
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Chapter 1 Standard Model 3

H:ggs Boson

F1GURE 1.1: Elementary particles of the Standard Model. The recently discovered Higgs
boson is also included.

1.2 Interactions in the Standard Model

asym Quantum Field Theory (QFT) is the mathematical basis of the Standard Model.

The equations of QFT are obtained by the principle of least action and gauge symmetries.

In the Standard Model, a Lagrangian describes the dynamics of a particular interaction.
The particles taking part in that interaction are represented as dynamical fields in space-

time. Generally this Lagrangian £ is a function of fields and of their derivatives.

The fermion fields, which represent matter particles, are represented by v, which can be

further decomposed to left and right parts as follows;

PrIt = (1= s = (14 5)y (1)

Here 5 is the 5th gamma matrix. (1 £ v5) is the Chirality operator. Under the weak
Isospin SU(2) transformation, the left-handed particles are weak Isospin doublets, while

the right-handed particles are singlets.

The mathematical model is gauge invariant and is based on SU(3)c ® SU(2)r @ U(1)y
symmetry. Here SU(2) ® U(1)y represents the electroweak symmetry; SU(2)y is the
weak Isospin symmetry group and U(1)y is the component for weak hypercharge sym-

metry. The weak hypercharge (Y) is defined as
1
Q=13+ §Y7 (1.2)

where I3 is the third component of SU(2)y, Isospin, and Q is the electric charge. I3 =
+1/2 for left-handed fermions, while I3 = 0 for right-handed fermions. SU(3)¢c repre-

sents the color symmetry group which is related to strong interactions.
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Chapter 1 Standard Model 4

The Standard Model is a chiral theory, as the Lagrangian contains only massless fields.
The particles of left Chirality are treated differently, by gauge interactions, from the
ones of right Chirality. The interactions in the framework of the Standard Model are
described in this chapter.

1.2.1 Electromagnetic Interactions

The laws of electromagnetic interactions are described by QED [8]. The simple La-
grangian for this interaction, involving a fermion field 1) and a massless photon field A4,
can be written as,

Lopp = Y(iv* D)y — iFWF‘“’ (1.3)
Where D, = 0, —iQeA, is the covariant derivative, with e the electric charge and A" is
the covariant four-potential of the electromagnetic field. v* are the Dirac matrices and
F,, = 0,A, — 0,A, is the electromagnetic field tensor. QED is an abelian gauge theory
with the symmetry group U(1), which implies that the photon is not a self-interacting

particle. The photon itself does not carry any electric charge.

The strength of the electromagnetic field is expressed by the running coupling constant

«, whose value depends on the momentum transfer during the interaction. The value for

e? 1

~
Admeg —

zero momentum transfer is o = 37 -

1.2.2 Strong Interactions

QCD [9], the non-abelian gauge theory, is the mathematical formulation which describes
the strong interaction among quarks and gluons. The theory is represented by SU(3).
group and because it is a non-abelian theory, gluons can self interact. Unlike the photons,
which carry no electromagnetic charge, gluons carry color charge themselves. There are

3 color charges, carried by quarks and gluons.

The gauge invariant Lagrangian of QCD for a quark field g, can be written as following,

- v 1 a v

j12%

Here D), = 0, — igsToG, is the covariant derivative and q is a massless quark field,
interacting via the gluon field Gfj,a = (1,2,3...8). T, are the generators of SU(3) and g5
is the dimensionless coupling strength, analogous to ’e’ in QED. Both fields are expressed
in SU(3) representation. G, is the QCD analog of F},, in QED, and is called the strong
field tensor. It can be expressed as Gy, = 9,G}, — 0,G}, + gfabCGZGﬁ, where £ are

the structure constants of SU(3).
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Chapter 1 Standard Model 5

F1GURE 1.2: Vertices of the QCD, at the tree level. The quark-quark, quark-gluon and
gluon-gluon couplings are represented in terms of Feynman diagrams.

The behavior of the strong coupling constant ag = % is different than that of the
electromagnetic coupling constant. The force present between two quarks is smaller at
a smaller distance but it increases by increasing the distance between them, prohibiting
the existence of free quarks. The energy used to separate the quarks, is converted into g
pairs. This phenomenon is called "confinement". It implies that the quarks interact with
other quarks to form hadrons (except the top quark). This is called "hadronization".
The hadrons are color neutral and can be classified as mesons or baryons depending on
their spin. Mesons are bosons, consisting of ¢ pairs, for example pions (7%, 7, 7).
Baryons are fermions consisting of gqq, for example protons (uud) and neutrons (udd).
The other distinct feature of QCD is "asymptotic freedom", which implies that at high
energies (small distances), quarks propagate as free particles. The basic interactions of
QCD are shown in figure 1.2.

1.2.3 Electroweak Interactions

Abdus Salam[7], Sheldon Glashow[5], and Steven Weinberg [6] unified the electromag-
netic and weak interaction, calling it the electroweak interaction [1]. The experimental
verification of the theory came through the discovery of neutral currents in 1973 [2] and
later with the discovery of the W and Z bosons at the Super Proton Synchrotron (SPS)
in 1983.

To start with, the 8 decay is described by the Fermi theory, which conserves the parity.
The parity violation was observed by Madame Wu [38], observing a correlation between
direction of electrons and spin of neucleus. This correlation was interpreted as electron
being left-handed, thus violating the Parity. The V — A theory was developed by Feynman
and Gell-Mann in 1958. It treats the neutrinos as massless particles, and takes the parity

violation into account. It modifies the Fermi theory by subtracting the axial vector
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current from the vector current. For example, the neutrino part in the Fermi theory is

replaced as

ey (@) — ez (1 75)vel) (15)
= Je@@) - ge@mos@)  (16)
Vector Current Axial Vec;gr Current
- % (V@) - AP(@)). (1.7)
(1.8)

The Standard Model electroweak theory is described by the SU(2)r @ U(1)y symmetry
group. It contains three massless bosons W¢ i = (1,2,3), associated with SU(2) and 1
massless boson associated with U(1). The Lagrangian for these bosons can be written

as,

1
4
Here B® = 8,B, — d,B, and W = §,W, — 8,W,, — gW, x W,. They are field

strength tensors for weak hypercharge Y and Isospin I, respectively. D,, is the covariant

1. , -
EE‘W = —ZWWVW;V - BHVB;U/ + W’Y”D;ﬂ/) (19)

derivative which can be expressed as,
.g i .
D,=0,+ ziTjWﬂ +2ig'Y B, (1.10)

sz where ¢’ and g are the coupling constants related to fields B and W;,j = (1,2,3),

ss respectively. The 7; are Pauli spin matrices in SU(2)r, space as given below,

01 0 —¢ 1 0
’7'1:<1 0),’7’2:<i O),T;g:((] _1>. (111)

The W boson can be obtained from the W fields as following,

Wi F Wl
V2

To obtain the Z boson (Z*) and photon (A*) fields we introduce the weak mixing angle

WHE = (1.12)

Ow and the following combinations of W' and B* ;

ZM = cos Oy W4 — sin Oy By, (1.13)

AP = sin Oy WL + cosw B, (1.14)
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Chapter 1 Standard Model 7

The couplings of fermions to Z boson are given as,

a5l (1] — Qsin? bw)
sin Oy cos Oy

(1.15)

lgr| denotes the fermion charge and I3 is the third component of Isospin. The term
Qsin? Oy allows the coupling of the Z boson to charged right-handed fermions, which
is not the case for pure SU(2)r, couplings. The vector and axial vector currents behave
differently under the parity transformation. The Z boson couples to the right and left-
handed handed fermions while the W boson, also called the charged currents, couples to
left-handed fermions only. The W boson makes flavor changing interactions possible in

electroweak sector, through the CKM mechanism [3, 4].

The theory is non-abelian like QCD, due to the interaction between Ws.

1.3 Higgs Physics

So far, we have considered massless fields while in fact the gauge bosons, W* and Z, as
well as fermions are massive. Mass terms like m) are forbidden because they do not
transform as scalars under SU(2),®@U (1)y. The other option of gauge terms, £m? A, A",
violates the gauge invariance of the Lagrangian. The mass of fermions and bosons can

be generated by spontaneous symmetry breaking and the Higgs Mechanism [10].

1.3.1 Spontaneous Symmetry Breaking

The Lagrangian, for a scalar field ¢, can be written as:
Lo=T —V(é) = 2(0,0)? — (2126% + ag" 1.1
o =T =V(9) = 5(Bu0)? — (51%0* + 1\") (1.16)

The potential V(¢) = %,ungz + i)\gb‘l has a minimum if A > 0. The position of this

minimum depends on the sign of u2.

If 42 > 0: this Lagrangian describes a scalar particle with mass p and a quartic self
coupling. The ground state, ¢ = 0, respects the transformation ¢ — —¢. This solution

is called symmetric, and it is shown in the left part of figure 1.3.

When p? < 0: there is a whole circle of minima in V' (¢), with a radius ¢ = 4(y/—2u2/\)
as shown in the right part of figure 1.3. The p-term is not a mass term anymore. And

it is with this solution, that we can see spontaneous symmetry breaking.
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FIGURE 1.3: The potential V (¢) for two possible solutions with 12 > 0 (left) and p? > 0
(right). The image is taken from [11].

2 1.3.2 Higgs Mechanism

The Higgs Mechanism works by applying spontaneous symmetry breaking to a local

gauge symmetry. For a complex scalar field Isospin doublet,

6= @Z) (1.17)

the electroweak sector Lagrangian excluding fermions, can be written as:

A 1. . 1
Lo = Dud' Do + 1i*(90") = 5 (661)? — JWHW,, = BBy, (118)

The minimum is at (¢f¢) = —v2/X\. We can expand around this minimum by taking
0
D) = | vrH(@) (1.19)
2

Substituting this value of ¢(x) to eq. 1.18 and using D,, = 9, + i%ajWﬂ +2ig'Y B, , we

get;
L= %(mﬂaﬂH) — u’H? (1.20)
—%@Ww — O, Wiy)(O"W} — W) (1.21)
—i—égzv?(Wle" + Wo, W2H) (1.22)

1 1
+5v* (9Way = 9'Bu) (gW4' — ¢'B") = 4 B B (1.23)

(1.24)

us  The first two components of the W field have quadratic terms which implies that these

us fields are massive with mass My, = £, The third component of the W field mixes with
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Chapter 1 Standard Model 9

the B field. This equation can be further expanded using equations 1.12-1.14, to show
that 5 bosons appear in the Lagrangian. The theory, thus, predicts the existence of a
massive boson, famously known as Higgs boson, a candidate to which has recently been
discovered at the LHC [35, 36|, at a mass around 126 GeV.

The discovery marked an excellent success of the LHC, and is is the biggest discovery
in the domain of the particle physics, in last two decades, after the discovery of the top
quark. The two experiments at the LHC, ATLAS and CMS, simultaneously announced
the observation of Higgs-like boson. The CMS observed a mass of 125.3 &+ 0.4(stat.) +
0.5(syst.) GeV [35] and ATLAS reported the mass to be 126.0+0.4(stat) £0.4(sys) GeV

[36]. Figure 1.4 shows the respective plots from the two experiments.

> 10000 T T T T —

= 0 C ATLAS b

%2000 I CMS Preliminary —e— S/B Weighted Data O 5 ]
(531800F Vs=7TeV,L=5.1fb" S+B Fit L R s GeY (fit) ]
- ’ ’ e Bkg Fit Component ) C 99 o b

N [ Vs=8TeV,L=531b =10 T L &g e Bkg (4th order polynomial) ]
©1600 I =20 g 0o -
:/1 4 C w L * Haw 4
1400 r ]
%) F 4000— —
-E1 200 E r ; ]
> - T Vs=7TeV |Ldt=481b ]
>1000 2000— .
w 800k O s=8TeV Jldt: 2071 .
pe} — L J
9 F g e i + ; =
-g.’ 600 3 4mE E
= u T 300E E
%’ 400 L e + ; -
[ ic 100E- E

200E . ) +l+ { ble ' 40 8
: l | 2 o + T ! oI?T o T T g e
O L i 1 C y 2 E
120 140 g . . ‘ . .
1 100 0 120 T30 140 150 60
m,, (GeV) m,, [GeV]

FIGURE 1.4: Left Di-photon () invariant mass distribution for CMS data taken in 2011
and 2012 [35]. Right The same from the ATLAS experiment for /s = 7 TeV and /s = 8
TeV combined [36].

The discovery of a low-mass Higgs implies further precise studies of Higgs boson. One
of the areas where the hint of new physics could be found, is the Higgs boson couplings
to Standard Model particles. Existence of new particles will modify these couplings and

the measurements could diverge from the Standard Model predictions.

Figure 1.5 shows the order of the couplings of the Higgs boson to different particles,
including the top quark, which feature in the physics program of the ILC, a future linear

collider.

This low mass of the Higgs boson has several implications. One of the major problems

it brings is the Hierarchy problem. The scalar field ¢ presented in equation 1.16, has a

m2
(&) =\ 51 (1.25)

value
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g 1k t
T r Full ILC Program
= | 250fb' @ 250GeV
s | 500fb™' @ 500GeV
O10"E 1000fb™! @ 1000GeV
107 T
N c
3|
10 =
:H‘ 1 Il \IIIH‘ \\\\\II‘ 1 \I\IIHl 1
10" 1 10 10?
Mass [GeV]

F1GURE 1.5: Higgs boson couplings to different Standard Model particles, as to be mea-
sured at the ILC. A precise determination of these couplings could hint at any divergences
from the Standard Model predictions, and existence of new physics [40].

where ;2 has been replaced by m%[ Since we know experimentally that < ¢ > is around
246 GeV, the quantity m? is of the order of (100 GeV) 2. The problem with that is that
m%[ receives radiative corrections from all the particles, to which it couples. For example
the corrections from a fermion f, of mass my and coupling to Higgs Ay, could be written

as [16]:
sl
82

Am2 = =LA 4 (1.26)

Where Agy is the ultraviolet cut-off, which can be interpreted as the scale to which
the Standard Model is valid or a scale at which the effects of new physics appear. If
the Standard Model is to be valid upto the Planck scale, the corrections to the qu
are around 30 order of the magnitude higher than the required value of -(100 GeV) 2.
This problem only occurs for the corrections to the mass of Higgs boson, as the masses
of fermions and gauge bosons do not have a direct quadratic sensitivity to the Ayy.
However, they do have an indirect dependence on this parameter, as all the particles in

Standard Model, obtain their masses via the interaction to the Higgs boson.

1.3.3 Two Higgs Doublet Models (2HDM)

Some solutions have been proposed to solve this problem. Conformal solution [12],
within the framework of the Standard Model, and extra dimensions solution [13] are a

few options along with the composite Higgs models [14], as in technicolor models [15].
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Another solution is Supersymmetry. Here the focus will be on the Two Higgs Doublet
Model (2HDM), which can be incorporated in Minimal Supersymmteric extension of the
Standard Model (MSSM)[34].

Lets suppose, there exists a complex scalar S, with mass mg and it couples to Higgs with

a Lagrangian term —\g|H |?|S|?. Then the correction to mpy could be rewritten as [16]:

Am?, = % A}y — 2m% 1n(?7fbf:) + .. (1.27)
Note that the contribution becomes positive here because of the fact the fermions will
have a negative contribution and bosons a positive one. In turn, the total contribution
to the mass will be zero. There are two types of 2HDMs: Type I and Type 11, where
the two Higgs doublets couple differently. For example in Type I, one doublet couples to
the quarks, and the other doesn’t. While in Type II, one Higgs doublet may couple to
up type quarks, and other to down type quarks. This possibly could explain the mass
hierarchy between the b and t quarks. If both of the quarks, obtain their mass via the
coupling to the single Higgs doublet, as is the case in Standard Model, it will be difficult
to explain this anomaly. On the other hand, if the top quark couples to different Higgs
doublet, the hierarchy could be explained.

The Higgs sector of the Minimal Supersymmetric Standard Model (MSSM) is a con-
strained Type II 2HDM. The two Higgs doublets can be written as follows:

HY Hi
Hy, = ! Hy= ("2 1.28
1 <H1> i (HS) 2

The electroweak symmetry is broken when the neutral components of these Higgs fields
obtain a vacuum expectation value. The combination of the VEVs is constrained by the
following condition:

2((H"? + (HY)?) = v? ~ (246GeV)? (1.29)

But their ratio is not confined and is defined as:

tan § = (H3)/(HY) (1.30)

Where (HS) and (HY) are the vacuum expectation values of the neutral Higgs boson,
which couples to u type and d type fermions, respectively. The factor tan g, is a free
parameter of the SUSY. The searches for SUSY are carried out for different values of
tan 3.

Due to SUSY breaking, that enters in the loops, there are radiative corrections to the

tree-level structure of the model. In particular, the effective Lagrangian that describes
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the coupling of the Higgs bosons to the third generation quarks, is modified by the

Yukawa vertex corrections.

1.4 Open Questions in Particle Physics

The Standard Model had excellent success, ever since it started as the fundamental
theory for particle physics. The successful predictions of electroweak theory, of existence
of gauge bosons W and Z, the discovery of third family of quarks, predicted using CKM
mechanism, and Higgs boson, the latest feather in the crown of Standard Model, make it
a successful model. Precision studies has been carried over various experimental facilities.
A recent summary of electroweak precision results, after the discovery of Higgs boson, is

shown in the figure 1.6.

= with M, measurement

= w/o M,, measurement
TTTTTTT IIII|IIII TTTT IIII|IIII|II

M, . — Efuerk | 0.0

M., L 1.2

Ly 5 0.2

M, n 0.2

r, L 0.1

Opaa : 1.7
Ry, : 1.1
AV, -0.8
A(LEP) 0.2
A,(SLD) ] -1.9
sin*ely'(Q,_) 0.7
A2 : 0.9
AYY =L | |25

A, 0.0

A, = 0.6

RY 0.0

R} [E 2.4

™, 0.0

™, 0.0

m, = 0.4
Aafﬁd(mi) % -0.1

-3 -2 -1 0 1 2 3
(of“ = Omeas) ! Omeas

FI1GURE 1.6: The figure shows the difference between the measured values of SM param-

eters, and the predicted values, in units of uncertainty for the fit. The color lines represent

the values with mass of the Higgs boson my, while gray lines are without my. The image
is taken from [33]

Despite its success, there are problems which are not understood in the framework of

the Standard Model. It has not been able to explain the mass hierarchies in, e.g. the
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quark sector. The heaviest quark ¢ is 35 times heavier than the next heavier quark b,
which happens to be it’s Isospin doublet partner as well. This difference of masses is not

explained in the Standard Model.

The masses of the particles are introduced by the spontaneous symmetry breaking, as
explained previously. The reason for the EWSB is unknown in the framework of the
Standard Model. Also, the radiative corrections to the Higgs mass, which depend on
top quark mass particle, are larger than the actual Higgs mass. Which implies that the

Higgs mass parameter has to be fine-tuned, in order to cancel the quantum corrections.

Another missing explanation from the Standard Model is baryon-anti baryon asymmetry.
In the observed universe, it has been found that the quantity of baryonic matter exceeds
that of antibaryonic matter by large amount. The Standard Model does not offer any
valid explanation for this discrepancy. Though the CP violation proposal is under study,
but the Standard Model CP violation is not sufficient is not sufficient to explain the

excess of matter.

Omne of the most important elements, needed to explain the universe is Gravity. The
Standard Model does not incorporate a quantum field theory for gravity. Though the
possible existence of Graviton, candidate for carrier of gravitational force, is postulated,

it remains unobserved.

Related to the Gravitation and astroparticle physics, is another problem of dark matter.
The observed rotation of galaxies and the amount of matter observed are not compatible.
The solution proposed to this problem is existence of the dark matter. A candidate for

the dark matter is missing in the framework of the Standard Model.

The inclusion of gravity to the fundamental interactions will require an explanation for
the mass hierarchy. The gravitational mass scale is 1/v/G ~ 10 GeV, where G is the
Newton constant, while typical masses of electroweak bosons are ~ 100 GeV. Another
way of looking at the hierarchy problem is that if there exists a Grand Unification
Symmetry, it is broken at a scale of 10'6 GeV, while electroweak symmetry is broken at

100 GeV, which is a difference of 14 orders of magnitude.

1.5 DMotivation for a lepton collider

After the discovery of a Higgs-like boson, important parameters to be studied are the
its production cross section, a precise determination of the mass of the Higgs boson
(myr), its branching ratios and couplings to other Standard Model particles. The Higgs

couplings to other Standard Model particles are of the fundamental importance towards
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the discovery of any new physics. The precise determination and any deviation from the

Standard Model predictions, could well hint at the possible role of Higgs in new physics.

Shuter | 68% CL:3000 b, 14 TeV LHC and 500 fb”", 500 GeV LC

02 [ B o vl g G o ()
0.1 | HLLHC + L0300 (8, oy '
0.1 1
0.05 } . 1 | ]
or{e qeqedl 4144 :i:
005 | ! ]
-0.1
-0.15 } ]

% % L Y % % % Y 9

F1cUureE 1.7: Comparison of ILC and LHC, for measurements of precision of Higgs couplings

to different particles. The plot shows a comparison of precisions (from left to right) of LHC,

ILC and High Luminosity LHC, combined with ILC. The inner bars for HL-LHC denote a

scenario with improved experimental systematic uncertainties. The image is taken from
[56].

As already mentioned, the 2HDM proposes two Higgs doublets instead of one, as in the
framework of the Standard Model. The confirmation of the nature of the Higgs boson
will require a clean and precise determination of its couplings. Figure 1.7 shows the
comparison of precision on couplings of Higgs boson to different particles, as attainable
at LHC at nominal center-of-mass energy and the ILC, a proposed future linear collider.

Apart from comparing the original precisions, a combination of the two is also shown.

The decay properties of the Higgs boson, make it difficult to precisely analyze all the
decay channels at a hadron collider, with the difficulty of separating the decay to qq pairs,
from the huge amount of QCD background. The model independent Higgs analysis at
the ILC, is through the Higgs recoil method, e”e™ — HZ[100]. Given that the ILC
could operate at a center-of-mass energy of /s = 250 GeV, which corresponds to the
peak cross section for the Higgs boson. The precise reconstruction of the Z boson means
that the Higgs reconstruction can be done precisely in any mode, including decay to
quark pairs and invisible decays. It also provides opportunity to investigate the nature

of the Higgs boson itself, including the compositness.

There is a large spectrum of physics processes which could be studied at a lepton collider.

For example the two fermion ete™ — ff process, which is of particular interest, at a
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lepton collider. The cross section for such processes can be written as:

do a? 9 9
Toosd — 95 [A4 (14 cos0)” + A_(1 — cos6)?] (1.31)

Where the coefficients A, = (1 — P.-)(14+ P+), A- = (1 + P.-)(1 — P.+) depend on
the beam polarizations. P,- and P,+ are the polarization of electron and positron beam

respectively.

The models with gravitation effect at TeV scale, propose modification to this cross sec-
tion. One such example is Randall-Sundrum Models[49]. The proposed future linear
collider, ILC, will also be capable of doing the precision measurements in WW, self
Higgs coupling and could search for extended Higgs states. A brief summary of different
processes, which could be studied at ideal center-of-mass energies, at ILC, is given in

figurel.8.

Energy Reaction Physics Goal
91 GeV ete™ =27 ultra-precision electroweak
160 GeV eTe” = WW ultra-precision W mass
250 GeV ete™ = Zh precision Higgs couplings
350-400 GeV ete” ot top quark mass and couplings
ete” 3 WW precision W couplings
ete™ = vvh precision Higgs couplings
500 GeV ete” = ff precision search for Z’
eTe™ — tth Higgs coupling to top
ete” — Zhh Higgs self-coupling
ete™ = XX search for supersymmetry

ete™ — AH,HTH~ search for extended Higgs states

FI1cURE 1.8: Tunable center-of-mass energy at ILC, enables study of different processes
at nominal center-of-mass energies. The threshold energy makes it possible to precisely
measure the mass, width and cross section of different Standard Model particles.

The chiral structure of the Standard Model makes the beam polarization a vital feature
of the lepton collider, to study the precision physics. As is evident from the figure 1.6,
that the measurement of A%% is ~ 30 away from the Standard Model prediction. The
A%’I]’g, is a relative measure of number b quarks, in forward hemisphere of the detector, as
compared to that in backward hemisphere. The measurement of a higher than predicted
value suggests that the coupling of the Z boson to the heavy fermions could be modified.
This modification could be further amplified while studying the Ztt couplings. Though
the details on this will be given in 2.3, it is worth mentioning that the direct measurement

of this coupling is not possible hadron colliders, due to a different production mechanism
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of the top quark pairs. The coupling measurement is only possible through the associated
boson production. On the other hand, at a linear collider, such as ILC, the production
goes directly through the Ztt vertex. Apart from that, the availability of polarization
makes it possible to study the helicity related parameters. Also the production cross sec-
tion, the left-right and forward-backward asymmetry are variables sensitive to the beam
polarization. All these measurements could lead to the understanding of electroweak

coupling of the heaviest quark.

LHC m,,, combination - September 2013, L_ =351 "-4.910"
ATLAS + CMS Preliminary, Vs = 7 TeV
AIEASEOILEE e e 172312023+ 0.72 = 1.35
ATLAS 2011, di-lepton
————i—i + +
S 173.09 = 0.64 1.50
CMS 2011, Iets —w@s—  173.49x0.27 = 0.33 = 0.98
CMS 2011, dilepton p—p gt 172.50 = 0.43 +1.46
CcMS 2011, alljets ——e——  173.49 = 0.69 +1.23
LHC September 2013 — e =i 173.29+ 023 = 0.26 + 0.88
Tevatron March 2013 8.7 fb! rit—@—ta 173.20x= 051+ 0.36 = 0.61
(stat.) (syst.)
| | | | . | | | |

166 168 170 172 174 176 178 180 182
m,, [GeV]

FIGURE 1.9: Recent results on the measurement of the top quark mass, from LHC.

The precise determination of the mass of the top quark, has been a subject of study
at the particle colliders since its discovery. The efforts for a more and more precise
determination are on going, and the recent results from the LHC experiments are shown
in figure 1.9. A very precise determination of this parameter can be made using the top
threshold physics. The linear collider operating at a center-of-mass energy of /s = 2my
provides an idea opportunity to precisely measure the mass m;, width I'; and production

cross section o, of the top quark.
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Top quark physics at the ILC

2.1 Introduction

The top quark is by far the heaviest known quark. It is much more massive than the
other observed quarks and leptons. It is as massive, as a gold atom. A comparison of
the mass of top quark, with other known quarks is shown in figure 2.1. In this chapter
a review of top quark properties will be given, followed by a specific focus on top quark

physics at linear colliders, specially ILC.

QUARK MASSES
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FIGURE 2.1: The mass of the top quark as compared to other quarks in the Standard
Model. It is 35 times heavier then the next heavier quark b.

17
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2.2 Searches and Discovery of the top quark

The existence of the third family of quarks was postulated by Makoto Kobayashi and
Toshihide Maskawa [3]. Their prediction was heavily dependent on the GIM mechanism,
devised by Glashow, Iliopoulos and Maiani in 1970 [26]. The charm quark was success-
fully predicted and discovered, through the discovery of J/1¢ mesons which is a ¢¢ bound
state[18, 19]. This discovery confirmed the GIM mechanism and provided a lot of credi-
bility to the the prediction of the third family. Soon after, the 7 lepton was discovered
at SLACJ17], confirming the existence of the third family of leptons. The discovery of
the b quark did not take a long time. In 1977, T, a bb bound state with a mass of 9.5

GeV, was discovered at Fermilab, confirming the existence of the b quark|[20].

However, the discovery of the top quark was not that swift. The searches for top quark
went on for a few years. One of the reasons for this was that the mass of the top quark
could not be predicted in the framework of Standard Model. Search for the top quark
began in the late 1970s, at SLAC and DESY, but it did not produce any hint of top quark
production. The first searches were carried out at the lepton colliders. For example, at
LEP, the indirect measurements put an an upper limit of 45.8 GeV, on the mass of
top.The limiting factor for the searches at the lepton colliders was center-of-mass energy.
In the 80s, with the start of hadron colliders, this problem was solved. The dominant
mode of search initially was W — tb, which put an upper limit of ~ 77GeV on the mass

of the top quark.

In the early 1980s CERN also became involved through its Super Proton Synchrotron
(SPS). In 1988, the experiments concluded that the mass of the top quark must be above
41 GeV. By the end of the decade this limit was pushed to 77 GeV as CERN came to its
energy limits with pp collisions. The CDF and D0 collaboration at Fermilab, continued
searching for the top quark. The D0 experiment started taking data in the beginning
of 1992 and by the end of the year, the lower limit on the mass was pushed to 91 GeV.
Finally in March 1995, both experiments simultaneously announced the discovery of the
top quark [25, 30]. A summary of history of top quark search is given in the following
table 2.1.

2.2.1 Properties of Top Quark

The top quark has a charge +2/3 and spin 1/2 but its most prominent property is its
mass. It is the Isospin doublet partner of the b quark. It acquires its mass via Yukawa
couplings to the Higgs boson. There have been various studies to precisely determine
the mass of the top quark. Currently the world average is 173.07 £ 0.52 £ 0.72GeV [24].
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| Year | Collider | NG | Beam | Mass Limit (GeV /c?)
Lepton Colliders
1979-84 PETRA(DESY) 12-46.8 GeV | ete” >23.3
1987-90 TRISTAN(KEK) 61.4 GeV ete” >30.2

1989-90 | SLC (SLAC), LEP(CERN) | 91.2 GeV (myz) | eTe™ | >45.8 (indirect measurment)

Hadron Colliders

1084 SPS(CERN) 630 GeV oD ~45
1990 SPS(CERN) 630 GeV D ~69
1991 TEVATRON(FNAL) 1.8 TeV D =77
1992 TEVATRON(FNAL) 1.8 TeV P ~91
1994 TEVATRON(FNAL) 1.8 TeV P ~131

TABLE 2.1: History of the discovery of the top quark, at various particle colliders. The
colliders are classified into lepton and haron colliders.

301 The heavy mass of the top quark implies a short life time, which is of the order of
302 0.5 x 10724 sec. This life time is smaller than the time needed for the formation of QCD
303 bound states, which is 1/Agcp =~ 3 x 10~2* sec. So, unlike the other quarks, there do
304 not exist any tf bound states. The top quark does not hadronize either, so there do not
305 exist any hadrons containing top quarks. This property of the top quark provides an

306 opportunity to study the properties of a bare quark.

soz  The short life time also implies that the top quark decays before it can depolarize, hence

308 the information on polarization of the top quark, is carried by its decay products.

182
180
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176
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= 172
170
166
164

120 122 124 126 128 130
My [GeV]

FIGURE 2.2: The stability of the electroweak vacuum, shown in the [mg,m;] plane. The
20 ellipses show the precisions obtained at the LHC and Tevatron, and the one obtainable
at the ILC, a future linear collider. The image is taken from [57].
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tt — bggbqq | 46.2 %
tt — bggbly; | 43.5 %
tt — blybly; | 10.3 %

TABLE 2.2: Fractions of different decay modes of tt pairs.

It decays through the electroweak interaction, predominantly (99.8 %) into a b quark
and a W boson (t — bW ™). From here on, only this decay vertex will be treated. The
W boson can further decay into two quarks or a lepton and a neutrino. The following

table presents the probabilities of the different decay modes for tt.

The first of these is called fully the hadronic decay mode, while the remaining two are

called semi-leptonic and fully leptonic, respectively.

The mass of the top quark is also one of the fundamental parameters of the electroweak
theory. The precise measurement of top quark mass is important for the measurement
of electroweak precisions. For example, the loop corrections to the Higgs boson mass are

proportional to (my/myy)*[28].

The importance of the precise determination of the top quark mass can be highlighted in
many ways. One of them is that it is strongly related to the stability of the electroweak
vacuum, if the Standard Model is valid upto the Planck scale. The figure 2.2 shows
the stability curve, in the plane of Higgs boson and top quark masses. Here the pole
mass of the top quark is used, which is in fact the mass of the fermion propagator of
the top quark. There exist another scheme to describe the mass of the top quark, called
MS scheme. Along with the close relation of the top quark mass, to the stability of
electroweak vacuum, the figure also shows the capability of the hadron colliders (LHC
and Tevatron) and the future linear collider (ILC) to precisely determine the Higgs boson

and top quark masses.

Due to large Yukawa couplings, the top quark mass is one of the factors constraining the
mass of the Higgs boson, recently discovered at LHC. This fact is illustrated in the figure
2.3. A variation of 1 GeV in mass of the top quark, corresponds to a 10 GeV change in
the mass of Higgs boson. The uncertainties on the mass of the top quark, thus strongly
constrained the efforts to predict the mass of Higgs bosons from LEP experimental data.
This constraint can also be interpreted in a different view, that it helps to verify the
nature of the IHiggs boson. For the Higgs boson to be compatible with the Standard
Model, its mass should lie in the electroweak fit represented in 2.3. As there are other
theories, which predict the existence of a light Higgs boson(s), at around the same mass,

as the one discovered at the LHC. Any deviations from this fit, could hint at the existence
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of new physics, beyond Standard Model. The discovered Higgs bosons’s mass lies well
within the bound, obtained by the fit using W boson mass, and the mass of top quark.

;‘ 80.5 L T T T T | T T T T | T T T T ‘ T T ] T | T T T ".P | T T T ]
(Y [ 68% and 95% CL fit contours mkin Tevatron average + -
Q C w/o M, and m, measurements 7
f 80.45 |~  68% and 95% CL fit contours ]
L wio M, m, and M, measurements |
L My, world average + 1o 4

80.4 - 2 E o
- i =
= e =
80.35 — - .
— /_/ ”’,‘ :
80.3 - -
80.25 - : ]
. , € fitter |-l
_"T‘ 1 1 Il 1 Il ‘f' 1 1 l’"" 1 1 | Il 1 Il 1 | Il 1 1 Il B

140 150 160 170 180 190 200

m, [GeV]

FIGURE 2.3: Indirect constraints on the mass of Higgs boson (mpy) with respect to top
quark mass(m;) and W boson mass(my). The indirect searches at LEP and Tevatron,
excluded some regions for the mass of Higgs boson, which are not shown here. [37].

2.3 Electroweak couplings of top quark

Although the top quark was discovered 18 years ago, some of its properties still remain
undetermined, including the electroweak couplings to gauge bosons. Current data does
provide some weak counstraints on the EW couplings, specially the LEP data which
constraints the t£Z couplings indirectly. One of the reasons for this is that so far the top
quark has only been studied at hadron colliders, where the production of the tt pairs is
predominantly either through qg pairs (¢q¢ — g* — tt), or gluon-gluon fusion(gg — tt).
As the process q@ — Z * /v* — tt is greatly suppressed, the couplings can only be
indirectly measured in associate production of top pairs. However, the production of t£
pairs at a lepton collider takes place through electroweak mechanism. The top quark pair
production goes directly through the ttZ and tt~y vertices. Absence of concurrent QCD
production leads to clean measurement of electroweak couplings of the top quark. The
production mechanism is e~ et — (Z/v*) — tt, represented by the Feynman diagrams,

in figure 2.4.

The general Lorentz-invariant equation, describing the interaction of a vector boson X

and two top quarks, can be written in terms of form factors. The generalized production
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BN BN E
>w~<?>w<? —

(a) (b) (e)

FIGURE 2.4: Feynman diagrams showing the production of ¢ pairs at an electron collider,
and their decay. The three possible decay mechanisms a) fully hadronic, b) semi-leptonic
and ¢) fully leptonic are shown.

vertex ttX can be written as [29]:

2, 0.0) = de (o (B0 + 9250 + U0 (FX )+ 2a (17|
t (2.1)
Where e is the electron charge, m; is the mass of top quark, k? = (g + q)? is the four
momentum of the gauge boson, ¢ and ¢ represent the four vectors of the ¢ quarks. The
Yu are Dirac matrices with = 0, 1,2, 3. The subscript V' and A represent the vector and
axial vector coupling form factors respectively. The term 5 = illvy, allows to introduce

the axial vector currents into theory.

Using the Gordon identity for the vector and axial vector currents in above equation,

one can rewrite it as:

DN (2, 0,0) = —iefo (FY () + 95 FIA ) + 52+ a)" GER () + 35 F5 (F))}

(2.2)
Where 0, = 1/2(v, % — Y Yu)- It must be taken into account that the Gordon identity
holds only when both top quarks are on-shell. It can easily be seen that form factors F}

and F; in above equations, are related to each other as:
X X X X X X X X X
Fry = —(Fiy + Fay), Fiy = Fiy, Fiy=—Fiy, F5q=—iF3y (2.3)

In the Standard Model most of these form factors have a zero value and the vector and
I5—-2Qs2,

28w Cw

component of the Isospin, taking the following values.

axial vector couplings of Z, go as and 28i3cw respectively, where I3 is the third

-11 -1

—, =, 0, — 24
500 ) 2.4)

I3(er,tr,er,tr) = (
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At the tree level, the non-zero form factors have the following values:

2 1 8 1

F),=—-2, Ff =-— R Ff = —— 2.5
1V 3’ 1V A5y Cy < S ) 1A (2.5)
Where ¢, and s, represent cosf, and sin#,, respectively, where 6, is the Weinberg

Angle.

The above expression for the Born level, six form factors Fy4, Fiy, Foyfor Z and v are
CP conserving form factors, while the two form factors Fyy are the CP violating form

factors.

F;{/Z are the electric and weak magnetic dipole moment form factors, while the F;AZ are

the electric and weak electric dipole moment form factors.

The sign of the form factor values are sensitive to the interference between the Z and
~. This limits the precise determination of the electroweak couplings of top quark, at
the hadron colliders, where the couplings are to be measured in the associated vector
boson production. As is the case at the LHC for example, only the absolute value of the

couplings can be determined.

By using the above form factors, and taking into account the helicity of the incoming

electrons, one can write new form factors as follows [39]:

—1 2
- + 8 S
FE=F)+ ( > w) ( i > FZ (2.6)

SwCw 5 —my
R _ y 3121; S Z
F=-F+ () (= oz F/ (2.7)

Where L and R represent the helicity of the incoming electrons, i = 1,2 and j =V, A

refer to the structure of the form factors. s is the square of the of the center-of-mass

energy +/s.

By using the similar notations, the decay vertex of the top quark t — bW can be written

as follows:

Fth k27 ’ 7) = i 9
w (k% 4,9) NG
(2.8)

The strong coupling of the top quark to the electroweak symmetry breaking suggest that
top quark studies can be a gateway to new physics. A specific scenario for this case are
Randall-Sundrum Models [49]. These models and composite Higgs models have been
discussed in detail in Volume 1, section 5.3.1 of [40]. Following the Randall-Sundrum

10,y p o
(o (B 0P+ FIRO2)Pa) + 52+ 0 GEIE ) P+ PR |
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A Ag(t,_)/ g(tL)

M De(t,)/g(te)
* Djouadi 0,0 o Hosotani
-34%,-1% +18%,-7%
o { Carena
Gherghetta 0'_20%

-20%,-20%

FIGURE 2.5: Divergence of ttZ couplings from Standard Model prediction, as predicted
by some models, in Randall-Sundrum scenario.

approach, the couplings of the top quark to the Z boson may diverge from the predictions
of the Standard Model, due to Z-Z’ mixing. Various proposals have been made for these
divergences, for example Djouadi [45], Hosotani [46], Ghergheta [47] and Carena [48], as

shown in figure 2.5.

2.4 Cross sections

The production cross section could be written in terms of the above mentioned form
factors. The Born level cross section with electron beam polarization I = L, R, can be

expressed as:

or = 2ANB |(1+ 0597 2)(Fly ) + (FLL)? + 3FL Fhy (2.9)

Where A = 47?:‘;2, a(s) is the electromagnetic running coupling constant, N, represents

the number of quark colors, v is the Lorentz factor, 3 is the velocity and .7-"1[;1 = ﬂf{A.

Figure 2.6 shows a prediction for the ¢t production cross section at the ILC. Different
curves represent the center-of-mass energy loss mechanisms at the ILC, at the interaction

point.

Further details on the polarized cross sections and beam polarizations will be given in
5.4.
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born

————— B +S4H

[ 3! —e sprime cut

o4 F sprime cut theta cut

500 1000 1500 2000 2500 3000
s

FIGURE 2.6: tf production cross section, as a function of center-of-mess energy. The

solid curve is for Born level cross section, while the dashed lines show the electroweak cross

section. The dotted and dashed-dotted curves take into effect the loss of beam energy
mechanisms such as ISR. The figure is taken from [52].

2.5 Forward Backward Asymmetry

The above mentioned form factors can also be used to write the Forward-Backward

Asymmetry of top quark pair production, as shown in the following equation:

3 (Fly + )

Alp)r = /
(Arp)i 2((1 + 0.5y~ 2)(FL )2+ (FI')2 + 3FL, FL]

(2.10)

Figure 2.7 shows the A% 5, as a function of /s, for unpolarized electron-positron beams.

However, the A%, is sensitive to beam polarizations. Using Standard Model values for
the form factors, the following values for A'}b can be deduced, for the respective electron
beam polarizations.

(Abp)r = 0.38, (Akp)r = 0.47. (2.11)

The asymmetric distribution of the fermion in the forward and backward hemispheres
of the detectors, is called the Forward-Backward Asymmetry, and it is a characteristic,
common to all fermions. The first observations of the parity violation, in the Madame
Wu experiment, showed the inhomogeneous distribution of the final state fermions. Since
then, it has been observed and measured at various experiments, involving different

fermion, notably b quarks and ¢ quarks. The definition of A% 5, in experimental terms,
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.7

L L
500 1000 1500 2000 2500 3000
N

FIGURE 2.7: Al as a function of /s. The Born level A% ; is shown by solid lines. [52].

can be put as follows:

) = N(§ < biop <)
)+ N(5 < Oop <)

At N(O < etop <

= 212

INENNE]

The App for the b quarks was measured at LEP [43, 44|, and was found to be slightly
above the Standard Model expectations. A deviation of 30 was observed. Also, a mea-
surement of ¢f forward backward asymmetry A’ ; has been made at the Tevatron[22, 23].
The Standard Model predicts this value to be 0.078[21] but a value of 0.19 £+ 0.0065
(stat.) = 0.024 (syst.) is observed|22], which is 20 off. However, the value of A%, is
dependent on the production mechanism of the top quark pairs. These measurements
correspond to the QCD production of the ¢t pairs, as Tevatron is a pp collider and the
tt production is dominated by qg — tt . Although LHC is also a hadron collider, but
higher center-of-mass energy and pp collisions instead of pp imply that the production is

dominated by gluon-gluon fusion.

These anomalies have significant implications. The bb asymmetry can, for example, be
explained by the contributions of Kaluza-Klein excitations of electroweak gauge bosons
in warped extra-dimension models. In these models, the gauge interactions of b and ¢
quarks are different from that of light quarks, due to their different behavior in the extra
dimensions. But it is more difficult to generate a tf forward backward asymmetry through

exchanges of Kaluza-Klein gluons because of electroweak precision constraints|45].

All measuements of the tt asymmetry were made at hadron collider, so far. A detailed
review on the measurement of A% 5 at hadron colliders will be given in Chapter 5. This

thesis will concentrate on the study of A% 5, at the ILC, using fully hadronic decays of
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tt at a 500 GeV center-of-mass energy. The studies are carried out for ¢ decaying to six
quarks; e~et — tt — (bW (bW ™) — bbqqqq.

A linear collider is an ideal machine to study particle physics at a high precision level.
Today, the most advanced proposal for a linear collider is the International Linear Col-
lider. Apart from measuring the electroweak couplings of the top quark, studies have
been made for the capability of the ILC, to measure the top Yukawa couplings in associ-
ated Higgs production, at various center-of-mass energies|53, 54, 55|. The precision level
achievable at the ILC, makes it possible to not only study the top quark in details, but
also the other physics processes including precision Higgs measurement and W physics.
The potential of the ILC to find any hint of the new physics has been shown in the
studies with full detector simulations. The details description of ILC and its detector

will be given in the next chapter.
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Chapter 3

International Large Detector (ILD)

3.1 Introduction

The physics results achieved at the LHC need to be complemented by high precision
measurements, which are achievable with lepton colliders. At lepton colliders, the full
beam energy is available in the collision while at hadron colliders it is shared among
the constituent quarks of hadrons. Moreover, the undesired QCD background at hadron

collisions, can be avoided at lepton colliders.

The best option for a lepton collider, at high energies, is a linear accelerator. Charged
particles moving in a circular path, radiate energy which is proportional to %%2[58].
This radiation is called synchrotron radiation. Electrons, being lighter than protons,
radiate far more energy in a circular accelerator. Upto a certain limit of beam energy,
circular colliders can be used for electron beams, for example LEP, but for high beam

energies, synchrotron radiation is a very challenging problem to control.

At the moment, there are two main proposals for a linear collider: The International
Linear Collider (ILC) and the Compact Linear Collider(CLIC) [59].

The ILC [40] is designed to operate at a center-of-mass energy of /s = 500 GeV, later
on extendable to 1 TeV, while CLIC is designed to start operating at 500 GeV and can
be upgraded upto 3 TeV.

3.2 The International Linear Collider

One of the advantages of a linear collider is that it can run at any center-of-mass energy,

accessible within its design. The luminosity is approximately proportional to the energy.

28
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ILC design parameters
center-of-mass energy /s 91-500 GeV
Peak Luminosity 2 x 103" em 2571
electron beam polarization P, >80%
positron beam polarization P,+ upto 30%
Total Length ~31 km

TABLE 3.1: Major ILC design parameters. The design allows for an upgrade up to a
center-of-mass energy of 1 TeV.

The ILC will collide electrons and positrons, at a center-of-mass energy upto 500 GeV.
The accelerator required for this purpose is approximately 31 km in length. It is designed
to generate a total of 500 fb~! of data in the first four years of operation. The important

design parameters for the ILC[40] are summarized in the following table.

The technology of the ILC is based on 1.3 GHz superconducting RF cavities, which will
operate at a gradient of 31.5 MV /m. Polarized electrons are produced by a laser illu-
minating a photo cathode in a DC gun. A normal conducting structure pre-accelerates
these beams to 76 MeV. After-wards, they are accelerated to 5 GeV in superconduct-
ing linacs. Superconducting solenoids rotate the spin vectors into the vertical direction,
before injecting the beam into damping rings. These damping rings are 6.7 km in cir-
cumference as shown in figure 3.1. The beams are then injected into the main linacs
which are ~11 km long . Finally, they are focused to very small spot sizes, of the order
of a few nanometers, at the collision point, using a beam delivery system which is 2.2

km per side.

The baseline time structure of the beam consists of bunchtrains of 1312 bunches spaced
554 nanoseconds, passing the interaction point at a rate of 5Hz. Each bunch train is
about 0.3 millimeter long, with about 200 milliseconds between bunch trains. These

parameters are for ILC operating at /s = 500 GeV'.

Beam polarization is one of the assets of the ILC. It enables the study of physics param-
eters involving the spin of particles, for example helicity. The e~ beams can be polarized
upto 80% while the e™ beams can be polarized upto 30% without using photon collima-
tors and upto 60% with photon collimators [65]. Longitudinally polarized positron beams
are generated from the circularly polarized photons, which are produced by the helical
undulator in the ILC accelerator system. This undulator is installed at the end of the
main linac beamline. The photons generated by undulator strike the rim of a rotating
titanium target, which has a thickness of 0.4 radiation lengths. The electron positron
pairs are generated at this point, and positrons are captured by 0.07 mrad transverse
dynamic aperture. The polarization of the positron beams is conserved throughout the

transportation of the positrons to damping rings.
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e+ bunch
Damping Rings IR & detectors compressor

\ / e- source

e-bunch .
compressor positron 2km
\ main linac

11km

central region
5km

electron
main linac
11 km

2 km

F1GURE 3.1: Accelerator system of the ILC. Damping rings, main linacs and beam delivery
system are shown. Blue color represents electron beam system, while green color is for
positron beam.[40]

’ Particle type Energy fraction ‘ Detector ‘
Charged particles ~60% Tracker
Photons ~30% ECAL
Neutral hadrons ~10% ECAL + HCAL

TABLE 3.2: Constituents of a typical jet, along with fracation of the jet energy carried
by them.

The ILC is proposed to have two detectors, to complement each other for the physics
measurements, namely the Silicon Detector (SiD)[60] and the International Large De-
tector (ILD)[61]. The SiD is a compact detector, based on silicon technology which will
operate in a magnetic field of 5T. The design of the ILD results in a large sized detector
with a large TPC used for tracking and highly granular calorimeters. It will operate in

a lower magnetic field of 3.5 T.

3.3 The Particle Flow Algorithm (PFA)

Precision measurements require a good performance from detectors and reconstruction
algorithms. The Particle Flow [66] approach will be followed at the ILC to reconstruct
final state particles. It will be used to reconstruct quark and gluon jets from their
constituent particles. Typically, a jet is composed of different types of particles. The
contribution of photons, charged and neutral hadrons to the total jet energy is given in

the table below.

The PFA uses the reconstructed energy from these particles, in each sub-detector as

shown in the table above, to reconstruct the jet energy. The technique not only requires
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an excellent particle identification and granularity from the calorimeter, but also the

complementarity of different subdetectors operating together.

While the PFA has been tested at existing experiments for example CMS|70, 71], it
determines the design of the detectors at the ILC, that will be optimized for its use.
Within the framework of detector R&D for the ILC, the PFA has been already applied
to beam test data taken over prototype sub-detectors|69].

3.4 The ILD detector concept

The ILD is a multipurpose 47 detector. Its two main features are: The Particle Flow
approach to identify individual particles [68], and a good tracking and vertexing per-
formance. The PF approach requires highly granular calorimeters. An excellent perfor-
mance from the vertex detectors and trackers is necessary to reconstruct the tracks of
charged particles, and to determine their charge. The R&D for the ILD is driven by
these factors. A schematic view of the ILD is shown in figure 3.2. It consists of many
subdetectors, optimized for different tasks. Along with individual performance, the de-
tectors are required to be complementary to each other. Their detailed description is

given in the next sections.

FIGURE 3.2: A Schematic view of the International Large Detector (ILD). The relative
dimensional size is exhibited with respect to average height of a human. Different sub-
detectors of the ILD are shown in different colors.

3.4.1 Vertex Detectors (VTX)

The principal goal of a vertex detector is to identify the interaction vertex and vertices of

short-lived particles such as D or B mesons and 7. Since it is closest to the interaction
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point, it reconstructs the first point of a track. The vertices of short lived particles are

traced back by using the track information of their decay products.

It also plays a vital role in reconstructing the jet charge and in flavor tagging. In the
analysis described in this thesis, these two parameters have a central importance. The
recognition of b-jets and reconstruction of their charge have been used to identify top

and anti-top quarks. The analysis will be discussed in detail in chapter 5.

Taking into account these requirements, the following conditions are to be fulfilled at the
VTX of the ILD.

— A single point resolution of less than 3 pm is required.

— The thickness of the material between the first measured point of a track and the
IP should be less than 1% of the radiation length Xj.

— The first layer of the vertex detector should be ~ 15 mm from the IP.

The impact parameter resolution of the vertex detector, 0y, can be expressed as follows:

b

—————um 3.1
p-sin2/39u 81)

Oip =a®
Here, p is the track momentum, and 6 is the angle of the track with respect to the beam
axis. For the VTX at the ILD, the required resolution can be achieved with a < 5 um &
b < 10 pm. In comparison to previously used vertex detectors, these numbers are almost
half of the next achieved number in terms of vertex detector resolution. For example,
for the SLC detector, a ~ 10 pm and b = 33 pum|75].

The baseline design of the VI'X, which should meet these requirements, is in the R&D
phase. The VTX consists of 3 concentric layers of double-sided ladders which are ~2
mm apart. Fach ladder has a thickness of < 50 pym, divided in pixels. The inner-most
layer is at 16mm from the IP and the outermost layer is at 60mm. The material of each
ladder accounts for 0.15% Xj in total. The VTX provides an overall point resolution of

2.8 pm. Some parameters of the VI'X are listed below. This geometry is called double
ladder (VITX-DL).

The alternative geometry for this baseline design is called single ladder (VIX-SL). It
consists of 5 equally-spaced single layers. The radius of the first layer, is the same as the
previous one, while the last layer has a radius of 60mm. The two geometries are shown

in figure 3.3
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’ Layer No. | Inner Radius (mm) \ Length z (mm) \ cos 6 \ o (pum) ‘

1 16 62.5 0.97 2.8
2 18 62.5 0.96 6
3 37 125 0.96 4
4 39 125 0.95 4
5] 58 125 0.91 4
6 60 125 0.90 4

TABLE 3.3: Dimensions of the different layers of vertex detector and the polar angle
covered by them. The respective point resolution is also shown.

FIGURE 3.3: The vertex detector of the ILD. The left figure shows a view of the VTX
around the beam pipe, at the interaction point. The right part shows two proposed geome-
tries; Single Ladder and Double Ladder.

There are currently three readout technologies under consideration for VI'X. The CMOS
Pixel Sensor(CPS)|72], Fine Pixel CCD (FPCCD) [73] and Depleted Field Effect Tran-
sistor(DEPFET) [74] are the potential options.

The performance of the vertex detector with CMOS pixel sensor technology, is shown
in figure 3.4. The single point resolution is plotted versus the signal to noise ratio [64].
Various colors represent different in-pixel circuits. The resolution is close to the required
~3 pm. The chips of the VI'X contain 1152 columns, each of 576 pixels. Each pixel
has a 18.4 um pitch. The VTX has also been tested for MIP detection efficiency. The
efficiency is better than 99%.

3.4.2 Central Tracking

Track reconstruction for charged particles at the ILD consists of two parts, namely
silicon tracking and central tracking. The silicon trackers are the Silicon Internal Tracker
(SIT), the Silicon External Tracker (SET), the Endcap Tracking Detector (ETD) and the
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F1GURE 3.4: Single point resolution of the VTX with CMOS Pixel Sensor technology, as
a function of the S/N ratio for different in-pixel circuits (511-S14).

Forward Tracking Detector(FTD). The central tracking uses a Time Projection Chamber
(TPC).

3.4.2.1 Silicon Tracking

The SIT is placed between the TPC and the VTX. Its role is to provide the link between
the TPC and the vertex detector. It consists of 2 silicon layers. The SET is located
in the barrel part, between the TPC and the electromagnetic calorimeter (ECAL). It is
the third silicon layer in the central barrel region and it provides outermost point of the
track. The ETD is placed between the TPC end plate and endcap calorimeter system.
It serves as an entry point to the ECAL. The SIT and SET also provide time-stamping
of bunches, allowing for bunch tagging of each event. Time stamping of the bunches is

particularly important to avoid the overlap of events.

SIT, SET and ETD consist of microstrip silicon sensors. The baseline sensors are 10 x
10em?, with a 50um pitch. The sensors have a very thin edge, (inactive zone), ranging
between a few 10s of um to a few 100 pum. These detectors are shown in figure 3.5. In
the left part of the figure, the relative position of the silicon trackers can be seen with
respect to the TPC and the ECAL, while the right part is a detailed 3D implementation
in Geant4 of the TPC geometry, in a right-handed coordinate system with the origin at
the interaction point(0,0,0).
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F1GURE 3.5: ILD tracking detectors. The left figure shows a quadrant of the tracking

system where ETD, FTD, SIT and SET are visible, with their relative positions to the Vertex

Detector (VXD), TPC and ECAL. The right side represents a Geant 4 Implementation of
the silicon system.
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F1cUrE 3.6: The working principle of a time projection chamber.

3.4.2.2 The Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) is used to measure the trajectories of particles
coming out of the vertex detector. The TPC is filled with a gas. When a charged
particle enters the TPC, it ionizes the molecules of the gas. Due to the applied voltage,
the released electrons drift towards the anode. At the anode, these electrons are detected
on the readout plates, which are segmented perpendicular to the drift direction. In order
to measure precisely the position of particle, the electric field needs to be homogeneous
throughout the volume of the TPC. The working principle of a TPC is exhibited in figure
3.6.
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The TPC of the ILD consists of two identical chambers filled with gas. The cathode is
placed at the center of the TPC, while anodes occupy the ends of volume. These anodes
are equipped with a readout system. A high voltage is applied, which creates an electric
field across the TPC.

The TPC is expected to work in a magnetic field of 3.5 T. The main requirements on
the design of the TPC are characterized by two parameters, the point resolution o, and
double hit separation. The objective is to achieve a point resolution less then 100 pum

and a double hit separation resolution of 2 mm.

— 0.16
E [ Gas: T2K (Ar:CF4:iC4H10/95:3:2)
= 0.14}- Magnetic Field: 4T
> [ Pad Pitch: 1.27x7.0mm? / Staggered Layout / Grid GEMs
S 0121 Angular Cut: 0.1rad (~5.7°)
= L
= o4}
[=} L
w [
£ o.08f ‘_'_._,__«_._k-—’—/
0.06 —
- - i i i i
0.04 - Chi Squared Fit (With Pad Raspon:e Correction)
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F1GURE 3.7: The single point resolution of the TPC prototype, with GEM readout, mea-
sured in a 4T magnetic field. The curve is extrapolated to full drift lengths.

The TPC will have an inner radius of 330 mm and an outer radius of 1808 mm. It will

be 4.7 meters in length along the z-axis. It will cover an angle of | cosf| ~ 0.98.

The choice of the TPC gas is driven by the requirements on drift velocity and its diffusion
properties. A drift length of 2 m and a magnetic field of 3.5 T are also taken into account.
The gas considered for the TPC is called T2K gas, which is a Ar-CF4(3%)-isobutane(2%)

mixture.

A prototype has been developed and has been tested at experimental facilities. Figure
3.7 shows the performance of this prototype operating in a 4T magnetic field. The single
points resolution is shown against the drift length. The extrapolation of the curve to full

drift lengths shows that a point resolution o, < 100 um can be achieved [83].

3.4.3 The ILD Calorimeter System

In the PFA| as described earlier, the emphasis is placed on the full tracking of the shower

particles in the calorimeter, rather than the energy resolution of individual particles. The
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calorimeters should enable a full tracking of the shower particles in the calorimeter. The
required high granularity implies a large number of cells and readout channels. The
calorimeter system of the ILD is expected to have ~10%® channels, with the current
baseline design. The R&D for the calorimeter system is mainly done by the CALICE

collaboration [76]. The calorimeters are described below, in more detail.

3.4.3.1 The Silicon Tungsten Electromagnetic Calorimeter (Si-W ECAL)

The main role of the ECAL is to reconstruct photons and electrons. It must be able to
meagure their energy, position, and angle. To meet the performance goal, with the PFA,
the ECAL needs to have a high granularity and to be placed inside the magnetic field.
The latter requirement implies that it should be as thin as possible, for a compact and

cost effective detector. In addition, it should also have a minimum insensitive area.

The ILD ECAL will have a barrel and endcap structure, divided into 8 staves in the

barrel region. A schematic view of the ECAL and of one module are shown in fig 3.8.

Alveolar
2 P structure

Fastening
_—  system
- / (rails)

186.5

Ficure 3.8: Si-W ECAL of the ILD. The left part of the figure is a depiction of Barrel
Endcap structure of ECAL, while the right part shows one module, with alternate layers.

A Silicon Tungsten Calorimeter is one of the options for ILD. Silicon is chosen as active
material, while Tungsten is the absorber material. The choice of absorber material is
driven by the compactness of the detector and the need to separate particle which are
close together. This implies that the absorber material should have a small radiation
length Xj, a small Moliére radius and a high ratio of interaction length A; to radiation

length Xy. Tungsten meets these requirements, as outlined below.
— A small Moliére Radius Rps of 9 mm helps to separate particle showers.

— A small radiation length Xy = 3.6 mm helps to make a compact detector.

— A high \;/ Xy = 27.5 ratio helps to achieve the longitudinal separation electromag-
netic and hadronic showers, by making sure that hadrons only start interacting in
the later part of the ECAL.
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Number of Si Layers 30

Cell size 5 x 5 mm?
Total Thickness 185 mm
Inner Radius 1843 mm
Outer Radius 2028 mm
Radiation lengths 24 Xy
Total Surface Area of Silicon | 2500 m?

TABLE 3.4: Major properties of the Si-W ECAL of the ILD.

E
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Energy of One Jet

FIGURE 3.9: The performance of Electromagnetic Calorimeter for the ILD. The figure
shows the energy resolution of various proposals for ECAL.

The important properties of the Si-W ECAL are summarized in the following table.

The choice of these parameters ensures 99% containment of 5GeV electromagnetic show-
ers, while more than 98% of 50 GeV showers is contained in the ECAL.

According to the baseline design, the Si-W ECAL will comprise of 30 readout layers.
Each silicon layer will be ~ 300 pm thick, and will consist of 4 wafers, per stave. Wafers
of size 9x9 cm? will be segmented into 16x 16 cells, each cell measuring 5 x 5 mm?. This

cell size has been decided after dedicated R & D studies to optimize the cell size.

The first Si-W ECAL prototype which was developed to test the proof of principle, was
called the physics prototype. It was a 30 layer module with varying absorber thickness.
Various tests at DESY, FNAL, and CERN were done with different incident particles
and with different energy ranges. Analysis of this data determined an electromagnetic
energy resolution of op/E =(16.6 £ 0.1) % //E(GeV)® (1.1 £ 0.1) % with a MIP
signal over noise ratio of S/N a 7.5[77| [78]. This value is in good agreement with the

ILD simulations.
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One of the important objectives of the R&D is to optimize the cost to performance
ratio of the ECAL. Along with considering alternative options (described in the next
section), the efforts have also concentrated on minimizing the cost of the Si-W ECAL,
by optimizing the number of layers (to make a cost effective ECAL without effecting
the performance) and the size of the guard rings. The guard rings prevent the current
leakage but are also dead zones which should be minimized. This optimization will be

discussed in more detail in Chapter 4.

3.4.3.2 Alternatives for ECAL

Besides the Si-W ECAL design, alternative technologies are proposed that could be more
cost effective. One of them is the Scintillator ECAL(ScECAL). The idea is to use 5 x

45 mm?

scintillator strips, arranged in alternating directions, to achieve an effective
granularity, of 5 x 5 mm?. One of the difficulties with developing the ScECAL, is the
thickness of the scintillator strips. The silicon strips of a few hundred microns can be
easily developed while scintillator strip needs to be at least Imm thick. In order to

conserve the total thickness of the ECAL, other components have to be made thinner.

Another proposal is a hybrid ECAL, which is a combination of the Si-W ECAL and
ScECAL. Various configurations involving silicon and scintillator layers have been studied

with the help of detailed simulations.

The performance of different options for the ECAL is shown in Figure 3.9. The energy res-
olution o /V/E is plotted versus the jet energy. The default option, Si-W ECAL(SIECAL

in the figure), has the best resolution.

3.4.3.3 The Hadronic Calorimeter (HCAL)

The purpose of hadronic calorimeter is to separate the energy deposited by charged and

neutral hadrons, and to precisely measure the energy deposited by the latter.

The HCAL of the ILD will be a barrel and endcap sampling calorimeter as shown in
fig 3.10. Currently there are two options under study, namely analogue (AHCAL) and
semi-digital (SDHCAL). It will consist of alternative layers of steel as absorber material,
and scintillator tiles (AHCAL) or glass RPC (SDHCAL) as active material. Stainless
steel has been chosen as absorber material. It has an interaction length of A\; = 17 cm
and a radiation length of Xo = 1.8 cm. The moderate ratio A;/X( allows for a fine
sampling in the longitudinal direction. Steel is cheap and its rigidity helps to realize a
self supporting structure, minimizing the dead areas due to auxiliary support structures.
The HCAL has a total depth of ~6A;.
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FI1GURE 3.10: View of the HCAL. The barrel endcap structure is depicted in the left part,
while the right part shows a module of the detector.

There are two options for the geometry of the HCAL. The first one has 2 rings in
longitudinal direction and 16 modules in azimuthal direction, while the second one has

5 rings along the z-direction and 8 modules.

The optimization of the HCAL is driven by two parameters, the total depth and the
cell size. The total depth contributes to the energy resolution by controlling the shower
leakages beyond the HCAL. The cell size is important for the separation of particles. It
also affects the cost of the detector, by increasing the number of readout channels. These
parameters have been optimized with dedicated studies, using full detector simulations.
This optimization has also taken into account the possibility of the ILC extension upto 1
TeV, where highly energetic jets are expected. These studies have shown the capability of
a 48 layer (6A;) HCAL to absorb hadronic showers at these high energies. These studies
have also shown that, for the AHCAL, a cell size of 3x3 cm? is the best compromise
between a good energy resolution and a large number of channels. A smaller size will
increase the number of readout channels, without providing any substantial gain on
particle separation. A larger cell size will degrade the particle separation power of the
HCAL. Similar studies for the SDHCAL resulted in a cell size of 1 x 1 ¢cm? as the best

option.

The energy resolution performance of the AHCAL physics prototype is shown in the left
part of Figure 3.11. The resolution shown here is for charged pions. The figure represents
three types of curves, the ones obtained with simple energy sums and those with local
and global software compensation techniques. These techniques help to improve the
resolution by 20%, and the stochastic term is reduced to (4540.3)%/\/Epeam (GeV') [84].
The right part of the figure shows the energy resolution of the SDHCAL as a function of

beam energy.

The physics prototypes were developed to test the proof of principle. After having suc-

cessfully tested these prototypes, the R&D program focuses on construction and testing
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F1GurRE 3.11: The HCAL energy resolution with pion showers. The left part shows the
resolution as a function of beam energy for the AHCAL prototype, for showers starting in
first 5 layers. The right part shows the energy resolution of the SDHCAL prototype.

of technological prototypes, and to address the engineering challenges of the proposed

detectors.

3.4.4 The Magnetic Coil and The Muon Chamber

The ILD is designed to have a nominal magnetic field of 3.5 T with a maximal field of 4
T. The magnetic field is provided by a solenoid magnet, with a diameter of 6.88 m and a
length of 7.35 m, placed between the HCAL and the muon chamber. The superconducting
coil is made of 3 modules, which are electrically and mechanically connected. Each
module has a length of 2.45 m and consists of 4 layers, with 105 turns per layer. An iron
yoke will be used to provide flux return. It will consist of a barrel yoke and two endcap
yokes. The total thickness will be 2.68 m in the barrel and 2.12 m in the endcaps. This

iron yoke will also serve as the main mechanical structure of the ILD.

The Muon chamber/tail catcher will be used to detect muons and tails of hadronic
showers. It is placed inside the iron return yoke. The iron serves as absorber material.
The first section of the chamber consists of 10 layers, close together, separated by 10 cm
thick iron layers. The second section of the chamber is used as a muon tracker, and these
three layers are 60cm apart. Since the muon chamber/tail catcher system is situated
after the magnetic yoke, which accounts for 2 Ay itself, it cannot contribute significantly
to the jet energy reconstruction. To compensate for these limitations, the chamber starts

with a sensitive layer, followed closely by several active layers.
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3.5 Softwares and tools.

Software and simulation tools have been developed in the framework of the ILC. ILC-
Soft is the software framework used for analysis and simulation. It provides the main
tools LCIO, GEAR, Mokka and Marlin. This set of tools has been used for the pro-
duction of Monte Carlo events and for the results published in the Detector Baseline
Design (DBD)[40]. The reconstruction tools have also been developed and tested with
beamtest data. The PFAPandora package is used to apply the PFA to simulated data.
Specific analysis oriented processors like LALLeptonFinder[79] and GARLIC[80] are also
developed and tested.

The analysis presented in this thesis used LCFIPlus[105] and Zfinder processors in dif-
ferent sections. LCFIPlus is used for flavor tagging and locating the secondary ver-
tex. The latest version of the software provides a good efficiency for both purposes.
ZFinder was used to reconstruct the Z boson from its decay products and to correct for

Bremsstrahlung.

The analysis tools have been regularly updated and improved. Since the release of LOI

[63], the advanced techniques have been implemented to improve the analysis efficiency.
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Chapter 4

Optimization of the Si-W ECAL

guard ring size

4.1 Introduction

Optimization of the performance-to-cost ratio is one of the important aspects of the R&D
program for the ILD. The Si-W ECAL 3.4.3.1 is the most expensive sub-detector of the
ILD. An estimation published in the DBD [40], shows that the Si-W ECAL costs upto
40% of the total ILD cost. The design and cost of the Si-W ECAL has a strong impact on
the overall cost of detector. The important parameters to optimize are the inner radius
of Si-W ECAL, the number of layers, insensitive areas and sampling fraction. The cost of
the detector varies with the total surface area of the detector and the number of channels,
while its performance varies with the total thickness and sampling. The ILD Si-W will

have a highly granular surface area of ~2500 m? in total.

. 3x15 cells
Technological S

prototype

Short detector
slabs (x14)

Long detector slab |

g omplete Tower
of 4 wafers = 18%18 cn¥’

FIGURE 4.1: A schematic 3D view of the technological prototype of the Si-W ECAL. A
silicon wafer is highlighted on the right.
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Studies have been made to analyze the performance of the ECAL with a reduced number
of layers and with different sampling fractions[87, 88]. Preserving the total thickness of
absorber material, and varying its thickness in different stacks of layers has been studied.
In this chapter, the optimization of the guard ring size will be discussed. The material
used for guard rings is less expensive than the silicon used for the active layers. On
the other hand, larger size of guard rings will result in an increase in dead zones in the
ECAL, degrading its performance. To find a compromise between these two parameters,

we study the physics performance of the KCAL, as a function of guard ring size.

Figure 4.1 shows an artistic view of a module of Si-W ECAL technical prototype. The
left part shows a stack of layers, with four silicon wafer per layers. These wafers are
separated by the guard rings between them. The red lines, drawn on the top layers,
represent the position of guard rings. The gap between two consecutive wafers is called
interwafer gap. The final design of ECAL of ILD will consist of 8 staves in the barrel

region of the ILD. The gap between two staves is called interstave gap.

One wafer is highlighted in the right part, which is a matrix of silicon pixels, each
measuring 5x5 mm?. The wafer shown in figure, contains 18x18 cells, however, the final

design will feature 16 x 16 cells.

The silicon wafers are surrounded by the floating guard rings. These guard rings are
used to avoid leakage currents from one wafer to another and to allow the detector to
operate in high voltage conditions. They are insensitive zones and their properties have
been studied and understood [89]. In the Si-W ECAL of ILD, at their current size, guard

rings occupy a total of 4.4% area.

4.2 Motivation

During the analysis of beamtest data of physics prototype of Si-W ECAL [96], an energy
loss at the interwafer positions was observed. Figure 4.2 shows the mean value of raw

energy as a function shower barycenter defined as:
(Z,9) = S(Eizi, Biy;) | XE; (4.1)

It was estimated that the energy loss is 15% and 20% in x and y directions respectively.
Comparatively smaller energy loss in x direction is due to the staggering of the gaps in this
direction. A technique was devised to compensate for the energy loss at these positions
and to have a rather uniform response from the calorimeter. This aspect emphasizes on

the need of careful studies, to determine the effect of increasing the guard ring size, on
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energy resolution of the ECAL. During this study we do not apply any corrections to

the reconstructed energy, in order to see the effects of guard ring size.

B0

CALICE 2006 data

—-30

o T N T N Y N A I N A A 8
-50 -40 -30 -20 -10 O 10 20 30 40

X (mm)

FIGURE 4.2: Energy loss at interwafer gaps of physics prototype of Si-W ECAL, during a
beamtest in 2006. The incident beam consisted of electrons at 15 GeV. The figure is taken
from [96].

The other aspect which makes it important to analyze the effect of guard rings, is the
cross talk. The analysis of test beam data from physics prototype showed cross talk
through the guard rings resulting in square events. In case of such events, we observe
hits all around the edge of wafer, when shower hits the wafer. The frequency of these

events was found to increase with the energy of primary electrons|[102].
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FI1GURE 4.3: Example of square event along with normal event .

The figure 4.3 shows an example of a square event. The image is taken from [94].
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4.3 Optimization studies of the guard rings

The goal of optimization studies is to study the physics performance of the Si-W ECAL
with various guard ring sizes. In order to do that, two physics channels are studied. The
contribution of ECAL to jet energy resolution is studied through the hadronic decay of Z
boson at 91 GeV. The decay of Z boson to electrons, is used to study the electromagnetic

energy resolution for various guard ring sizes.

The current guard ring size is 1 mm, called the standard size hereafter. The performance

with this guard ring size will be compared with the previous results for a cross check.

A reasonable range for the guard ring size is between 0 and 2 mm but we include larger
sizes (3, 5 and 8 mm) to see the propagation of effects on the energy resolution. The
study is performed with Mokka 06-07 [97] and ILCSoft 01-10[98] is used for reconstruc-
tion. These are the standard simulation and analysis tools in the framework of ILD.
The analysis part also uses Marlin and MarlinPandora and optimized reconstruction

algorithms for different physics processes.

As described in the previous chapter, there are multiple options for the hadronic calorime-
ter of the ILD, including AHCAL, DHCAL and sDHCAL. For this study we use the
AHCAL, as hadronic calorimeter.

4.4 Wafer Scan

Simulated photons, with an energy of 2 GeV, are sent into a specific part of the Si-W
ECALL. These photons are smeared in polar angle # and ¢ to target a selected region in
the ECAL barrel.

As a cross check, Figure 4.4 shows the map of a layer hit by photons, where colors
represent the number of hits in each cell. The inter-wafer and inter-stave gaps can be
clearly seen. Along the z — axis, at 0 mm, the interwafer gap is narrower than the
interstave gaps, at -90 and 90 mm respectively. The actual size of the guard ring for this
image is 1 mm, but because the reconstruction of the hit position is done at the center
of the cell, the gap appears to be bigger. It is also observed that gaps in y direction are
more pronounced then those in x—direction. This is due to the staggering of the gaps
in x—direction. The staggering is the relative shift in the position of layers to avoid the

projected gaps.

After this cross check study, we proceed to look the their effect on the reconstruction of

energy and hits.
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FIGURE 4.4: A silicon layer hit by 2 GeV photons. In (a), the four wafers are separated by
black lines, representing the position of the guard rings. The position of the interwafer and
interstave gaps can be seen. In (b) a close-up of one wafer is shown.
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FIGURE 4.5: Reconstructed energy (right) and number of hits (left), for 2 GeV photons, as
a function of position. Energy loss and hit loss can be seen at the interwafer and interstave
gaps. The colors represent different guard ring sizes.

Figure 4.5 shows the number of reconstructed hits and reconstructed energy versus the
position on z-axis. A drop in the number of hits and in the reconstructed energy is visible
at the positions of the interwafer and interstave gaps. As expected, this drop increases
with increasing guard ring size. In the absence of guard rings, the drop only occurs at

the interstave gaps, as is shown by the red curve, representing the 0 mm guard ring size.
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FI1GURE 4.6: Variation in the electromagnetic energy resolution of the Si-W ECAL, for

different guard ring sizes (0,1 and 2 mm). The energy of the incident photons varies

between 1 and 20 GeV.

The energy loss at the interwafer and the interstave gaps degrades the electromagnetic

energy resolution of ECAL. Figure 4.6 shows energy resolution for single photon events.

It is clear that the energy resolution is degraded by the increase in guard rings size. The

best energy resolution is naturally obtained without a guard ring as the the inactive area

due to guard rings is minimum.

4.5 Physics Channels at the ILC

After the systematic studies with single photons we proceed now to study the impact

of the guard rings on the physics performance of the Si-W ECAL. For this purpose, we

investigate the hadronic (Z — uds) and leptonic (Z — eTe™) decays of Z. These two

channels are of great importance at the ILC physics program.
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4.5.1 7 — qq Jets at 91 GeV

Many of the final states at the ILC will consist of hadronic jets. The ECAL plays an
important part in the reconstruction of these jets. Jets contain photons coming from
the decay of 7. These photons carry ~30% of the total jet energy and are to be
reconstructed in the ECAL. They may remain undetected due to non-sensitive detector

parts. Therefore the jet energy resolution might be affected by the guard ring size.

1500

Events

1000

500

60 70 80 90 100 110
Z Mass (GeV)

FIGURE 4.7: The reconstructed mass of Z decaying to ¢q pairs at /s =91 GeV.

Moreover, ~50% of hadrons start showering in the ECAL[90]|. A good energy resolution
performance requires these showers to be reconstructed precisely. The inactive areas
such as guard rings may compromise these measurements, even though most of the jet

energy is deposited in the HCAL.

In order to see the impact on the jet energy resolution, we choose Z — uti/dd/s5 at a
center-of-mass energy of 91 GeV. The Durham Jet algorithm [92] is used via the Satoru

Jet Finder to reconstruct the jets. Figure 4.7 shows the reconstructed Z mass.

Two approaches are followed for the analysis: The Gaussian sigma and RMSgg. RMSgg
is the rms for the 90% events from the center of a Gaussian distribution. The purpose

to use this approach is to reduce sensitivity to the non gaussian tails.

In order to see the effect of increasing guard ring size on the resolution, RMS/ VE and
RMSgo/ V'E are shown as a function of the cosine of the polar angle 6 of the jets. From



tel-00949818, version 1 - 20 Feb 2014

Chapter 4 Optimization of the Si-W ECAL guard ring size 50

%0-8"'|"'|"'|"'|"'| @0-8"'|"'|"'|"'|"'|

- + 0.001mm 4 - + 0.001mm E

] | + imm 1 ~ | * imm N
0 2mm )] 2mm

s . 1z -]

x 0.6 __ > gmm n: & 0.6 __D__D_ —o—> 8mm — ]

04F ﬂ_;' 04 :_—_._._———' — ]

;7—-— —— :_—___—-— T

_.__— e I 1 r - 1

0.2 b 02 ,

0 1 1 1 1 1 ol 1 1 1 1 1

0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Cos 8 Cos®

jet jet

FIGURE 4.8: The jet energy resolution as a function of cosj.:, where 6, is the polar
angle of jets along the z-axis. (a) shows the comparison of RM Sgq/\/Ejc: for various
guard ring sizes. (b) is for the gaussian sigma (RM S/+\/Ejes).

ss6 figure 4.8, it can be seen that the energy resolution for jets degrades as the guard ring

47 size increases, but up to 2 mm there is no significant degradation. For the standard size

sas  (Imm) the results for the jet energy resolution agree with those already published in the
DBD [40].
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FIGURE 4.9: Jet energy resolution ( RMSg,/v/E) as a function of guard ring size.

849

sso  Figure 4.9 shows the jet energy resolution, integrated over the polar angle, as a function of
ss1  the guard ring size. For a guard ring size in range 0-2 mm, the degradation in resolution

g2 is very small.
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4.5.2 7 — e et Channel.

The leptonic decay of the Z boson is one of the important channels for ILC physics. It
is used for detector calibration, because of the high accuracy with which the Z mass
(91.2 GeV) and its branching ratios are known. It is also a useful channel to evaluate
the performance of the ECAL. At the ILC, this channel will be used to reconstruct the

Higgs mass, by means of the Z recoil mass [100].

1500 - -
i ZMass -

- Entries 6990 -

Events

- Mean 90.7 N
B RMS 9.246
1000 Constant 1402 |
Mean 91.13
Sigma 2.307

500 [~ -

O F—— 1 1 1
40 60 80 100 120

Z Mass (GeV)

FIGURE 4.10: The Z mass from Z — ete™ fitted with a gaussian.

The leptonic decay of the Z bosons creates Bremsstrahlung photons, radiated by the
electrons, that can be only reconstructed in the ECAL. The recovery of these photons is

compromised due to the presence of inactive area.

We use polarized electron beams (P.-,P,+) = (—0.8,+0.3) at /s = 250GeV . The
process studied here is e“et — ZH. The Z is reconstructed from its decay products
using ZFinder[101], an algorithm to reconstruct the Z from electrons. It includes the

recovery of Bremsstrahlung photons.

As this channel is very sensitive to modifications in the structure of the ECAL, we want
to assure a good reconstruction. This is verified by a simple calculation for the resolution
on the 7Z mass. As Z has a very mild boost, we can assume it is at rest and that its decay
electrons have equal energy (%) The sigma for reconstructed 7Z mass can be expressed

as:
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2
o(My) = % - o(E,) - (J‘gz> ~ 2. 0(E,) (4.2)

With the ECAL energy resolution ~ 17%, we have

0(E.) =017 \/E. = 1.15GeV = o(My) = 2.30GeV (4.3)

The value found by the Gaussian fit in figure 4.10, is in agreement with this result. This
cross check ensures the good performance of analysis and reconstruction tools. It also
shows that the energy loss due to Bremsstrahlung photons is is well recovered by the

reconstruction algorithm.

10)
[EEY
<
T 1 ||||I1'r
Ll |||||,|,|:

Events (log
2

10

40 60 80 100 120
Mass (GeV)

FIGURE 4.11: The distribution of mass of the Z, reconstructed from eTe™. The log scale
is used to show propagation of tails with increasing guard ring size.

As is evident from the figure 4.10, the distribution of the mass of Z has tails on the right
and left part, due to imperfections in the reconstructions. The propagation of these tails
with the guard ring size has been studied, as is shown in the figure 4.11. The guard
ring size within a reasonable range of 0-2mm has very little effect on the tails, how ever
larger sizes increase the tails considerably. Although the difference is small for smaller
sizes, but in order to preserve high precision the smallest possible guard ring size should

be preferred.

As described earlier, the process studied here was e"e™ — ZH, which is one of the

benchmarks at ILC, for the reconstruction of Higgs boson. Although the main focus of
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the studies was to reconstruct the Z from it’s decay products, for the sake of completeness

the result Higgs recoil mass spectrum is also shown in figure 4.12.

~5 —ft r 11 1
mﬁ ]_03 3 —000imm 3
Q E -+ 1mm E
~ B B X 2mm .
g 102 E ©-3.5mm |
Q E X-5mm E
Li B —8mm T
10F
1ElS
I

120 140 160 180
Mass (GeV)

F1GURE 4.12: The Higgs recoil mass distribution, reconstructed using the method from
[100]. The plot shows the effect on tails, with increasing guard ring size.

The electromagnetic energy resolution (RMS/vE) as a function of the guard ring size
is shown in figure 4.13. The effect is more pronounced, specially for smaller guard ring
sizes, as compared to the jet energy resolution. But again, we see that the resolution
degradation at smaller guard ring sizes is very small(~ 2 %). Up to 2 mm, like in the

case of jets, the energy resolution of the ECAL is not affected severely.

4.6 Summary

We studied the energy resolution of the ECAL for hadronic and leptonic decays of Z for
different guard ring sizes ranging from 0 to 8 mm. In the case of jets we have studied
the energy resolution as a function of the jet polar angle. We observed that the energy
resolution depends on the guard ring size and that it is degraded when we go to larger
sizes, as we increase the dead area in the detector. We found that the energy resolution
varies very little for typical guard ring sizes i.e. between 0 and 2 mm. The study takes
into account the effects on physics performance. The effects on silicon wafers, for example

the square events, were not studied during this analysis.
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FI1GURE 4.13: Electromagnetic energy resolution of ECAL as a function of guard ring size,
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for Z — ete.
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Chapter 5

Top quark forward backward
asymmetry at the ILC

5.1 Introduction

As already explained in the section 2.5, the top quark is one of the important topics of
study at the ILC. Due to its large mass, it is most strongly coupled to the mechanism
of the electroweak symmetry breaking. For this and other reasons, the top quark is
expected to be a window to any new physics at the TeV energy scale. In this chapter
we will present the measurement of ¢f forward backward asymmetry at ILC, in hadronic

decay channel.

5.2 Asymmetries at hadron colliders

The last few years were marked by a number of publications from the Tevatron experi-
ments which reported on tensions with Standard Model predictions in the measurement
of forward backward asymmetries App. This observable counts the difference in the
number of events in the two hemispheres of the detector. In hadronic collisions, the
polar angle is typically expressed in terms of the rapidity y, which is invariant under

longitudinal boosts.

Usually the analyses use the semi-leptonic decay channel, for example at the LHC and
Tevatron. In this scenario, at least one member of the tf pair is required to decay lepton-
ically to assure the particle identification. The average asymmetry reported by CDF is
0.2014-0.065 (stat.)+0.018 (syst.) [112] which agrees with 0.19640.060 (stat.) 0038 (syst.)

as reported by D@ [113]. These values can be compared with an asymmetry of about

95
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0.07 predicted by the to Standard Model from NLO QCD and electroweak effects. This
result is difficult to verify at the LHC. The LHC is a proton-proton collider, so the two
hemispheres are intrinsically symmetric. Further, at the LHC at 7 TeV, only 15% of
the interactions arise from ¢q collisions; the 85% from gg collisions can have no intrinsic
asymmetry. Still, in gg collisions at the LHC, it is likely that the ¢ is a valence quark
while the ¢ is pulled from the sea. This implies that ¢f pairs produced from qg are
typically boosted in the direction of the ¢. This offers methods to observe a forward
backward asymmetry in qq — tt. For example, a forward-backward asymmetry in the q
reaction translates into a smaller asymmetry Ac in the variable Aly| = |y;| — |yz|. For
this observable, CMS measures Ac = 0.004 £ 0.010 (stat.) £ 0.012 (syst.) [114], which
agrees with the Standard Model predictions within the relatively large uncertainties. So
far, the LHC experiments have not provided any independent evidence for asymmetries
outside the Standard Model predictions [104, 115]. The theoretical interpretation of
these asymmetries is also very uncertain. Many plausible models of the ¢t asymmetry
predict effects in top quark physics at high energy that are excluded at the LHC. For a

review of the current situation, see [116, 117].

5.3 Asymmetries at the ILC

The top quark physics program at ILC has been discussed in chapter 2. In this chapter,
the focus will be on studies carried out to measure the forward backward asymmetry in

top pair production at the ILC, with the help of full detector simulations.

Figure 5.1 shows the Born level App for different particles, as a function of center-of-

mass energy, with unpolarized beams and neglecting the effect of initial state radiation
(ISR).

It can be seen that the value of App for the top quark is around 0.40 at a center-of-mass
energy of 500 GeV. This value is however, for unpolarized beams. With polarized beams

the values of Aif% are given below.

— {P-, P} = (—1,+1), A% =047

~{P.-, Py} = (+1,-1), A2 = 0.38
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FIGURE 5.1: Forward Backward asymmetry App for different particles produced in Z
decay, as a function of center-of-mass energy +/s.

5.4 Production cross sections at the ILC and beam polar-

izations.

For polarized electron-positron beams, the production cross section for any particle

through e~ e™ — X, can be expressed as[107]:

OP,_ P, = [(1 - Pe* Pe+)(a—,+ + U—i—,—) + (Pe* - Pe*)(a——h— - U—,-l—)] (51)

|

Here, P,- and P,+ represent the degree of polarization of electron and positron beams
respectively. This expression assumes m./E — 0, which is valid for /s >> m.. In
this case, the terms like o4 1 and o_ _ don’t contribute to the cross section due to
the helicity conservation in the massless limit. The cross section varies for different
beam polarizations. The cross section for tt production for left-handed electron beam

polarization is much larger than that for right-handed electron beam.

A graphical representation for the production cross section of different Standard Model
physics channels at ILC, including tZ, is shown in figure 5.2, for an energy range between
0 and 1 TeV.
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F1GURE 5.2: Unpolarized cross sections for different Standard Model processes at the ILC,
as a function of center-of-mass energy \/s. The image is taken from [106].

The numerical values for cross sections of some of these processes, including major back-
ground processes, for ¢t studies, are shown in Table 5.1. These values are for a center-
of-mass energy /s = 500GeV.

’ Cha{mel ‘ Unpolarized(fb) ‘ eren ‘ epel ‘ AY (%) ‘

tt 572 1564 | 724 36.7
bb 372 1212 | 276 62.9
> qq 2208 6032 | 2793 36.7
u,d,s,c
I 456 969 854 6.3
WWwW 6603 26000 | 150 98.8
77 422 1106 | 582 31.0
IWW 40 151 8.7 89

TABLE 5.1: Production cross-sections of some important channels at the ILC, with
unpolarized and fully polarized beams, at a center-of-mass energy /s =500GeV. The
last column represents the left-right asymmetry AY .. [120]

The fully hadronic decay of ¢t pairs, is a benchmark in the DBD [40]. It accounts for 46%
of the total top quark decay. A schematic view of the process is shown in figure 5.3. The
advantage of using this channel is that the kinematic variables of the top decay can be
reconstructed more precisely, as the final state can be fully reconstructed. In the semi-
leptonic or fully leptonic decays, the W boson decays into a lepton and it’s corresponding

neutrino. The reconstruction of this W becomes less precise since the neutrino escapes
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the detector. The hadronic decay channel on the other hand, allows a full exploitation

of tt sample.

FIGURE 5.3: A schematic view of the fully hadronic decay of top quark pairs.

5.5 Studies

Fully polarized beams are used for the analysis of the fully hadronic decay mode of
the top quark, to measure the forward backward asymmetry at the ILC, at 500 GeV

center-of-mass energy. The following two beam polarization configurations are studied.

— For the left-handed electron configuration ey ek, we use {P,—, P+ } = (—1,+1).

— While for the right-handed configuration epef, {P.—, Po+ } = (+1,—1)

The beams at the ILC, will not be 100% polarized, rather the electron beam can be
polarized upto 80%, and the positron beam upto 30%. This implies that the effective

polarization P, yr, which is defined as follows,

|Pe*‘+’Pe+‘

Pij=—-—"—— 5.2
1 1+|Pe*”Pe+’ ( )

will be around 90%.

The tt events are generated by Whizard version 1.95 [109, 110]. The parton showering
and hadronization is done by PYTHIA 6.422 [93]. Whizard produces a six-fermion final

state, of which tt is a sub-sample.
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An integrated luminosity of 250 fb~!, for each polarization configuration, is then sub-
jected to a full detector simulation. The reconstruction is done with ILCSoft v01-16.
Durham jet algorithm [92] is used for jet clustering. K; algorithms [82] are used to re-
move the gamma gamma background. TheLCFIPlus package plays a central role in the

analysis. A brief description of LCFIP1lus is given in the next section.

5.6 LCFIPlus

LCFIP1lus|105] is used for jet finding, vertex finding, flavor tagging and reconstruction
of the vertex charge. Initially designed for the optimization of vertex detector design,
the software package currently provides tools for reconstruction of all physics processes,
where locating the vertex and reconstructing its charge is required. The package consists

of multiple algorithms used for different tasks.

The jet finding part is based on the principle used in the Durham jet algorithm|[92]. In
the initial part, every hit or track is treated as jet, and starting from one such jet, the
near by jets are added to the previous one, thus reducing the number of jets by 1, at
each step. At each step, a distance Y (4, j) between two jets ¢ and j is computed for the

pair of jets as follows:

2min(E;, Ej)*(1 — cos 0;;)
Q2

Y(i,5) = (5.3)

Where E; and Ej; are the jet energies, 6;; is the angle between the two. Q? is constant,
which is typically center-of-mass energy. Two jets with a minimal Y (7, j) are combined

into a single jet. The process is continued, till the required number of jets is achieved.

After finding the jets, the vertex finding is performed in two steps: namely finding the
primary vertex, and the secondary vertex. The vertex locator part of the algorithm
is a complete re-implementation of the vertex finder ZVTOP, developed at the SLD
experiment [111]. For the most part the LCFIVertex algorithm is as the original ZVTOP.
Improvements like using the Kalman vertex fit and adjustments to allow the use of
ZVTOP for events at center-of-mass energies above the 7 resonance are made to adopt

to the requirements.

The tracks are combined to form a vertex, using x? minimization. The tracks with a p;
less than 100 MeV, are discarded. Further parameters taken into account are the number
of tracks, the distance from the IP, the probability of secondary vertex and the decay
length.
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The flavor tagging part of the algorithm uses the secondary vertex information, whenever
available. A neural network uses separate sets of variables depending on whether a
secondary vertex is found or not. The choice of the neural network architecture and
input variables is flexible. The actual choice of these parameters is defined by the external
weight files, produced by using dedicated samples, at the time of running the algorithm.
These weight files are prepared to optimize the performance of the LCFIP1us, for different

conditions like number of jets in final state, center-of-mass energy and detector geometry.

The discrimination of different types of jets uses the flavor of hadrons. The fact that uds
jets do not contain vertices stemming from the decays of heavy flavor hadrons, helps to
distinguish ¢ jets from them. Significant attention is also paid to sort out the unwanted

vertices corresponding to photon conversions, and decay of K, and A particles.

The discrimination of b and ¢ jets is done using the output of dedicated neural networks.
Three sets of neural networks are trained depending on whether 1, 2 or at least 3 vertices
are found for the jet. The discrimination of the c jets from the lighter quarks is easy. The
"b nets" are trained by providing b jets as signal sample, and ¢ jets and lighter quarks as
background. Similarly, "c nets" are given c jets as signal, and b jets and lighter quarks

as background.

A good flavor tag is a pre-requisite for the determination of the charge. This part of the
reconstruction chain is the most crucial to analysis presented in this thesis. The b-quark
decay chain is complex, and reconstruction of its charge is a difficult task in a multijet

environment.

The measurement of the b-jet charge is done using the tracks associated to the vertex.
The charge of individual tracks needs to be measured with good accuracy. Charge of all
tracks, associated to the vertex of b-jet is summed to obtain the charge of b quark. During
this analysis, the charge was measured at the secondary vertex, whenever available, to be
used for identification of b-jets. The current version of the LCFIP1us is not yet optimized

for the charge measurements.

5.7 Analysis and Kinematic Cuts

The t quark decays nearly exclusively into a b quark and a W boson. The b quarks
hadronize into a jet, called b jet hereafter, which contains a B hadron. The six jet
final state is reconstructed using the Durham jet finder [92]. Subsequently the jets are
analyzed with the LCFIP1lus package, which assigns a b likeness called b-tag to the jet.
Figure 5.4 shows the quality of b-tag as a function of polar angle of the jets. The two
jets with the highest b-tag values are considered to be the jets from the b quarks. The
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FIGURE 5.4: Left: The b-tag of the first three jets, classified on the basis of b-tag value,
shown as a function of cos(6) of the jets. Right: The distribution of b-tag, for three jets.

likelihood of third jet is also shown in the figure. As the figure shows, the mean value of

the second highest b-tag is above 0.3. The right part of figure shows the distribution of

b-tag. A little spike for the second b-jet, can be seen around btag value 0.2. These jets

are either in very forward region, or soft b-jets. The events with b-tag values less than 0.3

are rejected, as a pre-selection for charge measurement.
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FIGURE 5.5: Reconstructed mass of the W bosons, from jets. Two Ws are selected from
the combination of four jets, for which the variable ¢ has a minimum value
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The possibility of c-jet being mistagged as a b-jet is also investigated. It was found that
around 7% of the b-jets, could be the mis-tagged c-jets.

The two W bosons are reconstructed from the remaining four jets. Different combinations

of jets are checked for choosing the two Ws. A variable ¢ is defined as:

S |mij — mw‘ + \mkl — mw| (54)

Here, ij and kl represent different possible combinations of jets and my, = 80.4 GeV, is
the mass of W boson. The minimum value of 1 is used to reconstruct the required Ws.

Figure 5.5 represents the mass distribution of the selected W candidates.

After having reconstructed the jets from W bosons and b quark jets, the jets are combined
to form t quarks. Out of two possible combinations of two b jets with these Ws, Top =

W; + b with 4,k = (1,2), two tops are reconstructed with the minimal x2.

2
) (mt - 174G6V>2 . (Et - 250G6V)2 . <p; - 69G6V>

Omy OF, (sz

with
pz = ’Ypb(l — B COS(th))

being the momentum of the b quark in the rest frame of the ¢t quark, E; the energy of
the t quark candidate and m; the reconstructed mass of the ¢ quark. The variables o,,,,
o, and oyx expressed in the above equation are calculated from the distributions of my,

E; and pj, respectively. They take the following values.

om, =6.3GeV, op, =8.0GeV, op =10GeV. (5.5)

The left part of figure 5.6 represents the value x? versus reconstructed mass of top, while
right part shows x? versus the reconstructed energy of top. The concentration of events
in the bottom part, around the nominal mass and energy values of top quark, shows the

discrimination power of the y? method.

The defined x? is a quality criterion for the events and only events that satisfy x3 < 20
and Y3 < 40 are retained. Systematic studies, performed by varying the x? cut, will
be discussed in section 5.14. Finally, events are selected for which both ¢ quarks and
both W bosons are in the range 140 < m; < 210 GeV and 60 < my < 100 GeV. The

efficiency of these cuts is given in table 5.3.

The mass distribution of two selected top quarks is shown in figure 5.7.
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FIGURE 5.6: 2 values plotted against the mass of the top quark candidate Left and it's
energy Right. The x? distribution for maximum events is closed to the nominal values of
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FIGURE 5.7: Mass distribution of the top quarks, selected using the x? criterian. Two

curves represent the ¢ and ¢ quarks.

1063 All introduced event selection criteria are summarized in Table 5.2.

Selection of the signal events

Cut number Cut Name Type
1 b-tag btagi 2 > 0.3
2 X° x? < 30
3 Kinematic 140 < my < 210GeV
Cuts used for the identification of the top quark charge
4 Jet Charge Cut Qy <5
5 Event Charge C#0

TABLE 5.2: Cuts as applied in this analysis in the sequence as they appear in the text.
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The efficiency of the first set of cuts, used to select the signal events, will be given in table
5.3. The statistical error obtained for the cross section of t¢ hadronic decay, using these
cuts, is 0.40% for the left-handed beam polarization, and 0.60% for the right-handed

polarization.

5.8 Standard Model background

The backgrounds studied during the analysis are classified on the basis of the number of
fermions. The background processes have already been shown in table 5.1, along with

the corresponding cross sections.

The 6-fermion background is divided in two parts. The first part consists of ZW W, which
can have a 6-jet final state. It has been shown that the rejection of this background can
be easily done. One of the criteria to recognize such a background is the invariant mass

of the bb system. As the figure 5.8 shows, there is a clear peak around the Z mass.

1400 ~————T—+———+T T
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400
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R A e
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FIGURE 5.8: Mass distribution of bb system. The ZWW background can be seen peaking at
Z mass. The plot shows solid black line for all events, red dotted line is recognized as ZWW
background. The blue curve shows the events slected after removing the background.
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The second part of 6-fermion background studied is the the semi-leptonic decay of ¢ pairs.
The semi-leptonic events can migrate into hadronic due to multiple reasons, mainly hard
gluon radiation, vy background, and jets with multiple vertices. While studying this

background, the reconstruction is forced to treat the leptons from the W decay, as jets.

The next type of background processes is 4-fermion background. Two processes are
studied namely WW and ZZ. The WW background has the highest cross section, while
the ZZ background can be misleading, specially in cases where Z decays to bb. Only
fully hadronic decay of the Z and W bosons are studied.

The requirement of two bjets with a b-tag value higher than 0.3, is a strong cut against the
WW background, which has the highest cross section among the background processes.
Given that the Z bosons can decay to bb, this cut is less efficient in this case, but the
next cuts on the kinematics of the top quark candidates and x? give good performance

for rejection of this background.

’ Process ‘ Total Events | b-tag | Kinematic ‘ X2 ‘ Efficiency ‘
tthad (eZeE) 162128 104710 80780 56598 | 34.90%
tthad (eﬁef) 63976 41325 32884 24228 | 37.87 %
tty (eZeE) 102255 53090 26531 5280 5.16 %
tty (e]}eJLr) 52012 28722 14235 3084 5.92 %
WW(eZeE) 6.5 x 106 39084 7442 2163 0.03 %
ZZ(eZeE) 276500 35027 8770 2929 1.05 %
ZZ(e}_%e}f) 145500 18006 4373 1501 1.03 %

Z —qq (e;e}) | 811 x 10° | 94226 21270. 5530 | 0.06 %
Z — qq(eéez) 4.5 x 10° 31877 7874 2286 0.05 %

TaBLE 5.3: Efficiency of different cuts, for he signal and Standard Model background
processes. The respective beam polarizations are shown in parentheses. The last column
shows the final selection efficiency.

2-fermions background is also studied, for the sake of completeness. The hadronic decay
of Z boson is studied for both polarizations. Despite a high cross section, this process
can be easily discriminated because of requirement of 6 jets. The final efficiency for this

process is below 0.1%.

The efficiency of various cuts is summarized in the table 5.3. The number for background

events are scaled to correspond to the same luminosity of 250 fb~!.

5.9 Charge of the b quark

The b quark charge Qp at the vertex is determined to identify whether it came from a ¢

or t quark. Technical details of measuring the vertex charge, are given in appendix A.



tel-00949818, version 1 - 20 Feb 2014

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

Chapter 5 Top quark forward backward asymmetry at the ILC 67

In this section the quality of charge reconstruction and the rejection of yv background

will be discussed.

5.9.1 Quality of the charge reconstruction

The charge at the vertex is reconstructed as the sum of the charge of all particles related
to this vertex. For both jets |Qp| < 5 is required, otherwise the event is rejected. The
algorithm gives integral values for the quark charge instead of partial values for the

charge of quark.

In order to verify the charge reconstruction it is compared with b quark and b quark in
the event generator record. Additionally, a cross check is performed using B mesons,
which are formed from the b quark. The Fig. 5.9 shows in its left part the measured jet
charges originating from b or b quarks. The right hand part is the same but now the
reference charge is given by a B meson in the jet. For about 60% events, the charge
of the original particle is reconstructed correctly. The distributions are compatible with
those shown in Ref. [108§]

T e maUE 30000 [
7777777 F -
30000 [~ || b quark T - [ 8 Mesons
: 7 ] 25000 R
s 5 0 70 1 f 4B Meson
% uarl 77777007 F o ]
MALR 7 ] E [ &° Meson
) N N o
B ) 1 20000 |
20000 N KXXXXXXKXXY /1 /////7/] . o
L 4 15000 [~
10000 F n 10000 [~
- HKALHRREAK KXXXXKKKXXE /11 /11177 - o
KRR RAKLKKNIKKKKKKIKKIKKXKE S 1/ /1117 5000 -
KRR RRAKLKKIIIKKKKKIKKIKIXNE 1/ /11177 -
L QKR RAXKKKKIIIKIKKKIKKIKKIKXXKE /1117711 /] -
XY/ /1111777 -
/////////)
o XXX] - o
ORXXXXXXNNKKX]
0 XY XEXEX KX LKL O

FIGURE 5.9: Left: Reconstructed charge for jets originating from b or b quarks. Right:
The charge of the B meson is taken as a reference for the verification of the vertex charge
measurement.

5.9.2 v background

One of the major backgrounds expected at the ILC stems from photon-photon collisions.
These photons are radiated by electrons in the beam and are called Beamstrahlung
photons. The cross section for such collisions is a few 100 nb, for incoherent photons.
For each bunch crossing, approximately one such collision is expected. These collisions

produce low p; hadrons. The data samples used for this study take this effect into
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account. The samples were simulated with v+ collisions overlaid. The soft quark jets
produced in this case are one of the sources of confusion for jet clustering and flavor
tagging. Of special importance are the jets produced in the very forward region of the
detector. To take away the effects of this background, we use the k; algorithm [82] to

remove these low p; hadrons, before jet clustering and flavor tagging.

‘ngOO-lHll“;"*-”lllllllll”- gzooo-""l""I""I""I""I""_-
(0] i : | (O] 7
a g | :
4 , 1500 [ ]
1000 ¢ " - [ ]
E : 1000 .

500F  § % - _ :
- T 500 -

0 e e 0 A T T . N

0 50 100 150 200 0 50 100 150 200 250 300
Eye(GEV) E, (GeV)

FIGURE 5.10: Comparison of the energy of the b jets, and W bosons, in ¢t decay production,
for left-handed and right-handed electron beams. The dotted line represents the right-
handed electron beams, while solid lines are for left-handed electron beam case.

The effect of the background on b-charge measurement in both polarization configura-
tions is not the same. The background affects the right-handed electron beam case in
a stronger way as compared with the left-handed electron beam. The reason for this
is that in case of left-handed electron beams, the b-jets are more energetic, while they
are comparatively soft for right-handed electron beams. This is because of the V — A
structure of the tWb decay vertex. On the other hand, the energy of the Ws behaves
conversely i,e. Ws are more energetic in the right-handed electron beam case, as the

figure 5.10 shows.
[106]

Figure 5.11 shows the effect of vy background on the reconstruction of charge, for the
right-handed electron beams with polarization (P,-, P,+) = (+1,—1). However, the ef-
fect of background on left-handed polarization has also been studied, and it was found
that the removal of background had a smaller effect as compared to right-handed polar-

1zation.
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FIGURE 5.11: Left: Reconstructed charge for b-jets, using B-Meson charge for verification,
with v background. Right: After removing the background using k; algorithm.

5.10 Mis-tagging of c-jets as b-jets

A clean reconstrcution of b-jets is vital to a good measurement of the direction of top
quark, which is in turn used to calculate the forward-backward asymmetry. Separating
the b-jets from c-jets is a difficult task, and there is always a probability of c-jet being
mistagged as b-jet. A dedicated study is performed to understand this problem, with
the help of the generated events. The studies are performed using the angle between the
generated b,c quarks and the reconstructed b-jets (6s,..b1,c> Obyecerse)- Figure 5.12 shows
the distribution of the cosine of these angles, versus each other. The figures shown here

correspond to the b-jet, with second highest b-tag, in the left handed polarizatoin case.

For the purpose of defining the mis-taging, this figure is sub-divided into three parts,
depending on the comparison of cosine of two angles, and later on putting a cut on the
value of cos(6y For convenience, three subdivisions are shown individually, in

figure 5.13.

reccﬂl(7) .

Figure contains three plots corresponding to following scenarios.

— First plot from left, contains events where cos(6s,..c,, ) is bigger than cos(6s,..b,,c )
implying that the reconstructed b-jets is closer to the ¢ quark in generated sample,

as compared to b quarks.



tel-00949818, version 1 - 20 Feb 2014

1154

1155

1156

1157

Chapter 5 Top quark forward backward asymmetry at the ILC 70

FIGURE 5.12: The cosine of the angle between reconstructed b-jets and generated b, ¢
quarks. Most of the reconstructed b-jets are closer to the generated b quarks.

FIGURE 5.13: Subdivisions of figure 5.12. The figures correspond to three scenarios.
Left: abrecCMc < ebrecbl\/lc’ Center: ebrechc < obrechC and gb'reccluc < 71'/2, and Right:
obrechc < ebrechC’ obmcCMc < 7T/2' and abrechc > 7T/2'

— The plot in centre show the same, except for a cut, asking for 0, c,,, less than
/2.

— Right-most plot contains the events where the reconstructed b-jet is away from the

generated b quark by more than /2, while it is closer to the generated ¢ quark,
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by less than 7/2. Events in this plot are recognized as c-jets, mistagged as b-jets
(Quadrant 4).

The fraction of events corresponding to each of these plots, are shown in table 5.4 for
both polarizations and both b-jets. In the table, the b-jet with the highest b-tag value is
shown as Jetl, and the jet with second highest b-tag is called Jet2.

Angle Events Jetl (%) | Events Jetl (%) | Events Jet2 (%) | Events Jet2 (%)
All Above b-tag 0.3 All Above b-tag 0.3
left-handed Polarization (e e})
abTCCCMc < obrcnblﬂc 12 11 13 8
ebreccj\/fc < ebTECbAfC 8 8 9 6
ebmchc < 7l'/2
Obrecerre < Obrecbare 6 6 6 4

ebrechc < 7l'/2
Ob,ccbric > /2

right-handed Polarization (eze})

ebrecCIWC < ebmchc 12 11 12 8

ebTecCIMC < eb'r'ecb]\/fc 8 8 9 6
Obrecenrc < /2

ebwchc < eb'r'e(:b]\/fc 5 5 6 4

ebrechc < 7T/2
Ob,ccbric > /2

TABLE 5.4: Percentage number of events, as shown in the figure 5.13, for both polariza-
tions.

From this study, it is concluded that 4-6 % of the b-jets are mistagged c-jets. It is seen
that requirement of the b-tag > 0.3 helps to reject the mis-tagged events, more in the case
of second b-jet than the first jet. It is also observed that the effect is almost independent

of the polarization.

A part of b-jets could be indeed very close to the c-jets, making it difficulat to separate
the two. For example, the distribution of the cosine of the angle, between generated b
and ¢ quarks is shown in left part of figure 5.14. Some of the b quarks are very close
to the ¢ quarks, which will be difficult to separate. The other reasons, for mis-tagging
could be the soft b-jets and hard gluons, emitted by the b-jets. The hard radiations alter
the direction of b quarks. A distribution of the angle between two generated b quarks, is
shown in the right part of figure 5.14. Although, most of the bb pairs, are back to back,
or close to that, there is a long tail, showing the comparatively small angles between b

and b quarks.

5.11 Identification of top quarks

For the association of the b jets by and by having charge Qp, and Qp, to t or ¢ the event
charge C = Qp, —Qp, is defined. The Fig. 5.15 shows the distribution of the event charge.
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FIGURE 5.14: Left: The distribution of cosine of the angle between generated b and c
quarks (solid line), and b and ¢ quarks ( dotted line). Right:. Thh distribution of cosine of
the angle between generated b and b quarks.

ure  As expected, most of the events have a non-zero C value, which in turn implies that we

can distinguish between a t quark and a t quark. The following criteria are applied

6000

4000

2000

FI1GURE 5.15: Event Charge C = Qp, — Qy,, the variable used to identify the charge of
top quark.

1180

1181 — In case C'= 0 an event is discarded;
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— If C' < 0 the by is assumed to be produced in the decay of a ¢t quark;

— If C' > 0 the by is assumed to be produced in the decay of a ¢ quark.

For the signal events, the further cuts are applied, in addition to the previously described
cuts. One of the factors, that affects the purity is the wrong charge. The subtraction of
events, where the charge is wrongly assigned, is done with the help of the MC events.
For this purpose, the reconstructed bjets are compared with the bjets in MC events, by
measuring the polar angle between the two. If the two jets do not satisfy the condition
of cos(f) > 0.9, the charge is assumed to be wrong. A distribution of cosine of the angle
between b-jet and b partons in MC is shown in the figure 5.16. The reconstruction of
direction works good for 60% events, while the remaining 40% events can be seen in
the tail. One of the reasons for this long tail, and an imperfect reconstruction of the
direction are the hard radiations. A b quark can radiate hard gluons, which can alter its
direction. The change of direction is more significant if the b-jet has a low energy, which

is particularly true for the right-handed polarization case.

-1 -0.5 0 0.5 1
Cos(0)

F1GURE 5.16: Cosine of the angle between reconstructed b jet and the Monte Carlo b jet.
This parameter is used to identify the wrong charge assignments, and remove them.

The final selection efficiency, after subtraction of events with wrong charge, is 20% for

left-handed electron beams, and 21.41% for the right-handed. This is in agreement with
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198 the one reported in [108]. The quality of reconstruction of top quarks, at the final stage,
199 can be cross checked by comparing them to the top quarks at generator level. A difference
1200 of cosine of angle, of the reconstructed top quark, and the MC top quark is shown in

1201 figure 5.17.

(V)] 8000 —+r+rorr T oot

= L i, i

) . ¥ 1

> i

LU i i i
6000 b —
4000 —
2000 |- ' .

-1 -0.5 0 0.5 1
Cos(6, )-Cos(6, )
rec MC
FI1Gure 5.17: Difference in Cosine of angle between reconstructed and Monte Carlo ¢

quarks. The dotted line represented the number of quarks before the subtraction of events
with wrong charge, while solid line shows the same after the correction.

w2 5.12  Determination of the forward backward asymmetry

1203 A.tF\B

The forward backward asymmetry is defined as follows

N(O < Oy <
N(O < etop <

) = N(5 < Oiop <)
)+N(g<0top§7r)

i
App =

INENNE

120a  The polar angle 0y, is defined w.r.t. to the incoming electron beam. The quantity N is

1205 the number of events in the different detector hemispheres.
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FIGURE 5.18: Left: Asymmetry for P, P’ = —1,+1 after application of cuts in Tab. 5.2.

The figure shows in addition the generated distribution and the events for which the b quark

charge is incorrectly reconstructed. The bottom fill shows the Standard Model background.
Right: The same as left but for P, P’ = +1, -1

A positive value of the asymmetry implies that the forward region of the detector is pop-
ulated by the t quarks, while there are more ¢ in the other hemisphere. For convenience,
the asymmetry is given for ¢ quarks only and the angle of £ is inverted by 7 to add it to

the number of ¢ quarks.

costy = —1 % cos b

The Fig. 5.18 shows the forward backward asymmetry for the polarization P, P’ = —1, +1
after the selection described in the previous section. A clear asymmetry is visible. The
wrongly assigned charge of b quark, results in a lower asymmetry. They are shown in
the bottom of Fig. 5.18.

For about 60% of the ¢t quarks the charge is measured correctly, depending on the various
cut scenarios. For the final result events with wrong charge assignment are subtracted
from the number of observed events. The resulting asymmetries for both beam polariza-
tions are shown in Fig. 5.19 and the results are summarized in Tab. 5.6. Note, that 1/4
of the difference between generated and reconstructed A% 5 is taken as the systematic

error. The error on the A%, is calculated as following:

[1— A2
6AFB — TFB (56)

Here, N is the number of events. The statistical error is shown for the number of events
expected for 250fb~! and P, P’ = +0.8, 0.3
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FIGURE 5.19: Left: Angular distribution of top quarks for P, P’ = —1, +1 after application
of cuts in Tab. 5.2 and correction for events in which the b quark charge was incorrectly
reconstructed. The corrected result is compared with the generated distribution. Right:
The same as left but for P, P/ = +1, -1
P, P’ (A%B)gen- A%B 0Arp (5AFB/AFB)5t‘1t- [%] (5AFB/AFB)5?J-5L [%]
—1,+1 0.352 0.332 | 0.007 | 1.9 (corrected to P, P’ = —0.8,+0.3) 14
+1,—1 0.439 0.388 | 0.009 | 2.01 (corrected to P, P’ = +0.8, —0.3) 2.9

TABLE 5.5: Precisions expected for A% for different beam polarizations.

5.13 Form Factors

The precisions on the form factors, mentioned in 2.3, have been calculated using these

results. Following four parameters are used to calculate the form factors.

— So(epef) =0.40%

— do(epe}) = 0.60%

— 5AFB/AFB(656J}%) =1.9%

- 5AFB/AFB(€§62:) = 2.01%

While calculating the form factors, the CP violating form factors are fixed to their stan-

dard model values. The results for hadronic decay channel, are presented in the following

table, along with semi-leptonic channel. For a comparison, the precisions expected from

LHC, are also shown. The difference in the calculation method is that for LHC, only

one form factor was allowed to vary at a time, while for calculations using our results

for hadronic and semi-leptonic decay channels, two or four forms are allowed to vary

simultaneously.

The v/Z mixing at a lepton collider allows to fix the sign of the form factors, while at

the LHC, the top quark couples either to « or Z. This implies that the cross section o is
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Coupling | Standard Model value LHC ILC (semi-leptonic) ILC (hadronic)
£ =300 fb" £ =500 fb* £ =500 fb=*
(P,—,P,+) = (£0.8,F0.3) | (P.—,P.+) = (£0.8,F0.3)

AFY, —0.66 +0.043 +0.002 +0.002
—0.041

AFE, 0.23 +0.240 +0.003 +0.003
—0.620

AFZ, —0.59 +0.052 +0.006 +0.010
—0.060

AED, 0.015 +0.038 +0.001 +0.001
—0.035

AFZ, 0.018 +0.270 +0.002 +0.002
—0.190

TABLE 5.6: Precisions expected for different form factors, using semi-leptonic and hadronic
decay channels of ¢, at /s = 500 GeV, with polarized beams at the ILC. The same for
the LHC, is also shown.

[l '-C (preliminary)(hadronic)
[l LHC (hep-ph/0601112)

[l '-C (preliminary)(semi-leptonic)
[l LHC (hep-ph/0601112)

Uncertainty
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Uncertainty
-
T
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N
o
LELERLLL |
i
Q
T T T

102 10?

10° 10°

FI1GURE 5.20: Left: A comparison of precisions for different form factors, for measurement
of electroweak couplings of the top quark, at the ILC, using fully hadronic decay channel,
and the LHC. Right: The same using semi-leptonic channel.

proportional to (FZ,)? + (F#,)?. Therefore the precisions expected at the LHC, cannot
exclude the sign flip of the Fle or Flzv.

The results for both decay channels are consistent. The value of AF} depend on the cross
section, so there is no difference. AF 1ZA is almost double as compared to the semi-leptonic
channel, due the comparatively higher 64, ,/Arp for the right-handed polarization in
the hadronic decay channel. But this difference does not appear in AFyy because the

error on App for two polarizations is averaged in this case.

A graphic representation of these form factors is shown in figure 5.20.
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5.14 Discussion of results

A major source of systematic error is that the final correction for wrongly measured
b quark charges is based on Monte Carlo truth information. This is one of the draw
backs of this analysis scheme, as it would require a perfect modeling of the final state.
However, the effect of systematics have been studied, by varying different cuts, on which

the final measurement of the App depends.

The final results are shown to be robust against the y? cut. The final selection efficiency
varies by 7%, while the purity varies by 2% only. The following table shows, the effect
of variation of x2, on purity and efficiency. Note that the values of (& App/AFB)stat.

onwards, are corrected for luminosity 250 fb 1.

[ x> | A% [ 0app | (0aps/ArB)star. [%] | Purity [%] | Final Efficiency |

left-handed Polarization (e, ef)
30 | 0.332 | 0.007 1.9 59.42 20.02
20 | 0.333 | 0.008 1.9 60.60 16.00
15 | 0.330 | 0.008 2.06 61.68 13.37
right-handed Polarization (e e} )
30 | 0.388 | 0.009 2.01 59.89 20.42
20 | 0.412 | 0.013 2.06 60.35 16.46
15 | 0.412 | 0.015 24 60.35 13.95

TABLE 5.7: Variation of the x? for two beam polarizations.

The effect of tightening the b-tag requirement is also studied. A tight cut on the b-tag,
increases the purity by 4-5%, while decreasing the efficiency by the same amount. The

numbers are given in the following table.

[ b-tagio | A% [ 0app | (0app/ArB)star. [%] | Purity [%] | Final Efficiency [%] |

left-handed Polarization (e e};)

0.9,0.8 [ 0.326 | 0.008 | 1.9 [ 6390 | 16.68
right-handed Polarization (eze])

0.9,0.8 [ 0.390 [ 0.013 | 2.17 | 6385 | 16.80

TABLE 5.8: The purity is increased by tightening the cut on b-tag.

The major source of confusion in the charge measurement are the neutral B hadrons. A
zero jet charge makes the Event Charge C biased as well, when combined with the other
bjet charge. The studies showed that purity of the charge measurement varies for the

values of Event Charge C, mainly because of this problem.

— |C| =1, purity = 55.67 % , Efficiency = 8.46 %, for left-handed polarization, while
|C| = 1, purity = 56.56% , Efficiency = 8.70 % for right-handed polarization.
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— |C| > 1, purity = 62.53 %, Efficiency = 11.58 % in case of left-handed polarization,
and |C| > 1, purity = 62.63 % , Efficiency = 11.70 %.

One of the outcomes of this aspect of the study was to propose further improvements
in the LCFIPlus. Access to the Tertiary vertex will give a better control over precision
in charge measurement. The B® mesons decay to D mesons, which in turn decay to
leptons. Measuring the charge of lepton will help to improve not only the efficiency, but
also the purity. Using the muons for the vertex charge is easier, however the isolation of

electrons, in a jet is a difficult task to accomplish.

The results are comparable to those obtained by using semi-leptonic channel [103]. The
certainty of the charge measurement of a lepton is higher as compared to doing that for a
bjet. The addition of the hadronic channel to the top quark pair decays studies adds to
not only statistics, but also helps to calculate the total cross section. The relative error
obtained in the hadronic channel is comparable with that in semi-leptonic. Following

table shows a comparison of the numbers in both channels.

l Channel ‘ AL ‘ 0App ‘ (0app/AFB)stat. %] ‘ Final Efficiency [%] ‘

left-handed Polarization (e ey)
hadronic 0.332 | 0.007 1.9 20.02
semi-leptonic | 0.326 | 0.005 1.7 28.5
right-handed Polarization (efe})
hadronic 0.388 | 0.009 2.01 20.42
semi-leptonic | 0.419 | 0.017 1.27 55.91

TABLE 5.9: A comparison of semi-leptonic and hadronic channels.

The performance for the right-handed polarization case, is better in case of semi-leptonic
analysis, mainly because of the reason the semi-leptonic relies on the charge of lepton
coming from the W boson, which are more energetic in right-handed polarization electron
beams case. The soft b-jets in this case lead to not only mis-identification of the charge,
but also cause the problem for the reconstruction of kinematics, specially the direction

of top quarks.

On the other hand, in the left-handed case, the performance is comparable, despite the
lower efficiency in the case of hadronic decay channel. In this case, the reconstruction
of the top quark direction is dominated by the bjets and Ws are comparatively less
energetic. This leads to the migration effect, in semi-leptonic analysis. This problem is

cured using the y? method, which has been detailed in [103].

The vertex charge measurement has also been applied to the semi-leptonic analysis,
complementarily with the lepton charge. The application yields satisfactory results, and

provides an alternative to the x? method used in that channel. It was found that the
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method is equally efficient, and the statistical error obtained is the same as in hadronic
decay channel. While using the b-jet charge method in the semi-leptonic channel, no
corrections for the wrong charge assignments were made using the MC data. A cross

check was performed using the charge of the lepton, only.

Another factor, limiting the efficiency, is that the LCFIPlus algorithm is not optimized
for the charge measurement. One of the features of this is that while reconstructing the
jet vertices, low p; tracks are dropped, without taking into consideration their effect on
the total vertex charge. An improvement in the performance for the vertex charge will

certainly help to improve the results.

The dedicated studies for mis-tagging of c-jets as b-jets, showed that around 5% of the b
jets were the mis-tagged c-jets. The reasons for this include the hard radiations, emitted
by b quarks. The treatment of these hard gluons, in the current versions of Whizard,
could be improved in next versions. This will hopefully, provide a better performance

for tagging the jets.

It is also proposed that the optimization of different cuts for two polarizations maybe
done independently and could yield better results. One of the observation in this regard
is the effect of tightening the b-tag cut, which effects the right-handed polarization more
than the left-handed. Due to different kinematics in two cases, the kinematic cuts could

also be differently applied to optimize the performance.
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Chapter 6

Summary and outlook

The International Linear Collider is a proposed future electron positron collider, which
will operate at a center-of-mass energy between 91 GeV and 500 GeV, later on extendable
upto 1 TeV. ILC is proposed to have two detectors, namely International Large Detector
(ILD), and Silicon Detector (SiD). This thesis is done in the framework of the ILD.

The thesis work can be summarized in two parts. The R & D project was aimed to op-
timize the Si-W Electromagnetic calorimeter’s performance, which will be a subdetector
of the ILD. The physics project was focused on analyzing the top quark production at
the ILC.

6.1 The optimization of Si-W ECAL

The Si-W ECAL of ILC will consist of alternate Silicon and Tungsten layers. The silicon
makes the active layers, while Tungsten acts as absorber material. Each silicon layers is
divided into 4 wafers. The analysis focused on analyzing the performance of ECAL as
a function of the guard ring size, an important component of the silicon wafers, used to
prevent the current leakages. Several guard ring sizes ranging from 0 mm to 8 mm were
studied, using two physics channels, namely the hadronic and leptonic decay of the Z
boson. These are benchmark channels at the ILC, and of fundamental importance for
many related studies. The precision available on the mass of Z boson, is used to calibrate

the detectors.

Many final states at the ILC will consist of jets. The jets contain photons, which can
disappear into inactive zones created by the guard rings, and therefore degrade the jet
energy resolution of the ECAL. The studies for the hadronic decay channel, were carried

out at the Z pole mass, with Z decaying to two quarks. The Z decay to electrons

81
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Z — e~ e' was studied for a center-of-mass energy of 250 GeV, in the Higgs-strahlung
production. The channel e”e™ — Zh will be used for the studies of the Higgs boson at
the ILC. The model independent analysis of the properties of the Higgs boson make this

channel a benchmark at the ILC.

The results for both the channels were consistent. Cross checks were performed during
the analysis, to assure the quality of the analysis, with previously published results. The
studies found that a guard ring size in range of 0-2 mm, does not degrade the energy
resolution of the ECAL, significantly. The effect of the guard ring size, on the energy
resolution of the ECAL, was studied as a function of the polar angle. It was found that

the effect was independent of the position of the ECAL layers, in the detectors.

The results will be useful in future discussion with the manufacturers of the Silicon
sensors for the ECAL. The studies are on going to analyze whether a guard ring is really
needed to avoid the current leakages, or not. If needed, a guard ring of size upto 2mm,

will not degrade the performance of the ECAL.

6.2 Forward-backward asymmetry in top quark pairs

The top quark is considered as a window to the new physics, due its distinguished prop-
erties like large mass, strong Yukawa couplings and link to the electroweak symmetry
breaking. Measuring the electroweak couplings of the top quark, could hint at the ex-
istence of the new physics beyond Standard Model. The precise determination of these
couplings is a benchmark at the ILC. In order to precisely measure the couplings, the
forward-backward or left-right asymmetry of the top quark needs to be measured pre-
cisely. The hadronic decay channel was analyzed, using the vertex charge. The results
of the study are part of the DBD[40].

Two beam polarization configurations (P,—, P,+) = (—1,+1) and (P,—, P+) = (+1,—1)
were studied at a center-of-mass energy of 500 GeV. Two parameters, cross section and
the forward backward asymmetry were measured. Both are depend on the beam polar-

1zations.

The 6-jet final states was analyzed using dedicated algorithms and full detector simula-
tion. The identification of the top quarks was done by identifying the charge of the b
quark, at the vertex. The sum of the charge of all the tracks having a p; above 100 MeV,

was taken as the vertex charge.

The final selection efficiency was 20% with a charge measurement purity of 60%. The sta-

tistical error on the cross section was estimated to be 0.40 % and 0.60% for the left-handed
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and right-handed electron beam polarizations respectively. The relative statistical error
§AL 5 /AL 5 was found to be 1.9% for the left-handed electron beam configuration and
2.01% for the right-handed one. The systematic studies showed the robustness of the

final results against the various selection cuts.

The analysis allowed for a full exploitation of the ¢¢ sample, and will help to calculate
the total cross section. The precision on the form factors of the electroweak couplings,

could be calculated more accurately, combined with the semi-leptonic results.

The prospect of vertex charge carries a lot of potential. The technique is also applied to
the semi-leptonic analysis. The semi-leptonic analysis relies on the charge of the lepton,
coming from the W decay. In case of left-handed electron polarizations, the direction
of the top quark is determined by the direction of the b quark, which are comparatively

more energetic. The use of vertex charge, could help to improve the performance.

Apart from the ¢t studies, the other charge measurements could also benefit from an
improved measurement of the vertex charge. The benchmark process at the ILC include,
2 fermion processes, such as the hadronic decay of Z, and 4 fermion process such as ZZ

and WW. The hadronic decay of these bosons, can make use of the vertex charge.
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Appendix A

Vertex Charge

We use the collection RefindJets, produced by the jet clustering algorithm. This col-
lection contains the information on flavor tagging and other jet properties. The problem
with this collection is that the jet charge is not well reconstructed. The algorithm drops
some Particle Flow Objects (PFOs) for this collection, hence the charge values related

to jets contained in this collection are not reliable.

On the other hand, the reliable information on the charge is contained in the collected
RefinedVertex, which is Vertex type as an LCIO object, instead of being ReconstructedParticle
type. The PID handler tool which acts to collect the information related to b-tag, does
not work for the Vertex type object, therefore at the vertex, it is impossible to retrieve

the information on b-tag value.

jet0_charge
SN B B B B L L R

Vertex_Charge

. 450
6000 - . 400
I T 350"
- . 300
4000 _— —_ 250?
. 200~
2000 - 150—
I H H ] 100—

0 -. P NP T m . i | A .H P 1 P 4_ 5057 H H

6 e R TR | R Lol |

3 2 K] 0 1 2 3

6 4 2 0 2 4
jet0_charge

FIGURE A.1: Jet Charge vs Vertex Charge.

To sort this problem out, we use the LCRelation tool to pass from RefinedJets to

RefinedVertex and vice versa. The LC Relation passed through another collection

84
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which related jets to their vertices. The use of LCRelation in this way requires that we
have credible information on the b-tag value of the jet under consideration. We use the

cut b — tag > 0.3 at this stage, which is reasonably good as shown in figure 5.4.

A comparison of the charge of jets, as reconstructed from jets collection and vertex

collection is shown in figure A.1.
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