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Name: Babak Abi
Date of Degree: December, 2012
Title of Study: MEASUREMENT OF THE TOP QUARK PAIR PRODUCTION
CROSS SECTION WITH ATLAS DETECTOR
Major Field: Physics
Abstract: This thesis describes two measurement of the ¢t production cross-section,
the inclusive oy and oy; in association with at least one jet in lepton + jets chan-
nel with ATLAS detector. The measurements employ multivariate technique with a
binned maximum likelihood template fit. Several kinematic variables of the recon-
structed collision events are selected to discriminate tf signal events from the various
background sources.

The inclusive o7 measurement uses approximately 35.3pb~! of ATLAS data col-
lected in 2010 and selecting events with one isolated high-py electron or muon, large
missing transverse energy and two jet bins of 3 or at least 4 high-pr jets. The mea-

sured tt cross section assuming the top quark mass of 172.5 GeV yields :

o = 173 £ 17(stat.) 2% (syst.) £ 6(lumi.) pb

The measured value is in a good agreement with the Standard Model prediction
The second measurement is performed on ATLAS data collected in 2011 corre-
sponding to an integrated luminosity of 4.7 fb~!. The same analysis technique and
event selection employed as the first measurement but in 4th and 5th jet bins. The

cross-section for o, with at least one additional jet is found to be :
oi; = 102 + 2(stat.) + 6(ISR/FSR) 22 (syst.) pb

Finally the results of study on PiN diodes radiation hardness are presented. Re-
sults were performed with several irradiation beam to investigate the proper optical

components for ATLAS Pixel upgrade.
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Chapter 1

Top quark Physics at the Large
Hadron Collider

The top quark has been discovered in 1995 by the D0 and CDF experiments at the
Tevatron.|3] Since that time, it remains a central part of physics programs at hadron
colliders. It is the only known quark with the mass at the electroweak scale. Unlike
other quarks, the top quark has very short lifetime and decays before it hadronizes.
Because of its unique properties, the top quark is believed to play a special role in
the Standard Model (SM). With the start of the Large Hadron Collider (LHC) at
CERN, the top quark studies became an important part of the LHC experimental
physics program. This is motivated by the fact that due to high beam energy and
huge collision rate, the LHC is a top factory, with the top quark production rate
orders higher than that at the Tevatron.

The interest in the top quark physics at the LHC is two-fold. On one hand, these
studies promote the state-of-the-art theoretical calculations. These calculations are
important for searches for new physics, since they allow to evaluate the SM back-
grounds with high accuracy. On the other hand, studies of the top quark production

and properties can reveal signs of new physics beyond the SM.



Family | Subfamily Name Symbol Mass Spin Electric
Charge
electron e 0.511 MeV 1/2 -1
muon u 105.7 MeV 1/2 -1
Leptons tau T 1.717 GeV 12 -1
electron neutrino Ve <2eV 1/2 0
2 muon neutrino Vi < 0.17 MeV 1/2 0
= tau neutrino Ve < 15.5MeV 1/2 0
= up u 15t03.3MevV 12 2/3
= charm c 1.27 GeV 1/2 2/3
Quarks top t 172.2 GeV 1/2 2/3
down d 3.5t0 6.4 MeV 1/2 -1/2
strange S 104 MeV 1/2 -1/2
bottom b 4.20 GeV 1/2 -1/2
photon ¥ <1-100%ev 1 0
;é: 4 Z 91.188 MeV 1 0
2 W W 80.398 GeV 1 +1
/M gluon g 0 (< MeV) 1 SUB3)e
Higgs H > 114.4 GeV 1 0

Table 1.1: Properties of the fundamental Standard Model particles

1.1 Standard Model

The Standard Model describes the fundamental particles and their interactions. It
consists of the electroweak theory which combines the electromagnetic and weak in-
teractions, and the quantum chromodynamics (QCD) which addresses the strong
interactions. The fourth fundamental interaction, gravity, is not part of the model.
According to the SM, the building blocks of matter are fermions, leptons (electrons,
muons, tau-leptons, and neutrinos) and quarks, and the forces between them are me-
diated by bosons, gluons (strong), photons (electromagnetic), and W and Z bosons
(weak) as shown in Table 1.1.

The intrinsic symmetry between the electromagnetic and weak interactions in the
SM is broken via Higgs mechanism which implies existence of a special particle called
Higgs boson. It has not been observed until in Summer 2012 the two major LHC

experiments ATLAS and CMS announced observation of a new particle at a mass of



125 GeV with properties consistent with those of the Higgs boson.

The current version of the SM was finalized in the mid 70’s after the first evidence
for quarks was obtained in deep inelastic scattering experiments at SLAC in 1968.
Since that time, three generations of quarks have been discovered by experimentalists.
The top quark is the last discovered quark in the SM.[4, 5, 6]

The SM has been extensively validated by multiple experiments with astonish-
ing accuracy. Recent experimental results, however, suggest that the SM may be
incomplete and has to be expanded. Experiments with neutrinos revealed that these
fundamental particles have a mass, while in the SM they are massless. The dark mat-
ter which according to astrophysics constitutes a significant fraction of our Universe,
is not part of the SM. The fact that our Universe consists of matter without traces
of antimatter suggests a large violation of charge conjugation and parity (CP) sym-
metry at the level that cannot be described within the SM framework. Finally, the
SM cannot explain why fundamental particles have different masses. By searching
for new physics beyond the SM, the LHC experiments hope to solve these puzzles
and provide the basis for the SM extension which will be able to explain all observed

phenomena.

1.2 Top Quark Pair Production and Decay

At the LHC, the top quarks are produced predominantly in pairs. As opposed to
the Tevatron where the dominant top production mechanism is the quark-anti quark
annihilation ¢g — ¢, at the LHC energies the leading source of top quarks pairs is the
gluon fusion. The leading order Feynman diagrams for pair production are given in
Figure 1.1.

For the analysis’s in this thesis uses the ¢t that is mainly simulated with the event

generator MC@NLO. Cross sections for different physics processes at various energies



(a) (b)

Figure 1.1: Feynman diagrams of the leading order processes for t¢ production: (a)
gluon-gluon fusion and (b) quark-antiquark annihilation.
compared to tt are shown in Figure 1.2 for both Tevatron and LHC energies.

The tt cross section has been estimated with the HATHOR program at approx-
imate next-to-next-to-leading order (NNLO) in QCD using the HATHOR program
and CTEQG66 parton distribution functions. The result at a center-of-mass energy of

Vs =TTeV is |7]

o(tt) = 164.57153%(sacle) +T11° (PDF) pb (1.1)

In the SM, the top quark decays predominantly into a W boson and a down-type
quark. The branching ratios are given by the Cabibbo-Kobayashi-Maskawa (CKM)
unitary rotation matrix [8]. The diagonal elements are close to the unity and the
off-diagonal are closer to zero, especially for heavy quarks. The leading top quark
decay is t — Wb, as the decays to light quarks (d and s) are suppressed by the square

of CKM matrix elements V;4; and Vi, respectively.

Vidl  |Vis|  [Vio] 0.97428 4 0.00015 0.2253 +0.0007  0.0034775:9016,

Veal Vsl Vo] | =] 0.225240.0007  0.9734575:9901%  (0.0410+3998L
| Vial Vasl [Vl | 0.008625 60020 0-0403%g00r  0.999152 5500015 |
) (1.2)
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Figure 1.2: Cross sections for various physics processes at different center of mass
energies. The blue line shows the Tevatron energy and the red lines shows the current
and dashed and future LHC energies.|1]



The branching ratios of the decaying top quark to any of quarks are estimates as

B(t — bW™) £ 0.998 (1.3)
Bt — sWt)2~1.63x 107° (1.4)
Bt — sWt)=1x10™"* (1.5)

The W boson in turn decays into a lepton and a corresponding neutrino, or into a
pair of quarks. The quarks produced in the top and W decays hadronize giving rise
to jets (groups of collimated particles). Depending on the W decay mode for each of
the top quarks in the tf pair, the ¢t events are categorized into three main channels

as shown in Figure 1.3:

1. Dilepton channel: 2 ¢ + 2 v + bb (two b quarks). This mode is quite clean
and in principle can be easily identified by requiring two high pr leptons and

miss

the presence of 7

2. Semilepton channel: 1 ¢ + 1 v + bbgq (i.e. being two of these four quarks
two light quarks! and the two other b quarks). The presence of just one high
pr lepton and missing energy due to v in the final state allows to suppress the
QCD background. This channel is quite easy to trigger due to the presence of

high Pr lepton.

3. Fully hadronic channel: bb + ¢ + ¢"q" ( four of these six quarks light
quarks and the other two b quarks). In this case, there are no leptons to trigger

on, and the signal is not easily distinguishable from the abundant SM QCD

!The “light quark” term refers to u, d, ¢ or s quarks.



multijets production, which is expected to be orders of magnitude higher than
the signal (before any selection cuts). Furthermore, from the technical point of
view, the presence of a high combinatorial background is another challenging

problem.

The Branching ratio (BR) of each ¢t decay channel can be computed based on each
W boson decay channel since the W decays into ev, uv, 7v and qg’. Table 1.2 shows

numerically the BRs for each ¢t decay channels, computed from their probabilities.

Figure 1.3: Graphical representation of the ¢ decay channels.



channel | Signature | BR(%) |
Fully Hadronic All Jets 45.7
Lepton + Jets e + Jets 17.2
w+ Jets 17.2
Dilepton ep + Jets 3.18
pp + Jets 1.59
ee + Jets 1.50
Tau + Jets T + Jets 9.49
Lepton + Tau | 7+ e/u + Jets | 3.54
Tau + Tau T+ 7 + Jets 0.49

Table 1.2: Top quark pair decay channels.



Chapter 2

LHC and Atlas Detector

The Large Hadron Collider (LHC) is the largest international particle accelerator
in the world. It is located at European Organization for Nuclear Research (CERN)
Conseil Europeen pour la Recherche Nucleaire which is the largest energy of collisions
ever achieved by mankind.

The main purpose of building such a complex machine is to find out the answers
on the most fundamental questions about the structure of our Universe and inter-
actions between its building blocks. These questions include the origin of mass, the
presence of matter and absence of antimatter, nature of the dark matter, the number
of dimensions in our Universe, the state of matter right after the Big Bang and many
others. No single detector can address all the questions, so six detectors were carefully
designed to search for answers for specific questions.

LHC is a two-ring-superconducting hadron accelerator with a circumference of 27
km. The beams are crossed at four interaction points where the detectors are located.
These detectors are ATLAS [9], ALICE [10], CMS [11], LHCb [12]. ATLAS and CMS
are general purpose detectors designed to search for a new physics, like dark matter
particles, extra dimensions, supersymmetric partners of the SM fermions and bosons,

and for precise measurements of the SM predictions. LHCb detector was built to



Figure 2.1: Representation of the LHC ring with its detectors and all its services.

investigate the CP violation, which led to the fact that our Universe is composed
of matter. ALICE experiment collects heavy ion (lead) collisions to investigate the
properties of quark-gluon plasma which probably existed just after Big Bang. The
2.1 shows an illustration of the LHC accelerator with its four main experiments. In

this chapter a brief summary of LHC and ATLAS detector is provided.

2.1 Large Hadron Collider

The LHC particle collider can accelerate two intense proton beams to an energy up to
7 TeV each. LHC will start to work in this regime in 2014. Besides the center-of-mass
energy, the other important parameter of a collider is instantaneous luminosity £
which depends on the number of particles per bunch in the two colliding beams, Ny

and Ny, on the bunch crossing frequency f and on the bunch area. Thus, assuming
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a Gaussian transverse particle bunch profile, the £ is defined as:

1 NN,
4 A

JNo (2.1)

where N, is the number of bunches and A ! is the beam profile at the interaction
point.

The LHC’s designed luminosity £ is 10>* cm™2 s™!. Tt can also collide heavy (Pb)
ions with an energy of 2.8 TeV per nucleon with a peak luminosity of 10*” cm™2
s~1. That leads us to collisions almost 30 times more intense and seven times more
energetic than the Tevatron machine. The LHC is installed in the existing tunnel
that was built in 80’s for CERN LEP accelerator.(Figure 2.3). [13]

The LHC started for the first time in September 2008 by injecting and circulating
the proton beams. But due to faulty electrical connection between two magnets that
caused an explosion and a large helium leak into the tunnel, the operations were
stopped shortly after its opening. After repair in electrical connection, LHC was set
to go back online in November 2009 with energy of 450 GeV per beam. The first
collision at a center of mass energy of /s = 7 TeV took place at the end of March
2010 with luminosity of 102" cm™2 s~!. The beam intensity raised in 2011 to reach the
luminosity of 3.65 x 1033 cm™2 s~!. An integrated luminosity of 45 pb~! was delivered
by end of 2010 and 5.25 fb~! during the whole year of 2011. Figure2.2. shows the
delivered integrated luminosity. At the end of the end of 2012, the LHC will shut
down for maintenance for up to two years and then it will start to work at the design

energy of 14 TeV.

LA defined as A = 0, X 0. 0, and o, are the Gaussian widths in the horizontal and vertical
plane of the bunch respectively.
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Figure 2.2: Cumulative luminosity versus day delivered to (green), and recorded by
ATLAS (yellow) during 2010 (left) and 2011 (right) at y/s = 7 TeV .

2.2 The Accelerator

The LHC is the name of main accelerator but there are series of accelerator before
that, by which beam energy is raised step by step.

The starting point is a LINAC (Linear Accelerator) where protons are generated
using hydrogen nuclei by separating the electron, and accelerated up to 50 MeV.
These protons are injected to the Proton Synchrotron Booster (PSB, 157 m) and
accelerated up to 1.4 GeV. Then, they are injected to the Proton Synchrotron (PS,
628 m), where protons are accelerated up to 26 GeV. Finally, they are injected to the
Super Proton Synchrotron (SPS, 7 km) to increase its energy up to 450 GeV followed
by LHC to achieve 7 TeV beam energy. At this energy, the relativistic of the proton
reaches 7500, corresponding to 99.9999991% compared to the speed of light (¢). The
difference between the proton beams and the light after traveling a second become
only 3 m. For the data-taking purpose, protons are bundled into 2808 bunches, each
consist of 1.151011 protons. Those are controlled by 40 MHz RF (Radio Frequency)
clock, which results in collision interval of 25 ns. RF clock is also distributed to each
detector to achieve synchronized data-taking.

The existing CERN accelerator complex is used to accelerate these beams. The
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Figure 2.3: LHC accelerator complex at CERN

path that the beams follow is shown in Figure 2.3. Beam starts from the LINACs (50
MeV), then goes to the PS Booster (1.5 GeV) , after that continues on through the
PS (26 GeV) and after that goes through the SPS which is 7 km length. The SPS
accelerates the beams up to 450 GeV and finally they will be injected into the LHC
ring that is a 27 km long tunnel and 100 m below ground.

Each beam has internal structure such arranged in bunches that condense up to
1.1-10'* charged particles. These bunches are separated in space, thus collisions have
a rate of 40 MHz ( one collision every 25 ns). In table 2.1 one can find a summary of

the main LHC parameters.
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LHC Parameter p-p Collisions | Pb-Pb Collisions
Beam energy 7 TeV 570 TeV (2.76 TeV /u)
Injection energy 450 GeV 1.774 TeV /u
Center of mass energy (1/s) 14 TeV 1250 TeV
Luminosity (£) 103 cm=2 s7! 10*" cm =2 s7!
Frequency (f) 40 MHz 10 MHz
Bunch separation 25 ns 100 ns
Number of particles per bunch (N,) 1.1- 104 7-107
Average size of a bunch 7.5 cm

Average radius of a beam 16 pm

Beam current 0.56 A

Collision regions 3 (2 for high £) | 1
Circumference length 26.66 km

Radius 4.24 km

Number of dipole magnets 1232

Length of the dipole magnets 14.3 m

Nominal magnetic field (B) 833 T

Number of quadrupole magnets 392

Total mass 27.5 tons

Table 2.1: Main parameters of the LHC collider.

The LHC has more than 1200 superconducting dipole magnets that conduct and
curve the beams through the LHC ring. The magnets uses twin bore magnets which
consist of two sets of coils and beam channels within the same mechanical structure
and cryostat. This design was chosen because the LHC needs to accelerate two beams
of equally charged particles but in opposite directions and there is not enough space
for two separate magnet arrays in the LHC tunnel. These magnets are able to generate
bipolar magnetic field up to 8.337" due to their superconductivity capabilities. They
fill more than 66% volume of the LHC ring. The coils design is based on niobium
titanium (NbTi) that is a material that allow to reach the superconducting regime
when it is at 1.9 K which is colder than the outer space. A comprehensive cross
section of a dipole magnet is shown in Figure 2.4 with detail of where all its parts are
precisely located.

In addition, there are almost 400 quadrupole magnets to perform beam focusing
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Figure 2.4: Cross section of a LHC dipole magnet design showing its components.

and beam corrections and also sextupole, octupole and decapole magnets mainly for

compensating the systematic non-linearities.

2.3 The ATLAS Detector

ATLAS (A Toroidal LHC ApparatuS) is one of two experiments designed to realize
the main physics goals of the LHC, namely searches for the Higgs boson and for
supersymmetric particles. The formal proposal for ATLAS was introduced in 1994
|14] and ten years later the detector installation in the cavern began [9] . The ATLAS
collaboration is quite large with about 3000 physicists scattered around the world.
As its collaboration, the ATLAS detector is also quite large as seen in Figure 2.5
compared with the human figures which are included for a scale reference. Thus,
with its 44 m long and 25 m high is the biggest LHC detector although not the
heaviest with a weight of 7000 tons.

The ATLAS general layout is fairly typical general purpose high energy physics
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Figure 2.5: The ATLAS detector with all its subdetectors labeled. Moreover, several
human figures, barely visible, are included for a scale reference.

collider detector with cylindrical shape and onion style subdetectors. The individual
subsystems are arranged in cylindrical layers around the beam pipe which form the
detector barrel. On each side of the barrel the subsystems are completed by wheels
perpendicular to the beam pipe, the end-caps.

The innermost part of detector is the tracker that the closest part of detector to
the beam pipe. It operates inside of a 2 T magnetic field and includes several of layers
of subdetectors that are high resolution discrete silicon detectors and on drift tubes
which is a continuous gaseous detector. This subdetector provide a robust pattern
recognition, momentum and charge determination, precise primary and secondary
vertex reconstruction as well as particle identification capability with pion separa-
tion. Surrounding the solenoid tracker are the calorimeters. It contains two major
parts, the electromagnetic and hadronic calorimeter. The electromagnetic calorimeter
uses liquid argon as an ionization medium. It allows the identification and measure-

ment of photons and electrons. The electromagnetic calorimeter is surrounded by

16



detector component 7 coverage design resolution readout channels
Inner Detector +2.5 Opr/pr = 0.05% X pr & 1%
Pixel +2.5 ~ 80 x 106
SCT +2.5 ~ 6.3 x 10°
TRT +2.0 ~ 351 x 103
EM calorimeter +3.2 op/E =11%/VE & 0.7% ~ 173 x 10°
Hadronic calorimeter
barrel + end-cap +3.2 op/E =50%/VE & 3% ~ 15 x 103
forward 31<n <41 | og/E=100%/VE & 10% ~ 3.5 x 10°
Muon Spectrometer +2.7 Opp /DT = 10%
MDT +2.7 ~ 354 x 103
RPC +1.05 ~ 373 x 103
TGC 1.05 < |n| < 2.7 ~ 318 x 10°
CSC 2.0 < |n| <27 ~ 31 x 103

Table 2.2: The designed coverage and resolution are listed for the individual subsys-
tems of ATLAS.

the hadronic calorimeter which uses a scintillating tile technology that allows to mea-
sure hadronic jets and help to estimate the missing energy. Outside the calorimeters,
ATLAS detector has a large and important muon spectrometer that provides the
measurements of muon momenta. It also includes fast response trigger chambers.
The muon spectrometer rests inside an air core toroidal magnetic field. The designed

resolution and coverage of the individual systems are summarized in Table 2.2.

2.3.1 The Coordinate System

The coordinate system of the Atlas detector is right handed, and its origin is in the
middle of the detector at the interaction point. The z-axis is defined from the beam
direction, and the z —y plane is the plane transverse to the beam direction. The side
A of the detector is defined as the side with positive z, and the side C is the side with
z < 0. The positive z-axis points from the interaction point to the center of the LHC
ring, and the positive y-axis is pointing upwards. In experimental particle physics,

pseudorapidity (n) is related with the azimuthal angle 6 (i.e. it is related with the
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angle of a particle relative to the beam axis) as follows:

—-c -

The transverse momentum, pr , and transverse energy, Er , are defined in the

x — y plane and are given by the equations:

pr = Psin(0), Er = Esin(0) (2.3)

The other common quantity is distance in the pseudorapidity-azimuthal angle

space AR between two objects define as

AR = \/Ag? + Ap? (2.4)

2.3.2 Inner Detector

The ATLAS inner detector (ID) is designed to measure the tracks of charged parti-
cles produced in the proton-proton interactions. It has high granularity and a large
number of layers of tracking systems to provide an excellent pattern recognition and
track reconstruction efficiency in the extremely large track density environment from
the collisions.

The ID consists of the three tracking subsystems. These are pixel detector, semi-
conductor tracker (SCT) and transition radiation tracker (TRT). Pixel detector and
SCT have silicon sensors. TRT is a set of drift tubes. The ID operates inside a 2
T axial magnetic field generated by a solenoid [15]. Combination of discrete high
resolution semiconductor pixel and strip detectors in the inner part of the tracking
volume and straw-tube tracking detectors with the capability detect transition radi-

ation in its outer part makes possible to accurately reconstruct the primary vertex of
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Figure 2.6: A sketch of the ATLAS inner detector.(at left) The pixel detector has
three barrel layers and three end-cap discs on each side. The SCT has four barrel
layers and nine end-cap discs each. The TRT has three barrel layers and two end-cap
wheels on each side. Position of the structural elements of the ID.(at right) The red
line indicates a track passing the barrel region.

the proton-proton collision of interest, tracks of the charged particles with transverse
momenta pr > 0.5 GeV, and decays of long-lived particles, which fly some distance
away from the primary vertex before their decay. TRT allows one to identify elec-
trons based on the relative fraction of hits with high energy with respect to the total
number of hits in this tracker. Three-dimensional view of the ID is shown in Figure
2.6.

The ID has 5832 individual silicon modules with about 86 million of readout chan-
nels providing a a very fine resolution to measure the particle trajectories and allowing
to reduce the influence of overlapping events. Each of these modules measure the po-
sition of particles with a precision of about 20 um. The ID covers a pseudorapidity
range up to |n| < 2.5.

The silicon pixel detector is the innermost subdetector of the ID. It provides the
highest space-point resolution in the vertex region. It consists of three layers and

three disks of pixel modules as shown in Figure 2.6. A module is an active device

approximately 6 cm by 2 cm and contains 46,080 pixels. Each pixel is 50 pm in
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Figure 2.7: The 7 coverage of inner detector

azimuth by 400 pym along the beam. All modules are identical.

The designed expectation resolutions of the Pixel detector is 10 um by 115um.
There are in total 174419 x 63 mm? sensors in the Pixel detector which operate at the
temperature —5+-—10° C. The design of the Pixel sensors are challenged and restricted
by the specification in the high energy hadron collider experiment such as the radiation
hardness, occupancy and resolution in the innermost layers. Accordingly, the sensors
are using oxygenated n-type wafers with readout pixels on the n™ implanted side
of the detector with double-side processing involved so as to guarantee good charge-
collection efficiency and radiation tolerance. The B-layer which is the innermost layer
of the Pixel detector is essentially important in b-jet identification as well as helping
to identify electrons from converted photons.

The SCT is a silicon microstrip detector that is placed in just after the pixel
detector. The SCT modules are lined up on four barrel layers and nine end-cap discs
on each side. The design is specified to perform eight precision measurements via 4
layers of back to back silicon microstrip detector modules with a relative 40 mrad

stereo angle. There are five sensor parts, one for the barrel which is parallel strips
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with 80 g m pitch and four for the end caps with fan-out structure with pitches
varying between 54.53 and 90.34 ¢ m. The SCT module with 80 p m strip pitch (on
average) provides a 17 4 m precision in 7 —¢ and 580 p m precision in z-direction. The
SCT in overall has more than 4000 modules (2112 barrel and 1976 end-cap modules),
covering 61 m? by silicon sensors with 6.3 million channels.

The TRT is the outermost part of the ID and its design is based on straw detectors.
It covers the radial range from 56 to 107 cm. Each straw has a diameter of 4 mm
and is 144 cm long in the barrel region and 37 cm long in the end-caps. The straw
tubes are filled with a gas mixture of Xe (70%) , CO2 (27%) and O2 (3%) . The
anode wires placed in the center of the straw has a diameter 31 ym and are made
from gold plated tungsten. There are approximately 351000 TRT read-out channels.
The TRT system can provide 36 hits per track with an designed precision of 130um
per tube that covers a range of n < 2.0. The tubes, in the barrel region (|n| < 1.0.),
are placed parallel to the beam axis, while in the end-cap regions (0.8 < n < 2.0)
they are arranged radially on wheels. In principle the mechanism of operation is very
similar to the drift tubes used in the muon spectrometer. The straws are enclosed by
polypropylene fibers that is a key feature to help differentiate electrons from pions.
The discriminating mechanism is based on effect that is called transition radiation
(TR), since the charged particles traversing fibers emit photons proportional to the

Lorentz factor v = E/mc?

. Typically, for electrons the factor ~ is greater than for
other charged particles. The 71 coverage of inner detector and cross-section of one

quadrant of the Inner Detector shown in Figure 2.7.[16]

2.3.3 Calorimetry

The calorimeters are designed to perform energy measurements and particle identifi-
cation of all incoming particles by absorbing them. Muons and neutrinos are the only

known particles that can traverse through the calorimeters. ATLAS detector has two
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Figure 2.8: Cut-away view of the ATLAS calorimeter system with its subdetctors
labeled.

types of calorimeters, electromagnetic and hadronic ones, as shown in Figure 2.8. The
results of combining the ID and calorimeter measurements provides an identification
of electrons, photons and gives probabilities for a jet to result from a b or 7 decay.
The Electromagnetic Calorimeter (ECAL) is situated outside the solenoidal mag-
net that surrounds Inner Detector. The principle of work of this detector is based on
the fact that some particles interact with the material primarily via electromagnetic
force. Its main purpose is to identify photons and electrons that reach this calorimeter.
ECAL uses liquid argon as an ionization medium, with the lead absorbers arranged in
an accordion geometry [17, 18] . This kind of geometry provides complete ¢ symmetry
without azimuthal cracks and the lead thickness in the absorber plates is optimized as
a function of n in terms of performance in energy resolution. Electrons and photons
release all their energy in the ECAL and are absorbed by its medium. Thus, ECAL
provides an excellent performance in terms of energy and position resolution as well
as in the identification of electrons and photons providing coverage up to |n| < 3.2.

It is surrounded by cryostat as it needs very low temperatures to work properly.
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Surrounding the ECAL is the Hadronic Calorimeter (HCAL), which absorbs en-
ergy of particles passed through the ECAL, and can interact strongly with the HCAL
medium. HCAL provides a coverage up |n| < 4.9. The information from HCAL is
used to reconstruct parameters of hadronic jets and to calculate the transverse missing
energy in the event. A sampling technique with plastic scintillator plates (called tiles)
embedded in an iron absorber is used for the hadronic barrel tile calorimeter (also
known as TileCal)[19, 20, 21]. HCAL is separated into a large barrel and two smaller
extended barrel cylinders, one on either side of the central barrel. In the end-caps
(Inl < 1.6), LAr technology is also used for the hadronic calorimeters, matching the
outer |n| limits of end-cap electromagnetic calorimeters. The LAr forward calorime-
ters provide both electromagnetic and hadronic energy measurements, and extend the
pseudorapidity coverage to |n| < 4.9.

In general, energy resolution of calorimeters can be parametrized as:

o b

a
_a b 2.5
E_VETE®C (2.5)

where a is the stochastic term (accounting for the statistical fluctuation in the
number of primary and independent signal generating processes), b is the noise term
(accounting for the electronics noise and fluctuations in energy carried by particles,
other than the ones of interest) and ¢ is the constant term (reflecting global non-
uniformities in the response of the calorimeter as well as energy leakage and mechan-
ical imperfections). While the sampling term dominates the energy resolution, the
noise term limits the performance at low energies and the constant term sets the limit
at high energies. Then, the tolerable size of the three terms depends on the energy
range involved in the experiment.

Testbeam results have shown that the ECAL’s energy resolution can be parametrized
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For HCAL an energy resolution parametrization is following:

®05% (Ein GeV) (2.6)

R . 50%

E  VE

Information from calorimeters is further used in combination with the informa-

®3% (Ein GeV) (2.7)

tion from ID for identification of electrons, photons, 7-leptons and other physical

objects.m.

2.3.4 The Muon Spectrometer

The outermost detector is the muon spectrometer which defines the overall dimensions
of the ATLAS detector |15]. Muon spectrometer is designed specifically to identify
muons and measure their momenta. Muons do not leave significant amount of energy
in any other subsystem, so they reach the Muon Spectrometer. Its layout can be seen

in figure 2.9. It consists of four different types of detectors . These are :

e Monitor Drift Tube Chambers (MDT), which cover 99.5% of the area and are
used for precision measurements up to |n| < 2.7, except from the innermost

end-cap layer which stops at |n| < 2.0.

e Cathode Strip Chambers (CSC), which are located on the innermost wheel of
the endcap covering the region 2.0 < 1 < 2.7 and have the same objectives as

the MDTs. They are also used as a part of muon trigger system.

e Resistive Plate Chambers (RPC), which are utilized for triggering in the barrel

region;

e Thin Gap Chambers (TGC), which are the trigger elements in the end-cap

regions.

24



Thin-gap chambers (TGC)

Cathode strip chambers (CSC)

Barrel toroid

' Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 2.9: Cut-away view of the ATLAS muon system.

The muon spectrometer is designed to achieve a transverse momentum resolution of
Apr/pr < 107% for pr >300 GeV. At smaller momenta, the resolution is limited to
a few per cent by Multiple Coulomb Scattering (MCS) effects in the magnet and
detector structures, and by energy loss fluctuations in the calorimeters

An air-core toroid system generates strong bending power in a large volume within
a light and open structure. Thus, MCS effects are thereby minimized, and excellent
muon momentum resolution is achieved with three layers of MD'T' chambers achieving
a precision of ~ 50 pm in muon position measurements. This magnetic system as
can be seen in Figure 2.10 has a barrel (25 m long, with an inner bore of 9.4 m and
an outer diameter of 20.1 m) and two inserted end-cap magnets (with a length of 5.0

m, an inner bore of 1.65 m and an outer diameter of 10.7 m).
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Figure 2.10: Barrel toroid and end-cap magnets.

Each barrel toroid consists of eight flat coils assembled radially and symmetrically
around the beam axis and the magnetic field provides for typical bending powers of 3
Tm in the barrel and 6 Tm in the end-caps . The end-cap toroid coils are rotated in
azimuth by an angle of 22.5° with respect to the barrel toroid coils to provide radial
overlap, and to optimize the bending power in the transition region between the two
toroids (1.0 < |n| < 1.4) where the magnetic field is a superposition of the barrel and

end-cap fields.

2.3.5 'Trigger

The LHC proton bunches will collide at a frequency of 40 MHz, i.e. every 25 ns
and at the design luminosity of 103 cm™2 s~! on average about 23 inelastic proton-
proton collisions will be produced at each bunch crossing. Thus, the trigger system
needs to efficiently reject a large rate of background events and still select potentially
interesting ones with high efficiency. To deal with this amount of data that these
collisions will generate the ATLAS trigger is based on three levels of online event
selection as it is shown in Figure 2.11. Each trigger level refines the event selection
done by the previous level, applying new criteria.

The level-1 trigger (LVL1)[1, 22|, that is hardware-based and it is implemented in
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Figure 2.11: Diagram of the ATLAS trigger/DAQ system showing the 3 trigger levels.

custom electronics, is responsible for the first level of event selection. It reduces the
initial event rate to less than 70 kHz which is limited by the bandwidth of the readout
system. It uses information from the calorimeters and muon trigger chambers to make
a decision on whether or not to continue processing an event in about 2.5 ps. The
subsequent two levels are software-based and are collectively known as the High Level
Trigger (HLT) . On the other side, the level-2 trigger (LVL2) decides in about 10 ms if
the event should be rejected making use of the Regions of Interest (Rol) provided by
the LVL1 data with full granularity from all detectors. On the other hand, the Event
Filter (EF) uses offline algorithms to perform its refine selection in about 1 s. Thus,
the HLT provides the reduction to a final data taking rate of approximately 200 Hz
where each selected event is estimated to have a total size of ~1.6 MB. This reduction
is possible because the HLT uses step-wise and fast selection algorithms that is based

on the reconstruction of potentially interesting physical objects like electrons, muons,
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jets, etc and that can provide the earliest possible rejection of background events.
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Chapter 3

Object Identification and Physics

Backgrounds

3.1 Object Identification

The performed measurements are relying on reconstructed objects, which are jets,
missing transverse energy, electrons, muons and tracks of charged hadrons. Brief
description of each reconstructed object is given below.

Tracks: The tracks are the important inputs to the particle identification algo-
rithms. They are formed from hits either in the silicon sensors of the pixel detector or
SCT, or in the drift tubes of the TRT. Each hit defines a space point where particle
has traversed the detector. The reconstruction algorithms that convert space-points
into charged particle trajectories rely on several pattern recognition and track fitting
methods. Track finding (i.e. associating hits to track candidates) and track fitting
(i.e. estimating the track parameters and covariance matrix) are done simultaneously
together with extrapolating the track through the B-field and estimating the energy

loss in material. Three track reconstruction algorithms are performed as a result: [23|

e Inside-out algorithm: The reconstruction starts with silicon hits close to the
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interaction point and extend to TRT.

e Outside-in algorithm: Using the hits not used in the first algorithm, this algo-

rithm start with TRT and extrapolate to silicon.

e Low pr track reconstruction Similar as the inside-out algorithm, using the re-
maining hits and loose pattern recognition requirement. It mainly aims to

recuperate the pr > 150 MeV tracks.

Parameters of reconstructed tracks are used further for identification of leptons, jets
originating from the main interaction point and many other purposes.

Electrons: The electron identification and reconstruction begins with finding of
an energy cluster in the electromagnetic calorimeter. The special algorithm makes
use of the difference of the shape of the cluster from an electron and any other
charged particle. To distinguish between photons and electrons, the reconstructed
electromagnetic cluster is required to have a track matched to it.[24] [25]

Electrons are required to have a transverse energy above 25 GeV and 7guster < 2.47,
where 7custer defines the electromagnetic cluster position. Electrons are vetoed in the
calorimeter barrel-endcap overlap region,1.37 < Nepuster < 1.52, where the calorimeter
has limited capability of electron identification. Electrons found in the small regions
with readout in-efficiencies in the liquid argon Calorimeter are removed in both data
and MC.

Electrons are required to be isolated within the calorimeter and the inner detec-
tor. The calorimeter cells within a cone of AR = 0.2 of the electron are summed.
The energy deposit associated with the electron is subtracted from this sum. The
calorimeter isolation threshold applied to the ratio of this cone energy to the electron
energy is chosen such that electrons are reconstructed with 90% efficiency, including
the effects of pileup and leakage. Isolation within the inner detector was performed in

a similar manner, using a cone of AR = 0.3 around the direction of the electron. The
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transverse momentum sum within the cone, after the exclusion of the electron track,
was required to be within a 90% efficiency threshold. Electrons within AR = 0.4
of any jet with pr > 25 GeV after the electron-jet overlap removal were rejected.
Electron identification efficiencies for selected electrons have been measured on data
using W and Z samples with tag and probe methods . The correction factors as
functions of electron’s pseudorapidity n and its transverse momentum pr have been
derived from these studies and applied to all MC events, to take into account for the
differences between simulated and real data events.|26, 27

Muons: Muons were reconstructed using the algorithm which combines muon
spectrometer and inner detector track information. A global fit was performed to
muon candidates, and results of this fit together with the information of all hits on
the fitted track were used in the selection. Muon candidates were required to have
pr > 25 GeV and |n| < 2.5. The background from leptonic b-hadron decays was
reduced by requiring a hit in the b-layer of the inner most detector (pixel detector)
if the track traversed a working module. Combined muon tracks were required to be
associated with at least one hit in the pixel detector, at least five hits in the SCT,
no more than three missing hits in the SCT and pixel detectors. Muon tracks within
0.1 < |n| < 1.9 were required to have at least five TRT hits and outliers, with an
outliers fraction less than 0.9. For muons with || > 1.9 or |n| < 0.1, the outliers
fraction was selected to be less than 0.9 if the sum of TRT hits and outliers was
larger than five. Isolation criteria were imposed within the calorimeter and the inner
detector. The transverse energy in the calorimeter within a cone of AR = 0.2 around
muon was required to be less than 4 GeV, and the sum of transverse momenta of
all tracks (excluding the muon) in a cone of AR = 0.3 was constrained to be less
than 2.5 GeV. Muons within AR(jet, muon) < 0.4 of a jet with |JVF| > 0.5 and
Prjet > 25 GeV were rejected.|28] [29]

Jets: Jets were reconstructed using the anti-k; algorithm with AR = 0.4. The
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response of the calorimeter is corrected through a pr and n-dependent factor, called jet
energy scale (JES), which is derived from simulated events and validated with data.
The jet energy scale allows to relate the energy and transverse momentum of an
object as measured in the calorimeter to the hadron level. It includes corrections for
a variety of instrumental and detector effects, like the intrinsically different response
of the calorimeter to electromagnetic and hadronic deposits, reconstruction effects,
dead material, noise and pile-up. The baseline for the jet energy scale determination
is the electromagnetic (EM) scale, as determined from the response of electrons in the
Liquid Argon and Tile calorimeters in test beam data. After that jets are corrected
on two levels, via the properties of the clusters or cells and using the jet kinematics.
More details can be found in |30, 31].

Jets from additional proton-proton interactions were suppressed by requiring the
jet vertex fraction (JVF) to be larger than 0.5. The JVF is defined for tracks matched
to the jet as the ratio of the scalar sum of transverse momenta of tracks from the pri-
mary vertex to that of all tracks. Jets overlapping with identified electron candidates
within a cone of AR < 0.2 were removed.

Missing transverse energy: The EX is a measure of the momentum of the
escaping neutrinos. It also includes energy loss due to detector in-efficiencies and its
resolution, leading to the mismeasurement of the true Er of the final interacting ob-
jects. The EX is calculated as the vector sum over all energy clusters in the event,
and is further refined by applying object level corrections for the contributions which
arise from identified electrons, muons and jets. First, muons, which are not primarily
measured by the calorimeter, are included using their momentum as measured from
their track. Next, the topological clusters that are associated to electrons are cali-
brated at the EM-scale. Clusters belonging to jets (but not to electrons) are divided
into those that belong to high pr jets (pr > 20 GeV) and soft jets (pr < 20 GeV).

High pr jets are calibrated at the JES, whereas low pr jets (SoftJets) are calibrated
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at the EM-scale. The remaining clusters not associated to any object are included
at the EM-scale in what is called the CellOut term. The low pr jet terms and the

unassigned clusters are calibrated in the same way. [32]

3.2 Physics Backgrounds

There are some physics channels that have exactly the same final topology as the
semi-leptonic signal and therefore they can not be distinguished. Moreover, there are
other physics channels that in some cases can lead, for different reasons, to the same
final topology as the requested signal although originally they do not have this final
state objects. All these physics channels constitute the physics background. For the
for presented analysis in this thesis, they can be classified in five groups as following

(corresponding cross sections are shown in Table 3.1 [7]) :

e Single top production: Wt, s and ¢ channels. These channels will be important
backgrounds, especially the ¢ channel at the LHC (contrary to the Tevatron)
as they have high cross sections [33|. In case of t¢ , the production rate of the
single top processes is also be larger by a factor around 100 compared to the
Tevatron. The main contribution comes from the t-channel and the s-channel is
the most suppressed one. As can be seen in Figure 3.1 in case of additional gluon
radiation and the leptonic decay of the associated W boson final topologies of
these three channels are similar to ¢¢ channel. The contribution in comparison

to W + jets is smaller.

e An important physics process at LHC is the production of W+ jets with W —
fv. The production of a W in association with at least four jets directly results
the same final states as the semi-leptonic top quark pair decay. This process

turns out to be one of the main backgrounds for top quark pairs which requires
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Figure 3.1: Feynman diagrams for single top production.

a thorough understanding of such W + n jets events (from now on W + jets).
Figure 3.2 shows Feynman diagrams of this channel and taking into account the
3 type of lepton and the number of jets in the final state this background can
be classified into 12 sub-channels: ev, + X jets, pv, + X jets and 7v, + X jets,
with X = 2, 3, 4 or 5. In the this analysis, we consider only final states with e

or u. In cases of W — 7v, contribution comes only 7 decays to e or p.

Figure 3.2: Feynman diagram of W+partons production with W — .

Gauge boson pair production: WW, WZ and ZZ ( Figure 3.3 for Feynman
diagrams). These channels are also classified as expected backgrounds. The
largest contribution corresponds to W*W ™ production. this channel can fake
one W boson decays leptonically and the other hadronically, together with ISR

or FSR jets to produce the same final state as tt.

34



Figure 3.3: Feynman diagrams for the gauge boson pair production (WW, WZ and
Z7).
e 7+ jets events with Z — (¢ ( Figure 3.4 for its Feynman diagram). The
production of a Z boson in association with jets has a contribution almost 10
smaller than W boson just due to the branching ratio for the decay of the boson

into leptons.

9000000000

q
g9 q

Figure 3.4: Feynman diagram of Z+partons events with Z — (/.

e Multijets : The production of multijet events (QCD) which have an extremely
large cross sections are another important source of background . A mis-
reconstructioned jet can be misidentified as charged electron or muon and a
neutrino, that also leads to an artificial missing transverse energy. This leads
to a similar final state as the semi-leptonic top quark decay. Since there is no
accurate theoretical prediction of production cross section, a large efforts needs
to estimate and suppress the contribution of this background. The QCD would

be measured directly in data.
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| Process | Cross section (pb) |

tt( full — hadronic) 90
t — channel — ev, 6.9
t — channel — v, 6.8
t — channel — Tv, 7.3
s — channel — ev, 0.5
s — channel — pv, 0.49
s — channel — v, 0.52
Wt 16
W +0 jet 8300
W +1 jet 1600
W + 2 jet 460
W + 3 jet 120
W +4 jet 31
W +5 jet 8
W +bb+ 0 jet 57
W +bb+1 jet 43
W +bb+ 2 jet 21
W +bb+ 3 jet 8
W 4 cc+0 jet 153
W 4cc+1 jet 126
W+ cc+ 2 jet 62
W 4 cc+ 3 jet 20
W 4+ ¢+ 0 jet 980
W+ c+1 jet 312
W +c+ 2 jet 7
W +c+ 3 jet 17
W +c+4 jet 4
WWwW 17
Wz 6
Z7 1
Z 40 jet 853
Z+1 jet 168
Z + 2 jet 51
Z + 3 jet 14
Z 44 jet 4
Z +5 jet 1

Table 3.1: Cross-sections for various processes including branching ratios and k-
factors
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Figure 3.5: Feynman diagram of a dijet event with a gluon radiated in the final state.

3.3 Data driven QCD Methods

This section describes concepts of two methods to estimate multijet background and
more detail of usage of QCD for shape and normalization uncertainty come in cor-
responding analysis. These methods are aimed not only to obtain a proper normal-
ization of the QCD background but also to provide a model which can be used in

multivariate analysis techniques to describe QCD shape.

3.3.1 Matrix Method for QCD Background Estimate

The matrix method (MM) exploits differences in lepton identification-related prop-
erties between prompt isolated leptons from W and Z decays (referred to as "real
leptons” below) and those where the leptons are either non-isolated or result form
misidentification of photons/jets (referred to as "fake leptons” below). For this pur-
pose, two samples are defined after requiring the final kinematic selection criteria,
differing only in the lepton identification criteria: a ”tight” sample and a "loose” sam-
ple, the former being a subset of the latter. The tight selection typically employs
the final lepton identification criteria used in the analysis, whereas the loose selection
is adjusted in order to satisfy basic requirements for the method to work, which are
outline below.[34|

The method assumes that the number of selected events in each sample (N'os
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and N'9ht) can be expressed as a linear combination of the numbers of events with
real and fake leptons, in such a way that the following system of equations can be

defined:

Nloose — Nlomie 4 Nl (3.1)
Ntight - Nloose Nloose 2
= ErealtVyeal + € fake fake (3 )

where €,cq; (€fake ) represents the probability for a real(fake) lepton that satisfies
the loose criteria, to also satisfy the tight ones. Therefore, these efficiencies are defined

as:

igh

€real = N;z%lt/Niggfe (3-3)
igh

€ fake = Niope [ Njors (3.4)

Assuming €,¢, and €yqz can be estimated in control samples, the system of equa-
tions in Equation. 3.1 can be solved yielding the estimated number of events with a

fake lepton in the tight sample:

. € fake .
Ntzght — fa e lNloose + Ntzght 3.5
fake Ereal T € fake ( e ) ( )

The control sample used to measure €,y is inclusive Z — (" events using tag
and probe. The measurement of 4. requires selecting a sample enriched in QCD

multijet events. Control region for the fake rate estimate is obtained by selecting
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events with one lepton, at least one jet and low missing transverse energy (FE7% <

10 GeV).

3.3.2 Jet-electron method

The estimation of QQCD background by matrix method for the e+jets channel is more
difficult than for the p+jets channel. The fake muon backgrounds are dominated by
heavy flavour jets, whereas photon conversions and jets with high electromagnetic
fraction also contribute in the electron channel. Since the composition of multijet
backgrounds may be different in the control and signal regions in e+jets, the extrapo-
lation of the fake efficiencies measured in the control samples to the signal one required
by the matrix method may introduce a bias. Therefore an alternative method is used
for the electron channel.

The Jet-electron method establishes a shape for the QCD background by selecting
events with similar kinematics to the signal selection but with a jet used in place of
the electron. The normalization is performed by fitting in the E7*** distribution. The
model is using a generic jet sample, selected with a Jet trigger. Since a jet has to
fake an electron, the ET threshold has to be lower than the Ep of the signal leptons.
The jet, that resembles an electron has to have Ep > 25 GeV and the same coverage
in h as the signal electrons. The fraction of the electromagnetic energy of the jet
fenm has to be between 0.8 and 0.95. By demanding that at least four tracks have
been found in the jet, the amount of converted photons is reduced. In Table 3.2
the applied cuts are summarized. As jet-electrons are jet objects but the fakes that
are modeled are leptons the missing transverse energy in wrongly calibrated. This
is corrected for by scaling the jet-electron to the electromagnetic scale in the E7s
calculation. To estimate the number of expected QCD events both approaches utilize
a binned likelihood fit. Several kinematic variables sensitive to QCD contribution

are investigated and finally have been chosen to use the E7*** distribution. The fit
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Figure 3.6: This plot shows the general concept how to determine the rate of the
QCD-multijet background. A binned likelihood fit is performed, using the shapes
of the data-driven fake-lepton model and the shapes of the real W events from MC
simulation. Both shapes are fitted in a sideband to the data distribution of a discrim-

inating variable, e.g the EL. . [2]

itself is performed only in the side-band region ET. < 20 GeV in order to be able

miss
to perform in the later stage of the analysis a fit in the signal region to extract the
signal. The fit is performed before the triangle cut in order to allow for sufficient

statistics in the sideband. The cut is then applied considering the cut efficiencies for

each template separately. they are called anti-electrons.|2]

‘ Variable ‘ Cut ‘
Trigger EF Jet20
Transverse energy of jet Er > 20 GeV
n of jet In| < 2.47, no CRACK region
EM fraction 0.8 < fem< 0.95
Number of tracks within the jet Niracks > 3

Table 3.2: Cuts applied to define a jet-electron sample
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Chapter 4

Multivariate Likelihood analysis

It is common to all analysis approaches that aim at measuring the tf cross section in
the single-lepton channel to start with imposing some kinematic cuts. These prese-
lection cuts assist to get a signal enriched sample.

In the Standard Model, top quarks decay to W bosons and b-quarks with prob-
ability close to 100%. If one of the W bosons decays leptonically (either to electron
or muon with corresponding neutrino) and the other - hadronically, one can naively
expect the final state that is characterized by the presence of a high pr lepton, large
missing transverse energy taken away by neutrino and four jets, two of which are
from hadronic decay of W boson and two b-quark jets from top quarks decays. The
number of jets can actually vary significantly due to several reasons. First, addi-
tional jets can arise in the event due to initial and final state gluon radiation. Initial
state radiation is the process when the initial partons emit gluons before interaction,
which leads to the ¢¢ production. Final state radiation is the process when either
one of the produced top quarks or both of them emit gluons. If these emitted gluons
have sufficient energy, they will appear as a jets after hadronization, leading to the
increased number of jets in the event with respect to naive expectation of four jets

from tt decays. The number of reconstructed jets can also be smaller than 4 because
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of different limitations in the detector coverage and reconstruction algorithms.

Preselection cuts are designed to select events with a high-pr lepton, substantial
amount of missing transverse energy in the final stage and at least three jets.

Events selected in this way originate not only from ¢t production, but from several
other processes. These are vector boson production in association with jets, vector
boson pair production in association with jets, single top production, and multijet
production due to different detector related misidentifications.

To extract the signal cross section, one needs to separate the signal from all
backgrounds in the preselected dataset. The simplest approach, called "cut and
count method", is based on subtracting the expected background from the preselected
sample. The expected background is calculated using theoretical cross sections for
all physics processes except multijet background. The latter is estimated using data
driven methods. However cut-and-count method has limited accuracy, in particular
due to large systematic uncertainties in QCD and W +jets normalization. These
uncertainties propagate to the final systematic uncertainty on the inclusive ¢t cross
section measurement, making it quite large.

To overcome this limitation and perform more precise measurements of the tt
fraction in data, multivariate likelihood approach is used in this thesis. This approach
exploits the differences in the kinematics of ¢t and background events. Events with
exactly 3 jets have larger background compared to the events with 4 jets, so it is
practical to construct the likelihood discriminants in different jet multiplicity bins.
After performing the measurements in separate bins, one can perform a global fit to
all jet bins to get the final value of the tf cross section. This combined measurement

in the different jet bins reduces statistical and systematic uncertainties significantly.
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4.1 Choice of Discrimination Variables

None of the topological variables alone has enough discrimination power allowing them
in order to separate the ¢t signal from the background. Therefore the information
contained in a set of topological variables is combined into a single likelihood discrimi-
nant. More than 85 of these topological variables were studied for their discrimination
power, their correlations and their sensitivity against systematic uncertainties. The

criteria for the choice of the topological variables are as following:
e Variables should have a good separation power between signal and background.

e Variables should be uncorrelated or have pretty small correlations. Correlated
variables only add new information if the correlation is different for signal and
background. Since the variables are subject to statistical uncertainty, they

increase only the statistical uncertainties if they add no new information.

To evaluate the separation power of discriminating variables, the parameter < S7 >

of a variable k, defined by the equation 4.1, is calculated.

2 _l (psk(zr) = poa(ar))? "
<5 >= 2 / (ps,k(xk) +pB,k(!L'k)) i (4'1)

Here pg(x)) and pp i(x)) are the signal and background probability density func-
tions (PDFs) of variable k. For identical signal and background shapes the separation
parameter < S >= 0,while for the case without overlap of PDFs, < S? >= 1.

For a projective likelihood discriminant it is important that input variables are
uncorrelated. Correlation between variables x; and z; is usually measured by the

correlation coefficient, defined by 4.2

ple, ;) = 200 2) (4.2)

O 2i0 ¢j
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Here cov(z;, x;) is the covariance between variable x; and «;, Oi(j) 18 the standard
deviation of variable w;;). The correlation coefficient is symmetric regarding to z;
and z; and lies within the interval [—1,1]. The correlation coefficient quantities
by definition have a linear relationship. Thus p(z;,z;) = 0 holds for independent

variables while £1 expresses high correlation or anti-correlation between two variables.

4.2 Definition of Topological Variables

The topological variables can be divided into two categories:

e Variables which are proportional to the energy present in the event. These
variables have a very good separation power. However these variables are also
very sensitive to uncertainties in the jet energy scale, that translates into a large

systematic uncertainty in the cross section measurement.

e The other class of variables is characterized by the property of having reduced
sensitivity to JES uncertainties. These variables are either angular quantities or
different types of ratios of energy dependent variables where the JES systematic

uncertainty largely cancels out.

The topological variables that have been studied as inputs to the likelihood discrim-
inant are constructed to include only up to four leading jets. This procedure reduces
the dependence on systematic effects on the modeling of soft radiation such as initial
and final state radiation via the parton shower and pile-up jets. The list of best 24
variables are given in Table 4.1. The first column shows the variables name as used
in samples, second and third columns shows separation in e-+jets and p+jets channel
in four inclusive jet multiplicity bin (events with at least four jets in the final state).

The last column gives the definitions of the variables as following:

e The jets are ordered in the samples by their transverse momenta py. The jet
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with the highest pr is defined as leading jet and its pr denoted as py(J1) and

pr of second leading jet as pr(J2) and so on.

M€ transverse mass of up to four leading jets. Calculated as the total trans-
verse mass of the good jet in the event according to formula 4.3. To reduce the
dependence on systematic effects that come from the modeling of soft radiation
(e.g. underlying event, initial state radiation via parton shower, etc) only up to

four of the leading jets are used to determine the topological variables.

NJets NJets
M7= (3 B+ () pr)? (4.3)
§=0 §=0
Hyp, scalar sum of transverse energies of up to four leading jets Y- (pr,;)-
AR,in(jet, jet), the minimum distance between any two jets in 7 — ¢ space.

K = AR, X EF/EL. distance in 7 — ¢ space between the closest pair of

min

jets, multiplied by transverse energy E7"" of the less energetic jet of that pair,
divided by the scalar sum of the transverse energies of the lepton and the event

missing transverse energy EW = EXPO" 4 pmiss,
pr(Ji/Jj), Ratio of transverse momenta pp of Jets i over j
|Mjet| ™", largest pseudorapidity.

AR in(leading — jet,lepton), the distance between pseudorapidity of leading

and lepton pseudorapidity in  — ¢ space
S (njer)?, sum of the squared pseudorapidities of up to four jets.
Emiss | the event missing transverse energy.

1e¢, where 7, is pseudorapidity of lepton.
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e charge of the lepton

3

5 X A3, where )3 is the smallest eigenvalue of the nor-

e Event aplanarity, A =
malized momentum tensor. The normalized momentum tensor M is defined

as
_ a by

M;; = m, (4.4)
where |]7| is the momentum-vector of a reconstructed object of n, and ¢ and
J are Cartesian coordinates. By standard diagonalization of M;; one may find
three eigenvalues \; > Ay > A3, with Ay + Ay + A3=1. The aplanarity A is
a measure of the flatness of the event. The objects included in the sum are
the jets and the lepton from the W decay. Large values of A are indicative of
spherical events, whereas small values correspond to more planar events. The

transformed aplanarity exp(—8A) is used further since it is less sensitive to

statistical fluctuations.
e The event planarity :% X (A1 + Ag)

e The event sphericity = % X (Ag+ Ag)

Hp

e The event centrality = =F, where Hr is the scalar sum of the transverse energy

of the jets and H is the scalar sum of the energy of the jets.

The distributions for these variables overlaid for ¢t signal and W -jets background
are shown in Fig. 4.1 and 4.2 for e+jets channel and Figures 4.3 and 4.4 for p+jets
channel. Correlation matrices are shown in Fig. 4.5 for ¢t signal and in Fig. 4.6 for
W +jets background in e-jets channel. The same distributions in the muon channel

are shown in Fig. 4.7 and Fig. 4.8.
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‘ Variable name ‘ etjets< S% > ‘ pHjets< S? > ‘ Definition ‘
LeptonEta 5.961e-02 5.871e-02 Lepton pseudorapidity, ny
LeptonCharge 1.025e-02 1.274e-02 Charge of the lepton
J1Pt 5.043e-02 4.730e-02 pr(J1)
J2Pt 6.381e-02 6.296¢-02 pr(J2)
J3Pt 7.790e-02 8.532¢-02 pr(J3)
J4Pt 6.889¢-02 8.310e-02 pr(J4)
ExpAplanarity 6.550e-02 6.114e-02 exp (—8A)
planarity 1.054e-02 1.176e-02 The event planarity
centrality 2.821e-02 1.996e-02 The event centrality
sphericity 3.687e-02 3.961e-02 The event sphericity
MET 1.772e-02 2.036e-02 Emiss
JetMt 2.909e-02 2.632e-02 Mets
Ht 5.707e-02 6.070e-02 Hyp
Ptratio J3J1 4.254e-02 3.349e-02 pr(J3/J1)
Ptratio J4J1 3.889¢-02 3.190e-02 pr(J4/J1)
Ptratio J2J1 1.992e-02 1.486e-02 pr(J2/J1)
PtratioJ1 J2toJ4 3.393e-02 2.678e-02 pr(J1+ J2/J1)
dRJ1J2 3.742¢-02 3.190e-02 AR(leading — jet, 2" jet)
dRJ1J4 3.742¢-02 3.190e-02 AR(leading — jet, 4™ jet)
DRMin 3.051e-02 2.625e-02 ARin(jet, jet)
dRLeptonJ1 2.018e-02 1.633e-02 AR(leading — jet, lepton)
EtaSqSum 2.813e-02 2.017e-02 > (Mjer)?
EtaMax 2.716e-02 1.768e-02 [Njer|™*®
KtMinP 3.731e-02 3.918e-02 K

Table 4.1: Separation power of best 24 variables that can be used for the likelihood

discriminant.
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Figure 4.5: Correlation matrix of the discriminant variables for ¢t signal events with
four or more jets in the electron channel.
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Figure 4.6: Correlation matrix of the discriminant variables for W+jets events with
four or more jets in the electron channel.
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Figure 4.7: Correlation matrix of the discriminant variables for W +jets events with
four or more jets in the muon channel.
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Figure 4.8: Correlation matrix of the discriminant variables for ¢t signal events with
four or more jets in the muon channel.
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4.3 Multivariate Likelihood Discriminant

The likelihood discriminant is created from input variables by following the projective
likelihood approach defined in the TMVA package [35].
The likelihood discriminant D; for an event ¢ is defined as the ratio of the signal

Ls(i) to the signal plus background Lg(i) + Lp(4) likelihoods:

Loli
i A TN . A N S(Z) . (45)
Ls(i) + Lp(1)
The individual likelihoods are products of the corresponding probability density
functions of the discriminating input variables z; defined above. For example for the

signal likelihood:

Ls(i) = kHl Psa((d)) (4.6)

where pgj(zx(7)) is the signal (background) PDF for the kth input variable xy.

PDFs are normalized to unity. This simple multivariate approach assumes that the
variables x; are uncorrelated.

During the training, the ¢t events are used as signal, and W +jets events are treated
as background, since W+jets process is the dominant background and the choice of
likelihood variables is driven by the separation power between ¢t and W +jets. Adding
other background processes at the training step can decrease the discrimination power

of the final likelihood especially if the backgrounds behave similar to ¢f. Example of

such a background is single top quark production.
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4.4 Cross Section Extraction Using Likelihood Fit-
ting

After the likelihood discriminant function LHW is constructed, binned distributions
(templates) are made for the t¢ signal and each of the backgrounds. These templates
are then fitted to the LHW distribution in the data using the negative log likeli-
hood method. The number of tf events in each jet multiplicity bin j is obtained by

minimizing the quantity

—an(ﬁ) =2 Z Vij — Ny + T In Nij — Ny In Vij (47)
.3

where the sum is taken over all channels j and all template histogram bins 7, n;; is
the observed number of events, and v;; is the expected number of events. The latter

is defined as

Vij = Posij + pjibij + mij, (4.8)

where s;; ,b;; , and m;; are the predicted numbers of events for the t¢ signal, W+jets,
and small backgrounds (Z-+jets, single top, dibosons, and QCD), respectively. and
Po, p; are the parameters of the fit. The resulting value of the fit parameter p,

characterizes the ratio of the measured to the theoretical ¢t production cross section.

4.5 Ensemble Tests

Both expected statistical and systematic uncertainties for a given likelihood dis-
criminant are determined from ensemble tests, which consist of a series of pseudo-
experiments (PEs). Each PE dataset consists of drawing random numbers of events

from signal and background distributions assuming that the templates follow a multi-
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nomial distribution and the total number of events is Poisson-distributed, or equiva-
lently that the content of each bin of the templates is independently Poisson-distributed.
The PEs are then fitted as if they were the real data. In each pseudo experiment the
measurement is repeated on a simulated data sample using the same statistics as in
the real dataset.

The distribution of the fit results is an estimator of the statistical uncertainty, their
shift with respect to the nominal result are used to quantify systematic uncertainties.
In general a systematic variation will "shift the templates", i.e. change both shape and
normalization of the templates. In practice there are two ways of running ensemble
tests to quantify systematic uncertainties. The two main strategies are to either
draw PEs from the nominal samples and run the fit using the shifted templates or
to draw PEs from the shifted samples and fit with the nominal templates. We have
compared the two strategies and found that the resulting systematic uncertainties are
compatible.

The event sample used for deriving the templates and the event sample used for
deriving the PE dataset should be independent from each other. In current analysis a
half of t¢ and W +jets simulated events was used for the construction of the likelihood
templates and the other half events used for making PEs.

The common approach used in this thesis is to perform N = 1000 pseudo data
ensemble tests, when the fit is repeated for each ensemble. The average number of
po over all ensembles is taken to be the ratio of measured to injected ¢t cross section,
and the RMS of the py distribution gives the statistical uncertainty of the method.
The systematic uncertainties are evaluated by replacing the nominal predicted values
of s;; ,bi; , and m;; with their modified versions and repeating the fit. The relative

systematic uncertainty is defined as the difference between the py values in two cases.
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4.6 Optimization of the likelihood Discriminant

Likelihood discriminant constructed with several variables has better separation power
than any given variable. It can also allow one to reduce some systematic uncertain-
ties, like JES, leading to a better overall accuracy of the resulting measurement. The
discrimination variables selected in section 4.2 were studied to determine the best
combination of variables for the final likelihood discriminant.

The optimization procedure for the choice of topological variables is an estima-
tion of the expected statistical and dominant systematic uncertainties using pseudo-
experiments as described in previous section. The goal of the optimization is to find
the combination of variables which gives the lowest combined statistical and system-
atic error on the tt cross section measurement. In addition, it is desired to use a
relatively small number of variables to keep the analysis simple. Usually separation
power and systematic error of constructed likelihood discriminant with n variable
cannot be predicted by study of each single variable which likelihood function would
include. The number of possible likelihood functions that can be constructed with
n input variables, is 2°~!. Due to computing time and resource limitation it is thus
important to constrain the number of input variables to a manageable number and
pick only the most promising variables out of all possible ones.

The first study has been done by randomly constructed likelihood with n variables
and ranking the variables by their expected statistical uncertainty and dominant
systematic uncertainty (JES). Results of this study has been reflected in selecting the
discrimination variables to reduce the initial list of variable to table 4.1. The figures
4.9 and 4.10 show scattered plots of variables versus expected statistical uncertainty
and dominant JES uncertainty for e + jets channel.

Other optimization performed is the incremental search. It begins with discrim-

inators made of a single variable than pick discriminators with the best expected
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statistical uncertainty than it creates all possible (n+1) variable discriminators by
adding a new variable preselected n-variable discriminators. Figure 4.11 shows the
total expected error as a function of number of variables in the likelihood. The av-
erage uncertainty decreases with an increasing number of variables used in likelihood
and becomes flat quickly for likelihood functions after 3 or 4 and more input variables

In the final step of the optimization all possible three-variable likelihoods have been
constructed. For each likelihood, the o, defined by Equation. 4.9 was calculated as
the figure of merit. It takes into account the statistical uncertainty (o) plus major
source of systematic uncertainty due to JES, (0;gs).

Tables 4.2 and 4.3 show five selected likelihoods with variables used for their con-
struction and related o,,;. We selected a likelihood discriminate with three variables,
lepton charge, lepton pseudo-rapidity (1,) and transformed aplanarity(exp(—8A)),
which they have a good Data/MC agreement and minimal correlation. This likeli-
hood of choice serves the analysis with the best uncertainty performance as well as

simplicity.

Otot = \/ Ugtat + U?]ES (4-9)
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Figure 4.9: Expected JES
likelihood discriminant.
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Figure 4.10: Total expected statistical uncertainty versus input variables used in the
likelihood discriminant.
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‘ oot (%) ‘ Variables in Likelihood u + jets channel ‘

13.83 | sphericity, pr(J1 + J2/J1), MuonCharge
14.55 exp (—8A), sphericity, pr(J1 + J4/J1)

15.86 MuonCharge, exp (—8A4), Nmuon
21.8 Hry, sphericity, K7
21.2 pr(J4/J1), EF*s MuonCharge

Table 4.2: Overview over the five selected likelihood functions found by the optimiza-
tion procedure for p + jets channel .
‘ 0ot (%) ‘ Variables in Likelihood e + jets channel ‘

12.93 Nelectron » pT(Jg) ) pT(Jl + J4/J1)
13.85 Hrp, pr(J4) , exp(—8A)

13.43 ElectronCharge, exp (—8A), Netectron
20.13 pr(J2), pr(J4), ElectronCharge

24.2 | pr(J2), X(njer)?, AR(leading — jet, electron)

Table 4.3: Overview over the five selected likelihood functions found by the optimiza-
tion procedure for e + jets channel .

4.7 Performance of the Likelihood Discriminant

After the choice of the likelihood discriminant, it is important to check its performance

in terms of the expected statistical error and correctness of the fit in the wide region
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of the possible values of tt cross section.

To evaluate the performance of method there are two checks that are usually
performed. The first one the check of the pull distribution which is defined as (pg —
1)/o(po). Here o(pg) is an uncertainty of an individual fit. The mean of the pull
distribution in the adopted definition is expected to be zero. The pull distribution
width is a measure of the accuracy of the estimated statistical uncertainty. A width of
1.0 confirms the correct error estimation of the single fit results. The second quality
criterion for a method is called linearity test which investigates if the maximum
likelihood fit is unbiased. The procedure is using ensemble tests with PEs datasets
generated with different "values" of the ¢t cross section. The input ¢t cross section
is varied between 50% and 150% of the theoretical ¢t cross section. After that, the
cross section from the likelihood fit is compared to the input cross section. In case of

the absence of bias in the fitting procedure one can expect the slope to be equal to 1.
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Chapter 5

Measurements of ¢ Inclusive Cross

Section

This chapter describes a measurement of the inclusive ¢ production cross-section in
lepton + jets channel based on the analysis strategy summarized in chapter 4. The
measurement is done using 35 pb~! of ATLAS data collected in 2010.

The measurement employs a binned maximum likelihood template fit. Several
kinematic variables of the reconstructed collision events are selected to distinguish
tt signal events from the various background sources. Results of this analysis are

published in |36] and presented on all international conferences in 2011.

5.1 Monte Carlo Simulation

The template fitting analysis relies on Monte Carlo (MC) samples for the description
of most of the backgrounds and the ¢t signal. The MC tf signal sample was generated
with the MCQNLO generator [37|, assuming a top quark mass of m; = 172.5 GeV,
HERWIG |[38] fragmentation and the JIMMY [39] underlying event model. Of the

dominant backgrounds, vector boson production with associated jets (W + jets and
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Z + jets) was generated using the Alpgen generator separately for each channel with
n additional massless partons, n varying from 0 to 5. The vector boson production in
association with heavy flavors, i.e. ¢ or b-quarks was done separately. Wee an Wbb
processes were generated with n = 0, 1, 2 additional massless partons. Wec was gen-
erated with n additional partons, n varying from to 4. The multijet background was
evaluated by constructing the QCD templates from data using cut reversal or matrix
methods. Events with single top quarks in ¢, s, and Wt channels were simulated with
MC@QNLO assuming the top quark mass of m; = 172.5 GeV. Finally, diboson states
WW, WZ and ZZ were generated with PYTHIA.

All samples were scaled such that the total number of events corresponds to recent
theoretical predictions of the production cross sections at NLO or NNLO [40]. Bunch-
train pileup MC samples with an average number of overlaid minimum bias events of
two are used. All MC samples were passed through the Geant4 detector simulation.

Data sets used for this measurement are listed in the appendix B.

5.2 Event Selection

The events are selected with one isolated high-pr electron or muon, large missing
transverse energy, and at least 3 high-py jets. Because of the different contribution
of the multijet background to the muon (u-+jets) and electron (e+jets) channels, the
requirements for selected events are slightly different. In the electron channel the

selected events must have

e an isolated electron with transverse momentum pr > 25 GeV, passed quality

cuts and matched to an electron fired the trigger;

e missing transverse energy corrected for the presence of leptons and jet energy

scale, BT

miss

> 35 GeV,
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e Transverse mass of W-boson, reconstructed from electron and EZ

miss)

mT(W)>
25 GeV,

e At least three well reconstructed and calibrated jets with pr > 25 GeV.
Similarly, events in the muon channel are required to have:

e an isolated muon with pr > 20 GeV, passed all muon quality cuts and matched

to a muon trigger object;

e missing transverse energy, corrected for the presence of leptons and jet energy

scale, BT

miss

> 20 GeV;

e Cut ET

miss

+mrp(W)> 60GeV;
e At least three well reconstructed and calibrated jets with pr > 25 GeV.

The background from QCD multijet production is determined in a data-driven way.
This background enters the analysis through jets that are mis-identified as charged
leptons. There are two alternative approaches to determine the multijet contribution
to the selected samples. The matrix method (MM) determines the QCD background
from the difference in efficiency to reconstruct leptons with loose and tight lepton
identification criteria. The QCD fitting method is based on a data-derived model
for the QCD background. The shapes of kinematic distributions are determined
from the distributions of leptons for which one or more lepton identification criterion

is inverted. A fit to a sideband region, typically low EZL . fixes the normalization.

miss?
Unless noted otherwise, the MM is used in the muon channel, while the fitting method
is employed in the electron channel. More details on these methods can be found in

section 3.3.1 and [41].
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5.3 Construction of the Likelihood Discriminant

Multivariate analysis is using the maximum likelihood method to measure the ¢t cross
section in data. The discriminating functions (likelihood functions, LH) for the signal
and background events will be referred to as the signal and background templates,
respectively. Data represents the sum of signal and background. The idea is to
determine the fraction of the signal-like events by fitting the likelihood distribution
in data to the sum of two templates, signal and background. Knowing the initial
number of events, fraction of signal, efficiency of the signal selection and integrated
luminosity, one can determine the production cross-section of the tt events.

The tt and W + jets MC samples are used to construct signal and background
templates, and use them to fit both real and simulated data. The analysis is done in
3 exclusive and 4 inclusive jet multiplicity bins in e+jets and p+jets channels. The
results of measurements in 3 and 4 jet multiplicity bins are combined together at the

later stage.

5.3.1 Input Variables

Optimization of the variables was done by minimization of combined statistical and
JES error as described in Chapter 5. The best expected performance is achieved using
Miepton, charge of the lepton, and exp(—8 x A), where A is the aplanarity of the event.
The correlation matrices for signal and background in e-+jets and p-+jets are shown
in Fig. 5.1. One can see that these variables are not correlated.

Agreement between data and MC for these three variables is shown in Fig. 5.2 for
the electron channel and in Fig. 5.3 for the muon channel. Good agreement between
data and sum of all MC backgrounds, QCD data and expected ¢t signal is observed for
all three variables. Contribution of ¢ in these plots is evaluated using its theoretical

cross section.
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Figure 5.1: Linear correlations between chosen variables.
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Figure 5.2: Input variables for the likelihood discriminant in e-jets channel.

67



v 1800F———T—— S

< U+ 3-jets ATLAS

g 1600

w ® Data _ -1
1a00f- J' Ldt= 35 pb
1200 W-ets
1000F- [lleco

[l other Bkgd

200

—q..5 -1 -0.5 0 0.5 1 15
q

lepton

(a) Muon charge in p + 3 jets channel

m250 “‘\““‘\“““““““ TryTTTTTTTTTTTTT
g W+ 3-jets ATLAS
2 oo * P ILdt: 35 pb*
c -
[ .n
w W+ets
150
[ [l
[l other Bkgd

100

50

-%.5 -2 -15 -1 05 0 05 1 15 2 25
n

lepton

(c)Muon pseudorapidity in g + 3 jets

channel
n 400 ““\“‘_‘\““ LA L AL I UL I B
g. E W+ 3-jets ATLAS
2 350F
. [ ] B
g p cbaa ILdt: 35 pb
g 300- W
w 250; WHets
200E Waco
E [ other Bkgd
150 !*
100 e
50? m—
%501 02 03 04 05 06 07 08 09 1

exp(-8 x A)

(e) Transformed aplanarity in p + 3 jets

channel

900

%) L B L B B

= + 4-jets ATLAS 3

L% 800 " ! E

700 ° D_a‘a J‘Ldtz 35 pb1 é

.tt 3

600 W+iets =

500F- [llQcp E

400F- [ other Bkgd é
300
200
100

-(l5 -1 -0.5 0 0.5 1 1.5

q

lepton

(b) Muon charge in p+ > 4 jets channel

TR

P ) i R AR AN AR R AR AR LR AR RARES
g [ U+ 4-jets ATLAS g
~ 120
P Ldt= 35 pb™ ]
5] C .tt‘ |
g 100~ -
w L W-ets a1
80~ [lloco 3
cob [l other Bkgd 3

Crr e ——— e P ]
-%.5 -2 -15 -1 05 0 05 1 15 2 25
n

lepton

(d) Muon pseudorapidity in u+ > 4 jets

channel

180““\“"‘\““““““““ TrTTTTTTTTTTTTTT
8 E u+4d-ets ATLAS
S 160t ® Data 1
2 E Ldt= 35 pb’
£ 10 g |
o 120F Wets

100 leco

80i [l other Bkgd

60
40
20F

00 0.1 02 03 04 05 06 07 08 09 1

exp(-8 x A)

(f) Transformed aplanarity in u+ > 4
jets channel
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jet multiplicity | Channel | Statistical (%) |

3 jet bin e+fjets 39.2
utjets 40.7
4 jet bin e+fjets 17.7
utjets 14.7

Table 5.1: Expected statistical errors in 3 and 4 jet multiplicity bins

5.3.2 Performance of the Likelihood Discriminant

The LH distributions in 3 and 4 jet multiplicity bins are shown in Fig. 5.4 for
electron and muon channel, respectively. Performance of the TMVA LH was studied
by checking the fitting fraction of ¢ events as a function of input fraction as described
in Chapter 5. The results are shown in Fig. 5.5 for both channels. No shifts are
observed in fitted fractions with respect to input fractions.

The expected statistical uncertainty is evaluated with ensemble tests on the MC
samples. When preparing the ensemble tests, total number of events are fixed to
the number observed in data less the number of events due to small backgrounds
(all except W + jets). The obtained number of events is fixed in each ensemble.
The number of ¢t events in the sample is fluctuated according to Poisson distribution
around the expected value of top quark events in data. The maximum likelihood fit
is then performed on the simulated data (pseudo data) resulting in NV;;. For each test,
1000 pseudo data samples are generated.

The statistical error is found from the width of the N,z distribution found resulting
from the fit when applied to pseudo data. Results of ensemble tests for statistical
error are shown in Fig. 5.6 for both electron (right) and muon (left) channels. Here
the ratio of fitted to input fraction is plotted. The validity of the pseudo data tests can
be found by examining the pull distributions in Fig. 5.7. Summary of the expected

statistical errors obtained with likelihood ensemble tests is given in Table 5.1.
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Figure 5.6: Ensemble tests for statistical error in u + 4jets and e + 4jets channels.

50
40
30

20

[N
[S)

K=}

L

Pull

Mean
RMS

Entries
0.00172

1000

0.9538

ooy [

QT T T

ool
4 3

-2

(a) Pull distribution y + 4 jets

[Pull ]
50} L Pull
C Entries 1000
= Mean 0.003676
ol Lr RMS 0.9446
30| “ P ’
£ i)
20 |
10— i !
| [ 1]
oL MNocd Ll I Ml [ I L
-5 -4 -3 2 1 0 1 2 3 4 5
(b) Pull distribution e 4 4 jets

Figure 5.7: Pull distributions in u + 4jets and e + 4jetschannels.

71



5.3.3 Evaluation of Systematic Errors

The systematic uncertainties in the inclusive tf cross section measurement arise from
uncertainties associated with JES, ISR/FSR, W+jets modeling, signal modeling, par-
ton shower modeling, uncertainty in QQCD normalization and shape, jet reconstruction
efficiency, lepton momentum scale and resolution, difference in pileup in MC and data,
PDF, out-of-cell uncertainties and soft jet uncertainties in MET calculations.
Factors contributing to the systematic uncertainty on the ¢ cross-section measure-
ment can be separated into two categories: uncertainties on the event preselection
efficiency Ae and uncertainties on the LH template shapes A f. The resulting uncer-

tainty is calculated as

Aoy Af/f— Ace/e
o 1+ Ae/e

(5.1)

Uncertainties due to the jet energy scale, ISR/FSR, parton shower modeling and
signal modeling affect both preselection efficiency and LH template shapes. Uncer-
tainties due to W+jets modeling affect the LH shape only. Uncertainties on both
QCD background normalization and shape are resulting in the change of the number
of fitted tf events. Difference in the pileup in data and MC leads to a change of the
LH templates and of preselection efficiency.

Systematic uncertainty due to JES uncertainty was calculated by varying jet mo-
menta in the Monte Carlo W+jets and ¢t samples by 1055 up and 1o ;5s down. This
variation leads to lowering or increasing jet momenta with respect to their nominal
values. After variation of jet momenta some jets will fall below or become above the
selection threshold. This leads to the change of numbers of jets in the final state.
New tt preselection efficiencies were obtained on JES up and JES down samples, and
the difference between modified and nominal efficiencies divided by the nominal effi-

ciency, Ae/e is calculated. Then the shapes of the signal and background templates
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are re-derived, and 1000 ensemble tests are performed on pseudo data, picked from
the nominal samples. The difference between new fraction of ¢t events, obtained with
modified templates, and nominal fraction, divided by nominal fraction, Af/f is cal-
culated. These two uncertainties are completely correlated and are combined into one
total error according to the equation 5.1.

Systematic uncertainty related to the jet energy resolution uncertainty is evaluated
by smearing the reconstructed jet pr in Monte Carlo according to the resolution
expected in data. The effect on the cross section obtained with smeared and nominal
MC samples is evaluated.

Systematic uncertainty related to the jet reconstruction efficiency uncertainty is
evaluated by random dropping jets. The rate of dropping was obtained by comparison
of jet reconstruction efficiency in data and MC simulated events.

Systematic uncertainty related to MET calculation due out-of-cell uncertainty and
soft-jet uncertainty were calculated. The changes in preselection efficiency and in
fitted numbers of expected tf events are evaluated using ensemble tests with modified
templates.

Systematic uncertainties related to the modeling of lepton momentum scale and
resolution are calculated. The smearing of both values was done. Using the recalcu-
lated lepton momentum, the changes in preselection efficiency and in fitted numbers
of expected tf events were evaluated using ensemble tests with modified templates.

Systematic uncertainties due to scale factors for lepton reconstruction efficiency,
trigger efficiency were evaluated. In case of electron, the electron identification ef-
ficiency was included in this systematic uncertainty. After smearing of both values,
changes in preselection efficiency and in fitted numbers of expected ¢t events using
ensemble tests with modified templates were calculated.

The effect of parton shower modeling was estimated by comparison of the results

obtained with default MC sample simulated with POWHEG generator interfaced
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to JIMMY for the parton showering with POWHEG interfaced to PYTHIA as an
alternative shower generator. The difference in number of expected ¢t events due to
modified preselection efficiency and LH shape, divided by the number of expectedtt
events, evaluated with the nominal sample, is interpreted as a total systematic error
due to the parton shower modeling.

Two different generators, MCQNLO and POWHEG, are used to estimate the ef-
fect of the difference in ¢t kinematics simulation on the cross section measurement.
Both modified preselection efficiency and expected number of ¢t events are calculated
using modified templates for ensemble tests. The difference in the cross section mea-
surements obtained with these two generators is assigned as systematic uncertainty
due to the signal modeling.

To find the error due to ISR/FSR modeling, MC samples with modified ISR/FSR
are used. Combined systematic errors due to change of the preselection efficiency and
change of the LH shape were evaluated for each sample, and the largest positive and
negative deviations are used as systematic uncertainties.

The effect of the W+ jets modeling are estimated on results of the LH fit. The
spectra of jets depend on the MC generator, factorization scale, functional form of the
factorization scale and other parameters. To evaluate these effects, the parameters
used for simulation of W+ jets events, i.e. functional form of factorization scale and
minimum ALPGEN parton pr, were modified. New samples were used to create
new background templates. These templates were used to fit the nominal pseudo
data. Difference between fitted and nominal ¢f fractions divided by nominal fraction
is interpreted as systematic error due to the W-+jets modeling.

Expected systematic uncertainty on measured tf cross section due to pileup is
evaluated by reweighting the MC samples according to the number of reconstructed
primary vertices observed in data. The new LH templates are obtained and used to

perform ensemble tests fitting nominal pseudo data data.
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Systematic error on ¢t cross section due to the parton distribution function (PDF)
uncertainty was done by using ¢t and W+jets MC samples with modified PDF pa-
rameters. PDFs describe the momentum distributions of partons (gluons and quarks)
inside the colliding protons. Uncertainties due to change in preselection efficiency
and due to change of likelihood shapes, were obtained and recalculated into the un-
certainty on the ¢t cross section measurement.

Contribution of small backgrounds, like single top, diboson production and Z +
jets production, is taken into account based on their theoretical cross sections which
have particular uncertainties. Systematic uncertainties due to normalization on the-
oretical cross sections were estimated by modifying the normalization of the corre-
sponding background and repeating the fit. The difference between the nominal fitted
number of ¢t events and the number of ¢t events using modified normalization is prop-
agated into the error on measured cross section. The breakdown of the systematic
uncertainties for electron channel and muon channel in 3th and 4th jet bins are given
in Table 5.2 and 5.3 respectively.

Table 5.4 shows systematic errors due to small backgrounds normalization which
is evaluated for the combined result e+jets and p+jets in 3rd and 4th jet multiplicity
bins.

The systematic error related to the limited Monte Carlo statistics available for
the template construction is also evaluated. The Monte Carlo templates have been
fluctuated according to the number of events in each bin using Poisson statistics
and calculated the ¢t cross section on pseudo data using modified templates. This
procedure was repeated 1000 times, and the RMS of fitted ¢f cross section distribution
was taken to be the systematic uncertainty due to Monte Carlo statistics for a given
pseudo data ensemble. This number was averaged over 1000 pseudo data ensembles.

For the combined cross section the uncertainty was found to be £1.8 %.
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9L

| Channel | e+ jets | | e+ 4jets |

Source A;m"eselecti(m Ashape Atotal Apreselection Asha;z)e Atotal
JES up/dn -11+13 | +3.1 51| +42-63 | +84 -89 | +0.6 —2.1 | —73+74
parton shower modeling +5.6 —24 +1.5 —4.9 +0.1 +2.6
Monte Carlo generator * —9.6 +7.3 +9.3 +7.0 +2.1 +2.3
ISR/FSR +2.0 — 11.8 +8.7 — 5.7
W-shape modeling +4.5 +1.1
pileup modeling —3.9 —4.1 —0.2 —3.9 —0.6 +3.5
jet reconstruction efficiency * +0.4 —0.9 +1.3 +0.0 —0.5 +0.5
MET corrections up/dn < 0.1 —4.8 +9.6 | —4.8 +9.6 < 0.1 —0.6 +2.5 | —0.6 +2.5
jet energy resolution * —0.02 —10.9 +5.4 +0.3 +3.2 +1.4
QCD background normalization +0.4 +0.8
QCD background shape +2.0 +0.2
PDF —3.3 —4.6 —1.4 +0.5 —3.8 —4.3
lepton

momentum scale and resolution (up/dn) < 0.1 —4.1—44] —4.1—44 < 0.1 —0.4 — 05| —0.3 —0.4
trigger and reconstruction efficiency +3.9 +0.3 +4.3 +3.9 +0.2 +4.1

Table 5.2: List of systematic uncertainties for electron channel. *(symmetrized)




L.

‘ Channel ‘ u -+ 3jets ‘ ‘ u -+ 4jets ‘
Source A;m"eselecti(m Ashape Atotal Apreselection Asha;z)e Atotal
JES up/dn —4.1 439 | 49.7 9.3 | +144 —12.7 | +6.7 —6.6 | —1.2 —19 | —7.4 +5.1
parton shower modeling +3.6 —2.7 +3.0 —3.7 +0.9 +2.4
Monte Carlo generator * —5.4 +0.2 +2.9 +5.2 —0.9 +2.0
ISR/FSR +5.9 — 6.9 +10.6 — 7.7
W-shape modeling +8.5 +1.1
pileup modeling —0.1 +0.4 +0.5 —0.2 —0.9 —0.7
jet reconstruction efficiency * +0.5 +1.2 +0.7 +0.6 +0.3 +0.2
MET corrections up/dn < 0.1 +8.2 12 | +82 1.2 < 0.1 —25-13 | —25-1.3
jet energy resolution * —0.05 +0.7 +0.4 —0.2 +1.1 +0.7
QCD background normalization +7.8 +5.8
QCD background shape +15.6 +9.3
PDF —3.1 —4.3 —1.3 +0.5 —3.8 —4.3
lepton
momentum scale and resolution (up/dn) | +1.0 +1.0 | +1.3 + 14| +23+4+25 | +1.0+1.0| 24 —-23| —1.3 —1.3
trigger and reconstruction efficiency +0.8 +0.2 +0.6 £0.5 +1.0 +0.8

Table 5.3: List of systematic uncertainties for Muon channel. *(symmetrized)




‘ Source ‘ Atheoryvariation ‘ Aup, down ‘
Single top +10% +0.50
Dibosons +5% +0.05

7 +jets 108 £0.08

Table 5.4: Systematic uncertainties due to variation of the theoretical cross sections
of small backgrounds.

‘ Channel ‘ tt ‘ W + jets ‘ Z + jets ‘ Single top ‘ dibosons ‘ QCD ‘ Sum ‘ Data

e + 3jets | 116 521 60 21 9 64 790 | 752
e + 4jets | 183 164 29 10 2.3 20 | 408.3 | 381
u+ 3jets | 165 985 o4 31 15 80 1300 | 1292
u+ 4jets | 264 281 17 14 3.5 29 ] 608.5 | 627

Table 5.5: Number of preselected events.

5.3.4 Results

Table 5.5 summarizes the number of expected background and top quark pair events,
number of QCD events and number of observed events in data.

In the final step, a maximum likelihood fit has been performed to the data after
the preselection cuts in the e+4jets and p+jets channels. The fit is performed in the
same manner as on pseudo data samples. The results of the fit are shown in Fig. 5.8.

The numbers of fitted tf events and corresponding cross sections are shown in

Table 5.6. Quoted statistical error come from the fit result.

5.3.5 Combination of Measurements in all four channels

The negative log likelihood method is used to fit the data as described at chapter

4. The number of tt events in the sample is obtained by minimizing the quantity of

‘ Channel ‘ Ny ‘ o (pb) ‘
e+ 3jets | 146 = 50 | 207 £ 71 (stat.)
e+ 4jets | 205 + 32 | 184 £ 28 (stat.)
u+ 3jets | 170 £ 66 | 170 + 65 (stat.)
u+ 4jets | 257 £ 40 | 160 % 25 (stat.)
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Table 5.6: Results of the likelihood fit to data
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Figure 5.9: Test of the correctness of the combination fit
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NLL:

NLL =2 Z Vij — Ny + Nij In Ni; — Nygj In Vij (52)

2
where the sum is taken over all channels j (u+ 4 jets, u + 3 jets, e + 4 jets, e + 3
jets) and all template histogram bins ¢; n;; is the observed number of events, and v;;

is the expected number of events. The v;; is defined as

Vij = PoSij +pjbij + mij (53)

where s;;, b;;, and m;; are the predicted numbers of events for the tf signal,
Wjets, and small backgrounds (Z-jets, single top, dibosons, and QCD), respec-
tively); po, p; are the parameters of the fit. The resulting value of the fit parameterpy
characterizes the ratio of the measured to the theoretical ¢¢ production cross section.

In case of Monte Carlo, the real data sample is replaced with N = 1000 pseudo
data ensembles, and the fit is repeated for each ensemble. The average number of p,
over all ensembles is taken to be the ratio of measured to injected t¢ cross section (and
expected to be 1 for the nominal pseudo data), and the RMS of the py distribution
gives the statistical uncertainty of the method. It has been verify that the pull

distribution (pf§ — 1)/0%, where 0% is uncertainty of an individual fit, has the RMS

p0
of 1 (see Fig. 5.9, left). It has been checked that it gets the same number of ¢ events
after fit as it is injected - linearity of the fit is shown in Fig. 5.9, right.

The systematic uncertainties are evaluated by replacing the nominal predicted
values of s;;, b;;, m;; with their modified versions and repeating the fit. The relative
systematic uncertainty is defined as the difference between the py values in two cases.

A combined likelihood fit has been performed in four channels, e + 3 jets, e + 4 jets,

w~+ 3 jets and p + 4 jets, to obtain the combined cross section:
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Source of Error | Aoy/ou[%] |

JES —5.2 + 3.8
Jet reco. efficiency < 0.1
Jet energy resolution +1.1
ISR/FSR —2.1 +6.3
MC generator +3.3
Parton shower +2.1
W-shape +4.0
PDF +1.8
QCD normalization u +1.0
QCD normalization e +0.5
QCD shape u +3.5
QCD shape e +0.2
Single top normalization £0.5
Diboson normalization < 0.1
Z-jets normalization +0.4
Pile-up reweighting +1.2
Lepton momentum /energy scale and resolution < 0.1
Lepton reco. efficiency and trigger SF —1.6 + 1.7
Total Syst. +10.5 — 9.4
Expected Stat. +9.7
Expected Stat. (+) Syst +15.0 — 13.9
Measured Stat. +10.1
Measured Stat. (+) Syst +15.3 — 14.2

Table 5.7: List of separate errors contributing to the combined cross-section over all
4 channels.
o = 173 £ 17(stat.) 22 (syst.) + 6(lumi.)pb (5.4)

For luminosity error, 3.4% error is used [42, 43]. The breakdown of the combined

error on the measurement is given in Table 5.7.

5.4 Conclusions

Measurement of the t¢ production cross-section in the single-lepton channel on data
corresponding to 35.3pb~! of integrated luminosity has been done.For the first time

in the ATLAS experiment the multivariate technique was applied for this type of
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measurements. This allowed us to make the most precise measurement by that time at

LHC. The measured value is in a good agreement with the Standard Model prediction.
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Chapter 6

Measurement of the Cross Section in

tt + Associated Jets

6.1 Introduction

The large statistics of top-anti-top quark pair events produced at the LHC provides
an opportunity to study production of ¢t in association with at least one additional
jet (further referred to as ¢t j). This process is an ideal precision test of the standard
model. Due to the gluon-gluon fusion being the dominant production mechanism of ¢
pairs at the LHC, the majority of ¢f events is produced with additional jet(s). Precise
description of hard interactions at LHC energies is an important theoretical task.
The tt j process represents a major background to t¢H production which is crucial for
Higgs Yukawa coupling studies, so one has to measure the ¢t 7 production as accurately
as possible in order to reduce the uncertainty in this measurement and verify available
state of the art NLO calculations. The ¢t j production is also a dominant background
to new physics searches, in particular the heavy charged Higgs boson production.
Lastly, a detailed analysis of the ¢¢j production characteristics helps to tune the

Monte Carlo models which are used to simulate the physics processes at the LHC.
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The measurement described in the chapter was carried out in the single-lepton
final state using a multivariate technique. The CDF collaboration performed a similar
measurement [44| at a centre-of-mass energy of 1.96 TeV.

The dataset used for this measurement corresponds to an integrated luminosity
of 4.7 fb=!. Events were selected by requiring the presence of a high-pr electron or
muon, large missing transverse energy (MET), and at least four jets. A likelihood
discriminant was used to separate the ¢t events from the background (dominated
by Wjets). The ttj contribution was determined using reconstruction efficiencies
in different jet multiplicity bins obtained with Monte Carlo. As a cross check, the
tt 7 production cross-section was also evaluated using the kinematic properties of ¢t j
events.

This chapter is organized as follows. Section 6.3 discusses the classification algo-
rithm used to select additional particle jets in tf events. Section 6.4 lists the data
samples used and details of the event selection, including the trigger selection. In
Section 6.2 the Monte Carlo samples used are described. A summary of background
sources and background estimation methods, including fake lepton estimates, is pre-
sented in Section 6.5. In Section 6.6 the technique of the cross-section measurement
is discussed. Sources of systematic uncertainties are analyzed in Section 6.7. The
comparison of different Monte Carlo generators is described in Section 6.7.2. Since
initial and final state radiations can change the additional particle jets in the events
for our analysis, this study is described in Section 6.7.1. Finally, the results and

conclusions are presented in Section 6.10.

6.2 Monte Carlo Samples

The Monte Carlo samples intended for the analysis of the data collected until the end

of 2011 are provided by the MC11 production campaign of the ATLAS Production
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Group [45].

For the pile-up simulation the minimum bias events generated with PYTHIAG
[46] generator using the ATLAS AMBT2B(CTEQG6L1) tune |47] are used by default.

The template fitting analysis described in this chapter rely on Monte Carlo (MC)
samples for the description of most of the backgrounds and the ¢t signal. The central
sample, for this analysis, of the t¢ is generated using MC@NLO [48| generator v4.01
with the CT10 [49] parton distribution function. The parton shower and the under-
lying event were added using HERWIG v6.520 [50] and JIMMY 4.31 |39] generators
using the CT10 HERWIG and JIMMY ATLAS AUET?2 tune [51]. The ¢ cross sec-
tion is normalized to the approximate next-to-next-to leading order prediction value
of 166.78 pb, obtained using the HATHOR tool [52|. For the ¢t the samples simulated
using POWHEG [53] interfaced with PYTHIA as well as HERWIG and JIMMY
enable the comparisons of two different parton shower and hadronization models and
(with the central samples) also a comparison of the POWHEG and MC@QNLO engines.
The t¢ multi-jet samples have been simulated using ALPGEN v2.13 with HERWIG
and JIMMY [54] and SHERPA v1.3.1 |55] generators. For the systematics studies
samples with more and less parton shower activity generated with ACERMC and
PYTHIA generators is used.

Of the dominant backgrounds, vector boson production with associated jets (W +
jets and Z + jets) was simulated using ALPGEN interfaced to HERWIG and
JIMMY |39] generators. The heavy flavour Wbb and W e processes were also gener-
ated from zero to two additional massless partons, whereas W was generated from
zero to four additional partons. This analysis constructed QCD templates from data
using Jet-electron or matrix methods.

The single top quark production ¢, s, and the Wt channels were generated with
MC@NLO generator assuming a top quark mass of my = 172.5 GeV. Finally the
diboson events (WW, WZ and ZZ) were produced using ALPGEN and HERWIG.
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Figure 6.1: The multiplicity of reconstructed jets in ¢t events as predicted by
MC@NLO simulation. Shown with various colors are the contributions of ¢t events
with various number of additional jets calculated according to the procedure described
in the text.

The pile-up re-weighting for these samples was also done to match the amount
of pileup observed in the data using the pileup re-weighting tool. Scale factors like

Lepton trigger, ID, reconstruction, and so on are used in compliance with [56] and [57].

6.3 Definition of Additional Jets

The additional jets in ¢t events are defined in a way that allows us to disentangle ex-
perimental effects and allow direct comparison of our results with theoretical models.
The measurement begins with the jets observed in the detector and relate them to the
jets of stable particles at the Monte Carlo generator level as illustrated by Fig. 6.1.
In order to do that, the jets in Monte Carlo are classified according to the procedure
described below (called definition 1).

For each generated sample of MC, stable particles were clustered into jets using
the anti-k; algorithm with a radius parameter of 0.4. These particle jets were then
classified using AR = /A¢? + An? matching between the jets and partons from top

quark decays. Particle jets which were not matched to a parton from the top quark
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were flagged as additional jets. The two ¢t templates used in the present analysis were
generated by requiring zero and one or more additional particle jets respectively.

The classification algorithm selects top quarks with status code 3 and 155 for
PYTHIA and HERWIG6 respectively. The status code 155 is the HERWIG6 code
for a heavy quark before decay. Immediate daughter partons and W boson indices
are then stored. The algorithm then loops over the collection of selected particle jets.
For each particle jet, each parton with py > 5 GeV is used to calculate a AR match.
If the value of AR is less than 0.4, the algorithm checks to see if the parton is in the
list of top daughter partons. If it is not found in this list, its parents are used to check
against the list of top daughter partons. The recursive query finishes when there are
no more parents. Jets which are not matched with partons that originate from the
top quark are flagged as additional jets. All partons except top quarks are required
to have pr > 5 GeV .

The stability of the resulting number of additional jets as a function of the parton
pr cut was studied using POWHEG and ALPGEN generators. The term f/* is
defined as a fraction of events with at least 1 additional jet out of total number of
tt events calculated with parton py > 5 cut. Then ff* is calculated using several
parton pr cuts varying from 2 to 15 GeV. Fig. 6.2 shows the ratio feut/ fiefaut ag
a function of parton pr cut. No dependence is observed for POWHEG and slight
variation (within 2%) is observed for ALPGEN in the wide region of parton pr cut
values.

Partons from additional in-time and out-of-time interactions while typically present
within analysis object data (AODs), were excluded from the data format used for this
analysis. The classification of additional particle jets is therefore not affected by the
presence of additional interactions within the MC record, but does include partons
from the underlying event.

For definition 2 an event is classified as ttj if it has at least 5 selected parton
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Figure 6.2: The ratio of fraction of events with at least one additional jet vs parton
pr cut to its value at 5 GeV.

jets. The ttj production cross sections in fiducial volume defined in this way are
fiducial fiducial .
denoted 0y x et S5jets Titx—spt>pjets LNe€se cross sections can be further unfolded to

the parton level using relevant Monte Carlo. This is not done in the present analysis.

6.4 Event Selection

6.4.1 Data sample

Data were selected from the 2011 LHC running period, corresponding to a centre-
of-mass energy of 7 TeV. Basic data quality requirements were applied through the
application of the top_allchannel good runs list, resulting in an integrated lumi-
nosity of 4.7 fb=!. Events were selected using unprescaled single lepton (electron or
muon) triggers. Due to the increasing instantaneous luminosity, the threshold and

isolation requirements of these triggers were tightened during the 2011 running period.

6.4.2 Event Selection Criteria

Data were selected for the electron (muon) channel following,

88



e the single lepton trigger requirement according to the data period,
e a primary vertex reconstructed from at least five tracks,

e exactly one good selected electron (muon),

e 10 selected muons (electrons),

e a AR match between the selected lepton and the trigger used to select the

event,
e at least four reconstructed jets passing the object selection,

o ET

miss

> 30 GeV (electron channel) or EL

miss

> 20 GeV (muon channel),

e a transverse W mass' my(W) > 30 GeV (electron channel) or my(W)+EL. >

miss

60 GeV (muon channel),

Events with noise bursts within the LAr calorimeter were rejected. The fraction of
data affected by LAr front-end board failures was excluded within the data and MC

samples.

6.5 Background Estimation

The dominant backgrounds for the tf + jets measurement are expected to be the
vector boson production with associated jet and/or heavy quark production (W +jets
v/ Z+jets, W + ctjets, W + cc+jets, W + bb+jets), the single top production, the
diboson (WW) production and the QCD backgrounds. The Monte Carlo samples are
used to estimate the background contributions from single top, diboson production

and Z+jets. The data-driven estimates are used for QCD as described in section 6.5.1.

Ymp (W) is defined as \/QplTp%(l — cos(¢! — ¢¥)), where [ and v refer to the lepton and neutrino

terms respectively. In the event selection the neutrino terms were replaced with the EL

miss and its
azimuthal angle.

89



For W+ jets the normalization is taken from final likelihood fit to the data and
likelihood template shape is constructed from the Alpgen Monte Carlo sample using

the selection cuts listed in section 6.4.

6.5.1 Fakes Lepton Estimates

The QCD fake contribution in muon channel was estimated using a data driven
Matrix Method as described at section 3.3.1. In muon channel the signal and fake
efficiencies were determined from data in a low transverse W mass region with an
inverted triangular cut: Mp(W) < 20 GeV and M ET + Mp(W) < 60 GeV. The loose
selection of muons is identical to the one that is used for the analysis, except for the
muon isolation. The contribution from W+ jets and Z+ jets events was subtracted
to obtain as pure QCD estimate as possible. Both the signal and fake efficiencies were
parametrized in muon 7 and leading jet pr in order to account for dependencies on
muon detector acceptance and hadronic activity from hard jets affecting the muon
isolation. The signal efficiencies were determined with a Tag & Probe method by
selecting prompt muons from the Z decay, while the fake efficiencies were determined
in the described control region.

The QCD contribution to electron channel was calculated by jet-electron method
. QCD in electron channel is mostly due to jets mimicking electrons. The jet-electron
model is using a sample, selected with a Jet trigger. Jets with Er > 25 GeV in
the 1 range of real electrons, that posses a relatively high fraction of electromagnetic
energy (80%-95%) compared to their total energy, are considered as fake electrons in
this model. In order to reduce the fraction of real conversions that might leave a large
signal in EM calorimeter, jets require to have at least 4 tracks associated with them.
Events selected in this way are used to obtain the QCD shapes for all distributions.

An alternative method of QCD evaluation in the electron channel is Matrix

Method. For this method, loose electrons were defined as those that pass the Medium-+-+
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electron identification criteria and satisfy conversion veto and isolation criteria. The
first isolation cut was set on the transverse energy in the calorimeter around the
electron candidate in a cone of AR = 0.2 around the electron so that E7** value
corresponds to 98% efficiency for isolated electrons. The second cut makes use of the
transverse momenta of the electron candidate and of all reconstructed tracks around
it in the cone of AR = 0.3. The sum of p7’s of all tracks excluding electron should
be less than pf**  where the chosen p7'* value corresponds to 98% efficiency for iso-
lated electrons. Since contamination from signal leptons from W and Z decays is still

present in the low MET region, corrections of the number of observed loose and tight

events in data based on MC were applied.

6.6 Overview of the Analysis Strategy

The present analysis was carried out in the four jet exclusive and five jet inclusive
multiplicity bins in the e + jets and p+jets channels. Using the particle-level jet
classifier described in Section 6.3, the sample of MC ¢t events was split in two sets:
(i) events without an additional jet (further denoted as ¢t0) and (ii) events with
one or more additional jets (t£j). For a given classification, one can evaluate the
reconstruction efficiencies ¢;; defined as probabilities to observe a ¢t0 (i = 0) or ttj
(1 = 1) event in the 4th exclusive (j = 4) or 5th inclusive (j = 5) jet multiplicity bin.
These efficiencies were calculated using full detector simulation and take into account
the data/MC correction factors and pile-up effects.

Two different methods were used to determine the ttj production cross-section.
In 1-Dimensional Likelihood, the number N;E of inclusive tt events in data first are

evaluated using the method described below. The ¢¢0 (ttj) production cross-sections
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ouo (0u;) were then obtained from a system of equations shown at 6.1

tt
Nt = Lowcos + Lowjera

(6.1)

tt
Ng' = Lowoeos + Loyjers

where L is total integrated luminosity. For a single channel (e or p) this system
consists of two equations and has two unknowns (ouo and oy;), so the solution is
straightforward. For a combination of the two channels there are four equations, so
the system is over constrained. In this case, the cross sections are determined from a
log likelihood fit to the number of events observed in each channel. For convenience,
the calculations are performed in terms of ky and k; which are the ratios of the

observed to the predicted number of ¢£0 and ttj events, respectively:

Nt = koN{ + ki N}
(6.2)

Nt = koNY + ki NZ,

where N} = Loy fie;; is the predicted number of tt0 (i = 0) or ttj (i = 1) events, oy
is the theoretical inclusive ¢ production cross-section, and fo (f1) are the fractions
of tt0 (ttj) events in the original MC sample (fy + fi = 1). The ttj production

cross-section is then found as

Uttj = klatffl- (63)

(The result depends on the reconstruction efficiencies but not on oy nor f;, as shown
in Appendix A).

In in second, 2-Dimensional Likelihood, the kinematic difference between the tt0
and ttj events is used in addition to efficiencies. The inclusive tf measurement step

can be skipped and evaluate directly the numbers of events due to ¢¢0, ttj, and non-tt

92



backgrounds simultaneously using a 2D likelihood fit. The details of 2-Dimensional
Likelihood method are outlined in section 6.9. The 1-Dimensional Likelihood method
is used for the main result and 2-Dimensional Likelihood method as a cross check. In

the rest of the current section, the method 1 will be discussed.

6.6.1 Variables used in the Likelihood

The first step of the analysis is the separation of ¢f events from the SM backgrounds.
The latter include W /Z+jets production, diboson production, single top production,
and QCD multijet events. The W-jets background is by far dominant, so only
W-jets events were used to construct the likelihood. The variables used in the
likelihood are lepton pseudorapidity 7, and transformed aplanarity A’ = exp(—8A4),
where the (regular) aplanarity A is defined as A = % X A3, A3 being the smallest
eigenvalue of the normalized momentum tensor. The A — A’ transformation is done
for uniformity as discussed in [58| and in chapter 4.

Agreement between data and MC for the LHW variables is shown in Figs. 6.3-6.6
before and after the LHW fit. For plots made before the fit, the sum of all MC events
and QCD is normalized to the number of observed events in data to compare the
shapes of these distributions.

We construct the likelihood discriminant function LHW (Likelihood Discriminator
against W-jets) using the projective likelihood method defined in the TMVA [35].

The analysis strategy for cross section extraction using likelihood fitting and ensemble

testing and performance of method performed as described at chapter 4.

6.6.2 Performance of the Method

The LHW distributions in 4th and 5th jet multiplicity bins are shown in Fig. 6.7 for

electron and muon channel, respectively.
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Figure 6.3: Control plots in the e+4 jets channel: transformed aplanarity (left) and
electron pseudo rapidity (right), normalized to the total number of events in data
(top) and after the LHW fit (bottom).
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Figure 6.4: Control plots in the e+>5 jets channel: transformed aplanarity (left) and
electron pseudo rapidity (right), normalized to the total number of events in data
(top) and after the LHW fit (bottom).
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Figure 6.5: Control plots in the pu+4 jets channel: transformed aplanarity (left) and
muon pseudo rapidity (right), normalized to the total number of events in data (top)
and after the LHW fit (bottom).
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Figure 6.6: Control plots in the p+>5 jets channel: transformed aplanarity (left) and
muon pseudo rapidity (right), normalized to the total number of events in data (top)
and after the LHW fit (bottom).
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Figure 6.7: IiHW templates for muon and electron channels, where the red line rep-
resents the ¢t and the blue line represents the background templates.

Performance of the LHW was studied by checking the fitting fraction of ¢f events
as a function of input fraction. The results are shown in Fig. 6.8 for both channels.
No shifts are observed in fitted fractions.

The expected statistical uncertainty is evaluated with ensemble tests on the MC
samples. When preparing the ensemble tests, the total number of events is fixed to
the number of events observed in data. This number is composed of the sum of ¢t
events and expected numbers of events from each background and is fixed in each
ensemble. The maximum likelihood fit is performed on the pseudo data resulting in
Nyz. For each test, 1000 pseudo data samples are generated.

The expected statistical error is found from the width of the Ny distribution found
resulting from the fit when applied to pseudo data and turned out to be of the order
of 3%.
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Figure 6.8: Linearity tests for the LHW in e+jets and pu+ jets channels.

6.6.3 Likelihood Fit to Data

Event yields in data and expected yields from MC based on the theoretical cross-

sections in electron and muon channels are shown in Table 6.1.

Channel tt W+jets | Z+jets | Dibosons | Single QCD Total Data
top expected
e+4jets | 10920 | 11527 | 2043 188 1005 | 2467 | 28151 | 27599
H1080 | 45530 | +612 +9 +40 | £1234 | 45817 | +166
e +>5jets | 6856 | 2900 741 37 356 960 11851 | 12778
O | 41556 | 4285 +2 +14 | +480 | +1808 | +113
p+4jets | 17672 | 21363 | 1900 314 1169 | 4486 | 46903 | 47827
1980 | £10249 | 4570 +15 +47 | 42243 | £10571 | +219
4 >5jets | 11250 | 5426 586 56 414 1232 18963 | 20985
e | #2912 | £225 +3 +17 | +616 | +3217 | +144

Table 6.1: Expected and observed event yields in different jet multiplicity bins in
electron and muon channels. Errors on the Monte Carlo predictions were calculated
according to the variations of theoretical cross-sections for tt, single top and diboson
production. For W+jets and Z+jets, the errors expected from Berends scaling are
shown. QCD background has 50% uncertainty.

Results of the likelihood fits to data in all channels are shown in Fig. 6.9. The
resulting numbers of ¢f events from these fits are summarized in Table 6.6.3. While
performing the likelihood fit in each sub-channel, the number of W+ jets events in

the fit is allowed to float. The resulting numbers of W+ jets events are also listed in

Table 6.6.3.
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Figure 6.9: Likelihood fits in the e+jets and p+jets channel.
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Channel | N | Nf/N' | NWHiels
e+4 jets | 10848 | 0.99 £0.02 | 11062
e+ jets | 7700 | 1.12+£0.03 2990
p+4 jets | 20257 | 1.14 £0.02 | 19714

p+5 jets | 13821 | 1.23 £0.02 4876

Table 6.2: Fitted numbers of W +jets events NW+i¢s tf events N* and the observed

to predicted event ratios NtE/N;t;ed in electron and muon channels in 4 and 5 jet

multiplicity bins. The errors are statistical only.

6.6.4 Measurement of {1t Production Cross Section

The numbers of inclusive ¢t events obtained in each channel are combined according
to the procedure described in the section 6.6. The efficiencies ¢;; are summarized in
Table 6.3. The 5th inclusive jet multiplicity bin is dominated by the ttj events, as
illustrated by Fig. 6.10.

The fitted k; values are shown in Table 6.4 for e-+jets and p+jets channels as well

as for the combination. The errors in the table are statistical.

€04 €05 €14 €15
e+jets | 2.40 0.40 2.81 2.87
ptjets | 4.21 0.72 4.82 5.03

Table 6.3: tt0 and ttj reconstruction efficiencies (%).

The fitted k; values are shown in Table 6.4 for e+jets and p-+jets channels and

for their combination. The errors in the table are statistical.

Channel Fitted k;

e+ jets 1.17+0.04

u+ jets 1.26 £0.03
Lepton + jets | 1.22 £0.02

Table 6.4: Fitted k; values in electron and muon channels separately and in the
combination. The errors are statistical only.

The ttj production cross-section is found to be

ouj = 102 £ 2(stat.) pb. (6.4)
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p+jets channels.
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The numbers of fitted ¢f events in e+jets and p+jets channels in 4-th and 5-th jet
multiplicity bins can be used for calculation of the inclusive tt cross-section, which is
found to be 0" = 189+4 pb. The ratio of ¢ to inclusive f production cross-section
is

e = (.54 £ 0.01(stat. ). (6.5)

6.7 Evaluation of Systematic Uncertainties on o jets

The estimated systematic uncertainties are estimated, Jet energy scale uncertainty,
W +jets modeling, signal modeling, parton shower modeling, uncertainty in QCD
normalization and shape, small backgrounds normalization, jet reconstruction effi-
ciency, lepton momentum scale and resolution, difference in pile-up in MC and data,
PDF, cell-out uncertainties, soft jet uncertainties in MET calculations and systematic
uncertainty arising from the removal of events with jets in the LAr hole region.

Factors contributing to the systematic uncertainty of the tt+ > 1 particle-jet
cross-section measurement can be separated into two categories: uncertainties on
the event preselection efficiency and uncertainties on the likelihood template shapes.
Systematic uncertainties except for small backgrounds and QCD normalization and
QCD shape were evaluated using ensemble testing. Systematic uncertainties related
to the small backgrounds were obtained from fit to data by variation of their cross-
sections within theoretical uncertainties.

Uncertainties due to the jet energy scale, jet resolution, Monte Carlo model used
for the signal simulation, and parton distribution functions (PDFs) affect both prese-
lection efficiency of ¢t events and likelihood template shapes. The detailed description
of these sources of systematic uncertainty is given below. The expected number of tf
events referred to after all preselection cuts used in the analysis as to a nominal num-

ber. Similarly, the nominal signal and background templates are referred to templates
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obtained after application of all preselection cuts. Modified numbers of t¢ events and
modified templates are defined as those obtained after the variation of sources of
systematic uncertainties. Following there are more detail on the procedures used to
calculate various types of systematic uncertainties.

Jet Energy Scale (JES): The uncertainty on the ¢+ > 1 particle-jet cross-
section due to jet energy scale uncertainty was measured by variation of JES by
+1ops.|ref to JES plot for Jet Identification section| After applying the JES correc-

tions to all reconstructed jets, the EL

miss

is recalculated. Change in the number of
selected tf events due to variation of JES propagates as a systematics uncertainty to
the cross-section of tt+ > 1 particle jets.

The likelihood templates are derived new to estimate the contribution of JES
variation to the likelihood shape. Fig. 6.11 shows three sets of likelihood templates for
signal and background used for evaluation of JES related uncertainty: nominal ones
(solid lines), templates obtained by changing JES by 1o up (dotted lines), and those
obtained by changing JES by 1o down (dashed lines). Modified templates were used
in ensemble tests to derive modified numbers of the tf events in each jet multiplicity
bin. The difference between the number of ¢ events obtained with nominal and
modified likelihood templates is interpreted as an uncertainty due to the likelihood
shape and is further propagated to calculate the JES uncertainty on the tt+ > 1
particle jets production cross-section. The total uncertainty due to JES variation
is a combination of the two effects (change in the preselection efficiency and in the
likelihood template shape). Results of ensemble tests (fitted to predicted number of
events) with nominal and JES shifted LHW templates are shown in Fig. 6.12.

Jet Energy Resolution (JER): The uncertainty due to different jet energy res-
olution in data and MC was evaluated by smearing the MC jet transverse momentum
depending on jet pr and 7. After smearing, all selection cuts were applied, and the

number of expected tt events was calculated. The difference between the nominal
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Figure 6.11: Nominal (solid line) and JES shifted (dotted line is due to JES-UP and
dashed line is due to JES-DN) LHW templates for the t¢ signal (left) and W-tjet
background (right) events in the muon and electron channel.
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Figure 6.12: The ratios of fitted to predicted number of events obtained with nominal
and JES shifted LHW templates in the muon and electron channel.
and modified numbers of ¢ events in each jet multiplicity bin was interpreted as a
change in the preselection efficiency due to JER. Change in the fitted number of ¢t
events due to variation of JER was obtained as a difference between the numbers of ¢t
events obtained with nominal and modified templates. Sets of nominal and modified
templates are shown for signal and background in Fig. 6.13. Variation in the number
of tt events due to modified selection efficiency and template shapes was propagated
to the tt+ > 1 particle jets cross-section uncertainty. Results of ensemble tests (fitted
to predicted number of events) with nominal and JER shifted LHW templates are
shown in Fig. 6.14.

Jet Reconstruction Efficiency: The uncertainty due to jet reconstruction ef-
ficiency was estimated by randomly dropping a fraction of jets according to the dif-
ference in jet reconstruction efficiency on data and MC. It has been calculated in the

same way as uncertainty due to JER. Changes in the expected number of ¢¢ due to se-
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Figure 6.13: Nominal (solid line) and JER shifted LHW templates for the ¢ signal
(left) and W+jet background (right) events in the muon and electron channel.
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Figure 6.14: The ratios of fitted to predicted number of events obtained with nominal
and JER shifted LHW templates in the muon and electron channel.

lection efficiency and likelihood fit were calculated and propagated to the uncertainty
on the measured cross-section.

W -+ jets shape: This source of the uncertainty does not affect the number of t¢
events expected after applying the selection cuts, but it does change the shape of the
background template, and therefore, the number of fitted top quark events. The un-
certainty due to the shape of W-jets events generated with ALPGEN was estimated
using the reweighting tool provided by the TopReco group. Reweighting functions
based on the leading jet pr spectrum were provided for the renormalization scale
(iqopt3) and for the functional form of the factorization scale. Reweighting functons
were obtained as follows. Truth-level samples with parameters varied with respect to
the ATLAS nominal parameter set have been generated and event kinematics were
compared.

After reweigting the W-jets MC events, the modified background templates are
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used to obtain the number of ¢f events. The difference between the nominal number
of tt events and the new one obtained with modified templates was propagated to the
uncertainty on the measured cross-section.

Lepton Identification, Reconstruction Efficiency and Energy/Momentum
Resolution: Uncertainties due to lepton identification, energy or momentum resolu-
tion and reconstruction efficiencies were estimated by variation of the corresponding
parameters by +1o of their uncertainties. A procedure similar to JES uncertainty
evaluation was repeated for each of those uncertainties, and variations in fitted num-
bers of tt events were propagated to the cross-section uncertainty.

Small backgrounds: Contributions from small backgrounds, like single top
quark production, diboson production and Z+jets production were estimated using
their theoretical cross-sections. Systematic uncertainties related to their normaliza-
tion were evaluated by varying the relevant cross-sections by F1oueo-. Fit to data
was performed, and difference between nominal and new numbers of ¢t events for each
type of background was propagated to the cross-section uncertainty.

QCD background: Systematic uncertainty due to the shape and normalization
of QCD background in p+jets and e+jets was estimated in different ways. QCD
contribution in the muon channel was estimated using Matrix Method. The tool used
to determine the fraction of QCD events, has also an option to evaluate the systematic
uncertainty due to shape and normalization variation by +1¢. This option is used
to obtain new QCD templates in the muon channel and repeated the data fit with
modified templates. The difference between nominal and new numbers of ¢ events
was propagated to the final systematic uncertainty on the measured cross-section.

There are two methods available for QCD background evaluation in data for the
electron channel. These are jet-electron (used as a base method) and matrix method.
Uncertainty related to the overall QCD normalization was obtained by variation of

the number of QCD events predicted by jet-electron method by +50%. The matrix
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Figure 6.15: QCD templates obtained with jet-electron method (solid histogram) and
with matrix method (dashed histogram) in the electron channel.

method is used to derive an alternative QCD templates for e+4 and e+5 inclusive jets
bins. Normalization for the total number of expected QCD events in new "Matrix
Method" templates was fixed to the numbers obtained with jet-electron method.
Comparison of the QCD templates obtained with jet-electron and matrix method is
shown in Fig. 6.15. The fit to data with modified templates is repeated and interpreted
the difference between resulting cross-sections as a systematic uncertainty due to QCD
background.

Pile-up: To evaluate the systematic uncertainty due to pile-up, the average num-
ber of interactions per bunch crossing () is scaled up and down by 9% in simulated
samples. The reweighted Monte Carlo samples is used to get new templates and
selection efficiencies and used them to measure the ttj cross-section. The difference
between nominal and recalculated cross-sections was quoted as systematic uncertainty

due to pile-up.

6.7.1 Initial and Final State Modeling

Initial and final state radiation (ISR/FSR) changes the number of additional particle
jets in the event. Since the kinematics of these events can be different from the

nominal, the ISR/FSR variation may also affect the efficiencies used to calculate the
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ttj cross-section according to Equation. 6.1. The variations of efficiencies due to

ISR/FSR changing up and down are summarized in Table 6.5.

€04 €05 €14 €15
e-+jets, ISR/FSR up 2.35 0.29 2.89 3.12
e+jets, ISR/FSR down | 2.57 0.29 3.02 2.79
p+jets, ISR/FSR up 3.82 047 468 5.10
p+jets, ISR/FSR down | 4.19 0.48 4.73 4.44

Table 6.5: tt0 and ttj reconstruction efficiencies for samples with ISR/FSR shifted
up and down (%).

The variation of measured ttj production cross-section due to ISR/FSR is shown
in Table 6.7.1, and the variation of measured ratio of ¢tj to inclusive ¢t cross-section

is shown in Table 6.7.1. The variations are defined as

up down up down
g ttj — 0. J—

ttg 1 1
Ao-tt‘ —7] A’ — Tun . g (6 6)
J U, ) 1 U .
O-ttI])' U%‘wn | P fldown

where indices up and down indicate the ISR/FSR modified up and down, respectively.
Part of the variation is due to the difference in the value of f; in up and down samples,
denoted as AfM¢ (higher ISR/FSR leads to increased extra jet production). If the
reconstruction efficiencies €;; were the same in both samples, the whole change in
measured ttj cross-section and ttj fraction would be due to AfMC. Since it is not the
case, in addition to A fM there is a second component due to efficiency change. As it
is small compared to the change in the ttj fraction between the samples, our analysis
is potentially capable of probing the ISR/FSR production model, but its sensitivity is
diluted by other systematic uncertainties, particularly jet energy scale and jet energy
resolution.

The ttj cross-section measurement is performed using different MC generators
interfaced to the different parton showering models, and compared obtained results

in the next section.
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channel | oy variation due to efficiency | Af¥ ¢ 1 total oy; variation
e+jets —5.2 —14.2
ptjets —7.1 +9.1 —16.1
total —6.2 —15.2

Table 6.6: Variation of the ttj production cross-section in the current MC ISR/FSR
model (%).

channel | f; variation due to efficiency | AfMC | total f, variation
e+jets —2.2 —11.2
ptjets —-3.4 +9.1 —124
total —2.8 —11.8

Table 6.7: Variation of the ratio of ¢tj to inclusive t¢ production cross-section in the
current MC ISR/FSR model (%).

6.7.2 Comparison to other Monte Carlo Generators

The presented measurement of the ttj cross-section is model dependent. It depends
on (a) kinematics of inclusive ¢t events in a given generator and (b) on the efficiencies
€;; obtained with this generator. As it was shown in previous sections, the detailed
comparison of kinematic distributions is done in data and in MC with MCQNLO
predictions for ¢¢ and found a good agreement between data and MC. Nevertheless it
is important to check how stable is obtained result against the different MC generators
and parton shower schemes. This section contains the results of measurement of the
ttj cross-section using ALPGEN interfaced to JIMMY and POWHEG interfaced
to PYTHIA for simulation of inclusive ¢t production.

In POWHEG the hardest radiation is generated first, and then the results of
generation are interfaced to PYTHIA generator for subsequent, soft radiation. The
details on the POWHEG generator [59] and on the comparison of POWHEG with
MC@NLO can be found in [60]. The ¢t events generated with POWHEG are used
and repeated the analysis excluding the evaluation of systematic uncertainties. The
main steps of the analysis with POWHEG are documented in [61| , which contains

the comparison of kinematic distributions, likelihood shapes, likelihood fits and the
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measured ttj cross-section.

ALPGEN is a MC generator based on Leading Order (LO) matrix element cal-
culations [54]. ALPGEN generator has been interfaced to JIMMY for the following
parton showering. ALPGEN interfaced to JIMMY has been used to produce the
tt + n hard partons samples, where n changes from 0 to 3. ALPGEN generator de-
scribes modified aplanarity distributions slightly better compared to POWHEG and
MC@NLO, but has problems with describing jet pr distributions. It needs to be
mention that the ALPGEN samples of ¢ have not been produced in association with
heavy flavor jets, assuming that their kinematics is pretty close to the ¢t plus light
parton jets.

As an additional cross check of the results obtained with different MC genera-
tors, the inclusive cross-section is calculated with signal templates from MCQNLO,

POWHEG and ALPGEN. The results are presented in Table 6.8.

Generator | Ndote /NGPeted | 50 [pb]
MC@NLO 1.13 189 1+ 4
POWHEG 1.13 189 +£4
ALPGEN 0.97 163 £ 3

Table 6.8: Inclusive tf production cross-section o;; measured with ¢ templates ob-
tained with different generators. The second column shows the ratio of observed to
expected number of ¢t events. The quoted errors are statistical only.

These values can be compared to the theoretical value of 07" = 166.871%2 pb.
One can see that with NLO generators the measured cross-section is 13% higher
than the theoretical one, while using ALPGEN generator results in pretty much the
same cross-section as the theoretical. It should be mentioned that the systematic
uncertainty of these measurements is of the order of 13% (as it was evaluated for tt;
cross-section) and the systematic error on the theoretical cross-section is of the order
of 10 %, so all of them agree with the SM calculations.

The ttj cross-section has been calculated using Equation. 6.2 for each generator.
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Generator | k; fi ouj |[pb| | Measured f;
MCQ@QNLO | 1.21 | 0.503 | 1024+2 | 0.54 £0.01
POWHEG | 1.11 | 0.568 | 105£2 | 0.56+0.01
ALPGEN 0920524 | 8142 0.50 £ 0.01

Table 6.9: The ttj production cross-section oy; (the fourth column) and the ratio f;
of the ttj to inclusive ¢ production cross-section (the fifth column) measured with t¢
templates obtained with different generators. The second column shows the ratio of
observed to expected number of ¢¢j events, and the third column shows the value of
f1 predicted by simulation. The quoted errors are statistical only.

Results obtained with MCQNLO and POWHEG are in a good agreement with
each other. Although the fraction of the ttj events in ALPGEN is in between
MC@NLO and POWHEG, the observed fraction of the ttj events is smaller com-
pared to the expected one.

Another difference between MC samples generated with ALPGEN and MC@QNLO
is that ALPGEN sample was produced using leading order PDF, while MCQNLO
events were produces with next-to-leading order PDF. This might potentially affect
the kinematics of produced ¢t events, and as a result, the measured ti+ jets cross-
section.

Detailed studies of all three generators are presented in [61].

The largest difference between MC@QNLO, POWHEG, and ALPGEN (£21%)

id quoted as the systematic uncertainty due to choice of MC generator.

6.8 Cross Section in Fiducial Volume

The ttj cross-section has estimated in fiducial volume for direct comparison of our
results with theoretical calculations. The definition of fiducial volume is based on
particle-level objects as described in Section 6.3. Muons are required to have py >
20 GeV, |n| < 2.5, and electrons are required to have pr > 25 GeV, |n| < 2.5. The

“dressed” electrons (four-momenta of photons within AR < 0.1 from the electron

114



e+jets ptjets

generator | el ol | of e [pb] | Tl | o )
MC@NLO | 0.216 | 2.59 £0.08 | 0.261 | 3.47 £+ 0.08
POWHEG | 0.189 | 2.39 £0.07 | 0.223 | 3.14 £ 0.07

ALPGEN | 0.247 | 257 £0.08 | 0.301 | 3.17 £ 0.08

Table 6.10: The ttj acceptance efficiencies and cross sections in fiducial volumes in
e+jets and p+jets channels. Fiducial volumes in electron and muon channels are
different (described in the text). Errors on measured cross sections are statistical
only.
direction are added to the electron four-momentum) is considered. This procedure
is not applied to muons. In both e-+jets and p+jets channel, exactly one lepton and
at least five jets with pr > 25 GeV, |n| < 2.5 are required. In addition in e-jets
channel it is required |MET| > 30 GeV, MTW > 30 GeV , and |MET| > 20 GeV,
|MET| + MTW > 60 GeV in p+jets channel. Here M ET is defined as the vector
sum of the transverse energy of all neutrinos originating from W bosons from top
quarks, and MTW is the invariant transverse mass of M E'T and the lepton. Events
passing these cuts are considered to be in fiducial volume.

The acceptance efficiencies is evaluated for the ¢t — e + jets and ttj — p +
jets events in fiducial volume e/%ucial for three Monte Carlo generators (MC@NLO,

acc

POWHEG, and ALPGEN). Using these efficiencies and fitted values of k;, the
cross sections is obtained in fiducial volume a{l@ducml. The results are summarized in
Table 6.8. For the systematic uncertainty due to different Monte Carlo generators,
we quote the largest difference between the three results (£10% in the p+jets channel
and £8% in the e+jets channel).

LO and NLO calculations of o4; in fiducial volume for muon channel have been
done by Melnikov, Schulze and Scharf |[62|. Fiducial volume was defined using cuts

applied in our analysis. They found o/ = 2.20%:3; pb and o})© = 2.357(5¢ pb.
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6.9 Measuring o; with 2-Dimensional Likelihood Method

In 2-Dimensional Likelihood, the kinematic difference between the ¢t0 and ¢¢;j events
used in addition to efficiencies. A 2D likelihood is constructed out of two likelihoods:
one capable of separating the ¢t events from the W+jets background (denoted LHW,
the same likelihood which is used in method 1), and another one which distinguishes
between the ¢t0 and ttj events (denoted LHD). The formula for expected number of

events (Equation. 4.8) is modified as

vij = posy + plsfﬁj + pibi; + maj, (6.7)

itj
i

where SZ-O and s;? are predicted numbers of 0 and ttj events, respectively. Since this
method constraints the fraction of t£j events in each jet multiplicity bin, it is expected
to be less sensitive to systematic effects resulting in migration of events between the

bins (e.g. the jet energy scale uncertainty).

6.9.1 Variables used in the 2-Dimensional Likelihood

The variables used to separate the ttj from ¢t0 are An(j1, j3) between first and third
leading jets, and jet My, transverse mass of all jets in the event as defined at section
4.2. These variables are uncorrelated for both signal and background.

Agreement between data and MC for all variables is shown in Figure. 6.9.1 for the
muon channel and in Figure 6.9.1 for the electron channel. Sum of all MC events and
QCD is normalized to the number of observed events in data to compare the shapes
of these distributions.

The LHD likelihood distributions in 4th and 5th jet multiplicity bins are shown

in Figure 6.9.1 for electron and muon channel, respectively.
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Figure 6.16: Control plots for chosen variables in electron channel.
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Figure 6.17: Control plots for chosen variables in muon channel.
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Figure 6.18: LHD templates for muon and electron channels.

6.9.2 Results of Fit to Data

Results of the likelihood fits to data in all channels are shown in Figure. 6.9.2. The

resulting numbers of tt0, ttj events from these fits are summarized in Table 6.11.

Channel N*" /N7 |
e+ jets 1.11 £0.03
pu+ Jjets 1.20 £0.02

Lepton + jets | 1.16 £+ 0.02

Table 6.11: Observed to predicted event ratios N/ N;f,jed in electron and muon chan-

nels and in the combined lepton+ jets channel. The errors are statistical only.

The ttj production cross section is found to be

ouj = 114 £ 2(stat.) pb. (6.8)

119



—o- data

1200

1000

80

S

60

S

400

200

X 0. 1 X 0. 1
Likelihood Likelihood

—8- data
2200

2000
1800
1600
1400
1200
1000
80
601
40(
20(

S & &

S

04 05 06 07 08 O 01 02 03 04 05 06 07 08 O

1 1
Likelihood Likelihood

Figure 6.19: Likelihood fits in e+jets and pu+ jets channels.

6.9.3 Systematic Uncertainties

Systematic uncertainties were estimated in the same manner as for method 1 (see 6.7).

Summary of the systematical errors are presented in Table 6.9.3.

6.9.4 Results 2-Dimensional Likelihood method

The measured cross section tt+ > 1 hard parton jet is found to be

ouj = 114 £ 2(stat.) &= 15(syst.) pb (6.9)

The largest systematic uncertainties in this measurement are due to JES and Jet
Energy Resolution. Since the method 2 is only for cross check of central value, the
MC Generators, MC parton cut and ISR/FSR uncertainties are not done and included
in total systematic. This result is in a good agreement with the one obtained with

method 1.
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Source electron +jets | muon +jets | combined
JES Up, Down -6.4 -8.8 -6.5-9.9 -6.5-94
Jet Energy Resolution -8.8 -8.5 -9.0
Jet Reconstruction Efficiency -0.2 -0.3 -0.1
MET Cell out +0.9 +0.8 -0.1 +04 | +0.3 +0.6
Electron Energy Smearing -0.4-0.3 0 -0.1-0.1
Electron Energy Scale -0.5-04 0 -0.2-0.2
Electron Trigger Scale Factor -1.4 +1.5 -0.6 +0.6
Electron Reco Eff. SF -1.2 +1.2 -0.5 +0.5
Electron ID -1.5 +1.5 -0.6 +0.6
Muon Momentum Smearing -0.2 -0.1 -0.1
Muon Momentum Scale -0.1 -0.2
Muon Trigger Scale Factor -2.8 +2.9 -1.7 +1.7
Muon Reco Eff. SF -0.3 +0.3 -0.2 +0.2
Muon ID -0.1-0.4 -0.1-0.2
Muon ID SF -0.7 +0.7 | -04 404
QCD electrons normalization +0.7—1.0 +0.2—-0.3
QCD muons normalization +0.8 +0.5
QCD electrons shape +6.0 +2.2
QCD muons shape < 0.1 < 0.1

Z Background £1.0 £0.1 £0.3
Single top +0.6 +0.3 +0.4
Dibosons < 0.1 < 0.1 < 0.1
W shape -1.1-0.8 -1.0 -1.0 -1.0 -0.9
PDF +0.9 +0.9 +0.9
Pileup +1.1 +0.2 +2.5 +1.0 | +1.9 +0.7
Monte Carlo Generator and parton shower -3.5 +1.2 -1.0

Table 6.12: Summary of systematic errors in electron, muon channels and their com-

bination (%).
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6.10 Summary

The complete list of systematic uncertainties is presented in Table 6.10. The total
uncorrelated systematic uncertainty which includes lepton ID, triggers, lepton re-
construction efficiency, and QCD estimation, is 4.9% in e+jets channel and 3.3% in
p+jets channel. The total uncorrelated uncertainty in two channels is 7%, which is
of the order of the difference of the measurement in the two channels as shown in
Table 6.4. Table 6.10 presents the complete list of systematic uncertainties calculated
for the measured ratio of t¢j to t¢ inclusive production cross section.

This chapter presents the measurement of the cross-section of tt+ > 1 jet pro-
duction on the ATLAS data corresponding to the integrated luminosity of f 4.7 fo=1.
The measurement is done in a single lepton final state, requiring a presence of high-pr

isolated muons or electrons. The measured cross-section of tt+ > 1 jet is found to be
ou; = 102 % 2(stat.) + 6(ISR/FSR) 22 (syst.) pb (6.10)

The largest systematic uncertainties in this measurement are due to JES, Jet Energy

Resolution and MC generators.

The cross sections in the fiducial region in e-+jets and p+jets channels are found to

be
ol 1 = 2.59 £ 0.09(stat.) £ 0.15(ISR/FSR) (7, (syst.) pb (6.11)
ol = 3.48 £ 0.08(stat.)  0.21(ISR/FSR) 25 (syst.) pb (6.12)
TR s = 4.09 £ 0.18(stat.) £+ 0.24(ISR/FSR) g 55 (syst.) pb (6.13)
O - siets = 5.27 £ 0.16(stat.) & 0.31(ISR/FSR) |4 (syst.) pb (6.14)

The cross section in muon channel in fiducial volume is within two standard de-

viations from theoretical NLO value, U%LO = 2.35 pb.

122



Source electron +jets (%) | muon +jets (%) | combined (%)
JES Up, Down -9.1-3.2 -8.7-3.5 -8.9 -3.3
Jet Energy Resolution -10.0 -8.7 -9.2
Jet Reconstruction Efficiency -0.2 -0.1 -0.1
MET Cell out +0.4 +0.5 -0.1 +0.4 +0.2 +0.4
Electron Energy Smearing -0.4 -0.3 -0.2-0.2
Electron Energy Scale -0.3 -0.3 -0.2-0.2
Electron Trigger Scale Factor -1.4 +1.5 -0.6 +0.6
Electron Reco Eff. SF -1.1 +1.1 -0.5 +0.5
Electron 1D -1.6 +1.7 -0.7 +0.7
Muon Momentum Smearing -0.1 +0 -0.1
Muon Momentum Scale <0.1 0.1
Muon Trigger Scale Factor -2.6 +2.7 -1.5 +1.5
Muon Reco Eff. SF -0.3 +0.3 -0.2 +0.2
Muon ID -0.1-0.4 -0.1-0.2
Muon ID SF -0.7 +0.7 -0.4 +0.4
QCD electrons normalization —1.74+1.6 +0.7
QCD muons normalization +0.8 +0.5
QCD electrons shape -6.0 -2.2
QCD muons shape < 0.1 < 0.1
Z Background +0.3 +0.1 +0.1
Single top +0.3 +0.2 +0.3
Dibosons < 0.1 < 0.1 < 0.1
W shape +0.1 -0.2 +0.2 -0.3 +0.1-0.3
PDF +0.9 +0.9 +0.9
Pileup +0.8 +0.5 +2.6 +0.5 +1.9 +0.5
MC parton cut +1.2-1.6 +1.3-1.7 +1.2-1.7
MC Generator +19 +23 +21

‘ Total systematic error +19 -24 +23 -26 +22 -25

Table 6.13: Summary of relative systematic errors on ¢¢j production cross-section in
electron and muon channels and their combination (%).
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Source electron +jets (%) | muon +jets (%) | combined (%)
JES Up, Down -1.0 -10.5 -0.3-9.0 -0.6 -9.5
Jet Energy Resolution -7.8 -6.6 -7.1
Jet Reconstruction Efficiency -0.1 -0.1 -0.1
MET Cell out -0.3 + 0.1 +0.1 +0.0 < 0.1
Electron Energy Smearing -0.1-0.0 -0.1 -0.1
Electron Energy Scale +0.3 -0.1 +0.1-0.1
Electron Trigger Scale Factor < 0.1 < 0.1
Electron Reco Eff. SF +0.1-0.1 < 0.1
Electron 1D -0.1 +0.1 -0.1 +0.1
Muon Momentum Smearing -0.1 +0 -0.1
Muon Momentum Scale < 0.1 +0.1 +0
Muon Trigger Scale Factor +0.1 -0.1 +0.2-0.2
Muon Reco Eff. SF < 0.1 < 0.1
Muon ID -0.1 -0.0 < 0.1
Muon ID SF < 0.1 < 0.1
QCD electrons normalization —0.440.3 +0.2
QCD muons normalization +0.2 +0.2
QCD electrons shape -6.5 -2.5
QCD muons shape < 0.1 < 0.1
7 Background +0.3 +0.1 +0.1
Single top +0.2 +0.1 +0.2
Dibosons < 0.1 < 0.1 < 0.1
W shape -0.6 -0.5 -0.5-0.5 -0.5-0.5
PDF +0.1 +0.1 +0.1
Pileup -0.7 +0.1 +0.9 +0.5 +0.3 +0.3
MC parton cut +1.2-1.6 +1.3-1.7 +1.2-1.7
MC Generator +8 +9 +8

‘ Total systematic error +8 -17 +9-14 ‘ +9-14 ‘

Table 6.14: Summary of relative systematic errors on the ratio of ¢tj to inclusive tt
production cross-section in electron and muon channels and their combination (%).
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incl

The ratio fi"** of oy, to 0,7 is determined to be

fmes = 0.54 + 0.01(stat.) £ 0.02(ISR/FSR) 0% (syst.) (6.15)
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Chapter 7

Study of Radiation Hardness of PiN
Diodes for the Pixel Detector

Upgrade

The LHC is designed to deliver a nominal luminosity of 103* m~2s~! during the first
ten years of its operation. As an extension of the LHC program, the project called
Super Large Hadron Collider (SLHC) was proposed [63]. Its goal is to increase the
luminosity of the machine to 103> m~2s7!. The increase of luminosity leads to a
significantly higher collision rate resulting in a larger data sets that can be collected
by LHC experiments. Essential increase in the statistics will improve the sensitivity
of the LHC experiments to new physics and allow them to perform more precise
measurements. Recently new initiative, High Luminosity LHC (HL-LHC ) program,
was proposed as an intermediate upgrade program. It aims at providing luminosity
of 5 x 103*m=2s71,

At SLHC the beam luminosity will be increased by a factor of ten compared to the

LHC. Accordingly the radiation level is expected to increase by a similar factor. Since

the pixel detector is the innermost part of the ATLAS detector, it will suffer most
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‘ ‘ Total designed Luminosity after 5 years ‘ readout link speed ‘

LHC 300 fb1 40 Mb/s
SLHC 3000 fb1 624Mb/s — 3.24Gb/s

Table 7.1: Expected total integrated luminosity after 5 years of operation and de-
signed optical link speed.

among the all ATLAS subsystems from the radiation damage. It has to be upgraded
to address the higher radiation environment of the SLHC. The SLHC upgrade design
not only requires higher radiation hardness of all parts of the pixel detector, but also
much faster readout system. The requirements to the readout system of the pixel
detector are shown in Table 7.1.

There are two dominant mechanisms that lead to performance degradation of
semiconductor devices. First mechanism is due to the damage of the surface layer.
In the surface layers, such as SiO, in silicon based devices, the electrons produced
due to ionization quickly carry away from the oxide layer. But they leave behind the
holes which have low mobility. These holes can be trapped at the SiO,-Si interface,
resulting in an increase of the oxide positive charge. The accumulated positive charge
leads to attraction of free electrons from the bulk, and results in an increase of the
voltage necessary to deplete the pixels completely. This effect leads to decreasing of
the charge collection efficiency.

The second effect is displacement damage or bulk damage which is caused by
the incident radiation displacing atoms from their lattice sites. The bulk damage
depends on the type and energy of the incident radiation. It results in increasing of
leakage current, change of the effective impurity concentration and loss in the charge
collection efficiency. Therefore, it is important to scale measurements on radiation
damage for different kinds of radiation.

The damage effects by energetic particles in the bulk of material can be described

as being proportional to the so called displacement damage cross section. This quan-
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| | 1-MeV [neg/em?] | 200 MeV [p/em?] | 24 GeV [p/em?] |
Si 1.5 x 10% 1.4 x 10 2.6 x 101
GaAs 8.2 x 101 1.2 x 101 1.6 x 10%

Table 7.2: Beam fluences for Si and GaAs based diodes

tity is equivalent to the Non lonizing Energy Loss (NIEL) and hence the proportion-
ality between the NIEL value and the resulting damage effects is referred to as the
NIEL-scaling hypothesis (more detail at [64]). The NIEL scaling hypothesis is used
to estimate the SLHC fluences at the present optical link location patch panel zero of
the pixel detector of the ATLAS [65] [66]. After five years of operation the SLHC is
expected to achieve 3000 fb~! of integrated luminosity. A a result the pixel detector is
expected to be exposed to a maximum total fluence of 1.5 x 10'® 1-MeV n,/cm? for Si
components and corresponding fluence for a GaAs component (VCSEL) is 8.2 x 10
1-MeV n,/cm?. [67]

The fluences of protons with momenta of 200 MeV and 24 GeV corresponding
to the maximum expected fluences at SLHC are presented in Table 7.2. The results
of Table 7.2 can be translated into radiation dosage of 69 and 34 Mead, for Si and
GaAs based devices, respectively.

The purpose of experiment described in this thesis is to identify the PiN diode
candidates which can withstand the SLHC dose and will have sufficient speed for the
optical readouts to be used in tracking detectors at the SLHC. In order to accomplish

this goal, special test stands are designed.

7.1 Pixel Detector and Opto-link

The pixel detector described in 2.3.2 is the innermost element of the ID and plays
an important role in track reconstruction of charged particles. Figure 7.1 presents

block diagram of the pixel detector module. Each pixel module contains 16 Front End
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Figure 7.1: Block diagram of the pixel detector module.

(FE) chips which are controlled by a Module Control Chip (MCC) [9]. A FE chip
accommodates the readout for 2,880 pixels and transmits signals from them to MCC.
Each module is linked to the off-detector readout system through the opto-link. The
opto-link is the best option for the pixel detector readout, since optical fibers have
very small footprint and are capable of handling the high speed data and clock rates.

Opto-boards are located at the Service Quarter Panel (SQP) which are located on
both sides of the detector and connected pixel modules MCC by to micro-twisted-pair
wires (MTP).

Electrical signals come in a group of 7 or 14 MTP wires from MMC of pixel mod-
ules to Vertical Cavity Surface Emitting Lasers (VCSEL) controlled by the VCSEL
Driver Chip (VDC) on an opto-board. The VCSEL diode converts the data signals to
optical signals and transmits them to an RX plug-in mounted on the Back of Crate
card (BOC) via optical fibers. Similarly Bi-Phase Modulated (BPM) clock and data
of control signals are received by an array of PIN diodes on the opto-board and are
separated by a Digital Optical Receiver IC (DORIC). The interconnection process is
illustrated in Figure 7.2. The optical components at off-detector side are not subject
to irradiation expose. Each optical link is responsible to transfer data from almost

45000 pixels. Therefore the reliability and radiation hardness of optical components
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is an important matter to be investigated. In this thesis the focus is of the study of

radiation hardness of PiN diodes.

7.2 PiN Diodes Selected for Tests

Following by study of the market for the available PiNs, six types of PiN diodes have

been chosen for radiation hardness test:

e Si PiN diodes S9055-01 and S5973-01 (single devices) are silicon based PiN
photodiodes. These diodes have a flat responsivity up to 1 GHz (responsivity
is defined as the ratio of generated photo-current to incident light power. The
responsivity may also be expressed as the ratio of the number of photogenerated
carriers to incident photons). The PiN diodes need low bias voltage ( Vi = 2

V). They come in 3-pin TO-18 package as shown in Figure 7.3.

e GaAs PiN diode G8522-01/3 (single device). This family includes three types
with different optical active area size and cut-off frequency but the same phys-
ical structure, which provides an excellent opportunity to study the radiation

hardness vs PiN diode frequency. They are packaged in TO-18 format too.

e GaAs PiN diode G8921-01 (diode die is available in 4 and 12 channel configura-
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PiN diode | S9055-01 | S5973-01 | G8921-01 | G8522-01 | G8522-02 | G8522-03
Peak Wavelength [nm] 700 760 850 850 850 850
Photo Sensitivity

@850nm |[A/W]| 0.25/0.37 0.52 0.5 0.5 0.5 0.5
Dark Current [pA] 1 100 2 1 8 20
Cut-off Frequency |GHz| 2/1.5 1.5 2.5 3 1.9 1.5
Terminal Capacitance [pF| [ 0.5/1.6 1.5 0.5 0.3 0.45 0.8

Active area (pm ) 100,200 400 60 40 80 120
Voltage bias (V) 5 2 2 2 2 2

Table 7.3: Electrical and optical characteristics of PiN diodes
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Figure 7.3: Dimensional outline for TO-18 packages (units are mm) that is common
for all diodes tested in this thesis

tions Figure 7.4). This diode is a potential candidate for the high speed parallel

optical transceiver. It has a flat response up to 2 GHz.

The electrical and optical characteristics of PiN diodes are shown in Table 7.3.

7.3 Performed Tests

Three major tests were performed to study radiation hardness characteristics of the
PiN diodes. First, the total ionization damage (TID) test was performed at Solid
State Gamma-Ray Irradiation Facility at Brookhaven National Laboratory (BNL)

using gamma rays. PiN diodes were exposed to the total dose of 10 Mrad. The
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purpose of this test was to confirm that the performance of PiN diodes is not affected
by the ionizing radiation which is one of the major irradiation sources at SLHC.

Two sets of tests have been done with proton beams to investigate the effect of
the bulk damage in PiN diodes. The first set of tests was done at Indiana University
Cyclotron Facility (IUCF) with 200 MeV protons. The tests were done in two phases
with two weeks interval between them. This break allowed us to observe an annealing
effect. Finally, the last set of irradiation tests was performed at CERN T7 test beam
facility using 24 GeV proton beam.

The main purpose of the tests was to measure the PiN diode responsivity as a
function of accumulated dose. In addition, it was investigated if the degradation of
the responsivity depends on the active area and cut-off frequency of PiN diodes. For

this purpose three PiN photodiodes from the G8522 family were used.

7.4 TID test at BNL

The gamma ray source at BNL is a cylindrical cobalt-60 source with maximum irra-
diation rate of 200k Rad/h positioned at 15 cm from the center of the source as shown
in Figure 7.5. Four diodes chosen for the test were biased and measurement is done

offline as responsivity v.s accumulated dose in three points. For the measurement
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Figure 7.5: Gamma ray source and experimental setup

of responsivity a homogenous infrared (IR) source is designed which its current was
controlled by feedback from photodiode installed at the close point to PiN diodes to
keep the IR power constant. Figure 7.6 shows the schematics of the setup for optical
calibration and responsivity measurement. Samples have been installed at the irra-
diation point at 15 cm from the source to get the maximal dose. The accumulated
dose is known with 20% accuracy. Responsivity was measured offline at 0 Mrad, 5.6
Mrad and 9.6 Mrad. Figure 7.7 shows responsivity versus total dose. No change in

responsivity has been observed up to 9.6 Mrad.
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7.5 Open-Air Optical Path Test Stand

For the second set of tests with protons irradiation, a new concept of a test stand was
proposed for optical components like PiN diodes. It is named Open-air Optical Path

(OAOP) and has several advantages over conventional optical fiber base test stands:

e [t allows to avoid any parasitic effects and random mechanical attenuation from
optical circuits and connectors. With this concept one can remove the effect of

optical packages in final measurement and simplify the test setup.
e Ability to test a large number of PiN die samples in small area of test beam.

e The test stand design needs simpler electrical and DAQ circuitry and provides
a simple monitoring and control of the optical power of the sources with high

accuracy.

e Same apparatus can be used for accelerated life time test just by adding heat

source to PiN diodes and isolating them from environment and IR source.

Figure 7.8 shows the general schematic of the OAOP and its IR source and monitoring

photodiodes. The actual motherboard that shown in Figure 7.9 includes a high power
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Figure 7.7: Responsivity vs. accumulated dose obtained at BNL tests.

IR power source with a wavelength of 850 nm focused precisely at the center of the
daughter-board that carries the PiN diodes. The motherboard is positioned in such a
way that the beam crosses the PiN diodes but does not touch the optical sources which
are installed as a ring in top of board. The daughter-board is detachable from the
motherboard to allow quick and easy measurement of multiple samples or exchange
of samples. The IR source rings are supplied with a constant current to keep the
optical power stable. Two photodiodes are installed away from beam but focused at
center of the daughter-board monitor the optical power. Their output are measured
during the test and are recorded to compensate for any optical power fluctuation
later in analysis of data. A USB powered National Instruments data acquisition with
16 differential input used to measure the current of PiN diodes during irradiation.
A program for recording of data is written in LabView environment. This program
also monitors two photodiodes on board to compensate automatically for any optical
power fluctuation during the experiment. The control panel of program shown at
Figure 7.10. The OAOP setup at a test run is shown in Figure 7.11 at left and during

experiment in front of the beam pipe at IUCF at right.
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7.6 Performed Test by Proton

7.6.1 Results of Irradiation Test at IUCF

The second set of tests was performed with the Open-air Optical Path test stand
at Indiana University Cyclotron Facility (IUCF) using 200 MeV proton beam. The
IUCE’s beam is 5 cm in diameter and uniformity better than 30% variation over area.
It has a maximum irradiation rate of 5 Mrad/h.

The test of selected PiN diodes has been performed in two separate runs. The
accumulated dose in each run was 0.7 x 10®p/cm?, which corresponds to 40 MRad.
Since the IR source was losing power during the run due to secondary radiation,

its optical power has been monitored, and the results of the PiN diode responsivity
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Figure 7.9: Open-air Optical Path motherboard (at left) and daughter-board with
PiN diodes installed on (at right).

| PIN | Total degradation due to 80Mrad [%] |

59055-01 12
S5973-01 33
(G8522-01 34
(G8522-02 29
(G8522-03 %)

Table 7.4: Total responsivity degradation after 80Mrad irradiation with 200 MeV pro-
ton for selected PiNs. Optical power fluctuation due IR source has been compensated
measurements have been corrected for this loss. Figure 7.12 shows the results of
the first irradiation phase with normalized responsivity but without optical power
variation compensation.

Figure 7.13 shows the results of the responsivity measurement for two types of
PiN diodes (S8522-1 and 3) with and without compensation. The lines marked "ON"
take the compensation into account. The small plot on top shows the normalized
optical power of the source.

Table 7.4 shows total responsivity degradation after 80 Mrad of accumulated dose
using 200 MeV protons. The results are corrected for the optical power fluctuation.
The results for the G8522-0X diode family show no correlation between responsivity

and size of active optical area.
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Figure 7.10: Panel of program written in LabView to record the output of PiN diodes

7.6.2 Tests at CERN T7 Facility

The last test was performed at CERN T7 facility with 24 GeV proton beam. The
beam profile is approximately a square 2.2 cm by 2 cm wide and the flux is about
1.5 —4.5 x 10% em™2s71 [68].

Figure 7.14 shows the test stand designed to be used at T7. The stand has 32

optical channels, but can be expanded up to 256 channels. It has a compact, portable

Figure 7.11: Open-Air Optical Path Setup (at right) and position of test setup in
front of beam at IUCF
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footprint. The stand provides a fine control of the optical power for each individual
channel. It can be also modified into a bit error rate test stand. The test stand is
controlled by a PC running LabView. At T7 facility, the proton beam is about 20 m
away from the control room and samples have to be installed in a shuttle to reach the
beam. Samples in a shuttle are connected via fiber ribbons to the VCSEL modules
at the test stand. Every 30 seconds, the test stand reads out the optical power sent
to the PiN diodes and the currents of each individual channel of PiN diodes as a
measure of responsivity. Figures 8-10 show degradation of the PiN diode responsivity
due to irradiation with 24 GeV protons. This degradation is in a good agreement with
results obtained at 200 MeV at IUCF. Figure 7.15 shows that the S5793-01 diodes
lost about 30% of their initial responsivity, to be compared with 33% at IUCF. Figure
7.16 shows that with total fluence of 2.6x1015 p/cm2 the S9055-01 diodes lost about
10% of their initial responsivity which is in agreement with 12% at IUCF. Finally,
Figure 7.17 shows responsivity plots for the GaAs PiN array with an average of 50%

loss of responsivity. The responsivity shown in these plots is calculated taking into
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account the optical power fluctuations of the optical sources.
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141



1.10 o 110 : . [ opes7eana

1.08 ‘ I
105_ g 1704 ’ ‘
- -WM A
1.004 o W |

g

= 0'95_- T e T —— S5793-D1
@ 0.90 + —— 85793-D2
(s8]
2 0_85_ w ““m i —— S$5793-D3
[Te]
w

. MIW b lﬂm{ul“m W‘

' Ik 'tl !
0:70__ ( w‘ ”W “" Wl”" |l’v‘rl,w M l! W

J Ny

0.60 | fi'| J

0.65

0.55

L) | Y 1 ¥ I ! I . |
8/24/2008 17:40 8/25/2008 17:40 8/26/2008 17:40 8/27/20(18 17:40 8/28/2008 17:40 8/29/2008 17:40
Ela+

sed Tirrfe

Stoped Beam 2.6 x 10" p/em2

1.6 x 10" plcm2

Figure 7.15: Responsivity vs. accumulated dose obtained at CERN T7 (three diodes
S5793-01).

7.7 Summary

Three different tests of the radiation hardness of selected PiN diodes were done. For
this purpose. the test stands were developed and built. The results demonstrate that
radiation hardness does not depend on the active area of PiN diodes from the same
family. Results obtained at two different proton beam energies 200 MeV and 24 GeV
are found to be in a good agreement with each other. Based on results from [UCF

and CERN irradiation runs, one can identify the following PiN diode candidates:

e GaAs array G8921-01 with total responsivity degradation less than 50% (initial
photosensitivity is 0.5 A/W). Its responsivity after irradiation is better than for

S9055-01. It is available in different configurations (4 to 16 channels per array).

e Si PiN 9055-01 with total degradation less than 10% (initial photosensitivity is
0.25 A/W).
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59055-01).

These candidates can be used for other applications in high radiation areas at the

SLHC and HL-LHC.
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Chapter 8

Conclusion

The LHC is known to be a top pair factory that produces ¢ with an order of magnitude
more top quarks than at the Tevatron where the top quark was discovered. LHC will
provide us precision measurements properties and improving of understanding of the
heaviest known particle. Studying top physics is powerful probe for physics beyond
the Standard Model related to EWSB. The observables (cross-section, polarization)
are sensitive to different kinds of new physics. Also ¢t is important dominant source
of background in searches for the Higgs boson and new physics beyond the SM.

This thesis describes two measurement of the ¢¢ production cross-section in lepton
-+ jets channel, one inclusive o4 and the other o4 in association with at least one jet.
The measurements employ multivariate technique with a binned maximum likelihood
template fit. Several kinematic variables of the reconstructed collision events are
selected to distinguish ¢t signal events from the various background sources.

The first measurement is done by using approximately 35.3pb~! of ATLAS data
collected in 2010 and selecting events with one isolated high-p; electron or muon,
large missing transverse energy and two jet bins of 3 or at least 4 high-pr jets. The

measured tf cross section assuming the top quark mass of 172.5 GeV yields :
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o7 = 173 4 17(stat.) 29 (syst.) + 6(lumi.) pb (8.1)

The measured value is in a good agreement with the Standard Model prediction
The second measurement is performed on ATLAS for the first time with data 2011

corresponding to an integrated luminosity of 4.7 fb=!. The same analysis technique

and event selection employed as the first measurement with slight changes but in 4th

and 5th jet bins. The cross-section for o;; with at least one additional jet is found to

be :

oy; = 102 + 2(stat.) + 6(ISR/FSR) 22 (syst.) pb (8.2)

Also a study on PiN diodes radiation hardness is performed to investigate the
proper optical components for ATLAS Pixel upgrade. Along side developing three
the test-stands, several tests are performed with different beam and different energies.

The results have been presented and two promising candidates are proposed.
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Appendix A

Calculation of o4; in method 1

Solving Eq. 6.2, we have
_ NENE - NN
~ N{N!— NINY

ki

Substituting

0 0 1 1
N4 = Lo focos, N5 = Lo foos, N4 = Loy fi€14, N5 = Lo fies

we get
- (focoaNE' = foeos NiT) (Low)  foleoaNE — ez NIT)
1= =
(f0€04f1€15 - f1514f0505)(£0tf)2 f0f1(€04€15 - 514505)£Ut£
L 604N§£ — 505Nf
1
f1 (504615 - 514505)501&5
so that

it tt

€04€15 — 514505)5

Ot5 = kiowfr = (

does not depend on either f; or .
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