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Abstract

In the standard model, cross-generation interactions mediated by Z bosons,
known as the flavor-changing neutral current (FCNC), are highly sup-
pressed. For top quark FCNC d‘ecay, the cross-section is far below the
experimental limit. .However, ‘otl.ier mltl);iels__predict much higher cross-

sections, and some /of, them are,_even within réach.  Therefore, using

‘i l# | “
‘r'\‘

the data sample correspondin t(z?..mtégrated luminosity of 19.5 fb~!
proton-proton collisiens at T entg;lof—rrir;i'ss energ-y Vs = 8TeV, col-
lected with the CMS detectof Lt the LHC; Lve performed the search with
the decay chain ¢t to Wb+Zq, where' W decays to a charged lepton and a
neutrino and 7 decays to two charged leptons. The data-driven analysis
using b-tagging method is performed with the estimated background be-
ing 3.08 +0.85+, which is consistent with the estimation of Monte-Carlo
method. One event is observed in the data which is consistent with the
expected background, and the upper limit of the branching fraction for

t — Z+q is calculated as 0.06% at the 95% confidence level.

Key words: GIM mechanism, LHC, CMS, FCNC, top
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Chapter 1

Introduction

1.1 The Standard Model ‘

The Standard Model is a model developéd-to‘dqsc‘;ribe all known interactions between

|| === |
elementary particles: quarks, leptdnr anqﬂq gaug‘e‘j‘bosons.
| =4

¥ | i |

i
I B

1
1.1.1 Quarks

There are six quarks labeled by different flavors. They are categorized in three
generations. The lightest quarks, up quark and down quark, forms the everyday
particles like neutrons and protons. They form the first generation. In the end
of 1947, the discovery of kaon leads to the idea of strange quark. As the energy
scale grows in experiments, more heavy particles were found. The heaviest quark,
which is the top quark found two decades ago, is almost 175 times the proton mass.

Strange and charm quarks form the second generation; top and bottom quarks form

1

the third generation. Quarks are fermions with spin 5. The up, charm and top

quarks carry charge —i—%; the down, strange, and bottom quarks carry charge —%.

13



Each quark and gluon carry certain color, it can be blue, red or green (virtually).
They obey the rule of color confinement, which states that the color particle cannot
exist alone in the nature. Therefore, to form a colorless particle, it must be either
formed by three quarks or a quark plus an anti-quark. The former is called a baryon
and the later is called a meson. The collection of these two are called hadrons.
The nature adapts the rule of baryon number conservation, which states that in a

process, the number of baryon cannot change.

1.1.2 Leptons

There are six leptons labeled by theix favors. They. can. be separated by two cat-
egories: charged leptons, which are_the electron, muon }ind tauon, carrying charge

e SO
-1, and the neutrinos, which are the @leg’é’oniﬁéuitrino, muon'neutrino and the tauon

- |

neutrino, being charge neutral. WLtF thgi_c naﬁrl!;a they also form three generations.
Different from quarks, leptoﬂé eﬂzref q!olorless, SO!| ghgy a‘ré not involved in the strong
interaction. Neutrinos are Charéeie;ss, 50 the orﬂy iﬁ;éraction for them is the weak in-
teraction, which makes them hard to detect. Leptons obey the rule of lepton number
conservation, which states that in any processes, the lepton number cannot change.
The lepton number is defined as the number of leptons in certain generation; e.g.,

the electron and electron neutrino are of lepton number 1, and their anti-particles

are of -1.

1.1.3 Gauge Bosons

The four gauge bosons are photon, gluon, Z and W. The former two are massless.

The mass of Z boson is 91.2 GeV while the mass of W boson is 80.4 GeV. Only

14



gluon carries color, and only W carries charge, which can be +1 or -1.

Photon is the mediator of electromagnetic interaction; particles of charge like
quarks and charged leptons participate in this interaction. Gluon is the mediator of
strong interaction, all quarks are involved in this interaction since all of them carry
colors. The W and Z bosons are the mediators of weak interaction, which effect all
particles. Since neutrinos carry neither color nor charge, they only participate in

the weak interaction, thus making them hard to be detected.

Three Generations
of Matter (Fermions)

<228V ||<017Mev ||<15:5Mev

Bosons (Forces)

Figure 1.1: A summary table of currently known elementary particles. The mass is

labeled in natural unit.
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1.2 The Flavor-Changing Neutral Current of top

decay

The interaction mediated by a Z boson (or Higgs boson) is called the neutral current.
In the Standard Model, if the quarks or leptons involved in the neutral current is
of different flavor, the process will be suppressed. Such processes are called the

flavor-changing neutral current.

Z Z

Fal=ry ‘I |
| :?-*-

Figure 1.2: The tree diagramiy( lef is's ppreESqed in SM while the loop diagram

‘

(right) is of very small cross sectloln, ‘ 1

2N |

In this analysis, we aim to search signal of the top quark decaying to Z and
another light quark (charm or up). The tree level diagram is suppressed according
to the GIM mechanism[1], and the loop diagram is of extremely small cross section.
The branching ratio of this process is of the order of magnitude of 1071* as predicted
by the Standard Model, which means the detection of this process can be a hint of
new physics. Other models (referred to as extended or beyond SM, ESM or BSM)
predict a higher branching ratio and some are possible to detect in LHC experiment.
These models include the quark-singlet models|2], two-Higgs doublet models[3], R-

violating Supersymmetry model, Technicolour model[4] and so on.

16



1.2.1 The two-Higgs doublet models

The two-Higgs doublet models predicts more than one Higgs boson and two of
them are oppositly charged. These two oppositely charged Higgs boson provides a
possible loop for the t — Z 4 ¢ process, and may have a branching ratio of the order

of magnitude of 1075,

1.2.2 Supersymmetry models

The supersymmetry models predicts a new symmetry in which every known fermion

and boson is of a ‘super partner’ of different spin; i.e.; for fermions, their partners are

bosons, and for bosons, their partners e);re fermions. There are many different types

of supersymmetry models, éhd the simplist Qpé Is called'the minimal supersymmetric
o |, |

Fars :“‘ i
standard model. In this model, the iR—-ﬁ?ﬁ'_!ﬁy"r‘ i$ introduced. In the model which R-
| | - 4

l l
1R 11
parity is violated, the t —/Z +¢q bir nchmg ratio can be'as large as 10~

|‘ !iJ

1.2.3 Technicolour model"

In this model, a different particle (mechanism) is introduced in replace of the Higgs
boson for the electroweak symmetry breaking issue. This model also provides ex-
planation of the large top quark mass. The t — Z + ¢ branching ratio can be as

large as 107°.

1.3 Proton-Proton Collisions

It is said that the proton-proton collisions are like throwing trash cans together. It is

because the protons are not elementary particles, it is composed of valence quarks,

17



two up and one down quarks, and of many gluons and sea quarks. When two
proton collides with very high momentum transfer, often, we would expect a parton
from one proton and another parton from the other proton interacts, which we call it
hard interaction. The hard interaction may creates quarks, leptons, or gauge bosons;
some are of color, and some are colorless. The rest part of the protons that did not
participate the hard interaction sure are of color. With color confinement, these
color particles quickly create many more color particles until they reach colorless
state, this is what we refer to as ‘fragmentation.” After the massive emergence of
these color particles, they binds together and form a great amount of hadrons, which
is called the ‘hadronization:” Among the mgééy papticles, the interesting one that
most of the analysists focus onss the _hard int_cgrl'acti-on,e.trlld those other interactions

| — ‘H‘IV ﬂl P
are referred to as the underlying e‘vféntsﬂvhigsh are generally regarded as the noise

- |

1
1l 1 A

contributor. i YL l F

1.4 Strategy

The Large Hadron Collider provides events with the high energy collisions of protons,
and therefore most of the top quarks are pair-produced through the gluon fusion.
More than 99% of the top quark decays to b quark and W boson, so in our analysis,
we search for one decaying to W-+b and the other to Z+q in the full leptonic decay
channels, where Z then decays to two electrons or muons and W decays to electron
or muon with the corresponding neutrino. This channel is relatively clean since it
consists of three leptons in the final state. However, the cleanness also makes the
rare processes like ttZ, tbZ non-negligible. The analysis steps will be provided in

chapter five with more details.
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color confinement, coplously Cfe&tgs more colgr pa_l_rt%cles red and pink lines), and
-\_'J" j'-

finally, all color particles binds together to form hadrons (green).

g > t

Figure 1.4: The gluon fusion is the main mechanism of top production in LHC

experiment.
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Chapter 2

Experimental Apparatus

This chapter provides the description for the‘apparatus; which includes the collider

and the detector.[5]

4"..._‘“ |
[ |

2.1 The Large Hadlﬂ'(“nn-:@‘pllider

1 i
| |

The Large Hadron Collider, .s‘hnort‘ .;;xs' LHC, is a i)ll"oton-proton collider with designed
\/s = 14 TeV. The acceleration is acﬁieved in éeveral steps: the proton bunches are
first sent to the Linear accelerator to reach 50 MeV, followed by the Proton Syn-
chrotron which raises the energy to 26 GeV. The beam is subsequently accelerated
to 450 GeV in the Super Proton Synchrotron (SPS) and finally transferred to the
LHC to reach the desired energy 7 TeV. On average, each bunch contains roughly
10! protons with bunch lenth being 7.55 cm and radius 16.6 pum. To control the
beam, superconducting magnets are exploited with a temperature of 1.9 K. The
Radio-Frequency system works to accelerates the particles and compensates energy
loss due to synchrotron radiation. In such a high energy proton-proton collision,

the QCD processes give enormous background to the experiment. In addition, the

20



high luminosity makes the radiation damage become an important issue in detector

development.

CERN Accelerators
(not to scale)

0.999999c by here

revernca © Oran Sasse {) & 0.87c by here

LHC: Large Hadron Callider

SPS: Super Proton Synchrotron

A Amiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LiNear ACcelerutor

LEIR: Low Energy lon Ring

CNGS: Cern Neutrinos to Gran Sasso

Start the protons out here

Figure 2.1: A plot showing the process of acceleration of protons. Four interaction
points symboling different detectors are also shown in the plot, and the top one is

the CMS detector.

2.2 The Compact Muon Solenoid

There are six experiments operating at the LHC. Two of them, which are the CMS,

short for the Compact Muon Solenoid and ATLAS, short for A Toroidal LHC Appa-
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ratuS, are aimed for the high pt physics. They search for the physics of and beyond
the Standard Model. One of the major goal is to search for the long-predicted
Standard Model Higgs, which, in July 2012, had already gave the world impressive
results. The CMS detector is featured by its muon system as well as the inner track-
ing system, together they make CMS capable for fine measurements of the charged
particles. Other main components are the electromagnetic calorimeter (ECAL), the
hadronic calorimeter (HCAL), and the solenoid which provides 3.8 T magnetic field,

through which the measurement of the momentum of charged particles can be made.

(45

,.._,_—-—-::

/mw

Figure 2.2: The CMS detector.

2.2.1 Coordinate Conventions

By convention, the nominal collision point is taken as the origin, with the y-axis
pointing vertically upward, the x-axis pointing radially inward toward the center of
the LHC and the z-axis pointing along the beam direction. The azimuthal angle
is defined as the angle between the projection (on x-y plane) of the vector and the

22



x-axis. The polar angle is defined as the angle between the vector and the z-axis.
The pseudo-rapidity is defined using the polar angle by n = —Intan(6/2). The
cylindrical part of the detector is also referred to as the barrel, while the plates at

the two ends are known as the endcaps.

2.2.2 Magnet

In the CMS detector, the magnetic field of 3.8 T is provided for the measurement of
the momentum of charged particles. The high-purity aluminium-stabilised conduc-
tor and indirect cooling (by thermosyphon), ’?ogether with full epoxy impregnation
are used. -

The overall conductor cross section is 64 x.22 e The conductor was manu-
factured in twenty continuous lengt}ps‘,ﬁ‘;a:;}ilmlitlp a length of 2.65 km. Four lengths
were wound to make each-of the 5'0 il n{l}fiuleﬁi;

! g |/

2.2.3 Inner Tracking 'S“f;f‘st“em

The tracking system using silicon sensors provides the measurements of the track
and thus the momentum of charged particles. It consists mainly three regions. The
detectors in the innermost region locates roughly 10 cm from the center cylindrically,
the detectors here are also known as the pixel tracker due to their fine resolution.
In the intermediate region where 20 < r < 55 cm, are another set of the detectors
with less resolution. In the outermost region where » > 55 cm lays the larger-pitch
detectors. The later two are known as the strip tracker, and are called TIB (Tracker
Inner Barrel) and TOB (Tracker Outer Barrel), respectively. The pixel detector

consists of 3 barrel layers with 2 endcap disks on each side on them. The 3 barrel
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"['Ilsmn Tracker
=Pixel 'nacker"‘- o

-
|

1200 1600 2000 2400 2800 z[mm]
Figure 2.3: The quarter view of the inner tracking system.

l.rf'f.""i

layers are located at mean ra,gluLOg 44=rcm Zﬁ cm a‘p.d 10.2 cm, and have a length
T
v " . -
of 53 cm. The second (i%ks elx ' UB c?m L in radius, are placed on
= "f:.
each side at |z|= 34.5 .gn LEﬂd 46.5 tial r séhﬁtlgn of the pixel detector

is about 10 pm for th'e_;r-cﬁ pm fqg the z measurement.

"." n"\

o whlle the TOD comprises
I..' b3 ..-.‘ W“‘

5C ’(\rﬁacker End Cap) and TID

The TIB is made of ilayer

_.-
—'_'k.

R
6 layers with a half- length""of |Zr§;,m 5

s il
—F A B

=l
(Tracker Inner Disks) locate aﬁ" th'e ﬁndcajps]. Eakh TEC comprises 9 disks that

extend into the region 120 cm<|z|< 280 c¢m, and each TID comprises 3 small disks
that fill the gap between the TIB and the TEC. Starting from inside, the resolution
of these strip detectors vary from 23-52 um for the r-¢ measurement and 230-530

pm for the z measurement.

2.2.4 Muon System

For the low momentum muon, the inner tracking system can provide good measure-
ment; while for the high momentum ones the uncertainty become large due to the

curvature being small. On contrary, the muon chamber locates in the outer region
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can measure high momentum muons to a good precision while the low momentum
ones, being scattered by the materials, cannot be well measured. Therefore, with
both tracking system and muon chamber (full system), the capability of muon mea-
surement of CMS is excellent. In muon chamber, three types of detectors are used:
the drift tube, which covers the region | n |< 1.2, the cathode strip chambers, which
covers the region | n |< 2.4, and the resistive plate chambers, which covers the region
0.8 <| 1 |< 2.4. These detectors are chosen depending on the environment of the

magnetic field and the radiation of their location.

400

200

4 f |
0 200 400 600 800 1000 1200

Figure 2.4: The quarter view of the muon chamber.

2.2.5 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) measures the energy of charged particles
and photons. It is made of lead tungstate crystals with short radiation length (0.89

cm), fast response (80% of the light is emitted within 25 ns) as well as good radiation
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resistance. The silicon avalanche photodiodes (APDs) and the vacuum phototriodes
are used as photodetectors in the barrel and endcap region, respectively.

The ECAL in the barrel region, short as EB, covers the region of 0 <| n |< 1.479
with a total radiation length corresponding to 25.8 X. The front face of the crystal
in EB is about 22 x 22 mm?. The ECAL in the endcap region, short as EE, covers
the region of 1.479 <| n |< 3.0. They have a front face cross section of 28.6x28.6
mm? and a length of 220 mm (24.7 X;). Locating in front of EE, the preshower
detector composed of silicon sensors aims to separate the photon of Higgs decay

from those of pion decay.

| [
B “Eﬁ_@

LR EBY 77rr

i o ECAL (EE)

Figure 2.5: The quarter view of the ECAL crystals.

2.2.6 Hadron Calorimeter

The hadron calorimeter (HCAL) measures the energy of hadrons. It is made of brass
which provides short interaction length and considerably small magnetic response.
The plastic scintillator tiles read out with embedded wavelength-shifting (WLS)
fibres are exploited.

The HCAL is separated into several regions: the barrel region, called HB, cov-
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ering the pseudo-rapidity region —1.4 < 1 < 1.4, with segmentation An x A¢ =
0.087 x 0.087, the outer region, called HO, covering the region —1.26 < n < 1.26,
and the endcap region, called HE, which covers the region 1.3 <| n |< 3.0. As for
3.0 <| n |< 5.0, the stell/quartz fibre forward calorimeter (HF) is used, whose also

provide the luminosity measurement.
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Figure 2.6: The quartér view Tf the.géALI‘ CAL ‘and the muon chamber.
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2.2.7 Trigger System

Due to the high luminosity in the LHC, it becomes very important to have a mature
trigger system. There are four major components in the CMS trigger system: the
detector electronics, the Level-1 trigger processors (calorimeter, muon, and global),
the readout network, and an online event filter system (processor farm) that executes
the software for the High-Level Triggers (HLT).

The Level-1 trigger makes calculations in less than 1 us, while the time it takes
for the transit is 3.2 us. A large fraction of events are discarded, only 1 crossing

in 1000 is kept. When the Level-1 functioning, the high-resolution data is held in
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pipelined memories. Commodity computer processors make subsequent decisions
using more detailed information from all of the detectors in more and more sophis-
ticated algorithms that approach the quality of final reconstruction. The ideal rate
of L1 is 100 kHz. Afterwards, the data will be sent to the DAQ system with each
event roughly 1.5 MB contained in hundreds of buffers. Then the processor runs the
high-level trigger which reduce the rate to 100 Hz and then sends them to storage

system. The separation of the L1 and HLT allows more flexible update for the HLT.
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Chapter 3

Physical Object Reconstruction

The physical objects used in this analysis include tracks; vertices, electrons, muons,

the transverse missing energy and jets. The b-tagging algorithm is described as well.

_—

—

u‘

A

3.1 Track Reconstrh“Ftii&:_n |

!

1 i
| |

The connection of points of Signais.left on thé fr-acking system gives tracks. The
parameters of a track, which are the cﬁrvature, the impact parameter, the azimuthal
angle, and the pseudo-rapidity, should be obtained in mainly three steps: seeding,
building and fitting. The seed, which is the staring point, of track reconstruction,
is the signal left on the pixel sensors. Due to the number of free parameters, at
least two hits are required for deciding a track. Then, to build up the track, the
outer layer is checked one by one to collect all the compatible hits and form track
candidates. Finally, to avoid bias from the seeding constraints, an overall fitting is

needed. The standard Kalman filter and smoother are used in this stage.
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Figure 3.1: The resolution of pt and impact parameter of tracks.

3.2 Vertex Reconstruc_tiorllq.n

4

The information of tragk can beused to obtain‘theyertex information. Vertex con-

o Yy
N Ji :

. . B | i o .
sists of the following free parametenls o!rtlpn-q ﬁ‘ovarlance matrix, and track param-
L ‘
e

o

eters constrained by the vertex poLi ion_,l'{lld tq’l iricovariances. The reconstruction

%l |

of vertex is done through twna:)'-:step l finding aﬁlfi‘ﬁttiﬁg}

In the finding step, four Sub—steps are iﬁ&oi;é(.i: preselection, formation, fit,
exclusion. First, the tracks with small impact parameter and pt > 1.5 GeV are
chosen; then, clusters of tracks are formed according to their impact parameter along
z-axis. Using these clusters, a fit is made to determine the vertex. What followed
is the exclusion step where the bad fits are dropped. During the compatibility
calculation, the Gaussian resolutions are assumed.

In the fitting step, the most often used algorithm is the Kalman filter (KVF).
Mathematically, it is equivalent to a global least-squares minimization. This filter

can also be used to improve estimation of the track momenta with constrains.
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3.3 Electron Reconstruction

To reconstruct electrons, whose four-momentum should be decided, the information
of tracking system and electromagnetic calorimeter (ECAL) is needed. The issue of
energy loss is considered because of the materials in the tracking system. About 50%
of the cases the electrons will radiate more than 50% of its energy before reaching
ECAL. Another issue is that the electrons may come from the conversion of photons,

which leads to the showering patterns.

[ Beam Pipe

= Pixel

= Inner Silicon
& Outer Silicon
B Common
O Qutside

Figure 3.2: The material budgets leads to energy loss of electrons.

The steps can be separated to two parts: seeding and fitting. The seeding uses
the information in the ECAL. ‘Hybrid’ and ‘island’ superclustering algorithms are
use in determining the ECAL information in barrel and endcaps respectively. With
low threshold of the energy of supercluster, the efficiency of seeding can be as high
as 99% for electrons with pt higher than 7 GeV/c. The supercluster information
will then be combined with the pixel detector to decide the two pixel hits needed

for track finding.
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The benefit of combining the information of ECAL and tracking system is based
on the fact that the energy weighted average impact point of the electron and associ-
ated bremsstrahlung photons, as calculated using information from the supercluster
in the ECAL, coincides (assuming a successful collection of photons) with the im-
pact point that would have been measured for a non-radiating electron of the same
initial momentum.

In the fitting stage, the problem of radiation energy loss made it important to
have an improved tracking algorithm especially for those low pt electrons. The
nonlinear Gaussian Sum Filter is.thus introduced to make up the short coming of
the Kalman filter. The average efﬁ‘ciéhcy gf'theelectron reconstruction is above

90%.
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Figure 3.3: Combining the ECAL and tracking information, a good resolution can

be obtained in different pt region.
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3.4 Muon Reconstruction

The reconstruction of muon uses the information of muon system and the inner
tracking system, and the step can be divided into local reconstruction, standalone
reconstruction and global reconstruction.

The local reconstruction is done using the information of the CSC and DT de-
tectors which decide the track segment for further reconstruction.

The standalone reconstruction uses only the information in the muon system.
The track segment obtained in previous step will be combined with outer layer
information using the Kalmanfilter,- d'hen a backward fit is performed to decide
the vertex from which the muon cemes. ‘

In the final step, which is'the glbbal recpﬁstruction", the inner tracking system

A |

information is exploited t6gether with \ﬁ-ﬁt’waﬁ lobtaified in the standalone step. In

H w' ‘I | |
this step, the muon track will'be qxlrapolated to the tracking system and then the
y N

| 1 1

: . : el - ) !
corresponding hits will be used fo.optimize the momentum measurement.
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Figure 3.4: The standalone (left) muon and global (right) muon reconstruction

efficiency.
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Figure 3.5: The standalone (left) muon and global (right) muon reconstruction

resolution.

3.5 Particle Flow-and Transverse Missing Energy

The particle flow is used during the reconstruction. It igbased on the idea that one
o s, |
— |

should include all detectors Whenidbiﬁ m.th"em reconstruction of stable particles like
%
11 l &

electrons, muons, photens, hadron&s (malnfy pidI)I}s and kéons). The list of particles
' | .

will then be used to reconstruct: j‘ets. as well as Lhé’transverse missing energy (short

as MET). |

The basic treatment is to use the tracks of charged particles and the clusters
which is the energy left in the calorimeter as building blocks and reconstruct the
particles as a whole.

Due to the well-functioning of the muon system, muons are first reconstructed
and the corresponding blocks are removed from the list. What follows is the electron
since it has little to do with the jet and MET reconstruction. Then the clusters
and tracks related to the electrons are removed including those coming from the

electron bremsstrahlung. The remaining tracks will be used to form charged hadrons

candidates. What are left are the neutral particles with clusters energy deposit not
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being able to match the track information. These are used to reconstruct the photon
and the neutral hadrons. After all these one has filled a list of particles that may
be used for the reconstruction of jets.

The MET the unbalanced energy on the transverse plane that coming from the
neutrino or other weakly interacting particles created in the collision that cannot be
detected. With the particle flow procedure, it is then straightforward to determine
the MET: vector sum over all reconstructed particles in the event and then taking

the opposite of this azimuthal, momentum two-vector.
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Figure 3.6: The resolution of MET.

3.6 Jet Reconstruction

In this analysis jets are referring to the product of the hadronization of the color

particles; due to the color confinement, when a particle with color is created, it will
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massively produce pairs of color particles until the color is balanced. These color
particles will then form many hadrons and result in a jet signature. It is through
clustering these hadronized particles that a jet is reconstructed.

There are many ways to do the clustering, and the algorithms frequently used
are the kp, Cambridge/Aachen and the anti-k7 methods. The one used in this study
is called anti-k; algorithm.

First, the distance variables are defined as:

A2

R?’

X 2p
‘d’iB = kT,i-?‘

where R is a parameter often set as 0.5. kp is the tféns_verse momentum, and the B

Ty

“i
\

indicates the beam. p is aﬁother para'mft:er'ltol gle consiciéred.

We collect all the possible canld dz;telii,-i:;irt}lﬁr hadro;lls or the signal left in the
calorimeter. Then this for;?ula 14 Fpplliqer(-i to !‘c%lculate_ the distance between two
candidate i and j. If d;; 18 laréélr“tha,n d;p, tﬂher;"":i:he two candidates are merged.
Else, the candidate is preserved for other clustering.

The parameter p in the formula categorizes the methods. The p = 1 case is the
k7 method, the p = 0 case is the Cambridge/Aachen method, and the p = —1 is the
anti-k7 method.

The energy measured should be further corrected in the sense that there should
be non-negligible loss of energy. The energy correction is done by several steps.
The first step, called the Level 1 correction, is applied for the noise and pile-up
suppression, and followed by the level two correction, which corrects the energy
shift due to different 7 direction. And finally the level three correction corrects the

pt to the ideal value when it is created[11].
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Figure 3.7: The resolution of jets in different region.

3.7 b tagging

In order to search the FCN( signa

I
b-tagging technique is used for idla tifyiﬂg\ if the jet is.originated from a b quark

(short as b jet).

—
N
\

| which ¢o

|
tatins one b quark in the pattern, the

= |

o

|
’ “
!‘ | ..

This identification exploited.‘ the relatiyely Iéng “i:ife time of b quark, which makes
the vertex of a b jet shift from the primary vertex. Therefore, high spatial resolution
track is of great importance.

In this analysis, the Combined Secondary Vertex method is used for b jet iden-
tification. First, the charged tracks in a jet are collected, and then the Trimmed
Kalman Vertex Finder is exploited which selects the outliers of the tracks that can be
used for secondary vertices reconstruction. Then the reconstructed secondary ver-
tices’ parameters and the tracks’ parameters will be combined as a discriminating

variable.
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Figure 3.8: The discriminating variable of CSV for different types of jet. The solid,

dotted, and dashed lines are the b, ¢ and light quarks respectively.
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Chapter 4

Data and Monte Carlo Samples

The data used in this analysis is colletted with CMS detector from the LHC de-
livered 2012 8 TeV proton=progon €ollision. The"double electron and double muon
triggered data are used with correspon'd;igg iﬁteg}rated luminosity of 19.5 fb~!. With

the help of computing elements, it is alsql‘lpossilpl‘é 0 generate the events which sim-

1
ulate the proton collisions and: the detector res:ppnse. In event generation, the first

step is the parton level generaﬁio;l carried out, byh:‘MadGraph 5[6] event generator,
which performs the tree level calculation of a physical process using the helicity
method[7]. Besides the process in standard model, MadGraph is also capable of
doing calculation through a user-defined model. Then the output will be sent to
PYTHIA 6[8] generator for the fragmentation and hadronization. TAUOLAI9] is
also used for the emulation of tauon decay. The generated event will be sent to
the GEANT 4 detector simulator which simulates the detector response. The first
step is called generation, and the second step is called simulation. We refer to this
sample as MC sample.

The MC sample is generated separately of different processes, while in data all
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kinds of processes are mixed. Therefore, if we combine all the MC sample, it is
possible that it can represent the result in data, and we can further estimate the
fractions and distributions of different processes with different physical variables.
Also, with MC sample we can determine the proper way to separate the signal
process from the background and can have much higher statistics, for the event
number in data is limited by the apparatus.

The FCNC MC signal MC sample contains the ttbar process where one of them
decays to q (which may be ¢, cbar, u and ubar) and Z, while the other decays to b (or
bbar) and W. Then the Z and W_besons decay to leptonic final states. Setting the
branching ratio of this process.to be 0“:‘1%, V\'re ca then calculate the cross-section

of this sample to be 0.047-pb. /The sample contains, equal amount of t to Zc and t

e I.- . |
to Zu events. 3 h“' “_;,:ﬂ,:’-; | |
< |
The other standard model back%ounﬂinclu(ied in the-study are the W, Z, WW,
o T | }

WZ, 77, ttbar, ttbarZ, ttharW; ancL %ingle top. #ﬁnong them, the major contribution
comes from WZ and ttbarZ events which have very similar pattern comparing to

FCNC in the desired final states. The table below summarize the sample used in

this analysis.

4.1 Pile-Up Treatment

The LHC collisions are of extremely high luminosity. In 2012, there are often more
than 20 interactions per event; although these events are of relatively small momen-
tum transfer, the resulting energy deposit will be non-negligible. Therefore, on one
hand, it is of great importance to model the pile-up effect in the MC simulation,

while on the other hand, it is very crucial to reduce noise from pile-up effect.
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Data Int. Lumi. (pb~1)

DoubleElectron(Muon) Run2012A-13Jul2012-v1 808.47
DoubleElectron(Muon) Run2012A-recover-06Aug2012-v1 82.14
DoubleElectron(Muon)_Run2012B-13Jul2012-v1 4428.67
DoubleElectron(Muon) Run2012C-24Aug2012-v1 495.00
DoubleElectron(Muon)_Run2012C-PromptReco-v2 6401.67
DoubleElectron(Muon) Run2012D-PromptReco-v1 7273.70
Total 19489.65

Table 4.1: The data used in, this analyéis and-,i;he corresponding integrated luminos-

ity.

| [

We use the number of interaction lt:g-:dgsd"ibe the pile-up effect. For an event

| |
with high number of interaction, t\h}a pilggp iéi iT@evere, while for an event with low
number of interaction, the p"ﬂé—}lp' 1g not signiﬁ(galrllt. The number of interaction is
a probability function and in t.h"e 2012 Run f)'erio;i‘A, the most probable value is
around 15. To model the pile up effect in the MC sample, the general approach
is overlapping the low energy interactions several times with some shifts on the
hard process. The probability function of the number of interaction varies with
the luminosity; therefore, one first assign a probability function similiar to but not
exactly the same as the distribution in data. Then for those MC events with a

certain number of interaction, it is reweighted with the probability ratio of data

over MC of that number of interaction.
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Figure 4.1: An event after reconstruction. The green.lines are the tracks of charged

particles and the yellow dots are the vertices.
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Figure 4.2: The pile-up distribution of the Run2012A data and the distribution
assigned for MC production in 2012 summer. The division of these two gives the

proper weights for different number of interaction.
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Sample Cross Section (pb) Calculation Order
FCNC 0.047 assumed
TTJets 234 approx. NNLO
WJetsToLNu 37509 NNLO
DY JetsToLL 3503.7 NNLO
WW/JetsTo2L.2Nu 5.817 NLO
WZJetsTo2l.2 NLO

Q .JN. ‘ '.:' } tfn%ujg&f‘qj

Ji “E?
WZJetsToSLN%q"- hases % NLO
5% %
ZZJetsTozLﬁix‘fu NLO
a3 e\

ZZJetsToQ'.EQQ NLO
ZZJetsTozm NLO

7 o |
T_s—channe'i"' . 3?‘ sapprox. NNLO

l:;j":l G !ﬁ i#
Tbar_s—channel.-" 4 ¥ anl ﬁ% y C‘f!;pprox. NNLO

e :‘tr L] = o o :
r%’?ﬂ?wf rﬂﬂ

T _t-channel SHEspAcl =Y approx. NNLO
Thbar_t-channel 30.7 approx. NNLO
T_tW-channel 11.1 approx. NNLO
Thar_tW-channel 11.1 approx. NNLO
TTWJets 0.232 NLO
TTZJets 0.174 NLO
TBZToLL 0.0217 NLO

Table 4.2: The MC sample used in this analysis
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Chapter 5

Event Selection

In this analysis, we look for'the. top pa&“r everlli‘.c's With one decaying to W-+b and the

other decay to Z+q, where q may be a Charm or‘ up- quark and W, Z decays to

electrons or muons. Therefore, baséd ofrr-l,'he dqc?y channels of W, and Z, the search

can be divided into four different (Jh’anne@ -ee;, CCly /ity ffht. The taunon channel
1'% | n ‘

is not considered due to the small |r<?c0nstructid?q efficiency.

The event selection steps can be ‘stmmarized as below:

1. Choose events that fire double electron or double muon high level trigger

(HLT).
2. Select good vertex, electrons, muons, and jets.
3. Reconstruct Z candidate with two oppositely charged same flavor leptons.

4. Reconstruct W candidate with the addition charged lepton and MET confining

W’s mass.
5. Veto events with more than three good leptons.

6. Veto events with less than two jets.
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7. Choose events with exactly one b-tagged jet.
8. Reconstruct top pair, one using Z+q and the other using W+b.
9. Select the pair with maximum transverse open angle.

10. Select the top pair in the top mass window.

5.1 High Level Trigger

The high level trigger used in this study are

1. HLT,Elel7,CaloIdTaCalqlsoVLf“FrkId\.'[L,TrklsoVL,

Ele&CaloIdT,CaloIsQ_V L AekIdVL_TrklsoVL "

2. HLT Mul7_TkMu8 | s | |
el
R

3. HLT Mul7-Mus8 || = |
a2t . E !I i |

These triggers selects two Ié;;tbns.with one pt > 17 GeV and the other pt >

8 GeV as well as other calorimeter ‘and tracker selection. For the double muon
triggers, if either one fires or both, the event will be selected for further analysis.
The further selection in the analysis are more tighter to avoid any effect from HLT.
These trigger efficiency, which is defined as the number of di-lepton events that
pass our preliminary selections and also fire the trigger over the total number of
di-lepton events that pass our preliminary selections, are measured to be 99%, 98%,
91% and 93% for eee, eeu, ey and ppp channels, respectively. To prevent any bias
from the trigger, we did this measurement by using the multi-jet triggered event
which we assume to be non-relevant to lepton information. In these events, we look

for events that has two same flavor leptons (electron or muon) that pass our lepton
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and Z selections (the preliminary selections), then, the efficiency can be obtained
by dividing the number of these events firing the di-lepton triggers over the total

number of these events.

5.2 Vertex Selection

We assume the interaction to be the most prompt one in each triggered event;
therefore, every candidates (leptons, jets) should be originated from the primary
vertex which is the vertex of the highest track pt sum. They are required to have the
fitting numbers of degrees—of—freedorir}.'(_NDoE;‘):..greater than 4, the position |z|< 24

cm and dyp < 2 cm (the transversefdistance to thedrlgm)
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Figure 5.1: The vertex DoF (left) and the number of vertex (right).

5.3 Electron Selection

A good electron is selected with pt > 20 GeV and | n |< 2.5 and veto the gap
region. Other variables are collected as a multi-variant-analysis variable called mva.
We ask the mva variable to be larger than 0.5. The particle flow combined isolation
requirement, which is defined as the energy sum of charged and neutral hadrons and
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the photon over the pt of the electron, is set as 0.15, within a cone of AR = 0.3. In
order to reduce extra energy sum from the pile-up effect, rho correction is applied.

Besides, the impact parameter on the transverse plane is required to be smaller
than 0.04 cm, and should pass the ‘conversion veto’ requirement. The electrons with

its n — ¢ space too close to muons will be discarded.
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A good muon is selected if it’s a global muon with pt > 20 GeV and | n |< 2.5. The

isolation is required to be smaller than 0.12 with a cone AR = 0.4. Other selections
include: valid tracker layers > 5, dxy < 0.2, dz < 0.5, global fitting x? < 10, valid

pixel hit > 0, and matched muon station > 1.

5.5 Jet Selection

The anti-kr algorithm is used for jet reconstruction with AR = 0.5. A good jet is
selected with pt > 30 GeV and | 1 |< 2.4. Other jet identification is collected into
a variable called ID, and the loose working point is used. Besides, the jets close
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Figure 5.3: After Z selection, the pt (left) and eta (right) distributions of muons.
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Figure 5.4: After Z selection, the pt (left) and eta (right) distributions of jets.
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5.6 Z Selection

A good Z candidate is reconstructed with two oppositely charged same flavor good
leptons. The invariant mass of the two leptons should be within 78 to 102 GeV, and

if there are more than one candidate exist, the closest one will be chosen.
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5.7 MET and W Selection

The MET is required to be larger than 30 GeV, and W is reconstructed with the
third lepton other than those used in Z reconstruction. Since the p, of the neutrino
is unknown, only transverse mass of W can be obtained. To obtain a W candidate,
the W nominal mass is assumed to be 80.3 and thus we can calculate the p, of the

neutrino by solving the equation below:

_ Pzl (pmlpaczl + PytPyv + M[%V/Z) + El\/(pxlpxu + PylPyv + M[%{//Q)Q - EjQ"y

D 2 2
B —p2
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Figure 5.7: After Z and W seieéfionn,'the W"fran‘né\‘ferse mass (left) and the MET

(right) distributions.

if there are more than one reasonable solutions, the larger one in its absolute
value will be chosen. MC analysis shows that more than 60% of the times this is

the right choice.

5.8 Top Selection

There are at most one b, Z and W candidate in each event, while there may be more

than one light jet (non-b-tagged jet) candidate. Therefore, there is only one top
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candidate reconstructed using W+Db, while there may be more than one with Z+j.
The pair that gives maximum ¢ opening angle will be chosen. Then a top pair is
selected, we further require the top from W+Db should have invariant mass 137 to
207 GeV and the other one should be 147 to 197 GeV. If such an event is found,

then it is taken as the FCNC candidate.

2 10" cms br‘ei.n‘uhar‘y‘ T a1 2 [Tems ‘pr‘ei.rﬁ.‘nar‘y‘ SRR

N - 19507 tat s=8TeV [t-zq q 10- 19.5fbtat Vs = 8 TeV [t-zq

2 s B: 1 2 B:

:>j r Bwi, zi :>j 8 Bwi, zi
6 Wz [ Bzt

[ww, wz, zz ]

distributions.
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Figure 5.10: The mass correlation distribution in data with the red dotted box labels
the mass window. One sees that after applied all the selection, one event falls in the

desired mass window.
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e channel 2012A 2012B  2012C-1  2012C-2 2012D

All 9469902 21325284 2582799 28582278 32131253

HLTrig. & Vertex 1154526 5847832 654472 8266121 6124273

2+ leptons 302112 1520527 170714 2163118 2403614
One Z 278701 1402333 157527 1993980 2216638
One W 50 303 27 352 435
MissET cut 23 154 17 203 247
GO TLEG e,
2 Jets oy ﬁt‘_,,__. 36 30
A ¥
1 b-tagged Jet 2 W 6 3
t Mass & f‘\& m 0\ = ®o 0
: — =
4 channel -~ 20 2012 2012C-2 2012D
1 "." n"'l
All 2*54 9 94333301 28485561
P b T.-' l Ll W'
HLTrig & Vertex 1931478;%?2:5‘-'1'216&?0% 16033682 17902238

= L 'F.‘.*-__
2+ leptons 3960891 #"2}]‘@98? L 2&361790 2997351 3415906

One Z 316911 1679549 188943 2376903 2689391
One W 72 286 31 461 543
MissET cut 36 154 16 244 322
2 Jets 6 19 3 35 37
1 b-tagged Jet 2 4 1 ) 8
t Mass 0 0 0 1 0

Table 5.1: Summary of data yields after each cuts applied in sequential.
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Chapter 6

Background Analysis

With the observed yield of the data atid the‘estimated background yield, one may
determine the branching ratiofof FCNC. The background analysis is done with

the data-driven method. In 2011, théfr_ge_thoxd“ using| lepton isolation information

| == |

(see APPENDIX A) is exploited; iu‘d in@\(\)lQ, i‘vs‘?ze introduce another method which

|

: 1
exploits the b-tagging informatien in the data!*. [t is;also compared with the MC

analysis and the background eétimation are Gonsistent.

6.1 Data-Driven Method

The data-driven method is carried out by counting the number of events after good
Z, W, and 2 jets selection (Ny;), the number of events that has exactly one b-tagged
jet (Nitag), and the number of events with exactly zero b-tagged jet (Notag). To this
level, the dominant process are WZ (No,), FCNC (Nyp) and ttZ (or tbZ Nay,). The
WZ contains no b quark, the FCNC contains one b quark, and the ttZ contains
two b quarks. We use the b-tagging efficiency and fake rate and thereby obtain

the relationship between vector (Nuy, Nitag, Notag) and vector (Nop, Nip, Nop). The
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relation can be described as a matrix T.

T is calculated in the following way:

Firstly, consider the weights of dominant jet combinations of each process, for
example, the dominant jet combination is 1l (two light quark) for WZ; since it the
only combination for WZ, it’s weight is 1. For FCNC it’s bl and bc can happen
with equal rate, so the weights for bl and bc are both 0.5. For ttZ, it will be more

complicated, and the jet acceptance is considered.

Sample Assumed Combinations

WZ 1

| == < : ‘
FCNC— half bl, halfsbc-.-
7 iratfbhel, Aalf bbi
| \ 5

thZ b’o j:-—: |

Table 6.1: The combination.l_con%i ered'q for e{u%h process‘. Where 1 can be u, d,

s quarks or gluon. Since four quarks are expeéfe“d in ttZ, further investigation

considering jet acceptance is performed.

Secondly, one needs to consider the probability of each combination being tagged
as 1 or 0 b jet. For example, for bc to be tagged as one b jet, the probability is
ey X €., and for it to be tagged as zero b jet, it is €, x €.. Here ¢, is defined as the
b-tagging efficiency for a b jet, €. is the b-tagging mis-tag rate for a c jet, and ¢; is
the b-tagging mis-tag rate for a light quark (u, d, s, g) jet. We label 1 — ¢ by ¢

Then combine the weight of each combination and the probabilities, one obtains
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A: Acceptance A* = Dbbll
A=1-A -
AA3 - bbl
0.5 (| bbll -
A'A3 H bbl
A2AZL I
TTZ + A
A* 1 bbcl
A'A® bbl
0545 bbcl -
AA®H  bbc
Azl g

Figure 6.1: The tree diagram showing/the weight of each combination for a ttZ

event. The acceptance is evaluated as 74% using tthar MC sample.

the proper matrix elements. Then We'vignite;“fchp equation below:
- l

Nall \u 1 ull“"“l l 1‘1 NOb

r = 1
Nigag 4 = 01085 0.58 10.47 [} Nys | -
Notag J o\ 081 0.367°0.214 \ Ny,

where (Nai, Nitag, Notag)=(207,37,161). Then inverse the matrix:

035 —1.11 0.82 Ny Noy
—3.04 519 286 | | Niag | = | Nio
3.69 —4.08 —3.67) \ Notag Na,

So we obtain the event number of the process with Ob (WZ), 1b (FCNC) and 2b
(ttZ). The Ob and 2b processes are considered as our background events. They are
162.87 and 23.67 respectively.

To this step, the number of Ny, and Ny, are before the b-tagging selection as

well as top mass selection.
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Combination Probability of 1 b-tagged

11 2¢1€)

bl epe; + €€

be €peL, + €€c

bb 266,

bbl 2epe,€; + €466
bbc 2ep€€l + €L€1€e
bbll 2ep€,€0€] + 2€,€,€0€

bbcl L" 1%&@{% éine%’ Jﬁﬁ‘ev‘;;—k €LELECE]

Y
\z; N
0 havc‘exactly one b-tagged.

-t."f

v AN

T %‘3 A

Noviuagged. = 162.57 x 0085 S13.91,
=t -'-? yi'}.'ﬂjt -jﬂn.']

Nopitagged = 23.67 x 0.47 = 11.15

Then we multiply the top selection efficiency estimated by the MC analysis to

reach the final number of background events.

NObfinal =13.91 x 0.10 = 138,

N2bfinal =11.15x0.15=1.70

Npra = 1.38+1.70 = 3.08

Finally, we obtain the number of background.
The statistical uncertainty of this method is estimated by the toy Monte-Carlo.
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Combination Probability of 0 b-tagged

11 €€

bl €€

be €€

bb €€

bbl €LELE]

bbc €LELE.

bbll egegege;

bbel . ‘~'e;§;f / f

|_,rl

;a;:__ i H& s
for combina 0 have"exactly zero b-tagged.

f ! —_—
| 1

isson di rllguﬁmm for Nau, Niteg and
s ..-" 9

wS?“and 9, note that Ny,

Table 6.3: The probabihty
.:-" _1
i

We perform the toy stu

=l

Nhptag With mean valuc'ﬁ‘ bgin

is the number of events Wl{sﬁ ‘ l .j’ét and so we can have

Notag = Nait — Nitag — Nhtag -’We doﬂrt use ]Wgag als P01sson because it’s relatively
Lol
high in statistics and thus not close to Poisson distribution.
We generate 0.1 million toys of Ny, NotagandNiseg and do the calculation above.
The standard deviation of the distribution of Nk is taken as the uncertainty. The

uncertainty thus obtained is 0.85. This number is also cross-checked by the error

propagation with consistent result.

6.2 MC Analysis

With MC Analysis, we estimated the background number to be 3.19 4+ 0.72 (stat.),

which is consistent to the result of data-driven method. Most of the Standard
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Background ox BR (pb) Processed Seen Events @ 19.5 /tb

tf Jets 234 6.8M L1l 0.74+0.48

W Jets 37509 58.6M 0 0.0

Z+ Jets 3504 26.3M 0 0.0

ww 5.82 L8OM 0 0.00

W z3l . ‘ 31\!{ 2800, 0.870.10

2241 . .'_:_:m 0509 %007+ 0.01

t-S ch. .

t-S ch.

t-T ch.

t-T ch. 193 . 0 B

tw (S 6-1?%?" . & o
Lopopeien”

w 1.1 492K 0 0.0

HW 0.23 199K 397  0.09+0.05

1z 0.17 214K 6850  1.09+0.13

thZ 0.0109 151K 2348  0.33+0.02

Total: 3.19+0.72

Table 6.4: The expected SM background contributions with 19.5 fb=! data.
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Chapter 7

Systematic Uncertainty

7.1 Luminosity Measurement

The luminosity measurement is doné by=using the pixel cluster information which

—
= -

is a function of number of interactions. he uncentainty from this measurement is
1 , =9 1
considered in the upper limit calcqlétion. |

7.2 Cross Sections

The theoretical calculation of the cross sections come with uncertainties and are
considered in the analysis. The electro-weak processes are of smaller uncertainties
while the quark interaction can be of much larger uncertainties. This is used in MC

analysis only.
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7.3 Lepton Isolation and Selections

The lepton selection efficiency in MC is different from the one in data; therefore,
a scaling factor is needed in MC events. This factor is obtained by using tag and
probe technique to obtain the selection efficiency in data and in MC. The factor thus

can be obtained by division, and the uncertainty is considered for the MC analysis.

7.4 Jet Energy Scale and Jet Energy Resolution

The energy of a jet is different from ifs ériginating quark, so a scaling factor is
needed, and the uncertainty of-this Scaling .'ié taken into account in our analysis.
Besides, due to the relatively poor resolution m jets’ energy, one vary the energy of
jet by 10% of the jet resolution, WheE@qé;'Jem :n‘resolution is defined as the energy

| ¥ . i

difference between generated jet aha’i thé!j‘neasuired jet..-The consequent difference

= T, J 4

in the overall selection efficiency*is taken as thé? uncertainty.

7.5 MET Resolution

The MET is also an object of relatively poor resolution. The uncertainty of MET
measurement is estimated using a Drell-Yan sample where there should in principle
be no neutrino. The MET measured in this sample is considered as the uncertainty
of MET resolution. The uncertainty is estimated in the following way: in an event,
on the transverse plane, if some object U is created with the Z boson, then U, Z
boson and the MET should have zero vector sum. Therefore, U’s pt can be decided
with the MET and Z information. The U’s pt can be separated into parallel (U,)

to and normal (U,,) to Z’s pt. Ideally, U, is the same as Z’s pt and U, is zero. The
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deviation of ratio of (U,) to Z’s pt from one is taken as the uncertainty.
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Figure 7.1: The U, to Z’s pt (left) and U, to Z’s pt (right) distributions.

7.6 Parton Distribution Function

=1 o
i T N “

Systematic uncertainties due to parﬁorﬁ%?bpjtion functions (PDF) are tradition-

Cay |
m 1 "
ally estimated by using different PP setsto ganerate thé-Monte Carlo samples and

1 1

by taking the difference in cross sections obserxiféd,:with ‘this procedure.

For the top FCNC signal MC sarﬁples, we “estimate systematic uncertainties for
different PDF tunes by a re-weighting method. The 44 parameter sets of CTEQG66
is used and the quadratic sum of deviations from the nominal case is quoted as
the PDF uncertainty. Here we quote the deviations obtained with different error
sets, which correspond to various theoretical uncertainties, as systematics due to
the PDF choice. The estimated PDF uncertainty for FCNC top is about 7.0% while
the weight uncertainty for background processes is about 5.4%.

For each parameter i = 1,...,22, two values o7 are extracted from the sum of
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each event weights wii, and the resulting uncertainties are calculated using;:

[Me

Aot = max (o} — 0g,0; — 0¢,0);
i=1...22
“
Ao~ = Z max(og — 0,7, 00 — 07 ,0).

I
—

i=1..22
This means that the full positive uncertainty to the cross section is taken to be the
quadratic sum of all the positive shifts found for each PDF set (using the largest of
the two in the case both w;" and w; result in a positive shift), and the same is done
for the negative uncertainty. The larger value between Aot and Ao~ is used when

calculating the total systematic uneertainty.

=)
7.7 MadGraph ParTatnertEfS "‘
m |

B | Iﬂ

The MC generator used in t‘_he stujd?r is MagGﬂﬁLi)h. "The “uncertainty from the gen-
eration is measured through vafsfing phe major mput parameters. The mass of top,
Q and the xqcut used in jet matching are ‘varied and the corresponding change in
the selection efficiency is taken as the uncertainty. This uncertainty is only used for

signal efficiency estimation.

7.8 High Level Trigger

The efficiencies of high level triggers are different in data and in MC, and thus
a factor should be applied in MC. Since we will find a good Z candidate in our
selection, we estimate the efficiencies by looking for events with a good Z found. In

MC, in DY sample where a good Z is found, we can calculate the rate that these
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Table 7.1: Summary of uncertainties from MadGraph parameters.

Parameter Uncertainty (%)
Top Mass -2 GeV -4.1
Top Mass +2 GeV 1.4
Match @ > 30 -4.1
Match @ > 60 -3.9
Q? 4x 7.8

Q* 1/4 oy 5 5

3 - Thl,

5"';: iy
Total uijr'ee nty

5
events fire the triggers. In d
i

and calculate the rate.l'."-f;'j The

-
contains the uncertainty. “#+
& ;

7.9 Pile-Up Reweighting

The number of interaction has different distributions in data and in MC. In MC,
the distribution of number of interaction is described by a function called PU_S10.
In data, the distribution is obtained by measurements using the pixel and front-end
calorimeter. The ratio is used on the MC for corresponding number of interaction.
When calculating the number of interaction in data, the minimum bias event cross-
section is used as an input parameter and we vary this parameter by 5% to see the

difference in selection efficiencies.
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7.10 Monte Carlo Statistics

Due to the limited event number and relatively clean channel, the statistics of MC
become one of the important uncertainty source. This uncertainty is estimated

assuming Poisson fluctuations of the final event number after all selections.

7.11 b-tagging

The b-tagging efficiency in MC is different from the one in data; therefore, a scaling
factor is needed in MC events. This factor'is obtained by study the ttbar events to
obtain the selection efficienty in daté and in."‘MC. ‘The factor thus can be obtained
by division, and the uncertainty is cr(‘)rnsidered‘_ff)r the MC analysis.

| "' ‘ u

— n‘

- |
7.12 Systematlc for 'Il)aﬂfh_—])rlven background anal-

|L 1

ysis

For the systematice study of data-driven, we have to consider two different parts:
those affect the matrix construction, and those affect the top mass selection effi-
ciency. For the matrix, the main uncertainty comes from the b-tagging efficiency,
which we vary the efficiency (mis-tag rate) by one sigma and re-do the data-driven
calculation, then quote the change in the final background event number as the un-
certainty. The other minor source is from that, when construct the matrix, we have
to assume the jet component for the Ny being of half bbel and bbll (which means
two b jets, one c jet and one light jet, and two b jets and two light jets, respectively.)

We evaluate the effect of changing it from half half to 1:2 and 2:1.
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For the top mass selection efficency, since it’s evaluated from MC, we consider the
various sources: the jet energy scale, jet energy resolution and pile-up reweighting.
For the lepton selection and high level trigger, we quote the max possible number.

The total systematic uncertainty of data-driven method is 25%.

Source Uncertainty (%)
Trigger efficiency )
Parton distribution functions 7
Lepton selection 6

-..l.l
Tesolu

Cross ?%ﬁ%}

Q2

(,“;« |

b taggmg
JES 4
Total 19

Table 7.2: The uncertainty of different sources for signal efficiency estimation.
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Table 7.3: The uncertainty of different sources for background estimation using

estimated by varying the b-tag AT

data-driven matrix. Tt sécoI

Ny componentv | 3
b-tagging 18
Systematic uncertainty 23
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Table 7.4: The uncertainty of different sources for background estimation using MC

method.

Source e total (%)

Pile-up re-weight 7
b-tagging 7
Systematic uncertainty 64
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Chapter 8

Summary

4:."""‘1
el

With data-driven method 't:ﬂsfe . ﬂlgmu{dﬁ@ 3.084 0.854 0.76. With

MC analysis, we expec@ji;%

The former one le%ﬂs ;co 1 expacte limit of B(z&,.,,|h cZ) to be less than
0.09%. The correspo%g.h_r_l% i [&06;%, 0.13%] and [0.05%,
0.20%)], respectively. Wﬂﬂa @f_ié B 1 9 cltion This correspond-
ing to an U.L. of B(t — cZ'}' gtg“ﬁ%%'cjon&dﬂ?’ng?iqﬁ 'stematical uncertainties on

i __.‘}l' -
both signal efficiency and backgroun(fh c%lﬁ{’fbutlon
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Selection Data-driven Estimation SM MC Prediction
WZ 0.87 £0.10 £0.30
77 1.38 = 0.06 + 0.40 0.07£0.01 £0.03
Drell-Yan 0.00 +0.03 4+ 0.02
~ ﬂ_‘]\'-.; ' 1-1_"? _ﬁ“—
Ztt ﬁn\f: 1= - Eﬁ09i013i077
& Vi |

Wit & ﬁé_ioo5io11

= P___J @,
7t ) | 0.334 0.02 +0.20

(o L ] L

= =
Total backgrtign.d 3‘ 9:3&: 72+2.03

= N
a3 0 £ !
Observed events' -%."; | 1 W  —
-'\-?-:l l:fl::-:h‘l-\‘ s f
s =t .

Expected limit {-’P;}:ﬁr .:?;_Q'.OQ% “'5']‘- 46 "l,.ﬁ 0.10%
Observed limit 0.06% 0.06%

Table 8.1: Background composition, observed and expected yields, and limits at

the 95% CL for all three-lepton channels combined tag selections for an integrated

luminosity of 19.5 fb~!. The uncertainties in the background estimation include the

statistical and systematic components separately (in that order).
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Appendix A: Lepton Isolation Method

This matrix method can be used to estimate the background process with two true
leptons, which are the Z+ jets and tt processes, we call it as Ny;. For other processes
we call it N3;. After the Z selection, we will look at the third lepton where in Ny,
we consider the third one to be faked by a jet.

We define the following two samples:

e Tight-cut sample: events passing all the signal extraction cuts;

e Loose-cut sample: events passing all theselection cuts, regardless the isolation

cuts on the W’s daughter leptons. -

Then we construct the ‘équatioqs_bg?low; —~
| = i

a1

Nlc]os P _| ép _'_Ii]Yjet'

e N\ E [ *I e

Niignt. 7 € riohuggNiepsh Pfal?-e - Njet,

where €445, is the efficiency for trué leptons i)assing the isolation cuts and Py is
the corresponding ‘efficiency’ of fake leptons. We will obtain €4, and Pyape directly
from data.

The efficiency for the true leptons to pass the isolation cuts can be estimated with
the ‘tag-and-probe’ method. An independent Z-enriched sample is used by requiring
two opposite-charged leptons with the same flavor, with the invariant mass within
the 60 — 120 GeV range. The leptons are required to have pr > 20GeV and pass
the above lepton ID selections. Only one Z candidate per event is allowed in the

above mass window. The efficiency is then obtained via the following equation:

A 2(Nrr — Brr)
taht (Nrr — Brr) + 2(Nrr — Brr)
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Here N is the total number of events in the Z-candidate mass window, while B is
combinatorial background from W events, as estimated from a linear fit on events
outside of the Z mass window. The sub-note TI" means that both leptons pass the
isolation cuts and T'F means that one of the leptons fails the isolation cuts in which
does not include those of T'T.

Fake leptons in the samples would be mostly coming from jets fragments which
has poorer isolation. We estimate the ‘efficiency’ that a fake lepton passing the loose
and tight isolation requirement by looking into a multi-jet sample. Events with two
prompt jets having good back-to- back behavior, . A¢(jet, jety) with only one lepton
candidate in an event is chosen~ The MET (.')'f-“the event is required to be less than
30 GeV to reject W contrlbutlon The 1solat10n efﬁc1ency is obtained by taken the
ratio of pt distributions that passmé; hgﬁokfer |lqose isolation requirement and fitted

-vl

with a linear function. ' l'[r { |i F'

With the isolation efficiencies Jpli true.and ff‘ai(e lebtdns determined as described
above, we can estimate the [l +X “and' Wz +X from the total number of events in
the two samples after W Z plus two jets requirement. From the relative yields of the
two processes and their acceptance of top mass requirement as well as the b-tagging
efficiencies of data, the estimated yields in full selection are 0.10 4+ 0.02 4+ 0.02 and

0.33 £ 0.10 # 0.06 for Drell-Yan and tt, respectively. This is consistent with the

yield of MC estimation.
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Appendix B: Preshower Full Depletion Voltage Mea-

surement

The endcap preshower, short as ES, is a sub-unit of the electrocalorimeter. It is
located at the endcap right in front of the endcap electrocalorimeter (see figure 2.5).
Since there are two sides for endcap, we label the two set of sensors by ES+ and ES-.
The major goal of ES is to discriminate the photon of Higgs decay from the photon
of pion decay. The photon from pion decay is actually two photons but of small
deviation, so it should be discernibleusing'detectors of good spatial resolution.
The main components of ES is the“abso.i‘l.{)er and the sensors. The absorber is
made of lead which initiate; thefeleetromagnetic shower: .When the collision occur,
photons and electrons will hit the IaBs'_g;b:e_"r‘ m}d start showering. The resulting

| '?I"’j—"'i

positrons and electrons will then léa’ve si;g:@gls @ﬁ the silicon sensors. There are two
= - 4 J

absorbers, in the front is one’of J)%’o (radiatio:in{ length), ‘and in the rear is of Xj.

These two absorbers are follovgfe(i by the_silieon ;:er‘lsors with the effective spatial

resolution of 61 x 61 mm?. We name these four sets of sensors by their location as

ES—+front, ES+rear, ES-front and ES-rear.

The reverse bias voltage (Vr) applied on the silicon sensor creates an electric field
which drives the electrons and holes created by the passing high energy particles to
the electrodes for signal collection. The signal grows and the noise decreases with
the electric field. However, the maximum electric field is limited by the design of
the sensors. When the electric field reaches its maximum, we call the corresponding

voltage as the full depletion voltage, the Vfd. When reaches Vfd, it is of no use to

further increase the voltage, and the over setting of the voltage may leads to higher
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The Vid will also change due to the radiation damage. We calculate the Vid by
measuring the signal (noise) to Vr relation, and we take the Vr to be Vfd at the
point the signal (noise) reaches its maximum (minimum). The measurements are
carried out in different time for the determination of the radiation effect.

The signal collected by the sensors is a landau distribution and its peak is called
the most probable value (MPV) of the signal collection. The signal we refer to when
we say ‘the signal grows with Vr,” is actually referring the the MPV of the signal.

The signal to Vr behavior is then used to extract the Vfd. We measure the Vid

in this manner in 2010 and 2012, and we observed a Vfd drop as was expected.
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The noise to Vr behavior of one of the 4288 sensors recorded in early 2010 when there
were no proton collision occurring. We expect the radiation damage to be minimum
at the time of this measurement. The nois'é. reaches its minimum at the voltage
107.6. We compare the value with the one measured when it was first installed and

confirmed the measurement is reasbnablg_. Theﬂ fitting curve is 1/1/z in the left and

constant in the right. ] l'!‘ J
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The signal distribution of a certain sensor at certain voltage recorded using collisions
in 2010, the left edge is cut off due to the threshold setting. We fit the peak region

to extract the value of MPV.
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fitting curve is a straight line in.the left and constant in the right.
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The Vid drop from measurement during the 2010 data-taking to 2012 data-taking is
plotted as a function of the radial distance from the center, the Vfd drop of sensors
having the same radius being averaged. The Vfd drop in the center is more severe,

which is the consequence of stronger radiation.
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The measured full depletion voltage of some sensors.

ID  Radius (cm) Measured Vfd (2010) Measured Vfd (2012) Measured Vfd Drop
22020 52.0974 131.0 92.1 -38.9
22129 52.0858 144.5 95.5 -49.0
22028  46.011 132.6 73.6 -59.0
22128  45.9979 127 QI EE T, 84.4 42.7

, LML - ﬁn_‘ff_—"'fmq
ﬂ:\:,::"' -.1":3',— = . C':]-

22031 64.278 A 1310 e 927 -38.3
22131 4.2 & 104, 24.2

31 64.2686 f o w"—f};i
22030  58.1867 84.0 47.0

e s
22130 58.1763 . . : 1237 7.3

e\ | i
22033 76.4647 . e 8 996.7 -32.1

L N nr
i, Lo - = : e
22133 76.4568 WsigE , e 401032 2738
LS (T Loy MG

22032 70.3708 1210 eI 92.9 98.8
22132 70.3622 128.2 92.7 -35.5
22035  88.6552 131.0 91.6 -39.4
22135  88.6483 131.0 97.0 -34.0
22134 82.5523 131.0 102.1 -28.9
22036 94.7513 148.6 122.7 -25.9
22136 94.7449 120.8 107.0 -13.8
22038 106.945 135.2 107.5 27.7
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