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ABSTRACT

SEARCH FOR SUPERSYMMETRY IN JET TOPOLOGIES WITH THE CMS
DETECTOR

Ocalan, Kadir
M.S., Department of Physics

Supervisor : Assoc. Prof. Dr. Ali Murat Giiler

February 2009, 119 pages

Supersymmetry (SUSY) is the most motivated scenario beyond the Standard Model (SM) ad-
dressing the problems of the SM in an elegant way by establishing a symmetry which relates
matter particles to interaction particles and vice versa. The simplest phenomenologically vi-
able supersymmetric theory is the Minimal Supersymmetric Standard Model (MSSM) which
can be accommodated to minimal Supergravity (mSuGra) theory in order to both take gravity
into account and constrain its parameter space. CMS detector is one of the general purpose de-
tectors constructed at LHC (Large Hadron Collider) which targets to search for SUSY signal.
This thesis presents a search strategy for SUSY in three different fully hadronic jet topolo-
gies with the CMS detector. Di-jet, 3-jet, and 4-jet event topologies offer clear signatures for
SUSY searches and the key SUSY decay modes of these jet topologies appear to be squark
pair production, squark-gluino production, and gluino pair production, respectively. In these
jet topologies, an important kinematical variable named alpha, « is used to separate SUSY
signal test points from the SM background events including QCD, EWK (Electroweak), and
invisible decay of Z boson processes. Alpha variables are found to be very useful in terms
of enhancing SUSY signal while rejecting all QCD events. Discriminating power of alpha

variables are shown in terms of signal-to-background and signal significance calculations and

v



the results are found to be promising which further encourage searches for SUSY signal in jet

event topologies with the early CMS data at 1 fb~! integrated luminosity.

Keywords: CMS detector, Supersymmetry, Di-jet topology, 3-jet and 4-jet topologies
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CMS DEDEKTORUYLE JET TOPOLOJILERINDE SUPERSIMETRI ARANMASI

Ocalan, Kadir

Yiiksek Lisans, Fizik Bolimii

Tez Yoneticisi : Dog¢. Dr. Ali Murat Giiler

Subat 2009, 119 sayfa

Standard Model (SM) 6tesi modellerden biri olan Siipersimetri (SUSY), SM igerisinde yer
alan sorunlara madde pargaciklari ve etkilesim parcaciklari arasinda simetri kurarak zarif
coziimler getirmektedir. Siipersimetrik modellerde en basit teoriye sahip olan En Kiiciik
Stipersimetrik Standard Model (MSSM), en kiiciik Siiper Yercekimi (mSuGra) teorisiyle bir-
likte kullanildiginda yer ¢ekiminin dahil edilmesinin yanisira parametre sayisina da sinirlama
getirmektedir. Diger yandan, Biiyiik Hadron Carpistiricisinda (LHC) inga edilmis olan genel
amacl dedektorlerden biri olan CMS dedektorii SUSY parametre alaninin aranmasini hede-
flemektedir. Bu tez, tam hadronik kanallarda ii¢ farkli jet topolojilerini kullanarak CMS
dedektoriiyle SUSY aranmasina dair bir yontem sunmaktadir. Di-jet, 3-jet ve 4-jet topolojileri
temiz sinyal alan1 temin etmekte olup bu topolojiler SUSY bozunum kanallar1 olarak sirastyla
squark cifti, squark-gluino ve gluino cifti {iretimlerine tekabiil etmektedir. Bu ii¢ farkli jet
topolojilerinde, alpha () olarak adlandirilan 6nemli bir kinematik degiskeni kullanilmakta
olup, bu degisken SUSY deneme sinyal noktalarini1 SM arkaplan1 olan QCD, EWK (elek-
trozayif) ve Z bozonunun goriinmez bozunumu olaylarindan ayirt etmek i¢in kullanilmigtir.
Alpha degiskenleri SUSY sinyalini yiikseltmesi ve biitiin QCD olaylarini ortadan kaldirmasi
baglaminda ¢ok kullanish olduklar1 goriilmiigtiir. Alpha degiskenlerinin ayirt etme giicii,

sinyalin arkaplana orani ve sinyal dnemi hesaplamalariyla jet topolojilerinde ortaya konulmusg
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ve ¢ikan sonuglar umut verici olarak bulunmug olup SUSY sinyalinin jet topolojilerinde erken

CMS verileriyle, 6zellikle 1 fb~! liiminosite degerinde aranmasini tesvik etmistir.

Anahtar Kelimeler: CMS dedektorii, Siipersimetri, Di-jet topolojisi, 3-jet ve 4-jet topolojileri
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CHAPTER 1

INTRODUCTION

This thesis presents a search strategy for Supersymmetry (SUSY) in fully hadronic jet chan-
nels with the CMS (Compact Muon Solenoid) detector at LHC (Large Hadron Collider). The
chapters of the thesis are organized in such a way to begin with reviewing the Standard Model
(SM) of Elementary Particle Physics. Following the descriptions of the theories which con-
tribute to the basis of the SM theory, the limitations to the SM are linked to the need of SUSY
and hence to SUSY theory. SUSY theory is explained in terms of its algebra, particle content,
and accompanying submodels. Following the description of SUSY, CMS experiment is pre-
sented in terms of its subdetector systems and the computing model. In order to understand
the analysis chapters of this thesis, an introductory chapter is developed in which analysis al-
gorithm, data samples, and SUSY triggers are presented. In the analyses chapters, the analysis
results for di-jet, 3-jet, and 4-jet event topologies are presented. The contents of the chapters

of this thesis can be given in detail.

In Chapter 2, particle content of the SM including both fermionic and bosonic sectors are
summarized. Quantum Electrodynamics (QED), Electroweak (EWK), and Quantum Chro-
modynamics (QCD) theories are reviewed in terms of their lagrange equations. The lagrange
equations enabled gaining a better insight into the SM particles and the interactions among
them. The Higgs Mechanism is also reviewed in this chapter in order to explain the origin of
the SM particle masses. The limitations to the SM including the hierarchy problem are finally

presented in this chapter which encouraged to search for theories beyond.

In Chapter 2, introduction of SUSY as a new theory is given in terms of its algebra. The
hierarch problem of the SM is addressed in the context of SUSY. The Minimal Supersymmet-
ric Standard Model (MSSM) is then introduced as being the simplest SUSY submodel which



also has theoretical treatments similar to the SM. The MSSM particle content which are su-
persymmetric particles is given and the interactions governing among the SUSY particles are
discussed in terms of the MSSM lagrangian. Soft MSSM lagrangian is given to explore the
mechanism which offers masses to supersymmetric particles. Minimal Supergravity model
(mSuGra) is then introduced accompanying to the MSSM with its use cases in suppression
of the SUSY parameter space and containment of gravity. Among all varieties of the super-
symmetric particles, squarks and gluinos have special relevance to the decay channels of the
analysis chapters of this thesis are described with their productions and possible decay paths

in the CMS experiment.

In Chapter 3, CMS experiment is reviewed as being one of the detectors contructed at LHC.
Starting from the LHC overview, physics goals, and its design and operation, the coordinate
system and the subdetectors of the CMS detector are explained. The Tracker, The Elec-
tromagnetic Calorimeter, The Hadronic Calorimeter, and The Muon System are the major
components of the CMS detector overviewed in turn. In addition to the CMS detector sub-
components, The Trigger System is explanied. Finally, in this chapter, The CMS Computing
Model is summarized in terms of its tiered architecture for data storage tasks and Worldwide

LHC Grid for data transfer and user data analysis tasks.

In Chapter 4, CMS software framework is presented. CMS software framework is introduced
as a large collection of software tools necassary for physics analyses. The framework is
introduced in two parts which are Core Software and Physics Software. Physics Analysis
Toolkit (PAT) is then explained in terms of its layer-by-layer use case, implementation for
SUSY analyses, and object cleaning options which has to be used in order to perform Monte
Carlo (MC) physics analyses with the CMS detector software framework. And finally, the MC
signal and background data samples which are used with SUSY PAT algorithm in this thesis
are explained. The data samples are accompanied with necessary SUSY detector triggers

which are also presented in this chapter.

In Chapter 5, the MC analysis results concerning the di-jet topology are presented. Starting
from the SUSY motivation for this event topology, event kinematics with alpha variables,
event selection, and the signal-to-background and signal significance calculations are pre-
sented. Alpha variables are demonstrated to be enhancing SUSY signal against the SM back-

ground processes including QCD, EWK, and invisible decay of Z boson. Both normal alpha



and transverse alpha variables are shown to have two regions, one is signal enriched in which
alphas are greater than 0.55 and the other one is signal depleted region in which alphas are
smaller than 0.55 with many SM events. Promising analysis results are supported with the
cut flows applied on alpha variables. The results presented in this chapter with di-jet event

topology inspired the extension of di-jet case to multijet systems.

In Chapter 6, extensions of di-jet event topology to 3-jet and 4-jet event topologies are con-
sidered for the searches of SUSY. These two event topologies differ from di-jet case with
definitions of alpha variables and hence their kinematics. SUSY motivations for these decay
topologies are given in terms of related SUSY squark and gluon decay channels. Analysis
results are shown to be encouraging in terms of signal-to-background and signal significance
calculations which are also presented in related tables of this chapter. This chapter also moti-

vates SUSY searches with CMS detector in multijet event topologies.

In Chapter 7, summaries of the analyis results of the three different jet topologies presented
in Chapter 5 and Chapter 6 are given. Starting from the di-jet case, discrimination power of
alpha variables in terms of their cut flows are revisited. In a similar manner, the cut flows of
alpha variables which are calculated for 3-jet and 4-jet cases are revisited in order to imply
that alpha variables give promising results for the searches of SUSY with CMS detector.
Additionaly, other SUSY signal points are summarized for the jet topologies in order to show

how likely they are to be discovered with the CMS detector.

In Appendices, event selector libraries of SUSY PAT algorithm and their corresponding vari-
ables are given. CMS collaboration MC data skims and available trigger paths are included.

And finally, the kinematics of alpha variable which is used with di-jet topology is explored.



CHAPTER 2

THEORY AND MOTIVATION

2.1 The Standard Model

The Standard Model (SM) of Elementary Partice Physics is the most precise and satisfying
model to explain particles and their interactions with a high degree of precision. The SM is a
quantum field theory which describes the unification of electromagnetic interaction and weak
interaction into an electroweak (EWK) sector, and includes a Quantum Chromodynamics
(QCD) sector for the description of the strong interactions. However, the SM cannot be an
ultimate theory to describe particles and their interactions, since there are some limitations to

the model that will be shown later.

2.1.1 The SM Content

The fermionic sector (matter particles) of the SM consists of three families (generations) of
quarks and leptons as shown in Table 2.1 with their properties. Furthermore, the bosonic
sector (force carriers) of the SM consists of different gauge bosons being responsible of three
of the four main forces present in nature, as shown in Table 2.2. The gravity is the force not

included in the SM framework which encourages for searches of theories beyond.

In addition to the elementary particles sector of the SM which are fermions and gauge bosons,
collections of quarks and anti-quarks form other, composite particles known as hadrons.
Hadrons are divided into mesons and baryons: mesons (including pions, kaons, and so on)
comprise a quark and an anti-quark; baryons (including the proton and the neutron) are three

quark states.



The SM is based on the gauge symmetry group SU3)c ® SU(2), ® U(1)y. Every group has
a coupling constant associated with: g, (related with ;) for the strong interactions, g (related
with the Fermi constant Gr) for the weak interactions and g’ (related with electric charge ¢)

for the electromagnetic interactions.

Many useful books explaining the SM in detail can be found elsewhere ( [1], [2], [3], and
[4]). In the following subsections, the different theories that contribute to the basis of the SM

are explained briefly.

Table 2.1: Fermionic sector (spin — %) of the SM. Masses without uncertanities are shown
based on the evaluations of the Particle Data Group (PDG) [5]. The elementary charge,
e, equals to 1.602 x 107! C which should not be confused with the representation of the

electron, e.

Fermions 1% family 2" family 3 family
Quarks up(u) charm (¢) top (?)
my,= 2.55 MeV m.=1.27 GeV m;=171.2 GeV
_ 2e _ 2e _ 2
qu = 3 de = 73 9= 73
down(d) strange (s) bottom (b)
mg=5.04 MeV my=104 MeV mp=4.20 GeV
9d = —3 qs = —% 9 =3
Leptons electron(e) muon (u) tau (1)
m.=0.511 MeV | m,=105.66 MeV | m,=1776.84 MeV
e = —€ qu = —€ qr = —¢€
e neutrino (v,) M neutrino (v,) T neutrino (v;)
m,, <2eV my, < 0.19MeV | m, <18.2MeV
gv, =0 qv, =0 qv. =0

Table 2.2: Gauge bosons (spin-1) of the SM with their corresponding masses and interactions

they appear in.

Gauge Bosons Mass Interaction
gluon (g) 0 strong (color) SU(3)¢
photon (y) 0 electromagnetic U(1),,
neutral weak boson (Z) 91.1876 GeV weak neutral
charged weak bosons (W*) 80.398 GeV weak charged




2.1.2 Quantum Electrodynamics

Quantum Electrodynamics (QED) was developed in the late 1940s and early 1950s chiefly by
Richard P. Feynman, Julian Schwinger, and Sin-Itiro Tomonaga; to describe the electromag-
netic interactions of electrons and photons. This is a quantum renormalisable theory which is

invariant under a change of phase or gauge, k(x);
P(x) - ¥'(x) = e HOP(x), 2.1)

where Q is the charge operator (with eigenvalue -1 for the electron), k(x) is a function which

depends on space and time, and W¥(x) is the Dirac field (spin—% fermions).

In order to promote the global symmetry under U(/) transformations, responsible for the
conservation of the charge to a local one (k(x) would be constant for global transformation),

the covariant derivative needs to be introduced:
D, =0,+iQA,, (2.2)
where 9, = ((% - V) (while, 0% = (% -=V)) and A, is a gauge field satisfying
, 1
Ay > A=A+ ;aﬂk, (2.3)
Then, the lagrangian can be written in a compact form as
L =¥(iy*D, — m)¥ = ¥(iy"d, — m) — L, (2.4)

where m is a mass of spin — % fermion in free space and y* is known as four Dirac matrices to
simplify construction of lagrangian in a contravariant form and the last term in the lagrangian
corresponds to the interaction between the new field, A, and Dirac particle (charge -e) (or

electromagnetic current density, j* = —e¥y*\P):
Ly = —e(Yiy"P)A,,. (2.5)
In addition, the kinetic energy of the new fields needs to be introduced. From Maxwell’s

equations, the kinetic term will be of the form [6]:

1
Lg = _ZF/WFMVa (2.6)

field strength tensors are F,,, = 0,A, — 8,A, and F* = A" — 9"AH.
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So one can end up with the lagrangian describing QED as
— 1 —
Loep = Y(iy'0, — m)¥ - ZF,WF“V +eVPyHA, Y. 2.7)

Here, ¥ and W represent electron and positron (anti-particle of electron) fields respectively.
The first term in the lagrangian, is known as electron propogator describing an electron (or
a positron) travelling freely in space. The second term generates a particle travelling through
free space, in this case, this is the photon, the quantum of the electromagnetic field. As
opposed to the first term, the second term do not have mass, m, indicating that the photon
must be massless. Finally, the third term represents an interaction (coupling) between photon
field and electron and positron fields as in the case of one electron annihilating one photon

(e et > e e, e e” — e e, and so on).

Thus, the electromagnetic interaction is described by two quantum fields: one for the charged

particles and one for the photon in QED. The strength of the interaction is usually described

by the coupling constant a,,, whose value depends on the momentum transfer ¢> in an inter-

action. For g> — 0 (at low energies), the coupling constant value is that of the fine structure
ehc

constant, e, = ¢ = 1;—7 At the scale of the Z boson, its value increases: a,,(myz) ~ 1;—8

2.1.3 Electroweak Theory

The weak theory was proposed by Enrico Fermi in 1934 in order to explain neutron -decay.
In this theory, four fermions directly interacted with one another in such a way that a neutron
(or a down-quark) could be directly separated into an electron, an anti-neutrino, and a proton

(an up-quark). The strength of the Fermi’s interaction is given by the Fermi constant, GF.

Though Feynman diagrams described the interaction well at tree level, loop diagrams can-
not be calculated since Fermi’s interaction was not renormalisable. The solution came in
1967 when the electromagnetic and weak interactions were unified by Sheldon Lee Glashow,
Abdus Salam, and Steven Weinberg [7]. This unification formed the electroweak theory
(EWK) which became the core of the SM. The idea of this unification is to incorporate both
interactions into a single theoretical framework in which they would appear as two manifes-
tations of the same fundamental interactions. These interactions are unified under the group
of SU2)r ® U(1)y, where the subscript L is a reminder that SU(2) group couples only left-

handed fermions and the subscript Y, which will be given in Eq. 2.18, is to remind that U(/)



group couples to weak hypercharged particles. The first part of the group has dimension of
three such that three generators are needed: #; = % (i=1, 2, and 3), where o; are the Pauli
matrices. These generators, due to the global gauge invariance under SU(2), introduce a new
quantum number called the weak isospin, 7. This number is given to different spin-like multi-
plets. Since weak force only interacts with left-handed particles (right-handed antiparticles),

the left-handed fermions transform as doublets while the right-handed ones transform as sin-

fi= {VF],[”.L], 2.8)
ly) \d;

fho = Loyt b, (2.9)

glets [6]:

where i=1, 2, and 3 corresponds to family index. Hence the weak interaction divided into
a charged part (that is, exchanging the components of the doublet) and a neutral part (that
is, leaving the doublets as they are). Since SU(2) is a non-Abelian group, it allows self-

interactions of these gauge fields.

The structure of the group of U(1)y is more simple with only one generator called the hyper-
charge operator, ¥ . Once the S U(2); ® U(1)y group is defined, the standard model EWK
lagrangian is obtained by requiring invariance under local gauge transformations to obtain an
interacting field theory, following the analogy with QED. This can be achieved by replac-
ing the derivatives of the fields by the corresponding covariant derivative, which now has the

form:

- -
D, =8, —igT -W, —ig' =By, (2.10)

where V)Vﬂ and g are vector gauge field and coupling constant corresponding to S U(2) and

By, and g are scalar gauge field and coupling constant referring to U(1)y, respectively.

Then, the EWK lagrangian can be written as:

Lewk ZLf+LG+LSSB+Lyw, (211)

The first term in the lagrangian corresponds to fermions (matter particles) and can be ex-

pressed in a compact form of [8]:

Ly = i(l;Dly, + egDeg + 0, D01 + ugDug + dgDdg), (2.12)



where the new covariant derivative, ® = y*D,. In addition, /; is the left-handed lepton
doublet, ep is the right-handed charged lepton singlet, Q; is the left-handed quark doublet

and ug and dp are the right-handed quark singlets in each of the three generations.

The second term in the EWK lagrangian comes from the contributions of gauge fields:
1 .
Lg = _Z(W;WWj” + B,yB") + Lgr + Lrp, (2.13)

where W/"n, (with i=1, 2, 3) and B, are, respectively, the field strength tensors for S U(2);, and
U(1)y defined as:
Wi, = 8, Wi — 8, W' + ge M WIWE, (2.14)

B/JV = ava - avB > (215)

and and Lgr and Lpp are the gauge mixing and Faddeev Popov lagrangians, respectively

which are explained in [9].

The last two terms of the EWK lagrangian (Eq. 2.11) are the symmetry breaking sector and

the Yukawa lagrangian, respectively, which will be described in the next subsection.

The gauge fields presented at Eq. 2.14 and Eq. 2.15 can be combined in the forms of:

1
WE= —
V2

Z

= cosO, W, — sinf, B, (2.16)

1 2
WL w2),

Ay = sin@wWS + cos6,, By,

where, A, represents the photon field as it was in QED, 6,, is the weak mixing angle with

’

cosO,, = /ﬁ, and ran6,, which relates both couplings by a simple relation as tan6,, = gg.

In addition, W and Z, fields are associated to the physical W* and 79 boson particles. In this
framework, the elementary charge, e = gsin6,, and the Fermi constant can be written through
the following relation:

Gr = g;ﬁ%’ (2.17)
The electric charge q, the third component of the weak isospin, 73, and the hypercharge Y are
linearly related by the Gell-Mann Nishijima formula:

Y
q=Ts+ . 2.18)



Therefore, the global and local conservation of weak isospin and hypercharge naturally im-
plies charge conservation, as required by QED, and the electromagnetic and the weak inter-

actions are unified under the same theoretical framework in this theory.

2.1.4 The Higgs Mechanism

In the previous subsection, it was shown that the SM formalism achieves the unification of
electromagnetic and weak interactions through a local gauge symmetry. Nevertheless, this
gauge symmetry requires massless W* and Z° bosons. This requirement is in contradiction
with the observation and one needs to introduce a mechanism for generating non-zero masses
while keeping the renormalisability of the theory. In the SM, the Higgs mechanism of Spon-

taneous Symmetry Breaking (SSB) is proposed.

In the SSB, one introduces a new field, the Higgs field, such as:

D= {‘p ] (2.19)
‘,00

This is the so-called Higgs doublet, wherein ¢* and ¢° are charged scalar complex and neutral

scalar complex fields, respectively.

The corresponding kinetic and potential terms of the SSB lagrangian (or the Higgs lagrangian)

that appeared in Eq. 2.11 have the form:
Lssp = (D,®)' (D D) - V(®), (2.20)
where D,, defined before in Eq. 2.10 and V(®) is the Higgs potential:
V(®) = 1200 + (DT D)% (2.21)

If 4> 0and ,u2 < 0, the potential V(@) has a minimum for [6]:

2 2
u v

— = —. 2.22
210 2 (2.22)

T
In Quantum Field Theory, the minimum of the potential corresponds to the vacuum which
is the lowest energy state, and the quantized excitations of each field above the vacuum cor-

respond to particle states. Fermion fields and boson fields (which carry non-zero spins) and

charged scalar fields must have zero value in the vacuum. On the other hand, neutral scalar

10



fields, which do not have electric charge, can have a non-zero value in vacuum, which is called

vacuum expectation value or VEV. From the Eq. 2.22, the field ® has a non-zero vacuum ex-

.

V2
of minimum energy breaks the gauge symmetry. The vacuum expectation value of the scalar

pectation value: (0|®|0) = # 0 which implies choosing one of a set of degenerate states

field, (@) is fixed by the low energy effective Fermi theory:

)? = 246GeV (2.23)

v=(
F

which sets the electroweak symmetry breaking scale.

In order to derive physical properties of the particles resulting from spontaneous symmetry

breaking, the Higgs doublet can be written conveniently as

D= —exp(—. £ , (2.24)

where Tf) = &1, &, and &3 and H are four real scalar fields. The H describes the physical
Higgs boson, obtained by the excitations of the neutral Higgs field above the vacuum. On the
other hand, the massless scalar fields _§> are not physical fields, they can be rotated away by a
gauge transformation. These three massless scalar fields are as a result known as Goldstone

theorem.

. . . . ﬁ . .
The gauge transformation which eliminates the massless scalar fields, &, is known as unitary

gauge. So one can end up with the Higgs doublet in the unitary gauge as

() ! 0 (2.25)
\5 v+H. .

Thus, the SSB lagrangian which is given in Eq. 2.20, now reads

1 1 2 g2
Lssp = =(0H)> = W?H? - AWH? - “H* + S — W Wt + 27 7+
558 2( ) Y v 4 4 H 8cos26,, "
gV gy
+S—WIWHH + zZ,7"H
2 M 4cos%6,,
g2 P 2 82 2
+ WIWHH? + Z,7"H>. 2.26
4 # 8cos26,, " (2.26)

The first term on the right-hand side is the kinetic term for the Higgs boson. The second term

is the mass term, from which mass of the Higgs boson can be given by

mp = V2Av?2 = |-2u>. (2.27)
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Negative parameter, y is not predicted by the SM giving the value of the Higgs mass.

The third and fourth terms on the right-hand side of the SSB lagrangian generate trilinear and
quadrilinear self couplings of the Higgs field. The fifth and sixth terms on the right-hand side
are remarkably important, since they are mass terms of W and Z gauge bosons. From the SSB

lagrangian, the masses of W and Z bosons appear to be

my = & (2.28)
2
and
gV
= . 2.29
nz 2cos0,, ( )
These two equations enable the SM to make a useful prediction:
2
m
—;V = cos%0,,. (2.30)
my

The last four terms on the right-hand side of Eq. 2.26 generate trilinear and quadrilinear

couplings of the Higgs field with the gauge bosons.

In addition to the masses of W and Z gauge bosons, the mass of fermions are generated as
a result of the Higgs mechanism through the presence of Yukawa couplings of the Fermion
fields with the Higgs doublet. Then , the last term, which is Lyy in Eq. 2.11 can be written in

two parts: the Higgs-lepton Yukawa lagrangian and the Higgs-quark Yukawa lagrangian as

Lyw = Lywy. + Lyw,. (2.31)

The Higgs-lepton Yukawa lagrangian can be written in the unitary gauge as

Lywe=- ) %Zili— > %ZJ,-H, (2.32)

i=e,u,T i=e,u,T

where /; are the charged lepton fields (/; = [;; + l;g) with definite masses and the first term of
the Higgs-lepton Yukawa lagrangian is the mass term for the charged leptons, whose masses

are given by
o 2
)

Since the Yukawa couplings, y.,y,, and y, are unknown parameters of the SM, the masses of

(2.33)

the charged leptons are not predicted and must be obtained from experimental measurements.

On the other hand, a fermion mass term must include both left-handed and right-handed fields,

12



so it is clear that neutrinos which are not charged leptons and their fields do not have right-
handed component are indeed massless in the SM. This shows that neutrinos do not couple to

the Higgs field in the SM.

The second term on the right-hand side of the Eq. 2.32 shows that the trilinear couplings be-

tween the charged leptons and the Higgs boson are proportional to the charged lepton masses.

In a similar manner to the Higgs-lepton Yukawa lagrangian, the Higgs-quark Yukawa la-

grangian can be written in the unitary gauge as

v+ H =5 DD AUyl ey
7 NOPYPOR + QYY) + he, (2.34)

where Y’V and Y’ are Yukawa matrices, QO and Qg are left-handed and right-handed quark

Lyw,o = —(

fields. Here, the superscripts U and D refer to u,c,t and d,s,b quarks respectively. The choice
of primes in the Higgs-quark Yukawa lagrangian is to draw attention to the need of further

diagonalization of Yukawa matrices and quark fields.

Hence, the terms proportional to v in the lagrangian are the mass terms for the quarks.

2.1.5 Quantum Chromodynamics

Quantum Chromodynamics (QCD) [10] was developed in 1973 to describe the behavior of
quarks being hold together by strong force carried by gluons. Again, quantum field theory is
the framework in which QCD is developed. In this case, the color group S U(3)c is the starting
global symmetry. This new quantum number (color) is introduced to refer three possible states
of the quarks and it constitutes an exact symmetry (the particular color of the quarks is not
affecting the dynamics of a process). In order to promote global symmetry to a local one, the
covariant derivatives of the fields take the form:

Ao

D,g= (0, —igs
g = (0 18(2

)G, (2.35)

where g, is the strong coupling constant, although this name is usually used for references to
a, since there is a direct relationship between them: g{ = 4na;. In addition, % are the SU3)
generators (Gell-Mann matrices, 3 X 3 matrices with @=1,2,...,8), Gﬁ are the gluon fields, and

q is a vector of three components corresponding to different colors.
The QCD lagrangian is written in terms of the quarks, their covariant derivatives, and the

13



kinetic term for the gluon fields [6]:

—,. 1
Locp= D, 4D ~myq~ GGl (2.36)
q=flavors
where G}, is the gluon field strength tensor, which unlike the QED case, is given by,

GZV = aﬂGg - asz - gsfaﬁyGﬁGza 2.37)
where f,s, are the structure constants of the S U(3)¢ group.

Similar to QED, the gauge interactions among the quarks and gluons are contained in the
qi®q term

_ A

487 Giv'a. (2.38)

However, there is an important difference of the QCD case from the QED case. The gluon
kinetic term szva contains a tree and a four gluon terms, which are precisely the self-
interaction gluon vertices characteristic of a non-Abelian theory. When a pair of the quarks
begins to separate from each other, the exchanged gluons interact with each other and the
strong coupling constant, @, increases. This increasing force either binds the quarks together
at low-energy scale (large distances) or it breaks when the energy density of the color field
between the quarks is great enough to create a quark-anti-quark pair, resulting in two separate
hadrons (the top quark constitutes an exception in the sense that due to its huge mass, it decays
before it hadronise). This situation is called color confinement. On the opposite side, at high
energies (short distances), the strong interaction proceeds via color fields of reduced strength
and the quarks and gluons behave as essentially free. This situation is called asymptotic
freedom. The amplitude of a strong interaction process at a given momentum transfer scale,
g*, can be parameterized in terms of the running coupling constants a(g). A conventional
definition of aj, at leading order is given by:

4

(11n = 2np)in-L
ocp

a(q) = , (2.39)

where n.(ny) is the number of colors (flavors) of the quarks with mass less than the energy
scale g and Agcp is the QCD scale, which is the only adjustable parameter of QCD and
depends on the momentum scale of the interaction. It marks the energy scale at which a;
becomes large and the perturbative approach is no longer valid. For most processes, the mea-
sured value of Agcp is consistent with 200 MeV. The running strong coupling presented in

Eq. 2.39 shows that for large ¢ (short distances), the coupling becomes small (asymptotic

14



freedom) but at low ¢, the coupling approaches to unity. Hence, high-¢> processes can be de-
scribed by perturbative calculations but low-¢? interactions need to rely on phenomenological

model.

2.1.6 Limitations of the SM and the Hierarchy Problem

The SM describes different processes involving electroweak and strong interactions accurately
and agrees well with experimental measurements. However, there is still one important miss-
ing piece of the SM particle content which is the Higgs boson explaining the origin of particle
masses that needs to be hunted in an experiment. In addition, physicists are still pushing
to find some deviations from the SM. The main reason is that the SM has serious theoreti-
cally motivated problems, starting from the fact that gravity is not included in the theory, that
prevent it from being the ultimate theory and corrections to the Higgs mass is quadratically

divergent which is known as the hierarchy problem.

The SM contains at least 19 free parameters including nine lepton and quark masses, three
gauge couplings, three mixing angles and one CP violating phase for the quark system, two
Higgs sector parameters (¢ and 1), and one QCD vacuum angle parameter which cannot be
predicted but must be measured in an experiment. One might wish to have less number of
free parameters in a theory. In addition, more parameters would be needed to incorporate
non-accelerator observations such as the cosmological baryon asymmetry, neutrino masses

and mixings or the problematic cosmological constant.

The standard model also leaves several questions unanswered such as why are there three
generations, spatial dimensions or colors, how do we understand neutrino oscillations and
massive neutrinos, why are the electric charge of the proton and the electron exactly opposite
or whether the Higgs mechanism is really the process through which the electroweak symme-
try breaking occurs and lay beneath the origin of masses. Further, the model cannot explain
which mechanisms producing the matter-antimatter asymmetry observed in the universe or

what kind of a relation occurs between the strong and electroweak forces.

Perhaps the most attractive feature of the SM is the accurate descriptions of the interactions
between particles with masses 17 orders of magnitude smaller than the Planck mass (m,/ancx ~

10'” GeV) and lack of association of gravity within this framework. This feature may be an

15



indication that the SM is an effective theory; this is a low energy limit of a more fundamental
one and one can embed it into a larger theory at high energies which is known as Grand
Unified Theory (GUT). The interactions can be unified in terms of running coupling strengths
of the SM, but difficulty arises with the strengths that do not meet at a single point (Figure

2.1). This automatically brings the question of up to which energy scale will the SM be valid.

60 —

40 —

20

0 5 10 15 20
log,, (1/GeV)

Figure 2.1: Distributions of running coupling strengths of the SM with respect to logarithmic
of energy scale, u.

As explained in the Higgs Mechanism subsection, the Higgs mechanism predicts the exis-
tence of a scalar particle in the SM physical spectrum, Hgy. However, spin-0 fields are
radically different from fermions and gauge bosons. The latter are protected from large cor-
rections to their masses by making use of the chiral and gauge symmetries, respectively. In
the SM, scalar particles are subject to quadratically divergent radiative corrections and there

is no mechanism to prevent scalar particles from acquiring large masses through radiative
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2

corrections [11]. Therefore, my

receives enormous quantum corrections from the virtual

effects of every particle which couples to the Higgs field as shown in Figure 2.2.

H N 7/

2

Hour due to virtual fermion f on the left and

Figure 2.2: One-loop quantum corrections to m
virtual scalar S on the right

Due to these corrections, the Higgs mass would be
myy, = (myo + AMj,, (2.40)

where (qu)o is the bare Higgs mass and AM%, is the correction given by

2
v} A
AME = —L[-oA% 4 6m§1n(m—f) +.., (2.41)

1672
where y; is the Yukawa coupling of the fermion f and A is an energy cutoff which is inter-
preted as the energy scale at which new physics enters and changes the high energy behavior
of the theory (which could be as large as the Planck scale). If the SM needs to describe nature
until the Planck scale, then the quantum correction AMIZ{ is about 32 orders of magnitude
larger than the bare Higgs mass square. A cancellation of this correction at all orders would

call for an incredible fine tuning which seems very unlikely.

In a model with spontaneous electroweak symmetry breaking, the problem affects not only
the Higgs mass but also its expectation value and the masses of other particles that get their
masses through this mechanism such as W, Z, quarks, and charged leptons. Hence, it is
unnatural to have all the SM particles masses at the electroweak scale unless the model is

somehow cut off and embedded in a richer structure at energies no bigger than the TeV scale.
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2.2 Supersymmetry

The hierarchy problem of the SM discussed before can be fixed in an elegant way by introduc-
ing a symmetry which relates fermions and bosons. This symmetry, named Supersymmetry
(SUSY), is the most motivated beyond the SM scenario having a submodel which appears to
be similar to the SM in theoretical treatment called the Minimal Supersymmetric Standard
Model (MSSM) addressing the open questions of the SM. SUSY can be accommodated with
minimal Supergravity (mSuGra) model by both constraining the parameter space and taking

gravity into consideration which are not possible in the SM.

2.2.1 SUSY Algebra

SUSY is introduced in the early 1970s by Yuri Golfand and Evgeny Likhtman (in 1971),
Dimitri Volkov and Viladamir Akulov (in 1973) [12], and Julius Wess and Bruno Zumino (in
1974) [13] independently as a radically new type of symmetry of space-time and fundamental
fields. In SUSY, an operator Q generates the transformation of converting fermions (matter)

to bosons (interactions) and vice versa [14]:
QO|Fermion(Boson)) = |Boson(Fermion)). (2.42)

Q and its hermitian conjugate, Q are symmetry generators. Both Q and Q are fermionic

spinors in nature (spin-%) and satisfy an algebra of commutation and anti-commutation rela-

tions:
{0,0}) =P, (2.43)
{0,0}=1{0,0} =0, (2.44)
[P, Q] =[P, Q] =0, (2.45)

where P¥ is the four momentum generator of space-time translations. P* on the right-hand
side of Eq. 2.43 transforms under Lorentz rotations, J and boosts, K as a spin-1 object while
Q and Q on the left-hand side transform as spin—% objects. In fact, SUSY is a unique extension
of Poincaré Algebra that is a generalization of the space-time symmetries of quantum field

theory which is an extension of the Lorentz group.

In SUSY, extension of usual space-time coordinates x* can be written in terms of anti-commutating
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coordinates, 6 and 6 as

= (2, 6,0), (2.46)

where (x#,6,6) is called superspace in the language of SUSY. In Quantum Field Theory,
particles are represented by fields, functions of the four space-time coordinates, such as the

differential Poincaré operators:

P o 0 o 0
Pr=ie Jy = —i(y— = 22), Ky = i(1— + x). 2.47
iox =705~ %) o ™ ar (247

On the other hand, in SUSY algebra, particles are combined into superfields as a function of

x*, 0, and 6 such that differential SUSY operators can be written as

;I
Qu = oz = i, (2.48)
and
0; = _9 + 6% .0 (2.49)
B (’)éﬁ ! o K ’

where a and 8 are known as two-component left-handed and right-handed spinor indices,
respectively. These operators then act on superfields which are the natural representations
of the supersymmetry algebra. Superfields are expanded in powers of § and @ in order to

determine the particle content of SUSY.

The simplest superfields are chiral superfields, independent of 6 (and anti-chiral superfields,

independent of ). Expansion of chiral superfields in terms 6 is of the form:
P(x,0) = ¢p(x) + V20%o(x) + 0F (x), (2.50)

where, ¢(x) corresponds to a complex scalar (squarks, sleptons, and the SM Higgs), ¥, cor-
responds to a chiral fermion (quarks, leptons, and higgsino), and F(x) refers to an auxiliary

field.

In addition to chiral superfields, vector superfields which are functions of both vector 6 and 6

can be given as
_ __ . 1 __
V(x,6,0) = 60*'v,(x) — i000% 1,(x) + i606,1% (x) + 50009D(x), (2.51)

where v,(x) contains a vector boson, A(x) in the second and third terms on the right-hand side
refers to a Majorana fermion, and D(x) is an auxiliary field. The details of the particle con-
tent of SUSY left to the MSSM subsection. Additionally, more specific and comprehensive
discussions on SUSY algebra formalism can be found elsewhere ( [14], [15], [16], and [17]).
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2.2.2 SUSY Solution to the Hierarchy Problem

The SM Hierarchy problem presented before is easily solved when considering the super-
symmetric theory [18]. The reason is that every fermion f has a scalar SUSY partner S that
couples to the Higgs as well and contributes with a mass correction term of the form:

2

2 s 2 2, A
AMyy = 15120 - 2msln(m—s) + ... (2.52)

Since now y;=yg and all the terms in Eq. 2.41 and Eq. 2.52 have counter-term that naturally
cancel the huge corrections (noting that logarithmic terms are not no longer necessary to be

cancelled). The terms that do not cancel are of the form:
AM% = 2 m? — ). (2.53)
T f

This result leads us to the following naturalness argument: since these corrections must not

be greater than mpg,, in order to avoid too much fine tuning, then
Im§ — m7| < 1TeV?. (2.54)

Hence, one associates A ~ 1 TeV as the scale where the SM is no longer valid and must be
substituted by its supersymmetric extension. As a benefit, this new theory would be valid all

the way up to the Planck scale.

Besides making the Higgs mass natural, SUSY has other interesting consequences. One of
them is that when SUSY is locally realized it contains among its gauge fields the gravitino.
Thus SUSY seems a good candidate for all interactions including gravity, or at least to play an
important role in any such theory. In addition, Grand Unified Theories (GUTs) also provide
good motivation for the existence of supersymmetry. One can use the running of the three
couplings of the SM, measured at the electroweak scale, and find that, at a certain GUT scale
of 10!6 GeV: the couplings almost become the same value (@pificaion = 1/24) as show in
Figure 2.3 with SUSY modifications. This is a strong theoretical motivation for the need of

SUSY.

Furthermore, some SUSY models (including the MSSM) predict the presence of a lightest
supersymmetric particle, neutralino which is a candidate for dark matter in the universe, pro-

vided that it is neutral, weakly interacting, and stable.
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Figure 2.3: Unification of running coupling strengths in SUSY

2.2.3 The Minimal Supersymmetric Standard Model

Similar to the SM construction, that was conceived to be the minimal group viable to explain
the electroweak sector, the MSSM is the minimal viable supersymmetric extension of the
SM ( [19], [20], and [21]). The MSSM obeys the same SU3)c ® SU((2)L ® U(1)y gauge
symmetries of the SM but doubles the spectrum of new particles since for every particle in the
SM, a superpartner is postulated which differs by half a unit of spin. The superpartners are
conveniently described by a notation with close correspondence to the SM notation for bosons
and fermions. Hence, the superpartners are written with the same letter of their partner but
with a tilde over it and superfields are written with a hat superscript. In addition, the bosonic
partners of the fermions are denoted starting with an extra s (scalar) (e.g. selectron is the
superpartner of the electron) and the fermionic partners of the bosons finish with the suffix

ino (e.g. gluino is the superpartner of the gluon).
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For simplicity, one generation of quarks, leptons, and their superpartners can be considered
in the context of the MSSM. One can define Q as the superfield and their scalar partners of

quarks which are in a S U(2), doublet have the form:

~ i
o=|_| (2.55)

dr
In a similar form, the superfield U¢ (D) contains the right-handed up (down) anti-quark, @iz
(dg), and its scalar partner, i (J};). The superscript ¢ of the superfields is to remind charge

conjugation. Following the same pattern, scalar partners of leptons which are contained in

the S U(2), doublet represented by superfield L:

. %
P=]" (2.56)

(8
In addition, the superfield E° contains the right-handed anti-electron é , and its scalar partner,
ex- In the MSSM, for every gauge boson there is a Majorana fermion (gaugino). G, is defined
as a superfield that contains all the gluons, g, , and their fermion partners the gluinos g,;
W; contains the S U(2),, gauge bosons, W; , and their fermionic partners, w; (winos), and B

contains the U(1) gauge field, B, and its superpartner, b (bino).

In the MSSM, the Higgs sector is enlarged to dismiss gauge anomalies. Cancellation of
anomalies is achieved by requiring an additional Higgs doublet and accompanying superpart-
ners. Thus, the SM can be considered as a two Higgs doublet model in the context of the
MSSM. For that, an up-like Higgs superfield, A, and down-like superfield H; are proposed.
Finally, although not strictly a particle of the SM, the graviton G is the gauge boson of gravity
and its superpartner, the gravitino G is introduced in the MSSM with a superfield G, which
plays an important role in the phenomenology of some supersymmetric models. For clarifi-

cation, the superfield spectrum of the MSSM is shown in Table 2.3 in one go.

Having discussed the superfields and the particle content of the MSSM, the parameters of
supersymmetry-conserving sector can be given in a list [23]:

e Gauge couplings: g5, g, and g’ corresponding to the SM gauge group,

o Higgs mass parameter, y,

e Higgs-fermion Yukawa coupling constants: y,, y4, and y; corresponding to the coupling

of quarks or leptons and their superpartners to the Higgs bosons and higgsinos.
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Table 2.3: Superfields and particle content of the MSSM.

Chiral Supermultiplets | Quarks (X3 families) | Spin | Squarks (X3 families) | Spin
0 (ur,dr) 3 (tiz, d.) 0
2 T 1 ~%
l{C Up 2 Ug 0
D¢ d ! d 0
Leptons (X3 families) | Spin | Sleptons (X3 families) | Spin
L (v.er) 3 (7.21) 0
F T 1 ~%
E° ep 5 ep 0
Higgs bosons Spin Higgsinos Spin
A, (Hy HY) 0 (. 7)) 2
A, (H%, H) 0 (HY, H)) 5
Vector Supermultiplets Gauge bosons Spin Gauginos Spin
- T
CA;a 8a 1 8a 3
Wi Wi, Wa, W3 1 Wi, W2, W3 5
B B 1 b 5
Gravity Supermultiplet Graviton Spin Gravitino Spin
G G 2 G 2

The remaining parameters of the MSSM arose from supersymmetry-breaking sector including

o Gaugino Majorana masses M, M, and M3,

o Five scalar mass-squared parameters for the squarks and sleptons: MZQ, M?}, Mé, ME,

and Mé corresponding to the five electroweak gauge multiplets,

o Trilinear interaction terms of the form Higgs-squark-squark and Higgs-slepton-slepton,

with coefficients A,, A4, and A,

e The scalar Higgs squared-mass parameters, two of which (m% and m%) contribute to
the diagonal Higgs squared-masses and a third which corresponds to the off-diagonal
terms, m%z = uB. These three parameters can be re-expressed in terms of the two Higgs

vacuum expectation values (v = (HS) and v, = (H 2)), usually taken through the ratio

tanB = - 2.57)
Vd

The MSSM has three massless gauge bosons, after SUSY breaking, the three gauge bosons
acquire masses which points that there should exist five spin-0 Higgs field in the particle

spectrum of the SM: three natural scalars (h, H, A) and two charged pairs (H*, H™).
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The supersymmetric partners of the gauge and Higgs bosons (gauginos and higgsinos) can
mix. As a result, the physical mass eigenstates are model-dependent linear combinations of
these states, called charginos and neutralinos, which are obtained by diagonalising the corre-
sponding mass matrices. There are four charginos (¢;") and four neutralinos ()”(?) which are by
convention ordered in masses (¢7 is the lowest chargino and )2(1) is the lowest neutralino). De-
pending whether the chargino or neutralino eigenstate approximates a particular gaugino or
higgsinos state, they can become more photino-like, bino-like and result is strikingly different

phenomenology.

The supersymmetric partners of the quarks and leptons are spin-0 bosons and the resulting
squarks and sleptons can mix their left- and right-handed components yielding the mass eigen-
states (denoted by the indices 1,2 instead of L,R). This mixing is proportional to the mass of
the SM partner quark or lepton and to fanB. Thus, the mixing can lead to an important split-
ting in the mass spectrum of the heavy quarks, especially at large tanB. In contrast, the first

two families can be considered degenerate in mass. All physical particles of the MSSM are

given in Table 2.4.
Table 2.4: The physical particles of the MSSM.
SM Particle S SUSY Particle S
quarks: g squarks: g1, o
leptons: / sleptons: I, I
gluons: g, gluinos: g,

neutralinos: /\7(1), )23, )22, )?2

; Lot oo
charginos: Xi:X3
gravitino: G

gauge bosons: W*, 20,y
Higgs bosons: h°, H?, A°, H*
graviton: G

N O = >—*NI~NI~"§.
=

RlLR—I—I— © S| S.
5

2.24 MSSM Lagrangian and R-parity

The interactions of the MSSM are best understood if MSSM lagrangian can be constructed
using the already defined particle content and following an analogy with the SM lagrangian
( [22], [23], [24]). By using the SM notation, the kinetic term of the lagrangian can be
written as :

~ oa o i
LKE = Z{(D#SI)T(DuSL) + l(//i'yﬂD#(//i} + Z{—ZF::‘VF# A + E/lAyﬂD,u/lA}- (258)
i A

24



Here, S; () is the scalar (fermion) component of the i chiral superfield, F ﬁ‘y is the Young-
Mills gauge field, and A4 is the gaugino superpartner of the corresponding gauge boson. It
is worth noticing that the }; is a sum over all fermion fields of the SM, the scalar partners
and the two Higgs doublets with their fermion partners. On the other hand, ) 4 is over the

SUB)c, SUR)L, and U(1)y gauge fields with their fermion partners, the gauginos.

In the MSSM, the interactions between gauge bosons and fermions are described by:
* 7 1 *
Lin = =V2 ) ga(S{T binda +he) = 5 3 (> 8aSIT'S i), (2.59)
i,A A i

where y; = %(1 — ys), T4 is the matrix of the group generators, and g4 are the gauge
coupling constants. It can be seen that there is no adjustable parameter; hence, all interaction

strengths are completely fixed in terms of SM coupling constants.

Once the superfields and the gauge symmetries are chosen, the only freedom in constructing
Lyss oy 1s contained in a function called superpotential, w . From the superpotential, both the

scalar potential and the Yukawa interactions of the fermions with the scalars can be found:

ow, 1 . Pw
L,=- —" == iL——VY; + h.cl, 2.60
Z'azi' 3 2 Wi i+ hel (2.60)

where z is a chiral superfield. This form of the lagrangian is dictated by the supersymmetry

and by the requirement that it is renormalizable.

The superpotential w is an analytic form of the chiral superfields of Table 2.3, that has the
form:

w = e,-julf],ilflé + e,-j(yllflél;,jé + ydI:IéQA[;) + yuI-AI,{QAi(:]) + Wgp, (2.61)
where i and j are S U(2);, doublet indices and €;; = —€j; (with €5 = 1) contracts the SU(2),
doublet fields. No derivative interactions are allowed in order that be an analytical function.
The term ,uI-AI;',ILAI[JI~ gives mass terms for the Higgs boson and so u is often called the Higgs
mass parameter. The terms in the parenthesis proportional to y;, y,, and y; give the usual
Yukawa interactions of the fermions with the Higgs bosons. Hence, unlike the SM case, these
coeflicients are determined in terms of the fermion masses and the vacuum expectation values

of the neutral members of the scalar components, and are not arbitrary couplings.

In the most general superpotential, one can add more terms which are grouped under Wgp in

Eq. 2.61. These terms are of the form:
Wrp = Yapy L LgEY + ¥, L7 OPDY + /1, 0°DPDY + uLA, (2.62)
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where the indices @, 8, and vy label the three generations of quarks and leptons. These terms
constitute a problem in the sense that the first two and the fourth terms contribute to lepton
number violation interactions and the third one to baryon number violation interactions. The
combination of lepton and baryon violation terms can contribute to the proton decay at tree
level through the exchange of the scalar partner of the down quark. Since this process is

experimentally restricted, it put into the question of the validity of the model.

One solution is to assume that the parameters are small enough to avoid experimental limits.
Even this is certainly allowed experimentally, this would imply the introduction of an artificial
tuning. The other solution is to introduce a new symmetry called R-parity. R-parity (R)) is

multiplicative quantum number defined as:

R = (_1)3(B—L)+25’ (263)

where B is baryon and L is lepton quantum numbers and s is the spin of the particle. Thus, all

SM particles have R, = +1 while their SUSY partners have R, = —1.

The assumption of such symmetry prevents lepton and baryon number violating terms but has
also dramatic phenomenological consequences: there can be no mixing between the sparticles
and the R, = 1 particles, SUSY particles can only be pair-produced in the collisions of SM
particles and a SUSY particle would undergo a chain of decays until the lightest SUSY particle
(LSP) is produced. Then, this LSP cannot decay further and constitutes a cold dark matter

candidate.

2.2.5 SUSY Breaking

At this point, the MSSM lagrangian does not provide mass terms for all the particles (fermions,
scalars, gauge fields). If supersymmetry was an exact symmetry, quarks and squarks would
have equal masses and gluinos would be massless [25]. Since this is not the case in nature,
at low energies supersymmetry must be a broken symmetry and new SUSY-breaking terms
need to be introduced in the lagrangian. To prevent dangerous quadratic divergences, only a
small subset of supersymmetry-breaking terms is present in the theory and their couplings are

denoted as soft parameters.
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Hence, the soft lagrangian which breaks SUSY has the form of (first generation only):
Lo = Yoves « MoWH BB _UBHOHE — HOOPA, U,
Loy = 2(M3gg + MoWW + M\ BB) + ep(—uBH, H,, — H, O/ A, U;

YA, D iBA F 2 2, .2 2
+H0PA4,D; + HYLLAL E; + hc) + miy [Ha> + m3y |H,|

~

+Q?m2Qij Q‘j’* + lA,f’mi”lA,‘;* + (}l*m%,” ﬁj + Bfm%)iij + é;km%ljéj (2.64)
This lagrangian has arbitrary masses for the scalars and gauginos and also arbitrary bi-linear
and tri-linear mixing terms. The scalar and gaugino mass terms have the desired effect of
breaking the mass degeneracy between the particles and their SUSY partners. The tri-linear
A term affect primarily the particles of third generation. The uB term mixes the scalar com-
ponents of the two Higgs doublet. In the most general case, all of the mass and interaction
terms of Eq. 2.64 are matrices involving all three generators. However, the origin of all these
terms is left unspecified. How supersymmetry breaking is transmitted to the superpartners is
encoded in the parameters of Ly, s, All of the quantities in Ly, s, receive radiative corrections

and thus are scale-dependent, satisfying so-called Renormalization Group Equations (RGEs).

For phenomenological purposes, the MSSM lagrangian is simply a low energy effective la-
grangian with a number of input parameters. The fact that except for the assumption of the
presence of supersymmetric particles, R,, and gauge and Poincaré invariance, nothing else
has been assumed makes from the MSSM a very simple framework but one needs to intro-
duce plenty of free input parameters. MSSM includes at least 105 new parameters that added
to the 19 parameters of the SM, the model has 124 parameters to be determined. While of-
ten only subsets of these parameters are relevant for experimental processes and there exists
some phenomenological constraints in these parameters, the number is too large for practical

purposes to carry out phenomenological analyses in full generality.

However, unlike in the SM case, now there is the possibility to establish a top-down approach
by which the MSSM parameters are predicted within the context of an underlying theory,
often as functions of fewer basic parameters. The basic question to be addressed is how to
understand the explicit soft supersymmetry encoded in the Ly, parameters as the result of
spontaneous supersymmetry breaking in a more fundamental theory. Since this is not known,
different models have been constructed as an attempt to find an answer for this question. Since
TeV scale supersymmetry breaking models have reported negative results, other models which
assume that the theory can be splitted into at least two sectors have been considered. These

two sectors have no direct renormalisable couplings between them and they are divided into
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observable or visible sector, which contains the SM fields and their superpartners, and the

hidden sector, in which supersymmetry is spontaneously broken by a dynamical mechanism.

Within this framework, SUSY breaking is communicated from the hidden sector where it
originates to the observable sector via suppressed interactions involving a third set of fields:
the mediator or messenger fields. The hidden sector implies that the fundamental scale of
supersymmetry breaking u, is hierarchically larger than the TeV scale. Depending on the
model this u; can be postulated to be at the GUT scale, Majorana neutrino mass scale or
extra-dimensional braneworlds. Therefore, different models account for specific mechanisms
on how supersymmetry breaking is mediated between the hidden and observable sectors and
involve specific energy scales at which the soft terms are generated. These values are then
used to compute the corresponding values at observable energy scales, all predicted at the
TeV scale by the models, using the scale dependence of the Ly, s, parameters as dictated by

their RGEs.

2.2.6 Constraining the MSSM: mSuGra Model

The observation that the measured coupling constants tend to meet at a point when evolved
to high energy scales inspired many SUSY GUT models. In these models, the value of the

couplings at the GUT scale Mgyt ~ 10'® GeV plays a central role:

5,
\/;g (Mgur) = gMgur) = gs(Mgur) = gour, (2.65)

Since gravitational interactions are shared by all the particles, it is quite natural to imagine
gravity to be the only interaction shared by the both hidden and the observable sector. Fur-
thermore, at some point gravity must be present in particle field theory if a comprehensive
description of nature is desired. Here, supergravity would be the responsible of promoting

global supersymmetry to local supersymmetry. This is what inspired to mSuGra model [26].

In this model, along with the coupling constants, the following set of assumptions emerges:

1. Common gaugino mass mj,2: the gaugino mass terms are assumed to unify:

M\(Mgyr) = My(Mgyt) = M3(Mgur) = my 2, (2.66)

2. Common scalar mass mg: The soft SUSY-breaking scalar mass terms contributing to
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the squark, slepton, and Higgs boson masses are equal to mg at Mgyr:
M2Q(MGUT) = MA(Mgur) = ...
M3, (Mgur) = My (Mgur) = mg, (2.67)

3. Common tri-linear scalar coupling Ag. The soft tri-linear SUSY-breaking terms are

equal to Ay at Mgy,

Au(Mgur) = Ad(Mgur) = Ai(Mgur) = ... = Ao. (2.68)

Through RGE’s the gaugino masses in Eq. 2.66 scale in the same way as the corresponding

coupling constants:

2
g; (M)
Mi(Mw) = myj»—— , (2.69)

8cur

yielding

M3 =mg = 2.7m1/2
M(Mw) ~ 0.8my 2
Mi(Mwy) = 0.4my 3, (2.70)

where every term is evaluated at the electroweak mass scale, My and mj is the gluino mass.

The gluino mass is therefore always the heaviest of the gaugino masses. Assuming the rela-
tions Eq. 2.67 and Eq. 2.68 in conjunction with SUSY and the gauge structure, leads to the
following expressions for the masses of the sfermions (except for the third generation) at the

electroweak scale:

m = mp kg by mcos2B(TI*Q;  sin*6y), (2.71)

where f g is the corresponding left (right) sfermion T3fL’R are the third component of the weak
isospin, Q is the electric charge of the corresponding fermion f, and coefficients b are derived
from the RGE’s and can take different values. In particular, b ~ 6 for squarks, ~ 0.5 for
sleptons, and = 0.15 for right sleptons. Thus, the squarks are heavier than the sleptons, which
is not surprising provided that the squarks have strong interaction in addition to electroweak.
More concretely, the mass parameters of the first two generations are roughly degenerate
while for the third generation masses are typically reduced by a factor of 1-3. However, the

concrete spectrum can vary depending on the tang value.
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Since the supersymmetry is broken via gravitational interaction, a new massless Goldstone
particle (the Goldstino) needs to be presented. This way the particle will be eaten by the grav-
itino (the spin—% partner of the spin-2 graviton), such that it becomes massive, determining

the SUSY breaking scale, u;:

(2.72)

Therefore, in mSuGra model the hidden sector is postulated at the Planck mass and, in order
to obtain the new SUSY masses at the desired TeV scale to prevent Higgs mass divergence
and to obtain coupling unification at the GUT scale, the SUSY breaking scale (following the
Eq. 2.72) should be around 10'! — 10'> GeV. The fact that the gravitino is of the order of the

TeV is a prediction from the mSuGra model.

With the assumptions from Eq. 2.66 to Eq. 2.68, the SUSY sector in mSuGra is completely
described by 5 input parameters at the GUT scale: mg, my2, Ao, ¢ and B, where u is the
Higgs mass parameter and B is the Higgs mixing parameter. The requirement that the Z
boson obtain its measured value when the parameters are evaluated at low energy can be used
to restrict |uB|, leaving the sign of u as a free parameter. In addition, one can also change the

B parameter for fang, leaving the usual parameters of the model [27]:

mo, my 2, Ao, tan, sign(u). 2.73)

This model is the simplest scenario that serves as a good benchmark model since it is ex-
tremely predictive as the entire low energy spectrum is predicted in terms of few input pa-
rameters. Of course, one needs to bear in mind that changing the input parameters at Mgyr
(for example assuming non-universal scalar masses) changes the phenomenology at the weak
scale. Therefore one should always perform experimental analyses in view of taking the

model as a reference and focus as much as possible model independent approaches.

And finally, experimental signatures of SUSY are determined through mSuGra parameters
(Eq. 2.72) at LHC with CMS detector. Different combinations of mSuGra parameters offer
test points (benchmark points including both low mass LM1-10 and high mass HM1-4 points)
of SUSY searches with CMS detector as shown in Figure 2.4.
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Figure 2.4: CMS SUSY discovery potential of the test points in the mq versus m ;> plane. The
lines in this plane correspond to the assumptions that tanf = 10, A9 = 0 and u > 0.
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2.2.7 Squarks and Gluinos

From all variety of particles that the new MSSM framework introduces, two types of them are
of special relevance for fully hadronic SUSY searches at LHC with CMS detector and hence

for this thesis: squarks and gluinos.

Squarks are the spin-0 boson superpartners of the left- and right- handed quarks. These par-
ticles are the part of the Supersymmetric QCD framework, which is based on the colored
particles of the MSSM. The massive states are a mixture of the chiral states, with different
contributions defined by the set of RGEs that run in the mSuGra framework. This mixture
is not particularly significant in the first two generations, which can be degenerate in mass.

However, this is not the case for the stop (due to large top mass) and the sbottom at large tang.

In RGEs, squarks mass parameters have a stronger dependence on the common gaugino mass
my 2 because of color. For the squarks first and second generation, the left- and right-handed

soft SUSY-breaking parameters at electroweak scale are given approximately by [27]:

mg, g, ~ mgy+5.0m7 ), (2.74)

iig.dp,

and

M dp = Mo +4.5m7 . (2.75)

iir.dr
The gluino is the color octet fermion (spin-%) and it cannot mix any other particle in the

MSSM. In mSuGra, the gluino mass parameter M3 is related to the bino and wino masses as

shown in the previous subsection:
Mz My: My ~34:1:0.5. (2.76)

Therefore, the gluino should be much heavier than the lightest neutralino or chargino. The
radiative corrections to the gluino mass can be rather large due to the strong interaction with

all squark-quark pairs and its color octet nature.

The general prediction for mSuGra is that
mz < 1.2myg, (2.77)

which holds for the five lightest squarks and small or moderate tanf. The hadronic produc-

tion of squarks and gluinos at the LHC in an R, conserving scenario proceeds through the
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following partonic reactions [11]:

B
=

99 — 49,
88 = 44
99 — 49,
99 — 88,
88 — 88
q8 — 48 (2.78)
An exemplary diagram for the gg — §g decay path (the analysis results regarding this decay

channel will be presented in Chapter 6 in detail) is shown in Figure 2.5.

Figure 2.5: Squark-gluino production and further decay processes

In an mSuGra model with R, conservation, signatures were produced by sparticles in the de-
tector are typically related to E’;”” (missing transverse energy) due to the presence of the LSP
(the lightest neutralino, )2(1)) usually produced after a chain of successive decays of different

complexity. The preferred decay modes for squarks are:
q— 48
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g - qt’,
~ ~0
q—4q9+X,,
g—q +)?f. 2.79)

The preference for one decay or the other depends on the available phase space. In the case
of the gluino, since it has only strong interactions, its decay proceeds through the following

reactions:

g — 449,94, 9q.

g - qq'%; (2.80)

The decay of charginos and neutralinos are quite complex since there are several possibilities
and the final-state branching fractions are small and quite sensitive to the model. But for an
inclusive hadronic search, one can expect at least two jets and missing transverse energy for
every squark (gluino) produced. In addition, extra jets from initial and final state radiation
can be present as well as some leptons coming from chargino and neutralino decays which is

out of the scope of this thesis and these channels contribute to leptonic SUSY searches.
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CHAPTER 3

THE CMS EXPERIMENT

The CMS (Compact Muon Solenoid) detector is one of the general purpose detectors con-
structed at LHC (Large Hadron Collider). This chapter briefly gives an overview for the
LHC and CMS subdetector systems including tracker, electromagnetic calorimeter, hadronic
calorimeter, muon system, and trigger system. The CMS Computing Model is summarized at

the end of the Chapter.

3.1 The Large Hadron Collider

3.1.1 Overview

The Large Hadron Collider (LHC) [28] is a 27 km circumference proton-proton collider
constructed at the French-Swiss border west of Geneva, Switzerland. The LHC project is
carried out by CERN (European Organisation of Nuclear Research) [29]. It has been designed
to achieve a center-of-mass energy ( 4/s) of 14 TeV and an instantaneous luminosity of L, =
103*cm=2571. As well as colliding proton beams, the LHC will also provide heavy ions (lead-

lead) collisions at a center-of-mass energy of 1,312 TeV and a luminosity of L = 10%7cm=2571.

There are four main experiments which will take place at the LHC: two with general purpose
detectors, ATLAS (A Toroidal Lhc ApparatuS) and CMS (Compact Muon Solenoid), and
two with dedicated detectors, ALICE (A Large Ion Collider Experiment) and LHCb (the
Large Hadron Collider Beauty) which will study heavy ion and B-physics respectively. Figure
3.1 shows the four experimental sites along the LHC ring. The CMS detector is situated

approximately 100 m underground at IP5 (Interaction Point in 5th LHC octant), and will be
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taking data from both the p-p and Pb-Pb collision runs.
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Figure 3.1: LHC experimental sites above and underground seen from north side of the ring.
SPS accelerator on the far end is used to pre-accelerate the LHC beam.

The first attempt of beam circulation efforts at LHC ended up with an incident 9 days after
the start-up on September 10, 2008. The incident was caused by a faulty electrical connection
between two magnets of the accelerator. This resulted in mechanical damage and release of
helium from the magnet cold mass into the tunnel. LHC is rescheduled to provide collision

data for the experiments including CMS in Fall 2009.

3.1.2 Physics Goals

One of the primary objectives of the LHC is to detect the Higgs boson which is predicted
by the SM of elementary particle physics and is believed to be responsible for the sponta-
neous symmetry breaking of the EWK sector (subsection 1.1.4). Results from the LEP (The
Large Electron Positron collider, the former accelerator of CERN) experiments set a lower

bound on the Higgs boson mass (M), excluding masses below My = 114.4GeV [30]. At
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the Fermilab Tevatron, there are ongoing experiments searching for the Higgs boson. As of
August 2008, combined data from CDF and DO experiments at the Tevatron were finally suf-
ficient to exclude the Higgs boson at 170 GeV at the 95 percent confidence level as shown in
Figure 3.2 [31]. Within this bound, the Higgs boson may decay via a number of channels,
and the branching ratio for the different decay modes depends on the Higgs mass. Figure 3.3
shows the expected rate (cross section) of important physics processes at the LHC in different
energy-mass scales. It can be seen that the decays of the SM Higgs boson to massive vector
bosons (e.g. Hgy — 2Z — 4u) dominate the high mass range. Further, the Higgs production
cross sections are through gluons (gg — Hgsy) and quarks (gg — qgHs ). These are the two
dominant channels at the LHC, able to produce the Higgs boson in the mass range extending

from the lower Fermilab and LEP limits up to 1 TeV.
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Figure 3.2: Prediction of the mass of Higgs boson obtained from Fermilab Tevatron CDF and
DO collaborations

Beyond the Standard Model, SUSY is considered to be a good candidate for resolving the
problem of the quadratically diverging mass of the Higgs boson, as described in Chapter
1. The decays of supersymmetric particles, such as squarks and gluinos, if R-parity is con-
served, always contain cascades and the lightest SUSY particle, neutralino (LSP). The latter is

: : foni fedd miss
expected to interact very weakly, thus leading to significant missing transverse energy, E7"*,
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Figure 3.3: Proton-proton cross sections for some important physics processes expected at the
LHC at the center of mass energy of 14 TeV
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in the final state. For that reason neutralino is a good candidate for the dark matter of the uni-
verse. The rest of the cascade results in an abundance of leptons and jets. LHC experiments

(ATLAS and CMS) target to search for SUSY signal which is the main objective of this thesis.

Another important physics goal of the LHC experiments is to provide further understanding
of the physics of known particles. The LHC will produce large quantities of SM particles,
enabling studies of the properties of the most recently discovered top quark (Tevatron, 1995
[32] and [33]) and CP violation, which are the two active topics of research carried out at
other colliders currently in operation in the world. With the high energy Pb-Pb collisions,
the observation of a new state of matter called quark-gluon plasma may be possible, which
is a separation of hadrons into individual quarks predicted by the theory of QCD at high

temperatures.

3.1.3 Design and Operation

The LHC comprises of a number of accelerator units as shown is Figure 3.4. Protons will be
obtained by removing electrons from hydrogen atoms. Then, they will be injected from one of
the two linear accelerators, LINAC2 (LINAC3 for lead ions) into the PS (Proton Synchrotron)
which will then be used to provide a low energy beam ( 25 GeV) with the final bunch structure.
The beams will be pre-accelerated using the SPS (Super PS), and then will be injected into the
LHC near IP2/IP8 for the beam that circulates clock wise/counter-clock wise, where particles

will be accelerated from 450 GeV to the nominal energy of 7 TeV (for proton beam) [34].

Inside the LHC accelerator, the particles circulate in opposite directions in two separate beam
pipes. The diameter of the beam is reduced by focusing magnets before the beam enters
every experimental interaction point to achieve high luminosity collisions. The cross section
of the LHC dipole is shown in Figure 3.5. The two beam pipes are surrounded by shells of
superconducting coils creating the magnetic field which keeps the beams to follow a circular
path. The entire dipole rests inside a vessel filled with liquid Helium to enable operation at
temperature below 2 K. In total, 40,000 of such cryogenic units are placed around the 27 km

circumference LHC ring.

Particles inside the beam are grouped into approximately cylindrical bunches with a diameter
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Figure 3.5: Schematic view of the cross section of the LHC dipole
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and a length of approximately 16 ym and 8 cm at the interaction point respectively. The
LHC filling scheme for the proton beam assuming a bunch separation of 25 ns. Trains of 72
occupied and 12 empty bunches, each made in one PS cycle, are used to fill the SPS with
an injection kicker gap of 220 ns. A longer gap of 950 ns is allocated after 3-4 consecutive
trains for injection of beam into the LHC. Approximately 4 cycles of SPS fill the entire LHC,
requiring nearly 3 minutes. Longer gaps between bunch trains and one missing train at the
end of the LHC cycle allow for the synchronisation, resetting of electronics, and obtaining
calibration data in the absence of collision events. There will be 3564 spaces available during

each LHC cycle, 2808 will be filled with actual particle bunches.

The LHC proton and lead parameters are summarised in Table 3.1. The event rate is propor-
tional to the luminosity multiplied by the cross section of the scattering events. At a center of
mass energy of 14 TeV, the total p-p collision cross section is 120 mb. However, around 50
mb of this will be elastic or single diffractive scattering, which does not produce any particles
which enter the detector region. Hence, taking into account the bunch spacing of 25 ns and
the fraction of filled bunches in the run of approximately 0.8, the average number of inelastic
p-p interactions expected during each beam crossing is about 20 at full luminosity. In addi-
tion, the short bunch spacing of 25 ns results in further pile-up, which comes from the soft
remnants overlapping from the two previous bunch crossings and some early effects from the
subsequent one. The structure of the Pb beam does not impose such pile-ups; however, due
to the number of nuclei involved at each collision event the detector will suffer from much

higher particle occupancies.

Table 3.1: LHC beam parameters for nominal proton and heavy ion runs.

Beam Parameters Proton Lead Units
Design Luminosity 10° 1077 em™2s7!
Energy at collision 7 2.56 TeV
Number of particles per bunch L.15x 1015 | 7x 107 -
Bunch spacing 25 99.8 ns
Number of collision events per beam crossing ~ 20 ~7 -

In 20009 fall, the LHC will undergo a series of accelerator and detector commissioning stages
and pilot runs at the beginning of its operation. Regular physics runs will start with a period of

low luminosity beams which will contain fewer protons, possibly with larger bunch spacing,
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enabling detector calibration and alignment and physics studies in a clean environment with
less pile-up. The luminosity during this phase is expected to be 2 x 1033cm™2s7!, which
will only produce 4 inelastic interactions per beam crossing on average, with an integrated
luminosity over one year of approximately 10 fb~! (high luminosity runs will provide ~
100£b~"! per year). This period will be important in thoroughly analyzing and understanding
the current knowledge of particle physics, and may also be sufficient for the discovery of new

physics.

3.2 The CMS Detector

3.2.1 Overview

The design of the CMS detector has focused on mainly three aspects: high granularity, her-
miticity, and radiation hardness. Signatures of important physics processes will appear in the
form of high transverse momentum (p7) objects. High granularity is necessary to measure
precisely the position of these objects, and also to individually separate the energy deposition
of objects in pile-up events. Hermiticity is particularly important when non-interacting parti-
cles including those from possible new physics are involved, since their signature will be the
missing energy of the entire system. The high luminosity LHC environment will impose an
additional challenge to the sensors and the readout electronics, as they are required to survive
the high radiation environment as well as to deliver fast enough response to cope with the

collision rate of 40 MHz ( [35] and [36]).

The major subdetectors of the CMS detector is shown in Figure 3.6. It has a multi-layered
cylindrical barrel structure enclosing the beam pipe and endcaps to complete the hermetic
coverage. Starting from nearest point to the beam interaction, the constituent sub-detectors
are the Tracker, the Electromagnetic Calorimeter (ECAL), the Hadronic Calorimeter (HCAL)
and the superconducting solenoidal magnet delivering axially a magnetic field strength of 4

Tesla, followed by layers of Muon Chambers interspersed with iron Return Yokes.

The main features of the CMS subdetectors are good charged particle tracking, good muon
identification, good electromagnetic energy resolution, and good missing transverse energy,

E?iss and jet resolution.
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Figure 3.6: An illustration of the major components of the CMS detector

Characterization of particles is achieved by examining their interaction with different subde-
tectors as illustrated in Figure 3.7. All electrically charged particles leave a trail of ionization
in the central silicon tracker, and photons/electrons and hadrons deposit all of their energy in
the ECAL and HCAL respectively. Muons, which have low interaction rate in the calorime-
ters, are identified by the muon tracking system at high radius; the magnetic field acts in

opposite direction outside the solenoid hence the muon track points back to its vertex.

3.2.2 The CMS Coordinate System

In the CMS coordinate system, the origin is centred on the nominal interaction point with
the x-axis pointing radially inward towards the center of the LHC ring, the y-axis pointing
vertically upward and the z-axis pointing along the beam direction. The azimuthal angle,¢,
is measured from the x-axis in the x-y plane. The polar angle, 6, is measured between the
line connecting the coordinate to the interaction point and the z-axis. Pseudorapidity, n, is
defined as n = —ln(tan(g)). Distance in the 17 — ¢ plane is measured as AR = /(An)? + (A¢)2.
Momenta and energy measured transverse to the beam, pr and E7 respectively, are computed
from their x and y components (i.e. E% = E2 + E§ for massless particles). The energy
imbalance measured in the transverse plane is denoted by E’;’m (missing transverse energy).

The transverse component of momentum is calculated as pr = psiné.
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Figure 3.7: An illustration of transverse slice of CMS detector with passages of particles
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3.2.3 The Tracker

The closest sub-detector to the beam interaction point is the silicon tracking system. It mea-
sures the trajectories and momenta of charged particles such as high energy muons, electrons,
and hadrons up to |7| < 2.4 [37]. The tracker records the paths (tracks) of the charged parti-
cles which are used for momentum calculations through a magnetic field. In the tracker, two
different silicon technologies are used: pixel and microstrip detectors. Close to the beam pipe
the high particle flux requires small pitch pixel detectors whereas further out the occupancy
drops sufficiently to allow silicon microstrip detectors to be used. As particles travel through
the tracker, the pixels and microstrips generate electric signals which are then amplified and
detected. The tracker, shown in Figure 3.8, has an outer radius of 110 cm, is 540 cm long and

has 75 million readout channels.

The pixel detector records the paths of particles emerging from collision (especially short-

lived particles), shown in Figure 3.9, consists of 3 barrel layers with 2 pairs of endcap disks
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Figure 3.8: Layout of the entire tracker

and provides two hit coverage up to || = 2.2. The barrel layers are located at radii of 4.4 cm,
7.3 cm and 10.2 cm and are 53 cm long. The two endcap disks are located at |z| = 34.5 cm

and 46.5 cm with radii of 6 cm to 15 cm.

In order to maximize the vertex resolution, the pixel pitch has a surface area of =~ 100 x 150
mm?. The pixel spatial resolution is increased by using analogue signal interpolation of the
charge sharing induced by the large Lorentz drift in the magnetic field. Thus the barrel pixel
layers are collinear to the beam and the endcaps are arranged in a turbine-like geometry with
blades rotated by 20°. The spatial resolution is 10 um in r — ¢ and 20 pm in z giving a vertex

resolution of ~ 40um.

The silicon microstrip tracker surrounds the pixel detector and covers the range || < 2.4.
The strip tracker is split into 2 systems, inner and outer, each of which has barrel and endcap
sections. Most detector layers utilize single sided microstrips but some use stereo modules

consisting of two tilted back-to-back modules which provide a 3D hit measurement.
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The modules used in the various parts of the silicon tracker should be explained. The Tracker
Inner Barrel (TIB) is composed of 4 microstrip layers covering |z] < 65 cm, where the first
2 layers use stereo modules with a stereo angle of 100 mrad. The silicon sensors have a
thickness of 320 um and a length of 10 cm. Point resolutions of 23-34 um in r — ¢ and 230 um
in z are obtained depending on the layer. Each inner endcap, Tracker Inner Disk (TID), has
three microstrip layers, the first two of which have stereo modules. The microstip detectors
are 320 um thick with a minimum length of 10 cm. A point resolution of 23-34 ym in r — ¢

and 230 pm in z is obtained.

The outer barrel system, Tracker Outer Barrel (TOB), comprises 6 layers covering the range
|z| < 110 cm with the first two layers using stereo modules. The point resolution varies from
35-52 um in r — ¢ and is constant at 530 um in z. The Tracker EndCaps (TEC) comprise 9
layers over the range 120 < |z| < 280 cm. The first two and the fifth disks have stereo modules.
The microstrips have a thickness of 320-500 wm and a length of 25 cm. A point resolution of

35-52 um in r — ¢ and 530 wm in z is obtained.

Figure 3.9: Layout of the pixel detectors in the CMS tracker
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3.2.4 The Electromagnetic Calorimeter

Surrounding the silicon tracker is the electromagnetic calorimeter (ECAL) which measures
energies of particles. As of particular interest, energies of electrons and photons (they appear
in decay channels of Higgs boson and new physics searches) are measured. The ECAL is
divided into a barrel and 2 endcap sections, shown in Figure 3.10. CMS has chosen 7600
scintillating lead tungstate (PbWOy) crystals to provide precise electron and photon energy
measurement. Lead tungstate crystals are radiation hard, have short radiation lengths (X =
0.89 cm) and are fast (80 percent of light is emitted within 25 ns). This choice allowed a fast,
fine grained and compact ECAL which could be placed inside the coil. PbW O, crystals yield
a relatively low number of photons (30/MeV) and so need to be read out by photodetectors

with an intrinsic gain as photo multipliers cannot operate in the high magnetic field [38].

Figure 3.10: A 3D view of the CMS electromagnetic calorimeter

The ECAL barrel (EB) begins at a radius of 129 cm and covers the range || < 1.479. 61,200
crystals are grouped together to form one of 36 identical supermodules. Each supermodule
covers half of the barrel length. The crystals are mounted 3° off axis from the nominal vertex
position to avoid energy leakage between crystals. Each crystal measures 22 x 22 x 230 mm?

and covers an area of Anp X A¢ = 0.0174 x 0.0174. These crystals are read out by silicon
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avalanche photodiodes (APDs).

The ECAL endcaps (EE) are located 314 cm from the vertex and cover the range 1.479 < || <
3.0. Each endcap is constructed from two Dees consisting of semi-circular aluminium plates
mounting crystals in groups of 5 X 5 crystals, known as supercrystals. The endcaps crystals
are tilted off axis in an x-y grid. A total of 21,528 crystals of dimensions 28.6 x 28.6 x 220

3

mm’ are used in the endcaps. Vacuum phototriodes are used for the endcap readout as they

are more radiation hard than APDs.

A preshower detector comprised of two planes of lead absorber followed by silicon strip
detectors is placed in front of the endcaps, covering 1.48 < || < 2.6. These are used to help
identification of neutral pions in the endcap region where the average pion energy is high

enough to make resolving individual photons difficult resulted by the calorimeter granularity.

3.2.5 The Hadronic Calorimeter

Surrounding the electromagnetic calorimeter is the hadronic calorimeter (HCAL) which mea-
sures energies, positions, and arrival times of hadrons such as proton, neutron, kaon, and pion.
It provides indirect measurements of non-interacting uncharged particles such as neutrinos.
The HCAL was placed inside the magnet coil in order to minimize non-Gaussian energy res-
olution tails and to provide good containment. This required a compact absorber and left little
room for the active medium. Brass was chosen for the absorber because it is non-magnetic
and has a short interaction length (1). Tile/fibre technology was chosen for the active medium
together with wavelength-shifting fibre readouts [39]. The barrel section, denoted HB, spans
the region |n7] < 1.4 and is read out in towers of An X A¢ = 0.087x 0.087 in a single longitudi-
nal sampling. The HB has 15 brass plates comprising 6.5 A thus additional layers, known as
the hadron outer (HO), are placed behind the coil, hadron outer (HO), to act as a tail catcher.
This covers the region |7| < 1.26 and uses the same tower geometry as the barrel. The HO

extends the barrel HCAL depth to over 10 4.

Hadron endcap (HE) disks are located either side of the solenoid coil and span the region 1.3

< In| < 3.0 with towers varying in size from An X A¢ =0.087 x 0.8 x 0.35 x 0.8.

To extend the 1 coverage, a forward calorimeter, hadron forward (HF), is located at the edges

of CMS covering the region 3.0 < || < 5.0. This detector is constructed from steel and quartz
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fibre. These materials lead to shorter and narrower jets which is useful in the high flux forward

region. The sections of the HCAL are shown in Figure 3.11.
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Figure 3.11: Longitudinal view of a quarter of the CMS detector. The HCAL (colored in
yellow) is composed of three main parts, HB, HE and HF, and additional scintillators (HO)
outside the magnet. The muon chambers (colored in light blue) are mixed with the iron return
yoke

3.2.6 The Muon System

The Muon system provides measurements of muons which are like electrons and positrons
but 200 times heavier in the range of || < 2.4 as shown in Figure 3.11 and 3.12. Since muons
can penetrate several meters of iron without interacting, unlike most particles they are not
stopped by any of CMS calorimeters. Therefore, muon detectors to detect muons are placed
at the very edge of the experiment where they are the only particles likely to register a signal.
Detectors are placed at four layers or stations in the barrel and endcap sections of the iron
flux return. Three different types of gaseous detector are used due to the varying radiation and
magnetic environments. The barrel section, covering || < 1.2, uses drift tubes (DT). The high

muon and neutron background environment of the endcaps, 0.8 < || < 2.4, means cathode

50



strip chambers (CSC) are used instead of DTs. Resistive Plate Chambers (RPC) are used in

both the barrel and part of the endcaps, || < 2.1 [40].

The barrel region contains 250 chambers of up to 12 planes of drift tubes. The individual
drift tubes have a cross section of 42x13 mm? and are filled with Ar and CO,. Each drift
tube consists of a central anode wire surrounded by aluminum cathodes. The induced charge
has a maximum drift length of 2 cm or 400 ns. Each station provides a muon vector with a

resolution of 100 um in ¢ and 1 mrad in direction.

The two endcaps use 468 CSCs each of which is trapezoidal and contains 6 gas gaps. Each
gap has a plane of radial cathode strips with perpendicular anode wires. The muon position is
measured from the charge sharing of the radial cathode strips. Each station provides a muon

vector with a resolution of ~ 200 um in ¢ and 10 mrad in direction.

The RPCs consist of a gas gap enclosed by two graphite-coated bakelite plates. The graphite
forms a cathode with an aluminum strip used to read out the generated signal. The RPCs have

a time resolution of ~ 1 ns which makes them useful for identifying the bunch crossing time.

3.2.7 The Trigger System

At /s = 14 TeV the proton-proton inelastic cross section is roughly 100 mb. At design lumi-
nosity (L = 10**cm=25s7") this results in one billion inelastic interactions per second. Given
the LHC bunch crossing interval of 25ns (40 MHz), this yields an average of 20 inelastic
collisions per bunch crossing (event) [41]. Given that CMS has ~ 10% detector channels and
one event comprises ~ 1 MB of data this would give rise to a data rate of 100 TB per second.
Storage systems place a limit of 150-200 MB per second, hence an online selection, trigger,
is used to reduce the event rate to ~ 100 Hz. Moreover, there is no way that data from all
these events could be read out, and even if they could, most would be less likely to reveal new
phenomena; they might be low-energy glancing collisions for instance, rather than energetic,
head-on interactions. Therefore, one needs a trigger that can select the potentially interesting

events, such as those which will produce the Higgs particle or SUSY sparticles.

The CMS trigger is divided into two parts; a fast hardware L1 (Level-1) trigger and a software

High Level Trigger (HLT). The L1 trigger uses custom-built electronics hardware and reduces
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Figure 3.12: Layout of one quarter of the CMS muon system. The RPC system is limited to
In] < 1.6 in the endcap, and for the CSC system only the inner ring of the ME4 chambers have
been deployed

the event rate from 40 MHz to 100 kHz. The HLT runs on a commodity computing farm and

reduces the rate further to ~ 100 Hz for offline storage.

A period of 3.2 us is enough for the L1 decision, but the signal transit time between the
detector and the trigger hardware reduces this to less than 1 us. The L1 trigger only uses
calorimeter and muon information with the rest of the event stored in a memory until the

decision is reached.

The L1 trigger has separate calorimeter (regional and global) and muon triggers, that are all
fed into a global trigger. The regional calorimeter trigger readouts both the ECAL and HCAL
calorimetry in coarse grained samples of one HCAL tower or 5x5 ECAL barrel crystals,
which corresponds to an area of Anp X A¢ = 0.087x0.087. The regional calorimeter trigger

identifies jet, photon and electron candidates (primitives).

The L1 jet trigger sums energy in a 4x4 array of towers which are then combined into a 3x3

array. Thus a jet is formed from a 12x12 array of towers corresponding to approximately a
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square unit in the 7 — ¢ plane. An examplary jet L1 algorithm, which is 7-jet algorithm can
be used to imagine 7-jet-like shapes in towers of ECAL. Central jets are accepted to be 7-jets

as illustrated in Figure 3.13.
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Figure 3.13: The L1 7-jet trigger algorithm showing the acceptable 7-like shapes in the central
region of ECAL

The Global Calorimeter Trigger (GCT) combines the information from the regional calorime-
ter triggers and creates an transverse energy ordered list of each primitive type. The global
L1 trigger combines the information from the GCT and muon trigger and uses threshold cuts

on the primitives to make the accept/reject decision.

Once accepted by the L1 trigger the event is readout and combined by an event builder via a
switched network capable of a data transmission rate of 1 TB per second. Once combined the
event is sent to a processor in the computing farm, which runs the HLT algorithms and makes
the accept/reject decision. Scalability of the system is ensured with the addition of additional
event builders and processor units which use the high speed network to communicate. As
such during the low luminosity phase only a fraction of the total system will be implemented.

As the data rate increases more event builders and processing nodes will be added.

By using a pure software high level trigger maximum flexibility of the reconstruction and
triggering criteria can be achieved. The HLT rejects events as soon as possible by using the
minimum of event information and by performing partial event reconstruction. Full granular-

ity calorimeter information is used, followed by the tracker pixel detector and finally the full
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event is reconstructed using all detectors. If an event passes the HLT it is passed to the offline

computing system together with a list of all primitives that passed the thresholds, the trigger
bits.

3.3 CMS Computing Model

The aim of the CMS Computing Model is to cope with computing requirements for storage,
processing and analysis of CMS detector data. After first year of the start-up (foreseen to be
2010 or 2011), there will be a need of 34,7 PB disk space and 59.5 PB tape space in order
to store and process run data. The CMS Computing Model meets computing requirements

by making use of the hierarchy of computing Tiers (Figure 3.14) as described in the CMS
Computing Project [42].
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Figure 3.14: Tiered architecture and data flow of the CMS Computing Model
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3.3.1 Tiered Architecture

A single Tier-0 center at CERN accepts data from the CMS Online Data Acquisition System,
archives the data and performs prompt first pass reconstruction. Online streams of data arrive
in a 20 day which is called input buffer. They are split into Primary Datasets that are then
linked together to form reasonable file sizes. Primary Dataset RAW data is archived to tape
at Tier-0 and sent to reconstruction nodes in the Tier-0. Resultant RECO Data is linked with

matching RAW data to form a distributable format FEVT (Full Event). RECO data is archived
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to tape at Tier-0. FEVT are distributed to Tier-1 centers (Tier-1s subscribe to data). AOD copy

is sent to each Tier-1 center.

A CMS CERN Analysis Facility provides access to the full RAW dataset and focusses on
the latency-critical detector, trigger, calibration and analysis activities. Activities are directly
coupled to the operations and performance of the CMS detector. In particular, CMS-CAF is
responsible of diagnosing detector problems, providing trigger performance services such as
reconfiguration, optimization and the testing of new algorithms, and calibrations required by
the high level trigger or the initial reconstruction pass. These activities will have the highest
priority at the CAF and will take priority over all other activities. The other tasks are support-
ing the analysis of CMS wide and CERN based users, recording and book keeping services,
provide the central information repository for data management, storing conditions and cal-
ibration data, providing the main software repositories and the documentation repositories,

and other services associated with all Tier-1 centers.

A set of large Tier-1 centers in CMS collaborating countries provide services for data archiv-
ing, reconstruction, calibration, skimming and other data-intensive analysis tasks. Tier-1s
receive custodial data (FEVT and AOD) from Tier-0. Currently stored dataset are kept on
disk and other bulk data mostly stored on tape with disk cache for staging. The main task of
Tier-1s to serve data to analysis groups running selections, skims, and test reprocessing. Most

analysis products are sent to Tier-2s for iterative analysis works.

A more numerous set of Tier-2 centers (including Turkish Grid services provided by TUBITAK
ULAKBIM), smaller but with substantial CPU resources, provide capacity for analysis and
Monte Carlo simulation. Tier-2 centers rely upon Tier-1s for accessing to large datasets and
securing storage of the new data products they produce. Each Tier-2 is associated with a par-
ticular Tier-1 center. Three types of use of Tier-2 resources are worth of discussing: local
community use that is some fraction of the Tier-2 center resources will be fully under the
control of their own local users, CMS controlled use which is Tier-2 resources will also be
used for organized activities allocated top-down by CMS, and opportunistic use by any CMS

member.

Tier-3 centers provide resources for local groups. Tier-3 sites are often relatively small com-
puting installations that serve the needs of the local institutions user community. The facilities

at these sites do not form part of the negotiated baseline resource for CMS, but they are im-
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portant component of the analysis capability of CMS as they provide a location and resources

for a given institute to perform its work with substantial freedom of action.

3.3.2 Worldwide LHC Computing Grid

The mission of the Worldwide LHC Computing Grid (WLCG) project is to build and maintain
a data storage and analysis infrastructure for the entire high energy physics community that
will use the LHC [43]. The data from the LHC experiments including CMS will be distributed
over the world, according to a tiered architecture discussed before. A primary backup will be
recorded on tape at CERN, the Tier-O center of LCG. After initial processing, this data will
be distributed to a series of Tier-1 centers, large computer centers with sufficient storage
capacity. The Tier-1 centers will make data available to Tier-2 centers, each consisting of
one or several collaborating computing facilities, which can store sufficient data and provide

adequate computing power for specific analysis tasks.

The Grid computing connects computers that are scattered over a wide geographic area, al-
lowing their computing power to be shared. Just as the World Wide Web enables access to
information, computer grids enable access to computing resources. These resources include
data storage capacity, processing power, sensors, visualization tools and more. Thus, grids
can combine the resources of thousands of different computers to create a massively powerful

computing resource, accessible from the comfort of a personal computer.

The grid was designed to provide an advanced computing infrastructure suitable for collab-
orative problem solving within science and engineering. Resources, both computational and
storage, were shared among collaborating institutions within a dynamic Virtual Organisation
(VO). The VO comprises individuals based at different institutions around the world all work-
ing towards a common goal. The ultimate aim of grid computing was to provide ever present
access to resources such that the user did not need to know where their work was carried out.
They simply interacted with the grid and resources were provided. The grid was named by
analogy with the power grid: users should consume computing power much as they consume

electricity, without knowing the details of how or where it was generated.

The Worldwide LCG Project [44] depends upon several other projects for the supply of

much of the specialized software used to manage data distribution and access as well as job
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submission and user authentication and authorization, known as the Grid middleware. These
projects include Globus, Condor, the Virtual Data Toolkit and the gLite toolkit. The majority
of the computing resources made available by the members of the collaboration are operated
as part of the EGEE (Enabling Grids for E-sciencE) Grid , a consortium of national Grid
infrastructures and computing centres from 34 countries including Turkey. Other resources
are operated as part of other grids, such as the Open Science Grid (OSG) in the United States
and the Nordic Data Grid Facility (NDGF). Achieving interoperability between different grids

without compromising on the functionality constitutes a major challenge.

The interaction that the Grid provides between users and components of a complex software,
middleware architecture can be seen in Figure Figure 3.15. The User Interface (UI) was the
gateway to the grid for users. The installed software allowed the user to manage data and

submit computational jobs.
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Figure 3.15: An overview of the major LCG components

Data was stored on a site Storage Element (SE) and recorded in a global file catalogue, known
as the Replica Location Service (RLS) or Replica Catalogue. By using the client tools a user
could copy data to/from and between SEs. Queries on the RLS were used for data discovery

and location.
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The Workload Management System (WMS) was provided by the Resource Broker (RB). The
role of RBs was to accept users jobs and take responsibility for assigning them to a site
for processing. The Computing Element (CE) controlled the processing at a site, receiving
jobs from the RB and scheduling them for execution on the site Worker Nodes (WNs). The
Logging and Bookkeeping (LB) system recorded changes in job state and was queried by users

to determine the state of their jobs.

The Information Services (IS) listed all the RBs, CEs and SEs and was used by each system,

and end users, to discover and obtain information about the other components.
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CHAPTER 4

INTRODUCTION TO CMS SUSY ANALYSES

This chapter is dedicated to CMS software framework as a large collection of software tools
which is necessary for any physics analysis effort with the CMS detector. SUSY PAT (Physics
Analysis Toolkit) is an analysis tool adapted to needs of hadronic SUSY searches compromis-

ing both event cleaning and trigger selection tasks.

4.1 CMS Software Framework

The CMS collaboration has put effort in building a common framework and developing soft-
ware packages which enable analysis tasks of any kind to be carried out in a consistent way.
These analyses include evaluation of detector performance to analysis of data, from beam tests
to physics simulation. Currently, the software is constantly being updated and the framework
itself is still evolving; ultimately, there will be a solid framework with a set of common tools
for all the CMS data analysis when the LHC switches on. The details of the CMS computing
model and software architecture can be found in [36]. The current CMS software (CMSSW)
framework can be described generally in two parts: Core Software and Physics Software, as

shown in Figure 4.1.

4.1.1 Core Software

The overall collection of software, CMSSW, is built around a framework, an Event Data
Model (EDM), and services needed by the simulation, calibration and alignment, and recon-
struction modules that process event data so that physicists can perform analysis [45]. The

framework and EDM facilitates the development and deployment of reconstruction and anal-
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ysis software.

The CMSSW framework implements a software model wherein there is one executable, called
cmsRun, and many plug-in modules which run algorithms. The same executable is used
for both detector and Monte Carlo data. This framework is distinct from a more traditional

approach in which several executables are used, one per task or set of tasks.

The CMS EDM is based on the concept of an event as a C + + object container for all raw
and reconstructed data regarding a physics event. During processing, data are passed from
one module to the next via the event, and are accessed only through the event. All objects
in the event may be individually or collectively stored in ROOT files, and are thus directly
accessible in ROOT [46]. ROOT is an object-oriented data analysis and statistics software
package used for event data manipulation such as plotting, fitting, variable cutting, and so
forth. Further, the framework also takes into account CMS detector description. As will be
discussed later, both reconstruction and simulation tasks require the geometry of the detector

including size, shape, material type, and position.

Data and Workflow Management tools of the CMSSW framework have many tasks which are
being implemented. The most important ones are dataset bookkeeping and world wide trans-
fer tasks (as discussed in WLCG subsection before), data location services, and many others
[47]. HLT and Data Quality Monitoring (DQM) include event filtering, online selection, beam
testing and others inside the CMSSW framework to be implemented later in physics analyses

[48].

4.1.2 Physics Software

Event generators simulate creation of particles from a single proton-proton scattering event
and their further decays until they reach a stable state within the scope of the experiment. The
event data output from the generators are in the form of four-momentum vectors assuming the
primary vertex position is at the center of beam axis. The proton-proton scattering event is
then placed in a simulated detector environment with a suitable smearing of the vertex point.
The interactions of the particles with the detector elements as well as the dead material are
simulated and interpreted in terms of signal output from the read-out electronics. A variety of

event generators are currently used in CMS. They range from general-purpose ones (Pythia,
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Herwig, Sherpa) to more specific ones (Matrix Element calculators like ALPGEN, MadGraph,
MCatNLO, and so on) [49]. Two different types of simulation are currently being used
in CMSSW framework. The first one is Full Simulation [50] which is based on Geant4

simulation toolkit [51] and the second one is named Fast Simulation [52].

. CMS Software Framework (CMSSW)

Core Software

1

Framework and EDM |

—l Data and Workflow Management Tools |

— HLT and DQM |
Physics Software
Simulation
L1 Software

Calibration and Alignment

Reconstruction

INNNNI

Analysis Tools

Figure 4.1: CMS software framework common tools

CMSSW covers L1 software option which makes appropriate L1 trigger decisions on event
selection [53] and also detector calibration and alignment modifications are directly fed into
the framework [54]. The offline event reconstruction in CMSSW is performed in multiple
sub-systems which are responsible for reconstructing basic detector objects (e.g. tracks, hits,
jets) and physics objects (e.g. electrons, muons, jets). The reconstruction of objects is carried
out on demand, and a user has an access to the fully reconstructed objects through a common

interface, ROOT [55].

Finally, CMSSW puts all those software tools together in a compact and easy-to-use frame-
work with Analysis Tools for physics studies [56] and with a visualization tool, IGUANA for
visualizing the event data in three dimensions [57]. The analysis tool of CMSSW framework,

PAT, should be explained next.
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4.2 PAT Algorithm

The Physics Analysis Toolkit (PAT) provides required algorithm tools for doing analyses in
the framework of CMSSW. It meets both requirements of user-friendliness and flexibility,
by providing an easy and configurable interface to the physics objects with cleaning options
performed for the event as a whole [58]. In order to understand use case of PAT, one needs

to first develop an understanding throughout the workflow of the toolkit layer-by-layer.

4.2.1 PAT Layers

The workflow of the PAT consists of three layers each having specific tasks to be implemented
by a user as shown in Figure 4.2. The first layer, Layer 0 takes the input standard reconstructed
objects in CMSSW data format containing relevant output of reconstruction, RECO or in a
more compact data format, AOD (Analysis Object Data). CMSSW data formats including
RECO and AOD should be explained:

1. RAW: This is the output format of the HLT (High Level Trigger) farm. It contains data
from all detector channels as well as the Level 1 and HLT bits. Target data size is the

largest.

2. RECO: This is the output from event reconstruction of the RAW data, where, objects
(tracks, vertices etc.) have been reconstructed and calibrations applied. The target event

size is smaller than RAW data.

3. AOD: This is the output from further reconstruction (reprocessing) of RECO data.
Physics objects (electron, muon, photon, jet, tau etc.) have been reconstructed and
calibrations applied. This is expected to be the primary data used in analysis. The

target event size is smaller than RECO and RAW data sizes.

4. TAG: This format indexes other event data and is the output from skimming of event
data. This process is used to identify events with similar characteristics (b quark tag-

ging, tau tagging). This format has not been implemented yet.

Layer O performs cleaning and association tasks to the content stored in either RECO or AOD

data formats. Cleaning process includes removing duplicate physics objects and fulfilling nec-
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essary isolation criteria. Cleaning or object clean-up is called cross cleaning in the language
of PAT and has special importance to this thesis, should be explained in detail in Cross Clean-
ing subsection. Further, MC matching, trigger matching including both L1 and HLT trigger

primitives, jet and E?”S corrections, and b- and tau-tagging tasks can also be performed on

this layer.
pat::Object
Clean reco::Candidates recoCandidate
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Figure 4.2: Workflow of PAT

The second layer, Layer I takes the information gathered on Layer O and collapses into
more compact objects, namely PAT objects as shown in Figure 4.3. These physics objects
like muons, electrons, photons, jets and others are reconstructed and stored in a form of
reco::Candidate model in the namespace of pat:: as pat::Muon, pat::Electron, pat::Photon,
pat::Jet, and for other objects which contain all relevant information including kinematics
variables, isolation information, track information, vertices and so forth. The last layer is
Layer 2, which is optional for analyses; one can define more specific event hypotheses in

advance level with this layer [59].
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pat::Object<ObjectType>
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Figure 4.3: PAT framework objects

pat::Object<LeptonType>

4.2.2 SUSY PAT Algorithm

SUSY PAT algorithm is configured PAT interfaces tailored to needs of SUSY analyses in CMS
detector software framework [60]. The algorithm to be compiled works under any compatible
CMSSW, but CMSSW 1.6.12 version is a matter of choice being free of any possible technical
error for the implementation. The algorithm contains interface classes, library of selectors,
and two example codes for the hadronic SUSY searches. Installation of SUSY PAT algorithm
package is remarkably simple provided that a working CMSSW environment is set up. Once
installation is achieved, two subpackages are offered under SusyAnalysis working directory,

namely, AnalysisSkeleton and EventSelector. These subpackages should be explained in turn.

AnalysisSkeleton includes necessary codes concerning object classes and configuration files
with two ready-to-use example codes; one is for general fully hadronic channel SUSY searches,
the other one is for SUSY searches with di-jet events. Further, this subpackage is used for
object cross cleaning. On the other hand, EventSelector covers a wide range of event selec-
tors which are capable of computing physics variables of interests for end users. Particularly,
full decisions to events selection are provided with this subpackage for final physics analyses.
Event selectors are subject to editing and removing or a new event selector can be added by
users in a flexible manner. Available SUSY PAT event selector libraries and their correspond-

ing selections are given in Appendix A.
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4.2.3 Cross Cleaning

Information on physics objects (electron, muon, tau, jet, photon, and so on) are provided
by different Physics Objects Groups (POGs) of CMS collaboration are not cross-checked for
overlaps [61]. Overlaps of physics objects occur when they are reconstructed from the same
deposit of energy found in CMS calorimeters. This can affect event counting and identification
in a wrong way such that one type of physics object can appear in a collection of other type
physics object. Thus, the aim of cross cleaning is to post-process against overlaps of different

physics objects.

SUSY PAT algorithm provides ease-of-use cross cleaning processes as electron-jet cleaning,
photon-jet cleaning, muon-jet cleaning, and electron-photon cleaning. For the analyses chap-
ters of this thesis, both electron-jet and muon-jet cleanings are implemented. An exemplary
cross cleaning procedure, which is electron-jet, should be given specifically to explore the

details of implementation.

The electron-jet cleaning begins with finding an electron which appears inside a cone of a jet,
that is to search for an electron and a jet which are reconstructed from the same energy deposit
in the detector. Then, electron and jet overlap and both share a common energy called Epgreq-
This energy is electromagnetic energy which is deposited inside tower crystals of calorimeter
and must be bigger than zero in order to perform cleaning. If electron is isolated and Epgreq
is bigger than 70 percent of jet energy, then jet is removed. If electron is isolated, but Egreq
is smaller than 70 percent of jet energy, then E .4 is subtracted from energy of jet and both
objects are kept. The last possibility, if electron is not isolated yet and the shared energy is
above a threshold, then electron is removed and the shared energy is subtracted from energy

of electron to be added to jet. See the illustration of electron-jet cleaning in Figure 4.4.

4.3 Monte Carlo Data Samples

Having discussed the analysis framework, SUSY PAT, the details of Monte Carlo samples
including both signal and background data samples used in the analysis chapters of this the-
sis should be clarified. Further, trigger decisions which are accommodated to data sample

production on Layer 1 of SUSY PAT are to be explained in this section.
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Input Monte Carlo datasets of 2007 production of CMS collaboration, namely CSA07 data
samples, where it stands for Computing, Software and Analysis challenge of 2007 [62]
are subject to use in this thesis. The datasets were produced with CMS software version
of CMSSW 1.6.7, but used under CMSSW 1.6.12 in analysis chapters of this thesis. Both 10
pb~! and 100 pb~! calibration and alignment constants were used in reconstruction of CSA07
data samples. The CSAQ7 data consists of more than 150 million events, for that reason, only

the background and signal samples which are used in this work will be explained.
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Figure 4.4: Illustration of electron-jet cleaning

Both CSAO7 signal and background samples are processed on Layer 1 of SUSY related PAT,
which are called Layerl production samples or PAT-ified samples. Both electron-jet and
muon-jet cross cleanings are applied and data samples are scaled to 1 fb~! integrated lu-
minosity, 95 Ldt, where L is luminosity. Appropriate physics triggers are added to the analysis

path which is left to be explained in SUSY Triggers subsection.

Layerl production of data samples which are used in this thesis for final analyses, though

being in AOD data format and occupying less disk space, are stored in CMS CAF (Cern
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Analysis Facility) storage elements [63]. The CMS CAF provides general services for the
whole CMS collaboration including user logins, database support, production bookkeeping,

and software repositories.

4.3.1 Signal Samples

Low mass mSuGra test points (benchmark points), LM1-9, are the signal data samples to be
used to explore a search strategy for SUSY parameter space. Low mass SUSY signal samples
are generated by Pythia [64] and cross sections are estimated by PPROSPINO1 [65] for
both leading and next-to-leading orders. LM1-9 samples with their estimated cross sections

in SUSY parameter space are given in Table 4.1.

Table 4.1: CSA07 Monte Carlo low mass SUSY samples.

Samples | mo (GeV) | my2 (GeV) | tanB | Ay | sign(u) | o(pb) LO | o(pb) NLO
LM1 60 250 10 0 + 54.86 43.28
LM2 185 350 35 0 + 9.41 7.27
LM3 330 240 20 0 + 45.47 34.20
LM4 210 285 10 0 + 25.11 19.43
LM5 230 360 10 0 + 7.75 5.96
LM6 85 400 10 0 + 4.94 3.84
LM7 3000 230 10 0 + 6.79 3.82
LMS 500 300 10 | -300 + 12.19 8.81
LM9 1450 175 50 0 + 39.79 23.28

4.3.2 Background Samples

Background samples are necessary to simulate possible contributions which come from Stan-
dard Model processes like QCD and EWK processes to SUSY signal searches. Particularly,
CSAOQ7 Layer] productions of soups are used to simulate QCD and EWK processes which
represent SM background to SUSY. Here, soups contain different processes, but, Gumbo con-
tains mostly QCD processes and Chowder contains only EWK processes. Gumbo is gener-
ated with Pythia [64] and Chowder is generated by ALPGEN [66]. Table 4.2 summarizes
the background data samples which are scaled to 1 fb~! integrated luminosity with processes

each soup contains [67].
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Table 4.2: CSA07 Gumbo and Chowder soups.

Background Samples Soup Physics process Number of Events
QCD Gumbo Hard QCD di-jets, 6165643
photon+jets,
Minimum bias events
EWK Chowder W+jets (up to 5 jets), 1549168
Z+jets (up to 5 jets),
tt+jets (up to 4 jets) events

In Table 4.2, both Gumbo and Chowder soups are skimmed samples, skim refers to a filter
applied peculiar to interest of a CMS collaboration group, here JetMet is the group which
provided Gumbo and Chowder with event filters, skimmed data samples, according to needs
for SUSY searches. Further, as it is a matter of preference to know number of events and also
integrated luminosity values for Gumbo and Chowder instead of knowing their proper cross
sections. Since, when different processes get mixed together into a big soup, they cannot
all go in with their proper cross sections, we would only have QCD, so some processes are
reduced with respect to others. To compensate for this reduction, a weight is given to each
event. In analyses chapters of this thesis, this weight information is included when calculating
numbers of events of a given process passing a certain selection, or when plotting a certain
event variable integrated over various processes. In principle, the event weight is calculated by
the cross section times luminosity divided by the number of events of a given process that are
in the soup. When a generator level filter has been applied, skimmed, this artificially enhances
the cross section, so the event weight is multiplied by the filter efficiency. In practice, for the
CSAOQ7 soups, the calculation of the event weights is non-trivial. The number of events of
every process that actually make it into the soup has to be exactly known. Some processes are
overlapping (e.g. Minimum Bias contains also soft QCD) and care needs to be taken to avoid

double counting.

Having discussed skimmed and weighted QCD and EWK Layerl production data samples
to be used in this thesis, there is one more background to SUSY, which is invisible decay
of Z boson. Here, Z boson decays into a neutrino and an anti-neutrino, which represents
an irreducible background to SUSY. Invisible Z background is generated by Pythia [64]
and scaled to 1 fb~! integrated luminosity. To sum up, all signal and background Layer 1

production of data samples which are used in this thesis can be listed as follows:
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SUSY low mass signal samples: LM1-9 (Pythia),

QCD extracted from Gumbo (Pythia),

EWK #f + jets,W(— lv)+jets,Z(— [])+jets from Chowder (ALPGEN),

Invisible Z (— vv) (Pythia).

4.3.3 SUSY Triggers

Having clarified Monte Carlo data samples, PAT Layer] weighted and skimmed productions,
to be used, the available CSA07 SUSY skims including specific trigger paths should be dis-
cussed. It is a matter of fact that every physics analysis should include specific physics triggers
taking into account detector performance that select the event to be analyzed. CMS collabora-
tion SUSY group has afforded available skims taking care of trigger needs of SUSY analyses
[68]. The available SUSY skims are given in Appendix B.

As this thesis presents a search strategy in a fully hadronic channel with jet event topologies,
then hadronic searches skims which are JetMet or JetMet-HLT should be picked up from
Appendix B. And these JetMet skims offer HLT1jet and HLT2jet trigger streams to select 1

jet and 2 jet events to be studied in a fully hadronic channel.

Thus, two trigger paths are used for event selection. The first one is HLT1jet trigger path with
L1 trigger level jet selection of L1-SingleJet150 (single jet L1 trigger) such that it requires one
jet with transverse energy greater than 150 GeV. The second trigger path is HLT2jet trigger
path with either LI-SingleJet150 or L1-DoubletJet70 (double jet L1 trigger) such that two jets

having transverse energies greater than 70 GeV each are required.
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CHAPTER 5

DI-JET EVENT TOPOLOGY

5.1 Motivation

Two quarks are considered to be producing two squarks (qg — gg) which decay into two
quarks and two neutralinos, where two quarks offer two energetic jets and neutralinos imply
missing energy and momentum in the detector. Squarks are thought to be pair-produced
and have largest branching ratios to decay directly to neutralino which requires squark to be
lighter than gluino (mquark < Mgiuino) such that there is no cascade decay through gluinos
[69], [70]. See Figure 5.1 as an example decay chain to squark-squark production (squark

pair production).
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Figure 5.1: Squark-squark production as an example decay chain for SUSY di-jet event topol-
ogy
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5.2 Event Kinematics

The event kinematics is based on two highest energetic jets (with two highest momentum
transfers associated with them). The two leading jets are reconstructed in 7 — ¢ space of the
CMS detector that is called transverse plane (plane perpendicular to beam axis). Furthermore,
two important kinematical variables are used to investigate into di-jet kinematics which are
named alpha variables: o/ and a/’Tj . The definitions of these alpha variables for di-jet case are

given respectively as (see also Appendix C):

. EP
all = % (5.1
iﬁv
and 5
. E’
o = —L (5.2)
T M
inv, T

where, EJT.2 is the transverse energy of the second hardest jet while lenjv and MY r are the

inv,

invariant mass and the transverse invariant mass of two leading jets system which can be

given as follows:

ML, = BN + ER2 - (1 + )2 (53)
and
i 1 2 il | )2
ML, = NE + ER? = 5+ B2 (5.4)

In addition to the above mentioned alpha variables, HT// is to be used as scalar sum of
transverse momentums of first and second jets and MHT// vector is to be used as negative
vector sum of transverse momentums of first and second leading jets. The two kinematical

variables can be formulated as follows

HT/ = pi! + pP? (5.5)
and
MHT = ~(3l! + pP). (5.6)

The geometry of di-jet events in transverse plane is associated to the those mentioned kinemat-
ical variables with A¢// giving the difference in azimuthal angles of first and second leading
jets on the same transverse plane, Ag(MHT//, j) giving the both differences in azimuthal an-
gles between MHT// vector and first jet and second jet separately, and 7 (pseudorapidity)

which is often used to locate events in longitudinal coordinate of the detector.
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The last word with event kinematics is that this thesis does not invoke missing transverse
energy, E?"” explicitly with alpha variable, this is because of there are other causes of missing

transverse energy like jet mis-measurements this is not something one wants to encounter.

5.3 Event Selection

5.3.1 Pre-selection

The event selection begins with pre-selection. At least three reconstructed jets are pre-selected
with pr > 20 GeV within a cone of radius AR = 0.5 inside 7 range of || < 5. At least one
primary vertex is selected. The jets are required to be fully hadronic with F,,, < 0.9. F,,, is
the electromagnetic fraction and defined as percentage of total energy of jets which is found
in the electromagnetic calorimeter of the detector. Thus, hadronic jets are defined in this study
as the jets leaving some energy smaller than 0.9 % of their total energy in the electromagnetic
calorimeter before passing to the hadronic calorimeter. Furthermore, pre-selection includes
lepton veto that is no electron, muon, and tau requested with pr > 10 GeV. This pre-selection

is achieved by EventSelector class in SUSY PAT analysis framework.

5.3.2 Datasets and Trigger

Low mass mSuGra point 1, LM1 is used as an exemplary signal sample for SUSY having the
biggest cross section among other low mass points 2-9. SM Background samples are selected
to be QCD events, EWK events, and additionally invisible Z decay channel events. Both
SUSY signal and Standard Model (SM) background samples are simulated and scaled to 1

fb~! integrated luminosity. The summary of data samples are as follows:

SUSY LM1-9 (Pythia),

QCD extracted from Gumbo (Pythia),

EWK 1 + jets, W(— lv)+jets,Z(— ll)+jets from Chowder (ALPGEN),

Invisible Z (— vv) (Pythia).

The trigger path is selected as 2 jets trigger, namely HLT2JET trigger with JetMet skim.
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5.3.3 Full Selection

The full event selection which is considered for this MC analysis with di-jet events in a fully

hadronic channel can be listed as below:

Pre-selection and HLT2JET trigger path,

Vetoing electron, muon, and tau with pr < 10 GeV,

Two leading jets with pr > 50 GeV and F,, < 0.9,

Vetoing the third jet with p7 < 50 GeV,

/2] <5,

HT > 500 GeV (signal-to-background optimization).

5.4 Analysis Results

After the full selection, 7/! versus pJT'1 and 7/? versus p’T.2 distributions are considered to see
transverse momentum distributions of first and second jets with respect to corresponding 7s.
While SM background events including QCD, EWK, and invisible Z have wider transverse
momentum distributions for the first jet, SUSY signal is observed to have narrow transverse
momentum distribution along corresponding 7 axis as shown in Figure 5.2. For SUSY signal,
transverse momentum of first jet is more centrally distributed and there occurs few events
outside a region of |/!| < 2.5. For that, a cut on 7 of first jet is added to the cut flow due
to high number of events rejection for background processes as well. On the other hand,
the cut of /2| < 2.5 is not appropriate for the second jet such that this cut will throw more

SUSY events in contrast to the first case, though it still can reject higher number of events for

background as shown in the Figure 5.3.

In the course of this study, an important aspect of MHT// vector was noticed which might be a
thread for the di-jet system, that is, the vector was realized to be pointing in the same direction
of CaloMET, missing energy (mostly understood in QCD di-jet events) in calorimeter that
meant to have some jets that can be mis-measured within the same direction of missing energy.

Since, in this study, E’T”i“‘v is not taken into account explicitly and jet mis-measurements are
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strongly avoided, then it is required not to have jets within a cone of radius, AR smaller
than 0.3 around the direction of missing E;”'”, where E7 is taken to be harder enough like
Er > 30 GeV. So all the plots given from that point are obtained right after full selection
with Inﬂl < 2.5 (as discussed before) and Ap(MH T, j) < 0.3 cut, where j can be the first,
the second or the third jet though the third jet is vetoed beforehand. The raw distribution of
AG(MHT//, j) should be flat for both SUSY LM1 and SM background that can be seen in
Figure 5.4, which is already discussed to be an insurance against jet mis-measurements. After

that the resulting HT// plot appears to be as in Figure 5.5 and MHT// plot as in Figure 5.6.

The most important interpretations can be made with alpha kinematical variables that are de-
fined before is that QCD has sharp drops around o/ = 0.5 and also around a/’Tj = 0.5 and
there left hardly any QCD events after a// > 0.5 and a’}j > 0.5, while SUSY signal, EWK,
and invisible Z backgrounds still have considerable number of events, see Figures 5.7 and
5.8. Alpha cuts are very strong in terms of rejecting QCD events for signal-to-background
enhancement. Thus, alphas are useful variables since certain ranges of alphas are predom-
inantly occupied by SUSY events, but SM background (especially QCD events) is strongly

diminished.

Another good approach for rejecting background events against SUSY signal is to use A¢//
variable. In Figure 5.9, it is clearly seen that there left nearly 2 or 3 QCD events in a region
where A¢// is smaller or equal to 2.0 radian while EWK, invisible Z, and SUSY signal have
flat distributions of di-jet events along the azimuth. Basically, the main task is to reduce QCD
events being the most dominant background to SUSY (QCD background has the largest cross
section among EWK and invisible Z). Moreover, it has been already studied that most of the
QCD di-jets are back-to-back [70] that means A¢ff = 7 (3.14 radian). For that reason, it is
proposed to reject QCD background with a cut of A¢// variable where it is smaller than 23—”
(2.1 radian).

As already been pointed out, @//, @/, and A¢#/ variables can separately be used to reject QCD
background to enhance SUSY signal. Besides, using these three important variables together
or partially together to see whether signal can be discriminated from background processes is
also inside the scope of this study. For that purpose, A¢// variable versus a// plots have been
studied to see whether this combination can achieve a high signal over background result or

not. As it is seen in Figure 5.10 that A¢// < %” and &’/ > 0.55 cuts will be enough to dismiss
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all QCD events. In a similar manner, the combination of A¢// < 27” and a¥ > (.55 can also
dismiss the all QCD events as it is seen in Figure 5.11. It is a matter of fact that o/ and a]fj

variables can still alone dismiss all QCD events without any restriction on A¢’/ variable.

After all the work done for event cut flow and event variables plotting, next thing is to look
at events surviving each subsequent cut for both SM background and SUSY signal on the
way of signal-to-background calculation for a// > 0.55 and a¥ > 0.55 and A¢// < 23—” cuts.
As it is summarized in the Table 5.1, the final selection for this study appeared to include
full selection, Injll < 2.5, and A¢(MHT//, j) < 0.3. Further, a// > 0.55, a/¥ > 0.55, and
AplT < 23—” cuts applied respectively in order to see the signal yields and number of events
surviving after these cuts for SM background. Following these individual cuts, a/]Tj > 0.55

and A¢// < 23—” cuts applied together.

Table 5.1: Number of events surviving after full selection and each subsequent cut for SUSY
and SM background with corresponding signal-to-background (S/B) and significance values
(S/VB) at 1fb~" integrated luminosity.

Samples | Fullsel. | @/ >0.55 | ay/ >0.55 | A¢"/ < Z | a7/ >0.55+ A¢// < &

SUSY-LM1 | 1725 220 425 664 418
QCD 3.0x109 0 0 2 0
EWK 2297 7 20 38 18
Invisible Z | 232 19 56 90 55
Total Bkg. | 3.0x10° 26 76 130 73
S/B 8.5 5.6 5.1 5.7

S/ VB 432 48.8 58.2 49

The interpretations that should be made for the signal-to-background optimizations for SUSY
is that a// > 0.55 cut gives the highest signal over background value that is this cut is all
enough to suppress background. Additionally, it is also noticed that A¢// < 23—” cut gives the
highest signal significance value among values of other cuts applied. However, A¢// < %’T

cut is not alone enough to reject all QCD events as there left still 2 events surviving. For that

reason, a/‘;j > 0.55 cut applied with A¢// < %’r cut and there left no QCD events surviving

and S/B rose to 5.7. Thus, the final remark is to study a// variable, cy]T'j variable, and cy]T'j and
A@¢’7 variables together, the first one giving the highest S/B value, the second one yields more
SUSY LM1 events, and the third alternative for having considerable high S/B and significance

values with a requirement rejecting all QCD events.
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Figure 5.3: njz versus pjT'2 distributions for QCD (red boxes), EWK (blue boxes), invisible Z
(green boxes), and LM1 (black boxes)
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So far the discriminating power of alpha variables is not used for other SUSY mSuGra points:
LM2-9. In Figure 5.12 and Figure 5.13, o’/ and o}/ distributions for LM1-9 are shown,
respectively. LM1 gives the highest statistics among LM?2-9 points in terms of alpha variables.
Now, using the same full events selection that was shown in Table 5.1, the same alpha cuts can
be applied to calculate signal-to background and significance values. Signal yields, signal-to-
background ratios, and significance values for LM2-9 points are found to be not as high as
those found for LM1, as can be seen in Table 5.2. Further, LM4, LM3, and LM2 points have
the highest signal yields, respectively, and corresponding calculations. For LM7 signal point,
there left no event after a// > 0.55 and a¥ > (.55 cuts separately applied (event value smaller
than 1.0 is taken 0O, for example 0.2 event counted to be 0 which makes sense for a physical

event).

Table 5.2: Signal yields, S/B ratios, and S/ VB values for LM2-9 signal points after a// >
0.55 and a’T] > (0.55 cuts separately for the same full selection which was shown in Table 5.1
(at 1 fb~! integrated luminosity).

SUSY Samples a/l > 0.55 aj > 0.55
Yields S/B S/VB | Yields S/B S/VB

LM2 62.7 2.4 12.3 | 1282 1.7 14.7
LM3 70.6 2.7 13.6 | 135.0 1.8 15.5
LM4 94.0 3.6 18.4 | 192.6 2.5 22.1
LM5 34.5 1.3 6.8 73.7 1.0 8.5
LM6 31.8 1.2 6.3 66.6 0.9 7.6
LM7 0 0 0 0 0 0

LM8 6.1 0.2 1.2 13.0 0.2 1.5
LM9 2.2 0 0.4 4.9 0 0.6

The other important interpretation is that signal yields for LM2-9 points are doubled after
a]T'j > 0.55 cut as being a comparison to signal yields after o’/ > 0.55 cut applied. The same
result is also observed in Table 5.1, for LM1 point is that a¥ variable is more useful than
@’/ variable when it comes to a point where one needs more signal yield. Hence, we can
propose to exclude LM7 point (yielding O number of event after alpha and transverse alpha
cuts, and accordingly having no sufficient signal-to-background and significance values) with
alpha variable studies and accommodate LM4, LM3, and LM2 SUSY signal points to LM1

as being alternative signal points.
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CHAPTER 6

EXTENSIONS TO 3-JET AND 4-JET EVENT TOPOLOGIES

6.1 3-jet Event Topology

6.1.1 Motivation

The success of SUSY di-jet study with alpha variables in terms of signal and background
separation without using detector-escaping missing energy [70] inspired the extension of di-
jet event topology to 3-jet event topology. By combining two of three jets into a single jet
can easily reduce 3-jet decay channel to di-jet case. One decay path which would give three
energetic jets is the creation of a squark and a gluino (gg — gg). The gluino, being heavier
than squark, decays into a quark and a squark, this squark decays into a quark and neutralino

as similar to one discussed for di-jet case (Figure 6.1).

X
q N ‘..’ q
9%
g g 4
Q. "::‘*
g4,
for S
2

Figure 6.1: Squark-gluino production as an example decay chain for SUSY 3-jet topology
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6.1.2 Event Kinematics and Selection

The event kinematics is based on three energetic jets. Three jets can be handled in a way that
this topology can be investigated into similar to di-jet event topology by combining two of
three jets into a single jet. Based on this requirement on event kinematics of three leading jets,
we can now define new alpha variables (both normal and transverse ones) similar to ones used
in Chapter 5. But in this case, different combination of jets to be reduced to a single jet should
be considered. For that, there will be three normal alpha definitions and three corresponding

transverse alphas with a total of six to be used and they are defined in this thesis as follows:

I R 2
iii min[E}, (E}. + E7)]
ol = , 6.1)
M
my

- 2
i min[EY, (Ey. + E7))

17 = i ’ (6.2)
inv,T
. i2 i1 i3
Jii min[Ey, (Ey. + E7)] 63
alli = L (6.3)
M
my
. i2 i1 i3
jij _ minlEL(EL + EP)
o = ] , (6.4)
’ Minv T
R B
Wi = min[Ey , (E7 + E7)] 65)
23 Jii ’ :
my
il g2 i3
Wi min[Ey , (E7 + E7)] 66)
23T — i : :

inv,T

M7 and M:

paee ; r{ v]  are the invariant mass and the transverse invariant mass of three leading jets

system which are given as follows:

i - 1 2 1 EBY2 — (il + B2 + 33)2
M, = \/(Ef + EJZ + EP)? — (pIt + pi= + pl) (6.7)
and
il i2 i3 il )2 -j3
MU = JE + EP + BV - (5] + P+ PR 63)

As should be noticed that minimum combinations of transverse energies of jets are used in
the numerators of alpha expressions above such that two jets could be combined into one jet

and to be parallel to di-jet alpha definitions (transverse energy of second energetic jet was
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used in the numerators for di-jet alphas which was the smaller one). In addition to the above
mentioned alpha variables, HT/// is to be used as scalar sum of transverse momentums of
three leading jets and MHT//J is to be used as negative vector sum of transverse momentums

of three leading jets. The two additional kinematical variables can be formulated as follows:

HT/ = pjT.1 + pJT.2 + pJT.3 (6.9)
and
MHT = ~(B' + B + ). (6.10)

The event selection is similar to di-jet event topology including pre-selection, but this time,
the third jet is allowed to pass through with p]; > 50 GeV and the fourth jet is being vetoed
with p? < 50 GeV. In addition, 2 jets and 1 jet high level triggers are used together, namely
HLT2JET and HLT1JET triggers to select three leading jets system as being one different
event selection from di-jet case. From the lesson learned from di-jet study, the first leading jet
is still been considered inside a region of |/!| < 2.5 as can be treated to be signal-background
optimization, and the second and third jets are considered with the requirement of |/>/3| <
5.0. Moreover, the same data samples are used for three leading jets system study including
SUSY LMI1 signal sample, QCD sample from Gumbo, EWK sample from Chowder, and

invisible Z sample. Thus, the full event selection can be summarized as follows:

e Pre-selection and HLT2JET and HLT1JET trigger paths,
e Vetoing electron, muon, and tau with pr < 10 GeV,

o Three leading jets with pr > 50 GeV and F,,, < 0.9,

e Vetoing the fourth jet with py < 50 GeV,

o n/l <25,

o [p/>7| <50,

e HTJi > 500 GeV (signal-to-background optimization),

o A¢(MHT/JJ, j) < 0.3, where j can be any jet among three leading jets (insurance against

jet mis-measurements).
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6.1.3 Analysis Results of 3-jet System

Transverse momentum distributions of three leading jets and the fourth jet are given in Figure
6.2. In Figure 6.3, n distributions of three leading jets and a possible fourth jet though it is
vetoed beforehand are given. SUSY LM1 point is more centrally distributed along r than SM
backgrounds to SUSY. It is a matter of fact that first leading jet is more centrally scattered
than second and third leading jets in the detector. Additionally, HT/// and MHT//J plots are
given in Figure 6.4 and Figure 6.5 respectively. Here, HT/// > 500 GeV is already studied
and known as signal-background optimization [27] and MHT/// distribution gives missing

momentum vector for 3-jet event in the detector.

Having showed pr and 7 distributions of three jets and a possible fourth jet, it is time to work
on the main purpose of the analysis which is to use discriminating power of alpha variables
defined for three leading jets system. For that one needs to see the distributions of alpha
variables including normal and transverse ones in order to test whether these alphas can be
used for signal background separation or not.

Jij
12,1

Jij

> and «

The first thing is to have a look at & distributions as in Figures 6.6 and 6.7 and
Jji

compare them. Then, i,

is very weak in terms of separation all because of having no long

tail after a{éj > 0.5 of SUSY LM1 point so as to have one difference from QCD background.

Jij

Similarly, a5’

can be used to divide signal and background to two separate regions, but QCD

Jij

has no sharp drop around ;. =

0.5 as it was in di-jet alphas.

The second couple of alphas are more powerful than that of first couple, this is because both
Jii Jji
13 and a3y
6.8 and 6.9.

o can be used to divide signal and background regions as it is shown in Figures

J1] and QJJ]

The third couple, which is )3 AT

seem to be the strongest one among other alphas
defined, since SUSY signal has longer tail that can be studied easily for signal and background

separation as shown in Figures 6.10 and 6.11.
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In all alpha plots, it should be noted that transverse alphas have longer SUSY signal tail

than their corresponding normal alphas; this should be kept in mind at the time for signal-

Jjii
23,7

Jij o Jii gl

13> X370 @3> variables have a

to-background calculation. Having clarified that « and «

sharp drop at 0.5 (even if a little worsened from 0.5) for QCD and one can divide region of

Jij
12,1

. . . . . . jjj
these alphas in two pieces as signal depleted and signal enriched regions. Thus, ;" and @

are excluded for signal-to-background calculations in this study. It is the last thing which

Jii Jjj
13 and a3,
events, but the cut values for a2}’ and «

is worth noting that & can be used at 0.55 as a cut point for rejecting all QCD

Jij

537 seem to shift toward the value of 0.57 or above

for leaving no QCD events surviving.

Jjj
12,1

Having ruled out a{éj and a5 . variables by explaining that they do not have 0.5 cut off (very

small cut off values than that) and do have short tails of alphas that meant less SUSY signal

Jij
23,7

added to the cut flow in Table 6.1. As it is shown in the that a/{éj > (.55 cut yielded less SUSY

Jii il i

13> @37 @3, and @

yield for signal-background separation, « values greater than 0.55

signal but gave a high value of signal over background ratio. The corresponding transverse

alpha, a/{gj 7 > 0.55 yielded more SUSY signal but less S/B. In both cases, there left zero QCD

events surviving which is something good. For a%j > 0.55 and a%{T > 0.55 cuts, caused high

S /B ratios and significance values. However, there left 1.5 and 24 QCD events surviving,

respectively, which are in contradiction with di-jet alpha cuts. For that reason, higher a/%j and

Jjj

@53 cut values are added to the cut flow in order to reject all QCD events.

Table 6.1: Number of events surviving after full selection and each subsequent cut for SUSY
and SM background with corresponding S/B and S/ VB values at 1 b~ integrated luminos-

ity.

Samples | Full selection | @} >0.55 | 7}/, > 0.55 | o}/ >0.55 | off, > 0.55

SUSY-LMI 3521 62 335 256 983
QCD 6.6x10° 0 0 1.5 24
EWK 6059 2 12 11 66
Invisible Z 339 3 28 15 85
Total Bkg. 6.6x10° 5 40 27.5 175
S/B 12.4 8.4 9.3 5.6
S/VB 27.7 53 48.8 74.3

Jji

In the Table 6.2, it is clearly seen that a3

> 0.60 cut can dismiss all QCD event and produces

higher S /B value than a/%j > (.55 and aé‘é‘/ > (0.57 can do, though there occurs a decrease in
Jjj

2. > 0.65 cut can also reject all QCD events and gives

significance values. In addition, @
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highest S /B ratio among those of a/ééj > (.55, a/gj > (0.57, and a/g{T > 0.60 cuts. However,
raising the cut off values affects number of events surviving for SUSY signal negatively for

a/JJ] > and a/]]J

3 BT alpha values.

Putting all together, o’/ > 0.60 and o}/’

23 nr > 0.65 cuts can only reject all QCD events and give

S /B ratios of 10.3 and 7.2, respectively, which are high enough for early CMS data discovery.
In both cases, significances values are very encouraging which are 40 and 59.3, respectively.
Hence, it is all discussed that primary importance given to rejection of all QCD events and
S /B ratio values, and secondary importance to significance values while deciding appropriate

normal alpha and transverse alpha cuts.

jij jij
23 and @)y cut for SUSY and

SM background with corresponding S /B and S/ VB values at 1 fb~" integrated luminosity.

Table 6.2: Number of events surviving after each subsequent

Samples | of7/ >0.57 [ a7 >0.60 | off/, >0.57 | i, > 0.60 | a2}/, > 0.65
SUSY-LMI | 208 155 842 668 487
QCD 1.5 0 2 2 0
EWK 8.5 6 49 35 23
Invisible Z 12 9 73 60 44.5
Total Bkg. 22 15 124 97 67.5
S/B 9.5 10.3 6.8 6.9 7.2
S/ VB 44.3 40 75.6 67.8 59.3

After giving cut flows of alpha variables for SM background and SUSY LM1 benchmark

point, the other SUSY points can be considered with the same cuts of 3-jet alpha variables;

Jij
23,T

Jii i Jij

@3, a3y, 3, and «

as shown in Figures 6.12, 6.13, 6.14, and 6.15 for comparison.
The first thing is to have a look at signal yields of LM2-9 points for alpha cuts. In the Tables
6.3 and 6.4, LM2, LM3, and LM4 have the highest SUSY signal events among LM2-LM9
points after alpha cuts. For both signal over background and significance values, LM2, LM3,
and LM4 have highest values even if that values are smaller than those of SUSY LM1 point.

As it was found in di-jet study, LM7 can be excluded being very poor in terms of signal over

background enhancement with alpha variables.

Hence, the success of alpha variables is not repetitive for LM2-9 SUSY points, but LM2,
LM3, and LM4 can be alternatively used with SUSY LM1 point for comparison.
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Table 6.3: Signal yields, S/B ratios, and S/ VB values for LM2-9 signal points after a/{éj >
0.55 and a/{é 7 > 0.55 cuts applied separately for (at 1 fb~! integrated luminosity).

SUSY Samples cx{? > 0.55 a/{JSJT > 0.55
Yields S/B S/ VB | Yields S/B S/VB

LM2 18 3.6 8 90 2.3 14.2
LM3 14 2.8 6.3 96 2.4 15.2
LM4 18 3.6 8 133 3.3 21
LM5 10 2 45 53 1.3 8.4
LM6 9 1.8 4 48 1.2 7.6
LM7 1 0.2 0.5 2 0 0.3
LM8 3 0.6 1.5 13 0.3

LM9 1 0.2 0.5 6 0 1

Table 6.4: Signal yields, S/B ratios, and S/ VB values for LM2-9 signal points after afééj >

0.60 and a/g 7 > 0.65 cuts applied separately for (at 1 fb~! integrated luminosity).

SUSY Samples cx%’ > 0.60 a/ééjT > 0.65
Yields S/B S/VB | Yields S/B S/vB
LM2 40 2.7 10.3 122 1.8 15
LM3 49 3.3 12.6 138 2 17
LM4 47 3.1 12.1 186 2.7 23
LM5 21 1.4 5.4 72 1.1 9
LM6 19 1.3 4.9 62 1 7.5
LM7 1 0 0.3 3 0 0.4
LMS8 6 0.4 1.6 17 0.2 2.1
LM9 4 0.3 1 10 0 1.2

6.2 4-jet Event Topology

6.2.1 Motivation

The success of 3-jet event decay channel with alpha variables in terms of signal and back-
ground separation without using detector-escaping missing energy [70] motivated the exten-
sion of di-jet case to 4-jet event topology. By combining each two jets of four jets into a
single jet can easily reduce 4-jet decay channel to di-jet case, but with new modifications to
alpha variables and directly to 4-jet event kinematics required. Further, the decay path which

would offer four energetic jets is the creation of two gluinos (g7 — 2&). Each gluino, being
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heavier than a squark, decays into a quark and a squark, this squark decays into a quark and a
neutralino. Totally, there yields four quarks and two neutralinos (imply missing energy). An
example diagram to gluino-gluino production which dominates in 4-jet plus missing energy

channel is shown in Figure 6.16.

*
ssssssssssaset

S|

Figure 6.16: Gluino-gluino production as an example decay chain for SUSY 4-jet event topol-
ogy

6.2.2 Event Kinematics and Selection

The event kinematics includes four leading jets as being a signature to SUSY in which the
combinations of two of four jets into a single jet to reduce event kinematics to di-jet case
considered. In particular, different combinations of jets are taken into account for the alpha
kinematical variables. For that, there will be three normal alpha definitions and three corre-

sponding transverse alphas with a total of six to be used and they are defined in this study as

follows:
. i1 2 i3 j4
i mm[(EJT + E’T ), (E]T + E’T )] 611
¥ = 77 ’ (6.11)
inv
. il 2 i3 j4
i min[(E}. + E}),(Ey + E7)] 0
12,7 — MJ”J s (6 )
inv,T
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il By 2
min[(Ey + E7), (B + E7)]

@ = o (6.13)
13 Jiji ’
A4}nv
. il i3 i2 i4
iiij min[(Ey. + E7),(Ey + E})]
aly = T , (6.14)
inv,T
. /1 i4 2 i3
iiii mm[(EJT + E]T ), (E]T + E’T )
ap! = i , (6.15)
ltf}nv
. il i4 i2 i3
iiij min[(E}. + E}), (Ey + EJ)]
147 = IV : (6.16)
inv,T

and where M/ and M//” are the invariant mass and the transverse invariant mass of four

leading jets system which are given as:

MlJnJva = \/(Ejl L ER 4 EB 4 EM? (B + R+ B 1 ity (6.17)
and
MP7 = \/(Eﬂ + E2+ EB + ERY? — (B + B2+ BF + IOz (6.18)

As should be clarified that alpha variables are defined in a way as to consider each two jets

J1JJ is

are added in different combinations (permutations) in the numerators. For instance, @5

calculated as taking minimum value of transverse energy sum among the summations of first
jet E7 and second jet E7 or third jet E7 and fourth jet E7. In addition to the above men-
tioned alpha variables, HT///J is to be used as scalar sum of transverse momentums of four
leading jets and MHT//// is to be used as negative vectorial sum of transverse momentums of
four leading jets as being parallel to their uses in di-jet and 3-jet event topologies. The two

additional kinematical variables can be formulated as follows:

HT/ = pit 4 p 4 pP 4 it (6.19)
and
MHT = (! + 2 + 2 + . (6.20)

The event selection is similar to 3-jet event topology including pre-selection, but this time,
the fourth jet is being allowed to pass through with p]T'4 > 50 GeV and the fifth jet is being
vetoed with pjf < 50 GeV. In addition, the same data samples are used for three leading jets

system study including SUSY LMI signal sample, QCD sample from Gumbo, EWK sample
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from Chowder, and invisible Z sample. Thus, keeping the same event selection of di-jet and

3-jet analyses, the full event selection can be summarized for 4-jet decay path as follows:
e Pre-selection and HLT2JET and HLT1JET trigger paths,
e Vetoing electron, muon, and tau with pr < 10 GeV,
e Four leading jets with pr > 50 GeV and F,,, < 0.9,
e Vetoing the fifth jet with pr < 50 GeV,
o p/l1 <25,
o /2314 < 5.0,
e HTJiil > 500 GeV (signal-to-background optimization),

o A¢(MHT//ii j) < 0.3, where j can be any jet among three leading jets (insurance

against jet mis-measurements).

6.2.3 Analysis Results of 4-jet System

Transverse momentum distribution of the fourth leading jet is given in Figure 6.17 with a
lower range than those of the first, second, and third leading jets as expected. In Figure 6.18,
n distribution of the fourth jet is given for SUSY signal LM1 and SM background with an
interpretation that fourth jet can be found in a non-central region along longitudinal coordinate
for SUSY signal point. Additionally, HT//// and MHT//// plots are given in Figure 6.19 and
Figure 6.20 respectively. Here, HT//// > 500 GeV is already studied and known as signal-
background optimization and MHT///J distribution gives missing momentum vector for 4-jet

event in the detector.

Alpha variables have already been defined for 4-jet case, and three couples of alpha includ-

ing both normal and transverse ones are being used to discriminate signal from background

Jijj
12,1

Jiji

) and «

events. The first couple, which are variables shown in Figures 6.21 and 6.22,

respectively. Though these alphas have sharp edge of QCD events dropping around 0.5, there
yields less SUSY signal after a{éj 7> 0.55 and a{jz”T > 0.55 cut off points, and the first couple

of alphas is excluded in this study for signal over background calculations.
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JJ1] and a,]JJJ

The second couple of alphas, which is a3 BT

variables have higher signal events

surviving as contrast to the first couple of alphas after a{éjj > (.55 and a{é’; > (.55 cut

off points, as seen in Figures 6.23 and 6.24, respectively. The negative aspect of this couple

Jiji

13 variable that is there survives some QCD events after @77 > 0.55 cut off

comes with «a 3T

point, which is also observed with transverse alphas of 3-jet event topology.

The last couple of alphas, which is af{{‘j /and aﬁj % variables (Figures 6.25 and 6.26), which are

also being used in this study such that SUSY signal has long tail after 0.55 that can be used to

study signal-background separation. Having added a}}” afy W and o’%!

1 T variables to

the signal-background separation use list, one important thing is to state that transverse alphas
are getting worsened after 0.55 cut point for 4-jet case, as also observed in 3-jet alpha study
should not be a problem such that after the cut of 0.55 there will survive a small number of

QCD events which affects S/B ratios much less.

Having deciding on which alphas are at first glance are useful to take into account, as similar
to di-jet and 3-jet studies, S/B and significance values after these alpha cuts are presented
in Table 6.5. The first thing is to notice that a{éjj > 0.55 and afﬁjj > 0.55 cuts yielded
a small number of SUSY LMI1 events and indeed one can want to obtain a better result in
terms of SUSY yielding number of events. However, signal over background and significance
values are still high enough to be promising for early discovery. In addition, cuts applied on
transverse alphas, a{é”T > 0.55 and “{{1{ ; > 0.55, left high number of SUSY events surviving
and produced high S /B and significance values. As opposed to normal alpha cuts, transverse
alpha cuts are not able to reject all QCD events such that there left 0.5 QCD event after a/{’; JT >

0.55 cut that can be taken 0 and there left 2.5 QCD events after a{{‘j JT > 0.55 cut.

Table 6.5: Number of events after full selection and 4-jet alpha cuts for SUSY and SM back-
ground with corresponding S/B and S/ VB values at 1 /b~ integrated luminosity.

Samples Full selection a/{é” > 0.55 a/{é]; > 0.55 a/{i” > 0.55 cx{f} > 0.55

SUSY-LMI 3007 26 316 62 572
QCD 4.6x10° 0 0.5 0 2.5
EWK 8550 1 17 3 42
Invisible Z 144 1.5 15 3 26
Total Bkg. 4.6x10° 25 32.5 6 70.5
S/B 10.4 9.7 10.3 8.1

S/ VB 16.4 55.4 25.3 68.1
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As it was done in di-jet and 3-jet analyses, numbers of events surviving alpha cuts for SUSY

LM2-9 points are given in the Table 6.6. It is clearly seen that LM2-9 points have less number

of events surviving after alpha cuts as compared to that of LM1 point. Moreover, only a/{{‘j JT >

0.55 cut yields high number of events that can be taken into account with LM2, L.M3, and
LM4 while performing S /B calculations. For LM2-9 points, a{éjj and a{éjé distributions are

given in Figures 6.27 and 6.28 while a{{‘jj and a{{# distributions are presented in Figures

6.29 and 6.30.

Table 6.6: Signal yields for LM2-9 points after a/2” > 0.55, a/7 > 0.55, a/2” > 0.55, and
HIT 5 (.55 cuts applied separately at 1 fb~! integrated luminosity.

@it
Samples | a3’ > 0.55 a{g”T >0.55 | a7}’ >0.55 aﬁ{JT > 0.55

LM2 8 78 18 136
LM3 12 127 30 239
LM4 11 123 23 233
LMS5 5 51 11 90
LM6 4 40 9 68
LM7 0 5 1 10
LMS& 3 22 40 8

LMO9 1 10 3 27
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CHAPTER 7

CONCLUSIONS

This thesis showed that without using missing transverse energy, E’T”iss, which is carried by
detector-escaping neutralino in the context of SUSY and already studied with CMS Physics
TDR with number of jets bigger than or equal to 3 [27], it is possible to discriminate SUSY
signal from SM background in di-jet decay channel with a// and a¥ variables. SUSY signal
enriched region was found to be in both &/ > 0.55 and a’Tj > 0.55 and SUSY signal depleted
region is that reverse. Another alternative background suppression region is discussed with
the combination of a/JTIj > 0.55 and A¢// < %” wherein all QCD events can be dismissed. In
addition to the discrimination power of alphas, these variables are also observed to be highly
effective in signal to background optimization and the S /B ratios are calculated to be greater
than 5.0 in all cases and significance is greater than 40.0 in all uses of cuts as well. Among
LM2-9 SUSY signal points, it was shown that LM4, LM3, and LM2 can also be studied with
alpha variables even they have smaller statistics than LM1 and LM?7 can be excluded such

that there yields no signal with standard alpha cuts discussed in the text.

The extension of di-jet study to 3-jet case with alpha variables is found to be very motivating
in terms of handling high S/B and significance values. This thesis showed that the cuts
necessary to reject all QCD events should be with a{éj > (.55, a{éj > 0.55, a%j > 0.60, and

I > 0.65. For o and o/

@37 3 53,7 Vvariables, the cut values are found to be greater than 0.55

value as being one important difference from di-jet study. In all these cuts, S/B ratios are
found to be greater than 6.5 and significance values are shown to be greater than 25. Useful
prospect of alpha variables defined for di-jet case in terms of signal-background separation
has successfully extended to 3-jet event decay channel for SUSY, where one can easily define

signal enriched and depleted regions for SUSY searches with three leading jets resulted from
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squark-gluino production by using the alpha variables and their corresponding cuts. Further,
3-jet alpha variables can be associated with other SUSY benchmark points like LM2, LM3,
and LM4, but not having higher S /B and SUSY signal yielding events as it is found with LM1

point.

The use case of alpha variables with 4-jet event topology is still motivating in terms of high

S/B values. It was shown that a/{éjj >0.55, a/{éj; >0.55, a/{fj >0.55, and a/ﬂj; >0.55 cuts are

still capable of discriminating SUSY signal from SM backgrounds. However, cuts of normal

J

alphas, aléjj >0.55 and a{ijj >0.55 are found to be as not powerful as cuts of transverse

alphas concerning less numbers of SUSY LMI1 signal events surviving after cuts on normal
alphas. In all four alpha cuts, S /B ratios are found to be greater than 8 and significance values

Jiji

are greater that 16 (if we would exclude a5

than 25).

>0.55 cut, significance values will be greater

Having showed the discriminating power of alpha variables with di-jet, 3-jet, and finally with
4-jet event decay channels, it can be strongly inferred that use of alpha variables can be
extended to multi-jet system trivially, once transverse momentum spectrums are well-defined
by an appropriate CMS physics trigger. Therefore, n-jet system can also be a clear signature
for SUSY searches in the fully hadronic channel with signal-background separation power of

alpha variables.
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APPENDIX A

SUSY PAT EVENT SELECTORS

Table A.1: SUSY PAT Event selectors and corresponding variables.

Event selector name

Selection of interest

AlphaSelector
BletEventSelector
ChargedFractionSelector
DiLeptonEventSelector
DPhiEventSelector
EMFractionSelector
HemisphereSelector
HLTEventSelector
HTEeventSelector
JetEventSelector
MetEventSelector
MetlJetEventSelector
MHTEventSelector
MuonEventSelector
MaxNumlJetsEventSelector
Primary VertexEventSelector

«a variable
b-tagged jets
Minimum charged event fraction
2 leptons with pr, n, and isolation of each
Difference in azimuth between two jets
Electromagnetic fraction () of an event
Hemisphere axis, A¢
Specific high level trigger bits
Scalar sum E7s of all jets
Cut on number, E7, i, and F,,, of jets
Calorimeter missing E7, E?"”
E7"** +jet topology
Negative vectorial sum E7s of all jets
Cut on number, pr, i, and isolation of muons
Cut on maximum number of jets (n+1 jet)
Primary vertex (at least one)

115




APPENDIX B

CMS SUSY GROUP SKIMS

Table B.1: CMS SUSY Group Skim Table.

Skim Primary Datasets Description
ElectronPhoton PDElectron Searches with electromagnetic object
ElectronPhoton PDPhoton Searches with electromagnetic object

ElectronPhoton-HLT PDElectron Searches with electrons
ElectronPhoton-HLT PDPhoton Searches with photons
JetMet PDJetMet Hadronic searches
JetMet PDTau Hadronic searches
JetMet-HLT PDJetMet Hadronic searches
Muon PDMuon Searches with muon
Muon-HLT PDMuon Searches with muon
MuonsHits PDMuon HSCP and TeV Muon
MuonHits PDJetMet HSCP and TeV Muon
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Table B.2: CMS SUSY Group Skim Table (con’t).

Skim HLT Paths

ElectronPhoton HLT1Electron, HLT1ElectronRelaxed, HLT2Electron,
HLT2ElectronRelaxed, HLTXElectron1Jet, HLTXElectron2Jet,
HLTXElectron3jet, HLTIEMHighEt, HLT1EM VeryHighET,
HLTXElecronMuon, HLTXElectronMuonRelaxed

ElectronPhoton HLT1PhotonRelaxed, HLT2PhotonRelaxed,
HLT1Photon, HLT2Photon
ElectronPhoton HLT1Electron, HLT1ElectronRelaxed, HLT2Electron,
-HLT HLT2ElectronRelaxed, HLTIEMHighEt, HLT1EM VeryHighEt,

HLTXElectronlJet, HLTXElectron2Jet, HLTXElectronMuon,
HLTXElectronMuonRelaxed, HLT1Photon, HLT 1PhotonRelaxed,
HLT2Photon, HLT2PhotonRelaxed, HLT1jet,
HLT2jet, HLT3jet, HLT4jet, HLT1jet1MET,
HLT2jetIMET,HLTIMET1HT, HLT2jetAco,
HLT1jet1IMETAco, HLTS2jetIMETNYV,
HLTS2jet1METAco, CandHLTSjet1MET1Aco,
CandHLTSjet2MET1Aco, CandHLTS2jetAco, HLT1Tau
JetMet-HLT HLT1MET, HLT1jet, HLT2jet, HLT3jet,
HLT4jet, HLT2jetIMET, HLT1jetIMET, HLTIMET1HT,
HLT2jetAco, HLT1jetIMETAco, HLT1MET,
HLT1jet, HLT2jet, HLT3jet, HLT4jet,
HLT2jet1MET, HLTS2jet1METNV, HLTS2jet1METAco,
CandHLTSjet1MET1Aco, CandHLTSjet2MET1Aco,
CandHLTS2jetAco
Muon HLTXMuonlJets, HLT2MuonNonIso, HLT1MuonlIso,
HLT1MuonNonlso, HLT2MuonSameSign, HLTXElectronMuon,
HLTXElectronMuonRelaxed
Muon-HLT HLT1Muonlso, HLT2MuonlIso, HLT2MuonNonlIso,
HLT2MuonSameSign, HLTXMuonlJets, HLTXFElectronMuon,
HLTXElectronMuon Relaxed

MuonsHits HLT1Muonlso, HLT1MuonNonlso,
HLT2MuonNonlso, HLT2MuonSameSign
MuonHits HLTIMET, HLT1jetIMET, HLT2jet1MET,

HLT3jetIMET, HLT4jetIMET, HLTIMET 1HT,
HLT2jetvbfMET, HLT2jetAco, HLT1jet1IMETAco,
HLTS2jetlMETNYV, HLTS2jet1 METAco,
CandHLTSjetlMET1Aco, CandHLTSjet2MET1Aco,
CandHLTS2jetAco
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APPENDIX C

KINEMATICS OF ALPHA VARIABLE

After the decay of a particle, the relativistic energy and momentum of the resulting particles
is equal to that of original particle. This enables to work on the energy and momentum of the

original particle, and hence its mass.
For massless final state particles in di-jet case (m; = mp = 0):
E? = m2t + P,
E =7,
E =|pl. (C.D

Momentum of proton-proton initial state in the frame of detector equals to 0. Since, colliding

protons have equal and opposite momentums.

pr+pP2=0,
pi = —Ppa. (C.2)
Additionaly,
P1 - P2 = p1pacose, (C.3)
where ¢ is the angle between two momentum vectors. Using the substitutions pg; = —p> and
pP1 = p2:

—P1 - P1 = pipicose,
) 2
—P1 = P1cosy,

o= (C4)



And since we have (C.1), Ey = |p1| = |p2| = E3, the invariant mass of the two jets (Eq. 5.3),

di-jet case, can be obtained as:

M) = \/2EﬂEﬂ(1 — cosg), (C.5)

where ¢ is the angle between two jets in the final state of proton-proton collision. Finally, the
form of @ proceeds from Eq. 5.2 as:
ET?
a= — .
\2EIER(1 - cosg)

(C.6)

Hence, conservation of momentum principle hints that jets are produced back to back for a

two-body final state, ¢ = m:
2
_ 1By

a = 2ﬁ’ (C7)

which has a maximum of 0.5 and a minimum of zero for final state particles ejected down the

beam pipe, since Er < E and E7 = E provided that p, = 0.
Here are some useful kinematic equations to understand the relation between Er and E.
pr = A/P:+ p% = psind, (C.8)
where, 6 is the polar angle of cylindrical coordinate and
E% =m? + pjzc + pi =E?- pg. (C.9)

E7 can also be expressed in terms of E by using rapidity, y as:

E = Ercoshy (C.10)
with
1. E+p,
== - 11
y=ang, (C.1D)
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