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Abstract

Search for a Supersymmetric Higgs Boson
using Multilepton Signatures with the CMS
Detector at the Large Hadron Collider

Kim, Zero Jaeho

Department of Physics
Graduate School, Chonnam National University

(Supervised by Professor Jae Yool Kim)

A search for supersymmetric higgs boson in proton-proton collisions at /s = 8 TeV
is presented, focusing on events with three and four leptons and large missing energy.
The analyzed data corresponds to a total integrated luminosity of 19.5 fb~! recorded
by the CMS detector. The search uses a fully data-driven method to estimates residual
Standard Model backgrounds. The analysis is performed on both of the channel of
i+ p(e) and pp+ pp(ee), The observed event rates are in agreement with expectations
from the standard model. The results are used to set limits on the direct production of
charginos, neutralinos, and sleptons in terms of limits on the parameter space, as well
as a Simplified Model and Gauge Mediated Supersymmetry Breaking model. And the
GMSB models with region of mass parameter p between 330 and 370 for pu + p and
over 310 for uu + e channel, which has the theoretical cross section out of the 95% C.L
expected limit with two standard deviation, is proposed to check across with relevant

study repeatedly.
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Chapter 1

Introduction

‘In the beginning God created the heavens and the earth.’

Where we did come from? What is the world made of? And how does the nature
work? A human has been seeking to the basic answer for those questions. A natural
philosopher has studied the fundamental constituents of matter and their interactions.
However, which particles are regarded as fundamental has changed with time as physi-

cists knowledge has improved.

Modern theroy-called the standard model-attemps to explain all the phenomena of
physics in terms of the properties and interactions of a small number of particles of

three distinct types.

The standard model (SM) has been extremely successful in describing a wide range
of phenomena in particle physics, and has survived some four decades of experimental
testing. However, the only remaining undiscovered particle predicted by the SM, the
Higgs boson [3] [4] [5] [6], suffers from quadratically divergent self-energy corrections
at high energies [8]. Numerous extensions to the SM have been proposed to address
these divergences. One such model, supersymmetry, a symmetry between fundamental
bosons and fermions, results in cancellation of the divergences at tree level. The minimal
supersymmetric extension to the standard model (MSSM) requires the presence of two
Higgs doublets. This leads to a more complicated scalar sector, with five massive Higgs
bosons: a light neutral state (), two charged states (H*), a heavy neutral CP-even
state (H), and a neutral CP-odd state(A).

Since no supersymmetric particles have been found so far, supersymmetry has to be
broken, if it exists. Within Gauge Mediated Supersymmetry Breaking (GMSB) models
the breaking in a secluded sector is mediated via gauge interactions to the electroweak

scale, such that the superpartners of the standard particles acquire additional masses.
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Chapter 1. Introduction 2

The minimal GMSB model is characterised by six fundamental parameters. These are
the effective SUSY breaking scale A, the mass scale of the messengers M,,, the number of
messenger SU(5) supermultiplets N5, the ratio of the Higgs vacuum expectation values
tan 3, the sign of the higgsino mass term sign(u) and the scale factor of the gravitino
coupling Cyrqv, which determines the NLSP lifetime. Besides many other measurements,
discovering signatures of GMSB and measuring the properties of the NLSP are among
the physics goals of the ATLAS and CMS detectors [9]. GMSB models are a possibility
to break SUSY on a low scale compared to generic mSUGRA models. A consequence
is that the LSP is typically the gravitino which couples to the NLSP and its Standard
Model partner.

The Standard Model and its minimal supersymmetric extension are briefly reviewed
in Chapter 2 “Theoretical Foundation”. One of the main goals of the CMS detector at
the Large Hadron Collider of CERN, a proton-proton collider with a nominal centre-of-
mass energy of /s = 14 TeV, is to search for new physics Beyond the Standard Model.
Chapter 3 “Experimental Setup” will introduce the Large Hadron Collider and the CMS
detector. Chapter 4 “Physical Object Reconstruction” describe how to reconstruct the
physical object,muons, electrons, and jets, with the CMS detector. The description of
simulated Monte Carlo event samples used in this analysis is given in Chapter 5 “Data
and Simulation”. The selection of the supersymmetric signal using the multilepton
signature is discussed, and introduce how to predict background from the Standard
Model by using data-driven method in Chapter 6 “Background Estimation”. Chapter
7 “Results of the Search” present the discovery prospects of CMS for a discovery of

Supersimmetric Higgs events with multilepton search analysis. Chapter 8 “Conclusion”



Chapter 2

Theoretical Foundation

A theoretical overview followed by successful explanation of the results of experimental
particle physics with the ways as a complete theory. And, we present the theory of
supersymmetry, which is one of the several postulated theories that might lie behind the

Standard Model, the search for the supersymmetry is the basis of this study.

2.1 The Standard Model

2.1.1 Elementary particles and interactions

The standard model attempts to explain all the phenomena of physics in terms of the
properties and interactions of elementary particles of three types. The first two types
are called leptons and quarks and are fermions with spin —%; the third is a set of spin -1
bosons, which are called gauge bosons, act as ‘force carriers’ in the theory of Standard
Model. In the standard model, these particles are treated as point particles without

internal structure or excited states, so they are assumed to be elementary.

The electron is the most familiar example of a lepton, that is bound in atoms by
the electromagnetic interaction, which is one of the four fundamental forces of nature.
Another example is the neutrino, a light and neutral particle, which is observed in the
decay products of some unstable nuclei(-decay). The force responsible for the -decay
of nuclei is called the weak interaction. In addition to leptons, There is another class
of particles called hadrons, which is also observed in nature. The familiar examples of
the hadrons are the neutron and proton, which are collectively called nucleons. In the
standard model, these are made of quarks bound together by the third force of nature,
the strong interaction, so considered to be elementary. It is unusual in the theory that

the quarks themselves are not directly observable, only their bound states. The strong

3



Chapter 2. Theoretical Foundation 4

interactions , which are like nuclear forces binding nucleons into nuclei between quarks,
also give rise to the observed strong interactions between hadrons. there is an analogy
here with the fundamental electromagnetic interaction between electrons and nuclei
which also gives rise to the more complicated forces between atoms(their bound states).
In addition to the strong, weak and electromagnetic interactions between quarks and
leptons, there is a fourth force of nature, gravity. However, the gravitational interaction
between elementary particles is so small compared with the other three that we shall

neglect in and refer to the ‘three forces of nature’.

These forces are associated with elementary spin-1 bosons, the gauge bosons or force
carriers like the electromagnetic interaction. In classical physics, the interaction between
two charged particles is transmitted by electromagnetic waves, which are continuously
absorbed and emitted. This is an natural description at long distances, but the quantum
nature of the interaction must be taken into account at short distances. These are the
force carriers, spin-1 photons, of the electromagnetic interaction, and as we shall see
presently, the long-range nature of the force is related to the fact that the photons have

Zero mass.

The weak and strong interactions are also associated with the exchange of spin-1
particles. They are very massive, called W and Z bosons for the weak interaction. the
resulting force is short range, and in many applications may be approximated by an
interaction at a point. The equivalent particles for the strong interactions are massless
like the photon and called gluons. Thus, the basic strong interaction between quarks is
long range by analogy with electromagnetism. However, the residual strong interaction

between the quark bound states, hadrons, is short range.

The leptons and quarks are the main actors, which are the basic constitutions of
matter, and the ‘force carriers’(the photon, the W and Z bosons, and the gluons) which
mediate the interactions between them in the standard model. In addition, the quark
bound states(i.e. hadrons) will also play a very important role, because not all these

particles are directly observable.

The standard model(SM) is the theory of physics[10] [11] [12] that currently best de-
scribes the behavior of elementary particles. It is a Quantum Field Theory (QFT) [13]
[14] built on symmetry principles: it includes the QFT of the electroweak interaction(Glashow-
Weinberg-Salam model, GWS) and of the strong interaction(Quantum Chromo Dynam-
ics, QCD). The important issue of the theory is the Electroweak Symmetry Break-
ing(EWSB) via the Higgs mechanism. That gives rise to the mass of the vector bosons

and predicts the existence of the Higgs boson. Three out of four of the fundamental
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forces are described by the theory, that is the strong, the weak and the electromag-
netic(EM) force. The gravitational interaction it is not relevant at the scales of mass

and distance typical as in particle physics, so that is not taken into account.

The standard model describes matter as being composed of twelve elementary parti-
cles, the fermions with spin 1/2. The fermions can be divided into two main groups,

leptons and quarks, and three families, as in the following table.

Fermions ‘ 1st family ‘ 2nd family | 3rd family ‘ Interactions
Quarks(2/3) u c t All
Quarks(-1/2) d s b All

Leptons(0) Ve Uy vy Weak
Leptons(-1) e i T Weak, EM

TABLE 2.1: Quarks and leptons

The interactions between particles are described in terms of exchange of vector bosons

with spin 1, which are carriers of the fundamental interactions:

Interactions | Boson | Range[cm]
EM Photon(v) 00
Weak W=, Z 1016

Strong Gluons(g) 10713

TABLE 2.2: Interactions

Each particle is the quantum associated to an elementary field ®;(x) in the Minkowski
space. The standard model is built around relativistic invariance. The fields and the
associated particles are classified depending on how they transform under a Lorentz
transformation, the Lagrangian of the theory is constructed using the possible scalar
combinations of the fields. Since the others are irrelevant in the QFT, that is up to

terms of dimension 4 in mass.

The theory is required to be locally invariant under transformations of the Lie group:

SUB)e x SU(2)L xU(1)y (2.1)

This kind of theory is called gauge theory. This requirement gives rise to the vector
boson fields V;(x). The Lagrangian of standard model can be divided into three parts,

the bosonic, the fermionic and the Yukawa sectors:

Lsyy=Lp+ Lp+ Ly (2.2)
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It contains the description of elementary interactions in terms of a quantum theory.
The transition probabilities between quantum states can be calculated from elementary
assumptions. The most important predictable quantities are basically cross sections and

decay rates in subnuclear processes.

2.1.2 The bosonic sector

The bosonic sector is on the electroweak symmetry breaking and the Higgs mechanism.

The sector is built around the complex scalar field, that has two components, and so

¢1
= 2.3
b <&> (2.3)

which is required to be locally invariant under the transformations of the Lie group:

four degrees of freedom:

SU2)L x U(l)y 3 Q = ¢l99t® = eligransT" +igyayY) (2.4)

This group has four generators (t*),—1,23.4: (Tb)b:m;g for SU(2)r, and Y for U(1)y,
and acts on the field ¢:

Y (2.5)

The group 2.4 is not simple, having two invariant subgroups SU(2); (L stands for
“left”) and U(1)y (Y stands for “hypercharge”). Thereby the corresponding QFT has
two coupling constants g, and gy , which are free parameters of the theory. The scalar

field ¢ is a doublet of SU(2)r, and has hypercharge 1/2. Composed of Lorentz and gauge

invariant terms, the bosonic part of Lgys can be written as 2.6.

L = DA6' Dy — 12616 — X66)” — | Fapu FL (26)

where D), is the covariant derivative, containing the gauge fields Af,(= W B):

Dy = 0y +igt TyW), +igyY B, (2.7)

Fy, is the tensor:
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Fa,uz/ = 8;1,Aau - al/ACL,u - gfgcAbuACl/ (28)

and f’ are the structure constants of the group. No mass terms are present in the

Lagrangian, and all the fields (¢ and Az) are massless so far. The potential

V(6'¢) = Ao'9)? + 1*'o (2.9)

can have different properties depending on the values of its parameters, x? and \. A
must be positive in order to have a physical potential that grows asymptotically with

fields, while p can be either positive or negative, leading to two different scenarios:

e 12 > 0: all the bosonic fields are massless, the scalar field is quantized around the

unique minimum of potential, that has the symmetry properties of the Lagrangian

e ;2 < 0 : the potential has infinite minima for each field configuration satisfying

1,2 22__#72_2
(@) +(¢7)" = -+ =v (2.10)

the scalar field can be quantized around an arbitrary minimum. And that does not
conserve the symmetry properties of the Lagrangian anymore. The typical choice

for the minimum is

1 (o
(¢) = 7 <v> (2.11)

The symmetry is spontaneously broken, meaning that the Lagrangian keeps the
symmetry properties while the vacuum state does not. The spontaneous symmetry
breaking leaves a residual U (1) symmetry still evident, called the electromagnetic

symmetry group Ugp, (1)

The standard model has a spontaneously broken symmetry as observed experimen-

tally, so u? < 0. The original symmetry SUL(2) x Uy (1) breaks down to Uy, (1):

SUL(2) x Uy (1) = Uem (1) (2.12)

Three out of four Lie group dimensions are no more evident. The generator of the
Uem/(1) symmetry group, called electromagnetic charge Q, is linked to the hypercharge
group generator Y and to the third generator of SUL(2), T3 by:
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Q=Y +T; (2.13)

The kinetic term of 2.6, evaluated at the minimum 2.11, yields these relevant terms:

1 0
Lipass = (O U) (gLTbWS + gYYB,U«)(gLTbWéL + ngB“) (214)
V2 v

Using the explicit form of the SUL(2) x Uy (1) generators, in the doublet representa-

tion:
b
o 1
T,=—,Y == 2.15
b 9 2 ( )
where o® are the Pauli matrices, we can evaluate the matrix products explicitly:

Lmass = 7[9L(W;})2 + g%(Wi)Z + (_Q%WE + gYBM)Z] (216)

As we can read from 2.16 (the quadratic terms in the Lagrangian are mass terms),
three combinations of the fields Af, acquire mass. They are the boson carriers of the

weak interaction:

Wi Fiw?
Wi = Ty (2.17)
V2
where mass my = —g—;gL , and
Z, = cosHWWj’ — sinfw B, (2.18)
where mass my = —g(g% + g}z,)2 , O is the so called Weinberg angle, related to the
coupling constants (and experimentally measured):
tanby = 2X ~ 0.24rad (2.19)
gL

The fields W* and Z gain a degree of freedom, after the spontaneous symmetry
breaking, “eating” a component of the scalar field ¢: this process is known as the
“Higgs mechanism”. The fourth combination of the fields Af, associated to the Uep (1)

group, keeps two degrees of freedom and remains massless. It is the photon:
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A, = sinOWWS + cosOw B, (2.20)

The fourth real component of the field ¢ remains free after the spontaneous sym-
metry breaking. It is therefore a free field with an associated particle that, after the
spontaneous symmetry breaking, acquires mass: the Higgs boson H. To investigate this

question we can work in the unitarity gauge, parameterizing the field ¢ as follows:

1 0
°= (v + h(x)) 221

where h(z) is a real scalar field, with null expectation value on vacuum. This parametriza-
tion makes explicit that ¢ has one degree of freedom after the symmetry breaking. The

term containing the potential, in 2.6, takes the form:

1
V(h) = —p2h? + sqrt—p? \h® + ZAh“ (2.22)

The Higgs boson is the particle associated with the field h(z), with mass:

my =/ —2u? (2.23)

The expansion of the kinetic energy term in 2.6, in unitarity gauge, yields the terms
2.16, that contain the masses, plus additional terms involving the coupling between

vector bosons and the Higgs field h:

1 _1 h\?
Ly = 5(aﬂm2 + myy WEW, + 2mQZZ#Z#] (1 + v) (2.24)
The couplings of the Higgs particle to the gauge vector bosons are proportional to the

squared masses of the bosons.

The bosonic sector of the SM has four parameters: the two coupling constants gy and
gy , and the potential parameters 4 and A. A summary table of the SM bosons and

their masses, as functions of Lp parameters is [15]:

The parameters can be combined to form other four constants more easily measured

by the experiments. Conventionally the four parameters of Lg are expressed using:

1

e The EM fine-structure constant (at low energy): agy = T37.035900679(90)
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e The Fermi constant : G = 1.1663787(6) x 10-5GeV ~2
e The Z boson mass : mz = 91.1876(21)GeV/c?

e The Higgs boson mass : unknown

2.1.3 The fermionic sector

The fermionic fields of the SM are Dirac four-component fields ;. The chirality

operator acts on the fields and divides them in left-handed and right-handed components:

_ 1Fvs

Yr.R 5

Y, =9Yr + YR (2.25)

Depending on their chirality, the fields transform differently under transformations of
the SUL(2) x Uy (1) group. The left-handed components of fields of leptons (/1) and
quarks (qr) of the three families are grouped into doublets of SUL(2):

Vel, 7 VL ’ VrlL 7 ur, 7 cr, 7 lr (2.26)

er, nr TL dr, SL br
The right-handed fields (Ig,qr) are singlets of SUL(2), and do not transform under
its action. Right-handed neutrinos are not included in the theory. Both right-handed

and left-handed fields transform under the hypercharge group Uy (1). They carry both

Y and T3 charges. The following table summarizes charges of leptons [ and quarks g:

The fermionic Lagrangian can be written (the sum over families is tacit):

L, = iy (By + igr,% Wiy + gy (=) Bu)lr
+ilpy* (0 + gy (—1)Bu)lr
g (O + igr.% Wiy + igy (2)Bu)ar
Gy (O + gy 2B)ql + iqhy" (Ou + igy (—3) By

(2.27)

Boson | mass® | measured mass [GeV/c?]
wt | L 80.385 £ 0.015
WA rg%)
Z —— 5 91.1876 4+ 0.0021
A 0 0 (< 10729
H —p? unknown

TABLE 2.3: SM bosons and their masses
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This Lagrangian contains couplings between fermions and vector bosons. Conse-

quently, after the electroweak spontaneous symmetry breaking, the coupling terms be-

tween fermions and massive bosons W=+, Z and A are:

e the electromagnetic interaction term:

Lem = _eAujgm ) jgm

e the weak neutral-current interaction

_ 2 1
Z—MW+§TWW—fWWW (2.28)

term:

3

3

3

) . — o _ g . .
Ly = —mzu]g ) ]g = lL’Ylu?lL + QLIVH?QL - SZTLGWJéLm (229)

e the weak charged-current interaction term:

9
NG)

Ly =

(Wi~ + hee)) | g = ooyl + @il (2.30)

No new parameters are introduced in formula 2.27: the couplings between fermions

and vector bosons depend on the 4 parameters of the bosonic sector of the SM. Note

that no mass terms for fermions like m (¥ + ¥ r1b1) are permitted, since they would

explicitly break the gauge symmetry: the right-handed and left-handed fermions belong

to different SUL(2) representations and have different U(1) charges: the fermions are

massless in L.

The QCD is introduced in the SM, postulating the SU.(3) local gauge invariance

for the quark fields. The SU.(3) Lie group has 8 generators, each giving rise to a

correspondent massless gluon field. The QCD Lagrangian can be written in a very

compact way as:

Lgcp = T/;q(i')’uD;t>7/’q Ty

1G“

Field| Y | Ts [ Q

v |-1/211/2] 0
I |-1/2|-1/2| -1
IR -1 0 -1
gt | 1/6 [ 1/2 ] 2/3
@ | 1/6 | -1/2 | -1/3
@ | 2/3] 0 |2/3
% |-1/3] 0 |-1/3

G (2.31)

TABLE 2.4: Charges of leptons and quarks
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where D), is the covariant derivative, containing the 8 gluon gauge fields (QZ)FL---,S

D, = au + iQQCDGagz (2.32)

G, is the tensor:

Ga;w - 8,ugau - 81/9(1/1 - gQCngdgbugcu (2'33)

and f% are the structure constants of the group. The Lgcp charge is the so called
color: each quark can express itself in three possible colors, the color index is tacit in
formula 2.31. The QCD is an asymptotically free theory, meaning that the running
coupling constant ggc p(Q?) becomes small in high energy-transfer processes: in QCD,

a perturbative calculation of cross sections is possible only at high energy-transfer.

Adding the QCD Lagrangian, the formula for the fermionic sector of the SM is:
Lp=Ly+ Locp (2.34)

2.1.4 The Yukawa sector

It is possible to write another term in the SM Lagrangian, which satisfies all the
postulated symmetries. Thanks to this term, the masses of fermions are introduced in
the SM. It is a sum of Yukawa-interaction terms that couple the fermions to the scalar
field ¢:

Ly=— ), (ZIR(QL)ij¢T (?1L> + din(ga)ij¢" (ZjL> + @in(gu)ijét <ZiL))+h.c.

i,j€ families iL GL iL
(2.35)
- (0 1 : .
where ¢ =1 ( 0) ¢* is the scalar doublet with hypercharge -1/2.
The Yukawa matrices (gr);; are diagonalized by bi-unitary transformations:
di fr—=VifL
(99)5 = UNgp)is Vs, (2.36)

frR—=Usfr
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where V; and Uy are unitary matrices. The 9 eigenvalues of [(gf);] are in

fE€fermions

one-to-one correspondence with fermion masses.

When the transformation 2.36 is inserted in 2.27, it gives rise, in the charged current
terms, to a non-vanishing unitary matrix that mixes the families in the weak charged-

current interactions, the CKM matrix:

Vorwr = ViV (2.37)

This matrix describes the mixing of families in charged-current processes, so a down-
like quark of a family can turn in an up-like quark of another family emitting a W boson,
and vice-versa. The CKM matrix contains other 4 physical parameters: 3 “angles” and

a “phase”, which is responsible for the CP violation in some SM processes.

In formula 2.35, we can read the couplings of the Higgs boson to the SM fermions:

- h
Lyy= —mfff <1 + U> (2.38)
Each coupling is proportional the corresponding fermion mass.

In total, the Ly term of the SM Lagrangian has 13 free parameters: the 9 Yukawa
coupling constants which are in one-to-one correspondence with fermion masses, and the
4 CKM matrix parameters. The SM lets the masses of fermions have different values,
since they are free parameters of the theory, but it does not explain why they are so
different, spanning 6 orders of magnitude, from 0.5 MeV/c? for the electron to about

173 GeV/c? for the top quark. This fact is known as the avor problem.

2.2 Beyond the Standard Model

The standard model gives the great success in explaining the wide experimental re-
sults. In spite of that sucess, we know that it cannot be the ultimate description of the
universe. At first, it only describes three of the four known forces, but gravity. Thus
the standard model is not a theory of everything. That model can be considered to be
ad-hoc and inelegant, since the values of its 19 numerical constants are mostly unrelated
and arbitrary. And there is no explanation as to why there should be three generations

of particles.

The most well-known theoretical objection to the standard model is the hierarchy

problem, which is from the weak force is so much stronger than gravity. The weak force



Chapter 2. Theoretical Foundation 14

depends on Fermis constant(Gr = 1/(v/2v%) ~ 1075GeV ~2), and gravity depends on
Newtons constant (~ 10738GeV ~2). Quantum corrections to Fermis constant, calculated
using the standard model, would make it closer to Newtons constant. And the only way
around this is if there is a delicate cancellation between the bare value of Fermis constant
and the quantum corrections to it, referred to as fine-tuning, an unpleasant feature of any
theory. Another way to think about the hierarchy problem is via the Higgs mass (mgs).
The Higgs mass receives large quantum corrections that are related to the scale up to
which the standard model holds. The two common scales at which the standard model
is expected to break down are the Planck scale and the grand unification theory (GUT)
scale. The Planck scale(10'? GeV) is the scale at which the quantum effects of gravity
are expected to be large. The GUT scale is the scale at which the electromagnetic, weak,
and strong forces can be described as a unified force. This depends on the nature of the
GUT, but it is typically about 10'6GeV. In the absence of new physics between one of
these scales and the electroweak scale(100 GeV), the corrections to the Higgs mass are
many orders of magnitude larger than its actual mass. In order to keep the Higgs mass

at the electroweak scale, the bare mass of the Higgs has to be fine-tuned.

Additionally, there are several experimental observations which the SM cannot ac-
count for. From several neutrino experiments, we know that neutrinos can oscillate
from one flavor to another. This can only be explained if neutrinos have non-zero mass,
inconsistent with the current SM formulation. From cosmological measurements, we
know that ordinary baryonic matter can only account for about 4% of the energy den-
sity of the universe, the rest coming from dark matter (about 23%) and dark energy
(about 73%). The existence of dark matter is inferred solely through its gravitational
interactions with other matter. It is incapable of electromagnetic interactions, and there-
fore not observable through telescopes (dark matter). There is no particle in the SM
that is a viable dark matter candidate. Dark energy is a hypothetical form of energy
that permeates all space, and accelerates the expansion of the universe, and beyond the
scope of the SM. The SM is unable to explain the matter-antimatter asymmetry of the
current universe: if there were equal amounts of matter and antimatter after the Big
Bang, then why is the observable universe mostly made of the matter i.e. where did
the antimatter go? The SM is also unable to account for the strong CP problem, which
can be stated as: why does QCD not violate the CP symmetry? In electroweak theory,
gauge fields couple to chiral currents constructed from fermionic fields, whereas gluons
couple to vector currents. Experiments do not indicate any CP violation in the QCD
sector, the strongest constraint coming from the dipole moment of the neutron. There
are natural terms in the QCD Lagrangian that are able to break the CP symmetry, and
the only way to avoid that is through fine-tuning.
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The scattering amplitude of longitudinally polarized W bosons at tree level grows as
s, where s is the center of mass energy squared. This growth continues until the mass
of the Higgs is reached, and thereafter it stays constant at a value proportional to m%[
Thus, for unitarity to not be violated, there must be an upper bound on m%{, which
implies that the Higgs should appear below the TeV scale. The discovery of the Higgs
at 125 GeV eliminates this problem.

Some examples of new physics that we may see at the LHC include supersymmetry,
extra dimensions, hidden valley theories, or new gauge bosons. These new physics
models address one or more shortcomings of the SM, and often predict the existence of

particles beyond those postulated in the SM.

2.2.1 Hierarchy problem

In theory, the mass of a Higgs could be unstable if it is not fine tuned. The Higgs
mass my has two contributions: the fundamental bare mass parameter mg and radiative
boson corrections, in this example the W boson (the largest fermionic correction is from

top loops).

m3 = m3 + dmy, (2.39)

The bare mass is not that which is measured in experiment. The corrections depend

on the cutoff scale A\ and the boson mass.

A d4k

—z ~ —gw (N +miy) (2.40)
Ao

2 2
omyy ~ — g
Using the Planck scale, A ~ Mp;, one gets a correction of order of 10%% GeV?2. Thus
the mass parameter must be of the same order of magnitude to cancel this effect. To get
a Higgs mass of the order of 100 GeV this cancellation must be accurate for 32 orders

of magnitude. One may consider such fine tuning unnatural, although nature does not
forbid it.

Consider the calculation of the electron mass as an example [16]. Let us assume there
is no positron, and still we may perform the computation. The number turns out to be
about 10 GeV, which is much larger than the mass of electron. This is, strictly speaking,
not necessarily considered wrong, because the bare mass of electron is unknown any

way, and instead the bare mass has to be fine tuned. However, one may introduce an
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antiparticle of electron and then the tuning becomes unnecessary, because electron and

positron contributions are roughly canceled out due to the underlying chiral symmetry.

If there were fermions with roughly the same characteristics of the bosons, additional

fermionic loops would be added.

m3; =md + dmpy, + 5%/ (2.41)

These loops stabilize the value of my as they introduce an opposite sign (bosonic

loops do not bring a minus sign but fermionic ones do).

2 *d'k 2 (2 2
This works only if 912/V = gy and m%,v = m%/ Otherwise fine tuning is still needed

although it becomes less severe if 912/1/ ~ gy and m%v ~ m%/ , and it is called little
hierarchy problem. To understand this, we can again check the masses of electron and

positron, which are identical.

2.2.2 Supersymmetry

Most fundamental symmetries are already used in the SM. However, there is one
symmetry missing in the SM, which is a symmetry between fermions and bosons. In the
SM, the role assignment for fermions and bosons is fixed: bosons are force carriers, and
fermions are matter content. If the symmetry between fermions and bosons is introduced,
hierarchy problem goes away as explained in the previous section. By assuming such a
symmetry exists at TeV scale, this is good news for experimentalists as it doubles the
number of particles in the SM. Strictly speaking, the doubling is not exact, although
sometimes it is said a mirror copy of the SM is created once SUperSYmmetry (SUSY)
is introduced. One of complexities comes from electroweak symmetry breaking, which
mixes B and W fields so that the weak bosons and photon can be realized as they
are measured in experiments. There is, in general, no need to form a supersymmetric
copy of photon for example. Instead, Bino and Winos are introduced before electroweak

symmetry breaking. Another complexity comes from the structure of Higgs doublet.

With these exceptions in mind, for each SM particle, one new particle with exactly the
same attributes is introduced by changing its spin by a half unit. Mathematically, there

is an operator Qwhich transforms fermions to bosons and vice versa. Such operations
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must be anticommuting spinors carrying spin half, and thus supersymmetry is a space-
time symmetry. For a realistic theory involving chiral fermions, the Haag-Lopuszanski-
Sohnius extension of the Coleman- Mandula theorem requires the following relations on
the operator Q [36] and [37].

{Q,Q"} =p* (2.43)
{Q,Q}={Q" Q=0 (2.44)

where P is the generator of space-time translation.

One aspect of this algebra is that supermultiplets in which the particle states are
grouped. As Q and Qf commute with most symmetry transformations all states in one
supermultiplet possess equal masses and quantum numbers with the exception of spin.
The common mass within each supermultiplet is realized when the symmetry is intact.
Once the symmetry is broken, there is no longer the common mass (e.g., electron mass
is different from the supersymmetric partner of electron). Each of these supermultiplets
contains equal numbers of bosonic and fermionic degrees of freedom, as a natural result

of the symmetry between fermion and boson as desired.

Let us construct simple supermultiplets starting with spin-0. The simplest one con-
tains one spin-1/2 fermion and two scalars (spin-1/2 fermion has up and down states).
The next simplest one contains one spin-1 boson, which ought to be massless to be
renormalizable (3-1 = 2 states), and a massless spin-1/2 fermion. Finally there is a
particle for each the SM particle, effectively doubling the number of particles. The last

one contains a spin-2 graviton (5-1 = 4 states) and one spin-3/2 fermion (4 states).

The Higgs sector needs special care. If one assumes only one Higgs, gauge anomalies
appear in the electroweak gauge sector, spoiling the renormalizability of the theory.
Additionally the supersymmetric Higgs mechanism gives mass only to fermions in one
spin state. To solve these problems two doublets are needed, resulting in eight degrees
of freedom as opposed to four in the SM. Only three out of eight are consumed by vector
bosons upon SUSY breaking, leaving five Higgs bosons left. Each fermion in the SM is
accompanied by a supersymmetric partner. The gauge boson counterparts are gauginos.

As mentioned earlier, gauginos usually do not directly correspond to gauge bosons in
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the SM, rather these supersymmetric particles mix together with four higgsinos to form

neutralinos and charginos. The eight gluons have eight gluinos.

By recalling the fact a supermultiplet has one common mass, unbroken SUSY theories
do not fit reality. No sparticle has been observed yet. For example, a boson with the

mass of the electron would be easily observed.

Therefore the symmetry must be broken, meaning sparticle masses are not equal to the
masses of their corresponding particles (e.g., selectron mass must be much higher than
electron mass). The breaking is usually introduced by additional terms in Lagrangian,
which parametrize the effects of SUSY breaking without actually explaining why it is
broken. If this breaking is hard, all couplings and masses are to be freely chosen, and
the hierarchy problem would most likely reappear. Consequently, the breaking must be

soft so that couplings in broken and unbroken SUSY must be approximately equal.

Then the SUSY Lagrangian can be separated in two pieces: one contains the gauge
and Yukawa interactions that preserve SUSY invariance, and another one contains the

breaking terms.

L = Lsysy + Lsorr (2.46)

These breaking terms may spoil the solution for the hierarchy problem, if the sparticle

masses are too high. To avoid the fine tuning, sparticle masses are kept to O(TeV).

In unbroken SUSY all attributes are determined, thus there are no new free parameters
besides the 19 of the SM. Breaking leads to more free parameters: in the MSSM there are
105 new parameters, eight in the gaugino-higgsino sector, 21 masses, 36 mixing angles
and 40 CP violating phases in the squark-slepton sector. Some of these parameters are
constrained by experiments. However, most of them remain as free parameters, which

of course makes SUSY theories comparisons to experimental results difficult.

2.2.3 SUSY answers to the problems in the SM

For all the above mentioned problems SUSY provides solutions. One may assign a new
multiplicative quantum number, R-parity to each particle: +1 for the SM particle, and
-1 for sparticle. If R-parity is conserved, sparticles can only be produced or annihilated
in pairs. Thus the Lightest SUSY Particle (LSP) is stable and may be identified as Cold

Dark Matter if it is electrically neutral, weakly interacting, and massive.

The coeflicients of running the couplings, with new particles, become with two SUSY

Higgs doublets.
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3

b1 =0~ 2Np ~ - Ni (2.47)
1

by=6—2Np — 5Ny (2.48)

b3 =9 — 2Ny — 0 (2.49)

Thus the evolution of the couplings will change leading to one common point at high
energy. Above this energy the coupling stays the same. The unification of the couplings
do not take place for arbitrary number of new particles. SUSY does provide the right

number of new particles so that the unification occurs at higher energy scale.

Finally, bosonic and fermionic SUSY particles now appear in the higgs mass calcula-
tion, resulting a cancellation of the divergence so that Higgs mass becomes finite and its

mass scale stabilizes.

2.2.4 Minimal supergravity

Let us recall the procedure for local gauge theories. Starting from a free Dirac equa-
tion, pick a symmetry to be imposed. Transform the Lagrangian under the symmetry,
and finally restore the symmetry by introducing additional fields. The same has been
done for SUSY by assuming super gravity fields breaks SUSY. In this context, the newly

introduced fields are the spin-3/2 gravitino, and spin-2 graviton.

As mentioned in the previous section, SUSY must be softly broken. Now one may
recall how the electroweak symmetry was broken. Essentially the same mechanism can
be used here as well. In a locally broken SUSY, the gravitino absorbs the goldstino
(which is a supersymmetry version of Numbu-Goldstone boson) and thus acquires its
mass: much like the Higgsmechanism in the SM. Although the theory now includes

gravity, it is still not a full quantum theory of gravity, as it is still not renormalizable.

To avoid gauge anomalies the breaking must take place in a hidden sector. Its effect
must then be transmitted to the visible sector. This can either be done by gauge forces
or by gravity, Gauge Mediated SUSY Breaking (GMSB), and SUperGRAvity (SUGRA),
respectively. While MSSM is a low energy effective theory, including gravity allows to

consider energy close to the Planck scale.
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2.3 Simplified Models of SUSY

A model of new physics is defined by a TeV-scale effective Lagrangian describing its
particle content and interactions. A simplified model is specifically designed to involve
only a few new particles and interactions.[17] Many simplified models are limits of more
general new physics scenarios, where all but a few particles are integrated out. Simplified
models can equally well be described by a small number of parameters directly related
to collider physics observables: particle masses (and their decay widths, which can
sometimes be neglected), production cross-sections, and branching fractions. Simplified
models are clearly not model-independent, but they do avoid some pitfalls of model-
dependence. The sensitivity of any new-physics search to a few-parameter simplified
model can be studied and presented as a function of these parameters and in particular
over the full range of new particle masses. Though defined within a simplified model,
these topology-based limits also apply to more general models giving rise to the same

topologies.

Lepton simplified models described in this section populate final states with up to 4+

leptons with or without new sources of missing energy.

Multi-lepton signatures arise most commonly in cascade decay scenarios. SUSY type
with neutralino or squark decays giving W or Z bosons, multi-leptons from R-parity

violation, tri-leptons from scalar diquarks,

Low scale gauge-mediated supersymmetry breaking naturally gives rise to superpart-
ner spectra with nearly degenerate right-handed sleptons playing the role of co-next
to lightest superpartner (co-NLSP), with a bino-like neutralino as the next to next to
lightest superpartner (NNLSP) [18]. [19] [20] [21] [22] [23] [24]

For spectra of this type, cascade decays from heavier superpartners always pass se-
quentially through the bino, then to one of the co-NLSP sleptons emitting a lepton,
and finally to the un-observed Goldstino, emitting another lepton. Therefore, pair-
production of heavier superpartners gives rise to inclusive signatures that include four
hard leptons and missing transverse energy, pp — 71~ 1"tI'"+ K7 This signature is best
covered by an exclusive hierarchical search for quad-leptons, tri-leptons, and same-sign
dileptons, including F7 in the latter two cases as necessitated by backgrounds. The
principal strong production channels that are relevant for early LHC searches are pairs
of gluinos and/or squarks. Weak production of chargino, neutralinos, and direct produc-
tion of sleptons will become relevant in future searches. A reach or upper limit on o x
BR for pp — multi — leptons+ Fr as a function of the gluino and the chargino masses
provides a unified summary of the sensitivity to this topology for both strong and weak

production of superpartners.
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FIGURE 2.1: The simplified model with neutralino-neutralino(chargino) decay to three
or four leptons via intermediate slepton(left) or intermediated sneutrino

Multileptons can result from pair-production of electroweakly charged objects that
frequently occur in BSM theories as partners of electroweak and Higgs bosons (i.e.,
MSSM, NMSSM, UED, and some Little Higgs models). This simplified model consists
of an electrically charged particle accompanied by two neutral particles, the lighter of
which is stable. In particular, the particles have the quantum numbers of the lightest
two neutralinos and the lightest chargino. The new particles are produced via Standard
Model vector bosons. Several of the production modes and decay spectra result in
multilepton topologies [25] [26] [27] [28] [29] [30]

In simplified models [31], a limited set of hypothetical particles and decay chains are
introduced to produce a given topological signature. The amplitudes describing the pro-
duction and decays of these particles are parametrized in terms of the particle masses
and their branching ratios to daughter particles. Simplified models provide a bench-
mark for comparing search strategies which is more sensitive to the choice of kinematic
selections and the final state topology than CMSSM. Furthermore, the presentation of
signal acceptance and cross section upper limits as a function of the mass parameters
of a simplified model can be used as a reference to place limits on different theoretical

models.

The simplified model with neutralino-neutralino(chargino) decay to multi-leptons is
shown in Fig. 2.1. The production mode involves slepton—slepton(i) or slepton-sneutrino(7),
which decay into massive neutralino LSP(¥"). Neutralino-chargino decays directly to

result in our desired multilepton final state.

2.4 The Gauge Mediated Supersymmetry Breaking

As mentioned before section, breaking of the supersymmetry must be soft. However
this does not mean it must be broken by the gravitino field. A different way to break
the symmetry softly is via gauge interactions of the messenger particles which make the

hidden sector communicate with the observable sector: Gauge Mediated Supersymmetry
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Breaking (GMSB). The soft supersymmetry breaking masses of SUSY partners of SM
particles are thus proportional to the strength of their gauge interactions while the
gaugino masses satisfy the grand unification mass relations. The full mass spectrum
and couplings are determined by six parameters within the simplest model of this type.

The parameters are

e A, the effective SUSY breaking scale of sparticles

e M,,, the mass scale of the messengers

e N5, the number of messenger SU(5) supermultiplets

e tanf, the ratio of the Higgs field vacuum expectation values
e sign(u), the sign of the common higgs mass parameter term

o Cyrav, the scale factor of the gravitino coupling, partial width constant for sparticle

decaying to gravitino, which determines the NLSP lifetime.

The most important parameter of the six is A which sets the scale of sparticles. The
experimental signature of the model depends on the mass of the NLSP by assuming the
LSP escapes from the detector without any footprint. This statement applies to any
variant of the MSSM, for example, the mSUGRA as well.

One important difference from the mSUGRA is that the gravitino can be identified
as the LSP. In such a case, the decay mode I, — IG can be dominant. This mode is
indeed dominant if mj —mz < mey and produces electrons and muons copiously as
staus are suppressed. Given that high reconstruction efficiencies and low fake rates of
electrons and muons with respect to taus, this particular scenario is attractive. In this
dissertation, a further simplification is done: the gluino mass fixed and the bino mass
varied to scan the parameter space. The strong SUSY breaking scale is set separately
from that of weak scale: squarks and gluinos can be much lighter than those sparticles
in the mSUGRA. Lighter strongly interacting particles result higher production cross

section. The slepton masses are taken to be degenerate within few GeV.

In this particular scenario, we have many leptons in a final state. This model is referred
as Multi-Lepton co-NLSP (ML) or the Gauge Mediated Split Messenger (GMSM) model
in the result table and exclusion limit plot. The details of the model can be found for

instance in references [32] [33].

Since no supersymmetric particles have been found so far, supersymmetry has to be

broken, if it exists. Within Gauge Mediated Supersymmetry Breaking (GMSB) models
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Ficure 2.2: Higgsino GMSB model with chargino-chargino, neutralino-neutralino,
chargino-neutralino production with large branching fraction to ZZ(W)+MET

the breaking in a secluded sector is mediated via gauge interactions to the electroweak
scale, such that the superpartners of the standard particles aquire additional masses.
If R-parity is assumed to be conserved, the lightest SUSY particle (LSP), which is the
goldstino/gravitino, is stable. It is nearly massless, since its mass is proportional to
the breaking scale, which usually lies well below the Planck scale. The next-to-lightest
SUSY particle (NLSP) is often either the lightest neutralino or the lightest stau, which
decay to the LSP and their standard model partners with a lifetime also depending on

the breaking scale.

Besides many other measurements, discovering signatures of GMSB and measuring the

properties of the NLSP are among the physics goals of the ATLAS and CMS detectors.

The last status of the Tevatron searches for GMSB is given in [34]. GMSB models are
a possibility to break SUSY on a low scale compared to generic mSUGRA models. A
consequence is that the LSP is typically the gravitino which couples to the NLSP and its
Standard Model partner. Superpartners of SM particles are introduced into the theory
based on the new symmetry [35]. It remains to be seen if SUSY is a true symmetry of

nature.

As shown in Fig. 2.2, Higgsino GMSB model with chargino-chargino, neutralino-
neutralino, chargino-neutralino production with large branching fraction to ZZ(W)+MET
results in signature with three or four leptons and large missing energy from LSP(x?}).
The study in this dissertation is focused on GMSB Higgsino modelwith three or four

leptons signatures in final state.
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Experimental Setup

This search for supersymmetry uses data collected from proton-proton collisions ob-
tained at CERN, the worlds largest particle physics laboratory. The accelerator used to
achieve these high-energy collisions is the Large Hadron Collider (LHC), and the experi-
ment that detects the products of these collisions is the Compact Muon Solenoid (CMS).
This chapter describes the CMS detector and data acquisition system. The discussion
that is presented in this chapter can be found in greater detail elsewhere[JINST 0803],

and the figures used here are taken from the same source.

3.1 The Large Hadron Collider

The LHC is a particle accelerator that is 27 km in diameter, located at a mean depth
of 100 m underground. It is built in the same tunnel as the Large Electron-Positron
Collider (the previous accelerator at CERN), the rock layers above providing a natural
shielding from incoming (cosmic) and outgoing radiation. It is designed to provide head-
on collisions of two proton beams, each at 7 TeV, with an instantaneous luminosity of
1034 cm2 sl1. However, due to risks revealed in an accident that occurred on September
19, 2008, the peak energy cannot be reached till repairs have been performed during the
long shutdown scheduled at the end of 2012. Hence, during the 2010 and 2011 runs,

each proton beam was at 3.5 TeV.

The large center-of-mass energy and instantaneous luminosity place significant chal-
lenges on any detector associated with the LHC. The total proton-proton cross-section
at /s = 7 TeV is roughly 70 mb. This implies inelastic collisions at ~ 10° Hz. The
online event selection process (trigger) must reduce the rate dramatically to ~ 10% Hz

for storage and offline analysis. The time between bunch crossings is a mere 50 ns,
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placing severe demands on the read-out and trigger systems. During the 2011 run, an
average of 7 inelastic collisions were superimposed on the event of interest, referred to as
pile-up. Pile-up can cause the products of the interaction being studied to be confused
with those from other interactions. This problem is compounded when the response
time of a detector element is longer than the interval between bunch crossings. The
effect of pile-up can be reduced by using high-granularity detectors with good time res-
olution, resulting in low occupancy. This requires a large number of detector channels,
which must be well-synchronized. The LHC is a high radiation environment, requiring
radiation-hard detectors and front-end electronics. Finally, in order to achieve the am-
bitious physics goals of the LHC, a detector must be able to reconstruct physics objects
efficiently, with very good resolution and low probability of mis-identification. The CMS
detector, described in depth in the next section, is designed to successfully address these

challenges.

3.2 The Compact Muon Solenoid Detector

The CMS detector is 21.6 m long, has a diameter of 14.6 m, and weighs 12.5 kt.
Its layout can be seen in Fig. 3.1. A crucial component for the precise momentum
measurement of high-energy charged particles is a magnet with a large bending power
to deflect the charged particles from a straight line trajectory. This is achieved by a
13 m long, 6 m inner-diameter, 3.8 T superconducting solenoid which is at the heart
of the CMS detector. The solenoid provides a bending power of 12 Tm before the
muon bending angle is measured by the muon system (Sec. 3.2.4). The strong return
field saturates the 1.5 m of iron that interleave the muon detectors. The bore of the
magnet coil is large enough to accommodate within it the inner tracker (Sec. 3.2.1)
and the calorimetry. The inner tracker consists of a silicon pixel detector and a silicon
microstrip detector. The main calorimeters are the electromagnetic calorimeter (ECAL,
Sec. 3.2.2) and the hadronic calorimeter (HCAL, Sec. 3.2.3). Additionally, CMS has
the forward calorimeters, known as CASTOR and zero degree calorimeter (ZDC), but

information from them is not used in this analysis.

The CMS coordinate system is centered at the nominal collision point inside the
experiment, with the y axis pointing vertically upward, and the x axis pointing radially
inward toward the center of the LHC. Thus, the z axis points along the beam direction.
Coordinates in the detector are specified using the azimuth ¢ in the plane transverse to
the beam direction and the pseudorapidity n = In [tan(6/2)], where 0 is the polar angle

relative to the beam axis. The region of the detector with | n |< 1.5 is referred to as
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FI1GURE 3.1: A perspective view of the CMS detector

the barrel, while the endcap has 1.5 <| n |<2.5. Transverse energy is defined as Ep =

E sin(f), and transverse momentum pr is defined analogously.

3.2.1 Inner tracking system

The inner tracker is used to reconstruct the trajectories of charged particles. It sur-
rounds the interaction point, has a length of 5.8 m and a diameter of 2.5 m. Combined
with the ECAL, it is used to identify electrons, and combined with the muon system, it is
used for muon identification. It can precisely measure secondary vertices and impact pa-
rameters of charged particles, used to identify heavy flavor decays that are characteristic
of many interesting physics processes. It satisfies stringent requirements on granularity,
speed and radiation hardness by use of silicon detector technology. High granularity and
speed imply a high power density of the on-detector electronics, which requires efficient
cooling. This is in direct conflict with the aim to keep material budget to a minimum in
order to limit multiple scattering, Bremsstrahlung, photon conversion and nuclear inter-
actions. A compromise had to be found in this respect. Consequently, the inner tracker
has a fast enough response to be a part of the software-based High Level Trigger, but
not fast enough to be a part of the hardware-based Level 1 trigger system (Sec. 3.2.5).
Figure 3.2 shows a schematic cross section through the CMS tracker. It is composed of
a pixel detector with three barrel layers (BPIX) at radii between 4.4 cm and 10.2 cm
and a silicon strip tracker with 10 barrel detection layers (Tracker Inner Barrel, TIB,
Tracker Outer Barrel, TOB) extending outwards to a radius of 1.1 m. Each system is
completed by endcaps which consist of 2 disks in the pixel detector (FPIX) and 3 plus 9
disks in the strip tracker (Tracker Inner Disk, TID, and Tracker endcap, TEC) on each
side of the barrel, extending the acceptance of the tracker up to | n |< 2.5. The pixel
detector is designed to precisely measure the impact parameter of charged particles and

the position of secondary vertices, and to achieve similar hit resolution in both r¢ and z
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FIGURE 3.2: Schematic cross section through the CMS tracker

directions. It delivers three high precision points on each charged particle trajectory. It
covers an area of about 1 m? and has 66 million pixels. The spatial resolution is about

15 — 20pm.

The radial region between 20 cm and 116 c¢m is occupied by the silicon strip tracker,
which provides the necessary granularity required to deal with high track multiplicities.
It has a total of 9.3 million strips and 198 m? of active silicon area. The TIB and TID
extend to a radius of 55 c¢m, and are surrounded by the TOB. The TOB extends in z
between £ 118 cm. Beyond this z range, the TEC covers the region 124 cm <| z |< 282
cm and 22.5 cm <| r |[< 113.5 cm. Some layers of the strip tracker are single-layered, and
some double-layered. Double-layered modules, which have a second micro-strip detector
module mounted back-to-back with a stereo angle of 100 mrad, allow the z (r) coordinate
of a hit to be measured in the barrel (endcap). In the TIB, the strip pitch is 80 pm on
layers 1 and 2, and 120 um on layers 3 and 4; it varies between 100 pm and 141 pym in
the TID, and between 97 pym and 184 pum in the TEC. The TOB has strip pitches of
183 pm on the first 4 layers, and 122 pym on layers 5 and 6. The single point resolution
of the strip tracker is several tens of microns. TIB and TID in conjunction deliver up to
4 r¢ measurements on a trajectory, the TOB another 6 r¢ measurements, and the TEC

up to 9 ¢ measurements.

For single muons (charged particles for which the tracker performance is the best,
since muons are minimum ionizing particles), high momentum tracks (100 GeV) have a
pT resolution of 1 — 2% for | n |< 1.6; for 1.6 <| n |< 2.5, the resolution is degraded
due to the reduced lever arm. The impact parameter resolution reaches 10 m for high
pT tracks, dominated by the resolution of the first pixel hit, while at lower momentum
it is degraded by multiple scattering. The reconstruction efficiency for muon tracks is
about 99% over most of the acceptance. At high 7, the efficiency drops mainly due to
the reduced coverage by the pixel forward disks. For pions, the efficiency is lower due

to material interactions.
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3.2.2 The electromagnetic calorimeter

The ECAL, illustrated in Fig. 3.3, is a hermetic homogeneous calorimeter made of
radiation resistant lead tungstate (PbWQy,) crystals. When an electron or photon passes
through the ECAL, the result is a cascade or shower of electromagnetic particles that
contain the energy of the original particle. The shower continues till the cascade particles
no longer have enough energy to produce pairs, and are absorbed into the material of
the calorimeter. Pions occasionally interact with the ECAL, but the HCAL usually gets
the bulk of their energy deposit. Muons deposit little energy (~ 0.5 GeV) in the ECAL.

The scintillation decay time of the PbWQ, crystals is of the same order of magnitude
as the LHC bunch crossing time: about 80% of the light is emitted in 25 ns. There
are 61200 crystals mounted in the central barrel (EB), and 7324 crystals in each of the
two endcaps (EE). The EB granularity is 360-fold in ¢ and 2 x 85-fold in 1. The EE
consists of identically shaped crystals grouped in mechanical units of 5 x 5 crystals
consisting of a carbon-fibre alveola structure. Each endcap is divided into 2 halves, or
Dees. The nominal operating temperature of the ECAL is 18 °C. The cooling system,

which employs flowing water, has to comply with this severe thermal constraint.

The photodetectors used are avalanche photodiodes (APDs) in the EB and vacuum
phototriodes (VPTs) in the EE. The photodetectors need to be fast, radiation tolerant
and be able to operate in the strong magnetic field. In addition, because of the small light
yield of the crystals (about 4.5 photoelectrons per MeV at 18 °C ), they should amplify
and be insensitive to particles traversing them. The configuration of the magnetic field
and the expected level of radiation led to different choices between EB and EE. The
lower quantum efficiency and internal gain of VPTs compared to APDs is offset by their

larger surface coverage on the back face of the crystals.
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A preshower (ES) detector is located in front of the EE. Its main aim is to identify
neutral pions in the endcaps within 1.653 <| n |< 2.6. It also helps distinguish electrons
from minimum ionizing particles, and improves the position determination of electrons
and photons with its high granularity. It is a sampling calorimeter with two layers: lead
radiators initiate electromagnetic showers from incoming photons and electrons, while
silicon strip sensors placed after each radiator measure the deposited energy and the
transverse shower profiles. A major design consideration is that all lead is covered by
silicon sensors, taking into account the effects of shower spread, primary vertex spread
etc. The lead planes are arranged in two Dees, one on each side of the beam pipe, with

the same orientation as the crystal Dees. The total thickness of the ES is 20 cm.

One of the driving criteria in the ECAL design was the detection of the decay of the
postulated Higgs boson to two photons. This capability is enhanced by the good energy
resolution provided by a homogeneous crystal calorimeter. To achieve the most accurate
energy measurements for electrons and photons, the ECAL needs to be well-calibrated.
ECAL calibration is composed of a global component, giving the absolute energy scale,
and a channel-to-channel relative component, referred to as intercalibration. The ulti-
mate intercalibration precision is achieved with physics events like W — ev, 7% — v and
1n — 7. During intercalibration, ECAL response must remain stable to high precision.
Changes in crystal transparency due to radiation damage are tracked and corrected us-
ing the laser monitoring system. The ECAL is able to accurately measure a wide range
of energies, from 2 GeV up to a few TeV. The lower energy is important for the recon-
struction of the Higgs boson decaying to b-jets; the upper energy is important for the
discovery of new particle resonances. For energies ~ 100 GeV, the energy resolution is
better than 1%.

3.2.3 The hadron calorimeter

The HCAL, shown in Fig. 3.4, is crucial for the measurement of hadron jets and
apparent missing transverse momentum (due to neutrinos or exotic particles that do
not interact with the CMS detector). The HCAL is a hermetic sampling calorimeter,
and uses alternating layers of absorber and scintillator. When hadrons pass sufficiently
close to the absorber nuclei in the HCAL, there is a strong interaction between the
hadrons and the protons and neutrons of the nearby nucleus. These interactions produce
additional particles that share the energy of the original high-energy particle, each of
which strongly interacts with nearby nuclei, resulting in a cascade of particles similar to
an electromagnetic shower. This will continue until the particles all begin to slow down
and get absorbed into the HCAL. The HCAL barrel (HB) and endcaps (HE) sit behind
the inner tracker and ECAL as seen from the interaction point. The HB is radially
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restricted between the outer edge of the ECAL (R = 1.77 m) and the inner edge of
the magnet coil (R = 2.95 m). This limits the total amount of material which can be
put in to absorb the hadronic shower. Therefore, an outer hadron calorimeter (HO) is
placed outside the solenoid complementing the barrel calorimeter. Beyond | n | = 3, the
forward HCAL (HF) placed at 11.2 m from the interaction point extend the coverage to
| 7 | = 5.2 using a Cherenkov-based, radiation-hard technology.

The HB is divided into two half-barrel sections, with coverage up to | n | j 1.3. It
consists of 36 identical azimuthal wedges constructed out of flat brass absorber plates
aligned parallel to the beam axis. The plastic tile scintillator, chosen for its long-term
stability and moderate radiation hardness, is divided into 16 7 sectors. The HCAL
consists of about 70 000 tiles. Light from each tile is collected with a wavelength-
shifting fiber. The HE has a coverage of 1.3 <| n |< 3, a region containing about 34%
of the particles produced in the final state. The high luminosity of the LHC requires
HE to handle high (MHz) counting rates and have high radiation tolerance. Since the
calorimeter is inserted into the ends of the solenoid, the absorber must be non-magnetic,
have a maximum number of interaction lengths to contain hadronic showers, have good
mechanical properties and be affordable: brass fulfils these criteria. The absorber design
is driven by the need to minimize the cracks between HB and HE, and not single-particle
energy resolution, since the resolution of jets in HE is limited by pile-up, magnetic field

effects, and parton fragmentation.

The HO utilizes the solenoid coil as an additional absorber and is used to identify
late starting showers and to measure the shower energy deposited after HB. The mean
fraction of energy in HO increases from 0.38% for 10 GeV pions to 4.3% for 300 GeV
pions. The HF experiences unprecedented particle fluxes: on average, it gets 760 GeV
per proton-proton interaction, compared to only 100 GeV for the rest of the detector.

Moreover, this energy is not uniformly distributed, but has a pronounced maximum at



Chapter 3. Ezperimental Setup 31

1200
(em)

FIGURE 3.5: A view of the CMS muon detector

the highest values of | n |. The charged hadron rates are also extremely high. Steel
interleaved with quartz fibers (as the active medium) was chosen to survive under these
harsh conditions. The HCAL energy resolution is about 30% for 10 GeV pions, and
about 10% for 100 GeV pions.

3.2.4 Muon detector

High pr muons provide the cleanest signature for many of the SM processes studied
at the LHC, as well as a signature for new discoveries. The muon detector system,
shown in Fig. 3.5, must identify muons and trigger on them with large efficiency, even
in the presence of multi-muon events, up to | 7 | = 2.1 and with no acceptance loss. It
should be able to unambiguously assign a bunch crossing to each muon candidate, and
correctly assign charge even for low pr muons. For large pr tracks (pr ; 200 GeV), the
muon pr determined by measuring the sagitta of the global muon track (obtained by
combining the inner tracker information with the muon detector information) should be
precise enough to substantially improve the precision of the pp measured by the inner

tracker alone.

Besides the constraints mentioned above, there are two main factors to consider when
choosing the type of detector technology: first, the very large surface area to be covered,
and second, the different radiation environments involved. For identifying and measuring
muons, there are three types of gaseous detectors involved. In the barrel region (| n |<
1.2), where the neutron induced background is small, as is the muon rate and the
residual magnetic field (< 0.4 T), drift tube (DT) chambers are a good choice. In
the two endcaps, where all three of these quantities are high, cathode strip chambers
(CSC) are utilized, and cover the region up to | n |< 2.4. In addition to this, resistive
plate chambers (RPC) extend over the barrel as well as the endcap. RPCs have a fast
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response, with good time resolution, though their position resolution is coarser than
the DTs or CSCs. Hence RPCs can unambiguously identify the correct bunch crossing.
The DTs or CSCs and the RPCs provide two independent and complementary sources of
information, and operate within the Level 1 trigger. The magnet return yoke of the CMS
detector is subdivided into 5 wheels and 2x3 endcap discs, and is instrumented with
a system of muon chambers. In the Muon Barrel (MB) region, 4 stations of detectors
are arranged in cylinders interleaved with the iron yoke. The segmentation along the
beam direction follows the 5 wheels of the yoke (labeled YB2 for the farthest wheel in
z, and YB+2 for the farthest in +z). In each of the endcaps, the CSCs and RPCs are
arranged in 4 disks perpendicular to the beam (ME1 to ME4), and in concentric rings,
3 rings in the innermost station, and 2 in the others. In total, the muon system contains
of order 25,000 m? of active detection planes, and nearly 1 million electronic channels.
DT Chambers in the four different MB stations are staggered so that a high pT muon
produced near a sector boundary crosses at least 3 out of the 4 stations. Each station is
designed to give a muon vector in space, with a precision better than 100 ym in position
in the r¢ plane, and approximately 1 mrad in ¢. The muon endcap (ME) is arranged
in 4 disks (ME1 - ME4), referred to as stations. Each station is subdivided into rings.
Each ring is filled with CSCs, which are trapezoidal multiwire proportional chambers.

Closely spaced wires make the CSC a fast detector (response time of ~ 4.5 ns),

which is why it is used in the Level 1 Trigger. However, it leads to a coarser position
resolution than the DTs: the spatial resolution in the r¢ plane provided by each chamber
from the strips is typically about 200 pum, and the angular resolution in ¢ is of order
10 mrad. CSCs can operate in large and non-uniform magnetic field without significant
deterioration in their performance. Each RPC detector consists of a double-gap bakelite
chamber operating in avalanche mode to ensure good operation at high rates (up to 10
kHz/cm?). RPCs guarantee a precise bunch crossing assignment thanks to their fast
response and good time resolution.
The muon detection system is capable of identifying single and multi-muon events with
well determined pr in the range of a few GeV to TeV. The reconstruction efficiency
is greater than 96% if pr > 20 GeV (the range that is relevant for this analysis) and
around 80% for pr = 5 GeV. The momentum resolution App/pr is 1 - 1.5% when
pr ~ 10 GeV and 6 - 17% when pp ~ 1 TeV (the large range is due to n dependence).
The momentum resolution of muon tracks up to pr = 200 GeV reconstructed in the
muon system alone is dominated by multiple scattering. Thus, at low momentum, the
best momentum resolution for muons is obtained from the silicon tracker. At higher
momentum, the characteristics of the muon system allow the improvement of the muon
momentum resolution by combining the muon track from the silicon detector, tracker

track, with the muon track from the muon system, stand — alone muon, into a global
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muon track using track matching. A complementary approach to global muons consists
of considering all silicon tracker tracks and identifying them as muons by looking for
compatible signatures in the calorimeters and in the muon system. Muons identified

with this method are called tracker muons.

3.2.5 Trigger and data acquisition

As mentioned previously, a reduction by a factor of 107 needs to be achieved when
going from the inelastic collision rate at the nominal LHC luminosity of 103* cm™2 s~! to
the rate at which collision data can be stored. CMS does this by using two components:
the Level 1 trigger (L1T) system, a fast hardware-based trigger, and the High Level
Trigger (HLT) system, which is software-based. The reduction in data is accomplished
by triggering on event features that are characteristic of rare and interesting physics

processes.

The L1T uses only coarsely segmented data from calorimeter and muon detectors,
while holding all the high-resolution data in pipeline memories in the front-end electron-
ics. It forwards no more than 100 kHz of the stored events to the HLT. For an event to
pass the L1T, it must meet certain threshold requirements on the pr or E7 of individual
physics objects, or on scalar or vector sums of the same quantities. The L1T is comprised
of several subcomponents associated with the different subdetectors: the bunch crossing
timing, the L1 muon systems (CSC, DT, RPC) which feed the Global Muon Trigger,
and the L1 calorimetry (ECAL, HCAL, HF) which feed the Regional Calorimeter Trig-
ger and then the Global Calorimeter Trigger. All these inputs are passed to the Global
Trigger (GT), as shown in Fig. 3.6. The GT has the ability to provide up to 128 trigger
algorithms to select an event based on logical combinations of LL1 objects, such as muons,
jets, or calorimeter energy sums. In addition, there are 64 technical triggers that are

used for detector diagnostics or monitoring. The L1T has a latency of 3.2 s, after which
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the detector information from the event must either be dropped or sent to the front-end
readout buffers. Events that are retained undergo signal processing, zero-suppression,

data compression, and then sent to the HLT.

The HLT is capable of a greater rejection power than the L1T because it has additional
time to calculate kinematic variables using complete read-out data from all detector
subsystems necessary for a particular reconstruction. It relies upon about a thousand
commercial processors to perform complex calculations similar to those made in the the
analysis offline software. Since there are timing constraints that the HLT has to satisfy
(average execution time for a trigger path should be 10 ms, with an upper limit of 40
ms), the reconstruction algorithms employed online are often simpler than what is used

offline, and care has to be taken to ensure that this does not affect the physics analyses.

Events that are accepted by the HLT are sent to the Storage Manager, the last piece
of the data-handling chain. The Storage Manager has two principal purposes. The
first is to collect the events from the processor farm of HLT, and store the events in
files for later transfer and processing. These data files are then assigned to different
output streams, each stream being defined as a collection of several HLT trigger paths.
The files are routed according to which HLT paths were triggered by a given event,
and which streams those paths belong to. The grouping is usually determined based
on offline usage (e.g., physics stream, express stream, calibration streams, etc.). The
second function of the storage manager is to act as an event server for calibration and

monitoring purposes.
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Physical Object Reconstruction

4.1 Luminosity measurement

The instantaneousluminosityL at a collider machine, where one observes a rate of R
for a physical process with cross section o, is defined as:

=2
o

(4.1)
It depends on machine parameters, such as beam transverse dimensions, number of
protons per bunch and number of bunches in the beams. It is a time dependent quantity

L(t) (since the beams degrade with time) that integrated over the data-taking period

becomes the measurement of collected statistics, called integratedluminosity:

Lint = / Lt (4.2)

The real-time luminosity monitoring must be based on the measurement of a high,
well known, cross section process using as little hardware as possible. One method
of luminosity determination [45] is the “zero counting”, where the luminosity is derived
from the probability that a tower of the hadronic forward calorimeter (HF) sees zero hits
in a single collision. Another, more accurate method is “Pixel Cluster counting”: there
is a good correlation between the luminosity and the number of hit clusters in the Silicon
Pixel detector. Due to their tiny size the individual pixels have a small occupancy and
this allows to use this method also at very high luminosities. The pixel-based method
is used in CMS. The systematic error assigned to the luminosity collected during 2012
is 4.4% [46]. Systematic uncertainties are higher in 2012 data compared to 2.2% from

35
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2011 data. 2012 data are recent and less understood than 2011 ones; in addition the

calibrations of detectors are preliminary in many cases.

4.2 FElectrons

Electron reconstruction [47] begins with the clustering of ECAL energy deposits. In
the absence of material interactions in the beampipe or tracker, approximately 94% of
the incident energy of a single electron is contained in 3 x 3 crystals, and 97% in 5 x
5 crystals. Due to the strong magnetic field, and electrons undergoing Bremsstahlung,
the energy deposited in the ECAL is spread in ¢. This energy is clustered by building a
group of clusters, a supercluster(SC), which is extended in ¢. Figure 4.1(a) shows the
material budget of the CMS detector. Figure 4.1(b) shows an illustration of an electron
as it radiates photons when traveling through the tracker layers. CMS employs a hybrid
algorithm in the EB, and an island algorithm in the EE; these are discussed in greater

detail elsewhere.

Non-overlapping clusters are grouped into a SC. The procedure is seeded by searching
for the most energetic cluster (seed cluster), and then by collecting other clusters in a
fixed search area around the seed position. The clusters belonging to radiation from
a single electron are aligned in 7, but spread in ¢. By collecting all the clusters in a
narrow 7 window, whose size is dictated by the 7 resolution of the detector, it is possible
to recover most of the radiated energy. The energy of the SC is corrected based on the
number of crystals in the seed cluster, and to remove any residual n dependence. The
position of the shower is obtained by calculating the energy-weighted mean position of
the crystals in the SC. There are two issues with this approach: one is related to the
definition of the position of a crystal, the other to the fact that a simple energy-weighted
mean is biased towards the center of the crystal containing the largest energy deposit

(seed crystal). How these issues are handled is discussed elsewhere [15].

To complete the process of electron reconstruction, the SC needs to be associated with
a track in the inner tracker. Electron tracking begins with the formation of a pizel seed,
which involves finding a pair of hits in the inner tracker consistent with the trajectory
of electron: the assumption is that the curvature of the trajectory is given by the Er of
the SC, and that the trajectory comes from the origin. The pixel seed itself is a vector
located at the outer hit position, pointing in the direction of the electrons trajectory, and
serves as the starting point for tracking. The standard seed-finding process is referred

to as pixel-matching, since the hit pair is usually located in the pixel layers.
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A major difficulty of electron reconstruction is that electrons can undergo Bremsstrahlung
in the tracker material. The radiation affects both the energy and momentum measure-
ment, and this effect depends on the material thickness. To account for Bremsstrahlung
losses, CMS employs a Gaussian-Sum Filter (GSF) track fit. This fit uses the Bethe-
Heitler model of electron energy loss, and approximates the energy loss distribution as a
sum of Gaussian distributions. Different Gaussians model different degrees of hardness
of the Bremsstrahlung in the layer under consideration. The GSF fit allows for good
momentum resolution at the vertex while also providing a meaningful estimate of the

momentum at the outermost part of the tracker.

The matching of the track and SC is based on their angular separation (AR):

AR = /(m —m2)2 + (¢1 — ¢2)? (4.3)

where (71, ¢1) and (12, ¢2) are the coordinates of any two positions (in this case,
the track position at the ECAL, and the SC position). The energy of the electron is
the errorweighted average of the corrected SC energy and the magnitude of the track
momentum (since the mass of the electron is negligible when compared to GeV scale
momenta). Figure 4.2(a) shows the improvement to the energy resolution of the electron
by combining the track and SC information. Figure 4.2(b) shows the energy resolution

of 120 GeV electrons before and after corrections.

We consider electrons over the range | n |< 2.4, excluding the overlap between the
barrel and endcap (1.44 <| n |< 1.57). There are four types of electron candidates:
prompt, non-prompt, conversion, and fake. Prompt electrons mainly come from the
decay of W and Z bosons, and are of great importance to us. Non-prompt electrons
arise from b or ¢ quark decaying to an electron. Although these electrons are usually
not isolated within the quark jet, since there is a significant amount of nearby elec-
tromagnetic and/or hadronic activity, the kick from the quark decay might knock the
electron out of the jet enough for it to appear isolated. Conversion electrons come from
a photon producing an electron-positron pair in the tracker. Fake electrons are a result
of reconstruction error: a coincidence of a jet depositing a large amount of energy in the
ECAL and a nearby (matched) single, high-pp track is misinterpreted as an electron.
Nonprompt, conversion and fake electrons are a background source of electrons that
need to be greatly reduced: this is accomplished by placing quality requirements (cuts)
on the electron candidates. The variables that help distinguish prompt electrons from

fake and non-prompt electrons are:
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e An;, and Ag¢y, @ The difference in  and ¢ between the track position at the
ECAL extrapolated from innermost track state, and the n and ¢ of the SC. A

large difference would indicate a fake electron.

e H/E: The ratio of the hadronic energy in a cone of radius AR < 0.1 around electron
position in the calorimeter to the electromagnetic energy of the SC. This variable
provides useful discrimination between electrons and jets, as electrons deposit little

energy (if any) in the hadronic calorimeter, unlike most jets.

e 0,,;: A measure of the n spread of the electrons energy deposit in the 5x5 block
centered on the ECAL seed crystal. A large spread in the energy deposition by

the electron candidate indicates that the candidate was most likely a jet.

e Impact parameters: An impact parameter is the distance of closest approach of the
electron trajectory to a certain point. The two impact parameters we use are dg,
measured in the transverse plane with respect to the beam spot, and d,, measured

along the beam direction with respect to the primary vertex.

o Jcombined /DT lepton: Combined relative isolation. I combined ig the sum of the trans-
verse energy Er (as measured in the electromagnetic and hadron calorimeters)
and the transverse momentum pr (as measured in the silicon tracker) of all recon-
structed objects within a cone of AR < 0.3 around the electron direction, excluding

the electron.

Table 4.1 lists the requirements on these quantities. Conversion electrons are rejected
by requiring that:
e There are no hits that are expected but missing in the inner tracker.
e The distance between possible conversion tracks is at least 0.02 cm.

o A(cotf) between possible conversion tracks at the conversion vertex is at least 0.02.

Additionally, the electron must satisfy AR > 0.3 with respect to all jets with pr ; 40
GeV and | n |< 2.4. This is used to distinguish jets from electrons.

4.3 Muons

Muon reconstruction [48] involves the inner tracker, combined with the muon system
(DT, CSC, RPC). This was discussed in some detail in Chapter 3. Track reconstruction

in the muon system makes use of the track hits and track segments (set of aligned hits)
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from the muon subdetectors. The algorithm starts from a locally-reconstructed muon
track segment in one of the innermost detector stations; it is used as a seed for a Kalman
filter which builds trajectories going radially outward. A y? cut rejects hits unlikely to
be associated with the track. The trajectory is propagated using a detailed map of the
magnetic field and taking account of energy loss in the detector material (mainly the
steel of the magnet return yoke), until the outermost detector layer of the muon system
is reached. An outside-in Kalman filter is then applied, and the track parameters are
defined at the innermost muon station. Finally, the track is extrapolated to the nominal
interaction point and a vertex-constrained fit to the track parameters is performed. The
muons used in this analysis are reconstructed by combining fitted trajectories in the
silicon tracker and the muon chambers (global muons). Muons are reconstructed over

the range | n |< 2.4, but we only use muons with |  |< 2.1 in this analysis.

Muon reconstruction is easier than electron reconstruction in many ways. Muons
are minimum ionizing particles, so they are much less prone to ionizing or exciting
atoms,/ molecules in material that they encounter. They are also much less susceptible
to Bremsstrahlung than electrons. This is because the total power radiated by a particle
in this situation is proportional to v* ( « is is the Lorentz factor), and for the same energy,
the more massive a particle, the smaller its Lorentz factor (E = ymc?). Because of the
muon chambers, a high pr muon track consists of about 30 hits, compared only 10 hits

for a high pr electron track, so muon tracks have better pr resolution.

Like electrons, muons suffer from background in the form of non-prompt and fake
muons. The nature of fake muons is different from that of fake electrons: they are
hadronized quark jets that penetrate through the HCAL (the punch — through effect).
The HCAL, and especially the HO, is designed to prevent this from happening: the
total depth of the calorimeter system is a minimum of 11.8 interaction lengths, where
one interaction length reduces the number of particles by 1/e. However, not all jets
can be stopped. For a fixed lepton efficiency, reducing muon backgrounds is easier
than reducing electron backgrounds, since punch-through muons are rarer than fake
electrons. A number of quality cuts are applied to reject fake and non-prompt muons.

Muon candidates must have:

e a \? per degree of freedom (of the global fit) less than 10, and at least one muon

chamber hit used in the fit (Global MuonPromptTight).

e at least 11 hits in the inner tracker (with at least one hit in the pixel system) and

2 matched segments in the muon system.

e an uncertainty in the fitted inverse transverse momentum of o(pr)/p3 < 0.001

GeVL.



Chapter 4. Physical Object Reconstruction 40

e Jcombined /DT 1epton < 0.1. electron.

In addition, the candidates must pass the same impact parameter cuts as electrons,
and qualify as a tracker muon. Finally, like electrons, muons must satisfy AR > 0.3

with respect to all jets with py > 40 GeV and | n |< 2.4.

4.4 Taus

The tau, as the heaviest lepton, can decay into lighter leptons as well as hadrons.
The reconstruction of taus therefore is far more complicated than electron and muon
reconstruction. And achieving a high purity (real taus divided by all reconstructed taus)
is rather difficult in contrast to lighter leptons. Due to this complexity, it is sometime
ignored completely in a clean leptonic analysis, or restricted to only the single charged
pion mode. In the SM, heavy particles exhibit lepton universality in the BR (i.e., BRs
are the same for all lepton families). If the physics beyond the SM also has such a
universality, then the muon channel is the golden mode of discovery in terms of its high
purity and precise pr measurements. Interestingly, in the MSSM, the heaviest slepton
(squarks) have heavier masses among sleptons (squark) in higher tan parameter space,
resulting higher BRs for those heavier particles. Suppose the muon channels are checked
first and no excess found beyond the SM. Yet, the physics beyond the SM is lurking in
the tau channels if tau BR is significantly enhanced. Therefore, it is worth analyzing

taus even given its challenging nature.

About two thirds of tau decays are hadronic, and the other one third is leptonic. As
long as the decay is leptonic, it can be reconstructed as lighter leptons. The challenging
decays are the hadronic ones. Henceforth, taus refer to hadronic decaying taus. The
cross section of the QCD processes are the largest at pp colliders. In the calorimeters,
there are not much difference between QCD jets and hadronic tau decays. This poses

the first and the biggest challenge to hadronic tau reconstruction.

This section follows reference [49]. The first half of this section is devoted to the
reduction of QCD backgrounds, and the latter half describes electron and muon rejection.
The algorithm used in this analysis is a cut-based shrinking cone, and assumes taus
originating from a heavy particle, like Z, W, and Higgs. In other words, a narrow

signal cone contains all tau decay products (due to Lorentz boost).
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4.4.1 Particle flow

The reconstruction uses Particle-Flow (PF) techniques, which has been validated with
the early data in 2010. The particle-flow algorithm aims at providing a global event
description at the level of individually reconstructed particles with a combination of
information coming from all the CMS detector components. The reconstructed and
identified individual particles are muons, electrons, photons, charged hadrons, and neu-
tral hadrons. The complete list of particles may then be used to derive composite physics
objects such as clustering into jets with standard jet algorithms. The algorithms dis-
cussed in this analysis use this list of particles both for reconstruction and identification
of taus. Specifically, all reconstructed particles in the event including charged pions and
photons from any possible hadronic tau decay products are clustered into jets with the
AK algorithm.

The tau algorithm benefits from both the improved energy and angular resolution
available describing each individual particles in the jet. The benefits of using it can be

summarized in three points:

e First, better energy and momentum resolution from the inner tracker and ECAL

for charged hadrons and neutral pions

e Second, no azimuthal angle bias for charged hadrons because the momenta are

determined. at the primary vertex where the axial magnetic field has no effect.

e Third, not affected by the JES correction tuned for QCD jets.

4.4.2 Base reconstruction

The baseline of tau selection requires that a minimum transverse momentum is re-
quired to each jet and only those satisfying it are further considered as a possible tau
candidate. A narrow signal cone is defined around the direction of the leading object,
and an isolation annulus expected to contain little activity is defined as a cone larger
than but excluding the signal cone. At least one charged hadron with pr > 5 GeV/c is

required to be found within a distance from the jet axis < 0.1 in R.

Default isolation requires no reconstructed charged hadron with py above 1 GeV/c
and no photon with Er above 1.5 GeV inside the isolation annulus. In this analysis, a

shrinking cone algorithm, which defines its signal cone size as 5.0 GeV /pT, is used.
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4.4.3 High level reconstruction

The base reconstruction successfully rejects most QCD jets. However,it does not reject
most electrons and muons, which are the perfect tau candidates as it provides a good

track and energy deposits in the calorimeters.

The electron pre-identification algorithm uses a multivariate analysis of the tracker
and calorimeter information which provides efficient seeds for full electron reconstruc-
tion. The electron pre-identification achieves 90-95% efficiency across the entire tracker
acceptance, with about 5% pion efficiency. In order to optimize the electron rejection

efficiency beyond 95%, two additional variables are formed.

The first variable E/P is defined as the summed energy of all ECAL clusters in a
narrow strip | An |< 0.04 with respect to the extrapolated impact point of the leading
track on the ECAL surface divided by the momentum of leading track inside the jet.
This variable is expected to cluster around unity for electrons and to be scattered around

smaller values for charged pions from tau decays.

The second variable, Hs3/P is defined as the summed energy of all the HCAL clusters
within AR < 0.184 around the extrapolated impact point of the leading track on the
HCAL surface divided by the momentum of the leading track inside the jet. This variable
is expected to cluster around zero for electrons and to be somewhat randomly distributed

for charged pions from tau decays.

The high efficiency of the standard muon reconstruction and identification in the
CMS provides optimal rejection of muons in the reconstruction if the muon information
is used. Tau candidates are rejected if their leading track matches to a global muon, or
the matched muon has at least one muon chamber segment, as real pions usually are

not reconstructed as global muons.

4.5 Jets

The typical jet energy fractions carried by charged particles, photons, and neutral
hadrons are 65%, 25%, and 10%, respectively. This means that 90% of the jet energy (the
fraction from charged particles and photons) can be reconstructed with good precision
by the PF algorithm, both in magnitude and direction; only the remaining 10% of the
energy (the fraction from neutral hadrons) is affected by the poor HCAL resolution, and
by calibration corrections of about 10 to 20% (a source of uncertainty that that ECAL

does not suffer from). Consequently, jets made of reconstructed particles are much
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closer to jets made of generated particles than jets reconstructed using only calorimeter

information, in energy, direction, and content.

Jet clustering is performed using the anti-kT' clustering algorithm. Particles recon-
structed with the PF algorithm (as explained in Sec. 4.3.1.3) that are above a certain
energy threshold and within a AR cone of 0.5 are clustered into PF jets. All PF jets
below 10 GeV are considered to represent unclustered energy. Applied jet energy correc-
tions include: offset (L1FastJet with active area calculation), relative (L2), and absolute
(L3). The purpose of the offset term is to correct for pile-up; the relative corrections
smooth out any n dependence, and the absolute corrections relate to the overall energy
scale. Additionally, jets in data have residual corrections applied to them to account for
data-simulation discrepancies, since the other corrections are based on simulation. Jet
candidates are required to satisfy loose quality criteria that suppress noise and spurious

energy deposits:

e at least two particles (at least one of them charged) in the jet.
e energy fraction of neutral hadrons < 0.99.

e both charged and neutral electromagnetic energy fractions < 0.99.

Jets must have pr > 40 GeV and | n |< 2.4. We form Hp = Ypp, where the sum is

taken over all jets passing the selection just described.

4.6 Missing Transverse Energy

We define E} = —Xpr, where the sum is over PF objects reconstructed offline, and
Er =]| Er |. In CMS, the FEp used by us is referred to as uncorrected PFMET.
An alternative is to use type — I corrected PFMET, a propagation of the jet energy
corrections to Fr. However, there are no existing studies showing that the use of type — I

corrected PF M ET provides any benefit, hence we use uncorrected PFMET.
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Data and Simulation

The Monte Carlo simulation samples for SM background and signal are centrally
produced and distributed. But a few signal samples are produced centrally. There is a
best bookkeeping tool to locate available copies of samples from all over the world to

the location to be moved. That an easy way is the CMS Data Bookkeeping System.

5.1 The CMS software

The event generation is done by Pythia alone or a combination of Pythia and sup-
ported external event generators. The CMS software (CMSSW) serves that event gener-
ation. To make use of the CMSSW, IOMC provides such an interface for the format to
be adapted to the specifications of CMSSW. The output file is consequently converted
to a ROOT [50] file ready to be passed through all the steps of the CMSSM. First,
the cmsdriver tool automatically generates configuration file from the database, and
produces a collection of all generation steps. That specified generation steps are GEN,
SIM, and RECO. The GEN step puts all generated particles into the GenParticle collec-
tion and subsequently the detector simulation is performed. This simulates the detector
responses for all particle trajectories resulting in hits and energy deposits. That is just
the way a real collision would produce particles traversing through the detectors. This
step has DIGI, L1, DIGI2RAW, and HLT process, where DIGI digitizes simulated hits,
L1/HLT performs the L1/HL trigger decision, DIGI2RAW coverts the digitized hits to
the RAW format. The RAW format is equivalent to the data coming from the CMS
detector with real collisions. The data format contains all hits and energy deposits is
called SIM. There is a Fast Sim, a faster version of SIM, although which is less precise
in terms of detector response, it is faster than full Sim by a factor of 10. Full Sim is

used for background and benchmark signal points(lm9) in this analysis, and fast Sim is

44
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used for SUSY parameter space scan. And then, the reconstruction is performed. The
reconstruction section describes more the methods of reconstruction. The data format
after the reconstruction is RECO format. That contains high level physics objects (i.e.,
particle types and 4-vectors). That RECO data format is already ready to be used by
analyzer. And the users are encouraged to reduce further the amount of data size by
converting RECO to AOD format, Analysis Object Data. The AOD data format is a
CMSSW Data Format, which is proper subset of the RECO data formats and sufficient
for a large set of CMS analyses. the users are able to apply basic cuts on particle prop-
erties by using the Physics analysis Tool Kit(PAT), that create ntuple files with smail

size.

5.2 Monte Carlo samples

The Simulated samples with Monte Carlo (MC) used for this analysis is fully from
2012 8 TeV production. Those samples are reconstructed in CMSSW release 54X. The
NLO cross sections are used for all SM background and SUSY signal processes. The
k-factors for signal samples are computed with PROSPINO [51]. SUSY parameter space
scan samples are produced with CMSSW54X, the GMSM points produced by the SUSY

group are used as well.

SMMCSamples H Generator ‘ o(pb)
TTJets MassiveBiInDECAY TuneZ2star 8TeV | madgraph | 225.2
DYJetsToLL M-50 TuneZ2Star 8TeV madgraph | 3532.8
DY JetsToLL M-10To50filter 8TeV madgraph | 228.735
77JetsTodLL TuneZ2star 8TeV madgraph | 0.1769
WZJetsTo3LNu TuneZ2 8TeV madgraph | 1.0575
WWWl/Jets 8TeV madgraph | 0.08217
WWJetsTo2L2Nu TuneZ2star 8TeV madgraph | 5.8123
WJetsToLNu TuneZ2Star 8TeV madgraph | 37509
ZG Inclusive 8TeV madgraph 123.9
SUSY MC Samples H Generator \ o(pb)
LM9 SUSY Pythia6 9.287
TChiWZ Pythia6 1.0
TChiSlepSnu Pythia6 1.0
Higgsino GMSB Pythia6 1.0

TABLE 5.1: Simulated event samples used in this analysis. The cross section and
generator information is given above.
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5.3 Data

The data used for this analysis have been collected by CMS detector during the 2012
period. That corresponds to an integrated luminosity of 19.5 fb! with a center of mass

energy of 8 TeV, which is based on the certified JSON as in Table 5.2.

Data sample H Integrated luminosity [fb~!]
/DoubleMu/Run2012A-13Jul2012-v1 0.809
/DoubleMu/Run2012A-recover-06Aug2012-v1 0.082
/DoubleMu/Run2012B-13Jul2012-v4 4.43
/DoubleMu/Run2012C-24Aug2012-v1 0.49
/DoubleMu/Run2012C-PromptReco-v2 6.40
/DoubleMu/Run2012D-PromptReco-v2 7.27
Total Integrated luminosity 19.5 fb1

TABLE 5.2: List of data samples and the corresponding integrated luminosity.
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Background Estimation

6.1 Signal Signature and Background

6.1.1 Background

In general, backgrounds to this topology are relatively small, while come from a variety
of sources. We can separate these into two categories: 1) backgrounds with one or
more fake lepton, electron, muon and hadronic tau, which is non-prompt lepton. 2)
backgrounds with three or more prompt leptons. Several methods are employed to
predict the background contamination from the Standard Model from each of these
sources. Many of those are derived partially or fully from data. We rely on simulation
for the background expectation for the rarest Standard Model processes. The expected

contribution from each source of background is estimated from Monte Carlo simulations.

6.1.2 Drell-Yan

It is an important type of background with the multi-lepton signal which comes from
topologies which produce two prompt leptons (i.e. decay products of W or Z bosons)

and a third lepton originating from a heavy-flavor (or a light-flavor) jet.

The dominant background for this study is diboson + jets production. If there is at
least one fake lepton in the event, Drell-Yan processes include two prompt leptons in
the final state can only contribute to three lepton channels. The events with three and
four muons or electrons come from WZ, ZZ production. Because that backgrounds are
irreducible with quality selection, that should be predicted by data driven technique.

Non prompt but isolated leptons come from the decay of heavy flavor mesons, which is
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plagued by rather uncertain cross sections. so the fake lepton rate must be controlled

from data.

The diboson events produce two or three prompt and isolated leptons similar to SUSY
multi-leptonic signatures, but the main source of missing transverse energy is from neu-
trinos. Contrast to that diboson events, the lightest SUSY particle(LSP) makes large
missing transverse energy. Therefore, the difference ratio shows good shape information
for signal regions compared to SM sideband including two tight leptons and at least one
fake lepton. All three prompt and isolated leptons can be selected by requiring two tight
opposite sign same flavor leptons and an additional tight lepton. The tight leptons has

the tight selection criteria an relative isolation requirement PF Riso > 0.15.

6.1.3

tt processes are the next important dilepton process. An additional fake lepton is
present can contribute to the signal region. Top quark production as well as Z+jets,
WW-jets constitute the main processes that contribute to this background. The event
selection to have at least three tight leptons with high py suppress the t¢f background
well. The b-jet veto reduces the top background significantly, leaving a small fraction
due to b jets out of acceptance or inefficiencies of the b-tagging algorithm. In contrast
to Z/y* +Jets processes, tt events with two prompt leptons contain two associated

neutrinos in the final state leading to two b-jets and missing transverse energy.

If an additional fake lepton contributes to signal region, this combination of dileptons
with missing energy leads to SUSY-like trilepton signatures. The production mechanism
for fake leptons in #f is similar to Z/yx +Jets, but the b-jet density varies in the processes.
The determination from Z/yx +Jets events can not be used for tf. A fake lepton
enriched tt sample with opposite flavor leptons one has to suppress the dominant process
Z/~vx — 77, where each tau decays leptonically 7 — lyjv,. Requirement on at least one
b-tagged jet is required to enhance tt processes. However, the requirement on b-tagged

jet is not considered for this analysis.

6.2 Preselection

The preselection is to reduce the SM background contributions to the negligible level
of the SUSY signal events. The quantities which have been cut on are explained in recon-
struction sections. There are many study to apply common preselection for multilepton
analysis [52] [53].
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6.2.1 Trigger selection

In this analysis we select events triggered by double lepton trigger. The threshold on
leading particle is 17 GeV and that on the next to the leading particle is 8 GeV. All
the triggered data used for this analysis is based on the certificated datasets The trigger

paths used for this analysis are following;

e HLT Mul7_Mu8

6.2.2 Muon selection

A primarily study of the muon identification efficiency has used the official Tag and
Probe tool for the datasets from Run A to Run D. Overall the agreement is good, and
the muon reconstruction in the CMS-Detector is understood well. Muons are selected
by a simple set of cuts to suppress the fake muons in the signal region. Requirements
on the muon track are applied to select only well reconstructed muons. Those are the
quality of the global fit xy? and the number of hits in the tracker NTrackHits. All

selection requirements are listed in Table 6.1.

The selection criteria on the relative isolation PFRiso is effective to suppress fake
leptons from jets. The applied cut variable, PFRiso, is defined as the sum of all photons,
charged and neutral hadrons in a cone AR < 0.3 around the muon candidate relative to

the transverse momentum of the muon as following:

PFRISO _ [Ep%h”gEdHad+max(0.0,Zp%‘eu”alH“d—ﬁ—Ep%howm—pAeff(NH+PH)]
pr

The PFRiso is corrected using the Delta Beta corrections. Additional also a re-
quirement on the impact parameter in the xy-plane with respect to the primary vertex
dyy(PV) is applied. The well reconstructed muons are selected by ‘isGlobalMuonPrompt-
Tight’ and Particle-Flow muon id =‘isPF’. The valid number of hits is greater than 10
in tracker. The requirement of relative isolation is smaller than 0.15 around the muon
candidate. The impact parameter in the xy-plan with respect the primary vertex d,, is

required to be smaller than 0.02 to suppress fake leptons from jets.

6.2.3 Electron selection

The electron selection is based on a set of simple cuts, which is similar to muons. The
identification requirements follow the loose WP recommendation [54]. Fake electrons are

dominated by fakes from jets and fakes from asymmetric photon conversion. To suppress
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fake electrons from jets, requirements on the transverse impact parameter d,, and the
relative isolation PF Riso are applied. In case of electrons the PFRiso is corrected

according to the so called p25 corrections.

A symmetric photon conversion occurs in the detector material (beam pipe or tracker
layers), and the d, requirement is quite sufficient (~ 50% suppression). So electrons
from photon conversion have a displaced secondary vertex. And Further suppression
also can be achieved by using the number of missing hits and the conversion vertex fit

probability.

To avoid electrons radiated from muons, the selection with at least a §R = /An? + A®2 >0.1

of the electron with respect to the nearest tight muon is applied.

All selection requirements for electrons are summarized in Table 6.2. The official Tag
and Probe tool is used for a study of the electron identification and isolation efficiency.
The result is split into the RunA, RunB, RunC and RunD datasets. The electron iden-

tification and isolation efficiency is understood well.[58] An the differences are covered

by the systematic uncertainties.

6.2.4 Jet and Fr selection

Jets are reconstructed using particle flow objects clustered with the anti-kt algorithm

with 100 a distance parameter of § = 0.5. And The missing transverse energy is also

calculated by the PF algorithm. SUSY signal is usually originated from heavy gluino

Observable

Selection creteria

Identification
Particle-flow muon id
Transverse momentum pp
Pseudo rapidity |n|
Number of hits in the tracker
Global X2, f of the fit
Muon chamber hits
Muon segments
Number of pixel hits
Number of tracker layers with hits
Longitudinal impact parameter |d,|
Transverse impact parameter |dg,|
Relative isolation PFRiso

isGlobalMuonPromptTight
isPF
> 10 GeV
<24
NTrackHits > 10
X?Ldof <10
numberOfValidMuonHits> 0
numberOfMatchedstations> 1
numberOfValidPixelHits> 0
trackerLayersWithMeasurement> 5
|d.(PV)| < 0.5
|dzy (PV)]|< 0.02
PFRiso< 0.15

TABLE 6.1: The selection requirements on muon. A small impact parameter cut in
applied to suppress fake muons. The well isolated muon information is required with
relative isolation.
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and/or squarks, resulting high hadronic activities in the events. While some SM pro-
cesses like diboson productions have well isolated multiple leptons but less hadronic
activities. As the isolated leptons are concerned, such events could be the main back-
ground to the analysis for isolated leptons. To remove most of those events, the scalar
sum of energy of jets, Hr , is used. Only jets with a transverse momentum pr > 30
GeV, pseudo rapidity | 7 |< 2.5 and passing the loose PFJetID critera are used for the
Hy = Ejetspgﬁt calculation. The distance between jets and selected electrons, muons
and taus is required to be above AR > 0.4. Jets are corrected according to the latest

correction factors.[65]

6.3 Event Selection

The amount of background decreases with increasing number of prompt leptons per
event, but so does the signal cross section. Hence, the cuts to suppress the SM back-
ground, like missing transverse energy and transverse energy can change with the number

of prompt leptons.

The signal efficiency of the selection cuts are model dependent, e.g. an Ep based
analysis is more appropriate for models, where the direct chargino neutralino production
is dominant and Hy is more appropriate for squark/gluino production, which results in

cascade decays leading to higher jet multiplicities and so higher Hr.

Observable \ Selection creteria
Transverse momentum pr > 10 GeV
Pseudo rapidity |n| <24
Transverse shape of the electromagnetic cluster onn < 0.01
Spatial(®) matching between track and supercluster Ad < 0.15
Spatial(n) matching between track and supercluster An < 0.007
Hadronic leakage variable HoE < 0.12
Longitudinal impact parameter |d,| |d.(PV)| < 0.2
Transverse impact parameter |dg,| |dyy (PV)|< 0.02
Relative isolation PFRiso PFRiso< 0.15
Vertex fit probability vertex fit probability < 1le — 6
Number of missing hits in the tracker NumberOfLostHits < 2
0 R to nearest muon oR > 0.1
Vete electrons in gap region Vete: 1.44 <| n |< 1.566

TABLE 6.2: Summary of the PFElectron selection requirements. Several electron ID

criteria are different for the barrel (| n |< 1.44) and endcap (1.56 <| 7 |< 2.4) region.

The latter are given in brackets. The requirements corresponds to the loose WP working
point.
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This study concentrates on models with dominant direct neutralino/chargino strong
production with the subsequent decay of neutralino/chargino to multiple leptons(muons,

electrons) in the final state.

In context of the direct neutralino/chargino production is getting the dominant process
for large mg values, which corresponds to large squark masses. These processes are
characterized by a high jet activity and high missing transverse energy. As a baseline

selection we require at least three tight leptons.

6.3.1 Threshold of the triggers

The threshold of the triggers define the lower pr cuts for the leading leptons and so

each event has to pass the following requirements:

e leading muon with pr > 20 GeV with next to leading muon with pr > 10 GeV

where the individual thresholds were set slightly above the actual trigger thresholds

to ensure a selection on the efficiency plateaus.

6.3.2 Selection of three isolated leptons

After the OSSF lepton pair has been selected, the presence of at least 3 leptons is
required. As a third lepton, the muon or electron not being part of the OSSF pair
and with the highest pr is chosen. There are very few significant backgrounds from
the SM with three prompt leptons originating from the hard matrix element, they all
come from diboson production. However, there is a possibility that backgrounds with
less than three prompt leptons pass the selection, where the third lepton comes from
a misidentification of a light jet, or if a secondary lepton from a semileptonic c¢— or

b—quark decay passes the isolation requirements.

Considering the above, tt and Zb are the most important backgrounds in the trilepton
channel due to their high cross sections and the presence of 2 leptons plus one ore
more b—jets. In order to select against secondary leptons from heavy quark decays, the
calorimeter and track isolation have been considered to be included. In this analysis,
the only event with three tight leptons in signal regions are considered, which effectively

suppress the tt background.
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FIGURE 6.1: Distribution of missing transverse energy versus Hp

for WZ, tt and LM9 SUSY reference samples.
6.3.3 Oppeosite sign same flavour lepton pair, charge conservation

Once we have a sample of clean tri-leptons, we further require that the pairs is com-
posed of opposite sign same flavour leptons and form zero charge in total, which helps
suppress lepton pairs from heavy-flavor decays. That requirement also helps mitigate
the background from low-mass Drell-Yan, a process that is not very amenable to simu-
lation, cause of the enormous production cross-sections. After the dilepton with OSSF
lepton pair is selected, only the events with three or four tight leptons is required to
serve charge conservation of neutralino and chargino(neutralino) in final state. On the

SUSY side, an OSSF lepton pair from neutralino decay is expected.

6.4 Data Driven Analysis

6.4.1 Search regions

The dominant SM backgrounds is from WZ, ZZ and tt. The requirement on tight
leptons effectively suppress the backgroud from tt, but did not do that from WZ, ZZ.
Therefore the data driven technique has been used to predict standard model background
on large MET and various jet activity regions. Figure 6.1 shows the distribution of

missing transverse and the jet activity as a function of sum of jet pr.
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6.4.2 The Un-Balanced Momentum Method

The Supersymmetry events are characterized by the large missing energy from the
lightest and stable SUSY particle called LSP. That characteristics give relatively large
missing transverse momentum with respect to leptons momenta. So the difference ratio
of momenta between the missing transverse energy to leptons gives asymmetric distri-
bution. The observable variable, called by ‘ Un-Balanced Momentum’, can be simply

defined as a function of the difference as following;

UBM = | Efi** | - | Sph | (6.1)

where pp is the transverse memeontum of a lepton(y, e).

The um-balanced momentum effect is shown as a distribution of UBM variable in
Figure 6.2, which is from the events with pu+ . The region of under UBM < 0 is used
to predict the SM background as a control sample, which is dominant with WZ+jets.
That control region goes through the low jet activity window with Hr < 200 GeV. The
region with UBM > 0 is the search regions to see SUSY signal with suppressed WZ,
77, tt.

Similarly to pu + p events, the UBM distributions from pp + e, pp + pp and pp + ee
channels are shown in Fig 6.3, 6.4, 6.5.

6.4.2.1 Response correction

In the Un-Balanced Momemntum analysis, the response is defined as £ /pr(lll) and
is plotted as a funcion of pp(lil). The response, the ratio observation to prediction, is
shown in Figure 6.6 for uu + . The response is about 25% for MC and data. The

response ratio is calibrated by weight for prediction.

This correction has a negligible effect on the final event yields, but it allows to recover
the pr variance of the UBM peak position. The effect was corrected only at the distri-
bution level and not event by event, by finding the peak and correcting for the non-zero
offset. There is 25% calibration on the effect of response between Fr and pr for pp+ .
And there is 25% response calibration from up + e for MC and data. In case of four
leptons, there is 0.05%(0.05%) for data, 0.09%(0.09%) for MC from pp + pp(pp + ee)

signatures.
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FIGURE 6.7: Response measured in data (left) and Monte Carlo simulation (right)
with pp +e. 25% effect to predict the SM background.

The calibrated response is in Figure 6.14 ~ 6.17 each for pu+ p(e), pp+ pp(ee). And
the distribution of calibrated UBM variable has the median on zero value as shown in
Figure 6.10 ~ 6.13.

6.4.3 Control and signal regions

The samples are divided into UBM < 0 and UBM > 0. With these conventions, the
signal region is with positive UBM to observe signal, and one control regions to predict
SM background is with negative UBM. And the region with positive UBM but with
low jet activity, Hr < 200 GeV, is the another control region to predict additional SM
background.
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An averaged background estimation from control regions is formed as following;

UBMS ! =| UBM,,egapive | + | UBMoSHT |, (6.2)

positive

And the signal observation from signal region is formed as following;

UBMSObse’r‘ved :‘ UBM

ignal positive ’ :

6.4.4 Uncertainties

The WZ(ZZ) + jets background is estimated by flipping the negative part of the UBM

distribution to the positive part as described before. The main source of systematic
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bution with the median of distribution on zero value. The response is calibrated to be
the same amount of variables met, pr(lll) for 25%.
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FIGURE 6.15: pp+ e channel. Calibrated response for about 25% for both of data and
MC.

uncertainty in this method is related to asymmetries in the UBM distribution, mainly
to the fact that the negative part of the UBM could be more populated due to the higher
probability of undermeasureing than overmeasureing the missing energy, resulting in an
overprediction of the background. To estimate this systematic uncertainty, the bin by
bin ratio between the number of events in the positive and negative regions of the UBM

distribution is considered in a Monte Carlo WZ(ZZ)+jets sample.

Figure 6.18 shows the comparison between the negative and the positive sides of
the UBM distribution for up + p events and their ratio as a function of the value of
UBM in the range[0,300] where Monte Carlo statistics is sufficiently high. A systematic
uncertainty is the corresponding predicted number of events in order to account for the

observed differences. We assign £20% for pp1+ p channel on the systematic uncertainties
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FIGURE 6.17: pp + ee channel. Calibrated response for about 25% for both of data
and MC.

from various UBM requirements with the data driven background estimation technique.
And the systematic uncertainties for puu + e, pp + pp and pp + ee are assigned each
about 20% shown in Figure 6.19 ~ 6.21.

The tt background is negligible suppressed well by quality and event selection, as
shown in Fig. 6.2 before. So the background estimation is considered the most dangerous
WZ, 77 backgrounds.

6.4.5 Closure and application Test

A high-statistics Monte Carlo simulation sample is used to determine the systematic

uncertainty of the background estimates. An averaged background estimation formed
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as

d lowH:
UBleg;d =| UBM,cgative |+ UBMpf)ijge | (6.4)
is accompanied with a 20% systematic uncertainty assessed from Monte Carlo simulation
as discussed on section before.

The comparison between the SM prediction,

UBM e, (6.5)
and the signal observation,
UBMggai™, (6.6)

shows how the data-driven technique works for Standard Model and Supersymmetry

scenarios.

The predicted SM background from the control region with UBM < 0 is estimated
with varying UBM requirement and the comparison with the observed SM background is
shown as Table 6.3 from the pp+ p channel. The table presents the integrated numbers
in the SM background only hypothesis. The uncertainties on the MC expectations reflect
the limited Monte Carlo statistics.

The agreement of the individual background predictions gives confidence in the final
background estimation. A complete SM Monte Carlo closure test is performed using the
total background estimation. Fig. 6.22 from the pu + p channel shows the comparison
between predicted and observed distributions in Monte Carlo simulation samples in the
SM background only hypothesis. And the bottom plots show the ratio between observed
and predicted distributions. Additional closure tests for uu + e, pp + pp and pp + ee
channels shows that the method UBM works well for Standard Model as in the result
Table 6.4 ~ 6.6, and in Figure 6.23 ~ 6.25.

Region(SM only) ‘ MC predicted ‘ MC observed

UBM >0 318.4 £ 94.3 318
UBM > 10 225.3 £67.9 225.6
UBM > 20 158.6 + 44.7 159.0
UBM > 30 104.8 £ 26.0 105.9
UBM > 40 67.9 £ 15.7 69.8
UBM > 60 299+ 7.0 31.6
UBM > 90 11.3 £ 3.6 13.3

TABLE 6.3: pp + p channel. Result table of comparison of predicted and observed
distributions in only SM MC simulation without SUSY signal sample.

As the data driven technique using UBM variable works well to predict SM back-

ground as discussed before. The closure test is also repeated by mixing the LM9
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SUSY(mSUGRA) benchmark signal and performing a signal+background hypothesis
test in order to demonstrate that a signal will not be missed and calibrated away by the
control regions. The results of closure test for MC with signal sample are shown in Fig.
6.23 for pp + p The UBM method predict also well signal events with three(up + p(e))
and more leptons(pup + pu(ee)) as shown in Fig. 6.23 ~ 6.29. The observed events are

much more than the predicted on large UBM regions.

Region(SM only) ‘

MC predicted

‘ MC observed

UBM > 0 1319.93 £ 344.669 1319.02
UBM > 10 742.254 + 182.27 753.914
UBM > 20 368.038 £ 72.7379 371.711
UBM > 30 135.547 £ 32.0787 134.353
UBM > 40 77.1345 £ 18.9388 73.2452
UBM > 60 24.1254 + 9.28153 24.4744
UBM > 90 7.02689 £ 3.74826 7.94786

TABLE 6.4: pp + e channel. Result table of comparison of predicted and observed
distributions in only SM MC simulation without SUSY signal sample)

Region(SM only) |

MC predicted

‘ MC observed

UBM > 0 22.4525 £ 7.96712 22.2697
UBM > 10 10.4571 £ 4.0265 10.8826
UBM > 20 4.25819 £ 2.15699 4.73166
UBM > 30 2.02946 + 1.4637 2.50293
UBM > 40 0.421751 £ 0.660136 0.365456
UBM > 60 0.113513 £ 0.342323 0.0802896
UBM > 90 0.0313775 £ 0.181958 0.0332233

TABLE 6.5: pu + pp channel. Result table of comparison of predicted and observed
distributions in only SM MC simulation without SUSY signal sample)

Region(SM only) |

MC predicted

\ MC observed

UBM > 0 22.4958 + 7.95745 11
UBM > 10 9.54615 £ 3.8602 9.44556
UBM > 20 3.33986 + 1.91139 3.2891
UBM > 30 1.11483 £ 1.08155 2.50478
UBM > 40 0.416214 £ 0.656307 0.365456
UBM > 60 0.102438 £ 0.326281 0.0793667
UBM > 90 0.0304547 + 0.179403 0.0332233

TABLE 6.6: pu + ee channel. Result table of comparison of predicted and observed
distributions in only SM MC simulation without SUSY signal sample)



Chapter 6. Background Estimation

69

175} FT T TT T 1T

c F ]

2

110° E
10 -
1__ -3
107 3

10% = E

107° & =
EIIII | I T | | I | | T - L1 Ill.—‘lE

! E i

i e i
b . §++h :

£
£

FIGURE 6.22: pp + p channel. MC closure test with signal events. The method with
UBM variable works well to predict the SM background corresponding observation.
The difference between observation and SM prediction remains as a signal on search

region.

Region(LM9) \ MC predicted \ MC observed

UBM > 0
UBM > 10
UBM > 20
UBM > 30
UBM > 40
UBM > 60
UBM > 90

348.8 £ 97.5
249.1 £ 69.6
176.7 £ 45.9
119.5 £+ 26.7
79.5 £ 16.2
358 £ 74
15.1 £ 4.1

368
269.2
196.3
136.9
97.5
50.9
26.9

TABLE 6.7: Result table of comparison of predicted and observed distributions in SM
MC simulation with SUSY signal sample)
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FIGURE 6.23: pp + e channel. MC closure test with signal events. The method with

UBM variable works well to predict the SM background corresponding observation.

The difference between observation and SM prediction remains as a signal on search
region.

6.5 Systematic uncertainties

The systematic uncertainties are considered in two main categories of theoretical and

instrumental sources.

The main contributions to theoretical uncertainties are associated with the QCD cou-
pling scale and the protons parton distribution function(PDF). These uncertainties can
affect the cross-section calculation, also do the expected signal acceptance. Generally we
will ultimately constrain models of new physics in terms of ¢ X BR, and we are absolved
from having to evaluate the cross-section uncertainties. The uncertainties leading to
changes are expected to be very small in the signal acceptance. And that can be esti-
mated using an ensemble of different theory PDFs to generate the signal models. This
has been done on previous SUSY analyses based on strong production, and found to

range from 0 to 2% [55]. Therefore we take 2% as a conservative upper bound.

The theoretical uncertainties mainly come from:



Chapter 6. Background Estimation 71

a8 7

5 =

-

10 -
1= —
L ®» ]

107 = =

10° —

10° & ’—h + -
:|||| | | ||| \||||| ||||:
¢ e ;

i e ;
u,'_"‘"'—é—'i % i

£
£

FIGURE 6.24: pp+ pp channel. MC closure test with signal events. The method with

UBM variable works well to predict the SM background corresponding observation.

The difference between observation and SM prediction remains as a signal on search
region.

e PDF +ag, on the parton distribution functions fp,(x;, M?) and in the coupling
as(M?)

e QCD scal uncertainty, linkded to the choice of QCD renomalization and factoriza-

tion scales(ug and pp)
The instrumental uncertainties are considered as follows:

e integrated luminosity: 4.5% for 8 TeV data. We conform to the standard from the

official luminosity measurement on CMS.

e Trigger Uncertainties: 2% for dilepton trigger. There are many studies on trigger
uncertainties. The dilepton triggers from the Higgs study were used in this analy-
sis. We assume 100% efficiency with a 2% uncertainty on this for the three-lepton

case. In the three-lepton case, there are 3 objects to fire the two parts of the
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FIGURE 6.25: pp + ee channel. MC closure test with signal events. The method with

UBM variable works well to predict the SM background corresponding observation.

The difference between observation and SM prediction remains as a signal on search
region.

trigger. The probability that the dilepton trigger is fired in a trilepton event is:
P(trigger) = pass® + 3 x pass® x (1 — pass), (6.7)

with pass the per-leg trigger efficiency, 95% for muons and 98% electrons [61].
The per-leg trigger efficiency 95%(98%) gives 99.3%(99.9%), so we assume 100%

efficiency with a 2% uncertainty for the three-lepton case.

e ID/isolation: 9%. The identification and isolation efficiency is calculated in data
in Z — [T~ events as a function of pr and h using the tag and probe method.
The reconstruction efficiency is measured by the EGamma [58] and Muon POG
[59][60].

The identification and isolation efficiencies for data and MC are shown in Fig-
ure 6.30 and Figure 6.31, 6.32 for electrons and muons respectively. All of the

efficiencies agree within 2% between data and MC.



Chapter 6. Background Estimation

73

W CT T T T T T T T T 17
2 E ]
s f ]
L|J1025— =
10 -
1 —=
107 3
10° 3
107° & =
E|||| L1 1 1 | L1 1| ||||||.—‘|E

g B | | ;
i E + i

£
£

FIGURE 6.26: pu + p channel. Application with signal events. The method with

UBM variable works well to predict the SM background corresponding observation.

The difference between observation and SM prediction remains as a signal on search
region.

Due to possible background contamination, imperfect choice of signal and back-
ground shapes, and possible misunderstanding of the correlation between the iden-
tification and isolation variables, a 3% systematic uncertainty per lepton is assigned
to the efficiency measurement. This will lead to a 9% uncertainty on the signal

yield since this uncertainty is taken correlated for the same lepton flavor.

e Jet Energy Scale: 10%, for the uncertainty in the hadronic energy scale affects jet
counting. The effect on the jet selection is estimated by varying the jet energy
scale by a conservative £5% [65] and taking the variation in the selection efficiency
as a systematic uncertainty. So the uncertainty 10% is considered in this study.
The effect of the energy scale uncertainty is +5%, corresponds to the £ resolution

difference between data and MC simulation [66].

A summary of the systematic uncertainties associated with the signal acceptance for

this analysis is provided in Table 6.8. When a signal model of interest, the final state
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FIGURE 6.27: pup+ e channel. Application with signal events. The method with UBM
variable works well to predict the SM background corresponding observation.
difference between observation and SM prediction remains as a signal on search region.
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topologies and kinematics are specified, a few uncertainties can only be quantified. A

lower bound on the signal acceptance uncertainty of 15% is given for this analysis.

Source

Uncertainty

Theoretical Uncertainty

Luminosity

Triger

Modeling of lepton reco, Id, isolation based on Z-events 9%
Jet Energy Scale 10%
Min. Systematic Error 15%

TABLE 6.8: Summary of systematic uncertainties for the signal acceptance
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FIGURE 6.28: pup + pp channel. Application with signal events. The method with

UBM variable works well to predict the SM background corresponding observation.

The difference between observation and SM prediction remains as a signal on search
region.
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up + ee channel. Application with signal events. The method with
works well to predict the SM background corresponding observation.

The difference between observation and SM prediction remains as a signal on search
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FIGURE 6.30: Fit to the passing (left) and failing (right) sample for the electron
identification efficiency with 10 GeV < pr < 15 GeV.
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Results of the Search

7.1 Results

The UBM distribution for the tri-leptons signatures, pu + p(e) is shown in Fig. 7.1.
The characteristic UBM shape of WZ-+jets processes is clearly visible. The observed
UBM distribution in the search region is compared to that expected from Monte Carlo
simulation. Results of comparison between the predicted events from control region and
the observed events from signal region is shown in Table 7.1 ~ 7.4. The results from

collision data includes four leptons as well as three leptons.

Jet inclusive Wi+
Region(pup + ) Predicted \ Observed

UBM > 0 | 186 + 13.6382(stat) & 65.2141(syst) | 189 + 113.7477(stat)
UBM > 10 119 4+ 10.9087(stat) + 46.2054(syst) | 124 + 11.1355(stat)
UBM > 20 | 78 + 8.83176(stat) £ 27.962(syst) | 83 + 9.11043(stat)
UBM > 30 52 + 7.2111(stat) &+ 11.7633(syst) | 58 = 7.61577(stat)
UBM > 40 | 33 & 5.74456(stat) + 6.04669(syst) | 40 + 6.32456(stat)
UBM > 60 16 £ 4(stat) + 1.06066(syst) 22 £ 4.69042(stat)
UBM > 90 4 + 2(stat) + 0.5(syst) 8 + 2.82843(stat)

TABLE 7.1: Result table for puu + p signature, jet inclusive from data. Total number of
events observed in the search regions, and corresponding background predictions. The
uncertainty includes the statistical and systematic.

And Table 7.5 shows the comparison between predicted and observed events with at

least three jets, by which requires varying UBM value from 0 to 90.

As a results from the data-driven background prediction method, there is no excess
beyond the standard model. So the data gives agreement to the expectation of the
Standard Model.

78
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Jet inclusive wi+e
Region(uu + p) Predicted ‘ Observed
UBM > 0 | 573 & 23.9374(stat) + 159.087(syst) | 568 + 23.8328(stat)
UBM > 10 324 + 18(stat) = 87.241(syst) | 318 + 17.8326(stat)
UBM > 20 | 165 + 12.8452(stat) + 35.5202(syst) | 157 + 12.53(stat)
UBM > 30 | 74 + 8.60233(stat) + 14.2872(syst) | 67 + 8.18535(stat)
UBM > 40 | 40 + 6.32456(stat) + 7.78621(syst) | 37 + 6.08276(stat)
UBM > 60 | 15 + 3.87208(stat) + 2.79508(syst) | 14 + 3.74166(stat)
UBM > 90 | 6 + 2.44949(stat) =+ 0.866025(syst)

5 £+ 2.23607(stat)

TABLE 7.2: Result table for pp+ e signature, jet inclusive from data. Total number of
events observed in the search regions, and corresponding background predictions. The
uncertainty includes the statistical and systematic.

Jet inclusive L L

Region(pup + p) Predicted \ Observed
UBM >0 | 10 & 3.16228(stat) + 3.7081(syst) | 11 + 3.31662(stat)
UBM > 10 4 + 2(stat) £ 1(syst) 4 + 2(stat)
UBM > 20 3 + 1(stat) £ 0.25(syst) 1 + 1(stat)
UBM > 30 1 £ 1(stat) + 0.25(syst) 1 £ 1(stat)
UBM > 40 0 0
UBM > 60 0 0
UBM > 90 0 0

TABLE 7.3: Result table for pu 4+ pp signature, jet inclusive from data. Total number
of events observed in the search regions, and corresponding background predictions.
The uncertainty includes the statistical and systematic.

Jet inclusive wp + ee

Region(pp + p) Predicted \ Observed
UBM > 0 | 10 + 3.16228(stat) £ 3.7081(syst) | 11 =+ 3.31662(stat)
UBM > 10 4 + 2(stat) £ 1(syst) 4 + 2(stat)
UBM > 20 3 + 1(stat) £ 0.25(syst) 1 + 1(stat)
UBM > 30 1 £ 1(stat) + 0.25(syst) 1 + 1(stat)
UBM > 40 0 0
UBM > 60 0 0
UBM > 90 0 0

TABLE 7.4: Result table for upu+ ee signature, jet inclusive from data. Total number of
events observed in the search regions, and corresponding background predictions. The
uncertainty includes the statistical and systematic.
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FIGURE 7.1: pp + p channel(left), uu + e channel(right). Result for SM prediction
from control region and observation from signal region from data.

7.2 Limits on physics beyond the standard model

We calculate upper limits on the cross sections for the pair production of charginos,

neutralinos, and sleptons. The 95% confidence level (CL) upper limits are computed
by using the CLs method [67][68][69]. And we use the NLO cross section from Ref.

[70][71][72] to evaluate 95%CL exclusion curves and their standard deviation(s) uncer-

tainty. In addition, we display the median expected exclusion limits on the pu + p(e)

and pp + pp(ee)for GMSB higgsino.

N Jet > 3 i+ p+e
Region(up + ) Predicted \ Observed \ Predicted \ Observed
UBM >0 | 14 £ 5.6(tot) 16 | 38 £ 8.3(tot) 39
UBM > 10 12 £+ 4.3(tot) 15 24 + 5.9(tot) 24
UBM > 20 | 8+ 3.2(tot) 11 16 + 4.3(tot) 15
UBM > 30 | 2+ L5(tot) 6 9 + 3.1(tot) 8
UBM > 40 0 3 5 + 2.3(tot) 5
UBM > 60 0 0 2 £ 1.5(tot) 2
UBM > 90 0 0 0 0

TABLE 7.5: Result table for pp + p (left) and pp + e (right) signature, with at least
Total number of events observed in the search regions, and

three jets from data.

corresponding background predictions.

systematic.

The uncertainty includes the statistical and



Chapter 7. Results of the Search for Supersymmetry 81

Ewvents
T ..'._.'_l ]

Ewents
. "|'—"-| ]

LI

C ol b s s L e Co by by v b v v by bonna byaan
o ico 20 200 400 S0 B0 o oo 204 00 400 SO0 Gl

UBM [GeV] UBM [GeV]

FIGURE 7.2: pp + pp channel(left), pu 4+ ee channel(right). Result for SM prediction
from control region and observation from signal region from data.

7.2.1 Limits on mSUGRA benchmark model

The observed number of events in the search region is compared to that expected from
Monte Carlo simulation. We observed good agreement with the SM expectation. Total
number of observed in the search regions, and corresponding background predictions are
shown in Table 7.6 with various UBM requirements. The observed events in the signal
region is in the range of 1 sigma uncertainty. The exclusion is confirmed in the context
of the SUSY benchmark model, where the parameter space with the common gaugino
mass my/p = 175 GeV/c?, the common scalar mass mg = 1,450 GeV/c?, tan3 = 50,
Ap = 0 in mSUGRA.

LM9 [UBM>0]| 10 20 30 | 40 [ 60 | 90

Observed Limit | 52.4329 | 49.7505 | 49.5824 | 61.7874 | 63.6583 | 71.2048 | 96.4578

Expected Limit | 51.7069 | 49.2638 | 49.2779 | 60.5624 | 62.4752 | 68.28 | 95.5687
Expected —o 39.0769 | 31.2661 | 40.6294 | 44.4737 | 45.168 593.1 79.1973
Expected +o 73.2502 | 69.1255 | 67.2747 | 81.1776 | 79.93 | 91.7327 | 130.011

TABLE 7.6: 95% C.L. CLs observed limits and Expected limits for LM9, jet inclusive
from data.

7.2.2 Limits on Simplified Models with trilepton signature

The results of the three-lepton search are displayed in Figure 7.3, 7.4. We set limits
on SMS model with m(chil+) = m(chi20) : 100 ~ 500 GeV, m(chil0): 0 ~ 400 GeV.
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The efficiency and observed cross section times branching fraction is shown in Figure

7.3, and the limits of the three muon search is displaced in Figure 7.4.

The figure describes the 95% CL upper limit on the cross section times branching
fraction in the mg versus myo (= M+ ) plane in the described in the introduction.
The sensitivity for the values of x; is not considered here, so there is no limit curve for
this search. That results indicates no excess and the 95% CL upper limit on the chargino-
neutralino production NLO cross section times branching fraction in the scenario for the

three-lepton search.

7.2.3 Limits on Simplified Models with on-shell W and Z

The second results of scenario for limits is SMS, m(chil+) = m(chi20) : 100 ~ 1000
Gev, m(chil0) : 0 ~ 975 GeV. The Figure 11, 12 display the efficiencies and cross
section, limits from on-shell W and Z analysis. The efficiency and observed cross section

is shown in Figure 7.3, and the limits of the three muon search is displaced in Figure

7.4.

We calculated the limits on the three-lepton analysis with CLs method to evaluate
upper limits on the process of on-shell W and Z. Assuming 100% branching fractions
of the chargino to W + x{ and neutralino to Z + X! , we calculate upper limits on the
cross section for chargino-neutralino production times branching fractions into the WZ
+ FrT final state as a function of the chargino and neutralino masses. There is no excess
for new physics of this scenario here. The sensitivity of the three-lepton and WZ/ZZ
-+ Fr analyses are complementary, with the three-lepton results, which dominates the
sensitivity in the region where the difference between the neutralino masses is small.
And the WZ/ZZ + Fr results dominating the sensitivity in the region where mgy =

My is large. The observed and expected limits are shown in Figure 7.5, 7.6.

7.2.4 Limits on GMSB Higgs boson

We set the limits on the third scenario, gauge-mediated symmetry breaking(GMSB)
higgsino model[84][85][86], which has a large branching fraction to the ZZ + EIss
final state. An almost massless gravitino is the LSP in this model, and the next-to-
lightest neutralino is a Z-enriched higgsino. The LSP in this model is an almost massless
gravitino, the next-to-lightest SUSY particle is a Z-enriched higgsino x! , and the )Zf is
nearly degenerate in mass with the ¥{. The branching fraction to the multilepton final
state varies from 100% at m = 130 GeV to 85% at m = 410 GeV.
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Table 7.7 lists the signal efficiency for pp + p, and the Table 7.8, 7.9, 7.10 shows that
for pp+e, pp+ pp, pp+ee. The results for the three muons channel is shown in Figure
7.7 as a function of the gaugino mass parameter u, where X§ ~ 9 ~ ¥} ~ u to within
typical mass differences of a few GeV. The calculated limits are listed in Table 7.11 ~
7.14.

The 95% C.L. upper limits were set on the gaugino mass parameters My = My = 1
TeV , the ration of Higgs expectation values tan S up to 2. The results of the GMSB
analysis are displayed in Figure 7.7 ~ 7.10 including the three and four leptons signature,
WL ey ey pp 4 p, pe+ ee. In this analysis, the region p < 330 GeV is excluded
at 95% confidence level for pu + p channel. And the region pu < 310 GeV is excluded at
95% confidence level for pp + e channel.

And the GMSB models with regions of u between 330 and 370 for uu+ u and over 310
for pp + e has the theoretical cross section out of the expected limit with two sigma at
95% confidence level as shown in Figure 7.7, 7.8. Therefore the models with that excess

is proposed to check across with other relevant study.

For the GMSB with four leptons search, the region u < 410 GeV is excluded at 95%
confidence level for both of uu + pp and pp + ee scenarios.

parameter p | signal efficiency total error

110 3.33332e-06 £ 4.54606e-07
130 0 £0

150 3.33332e-06 + 4.54606e-07
170 6.66667e-06 £ 9.09213e-07
190 2.00001e-05 + 2.72765e-06
210 1.33333e-05 + 1.81842¢-06
230 1.66667e-05 £ 2.27303e-06
250 1.66667¢e-05 £ 2.27303e-06
270 4.33333e-05 £ 5.90988e-06
290 5.66666e-05 £ 7.7283e-06
310 6.66667¢-05 £ 9.09212e-06
330 4.33333e-05 £ 5.90987e-06
350 2.33333e-05 =+ 3.18224e-06
370 7e-05 £ 9.54672¢-06
390 8.66667e-05 + 1.18198e-05
410 8.33333e-05 + 1.13651e-05

TABLE 7.7: Table of signal efficiency for GMSB pp+ p channel. tang = 2, My = My =

1 TeV.
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parameter p

signal efficiency

total error

110
130
150
170
190
210
230
250
270
290
310
330
350
370
390
410

0
3.33334e-06
0
6.66667e-06
le-05
1.33333e-05
2.33333e-05
4e-05
2.66667e-05
5e-05
5.66667e-05
2e-05
7e-05
5.33334e-05
8e-05
8.66667e-05

+0
+ 4.54607e-07

+0
£ 9.09213e-07
£ 1.36382¢-06
+ 1.81842¢-06
+ 3.18224e-06
+ 5.45527e-06
+ 3.63685e-06
£ 6.81909¢-06
£ 7.7283e-06
+ 2.72764e-06
£ 9.54673e-06
£ 7.2737e-06
£ 1.09105e-05
£ 1.18198e-05

TeV.

TABLE 7.8: Table of signal efficiency for GMSB ppu+e channel. tanf =2, M; = My =1

parameter p

signal efficiency

total error

110
130
150
170
190
210
230
250
270
290
310
330
350
370
390
410

0
0
0
0
1le-05
1.66667e-05
6.66668e-06
6.66666e-06
3.33333e-05
2e-05
2.66667e-05
2e-05
4.33333e-05
5.33333e-05
5.66667e-05
5e-05

+0

+0

+0

+0
£ 1.36382¢-06
£ 2.27303e-06
£ 9.09214e-07
+ 9.09211e-07
=+ 4.54606e-06
+ 2.72764e-06
+ 3.63685¢-06
+ 2.72764e-06
£ 5.90988e-06
£ 7.2737e-06
£ 7.7283e-06
£ 6.81909¢-06

My =1 TeV.

TABLE 7.9: Table of signal efficiency for GMSB ppu + pp channel. tanf = 2, My =
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parameter p ‘ signal efficiency

total error

110
130
150
170
190
210
230
250
270
290
310
330
350
370
390
410

0

0

0
6.66666e-06
6.66668e-06
1.33333e-05
3.33333e-06

0
1.33333e-05
1.33333e-05
1.66667e-05
6.66667¢e-06
1.66667e-05

2e-05

1.66667e-05
2.33333e-05

+0

+0

+0
£ 9.09211e-07
+ 9.09214e-07
+ 1.81842e-06
+ 4.54605e-07

+0
+ 1.81842¢-06
+ 1.81842e-06
+ 2.27303e-06
+ 9.09212e-07
+ 2.27303e-06
+ 2.72764e-06
+ 2.27303e-06
+ 3.18224e-06

TABLE 7.10: Table of signal efficiency for GMSB puu + ee channel. tanf = 2, M; =
MQ =1 TeV.

Ys=8TeV,L_=195fb"

IIII|IIII|I|[II|IIII

o
|

- 95% C.L Limits

i — observed limit, NLO
- nugxpected median —
---—-expected limt+1o |
—expected limit+2 ¢
—ac"% 10

95% CL upper limit on o [pb]

10
- GMSBWZ/ZZ + E™
- tanp =2
M=M,=1 TeV
Coov o L Lo e L Ly |
150 200 250 300 350 400

i [GeV]

FIGURE 7.7: pup + p channel. The observed limits and expected limits for GMSB
higgsino model decaying three muons.
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FIGURE 7.8: pp + e channel. The observed limits and expected limits for GMSB
higgsino model decaying three muons and one electron.
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FIGURE 7.9: pp + pp channel. The observed limits and expected limits for GMSB
higgsino model decaying four muons.
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FIGURE 7.10: pp + ee channel. The observed limits and expected limits for GMSB
higgsino model decaying two muons and tow electrons.



Chapter 8

Conclusion

We present the results of searches for supersymmetric charginos, neutralinos, and
sleptons decaying to three leptons, four leptons and missing transverse energy. The
results agree the standard model and there is no excess for the Simplified Model of SUSY.
The results display the exclusion result from SMS models with charginos, neutralinos,

and sleptons.

The GMSB Higgsino model is excluded the region with the mass parameter u < 330
for signature with pp + g and p < 310 for pup + e, the 95% C.L. Limits were set as a
function of gaugino mass parameter. The model is also excluded the region under the

higgs mass parameter p of 410 for both of up + pp and pp + ee channels.

And the GMSB models with region of u between 330 and 370 for pp+ o and over 310
for pp + e has the theoretical cross section out of the 95% C.L expected limit with two

sigma, so that is proposed to check across with relevant study repeatedly.
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