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Chapter 1
Introduction

The twentieth century leaves behind one of the most impredsgacies, in terms of human
knowledge, ever achieved. In particular the Standard MM of particle physics has proven
to be one of the most accurate descriptions of Nature. Thed ¢d\accuracy of some theoretical
predictions has never been attained before. It includesldatromagnetic interaction, and the
weak and strong force, developing the Lagrangian from symmynpeinciples.

There are two different types of fundamental constituehtSature, in the framework of
the Standard Model: bosons and fermions. Bosons are thoselgmresponsible for carrying
the interactions among the fermions, which constitute enatFermions are divide into six
quarks and six leptons, forming a three-folded structuteth&se fermions and bosons have an
antimatter partner.

However, several difficulties point along with the idea tiiet Standard Model is only an ef-
fective low energy theory. These limitations include thiclilty to incorporate gravity and the
lack of justification to fine tuning of some perturbative emtions. Moreover, some regions of
the theory are not understood, like the mass spectrum oftdrel&rd Model or the mechanism
for electroweak symmetry breaking.

Supersymmetry is a newer theoretical framework, thoughtitess the problems found in
the Standard Model, while preserving all its predictive pawit introduces a new symmetry
that relates a new boson to each SM fermion and a new fermieadh SM boson. In this
way, for every existing boson in the SM it must exist a fernosuper-partner (named with
a sufix ino), and likewise, for every fermion a bosonic supertner (named with a prefix s)
must also exist. Moreover, another symmetry called R¥ypasiintroduced to prevent baryon
and lepton number violating interactions. If R-parity isiserved, super-particles can only be



pair-produced and they cannot decay completely in SM pesticThis implies the existence
of a lightest SUSY particle (LSP) which would provide a calade for cold dark matter, that
account for 23% of the universe content, as strongly sugdést recent astrophysical data [1].

The Tevatron is a hadron collider operating at Fermilab, USlis accelerator provides
proton-antiprotony{p) collisions with a center of mass energy.gf =1.96 TeV. CDF and DY
are the detectors built to analyse the products of the amilésprovided by the Tevatron. Both
experiments have produced a very significant scientific wutp the last few years, like the
discovery of the top quark or the measurement offthenixing. The Tevatron experiments are
also reaching sensitivity to the SM Higgs boson.

The scientific program of CDF includes a broad spectrum onckea for physics signa-
tures beyond the Standard Model. Tevatron is still the gnfantier, what means an unique
opportunity to produce a discovery in physic beyond the &iehModel.

The analyses presented in this thesis focus on the searttiribgeneration squarks in the
missing transverse energy plus jets final state. The primuct sbottom §) and stop{) quarks
could be highly enhanced at the Tevatron, giving the pd#sibif discovering new physics or
limiting the parameter space available in the theory.

No signal is found over the predicted Standard Model baakgpion both searches. Instead,
95% confidence level limits are set on the production crossmse and then translated into the
mass plane of the hypothetical particles.

This thesis sketches the basic theory concepts of the SthiMtzdel and the Minimal Su-
persymmetric Extension in Chapter 2. Chapter 3, describe§é¢vatron and CDF. Based on
the CDF subsystems information, Chapter 4 and 5 describarthlysis objet reconstruction
and the heavy flavor tagging tools. The development of thiysesiis shown in Chapter 6 and
Chapter 7. Finally, Chapter 8 is devoted to discuss thetseant conclusions of this work, and
future prospects.



Chapter 2
Theory Introduction

The present chapter describes the theoretical framewatktbtivates this thesis. It contains
a brief introduction to the SM, and one of its most famous esitans, the Minimal Supersym-
metric extension of the Standard Model (MSSM). The desompof the particular signatures
searched for as part of this thesis is also included.

2.1 Standard Model

The Standard Model is a quantum field theory that has provdegoribe to an unprecedented
level of precision many experimental results [2]. A comeldescription of the theory can be
easily found in the scientific literature [3, 4].

Based on several group symmetries, the SM includes the@beagnetic, weak and strong
interaction. The building blocks of Nature, according te 8M, are a close set of fermions and
bosons. The fermions are responsible for matter, while tis@is mediate interactions.

The fermionic sector ensembles six quarks and six leptodgtagir antiparticles, divided
in three parallel families, presented in figure 2.1. The memslof these families are identical
in every observable, except for the mass. Our most immewiatiel is made with the particles
of the first family: the up quark (u) and down quark (d) thainfidhe protons and neutrons in
nuclei and the electrons{gand its associated neutring ], as listed in Table 2.1. The particles
in the other two families are more massive and decay rapidilge ones of the first family.

The interactions of the fermions in Table 2.1 are mediatetthbyosonic constituents of the
SM. These bosons carry the fundamental forces derived fnensymmetries, as summarized



2.1. Standard Model

Figure 2.1:Elementary particles in the Standard Model.(Image coyésermilab Visual Media Services)

Leptons

Forces

1%t Generation

2nd Generation

374 Generation

quarks

Up (w) Charm ¢) Top ()
1.5-3.0 MeV /c? 1.25+0.09 GeV/c? | 173.11.3 GeV/c?
Down (d) Strange ) Bottom ()

3.0-7.0 MeV /c?

95425 MeV /c?

4.20+0.07 GeV/c?

leptons

Electron neutrinox,)
<2eV/c?

Muon neutrino ,,)
< 0.19 MeV/c?

Tau neutrino #,)
< 18.2 MeV/c?

Electron ¢)
0.511 MeV/c?

Muon (i)
105.66 MeV /c?

Tau ()
1776.9970 52 MeV/c?

Table 2.1:The fermion sector of the SM. All masses are taken from thédkaData Group (PDG) [5], except

for the top quark mass, where the last Tevatron combinasigaoted in [6].
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in Table 2.2. The overall symmetry of the SM is the combimatbthe color symmetry group
for the strong forceSU (3) ., weak-isospin symmetry for the weak interaction of left deah
particlesSU(2), and hypercharge symmetty(1),., expressed aSU(3), ® SU(2), @ U(1)y.
However, the original symmetry is broken in our universeit asll be detailed latter.

Even if gravity is the interaction that has been known forltimgest time and is the closest to
our every day life experience, it still has not been succdlyshcluded in the SM framework.
This is one of the main arguments against the SM being theyth&foeverything, therefore
suggesting that there needs to be a somewhat more genengl. thkis new theory would have
to include all the symmetries of the SM, and, simultaneoasbept that forth interaction.

In the following sections, an introduction to the differgrdrts of the SM is presented.
After a brief explanation of the symmetry originating easteraction, a short discussion of the
couplings and eigenstates will be shown.

Interaction Particle Mass
electromagneti¢ photon,y 0
strong gluon,g 0

W* | 80.403:0.029 GeV /c?
7% | 91.188:0.002 GeV/c?

weak

Table 2.2:The gauge bosons of the SM and their associated intera¢épns

2.1.1 Quantum Electrodynamics

Quantum Electrodynamics (QED) was developed in the lat®4.9d early 1950s chiefly by
Feynman, Schwinger and Tomonaga [7], describing electyoetic interactions of electrons
and photons. This is a quantum relativistic renormalizabéory which is invariant under a
change of phase or gauge,

= =, (2.1)

where() represents the charge ands the Dirac field (spin 1/2). In order to promote the global
symmetry under U(1) transformations, responsible for tireservation of the charge, to a local
one ¢ = (x)), the covariant derivative needs to be introduced:

D, =0, —icQA, | (2.2)
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whereA,, is a field that satisfies:
A, — A=A+ éaue : (2.3)
Therefore, the Lagrangian describing the theory becomes:
L = P(iy" Dy, — m) = Y(in"9, — m)y + L; (2.4)
where the last term corresponds to the interaction with évefreld, A,,:

L1 = eQA,(Un"0) (2.5)

In addition, the kinetic energy of the new field needs to beothiced. From Maxwell’s equa-
tions, the kinetic term must be of the form:

1
Lic =~ Fu " (2.6)

wheref), = 0, A, — 0,A,.

Thus, in this theory the electromagnetic interaction idbed by two quantum fields: one
for the charged particles and one for the photon. The stineafjthe interaction is usually
described by the coupling constamt,, whose value depends on the momentum trangfer
in an interaction. A? — 0 (or low energies) the coupling constant value is that of the fi
structure constanty.,, = #fhc = &

beingae,(my) ~ 1—;8 at the scale given by the mass of thdéoson.

At larger scales (short distances) its value increases,

2.1.2 Quantum Chromodynamics

One of the cornerstones of the Standard Model is Quantumn@dgnamics (QCD) that de-
scribes the strong interaction. Following the way opened®D and Yang-Mills theories,
QCD was developed in 1973 [8] in the context of Quantum Fidlddry based in SU(3) sym-
metry group [9]. It is a non-abelian theory and the Lagrangihat describes the strong inter-
action of colored quarks and gludnss given by:

Locp =Y Gu(iV" Dy —mg)ats — i g (2.7)

flavor

The charge associated with the strong interaction is ther @blarge. The color property was introduced for
quarks to satisfy the requirement of Pauli exclusion pplecj3]. Posterior experiment results proved the validity
of color hypothesis
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where the sum runs over the six different flavors of the quaﬂg*g is the field strength tensor
derived from the gluon fieldl? as,

Flly = (0.4 — 05A2 — gfAPC AL AG), (2.8)

and the indices A,B,C run over the eight color degrees ofdivee of gluon field, g is the
coupling constant, which determines the strength of theraation between colored quanta, and
FABC are the structure constants of the SU(3) color group. The teim in equation 2.8 shows
the non-abelian nature of QCD. This term describes the ptppéinteraction between gluons,
resulting in the very different behavior of the strong iatgtion compared to the electromagnetic
interaction. This self-coupling is the reason for the sgrooupling constanty, = % is large

at small energies (large distances) and decreases at heghiesh(small distance) as is shown
in figure 2.2.

Coupling constant,os (E)
0,4

0,3
0,2

0,11

O!O-‘ T L LR | T T L L
1 2 5 10 20 50 100 200

lluztration: Typatorm Energy, GeV

Figure 2.2:The value of the running coupling constamg;, as a function of the energy scale E.

This characteristic running afs is used to explain the observed behavior of the strong
interaction:

e Asymptotic freedom: At high energies (small distance) ttierg) interaction proceeds
via color field of reduced strength and the quarks and gluehs\e as essentially free,
non-interacting particles.

e Confinement: At low energies (or large distance) the stienfthe color field is increas-
ing, since the potential behavesla& ) ~ \r, and in this way the quarks and gluons can
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never be observed as free particles. If two interactingoparare separated, the energy of
the field increases so much that it creates new interactirigles and at the end it is left
with colorless hadrons containing the partons. Therefartops are not observed as free
particles.

It is important to note that the asymptotic freedom propeattgws the application of per-
turbation theory to calculate cross section measuremer#sattering processes where quarks
and gluons are involved. Moreover, this property expldiestartial success of the naive Quark
Parton Model approach, which is going to be presented below.

2.1.3 Parton Distribution Functions

The partonic structure of hadrons plays a fundamental irblelementary particle physics.
The comparison of data with SM predictions, precision measents of SM parameters, and
searches for signals of physics beyond the SM, all rely ompé#rton picture of hadronic beam
particles.

Perturbative QCD is not able to predict the x-dependencéePDFs. PDFs at a given
scaleQ? are extracted from fits to data and DGLAP equations are usedettict PDFs to a
higher scale)?. The PDFs are parametrized and the parameters are detdrhyiraey? min-
imization over data from different type of measurementsicstire functions in deep-inelastic
e, 1 or v scattering, measurements of Drell-Yan productidinasymmetry inpp collisions
and inclusive jet cross sections. Different groups proypidemeterizations of parton densities.
Among others, PDFs come from Martin, Roberts, Stirling ahdriie (MRST) group [10] and
the “Coordinated Theoretical-Experimental Project on QGDIEQ Collaboration) [11].

A Hessian method is used to evaluate the PDFs uncertainidwief description of the
method is given below, for more details see [12, 13].

In the Hessian method, a large matrix (20 for CTEQ, 1515 for MRST), with dimen-
sions equal to the number of free parameters in the fit, has thagonalized. The result is 20
(15) orthogonal eigenvectors for CTEQ (MRST), denoted;asvhich provides the basis for
the determination of the PDFs uncertainties for any cross@se The Hessian matrix can be

expressed as:
B 1 32)22
Yo 2 8ai3aj .

(2.9)

This matrix determines the behavior 9f(a) in the neighborhood of the minimum. The
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point a, in the n-dimensional parameter space, whgféa) is minimum, is the best fit to the
global data set. Points in some small neighborhood,adire also acceptable fits. For each
eigenvector two displacements fromy, in the + and - directions along the vector, denoted
a; anda; for the i’ eigenvector are considered. At these poirts, = 12 + 77 where

& = X%*(ap) is the minimum, and’ is a parameter called tolerance. Any PDFs set with
> — X2 < T?is considered to be an acceptable fit to the global data separticular, the
2n PDFs sets:~ span the parameter space in the neighborhood of the minir@I&Q group
chooseg™ ~100 and MRST group usé¥ ~50.

Any quantityl" that depends on PDFs has a predicted value- I'(ag) and an associated,
a priori asymmetric, uncertainti’. The + (-) uncertainties are calculated as:

n 1/2
or, = ( Z[mam(F(aj), ['(a;),T(ao)) — T'(ag)]? ) (2.10)

and "
- (Z[mm@(ar),wa;),r(ao)) ~ I(a) ) . @.11)

In figure 2.3 the uncertainties on gluon and u-quark distidms are shown. The u-quark
distribution is tightly constrained for< 0.8, whereas the uncertainty on the gluon distribution
can be larger than a factor of 2 at high x.

2

2 15t CTEQS.1M uncertainty z
g 160 g
o o o
ot N
0.65 ) \
0.4 04f T,
0.2 Up quark at Q=500GeV o2F gluon at Q=500GeV/ -
G e e e T he X B I W W R VR B 2 P
x X

Figure 2.3:Uncertainty on gluon and u-quark PDFs. The yellow bandsessnt the global uncertainty. The

curves are the ratios of the 40 eigenvector basis sets téahdazd set, CTEQ6.1M.
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2.1.4 Electroweak Theory

The weak theory was proposed by Enrico Fermi in 1934 in o@explain the protoms-decay
[14]. In this theory four fermions directly interacted wittne another in such a way that a
neutron (or a down-quark) could be directly split into arcéalen, an antineutrino and a proton
(an up-quark). The strength of the Fermi’s interaction wesrmgby the Fermi constant; ».

Feynman diagrams described the interaction remarkablatvike level but loop diagrams
could not be calculated reliably because Fermi’s intepactvas not renormalizable. The so-
lution came in 1967 when the electromagnetic and weak ictierss were successfully unified
by Glashow, Salam and Weinberg [15, 16, 17]. This unificationstituted the Standard Elec-
troweak Model which is the core of the SM. The idea of the uatfan is to combine both
interactions into one single theoretical framework in whibey would appear as two mani-
festations of the same fundamental interaction. Theseaictiens are unified under the group
SU(2); ® U(1)y. The first part of the group has dimension three and thergfioree generators
are neededt; = %(i = 1,2,3) whereo; are the Pauli matrices. These generators, due to the
global gauge invariance under SU(2), introduce a new guantumber called theveak isospin
(7). This number is associated to the different spin-like ipléts. Since weak force only inter-
acts with left-handed patrticles (right-handed antiptes) the left-handed fermions transform
as doublets while the right handed ones transform as sfglet

i ’/2 ui
fr = (zg) : (d@) (2.12)

fr = g up, dy (2.13)

wherei = 1,2, 3 corresponds to the family index. Hence, the weak interagtidivided into a
“charged part” (that is, exchanging the components of théobtit) and a “neutral part” (that is,
leaving the doublets as they are). Since SU(2) is a non-Abegjioup, it allows self-interactions
of these gauge fields.

Since the grougd/(1)y has only one dimension, its structure is more simple havimyg o
one generator called the hyperchaige Once thesU(2), ® U(1)y group is defined, the SM
electroweak Lagrangian is obtained by requiring invarsanoder local gauge transformations
to obtain an interacting field theory, following the analogith QED. This is achieved by
replacing the derivatives of the fields by the correspondmgriant derivative, which now has
the form:

D, =9, —igTW, — ig'%BM : (2.14)
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where g and g’ are the coupling constants correspondisgi@), andU(1)y, respectively.

Lew =Ls+La+ Lssp+ Lyw . (2.15)

The first term corresponds to the fermion Lagrangian:

Ly=> fi/Df. (2.16)

f=lq

The second term is the contribution from the gauge fields:

1 1

Lo=—-W,W!"— 4BWB“” +Lor+ Lrp, (2.17)

4

WhereWﬁV (with < = 1,2,3) and B, are, respectively, the field strength tensors§éf(2)
andU (1)y defined as:

Wi, = 0,W,—0,W,+ ge?"Wiw} (2.18)
B,, = 0,B,—8,B, (2.19)

andLqr andLrp are the gauge fixing and Faddeev-Popov Lagrangians thataced in any
YM theory [18].

The last two terms of the electroweak Lagrangian (equatibB)2ire the symmetry breaking
sector and the Yukawa Lagrangian, respectively, whichlvaltlescribed in next subsection.

The gauge fields presented at equation 2.18 can be rewrsiten a

1

£ _ 1 112
W, = E(Wu :FZWM)
Z,, = cos QWWj’ —sinbw B, (2.20)

A, =sin HWW3 + cos Oy B,

where, A, represents the photon field andk 6y, = \/97 is the weak mixing angle, which
gr2+g2

relates both couplings by the simple relatiam 6y, = ¢’/g. In addition,Wj andZ, fields are
associated to the physicll * and Z° boson particles. In this framework, the electron charge
and the Fermi constant can be written in terms of the couplingpugh the following relations:

e = gsin Oy

2 2.21
GFZQQ_ (2.21)

5 -
8 miy
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The electric charge), the third component of the weak isospij, and the weak-
hyperchargd” are linearly related by the Gell-Mann-Nishijima formula:

Q=T+Y/2. (2.22)

Hence, the global and local conservation of weak-isospirtgmpercharge naturally implies
charge conservation, as required by QED, and the electnoatiagand weak interactions are
unified under the same theoretical framework.

2.1.5 The Higgs Mechanism

As shown, the Standard Model formalism allows the unificatib electromagnetic and weak
interactions through the exploitation of a local gauge swtmm Nevertheless, this gauge sym-
metry requires massle$g* andZ bosons. This requirement is in contradiction with the obser
vation and one needs to introduce a mechanism for generaiimgero masses while preserving
the renormalizability of the theory. In the SM, the Higgs ima&gism of Spontaneous Symmetry
Breaking (SSB) is proposed.

In this mechanisim a new field, the Higgs field, is introducechsas:

¢+
= ( " ) . (2.23)

The correspondent kinetic and potential term in the Lageanigas the form:
Lo = (D,®)D'd —V(d), (2.24)

where
V(®) = 210 + \(DTd)? . (2.25)

If A > 0andu? < 0the potential/(®) has a minimum for:

2 2
ot = L =2 2.26
Y =3 (2.26)

[\

Thus, the fieldb has a non-zero vacuum expectation value (VEV):
v
V2

Choosing one of a set of degenerate states of minimum enezgk$the gauge symmetry.

(0]®)0) = = £0. (2.27)
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As stated by the Goldstone theorem, fields that acquire a VHEVhave an associated
massless Goldstone boson which will disappear transfointedhe longitudinal component
of a massive gauge boson. Since the photon is known to be esastthe symmetry is chosen
to be broken so that only the fields with zero electric chatge ¢nes that cannot couple to
the electromagnetic interaction) acquire a VEV. In such g \lze symmetry of the photon-

associated operatap, is preserved:

®y = (0|®|0) = ( S ) QP =0. (2.28)

V(g) [GeV

200

/¢>‘/

0 eVl
\¢\ G

Figure 2.4:The minimum of the Higgs potential occurs-at?/(2)), not at zero

Expanding around the true minimum of the theory, the comfidat ¢ becomes:

d(2) :ei?@)i( 0 ) . (2.29)

where the three parametef?&) correspond to the motion through the degenerated minima in
the SU(2) space. Since the Lagrangian is locally gauge iam&rone can choosﬁ:c) = 0.
Hence, introducing this expansion into the SM Lagrangiajuéion 2.15), one obtains the
tree level predictions for massive fermions (coming from Ak, part), massive gauge bosons
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(coming from the kinetic part of 553) and a newHiggs boson These relations are:

My = % (2.30)
2 2

M, = ugfw (2.31)

My = /=212 =+V2\ (2.32)

my = Af% (2.33)

m2 = 0 (2.34)

Y

wheref stands for the fermions in the theory. These relations ks expressed as a function
of the weak mixing angle,

1
M, =29 (2.35)
cos Oy
which leads to the SM prediction
M2
VV%V = cos* Oy . (2.36)

This prediction was tested once tHé* andZ vector bosons were discovered in 1983 by UA1
and UA2 collaborations at the CERN SPS [19, 20].

The ten independent fields before SSB (three massless gasgash(l’'*, Z7), with two
polarization states each, and one SU(2) doublet of compmabars) are now represented by
three massive bosons, which account for nine degrees afdneeand a new physical scalar
particle called the Higgs boson, which accounts for thedagtree of freedom.

This new particle, which is the missing piece to confirm thgddi mechanism, has the
couplings completely defined by the other parameters of theetn

M2
A = V’; (2.37)
Z
Aavy = 2¢/2GpM (2.38)
)\Hff = 2\/2Gme (239)

whereV = W, Z andGr. is the Fermi constant. The vacuum expectation valisedetermined
experimentally from the partial width(1 — v,7.¢) at low energiegq® << M, ):

GF g2 1
VR (2:40)

where, substituting experimental values:

v = (V2Gr)"2 =246 GeV , (2.41)
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which sets the electroweak symmetry breaking scale.

This new particle allows Yukawa-like terms in the Lagramgia

9f[(fL¢)fR +h.c], (2.42)

which can be written in terms of the VEV:
1 _ _
\/;va(foR + frfi)- (2.43)

Therefore, not only the bosons acquire mass through thesHiggchanism but also the
fermions withm; = g;v/v/2. Noticeably, the strength of the coupling is proportiorattte
masses. However, the masses are not predicted by the motklelelation of the couplings to
the fermions contain all the predictive power of the modelfimving masses of the fermions.

2.1.6 Standard Model Limitations

The SM description of the different processes involvingeteveak or strong interactions is
extremely accurate. At the present time, no experiment éas Able to find any clear deviation
from the SM predictions. Nevertheless, physicists aré tithing to find such deviations.
The main reason is that the SM present serious theoretivaltivated problems, starting from
the fact that gravity is not accommodated in the theory, wohetent it from being the ultimate
theory, the Theory of Everything (TOE), that would descilaure in a comprehensive manner.

Even accepting the peculiar set of group representatiothdrgpercharges required by the
model, the SM contains at least 19 free parameters, suchugdiroggs, masses and mixings,
which are not predicted but must be measured by the expetrinieraddition, more param-
eters would be needed if one wants to accommodate non-eaitglebservations such as the
cosmological baryon asymmetry, neutrino masses and nsxanthe problematic cosmological
constant.

The SM leaves also several questions unanswered such agevtheee three generations,
spatial dimensions or colors, how do we understand neutsedlations and massive neutri-
nos, why are the electric charge of the proton and the eleetxactly opposite or whether the
Higgs mechanism is really the process through which thdareleeak symmetry breaking oc-
curs and lay beneath the origin of masses. In addition, thdehwannot explain which are the
mechanisms to produce the matter-antimatter asymmetmgredxs in the universe or what is
the relation between the strong and electroweak forces.
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Perhaps the most surprising feature of the SM is the accdesteription of the interactions
between particles with masses 17 orders of magnitude anta#ie the Planck mass and the
difficulty to accommodate gravity within this framework [2This feature may be an indication
that the SM is an effective theory, that is a “low energy” limi a more fundamental one. But
this assumption automatically leads to the question of wphich energy scale will the SM be
valid.

However, spin zero fields are radically different from feoms and gauge bosons. The latter
are protected from large radiative corrections to theirgaaslue to chiral and gauge symme-
tries, respectively. In the SM there is no mechanism to presealar particles from acquiring
large masses through radiative corrections. Therefafereceives enormous quantum correc-
tions from the virtual effects of every particle which coeplto the Higgs field.

Due to these corrections, the Higgs mass would be
mi,, = (mp)o+ AME (2.44)

where(m?), is the bare Higgs mass ard\/3 is the correction given by

)\2
AM?, = —16f {2/\2 +0 (m§ In <A))} i (2.45)

2 my

where) is the Yukawa coupling of the fermighandA is an energy cutoff which is interpreted
as the energy scale at which new physics enters and chargegytirenergy behavior of the
theory. If the SM needs to describe nature until the Planakesthen the quantum correction
AMZ is about30 orders of magnitude larger than the bare Higgs mass squacanéellation
of these corrections at all orders would call for an incrégffine tunning” which seems very
unlikely [22]. This problem is present even if there is ncedircoupling between the Standard
model Higgs boson and the unknown heavy particles [23].

In a model with spontaneous electroweak symmetry breakimegproblem affects not only to
the Higgs mass but also its expectation value and the ma$stbay particles that get their
masses through this mechanism such adtheZ, quarks and charged leptons. This situation
has also an analogy with the self-energy corrections on lgxren, which is solved by the
presence of the positron [24]. Hence, it is unnatural to teivihe SM particles masses at the
electroweak scale unless the model is somehow cut off anc:@deldl in a richer structure at
energies no bigger than the TeV scale.
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2.2 Minimal Supersymmetric Extension of the Standard
Model

After a brief introduction to supersymmetry, this sectioagents the Minimal Supersymmetric
Extension of the SM (MSSM).

2.2.1 Supersymmetry

Supersymmetry (SUSY) [23] is a symmetry which relates nsmasé couplings of bosons and
fermions via spin% operators. In SUSY, particles are combined into superfehdisan operator
() generates the transformation of converting fermions t@bssind vice versa:

Q|Boson) = |Fermion) Q'|Fermion) = |Boson) (2.46)

Therefore@ is a complex anticommuting spinor and its hermitian conjeg@?, is also
a symmetry generator. Both generators are fermionic inregiti = 1/2) and form a Lie
algebra [25], together with the four-momentum and the Ltréransformation generators. In
fact, SUSY is a generalization of the space-time symmetfigsiantum field theory and seems
to be the last possible extension of the Lorentz group [26].

In this situation, each chiral fermiofy, z has a scalar parthZrL,R and for each massless
gauge bosont,, with the helicity states-1, there is a massless spifi2 gaugino partner, with
helicity statest.

2.2.2 Supersymmetry and the Hierarchy Problem

The SM hierarchy problem presented in section 2.1.6 is Vegeatly solved when considering
the supersymmetric theory [27]. The reason is that everyitar f has a scalar SUSY partner

S that couples to the Higgs as well and contributes with a masgction term of the form:
2

A A
2 S 2 2
Since now\; = A\g and Fermi statistics imply an opposite sign with respedtéocontribu-
tion stated in equation 2.47, all the terms have a counter-tieat naturally cancel all the huge

(2.47)

corrections. The terms that do not cancel are of the form:

)\2
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where some smaller contributions have been omitted. Thigltréeads us to the following
“naturalness” argument [28, 29]: since these correctionstmot be greater tham,,,, in
order to avoid too much fine tuning, then

}m% — m?f} < 1TeV?. (2.49)

Hence, one associatds~ 1 TeV as the scale where the SM is no longer valid and must be
substituted by its supersymmetric extension. As a benleifitnew theory would be valid all the
way up to the Planck scale. In any case, this is only a quiaktargument and does not help
predicting exactly whether new particles should appeab@t®@eV or 2 TeV.

2.2.3 Other Benefits from the Introduction of SUSY

Besides making a small Higgs mass natural, SUSY has othenesitng consequences. One
of them is, when SUSY is locally realized, that it containsoamg its gauge fields a possible
candidate to be the graviton. Thus SUSY seems to be a goodlesaéor a theory of all inter-
actions, or at least to play an important role in any sucbmhdn addition, Great Unifications
Theories (GUT) also provide good motivation for the existenf supersymmetry. One can use
the running of the three couplings of the SM, measured atldfutreweak scale, and find that, at
a certain GUT scale of 10 GeV, the couplingalmostbecome the same value [30]. But if one
considers SUSY then the couplings are modified in such a watythley become precisely the
same value at the GUT scale. Therefore, it is a strong indicéor the need of SUSY. How-
ever, some people claim that there is nothing special on[8itprovided that other models
could do it if they introduce as many parameters as SUSY does.

In addition to gauge coupling unification, SUSY is also a kagredient for GUT.
These theories have interesting predictions such as a smattino mass of the order of
m, &~ mi,/meur &~ 1072 eV/c? and it can lead to the understanding of the different quark
and lepton quantum numbers. But without SUSY the lifetiméhefproton would be too small
and the prediction fasin? 9y, would differ from the experiment [32, 31, 33]. In addition)SY
has been of greatest interest in string theories sinceheigtechanism which provides a coher-
ent and complete framework which avoids negative squarsesada some vibrational modes
(tachyons) [34].

Furthermore, some SUSY models predict the presence of eesighupersymmetric parti-
cle, which is a candidate for dark matter in the universeyipied that it is neutral, weakly
interacting and absolutely stable.
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As a final remark, recent fits on the electroweak precisiorentables, such as the effec-
tive leptonic weak mixing angleyin® 6. ;;, seem to favor supersymmetric models in front of
the SM alone [35]. This can be seen in figure 2.5, where the SMigtions for thelMy, as
a function ofm; is being compared with the predictions from the unconsegiklinimal Su-
persymmetric Standard Model (MSSM), which will be desaiilie the next subsection. The
predictions within the two models give rise to two bands vatily a relatively small overlap
region. The allowed parameter region in the SM arises frorging the only free parameter
of the model, the mass of the SM Higgs boson frafp,,, = GeV/c* 114 (upper edge of
the band) to GeV/c? 400 (lower edge of the band). For the MSSM area, SUSY masses close
to their experimental limit are assumed for the upper eddgdevthe MSSM with large masses
yields the lower edge of the blue area (dark-shaded).68teC.L. experimental results slightly
favours the MSSM over the SM

LIS N L Y L L L L L L L Y L B B B

80.70 [ experimental errors 68% CL:
LEP2/Tevatron (today)
Tevatron/LHC
ILC/GigaZ

) I I |

|

80.60 —

fight SUSY

80.50

M,, [GeV]

80.40

80.30
SM
MSSM
80.20 both models
Heinemeyer, Hollik, Stockinger, Weber, Weiglein '07 |
o b by by by
160 165 170 175 180 185

m, [GeV]

Figure 2.5: My, as a function ofn; as predicted by the SM in red (medium-shaded) and blue (slzakied)
bands and with the MSSM prediction in green (light-shaded)@ue (dark-shaded) bands. The perspectives for
the present and future generation colliders, are also shown

2Last top mass measurements from the Tevatron [6] indicaé® ev lower mass for the topm, =
173.1 £ 0.6(stat) £+ 1.1(syst) GeV /c?.
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2.2.4 The Minimal Supersymmetric Standard Model

Similarly to the SM construction, that was conceived to leerttinimal group viable to explain
the electroweak sector, the MSSM [36] is the minimal viahlpessymmetric extension of the
SM. The MSSM obeys the sar8&/(3) ., ® SU(2), ® U(1)y gauge symmetries of the Standard
Model but doubles the spectrum of new particles since foryeparticle in the SM, a super-
partner is postulated which differs by half a unit of spin.eTduperpartners are conveniently
described by a notation with close correspondence to the @&tion for bosons and fermions.
Hence, the superpartners are written with the same lettdreaf partner but with a tilde over
it and the superfields are written with a “tilde” superscript addition, the bosonic partners
of the fermions are denoted starting with an extra “s” (eeledron is the superpartner of the
electron) and the fermionic partners of the bosons finish thi¢ suffix “ino” (e.g. gluino is the
superpartner of the gluon).

For simplicity and to avoid unnecessary repetitions, abersthe case of one generation
of quarks, leptons and their superpartners. One can défiae the superfield containing an

SU(2), doublet of quarks:
Q= ( e ) (2.50)
dp

and their scalar partners which are also irbai{2), doublet,

- [
o- () -

In an analogous form, the superfigid (f)c) contains the right-handed up (down) anti-
quark,iig (dg), and its scalar partne;;, (d%). Following the same pattern, leptons are con-
tained in theSU(2), doublet superfield, which contains the left-handed fermions,

L= ( :L ) (2.52)
L
L= ( ?L ) . (2.53)
€r

Finally, the superfield2¢ contains the right-handed anti-electrap, and its scalar partner,

and their scalar partners,

=k
6R.
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Similarly, for every gauge boson it exist a Majorana fermigaugino).G is defined as a
superfield that contains all the gluong, and their fermion partners the gluings; W; contains
the SU(2),, gauge bosonsy;, and their fermion partners, (winos); andB contains thé/(1)
gauge field B, and its fermion partneb, (bino).

In addition, in the MSSM the Higgs sector is enlarged to anoahgle gauge anomalies [37,
38, 39]. Anomalies are not allowed in gauge theories andishsgnply achieved by requiring
that the sum of all fermion charges vanishes. The Higgssdal#blet acquires a SUSY partner
which is anSU(2), doublet of Majorana fermion fields, (Higgsinos), which will contribute
to the trianglesU(2), andU(1),- gauge anomalies. Since fermions in SM have exactly the right
quantum numbers to cancel these anomalies, it follows ligata@ntribution from the fermionic
partner of the Higgs doublet remains uncanceled. The @asikgion is to require a second
Higgs doublet with precisely the oppositég1l), quantum number than the first Higgs doublet.
Furthermore, in the SM the Higgs doublet (the complex coamjegf the doublet) can couple
to theT; = +% (15 = —%) fermions and give mass to all the spectrum of fermions. Bug,
supersymmetric theory, any doublet can give mass eitheflto-a +% orals = —% fermion
but not both. Thus, two Higgs doublets are needed in ordeenegate both up-like and down-
like quark masses. As result, one could think of the SM bengraitwo Higgs doublet model
(2HDM) [40] prior to introduce the supersymmetric sectamn. Teble 2.3 the spectrum of the
MSSM fields is summarized.

With two SU(2) doublets, the theory has eight real scaladdieind three massless gauge
bosons, which accounts for fourteen degrees of freedoner S#/SY breaking, the three gauge
bosons acquire masses (nine degrees of freedom), whiclsrtresthere should exist five spin-
zero Higgs fields in the spectrum: three neutral scalargi(, A) and two charged pairg{™,
H™).

The parameters of the supersymmetry-conserving sectsistaf:

e Gauge couplings:g,, g and ¢’, corresponding to the Standard Model gauge group
SU(3), ® SU(2), ® U(1)y, respectively.

¢ Higgs mass parameter,

e Higgs-fermion Yukawa coupling constants;, \,;, and\., corresponding to the coupling
of quarks or leptons and their superpartners to the Higgsrsoand higgsinos.

The supersymmetry-breaking sector contains the followetgpf parameters:
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SU3),
Names 2HDM particle | SUSY partner SU(2),
U()y
Q (updp) 5| (apdy) 0 (3,2,%)
squarks, quarks ul, 1 s 0 (3,1,
x 3 families ~ T 3
( ! d, L i 0| (31,2
sleptons, leptons L (vew) ! (7 éL) 0| (1,2,—1)
(x 3families) E el 1 &% 0 (1,1,2)
W wrwREwE o wrwrws L (1,3, 0)
EWK bosons . - |
B B 1 B ! (1,1,0)
Strong bosons Gl Ya 1 Ja 5 (8,1,0)
o H, | (HPH) 0| (HPH) | (121
Higgs, higgsinos . o .
Hy | (HjH;) 0| (HiHg) 3| (1,2,-1)

Table 2.3:Superfields and particle content of the MSSM. Symbols fohezicthe chiral supermultiplets as a
whole are indicated in the second column.

e Gaugino Majorana masseéd;, M, and M,, associated with th8U(3)., SU(2), and
U(1)y subgroups, respectively. These masses may be connectaaéncases as will be
seen later.

e Five scalar squared-mass parameters for the squarks gdrseM 3, M2, M3, M?
andM%, corresponding to the five electroweak gauge multiplets.

e Three scalar Higgs squared-mass parameters, two of whitharidm3) contribute to the
diagonal Higgs squared-masses and a third which corresgorttie off-diagonal terms
m?, = uB. These three parameters can be re-expressed in terms withiiggs vacuum
expectation values)f = (H?) andv, = (H?))3, usually taken through the ratio

tan f = =% (2.54)

Vq

and one physical Higgs mdss

3Notationv, (v4) is used to distinguish vacuum expectation values of thgsffggld which couples exclusively
to up-type (down-type) quarks.

4Note that? + v = 4M2,/g? = (246 GeV/c?)? is fixed by thel’’ mass and the gauge coupling, bbaih 3
is a free parameter of the model.
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e Trilinear interaction terms of the form Higgs-squark-sduand Higgs-slepton-slepton,
with coefficientsA,, A; andA..

The gluino is the color octet Majorana (there is no distimtigduon) fermion partner of the
gluon. It has 16 degrees of freedom since there are 8 magglesss (2 spin degrees of free-
dom, each). The supersymmetric partners of the electrogeadre and Higgs bosons (gauginos
and higgsinos) can mix. As a result, the physical mass eigssare model-dependent linear
combinations of these states, calldthrginosand neutralinos which are obtained by diago-
nalizing the corresponding mass matrices. There are twaictes (v:) and four neutralinos
(xY), which are by convention ordered in massgs is the lowest chargino ang) is the lowest
neutralino). Depending whether the chargino or neutradiigenstate approximates a partic-
ular gaugino or higgsino state, they can become more phtkiepbino-like... and result in
strikingly different phenomenology.

The supersymmetric partners of the quarks and leptons aresm bosons and the result-
ing squarks and sleptons can also mix their left- and rigimded components yielding the mass
eigenstates (denoted by the indices 1,2 instedd &f). This mixing is proportional to the mass
of the SM partner quark or lepton andtte 3. Thus, the mixing can lead to an important split-
ting in the mass spectrum of heavy squarks, specially atkang/5. In contrast, the first two
families can be considered degenerate in mass. All physaticles of the MSSM are given in
Table 2.4.

2HDM patrticle spin | SUSY patrticle spin
quarks: q 3 | squarks: G, o 0
leptons: l 1| sleptons: Iy, I 0
gluons: Ga 1 | gluinos: Ga :
gauge bosons: W#, Z°, v 1 | neutralinos: x?, v3, x2, X9 z
Higgs bosons: h°, H°, A°. H* 0 | charginos: X%’ Xét :

Table 2.4:The particle content of the MSSM.

2.2.5 MSSM Lagrangian and R-parity

The MSSM Lagrangian is constructed using the already defiaetitle content and following
an analogy with theCgy;. Following a similar notation as in the SM, the kinetic terftloe
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Lagrangian can be written as:

Lxp = Z {(DuSz)T(D“Si) + %‘@ﬂ”DMﬁz}
' (2.55)

1 A vA iy
+ Y {—ZFWF” + §AADAA} .
A

Here,S; (1;) is the scalar (fermion) component of the chiral superfieldD is the SU (3) ®
SU(2), ® U(1) gauge invariant derivative?ju is the Yang-Mills gauge field and, is the
gaugino superpartner of the corresponding gauge bosos.wbith noticing that thé . is a
sum over all fermion fields of the SM, the scalar partners aed2t Higgs doublets with their
fermion partners. On the other hand, , is over theSU(3)., SU(2), andU(1)y gauge fields

with their fermion partners, the gauginos.

The interactions between bosons and fermions are compléetérmined by the gauge
symmetries and by the supersymmetry:

Lig==V2)  ga[SiT iz ha +hoc]
i,A
(2.56)

2
1 *
3 ZA: <Z; gasS; TASi) ;

wherey;, = $ (1 —v5) ¢, T* is the matrix of the group generators apdthe gauge coupling
constants. It can be seen that there are no adjustable garahence, all interaction strengths
are completely fixed in terms of SM coupling constants.

Once the superfields and the gauge symmetries are chosem)ylfeeedom in constructing
Lrssa 1S contained in a function callesuperpotentigl)V. This is an analytic form of the
chiral superfieldsS, that has the form:

W = e, uHLH + e, [)\Lﬁljlfjé FAPHIOD + /\Uflgc}’f]] Y Wee  (257)

wherei and;j areSU(2),, doublet indices and;; = —eji (with €, = 1) contracts theSU (2),,
doublet fields. No derivative interactions are allowed idasrthat)y be an analytical function.
The termuﬁgﬁg gives mass terms for the Higgs bosons and.ss often called the Higgs
mass parameter. The terms in the square brackets propirtmoky,, A, and )y give the usual
Yukawa interactions of the fermions with the Higgs bosonentg, unlike the SM case, these
coefficients are determined in terms of the fermion massesh@vacuum expectation values
of the neutral members of the scalar components, and arelitrbay couplings.



Chapter 2. Theory Introduction 25

In the most general superpotential one can add more ternchwainé grouped undéi’zp
in equation 2.57. These terms are of the form:

Wip = Aasy LLPEY + X,y 12Q° DY + X, U°DP D7 + 1/ LH (2.58)

where the indices,, 3 and~ label the 3 generations of quarks and leptons. These terms co
stitute a problem in the sense that the first two contributeepdon number violation inter-
actions and the third one to baryon number violation int@was®>. The combination of lep-
ton and baryon violation terms can contribute to the proteoag at tree level through the
exchange of the scalar partner of the down quark. Since tioiseps is experimentally re-
stricted [42, 43, 44, 45, 46, 47, 48, 49] it put into questiba validity of the model. One
solution is to assume that the parameters are small enowsloid experimental limits. Even
this is certainly allowed experimentally, this would imphe introduction of an artificial tuning.
The other solution is to introduce a new symmetry called Ryp§b0, 51, 52, 53, 54, 55, 56].
R-parity (R,) is a multiplicative quantum number defined as:

R = (_1)3(B—L)+23 7 (259)

where B and L are the baryon and lepton quantum numbers argdthe spin of the particle.
Thus, all SM particles havg, = +1 while their SUSY partners have, = —1.

The assumption of such a symmetry prevents lepton and bawymiver violating terms but
has also dramatic phenomenological consequences: egisixing between the sparticles and
the Rp = 1 particles, SUSY particles can only be pair-produced in tikstons of SM particles
and a SUSY particle would undergo a chain of decays untiligtgdst SUSY patrticle (LSP) is
produced. Then, this LSP cannot decay further and coresitutold dark matter candid&te

2.2.6 SUSY Breaking

At this point, the MSSM Lagrangian does not provide masssdaonall the particles (fermions,
scalars, gauge fields). If supersymmetry was an exact symnsguarks and quarks would
have equal masses and gluinos would be massless. Sincs ttusthe case in nature, at low
energies supersymmetry must be a broken symmetry and new-Bté&king terms need to be
introduced in the Lagrangian. To prevent dangerous quadtigergences, only a certain subset

5The fourth term can be ignored since one can implement aiantat the lepton fieldZ such that this term

vanishes [41].
5Due to cosmological constraints, a cold dark matter candideed to be stable and neutral [57, 58].



26 2.2. Minimal Supersymmetric Extension of the Standardiédo

of supersymmetry-breaking terms are allowed to be presetitel theory and their couplings
are denoted asoftparameters. Then, the so-called soft Lagrangian whictkiBeEsY is (first
generation only):

1 . o
—Looft = 5 {M&@ﬁ + MoyWW + M BB

+w@5[—ngHf—anéfﬁﬂUﬁ}+aH§QfA¢T5j+nH§ﬁ?A.EZ%—hc

€ij
+miy, | Ha* +miy, [ Ho* + Qfme, Q5
+ Lem? Lo+ Urmd, Uy + Dimd, D + Efm?%, E;
wherei andj are theSU(2), doublet indices. This Lagrangian has arbitrary masseshfor t
scalars and gauginos and also arbitrary bi-linear andniealr mixing terms. The scalar and
gaugino mass terms have the desired effect of breaking tee deggeneracy between the parti-
cles and their SUSY partners. The tri-linear A terms affeahprily the particles of the third
generation. The B term mixes the scalar components of the two Higgs doublatthd most
general case, all of the mass and interaction terms of equatb0 are matrices involving all
three generators. However, the origin of all these termefisihspecified. How supersymmetry
breaking is transmitted to the superpartners is encodeleiparameters of ;. All of the
quantities inC,,, receive radiative corrections and thus are scale-depéreiisfying known
Renormalisation Group Equations (RGES).

For phenomenological purposes, the described Lagrangisimply a low energy effective
Lagrangian with a number of input parameters. The fact tke¢@ for the assumption of the
presence of supersymmetric particl&s, and gauge and Poincaré invariance, nothing else has
been assumed, makes the MSSM a very simple framework butesdsro introduce plenty
of free input parameters. MSSM includes at least 105 newnpetexrs that added to the 19
parameters of the SM, the model has 124 parameters to benile¢ef. While often only
subsets of these parameters are relevant for particulariexpntal processes and there exist
some phenomenological constraints in these parametersiutinber is too large for practical
purposes to carry out phenomenological analyses in fulbgeity.

However, unlike in the SM case, now there is the possibititstablish a top-down approach
by which the MSSM parameters are predicted within the cdrteain underlying theory, often
as functions of fewer basic parameters. The basic quesiitve addressed is how to under-
stand the explicit soft supersymmetry breaking encodelart},;, parameters as the result of
spontaneous supersymmetry breaking in a more fundaméetaiyt Since this is not known,

For this particular reason, sometimes it is referred to aSMS.24.
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different models have been constructed as an attempt torfiadgwer for this question. Since
TeV-scale supersymmetry-breaking models have reportgdte results [59], other models
which assume that the theory can be splitted into at leastsetors have been considered.
These two sectors have no direct renormalizable couplietgsden them and they are divided
into observableor visible sector, which contains the SM fields and their superpartaeisthe
hiddensector, in which supersymmetry is spontaneously brokendynamical mechanism.

Within this framework, SUSY breaking is communicated frdme hidden sector where it
originates to the observable sector via suppressed itimadnvolving a third set of fields,
the mediatoror messengefields. This hidden sector implies that the fundamentalescél
supersymmetry breaking, is hierarchically larger than the TeV scale. Depending emtlodel
this u, can be postulated to be at the GUT scale, Majorana neutrirss s@ale or in extra-
dimensional braneworlds. Therefore, different model®antfor specific mechanisms for how
supersymmetry breaking is mediated between the hidden bsehable sectors and involve
specific energy scales at which the soft terms are generdtedse values are then used to
compute the corresponding values at observable energgssedilpredicted at the TeV scale by
the models, using the scale dependence ofthg parameters as dictated by their RGEs.

2.3 Third Generation Squarks

In the MSSM, the SM quark helicity states andqz have scalar MSSM super-partners, which
are also the mass eigenstates (in good approximation) édfirgt two generations. However,
for the third generation, strong mixing of these states nppear depending on the theoretical
parameterstan 3 and A, (the Higgs-sbottom trilinear coupling).

This thesis presents two searches for third generatiorrissiaghCDF Run Il. The following
sections discuss the motivation for the particular finaiestaelected in these analyses.

2.3.1 Scalar Bottom from Gluino Decay

Several models [60], assuming lange 3, predict that the mixing in the mass eigenstates might
be substantial for the scalar bottom, yieldingmass eigenstate significantly lighter than other
squarks:

1
mg,, = 5 lmg, +mp, &2 —m2 )24 Ami (A, — ptan)? (2.61)
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Moreover, the gluino pair production cross section is alnaosorder of magnitude larger
than a sbottom of similar mass [61]. At the Tevatron energisinos are produced mainly
through quark-antiquark annihilation and gluon fusionyfeg2.6, with the former dominating
for high z. If the shottom is light enough, then the two body degay bb would be kinemati-
cally allowed.

Figure 2.6:Leading order gluino pair production mechanisms at the ffemacenter of mass energies.

In the region of interest for this analysis:(, my+ > m; > my), the dominant decay
channel is sbottom into bottom quark and neutraline: b%°, with no other available decays
channels, since we require; < m;, my+. Hence, we assume a Branching Ratio of 100% for
theb — by° decay, and the fully gluino decay chain will be as shown inrfig21 7.

Figure 2.7:Gluino decay into bottom quark and shottom.

One could also think a scenario where the second neutrgfii®lighter than the sbottom
quark. In this casé — b9, with the second lightest neutralino decaying into leptaing LSP
(X3 — 1xY). Such a signature could be observed by multileptons seardlis not considered
here.

In order to get the predictions for our signal, we use the E@gPROSPINO [61] to com-
pute the total production cross section and PYTHIA [62] tiineste the event acceptance in the
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detector and in the application of our selection cuts.

For the NLO cross sections of gluino pairs, the calculatioesinot depend on the sbottom
mass or the neutralino mass. However, there is a dependerice mass of the first squarks due
to their presence in the diagrams. The main dominant castioibbis coming from those squarks
associated to the lightest quarks, specificallgndd due to their presence as valence quarks
in the proton and antiproton. Figure 2.8 shows the crossoseof gluino-pair production for
m(g) = 250 GeV/c? andm(jg) = 350 GeV/c? as a function of the squark mas%esVe
observe a strong dependence for the Leading-order andthidsé&ding cross sections on the
mass of the squarks.

M(g)-dependence for M(g)=250.0 GeV/c? M(g)-dependence for M(g)=350.0 GeV/c?
03

--- PROSPINO LO (CTEQ6L1) --- PROSPINO LO (CTEQ6L1)

— PROSPINO NLO (CTEQ6M) — PROSPINO NLO (CTEQ6M)
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Figure 2.8: LO and NLO cross section of gluino-pair production at the alesn Run Il as predicted by
PROSPINO as a function of the mass of the squarks of the fistfaamilies. The predictions are shown for

values of the gluino mass of 25Q:ieV/c? (left) and 350 GeV /c? (right).

Due to this dependence, the analysis needs to be perforntle@ wiear assumption on the
mass of the squarks. We decided to use the value of eV /c* as it was done in previous
analyses [63]. This value leads to a reasonably conseevesittimate of the cross section since
the larger the mass of the squark, the larger the cross setiging a value much smaller than
500 GeV/c? may break the assumption that the decay of the gluino is datedrbyg — bb.

Under this assumption, we compute the cross section of theapair production process

8As this is done in PROSPINO, the masses of the squarks assbtiathe light quarks are degenerated, and
we always assume that.
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for the range of masses we are interested in. This is showgunefi2.9 using the CTEQ6M
set of Parton Distribution Functions [64, 65]. The crosgtisacfalls very rapidly when in-
creasing the mass of the gluino, but the absolute valuegas®nable for the analysis to reach
unexcluded regions of the parameter space.

As a comparison, figure 2.9 also shows the equivalent cras®sdor sbottom-pair pro-
duction. It should be noticed that for similar masses of tlung and sbottom, the production
of gluino has a much larger cross section, leading to thetlfetteven for smaller mass of the
sbottom, the channel we are considering here provideslaegssitivity than the direct search of
sbottom-pair production due to a larger cross section anghatsre that is much cleaner than
that of the sbottom-pair production. This makes specialtgresting the degeneration mass
region for which, we perform an specific optimization in thmakbysis.

o a — o 10°F o~ =
S [ pp- ggat\s=1.96 GeV S K pp- byb,at\s=1.96 GeV
c 10 E c = _
o o - = o - — =
= : M=M= M(Q) 2 L W= k= M(b)
et M(G)=500 GeV/c? sk
w 1F 7)) L
[72] E [72]
o E S 1L
o o
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- 10'F
- — PROSPINO NLO (CTEQ6M) ... E — PROSPINO NLO (CTEQ6M)’
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Figure 2.9:L0 and NLO cross sections of gluino-pair production (ledif)d sbottom-pair production (right) at
the Tevatron Run Il as predicted by PROSPINO as a functioheif inasses. A mass of 500 G&¥ has been

assumed, for the squarks of the first two families, in therglypair production calculation.

We also have studied the dependence of the acceptance withatss of the squarks, using
samples generated with different values of that paramétehould be remarked that the as-
sumed masses for the squarks of the first two families arengegied. The result of this study
is shown in figure 2.10 where we observe that such a dependereadly marginal. This imply
that the analysis may be performed independently of thenasdumass of the squarks. How-
ever, due to the large dependence of the gluino-pair pramuctoss section on this parameter,
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the interpretation of the final result can only be done withassumption of a specific value of
that mass, being that 500 Ge¥/as motivated above.
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Figure 2.10:Acceptance efficiency as a function of the gluino mass fordifferent assumptions of the squark

mass for fixed values of the other parameters.

2.3.2 Scalar Top Decaying into Charm and Neutralino

Due to the large mass of the top quark, the mass splittingdmvhe two stop quarks states
(t1,1,) may be large, allowing; to likely be the lightest squark, and possibly even lightemnt
the top quark:

1
mi = S[mi +m; + \/(mtgL —m )2+ 4dmi(A; — pcot3)?] (2.62)

bz 9 tr
Assuming R-parity conservation, scalar top quarks are paduced, as is shown in fig-

ure 2.11, and the Lightest Supersymetric Particle (LSP)tiesstable. If it is colorless and
neutral, then it will escape from the detector undetectetting large missing transverse en-

ergy (fr)-

This scenario is accessible in the rangg < m;, + mg+ andm;, < my + my + mygo in
which the dominant, decay mode is the flavor changing procgss- cx® which is typically
assumed to occur with 100% branching fraction, as shown indig.12. The; — tx° decay
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«
—]
o
—_

Figure 2.11: eading order stop pair production diagrams at the Tevatenter of mass energies.

is kinematically forbidden over thig mass range currently accessible at Tevatron, and the tree
level four-body decays, — bff'x° is negligible. In this particular case the experimental
signature consists of two c jets aﬁg from the undetecteg®.

Figure 2.12:Stop decay into charm and neutralino.

In order to get the predictions for our signal, similarlyhe gluino-sbottom analysis, we use
the program PROSPINO to compute the total production credsosm and PYTHIA to estimate
the event acceptance in the detector and in the applicatioarselection cuts.

We compute the cross section of the stop-pair productiooga®for the range of masses we
are interested in. This is shown in figure 2.13 using the CTE®@ét of PDFs. The cross section
falls very rapidly when increasing the mass of the stop, betabsolute values are reasonable
for the analysis to reach unexcluded regions of the pararapéee.

For the NLO cross sections of stop pairs, the calculatiors cha¢ depend on the neutralino
mass, and the dependence on masses of other sparticleg snadl, since it appears as part of
the NLO corrections.
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Figure 2.13:L0 and NLO cross sections of stop-pair production at the ffewaRun Il as computed using
PROSPINO as a function of the stop mass.
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Chapter 3
Experimental Setup

The Fermilab Tevatron is the highest energy hadron collideperation, until the completion of
the Large Hadron Collider (LHC) at CERN. After a major upggatthe Tevatron Run Il provides
proton-antiprotony{p) collisions with a center of mass energy of 1.96 TeV and a bangssing
period of 396 ns. Two detectors were designed to extractuhadientific potential of these
collisions: CDF, the Collider Detector at Fermilab and D@ otlBof them follow the usual
structure of high energy physics experiments with a tragékside a solenoidal magnetic field,
a calorimeter and a muon spectrometer, arranged in coiadn&yers and two plugs.

The results presented in the thesis make use of approxiatdh—! amount good-quality
of data collected by CDF. A brief description of the accel@r&hain and the detector is pre-
sented in the following sections.

3.1 The Tevatron Collider

The Tevatron Collider [66] located at the Fermi National élecator Laboratory (Fermilab)
in Batavia (lllinois, USA) is a proton-antiprotopg) collider with a center-of-mass energy of
1.96 TeV. As shown in figure 3.1, this complex has five majoebrators and storage rings
used in successive steps, as is explained in detail beloprotuce, store, and accelerate the
particles up to 980 GeV.

The acceleration cycle starts with the production of prstisom ionized hydrogen atoms
H~, which are accelerated to 750 KeV by a Cockroft-Walton etetatic accelerator. Pre-
accelerated hydrogen ions are then injected into the Lirrsrevthey are accelerated up to 400
MeV by passing through a 150 m long chain of radio-frequemly)(accelerator cavities. A

35
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carbon folil strips off the electrons of thié~ ions, thus producing protons. Inside the Booster
the protons are merged into bunches and accelerated up teeagyeof 8 GeV prior to enter-
ing the Main Injector. In the Main Injector, a synchrotrorthva circumference of 3 km, the
proton bunches are accelerated further to an energy of 190aGe coalesceédogether before
injection into the Tevatron.

FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

TEVATRON

TARGET HALL

A / ANTIPROTON

N
COCKCROFT-WALTON
PROTON

Antiproton Proton
Direction Direction

NEUTRINO

Fermilab 00-635

Figure 3.1:The Tevatron Collider Chain at Fermilab.

The production of the antiproton beam is significantly maseplicated. The cycle starts
with extracting a 120 GeV proton beam from the Main Injectotocoa stainless steel target.
This process produces a variety of different particles, rgnwhich antiprotons appearThe
particles come off the target at many different angles aay #ne focused into a beam line with
a Lithium lens. In order to select only the antiprotons, tharh is sent through a pulsed magnet
which acts as a charge-mass spectrometer. The producedoamiis are then injected into the
Debuncher, an 8 GeV synchrotron, which reduces the spretiet ianergy distribution of the
antiprotons. After that, the antiproton beam is directed the Accumulator, a storage ring in
the Antiproton Source, where the antiprotons are stored anargy of 8 GeV and stacked to
10'? particles per bunch. The antiproton bunches are then &geoto the Main Injector and
accelerated to 150 GeV.

1Coalescing is the process of merging proton bunches intalense, high density beam
2The production rate, for 8 GeV antiprotons, is abbtip per10° p
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Finally, 36 proton and antiproton bunches are insertedthorevatron, a double accelera-
tion ring of 1 km of radius, where their energy is increasetou@80 GeV. Proton and antiproton
bunches circulate around the Tevatron in opposite dinestguided by superconducting mag-
nets and where their orbits cross at the two collision pdimfgroduce thep interaction that
are observed. These interactions are observed by the CDB@ndetectors.

In the absence of a crossing angle or position offset, thénosity at the interaction points

JoeNoe N, N o
L="——""F|— A
2n(02 4 02) CA (3.1)

where f,. is the revolution frequencyy, is the number of bunches/,; is the number of pro-

tons (antiprotons) per bunch, angl;) is the transverse and longitudinal rms proton (antiproton)
beam size at the interaction poiii.is a form factor with a complicated dependence on the so-
called beta function*, and the bunch lengtla;. The beta function is a measure of the beam

is given by the expression:

width, and it is proportional to the beamisandy extent in phase space. Table 3.1 shows the
design Run Il accelerator parameters [67].

Parameter Run Il
number of bunches\(;) 36
revolution frequency [MHz] f,.) 1.7
bunch rms [m}, 0.37
bunch spacing [ns] 396
protons/bunchi{,) 2.7 x 101
antiprotons/bunch/{;) 3.0 x 1010
total antiprotons 1.1 x 102
5* [em] 35

Table 3.1:Accelerator parameters for Run Il configuration.

Figure 3.2 and figure 3.3 show, respectively, the evolutiotine integrated luminosity, de-
fined asC = [ L dt, and the instantaneous luminosity delivered by Tevatraoesthe
machine was turned on up to July 2009. The progressive igeneeathe integrated luminosity
and the continuous records in the instantaneous lumindpityve the good performance of the
accelerator.

3As of July 2009, the record in the instantaneous luminosig alose t®.5 x 1032em =25~ 1.
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Figure 3.2: Tevatron Collider Run Il Integrated Luminosity. The vealigreen bar shows each week’s total

luminosity as measured in pb. The diamond connected line displays the integrated lusitiyno
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Figure 3.3: Tevatron Collider Run Il Peak Luminosity. The blue squareswsthe peak luminosity at the
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3.2 CDF Run Il Detector

The CDF Run Il detector [68], in operation since 2001, is amathally and forward-backward
symmetric apparatus designed to styghycollisions at the Tevatron. It is a general purpose,
cylindrical-shaped detector which combines:

e A tracking system, that provides a measurement of the ctigrgdicle momenta, event
z vertex position and allows the reconstruction of secongariices.

e A non-compensated calorimeter system, with the purposeezfsoring the energy of
charged and neutral particles produced in the interaction.

e Drift chambers and scintillators for muon detection.
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Chambers & Counters

Intermediate Muon
Chambers & Counters
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Figure 3.4:1sometric view of the CDF Run Il detector with human-sizesrehces. Only half of the detector is

shown.

The detector is shown in figure 3.4 and figure 3.5. CDF usesidridal coordinate system
where the positive-axis lies along the direction of the incident proton bedmand ¢ are the
polar and azimuthal angles, respectively, and pseuddtgid) = — In(tan(%)). Thepr and
E7 are the components of momentum and energy, in the transpse. The missingor
(E’T) is defined byl?T = — >, Eiqy, i = calorimeter tower number, whefg is a unit vector
perpendicular to the beam axis and pointing at:thecalorimeter towerl?T is corrected for
high-energy muons and jet energy. A description of all thr&tesys starting from the devices
closest to the beam and moving outward is presented in theseekons, where the detectors
most relevant in the analysis are explained in more detail.
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Figure 3.5:r x 7 side view of the CDF Run Il detector.

3.2.1 Tracking and Time of Flight Systems

The tracking and time of flight systems are contained in amgoelucting solenoid, 1.5 m in
radius and 4.8 m in length, which generates a 1.4 T magnelticdaallel to the beam axis.

The part of the tracking system closest to the beam pipe Igarsimicrostrip detector [69],
which is radiation-hard due its proximity to the beam. Itesads from a radius of 1.2 cm, the
beam pipe, to 28 cm, covering| < 2 and has eight layers in a barrel geometry. The innermost
layer is a single-sided silicon microstrip detector callegier 00 (LOO) which providesax ¢
position measurement. The first five layers after the LOO tiois the Silicon Vertex Detec-
tor (SVXII) and the two outer layers comprise the Intermagli@ilicon Layers system (ISL).
These seven layers are made of double-sided silicon semgarsy » x ¢ andz position in-
formation. The best position resolution achieved igr in SVXII and the impact parameter
resolution, including LOO, reaches 4n for tracks withpr > 3 GeV/c.

Surrounding the silicon detector is the Central Outer TeagkCOT) [70], the anchor of
the CDF Run II tracking system. It is a 3.1 m long cylindricalftdchamber that covers the
radial range from 40 to 137 cm and full coverage ugro~ 1. The COT contains 96 sense
wire layers, which are radially grouped into eight “supgelas”, as inferred from the end plate
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section shown in figure 3.6.
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Figure 3.6:Layout of wire planes on a COT endplate.

Each superlayer is divided in into “supercells”, and each supercell has 12 sense wires
and a maximum drift distance that is approximately the samnalf superlayers. Therefore,
the number of supercells in a given superlayer scales appately with the radius of the
superlayer. The entire COT contains 30,240 sense wires.roXppately half the wires run
along thez direction (“axial”). The other half are strung at a small En@t2°) with respect
to the z direction (“stereo”). The combination of the axial and steinformation allows the
measurement the positions. Particles originated from the interaction polraving|n| < 1,
pass through all 8 superlayers of the COT.

The supercell layout, shown in figure 3.7 for superlayer 2sesis of a wire plane contain-
ing sense and potential wires, for field shaping and a fielccébinode) sheet on either side.
Both the sense and potential wires arei40 diameter gold plated tungsten. The field sheet is
6.35um thick Mylar with vapor-deposited gold on both sides. Eaeldfsheet is shared with
the neighboring supercell.
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Figure 3.7:Layout of wires in a COT supercell.

The COT is filled with an Argon-Ethane gas mixture and Isografcohol(49.5 : 49.5 : 1).
The mixture is chosen to have a constant drift velocity, apipnately 50um/ns across the cell
width and the small content of isopropyl alcohol is intentieceduce the aging and build up of
debris on the wires. When a charged particle passes thrthugbas is ionized. Electrons drift
toward the sense wires. Due to the magnetic field that the G@fimersed in, electrons drift
at a Lorentz angle of35°. The supercell is tilted b$5° with respect to the radial direction to
compensate for this effect. The momentum resolution ofrteks in the COT chamber depends
on thepr and is measured to be approximately 0c15vith corresponding hit resolution of
about 140:m [71]. In addition to the measurement of the charged partitbmenta, the COT
is used to identify particles, withy > 2 GeV, based on dE/dx measurements.

Just outside the tracking system, CDF Il has a Time of FliglaK) detector [72, 73, 74].
It consist on a barrel of scintillator, almost 3 m long, leghtat 140 cm from the beam line
with a total of 216 bars, each covering 1id ¢ and pseudorapidity range| < 1. Particle
identification is achieved by measuring the time of arriiah grarticle at the scintillators with
respect to the collision time. Thus, combining the meastinad-of-flight and the momentum
and path length, measured by the tracking system, the mass pérticle can then determined.
The resolution in the time-of-flight measurement has addey 100 ps and it provides at least
two standard deviation separation betwééeh and=* for momenta p< 1.6 GeV /c.

As a summary, figure 3.8 illustrates the Tracking and Timelighf systems.
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Figure 3.8:The CDF Il tracker layout showing the different subdetesimtems.

3.2.2 Calorimeter System

The calorimeter system is located surrounding the CDF ingokolume, outside of the solenoid
coil. The different calorimeters that compose the systesnsamtillator-based detectors, seg-
mented in projective towers (or wedges),rink ¢ space, that point to the interaction region.
The total coverage of the systenis in ¢ and aboutn| < 3.64 units in pseudorapidity.

The calorimeter system is divided in two regions: central plug. The central calorimeter
coversthe regiofm| < 1.1 and is splitinto two halves &f| = 0. It conceived as a hybrid system
of sampling scitilators and strip wire proportional chamsbheThe forward plug calorimeters
cover the angular range corresponding tb< |n| < 3.64, as it is shown in figure 3.9. Due to
this structure, two “gap” regions are foundat= 0 and|n| ~ 1.1.

3.2.3 Central Calorimeters

The central calorimeters consist of 478 towers, each ongiglazimuth times approximately
0.11 in pseudorapidity. Each wedge consists of an elecgostac component backed by a
hadronic section. In the central electromagnetic caloem@CEM) [75], the scintillators are
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Figure 3.9:Elevation view of 1/4 of the CDF detector showering the comets of the CDF calorimeter: CEM,
CHA, WHA, PEM and PHA.

interleaved with lead layers. The total material has a deptt8 radiation length$(X,). The
central hadronic section (CHA) [76] has alternative laydrsteel and scintillator and is 4.7 in-
teraction length deef()\,). The endwall hadron calorimeter (WHA), with similar consttion

to CHA, is located with half of the detector behind the CEMACEN the other half behind the
plug calorimeter. The function of the WHA detector is to pd®va hadronic coverage in the
region 0.9< |n| < 1.3. In the central calorimeter the light from the scintilais redirected by
two wavelength shifting (WLS) fibers, which are located oadlsurface between wedges cov-
ering the same pseudorapidity region, up through the ligindies into two photo-tubes (PMTSs)
per tower.

The energy resolution for each section was measured instigetam and, for a perpendicu-
lar incident beam, and it is parameterized as:

(0/E)* = (01/VE)* + (00)%, (3.2)

4The radiation lengthX, describes the characteristic amount of matter transvefsetigh-energy electrons

to lose all butl /e of its energy by bremsstrahlung, which is equivalengtof the length of the mean free path
for pairete™ production of high-energy photons. The average energydoego bremsstrahlung for an electron

of energy E is related to the radiation length Ct%g) = _X% and the probability for an electron pair to be

brems

created by a high-energy photong@(o.

5An interaction length is the average distance a particletraivel before interacting with a nucleus:= —4

poNa'
whereA is the atomic weighty is the material density; is the cross section andl4 is the Avogadro’s number.
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where the first term comes from sampling fluctuations and himégstatistics of PMTs, and the
second term comes from the non-uniform response of theicadter. In the CEM, the energy
resolution for high energy electrons and photon%%%) = L\/g—‘f & 1.5%, whereEp=Fsind,

beingd the beam incident angle. Charge pions were used to obtaentrgy resolution in the

CHA and WHA detectors that afs™) = T @ 3% and 7 orr) = = T @ 4%, respectively.

3.2.4 Plug Calorimeters

One of the major upgrades for the Run Il was the plug caloen|&]. The new plug calorime-
ters are built with the same technology as the central coemisrand replace the previous Run |
gas calorimeters in the forward region. The ¢ segmentation depends on the tower pseudora-
pidity coverage. For towers in the regiof) < 2.1, the segmentation is 7.5 ¢ and from 0.1

to 0.16 in the pseudorapidity direction. For more forwardlges, the segmentation changes to
15°in ¢ and about 0.2 to 0.6 in.

As in the central calorimeters, each wedge consists of attrefeagnetic (PEM) and a
hadronic section (PHA). The PEM, with 23 layers composee@ad land scintillator, has a total
thickness of about 2X, . The PHA is a steel/scintillator device with a depth of aboug. In
both sections the scintillator tiles are read out by WLS SlmEmbedded in the scintillator. The
WLS fibers carry the light out to PMTs tubes located on the Iake of each endplug. Unlike
the central calorimeters, each tower is only read out by dné&.P

Testbeam measurements determined that the energy resadfithe PEM for electrons and
photons is% = 1\?% @ 1%. The PHA energy resolution i = 80% @ 5% for charged pions
that do not interact in the electromagnetic component. eTakﬂ summarizes the calorimeter
subsystems and their characteristics.

Calorimeter Coverage Thickness | Energy resolution (E in GeV)
CEM In] < 1.1 18 X, 22 © 2%
CHA In] < 0.9 4.7 N B @ 3%
WHA 09<n <13 47X T © A%
PEM 1.1<|n <3621 X1\ 1 1%
PHA 1.2 < |n| < 3.6 7 Ao VL © 5%

Table 3.2:CDF Il Calorimeter subsystems and characteristics. Theggniesolution for the EM calorimeter is

given for a single incident electron and that for the hadra@alorimeter for a single incident pion.
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The central and forward parts of the calorimeter have theim shower profile detectors:
shower maximum and preshower detectors. The Central Shdaxemum (CES) and the Plug
Shower Maximum (PES) are positioned at ab®uf,, while the Central Preradiator (CPR) and
the Plug Preradiator (PPR) are located at the inner faceeotdlorimeters. These detectors
help on particle identification, separatiag, vs andzs.

3.2.5 Muons System

The muon system, which consists of sets of drift chambersaimdillators, is installed beyond
the calorimetry system as the radially outermost compooie@DF Run Il detector (3.5 m).
The muon system [78] is divided into different subsysterhe:@entral Muon Detector, CMU,
the Central Muon Upgrade Detector, CMP, the Central Muoreisibn Detector, CMX, and
the Intermediate Muon Detector, IMU.

The coverage of the muon systems is almost complete in ptépéxsome gaps, and spans
in polar angle up tdn| ~ 1.5, figure 3.10. Attached to the calorimeter modules, the CMU
consists of a stack of 4 layers of drift chambers. The diffetayers are slightly shifted iphi
for better performance. These chambers are single-wirddhanread-out is equipped with a
TDC and an ADC at each end of the wire. Thwposition is then calculated from the drift time,
measured with the TDC, while the hitposition is found through harge division with the ADC.

The CMP forms a box around the detector of stacked drift clesbA layer of 60 cm
of steel, partially used for the magnetic field return, pded the needed shielding to absorb
particles, other than muons, leaking the calorimeter. $iisdem overlaps with the CMU, and
covers the central part.

The CMX detector, located forward than CMU and CMP, con$tstacked cells of drift
tubes conforming a conical section. The chambers are steatke small angle, allowing for
polar angle measurement. Given the space constraints gotli&on hall, the coverage is not
complete ing.

The main component of the IMU are the Barrel Chambers (BMW)s Betector is shaped
as two contiguous barrels of drift chambers located on thieragadius of the toroids. These
chambers expand the muon coverage of CDF up|te: 1.5, but only cover the uppe&70° in
azimuth.

Sets of scintillators were also installed for trigger canfition and spurious signal rejection.
The central muon scintillator upgrade, CSP, are countettslied on the outer surface of the
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CMP chambers. Two layers of scintillators are mounted omrtfggnal and external sides of the
CMX, the so-called central muon extension scintillatorXCBinally, the IMU incorporates two
scintillator systems: the barrel scintillator upgrade \.B&nd the Toroid Scintillator Upgrade,
TSU. The BSU detector is made of rectangular scintillatossinted on the outside of the BMU
chambers and with the same azimuthal coverage. The TSUtdeteanade of trapezoidal
scintillators mounted on the inner face of the toroid andecimg 27 in azimuth.

0

Figure 3.10:7-¢ coverage of the different muon subsystems: central muoectiet (CMU), central muon
upgrade detector (CMP), central muon extension (CMX), dedintermediate muon detector (IMU). The IMU

includes the barrel chambers (BMU) and some scintillatbecters.

3.3 Luminosity Measurement

The Cherenkov Luminosity Counter (CLC) [79] was designedlie Tevatron Run Il in order
to achieve a precision measurement of the instantaneotindsity up to~ 4-10°2 cm 257!
and to cope with the 132 ns bunch-spacing that was origieaNysioned.

3.3.1 CLC detector

In CDF, the beam luminosity is determined using §asenkov counters located in the pseu-
dorapidity regiom.7 < |n| < 4.7, which measure the average number of inelastic interaction
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per bunch crossing. Each module consistésofhin, gas-filled Cerenkov counters. The coun-
ters are arranged around the beam pipe in three concenters|awith16 counters each, and
pointing to the center of the interaction region. The conefe two outer layers are about 180
cm long and the inner layer counters, closer to the beam pignee a length of 110 cm. The
Cerenkov light is detected with photomultiplier tubes keckat the end of the tubes, figure 3.11.

Front-cap Mylﬁ:r cone Light Collector

Figure 3.11: Schematic drawing of a cone of tigerenkov luminosity counters, CLC. An aluminum light

collector directs the light reflected in the mylar cone toghetomultiplier, PMT, attached at the end of the tube.

3.3.2 Measurement of the Luminosity

The average number of primary interactiopsis related to the instantaneous luminosityby
the expression:

ﬂ'fbc:Utot'»Ca (33)
wheref,. is the bunch crossings frequency at Tevatron, on averagdHz7for 36 x 36 bunch
operations, and,, is the totalpp cross section.

Since the CLC is not sensitive at all to the elastic componétite pp scattering, the equa-
tion 3.3 can be rewritten using the inelastic cross sectignas

= bde (3.4)
Oin
where nowy is the average number of inelastig interactions. The method used in CDF for
the luminosity measurement is based on the counting of emmpissings [80]. This method
determineg: by measuring the first bin of the distribution which corresg®to the probability

of having zero inelastic interactions;, through the relation:

Po(p) =e™*, (3.5)
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which is correct if the acceptance of the detector and itsieffty werel00%. Given the
limited extent of this statement, there are some selectiberia, o, to define an “interaction”.

An “interaction” is defined as pp crossing with hits above a fixed threshold on both sides of the
CLC detector. Following this, an empty crossing is defined@scrossing with no interactions.
Given these selection criteria, the experimental quaijfycalled P {«}, is related tqu as:

P 0} = (" 4 e~ — 1) e, (3.6)

where the acceptancesande,,/. are, respectively, the probability to have no hits in the com
bined east and west CLC modules and the probability to haleaat one hit exclusively in
west/east CLC module. The evaluation of these parametéasisd on Monte Carlo simula-
tions, and typical values arg = 0.07 ande,,/. = 0.12.

To obtain the luminosity measurement using the equatioytt3edvalue ob;,, is still needed.
At the beginning of Run Il, an extrapolation to 2 TeV of theuameasured afs = 1.8 TeV by
CDF [81] was used. The cross section wouldhe= 60.4 mb. To facilitate the comparison of
CDF and D@ cross section measurements in Run ll, the coldibos agreed to use a common
inelastic cross section [82%;,, = 59.3 mb that is about 1.9% smaller than previous value.
Since CDF never modified the actual luminosity value usegtinaily within the collaboration,
the CDF quoted luminosity is multiplied offline by a factorl019.

Different sources of uncertainties have been taken intowtcto evaluate the systematic
uncertainties on the luminosity measurement [83]. The dated contributions are related to
the detector simulation and the event generator used, aredde®n evaluated to be about 3%.
The total systematic uncertainty in the CLC luminosity meaments is 5.8%, which includes
uncertainties on the measurement, 4.2%, and on the ireetasss section value, 4%.

3.4 Trigger and Data Acquisition

The average interaction rate at the Tevatron.isMHz for 36 x 36 bunches. In fact, the
actual interaction rate is higher because the bunchedatecun three trains of 12 bunches in
each group spaceth6 ns which leads to a crossing rate53 MHz. The interaction rate is
orders of magnitude higher than the maximum rate that treeataguisition system can handle.
Furthermore, the majority of collisions are not of intereshis leads to implementation of a
trigger system that preselects events online and decidles dorresponding event information
is written to tape or discarded.
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The CDF trigger system consists of three trigger levels,fggge 3.12 and figure 3.13.
The first two levels are hardware based, while the third omsists on a processor farm. The
decisions taken by the system are based on increasinglyeconorplex event information. The
two hardware levels are monitored and controlled by thedeigSupervisor Interface, TSI,
which distributes signals from the different sections a thigger and DAQ system, a global
clock and bunch crossing signal.

Crossing rate 2.53 MHz
(296 ns clock cycle)

2.53 MHz synchronous pipeline

L1 storage Level 1 Latency 5544 ns
pipeline: Trigger Accept rate < 50 kHz
14 clock
cycles deep
L1 accept
Asynchronous 2-stage pipeline
S atency - 20 ps = 1/50 kHz
Trigger Accept rate 300 Hz
L2 buffers:
4 events L1+L2 rejection factor: 25,000
L2 accept
Level 3 Mass
System Storage
DAQ buffers / Accept rate <75 Hz
Event Builder Rejection factor: =4

Figure 3.12:Block diagram showing the global trigger and DAQ systemsREQ.
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3.4.1 Level 1 Trigger

The Level 1 trigger is a synchronous system that reads eaedttsakes a decision every beam
crossing. The depth of the Level 1 decision pipeline is axpnately4 us, L1 latency. The L1
buffer must be at least as deep as this processing pipelthe data associated with a particular
Level 1 decision would be lost before the decision is made Thbuffer is 14 crossings deep
(5544 ns at 396 ns bunch spacing) to provide a margin for icipated increases in L1 latency.
The Level 1 reduces the event rates from 2.53 MHz to less tQdiz.

The Level 1 hardware consists of three parallel processmegrms which feed inputs of the
Global Level 1 decision unit. One stream finds calorimeteyeblaobjects, L1 CAL, another
finds muons, L1 MUON, while the third one finds tracks in the COI TRACK. Since the
muons and the electrons (calorimeter-based) require tsepce of a track pointing at the
corresponding outer detector element, the tracks must tieteehe calorimeter and muon
streams as well as the track only stream.

e The L1 CAL calorimeter trigger is employed to detect elegtrghotons, jets, total trans-
verse energy and missing transverse ené}‘gy,‘l’he calorimeter triggers are divided into
two types: object triggers (electron, photons and jets)goloal triggers§  Er andlZT).
The calorimeter towers are summed into trigger towers 6% and by approximately
0.2 inn. Therefore, the calorimeter is divided in 24 x 24 towers)ixx ¢ space [84].
The object triggers are formed by applying thresholds taviddal calorimeter trigger
towers, while thresholds for the global triggers are appéiter summing energies from
all towers.

e The L1 TRACK trigger is designed to reconstruct tracks onGE. An eXtremely Fast
Tracker, XFT, [85] uses hits from 4 axial layers of the COT talfiracks with & greater
than some threshold,; 2 GeV/c. The resulting track list is sent to the extrapolatox,
XTRP,[86] that distributes the tracks to the Level 1 and IL@#eigger subsystems.

e L1 MUON system uses muon primitives, generated from vanousn detector elements,
and XFT tracks extrapolated to the muon chambers by the XDRBrtn muon trigger
objects. For the scintillators of the muon system, the pgi@s are derived from single
hits or coincidences of hits. In the case of the wire chamlibies primitives are ob-
tained from patterns of hits on projective wire with the regoment that the difference in
the arrival times of signals be less than a given thresholds haximum allowed time
difference imposes a minimupm- requirement for hits from single tracks.
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Finally, the Global Level 1 makes the L1 trigger decisiondzhen the objects of interest
found by the different Level 1 processes. Different sets@fdl 1 conditions are assigned to
the L1 trigger bits. If these conditions are met, the bit iste@rue. All this information is later
handled by the TSI and transfered to the other trigger leaeld eventually, to tape.

3.4.2 Level 2 Trigger

The Level 2 trigger is an asynchronous system which prosessants that have received a L1
accept in FIFO (First In - First Out) manner. It is structuseda two-stage pipeline with data
buffering at the input of each stage. The first stage is baseddedicated hardware processor
which assembles information from a particular section efdétector. The second stage consists
of a programmable processors operating on lists of objestsmted by the first stage. Each of
the L2 stages is expected to take approximatélys giving a latency of approximate}p) us.
The L2 buffers provide a storage of four events. After thedl&y the event rate is reduced to
about 400-1000 Hz.

In addition of the trigger primitives generated for Leveldhta for the Level 2 come from
the shower maximum strip chambers in the central calorimee ther x ¢ strips of the
SVX II. There are three hardware systems generating priestat Level 2: Level 2 cluster
finder, L2CAL, shower maximum strip chambers in the centedbémeter, XCES, and the
Silicon Vertex Tracker (SVT).

e The L2CAL hardware carries out the hardware cluster findections. It receives trigger
tower energies from the L1 CAL and applies seed and “shoultieesholds for clus-
ter finding. It is basically designed for triggering on jabsit specific reconstruction of
clusters for triggering on electrons, taus, and photonkss @erformed.

e The shower maximum detector provides a much better spasialution than a calorime-
ter tower. The XCES boards perform sum of the energy on grotifmur adjacent CES
wires and compare them to a threshold (around 4 GeV). Thignmdtion is matched to
XFT tracks to generate a Level 2 trigger. This trigger hamdwarovides a significant
reduction in combinatorial background for electrons andtphs.

e Silicon Vertex Tracker, SVT, [87] uses hits from the& ¢ strips of the SVX Il and tracks
from the XFT to find tracks in SVX II. SVT improves on the XFT odgtion for ¢ and
pr and adds a measurement of the track impact paranaigtefiereby the efficiency and
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resolution are comparable to those of the offline track retrantion. The SVT enables

triggering on displaced tracks, that have a lafge

When the objects reconstructed by the Level 2 processorstireeeonditions stated in the
trigger table for the Level 2, the eventis assigned the spording Level 2 trigger bit, provided
that the corresponding Level 1 bit is already set. At that mointhe TSI sends the event to the

Level 3 farm.

RUN Il TRIGGER SYSTEM

Detector Elements

Figure 3.13:Block diagram showing the Level 1 and Level 2 trigger systems
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3.4.3 Level 3 Trigger

After an event is accepted at Level 2, it has to be read out teip. This operation involves
collecting data from over a couple of hundreds of VME Readguffers (VRBs). The Event
Builder assembles the event from pieces of data from the k&gyinto complete events. It
is divided into 16 sub-farms, each consisting of 12 to 16 @ssor nodes. Once the event is
built, it is sent to one node in the Level 3 farm. The Level 8der reconstructs the event fol-
lowing given algorithms. These algorithms take advantdgbeofull detector information and
improved resolution not available to the lower trigger levé his includes a full 3-dimensional
track reconstruction and tight matching of tracks to cahatier and muon-system information.
Events that satisfy the Level 3 trigger requirements are ttensfered onward to the Consumer
Server/Data Logger (CSL) system for storage first on disklatet on tape. The average pro-
cessing time per eventin Level 3 is on the order of a few sex.ohlde Level 3 leads to a further
reduction in the output rate, roughly 50 Hz.

A set of requirements that an event has to fulfill at Level ydl@ and Level 3 constitutes
a trigger path. The CDF Il trigger system implements abo 2@ger paths. An event will
be accepted if it passes the requirements of any one of tlagise pnd, depending of the trigger
path, it will be stored in a trigger dataset. A complete digsion of the different datasets at
CDF Run Il can be found in [88].

Another important feature of the trigger system of CDF ig thevel 1 and Level 2 accepts
can be pre-scaled. This means that only a fraction of thetevkat fulfill the trigger require-
ments are actually accepted. Even if this implies loosingmially useful events, it becomes
necessary at high luminosity. Given the continuous imprg\performance of the Tevatron,
pre-scaling trigger has become common practice in the &ty Moreover, the trigger system
allows for dynamic pre-scaling of trigger accepts, meartireg the scaling factor varies with
the instantaneous luminosity, so the output bandwidth simally utilized.

3.5 Level 2 Trigger Upgrade for High Luminosity

The Level 2 trigger has worked well for Run Il at low lumingsitHowever, as the Tevatron

instantaneous luminosity increases, the limitation duthéosimple algorithms used, starts to
become clear. As a result, some of the most important je%ndalated triggers have large

growth terms in cross section and completely dominate thell2 accept bandwidth at the

high luminosity regimes~ 300 - 103° cm=2s71).
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For this reason, two major trigger upgrades were implentedtging 2007, the Level 2
XFT stereo upgrade and the Level 2 calorimer upgrade.

3.5.1 Level 2 XFT Stereo Upgrade

The XFT Stereo upgrade provides many benefits over the paxedy triggering system used
previously. One of the achievements of this project is taicedthe rate of fake tracks in many
triggers. Fake rates increase very rapidly with lumingsitych faster than the real track rates.
By removing as many of the fake tracks as possible at triggyesl | it is possible to keep these
triggers, without a pre-scale, up to much higher instardgaaduminosities. The Level 1 path
is used to confirm the existing XFT track, reconstructed whih axial COT layers only, goes
through the stereo layers at the expected locations. Atllztee segmentation is much finer
than at Level 1 allowing a better fake rejection rate and plawiding information about the
position of the track. In particular it is possible to meastlre angle of the track with respect to
the beam axis as well as the distandeom the center of the detector along the beam axis and
use this information to point the track to other detectotsisBD tracking opens up several ad-
ditional capabilities such as trigger level multi-tracksa&alculations or isolation requirements
and:z-vertex reconstruction at Level 2.

3.5.2 Level 2 Calorimeter Upgrade

The new Level 2 calorimeter system makes the full calorimetgger tower information di-
rectly available to the Level 2 decision CPU. The upgradesiesy allows more sophisticated
algorithms to be implemented in software; both Level 2 jatﬂ;@p can be made nearly equiva-
lent to offline quality, thus significantly improving the jiyras well as the efficiency of the jet
andET related triggers. The jet triggers are improved by usingreealgorithm in the Level 2
CPU for jet cluster finding. The jet algorithm is similar taQki (which is used to reconstruct
Level 3 and offline jets) except that the clustering is dona gingle iteration, in order to save
processing time.
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3.5. Level 2 Trigger Upgrade for High Luminosity




Chapter 4
Event Reconstruction

To perform a data analysis, the information obtained froemdbtector have to be process in
order to reconstruct observables. This reconstructioti@amathematical algorithms and def-
initions hardly related with the detector itself.

The analyses described in this thesis are based orIZ]ﬂtand in an indirect way, electrons
and muons. All these objects are briefly explained in thispdra

4.1 Track and Primary Vertex Reconstruction

The trajectories of charged particles are found (in a firpt@xmation) as a series of segments
in the axial superlayers of the COT. Two complementary dtlgors associate the segments
lying on a common circle to define an axial track. Segmentkérstereo layers are associated
with the axial tracks to reconstruct 3D tracks. For muons @ledtrons used in this analysis,
COT tracks are required to have at least 3 axial and 2 steggoesds with at least 5 hits per
superlayer. The efficiency for finding isolated high momemtOT tracks in the COT fiducial
volume withpr > 10 GeV/c is measured using electrons frai* — e*v events and is
found to be (98.3+ 0.1)%. Silicon hit information is added to reconstructediQ€acks using
an “outside-in” tracking algorithm. The COT tracks are apwlated to the silicon detector
and the track is refit using the information from the silicoeasurements. The initial track
parameters provide a width for a search region in a giverrldyer each candidate hit in that
layer, the track is refit and used to define the search regtortlie next layer. The search uses
the two best candidate hits in each layer to generate a sraalbf final track candidates, and
the one with the best fit? is selected. The efficiency to associate at least thre@sihits with
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an isolated COT track is found to be (911)%.

The primary vertex location for a given event is found byriigtiwell-measured tracks to a
common point of origin. At high luminosities, more than oralision can occur on a given
bunch crossing. For a luminosity 6§10*2 cm ~2s7!, there are~2.3 interactions per bunch
crossing. The luminous region is long, with = 29 cm; therefore the primary vertices of each
collision are typically separate in The first estimate of the primary vertices ( y, zy) IS
binned in the: coordinate, and theposition of each vertex is then calculated from the weighted
average of the coordinate of all tracks within 1 cm of the first iteration tes¢, with a typical
resolution of 10Qum. The primary vertex is determined event by event by antiteralgorithm
which uses tracks around a seed vertex, defined as abovent@foew vertex. The? for all
tracks relative to the new vertex is calculated, tracks Wit y? are removed, and the cycle is
repeated until all tracks have a gog#l The locus of all primary vertices defines the beamline,
the position of the luminous region of the beam-beam collisithrough the detector. A linear
fitto (v, yv) vs. zy yields the beamline for each stable running period. The tieans used
as a constraint to refine the knowledge of the primary verex given event. The transverse
beam cross section is circular, with a rms width~0f30 um atz = 0, rising to~ 50 - 60um at
|z| =40 cm. The beam is not necessarily parallel nor centerdukidétector.

4.2 Lepton Identification

No leptons are expected in none of the signals under studysritiesis. Therefore, we reject
leptons during the optimization process. We however regeiptons in one control region to
define orthogonal conditions to the signal region.

The leptons required in the analyses are electrons recotesdk in the central calorimeter
and muons identified as isolated hightracks.

4.2.1 Electron Reconstruction

Electrons are measured in the Electromagnetic Calorimeltecident electrons induce showers
across multiple calorimeter towers. The energy of the sh®appears in clusters in the— ¢
coordinate system. The clustering algorithm looks for EMeocts in the CEM. It starts by
creating anEr-ordered list of possible seed towers that are in the fidueigion and have
Egm™ > 2 GeV. Then towers within the fiducial regions (includingd®eadjacent to the available
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highestF seed are checked. They may belong to the cluster if they dheisame detector as
the seed, and have not been already used. Clusters in CEM@arogly away by 1 physical
tower from the seed. A cluster is found if the total EM-enepggseds™ > 2 GeV (default),
andEl?/ Eem < 0.125, wherdz}? is the hadronic energy within the seed tower in CEM. After
all clusters are found, tracks from the default collectiom matched with them computing the
cluster center with the energy weighted average of the Ci6&lomates of the cluster towers.
The central electron candidates must have a matching C©OH. tra

In our selection, we apply additional cuts listed in Tablg #ar discriminating electrons
with at least 10 GeV transverse energy from electron fakingais such as photons, isolated
charged hadrons, and jets.

CEM Electron selection Cut

Transverse energy Er > 10 GeV/c

COT axial segments Three or more (with 5 hits each)

COT stereo segments Two or more (with 5 hits each)

Correctedd, |do,corr] < 0.02 cm (with Si hits)

|do.corr] < 0.2 cm (without Si hits)

Corrected:, <3cm

E overP E/p < 2 (ortrackpy > 50 GeV/c)

CES fiducial Yes

HAD over EM energy ratio Epap/Ery < 0.055 + 0.00045 % Eror

Track L, Ly, < 0.2 (if valid value)

CESDz |Dz| <3cm

CESDx -3 <Q x Dxr<1.5(cm)

CESy? (strip) Y2 <10

Isolation 1s0(0.4X 0.1 x pr (for pr > 20 GeV/c)
1s0(0.4X 2 GeV/c (for pr < 20 GeV/c)

Table 4.1:Central electrons identification cuts.

The ratios between the hadronic and the electromagnestetienergie®'y; ap/Fry and
between the cluster energy and the track momeniyymare required to be consistent with an
electron’s energy deposition in the calorimeters. Thetelus further required to be isolated,
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the isolation being defined as the ratio of the additionaldvarse energy in a cone of radius
R = /(A¢)? + (An)?2 = 0.4 around the cluster to the transverse energy of the clustf.it

The position of the electromagnetic shower measured by BEfe detector is used to define
matching requirements between the extrapolated trackrendaster in the CES andz local
coordinates. In particular, a charge dependent cut im fhesition is applied to take into account
the different flow of energy deposited by bremsstrahlungqi®emitted by an electron or a
positron. In addition, the CES provides electron identifarathrough the observed shower
shape. The CES shower shape is fitted in the z view to thelulisivh expected for an electron,
and the chisquare probability for the fit;,,, . is used as a cut on the shower profile. Finally,
the sharing of energy between adjacent calorimeter towegsiantified by the lateral shower
profile L,;,., which measures how close the energy distribution in the G&Ners adjacent to
the cluster seed is to the electron hypothesis.

4.2.2 Isolated Tracks

Muons are detected by the muon-system placed in the outefayes of the CDF detector be-
cause of the highly penetrating nature of muons. Hits in themdetectors are linked together
to form track segments called stubs. These track segmentsaiched to extrapolated COT
tracks with at leasp;r > 15 GeV and energy deposition in the calorimeter that is cbasi
with minimum ionizing particles. Isolated tracks wijtlh > 15 GeV that do not have associated
stubs are also considered muon candidates (callgzless muons

Since all muons reconstructed at CDF have associatedagoledcks, it makes sense to
loosen up the muon selection to the levelstiibless muongr the analyses purposes. An
isolated track veto will also reject events with hadroricdkecaying highpr tau leptons. The
isolated track identification cuts are listed in Table 4.2.

The COT track must haver > 10 GeV/c, and at least 3 axial and 2 stereo segments with
a minimum of 5 hits per segment. The distance of closest agprof the track to the beamline
in the transverse pland,, must be small in order to select prompt muons (coming froen th
interaction primary vertex) and reject cosmics and in-fligbcays. The energy deposition in
the EM and HAD calorimetersygy and Eyyap, must be small as expected for the passage of
a minimum ionizing particle. Isolation is defined as thea&ietween any additional transverse
energy in a cone of radius = 0.4 around the track direction and the mygn and itis required
to be smaller than 0.1.
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Loose Muon selection

Cut

Transverse momentur

COT axial segments
COT stereo segments

pr =10 GeV/c

Two or more (with 5 hits each)
One or more (with 5 hits each)

COT 2 x2/ndof< 3

Correctedd, |do.corr] < 0.02 cm (with Si hits)
|do.corr] < 0.2 cm (without Si hits)

Corrected: < 3cm

EM energy Epy <2 GeV/e

HAD energy Enyap <6 GeV/c

Total CAL Energy Egn + Egap =2 0.1 GeV/e

Isolation 1s0(0.4X 0.1 x pr (for pr = 20 GeV/c)

1s0(0.4X 2 GeV /c (for pr < 20 GeV/c)

Table 4.2:Stubless muons identification cuts.

4.3 Jet Reconstruction

Collision events that trigger the detector contain one orarard scattering processes from
parton interactions. We are interested in detecting thdymits of these hard interactions. Light
particles such as electrons and muons are stable or havdifietimge and reach the subdetec-
tors designed for their identification. Quarks and gluowsydwver, participate in more complex
processes. First, they undergo a process called fragnmeniahere they create partons via
a cascade of gluon emissions and decays. The fragmentatidimees until the momentum

square of the partons is at the order of the infrared cutasfes Partons then form colorless
hadrons in a process called hadronization. The non-statleohs decay to stable particles
which reach the detector material. The showers of partapgsear as clusters of energy de-
posited in localized areas of the calorimeter, called jets.

There are several algorithms developed for calorimetar j&ome algorithms may also
incorporate tracking information in searching for charggtd or in measuring their transverse
momenta. The jet identification algorithm used in thesecdesr is called JETCLU [89] which
relies only on calorimetry. The jets are defined as towergraular regions of the) — ¢ plane,
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called cones, with radius:

R = \/(An;)? — (Ag;)? (4.1)

whereAn; = Neent —1; aNAAY; = oeent — ¢; are differences between tiig--weighted average
of the tower locations (centroid) and th#é tower location in pseudo-rapidity and azimuthal
angle. The algorithm starts searching for towers v#ith> 1 GeV, where

ET = Eem sin 6’em + Ehad sin Qhad (42)

Oem(Oraa) is the polar angle of the EM(HAD) cell of the tower in the deteccoordinate sys-
tem with origin placed at the highegt vertex in the event. Then preclusters are created by
grouping adjacent towers within the cone radius proceeftmg the highest energy tower to
the lowest one. One tower is assigned to only one preclubighe next step, the centroids
of the preclusters are calculated, and new cones are definkdling towers with at least 100
MeV. If the centroid of a new cluster changes, the cone isfreel& and new towers are added
iteratively (but not taken away). When a stable solutioroigid, overlaps between clusters are
removed by either combining or separating contiguous eigsand jets are defined.

The energy of the jets is corrected [90] for the pseudo-igpi@pendence of the calorimeter
response, the calorimeter time dependence, and extfeom any multiple interactions.

4.4 Missing Transverse Energy Reconstruction

The presence of undetectable particles in an event is @ddry an imbalance of transverse
energy in the detector. The missing transverse enﬂg,yjs reconstructed entirely based on
calorimeter information and defined as the magnitude:

Ntowe'rs

ET;B =— Z Er; cos(¢;) (4.3)
=0
Ntowers
ETZ/ = — Z ET,i Sln(¢2) (44)
=0

and
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Br = \/Hr} + By, (4.5)

whereEy; is the transverse energy of the calorimeter towealculated with respect to the
coordinate of the eveng, is its azimuthal angle, and the sum is over all calorimeteets.

TheET is corrected by objet participating in the event, in our gasg in following way:

N"ets

ET;;OTT _ ET;aw _ JZ (Elgor’r’,i _ E;auhi) (46)
i=1
Njets

TZc/orr _ T;aw _ Z (EZOTT,Z _ E;aw,Z) (47)

=1
since leptons are not expected in the final state, correctoa not applied for electrons or
muons.

4.5 Quality Selection Cuts inZ; Analysis

All the CDF Il analyses based on t% data sample apply a set of quality cuts on the data
(“clean-up cuts”). Here is a summary of these cuts organiizélaree passes:

e Pass 1 requirements

— At least one central jet| < 0.9) with Er > 10 GeV,

— Event Electromagnetic Fraction (EEMF):

S B EMF
Njets j
> Er

where EMF; is the fraction of the jet energy deposited in the electrametig

EEMF = > 0.1

calorimeter. Only jets wittE}* > 10 GeV are considered,

— At least one COT track withr > 0.5 GeV/c and an axial super layer with six or
more hits.
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e Pass 2 requirements

— Event Charge Fraction (ECHF):

Njets

ECHF =
Njets

> 0.1

whereC H F} is the jet charge fraction defined as the sum of jiheof the tracks
matched to the jet over the jet ET :

Niracks ji
Ej:l pr
J
T

— At least one good primary vertex in the event

CHF; = > 0.1

e Pass 3 requirements

— The chimney is a hole in the calorimeterdat= (60°; 100°) andn = (0.5;1.0) that
hosts cryogenic and instrumental connections to the inetgctbr. Jets that fall
into the chimney region are almost certainly mismeasubtexefore we discard any
event that has such a jet wifty: > 10 GeV .

— Event primary vertex falls within < 60 cm of the nominal interaction point at the
detector center.

— The beam halo energy usually appears in a row of towegs-at(. It was found
that the previous selection criteria are suficient to elatenevents with beam halo
muons, therefore no further treatment is required.

— Total calorimeter energy less than 2 TeV.



Chapter 5
Heavy Flavor Tagging

The fact that the majority of background events contain diglyt quarks in their final states,
makes the heavy flavor tagging one of the most powerful t@piring backgrounds. Different
algorithms and flavor separators are extensively used mdmgrgy physics analysis.

The specific tagging tools used during the analyses sigrtahation processes are ex-
plained in this Chapter.

5.1 Secondary Vertex algorithm

The B hadrons in jets coming fromquark fragmentation have an average flight path of about
500 microns, yielding secondary vertices relative to theraction point. These hadrons travel
away from the primary vertex and subsequently decay to masdtsough a cascade of particles.
The charged decay products are often reconstructed ascksptracks. The intersections of
these tracks form secondary vertices at the points whereati®ns decay.

The SecVtx algorithm [91] searches for displaced secondayces by combining tracks
within “taggable” jets (figure 5.1). Jets are taggable’f” >10 GeV,n <2.4, and have at least
two good trackg91]. It first combines three or more tracks with looser sédgcrequirements.

If that fails, pairs of tracks that pass tighter quality regments are tested. The displacement
of the secondary vertex with respect to the primary verteghéntransverse plane is given by

Loy =d-pr (5.1)

whered is the displacement of the secondary vertex gnds the unit vector of the jet mo-
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mentum. Thud.,, is positive if the displacement points along the jet momemtand negative
if it points to the opposite direction. Jets are tagged pasitif L., /o, > 3 and negatively
if L,,/0r,, < —3. Negative tags are due to resolution effects in the taggind,are usually
high-pr light flavor (uds) jets. Similar phenomena are observed énsimulation of positive
tags. The positively tagged light flavor jets are called agst(section 5.2).

Jet

Displaced tracks

> .
Decay lifetime L
¥ Lxy /%.eqonq%ry vertex
. hary
< o

Primary vertex S

Prompt tracks

Figure 5.1:Schematic diagram of the secondary vertex heavy flavor taggi

There are two settings for SecVtx, one with looser and onk tighter track requirements.
The loose tagger has higher efficiency fgets than the tight, but it also suffers a higher mistag
rate. The efficiency for the two settings are shown in figuBeehd figure 5.3 as functions of the
jet Er andn. A degradation of track reconstruction efficiency is obedrat|n| > 1.1 outside
the COT coverage. The efficiency is defined with respect tgahlg jets.

The detector simulation is reported to overestimate theking resolution. As a conse-
guence, the tagging efficiency is higher in Monte Carlo thadata. We apply a weighting
factor to Monte Carlo events to compensate for this effect.

5.2 Mistag Estimation

The mistags, light-flavor jets falsely tagged as heavy flgets, are inseparable companions of
any tagging algorithms. The mistag rate is only few per cepetiding on the SecVix’s settings
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Figure 5.2:Tagging efficiency of the tight and loose SecVtx algorithnfuasction of the tagged jeEr in top

quark Monte Carlo samples.

(figures 5.4 and 5.5). Although the mistag efficiency is mbeatan order of magnitude smaller
than the heavy flavor tagging efficiency, the large cross@ecf processes that produce light
flavor jets make the mistag background one of the largesesitigle-tag data sample.

Mistags are estimated from inclusive jet-sample data byprdmng a mistag rate [91]
(Roistags)- This R} ... is @ six-dimensional matrix which is parametrized by the fgt

|n|, secondary-vertex track-multiplicity, the number of paim vertices in the event, primary
vertexz-position, and the scalar sum &% of all jets in the event.

The single mistag is estimated by running on a pre-tag samiphetotal light and heavy
flavor eventsV;;, + N70. . The pre-tag data consists of events that pass all relegbegton
cuts without any tag requirements. Double mistags are agtuinfrom the same data after
requiring one observed positive tag. This predicts theattehich the non-tagged jet produces

a second tag that is a mistag.

It is generally not known if a positive tag is real or a misttggrefore, it is not possible to
construct a mistag matrix directly from data. Since negetags are mostly fakes, the construc-
tion of the mistag matrix starts by creating a negative tagim#~ defined as in equation 5.2

whereN;, ,, + N,

heavy 1S the number of negative tags in the data.



68 5.2. Mistag Estimation

SecVitx Tag Efficiency for Top b-Jets
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Figure 5.3:Tagging efficiency of the tight and loose SecVtx algorithnfuasction of the tagged jey in top

quark Monte Carlo samples.

- _ le_'ght + Nh_eavy (5 2)
N + NI |

heavy

Negative tags are mainly due to resolution effects in thekirey. The majority of the
mistags (light flavor positive tags) are produced similaflye rest comes from physical sources,
for example long-lived particle decay&( or A) and interactions in the beam-pipe or with the
detector material. These processes enhance the mistagitiatespect to the the negative tag
rate. We correct for these effects by multiplying the negatags with an asymmetry factor.
Templates of signed tag mass distributions obtained fromt®l€arlo simulations of light and
heavy flavor jets are fitted to the tag mass observed in the @a&&fit provides normalization
for the various light and heavy flavor jet productions anddikee heavy flavor fraction in the
simulation. It is not possible to fit both, the negative and plositive tag mass distributions
simultaneously, because the Monte Carlo underestimagefsattion of negative tags with re-
spect to the positive ones. In other words, it provides a piostic description of the detector
resolution. The positive tag excess over the negative haxygever, is physically motivated and
expected to be better reproduced by the simulation. It isoeable to assume that the simula-
tion underestimates the part of the mistag rate which is duedolution effects as much as the
negative tag rate; therefore, the fit is done in two stepshérfitst step, the negative templates
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Figure 5.4:Mistag rate of the tight and loose SecVix algorithm as funrctf the tagged jeEr in top quark

Monte Carlo samples.

are subtracted from the positive ones in order to get termpliair the positive tag excess. The
sum of these Monte Carlo templates is fitted to the data, amddlrect normalization for the
simulations is computed. In the second step, the negatinpléges are fitted to the data such
that the relative fractions of the various flavors are keptdame as measured in the first step.
The resulting overall scale factor is called the Negativ@&Eactor, and it is assumed to be the
same in all Monte Carlo processes regardless of the flavar.s€bond fit is required to obtain
the number of mistags that were subtracted in the first stp.nlistag asymmetry is defined
as the ratio between the number of positively tagged lighoflgets in the simulation and the
sum of all the negative tags:
NlJirght

a=— — (5.3)
Nlight + N,

heavy

where N,/ ,, is the number of mistag jets. This definition still contaihe heavy flavor con-
tribution to the negative tags. By scaling the negative tagg with this asymmetry factor in
order to estimate the actual mistag contribution, one thtoes an uncertainty due to possible
differences in the flavor compositions between the genetisgmple from which the matrix
was produced and the analysis sample in which the matrixgbesp This uncertainty is small
for single mistags. However, the first real tag requiremenhé double mistag estimation en-
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Figure 5.5:Mistag rate of the tight and loose SecVtx algorithm as funrctif the tagged jef in top quark Monte

Carlo samples.

hances the heavy flavor fraction. In order to get the rightligteon in both single and double
tags, another scale factor is applied on the top of the asymifaetor that cancels the heavy
flavor contribution in the sample where the mistag matrix prasluced:

NPre + NPre
_ light e heavy (54)
N,

light

g

Thus the elements of the mistag matrix produgt -

+ — Nl—l!_ght
RT=ax xR === (5.5)
Nlight

Consequently, this operator is no longer applicable on titiesepre-tag sample. The heavy
flavor contribution should be removed from the pre-tag dafate applying the matrix. This
is done indirectly by applying the matrix on the heavy flavionidation and subtracting the
result from the total prediction obtained in the data. Thosrection is often not significant
with respect to the systematic uncertainties that are gépeonsidered in this analysis. The
tt process, for example, is corrected by 5% in the single taggeldd% in the double tagged
events.
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5.3 Charm Hadron Analysis Oriented Separator

The Charm Hadron Analysis Oriented Separator (CHAQOS) is used to determine whether a
tagged jet has been produced from the hadronization proteskght quark, falsely tagged as
a heavy flavor jet, & quark, or ac quark. Depending on the flavor of the original parton, the
tagged jet and its secondary vertex have different charatits, mainly related to the tracking.
Using properties of the tracks forming the secondary veatek the tracks of the jets within a
neural network, CHAOS allows to enhance the jet selectidh widesired flavor, in particular
cjets.

CHAOS is a neural network based on SNNS v4.3 [92]. The stradhcludes three layers.
One input layer with 22 nodes plus one bias node, one hiddar l&ith 22 nodes, and one
output layer with two nodes producing a two-dimensionapatit The neural network makes
use of 22 variables, mainly related to tagging propertiethefjets. These variables, listed in
Table 5.1, were carefully chosen to be well reproduced bysitmellation, and to have a stable
behavior in different samples avoiding dependences wehehkinematics. All of them are
intrinsically related to the applied tagging algorithm{hs case the SecVtx algorithm.

CHAQOS input variables

Mass of the vertex Average|d,| of good tracks
Charge of the vertex Average|d, significancé¢of good tracks
L., significance Fraction of good tracks withi, significancé >1

Number of pass—1 tracks
Number of good tracks
Number of vertex's tracks
Number of good tracks

%fw, whereEy is the jetEr 2=, wherePr is the Py of the secondary vertex

> pr(pass—1 tracks)

Fraction of good tracks withl, significancé >3

Fraction of good tracks with, significancé >5

2 = S~ pr(good fracks) Fraction of vertex p in the leading track
Tote = % Fraction of vertex p in the second leading track
Signedd, of the leading vertex track Signed d significance of the leading vertex track

Signedd, of the second leading vertex trackSigned ¢ significance of the second leading vertex track

¢jet Njet

Table 5.1:List of input variables used in CHAOS.

The neural network is trained with three pure flavor sampktsaeted from aV + jet in-
clusive sample generated with PYTHIA [62] event generaiine samples are extracted by
selecting events with at least one tagged jet, requiringd@ecVtx, where the tagged jet comes
from ab quark,c quark,light quark, or ar lepton falsely tagged as heavy flavor jet.
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The two-dimensional output structure permits to separate different targets during the
same training process. The output is distributed in a plaitt@mintervals between 0 and 1.
Events with tagged jets fromquarks are targeted to (1,0), jets fremuarks to (1,1), and jets
from light quarks orr leptons to (0,1). The two-dimensional output is shown inrigfal6 when
CHAOS is applied to the three flavor samples used for theitrgirin an analysis context, the
CHAOQOS application has as purpose the event selection, emtathe sample with a defined
jet flavor, in particular jets. An easy way to seleetjets is to apply a cut on the sum of the
one-dimensional outputs. The sum of outputs is a discrintitieat separatesjets from the rest
of the tagged jets. Figure 5.7 shows the two CHAOS outputgtagidsum.

The cut applied in the search for scalar top (Chapter 7) tecseljets, cutting on 1.65 in
sum of the CHAOS outputs, is shown as an arrow in figure 5.8s @i is used to compute the
flavor efficiency and the scale factor discussed in the neticse5.4.
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Figure 5.6:Chaos output in 2-D fotight + 7 jets (left),b jets (center), and jets (right) applying the NN to the

samples used for training.
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5.4 CHAOS Efficiency and Scale Factors

The method used to measure the CHAOS flavor selection efficitem heavy flavor jets is de-
scribed in this section. The events used to study this dfiigiare dijet events enriched in heavy
flavor. A sample triggered on mediupg inclusive muons which is enriched in semileptonic
decays of bottom and charm hadrons is used. The efficientydsraeasured for simulated jets
by using a Monte Carlo sample. Muons are identified usingexteh similar to that described
in section 4.2.2, except that they are not required to batedland have a lower energy thresh-
old (trackpr > 8 GeV/c). The heavy flavor content of the sample is further enhanged b
requiring two jets in the event, a “muon jet”, presumed totaonthe decay products of a heavy
flavor hadron, and an “away jet”. The muon requirements anensarized in Table 5.2. The
muon jet must havé’r > 25 GeV and be within 0.4 of the muon directionjrp space. The
away jet is required to haver > 25 GeV, and it must be approximately back-to-back with the
muon jet \¢,_; > 2 rad).

Muon selection Cut

CMU stub |dx| < 7cm or (pr < 20 GeV/c and x? < 9)
CMP stub |dzr| < 5cm or (pr < 20 GeV/c and x? < 9)
Transverse momentum pr =8 GeV/c

Correctedk, < 3cm

COT axial segments Two or more (with 5 hits each)
COT stereo segments One or more (with 5 hits each)
COT y2 x2/ndof< 3

Table 5.2:Required muon cuts to define a “muon jet”.

The fraction ofb andc away jets is obtained fitting flavor templates, extractednfieo HF
multijet MC sample, to the mass of the vertex distributiomeefficiency of the CHAOS cut
on 1.65 (as shows figure 5.8) is computed fitting the flavor tetap to the data distribution,
before and after the cut, as shown in figure 5.9. The efficiebtgined in this way is defined as
the central value. The error on this estimation is computpeéating the procedure using flavor
templates extracted froml& +jet MC sample.

The efficiencies to selectcaor b tagged jet in data are summarized in Table 5.3 fora CHAOS
cut on 1.65. The ratio of data efficiency to Monte Carlo sirtiataefficiency provides the scale
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Figure 5.9:Vertex mass distributions in the medium-Puon sample with fitted flavour templates from a HF

multijet sample, before (left) and after (right) the cut dHADS output at 1.65.

factor (Skopa0s), that is used to correct the MC-based predictions to mdtetefficiency as
measured in data.

cjets bjets
Eff. (Data) 0.346+ 0.052 0.073t 0.014
SFenaos 1.01+0.15 1.14+ 0.22

Table 5.3:Efficiency selecting: andb tagged jets and scale factor (Skaos) for sum of the outputs CHAOS
cut of 1.65.

In the particular case dfight jets falsely tagged as heavy flavor, the scale factor is not
needed, since their contribution is estimated directlyifidata. However, the efficiency for the
CHAOS cut is computed from MC, being 4.9%.
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Chapter 6

Search for Gluino-mediated Bottom
Squark

This chapter describes the search for bottom squays¢duced though gluingjf decay [93].
We look for gluino pair productiopp — §g, where the gluino decays ® — bb, with the
subsequent shottom decay to a b quark and the lightest fieat(g?), b — bx°. The neu-
tralino is taken to be the Lightest Supersymetric particle R-parity conservation is assumed.
Therefore, the gluino signature i94ets and large missing transverse energy.

The theoretical motivation is described in chapter 2, se@i3.1. In the following sections,
the analysis procedure, techniques, and result are destuss

6.1 Dataset and Basic Selection

The described analysis is based on 2.5 fbf CDF Run Il data collected between March 2003
and April 2008.

The data were collected with the three-level logic triggee M5. A sequence of cuts on
theET is required at each level. At Level 1 it requirﬁg above 25 GeV, at Level 2 it requires
Hr above 35 GeV and at Level 3 it requités above 45 GeV.

Events computed in the present analysis are required to dageonstructed vertex with
z-position within 60 cm of the nominal interaction poiﬂtT > 70 GeV and tracking activity
consistent with the energy measured in the calorimeterjéatreosmics and beam-halo back-
ground. Two or more jets are required to accept the everd.aletdefined using a cone-based
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algorithm [89] with radius 0.4 and required to have a transyenergy above 25 GeV and a
pseudorapidityn| < 2.4. At least one of the jets is required to be centrgl € 0.9) and the jet
with the highest transverse energy must satisfy> 35 GeV. Table 6.1 shows the list of basic
cuts applied in the analysis.

Basic cuts

B quality cuts (section 4.5)
At least2 jets
Erjets > 25 GeV
[Mjets| < 2.4
Erji > 35GeV
Br > 70 GeV

Table 6.1:Basic selection applied in the analysis.

Since it is expected a 4 b-jets final state, two categoriesnaide by requiring only one of
the jets or at least two jets to be tagged as originating frdmavy-flavour quark. In order to
identify jets originating from a-quark, the SecVtx tagging algorithm (section 5.1) is uSdt
double tag category provides much more sensitivity tharsthgle tag, therefore the former is
used to extract the limits and the latter is used to providadational control sample.

6.2 Trigger Efficiency

This section describes the trigger efficiency of the MET4th gamputed for the analysis. The
efficiency is obtained using data and applied to the MontdoQanedictions for signal and
backgrounds.

A sequence of cuts QET are required at each trigger level in the path under study Th
resolution of the computeﬁT increases with the trigger decision level:

e Level 1:Hr > 25 GeV
e Level 2: 4y > 35 GeV

o Level 3:4y > 45 GeV
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To compute the final trigger efficiency we parametrize thggger turn-on at each level using
four different samples, shown in Table 6.2.

Sample description CDF name
Muon sample withp; > 18 GeV requirement HIGH_PT_MUON
Jet sample requiring at least one jet wih > 50 GeV JET50
Jet sample requiring at least one jet wih > 20 GeV JET20
QT requiring25 GeV and prescaled MET Back-up

Table 6.2:Samples used for trigger studies.

Using the parameterization of all the considered levelssamdples, we compute the total
efficiency of the path by multiplying the fitted functionstlag different levels, for each sample.
We consider that the muon sample is the one closest to thetiselef signal events containing
reaIET. Therefore, it is taken as the central prediction for theefficy.

The other predictions are used to estimate the uncertairtheiturn-on parameterization. It
should be noted that the precision in the fit is larger thardifierences among the results ob-
tained by using the different samples. We quote the follgwincertainty as a parameterization
of the relative uncertainty.

0.07- [QO;fT]g if Fy < 90 GeV,

A(—:/E(ET) =
0.00 if Hr > 90 GeV.

Due to the large growing term, motivated by the differencéb the jet samples, the use
of the sample foET < 50 — 60 GeV is clearly discouraged. In that region a more sophisti-
cated multi-variable parameterization is needed to rethiesystematic uncertainty due to the
possible influence of the topology in the selection. For phigpose, more suitable triggers are

available.

Figure. 6.1 shows the trigger turn-on efficiency as a fumndtﬂ;p. The turn-on efficiency
is obtained multiplying the fitted functions computed atretrigger level. Four different trigger
turn-on functions are shown and the ratio of this functianthe central one (extracted from the
muon sample). In the ratio, we compare the measured diffesanith the estimated uncertainty
and confirm that the uncertainty covers the difference antb@gamples.

It should be noted that the parameterization fromNHeT Back-upsample has a small bias
due to the fact that no function at Level 1 was fitted. Howesiage the main effect in the region
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Figure 6.1:Total efficiency for the MET45 Trigger Path as obtained fréra several samples we are using in
this study. The plot below shows the ratio to the efficienciaoted with the HIGHPT_-MUON sample, which
we consider our central reference. The yellow area displagsize of the uncertainty we quote on the trigger

efficiency.

of interest is coming from the Level 2 and Level 3 turn-on fimres, the effect is negligible.

We use the parameterization obtained from the HIBHMUON sample and the quoted
uncertainty, to weight the MC events in the several regiomeu study.

6.3 Monte Carlo Signal Samples

The signal predictions are obtained by computing the aeoeptusing the PYTHIA [62] event
generator normalized to the NLO production cross sectiderdened with PROSPINO event
generator [61] and the CTEQ6M [64, 65] parton distributiondtions.

Several signal Monte Carlo samples are generated and ptssedh the detector simu-
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lation in order to cover the phase space under study as aidanaf the sbottom and gluino
masses. These samples are generated setting explicityUs& parameters of the model,
which only affects the masses of the involved particlesesihe production process is via the
strong interaction and all the decay branching ratio aréoss&#00%. The gluino mass is varied
between 240 GeVfand 400 GeV/tand the sbottom masses from 150 G350 GeV/é.
The neutralino mass is fixed to 60 Ge¥/while the squark mass is fixed to 500 GeV/c

The points generated are shown in the figure 6.2 along witprtéé@ous limit by a similar
analysis [63], the excluded region by the sbottom-pair potidn analysis made by D@ [94],
and the region excluded by CDF Run | [95].

S350 . .
Ng e Generated MC points
%J [ M(X) = 60 GeVic?
Q 300 — M(@ = 500 GeV/c® & e o e
((?) L .
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2 250 . ° ° .
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Figure 6.2: SUSY points (blue squares) generated with PYTHIA showedénvit(j)-m(b) plane. Previous
limit, the excluded region by the sbottom-pair productioalgsis made by D@ , and the region excluded by CDF

Run | are shown.

6.4 Background Processes

Several SM processes, produced at Tevatron, have a fimratlstiimimic the signal under study.
Events selected in the analysis have as main charactsrisl;aaicgeET, large jet multiplicity,
heavy flavor jets, and no leptons.
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Dominant SM backgrounds are top-quark pair-productionsangle top-quark production,
electroweak boson and diboson production, heavy-flavotijeubroduction, and light-flavor
jets falsely tagged ak jets (mistags). The latter two background contributiores estimated
from data. The PYTHIA event generator is used to estimategimaining backgrounds. For the
event generation the CTEQSL [96] parton distribution fumas were used. Events are passed
through the GEANT3-based [97] CDF Il detector simulatiod areighted by the probability
that they would pass the trigger as determined in indepértti¢a samples.

In order to test the ability to model the backgrounds, and sdscompute the data-driven
ones, several control regions are define as described ios&ch.

6.4.1 Top Production

Top-quark pair-production and single top-quark productiwe considered as backgrounds in
this analysis. Both contributions are measurable in theadigegion. The top-quark production
is not only most significant because of its larger cross gectut rather, become one of the
largest backgrounds because of its high jet multiplicitgt #re presence of twbquarks in the
final state.

The single top-quark event yields are normalized to thertétemal cross sections [98]. We
use the top-quark pair production cross sectiowpf= 7.3 + 0.8 pb [99], as measured by
CDF Il in 2006.

6.4.2 W/Z and Diboson Production

W/Z and diboson events are negligible in the signal region afterrequirement of high jet
multiplicity (3 or more jets). However, without this reqament, as it happens in one of the
signal regions, these processes become important and caligwvith all the other sources of
background.

The event yields for the electroweak boson samples are tiaadao the leading order cross
section provided by PYTHIA, scaled by 1.4 to account for leigbrder (NLO) corrections. Due
to the limited ability of PYTHIA to simulate multijet enviraments, al0% uncertainty [100] is
assigned for the extracted yields of events willvaor Z boson and jets.

The diboson event yields are normalized to the theoretit#® Nross sections [101, 102].
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6.4.3 Mistags

The mistags are light-flavor jets falsely tagged as heavyflgts. Although the mistag effi-
ciency is two orders of magnitude smaller than the heavy fléagging efficiency, the large
cross section of processes producing light flavor jets mile@sistag background one of the
largest in the single-tag data sample, and even in the ddagléata sample, for some kinematic
selections.

The way in which the mistag matrix is computed and appliecgxglained in detail in
section 5.2.

6.4.4 Heavy-Flavor Multijet Production

Heavy-flavor multijet events have a cross section which vers orders of magnitude larger
than any other background. These processes prdﬂjd(i:ba heavy-flavor quarky or c) pro-
duces a semi-leptonic decay. Mismeasured jets also pradiumdance in the total transverse
energy, causing the inclusion of these events in the sigggabn. While the probability of a
mismeasurement is small, the large cross section of HF jetudtvents makes them the main
background.

Due to the large cross section of the HF multijet producttbe,amount of MC simulated
events needed to model the background is huge. To genedieassample, a large amount
of informatic resources should be used during months. Herrdason, a data driven method
becomes mandatory to estimate this background.

To estimate the HF multijet background from data, we haveld@ed a multijet tag rate
estimator (MUTARE) which is fully described in the next dent6.4.5.

6.4.5 MUTARE Method

The MU ltijet TAg-Rate Estimator (MUTARE) is a method to estimate the HF multijet lbac
ground from data, explicitly created for this analysis bithve broad spectrum of usage.

The method baseline is well known in experimental physi@sdsl on the idea of a object-
rate being constant among different samples, the key of #thad is to select the appropriates
objects (numerator) and proto-objects (denominator). dlfjects are, obviously a subsample
of the proto-objects. In the particular case of MUTARE thte ia define as:
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_ HF'tagged jets
~ Taggable jets

(6.1)

where HF tagged jets are the objects we want to estimateddrproto-object population,
taggable jets. The sample used to compute the rate has tepough in the desired events to
compute the rate with precision. As a sophistication of ihgkest object-rate method, if the
rate is parametrized on several variables, the rate becammedrix instead of a single factor.

In summary, MUTARE parametrizes the probability of a tadggbt to become tagged.
This probability is computed in high purity multijet samgkection 6.5) and applied in other
samples assuming that the rati®,,..;...., does not change within the samples.

The practical implementation of MUTARE in the analysis is&ea on a three-dimensional
tag-rate matrix applied to each jet in an event following eap@etrization onFr, |n| and the
scalar sum of’ of all jets in the event. Each element of the matrix is comgurea multijet
enhanced sample as:

Ntags - Nmistags - tht\z/{qg
- (6.2)

Ntaggable taggable

RM UTARE —

whereN,, ;s is the number of tagged jetd,,;sq4s IS the number of mistagﬁx[%? is the number
of tagged jets from non-multijet production computed frof® MV, a0 iS the number of tag-
gable jets, andV,,/C ,,. is the number of taggable jets from non-multijet producttemputed
from MC. Jets are defined as taggableif” >10 GeV,n <2.4, and have at least two good

tracks (as described in section 5.1).

The final prediction is obtained after subtracting the HFtgbation coming from non-
multijet production processes.

NHF multijet _ R(Ndata — NMC ) (63)

events taggable taggable

The amount of non-multijet contribution to the taggable j@f;g;gable) is computed by ap-

plying the MUTARE matrix to each non-multijet MC sample miened before.

In principle, MUTARE does not provide the absolute normetiian but the shape. However,
in this analysis normalization is not required since theeagrent between data and prediction
is quite good, and the quoted error cover any possible srsaltapancy.
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6.5 Control Regions

To avoid potential biases when searching for new physicsevim a “blind search”. To be
sure about our predictions’ reliability, we test the vadgdaackground contributions in distinct
control regions that are definedpriori, and in which the expectation for signal is negligible
when compared to the background and to the signal sample.thfée control regions used
to check the SM prediction are denoted as HF multijet, lepamal pre-optimization regions.
All the basic selection cuts showed in Table 6.1 are requiredddiction, SecVtx algorithm is
applied requiring single and doubdldagged events in each region.

The pre-optimization control region is defined as a sigikalHegion without optimization
cuts. Hence, this region is the benchmark for the optinoragirocess. The other two regions
are defined to be orthogonal to the pre-optimization one. HRenultijet region is a multijet-
enriched region, requiring the second leading jet to benaligwith theﬂ‘T. In this region,
the MUTARE matrix is computed. The lepton region, in whichledist one isolated lepton
is required, is used to test the electrowédkZ boson and top backgrounds, where they are
important contributions. The explicit cuts defining eaahioe are:

e HF multijet control region: second leading®r jet (j») aligned with the];?T, where
aligned meana¢(Hr, j») < 0.4 rad.

e Lepton control region: second leading’; jet not aligned with the; (A (Hr, 72) >
0.7 rad) and at least one isolated lepton (as defined in sect®)n 4.

e Pre-optimization control region: leading and second-leadirig, jets not aligned with
theET, required leading jeklr > 50 GeV, and to have no identified leptons.

Predicted total numbers of events and distributions ofrkiaitéc variables such as jét-, the
track multiplicity, and theEZT have been studied and found to be in agreement with obsemngati
in the three control regions. As an example,Maeand the first jet)r distributions in the three
control regions are shown in figure 6.3 for the singftiag analysis, and in figure 6.4 for the
doubleb-tag analysis.

The background contributions to the number of expecteduske single)-tagged and in-
clusive double-tagged events and the observed events in the control iegr@nsummarized
in Table 6.3 and Table 6.4.
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Regions Multijet Lepton  Pre-optimization
Electroweak bosons 88 + 37 152 £+ 57 417+ 162
Top-quark 65+ 16 405 + 93 523 + 119
Light-flavor jets 5430 42226 190 £+ 78 919 + 377
HF Multijets 9741 44870 195+ 97 1660 =+ 830
Total expected 15325 4+ 5355 943 4+ 166 3520 £ 934
Observed 15390 890 3525

Table 6.3: Comparison of the total number of expected events with makrtainties and observed single

tagged events in the control regions.

Regions Multijet Lepton  Pre-optimization
Electroweak bosons 10+ 7 21+ 14 33+ 22
Top-quark 19+6 111 £ 34 146 + 45
Light-flavor jets 225+ 49 8+2 57+ 12
HF Multijets 839 £419 25412 270 £ 135
Total expected 1093 £ 422 165+ 39 506 + 144
Observed 1069 159 451

Table 6.4: Comparison of the total number of expected events with totakertainties and observed double

b-tagged events in the control regions.
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6.5. Control Regions

Figure 6.4: Leading jet & andH7 in the HF multijet (top), lepton (middle) and pre-optimimat (bottom)
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6.6 Signal Optimization

An optimization process via two neural networks (NN) is maderder to reduce the back-

ground contribution and enhance the sensitivity to theaigWe choose two reference signal
points based on values &f m = m(j) — m(b) and perform the same optimization procedure.
The two points are chosen in a region not excluded by prevaoa$yses and representing two

different kinematic behaviors:

e Large Am optimization= M(j) = 335 GeV/&, M(b) = 260 GeV/&

e Small Am optimization= M(j) = 335 GeV/é, M(b) = 315 GeV/@

The optimization process takes as benchmark the pre-gatiion selection. In addiction
to the cuts required in the pre-optimization region, for ldmge Am optimization a cut on the
number of jets greater than two is applied. For the sihall optimization this cut is not applied
because of the small amount of momentum available in thegldécay, which translates into
a lower jet multiplicity in the final estate.

Over this selection, two consecutive Neural Networks agieg and an event selection is
made by cutting on its outputs:

e First Neural Network: called multijet-NN, is applied to tigguish between gluino signal
and HF multijets background. This Neural Network is trainégth signal MC versus
taggable jets (QCD-like) in the pre-optimization regioniwene exclusive tag in order to
have enough statistics.

e Second Neural Network: called top-NN, is applied to remdnveremaining backgrounds,
mainly top-pair production, and it is trained with signal M€rsus top pair MC also over
the pre-optimization region with one exclusive tag aftegplging the cut on the previous
multijet-NN.

The previous optimization process is applied over the twaseh signal points requiring
one exclusive and two inclusivetagged events.

The architecture used in both QCD multijet-NN and top-NN, plerformace, and the results
of each neural network is described in the following sediohhe output of each Neural Net-
work, used as a dicriminant, is distributed within an ingmef —1 to 1, where the background
peaks at-1 and the signal peaks at 1.
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6.6.1 Neural Networks Architecture

The Neural Networks used in the present analysis are trainddested using the TMVA pack-
age [103]. The same structure is used for all the Neural Ndsyaonsisting in two layers with
N+1 and N nodes respectively, where N is the number of vagglaind one output node. As an
architecture example, figure 6.5 shows the multijet-NN mldrgeAm optimization.

mg—\v""

..
Q\ :
dphi_met_2jet .\ (

dphi_met_3jet ‘- Iy
e O
(]

Figure 6.5:neural network’s architecture used for training. In patée for the multijet-NN in the large\m

optimization.

The same set of variables, all of them related to the jetlﬂﬁdkinematics, are used in
the multijet-NN and top-NN. Depending on the optimizatitarge or smallAm, the set of
variables is different due to the cut on number of jets aplghesach selection. Table 6.5 shows
the variables used in each optimization. All the variablesveell modeled and are found as the
ones providing the best separation power as is shown in appan

6.6.2 Multijet Neural Network

Applying to the pre-optimization region the multijet-NN wbtain the outputs showed in fig-
ure 6.6 for the large\m optimization and for the smalhm optimization (one exclusive tag
and two inclusive tags).

For all the cases showed in figure 6.6 we find 0.8 as an optinhad ¥ar the selection cut.
This cut optimizes the sensitivity keeping a reasonablewarnof signal.
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Large Am optimization Small Am optimization

Br Br
Er i1 Er i
Er ;o Er jo
Er 3 Aﬁb(ET, 7)

Ap(r. J1) Ao (Br, j2)

Ao (Br, jo) Min A (Hr, j;)

AQS(ET,fg) summedEr of all the jets in the event

summedE of all the jets in the event

Table 6.5:List of input variables used in both multijet-NN and top-NN.

6.6.3 Top Neural Network

At this stage of the optimization we apply the second neueivark, based on top pair dis-
crimination, to the events obtained after the cut on 0.8 emthltijet-NN output. The result of
applying the top-NN to this events is shown in figure 6.7 fa& ldrgeAm optimization as well
as for the smalAm optimization (one exclusive tag and two inclusive tags).

We find 0.6 as an optimal selection cut in the large: optimization and 0.8 in the small
Am optimization.

Performing the whole optimization process we obtain foualfregions, depending on the
tagging requirements, and the signal point used in the agaitnon. However, only the final
regions requiring twad-tagged jets are used as a final results due to their senhsitiiie one
b-tagged events regions are treated as additional congiais.

As expected from a “blind search”, the optimization proaeda made over the predictions.
CDF Il data, as shown in the figures, is plotted once the psoseinished.
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NN Output

b-tagged (top) or two-tagged (bottom) events.
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6.7. Systematic Uncertainties

6.7 Systematic Uncertainties

Systematic errors are the main source of uncertainty insgagch. Some of these errors affect
the overall normalization of the signal or background teatgs. This kind of systematic errors,
so-called rate systematics, summarize effects that intpbactumber of events in the signal and

background templates. However, the shapes of these tesnglag not affected by these sources

of uncertainty.

Contrarily, some other systematic uncertainties make hlagpes of the templates to vary.

This second kind of systematic errors, named shape systsmebuld also affect the overall

number of events. These differences in shape are accoumtdy fproducing sets of shifted

templates in parallel to the nominal ones.

The systematic uncertainties on the signal and the backgrptedictions, taking into ac-

count correlated and uncorrelated uncertainties, areestud

Jet Energy Scale [90]: A systematic error in the calorimetergy scale affect the total
transverse energy on the jets. The effect in the final regiariss in a range between 5%
and 25% depending on the optimization.

b-tagging Scale Factor: The difference between data and Mi-tagging efficiency
( 5%) is taken as systematic uncertainty. The resulting iaicey in the final regions
varies between 1.5% and 5% depending on the optimization.

Mistag estimation: The systematic error assigned to theat@gmatrix is 4.8%.

Luminosity: The systematic uncertainty in the luminosgyaken to be 6%, affecting to
the normalization of all the MC estimated backgrounds.

ISR/FSR: The uncertainty associated with the initial andlfgtate radiation was evalu-
ated by generating sample with more/less ISR/FSR. Theteffebe final regions varies
in a range between 2% and 5% depending on the optimization.

PDF: The PDF uncertainty has been determined to be 2% on tepiance.

QCD Multijet Background: We assign a conservative 50% uagay in the prediction
based on the variation observed when matrix definition isigbd.

Top-Pair Production cross section: We quote the unceytairthe CDF measured value
(11%) of the top-pair production cross section.
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e Single Top Production cross section: We quote the the@laticcertainty in the single-
top cross section (13%).

e Diboson Production cross section: We quote the theoretimzgrtainty being 10% in the
WW andW Z cross sections and 20% for tle process.

e Single EWK Boson Production cross section: Although thesgrgection foZ and W
production are known to a high precision, we are using thlegne processes in PYTHIA
to perform estimations of /W +multijet contributions since PYTHIA parton showering
does not properly reproduce the multijet spectrum, we edéra 40% uncertainty in the
predictions.

e Top quark mass: In the current analysis, thproduction background is estimated using
MC with a top quark mass of 171.5 Ge¥/ Since our signal optimization is based on
a Neural Network trained with processes we include a systematic error due to the top
pair neural network output dependence on the top quark magscompute this error
measuring the number of top-pair events in the final seledijousing a top quark mass
of 174.5 GeV{?. The effect in the final regions varies in a range between GaB&617%
depending on the optimization.

6.8 Results

The signal region is analyzed after the background prexfistare determined. As described
above, we find 0.8 as an optimal value for the selection cubémh multijet-NN outputs and
0.6 (0.8) for the top-NN outputs in the large (small)n optimization within an interval of-1

to 1, where the background peaks-at and the signal peaks at 1. We observe 5 (2) events
for the large (small)Am optimization region, wherd.7 + 1.5 (2.4 £+ 0.8) are expected from
background, as summarized in Table 6.6.

Since no significant deviation from the SM prediction is olied, the results are used to
calculate an exclusion limit for the cross section of thecdbsd gluino process. We use a
Bayesian method to determine the 95% credibility level (Cupper limit on the;g cross sec-
tion, assuming a uniform prior probability density. We trége various correlated uncertainties
as nuisance parameters, which we remove by marginalizagsuming a Gaussian prior dis-
tribution. The obtained limit is such that no more than 8.@)®vents are observed in the large
(small) Am signal region. Figure 6.8 shows the expected and obsemveis las a function of
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Optimizations Large\m  SmallAm
Electroweak bosons0.17+ 0.05 0.5 4+0.3
Top-quark 1.9+£1.0 06+04
Light-flavor jets 1.0£03 0.6=+0.1
HF Multijets 1.6 +0.8 0.74+0.3
Total expected SM 4.7+1.5 24+0.8
Observed 5 2

Optimizedg signal  14.9+5.0 85+28

Table 6.6:Number of expected and observed events in the signal regRmeslictions for the signal points are
also shown. Correlated and uncorrelated uncertaintielsaridtal background and expected signal were treated

separately in the analysis although they are combined here.

m(g) for two values of thé quark mass. The expected limit is computed by assumingtikat t
observed number of events matches the SM expectation insggchl region.

The gluino production cross section limit is nearly indegemt of the sbottom mass between
250 and 300GeV/c?, and is around 40 fb fom(g) = 350 GeV/c?. In addition, using the
assumed model, a 95% C.L. limit is obtained in the parameégarepof the model. Figure 6.9
shows the excluded region in the gluino-sbottom mass pleorapared with the results from
previous analyses [94, 95, 104, 63]. The limit obtained thih present analysis improves the
results of previous searches using similar topology anal, aisder the assumptions discussed
above, sets a more stringent limit on the sbottom and gluiadyxtion than dedicated sbottom
searches in the region where those particles have similssesa
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Figure 6.8:0bserved (solid lines) and expected (dashed lines) 95%uPper limit on the gluino cross section

(solid line with band) as a function of the gluino mass for agsumed values of the sbottom mass. The shaded

band denotes the uncertainty on the Ng@production due to the truncated higher-order terms and dén®p

distribution functions.
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Figure 6.9: Excluded region at 95% C.L. in thew(g)-m(b) plane for am(x°) = 60 GeV/c?, m(q) =
500 GeV/c*. The result is compared to the previous results from CDF in R[L04], and Run Il [63] and
direct shottom production by D@ [94].



Chapter 7

Search for Scalar Top Decaying into
Charm and Neutralino

This chapter describes the second analysis presentedsithésis. We search for direct top
squarks {) production,pp — tt, where the stop decays tg°. The neutralino is taken to be
the Lightest Supersymetric particle (LSP) and R-parityseswation is assumed. Therefore, the
stop signature is 2-jets and missing transverse energy.

The theoretical motivation is described in chapter 2, sai.3.2. In the following sections
the analysis procedure, techniques, and result will beudssed.

7.1 Dataset and Basic Selection

The described analysis is based on 2.6 fbf CDF Run Il data collected between March 2003
and April 2008.

The data were collected with the three-level Io@ielrjets trigger. A sequence of cuts on the
ET is required at each level plus additional cuts requiring jete at level 2.

Events computed in the analyisis are required to have a strtmbed vertex with-position
within 60 cm of the nominal interaction poirﬁgp > 50 GeV and tracking activity consistent
with the energy measured in the calorimeter to reject cosamd beam-halo background. Two
or more jets are required to accept the event. Jets are defsnsgla cone-based algorithm [89]
with radius 0.7 and required to have a transverse endrgy #bove 25 GeV and a pseudora-
pidity || < 2.4. At least one of the jets is required to be centpgl € 0.9) and the jet with

99
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the highest transverse energy must satisfy> 35 GeV. Table 7.1 shows the list of basic cuts
applied in the analysis.

Basic cuts

B quality cuts (section 4.5)
At least 2 jets
Erjets > 25 GeV
[Mjets| < 2.4
Erji > 35GeV
Br > 50 GeV
AR(j1,j2) > 0.1rad

Table 7.1:Basic selection applied in the analysis.

Since twoc jets in the final state are expected, one of the jets is redjiorde originated
from a heavy-flavor quark. In order to identify this heavyAliajet, the loose SecVix tagging
algorithm is used.

7.2 Trigger Efficiency

This section describes the trigger efficiency of the MET+3Epath computed for the analysis.
A secuence of cuts are required at each trigger level in ttreypader study. The resolutions of
the quantities involved increase with the trigger decisewel:

e Level 1: 4y > 25 GeV
e Level 2: (depending on the period)

- L2.TWOJET1QL1_MET25

— L2_.CJET1QJET1QL1_MET25

— L2_.CJET1QJET1QL1_MET25.LUMI190
— L2_CJET1QJET1QL1_MET25.DPS

— L2_.MET30.CJET2QJET15DPS

e Level 3:Hr > 35 GeV
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The trigger simulation for Monte Carlo events is not fulljiable, due to that, the trigger
efficiency is computed in data samples used as reference.teMearlo events are weighted
according to such efficiency which is a function of the kinémproperties of the events.

Thorough studies has been perfomed to parameterize tlyetregficiency for the dataset
used in this analysis. This parameterization has been mnathe iappropriate variables for the
several requirements of the trigger at all the levels andwaidated using different reference

samples 7.2.
Sample description CDF name
Muon sample withp; > 18 GeV requirement HIGH_PT_MUON
Jet sample requiring at least one jet wih > 50 GeV JETS50
Jet sample requiring at least one jet wih > 20 GeV JET20
ET requiring25 GeV and prescaled MET Back-up

Table 7.2:Samples used for the MET+JETS path trigger studies.

The final parameterization, obtained mainly usingth&H-PT MUONsample, is directly
applicable to the the analysis, since the jet selectior%nrbconstruction are identical in both
cases. The uncertainty associated to the trigger efficieasypeen estimated by cross-checking
the resulting parameterization with the jet samples.

Regarding the parameterization of the trigger efficienayhave improved the precision of
the calculations making use of specific parameterizatiordifferent kinematic regions. This
introduces a bit of complication in the practical implensgitn of the weighting of MC events,
but it clearly allows the reduction of the uncertainties.

The trigger efficiency consist on six different parametaians in six different kinematic
regions, as shown in Table 7.3

Figure. 7.1 shows one of the six trigger turn-on efficieneigs function OET. The turn-
on efficiency is obtained multiplying the fitted functionswouted at each trigger level. Four
different trigger turn-on functions are shown and the rafiohis functions to the central one
(extracted from the muon sample).

The effect of the uncertainty is small due to the kinematiect®n performed in the analysis
and to the improved parameterization of the turn-on appbeatie MC events.
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Kinematic regions

Er ;i <50GeV +A¢(Hr, j2) < 0.4rad
50 < Epj; < 70GeV  +A¢( T,j2) < 0.4 rad
Erj > 70GeV +A¢(Hr, j2) < 0.4 rad
Er ;i <50GeV +Ap(Hr, j2) > 0.7 rad
50 < Epj1 < 70GeV  +A¢(Hr, jo) > 0.7 rad
Erj > 70GeV +AG(Hr, j2) > 0.7 rad

Table 7.3:Kinematic regions used in the MET+JETS path trigger parangstion.

g:>3" - MET cuts: Global efficiency
Q -
9 _
= B
W o8
0.6 n == Muon sample
[ — JET-50 sample
04 — JET-20 sample
= — MET-BACKUP sample
0.2~ Not aligned, E_ >70 GeV
S 14f . N
T 12 ;_ Ratio to the central prediction
1f
0.8 ;— \
0'6:_....I...I...I...I...I...I.
O 20 40 60 80 100 120 140

., [GeV]

Figure 7.1: Total efficiency for the MET+JETS Trigger Path, as obtainemif the several samples we are
using in the study. This efficiency is one of the six triggenton parametrizations used, in particular, the one
for the region in which more signal is expected. The plot tvediows the ratio to the efficiency obtained with
the HIGH.PT_-MUON sample, which we consider our central reference. Thiewearea displays the size of the

uncertainty we quote on the trigger efficiency.
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7.3 Monte Carlo Signal Samples

The signal predictions are obtained using the program PROSP61] to compute the total
production cross sectiopp — t£, and PYTHIA [62] to estimate the event acceptance in the
detector and in the application of our selection cuts.

Several signal Monte Carlo samples are generated with PXTanld passed through the
detector simulation in order to cover the phase space utaldy as a function of the neutralino
mass and stop mass. These samples are generated using ¢n®WTih05] and setting explic-
itly the SUSY parameters of the model, which only affectsriasses of the involved particles
since the production process is via the strong interactiwhadl the decay branching ratio are
setto 100%. The stop mass is varied between 90 GeWw/t95 GeV/€ and the neutralino mass
from 60 GeV/é to 125 GeV/e.

The generated signal points are showed in the figure 6.2 hatiptevious limit obtained by
CDF [106], D@ [107], and LEP [108].
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Figure 7.2:SUSY points (blue squares) generated with PYTHIA showethémi(°)-m(f) plane. Previous
limits by LEP, CDF, and DG are shown.
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7.4 Background Processes

Several SM processes, produced at Tevatron, have a fimratlstiimimic the signal under study.
Events selected in the analysis have as main charantsrilsﬁgeZZT, two jets with at least one
of them originated from a heavy-flavor quark, and no leptons.

Part of the SM background in this analysis is predicted witG BMimulation, in particular
contributions fromZ and W production in association with jets, production, single top and
diboson production. In the case 3f/Z+ jets processes, ALPGEN [109] and PYTHIA Monte
Carlo generators are used. The ALPGEN prediction is usetleasdaminal estimation while
the PYTHIA prediction is used as a cross check. Differenneshape between the two Monte
Carlo estimations are taken as systematic uncertaintiddl @e other background samples are
generated with PYTHIA. Events are passed through the GEAb&s2d [97] CDF Il detector
simulation and weighted by the probability that they woued® the trigger as determined in
independent data samples.

tuning parameters set described above, and processedmila svay as the signal events.

Background contributions from HF multijet production amght flavor jets falsely tagged
as a heavy-falvour quark, are estimated from data.

In order to test the ability to model the backgrounds, and sdscompute the data-driven
backgrounds, several control regions are defined, as tesddn section 7.5.

7.4.1 Top Production

Top-quark pair-production and single top-quark productiwe considered as backgrounds in
this analysis. Both contributions are measurable in theatigegion. However, they are the
smallest background contributions taken into accounteretialysis. In contrast with the sbot-
tom search, described in Chapter 6, where the top produistimme of the largest backgrounds,
in this analysis, due to the dijet selection and the one tagirement, this contribution is highly
suppressed.

The single top-quark event yields are normalized to thertétemal cross sections [98]. We
use the top-quark pair production cross section;pf= 7.02 + 0.63 pb [110], as measured by
CDF Il in 2008.
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7.4.2 W/Z and Diboson Production

W/Z and diboson events are the dominant background in the siggain. The presence of
these event in the signal region, is mainly duéife- jets production and + jets, when thél
decays into lepton and neutrino, and thé&oson decays into neutrinos.

As mention above, ALPGEN is the Monte Carlo generator usedhapute thél’/Z+ jets
processes. ALPGEN calculates the matrix elements for peasecontaining additional radiated
partons and passes the color information to the showergayi#thm. This should give a more
accurate modeling of the kinematics of the process than RX®&Howering approximation,
since it includes proper matrix element calculations of rdiation process. ALPGEN also
calculates the leading-order cross section of each irtterait generates, which is useful for
combining different processes. Once the events are gexdettaty are passed to PYTHIA for
parton showering. This procedure generates initial- arad-&tate gluon radiation for each event
and allows them to decay to quark pairs, increasing the nuoflgarticles in the final state of
the event. More particles may be added from effects of beamaeats or multiple interactions.
This gives the final set of particles that are passed to theohaghtion routine.

The way in whichlV/Z+ jets are generated in ALPGEN, usiig/Z + i partons, introduce
a complication because of the double counting of eventsymedi when a gluon, showered by
PYTHIA, produces new partons in the final state. Howeves i$sue is solved in ALPGEN
package with the so-called MLM, a sort of matching betweenmas to decide which event
is kept when a double counting occurs. The decision is magdedoan the angle between the
partons.

After the procedure described above, event yields are ria@dato the NLO cross sections
as computed by MCFM [111].

An extra complication appears using samples including )Wéavor partons. In this case,
the user is the one in charge of handle the double counting,issing a generalization of the
MLM method used in the light flavor samples.

The diboson event yields, estimated with PHYTIA, are norreal to the theoretical NLO
cross sections [101, 102].
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7.4.3 Mistags

The mistags are light-flavor jets falsely tagged as heavyflgts. Although the mistag effi-
ciency is an order of magnitude smaller than the heavy flaggihg efficiency, the large cross
section of processes that produce light flavor jets make teambackground one of the largest
in the signal region, and the dominant one before optinorati

The way in which the mistag matrix is computed and appliecgxglained in detail in
section 5.2.

7.4.4 Heavy-Flavor Multijet Production

The HF multijet production has a very large cross sectionamgarison with the expected
signal, however these processes usually do not proﬁyc'ﬂn the final state. Events from
multijet production pass our selection if a jet mismeasuenor a semi-leptonic decay from
a meson produceL%T. In both cases thET tends to be aligned with the first or second most
energetic jet.

Due to the large cross section of the process, the amount oikiGlated events needed
to model the background is huge. To generate such a samplegeadmount of informatic re-
sources should be used during months. For this reason, drilaga method become mandatory
to estimate this background.

To estimate the HF multijet background from data, we havelb@ped MUTARE, described
in section 6.4.5.

7.5 Control Regions

The SM processes predicted with MC or data-driven methagl$ested in control regions de-
fined as background-dominated samples in which the signmatibation is negligible. Two
regions are defined by reversing the selection requirenm@nisluced to suppress specific back-
ground processes. A third region is defined in order to chieelahalysis tools in a signal-like
environment, but avoiding the application of cuts that wioethhance the signal contribution to
a measurable level. All the basic selection cuts showedliteTa 1 are required. In addiction,
loose SecVix algorithm is applied requiring single HF-tag@vents in each region.

The pre-optimization control region is defined as a sigikalHegion without optimization
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cuts. Hence, this region is the benchmark for the optinoragirocess. The other two regions
are defined orthogonally to the pre-optimization one. ThenkiHijet region is a multijet en-
riched region, requiring the second leadiAg aligned with thelZT, in which the MUTARE
matrix is computed. The lepton region, in which at least apdn (defined in section 4.2)
is required, is used to test the electrowé&KkZ boson and top backgrounds, where they are
dominant contributions. The lepton control region is algwad place to check the MUTARE
prediction in lepton environment, testing the robustnésiseomethod. The selection cuts defin-
ing each region are:

e HF multijet control region: second leading?r jet (j») aligned with thel?T, where
aligned meana¢(#r, j») < 0.4 rad.

e Lepton control region: second leadingsr jet not aligned with thé?T (Aqb(ET,jz) >
0.7 rad) and at least one isolated lepton (as defined in sect®)n 4.

e Pre-optimization control region: leading and second-leadirigr jets not aligned with
the];?T, and no identified isolated leptons.

The first jet transverse energy and nﬁg distributions for the multijet, lepton, and pre-
optimization control regions, are shown in figure 7.3, figlig and figure 7.5. Good agreement
between data and SM predictions is obtained in all contignbres. Table 7.4 shows the various
backgrounds contributions compare to data in each region.

Due to the intrinsic properties of the MUTARE method we do exppect an accurate pre-
diction of the normalization in regions where the fractidrheavy flavor to the total multijet
content is different to the one in which the parametrizati@s computed. For this reason the
HF multijet prediction is normalized to data in the leptomtol region for comparison of the
kinematic distribution.
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7.5. Control Regions
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Figure 7.3:Leading jet & andlZT in linear (left) and logarithmic (right) scales in the HF rijek control region.
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CDF Run Il Preliminary 2.6 fb!

Regions Multijet Lepton | Pre-optimization
W/Z + jets production 457 £ 190 375 + 156 1551 4+ 644
Diboson production 17+ 2 45+ 5 118+ 13
Top pair production 188 4+ 21 547 £+ 60 870 £ 96
Single top production 11+£2 71410 130 + 19
HF QCD Multijets 75407 + 23376 | 268 £+ 83 12935 4+ 4010
Light-flavour contamination 65839 + 8427 720 + 92 7741 £ 991
Total expected 141919 £ 24849 | 2026 £ 208 | 23345 £ 4182
Observed 143441 2026 22792

Table 7.4:Comparison of the total number of expected events with totaértainties and observed single tagged

events in the control regions.
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7.6 Signal Optimization

In order to increase the signal over background ratio in tieysis, an optimization process
was performed taking the pre-optimization selection asberark. The optimization process
consists on the application of kinematic cuts and a Neuralvbid to reduce the HF multijet
background, and finally a flavor separator to enhance jaecontribution in the final state.

7.6.1 Heavy-Flavor Multijet Removal Cuts

As a first step in the optimization process, we select eveittsamly two jets, as it is expected
from the signal under optimization, and fulfilling the cotio A¢(Hr, TrackHy) < w/2.
This variable takes into account the angular differencevben the “standardET from the
calorimeter and th@rackET calculated with tracks. When tlﬁp in the event is real, these
two quantities are usually aligned ih However, when thET comes from calorimetry mis-
measurements, as HF multijet events (with no %@I populating theZT sample, the angular
difference between the two quantities is more randomlyitisted. The application of these
cuts allow us to reduce drastically the HF multijet conttibn in a simple way and also prevent
us to train the neural network with these HF multijet evehtd are clearly different from the
signal.

These two variables, number of jets, at@é(&r, T'rackly) in which we are applying the
cuts, are shown in figure 7.6.

7.6.2 Heavy-Flavor Multijet Neural Network

A Neural Network is applied as second step in the optimirgpimcess. The goal of this neural
network is to remove HF multijet events.

After choosing the set of variables used as input for the alengtwork, a training and
test evaluations have been performed with the framework®flftMVA package [103], using
taggable jets (HF multijet like) as background and stog)m(25 GeV/é, m(Y,) = 70 GeV/@)
MC as signal. The architecture of the neural network cossistwo layers with N+1 and
N nodes respectively, where N is the number of variables,aredoutput node as shown in
figure 7.7. The variables used during the training and testgss are listed in Table 7.5. All
these variables are well modeled and are found as the oneagtbe best distinction power
between signal and background, as shown in appendix B.



Chapter 7. Search for Scalar Top Decaying into Charm andraléws 113

-1 -1
CDF Run Il Preliminary J"- dt=2.6 fb CDF Run Il Preliminary I'— d=2.6 fb
2 i 2
c L <1800
* CDF Dat * CDF Dat
Y2000 - —e— mmHF Muﬁijaets g mHF Muﬁijaets
L [ @@ Light-flavor jets Ll 1600 [@Light-flavor jets
. 3 3 Top-quark = OTop-quark
%.OOOO - EB Electroweak bosons 1400 EElectroweak bosons
r — Signal-125 (x10 =—Signal-125 (x10
L — Signal-135 %xlo 1200 —Signal-135 %Xlo
8000 — Signal-115 (x10 —Signal-115 (x10
C 1000
6000 - 800
4000 600
L 400
2000
[ 200
: 0
0 2 4 6 8 10 12 0 20 40 60 80 100 120 140 160 180
Number of Jets AQ(E_ Track;) [Deg]

Figure 7.6:Number of jets (left) and\¢(met, TrackH7) (right) distributions in the Pre-optimization region.
The plots show the background prediction, data and stomksigvith m¢) = 115, 125, and 135 Ge\Vand m(,)
=70 GeV/é.

leadjet_et
secondjet_et
leadjet_eta

secondjet_eta

dphi_ljet_2jet

min_dphi_met_jets

trackmet
trackmetphi

Bias node

2
E

2
g

Figure 7.7: Neural network’s architecture used for the training. TheKgaound is taggable jets from data
(QCD-like) and the signal is stop MC with M= 125 GeV/é and m,) = 70 GeV/¢.

7.6.3 Neural Network Results

The neural network output obtained is distributed betwde(backgroud like) and 1 (signal
like). We select the events in the region between 0 and lyaqgph cut in the selection process,
as shown in figure 7.8. Since the key point of the optimizaisoiine application of the flavor
separator, this cut on 0 may not have the best S/B ratio, iestriot to loose signal acceptance
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HF multijet-NN variables
Erj Br
Erjo T'rackﬂT
nj1 mz’nAqS(l?T, jets)
nj2 AQS(ET, TrackET)
Ap(jr, o) S By

Table 7.5:List of input variables used in HF multijet-NN.

to exploit to the maximum the performance of further optiatians.

From this point on, we expect most of our sensitivity to thgmai coming from the (0,1)
output region, so we get a control region looking at the evanthe (-1,0) interval. In fact,
we are using this region (HF multijet enriched) to normatize HF multijet prediction to data
since we already know that our HF multijet prediction is lstlg over-estimated in the pre-
optimization region.

1
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Figure 7.8:0utput of the multijet-NN to reject HF multijet backgrourithe arrow indicates the cut applied in

the analysis.
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7.6.4 Charm-jet Selection with CHAOS

The final stage in the stop signal optimization is the appbcaof a flavor separator to en-
hance the sample withjets. For this purpose, we develop CHAOS laarmHadronAnalysis
OrientedSeparator explicitly built for this analysis (described etgon 5.3).

CHAOS is applied over the events already selected, cuttirtg@HF multijet-NN, with one
heavy flavor tagged jet (loose SecVtx). The sum of the CHACGBuws is distributed between O
and 2 ¢ flavor). We select the events in the region between 1.65 aagdlying a cut as shown
in figure 7.9.

A scale factor on top of the SecVix tagger is needed, for M@ipt®ns, to take into account
the differences in efficiency between data and MC. This deak®r is calculated explicitly for
the cut we are applying in the analysis at 1.65 in the sum obthputs, as shown in figure 7.9.
The scale factors and efficiencies foandc jets are described in section 5.4.

° SFCHAOSb =1.14+0.22

° SFCHAOSC =1.01+0.15

The application of CHAOS to data and MC is straight forward@wdver, obtaining the HF
multijet and mistags prediction via MUTARE and mistag nas after CHAOS is not possible.
These two matrices are applied over taggable jets to oltain predictions, nevertheless, to
apply CHAOS tagged jets are needed.

To overcome this problem, we perform the following procedurhe amount of MUTARE
and mistag prediction right before CHAOS application (€bl6) is known, so as far as we
know the flavor efficiency of CHAOS cutting at 1.65 we applystheifficiency assuming the
MUTARE asb-jets and the mistags &8jht-jets.

Predictions
MUTARE 279.6
Mistags 658.3

Table 7.6:MUTARE and mistags prediction right before CHAOS.

The procedure used to compute the CHAOS’ efficiencies ig &®plained in section 5.4

In order to check the flavor composition of the MUTARE and mugst predictions in this
region we perform a flavor-based template fit to data usingidss of the vertex variable. Using



116 7.6. Signal Optimization

Sum of network outputs

= 16
X Tr
N 14F — Charm
O :
o) - Bottom
o 12
o L Light+Taus
© 10
c C
§e r
g 8f
© C
L 6
ar
2F
0 : 1 1 1 I 1 1 1 I 1 1 1 I Y 1 1 I 1 1
0.8 1 1.2 14 1.6 1.8 2

Sum of outputs

Figure 7.9:Sum of the CHAOS outputs in 1D applying the NN to the samplesider training. The arrow

indicates the cut applied on the analysis to enhance theilsotibn of charm-jets.

the data distribution of the vertex mass subtracting alldhekgrounds coming from MC we
obtain the distribution of HF-multijet+mistags from datight before the CHAOS application.
Fitting flavor templates to the mass of the vertex extraatetiis way we obtain the following
amount of flavor contributions as is shown in figure 7.10.

e b jets from the fit = 388.2
e cjets from the fit~ 0

e light jets from the fit = 492.4

From the fit we conclude that the amount«gkts is negligible at this point, therefore the
procedure applying to the MUTARE prediction thget efficiency in CHAOS is a reasonable
approach. The differences between the predictions anduhmbars obtained from the fit are
taken into account as systematics as explained in secffon 7.

One way to know if our light flavor template has a reasonaldg@shis to compare it with the
distribution obtained from negative tags from data. Thisiparison, for the mass of the vertex
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Figure 7.10:Mass of the vertex after multijet-NN cut in data subtractifighe backgrounds coming from MC.

The colored histograms are flavor templates fitted to thediatebution.

and CHAOS sum of the outputs, is shown in figure 7.11. The ageeébetween negative tags
and the template is quite good.

The values for CHAQOS flavor efficiency cutting on 1.65 are:

e b-jets efficiency = 7.3%
e c-jets efficiency = 34.6%

e light-jets efficiency = 4.9%

Where theb-jet andc-jet efficiency comes from data (as is explain in section &) the
light-jet efficiency comes from MC.

After the optimization process described in this sectioncae out with the final region
as is shown in section 7.8, where the final numbers for datgeedictions are summarized in
Table 7.7.

As expected from a “blind search”, the optimization proaeda made over the predictions.
CDF Il data, as shown in the figures, is plotted once the psoseinished.
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7.7 Systematic Uncertainties

Systematic errors are the main source of uncertainty insgagch. Some of these errors affect
the overall normalization of the signal or background teatgs. This kind of systematic errors,
so-called rate systematics, summarize effects that intpbactumber of events in the signal and
background templates. However, the shapes of these tesnglag not affected by these sources
of uncertainty.

Contrarily, some other systematic uncertainties make hlagpes of the templates to vary.
This second kind of systematic errors, named shape systsmebuld also affect the overall
number of events. These differences in shape are accoumtdy fproducing sets of shifted
templates in parallel to the nominal ones.

Since the shape of the various backgrounds is used to exteadinal exclusion limit, the
shape uncertainties in this analysis are as relevant aatinemcertainties.

The systematic uncertainties on the signal and the backgrptedictions, taking into ac-
count correlated and uncorrelated uncertainties, areestud

e Jet Energy Scale [90]: A systematic error in the calorimetergy scale affect the total
transverse energy on the jets. The effect in the final regioegligible.

e Tagging Scale Factor: The difference between data and M@agging efficiency ( 10%)
is taken as systematic uncertainty. The resulting unceyta the final region is 3.6%.

e CHAOS Scale Factor: The difference between data and MC &tak systematic uncer-
tainty. The resulting uncertainty in the final region is 9.2%

e Mistag estimation: The systematic error assigned to theat@gmatrix is 4.8%.

e Luminosity: The systematic uncertainty in the luminosgyaken to be 6%, affecting to
the normalization of all the MC estimated backgrounds.

¢ ISR/FSR: The uncertainty associated with the initial andlfgtate radiation was evalu-
ated by generating sample with more/less ISR/FSR. Theteff¢lae final region is 1.7%.

e PDF: The PDF uncertainty has been determined to be 3.8% aacteptance.

e HF QCD Multijet Background: We assign a conservative 30%eutainty in the predic-
tion based on the variation observed when matrix definitsachianged.
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e Top-Pair Production cross section: We quote the unceytairthe CDF measured value
(11%) of the top-pair production cross section.

e Single Top Production cross section: We quote the the@laticcertainty in the single-
top cross section (13%).

e Diboson Production cross section: We quote the theoretimagrtainty being 10% in the
WW andW Z cross sections and 20% for tie process.

e Single EWK Boson Production cross section: Although thesgrgection foZ and W
production are known to a high precision, we are using theyhiéavor processes in ALP-
GEN to perform estimations df /T/+multijet processes. Because of this, we estimate a
40% uncertainty in the predictions.

e Top quark mass: In the current analysis, thproduction background is estimated using
MC with a top quark mass of 17%:eV /c? . Since our signal optimization is based on a
Neural Network trained witht processes we include a systematic error due to the top pair
NN output dependence on the top quark mass. We compute thisweeasuring the num-
ber of top-pair events in the final selection by using a topkjugass of 172.5GeV /c? .

¢ Differences in shape between ALPGEN and PYTHIA: We includghape systematic
uncertainty in the final selections due to the differencaéwéen ALPGEN and PYTHIA
generators used to estimate th&ll” + jets processes.

e HF QCD Multijet and mistag estimation after CHAOS: We qudte tincertainty in the
final region due to this estimations of 3.6% and 8.2% respelgti

7.8 Results

In the final signal region the number of observed events i®odggreement with the expecta-
tions from the SM processes, as summarized in Table 7.7. Atertainty on the total expected
number of events was computed taking into account the antelations among the several
background contributions. Kinematic distributions in #ignal region are checkele, Er i,

Er 2, andn;; distributions are shown in figure 7.13.

Since no significant deviation from the SM prediction is alied, the result is used to
calculate an exclusion limit for the cross section of thecdbeed stop process. We find the
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CDF Run Il Preliminary 2.6 fb!

Signal
Region
W/Z + jets production | 60.9 £ 26.6
Diboson production 10.7+1.9
Top pair production 4.6+ 1.3
Single top production 3.2+0.8
HF QCD Multijets 20.4 + 15.2
Light-flavour contamination 32.2 4+ 12.7
Total expected 132.0 £24.4
Observed 115
Signal m{)=125, mg°)=70 | 90.2 £ 23.9
Signal m{)=135, m%)=70 | 78.0 4+ 20.7
Signal m{)=115, m°)=70 | 82.44+21.8

Table 7.7:Number of expected and observed events in the signal regicedictions for the signal points are
also shown. Correlated and uncorrelated uncertaintieisaridtal background and expected signal were treated

separately in the analysis although they are combined here.

output of the multijet-NN, in the region (0,1), after applgiCHAQOS (figure 7.12), as the best
discriminant to extract a limit using shapes. We performkalihood fit to set a 95% C.L.
limit in the production cross section as it is shown in figurg47 as a function of the stop-pair
production cross section for given value of the neutralirass

For the assumed model, the sensitivity of the analysis is @blexcludef masses up to
180 GeV/c? at 95 % C.L. In addition, using the assumed model, a 95% QCriit Vvas obtained
in the mass parameter plane of the model. Figure 7.15 shanexitiuded region in the stop-
neutralino mass plane of the analysis, compared with eBolin previous analyses [107, 106].

Currently the limit obtained with the present analysis dieanproves the results of previous
searches using similar topology.
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Chapter 8
Conclusions

Two different searches for third generation squarks inf;ﬂﬁqolus jet sample have been per-
formed. Since no significant deviation from the SM prediatis observed, the results have
been used to calculate 95% C.L. exclusion limits for the €ection of the two SUSY pro-
cesses.

The sensitivity achieved by these analyses is based on bustreess of the background
descriptions and the strength of the signal optimizatichnéjues. In these two aspects, special
credit is due to the MUTARE method, to estimate the heavy flavoltijet background from
data, and the CHAOS flavor separator. Developed for the aeslyresented in this theses, these
tools have moreover a broad spectrum of application in sesrand measurements among the
physics program.

The only experiment, up to now, capable of performing coraplar searches is D& . The
stop search was performed by D@ achieving a sensitivity phatides a smaller excluded
region, due partially to the smaller dataset used.

The Tevatron SUSY search program will be crucial in the nexdrg, even with the be-
ginning of the LHC program in the incoming months. In paréuscenarios where the third
generation squarks are assumed to be very light, as the caseped in this theses, remain im-
portant at the Tevatron energy scale. However, the congfiis¢ Terascale with the imminent
LHC, will be the biggest challenge in the coming years. Thekwymresented in this theses is
made with two intentions: exploring the Tevatron’s enengnfier searching for new physics,
and keep improving the analysis techniques to get readyhé&tHC data. Both intentions be-
come real as described in the present theses, setting west@kclusion limits in the performed
searches, and successfully developing and implementingnalysis techniques.
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Appendix A

Performance of the NN In the Search for
Gluino-mediated Bottom Squark

Two different neural networks are used during the optinnbzgprocess in the search for gluino-
mediated bottom squark. One of them is made to remove the Hjehbackground and the
other one to remove the top par production background.

The same set of variables are used in the multijet-NN and\NidpDepending on the opti-
mization, large or small\m, the set of variables is different due to the cut on numbeets |
applied in each selection. All the variables are well modeled are found as the ones providing
the best separation power.

A.1 Multijet Neural Network

The variable used during the training of the multijet-NN foe large and smalhm optimiza-
tion are shown in figures A.1 and A.2 comparing the signal aakground.

The output of the neural networks for the two optimizatiomshown in figure A.3 with
training and test events.
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Figure A.1:Input variables used for the multijet-NN training in thegarAm optimization. Signal is plotted in

blue and background (taggable jets) in red.
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A.2 Top Neural Network

The variable used during the training of the top-NN for thgyéaand smallAm optimization
are shown in figures A.4 and A.5 comparing the signal and brackgl.

The output of the neural networks for the two optimizatiomshown in figure A.3 with
training and test events.
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Appendix B

Performance of the NN In the Search for
Scalar Top Decaying intoc + "

A neural network is used during the optimization processiendearch for scalar top decaying
into charm and neutralino. The neural network is made to wentioe HF multijet background.
All the variables are well modeled and are found as the onegiging the best separation
power, as shown in figure B.2.

The output of the neural network is shown in figure B.1 witlnirag and test events.
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Figure B.1:Multijet-NN training and test output.
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Appendix C

Alpgen vs Pythia Comparison in the
Search for Scalar Top Decaying intoc + "

The search for scalar top decaying into charm and neutradiperform using ALPGEN gener-
ator to predict thé?’/Z+ jets background, as described in Chapter 7. However, we afstihe
whole analysis using PYTHIA event generator. The ALPGENImt#on is used as the nominal
estimation while the PYTHIA prediction is used as a crosskhBifferences in shape between
the two Monte Carlo estimations are taken as systematiataictes.

This comparison between Monte Carlo generators is madethatlanalysis selection and
is not intended to compare the two Monte Carlo themselves.gal of this comparison is to
see how sensitive we are to differences between both gengrat

The figures in this appendix are the same as the ones showmpt€2ty but using PYTHIA
instead of ALPGEN for thé?’/Z+ jets prediction. This means that the differences are only
present in the red histogram labeled as Electroweak bosons.

Figures C.1,C.2, and C.3 show the leading jﬁHEdET in the three control regions defined
in the analysis.

Figure C.4 shows the output of the multijet-NN, and figure §héws the neural network
output in the region (0,1) after CHAOS application. Thedaflot is used to extract a shape
systematic uncertainty used to compute the final limit.
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Appendix D

Resumen en castellano

El Modelo Estandar (ME) de las particulas elementalesémacstrado ser una de las descrip-
ciones mas precisas de la Naturaleza. ElI modelo, incl/@taracciones electromagnética,
débil y fuerte, construyendo el Lagrangiano para destaibdesde principios de simetria.

En el marco del Modelo Estandar hay dos tipos de constitegdnndamentales de la nat-
uraleza: bosones y fermiones. Los bosones son las pagimegponsables de intercambiar las
interacciones entre los fermiones, que son los constitagafe la materia. Los fermiones se
dividen en seis quarks y seis leptones, formando una esteude tres familias. Cada fermion
y boson asi definido, tiene ademas su antiparticula.

A pesar del su éxito, varias dificultades apuntan a que eleldoBstandar es una teoria
valida a baja escala de energias. Sus limitaciones iaollaydificultad de introducir la gravedad
y la falta de justificacion para el ajuste fino de algunasemmiones perturbativas. Ademas,
algunos aspectos de la teoria no estan entendidos, coespattro de masas o el mecanismo
de rotura de la simetria electrodébil.

Como respuesta a las carencias del Modelo Estandar naag&sBnetria (SUSY), un
nuevo marco teorico que solventa los citados problemastengndo intacto el poder predic-
tivo de la teoria. La SUSY introduce una nueva simetriarglaeiona un nuevo bosbn con cada
fermion del ME y un nuevo fermién con cada boson del ME. Bt éorma, para cada boson
existente en el ME, deberia existir un siper companensié@ico (denotado con el sufijo ino),
y de la misma forma, para cada fermion existente en el MEgriizlexistir un siper companero
bosonico (denotado con el prefijo s). Ademas, se sueledutir otra simetria, llamada paridad
R para prevenir interacciones con violacion de numerdba y leptbnico. Asumiendo con-
servacion de paridad R, las sUper particulas solo puseleproducidas en pares y no pueden
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desintegrarse completamente en particulas del ME. B#teolpunto implica la existencia de
la particula supersimétrica mas ligera, que propoeciomcandidato para materia oscura, como
sugieren datos astrofisicos.

Tevatron es un colisionador hadronico situado en Ferni&tJU. Este acelerador produce
colisiones protbn-antiproton con una energia en elroatd masas d¢'s=1.96 TeV. En uno de
los dos puntos de colision del Tevatron, se encuentra Cibéetector construido para analizar
las colisiones producidas por el acelerador.

Introducci 6n tedrica

El Modelo Estandar de las particulas es un teoria cceanlie campos que ha demostrado de-
scribir muchos resultados experimentales con un nivel éeigion sin precedentes.

Basada en varias simetrias de grupos, el Modelo Estandarye las interacciones elec-
tromagnética, débil y fuerte. Los constituyentes liside la Naturaleza, de acuerdo con el
Modelo Estandar, son un conjunto de fermiones y bosonestdrmiones son los responsables
de la materia, mientras que los bosones son los mediadolas iteracciones.

El sector fermibnico agrupa seis quarks, seis leptones yesipectivas antiparticulas, divi-
didos en tres familias. Los miembros de esas familias senticbs en todos los observables
excepto por la masa. Nuestro mundo mas inmediato est@ leechparticulas de la primera
familia: el quark u y d que forman los protones y neutronesodenlicleos y los electrones, y
sus neutrinos asociados, como se mustra en la Tabla D.1attasytas de las otras dos familias
son mas masivas y se desintegran rapidamente en pastoila primera familia.

1%* Generation 2nd Generation 37¢ Generation
Up (w) Charm ¢) Top (t)
quarks 1.5-3.0 MeV/c? 1.25+0.09 GeV/c? | 173.1H1.3 GeV/c?
Down (d) Strange ) Bottom ()
3.0-7.0 MeV/c? 95+25 MeV/c? 4.20+0.07 GeV/c?
Electron neutrinox.) | Muon neutrino ,,) Tau neutrino ¢..)
<2eV/c? < 0.19 MeV/c? < 18.2 MeV/c?
leptons
Electron ¢) Muon (i) Tau ()
0.511 MeV/c? 105.66 MeV /c? 1776.991022 MeV/c?

Table D.1:El sector fermionico del Modelo Estandar.
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Las interacciones de los fermiones estan mediadas pomlusittiyentes bosonicos del
Modelo Estandar. Estos bosones llevan las fuerzas funitaiee derivadas de las simetrias,
como se resume en la Tabla D.2.

Interaccion Particula Masa
electromagnética foton,~y 0
fuerte glubn,g 0

W 80.403t0.029 GeV/c?
A 91.188:0.002 GeV/c?

débil

Table D.2:Los bosones de gauge del Modelo Estandar y sus interascione

Sin embargo, incluso si la gravedad es la interaccion qeeleaconocida por mayor tiempo
y es la mas cercana a nuestra vida cotidiana, todavia nidldénsluida satisfactoriamente en
el marco del Modelo Estandar. Este es uno de los mayoresnargas en contra del Mod-
elo Estandar como una teoria del todo, sugiriéndose @eneanera que deberia existir una
teoria mas general. Esta nueva teoria deberia inddastlas simetrias del Modelo Estandar y
simultaneamente aceptar esta cuarta interaccion.

Incluso aceptando las peculiaridades del Modelo Estaedss contiene por lo menos 19
parametros libres, como acoplos, masas y mezclas, losscoalestan predichos pero deben ser
medidos por los experimentos. Ademas, mas parametr@nsgecesarios si uno quiere aco-
modar observaciones que no proceden de la fisica de ada@iesa como la asimetria baridnica
en cosmologia, las masas de los neutrinos y sus mezclas.

El Modelo Estandar deja ademas varias cuestiones siamdepcomo por qué hay tres gen-
eraciones, dimensiones espaciales o colores, como enfasdescilaciones de los neutrinos,
por qué son las cargas eléctricas del proton y del ele@ractamente opuestas o si el mecan-
ismo de Higgs es realmente el proceso que a través del cpeddece la rotura electrodébil de
la simetria. Ademas, el modelo no puede explicar cualesasomecanismos para producir la
asimetria de materia anti-materia observada en el univeisual es la relacion entre las fuerzas
fuerte y electrodébil. Quizas, la propiedad mas somgeate del Modelo Estandar es su precisa
descripcion de las interacciones entre particulas casama7 ordenes de magnitud menores
que la escala de la masa Planck.

Para dar solucion a estos problemas uno de los modelosapakapes es el conocido como
Supersimetria, un nuevo marco teérico que solventatadas problemas, manteniendo intacto
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el poder predictivo de la teoria. La SUSY introduce una awsimetria que relaciona un nuevo
boson con cada fermion del ME y un nuevo fermion con cadaidel ME. De esta forma, para
cada boson existente en el ME, deberia existir un supepadero fermiodnico (denotado con el
sufijo ino), y de la misma forma, para cada fermion existentel ME, deberia existir un stper
compafiero bosonico (denotado con el prefijo s). Adene&susle introducir otra simetria,
llamada paridad R para prevenir interacciones con viotadé numero barionico y leptonico.
Asumiendo conservacion de paridad R, las sUper paas@dlo pueden ser producidas en pares
y no pueden desintegrarse completamente en particuldgkldEste Gltimo punto implica la
existencia de la particula supersimétrica mas ligara,gyoporciona un candidato para materia
oscura, como sugieren datos astrofisicos.

Esta tesis presenta dos blsquedas de squarks de la tentélia.fEn el marco de la Su-
perimetria 'y en particular en su minima extension, el MS&e espera una gran mezcla de los
estados de masa dependiendo de ciertos parametros dddatteos y A, ;.

En particular para el caso dilla masa de este squark podria ser significativamente mas
pequeia que la masa de los otros squarks:

1
mp = lmd +md = fm2 —m2 )2+ dm(A, — ptanp)? (D.2)

Ademas, la seccibn eficaz de produccion de gluino es casiden de magnitud mayor que
la del shottom de una masa similar. A las energias alcapzadaevatron, los gluinos se pro-
ducen principalmente a través de aniquilacion quarigaatk y fusion de gluones, figure D.1.
Si el shottom es sufientemente ligero, entonces la desimiégra dos cuerpas — bb estaria
cinematicamente permitida.

Figure D.1:Mecanismos de produccion de gluinos a primer orden a lagémee centro de masas de Tevatron.

En la region de interés para este analisig, (ng+ > m; > myo), la desintegracion domi-
nante es shottom a bottom quark y neutraline bx°, con ninguna otra desintegracion posible,
puesto que exigimos que; < m;, my+. Por lo tanto, asumimos un tasa de desintegracion del
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100% para eb — bY°. La cadena completa de desintegracion del gluino se nauestta
figura D.2.

Figure D.2:Desintegracion del gluino en quark bottom y sbottom.

En el caso del stop, dada la gran masa del quark top, la sépaetre estados de masa
aparece de forma natural:

1
m? = —[mtgL +m? + \/(mtgL — mth)2 + 4m2(Ay — pcot3)?] (D.2)

t~1_’2 2 fR
Asumiendo conservacion de paridad-R, los quarks stopgRipen en pares, cComo se mues-

tra en la figura D.3y la particula supersimétrica magégkebe ser estable. Si ademas no tiene
color y es neutra, escapara a la deteccion produciendoemtntrasnverso neto en el estado

final.

«Q
—]
!

Figure D.3:Mecanismos de produccion de stop a primer orden a la enengél centro de masas del Tevatron.

Este escenario es accesible en el rango< my+my+ Y mz, < my +m,+myo en el cual,
la desintegracion dominante dees el proceso de cambio de sabor— cx° que tipicamente
se asume como un 100%, tal y como se muestra en la figura D.4edistegraciorn; — ty°
esta cinematicamente prohibida por encima del rango daswiedf; accesible a dia de hoy en
el Tevatron. Por otro lado, la desintegracion a tres ciserpe- bf f'Y° es despreciable. En
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este caso particular, el estado final consiste en dos c-jatsyento transverso neto procedente
del x°.

Figure D.4:Desintegracion de stop en charm y neutralino.

Dispositivo experimental

El acelerador Tevatron situado en el Fermi National AcedterLaboratory (Fermilab) en
Batavia (lllinois, EEUU) es un colisionador proton-amtifbn con una energia en el centro de
masas de 1.96 TeV. Estas instalaciones tienen cinco agefesay anillos de almacenamiento
usados en etapas sucesivas para acelerar las particsia®988 GeV.

El ciclo de aceleracion empieza con la produccion de pegta partir de hidrobgeno ion-
izado, que se aceleran hasta 750 KeV por un Cockroft-WalEstos iones preacelerados se
inyectan en el Linac donde se aceleran hasta 400 GeV. Al fenakte proceso, los iones pasan
a través de una hoja de carbono para arrancar sus elecyrgmeducir protones. Dentro del
Booster los protones se agrupan en paquetes y se aceletaruhasnergia de 8 GeV. En el
Main Injector, estos protones se aceleran hasta 150 GeV iyysetan en el paso final en el
Tevatron.

La produccion de antiprotones es significativamente roagpticada. El ciclo empieza con
la extraccion de protones a 120 GeV del Main Injector y sugyas colisibn contra un blanco
de acero inoxidable. Este proceso produce una amplia earige particulas entre las que se
encuentran los antiprotones. Las particulas emergenla®td con diferentes angulos y son
focalizadas hacia la linea de aceleracion. Con el objeté&/geleccionar solo antiprotones, el
haz de particulas se envia a través de un iman pulsadaaiilia como expectrometro. Los
antiprotones asi producidos son inyectados en el Debunaheacelerador que aumenta su
energia hasta 8 GeV. Después de este proceso, el haz p®emes se dirige al Accumulator,
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un anillo de almacenamiento. Desde ahi, los antiprotame$isalmente inyectados en el Main
Injector y acelerados hasta 150 GeV, desde donde se inyactamatron de la misma manera
que los protones.

El detector CDF Il se encuentra en operacion desde 2001 .n Eetector multipropobsito
que combina varios subdetectores dispuestos de fornmalieda y concentrica respecto al eje
de del haz de particulas. CDF II, mostrado en la figura Dia,fesmado por:

e Un sistema de identificacion de trazas que proporciona didaedel momento de las
particulas cargadas, la posicion del vértice primagitadnteraccion en el eje z, y permite,
a su vez, reconstruir vértices secundarios.

e Un calorimetro cuyo propésito es medir la energia de #éatiqulas cargadas producidas
en la interaccion.

e Camaras de deriva y centelleadores para la deteccion deesu

Central Muon
Chambers & Counters

Intermediate Muon
Chambers & Counters

EndPlug
Calorimeter Central Drift Chamber
(com

Figure D.5:Vista del detector CDF Run II.

En los siguientes parrafos se llevara a cabo una brevadintcion a cada uno de los sub-
detectores empezando por los mas cercanos a la tubeHazigkiguiendo hacia el exterior en
direccion radial.
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Los sistemas de identificacion de trazas se encuentrarodéntin solenoide superconduc-
tor de 1.5 m de radio y 4.8 m de longitud que genera un campo @iagrde 1.4 T paralelo
al eje del haz de particulas. La parte mas interna delnséstie identificacion de trazas es un
detector de microtiras de silicio resistente a la radiace extiende desde un radio de 1.2 cm
hasta 28 cm, cubriendo las regiones centrales del detector.

La capa mas interna de silicio se conoce como L0O y estaafdanpor microtiras activas
solo por uno de sus lados. Las siguientes cinco capas de siéispués del LOO, constituyen
el SVXII. Finalmente, las dos capas mas externas formaBlelllas siete capas que forman el
SVXIly el ISL contienen material sensible por los dos ladgsgporcionan informacion de la
posicion de las particulas con una precision de 9 mianasd eejor de los casos.

Rodeando el detector de silicio se encuentra la CentrakrQ@raeker (COT), la pieza funda-
mental del sistema de deteccion de trazas de CDF II. La CQha&samara de deriva cilindrica
de 3.1 m de longitud, que cubre en la zona radial una regiédedims 40 a los 137 cm. Esta
formada por 96 capas de hilos sensibles que estan agrugadosna radial en 8 supercapas.
El nUmero total de hilos sensibles de la COT es 30240. Apragamente la mitad de estos
hilos van en la direccion z y la otra mitad estan inclinadogequefio angulo (2 grados) con
respecto a la direccion z. La combinacion de estos dos tigohilos permite la medida de
posiciones en z.

El sistema de calorimetros de CDF Il se encuentra rodeahsistema de deteccion de
trazas en la parte exterior del solenoide. Los distintosraktros que componen el sistema
son detectores basados en centelleadores segmentadosesrptoyectivas que apuntan a la
region de interaccion.

El calorimetro esta dividido en dos regiones: la regiéntal y el “plug”. Cada una de
estas regiones esta dividida en parte electromagnétieaphica. La parte electromagnética
proporciona informacion para reconstruir objetos conaztebnes o fotones, mientras que la
parte hadronica se usa para la reconstruccion de jets.

Por Gltimo, en la parte mas externa de CDF Il se encuenamigdmaras de muones. El
sistema de deteccion de muones consiste en un conjuntotiras de deriva y centelleadores
gue estan instalados en la parte exterior del calorimetro

Como complemento a los sistemas de deteccion, CDF Il ceentan complejo sistema de
adquisicion de datos. La tasa media de interacciones ezvetrdn es de 2,53 Mhz. Esta tasa
de interaccion es 6rdenes de magnitud superior a la nzébdea que el sistema de adquisicion
de datos puede soportar. Ademas, la mayoria de las c@sroducidas son de un interés nulo
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para el analisis de datos. Por estos motivos, CDF cuentarcsistema automatico de seleccion
de sucesos a tiempo real, trigger. El trigger decide si éespondiente suceso medido por el
detector va a ser almacenado en cinta para su posterigiamatlescartado definitivamente.

El sistema de trigger de CDF consiste en tres niveles deidlecisos dos primeros niveles
estan basados en hardware y el tercero consiste en una geapjocesadores. Las decisiones
tomadas por el sistema estan basadas en informacion dedesos con complejidad creciente.
El nivel 1 del trigger es un sistema sincrono que lee sugetmsa decisiones cada vez que se
produce un cruce de protones y antiprotones. El nivel 1 @ggdr reduce la tasa de sucesos de
2,53 MHz a menos de 50 kHz. El hardware de este nivel 1 coreistess lineas paralelas de
procesado que alimentan a la unidad global de decisiorvééhiUna de las lineas se encarga
de encontrar objetos basados en medidas del calorimetr@AL, otra encuentra muones,
L1 MUON, mientras que la tercera encuentra trazas en la COTITRACK. Puesto que los
muones y electrones necesitan la presencia de una trazagorml correspondiente detector,
la informacion de estas trazas se envia a las lineas démaloo, muones y trazas.

Finalmente, la unidad global de decision de nivel 1 tomadetsion basada en los objetos
de interés encontrados por diferentes procesos del nivel 1

Como segundo paso en sistema de decision tenemos el nigetriyder que es un sistema
asincrono que procesa sucesos recibidos desde el nivekpuBs del nivel 2, la tasa de sucesos
se reduce a 1 kHz.

Una vez que el suceso es aceptado a nivel 2, tiene que sesadoceompletamente con
toda la informacion disponible en el detector. Esta operetiene lugar en el granjas de proce-
sadores a nivel 3. El nivel 3 reconstruye el suceso utiliaaaldoritmos que usan toda la in-
formacion disponible en el detector y mejoran la resanaifilizada en los niveles anteriores.
Esto incluye una reconstruccion tridimensional de lagasa el emparejamiento entre trazas
y calorimetro o sistema de muones. Los sucesos que passftactatiamente los requisitos
del nivel 3 son transferidos al sistema de almacenado ea magnética. La tasa media de
procesado a nivel 3 por suceso es de unos pocos segundosaldetaucesos cumpliendo los
requisitos de nivel 3 se reduce a 50 Hz.
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Reconstruccbn de sucesos

Para realizar un analis de datos, la informacion obtenalaetector tiene que ser procesada
con el objetivo de reconstruir observables. Esta recortn implica algoritmos matematicos
y definiciones muy relacionadas con el detector en si mismo.

Los analisis descritos en esta tesis estan basados emjgtsento transverso neto y de
forma indirecta, electrones y muones.

De especial relevancia es la reconstruccion del vérticegpio de interaccion. El vértice
no es un objeto de analisis como tal, sin embargo, es leerafier inicial para la reconstruccion
de cualquier otro objeto final.

En los analisis presentados en este trabajo no se espptands en el estado final. Por lo
tanto, durante los procesos de optimizacion de sehalisa ajp rechazo de este tipo de objetos.
Esta condicion de rechazo implica la identificacion dédiobjeto.

Para la identificacion de electrones se requiere, bagicEnuna deposicion de energia
aislada en el calorimetro central de mas de 10 GeV/c. Ppara, los muones candidatos han
de tener una traza en las camaras de deriva con momentedrsmsle mas de 10 GeV/cy sin
ninguna condicion en las camaras de muones.

De especial interés para nuestros estudios son los sugpgsaespués de la interaccion de
quarks y gluones producen chorros de particulas conocimog jets. Estos jets son reconoci-
bles por sus deposiciones de energia en el calorimetro.

Existen varios algoritmos para la reconstruccion de Jeaisnayoria de ellos estan basados
en informacion puramente calorimétrica, sin embargopian se pueden encontrar algoritmos
gue incorporan informacion de trazas. La identificacienets usada en estas busquedas se
basa por completo en el algoritmo JETCLU.

Este algoritmo comienza buscando una torre en el calardmeh energia superior a 1 GeV,
luego por agrupacion de torres adyacentes dentro de uo dadio desde la torre de mayor
energia a la de menor energia se construye un pre-jet. ddreaguede estar asignada a uno
y solo un pre-jet. En el siguiente paso, se calcula el cergrgatia pre-jet y se define un
nuevo cono incluyendo torres con energia superior a 100. I8e¥l centro del nuevo pre-jet
cambia, el cono es redefinido y se afladen nuevas torresrda fi@rativa. Cuando se encuentra
una solucion estable, se evita el solapamiento entreasbjgtiendolos o separandolos pre-jets
contiguos y de esta forma se define el objeto final, jet.

Por Gltimo, la energia del jet se corrige por la dependedei calorimetro con la pseudo-
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rapidez y la energia procedente de interacciones méstipl

El Gltimo de los objetos definidos es el momento transveeso.a presencia de particulas
indetectables en un suceso es inferida por la medida de nortransverso no nulo en el
detector. Esta cantidad se reconstruye basandose poratoraplinformacion del calorimetro.

Algoritmos de tagging

El hecho de que la mayoria de los sucesos de procesos aaasiddondos contengan solo
quarks ligeros en sus estados finales, hace al tagging deesgiesados una de las herramientas
mas poderosas a la hora de eliminar fondos. Diferentesitigs y separadores de sabor se
usan de forma extensiva en la fisica de particulas.

Los hadrones3 en jets provinientes de la fragmentacion de quarkieenen de media una
distancia de vuelo de unas 500 micras, produciendo vérsieeundarios con respecto al punto
de interaccion. Estos hadrones viajan alejandose dit®grimario y desintegrandose a través
de una cascada de particulas. Los productos cargadosadéessitegracion se pueden recon-
struir generalmente como trazas desplazadas. La inté@sede estas trazas forma vértices
secundarios en el punto donde los hadrones se habian deadude

El algoritmo SecVtx busca trazas desplazadas combinaadasrdentro de un jet “tag-
gable”. Los jets son taggable sitg*” >10 GeV,n <2.4, y tienen al menos dapod tracks
El algoritmo primero intenta combinar tres 0 mas trazasreguisitos de seleccion suaves. Si
esto falla, se intenta repetir el procedimiento con pargsad@s con requisitos mas duros. El
desplazamiendo del vértice secundario con respectotiderimario en el plano transverso
viene dado por:

L,,=d-pr (D.3)
donded es el desplazamiento del véertice secundarie s vector unitario en la direccion
del momento del jet.

Como complemento a los algoritmos de tagging se puedenraorstparadores de sabor
utilizando tecnicas mas sofisticadas. En el desarrolltralehjo presentado en esta tesis ha sido
necesario desarrollar una de estas herramientas comrsaxticitamente para optimizar uno
de los analisis. El CHAOS harmHadronAnalysisOrientedSeparator, se usa para determinar
cuando un tagged jet ha sido producido por la hadronizagguon quark ligero, falsamente
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identificado como un quark pesado, un quark un quarke. Dependiendo del sabor del parton
original, el tagged jet y su vértice secundario tienenrdifées caracteristicas, principalmente
relacionadas con las trazas.

Usando propiedades de las trazas que forman el vérticadada y las trazas del jet en una
red neuronal, CHAOS nos permite aumentar la presencigets en nuestro estado final.

CHAOS es una red neuronal basada en SNNS. La estructurgenttks capas, una capa
de entrada con 22 nodos, una capa oculta con 22 nodos y unaleagaida con 2 nodos
produciendo una salida bidimensional. La red neuronakatiin conjunto de 22 variables,
relacionadas en su mayoria con propiedades de las tragtas \Eariables se pueden encontrar
en la Tabla D.3 y han sido seleccionadas de forma cuidadoaaeptar bien reproducidas por
la simulacion y para tener un comportamiento estableaestd dependencias con la cinematica
de los jets.

Variables de entrada del CHAOS

Mass of the vertex Average|d,| of good tracks
Charge of the vertex Average|d, significancéof good tracks
L., significance Fraction of good tracks withl, significancé >1

Number of pass—1 tracks
Number of good tracks
Number of vertex's tracks
Number of good tracks

M, whereFEr is the jetEr %, wherePr is the Pr of the secondary vertex

Fraction of good tracks withl, significancé >3

Fraction of good tracks with, significancé >5

> pr(pass—1 tracks)

2t = I pr(good tracks) Fraction of vertex p in the leading track
Toty = % Fraction of vertex p in the second leading track
Signedd, of the leading vertex track Signed d significance of the leading vertex track

Signedd, of the second leading vertex trackSigned ¢ significance of the second leading vertex track
(/)jet /r]jet

Table D.3:Listas de variables usadas en el CHAOS.

La salida bidimensional de la red neuronal permite la separale tres sabores diferentes.
Cortando en esta salida se puede seleccionar el sabor desgaduestro caso particular uti-
lizamos el CHAOS para seleccionar jef£omo se muestra en la figura D.6.

Las eficiencias de seleccion para jeysc se resumen en la Tabla D.4. Los nUmeros presen-
tados son obtenidos para un corte en el CHAOS de 1.65.
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Figure D.6:Figuras de salida del CHAOS en 1-D.

cjets b jets
Eficiencia (Datos) 0.346- 0.052 0.073:0.014
Factor de escalg; a0 1.014+ 0.15 1.14+ 0.22

Table D.4: Eficiencia de seleccion dey b tagged jets y factores de escala ¢$Fos) para un corte en el
CHAOQOS de 1.65.

BUsqueda de sbottom producido a traes de gluinos

El primero de los analisis de datos presentado en estgdredba blusqueda de sbottom quarks a
través de la desintegracion de gluinos. Asumiendo paftjdos gluinos se producen en pares,
desintegrandose cada uno de ellos en bottom quark y shqgttark. A su vez, cada sbottom se
desintegra en bottom quark y neutralino. Como resultandestedo final con cuatro b-jets y
momento transverso neto procedente de los neutralinoespagpan a la deteccion. Se asume
en que la cadena de desintegracion descrita ocurre en b tédas veces.

Con un estado final semejante, el uso de herramientas cortaggirig” es obligatorio para
una optimizacion adecuada. El primer paso en cualquigissmes la correcta estimacion de
los fondos. Varios procesos del Modelo Estandar, prodscgsh el Tevatron, tienen un estado
final que similar a nuestra sefal de sbottom. Los sucesescsa@hados en el analisis tienen
como principales caracteristicas: un momento transvegtm elevado, gran multiplicidad de
jets, jets procedentes de quarks pesados y la ausenciaoledsp

Los fondos del Modelo Estandar que tienen estas carsiitas son:
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Produccion e quark top

Produccion de dibosones

Produccion déV/Z + jets

Produccion de multijes

Produccion de multijes ligeros

El mayor desafio del anélisis es, sin duda, la estimad@uano de los fondos mayoritarios,
la produccion de multijets, a partir de los datos. Puesédgsimulacion de este fondo mediante
métodos de Monte Carlo supondria un gasto ingente desesimformaticos, se ha estimado
la contribucibn como un cociente de “tagged jets” sobregtftagged jets”, en una muestra
representativay parametrizado con respecto a variadblesicEl método que se ha desarrollado
recibe el nombre de MUTARE. La forma precisa de obtener ianasion del MUTARE es la
siguiente:

Nas_Nmisas_Nzl\l/[C;
Ryurars = — t]i, 129 (D.4)

_ C
Ntaggable taggable

dondeN,,,, es el nimero de tagged jetfs,,;...4s €S €l numero de jets procedentes de quarks
ligeros identificados de forma erronea como jets procedadequarks pesadoAC%g es el
namero de tagged jets procedentes de procesos no-metdtijatados a partir de Monte Carlo,
Niaggabie €S €1 NUMero de taggable jet ag;able es el nimero de taggable jets procedentes de
procesos no-multijet estimados a partir de Monte Carlo.

La prediccion final se obtiene después de sustraer laibooibn de sabores pesados proce-

dentes de procesos no-multijet.

NHF multijet _ R(Ntdata _ nMC ) (D5)

events aggable taggable

Una vez demostrado que los fondos son reproducibles ennesggide control definidas
“a priori”, se lleva a cabo una optimizacion de la sefallot®om usando dos redes neuronales
en dos regiones cinematicas distintas. La primera de tssraeuronales se utiliza para la
eliminacion de multijets, el fondo dominante antes dequiar optimizacion y la segunda red
neuronal se utiliza para elliminar la producciontéeel fondo dominante en el estado final.

El proceso descrito se lleva a cabo para dos sefales dersdattintas para tener en cuenta
dos regiones cinematicas bien diferenciadas. Estas gioses se caracterizan por la diferencia
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de masas entre el gluino y el sbottom. Los valores partieslalegidos para las optimizaciones
son los siguientes:

e Optimizacion con grat\m = M(§) = 335 GeV/é, M(b) = 260 GeV/é

e Optimizacion con pequefidm = M(§) = 335 GeV/é, M(b) = 315 GeV/é

Como resultado de esta busqueda no se ha encontrado nithggaiacion de la prediccion
del Modelo Estandar en el espacio de fases estudiado y sed¢edjmo a extraer un limite en la
seccion eficaz de produccion del sbottom con un 95% de da/ebnfianza, como se muestra
en la figura D.7.

[ CDFRunll(2.5fb™)
- —— 95% CL limit (m[b]=250 GeV/c?)
----- Expected limit

95% CL limit (m[b]=300 GeV/c?)
Expected limit
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Figure D.7: Limites con un 95% de nivel de confianza en la seccion efieagrdduccion, observado (linea

solida) y esperado (linea de puntos).
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BUsqgueda de stop desintegrandose en charm y neutralino

El segundo analisis llevado a cabo como parte de la presesite es la bUsqueda de quark
stop desintegrandose en quark charm y neutralino. Puest@lgstop se produce en pares
asumiendo paridad R, el estado final esta compuesto poihdosgets y momento transverso
neto procedente de los neutralinos. Este analisis es ehaswspectos similar al descrito
anteriormente por lo que la estimacion de los fondos sa Besabo practicamente de la misma
forma.

En este caso, los sucesos seleccionados en el analisis tiemo principales caracteristicas:
un momento transverso neto moderado, jets procedenteguieks y la ausencia de leptones.

Los fondos del Modelo Estandar que tienen estas carstites son los mismos que se han
descrito en analisis anterior pero con una proporcicereifte:

Produccion e quark top

Produccion de dibosones

Produccion déV/Z + jets

Produccion de multijes

Produccion de multijes ligeros

Sin embargo, el mayor reto en este caso es enriquecer larmeessu estado final con
charm jets, algo no trivial con los algoritmos de “taggingtadar usados en CDF Il. Por este
motivo se ha tenido que desarrollar un separador de salejgisrbasado en una red neuronal
con nodo de salida en dos dimensiones que permite distialgs@bor de los jets separandolos
en charm, bottom y jets ligeros (u,d,s). El anteriormentacimmado CHAOS.

El proceso de optimizacion se ha llevado a cabo utilizangosgefal de stop con las sigu-
ientes caracteristicas:

e m(t) =125 GeV/é, m(y,) = 70 GeV/é

El primer paso en la optimizacion es la eliminacion de grare del fondo de multijets me-
diante una red neuronal entrenada para distinguir la skfistiop y la produccion de multijets.
Una vez seleccionados los sucesos aplicando un corte estehainante de la red neuronal, se
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aplica el CHAOS para aumentar la contribucion de jetg el estado final. Aplicando nueva-
mente un corte, esta vez en el CHAOS a 1.65, se obtiene larégél.

No se ha encontrado ninguna desviacion de la prediccibvaodelo Estandar en el espacio
de fases estudiado y se ha procedido a extraer un limitesrctadn eficaz de produccion del
sbottom con un 95 % de nivel de confianza.
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CDF Run Il Preliminary I'— dt=2.6 fb

O 2 - - - - -~
S 10°F 95% Exclusion limit from t, - cg;
c N 2
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Figure D.8: Limite observado con un 95% de nivel de confianza en termigoseccion eficaz para una

m(x®) = 80 Gev/@ (linea negra) y limite esperado (linea roja) con una bardackrtidumbre ded.
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Errores sistematicos

En los dos analisis descritos se han llevado a cabo detalsdudios de los errores sistematicos.
En esta seccion describiremos los errores procedenteshistiueda de stop desintegrandose
en charm y neutralino, ya que incluyen errores en la formenadele los errores que afectan a

la normalizacion.

Los errores sistematicos son la mayor fuente de incertideren cualquiera de las dos
bUsquedas presentandas en esta tesis. Algunos de ebitenadela normalizacion de la sefal
o los fondos. Esta clase de errores tiene un impacto direce&l aUmero de suscesos. Sin
embargo, la forma de las predicciones no esta afectadasfmtigo de errores.

Por el contrario, algunos errores sistematicos producenvariacion en la forma de las
predicciones. Esta segunda clase de errores sistemééaosnoce como errores de forma 'y
puede afectar a su vez al numero de sucesos predichos.

Dado que la forma de los fondos es utilizada para la exwaaé los limites de exclusion,
este tipo de errores de forma son especialmente importantes

Los errores sistematicos en sefial y fondos han sido estoslieniendo en cuenta correla-
ciones y anticorrelaciones entre ellos.

e Escala de Energia de los Jets: Un error sistematico ecddeede energia del calorimetro
afecta a la energia transversa total de los jets. El efeck® region final es despreciable.

e Factor de Escala del Tagging: Las diferencias entre datositdCarlo en eficiencia de
tagging son tenidas en cuenta como un error sistematicerr@i resultante en la region
final es de un 3.6%.

e Factor de Escala del CHAOS: La diferancia entre datos y MGardo es tomada como
un error sistematico. El error resultante en la region isalel 9.2%.

e Estimacion de Mistags: El error asignado es del 4.8%.
e Luminosidad: El error sistematico debido a la luminosidadiel 6%.

¢ ISR/FSR: La incertidumbre asociada a los estados iniciahgl file radiacion ha sido
evaluado generando muestras con mayor y menor ISR/FSRe&bedn la region final
es del 1.7%.

e PDF: El error en las PDF ha sido determinado como un 3.8% erefatancia.
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e Fondo de Multijet (MUATRE): Asignamos una incertidumbre 8@%.
e Seccion eficaz de produccion te Se cita una incertidumbre del 11%.
e Seccion eficaz de produccion de top: La incertidumbre emmsceso es del 13%.

e Seccion eficaz de produccion de dibosones: Citamos ueditembre del 10% e/ W
y W Z yun 20% para los procesds”.

e Seccion eficaz de produccion de procesos electrodélfisignamos un 40% de incer-
tidumbre en la prediccion de estos procesos.

e Masa del quark top: En el presente analisis, la produab#dhse estima usando métodos
de Monte Carlo con una masa del quark top de 1F&V /c?. Puesto que nuestra opti-
mizacion de sefial esta basada en unared neuronal eddgremaprocesos dg, incluimos
un error sistematico debido a las dependencia de la redma&ucon la masa utilizada.
Calculamos este error midiendo el nUmero de sucesos dentepleccion final usando
una masa para el quark top de 17Z%V /2.

¢ Diferencias de forma entre ALPGEN y PYTHIA: Incluimos urteigatico en la forma en
las selecciones finales debido a las diferencias entre tesggores ALPGEN y PYTHIA
usados para estimar los procesos/gél” + jets.

e Estimacion de multijets y mistags después del CHAOS:muitauna incertidumbre en la
region final del 3.6% y 8.2% respectivamente.

Conclusiones

Dos blusquedas de squarks de la tercera familia en la mudsiiets y momento transverso
neto han sido llevadas a cabo. Puesto que no se han encodéswdaciones significativas
con respecto a las predicciones del Modelo Estandar, tagtaglos han sido utilizados para
extraer limites con un 95% de nivel de confianza en la seagficaz de produccion de estos
dos procesos de SUSY.

La sensibilidad alcanzada por estos analisis esta basadtiarobustez de la descripcion
de los fondos y en el poder de la técnicas de optimizacitla defial. En estos dos tltimos
aspectos, merece un crédito especial el método MUTARE lsaestimacion del fondo de
multijets a partir de datos y el CHAOS. Estas dos herranmggedisarrolladas para la realizacion
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de estos dos analisis tienen ademas un amplio espectpickc#n a lo largo del programa de
fisica.

El Gnico experimento, a dia de hoy, capaz de realizar uinsguedas semejantes es DO. La
blUsqueda de stop ha sido llevada a cabo por DO, alcanzadsensibilidad que proporciona
una region de exclusion menor, en parte debido a la memtidea de datos usados.

El programa de blusqueda de SUSY en Tevatron sera crucias gmoximos afios, incluso
después del inicio del LHC en los proximos meses. En paaticescenarios en los que los
squarks de la tercera familia se asumen como ligeros, cosnmdstrados en la presente tesis,
segiran siendo importantes a la escala de energias dedrevatn embargo, la conquista de la
escala del TeV en el LHC, sera sin duda el mayor de los rettssaafios venideros. El trabajo
realizado en esta tesis se ha hecho con dos claras intesccexporar las frontera energética
de Tevatron buscando nueva fisisca y desarrollar téemeaanalisis en preparacion para los
nuevos datos del LHC.

Ambas intenciones se han hecho realidad en la presentedagsimer lugar fijando los
mejores limites de exclusion del mundo para los analisi@tios a cabo y por Gltimos desar-
rollando e implementando de forma satisfactoria nuevasdas de analisis.
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