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Abstract

The standard model (SM) of particles and fields is a theory that has proven very
accurate in the currently accessible collider energies. Nonetheless, the SM is theoreti-
cally incomplete in the sense that it leaves many questions and problems unanswered,
for example, the origin of electroweak symmetry breaking (EWSB). The Higgs boson
is introduced to the SM to provide a mechanism for electroweak symmetry breaking
and masses to quarks and leptons. However, the introduction of the Higgs mechanism
has the undesirable effect of introducing the hierarchy problem which is characterized
by quadratically divergent contributions to the Higgs mass squared. Supersymme-
try (SUSY) has been postulated as a way to solve the problem of the fine-tuning
of the Higgs self-interactions, and additionally to provide a possible mechanism for

EWSB. The golden search channel for mSUGRA is the x*;x5 — 3¢ (three leptons)

v



channel. It offers a reasonable signal ¢ x BR with very small contributions from
Standard Model backgrounds. This thesis, presents a search for chargino-neutralino

production within the mSUGRA framework.
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Chapter 1

Introduction

The standard model (SM) of particles and fields is a theory that has proven very
accurate in the currently accessible collider energies. To this date, experimental
results have confirmed many features of the theory to a high degree of precision, e.g.,
the predicted mass of the W boson. The current experimental frontier has advanced
into the TeV range with no unambiguous hints of additional structure. Nonetheless,
the SM is theoretically incomplete in the sense that it leaves many questions and
problems unanswered, for example, the origin of electroweak symmetry breaking
(EWSB). The Higgs boson is introduced to the SM to provide a mechanism for
electroweak symmetry breaking and masses to quarks and leptons. However, the
introduction of the Higgs mechanism has the undesirable effect of introducing the
hierarchy problem which is characterized by quadratically divergent contributions to
the Higgs mass squared. Supersymmetry (SUSY) has been postulated as a way to
solve the problem of the fine-tuning of the Higgs self-interactions, and additionally
to provide a possible mechanism for EWSB. Supersymmetry postulates that for
every SM boson there exists a corresponding supersymmetric fermion with the same
internal quantum numbers, except for spin which differs by 1/2, and vice-versa for

SM fermions. That is, for each SM degree of freedom, there is a corresponding
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SUSY degree of freedom. A new quantum number, called R-parity (R, [119]), is
introduced to avoid conflict with measured limits on the proton’s lifetime. All SM
particles have R, = +1 and sparticles have R, = —1. In an unbroken supersymmetry,
standard model particles and their supersymmetric partners would share the same
mass. The fact that no superpartners have been detected so far implies that, if SUSY
is a symmetry of nature, it must be a broken symmetry with heavier superpartners
than their SM counterparts. The minimal supersymmetric standard model (MSSM)
respects the same SU(3)@SU (2)®U (1) gauge symmetries as the SM, and it increases
the number of free parameters in the theory to over 100. Various models have been
postulated which provide a different mechanism for SUSY breaking, for example,
in Supergravity (SUGRA), the force of gravity communicates the origins of SUSY
breaking from a high mass scale to the electroweak scale. In a particular SUGRA
model, the so-called minimal SUGRA model (mSUGRA [120]), grand unification is
presumed at a high mass scale (~ 10’ GeV) and the MSSM spectrum can be fully
characterized by 4 parameters and a sign at the grand unification theory (GUT)
scale [121]: a common scalar mass (mg), a common gaugino mass (m %), a common
trilinear coupling value (Ap), the ratio of the vacuum expectation values of the two

Higgs doublets (tan f3), and the sign of u, where p is the Higgsino mass parameter.

Events with multiple, isolated leptons are predicted in many models of physics
beyond the Standard Model. In many of these models the leptons are predicted to be
produced with low pr. For example, trilepton events (ee+¢ or ppu+¢, where £ = e, p
or T) are a promising signature for supersymmetric chargino-neutralino production
in SUGRA models [122]. The “golden” search channel for mSUGRA is the xy*;x) —
3¢ (three leptons) channel. Tt offers a reasonable signal ¢ x BR with very small
contributions from Standard Model backgrounds. This thesis, presents a search for
chargino-neutralino production within the mSUGRA framework. Nevertheless, the
kinematic characteristics of the expected supersymmetric signal were kept as generic

as possible, as opposed to model-constrained, in order to optimize the discovery
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potential of the analysis. The results were ultimately interpreted in the context of

the most attractive and promising regions of mSUGRA parameter space.



Chapter 2

Theoretical Framework

The present chapter describes the popular theoretical framework that motivates this
thesis. It contains a brief introduction to the SM, and one of its most famous
extensions, the Minimal Supersymmetric extension of the Standard Model (MSSM).

We also discuss the resulting MSSM event signatures searched for in this thesis.

2.1 The Standard Model

The currently accepted, experimentally accurate, model of the fundamental con-
stituents and interactions of matter is called the “The Standard Model of Particles
and Fields,” or simply, SM. The SM is a theory that has proven very accurate in the
currently accessible low energy spectrum and which describes many experimental re-
sults to an unprecedented level of precision [1]. A complete description of the theory
can be easily found in the scientific literature [2, 3]. Its two major components Quan-
tum Chromodynamics (QCD) [4] and the electroweak theory of Weinberg, Salam,
and Glashow [5] describe the interactions of fundamental particles. The production

cross sections and the decay branching ratios for the various interactions are accu-
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rately predicted. However, despite its many successes, important questions remain
unanswered about the Standard Model. Among these, the so-called hierarchy prob-
lem serves as the motivation for one of the most popular beyond the Standard Model

frameworks which is the main topic of this thesis.

2.1.1 Introduction to SM particles and interactions

In order to motivate the discussion leading to the introduction of beyond the standard
model physics, a brief introduction to the SM is given here. For a detailed description

the reader is refered to Gaillard et al. [1].

In the Standard Model of the electromagnetic, weak and strong interaction the
fundamental particles are categorized into three groups; leptons, quarks and gauge
bosons [1]. There are three known forces governing the interactions of matter at
low energies: strong, electromagnetic and weak (Figure 2.1). The fourth force of
nature, the gravitational interaction, is negligible for particles at the electroweak
energy scale and it is currently not a part of the SM. The properties of all four forces
are shown in Table 2.1. The strength by which particles couple to fields is called
the coupling constant. The SM is a quantum field theory based on the symmetry

Interaction Mediator Coupling Constant Range (m)

Strong gluon <1 <1071°
Electromagnetic y 1/137 00
Weak w#*, 20 106 10718
Gravitational — graviton 10740 00

Table 2.1: Fundamental interactions. The particle acting as a mediator, the coupling
constant and the range of the interaction are also shown.

group SU(3). ® SU(2), ® U(1)y. Interactions arise by requiring invariance under
the gauge transformations described by the generators of each group. The SU(3).
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symmetry group describes the strong interaction while SU(2);, ® U(1)y describes
the electroweak interaction, which is spontaneously broken to U(1)gys by the Higgs

mechanism [6] [7]. The strong interaction is mediated by gluons and binds quarks in

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

neutrons, protons and other hadrons. Furthermore, protons and neutrons are bound
in atomic nuclei also through the action of the strong force. The source of the mass
of hadrons is the binding energy in the field of the strong force (“sea” of virtual

quarks and gluons), and not the Higgs mechanism.

The electromagnetic interaction is mediated by photons between particles pos-
sessing electric charge. The weak interaction is mediated by three gauge bosons, W=
and Z°, and it interacts with all known particles with the exception of gluons. The
weak interaction is manifested, for example, in the decay of free neutrons with a
mean lifetime of about 882 seconds. The force with the weakest strength is the grav-
itational interaction with a coupling strength about 40 orders of magnitude that of

the strong interaction. Its effects are only apparent when large masses are involved,
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such as astronomical objects, and at energies near the Planck scale ~ 101 GeV/c?.

The fundamental particles of the standard model fall into two groups: boson and
fermions. Bosons are particles that obey Bose-Einstein statistics with wave functions
that are symmetric under the exchange of two particles. Fermion are particles that
obey Fermi-Dirac statistics with wave functions that are anti-symmetric under the
exchange of two particles. The spin-statistics theorem relates the intrinsic angular
momentum of particles with the type of statistics they obey. Fermions have half-

integer spin while bosons have integer spin.

The Standard Model recognizes two types of elementary spin 1/2 fermions: quarks
and leptons. While quarks can interact via the strong, electromagnetic and weak

interaction, leptons only feel the electromagnetic and the weak interaction.

Quarks and leptons

Quarks are spin 1/2 particles and have a fraction of the electric charge of the electron.
There are six known quarks in nature arranged in three families or generations. Their
names from first to last generation are: up (u) and down (d), charm(c) and strange
(s), and top (t) and bottom (b). The last four quarks are unstable particles that
decay into the lighter quarks. Each generation consists of a doublet of particles that
share all the gauge quantum numbers. The different generations or families differ

only by mass as a result of their different couplings to the Higgs field.

Quarks form stable and semi-stable bound states with integer total charge called
hadrons, which can be divided into baryons and mesons according to the number
of quarks in them. Mesons are composed of a quark-antiquark pair while baryons
contain three quarks. Besides mass, electric charge, and spin, quarks have another
intrinsic property unique to them called color charge. It is possible to distinguish

three types of color through the strong interaction, red (R), blue (B) and green (G),
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with the strong force resulting from the exchange of color charge in the form of 8

colored gluons.

Leptons are colorless, spin 1/2 particles. The muon (x) and the tau (7) have the
electric charge of the electron and interact along with the electron through the weak
and electromagnetic force. The electron-neutrino (v.), the muon-neutrino (v,) and
the tau-neutrino (v,) have no electric charge and interact only via the weak force
with other particles. In a manner analogous to quarks, the leptons are arranged
in three generations or families, with the electron and electronic neutrino being the
lightest, hence stable particles. There is experimental evidence that neutrinos have

a small mass [8]. Table 2.2 lists the quarks and leptons of the SM.

15" Generation 274 Generation 3" Generation
Up (u) Charm (c) Top (t)
1.5-3.0 MeV/c? 1.2540.09 GeV/c? 173.1£1.3 GeV/c?
quarks Down (d) Strange (s) Bottom (b)
3.0-7.0 MeV/c? 95425 MeV/c? 4.2040.07 GeV/c?
Electron neutrino () | Muon neutrino (v,) Tau neutrino (v;)
<2eV/c? < 0.19 MeV/c? < 18.2 MeV/c?
leptons
Electron (e) Muon (u) Tau (7)
0.511 MeV/c? 105.66 MeV/c? 1776.9910-22 MeV/c?

Table 2.2: The fermion sector of the SM. All masses are taken from the Particle Data
Group (PDG) [9], except for the top quark mass, where the last Tevatron combination is
quoted in [10].

Gauge bosons

Gauge bosons are spin 1 particles which are the mediators of the forces. The strong
interaction is mediated by gluons, the electromagnetic interaction is mediated by
photons and the weak interaction is mediated by the W= and Z° bosons. Table 2.3

list the gauge bosons of the SM and their masses.
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All fermions and massive gauge boson are subject to the weak interaction. The
mediators of the weak interaction are quite heavy with W* and Z° bosons having
masses around 81 and 91 GeV/c?, respectively. W bosons decay to lepton-neutrino
pairs or to up-type quark and down-type quark pairs, while Z bosons decay to a
fermion and its antiparticle. Flavor changing neutral currents (FCNC) do not exist
in leading order in the SM; they do appear at second or higher order, hence they are

suppressed. Strict experimental limits have been set on FCNC [11].

Weak isospin couples only to left-handed particles. For this reason the leptons
and quarks are distinguished into left-handed doublets and right-handed singlets.
Furthermore, in order to explain strangeness- and bottomness-changing weak inter-
actions, the left-handed quarks are not arranged in their mass eigenstates, rather
they are expressed as linear combinations of the physical quark states through a
non diagonal 3 X 3 mixing matrix named the CKM matrix (Cabibbo, Kobayashi and
Maskawa matrix) [12]. The CKM matrix has one CP (Charge-Parity) violating phase

and CP violation has been observed in the decay of neutral kaons and b mesons [13].

Interaction Particle Mass
electromagnetic | photon, ~ 0
strong gluon, g 0

W+ 80.403+0.029 GeV/c?
A 91.188+0.002 GeV/c?

weak

Table 2.3: The gauge bosons of the SM and their associated interactions [10].

2.1.2 Lagrangian formulation of the SM

In quantum field theory particles are described field quanta and their interactions are

expressed in the Lagrangian density £. The motivation to start from a Lagrangian
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formulation lies in the fact that conserved quantities can be associated to symmetries.
According to the theorem of Noether [14], each continuous symmetry of a system
corresponds to a conserved quantity. In field theory any continuous transformation
in the field ¢ that leaves unchanged the action (S) of the Lagrangian, defined as
S = [ L(y,0)dx is associated with a conserved quantity.

Lagrangian formulation of quantum electrodynamics (QED)

Quantum Electrodynamics (QED) was developed in the late 1940’s and early 1950’s
chiefly by Feynman, Schwinger, Tomonaga and Dyson [15], describing electromag-
netic interactions of electrons and photons through a quantum, relativistic, renor-

malizable theory. The Dirac Lagrangian for a free spinor field is given by

L = i 00 — mipy 2.1)

The requirement of global invariance of the field results in charge conservation.
Global invariance is obtained when the field is changed by the same amount in
every point in space-time, e.g., the transformation ¥ (z) — €% (z) is a global trans-
formation for any value of a. In group theory all the transformations of the type
P(r) — €“4%)(z) obtained by changing the value of a are said to belong to the
global U(1) gauge group. The SM, however, is based upon local (as opposed to
global) gauge invariance. Local U(1) invariance is obtained when the Lagrangian is
invariant to transformations of the type ¢(x) — €@ (x) where now a depends
on the space-time position z, i.e., the transformation is independent at each point in
space-time. It is clear that the Dirac Lagrangian cited above is not invariant to this
transformation. Applying this transformation to the Dirac Lagrangian above results

in

L' = ipy"(0, + iqdua)p — may) (2.2)

10
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If we insist on imposing invariance of the Lagrangian under local gauge transfor-
mations we must seek a different derivative, one that transforms like v itself, i.e.,

Db — €@ D ah. This can be accomplished with the following definition:

D, =0, —1iqA, (2.3)
A, — A, + éﬁua(a:) (2.4)

As long as A, transforms as Equation 2.4 the derivative D, will transform as D,, =

0, —igA, and the Lagrangian defined as

L = “E’YMDMD — may (2.5)
= QZ(Z‘/YM@M —m)Y + QQZ'VM@Z’AM (2.6)

is invariant under the local gauge transformation. The vector field A, introduced
by demanding local phase invariance is called the gauge field. Hence, by demanding
local invariance one is forced to introduced the gauge field, which couples to charged
particles in the same way as the photon field does. If this field is to be regarded
as the physical photon field, a new term corresponding to the photon kinetic energy
must be added to the Lagrangian. Because this new term must be invariant to the
transformation of Equation 2.4, it can only involve the gauge invariant field tensor

F,, = 0,A, — 0,A,. The local invariant Lagrangian obtained in this way is then:

_ _ 1 y
Lorp = Y(iy"'0, — m)Y + quy' A, — ZFWF“ (2.7)

By requiring the Dirac Lagrangian for a free spinor field to be locally invariant under
U(1) phase transformations, the Lagrangian for Dirac spinor fields interacting with
the electromagnetic potential is obtained. The last two terms above appear in the

classical Maxwell Lagrangian, where the charge density is identified with Ji™ =

11
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Q(@E%@/})- Thus, in this theory the electromagnetic interaction is described by two
quantum fields: one for the charged particles and one for the photon. The strength
of the interaction is usually described by the coupling constant ., whose value
depends on the momentum transfer ¢* in an interaction. At ¢*> — 0 (or low energies)
the coupling constant value is that of the fine structure constant, a.,, = ﬁ: = %
At larger energy scales (shorter distances) its value increases, being aen,(myz) ~ Hls

at the scale given by the mass of the Z boson.

Lagrangian formulation of the electro-weak theory

As we saw in the previous section, Quantum electrodynamics can be derived by
requiring U,(1) Lagrangian invariance, where the subindex ¢ in U, (1) refers to the
charge conservation that results from the symmetry. Furthermore, the imposition
of local U,(1) invariance leads to the introduction of the A, field. With the same
idea, the authors of the GWS theory originally tried to explain the weak (neutral

and charged) currents as resulting from the imposition of a SU(2) group symmetry.

An isospin triplet of weak currents can be defined as

4 1
Ji(x) = XLVu50iXL (2.8)

v
where o; are the usual Pauli spin matrices and y;, = is the doublet of

e
L

left-handed fermions. For each current the corresponding charge (7%) is obtained by

integrating the oth component of the current over space;
T = / JidPx (2.9)
and it can be shown that the charges satisfy

[T, T7) = ieT" (2.10)

12



Chapter 2. Theoretical Framework

The commutation relation between the charges indicates the nature of the symmetry
generated by them; in this case SU(2),. The sub-index L reminds us of that the

weak isospin current couples only to left-handed Weyl spinors.

In the Fermi theory of the weak interaction, the charged and neutral currents are

obtained from experiment. The weak neutral current J ,iv ¢ is given by
J)C = u7,5(Cv — Cay®)u (2.11)

where the values Cy and C'4 depend on whether the u’s are lepton or quarks. The

charged currents can be expressed as

Ji () = Xevuoxe (2.12)

T, (%) = Xe90-XL (2.13)

where o1 = (01 £ i0y). Therefore, the currents J(x) and J2(x) defined in Equa-
tion 2.8 are simply linear combinations of the positive and negative charged currents
of the Fermi theory. However, the neutral current J;j’ () does not contain the right
handed component experimentally found in the weak neutral current J }iv ¢ [16], which
is not pure V' — A. This problem is overcome by introducing the electromagnetic
current J;™ which is a neutral current with with right- as well as left-handed com-
ponents. Since neither Jlﬂv ¢ nor Ji™ respect the SU(2), symmetry, two orthogonal
combinations are formed that do have definite transformation properties. One com-
bination, .J2, completes the weak isospin triplet, and the other, j, is unchanged

by SU(2), and thus it is a weak isospin singlet. jz is called the weak hypercharge

current and it is defined by
Jp = PNy (2.14)
where Y is the weak hypercharge defined by the Gell-Mann-Nishijima formula

Q=T+ (2.15)

13
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Just as the charge @) generates the group U(1)en,, the weak-hypercharge operator Y
generates the symmetry group U(1)y. In this context the electromagnetic current is
written as

-em c 1 .
g =J+ §J,f (2.16)

With the introduction of the electromagnetic interaction the symmetry group has
been enlarged to SU(2);, ® U(1)y, and the U(1),,, group of electromagnetism is now
contained in it. Each group: SU(2);, and U(1)y couples with its own strength, and in
addition to the electron charge, another coupling constant is needed to fully specify
the electro-weak interaction. Therefore, the two interactions are partially unified

under the group SU(2), ® U(1)y.

By requiring global invariance under SU(2)y, the T; generators of Equation 2.9
introduce a new quantum number called the weak isospin (7"). This number is
associated to different spin-like multiplets. Since the weak isospin only interacts with
left-handed particles (right-handed antiparticles), the left-handed fermions transform

as doublets while the right handed ones transform as singlets:

A vl ul
=11 - (2.17)
) dy,
fo = lpup,dy (2.18)

where ¢ = 1,2, 3 corresponds to the family index. Hence, the weak interaction is
divided into a “charged part” (that is, exchanging the components of the doublet)

and a “neutral part” (that is, leaving the doublets as they are).

Following the analogy with QED, the SM electroweak Lagrangian is obtained by
requiring invariance under local gauge transformations to obtain an interacting field

theory. This follows from the free particle Lagrangian density

Lo = i7" 9 (2.19)

14



Chapter 2. Theoretical Framework

by demanding invariance under the following local phase transformations:
G — GOSTRIN T (220)

where 1, = 3(1 —~°)¢ and ¢r = 3(1 + 7°)t are the chiral lef- and right-handed
components of ¥ respectively. The parameter a(x) is an arbitrary three-component
vector and T = (11, Ty, T3)" is the weak isospin operator whose components T; are
the generators of SU(2);, symmetry transformations. The matrix representations are
given by T; = % (i = 1,2, 3) where o; are the Pauli matrices. The 7T; do not commute
and satisfy [T7,T7] = i€;;T", making the SU(2); group non-Abelian. 3(z) is an
arbitrary one-dimensional function of the space-time coordinate x. Y is the weak

hypercharge as defined by the relation of Equation 2.15 and the generator of the
group U(1)y. @ is the electric charge and the generator of the group U(1).y,.

Requiring the Lagrangian £, to be invariant under the combined SU(2), ®@U(1)y
(Equation 2.20) requires the introduction to the free Lagrangian of four additional
vector (spin 1) fields: the isotriplet W, = (Wi, Wy, W3,)" for SU(2); and B,
for U(1)y. This is achieved by replacing the derivative 0, in Ly by the covariant
derivative

Y
D,=0,+igT - W, + ig,EBu (2.21)

where g and g’ are the coupling constants corresponding to SU(2);, and U(1)y,
respectively. To complete the Lagrangian, the kinetic energy terms of the gauge
fields are added: — ;W W} — 1B, B". The field tensors W}, and B,,, for SU(2)
and U(1)y are defined by: W}, = 8, W) -0, W!—ge’*WIW} and B,,, = 0,B,—0,B,.

Since SU(2), is a non-Abelian group, it allows self-interactions of these gauge fields.

The interaction electro-weak Lagrangian density expressed in terms of the charged

and neutral currents is

/
Lipe = —igd, - WH — z’%jZB“ (2.22)

15
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The physical bosons of the theory (Wf, Z, and A,) are constructed from the
SU(2)r, ® U(1)y gauge bosons :

1 :
W, = E(W;imﬁ) (2.23)
Z, = Wicos(Ow) — Busin(bw) (2.24)
A, = Wisin(Ow) + Bycos(Ow) (2.25)

where 0y is defined such that tan(fy ) = ¢’'/g. Rewriting Equation 2.22 in terms of

the physical bosons gives

Zg - - Zg . em
Lint G (J, W+ JFWHT) — cos (O (J3 — sin®(Ow)JS™) 2" (2.26)
— igsin(fw)J" A"

The last term in Equation 2.26 is the photon coupling to an electromagnetic current,
and allows the identification of gsin(fy) to the electron charge, e = gsinfy =

g'cosfy,. Writing out the currents explicitly,

Ji = ot (2.27)
P o= Gt (2.28)
JT = Qi (2.20)

Where @ is the charge operator and o’ are the Pauli spin matrices. If one examines
the weak charged term and the weak neutral term (first and second terms in Equation

2.26) and re-interprets them in the context of the old V-A theory one finds

1/2 1/2
S (7 T N (2.30)
mw

mz = (2.31)

16



Chapter 2. Theoretical Framework

Hence, the global and local conservation of weak-isospin and hypercharge naturally
imply charge conservation, as required by QED. Table 2.4 shows the assignment of
the standard model fermions to weak isospin doublets (T=1/2) and isospin singlets
(T=0). The upper (lower) component of the doublet has 7% =+1/2 (-1/2), and

the isospin assignments for the second and third generation are identical. The first

Lepton | T | T° |Q|Y |Quarks | T | T° | Q Y
ve 12| 120 1| u, |1/2] 172 2/3 | 1/3
e; | 1/2|-12|1|1| dp |1/2|-1/2|-1/3] 1/3

ur | 0| 0 | 2/3 ] 4/3

ex |0 0 |12 dz | 0| 0 |-1/3]-2/3

Table 2.4: Weak isospin doublets and singlets.

relatively accurate measurement of sin?(fy,) of 0.23+0.01 was obtained in 1981 using
the rates of charged and neutral current reactions in low energy neutrino experiments.
This quantity allowed the first prediction of the W and Z° boson masses to about
83 and 94 GeV/c? respectively. These bosons were first observed two years later by
studying proton-antiproton collisions with the UA1 and UA2 detectors in the SppS
collider at CERN [17, 18]. The W¥ was observed through its decay into a high
energy lepton and missing transverse energy from the neutrino, and the Z° through
its decay to a pair of charged leptons. The final measurement of the masses were in

good agreement with the predicted values.

Lagrangian formulation of quantum chromodynamics (QCD)

The theory of the strong interaction, Quantum Chromodynamics (QCD), is one of
the cornerstones of the Standard Model. Following the success of QED and of Yang-
Mills theories, QCD was developed in 1973 [19] in the context of a Quantum Field
Theory based on the SU(3)c symmetry group [20], where C refers to the quark’s
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color and the dimension indicates its three possible degrees of freedom. It is a non-
abelian theory that describes the strong interaction of colored quarks and gluons!.
The QCD Lagrangian is written as
— /. 1 A e}
Locp =Y @iy Dy — mg)ads — ZJ«ﬂaﬁFAﬁ, (2.32)

flavor

where the sum runs over the six different quark flavors and the quark fields q are :

q1
q2
qs3

The covariant derivative required to make the Lagrangian invariant under SU(3)¢
transformations is given by

)\a
D, = (a# - igs7Afj) (2.33)

The quantities % are the generators of the SU(3)¢ group given by 3 x 3 traceless
hermitian matrices and Af are the gluons fields, with o = 1, ..., 8. The energy
in the gluon field is given by the last term in the Lagrangian where the gluon field

strength tensor is

Fiz/ = aﬂAS - 8,,A‘j + gsfaﬂ'YA,uBAzry (234)

where ¢, is the coupling constant which determines the strength of the interaction

between colored quanta, and f*?7 are the structure constants of the SU(3) color

IThe charge associated with the strong interaction is the color charge. The color prop-
erty was introduced for quarks to satisfy the requirement of the Pauli exclusion principle [2].
Later experimental results proved the validity of the color hypothesis.
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group. The third term in Equation 2.34 shows the non-abelian nature of QCD.
This term describes the property of interaction between gluons, resulting in the
very different behavior of the strong force when compared to the electromagnetic
interactions. This self-coupling is the reason why the strong coupling constant, oy, =
%, is large at small energies (large distances) and decreases at high energies (small
distance). This characteristic running of «g is used to explain the observed behavior

of the strong interaction:

e Asymptotic freedom: At high energies (small distance) the strong interaction
proceeds via a color field of reduced strength and the quarks and gluons behave

as essentially free, non-interacting particles.

e Confinement: At low energies (or large distance) the strength of the color field
is increasing, since the potential behaves as V(r) ~ Ar, and as a consequence
the quarks and gluons can never be observed as free particles. If two interacting
partons are separated, the energy of the field increases to the point that new
interacting particles are created resulting in colorless hadrons containing the

partons. Therefore partons are not observed as free particles.

It is important to note that the asymptotic freedom property allows the appli-
cation of perturbation theory to calculate cross section measurements in scattering

processes where quarks and gluons are involved.

2.1.3 The Standard Model Higgs mechanism

In the electroweak theory any gauge boson mass term will enter the Lagrangian
as mi, WH#W,. This term would destroy the SU(2);, ® U(1)y invariance unless the
boson mass my is zero. This implies that all the gauge bosons of the electroweak

theory must have vanishing mass if the invariance is to be kept. Thus, without
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any other mechanism, electroweak theory lacks the ability to put mass into gauge
bosons. One could argue that invariance is required for aesthetics purposes only,
and that one could add such mass terms to the Lagrangian and ignore the symmetry
breaking effects. This however inserts nonrenormalizable divergences to all orders
rendering the theory meaningless. The solution is to invoke a mechanism developed
by Petter Higgs et al.[21] known as the Higgs mechanism. In this mechanism a scalar
field ¢, with non-vanishing vacuum expectation value, is inserted into the theory of
massless gauge bosons. To keep the Lagrangian invariant the field must belong to a
SU(2), @ U(1)y multiplet. The field ¢ will add a contribution £ to the Lagrangian
of the theory equal to

Ly =|Dué|* = V(9) (2.35)

In order to conserve SU(2), ® U(1)y invariance the covariant derivative D, must be
. . /1

D, =0,+1gT-W, +1ig §BMY (2.36)

To obtain a theory in which the W= and Z° bosons get mass while the electromag-
netic field remains massless, the choice of 4 real scalar fields is made, arranged in a
doublet of complex scalars with hypercharge Y = 1.

ot ) o7 = (b1 +ign) /V2

o= 2.37
¢ | 00 = (¢3+ida) /V2 230

Where the ¢;’s are four real fields. When the Higgs potential is minimized, the
neutral component of the Higgs field acquires a vacuum expectation value (VEV).
The phase of the Higgs field can be chosen such that the VEV is real and positive.
The minimum of the Higgs field is represented by ¢y,

0
$o =< 0]9|0 >= % . (2.38)
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A scalar potential V(¢) is chosen so as to have a vacuum expectation value

V(¢) = 1?61 + M¢'¢)” (2.39)

This potential has a minimum at v = \/,u?—/)\ if A > 0 and ;2 < 0. The potential of
Equation 2.39 is commonly known as the Mexican hat potential due to its shape (see
Figure 2.2). Choosing one of a set of degenerate states of minimum energy breaks
the gauge symmetry. As stated by the Goldstone theorem [2], fields that acquire
a VEV will have an associated massless Goldstone boson which will “disappear”

transformed into the longitudinal component of a massive gauge boson.

V(g [GeV

200
/,

Cely - \¢\ eV

Figure 2.2: The minimum of the Higgs potential occurs at —u?/(2)), not at zero.

If we expand the field ¢ around its VEV value,

1 0

= V2 v+ h(z) (2:40)

and substitute it into the Lagrangian of Equation 2.35, rewriting the WZL’S and B,
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as functions of the physical bosons (see Equation 2.23 to 2.25), we get :

e (e (90 N e e
Ly = 5(0u0)" + (L WIW ™ 4 2005(0) Z, 7" — MR+ ... (241)

As a consequence of the VEV of the scalar field the symmetry has been broken

resulting in W=+ and Z° bosons with masses, and a massless photon.

mwy = gv/2 (2.42)
my = gqu/2cos(Oy) = v(g> + ¢*)"/?/2 (2.43)
ma = 0 (2.44)
my, = V2?2 =./—2u2 (2.45)
Vo= Amy /(9" +¢%) = 4miy /g (2.46)

In addition, the introduction of the scalar field also resulted in a new scalar boson
with a mass of v2 2. This boson is denoted by the symbol Ay, and named the
Higgs boson after Peter Higgs who was the first to understand this mechanism. It
should be noted that while the value of v can be deduced from the W mass (yielding
v = 246 GeV), the mass of the Higgs itself remains unknown since it includes the
unknown value of \. The Higgs mechanism just described also provides a way to
generate masses for the quarks and leptons. It is clear that the addition of a fermionic
mass term such as —m.ee = m.(€rer, + €reg) is not gauge invariant, since e; and eg
belong to different representations of SU(2) and have different U(1) hypercharges.
But an invariant mass term can be written by including a Yukawa-like coupling to

the Higgs field ¢,

+
£3 = _)\6 (V_6> é)L 20 €r T €R ((bi? &0) (247>
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Using Equation 2.40 to break the symmetry gives

>\€ Ae _ _
Ly = ——U(éL€R+éRGL)——(6L€R+GR€L)]Z (248)

V2 2

_ me _
= meeée — —eeh
v

where m, = ’:/5”

This mechanism can be extended to all fermions. A fermion f will then acquire
mass through interactions with the Higgs field via its coupling constant ¢, which is
proportional to the fermion’s mass. Since the values of A\;’s are arbitrary, the value
of the fermion masses are not predicted. In fact, each coupling must now be tuned to
achieve the experimentally measured fermion mass. Our theoretical ignorance about
the origin of the fermion masses has now been merely re-interpreted as a theoretical

ignorance about the Higgs field coupling constants.

This brings the number of unspecifed Standard Model parameters to 22 namely

Three gauge coupling constants

Six quark masses

Six lepton masses

Three quark mixing angles and one phase in the CKM matrix (62, 023, 613 and

the CP-violating phase 0).

QCD vacuum angle

The two scalar potential constants (u, A)

These parameters must be determined experimentally.
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2.2 Supersymmetry and the Minimal Supersym-
metric Standard Model

2.2.1 The hierarchy problem

The Standard Model of high-energy physics, augmented by neutrino masses, provides
a remarkably successful description of presently known phenomena with no clear
hints of additional structure well into the TeV energy scale. The SM has endured
rigorous experimental testing and made many successful predictions, among them the
discovery of the charm, bottom, and top quarks, the discovery of the Z° boson and the
absence of flavor changing neutral currents. In spite of these successes the Standard
Model is widely considered to be a low energy effective theory and not a fundamental
one. Low energy here means energies achievable in existing and proposed particle
experiments of the order of 15 TeV. The Higgs mechanism provides a successful model
by which electroweak symmetry is broken allowing the gauge bosons and fermions
of the SM to obtain mass. However, the Standard Model will have to be extended
to describe physics at the reduced Planck scale Mp = (87Gnewton) /2 = 2.4 X
10'® GeV/c?, where quantum gravitational effects become important. Furthermore,
it is expected that new physics exists in the 16 orders of magnitude in energy between
the electroweak scale, My, and the Planck scale. It is in this region that the hierarchy
problem manifests itself as a disturbing sensitivity of the Higgs potential to any new
physics [16]. The electrically neutral part of the Standard Model Higgs field is a
complex scalar ¢° with a classical potential

V= 12|6"" + Alg°[* (2.49)
The Standard Model requires a non-vanishing vacuum expectation value (VEV) for

¢° at the minimum of the potential in order to provide for a mechanism of elec-
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Figure 2.3: One-loop quantum corrections to the electron mass in QED (left), and
to the Higgs squared mass parameter m? due to a Dirac fermion f (middle). Scalar
one-loop contribution to the Higgs mass (right).

troweak symmetry breaking. This is guaranteed if A > 0 and pu? < 0, resulting in
(0[#]]0) = v/—p2/X. Since we know from experiments?® that (0||0) is approximately
246 GeV/c?, and that A &~ 1 to ensure unitarity, it must be that p? is very roughly
of order —(100 GeV/c?)?. The problem is that p? receives large quantum corrections

from the virtual effects of every particle that couples to the Higgs field.

The divergences in a quantum field theory can be managed by the renormalization
process, which is any of a collection of techniques used to treat infinities arising in
calculated quantities. This process is based on the assumption that SM parameters
such as masses and coupling constants could be themselves divergent. What is really
measured are not the “bare” (at tree level) parameters, but rather effective parame-
ters that include the bare parameters and their corrections according to the theory.
In a sense, the renormalization process arranges the divergences in the couplings and

the bare masses to exactly cancel the high-momentum infinities.

An example of divergencies and renormalization is illustrated by the electron’s
one-loop self energy diagram shown in Figure 2.3 (left). The energy contribution to
the electron mass according to the QED theory is [22]:

me = m? {1 + 2—:ln <£>] (2.50)

0
e

2The masses of the W* and Z° bosons are related to the Higgs potential VEV v through
gv/2 and gv/2cos(fw ), respectively.
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where m? is the bare mass of the electron and A is the cutoff value of the integral
that runs over the photon momenta. This integral is logarithmically divergent and
passes its behavior to the correction of the electron mass. It is interesting to note
that if taking A to be the Planck Mass (~ 10 GeV/c?) the shift in the electron
mass is only m, ~ 1.7m?. This shows that the normalization process of absorbing
divergences into renormalized parameters is reasonable, at least when dealing with

logarithmic divergences.

However, in the case of the Higgs field, these cancelations would require an un-
natural cancelation of the bare Higgs mass and the radiative quantum corrections.

Due to these corrections, the Higgs mass would be
m;. = (mj)o+ AM; (2.51)
hsm Y H :

where (m3 ), is the bare Higgs mass and AM? is the radiative correction. For ex-
ample, in Figure 2.3 (middle) we have a correction to m?% from a loop containing a
Dirac fermion f with mass my, which can represent any of the leptons and quarks
of the Standard Model. The correction to the mass of the Higgs boson due to this
loop is [16]:

s

2 _
AMy = 1672

[2A% + 6mF In (A/myg) + .. ] (2.52)

In this case the correction is quadratic in the cut-off variable A. Here, a cut-off
value such as the Planck scale (10" GeV/c?) would result in a mass correction 30
orders of magnitude larger than the expected physical mass of the Higgs of about
(100 GeV/c?). One may argue that this correction could be re-normalized into
the bare mass of the Higgs boson, but this would require an enormous bare mass
that would need to cancel very precisely the large correction. Furthermore, there are
contributions similar to Equation 2.66 from the virtual effects of any arbitrarily heavy
particles that might exist. For example, a hypothetical heavy complex scalar particle

S with mass mg could couple to the Higgs via the diagram of Figure 2.3 (right). The
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contribution to the Higgs mass in this case is

As

2 _
AMy = 1672

[A% = 2mZ In(Apy/ms) + .. ] (2.53)

Because the scalar S'is a boson, this correction has the opposite sign as Equation 2.66,
however, it is also quadratic. Therefore, miSM is sensitive to the masses of the
heaviest particles that H couples to; if mg is very large, it is difficult to understand
why m? is so small. A complete cancellation of these corrections at all orders would
call for an incredible “fine tunning” which seems very unlikely [23]. In a model with
spontaneous electroweak symmetry breaking, this problem affects not only the Higgs
mass but also its vacuum expectation value and, therefore, the masses of all particles
that acquire mass through the Higgs mechanism such as the electro-weak bosons,
quarks and charged leptons. Hence, it seems unnatural to have all the SM particle
masses at the electroweak scale unless the model is somehow cut off or embedded

into a richer structure at energies no larger than the TeV scale.

The need for a new symmetry

A richer particle spectrum is proposed by an extension of the SM called Super-
symmetric Theory or Supersymmetry, which provides the means for an automatic
cancellation of the radiative corrections to the Higgs mass. The problem of the self-
energy of the electron is solved in QED by the existence of the positron [24]. The
contribution to the electron’s self-energy due to virtual photons is exactly cancelled
by the contribution of virtual electron-positron pairs due to vacuum fluctuations.
In a manner analogous to this chiral symmetry of QED, supersymmetry avoids large
power corrections to the Higgs mass by introducing a fundamental symmetry between

fermions and bosons.

27



Chapter 2. Theoretical Framework

2.2.2 Supersymmetry

Supersymmetry (SUSY) is a symmetry which relates masses and couplings of bosons
and fermions via spin-3 operators [16]. In SUSY, particles are combined into su-
perfields and an operator () generates the transformation of converting fermions to

bosons and vice versa:
Q|Boson) = |Fermion) Q'|Fermion) = |Boson) (2.54)

The single-particle states of a supersymmetric theory fall into irreducible represen-
tations of the supersymmetry algebra, called supermultiplets. Each supermultiplet
contains both fermion and boson states, which are commonly known as superpart-
ners of each other. By definition of supermultiplet, if |2) and |Q2') are members of
the same supermultiplet, then |Q') is proportional to some combination of Q and Qf

operators acting on [{2), up to a spacetime translation or rotation.

Consider a left-handed two-component Weyl fermion ¢ and its superpartner a

scalar field ¢. The simplest possibility for the transformation of the scalar field is

5 = e, §¢* = eyl (2.55)

where € is an infinitesimal, anticommuting, two-component Weyl fermion object pa-
rameterizing the supersymmetry transformation. The following choice for the trans-
formation of the Weyl fermion v guarantees that a free Lagrangian with this minimal

particle content will remain invariant
0h = —i(0"€") o Dup + €o F, ol = i(ea™) s D,0" + €L F*, (2.56)

where o = 1,2 and & = 1, 2 are distinct spinor indices, and ¢* are the Pauli matrices.

An auxiliary field F' is introduced to in order to make the supersymmetric algebra
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close off-shell, that is
(0,00, — 0,0,)X = i(—€10™eh + ea0™el) 0,X, (2.57)

for each of the fields X = ¢, ¢*,v,', F, F*. F has no kinetic Lagrangian term and

transforms according to
OF = —ie'5"0,1, SF* = i0, 5 e, (2.58)

where

(e
_— O
= O
(e

ot=—-o"=| : 0= -5 = : (2.59)

By Noether’s theorem we have conserved currents J* and J™*, where K" is any

object whose divergence satisfies 0L = 0, K*
eJh el T = Y 6X 0L g (2.60)
~ §(0,X)

From these currents one constructs the conserved charges which are the generators

of supersymmetry transformations

Qo = \/§/d3f JO, Ql = \/§/d3f JI° (2.61)

Therefore () is a complex anticommuting spinor which is a generator of supersymmet-
ric transformations. Both @) and its hermitian conjugate Q' are fermionic in nature

(they carry spin angular momentum 1/2) and form a Lie superalgebra [25] with the
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four-momentum and the Lorentz transformation generators in a generalization of the

space-time symmetries of quantum field theory and of the Lorentz group [26].

{Qa,QL} = —204,P, (2.62)
{QmQﬁ} =0 (263)
{QL.Q} =0 (2.64)
Qa: P*] =0, [QL, P*]=0. (2.65)

The squared-mass operator commutes with the operators 0, Qf, and with all space-
time rotation and translation operators, so it follows immediately that particles
inhabiting the same irreducible supermultiplet must have equal eigenvalues of the

squared-mass operator, and therefore equal masses.

The supersymmetry generators Q, Qf also commute with the generators of gauge
transformations. Therefore particles in the same supermultiplet must also be in the
same representation of the gauge group, and so must have the same electric charges,
weak isospin, and color degrees of freedom. In this situation, each chiral fermion f; g
has a scalar partner fL, r and for each massless gauge boson A, with helicity states
+1, there is a massless spin 1/2 partner, with helicity states i%. Therefore, each
supermultiplet contains an equal number of fermion and boson degrees of freedom

np = nNg.

2.2.3 Supersymmetry and the hierarchy problem

The SM hierarchy problem presented in Section 2.2.1 is elegantly solved after intro-

ducing supersymmetric theory [16, 27]. For every correction to the Higgs squared
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mass miSM due to a fermion f (two spin degrees of freedom) of the form

Arl?
AM? = _FJ;? [2A% + 6m} In (A/my) + .. ] (2.66)

There is a complex scalar boson contribution of opposite sign (two degrees of freedom)
that also couples to the Higgs and contribute a mass correction term of the form
As

AMp = 1672 [A? = 2m% In(Ayy /mg) + .. ] (2.67)

If we require that Ag = |A}[, then the two quadratic contributions cancel each other
exactly. This relationship between the couplings is actually guaranteed by super-
symmetry where fermions and bosons are related by construction in superfields. In
this manner, in principle, all fermionic quadratic radiative corrections are cancelled
exactly by the bosonic contributions of their superpartners, thus solving the problem

of divergent radiative corrections to the Higgs mass.

2.2.4 The Minimal Supersymmetric Standard Model

The MSSM is a supersymmetric extension of the SM with minimal field content
28]. The MSSM obeys the same SU(3), ® SU(2), ® U(1)y gauge symmetries of
the Standard Model but doubles the spectrum of new particles; for every particle
in the SM, a superpartner is postulated which differs by half a unit of spin. The
superpartners are conveniently described by a notation with close correspondence to
the SM notation for bosons and fermions. The names for the spin-0 partners of the
quarks and leptons are constructed by prepending an “s”, for scalar. So, generically
they are called squarks and sleptons, or sometimes sfermions. The symbols for the
squarks and sleptons are the same as for the corresponding fermion, but with a tilde
(7)) used to denote the superpartner of a Standard Model particle. For example, the
superpartners of the left-handed and right-handed parts of the electron Dirac field
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are called left- and right-handed selectrons, and are denoted €;, and €g. A spinor
such as the electron has two degree of freedom, its left- and right-handed parts,
therefore it superpartner is a complex scalar field, composed of two real fields each
with one degree of freedom. Therefore, the “R” in eg refers to the chirality of its SM
counterpart, the right-handed electron; ey is a scalar field, not a spinor, and therefore
has no chirality. A similar nomenclature applies for smuons and staus: iy, fig, 71,
Tr. The Standard Model neutrinos (neglecting their very small masses) are always
left-handed, so the sneutrinos are denoted generically by v, with a possible subscript
indicating which lepton flavor they carry: v., v, v;. In addition, a complete list of
the squarks is qr,, qr with ¢ = u,d, s, ¢, b,t. The gauge interactions of each of these
squark and slepton fields are the same as for the corresponding Standard Model
fermions; for example, the left-handed squarks u; and JL couple to the W boson,
while up and d, r do not. Finally, the fermionic partners of the bosons finish with the

suffix “ino” (e.g. gluino is the superpartner of the gluon).

All the fermions of the standard model and their superpartners reside in chiral
supermultiplets. The simplest possibility for a chiral or scalar supermultiplet, which
is consistent with np = ng, has a single two-component Weyl fermion (with two spin
helicity states, so ngp = 2) and a complex scalar field with two real parts (each with
np = 1). In order to see how the fermions of the SM and their superpartners fit
into chiral supermultiplets, we consider the case of one generation of quarks, leptons
and their superpartners. One can define Q as the superfield containing an SU(2),

doublet of quarks:

o= "* (2.68)
dr,

The “hat” above ) was left out to avoid unecessary clatter. The scalar partners

32



Chapter 2. Theoretical Framework

which are also in an SU(2), doublet are,

. i
o= (2.69)

dr,
In an analogous form, the superfield U¢ (D¢) contains the right-handed up (down)
anti-quark, @g (dg), and its scalar partner, @} (d%). Following the same pattern,
leptons are contained in the SU(2); doublet superfield L which contains the left-

handed fermions,

vy

L= (2.70)

er

and their scalar partners,

- (2.71)

er

Finally, the superfield E* contains the right-handed anti-electron, ég, and its scalar

It
partner, €.

Since the Higgs scalar boson has spin 0, it must reside in a chiral supermultiplet.
Actually, it turns out that just one chiral supermultiplet is not enough. Because of
the structure of supersymmetric theories, only a Y = 1/2 Higgs chiral supermultiplet
can have the Yukawa couplings necessary to give masses to charge +2/3 up-type
quarks (up, charm, top), and only a Y = —1/2 Higgs can have the Yukawa couplings
necessary to give masses to charge —1/3 down-type quarks (down, strange, bottom)
and to the charged leptons. Thus, two Higgs doublets are needed in order to generate

both up-like and down-like quark masses.

We will call the SU(2),-doublet complex scalar fields with Y = 1/2 and Y =

—1/2 by the names H, and ]—fd, respectively. The weak isospin components of H,
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Names spin 0 spin 1/2 | SU3)¢, SU(2)., U(1)y

squarks, quarks | Q | (@p dp) | (ur dy) (3,2, %)
(x3 families) U u, ul, (3,1, —32)
D d;, d, (3,1, 1)

sleptons, leptons | L (v er) (v er) (1,2, -3)
(x3 families) E e el (1,1, 1)
Higgs, higgsinos | H, | (H H°) | (H} HY) (1,2, +3)
Hy | (H) Hy) | (H Hy) (1,2, -3)

Table 2.5: Chiral supermultiplets in the Minimal Supersymmetric Standard Model.
The spin-0 fields are complex scalars, and the spin-1/2 fields are left-handed two-
component Weyl fermions.

with T3 = (1/2, —1/2) have electric charges 1, 0 respectively, and are denoted (H,,
HY). Similarly, the SU(2)-doublet complex scalar Hy has Ty = (1/2, —1/2) com-
ponents (HY, H;). The neutral scalar that corresponds to the physical Standard
Model Higgs boson is in a linear combination of H? and H?. The fermionic super-
partners of the Higgs scalars are called higgsinos. They are denoted by f[u, fld for
the SU(2)-doublet left-handed Weyl spinor fields, with weak isospin components
HF, H® and H 9 H 7. The chiral supermultiplets of a minimal, phenomenologically
viable extension of the Standard Model are summarized in Table 2.5, classified ac-
cording to their transformation properties under the Standard Model gauge group
SU3)c @ SU(2), @ U(1)y, which combines uy,d; and v, e;, degrees of freedom into
SU(2);, doublets. It is also useful to have a symbol for each of the chiral super-
multiplets as a whole; these are indicated in the second column of Table 2.5 by the

symbols: Q, U,ﬁ, ﬁ, E, H, and H,.

The vector bosons of the Standard Model reside in gauge supermultiplets. The
simplest possibility for a gauge supermultiplet contains a spin-1 vector boson. A

massless spin-1 boson has two helicity states, so the number of bosonic degrees of
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Names spin 1/2 | spinl | SU(3)¢, SU(2)., U(l)y
gluino, gluon G, Ja Ja (8,1,0)
winos, W bosons | W | W% WO | w* W?° (1,3,0)
bino, B boson | B BO B° (1,1,0)

Table 2.6: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

freedom is ng = 2. Its superpartner is therefore a massless spin-1/2 Weyl fermion,
again with two helicity states, so np = 2. Gauge bosons must transform as the adjoint
representation of the gauge group, so their fermionic partners must also. Since the
adjoint representation of a gauge group is always its own conjugate, the fermionic
partners must have the same gauge transformation properties for left-handed and
for right-handed components. Such a combination of spin-1/2 gauginos and spin-1

gauge bosons is called a gauge or vector supermultiplet.

The superpartners of the gauge bosons are generically referred to as gauginos. The
SU(3)c¢ color gauge interactions of QCD are mediated by the gluon, whose spin-1/2
color-octet supersymmetric partner is the gluino. The symbols for the gluon and
gluino are g, and g, respectively. The electroweak gauge symmetry SU(2), @ U(1)y
is associated with spin-1 gauge bosons W+, W% W~ and B°, with spin-1/2 super-
partners /I/IV/”“, Wo) W~ and éo’ called winos and bino. After electroweak symmetry
breaking, the W°, BY gauge eigenstates mix to give mass eigenstates Z° and . The
corresponding gaugino mixtures of W and B° are called zino (Z %) and photino (7);
if supersymmetry were unbroken, they would be mass eigenstates with masses my
and 0. Table 2.6 summarizes the gauge supermultiplets of a minimal supersymmet-
ric extension of the Standard Model. A symbol for each of the gauge superfields is
included in second column of the table: Ga, W and B.

The chiral and gauge supermultiplets in Tables 2.5 and 2.6 make up the particle
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content of the Minimal Supersymmetric Standard Model (MSSM). If supersymmetry
were unbroken, then there would have to be selectrons €7, and ¢ with masses exactly
equal to m, = 0.511 MeV. These particles would have been extraordinarily easy to
detect a long time ago. Therefore, if supersymmetry is a symmetry of nature, it
must be a broken symmetry. As we saw in Section 2.2.3, unbroken supersymmetry
guarantees that the quadratic divergences in scalar squared masses must vanish to
all orders in perturbation theory. Now, if broken supersymmetry is still to provide
a solution to the hierarchy problem, then the relationships between dimensionless
couplings that were required in an unbroken supersymmetric theory must be main-
tained (Ag = |As[?). Otherwise, there would be quadratically divergent radiative

corrections to the Higgs scalar masses of the form

1
Am?2 = @(/\S — NPAE + (2.72)

In a broken supersymmetry, some of the terms that do not cancel automatically
are of the form:

)\2

2 _
AMy = 1672

|mg — m?} (2.73)
where some smaller contributions have been omitted. Since these corrections must

not be much greater than my,,,, then in order to avoid too much fine tuning we must

have that [29, 30]

|mg — m3| < 1TeV? (2.74)
Hence, one associates A ~ 1 TeV as the scale where the SM is no longer valid
and must be substituted by its supersymmetric extension. This is however only a

qualitative argument and does not help to predict with any certainty whether new

particles should appear at 900 GeV or at 2 TeV.
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Since supersymmetry is a broken symmetry of nature, we are therefore led to con-
sider Lagrangian terms that will break supersymmetry at tree level. This is achieved
by introducing terms by hand to the supersymmetry-conserving MSSM Lagrangian.
The so-called “soft” terms are chosen to break supersymmetry explicitly which do
not introduce unwanted effects such quadratically divergent terms. Therefore, the

effective MSSM Lagrangian will have the form

L = Lsusy + Lot (2.75)

where Lsusy contains all of the gauge and Yukawa interactions and preserves su-
persymmetry invariance, and L violates supersymmetry but contains only mass
terms and coupling parameters with positive mass dimension. Soft supersymmetry

breaking will be discussed in more detail in Section 2.2.6.

An important feature of the MSSM is that the superpartners listed in Tables 2.5
and 2.6 are not necessarily the mass eigenstates of the theory. This is because after
electroweak symmetry breaking and supersymmetry breaking effects are included,
there can be mixing between the electroweak gauginos and higgsinos, and within the
various sets of squarks and sleptons and Higgs scalars that have the same electric
charge. The lone exception is the gluino, which is a color octet fermion and therefore

does not have the appropriate quantum numbers to mix with any other particle.

The physical mass eigenstates that result from from the mixing of gauginos and
higgsinos are model-dependent linear combinations of these states, called charginos
and neutralinos, which are obtained by diagonalizing the corresponding mass matri-
ces. There are two charginos (Yi) and four neutralinos (¥?), which are by convention
ordered in masses ()Zli is the lowest chargino and X! is the lowest neutralino). De-

pending on whether the chargino or neutralino eigenstate approximates a particular

gaugino or higgsino state, they can become more photino-like or bino-like.
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The supersymmetric partners of the quarks and leptons are spin-zero bosons
and the resulting squarks and sleptons can also mix their left- and right-handed
components yielding the mass eigenstates (denoted by the indices 1,2 instead of
L, R). This mixing is proportional to the mass of the SM partner quark or lepton
and to tan 3 (to be defined later). Thus, the mixing can lead to an important splitting
in the mass spectrum of heavy squarks, specially at large tan 3. In contrast, the first
two families can be considered degenerate in mass. All physical particles of the

MSSM are given in Table 2.7.

2HDM particle spin | SUSY particle spin
quarks: q % squarks: q1, Qo 0
leptons: [ % sleptons: l~1, l~2 0
gluons: Ja 1 gluinos: Ja %
gauge bosons: W%, 20 ~ 1 | neutralinos: %, x9, ;{g, 0 i
Higgs bosons: 10, H?, A°, H¥ 0 | charginos: &, x& 3

Table 2.7: The particle content of the MSSM.

2.2.5 MSSM Lagrangian and R-parity

The MSSM Lagrangian is constructed using the already defined particle content and
following an analogous prescription used with the Lgy. Using a similar notation as

in the SM, the kinetic term of the Lagrangian can be written as:

Lxp = Z{(pusm(msm%W“sz} (276)

1 A vA iy
+ ) {—ZFWF“ + §AADAA}
A
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Here, S; (1) is the scalar (fermion) component of the i chiral superfield, D is the
SU3)c ® SU(2) ® U(1)y gauge invariant derivative, Fy, is the Yang-Mills gauge
field and A4 is the gaugino superpartner of the corresponding gauge boson. It is
worth noticing that the ), is a sum over all fermion fields of the SM, the scalar
partners and the 2 Higgs doublets with their fermion partners. On the other hand,
>4 is over the SU(3)., SU(2)., and U(1)y gauge fields with their fermion partners,

the gauginos.

The interactions between bosons and fermions are completely determined by the

gauge symmetries and by the supersymmetry:

Lint = —V23, 494 [S;T ipAa +hoc.] (2.77)
—% >4 (Zz QAS;TASZ')Q

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

interaction strengths are completely fixed in terms of SM coupling constants.

Once the superfields and the gauge symmetries are chosen, the only freedom in
constructing Lssy is contained in a function called the superpotential, VW which
contains all possible supersymmetry-resptecting interactions. This is an analytic

function® of the chiral superfields, S, that has the form:

where ¢ and j are SU(2);, doublet indices and €;; = —¢j; (with €10 = 1) contracts the

SU(2)r, doublet fields. The term uf[&f[ﬁl gives mass terms for the Higgs bosons and

thus p is often called the Higgs mass parameter. The terms in the square brackets

3The superpotential is analytic in the sense that it does not have complex conjugate
fields
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that are proportional to yg, yp and yy give the usual Yukawa interactions of the

fermions with the Higgs bosons.

The Yukawa matrices determine the current masses and the CKM mixing angles
of the ordinary quarks and leptons after the neutral scalar components of H, and
H; get VEVs. Since the top quark, bottom quark and tau lepton are the heaviest
fermions in the Standard Model, it is often useful to make an approximation that

only the (3,3) family components of each of yy, yq and y, are important:

00 0 00 0 00 O
Yu™ 10 0 0 [> Ya= 0o 0 0> ye=|0o 0 o]- (2.79)
0 0 w 0 0 w 0 0 vy,

In this limit, only the third family and Higgs fields contribute to the MSSM superpo-
tential. It is instructive to write the superpotential in terms of the separate SU(2),
weak isospin components [Qs = (tb), Ls = (v, 7), H, = (H} HY), Hy = (H Hy),
Us =1, Dy =b, B3 = 7], so:

W = y(ttH) —tH}) — yy(btH; — bbHY) — y, (v, H; — 7THY) (2.80)
+u(Hy Hy — H,H))

However, the dimensionless interactions determined by the superpotential are usually
not the most important ones of direct interest for phenomenology. This is because the
Yukawa couplings are already known to be very small, except for those of the third
family (top, bottom, tau). Instead, production and decay processes for superpartners
in the MSSM are typically dominated by the supersymmetric interactions of gauge-
coupling strength. The couplings of the Standard Model gauge bosons (photon,
W*, Z° and gluons) to the MSSM particles are determined completely by the gauge
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invariance of the kinetic terms in the Lagrangian. The gauginos also couple to

(squark, quark) and (slepton, lepton) and (Higgs, higgsino) pairs.

In the most general superpotential, one can add more terms that are gauge-
invariant and analytic in the chiral superfields, which are grouped under Wgxp in

Equation 2.78. These terms are of the form:

Wi = Ay LOLOEY 1 X,y L°O° D7 + N, GDP DY 1 W/ if (2.81)

where the indices o, 3 and ~ label the 3 generations of quarks and leptons. These
terms constitute a problem in the sense that the first two contribute to lepton number
violation interactions, and the third one to baryon number violation interactions®.
The possible existence of such terms might seem rather disturbing, since correspond-
ing B- and L-violating processes have not been seen experimentally. The chiral
supermultiplets carry baryon number assignments B = +1/3 for Qi, B = —1/3 for
Ui, D; and B = 0 for all others. The total lepton number assignments are L = +1 for
L;,L = —1for E;, and L = 0 for all others. Therefore, the first two terms in eq. (2.81)
violate total lepton number by 1 unit (as well as the individual lepton flavors) and the
third term violates baryon number by 1 unit. The combination of lepton and baryon
violation terms can contribute to the proton decay at tree level through the exchange
of the scalar partner of the down quark, which would violate both B and L by 1 unit.
Since this process is experimentally restricted [32, 33, 34, 35, 36, 37, 38, 39] it puts
into question the validity of the model. If both A" and A" couplings were present
and unsuppressed, then the lifetime of the proton would be extremely short. For
0

example, these terms would lead to decays such as pt — e™n% or e" K or 70 or

utKY or vt or vK T ete. depending on which components of M and \” are largest.

4The fourth term can be ignored since one can implement a rotation in the lepton field
L such that this term vanishes [31].
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As a rough estimate based on dimensional analysis, for example,

Lpctmd ™ Mpgon Y (NN md (2.82)
i=2,3

which would be a tiny fraction of a second if the couplings were of order unity and
the squarks had masses of order 1 TeV. In contrast, the decay time of the proton
into lepton+meson final states is known experimentally to be in excess of 103? years.
Therefore, at least one of N¥* or M"'* for each of i = 1,2; j = 1,2; k = 2,3 must be
extremely small. Many other processes also give strong constraints on the violation

of lepton and baryon numbers [40, 41].

One could simply try to take B and L conservation as a postulate in the MSSM.
However, this is clearly a step backward from the situation in the Standard Model,
where the conservation of these quantum numbers is not assumed, but is rather a
consequence of the fact that there are no possible renormalizable Lagrangian terms
that violate B or L. Furthermore, there is a quite general obstacle to treating B and LL
as fundamental symmetries of Nature, since they are known to be necessarily violated
by non-perturbative electroweak effects [42] (even though those effects are calculably
negligible for experiments at ordinary energies). The preferred solution, however, is
to introduce a new symmetry to the MSSM called R-parity [40, 43, 44, 45, 46, 47, 48],
which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential. R-parity (R,) is a multiplicative quantum number

defined as:

R — (_1)3(BfL)+28 ’ (283)

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

—1. The R-parity assignment is very useful for phenomenology because all of the
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Standard Model particles and the Higgs bosons have even R-parity (Pr = +1), while
all of the squarks, sleptons, gauginos, and higgsinos have odd R-parity (Pr = —1).
The R-parity odd particles are known as “supersymmetric particles” or “sparticles”

for short, and they are distinguished by a tilde (see Tables 2.5 and 2.6).

If R-parity is exactly conserved, then there can be no mixing between the sparti-
cles and the Pr = +1 particles. Furthermore, every interaction vertex in the theory
contains an even number of Pr = —1 sparticles. This has three extremely important

phenomenological consequences:

e The lightest sparticle with Pr = —1, called the “lightest supersymmetric parti-
cle” or LSP, must be stable. If the LSP is electrically neutral, it interacts only
weakly with ordinary matter, and so can make an attractive candidate [49] for

the non-baryonic dark matter that seems to be required by cosmology®.

e Each sparticle other than the LSP must eventually decay into a state that

contains an odd number of LSPs (usually just one).

e In collider experiments, sparticles can only be produced in even numbers (usu-

ally two-at-a-time).

2.2.6 SUSY breaking

Because supersymmetric particles have not been observed, the exact symmetry would
need to be hidden at low energies in a manner analogous to electroweak symme-
try. Otherwise, squarks and quarks would have equal masses and gluinos would be
massless. Since this is not the case in nature, supersymmetry should be an exact

symmetry that is broken. As we saw at the end of Section 2.2.4, it is instructive

°Due to cosmological constraints, a cold dark matter candidate need to be stable and
neutral [50, 41].
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to introduce terms into the Lagrangian that explicitly break supersymmetry with-
out having to specify their possible origin. The supersymmetry-breaking couplings
should be soft (of positive mass dimension) in order to be able to naturally maintain
a hierarchy between the electroweak scale and the Planck (or any other very large)
mass scale. This means in particular that dimensionless supersymmetry-breaking
couplings should be absent. To prevent dangerous quadratic divergences, only a
certain subset of supersymmetry-breaking terms are allowed to be present in the
theory and their couplings are denoted as soft parameters. Then, the so-called soft

Lagrangian which breaks SUSY is (first generation only):

1 A o
_‘Csoft = 5 |iM3gg + MQWW + MlBB

+ as [—ngHf — HYQV A, Uy + H3QP Ay, Dy + HF LY A, E; + he.
+ miy | Hal? + miy, | Hu|* + Q?mé”Q?*
+ f)?m%J f)?* + Ui*m%ij Uj + lﬁjm%w D]’ + E:mQEJ Ej

(2.84)

where ¢ and j are the SU(2); doublet indices. It has been shown rigorously that a
softly broken supersymmetric theory with Ly as given by Equation (2.84) is indeed
free of quadratic divergences in quantum corrections to scalar masses, to all orders
of perturbation theory [51]. If the largest mass scale associated with the soft terms
is denoted by myg.g, then the mass splittings between the known Standard Model
particles and their superpartners cannot be too large, setting an upper limit to mg.g
of the order of the TeV scale. Otherwise, we would lose our successful cure for
the hierarchy problem, since the m2, corrections to the Higgs scalar squared mass
parameter would be unnaturally large compared to the square of the electroweak

breaking scale of 174 GeV. Therefore, we expect

~

Ml) M27 M37 Auij7 Ad Aeij ~ Mgoft, (285)

ij )

2 2 2 2 2 2 2 2
inj7 mLij, mUij, mDij, mEij, mHu7 de7 b ~ msoft, (286)
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with a characteristic mass scale mg.g that is not much larger than 1 TeV. The expres-
sion in Equation (2.84) is the most general soft supersymmetry-breaking Lagrangian
that is compatible with gauge invariance and R-parity conservation in the MSSM,

and that it does not introduce quadratic divergences.

Unlike the supersymmetry-preserving part of the Lagrangian, the above £M35M

introduces many new parameters that were not present in the ordinary Standard
Model. A careful count [52] reveals that there are 105 masses, phases and mixing an-
gles in the MSSM Lagrangian that cannot be rotated away by redefining the phases
and flavor basis for the quark and lepton supermultiplets, and that have no counter-
part in the ordinary Standard Model. Thus, in principle, supersymmetry breaking
(as opposed to supersymmetry itself) appears to introduce a tremendous arbitrari-
ness in the Lagrangian. The scalar and gaugino mass terms have the desired effect
of breaking the mass degeneracy between the particles and their SUSY partners.
The tri-linear A terms affect primarily the particles of the third generation. The b
term mixes the scalar components of the two Higgs doublets. All of the quantities
in L,of receive radiative corrections and thus are scale-dependent, satisfying known

Renormalisation Group Equations (RGEs).

However, a soft supersymmetry-breaking Lagrangian cannot be arbitrary or ran-
dom. This is because most of the new parameters in eq. (2.84) allow flavor mixing
or CP violating processes that are severely restricted by experiment [53]-[54]. For
example, if m% were not diagonal in the basis (€g, fig, Tr) of sleptons, then slep-
ton mixing would occur and the individual lepton numbers would not be conserved.
There are also contributions to u — ey that depend on the off-diagonal elements of
the left-handed slepton squared-mass matrix m?, therefore, the slepton squared-mass
matrices should not have significant mixings for €y, jiy, either. Furthermore, after the
Higgs scalars get VEVs, the A, matrix could imply squared-mass terms that mix

left-handed and right-handed sleptons with different lepton flavors, which would also
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contribute to p — ey through (A.)1» and (A,)s; and therefore are required to be

small.

All of these potentially dangerous flavor-changing and CP-violating effects in the
MSSM soft Lagrangian can be avoided if one assumes that supersymmetry breaking
is suitably “universal,” that is, the squark and slepton squared-mass matrices are

flavor-blind, each proportional to the 3 x 3 identity matrix in family space:

m3 =mpl, my=mil, mf=mpl, mi=mjl, mg=m3l.(2.87)

Then all squark and slepton mixing angles are rendered trivial, because squarks
and sleptons with the same electroweak quantum numbers will be degenerate in
mass. Supersymmetric contributions to flavor-changing neutral current processes
will therefore be very small in such an idealized limit, up to mixing induced by
A, Agq, A.. Making the further assumption that the (scalar)® couplings are each
proportional to the corresponding Yukawa coupling matrix,

~ ~

Au - AuO Yu, Ad = AdO Ya, Ae - AeO Ye, (288>

will ensure that only the squarks and sleptons of the third family can have large
(scalar)® couplings. Finally, one can avoid large CP-violating effects by assuming
that the soft parameters do not introduce new complex phases. This is automatic
for m3;, and m7;,, and for mg, mg, etc. if eq. (2.87) is assumed. One can also fix p
in the superpotential and b in eq. (2.84) to be real, by appropriate phase rotations
of fermion and scalar components of the H, and Hy supermultiplets. If one then

assumes that

arg(M,), arg(Ms), arg(Ms), arg(Ay), arg(Aqp), arg(Ae) = Oorm, (2.89)
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then the only CP-violating phase in the theory will be the usual CKM phase found

in the ordinary Yukawa couplings.

The conditions of eqs. (2.87)-(2.89) make up what is called the hypothesis of
soft supersymmetry-breaking universality. These equations could be interpreted as
an assumed underlying simplicity or symmetry of the Lagrangian at some very high
energy scale g, such as the GUT scale; therefore, they should be viewed as boundary
conditions on the running soft parameters at that input scale, which is likely very
far removed from direct experimental probes. We must then RG-evolve all of the
soft parameters, the superpotential parameters, and the gauge couplings down to
the electroweak scale or comparable scales where experiments are performed. At the
electroweak scale, Equations (2.87) and (2.88) will no longer hold exaclty, however,

to a good approximation, key flavor- and CP-conserving properties remain.

An interesting result in favor of the MSSM is its apparent unification of gauge
couplings at a scale My ~ 2 x 101 GeV [55]. Figure 2.4 compares the RG evolution
of the a !

a )

the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the

including two-loop effects, in the Standard Model (dashed lines) and
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right particle content to ensure that the gauge couplings can unify, at a scale My ~
2 x 10 GeV. While the apparent unification of gauge couplings at My might be
just an accident, it may also be taken as a strong hint in favor of a grand unified

theory (GUT) which accommodates gauge coupling unification below Mp.

The basic question to be addressed next regards the nature of the explicit soft
supersymmetry breaking mechanism which results in the Ly, parameters. Various
models have been postulated which provide a different mechanism for SUSY breaking,
for example, in Supergravity (SUGRA), the force of gravity communicates the origins
of SUSY breaking from a high mass scale to the electroweak scale. In a particular
SUGRA model, the so-called minimal SUGRA model (mnSUGRA), grand unification
is presumed at a high mass scale (~ 10'% GeV) and the MSSM spectrum can be fully
characterized by 4 parameters and a sign at the grand unification theory (GUT):
a common scalar mass (mg), a common gaugino mass (m %), a common trilinear
coupling value (Ap), the ratio of the vacuum expectation values of the two Higgs
doublets (tan (), and the sign of u, where p is the Higgsino mass parameter. A more

detailed introduction to mSUGRA will follow in Chapter 3.

A different possibility is that the flavor-blind mediating interactions for super-
symmetry breaking are the ordinary electroweak and QCD gauge interactions. In
this gauge-mediated supersymmetry breaking (GMSB) models [56, 57], the MSSM soft
terms come from loop diagrams involving some messenger particles. The messengers
are new chiral supermultiplets that couple to a supersymmetry-breaking VEV, and
also have SU(3)c x SU(2)r, x U(1)y interactions, which provide the necessary con-
nection to the MSSM. In contrast to mSUGRA, GMSB can be understood entirely
in terms of loop effects in a renormalizable framework. This model is beyond the

scope of this thesis.
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2.2.7 Neutralinos and charginos

The higgsinos and electroweak gauginos mix with each other because of the effects
of electroweak symmetry breaking. The neutral higgsinos (ﬁg and ﬁg) and the
neutral gauginos (E , Wo) combine to form four mass eigenstates called neutralinos.
The charged higgsinos (H; and H ;) and winos (W+ and W) mix to form two
mass eigenstates with charge 41 called charginos. We will denote the neutralino and
chargino mass eigenstates by X (i = 1,2,3,4) and X; (i = 1,2). By convention, these
are labeled in ascending order, so that mg < mg < mgy < mso and Mgt < Mg

The lightest neutralino, XY, is usually assumed to be the LSP, unless there is a lighter

gravitino or unless R-parity is not conserved.

In the gauge-eigenstate basis ¢° = (B, wo, HY. H?), the neutralino mass part of

the Lagrangian is

1
Lreutralino mass = _E(wo)TM%‘”/’O +c.c., (2.90)

where

M, 0 —gva/V2 g V2

0 My gra/V2  —gu/V?2
Moo — | (2.91)

X
—gva/V2  gua/V2 0 —

glﬂu/\/§ _gvu/\/§ —H 0

The entries M; and M, in this matrix come directly from the MSSM soft Lagrangian
[see eq. (2.84)], while the entries —p are the supersymmetric higgsino mass terms.

The terms proportional to g, ¢’ are the result of Higgs-higgsino-gaugino couplings,
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with the Higgs scalars replaced by their VEVs: v, and v,;. This can also be written

as

Mo =

X

My

—Cg Sw Mz

SgSw Mz

0 —Cg Swmz

M, cg Cy My
cgCw My 0
—SgCy My —

SgSw Mz

—SgCw Mz

(2.92)

Here we have introduced abbreviations sg = sin 3, c¢g = cos 3, sy = sinfy, and

cw = cos fyy. The mass matrix Mo can be diagonalized by a unitary matrix N to

obtain mass eigenstates:

where IN;; is the mixing matrix, so that

N*MyN"! =

0 0 0
mgy 0 0

0 mg O

0 0 mgp

(2.93)

(2.94)

has real positive entries on the diagonal. These are the magnitudes of the eigenvalues

of Mjo, or equivalently the square roots of the eigenvalues of M;OMQO. The indices

(4,7) on N;; are (mass, gauge) eigenstate labels.
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The chargino spectrum can be analyzed in a similar way. In the gauge-eigenstate

basis T = (Wﬂ ﬁ[j, w-, I:Td’), the chargino mass terms in the Lagrangian are

1
L hargino mass = _§(¢i>TM>Zi¢i +c.c. (2.95)

where, in 2 x 2 block form,

0 X7
Mgz = , (2.96)
X 0
with
M, GUy M, \/585 mw
X = = . (2.97)
gua M \/50,@ mw 2

The mass eigenstates are related to the gauge eigenstates by two unitary 2x2 matrices

U and V according to

xF Wt i w-
=V ) =U . (2.98)
% H; % Hy
Note that the mixing matrix for the positively charged left-handed fermions is dif-

ferent from that for the negatively charged left-handed fermions. They are chosen

so that

My 0
UXV!= : (2.99)
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with positive real entries ms=. Because these are only 2x2 matrices, it is not hard

to solve for the masses explicitly:

1

X170 '""X2

IF\/(|M2|2 + |p|? 4+ 2m3)? — 4|puMy — m3, sin 23]2]. (2.100)

These are the (doubly degenerate) eigenvalues of the 4 x 4 matrix MLEM%:!:, or
X

equivalently the eigenvalues of XX, since

2
m=_y 0
VXIXv! =Uuxxful=| ™ . (2.101)
2

Note that the discussion above yields the tree-level masses.

If the gaugino masses and the gauge couplings unify at the GUT scale [58], then

M3 M2 Ml m s
_ _ _ 2.102
922 9  5/3¢% ¢HMGUT) ( )

which is invariant under the application of the renormalization group equation [16].
Using Equation 2.46 this implies that

Ml(mz) 5

URZ)  Phan?0y A 2.103
My(my) 3 W ( )

| —

In the limit of u > |M;| > my, i = 1,2, the lightest neutralino X! is mostly Bino, the
next to lightest X3 neutralino is mostly neutral Wino and the neutralinos X9, i = 3, 4,
are mostly neutral Higgsinos. The lighter chargino Y is mostly charged Wino, while
the heavier chargino is mostly charged Higgsino. Their respective masses roughly

satisfy

Mg & Mgy &2 My, |p| = mg & mg ~mege > mee (2.104)
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In the limit of p < |M;|, i = 1,2, the neutralinos X?, i = 1,2, are mostly neutral
Higgsinos and the neutralinos Y7, i = 3,4, are mostly Bino and neutral Wino, respec-
tively. The lighter chargino Y is mostly charged Higgsino and the heavier chargino

X5 is mostly charged Wino. Their masses satisfy

Mg & Mgy & Mgy & ], 2-mgo & mgy ~ me (2.105)

2.2.8 Decays of neutralinos and charginos

As we saw in Section 2.2.7, each neutralino and chargino contains at least a small
component of the electroweak gauginos B , WOor W*. So )A{;t and YV inherit couplings
of weak interaction strength to (scalar, fermion) pairs. The relevant couplings of the
chargino and neutralino components are listed in Figure 2.5. It has to be noted that
the charged Wino W couples only to left-handed sleptons and that the Higgsino

H has a Yukawa coupling to third generation particles. If sleptons or squarks are

:F
I v I, v TZ?-,TE 7
wf"’J IR AN w»ffj IR H/L\H
v, IF Ve, TH W wWF
it p/fJ\‘\\ i¥, i+ /J‘\\\ 73, 0 it /L\\ 1o e P//LX\ 70

s VI

Figure 2.5: Relevant couplings of the components of chargino and neutralino.

sufficiently light, a neutralino or chargino can therefore decay into lepton+slepton or
quark-+squark. If sleptons are lighter than squarks, the lepton+slepton final states
are favored. A neutralino or chargino may also decay into any lighter neutralino or
chargino and a Higgs scalar or an electroweak gauge boson, because they inherit the

gaugino-higgsino-Higgs and SU(2), gaugino-gaugino-vector boson couplings of their
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components. So, the possible two-body decay modes for neutralinos and charginos
in the MSSM are:
X0 = ZX5 WXy, BOXD, 00 v, [A°X), HOXD, HEXS. qd),  (2.106)

Xi = WX5, Zxy, KXy, o, vl [APXY, HOXY, HEXG, qd),  (2.107)

where v, ¢, g represent neutrinos, charged leptons, and quarks respectively. The final
states in brackets are the most kinematically restricted. Since the Higgs scalar h° is
required to be light, it is also the most likely of the Higgs particles to appear in the

final state.

If two-body decays are kinematically forbidden for a given chargino or neutralino,

especially for Xi and X9, then three-body decays may occur
Xi = [IXG X = 1IXS, Xi = 1Y), and X — fIXG (2.108)

through the same gauge bosons, Higgs scalars, sleptons, and squarks that appeared
in the two-body decays of Equations (2.106) and (2.107), but now off-shell. Here
f represents a lepton or quark, with f and f’ being distinct members of the same

SU(2)r, multiplet, and where one of the them in each of these decays is an antifermion.

The Feynman diagrams for the decays of chargino and neutralino with X9 in the
final state that seem most likely to be important are shown in figures 2.6 and 2.7.

In many situations, the decays

Xi — X, Xo — L7 XY (2.109)

can be particularly important for phenomenology, because the leptons in the final

state would commonly result in clean signals. In parts of the parameter space of the
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mSUGRA model these decays are more likely if the intermediate sleptons mediating

the decay chain are relatively light, even if they cannot be on-shell.

Figure 2.6: Two body decay modes for X7 (left) and X3 (right). These modes via
real sleptons occur when the slepton mass is smaller than that of the chargino and
neutralino.
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Figure 2.7: Three body decay modes for X7 (left) and X3 (right). These modes occur
when the slepton mass is larger than the chargino and neutralino masses, so the
decay occurs via virtual W* and Z° (top) or via virtual sleptons (bottom).
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If the mSUGRA parameter tan/ is large, then 7 and b Yukawa couplings become
non-negligible as well, and as a result, ¢; and 51 can be significantly lighter than first
and second generation sleptons and squarks. The enhanced mixing of staus can often
result in larger branching fractions for both X3 and Y7 into final states with taus,

rather than electrons or muons.

In the next chapter, we will discuss chargino and neutralino production and decay
in the context of the mSUGRA model. An introduction to mSUGRA will be followed
by a brief description of its phenomenology and of various constraints imposed on

this phenomenology by independent physical measurements.
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Chapter 3

mSUGRA

3.1 Origins of supersymmetry breaking

In the MSSM, supersymmetry breaking is simply introduced explicitly by adding soft
susy breaking terms to the Lagrangian. However, as was discussed in Chapter 2, these
soft parameters cannot be arbitrary. In oder to avoid potentially dangerous flavor-
changing and CP-violating effects in the MSSM soft Lagrangian, supersymmetry
breaking must be assumed “universal,” that is, the squark and slepton squared-
mass matrices must be flavor-blind and proportional to the 3 x 3 identity matrix
in family space (Equation 2.87). Furthermore, the (scalar)® couplings must each be
proportional to the corresponding Yukawa coupling matrix (Equation 2.88). Finally,
one can avoid large CP-violating effects by assuming that the soft parameters do not
introduce new complex phases (Equation 2.89). In order to understand how these
patterns can emerge, it is necessary to consider models in which supersymmetry is
spontaneously broken. By definition, this means that the vacuum state |0) is not
invariant under supersymmetry transformations, so Q,|0) # 0 and QL\O) # 0, where

a = 1,2 are spinor indices. Now, in global supersymmetry, the Hamiltonian operator
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H = PV is related to the supersymmetry generators through the algebra:

{Qou QL} = _ZUgde (3‘1>
therefore,
=P = (@0} + Qloy + :0h + QL) (32

If supersymmetry is unbroken in the vacuum state, it follows that H|0) = 0 and the
vacuum has zero energy. Conversely, if supersymmetry is spontaneously broken in

the vacuum state, then the vacuum must have positive energy, since

(0110) =  (IQUOIP + Q0 + QO + [Q:10) ) > 0 (3.3)

However, the field content of the MSSM does yield terms whose VEVs that can
lead to an acceptable phenomenology and spectrum [16]. Therefore, the ultimate
supersymmetry-breaking order parameter, or VEV, cannot belong to any of the
MSSM supermultiplets. Supersymmetry breaking would need to occur in a “hidden

“visible sector”

sector” of particles that have only very small direct couplings to the
chiral supermultiplets of the MSSM. However, the two sectors must share some inter-
actions that are responsible for mediating supersymmetry breaking from the hidden
sector to the visible sector, resulting in the MSSM soft terms. These terms would

arise indirectly or radiatively, rather than from tree-level renormalizable couplings

to the supersymmetry-breaking order parameters.

In a popular class of models the mediating interactions are associated with the
new physics, including gravity, that enters near the Planck scale. In this “gravity-
mediated”, or Planck-scale-mediated supersymmetry breaking (PMSB) model, if su-

persymmetry is broken in the hidden sector by a VEV (F'), then the soft terms in
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Supersymmetry Flavor-blind MSSM
breaking origin [/ \/\/\V/\/"\J

(Hidden secton) interactions (Visible sector)

Figure 3.1: The presumed schematic structure for supersymmetry breaking

the visible sector should be roughly [16]

Mgofy, ™~ <F>/Mp, (34)

For mgog of order a few hundred GeV, one would therefore expect that the scale

associated with the origin of supersymmetry breaking in the hidden sector should be

roughly /(F) ~ 10'% or 10! GeV.

A we saw in section 2.2.2; a supersymmetry transformation should turn a scalar

boson field ¢ into a fermion field v,,.

56 = e, 56" = €l (3.5)

where € is an infinitesimal, anticommuting, two-component Weyl fermion object
parameterizing the supersymmetry transformation. However, taking into account
gravity, supersymmetry can no longer be a global symmetry, but a local one. This
means that the spinor parameter €* is no longer a constant, but a function of the
space-time coordinate x. The resulting locally supersymmetric theory is called su-
pergravity [152, 153], which unifies the spacetime symmetries of general relativity

with local supersymmetry transformations.
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3.2 mSUGRA (minimal SUper GRAVvity)

In supergravity the spontaneous supersymmetry breaking sector connects with the
MSSM sector through the effects of gravity. When supersymmetric theory is ex-
tended to include gravity, the resulting supergravity theory is non-renormalizable as
a quantum field theory. These non-renormalizable interactions can be neglected for
most phenomenological purposes, because they have couplings proportional to powers
of 1/Mp. However, these interactions may play an important role in understanding

how supersymmetry breaking is transmitted to the MSSM.

A non-renormalizable supersymmetric Lagrangian for a gauge-invariant theory
involving chiral and vector superfields can be constructed [16]. If we consider a glob-
ally supersymmetric effective Lagrangian, with the Planck scale suppressed effects
that communicate between the two sectors included as non-renormalizable terms, it
is possible to identify a soft supersymmetry-breaking Lagrangian in the low-energy
effective theory. It has been popular to assume a “minimal” form for the normal-
ization of kinetic and gauge interaction terms in the non-renormalizable Lagrangian
[59]. This allows us to write the soft Lagrangian in terms of the superpotential pa-
rameters y* and p¥/, which are supersymmetry preserving, and a simplified version
of the general parameters that embody the non-renormalizeable character of the gen-
eral supergravity Lagrangian. These parameters in their simplified form are three
dimensionless real couplings f, k, n, and two real dimensionless constants a and (3.

The “minimal” soft Lagrangian is then

F F . F L
fan =~y = Sl @ sy - S+ o, e
Mg (3] .

where ¢; and A\* are the scalar and gaugino fields in the MSSM sector, and (F) is
the VEV that breaks the supersymmetry in the hidden sector. If y/(F) ~ 10 or
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10 GeV, then the MSSM-sector soft terms (mgog ~ (F')/Mp) would be of order of
a few hundred GeV. In principle, the original Lagrangian parameters that assumed
a simplified form in f, k, n, a and 8 ought to be determined by the fundamental

underlying theory. In this minimal scheme, it is possible to re-parametrize the soft

terms in £M35M in terms of only four parameters: m, /2, m§, Ao, By.
F F)? F
7711/2:](‘< >7 mg:(k+n2>|< >2| ) AOZ((X+3H)< >7 BOI<B+2n)

Rewriting the soft Lagrangian in terms of these parameters we get

m Ay . By ..
Lot = =5l NN = Ly 0,00 — 00, + e (3:8)
—mg¢™ i

The Lagrangian of Equation 3.9 represents the soft Lagrangian of a supersymmetric
theory with a general field content in a minimal supergravity framework. Therefore,
for the field content of the MSSM, we can identify the parameters of Equation 3.9 with
the coefficients appearing in the soft Lagrangian of Equation 2.84 at a renormalization

scale Q ~ Mp.

Mz = My = M, = may/2, (3 9)
mé:m%:m%:m%—mg—mgl, mzu—m%d—mg, (3.10)
a, = Agyu, aq = Apya, a. = Apye, (3.11)
b = By, (3.12)

This framework successfully evades the most dangerous types of flavor changing and
CP violation as discussed in section 2.2.6. In particular, egs. (3.10) and (3.11) are
stronger versions of egs. (2.87) and (2.88), respectively. If my /5, Ag and By all have
the same complex phase, then eq. (2.89) will also be satisfied. These parameters

should be viewed as RG boundary conditions on the soft parameters at the scale
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Mp, and their RG evolution down to the electroweak scale will then allow to predict
the entire MSSM spectrum in terms of just five parameters my o, mo, Ao, By, and p

(plus the already-measured gauge and Yukawa couplings of the MSSM).

This theoretical framework has been the subject of the bulk of phenomenological
and experimental studies of supersymmetry, and has become a benchmark scenario
for experimental collider search limits. It is sometimes referred to as the minimal
supergravity (mSUGRA) or Constrained Minimal Supersymmetric Standard Model
(CMSSM) scenario for the soft terms.

3.3 Radiative electroweak symmetry breaking

In the mSUGRA framework, electroweak symmetry breaking is somewhat more com-
plicated than in the SM because in the MSSM there are two Higgs doublets. In order
to break electroweak symmetry, we need to find vacuum expectation values (VEVs)

for the scalar potential V' of the Higgs scalar fields.

Vo= (Il +mig )(H P+ [HT ) + (] +mi, ) ([ Hg” + [ Hy ) (3.13)

+[b(HfH; — HHY) + c.c.]

1 1

+3 (" + gV + [H P = [Hal* = [Hy P)* + 507 | Hy Hy + HHy "
The terms proportional to |¢|? and to g? and ¢g’* come from the scalar potential of the
supersymmetry preserving Lagrangian. On the other hand, the terms proportional
to my,, my, and b are just a rewriting of the last three terms of the MSSM soft
Lagrangian (Equation 2.84). Terms for squark and slepton fields with large positive
squared masses are left out of Equation 3.14 because they do not get VEVs. Further-
more, a possible VEV for one of the charged components of the Higgs scalar fields

can be rotated away without any loss of generality through a SU(2); gauge trans-
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formation so that H = H; = 0 at the minimum of the potential. This is indeed
desirable since it guarantees that at the minimum of the potential electromagnetism
remains unbroken. Therefore, the only part of the potential that needs to get VEVs

18

Vo= (i ) HOPR + (0P 4+, ) P — (6 HOHS + c.c) (3.14)
1
+2 (g7 + g (HOP — |HYP)?

In models derived from mSUGRA, m3;, = mj; is supposed to hold at tree level

at the input scale; however, negative contributions to the RG equation for quu
due to the effects of the large top Yukawa coupling pushes it to negative or small
values m¥; < m%{d at the electroweak scale. Therefore, in these models electroweak
symmetry breaking is actually driven by quantum corrections in what is known as
radiative electroweak symmetry breaking. We can now require that the VEVs be
compatible with the observed phenomenology of electroweak symmetry breaking,

SUR2), @ U(l)y — UQ)gn- If we write

va = (Hy), va = (Hy). (3.15)

then, these VEVs are related to the known mass of the Z° boson and the electroweak

gauge couplings:

v2 407 = v =2m%/(g> + ¢*) ~ (174 GeV)?. (3.16)

The ratio of the VEVs is traditionally written as

tan 3 = v, /vq. (3.17)
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Now one can write down the conditions dV/IH? = 0V/OH) = 0 under which the
potential eq. (3.15) will have a minimum satisfying Equations (3.16) and (3.17):

my; + > — beot B — (m3/2) cos(26) = 0, (3.18)
my;, + |ul> — btan 8 + (m%/2) cos(28) = 0. (3.19)

These relations allow us to eliminate two of the Lagrangian parameters b and |u| in
Equation 3.12 in favor of tan 3, but do not determine the phase of u. Therefore,
to a reasonable approximation, the entire mass spectrum in mSUGRA models is
determined by only five unknown parameters: mZ, my /2, Ao, tan 3, and Arg(p).
As mentioned before, the soft parameters appearing in Equations 3.9 through 3.12
need to be RG evolved down to the electroweak scale in order to predict the MSSM
spectrum. Figure 3.2 shows the RG running of scalar and gaugino masses in a typical
model based on the mSUGRA boundary conditions imposed at Qy = 2 x 106 GeV.
The dot-dashed lines labeled H, and Hy are the running values of the quantities
(12 +m3, )/ and (u* +m3,)"/?, which appear in the Higgs potential.

As all components of the two SM Higgs doublets can be complex, eight degrees of
freedom exist[60] and mix to form the five physical states of the Higgs spectrum and
the three Goldstone bosons that provide the longitudinal components of the massive
W= and Z° bosons via the Higgs mechanism. The remaining five Higgs scalar mass
eigenstates consist of two CP-even neutral scalars h° and H°, one CP-odd neutral
scalar A°, and a charge 41 scalar H* and its conjugate charge —1 scalar H~. The

gauge-eigenstate fields can be expressed in terms of the mass eigenstate fields as:

H* = Hisinf+ Hrcosp (3.20)
A® = V2(ImH3sing + ImH cosf3 (3.21)
h' = —(V2ReHY — vy)sina + (V2ReH? — v, )cosax (3.22)
H° = (V2ReH! — vy)cosa + (V2ReH? — v, )sina (3.23)
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Figure 3.2: RG evolution of scalar and gaugino mass parameters in the MSSM with
MSUGRA boundary conditions imposed at @y = 2 x 10! GeV. The parameter
p?+ m%{u runs negative, provoking electroweak symmetry breaking [16].

where o and (§ are the mixing angles. Their masses are given by

mho = 2b/sin(26) = 2|p|* +mi;, +mi, (3.24)
1

Mio o = 5 (mio +my F \/(mio —m%)? + dmm?, sin2(26)), (3.25)

Mie = M0 + miy. (3.26)

The masses of A°, H® and H* can in principle be arbitrarily large since they all grow
with b/ sin(2(3). In contrast, the mass of h° is bounded above. From Equation (3.25),

one finds at tree-level [61]:

mpo < my|cos(20)] (3.27)
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3.4 mSUGRA phenomenology

Motivated by the observed suppression of flavor changing neutral currents and by
the near unification of gauge coupling constants at Mgyr ~ 23 x 106 GeV, the
mSUGRA model assumes a common mass myq for scalars and a common mass m; s
for gauginos at scale Q = Mgyr. In addition, the soft breaking trilinear A terms are
also assumed unified to Ag at Q = Mgyr. The magnitude of the superpotential
term is determined by requiring radiative breaking of electroweak symmetry, which
allows one to trade the bilinear b parameter for the parameter tan = v, /vy. This
assumed simplicity results in a significantly reduced number of parameters required to
generate the entire supersymmetric mass spectrum and the possibility of estimating
the cross section of various supersymmetric production processes. For example, the
LEP2 limit on chargino mass myx > 95 GeV [62] implies that gluinos and most
squarks should have masses typically greater than 300 GeV, so that strong sparticle
production at the Tevatron is expected to be suppressed. Then, Xli )Zli production and
Xfxg production are expected to be the dominant sparticle production mechanisms.
In fact, it has become increasingly clear that the trilepton signal from pp — xixJ
followed by X3 — I and xi — lvx! (I = e, i) is one of the most promising channels

for discovery of supersymmetry at the Fermilab Tevatron collider [63, 69].

Figure 3.3 shows various production cross sections as a function of mg assuming
five generations of degenerate squarks, for a) mgz = mz and b) mg = 2myg, with p =
+myg, and tanf3 = 3. The region to the left of the vertical line is excluded by the LEP2
chargino mass limit myx > 95 GeV [62]. It can be seen that electroweak production of
charginos and neutralinos dominates over the strongly produced gg, qg, and gq cross
sections over practically all of the parameter space for which |u| > My, My. The cross
section for xTxY is relatively suppressed because x? is dominantly a hypercharge, or
bino-like, gaugino and it couples to W via its suppressed components, while the

squark or gluino plus chargino or neutralino associated production reactions (dash-
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Figure 3.3: Sparticle production cross
sections as a function of mg for p =
+myg and tanf = 3 [118].
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Figure 3.4: Sparticle production cross
sections as a function of mg for p =

—mg and tanf = 3 [118].

dot-dot curves) occur at smaller rates. These general qualitative features hold for

both regimes shown. Similar results are shown in Figure 3.4 for p = —mg. In this

case, for low values of mgz with mg ~ myg, the strong production cross sections can

be dominant, but only in parameter space regions already excluded by LEP2. Since

opposite sign dilepton or jet plus lepton signals from x; ¥; production suffer from

large standard model backgrounds, many SUSY searches have focused on the clean

trilepton signature from 73 production for which the SM background is expected

to be small.

shown in Figure 3.5.
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q Xi 7 X
W
(’j*
~0
7 X9 q @

Figure 3.5: Associated i X9 production through s-channel via virtual W+ exchange
(left) and t-channel via ¢ exchange (right). For Xi and X3 masses near W* and Z°
masses a measurable production rate can be expected. The two diagrams interfere
destructively, therefore a large ¢ leads to a higher production cross section.

The phenomenology of mSUGRA has been extensively studied yielding specific
ranges of parameter space of more interest to trilepton analyses than others. Out of
the 5 independent mSUGRA parameters, only two: mg and m; s, play a significant
role in the sensitivity of trilepton analyses. Figure 3.6 shows the dependence of the
masses of the MSSM particles on mg and m; ,. This figure (and the ones that follow)
were generated starting from a single mSUGRA point and varying one parameter
at a time [156]. The benchmark point used corresponds to: mgy = 60 GeV/c?,
my/o = 190 GeV/c?, tanf3 = 3, Ag = 0 and p > 0'. While the masses of sleptons and
squarks depend strongly on mg, the mass of chargino and neutralinos show almost

no dependence on this parameter.

The decay branching ratios of i and Y9 as functions of mq and m; /2 are show in
Figures 3.7 and 3.8 respectively. A strong dependence of the branching ratios on both
of these parameters is observed. For example, for my = 60 GeV/c?, the branching
ratio for the decay of ¥i to an on-shell stau (Yi — 7i'v,) is approximately 83%,

while at my = 140 GeV/c? the branching ratio for this same decay channel is nearly

LA similar dependence of the masses, branching ratios and cross-sections on the param-
eters is observed for pu < 0 [156].

69



Chapter 3. mSUGRA

mSUGRA masses for u>0 mSUGRA masses for 1> 0
~ 220 —~ 220
q r 0 < F ~0
o —_— o —
s r X s F %
& 200— ~0 & 200— ~0
% E e 3 3 C xg
180— y 7 180(— s
g o / X1 g r X1
160? — &g, 160; — & i,
140 = T, 140 - T
120 —— Ve Vy 120 Ve Vy
100~ Ve 100~ Vo
C e . & Y
g0 LMy g0 LM
E —7 E —7,
60, 1 1 Il 1 1 1 1 Il 1 60 1 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180 200 160 180 200 220 240 260 280 300 320 340
m, (GeV/c?) m,, (GeV/c?)

Figure 3.6: Mass of relevant supersymmetric particles as a function of my (left) and

0% [156].
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Figure 3.7: Decay branching ratios of Xi (left) and X3 (right) as functions of my for
1> 0 [156).

The cross-section for the associated production of chargino-neutralino in pp (v/s =
1.96 TeV) collisions at the Tevatron are show in Figure 3.9 as a functions of my
and my /. The cross-sections were calculated with PROSPINO 2.0 and the particle
spectrum was generated with ISAJET 7.75 [156].

By taking into account the dependence of the cross-section for the associated

production of Y9 on mg and m; /2, and the dependence of the decay branching
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Figure 3.8: Decay branching ratios of Y7~ (left) and Y5 (right) as functions of mj
for u > 0 [156].

ratios of these particles on the same parameters, it is possible to divide the mg-m;

plane into regions with different sensitivity for a trilepton analysis. Three main re-
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Figure 3.9: Cross section for the production of Y7xJ in pp collisions at the Tevatron
as a function of mg and my s, for tang = 3, Ag = 0 and p > 0 [156].
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gions were identified in a previous work [156], each defined by the dominance of a
particular decay mode of chargino and neutralino and by its final states. In each

region m(X9) ~ m(X5).

Region A: m(Y3) < m(l5) < m() < m(lf). Only three-body decays via off-shell
particles are possible. The decay via off-shell W* or Z° bosons is dominant for higher
mo; however, at the border of region A where m(Y9 ~ m(Tﬁ) the decay via off-shell

sleptons (€, fig, 71) is dominant.

Iri-
N liVl
Xi — X =1 e 0Z2" =X g (3.28)
4192
vy
XE o - X, XS = T - (3.29)

Region B: m(&) <m(x9) <m(v) < m('[f) As long as the mass of the slepton is
lower than the mass of the decaying neutralino and chargino a sequential two-body

decay via on-shell right-handed sleptons (€g, fig, 71) is dominant.

XE — %Vl — YOIty X9 — %F — Xt (3.30)
Region C: m(Tli_-{) < m@) < m(xy) < m(FLE) On-shell decays via right-handed
sleptons (€g, fig, T1) and sneutrinos (7., v,, V,) are available. Which of the two

on-shell decay channels is dominant depends on the mixing of the chargino and

neutralino.
Xi — nlt — X, X5 — Uit — X (3.31)
o G- W, X = HF - A (3.32)
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Branching ratio of Zfig into three leptons

N
B
o

Cc

m(l)<m()<m(x))

m, , (GeV / ¢?)
N
W
o

220

210

200

190

180

170

80 100 120 140

160 60

m, (GeV / ¢?)

Figure 3.10: Branching ratio for the decay of a chargino-neutralino pair into three
leptons, where leptons are electrons, muons and taus, for tang = 3, Ay = 0 and
>0 [156].

As the cross section for the associated production of Yx9 has a rather simple
dependence on the mSUGRA parameters mg and m, 2, the branching ratio into three
leptons is the major factor that determines the sensitivity of a trilepton analysis and
its potential to exclude parts of the mSUGRA parameter space. Figure 3.10 shows
a color-coded map of the branching ratios in the mg-my/, plane [156]. Region A of
parameter space shows the lowest branching ratios to trileptons. For high values
of mg the decay is dominated by the exchange of an off-shell W** or Z% boson.
Given that these bosons can decay to final states with two neutrinos or quarks, the
overall branching ratio to three leptons is low. At the border of region A and B,
where m(X3) ~ m(l}), the decay via off-shell slepton becomes dominant. Since
sleptons decay to leptons 100% of the time, the branching ratios of 5 and X3 into

three leptons increases. In region B the decay via on-shell right-handed sleptons is
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dominant. As this decay has 100% leptons in the final state, the branching ratio
into three leptons increases, making this region of parameter space the most likely to
produce a trilepton signature. Finally, In region C the decay via on-shell sneutrinos
becomes available and the branching ratio decreases again. Therefore, the exclusion
limit should be optimal in region B, which has motivated the choice of benchmark
points with mg = 60 GeV/c? and my/2 = 190 GeV/c* in SUSY trilepton analyses.
The value of tan3 = 3 is chosen to ensure abundant decays to final states with
electrons and muons; taus leptons are only used as third leptons in this analysis.
Furthermore, the production cross-section of chargino-neutralino peaks at tang = 3
for p# > 0. The trilinear coupling is chosen at Ag = 0 to avoid decays of chargino to
quarks in the final state at higher values of Ay, but low enough to include electrons

and muons in the final state.

3.5 Experimental constraints on mSUGRA

Constraints on the parameter space of mSUGRA are found in a series of physical
measurements. The combination of constraints points to favored regions of model
parameter space where collider and non-accelerator SUSY searches may be more

focused. These constraints come from:

o LEP2 direct limits

The relic density of cold dark matter in the universe

The branching fraction for the radiative b — sy decay

e The muon anomalous magnetic moment

The flavor violating decay Bs — putu~

Each of these quantities and their constraints on mSUGRA will be discussed next.
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3.5.1 LEP direct limits

Based on negative searches for superpartners at LEP2, it is required that Myt >
103.5 GeV/c? and mz >~ 100 GeV/c?, which is the most stringent of the slepton
mass limits [158]. The LEP2 experiments also set a limit on the SM Higgs boson
mass: my, > 114.4 GeV/c? [157). In our mSUGRA parameter space, the lightest
SUSY Higgs boson h is almost always SM-like. The exception occurs when the value

of m4 becomes low at very large values of tan/.

3.5.2 Neutralino relic density

Measurements of galactic rotation curves, binding of galactic clusters, and the large
scale structure of the universe all point to the need for significant amounts of non-
baryonic Dark Matter (DM) in the universe. In addition, detailed analyses of the
anisotropies of the cosmic microwave background (WMAP) point to a cold dark

matter density [159]
0.106 < Qeparh? < 0.121 (3.33)

In many R-parity conserving models such as mSUGRA, the lightest neutralino (Y9)
is also the lightest SUSY particle (LSP); as such, it is massive, neutral and stable.
Therefore, relic neutralinos left over from the Big Bang provide an excellent candidate
for the CDM (Cold Dark Matter) content of the universe. The upper limit above
represents a true constraint, while the corresponding lower limit is flexible, since there
may be additional sources of CDM. In the early universe, such neutralinos would exist
in thermal equilibrium with matter and radiation. As the universe expanded and
cooled, the thermal energy would no longer be sufficient to produce neutralinos at an
appreciable rate, and annihilation and co-annihilation reactions to SM particles and

Higgs bosons would reduce their relic density. Therefore, the mSUGRA parameter
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space can be scanned for areas that are consistent with the observed best limits on

Qcparh?, while regions that would produce relic densities in excess can be ruled out.

3.5.3 b — sy decay

The transition b — s7v is a flavor-changing neutral current process. In the SM, it is
described by a penguin diagram in which a virtual W is exchanged in a loop with
a top quark, with a photon emitted from any of the lines. There are large QCD
corrections to the penguin diagram which have been calculated through some of the
next-to-leading-logarithmic QCD corrections [163]. The Standard Model prediction
is BR(b — s7) = (3.54 4+ 0.49) x 107*. This decay rate has been measured by the
BELLE [160], CLEO [161], and ALEPH[162] collaborations. A weighted averaging
of these results yields BR(b — s7) = (3.254+0.37) x 10~*, which agrees very well with
the SM prediction. The 95% CL range corresponds to £20 away from the mean. To
this an uncertainty in the theoretical evaluation is added of about 10%. Together,

these imply the bounds, 2.16 x 107 <BR(b — s7) < 4.34 x 10~

The inclusive radiative B-decay is a sensitive probe of new physics, especially if
related to the virtual exchange of a charged Higgs boson. This is particularly en-
hanced if the effect of the supersymmetric partners of the Higgs sector are included.
These contributions can amount to a factor of 2-3 enhancement over the SM pre-
diction. Given that the agreement between the observed and expected branching
ratio for this decay are in very good agreement, this places strong constraints on the

mSUGRA parameter space.
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3.5.4 Muon anomalous magnetic moment

The Dirac equation predicts a muon magnetic moment

—

(& —
“w

with gyromagnetic ratio g, = 2. Quantum loop effects lead to a small calculable

deviation from g, = 2, parameterized by the anomalous magnetic moment

_Gu—2
ay = “2

(3.35)

This quantity can be accurately measured and, within the Standard Model (SM)
framework, precisely predicted. The muon anomalous magnetic moment a, was mea-
sured to high precision by the E821 experiment [164]: a$™ = 11659208.9(5.4)(3.3) x
10719, where the statistical and systematic uncertainties are given, respectively. The
g — 2 collaboration reported a 2.60 deviation from the standard model value (Fig-
ure 3.11). For generic SUSY parameters, the chargino-sneutrino diagram provides a
dominant contribution through loop effects. Assuming that the future data confirms
the a, anomaly, the combined effects of g, — 2 and My > 103.5 GeV/c? then only
allows > 0 [170].

3.5.5 B, — u"yu~ decay

The rare decay By — p*p~ is both a Flavor Changing Neutral Current (FCNC) and
helicity suppressed in the SM. Its branching ratio is precisely predicted within the
the SM to BR(B, — utp~) = (3.19 £ 0.19) x 107 [171, 172]

The present upper limit for this decay is BR(By — puFp~) = 1.8735x107% at 90%
CL, set by the CDF Collaboration [173]. This limit is still one order of magnitude
higher than the SM prediction and therefore there is still a large scope for new physics

contributions.
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Figure 3.11: Comparison of recent predictions for g — 2 compared to the BNL mea-
surement [164]. Jegerlehner and Nyffeler [165], Davier et al. [166, 167, 168], Teubner
et al. (HLMNT(09)) [169]

This observable is sensitive to physics beyond the SM involving an extended
Higgs sector, such as mSUGRA with two Higgs doublets. A potentially important
contribution to this decay is mediated by the neutral states in the Higgs sector where
the amplitude for the Higgs-mediated decay of By grows as tan(, and hence can

completely dominate the SM contribution if tang is large according to the formula:

. tan%p
BR(By — p'u™) ~ =3 (3.36)

where my is the mass of the CP-odd neutral Higgs [170].
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3.5.6 Application of constraints to phenomenology

The various experimental constraints on mSUGRA phenomenology are best illus-
trated on the mg versus my/, plane of parameter space, where Ay = 0 and p > 0 are
assumed. For different values of tang, distinct regions are identified where the pa-
rameters lead to a phenomenology that is either inconsistent with, or favored by, the
various physical measurements discussed earlier in this section. Figure 3.12 shows
the constraints on parameter space for three different values of the top quark mass
m,; and tanf = 10. Also shown are contours of constant gluino and first generation
squark mass. Figure 3.13 shows the constraints for different values of tan( with

m; = 171.4 GeV/c?. In both figures, the following regions of parameter space are

identified:

e The red-shaded regions are excluded because either the 7; becomes the lightest
SUSY particle, in contradiction to negative searches for long lived, charged
relics (left edge), or electroweak symmetry breaking (EWSB) is not correctly

obtained (lower-right region).

e The blue-shaded region is excluded by LEP2 searches for chargino pair pro-
duction (mge < 103.5 GeV/c?)

e The region below the magenta contour line near the origin is excluded; the
contour is roughly the LEP2 lower limit on my, the lightest SUSY Higgs boson
h.

e The thin green regions at the boundary of the unshaded white region satisfies
0.094 < Q;((l)hQ < 0.129 where neutralino saturates the observed relic density.

This region is preferred by standard cosmology.

e The yellow regions are not necessarily excluded because Q30h2 < 0.094, how-

ever they require multiple Dark Matter (DM) components to complete the
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observed relic density. The white regions all have (2xh2 > 0.129 and give too
much thermal DM and are thus excluded unless neutralino decays either via

small R-parity violating couplings, or neutralino is not the LSP.

mSUGRA : tanB=10, A =0, 1>0

b) m=171.4 GeV

LI B o B S

e T N

""""

4] 17 2 3 2 5
m, (TeV)
<
S
w 0< Qh* <0094
& 0.094 < Qh? < 0.129
— my = 110 GeV

¢ Theoretically Excluded
¢ LEP2Excl. : my;, < 103.5 GeV

Figure 3.12: The mg vs. my, plane in mSUGRA for Ay = 0, tan3 = 10 with x> 0
and a) my; = 170 GeV/c?, b) my = 171.4 GeVc? and ¢) my; = 175 GeVc?. The red-
shaded regions are excluded because electroweak symmetry is not correctly broken,
or because the LSP is charged. Blue regions are excluded by direct SUSY searches
at LEP2. Yellow and green shaded regions are WMAP-allowed, while white regions
are excluded owing to Qg(l)hz > 0.129. Also shown are gluino and first generation

squark mass contours, as well as a magenta contour below which m;, < 110 GeV/c?.
Source [174].
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It is of interest to separate the region that is favored by the observed relic density
of dark matter into different areas dominated by specific mechanisms of neutralino
annihilation and co-annihilation. For tang = 10, three general areas can be identified.
At very low mg and low m,, values sleptons are quite light and the dominant
neutralino annihilation process in the early universe occurs via t-channel slepton
exchange to SM leptons E;(\? — [I. This is the so-called bulk annihilation region
[175]. At low mg and moderate my o, and adjacent to the stau-LSP region, there is
a thin strip of allowed region where neutralino and the light stau were in thermal
equilibrium in the early universe. Here, neutralino co-annihilation with the light
stau brings the neutralino relic density down to its observed value [176]. At large
myp, adjacent to the EWSB excluded region, the superpotential y parameter becomes
small and the higgsino-content of X9 increases significantly [174] and can annihilate
efficiently via gauge couplings to its higgsino component. If mg > My and My,
then XOXY — WW, ZZ, Zh is enhanced, and the correct measured relic density is

obtained [177].

For values of tang well beyond 10, the bottom and tau Yukawa couplings become
large, and the value of m 4 steadily drops. This effect can be observed in Figure 3.13
which shows the mSUGRA mq vs. m;/ plane for increasing values of tanf. For
tan3 ~ 45 — 55, the value of m 4 is small enough so that Y9X! can annihilate into bb
pairs through the s-channel A (and also H) resonance. This is the so-called A-funnel

178].

Figure 3.14 shows a typical parameter space for mSUGRA, with tan = 40 and
50. Asin Figures 3.12 and 3.13, the model parameters are significantly constrained by
different experimental results. The light Higgs mass bound of m; > 114.4 GeV/c?
excludes the region left to the red dotted contour line for m; = 114.4 GeV/c?.
Likewise, the bound on the lightest chargino mass of mgo > 103.5 GeV /c? from LEP2
excludes the region left to the black dashed line. The grey shaded region correspond
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to points not satisfying the electroweak symmetry breaking condition, while the
brick-colored region is excluded because the stau is lighter than the neutralino. The
blue region represents the 20 bound on the dark matter relic density from WMAP.

Only two new constraints are shown in this figure and define the following regions:

e The b — sv branching ratio excluded region is shown as a yellow shaded region

(95% CL exclusion).

e The muon magnetic moment anomaly a, = (g, — 2)/2 is shown as a pink
shaded region. This region is within 20 of where one gets a 40 deviation from

the SM as suggested by the experimental result and the SM prediction [169].

e The CDF 90% CL contour of Br(B, — p* ™) is shown as a green shaded region
[173]. This area represents points consistent with the current experimental limit
on Br(Bs; — ptp™), which is one order of magnitude above the expectation. In

addition, the 1o contour is shown as dashed light-green lines in both figures.
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Figure 3.13: The mg vs. myo plane in mSUGRA for Ay = 0 and various values
of tan3, with u > 0 and m; = 171.4 GeV/c%. The red-shaded regions are excluded
because electroweak symmetry is not correctly broken, or because the LSP is charged.
Blue regions are excluded by direct SUSY searches at LEP2. Yellow and green shaded
regions are WMAP-allowed, while white regions are excluded owing {250 h? > 0.129.
Below the magenta contour in each frame, my;, < 110 GeV/c?. Source [174]
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MSUGRA/CMSSM, tan B=40, Ag=0, >0 MSUGRA/CMSSM, tan B=50, Ay=0, u>0
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Figure 3.14: The mSUGRA parameter space is shown. The CDF allowed range of
BR(Bs — pu™) is shown by the green shaded region.The red solid line shows the
neutralino-proton elastic scattering crosssection contour of 9 x 10 pb. We also
show the 20 contours from 3.20 deviation based on [166] by slanted dashed purple
lines. Other regions and lines are explained in the text. Source [170].

84



Chapter 4

Experimental Setup

4.1 The Fermilab accelerator

The Fermilab accelerator is a chain of circular and linear accelerators used to acceler-
ate protons and antiprotons to an energy of 0.98 TeV as measured in the laboratory
reference frame (1.96 TeV center of mass energy). The bunch crossing period or
time between collisions is 396 ns. The accelerator is located at The Fermi National
Accelerator Laboratory (Fermilab), 30 miles West of Chicago, Illinois. The Fermilab
accelerator [74] accelerates particles using a chain of 8 separate accelerators which
can be divided into 4 groups according to the their functionality: The Proton Source,
The Anti-proton Source, The Main Injector and Recycler, and the Tevatron (Fig-
ure 4.1). Two detectors were designed to extract the full scientific potential of the
proton-antiproton collisions: CDF, the Collider Detector at Fermilab, and D0. Both
of them have the common structure of high energy physics experiments character-
ized by concentrical layers, with a tracker inside a solenoidal magnetic field, followed

outward by a calorimeter and a muon spectrometer.

The results presented in the thesis make use of approximately 5.8 fb™! of data
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collected by CDF. A brief description of the accelerator chain and the detector is

presented in the following sections.

FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

TEVATRON

/} TARGET HALL

ANTIPROTON
SOURCE

BOOSTER
— LINAC

AN
COCKCROFT-WALTON
PROTON

Antiproton Proton
Direction Direction

NEUTRINO

Fermilab 00-635

Figure 4.1: The Tevatron Collider Chain at Fermilab.

4.1.1 The Proton Source

The Proton Source consists of the Cockcroft-Walton, Linac and Booster accelerators.
Protons accelerated at Fermilab come from a simple “C” size cylinder of compressed
hydrogen gas (Hs). The acceleration processes begins with the production of Hy-
drogen ions (H™) in a gas chamber where a voltage provided by a Cockcroft-Walton
voltage multiplier is applied. This is a multistage diode/capacitor voltage multiplier
providing 750 kV DC. The room housing the Cockcroft-Walton multiplier and the

hydrogen chamber is shown in Figure 4.2. The negative hydrogen ions coming from
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the Cockcroft-Walton are fed into the Linac [75] (linear accelerator), which consists
of a series of drift tubes aligned in the direction of acceleration and separated by
small gaps as shown in Figure 4.3. Radio-Frequency (RF) is applied to these drift
tubes such that when the ions are traversing in between the drift tubes they increase
their energy by an amount proportional to the peak-to-peak voltage of the RF signal.
The length of the drift tubes and the RF frequency and phase are synchronized so
that when the ions are between drift tubes the electric field is always maximum and
in the same direction. The ions gain the same amount of energy each time they pass
through a drift-tube gap, therefore, the gain in energy while traversing the entire
Linac is proportional to the total number of gaps. At this point the beam is said
to be “bunched since the ions need to be traveling in a closely-spaced arrangement
for the accelerating scheme to work: particles that pass through the gap when the
RF field is in the opposite direction are decelerated. The Linac is 130 meters long,
has an RF frequency of 805 MHz and an electric field of about 3 Megavolt/meter,
bringing the beam to 400 MeV in pulses of 20 ms before injection into the Booster.

In the booster [76] the H~ ions coming from the Linac are stripped of their two
electrons by passing them though a thin carbon foil. The newly arrived hydrogen ions
are injected into the booster via a bending magnet and “merged” into the existing
beam (Figure 4.4 (right)) creating a mixture of protons and ions. This mixture is
then cycled through the thin carbon foil until a beam of pure protons is achieved.
While in the Booster, the protons are forced into a circular trajectory by means of
dipole magnets, completing the circle when they re-enter the bending magnet. After
all the bunches from the Linac have entered the Booster the ramping process begins.
As with any synchrotron the Booster increases the energy by turning the RF cavities
on while increasing the magnetic field in the dipole magnets so as to keep up with
the larger momentum of the particles. The Booster is 475 meters in circumference
and accelerates the protons from the Linac energy of 400 MeV to 8 GeV in a period
of 0.033 seconds.
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Figure 4.2: The Cockcroft-Walton accelerator. Two main components are shown.
The Cockeroft-Walton accelerator itself (left-back) providing 750 kV DC to the hy-
drogen chamber (metallic cube atop insulator tower at center-front).

Figure 4.3: Drift tubes in the Linac.
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* Proton Beam |
Proton Beam f

Figure 4.4: The Booster. Left: The photograph shows the RF cavities on the left
side and the bank of capacitors inside the orange girder on the right side. Right:
The diagram shows how the beam of H~ coming from the Linac is stripped and
compacted in the Booster.

4.1.2 The main injector and recycler

Protons coming from the Booster at 8 GeV are injected into the Main Injector [76].

The Main Injector (Figure 4.5) has two important functions that are carried out at

Figure 4.5: Left: Aerial view of the Main Injector (front) and the Tevatron (back).
Right: Main Injector Tunnel. The lower magnets are part of the Main Injector, the
upper green magnets are part of the Recycler.
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different times. The first one is to accelerate 8 GeV protons from the Booster to
an energy of 120 GeV to be used in the production of antiprotons at the antiproton
source facilities, which are then stored in the Accumulator. The second function
of the Main Injector is to accelerate 8 GeV protons from the Booster (and later,
antiprotons from the Accumulator) to an energy of 150 GeV for final injection into
the Tevatron ring. The Main Injector tunnel also houses the Recycler [78], a fixed-
energy storage ring for antiprotons placed directly above the Main Injector beamline
(Figure 4.5 (right)). The purpose of the Recycler is to increase the luminosity of the
Tevatron Collider over the maximum luminosity potential of the Main Injector. The
Recycler consists of a ring of bricks of magnetized strontium ferrite which functions
as a post-Accumulator ring for antiprotons. As the stack size in the Accumulator ring
increases, there comes a point when the stacking rate begins to decrease. By empty-
ing the contents of the Accumulator into the Recycler periodically, the Accumulator

is always operating at its optimum antiproton intensity regime.

4.1.3 The anti-proton source

The antiproton source [79] [80] consist of The Target Station, The Debuncher, and
The Accumulator (Figure 4.6). The bunched beam of 120 GeV protons from the
Main Injector is directed to a Nickel Target where antiprotons are produced along
a myriad of other particles'!. These particles come off the target at many different
angles and they are focused into a beamline with a Lithium lens. The antiprotons are
then separated from the other particles in the beam by the use of a pulsed magnet,
effectively acting as a charge-mass spectrometer. The separated antiprotons are then
injected into the Debuncher, an 8 GeV synchrotron, which reduces the spread in the
energy distribution of the antiprotons. The antiproton beam is then directed into

the Accumulator, a storage ring in the Antiproton Source, where antiprotons are

I'The production rate for 8 GeV antiprotons is about 18 p per 10 p
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stored at an energy of 8 GeV and stacked to 10'° particles per bunch. Finally, the

antiproton bunches are injected into the Main Injector and accelerated to 150 GeV.

Transfer

T
/120 GeV

Target Protons
Station

Debuncher

Figure 4.6: Aerial view of the Accumulator and Debuncher site (left). Schematic
diagram. The Debuncher takes the antiprotons from the target, reduces their mo-
mentum spread and store them in the Accumulator (right).

4.1.4 The Tevatron

The Tevatron [81] is the final stage in the acceleration process. It receives 150 GeV
antiprotons from the Main Injector, and then accelerates them to the final energy of
980 GeV. The Tevatron ring is a circular beam pipe of one kilometer radius. Along its
total circumference of about 6.3 kms, the Tevatron holds 816 dipolar superconducting
magnets made of a niobium-titanium alloy wire, which are kept at a temperature of
4.3 K cooled with liquid helium. At an energy of 980 GeV, the magnetic field of the
dipolar magnets is about 4.2 Tesla with a 4000 Amperes current draw through the
coils. Interleaved with the dipole magnets are 204 quadrupole magnets that focus
the beam to achieve peak luminosity. The RF system of the Tevatron consist of an
array of 8 RF cavities running at a frequency of 53.03 MHz. This frequency does

not need to be changed during the ramping given the very small velocity difference
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of the protons at 150 GeV and 980 GeV. It takes 9 cycles to fill the Tevatron with
36 bunches of protons (or antiprotons), and it takes about 40 seconds to ramp the

energy from 150 GeV to 980 GeV. The typical number of protons (antiprotons) in a
bunch is about 27 x 10 (30 x 10%°).

Bunch Relationships

proto/

A0

DO

Figure 4.7: Bunch structure in 36 x 36 mode. Proton bunches go clockwise and are
shown as blue marks outside the ring. Antiprotons go counter-clockwise and are
shown as red marks inside the ring. Detectors are placed at BO and DO points.

4.1.5 The beam structure

During RunlI the Tevatron is operated in 36 x 36 mode, which refers to the number
of bunches of protons and antiprotons respectively. The beam configuration is shown
in Figure 4.7. The 36 bunches are distributed in three trains of 12 bunches each.
The bunches in a train are separated by 21 RF buckets (396 ns). Once all the
proton bunches are injected, and before loading the antiprotons, a set of electro-
static separators are used to create a pair of non-intersecting helical, closed orbits
with protons in one strand and the antiprotons to be loaded in the other. The

helical configurations prevents the collisions between the beams all along the ring.
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Antiprotons are then injected in their strand of the helix. With the two beams in
the Tevatron the ramping up to 980 GeV is done. After some procedures to clean
up the beam halo are finished, the injection helix is set to collision helix. This mode
uses separator bumps close to the interaction points and phases the helix so that
the proton and antiproton beams collide only at the center of the detectors. The
bunch crossing occurs every 396 ns. There are two detectors in the Tevatron ring
located at the points marked BO and DO where the helical orbits cross to produce
the pp interaction that are observed. The detector used in this analysis is located
at B0 and it is called CDF, the Collider Detector at Fermilab. In the absence of a
crossing angle or position offset, the luminosity at the interaction points is given by

the expression:

_ fchprNﬁ ﬂ
2r(02 +03) B

where fy. is the revolution frequency, Ny is the number of bunches, N ;) is the number
of protons (antiprotons) per bunch, and o) is the transverse and longitudinal rms
proton (antiproton) beam size at the interaction point. F' is a form factor with a
complicated dependence on the so-called beta function, #*, and the bunch length,
0;. The beta function is a measure of the beam width, and it is proportional to the
beam’s x and y extent in phase space. Table 4.1 shows the design Run II accelerator

parameters [82].

Figure 4.8 and Figure 4.9 show, respectively, the evolution in the integrated
luminosity, defined as L = [ Ldt, and the instantaneous luminosity delivered by the

Tevatron since its commissioning through July 2009.
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Parameter Run II
number of bunches (N,) 36
revolution frequency [MHz] (fy.) 1.7
bunch rms [m] o, 0.37
bunch spacing [ns] 396
protons/bunch (N,) 2.7 x 101
antiprotons/bunch (N;) 3.0 x 1010
total antiprotons 1.1 x 10'2
B* [cm] 35

Table 4.1: Accelerator parameters for Run II configuration.
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Figure 4.8: Tevatron Collider Run II integrated luminosity. The vertical green bar
shows each weeks total luminosity as measured in pb~!. The diamond connected line
displays the integrated luminosity.
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Figure 4.9: Tevatron Collider Run II Peak Luminosity. The blue squares show the
peak luminosity at the beginning of each store and the red triangle displays a point
representing the last 20 peak values averaged together.

4.2 The CDF II detector

Since the commissioning of the Tevatron, the CDF detector has undergone many
changes. The current detector, used during Run II of data taking, is called CDF II
(Figure 4.10). Its innermost subsystem is the Integrated Tracking System and con-
sists outwardly of the Silicon Vertex Detectors, the Central Outer Tracker and the
Solenoid. Surrounding the Integrated Tracking System is the Calorimetry System,
which consists of the central and forward electromagnetic and hadronic calorimeters.
The outermost sub-detectors are the Muon Chambers. Additionally, the Time of

Flight System and the Cerenkov Luminosity Counter System are described. A more
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detailed description of all the components can be found in [83].

Central Muon
Chambers & Counters

Intermediate Muon
Chambers & Counters

Silicon Vertex Det
M~ (SVXII)

\

EndPl
Calorimeter Central Drift Chamber
(com

Figure 4.10: The CDF II.

4.2.1 Overview of coordinate systems and variables

The Cartesian coordinate system of CDF is defined as a right-ternary (z, 9, 2) with
its origin at the center of the detector which roughly coincides with the nominal

collision point of the bunches.

The detector (see Figure 4.11) has cylindrical symmetry along the z axis and
reflection symmetry about the (x,y) plane. The z direction is defined along the beam
pipe such that protons move in the positive z direction. The y direction is defined
transverse to the z direction with its positive side pointing up to the zenith of the
detector. The x direction is then chosen to complete the right ternary, pointing its

positive side away from the ring, parallel to the horizon. Given the symmetry of the
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Figure 4.11: The CDF II lateral view.

detector and the fact that the colliding beams are not polarized make it convenient
to work in cylindrical coordinates (r, ¢, z). In this system r is defined transverse to
the z axis. The azimuthal angle ¢ is defined on the (z,y) plane with ¢ = 0 along the
positive x direction. The z is defined as in the Cartesian system. The polar angle ¢

is taken from the positive direction of the z axis.

However, 6 is not a good variable to use in this case because it is not Lorentz
invariant. Due to the fact that the proton (and antiproton) is an extended object,
the actual constituent partons will not be traveling at 980 GeV. Thus, the number
of particles per unit angle (dN/df) will not be the same for particles with different

velocity. A more appropriate kinematic variable is rapidity, defined as

¥ = Log (E “’Z) (4.2)

where F is the energy and p, is the z component of the momentum of the particle.
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In Phase-space we have,

d3p/E = dp,dp,dp,/E

dp.dp, = (1/2)dp7de
dY = dp./E (4.3)

then,

dp/E = (1/2)dpde(EY)/E = (1/2)dpsdedY. (4.4)

For high energy particles, p > m so F ~ p and the rapidity is approximated by
the pseudorapidity, defined as

n = —log [tan (g)] (4.5)

In this case, the number of particles per unit rapidity (dN/dn) is invariant under
boosts in the z direction. Typically, the position of objects (such as detector com-
ponents) is described in terms of r, z and ¢ coordinates, while the direction of a
particle is usually specified in (7, ¢). As it is described later on, some sub-detectors
in CDF II are divided into regions of constant A,. The global CDF II coordinate
system is defined with respect to the Central Outer Tracker (COT), which is part of
the Tracking system to be described in the next section. The position of all other
sub-detectors are measured with respect to the COT reference frame and this in-
formation is stored in alignment tables. Positions in a sub-detector are typically
measured in the local frames and then converted to the global CDF II coordinate

system via the appropriate alignment table.

4.2.2 Particle tracking

The trajectory of particles can give valuable information about the kinematics of a

physical process, including charge sign and good momentum resolution if magnetic
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fields are present. The process of reconstructing a particle trajectory is known as
tracking. This section describes the sub-detectors that form the integrated tracking
system of CDF II as shown in Figure 4.12, followed by a brief overview of the basics

of tracking reconstruction.

Solenoid

All the tracking systems are contained in a superconducting solenoid of 1.5 m in
radius and 4.8 m in length. The solenoid provides a very homogeneous axial magnetic
field of 1.4 Tesla inside a useful volume of 2.8 m in diameter and 3.5 m along the
negative z direction. In normal operating conditions its current consumption is about
4650 A. Inside the solenoid, and in direct contact with it, is located the Central Outer

Tracker.
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Figure 4.12: Longitudinal view of the CDF II tracking volume. Its main compo-
nents are the Solenoid, the Central Outer Tracker (COT), and the silicon micro-strip
detectors ISL, SVXII and LOO.
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Central Outer Tracker (COT)

As mentioned in Section 4.2.1, the COT position defines the global CDF II reference
frame and it is the main component of the tracking system. It is located inside the
solenoid in the region with |z| < 155 cm and between radii: 44 and 132 cm. The
COT is a cylindrical multi-wire, open-cell drift chamber. It consists of 8 superlayers
each made of a large number of cells as shown in Figure 4.13. Each cell is either an
“axial” or a “stereo” cell. Superlayers 1, 3, 5, 7 (2, 4, 6, 8) are made completely
of stereo (axial) cells. The main difference between these two types of cells is their
orientation: axial cells are placed in a straight longitudinal direction, parallel to
the z direction at constant ¢, while stereo cells are obtained from an axial cell by
rotating the two end-plates with respect to each other (each wire is rotated through
six cells from the east end-plate to the west end-plate). Together, axial and stereo
cells provide information about the z position of the hit. Particles originating from

the interaction point having |n| < 1 pass through all 8 superlayers of the COT.

Figure 4.13: Schematic diagram of the 8 layers in a quadrant of the COT. The
number of cells, the radius from the center to the beampipe and the type (Stereo or
Axial) are shown for each superlayer.

Each cell has an approximate size of about 2 cm by 10 cm and a length of
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310 ¢cm spanning the whole longitudinal direction of the COT. The COT is filled
with a 49.5:49.5:1 argon-ethane-isopropyl alcohol mixture as active medium. In this
open-cell configuration all cells share the same active gas filling the COT volume.
A transverse view of three cells in superlayer 2 is shown in Figure 4.14. The cells
are separated from each other by field panels made of gold-plated mylar. Inside a
cell wires run along its longitudinal direction, some of them are potential wires used
to shape the electric field, while others are sense wires used to gather information

about a particle’s trajectory.
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Figure 4.14: Schematic diagram of three cells in Superlayer 2 of the COT.

When a charged particle passes through the gas it leaves a trail of ionization
electrons. These electrons drift towards the sense wires by virtue of the electric field
created by the field panels and the potential wires (Figure 4.15 (left)). Once near
a sense wire the electrons get strongly accelerated by the local % electric field and

produce more ionization electrons in a process known as “avalanche.” The signal in
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such a wire is analyzed in real time and depending on the charge collection the wire
is said to have been “hit.” The time from the moment the collision was expected to
have occured to the time the signal was detected gives information about the distance
between the particle’s trajectory and the sense wire. The high voltage applied to
the COT is such that the electric field drift is about 1.9 kV /cm. The drift velocity
is about 54 pm/ns. In addition to the electric field due to the cell’s field panel, the
solenoid magnetic field permeates the COT volume. In such crossed fields charged
particles originally at rest move on the plane perpendicular to the magnetic field at
an angle o with respect to the electric field as shown in Figure 4.15 (right). This
angle is know as the Lorentz angle and depends on the magnitude of the fields and
on the properties of the active medium. In the COT the Lorentz angle o = 35° and
it is the reason why all the cells are tilted by 35° in the COT geometry, so ionization
electrons will drift in the ¢ direction perpendicular to high pr tracks, optimizing the
overall resolution of the COT. The single hit position resolution of the COT has been

measured to 140 pm, resulting into a transverse momentum resolution of

Ap Py
L = 0.15%———
Pr G

Silicon detectors

At CDF II there are three silicon-based detectors named L00, SVXII and ISL. They
differ in size, radius and number of active elements, but they all use silicon micro-
strip technology. They enable us to measure the position of secondary vertexes like
those produced in the decay of long lived hadrons (such as B mesons) with excellent
resolution. In fact, 10 times better than what would be achieved with the COT

alone. The best position resolution achieved is 9 um in the SVXII and the impact
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ion pairs on pairs

avalanche

Figure 4.15: Schematic diagram of a single-wire drift chamber. The diagrams show
the trail of ionization electrons left by the passage of a charged particle and the drift
of the electrons with and without (right and left) the presence of a magnetic field.

parameter resolution, including L00, reaches 40 pym for tracks with pr > 3 GeV/c.
The silicon micro-strip detectors were used for the first time in a hadronic accelerator

by CDF during Run I of data taking [85].
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Figure 4.16: Impurities are added to the silicon crystalline structure to obtain n-
type (left) and p-type (right) silicon.

-
-
)
J-‘~
H
$e
a0l

.
.

The silicon detector takes advantage of the ionization products left by the passage
of a charged particle. The semi-conductor properties of the silicon (energy gap
between valence and conduction band is small), allows electron-holes produced by

ionization to drift apart by means of an applied electric field. However, in pure
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silicon the charge carriers outnumber the charge produced in the ionization process
by 4 orders of magnitude, therefore the electron-hole pairs quickly recombine. In
order to accurately measure the ionization signal it is essential to deplete the free
charge carriers in the ionization volume. This is accomplished by exploiting the
properties of p — n junctions. A p — n junction is the union of silicon n-type and
silicon p-type. Silicon n-type is obtained by adding impurities of donor ions like
phosphorus or arsenic to the molecular structure of the silicon crystal as shown
in Figure 4.16 (left). The donors introduce energy levels close to the conduction
band, resulting in electrons as the majority carriers. Silicon p-type is obtained by
introducing acceptor ions like boron in the silicon crystal (see Figure 4.16 (right)).
These acceptors introduce energy levels close to the valence band, resulting in holes
as the majority carriers. The process of adding donors/acceptors to an otherwise

pure material is refer to as “doping.”
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Figure 4.17: Junction of p-type and n-type silicon materials.

When brought together to form a p—n junction, the gradient of electron and hole
densities results in a migration of majority carries out of the junction. The junction
is now left with net charge of opposite sign on each side, but otherwise depleted of

majority carriers as shown in Figure 4.17. The region near the junction is called the
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depletion zone. In this zone the electron-hole pairs produced by ionization will drift
along the field lines generated by the net charges. In silicon detectors it is common
to use a highly doped p-type (p*) silicon and a lightly doped n-type (n™) silicon that
constitutes the bulk of the detector.

Aluminum Aluminum .
strips Si 0y stripis Sifp

T~ N T

7
g
Bulk volume / 4 Bulk volume
n- Silicon V { |- wsilican
Ve 4 [
/ 7
n+ Silicon + Sl
p+ Silicon —— ; 4 -

A Aluminum
R~ Aluminum — 7 strips
Base p e "
v
7/
</

va
Si n21 p* Silicon

n* Silicon

Figure 4.18: Silicon strip detector used for (p — ¢) hit position identification (left).
Silicon strip 90° detector used for (p — ¢ — z) hit position identification (right).

At CDF three types of modules made of silicon detectors are used. The first
one is made by laying micro-strips of p™ type silicon over a n~ bulk of silicon (Fig-
ure 4.18 (left)). The side of the silicon opposite to the p™ strips is a highly doped
n-type substrate (n*). If the strips lie parallel to the z direction the module allows
(p — @) position identification. The second type is called a “90° stereo” module and
it is similar to the first type, except that the n* substrate is replaced with n* strips
that run perpendicular to the z direction. This allows for the measurement of the
hit along the z direction, thus fully determining the position of the hit (Figure 4.18
(right)). The third type is called a small angle stereo which is essentially a (p — ¢)
module that lies quasi-parallel with respect to the z direction at an angle of only
1.2°. This type is used overlapped with a (p — ¢) module allowing a full determina-
tion of the hit position, with only a slightly worse resolution in the z position that a
90° stereo module. All three module types are used in all three silicon sub-detectors
(SVXII, ISL and L00). The signal is usually detected in a small number of consecu-
tive strips and the hit position is determined by weighing the strip positions by the

amount of charge collected by each.
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SVXII

The silicon modules are supported with Rohacell foam in assemblies called ladders.
Each ladder supports double-sided silicon modules, where on each side lies a string
of 4 modules connected to each other by wire bonds, thus quadrupling the length of
the strips. Twelve of these ladders are set in a circular configuration to form a layer
that surrounds the beam pipe at a certain radius. The ladders are supported by
two beryllium bulkheads in the arrangement shown in Figure 4.19. The bulkheads
provide support for 60 ladders in 5 concentric layers, conforming a 29 cm long SVXII
barrel. The SVXII is built by placing three barrels along the beampipe. Layers are
numbered from 0 (innermost) to 4 (outermost). Layers 0, 1 and 3 combine (p — ¢)
modules on one side with 90° stereo on the other side. Layers 2 and 4 combine (p—¢)
modules on one side with small angle stereo on the other. The single hit resolution

of SVXII is about 9 pum.

Figure 4.19: End view of the SVXII silicon bulkhead. The placement of ladders is
shown in two adjacent wedges.
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ISL

Consists of three layers as shown in Figure 4.12. In the central region (|n| < 1) a
single layer is placed at a radius of 22 cm. T'wo more layers are located in the region
1 <|n| <2 at radii of 20 cm and 28 cm. The layers are double-sided with (p — ¢) on
one side and small angle stereo modules on the other. In order to reduce the total
number of channels to 268,800 only one out of two channels is read. The ISL single

hit resolution is about 20 pm.

LO0O

Consists of a single-sided layer of 12 ladders and is shown in Figure 4.20. Six of the
ladders lie at a radius of 1.35 cm and the other six at 1.62 cm from the beamline.
Each ladder is made of 6 sets of two wire-bonded modules each, spanning 95 cm in

the z direction. The layer is supported by a carbon-fiber structure.

L00, SVXII and ISL have dedicated cooling lines running at a nominal temper-
ature of —6°C'. Special effort is made to align the silicon detectors to the beam, as
opposed to the COT. The impact parameter? of a track is obtained using silicon hit
information and is used for triggering purposes. A small misalignment of the COT
would not result in a severe track misrecontruction. However, if the silicon detector
were aligned with the COT, a misalignment in the latter would cause a non-desirable

dependence on the ¢ coordinate of the impact parameter and the trigger.

Tracking and pattern recognition

Tracking Parameterization: In the plane perpendicular to a homogeneous mag-

netic field, such as the one provided by the CDF solenoid, the trajectory of a charged

2Distance of closest approach of a track to the beam.
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Figure 4.20: End view of the L0O detector.

particle follow a circular pattern. The longitudinal component of the particle’s mo-

mentum is not modified by the axial magnetic field, thus in three spacial dimensions

the trajectories of charged particles are helices. In three dimensions a helix can be

parametrized with the use of five parameters, which for convenience are chosen as:

C' the signed helix curvature defined as C' = Si%—%(‘]), where R is the radius of

the circle in the transverse plane and ¢ is the charge of the particle.
zo: the position of the point in the z axis which is closest to the track.

do: signed quantity defined as dy = sign(q)(r¢ — R), where r¢ is the position of
the center of the circle on the transverse plane. Its magnitude is the distance

from zy to the closest point on the track. This is the impact parameter.

¢p: direction of the transverse momentum of the particle in the point to closest

approach to the z axis.

cot(#): the ratio of the longitudinal to the transverse momentum (%).

Pattern Recognition: Track reconstruction begins with the use of COT data.

The algorithm is described in detail in [86], and it is cited here for reference. The
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algorithm starts by finding in each superlayer the so-called 3-hit seeds, which are
seeds with hits in three consecutive wires that pass some initial quality cuts. All
seeds passing this initial selection are then used to search for hits on the remaining
wires of the superlayer. Each seed that gives rise to a collection of hits in a superlayer
forming a segment of a particle’s track is called a segment. To build the segment
each seed is fit to a line that defines the path for the hit search. For each hit wire
on the path the time of the hit is compared to the expected time, and the hit is
added to the segment only if the the time difference is within 20 ns. The procedure
is repeated until all the wires in the superlayer are reached. After all the segments
in a superlayer are found a list of segments is compiled and ordered in decreasing

number of hits.

The next step is to obtain axial tracks (i.e., tracks without any z coordinate
information) by linking the segments from the axial superlayers. The algorithm
(named Segment Linking, or SL) starts by creating an initial set of tracks from
the segments in the outer superlayer (SL8) assuming no impact parameter, and
calculating its expected position and angle in the next inner axial superlayer (SL6).
For each segment in the inner axial superlayer SL6 a search is done for those segments
in SL8 whose expected position at SL6 matches the SL6 segment. The segments are
matched if the angle between the expected track at SL6 (extrapolated from the SL8
segment) and the segment in SL6 is less than 0.05 rad, and the position is less
than a specific threshold. If multiple matches are found for a given SL6 segment the
best match is chosen based on the one with the smallest angular difference. Once the
segments are linked the track is fit using only information from these two superlayers,
obtaining the curvature, the dy, the ¢y and the covariance matrix. The information
from the rest of the axial superlayers (SL4 and SL2) is now included by linking the
tracks made from SL8 and SL6 to the segments in SL4 and SL2. The procedure is
similar to that used in linking the SL8 segments to the SL6 segments, except that

now the extrapolation path takes into account the dy parameter and the covariance
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matrix of the tracks. The tracks extrapolated to SL4 and SL2 are compared to the
segments found in those superlayers, and the matching is done requiring an angle
difference less than 0.05 rad and a position difference less than 4 times the error
of the extrapolated track. If a link is found the segment is added to the track and
the track is refit to include the new segment information. In addition to the SL
algorithm, a second track-reconstruction method named Histogram linking, or HL
is run in parallel in order to get the maximum reconstruction efficiency out of the
two methods. Essentially this algorithm starts by seeking segment with at least 8
hits and curvature greater than 0.008. The segment is then extrapolated defining
a search path. For each layer the distance between the hit and the extrapolated
segment is histogrammed. All the layers are then summed up to obtain a global
histogram. The bin with the most hits defines the position of the track candidate.
If the bin has more than 10 entries (hits) a track is made. At this point axial tracks

were obtained by two different algorithms: SL and HL.

Now the stereo pattern recognition is applied. The stereo pattern algorithm
starts by matching stereo segments to existing axial tracks (Figure 4.21). For each
segment in the outer stereo superlayer a stereo fit is performed to the axial track.
The stereo fit is done starting with a value of zy = cot(f) = 0, the z, and cot(0)
obtained as a result of the fit are then fed as inputs for a new fit, iterating up to ten
times. All the stereo segments with |zo| < 175 cm enter the list of candidate stereo
matches. If there are no such segments in the outer stereo superlayer the next inner
superlayer is searched. As before, these segment candidates are used to search for
matching segments in the next inner stereo superlayers. A set of matching segments
should have differences in ¢ of less than 0.01 rads. The matching stereo segments
are then used to search for matching segment in the inner stereo superlayers. Other
algorithms are applied at this stage to recover stereo information for axial tracks

that have failed the stereo-matching algorithm.
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Figure 4.21: Stereo track reconstruction. A few cells of SL8 and SL7 are shown.
The ¢ position of the cells in SL8 does not change as a function of the z coordinate.
The cells number n, n+1 and n+2 are shown as a function of their z position. An
axial track is first reconstructed from the hits (sense wires in red) in SL8. Another
track is reconstructed with full z information from the hits in SL7. If the stereo track
matches the axial track(as it happens in the diagram) the axial segment is appended
to the stereo track and a new fit is performed.

At this point the fit of the three axial parameters and two stereo parameters of
the track were done independently. The next step is to perform a full 5-parameter
fit. Only tracks with at least two stereo hits and 12 axial hits are fit. The fit is
defined to be a success only if all the following apply:

|IC] <0.1
|do| < 150 em
|20] < 300 em

lcot(6)] < 4

The final step is to remove residual hits from the track (i.e., hits on wires to which the
track distance was larger than 600 microns) and make a final refit. If the new fit fails,

the track keeps its old parameters. The final list of COT-only tracks is then made by
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carefully removing duplicate tracks obtained from the SL and HL algorithms. The
most complete track is obtained when the silicon detector hits are added to the COT
track information. In general, and depending on the specifics of the analysis, both
COT only or COT+SVXII tracks are used. The COT+SVXII track collection is
made starting from the COT-only tracks and extrapolating each track through the
silicon SVXII detector from the outer layers to the inner ones. At each layer the
error matrix of the track parameters is updated to reflect the amount of material
traversed. The silicon hits close to the extrapolated track are added to the track and
a refit is performed. Each time a hit is appended a new track candidate is generated.
Each of these tracks is further extrapolated until all the layers of the detector are
searched. From the full list of track candidates associated with one COT track the
best one is selected based on the number of hits and quality of the fit. The typical
position resolution of a COT+SVXII track is about 40 um for dy and 70 pum for z.

4.2.3 Calorimetry

The calorimeter system is located surrounding the CDF tracking volume, outside of
the solenoid coil. The different calorimeters that compose the system are scintillator-
based detectors, segmented into projective towers (or wedges) in 1 X ¢ space which
point to the interaction region. The total coverage of the system is 27 in ¢ and
about |n| < 3.64 units in pseudorapidity. The calorimeter system is divided into two
regions: central and plug. The central calorimeter covers the region |n| < 1.1 and it
is divided into two halves at |n| = 0. It is conceived as a hybrid system of sampling
scitilators and strip wire proportional chambers. The forward plug calorimeters cover
the angular region 1.1 < |n| < 3.64, as shown in Figure 4.22. Due to this structure,

two “gap” regions are found at || = 0 and |n| ~ 1.1.

The energy resolution of each section was measured with different test beams,
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and it can be parameterized in F (for normal incidence) with the following equation:
(0/E)* = (01/VE) + (0)° (4.6)

where the first term on the right comes from sampling fluctuations and the photo-
statistics of photo-multiplier tubes (PMTs), and the second term comes from the

non-uniform response of the calorimeter.

The CDF calorimeter system features 3 sub-systems: the Central, Wall and For-
ward (or Plug) calorimeters®. This section describes the mechanical and geometrical
design of the CDF calorimeters. Table 4.2 summarizes the parameters characterizing

the different systems.

Central calorimeter

The Central calorimeter has a cylindrical shape surrounding the beam pipe along
the z direction. It is made by the union of two cylindrical pieces that join at z =
0 and extend over either side in the z direction covering the region |n| < 1.1 as
shown in Figure 4.22. Each of these cylindrically-shaped pieces is in turn composed
of 24 wedges arranged in two so-called arches with 12 wedges each. Each wedge
spanning 15° in azimuth. The construction stage of one of the arches is shown in

Figure 4.23 (left).

The basic structure of a central wedge is shown in Figure 4.23 (right). They
measure 249 cm in the z direction and have an inner radius of 172 cm and an outer
radius of 345 cm. The electromagnetic calorimeter (CEM, Central ElectroMagnetic)
occupies the first inner 35 cm of each wedge, while the rest is used to place the
hadronic calorimeter CHA (Central HAdronic). The CEM and the CHA are sam-
pling calorimeters and they are built by stacking layers atop of each other. Each

3The MiniPlug calorimeter is not discussed in this thesis.
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Central calorimeter
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Figure 4.22: Calorimeter sub-systems. Schematic diagram showing a quadrant of the
CDF detector. The CDF detector features four calorimeters, the Central, the End
Wall, the Forward or Plug and the MiniPlug calorimeter (not shown). All lengths
are in centimeters.

layer is made of two components carefully chosen to obtain the most accuracy for
the type of measurement wanted. The CEM has 31 layers, each consisting of a 5 mm
thick polystyrene scintillator (SCSN-38) together with a 3.175 mm thick lead sheet.
The CHA is made of 32 layers, each with a 1 cm thick scintillator and a 2.54 cm thick
iron sheet. While the iron and lead components are single-piece sheets running along
the z direction, the scintillator is cut and isolated into several pieces (or tiles) along
the z direction. The light from all the scintillator tiles in a single tower is collected
separately from the CEM and CHA in order to distinguish between electromagnetic
and hadronic energy. The total energy is then obtained for each tower by adding
the two measurements. The segmentation in the CEM matches that of the CHA,
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Figure 4.23: Construction stage of one arch. It contains 12 wedges and constitutes
a quarter of the central calorimeter (left). Schematic diagram of one central wedge
(right).

i.e., the n values of the centers of the towers match in both calorimeters. The angu-
lar difference between the centers of two consecutive towers is a constant 9, = 0.11
throughout the detector. The CEM has ten projective towers. The total radiation
length for a particle traveling from the origin through the first tower (n < 0.11) is
about 18yo?, but this total length would be different for a particle following a tra-
jectory with larger n as it has to traverse more material. To keep the total radiation
length constant across all towers in a wedge, a fraction of the lead sheets are replaced
with plastic ones. This proportion increases with the n of the tower, such that the

last tower has approximately 20 lead sheets versus 31 found in the first tower. There-

4The radiation length yo describes the characteristic amount of matter transversed,
for a high-energy electron to lose all but 1/e of its energy by bremsstrahlung, which is
equivalent to 7/9 of the length of the mean free path for eTe™ pair production of high-
energy photons. The average energy loss due to bremsstrahlung for an electron of energy
E is related to the radiation length by (dE/dx)prems = —E/xo and the probability for an
electron pair to be created by a high-energy photon is (7/9)xo.
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fore, when looking out from the interaction point along different values of 1 within
the same wedge, the same total thickness of material is encountered independently
of . This is what is called a projective tower geometry (Figure 4.22). The capabili-
ties of the CEM are enhanced by the implementation of two extra detection systems
in the CEM volume of the wedges: a proportional chamber named CPR, (Central
PReradiator) located just in front of the CEM (from the interaction point), and a
Proportional strip detector (CES) at about 7y, into the tower.

Strips

| d |
Imm Rib —»H ° * H IGmm

/

/ 10 mm
Aluminum

Figure 4.24: Chambers of the central electromagnetic shower detector.

The interaction of particles with the solenoid and tracking material before en-
tering the calorimeter results in soft shower profiles that are measured in the CPR.
This serves as a discriminator to distinguish pions and conversion electrons from
electrons and photons coming from the primary vertex, helping to reduced the elec-
tron background. The CES is a two-dimensional shower profile detector located at
the expected shower maximum of 7xy. It is made of wires running along the 2 direc-
tion and strips orthogonal to them (Figure 4.24). It provides valuable information
used in the identification of electrons and photons. The position measurement can
be matched to existing tracks while the transverse shower profile can be used to

separate single photons from the two photon decays of 7%’s.

When the particles of the shower pass through the scintillators they emit light.

116



Chapter 4. Experimental Setup

In the CEM the light going out of the thin edge of the scintillator is collected by a
flat Y7 Polymethylmethacrylate (Y7 PMMA) panels transverse to the scintillators.
Two such panels located on each side of the wedge are used for each CEM tower.
The upper edge of the panel is molded into a squared 3 cm by 3 cm section which is
optically coupled to a long rod that extends radially passed the CHA and that ends in
a Photo Multiplier Tube (PMT). The light collection design is shown in Figure 4.25
for the CEM and the CHA. The energy deposited in a CEM tower is then obtained
by adding the information of both PMTs in the tower. The PMMA also acts as a
wave shifter, reducing the frequency of the light emitted by the SCSN-38 scintillator
to the optimum for the PMT. The energy resolution of the CEM is measured to be
olBr) 13—2;% + 1.5%, where E7 = Esinf and 6 is the angle of incidence of the test

Er VET
beam of high energy electrons and photons.

Figure 4.25: A detailed picture of the side of a central calorimeter wedge. The light
is collected from the CEM by the flat panels at the bottom and redirected via a
square light guide to the PMT on the upper side. In the CHA the light is collected
from each tile and guided upwards to merge with a PMT (left). Detail of the light
collection in CHA scintillator tile (right).

The CHA light collection is slightly different. The light coming out of each
scintillator tile is collected by two square-shaped light guides that surround the tile
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as shown in Figure 4.25 (right). In each hadronic tower the light guides on the
same wedge side are joined together and extended until reaching the PMT. Details
of this can be seen in Figure 4.25 (left). As with the CEM, the light in the CHA is
collected using two PMT's per tower. Out of the ten CEM towers only 8 are properly
projected into the CHA, the other two projecting outside the CHA at the far-z side.
The total interaction absorption length for the first 8 towers is about 4.7)¢°. For
the two towers that project outside the CHA, the absorption length is completed by
a set of towers located in the WHA (Wall HAdronic calorimeter). Charged pions
were used to obtain the energy resolution in the CHA and WHA detectors, which

are —U(]fTT) = jOTZ; + 3% and —U(E{ETT) = \7/% + 4%, respectively.

Wall hadron calorimeter

The WHA extends the hadronic towers of the CHA to roughly complete 4.7\g per
tower. The material components of the layers in the WHA are the same as those
in the CHA. The physical characteristics however are different, as the WHA towers
are made of layers that lie parallel to the (z,y) plane, and thus are perpendicular in
orientation to those of the CHA as it is shown in Figure 4.22. The WHA uses 15

layers of 5 ¢cm iron and 1.0 cm scintillator.

Forward calorimeter

The forward calorimeters are placed surrounding the beam pipe at 172 cm in the z
axis at either sides of the interaction point (see Figure 4.22 and 4.26). It provides
coverage in the region 1.1 < |n| < 3.6. As with the central calorimeter the forward

calorimeter has an electromagnetic (PEM) and a hadronic (PHA) section. As before

5An interaction length is the average distance a particle will travel before interacting
with a nucleus Ay = pU’?VA where A is the atomic weight, p is the material density, o is the
cross section and N4 is Avogadro’s number.
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both sections are made of stacked layers of scintillator and lead (for the PEM) or
scintillator and iron (for the PHA). The layer orientation follows that of the WHA
where the layers lie on the (z,y) plane. In the transverse plane the calorimeter is
sectioned into 12 wedges of 30° in ¢. A wedge section is shown in Figure 4.27 where
the tower segmentation can be appreciated. The lines define the boundaries of the
scintillator tiles. The tiles at the same position in different layers define the projective
towers. The PEM has 23 layers, each composed of 4.5 mm thick lead and 4 mm thick
SCSN38 scintillator, resulting in a total of about 21y, at normal incidence. The PHA
has also 23 layers of 5.08 cm iron and 6 mm scintillator resulting in about 7Ay°®. Test
beam measurements determined that the energy resolution of the PEM for electrons
and photons is olB) — 16% 4 1% The PHA energy resolution is o) _ 80% 4 5% for

E ~ VE E VE
charged pions that do not interact in the electromagnetic component.

The light is collected from the scintillator tiles by a wavelength shifting fiber
(WLS) embedded in the scintillator. One fiber per tile is used, adding up to 40
fibers per layer per wedge. All the fibers of a single projective tower in the PEM
are joined together into the tower’s PMT. The same is done for the PHA towers,
resulting in 480 PMTs for the PEM and another 480 for the PHA. The PEM is also
implemented with a shower maximum detector (PES) similar to the one used in the
CEM. This 2-D position sensitive detector is placed at a depth of 6x( inside the
PEM calorimeter and helps discriminate between electrons and di-gamma decays of
79s. The PES covers a circular area of 2.6 m in diameter at 1.8 m from the origin
of the detector. It is divided into 8 sections of 45° in ¢, thus spanning three PEM
wedges. Each sector (see Figure 4.28) contains two layers U and V of 5 mm pitch

scintillator strips.

These layers are held together with 3.175 mm thick lexan material. The strips in

the U and V layers lie at a 45° crossing angle allowing the 2-D position identification.

6In addition, the PEM material adds about 1A to the total interaction length.
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Figure 4.26: The forward calorimeter section. Detailed diagram showing the location
of the electromagnetic and hadronic calorimeter, the shower maximum detector and
the tower segmentation.

In order to reduce the occupancy of the strips expected from the underlying event the
U and V layers are both divided into an upper and lower segments corresponding to
1.13 < |n| <2.60 and 2.60 < |n| < 3.50 respectively. This 7 division line matches the
PEM calorimeter inter-tile boundary. The occupancy expected in the lower segment
is two to four times that of the upper one, but more segmentation is impractical if
not physically impossible. The strips connect to a WLS fiber that carries the light
to a channel in a Multiple Anode PMT (MAPMT) for readout. It should also be
mentioned that the scintillator of the first layer of the PEM is 10 mm thick (as
opposed to 4 mm thick) and made of BC408, a different scintillator type that yields
about 1.6 times more light than the one used in the rest of the calorimeter. The
larger thickness of the scintillator sheet and the larger light yield allow this layer to

be used as a preradiator (PES), providing a good discriminator between gamma and
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48 = 2.7°
An = A0 /sin @

Figure 4.27: The section of a wedge in the forward detector. The physical scintillator
tiles in the region —15° < § < 0° are repeated but not shown in the region 0° < 6 <
15°, where the diagram shows the logical towers used in the trigger system.

79’s. This layer is read out separately and all the fibers are read out using Multiple

Anode PMTs (MAPMT).

Calorimeter Coverage Thickness | Energy resolution (E in GeV)

13.5%

CHA ] < 0.9 4.7X e + 3%

WHA 0.9<n <1.3| 47X T+ 4%

PEM 11<|n <36 21y L+ 1%

PHA 1.2 < |n| < 3.6 7o %+ 5%

Table 4.2: CDF II Calorimeter subsystems and characteristics. The energy resolution
for the EM calorimeter is given for a single incident electron and that for the hadronic
calorimeter for a single incident pion.
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Figure 4.28: The U and V layers that conform the Shower maximum detector (PES)
of the Plug forward Calorimeter.

4.2.4 Muon detectors

The muon system, which consists of sets of drift chambers and scintillators, is in-
stalled beyond the calorimeter system as the radially outermost component of CDF
Run IT (r~3.5 m). The muon system is divided into different subsystems: the Cen-
tral Muon Detector (CMU), the Central Muon Upgrade Detector (CMP), the Central
Muon Extension Detector (CMX) and the Intermediate Muon Detector (IMU).

Most particle detection systems are not specific to one particle. While the CEM
is most sensitive to electrons it also detects photons. The detection of a shower in the
CEM does not undoubtedly indicate the nature of the original particle. Similar state-
ments can be made about the CHA and the tracking sub-systems. The properties
of muons, on the other hand, allow for a clear and often unmistakable identification.

For example, the large mass of the muon compared to that of the electron results

122



Chapter 4. Experimental Setup

in a ]%2?:0 ~ Wloo relative suppression of electromagnetic bremsstrahlung [90], the
primary process by which electromagnetic showers are created. Muons, as electrons,
are weakly interacting particles which are not subject to the strong interactions with
atomic nuclei that could result in hadronic showers. Despite its larger mass, the
muon is still lighter than most other particles, therefore, its decay to particles that
may interact hadronically is kinematically forbidden. This results in the muon’s
long decay time and its ability to pass through larger amounts of matter without

interacting than any other charged particle.

CDF takes advantage of these properties of muons by positioning muon detectors
behind large quantities of absorber. The only charged particle with the ability to pass
through such absorbers with high efficiency is the muon, so a “hit” in these charged
particle detectors is often a clear signal of a muon. The CDF muon systems typically
consist of drift chambers stacked in a few layers in order to reconstruct the particle’s
track information. In a muon system a pair of adjacent stacks is called a tower,
and the portion of a reconstructed track is called a stub. The timing information
is obtained, when possible, by placing a scintillator in front of the drift chambers.
However unlikely, there are other processes that can mimic a muon with “hits” in the
muon system. To minimize these effects, CDF requires that the stub matches a COT
track in order for the stub to be identified as a muon. The use of larger absorbers to
reduce some of these contributions is not always advised. This is because the effect of
multiple Coulomb scatterings grows with the material traversed, resulting in tracks
reconstructed at the muon system that do not reflect the original muon direction,
and thus do not match the corresponding COT track. Additionally, the muon also

loses (little) energy while traversing the absorber.

At CDF four charged particle detection sub-systems form the overall CDF muon
detection system. As mentioned at the beginning of this section, these systems

are named: CMU (Central MUon Detector), CMP (Central Muon uPgrade), CMX
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(Central Muon eXtension), and IMU (Intermediate MU Detector). The coverage of

each of these systems is shown in Figure 4.29.

B-CMX E-CMP EH-CMU
-1 0

n

Figure 4.29: The coverage in n — ¢ coordinates is shown for the Muon system.

CMU

The Central muon system shown in Figure 4.30, is housed in the Central calorimeter
wedges, described in Section 4.2.3. Like the central calorimeter, it has cylindrical
shape and it is located at a minimum radius of 347 cm. The calorimeter serves as
an absorber and the muon range-out threshold” is about 1.4 GeV/c, mostly due to
the heavy calorimeter material. Because of geometrical and mechanical constraints
only 12.6° (out of the total 15°) of the wedges are instrumented, leaving a 2.4° gap

between chambers in consecutive wedges. A central gap of about 18 cm is also

"The transverse momentum value (pr) below which a muon will not pass through an
absorber is called the range-out threshold.
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present between chambers in the east-side and west-side wedges. In each wedge the
CMU system is segmented into three sections of 4.2° each, as shown in Figures 4.30
and 4.31. Each section consists of four stacked layers of drift chambers. Each layer
has four single-wire drift cells. The cells run along the z direction and are filled
with a mixture of argon-ethane-isopropyl in 49.5:49.5:1 proportions providing a drift
velocity of about 54 pum/ns. Each sense wire is attached to a TDC to get timing

information.
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Figure 4.30: The CMU muon chambers are located in the Central Calorimeter wedge
geometry, at a larger radius than the CHA.

The individual cells are made of aluminum and are held at -2500 V, while the
sense wires are held at +2325 V. The upper two layers have slightly larger cells
than the lower two, resulting in a slight offset of the sense wires between layers of

up to 2 mm in the outer cells. This allows us to resolve the two-fold ambiguity
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characteristic of drift chambers regarding which side of the wire the track passed

through.

The CMU system also provides the z coordinate of the track by the charge division
method. This method essentially consists of collecting the charge on both ends of
the wire. Due to the wire resistivity the charge will differ according to the z position

of the track. If Q1 and Q)2 are the collected charges on both ends of the wire, the

Q1-Q2
Q1+Q2

where L is the total length of the wire. Wires of adjacent cells are also connected

position zy of the track from the end in which Q)1 was collected is zp = L x

together on one end in order to perform charge division to find the z coordinate of

the hit.

The two most significant limitations to the CMU system performance are: a) the
short length of the absorber in front of it, i.e., the calorimeter. With only 5.5
the showers generated in the CHA are often extended beyond it, reaching the CMU
system and producing “fake” muon signals. And b) the gaps between wedges, which

add up to 57.6° or 16% of the 2m¢ coverage.

Miion track \ | Radial cenerline
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Figure 4.31: One CMU section (of the three) located in a central calorimeter wedge.
The details of the cell are shown. The black line on the left is the lateral wall of the
wedge.
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CMP

The CMP (or Central Muon uPgrade) is designed to improve upon both limitations
of the CMU system. The CMP scintillator-chambers are located outside the detector
and are arranged on what can be thought of as the sides of a rectangular box (Fig-
ure 4.11). These chambers are preceded by a heavy steel absorber that adds 2.3, for
a total of 7.8xo. With this additional absorber the range-out threshold reaches only
2.2 GeV/c, and is still well below typical muon energies from electro-weak sources.
As can be seen in the diagram of Figure 4.32 and Figure 4.11, some portions of the
system take advantage of already present steel, like the upper and lower solenoid

return yokes, therefore, not all the sections lie on the same plane.
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Figure 4.32: Positioning of the CMP system in the CDF detector hall.

The CMP also provides full coverage in ¢. Due to its rectangular geometry
the 1 coverage depends on the ¢ coordinate; as seen in Figure 4.29 it is roughly

about |n| < 0.6. The CMP system is based on single wire drift chambers 2.5 ¢cm
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by 15 cm and 640 cm long as shown in Figure 4.33. The chambers are arranged
in four layers with half-cell staggering between them. Behind the cell a scintillator
system (named CSP Central Scintillator uPgrade) provides timing information. As
with the CMU, each wire is read by a single TDC. With the inclusion of the CMP
system a new handle for the evaluation of the number of CMU “fake” muons due
to “punch-through” is at hand. In order to obtain cleaner samples of muons it is
now common practice to require that CMU hits have a corresponding CMP hit, in
addition to a matching COT track. This muons are informally called CMUP muons.
While the CMP provides for a better discriminator of muons than the CMU alone,
its n coverage is limited, and a big fraction of muons get lost in uninstrumented
regions at larger 7.
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Figure 4.33: Drift chambers used in the CMP and CMX muon detector systems.
The wire supports are used only in CMP.

CMX

The CMX (Central Muon eXtension ) enlarges the coverage of the muon system,

providing extra coverage in the region 0.6 < n < 1, while slightly overlapping in the
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region 1 = 0.6 with the CMU. The CMX consists of a pair of arches at each end of
the detector. On each side, the CMX chambers follow the surface of an imaginary
cone whose apex lies in the z axis further away from the detector; the aperture angle
of the cone is about 45°. Figure 4.34 shows the arches during the detector assembly
period. The two arches are complemented with two more chamber arrays at the top
and bottom, which are not shown in Figure 4.34. While the upper chamber is made
of the same components as the arches the lower one has a finer segmentation. In
the arches and the upper chambers the CMX is segmented in wedges, each spanning
15° in ¢. Each wedge is composed of 8 layers of a 180 c¢m long version of the drift
chambers used in the CMP. The layers are staggered as shown in Figure 4.35 so that
all particles will traverse at least 4 layers in order to accurately reconstruct the track.
While no additional steel was added in front of this detector the large angle from
the interaction point through the calorimeter, solenoid yoke, and support structures
yields considerably more absorber material than in the central region. The CMX is
also implemented with scintillators in what is called the CSX (Central Scintillator
eXtension). In the arches the scintillators are installed both in the inside and outside
of the chamber and are half-cell staggered. Each scintillator is read by a single PMT.
In the lower chambers scintillators are placed only on one side, and read with two

PMTs from both ends to allow the computation of a mean-time.

IMU

The main components of the IMU are the Barrel Chambers (BMU). This detector is
shaped as two contiguous barrels of drift chambers located on the outer radius of the
toroids (Figure 4.34). These chambers expand the muon coverage of CDF up to || ~
1.5, but only cover the upper 270° in azimuth. Sets of scintillators were also installed
for trigger confirmation and spurious signal rejection. The central muon scintillator

upgrade, CSP, are counters installed on the outer surface of the CMP chambers. Two
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Figure 4.34: The CMX arches in the detector hall. The arches are still to be com-
plemented at the top and bottom to give a full ¢ coverage. The rest of the CDF
detector is yet to be put in between them. Part of the IMU system is also shown
surrounding the yellow toroids.

layers of scintillators are mounted on the internal and external sides of the CMX, the
so-called central muon extension scintillator, CSX. Finally, the IMU incorporates two
scintillator systems: the barrel scintillator upgrade, BSU, and the Toroid Scintillator
Upgrade, TSU. The BSU detector is made of rectangular scintillators mounted on
the outside of the BMU chambers and with the same azimuthal coverage. The TSU
detector is made of trapezoidal scintillators mounted on the inner face of the toroid

and covering 27 in azimuth.

4.2.5 TOF
The TOF (Time Of Flight) is dedicated to measure the time of flight of the particles

generated in the primary interaction. The TOF system consist of 216 scintillator

bars 279 c¢m long arranged in a cylindrical geometry. The bars have a square cross
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Figure 4.35: The eight-layer CMX drift chamber system.

section with an approximate side of 4 cm, and occupy the space between the COT
and the cryostat of the solenoid (see Figure 4.36) at a radius of 138 cm. The bars are
made of plastic scintillator BC-408, which provides a fast rise time and long decay
time while having a bulk attenuation length of about 380 ¢cm. The bars are placed
next to each other providing full coverage in ¢ for |n| < 1.0. At each end, the bars
are coupled to Winston cone light guides attached to fine mesh PMTs. The PMTs
are located in situ and thus embedded in the solenoid’s 1.4 T magnetic field. This
reduces the PMTs gain to 2 x 10, about 500 less than if no magnetic field were
present. To increase signal, a custom made amplifier with a gain of about 15 was

appended to the output of the PMT.

The TOF measures the time of flight of the particle from the moment the inter-
action occurs to the moment the particle traverses the TOF bars. The time of the
interaction is determined by the tracks in the event, and the TOF system provides

the time at which the particle passed through a bar, taking into account necessary
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Figure 4.36: Left: TOF bars installed in the lower portion, between the supercon-
ducting solenoid (surface below) and the COT structure (above). Right: Detail of
the read out design of the TOF bars.

corrections. The difference between these two times is the time of flight of the par-
ticle. Since the length of the track between these two points is known from the
tracking systems, the TOF provides a direct measurement of the particle’s velocity.
For a given momentum the smaller the time difference, the larger the velocity and the

smaller the mass. The mass can be directly calculated from m = 24/ 2 _ 1 where

c L2

p and L are the momentum and length of the particle’s track and ¢ is the time of
flight of the particle obtained from the TOF. In Figure 4.37 (left) the expected time
of flight difference between charged 7, K and p relative to one another is shown as a
function of momentum. The time difference between pairs of particles is translated
into a particle ID separation power with about 100 ps of resolution, which provides a
two standard deviation separation between K= and 7% for momenta p < 1.6 GeV /c .
The performance of the TOF with early data is shown in Figure 4.37 (right) A more
detailed description of the construction details is given in [91] and of its expected

performance and impact in physics analysis in [92].

132



Chapter 4. Experimental Setup

Time difference, ps
o

8

——

)

() 18mod uogesedag

p/N1/p>-1, G

o
@

S 00 f
=] K
£: \ PR\ prm
300 [ L 3

n
1
<1
»

o

e

2

8
o
o~

W Bl TS T~
ion

—

05 1 15 2 25 3 35 4 45 5 o) PR Bk . A
Momentum, GeV/c 2 -15

. 1 15 2
Momentum, GeVic

Figure 4.37: TOF performance. Expected time of flight difference (in ps) between
charged 7, K and p relative to one another as a function of momentum and separation
power assuming 100ps resolution. The dashed line shows the K /7 separation from
dE/dx measurement by the COT. TOF recontructed mass versus momentum. The
data clusters around the charged 7, K and p masses with a 60:30:10 proportion. Data
from Tevatron store 860 (12/23/2001).

4.2.6 CLC

In CDF, the beam luminosity is determined using gas Cerenkov counters located
in the pseudorapidity region 3.7 < |n| < 4.7, which measure the average number of
inelastic interactions per bunch crossing. The Cherenkov Luminosity Counter (CLC)
was designed for the Tevatron Run II in order to achieve a precision measurement
of the instantaneous luminosity. The CLC is located at each side of the detector in
the 3° gap between the plug calorimeter and the beam pipe as shown in Figure 4.38.
It spans from 184 c¢m to 405 cm along the z axis. The CLC is composed of an
array of Cherenkov counters in the shape of long cones (cone-modules). These are
made of 2 layers of aluminized mylar rolled into a conical shape, and have on one
end a light collector that directs the light to a PMT, and on the other a glued
plastic cap. There are three types of cone-modules arranged in three concentric (and

conic) layers with 16 cones each. The full CLC consists then of 48 conical counters
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per detector side (Figure 4.39). The cones are supported by two plates, one at
390 cm from the detector center just outside the volume of the forward calorimeter,
and the other located inside the volume of the detector at about 184 c¢m from the
detector center. These plates align and support the cones such that they have a good
proyective geometry with respect to the nominal collision point. The CLC is filled
with isobutane gas at about 14.7 psig pressure. The conical geometry makes the CLC

sensitive to particles coming from the collision point. More detailed information on

the CLC is found in [93] and [94].
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Figure 4.38: The CLC is located in the 3° gap between the plug calorimeter and the
beam pipe.

The CLC measures the average number of primary interactions per bunch crossing
(), and this information allows the computation of the instantaneous luminosity
L. The average number of primary interactions, pu, is related to the instantaneous

luminosity, L, by the expression:

B foe = Otot - L (4.7)

where fp. is the bunch crossing frequency at the Tevatron, on average 1.7 MHz for 36

x 36 bunch operations, and o, is the total pp cross section. Since the CLC is not

134



Chapter 4. Experimental Setup

PLUG @ :

s=tetem z-zoem @ PLUG /[ ,.ozarem @

a @

Parts list
1: Outer cone shell @ /
2: Entrance window z=373cm z=4050m
3: Mounting Flange
4: Book cylinder
5: End plate
6: Inner pipe
7: PMT Assembly
8: Inner mylar cone
9: Middle mylar cone
10: Quter mylar cone
11: PMT plate flange (not shown)
12: End plate/inner pioe flange  (not shown) Cross Section

13: Connector at 2-3730m CLC Assembly

14: Bellows beam pipe (not shown)

Figure 4.39: The CLC Assembly diagram. The cross section view at z=373 cm is
also shown.

sensitive to the elastic component of the pp scattering, Equation 4.7 can be rewritten
using the inelastic cross section, o;,, as

[ P e (4.8)

Oin

where now p is the average number of inelastic pp interactions. The method used
at CDF for the luminosity measurement is based on the counting of empty crossings
[95]. This method determines i by measuring the first bin of the distribution which
corresponds to the probability of having zero inelastic interactions, Fy, through the

relation:
Pyp) = e (4.9)

which is correct if the acceptance of the detector and its efficiency were 100%. Given
the limited accuracy of this statement, there is a need for some selection criteria, «;, to
define an “interaction.” An “interaction” is defined as a pp crossing with hits above a
fixed threshold on both sides of the CLC detector. Consequently, an empty crossing

is defined as a pp crossing with no interactions. Given these selection criteria, the
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experimental quantity P, called Py*™"{«}, is related to p through:
Py {u;af = (et e <t —1) - e~ (1—co)n (4.10)

where the acceptances €y and ¢€,,. are, respectively, the probability to have no hits
in the combined east and west CLC modules and the probability to have at least one
hit exclusively in the west/east CLC module. The evaluation of these parameters is
based on Monte Carlo simulations, and typical values are ¢y = 0.07 and €,/ = 0.12.
To obtain the luminosity measurement using the Equation 4.8, the value of oy, is still
needed. At the beginning of Run II, an extrapolation to 2 TeV of the value measured
at /s = 1.8 TeV by CDF [96] was used. The cross section would be o;, = 60.4 mb.
To facilitate the comparison of CDF and DO cross section measurements in Run II,
the collaborations agreed to use a common inelastic cross section [97], o, = 59.3 mb
that is about 1.9% smaller than previous value. Since CDF never modified the actual
luminosity value used internally within the collaboration, the CDF quoted luminosity
is multiplied offline by a factor of 1.019. Different sources of uncertainties have
been taken into account to evaluate the systematic uncertainties on the luminosity
measurement [98]. The dominant contributions are related to the detector simulation
and the event generator used, and have been evaluated to be about 3%. The total
systematic uncertainty in the CLC luminosity measurements is 5.8%, which includes

uncertainties on the measurement, 4.2%, and on the inelastic cross section value, 4%.

4.2.7 The trigger system and data flow

The CDF trigger system consists of three trigger levels, see Figure 4.40. The first
two levels are hardware based, while the third one consists of a processor farm.
The decisions taken by the system are based on increasingly more complex event
information. The two hardware levels are monitored and controlled by the Trigger

Supervisor Interface, TSI, which manages signals from the different sections of the
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trigger and DAQ system, a global clock and bunch crossing signal.

As mentioned in Section 4.1.5 the proton and antiproton bunches cross every
396 ns. With the last Tevatron lumonisities of the order 4 x 103! ecm™2s~! this
amounted to about 1.6 interactions per bunch crossing, i.e., 1.6 interactions every
396 ns or about 2.5 Million events/second. There are two main reasons for which
recording all the events produced is not feasible. First, with an average event size
of about 100 kiloBytes, it would require throughput and storage capabilities of 250
GigaBytes/second, and there is currently no technology with such capacities. Second,
even if such technology existed the detector would not be fast enough to read out
and transfer all the information before the next bunch crossing occured. It typically
takes about 2 us for a complete CDF detector readout, but there is only 0.4 us
between bunch crossing. However, the majority of the events produced are of little
interest to the current CDF physics program. Most of these events are protons
and antiprotons passing right by each other with very little momentum transferred
between the interacting partons. Only ocassionally there will be a hard parton-parton
collision with outgoing particles with large transverse momentum. The non-elastic,
soft interacting events are typically called “minimum bias events.” The minimum
bias events have a production cross section of the order of 10 mb, and are typically
used for calibration purposes. The CDF physics program is interested in much more
rare events, with production cross sections typically smaller than 100 pb. This is
more than three orders of magnitude smaller than the total pp cross section. The tt
production cross section is about 6.7 pb or nine orders or magnitude smaller than

the minimum bias production cross section!

These problems are curcumvented by the implementation of the CDF trigger sys-
tem, which selectively reads out and stores only those events considered of interest.
A schematic diagram of the CDF trigger system is shown in Figure 4.40 (Left). The
CDF global trigger system has a three-level structure. The Level-1 trigger filters
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out the vast majority of the events without any interesting signatures. Since this
level takes up to 5.5 us to reach an accept/reject decision, the front-end electronics
is equipped with a 14-event deep buffer to accomodate new events while the Level-1
decision is taken. The accepted events are further analysed by the Level-2 trigger.
The Level-2 trigger takes more time and adds more information to make further
decisions regarding the event. If accepted, the full information of the detector sub-
systems is read out and passed to the Event Builder. There, the different fragments
of information from the different sub-detectors is collected, reordered and concate-
nated to build a single unit of information containing all the event information. The
Event Builder then passes the full event directly to Level-3. Level-3 then makes the
final decision and, if accepted, the event is tranfered to the Consumer Server Logger
(CSL), a local mass storage system that temporarely stores the events. The CSL
ultimately transfers the information to the Fermilab Feynman Computing Center
(FCC) where it is written on tape. If the connection between the CSL and the FCC
were to break the CSL can store up to 8 hours of information before reaching its
maximum storage capacity. The CDF trigger system is descibed in detail in [100].
A detailed Description of the CSL and FCC can be found at [99]. In the following
subsections a more detailed description of the parts that comprise the CDF Trigger

system are discussed.

Level-1 trigger system

A block diagram of the Level-1/Level-2 trigger system is shown in Figure 4.40. These
trigger levels are managed by the Trigger Supervisor Interface (the box marked
TSI/CLK in the figure), which also provides a global clock. The Level-1 is a syn-
chronous trigger system. On every bunch crossing, this trigger reads out the event
information from the detector, stores it in the pipeline and makes a decision on an

earlier event. The decision is made based on “primitives”, a fast and rudimentary re-
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construction of the raw information from all sub-detectors. The Level-1 trigger uses
primitives made from measurements of energy in the calorimeters (Central, Wall,
and Plug), tracks in the COT, stubs in the muon systems (CMU,CMP and CMX)
and, not shown in the figure, coincidence hits in the CLC for minimum bias trigger
and Time of Flight information. The first three are shown in Figure 4.40 (right) as
the boxes labeled L1-CAL, L1-TRACK, and L1-MUON repectively.

Detector Elements

Crossing rate 2.53 MHz CAL CcoT | MUON | | SVX | | CES |
(396 ns clock cycle) T T T
MUON
[ ees |

2.53 MHz synchronous pipeline XTRP
L1 storage Latency 5544 ns=42x132ns
pipeline: Acceptrate < 50 kHz

14 clock

cycles deep

L1 L1 L1
AL TRACK MUON

L1 accept
Asynchronous 2-stage pipeline } l ‘
Latency ~ 20 us = 1/50 kHz
Acceptrate 300 Hz GLOBAL a—
L2 buffers: LEVEL 1
4events L1+L2 rejection factor: 25,000

L2 accept ’7
o | s |
P Y

DAQ buff / A trate <75 H
Event ;ui?;zr R:j‘;egior: leaclor: >Z4 GLOBAL TSI/CLK
LEVEL 2

0

Figure 4.40: Schematic diagram of the CDF global Trigger system (left). Detailed
block diagram of Level 1 and Level 2 trigger (right).

The L1-CAL information sets an array of 8 bits per each 15° wedge, representing 8
momentum thresholds per wedge. Track extrapolation is done using look-up tables so
that tracks crossing wedge boundaries are handled correctly. The LL1-Muon basically
informs what muon towers have fired®, and makes use of the real granularity of the
muon sub-detector systems, as opposed to logical (typically bigger) granularity units.
These primitives are often combined to form electron, muon or jet objects, that are

later to be used in the trigger decision process.

8 A muon tower is said to have fired if at least one of the stacks has a stub.
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In general tracking recontruction, even when done rudimentarily, is more complex
and harder to achieve than the reconstructions of primitives based on calorimeter
and muon information. The extra complexity involved in tracking is shown in Fig-

ure 4.40 (right) by the boxes labeled XFT and XTRP whose function is explained

next.

XFT

XFT stands for eXtremely Fast Tracker, and is an online track processor to identify
charged particles in the COT in time to take part in the Level-1 decision making
process. The processor uses the information of the 4 axial superlayers only. The
identification algorithm basically consists of two steps: Segment finding and segment
linking. The segment finding portion classifies all the COT hits into either prompt
hits (drift time <44 ns) or delayed (drift time between 44 ns and 132 ns). Then
in each superlayer a set of predefined patterns of prompt/delayed hits are applied
to find all the segments. These predefined patterns were obtained assuming impact
parameter equal to zero. The track’s charge is then determined by the ¢ position
and the track’s slope in the two outermost axial superlayers. The slope and the ¢
position conform a “pixel.” The segment linking is then perform by matching all
those pixels that appear to be part of the same track. If 4 or more pixels are found
an estimate of the track parameters is obtained. The tracks found by the XFT are
passed to the XTRP and a copy is made to be used later in Level-2 if the event were

to pass Level-1.

XTRP

The XTRP, or the eXTRaPolator unit, performs a quick extrapolation of the XFT

tracks to other sub-detector systems such as calorimeters and muon chambers. This
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allows for a better identification of real physics objects (or particles) such as elec-
trons, jets and muons; as opposed to detector objects such as tracks, showers in the
calorimeters, etc. An algorithm that uses a particular logical combination of the
primitives is called an individual (Level-1) trigger. These individual triggers are de-
signed based on the desired event final state, or equivalently on the physics process
to be studied. In order to cover the CDF physics program, 64 individual triggers
are implemented. The Level-1 trigger system makes a decision for each of the 64
individual triggers, while also making a global Level-1 decision. If the event is ac-
cepted the event information is passed to the Level-2 system together with the 64
bits representing the accept/reject decision for the individual triggers. The Level-1

trigger rate of accepts is less than 50 kHz, much smaller than the total input rate of

2.5 MHz.

In summary, the three main components of the Level-1 trigger system are:

e The L1-CAL calorimeter trigger is employed to detect electrons, photons, jets,
total transverse energy and missing transverse energy, Kr. The calorimeter
triggers are divided into two types: object triggers (electron, photons and
jets) and global triggers (> Er and Fr). The calorimeter towers are summed
into trigger towers of 15° in ¢ and by approximately 0.2 in 1. Therefore, the
calorimeter is divided in 24 x 24 towers in 1) X ¢ space. The object triggers are
formed by applying thresholds to individual calorimeter trigger towers, while
thresholds for the global triggers are applied after summing energies from all

towers.

e The L1-TRACK trigger is designed to reconstruct tracks in the COT. An eX-
tremely Fast Tracker, XFT, uses hits from the 4 axial layers of the COT to
find tracks with a pr greater than some threshold, ~ 2 GeV/c. The resulting
track list is sent to the extrapolation box, XTRP, that distributes the tracks

to the Level-1 and Level-2 trigger subsystems.
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e L1I-MUON system uses muon primitives, generated from various muon detector
elements, and XF'T tracks extrapolated to the muon chambers by the XTRP
to form muon trigger objects. For the scintillators of the muon system, the
primitives are derived from single hits or coincidences of hits. In the case of the
wire chambers, the primitives are obtained from patterns of hits on projective
wires with the requirement that the difference in the arrival times of signals be
less than a given threshold. This maximum allowed time difference imposes a

minimum pr requirement for hits from single tracks.

Level-2 trigger system

The Level-2 trigger is an asynchronous system that processes events as they are re-
ceived from Level-1. The Level-2 decision is based on Level-1 primitives as well as on
more accurately processed information from the calorimeter, additional information
from the shower maximum strip chambers (CES), and the axial strips of the Silicon
vertex detector (SVXII). These are indicated in Figure 4.40 (right) by the boxes
labeled L2CAL, XCES and SVT. The L2CAL hardware uses the trigger tower pro-
vided by L1ICAL and further calculates the total energy of the clusters by summing
the energy of the towers that comprise it. The clusters are obtained by identifying
“seed” (energy above a seed threshold) and “shoulder” towers ( which are contiguous

to the seed tower, above a shoulder threshold and below the seed threshold).

The need for L2CAL also arises from the fact that jets are not fully contained
in Level-1 trigger towers, and thus the Level-1 threshold is set to values much lower
than those of jet energies. This results in rates that would be too high for Level-3 to
handle, so the LZCAL provides a reduction in the jet trigger rates by calculating the
total cluster energy (which should be close to the jet energy) and applying a filter
based on jet energy. The L2CAL hardware also provides total tranverse energy and

tranverse missing energy calculations. The XCES hardware takes the information

142



Chapter 4. Experimental Setup

of the CES and generates a bitmap of strips with energy above a certain threshold.
Then the XFT tracks, extrapolated by the XTRP, are matched with the bitmap
to produce electron candidates. The SVT system significantly improves upon the
XFT track parameters. It extrapolates the XFT track primitives to the volume
inside the SVXII and recalculates the track parameters, this time adding the impact
parameter information which is not present in the XFT primitives. It uses only the
information of the axial strips of the SVXII. The impact parameter is an indication of
a displaced vertex, which is a strong and clean signature in many physics processes.
Currently, the number of possible individual triggers for Level-2 is 192. After the
Level-2 global decision is made the event is transfered to the Event Builder [101] if
accepted, and then to Level-3 togheter with the Level-1 and Level-2 primitives and
individual trigger bits. The Level-2 hardware takes about 20 us to make the global
decision, and with the implementation of a set of 4 event buffers the total accept

rate is below 300 Hz.

In summary, the Level-2 performs the following tasks:

e The L2-CAL hardware carries out the hardware cluster finder functions. It re-
ceives trigger tower energies from the L1-CAL and applies “seed” and “shoul-
der” thresholds for cluster finding. It is basically designed for triggering on
jets, but specific reconstruction of clusters for triggering on electrons, taus,

and photons is also performed.

e The shower maximum detector provides a much better spacial resolution than
a calorimeter tower. The XCES boards perform sum of the energy on groups
of four adjacent CES wires and compare them to a threshold (around 4 GeV).
This information is matched to XF'T tracks to generate a Level 2 trigger. This
trigger hardware provides a significant reduction in combinatorial background

for electrons and photons.

143



Chapter 4. Experimental Setup

e Silicon Vertex Tracker, SVT, uses hits from the r x ¢ strips of the SVX II
and tracks from the XF'T to find tracks in SVX II. SVT improves on the XFT
resolution for ¢ and pr and adds a measurement of the track impact parameter,
dy. Hereby the efficiency and resolution are comparable to those of the offline
track reconstruction. The SVT enables triggering on displaced tracks, that

have a large dj.

Level-3 trigger system

The Level-3 trigger system is a large array of conventional PC’s running on the
Linux operating system. After an event is accepted at Level-2, it has to be read out
completely. This operation involves collecting data from over a couple of hundred
VME Readout Buffers (VRBs). The Event Builder assembles the event from pieces
of data from the Level-2 system into complete events. The Level-3 is divided into 16
sub-farms, each consisting of a converter node (running the Event Builder) and 12
to 16 processor nodes. Once the event is built, it is sent to one node in the Level-
3 sub-farm. The Level-3 trigger reconstructs the event following given algorithms.
These algorithms take advantage of the full detector information and improved res-
olution not available to the lower trigger levels. This includes a full 3-dimensional
track reconstruction and tight matching of tracks to calorimeter and muon-system
information. Events that satisfy the Level-3 trigger requirements are then transfered
onward to the Consumer Server/Data Logger (CSL) system for storage first on disk
and later on tape. The average processing time per event in Level-3 is on the order
of a few seconds. The 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 1, Level 2 and Level 3
constitutes a trigger path. The CDF II trigger system implements about 200 trigger

paths. An event will be accepted if it passes the requirements of any one of these
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paths and, depending on the trigger path, it will be stored in a trigger dataset. A
complete description of the different datasets at CDF Run II can be found in [102].

Another important feature of the trigger system of CDF is that Level-1 and
Level-2 accepts can be pre-scaled. This means that only a fraction of the events
that fulfill the trigger requirements are actually accepted. Even if this implies loos-
ing potentially useful events, it becomes necessary at high luminosity. Given the
continuously improving performance of the Tevatron, pre-scaling trigger has become
common practice in the last years. Moreover, the trigger system allows for dynamic
pre-scaling of trigger accepts, meaning that the scaling factor varies with the instan-

taneous luminosity, so the output bandwidth is maximally utilized.

4.2.8 Data taking

From the operational point of view, data taking occurs in three basic steps. The first
step is to “set up” the detector, which involves the initialization of the crates and
front-end electronics and the download of settings to specialized electronic compo-
nents for calibration and other purposes. The second step is the actual data-taking,
which occurs in a fairly automatic way and could last in principle for as long as the
operator decides. There are, however, a number of reasons to abort data-taking such
as the approaching end of a store (Tevatron cycle), hardware malfunction, software
problems, etc. The data collected from the moment the detector is set up until data
taking finishes is called a “run,” and is characterized by a single integer number.
Each time the detector is setup the run number is incremented by one. In certain
runs sub-detector systems could have malfunctioned, be turned off or be in a general
bad state. When a run is finished, it is always properly marked to indicate the overall
status of the sub-detector systems. This information is later used to decide what runs

to exclude (if any) from the analysis data. The list of runs to be considered good is
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called ‘the “good run list” and depends on the choice of sub-detectors required to be

working properly for a particular physics analysis.
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Event and particle reconstruction

at CDF

Collisions of protons and antiprotons can result in the generation of a large variety
of final state particles. In particular, this dissertation considers final states charac-
terized by three isolated leptons plus missing energy, considered to be the “golden
channel” for the search for Supersymmetry at the Tevatron. To perform a data
analysis, the information obtained from the detector has to be processed in order
to reconstruct observables. This section describes the requirements imposed on the
information gathered from different sub-detectors, to efficiently identify the different

particles in the energy rage of interest in this analysis.

5.1 Track and Primary Vertex Reconstruction

The trajectories of charged particles are found (in a first approximation) as a series
of segments in the axial superlayers of the COT. Two complementary algorithms

associate the segments lying on a common circle to define an axial track. Segments
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in the stereo layers are associated with the axial tracks to reconstruct 3-D tracks.
For muons and electrons used in this analysis, COT tracks are required to have
at least 3 axial and 3 stereo segments with at least 5 hits per superlayer. The
efficiency for finding isolated high momentum CO'T tracks in the COT fiducial volume

1 events and it is

with pr > 10 GeV is measured using electrons from W* — e
found to be (98.3 £ 0.1)%. Silicon hit information is added to reconstructed COT
tracks using an “outside-in” tracking algorithm. The COT tracks are extrapolated
to the silicon detector and the track is refitted using the information from the silicon
measurements. The initial track parameters provide a width for a search region in
a given layer. For each candidate hit in that layer, the track is refitted and used to
define the search region into the next layer. The search uses the two best candidate
hits in each layer to generate a small tree of final track candidates, and the one with
the best fit x? is selected. The efficiency to associate at least three silicon hits with
an isolated COT track is found to be (91 £ 1)%. The primary vertex location for
a given event is found by fitting well-measured tracks to a common point of origin.
At high luminosities, more than one collision can occur on a given bunch crossing.
For a luminosity of ~ 10%? cm~2s7!, there are ~ 2.3 interactions per bunch crossing.
The luminous region is long, with o, = 29 cm; therefore the primary vertices of
each collision are typically separate in z. The first estimate of the primary vertices
(xv,yv, zv) is binned in the z coordinate, and the z position of each vertex is then
calculated from the weighted average of the z coordinate of all tracks within 1 cm of
the first iteration vertex, with a typical resolution of 100 gm. The primary vertex
is determined event by event by an iterative algorithm which uses tracks around a
seed vertex, defined as above, to form a new vertex. The x? for all tracks relative
to the new vertex is calculated, tracks with bad x? are removed, and the cycle is
repeated until all tracks have a good y2. The locus of all primary vertices defines the
beamline, the position of the luminous region of the beam-beam collisions through

the detector. A linear fit to (zy,yy) vs. zy yields the beamline for each stable
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running period. The beamline is used as a constraint to refine the knowledge of the
primary vertex in a given event. The transverse beam cross section is circular, with
a rms width of &~ 30pum at z = 0, rising to ~ 50 — 60um at |z| = 40 cm. The beam

is not necessarily parallel nor centered in the detector.

5.2 Electron reconstruction and identification

Electrons are measured in the Electromagnetic Calorimeters. Incident electrons in-
duce showers across multiple calorimeter towers. The energy of the showers appears
in clusters in the n — ¢ coordinate system. The clustering algorithm looks for EM-
objects in the CEM. It starts by creating an Ep-ordered list of possible seed towers
that are in the fiducial region and have ES™ > 2 GeV. Then, towers within the fidu-
cial regions (including seeds) adjacent to the available highest E7 seed are checked.
They may belong to the cluster if they are in the same detector as the seed, and
have not been already used. Clusters in CEM can grow only away by 1 physical
tower from the seed. A cluster is found if the total EM-energy passes E5" > 2 GeV
(default), and EAd/Es™ < 0.125, where EA is the hadronic energy within the seed
tower in CEM. After all clusters are found, tracks from the default collection are
matched with them computing the cluster center with the energy weighted average
of the CES coordinates of the cluster towers. The central electron candidates must

have a matching COT track.

The electron cluster is formed of a seed EM tower, defined as the tower where
most of the energy is deposited, and a number of shoulder towers, which are added to
the seed tower until the maximum cluster size is reached. The largest cluster spans

two towers in pseudorapidity and on tower in azimuth.

The geometry of the CDF detector imposes the categorization of electrons into
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two types according to the calorimeter in which the deposition takes place: central

and plug electrons.

Central electrons. Central electrons traverse the central part of the detector,
In| < 1.1, leaving a track in the COT and depositing their energy in the CEM
calorimeter. To identify central electrons some or all of the following requirements

are applied:

o Er = E-sin(f) > 5 GeV. The transverse energy Er is equal to the total electro-
magnetic energy deposited by the electron in the CEM cluster (E) multiplied
by the sin(f) of the COT track pointing to the seed tower of the cluster. The
energy F is corrected to account for non-linear effects and known differences in

response between different towers, as measured from Z — e + e~ candidates.

e pr > 4 GeV. The transverse momentum of the COT track. The momentum
resolution of the track is improved by constraining the track to originate from

the beam line position (beam constrained) whenever possible.

e Fiduciality. This variable requires that the electron is reconstructed in a region

of the CDF detector that is well instrumented.

® Ehnui/Eem < 0.055+ 0.00045 GeV~!. Epq. The ratio of the energy deposited
in the hadronic calorimeter cluster to that deposited in the electromagnetic
cluster. The second term in the right hand side compensates for a drop in
efficiency of the cut at very high energies, as the electron shower leaks into the

hadronic calorimeter.

e F/P <2, if pr > 50 GeV. Ratio of the electromagnetic calorimeter energy to
the momentum of the track as measured from the COT track. This cut helps

reducing the number of jets that fake electrons. These jets typically contain a

150



Chapter 5. Event and particle reconstruction at CDF

7V that deposits its energy in the electromagnetic calorimeter. This cut also
helps discard those electrons that radiate high energy photons. The photon
is typically collinear with the electron track and generally deposits its energy
in the same calorimeter tower and therefore the cluster energy does not differ
much from the original energy of the electron. The pr of track, however, is

significantly reduced making the ratio £/P much larger than one.

e Lshr < 0.2. This quantity uses the lateral shower profile and compares it to

what is expected from electromagnetic showers. It is defined as
Emeasured Eexpected

Loy =0.14 . 5.1
' 2 JOEr o >y

where the index i runs over adjacent towers, Em°®ured is the energy measured

in tower i and E“7*"*? is the energy expected from test beam data. The energy
resolution in the CEM is represented by 0.14v/E, where F is the energy in the

cluster, and aijemcted is the error in B[
1

. Typically Lshr is a two-tower
sum. Any extra particles accompanying the one responsible for the main EM
shower will tend to add to the energy in adjacent towers and make Lshr a

larger number.

e 3.0 cm< Q- Az < 1.5 em; |Az| < 3 em. The distance between the COT track
extrapolated to the CES, and the best matching CES cluster is represented by
Ax and Az, where x and z are local CES variables. This requirement imposes
a close match between the two. The cut on Az has been multiplied by the
charge of the track, (), and it is asymmetric in » — ¢ to account for possible

photon bremsstrahlung in the outward direction relative to the track.

° Xgm-p < 10. This quantity compares the shower profile in the shower maximum

detector, CES, with the shower profile obtained from test beam electrons.

e Track quality cuts. A well reconstructed track should have at least 5 hits in

each of three axial and two stereo superlayers of the COT.
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® |Zyertez] < 60 cm. The position in z of the primary vertex interaction. The
Zvertex 18 determined by the intersection of the track with the beam axis. The
longitudinal spread of the event vertex about the nominal interaction point z

= () is a Gaussian with ¢ = 29 cm.

e Not a conversion. The interaction of photons with the detector material can
result in the conversion of photons into electron-positron pairs. These con-
versions can be identified by the presence of another electron candidate with
opposite charge near the electron candidate. If both tracks are close in ¢ at
the point of conversion the event is flagged as a conversion and rejected as a

whole.

e Calorimeter isolation: Eit°/Eguster < 0.1 (fractional isolation), if Ep > 20 GeV. |
The ratio of transverse energy in the electromagnetic and hadronic calorimeter

contained in a cone of radius AR = /(An)2 + (A¢)? < 0.4 which excludes

the electron cluster energy to the electron cluster energy. This cut rejects elec-
trons that are not isolated from hadronic activity, including those coming from
semi-leptonic quark decays. If Ep < 20 GeV, then absolute isolation is used:

Eiso < 2.0.

e Impact parameter: |dy,corr| < 0.02 cm (with Ng pius > 2), or |do, corr| <
0.2 cm (with Ny piys < 2). The impact parameter is the distance of closest
approach of a track to the the beam axis. This cut is particularly efficient at
identifying leptons coming from displaced vertices, such as those resulting from
the semi-leptonic decays of b quarks. By requiring the impact parameter to
be small (not displaced), the leptons are most likely prompt electrons forming

at the nominal interaction point. The value of dj is corrected before the cut is

applied.

The efficiencies of central electron identification cuts are measured using a Z/vy —

152



Chapter 5. Event and particle reconstruction at CDF

ete™ data sample. Events are required to have oppositely charged electrons, with
an invariant mass of the electron pair in a +15 GeV range from the nominal Z
mass. One electron is required to pass all the identification cuts, while the other
is used to obtain the efficiency of the cuts. The central electron identification ef-
ficiencies for data and MC are measured by the collaboration and parametrized as
functions of the period of data taking (PerfIDia [127]). On average, the identifi-
cation efficiencies of tight central electrons (defined in Chapter 5) in data and MC
are (0.799 + 0.002)% and (0.814 £ 0.001)%, respectively. In order to compensate
for differences in the reconstruction of tight electrons in data and MC a scale factor
of €gata/€rrc = 0.981 £ 0.003 (stat.)£0.004 (syst.) is applied to correct acceptances
obtained from MC.

Plug electrons. Electron candidates depositing energy in the PEM calorimeter
are called plug electrons. To identify plug electrons some or all of the following

requirements are applied:

e 1.13 < |n| < 2.8. The PEM allows the identification of electromagnetic clusters
of energy at pseudorapidities up to |n| < 2.8. The charge misidentification rate
of PEM can be very large as forward electrons may not traverse a large part of
the COT, and track information is limited. The track efficiency is improved by
using an algorithm named the Phoenix algorithm [104]. The algorithm starts
by associating a track with energy observed in the PEM cluster. The track
is constrained at the primary vertex and at the center of the cluster. Two
tracks are constructed based on the two possible charges of the electron. The
algorithm next looks for hits in the silicon that matches the tracks. If hits are
matched the track is reconstructed. If both track are reconstructed the one
with the best goodness of fit is taken. Electrons candidates with a cluster in

the PEM and a Phoenix track are called Phoenix electrons.
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o Er > 5 GeV. The transverse energy of the PEM cluster, which is limited to

two towers in pseudorapidity and two towers in azimuth, must be grater than

5 GeV.
® Epui/Eem < 0.055. Similar to the central electron requirement.

o Usyg > 0.65 and V9 > 0.65 (Pesbx9). The variables Usyg and Vsyg are isola-
tion variables for the PES shower maximum detector. They are independently
applied to both the U and V layers. The clustering in each layer is performed
by ordering strips in decreasing energy with the highest-energy strips used as
seeds. The PES cluster has a fixed width of nine strips. The quantities Usyg
and Vi.9 represent the ratios of energy sum in the central 5 strips to the total

energy in all the nine strips.

e X%y < 10. This variable compares the energy distribution in the 3 x 3
PEM towers around the seed tower to what was obtained from a test beam of

electrons by means of a y? test statistics.

e ARprps_pem < 3 cm. This variable compares the position of the shower ob-
tained from the x%,, fit to the intersection of the centroids in the layers U
and V. The difference in pseudorapidity An, and in azimuth A¢, determines
(ARPEs)Q = (AT])Q + (A¢)2

e Ngigits > 3. The number of hits in the silicon for Phoenix electrons.
® |Zyertex| < 60 cm. Same as the central electron requirement.

e Not a conversion. If it has a COT track.

e Calorimeter isolation: E&°/Eguster < ().1.

e Impact parameter: |dy, corr| < 0.02 cm (with Ng; pis > 2), or |dy, corr| < 0.2
cm (Wlth st' hits S 2)
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The plug electron identification efficiencies are determined from a Z/y — ete™
data sample. A central electron and a plug electron are required with the invari-
ant mass of the two-electron system in a 20 GeV window around the Z mass. The
central electron passes all the standard identification cuts for central electrons (tight
electron) and the plug electron is used to measure the efficiencies of the plug iden-
tification cuts. The scale factors (€4qtq/€mc) for this analysis were obtained from

PerfIDia [127].

5.3 Muon reconstruction and identification

Muons are minimum ionizing particles which penetrate large amounts of material
with little energy loss. Their passage through the detector is commonly characterized
by a track in the COT, little energy deposition in the calorimeter, and hits in the
muon chambers. Muons are detected by the muon-system placed in the outermost
layer of the CDF detector because of the highly penetrating nature of muons. Hits
in the muon detectors are linked together to form track segments called stubs; these
track segments are matched to extrapolated COT tracks, thus reconstructing a basic
muon object. Isolated tracks with py > 10 GeV that are not fiducial to any of the

muon systems are also considered as muon candidates (called stubless muons).

Muons at CDF are categorized by the detector region through which they pass.
In this dissertation CMU, CMP, CMX and BMU sub-detectors are used. Those
reconstructed in the CMU detector are called CMU muons, and so on. Muons
reconstructed in both the CMU and CMP detectors are called CMUP muons. In
particular, central tracks that are not expected to pass (not fiducial) through any of
the muon detectors are called Central Minimum Ionizing Objects or CMIO muons.
They are also called stubless muons, to indicate that no stub was reconstructed in the

muon detector. To identify central muons some or all of the following requirements
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are applied:

e pr > 5 GeV. The transverse momentum of the COT beam-constraint (if avail-

able) track.

o Fop <2GeV+Max(0,0.0115(P—100 GeV)), if pr > 20 GeV; E,,, < 2 GeV, if
pr < 20 GeV. It requires the energy deposited in the electromagnetic calorime-

ter to be very small. A small P-dependent correction is introduced for muons

with P > 100 GeV.

o Fnug < 6 GeV+Max(0,0.0280(P — 100 GeV)), if pr > 20 GeV; Eppg <
3.5 GeV+pr/8, if pr < 20 GeV. Requires the energy deposited in the hadronic

calorimeter to be smaller than that of strongly interacting jets.

e Fiduciality. This variable requires that the track of the muon candidate extrap-
olates to the proper muon chamber. For stubless muons it requires the track
to pass through well instrumented regions of the CDF detector and through

no muon sub-detector.

o |AX|cvu <7 cem, |AX|opyp <5 cm and |[AX|oyx < 6 cm, if pr > 20 GeV;
IAX|cyr < 7 em, |[AX|opyp < 5 cm and [AX|cyx < 6 cm, or X7 < 9, if
pr < 20 GeV, where i = CMU, CMP or CMX. The distance in the r — ¢ plane
between the COT track extrapolated to the stub segment, and the position of

the reconstructed stub for the muons in different sub-detectors.

e pcor > 140 cm. The radius at which the track leaves the COT. This track is
used for CMX only, as tracks may leave the COT from the side. In general,
data and Monte Carlo simulation do not agree for pcor < 140 cm due to the
data bias introduced by the XFT trigger which requires the track to have hits
in at least 4 COT superlayers. Data and Monte Carlo agree for pcor > 140

cim.
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e Track quality cuts. Same as those for central electron.

e |z9| < 60 cm. The z-position of the track.

e Isolation: E!°/pr < 0.1 (fractional isolation), if pr > 20 GeV. The quantity
E'° is the energy of calorimeter towers in the cone of AR = 0.4 without
including the tower associated with the track. If pr < 20 GeV, then absolute
isolation is used: B¢ < 2.0.

e Impact parameter: |dy, corr| < 0.02 cm (with Ny pis > 2), or |dy, corr| < 0.2

cm (with N pis < 2). The impact parameter is the distance on the transverse
plane of closest approach of a track to the the beamline. This cut is particularly
efficient at identifying leptons coming from displaced vertices, such as those
resulting from the semi-leptonic decays of b quarks. By requiring the impact
parameter to be small (not displaced), the leptons are most likely prompt
leptons forming at the nominal interaction point. This cut also substantially
reduces cosmic muons that entered the detector in the time window of the

collision and in-flight decays.

e Not a cosmic muon. Muons coming from cosmic backgrounds are identified
as dimuon events with an angular separation close to 180° in ¢. Cosmic rays
enter the detector at random times and at random locations. As cosmic muons
traverse the detector they leave single tracks in the COT, which are recon-
structed as two separate tracks, and deposit energy in the calorimeter as they
exit. The time difference between the energy deposited on both ends of the
hadronic calorimeter can be analyzed to identify cosmic muons. In addition,
a cut on the impact parameter of the track efficiently identifies cosmic muons.

Events in which a muon is tagged as cosmic are rejected.

As with electrons, the muon identification efficiencies are measured using a Z/y —

wp~ data sample. One muon is required to pass tight cuts and is associated with the

157



Chapter 5. Event and particle reconstruction at CDF

Level-1 trigger. The other muon is chosen to be fiducial (i.e. the track points to the
proper sub-detector) and used to measure the efficiency of each of the identification

cuts. The scale factors (€g4atq/€nrc) for this analysis were obtained from PerfIDia [127].

5.4 Jet reconstruction

In a typical pp collision free quarks and gluons which carry color are created. They
undergo a process called fragmentation where they create partons via a cascade
of gluon emissions and decays. The fragmentation continues until the momentum
square of the partons is of the order of the infrared cut-off scale. Due to color
confinement they cannot exist individually and they hadronize resulting in streams
of colorless particles. These particles are collimated along the direction of the original
parton and, after traversing the tracker, deposit their energy in a cluster of towers in
the calorimeter. This stream of particles is called a jet. Jets are reconstructed from
the energy deposited in the calorimeter towers with a jet clustering algorithm, which
starts by identifying a seed tower as the one with the largest energy deposition. The

group of towers within the cone with AR = /(An)2 + (A¢)? = 0.4 in (1, ¢) space

and centered at the seed tower are identified as part of the jet cluster. The cone
size AR = 0.4 is chosen to include most of the jet energy without including a large
contribution from other event activity. The choice of cone size also depends on the
type of physics. A cone 0.4 is optimal for high py physics (large v/3) such as in top
physics. After the cluster is defined, the shower center in the plane (n,¢) of the
calorimeter is determined as follows:

> B’
Necentroid = Z—Z (52)
ET

2 Brd'

¢cent7‘oid = Z i (53)
i T
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where the sum runs over the towers in the cluster and 7n%(¢") represent the n(¢)
coordinate of the center of the tower. After the position of the shower is calculated a
new cone is defined centered in the new coordinates and the calculation is repeated
for the new cluster. This process is then iterated until the cluster remains unchanged.

The transverse energy of the jet is calculated with the following equation:

E = \/ Z E;sin(0;)cos(6 Z E;sin(0;)sin(6;))? (5.4)

where F; is the total energy in tower ¢ and 6; is taken with respect to the highest sum-
pr primary vertex. This quantity represents the energy deposited in the cluster, and
does not include corrections to account for detector effects or other physics processes,
and is thus referred to as the “raw” jet energy. The corrected value of the jet Erp
is derived from the raw value E7* by applying a set of multiplicative and additive
correction factors resulting in a corrected value that is close to the energy of the

original parton. The corrections are given by the following relation:
ET = (E;aw X frel X ftime X fscale X Eé\“/[l) X fabs - quE + EQQC (55)

The seven factors are briefly explained below, (more detailed information can be

found in [105]).

e Relative correction, f,.. This factor takes into account the relative tower-to-

tower differences in calorimeter response.

e Time dependent correction, fiin.. The calorimeter response exhibits a decline
with time. This correction factor depends on the date the event was recorded
and properly assigns a multiplicative factor to account for the decline in re-

sponse.

e Energy scale correction, fs.qe. This factor account for the non-linear response

of the calorimeter.
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e Multiple Interaction, EM!. With current luminosities, a single interaction per
bunch crossing is expected on average. The number of interactions follows
Poisson statistics and in a particular event this number can be larger than one,
which means that the physics process under study may have an overlapping
minimum bias event. The energy of the minimum bias event may fall in the
jet clustering cone, and must be subtracted. This is calculated on an event-by-

event basis.

e Absolute energy correction, fus. This factor corrects the energy of the jet to
that of the original parton that generated it. It includes nuclear absorption
and particle leakage effects that can reduce the total energy measured in the

jet cluster.

e Underlying event correction, EY¥. Extra energy can be deposited in the jet
cluster that is not coming from the original parton. This energy can originate

from spectator partons, beam-beam soft interactions or beam remnants.

e Out of cone corrections, ESY. Part of the energy of the initial parton may fall
outside the cone resulting in a underestimation of its energy. This quantity is

obtained from MC simulation of the physics process under study.

Each level of correction has a systematic error associated with it, and the combination

of them result in the total systematic uncertainty of the jet Er measurement.

5.5 Tau reconstruction and identification

Tau reconstruction refers to the process of identification of a hadronically decaying
tau through its decay products. The hadronic decay of a tau lepton proceeds as

7 — Xpv,, where X;, can be ¢ or K* or some short-lived intermediate resonance
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that decays to final states including 7%, 7°, K* or K°. The fraction of tau decays
containing K *’s is much smaller than that containing 7* and therefore all the charged
tracks are considered pions in the tau reconstruction process. The decay products
of high energy taus travel in a direction collimated around the tau momentum. The
reconstruction algorithm begins by finding a seed calorimeter tower with transverse
energy greater than 6 GeV. Then, neighboring towers with energy larger than 1 GeV
are added to the cluster. Because the cluster is expected to be narrow, no more than
6 towers are allowed in the cluster. The algorithm then defines the seed track as the
highest momentum track pointing to the calorimeter cluster. All other tracks inside
a signal cone of 10° around the seed track, and whose zy position is close to that
of the seed track, are associated with the tau candidate. Other tracks outside the
signal cone and inside a larger cone of 30° are treated as isolation tracks. The region
between 10° and 30° is called the isolation annulus. The signal cone and isolation
annulus are depicted in Figure 5.1 for a non isolated tau candidate. More detailed

information about the tau reconstruction algorithm is found in [106].

Neutral pions decay to diphoton around 98.8% of the time. The neutral pions
coming from highly energetic taus (e.g. taus from the decay of W’s or Z’s) typically
have energies larger than 10 GeV. For these high energy pions the angular separation
between the two photons is very small, and the clusters of energy deposited in the
calorimeter are generally overlaped and identified as one. The identification of a
7%/~ is done by a cluster in the shower max detector, CES. The CES cluster is
required to have certain energy distribution and to have no track pointing to its
center to reduce contamination from real electrons. The four momentum of the 7°
can be reconstructed assuming the vertex to be at the zy of the seed track. A de
tailed description of ¥ reconstruction is given in [107]. The four momentum of the
hadronic system can be calculated from the momentum of the tracks and the 7°’s.
The following is the set of extra requirements imposed over the tau candidates as

found above:
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Figure 5.1: Tau identification cone, and isolation annulus. This particular set of
track would not pass the tau cuts as there are tracks in the isolation annulus.

e Visible Ep > 20 GeV. Er of the tau candidate calculated using tracks and 7%’s
associated with the tau candidate: Ep =7+, . . Pi.

e FEr of the calorimeter cluster > 20 GeV.
e FEp of the seed tower > 10 GeV.

e Seed track pr > 10 GeV.

e Cluster mass < 4 GeV. Cluster mass of the 4-vector defined by the energies

and positions of the calorimeter towers comprising the tau cluster.

® Mgersino < 1.8 GeV/c?. Invariant mass of the tracks and 7%’s to be less than
the tau mass.
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e (Calorimeter isolation:

ET(O4) — ET<T>
ET(T)

where E7(0.4) is the Ep of all the calorimeter towers within the cone of AR =

<0.1

0.4 centered at the tau candidate (7).

e Seed track quality requirements:

N(axial COT segments with 5 or more hits) > 3.
— N(stereo COT segments with 5 or more hits) > 3.

— XQ(COT)/NDOF < 3.

Seed track impact parameter |dy| < 1 cm.

Absolute value of the seed track z coordinate |z| < 60 cm.

— 9 cm < zops < 230 cm. The z coordinate of the extrapolation of the
seed track to the CES detector must be in the most sensitive CES region

(fiduciality requirement).

— |xces| < 21.5 cm. For 1-prong tau candidates only (same CES fiducial

requirement as for electrons).

Tracks in signal cone (< 10°) =1 or 3.

Tracks in isolation annulus (10° — 30°) with pr > 1 GeV = 0.

® | > uerei @'l = 1. The magnitude of the sum of the track charges must add
up to one.
e Number of associated calorimeter towers < 6.

Electron veto: ¢ > 0.1
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The variable £ is defined in order to suppress electrons and muons depositing
large amounts of energy in the electromagnetic calorimeter, where > |p] are
the scalar momenta of tracks in the signal cone, while E;, and F.,, are the
total and electromagnetic cluster energies respectively. The electron removal

procedure is described in detail in [108].

5.6 Missing transverse energy

Although with an unknown magnitude, the momentum of the initial partons is known
to be entirely along the beam direction. Momentum conservation thus requires that
the energy of all the final states balances in the plane transverse to the beam line.
Many interesting physical processes have neutrinos in their final state. Neutrinos
escape the detector carrying significant amounts of energy, and the identification
of the presence of a neutrino is possible by the detection of an imbalance in the

transverse energy. The transverse energy, Er, is a 2-D vectorial quantity defined as:

B = N Er™sin(0;); (5.6)
cal.towers

where the sum is over all the calorimeter towers, E/*" is the raw energy of each

tower, 6; is the polar angle to the center of the tower, and n; is a transverse unit

vector pointing to the center of the tower. On the transverse plane E_'%aw can be

expressed in terms of its x and y components:

Exv = > E™cos(¢) (5.7)
cal.towers

Epm = > E["™sin(¢;) (5.8)
cal.towers
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where the magnitude E7*" is given by:

By =\ J(Egv) + (Exe)? (5.9)

The value of E}“w defined above has to be corrected on an event-by-event basis. The
first correction is related to the muons in the event. The amount of energy deposited
by muons in the calorimeter is significantly less than the energy they carry. The
estimation based on the calorimeter is then corrected to include the energy of the
muon as measured by its track information. A second correction is related to the
jets in the event. Since the jet cluster energy is corrected as explained above, in the
calculation of the E}aw the raw energy of towers in the cluster has to be replaced by

their corrected energies.

Njets

EQC_ZTT _ E;Z,w + Z (E;orr,i o E;aw,i) (510)
=0
Njets

E%ZT‘T _ E;zw + Z (E;orr,z - E;aw,z) (511)
=0

Finally, if there are electrons in the event, E}“w must also be corrected to account
for corrections to the energies and momenta of the electrons. The corrected resulting
transverse energy is refered to as Er. Since the energy is assumed to be balanced
it is often more useful to talk in term of the “missing energy” defined simply as
E} = —ET. If neutrinos are present in the final state, the E} indicates the direction

and magnitude of the vectorial sum of the neutrinos transverse energy in the event.
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5.7 Lepton identification cuts

The signature for this analysis consists of three leptons and missing energy. As was
mentioned in Chapter 2, there are only three leptonic flavors: e, u, 7; however, muons
and electrons can be classified further depending on which sub-detectors are involved
in their reconstruction. As discussed earlier in this chapter, specific cuts are applied
to variables associated with each sub-detector in order to increase the efficiency of
reconstructing and finding leptons. Additional cuts may be required to further fil-
ter leptons with certain desired characteristics, such as those originating from the
interaction point, as opposed to those coming from displaced vertices. The leptonic
types described below satisfy the final selection criteria used in this dissertation. A

summary of the cuts applied to each category is presented in tables.

Central electrons. Electrons reconstructed in the central region of the detector
In| < 1.1. Depending on the stringency of the identification cuts they can be divided
into two categories: tight and loose electrons. Table 5.1 lists the cuts defining each

category.

Plug electrons. Electrons reconstructed in the forward or plug region of the de-
tector |n| > 1.13. Depending on the algorithm used to reconstruct their track they
can be divided into two categories: PEM and Phoenix electrons. Table 5.2 lists

the cuts defining each category.
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Cut CEMTIGHT CEMLOOSE
Track pr >4
Er >5
Fiduciality FidEleSmx()=1
HAD/EM < 0.055 4 0.00045 x £
Tracking NStereoSegments(5) > 2

NAxialSegments(5) > 3

Scaled CES y? <10 < 20
Lshr < 0.2 —
AX 30<AX X Q<15 -
AZ IAZ| < 3.0 —
E/P < 2, for pr < 50 —

Impact Parameter

Vertex

Isolation

Conversion Veto

| D0 | < 0.02, for nSvxHits> 2
| D00 < 0.2, for nSvxHits< 2
|Z0| < 60
ISO fyqe < 0.1, for Ep > 20
ISO < 2, for Ep < 20
Azy < 0.1 AND Acotf < 0.02

Table 5.1: Central electron ID cuts for tight and loose selection.
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Cut PEM PHOENIX
Er > 5
PesEta 1.13 < |npps| < 2.8
HAD/EM < 0.055, for EFM < 100
< 0.055 + 0.0026 * log(EPM), for EFM > 100
XPEM <10
Pes5x9 (both) > 0.65
Isolation I[SO< 4.0
Track default Phoenix
Silicon Hits — >3
Vertex |Z0| < 60

|D0or| < 0.02, for nSvxHits> 2
Impact Parameter

| D0 | < 0.2, for nSvxHits< 2

Conversion Veto | Azy < 0.1 AND Acotf < 0.02 —

Table 5.2: Plug electron ID cuts. For the PEM category a default track is required,
while for the Phoenix category a Phoenix track with at least three silicon hits is
required.
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Central muons. Muons reconstructed in the central region of the detector |n| < 1.1.
Depending on which muon system they left stubs they are divided into the follow-
ing categories: CMU, CMUP and CMX. The CMIO category is not fiducial to

any muon chambers (stubless muons). Table 5.3 lists the cuts defining each category.

Cut CMU CMUP CMX CMIO
pr >5 > 10
Fiduciality CMU CMU and CMP CMX non-finducial
Stub CMU CMU and CMP CMX —
Track-Stub pr > 20 | |AXcmuy| <7 [AXcmp| < 5 [AXcux| < 6 —
Track-Stub pp < 20 Xemu <9 Xenu < 9 and Xéyp < 9 Xemx < 9 -
or |[AXonmul <7 or |[AXcump| <5 or |[AXoux| <6 —
EM < 24 Maxz(0,0.0115 x (P — 100)), for pr > 20
< 2, for pr < 20
HAD < 6.0 + Maz(0,0.028 x (P — 100)), for pr > 20
< 3.5+ pr/8, for pr < 20
Tracking NStereoSegments(5) > 2 and NAxialSegments(5) > 3

| D0cor| < 0.02, for nSvxHits> 2
Impact Parameter
| D0 | < 0.2, for nSvxHits< 2

Vertex |Z0] < 60

) ISO¢pqe < 0.1, for Ep > 20
Isolation

ISO < 2, for Ep < 20

Table 5.3: Central muon ID cuts. For pr < 20 muons are also accepted if x? < 9.
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Forward muons. Muons reconstructed in the forward region of the detector with

stubs in the Barrel Muon Detector (BMU). Table 5.4 lists the cuts defining this

category.
Cut BMU
BMU
BmuFidX()< 0
Fiduciality
BmuFidZ()< —13, for |nge| < 1.25
BmuFidZ()< —3, for |ng| > 1.25
Stub BMU Stub
Track-Stub |AXBMU| <9
EM <2+ Maz(0,0.0115 x (P — 100)), for pr > 20
< 2, for pr < 20
< 6.0+ Max(0,0.028 x (P — 100)), for pr > 20
HAD ( ( ) pr
< 3.5 —|—pT/8, for pr < 20
) NStereoSegments(5) > 2 and NAxialSegments(5) > 1, for |n4e] < 1.25
Tracking
NStereoSegments(5) > 1 and NAxialSegments(5) > 1, for |nge:| > 1.25
|D0cor| < 0.02, for nSvxHits> 2
Impact Parameter
| D0 < 0.2, for nSvxHits< 2
Vertex |Z0] < 60
) ISO¢pqe < 0.1, for Ep > 20
Isolation
ISO < 2, for Ep < 20

Table 5.4: BMU ID cuts.
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Hadronic taus. As previously discussed, these are taus which decay hadronically
into narrow jets of particles and which are reconstructed from its decay products.
Only taus from the central region of the detector are considered (|n| < 1.1). Table 5.5
lists the cuts defining this category.

Cut TAU
Visible Ep > 20
Tower Er > 10
Seed Track pr > 10
[ et <1
Cluster mass <4
Visible mass <18
ISO¢rqc <0.1
Tracking NStereoSegments(5) > 3
NAxialSegments(5) > 3
Seed Track DO <1
Vertex |Z0] < 60
Seed Track | Xcogs| < 21.5, for 1-prong tracks only
Seed Track |Zogs| 9 < |Zcps| < 230
X*(COT)/Npor <3
Charge =1
Standard electron rejection yes
Number of tracks in cone (< 10°) lor3
Number of tracks in annulus (10° — 30°) 0 with pr > 1
Number of associated cal. towers <6

Table 5.5: Hadronic tau ID cuts.
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Isolated tracks. This category can be interpreted as a very loose lepton category.
They are essentially good quality tracks that are isolated in pp, that is, there are no
other good quality tracks reconstructed near them. Table 5.6 lists the cuts defining

this category.

Cut Isolated Track

br > 5
Tracking | NStereoSegments(5) > 3 and NAxialSegments(5) > 3

1Z0| < 60
Vertex
|Z0 (track) - Z0 (primary vertex)| < 5
Isolation ISO (pr) =0

Table 5.6: Isolated track ID cuts.
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Measurement of the fake rate of
electrons, muons, taus and isolated

tracks

Fake leptons are objects such as tracks and calorimetric energy depositions from
light-flavor QCD activity that are mis-reconstructed by the detector and software
as leptons that may pass the identification cuts of an analysis. However, when re-
ferring to the contribution of fakes to the backgrounds of various analyses, a much
broader definition is applied. We may include along with the true fakes, non-prompt
particles such as decay-in-flight muons and conversion electrons coming from light-
flavored QCD. In the absence of a tuned MC simulation capable of reproducing the
behavior of jets faking leptons in the different phase-space regions of interest, the
probability that an object from QCD will fake a lepton is measured directly from
the data. This probability or fake rate, is then applied to the analysis data in order

to make a full estimation of the contribution of fakes.
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6.1 Fake rate measurement

In an inclusive data sample of QCD events, we normally encounter the following

sources of fake leptons:

e Fake leptons

— Overlap of 7° and a track — fake electrons
— Interactive 7¥ — fake electrons

— Punch-through hadron — fake muons
e Non-prompt leptons

— Decay-in-flight muons from 7% and K* — muons
— Photon coversions — electrons

— (Semi-)Leptonic decay of heavy-flavor hadrons — leptons

The goal is to parametrize the probability per jet and per track that light-flavor
QCD will result in leptons that will pass all the analysis identification cuts. In
this context, the leptons from (semi-)leptonic decays of heavy-flavor hadrons and
conversion electrons are considered contamination which needs to be reduced by
standard procedures. The parameterization of this probability is what is generally
referred to as a fake rate per jet for electrons and taus, and per track for muons and
isolated tracks. Most of these fake rates are measured in data samples triggered by
different jet energy thresholds, which are presumed to have very few real leptons.
In the case of electrons and taus the measurement is performed for two different
types of fakeable objects or denominators: CdflJets for both leptonic flavors and
CdfEmODbjects and CdfTaus for electrons and taus respectively. The fake rates for
different energies are presented as the number of fake leptons per fakeable object for

the various types of denominators used.
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6.2 Datasets

The jet samples used in this study are the inclusive jet-triggered QCD data samples
jet20, jeth0, jet70 and jet100, corresponding to dataset ID’s gjtlah, gjt2ah, gjt3ah
and gjt4ah respectively. The integrated luminosity of this sample is L= 387.7 pb~1.
Good run list version 27 (1,0,5,1) was used requiring electrons, muons and COT to
be good. Additional datasets were used to measure the fake rates of BMU muons
and isolated tracks. The jet triggered samples gjt1bd, gjt2bh, gjt3bi and gjt4bj were
used for the fake rate of BMU, while the high-pr single lepton triggered datasets
bhelb and bhmub (periods d through j) were used for isolated tracks.

The jet-triggered data sets gjtxah and gjtxbj (x=1,..,4) are triggered by jets
of different threshold energies: 20, 50, 70 and 100. The basic assumption made
regarding these datasets is that the majority of the identified leptons found in their
events are fake leptons. However, a small real lepton contamination is expected from
conversions, heavy flavor and electroweak processes. These real leptons are removed

from the datasets through the following actions:

e The missing energy in the events is required to be low to clean real leptons

from W decays. Er < 15

Z-veto. Events with two or more leptons of the same flavor are not used. This

cleans leptons from Z decays.

e An impact parameter cut is applied to clean leptons from semi-leptonic b-quark

decays (heavy flavor).

Standard conversion veto.
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6.3 Fake Rate

The fake rate of a given lepton type is defined as the ratio between the number of
fake leptons found in the jet sample to the number of objects that could potentially
fake that lepton type, or fakeable objects.

Identified leptons
Fakeable objects

Fake rate (jet(or track) — lepton) = (6.1)

When using jets (CdfJet) as denominator objects, a reconstructed lepton is
counted in the numerator if it passes all the analysis ID cuts and it can be matched
to a denominator jet passing some minimal quality cuts. The matching of electrons
and taus to jets is done by requiring that the candidate lepton be within AR < 4
of the fakeable object. On the other hand, when using CdfEmObject and CdfTau
denominators, and also in the case of muon fake rates, all identified objects passing
the analysis cuts are included in the numerator and no matching is required. In
these cases, the denominator cuts are looser versions of the ID cuts, therefore, the

numerator is always a subset of the denominator

We measure the fake rate of four different electron types: central tight, central
loose, PEM (with default track) and Phoenix electrons. For muons we consider CMU,
CMUP, CMX, CMIO and BMU. Finally, we measure the fake rate of isolated tracks,
which can be thought of as avery loose leptons. The definitions of these objects are
described in detail in Chapter 5. The fake rate is measured for each lepton type
separately, where the numerator of Equation 6.1 passes all the identification cuts
that define each category. Given that some object types are contained in others that
are more loosely defined, i.e., all tight electrons are also loose, or they simply overlap

as in the case of PEM and Phoenix, the following modified lepton types are used:

e Loose electrons that are not tight
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e Phoenix electrons that are not PEM

e CMU muons that are not CMUP

The reason for this requirement of orthogonality is that leptons are uniquely
identified with one and only one of these categories with the highest quality types
having preference, i.e., electrons are tight if the pass all the tight cuts, and loose if

they fail any of them (while passing all loose cuts).

6.3.1 Denominator objects and cuts

The denominators in Equation 6.1 can be collectively thought of as very loose lepton
types. In the case of electron fake rates, two types of denominators are used: jet
(CdfJet) and electron (CdfEm) objects. The CdfJet’s correspod to a collection of
loosely reconstructed jet objects consisting of energy depositions in the calorimeter
with jet-like characteristics. Since fake electrons are actually real jets that are mis-
reconstructed as electrons, it makes sense to use these jets in the denominator as
fakeable objects, or objects that can fake electrons. On the other hand, CdfEmOb-
ject’s are very loosely reconstructed electrons. This collection most likely includes
real jets originating from QCD activity that, due to their electron-like characteris-
tics, have a high probability of being reconstructed as identified electrons. In the
same spirit, CdfTau objects are used as denominators for identified hadronic taus.
Finally, the denominators for muons are tracks that are fiducial to specific areas of
the muon system. Punch-through hadrons and in-flight decays of 7% and K*leave
tracks in the tracking system and stubs in the muon chambers which are sometimes
reconstructed as identified muons; therefore, isolated tracks are the best choice of

fakeable object for muons.

177



Chapter 6. Measurement of the fake rate of electrons, muons, taus and isolated tracks

Denominator object definitions: electrons and taus

Central and plug denominator jets (CdfJet) are required to have Er > 4 GeV
and are defined according to pseudorapidy:

e Central fakeable jet: |npe| < 1.1

e Plug fakeable jet: 1.2 < |npe| < 2.8. Plug calorimeter coverage only for

|77Det| Z ].2

CdfEmODbject denominators are required to pass the following cuts depending on

their location in the detector:

e Central CAfEmObject

— Central Region: |npe| < 1.1

—ET>5G6V

FidEleSmx()=1

— Ehai/Eem < 0.125 4 0.00045 x E

Iso < 4.0 for Pr <20 GeV, or Iso/Er < 0.2 for Pr > 20 GeV

Has default track

— Not a conversion
e Plug CdfEmObject

— Plug Region: 1.2 < |npe| < 2.8 (PesEta)
— Ep > 5 GeV

— Ehaa/Eem < 0.125 +0.00045 x E
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— Iso< 4.0

— Has default track (PHX track for PHOENIX category, with SVX hits > 3
and |Z0| < 60)

— Not a conversion (PEM category only)

CdfTau denominators are only required to be central in pseudorapidity.

e Central CdfTau: |npet| < 1.0

The use of CdfEmODbject and CdfTau denominators is motivated by the fact that
the CDF offline reconstruction software uses different algorithms to reconstruct lep-
tons and jets. Therefore, the same object reconstructed as a jet and as an electron
or tau will have different parameters (energy, electromagnetic fraction of the energy
cluster, etc.) and any measurement of the fake rate “per jet” is complicated by
this ambiguity. These differences pose an even bigger challenge while attempting to
predict the kinematic distributions of fake leptons starting from jet denominators.
This complication is avoided by defining the fake rate as the probability for a re-
constructed electron or tau candidate (CAfEmObject or CdfTau) passing minimal

denominator cuts to pass the full identification cuts of leptons.

Sample bias

The loose denominator cuts applied to CdfEmODbjects are introduced to reduce ob-
served differences in the kinematics of denominator objects among different jet sam-
ples [113], [114]. Due to differences between the offline and the trigger clustering
algorithms, CdAfEmObjects from higher jet- Ep trigger thresholds tend to have larger
hadronic fractions. Therefore, the requirement that Ej.q/Ee, < 0.125 improves the

consistency in the electron fake rate denominator composition between different jet
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samples (Figure 6.1). The same is true of the calorimeter isolation fraction with the
jet100 sample having denominator objects (CdfEmObjects and tracks) with larger
values of Iso/Er for the same Ep than the jet20 sample (Figure 6.2). This is a
large source of sample bias because identified leptons are required to be isolated and
denominators in samples with higher trigger energies will be on average less likely
to fake them. This sample bias is largely reduced by requiring denominators to be

isolated.
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Figure 6.1: Epuq/Een as a function of the calorimeter fractional isolation (cone 0.4)
for all CAfEmODbjects (left) from jet20, jet50, jet70 and jet100, and for CAfEmObjects
with Epeq/FEem < 0.125 (right).
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Figure 6.2: Calorimeter fractional isolation (cone 0.4) as a function of Er for Cd-
fEmODbjects (left), and as a function of pr for tracks (right).

Trigger bias

To avoid the trigger bias introduced by the trigger energy threshold of each jet sam-
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ple, it is important to identify which fakeable objects and leptons are biased by the
trigger. In order to accomplish this, it is first necessary to identify which jets in the
event pass each of the L1, L2 and L3 trigger requirements listed in Table 6.1. These
jets are most likely the jets that actually triggered the event and are denominated
trigger jets accordingly. If there is a single trigger jet in the event, that jet is consid-
ered biased by the trigger while all other jets are considered to be unbiased. However,
If an event has two or more trigger jets, then all the jets in the event are considered
unbiased, including the trigger jets. On the other hand, if there are no trigger jets
in the event, it could be said that all jets participated in the triggering and that
they should all be considered biased; however, in this case it is more appropriate to

consider only the highest energy jet in the event as biased.

Now that the trigger jets have been identified, it is possible to determine which
numerator and denominator objects are biassed by the trigger. This is done by
looking at the distance in phase space AR between each of the numerator and de-
nominator objects and each of the trigger jets. If this distance is AR < 0.7 the
objects are considered to be biased by the trigger, as they most likely correspond to

the same object reconstructed as a jet and as a lepton.

Trigger Jet Requirements
Jet sample Jet 20 Jet 50 Jet 70 Jet 100
L1 | One calorimeter tower with > 5 GeV > 5 GeV > 10 GeV > 10 GeV
L2 | One calorimeter cluster with > 15 GeV > 40 GeV > 60 GeV > 90 GeV
In| < 3.6 In| < 3.6 In| < 3.6 [n| < 3.6
L3 | One cone 0.7 jet with Er >20 GeV | Ep > 50 GeV | Er > 70 GeV | Epr > 100 GeV

Table 6.1: Description of JET 20 (50/70/100) trigger. Online jets which satisfy all
the three level requirements are called trigger jets.
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Denominator object definitions: muons and isolated tracks

Denominator tracks are default tracks that pass all the track quality cuts of Table 5.3
for central muon types and of Table 5.4 for BMU. It is required that the denominator
tracks of a given muon type be fiducial to the muon chambers corresponding to that

muon type. This defines five types of fakeable tracks:

e CMU fakeable tracks: fiducial to CMU chambers.

o CMUP fakeable tracks: fiducial to CMU and CMP chambers.

e CMX fakeable tracks: fiducial to CMX chambers.

e BMU fakeable tracks: fiducial to BMU barrel chambers.

CMIO fakeable tracks: not fiducial to CMU, CMP, CMX, and BMU chambers.

Fakeable tracks are also required to be isolated in the central or plug calorimeter
in order to reduce an observed dependence of the fake rates on the particular jet
sample used[109]. The track isolation is constructed by extrapolating the track to
the central or plug calorimeter and calculating the energy in a cone of 0.4 around
the track and subtracting the energy in the towers hit by the track. Then, a track
is considered isolated if E&m04 < 4 or E$"04 /pp < 0.1, where ESm04 is the track
isolation. An additional cut of E/P <1 is applied to reduce electron contamination
in the denominator tracks, where E' is the energy in the towers hit by the track and
P is the track momentum. The denominators of isolated tracks are required to pass

all the track quality cuts of Table 5.6 except for the pp-isolation requirement.
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6.4 Electron Fake Rates

6.4.1 Jet denominators for electrons

The fake rates of central electrons as a function of jet energy are shown in Figure 6.3.
The rates measured with different jet samples are shown in different colors. The
measurements corresponding to samples jet20, jet50, jet70 and jet100 are treated
as results of independent experiments and averaged using the formula below, which

were used for all leptonic types. The average rates are shown in Figure 6.4.

T =

in/af
Sijo? (62)
0, = Z 1/0? (6.3)

The first two low-E7 bins are biased by the cut on the transverse energy at 5 GeV for
tight and loose electrons. This occurs because of a smearing of the jet Er when jets
are reconstructed as fake electrons. That is, a jet with Er > 5 GeV may reconstruct
as an electron with £ < 5 GeV and be excluded from the numerator of Equation 6.1,
thus artificially decreasing the fake rate at energies close to this cutoff. Therefore,
for the purpose of measuring the fake rate these biased bins are ignored and the fits

are simply extrapolated down to 5 GeV.
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Figure 6.3: Tight (right) and loose (left) electron fake rates versus jet Er for the
jet20, jetb0, jet70 and jet100 samples.
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C%rjatral tight electron fake rate per jet Central loose electron fake rate per jet

208 £.008—
© = o £
I} E C
£ 0,7:, fg.om:
06 0.006-
0-5; 0.005
0-4; 0.004
0-3; 0.003—
02f + + 0.002]y
ol + t f 0.001F
Ui ‘\“‘\“‘\‘f‘\“‘\“*\ 0:H\‘HMH\H‘\H‘MHMHMHMHMH
0 20 40 60 80 100 120 0 20 40 60 80 100 120 140 160 180 200

Et (GeV) Et (GeV)

Figure 6.4: Tight (right) and loose (left) electron fake rates versus jet Er for the
average over the four jet samples. A fit to the combined fake rates is also shown.

The fake rates of plug electrons as a function of jet energy are shown in Figure 6.5.
The rates measured with different jet samples are shown in different colors. It was
shown in a previous measurement [109] that the fake rates of plug electrons are fairly
independent of pseudorapidity for |n| > 1.3, but that they do show an enhancement
for 1.2 <'|n| < 1.3. For this reason, the fake rates for these two regions are measured

separately. The averaged rates are shown in Figure 6.6.
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Figure 6.5: Phoenix (top) and pem (bottom) fake rates for the jet20, jet50, jet70
and jet100 samples. The fake rates were measured separately for || < 1.3 (left) and
for |n| > 1.3 (right).
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Phoenix electron fake rate per jet (1.2<|n|<1.3)
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(left) and for |n| > 1.3 (right). A fit to the combined fake rates is also shown.
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6.4.2 CdfEmODbject denominators

The fake rates of central electrons as a function of raw electron energy are shown
in Figure 6.7. The rates measured with different jet samples are shown in different
colors. These measurements are averaged in the manner described in the previous

section and are shown in Figure 6.8.
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Figure 6.7: Tight (right) and loose (left) electron fake rates versus raw electron Er
for the jet20, jet50, jet70 and jet100 samples.
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Figure 6.8: Tight (right) and loose (left) electron fake rates versus raw electron Er
for the average over the four jet samples. A fit to the combined fake rates is also
shown.

As was the case in the previous section with jet denominators, the first bins in the

fake rate of central electrons with electromagnetic clusters denominators are biased
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by the cut on the transverse energy at 5 GeV, and on the transverse momentum of

their track at 4 GeV. Several corrections are applied to the energy of fully identi-

fied electrons, and these corrections behave as an effective smear on the energy of

the fakeable objects. Here again the first bins are simply when fitting the histograms.

The fake rates of plug electrons as a function of raw electron energy are shown

in Figure 6.9. The rates measured with different jet samples are shown in different

colors.

As in the previous section, the fake rates are measured for two separate

regions of pseudorapidity, mainly, for 1.2 < |n| < 1.3 and || > 1.3. The averaged

rates are shown in Figure 6.10.
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Figure 6.9: Phoenix (top) and pem (bottom) fake rates versus raw electron Er for
the jet20, jet50, jet70 and jet100 samples. The fake rates were measured separately

for |n| < 1.3 (left) and for |n| > 1.3 (right).
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Figure 6.10: Phoenix (top) and pem (bottom) fake rates versus raw electron Er
for the average over the four jet samples. The fake rates are shown separately for
In| < 1.3 (left) and for |n| > 1.3 (right). A fit to the combined fake rates is also
shown.
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6.5 Muon Fake Rates

The fake rates of muons as a function of track py are shown in Figure 6.11. The
rates corresponding to different jet samples are plotted using different colors. The

average rates over the samples are calculated in the same way as for electrons and

are shown in Figure 6.12.
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Figure 6.11: Muon fake rates for the jet20, jet50, jet70 and jet100 samples.
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The isolation cut on the denominator tracks was introduced to eliminate a sample
bias which manifested itself strongly in the jet20 sample, yielding much higher fake
rates than other samples. A possible explanation for this effect is that tracks in jet20
have less energy around them than, for example, in jet100. Therefore, tracks in the

jet20 sample are often more isolated and therefore more likely to fake isolated muon.
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Figure 6.12: Muon fake rates and their fits. The central muon fake rates are the
average over the four jet samples. The bottom-left plot shows the rates for BMU
using only jet20 which is presumed to be the least biased by the trigger energy
threshold.
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6.6 Isolated track fake rate

The fake rates of isolated tracks as a function of track py are shown in Figure 6.13.
Events were selected in high-pr single lepton triggered datasets (bhelb, bhmub) with
an identified Z boson resonance, which constituted the sample for the measurement
of the fake rate. Only tracks that cannot be matched to identified leptons in the

event are used as numerator and denominator objects.
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Figure 6.13: Isolated track fake rates measured in high-p; single lepton triggered
datasets bhelb and bhmub. The bottom left plot shows the fake rate measured in
dielectron data and its polynomial fit curve. The bottom right plot corresponds to
dimuon data.
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6.7 Tau Fake Rate and sample bias

The tau fake rate is particularly susceptible to sample bias. Most QCD events in
the inclusive jet data have a back-to-back topology with two jets recoiling against
each other. However, those events with a jet below the trigger energy threshold must
have a third jet present if we assume conservation of transverse momentum. There
is a high probability that this third jet comes from the gluon splitting produced by
one of the original jets. This splitting leads to two lower energy jets too close in
phase space to pass the numerator cuts as fakes, as these cuts are mainly based on
isolation requirements. A lower jet to tau fake rate is thus expected for these biased
jets as can be observed in Figure 6.15. This results, for example, in a lower fake
rate at an energy of 30 GeV measured in a jetb0 sample, than the rate at the same
energy in a jet20 sample. This can be interpreted as the 30 GeV bin being enriched
in denominator jets coming from gluon splitting which are less likely to fake isolated
leptons.

In order to reduce this sample bias only those fake rates measured above the trigger
energy threshold of a given jet sample are used. The efficiency for a jet with Er above
25 GeV that passes the identification cuts for a tau denominator to be selected by
the Jet20 trigger is of the order of 100%. Likewise, all tau denominator jets with Erp
greater than 55, 75 and 105 GeV will be selected by the triggers Jet50, Jet70 and
jet100 respectively. If 100% of the denominator jets are selected by these triggers it

means that all these jets are unbiased by this trigger selection.

6.7.1 CdfJet denominators for taus

The tau fake rate as a function of jet Ep is shown in Figure 6.14 for different jet

samples. The average fake rate is shown in Figure 6.14 as well.
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Figure 6.14: Tau fake rates for the jet20, jet50, jet70 and jet100 samples (left), and
for their average (right).

6.7.2 CdfTau denominators

The tau fake rate as a function of Er is shown in Figure 6.15 for different jet samples.

The average fake rate is shown in Figure 6.15 as well.

6.8 Systematic Uncertainty

An estimation of the systematic error in the measurement of fake rates from jet
data is obtained by observing how the different jet samples distribute relative to
one another. Although jets biased by the trigger are excluded from calculations of
fake rates, it can be seen in Figure 6.16 that there is still a residual sample bias
associated to the sample’s trigger energy threshold, with the highest py triggered
datasets yielding the lowest fake rates particularly below their corresponding trigger
energies. As an estimation of this systematic error, “envelop” functions are drawn
around the four different fake rate distributions plotted on the same graph. Then,
the systematic error at a given Er (pr) can be estimated as the ratio between the

maximum deviation from the combined fit and the value of the fit at that Er (pr).
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Figure 6.15: Tau fake rates for the jet20, jet50, jet70 and jet100 samples (bottom
left), and for their average (top right). The top left plot shows the effect of sample
bias in jet50 (blue) where rates below the trigger threshold of 50 GeV are biased by
the trigger.

Following this procedure it is observed that for a jet Ep (track pr) above 20 GeV,
the systematic error is approximately 50%, which is the value reported by previous
measurements [109]. However, for lower energies the systematic error is of the other

of 10 to 20% (Figure 6.16).
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Figure 6.16: Spread of the measurements of different jet samples for tight electrons
(top) and loose electrons (bottom). The systematic error is taken to be 50% for high
pr > 20 GeV (top left and bottom left) and between 10% to 20% for lower energies
(top right and bottom right).
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6.9 Consistency check for fake rates

As a way of validating the fake rate infrastructure a self-consistency check was per-
formed. The combined fake rates of Equation (6.2) for each lepton type were applied
to the various denominator objects in the jet samples in order to estimate the num-
ber of fakes leptons; this estimation was then compared to the observed number of
identified leptons. The results of this comparison are shown in Tables 6.2 and 6.3.
The errors to the estimated numbers correspond to the systematic uncertainty dis-
cussed in section 6.8. A systematic uncertainty of 20% was used for denominators
with pr < 20 GeV, and 50% otherwise. The results show good agreement within the

expected systematic error.

gjtlah gjt2ah gjt3ah gjt4ah

Central tight | 2394 | 2335 £481 | 732 | 661+ 157 | 676 595 £ 153 638 552 £ 162
Central loose | 5237 | 4927 £ 1096 | 2329 | 2164 £ 730 | 2900 | 2715 4 1067 | 3580 | 3822 + 1683

PEM 2371 | 2413 +571 | 907 | 903 £299 | 876 804 £ 281 774 | 653 £ 231

Phoenix 3072 | 3238£729 | 1223 | 1137 £ 342 | 1051 | 975 £ 299 942 737 £ 225

Tau 3944 | 3985 £ 797 | 590 | 659 £132 | 135 154 £ 31 27 76 £15
CMU 2750 | 2669 £ 548 | 1020 | 1007 £ 210 | 1243 | 1204 +262 | 1611 | 1589 £ 379
CMUP 2068 | 2179 £451 | 827 | 818 £ 173 | 957 | 969 £215 | 1229 | 1274 £ 317
CMX 1477 | 1581 +£328 | 593 | 582+ 122 | 668 688 £ 149 829 904 £ 213
CMIO 156 94 £ 47 96 50 £ 25 156 104 + 52 272 239 £ 119

Table 6.2: Consistency check for jet samples gjtlah, gjt2ah, gjt3ah, gjtdah.

gjtlbj gjt2bj gjt3bj gjtdbj

BMU | 2883 | 3073 £ 841 | 952 | 950 £ 255 | 1659 | 1607 & 426 | 1855 | 1694 & 453

Table 6.3: Consistency check for jet samples gjt1bj, gjt2bj, gjt3bj and gjtdbj.
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Chapter 7

Search for chargino-neutralino
production in the trilepton

signature

This chapter describes a search for chargino-neutralino associated production (i xX3)
at 5.8 fb~!. We look for chargino-neutralino pair production pp — xi X3, followed by
x5 — 1\ and xF — lvxY (I = e, p) [118]. The neutralino is taken to be the Lightest
Supersymetric particle and R-parity conservation is assumed. Therefore, the signal
signature is three isolated leptons and large missing transverse energy. The specific
trilepton channels investigated are pu + ¢ and ee + ¢, where ¢ can be an electron,
muon, hadronic tau or isolated track. With the exception of the hadronic taus, all
other objects can have transverse momenta as low as 5 GeV/c. The theoretical
motivation is described in Chapter 2, Section 2.2.7. In the following sections, the

analysis procedure, techniques, and result are discussed.
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7.1 Analysis Strategy

This analysis is a counting experiment where the number of events observed and
expected are compared in 64 dilepton/trilepton control regions in the [z vs dilepton
mass My, space, with the additional requirement of high or low jet multiplicity.
Figure 7.1 graphically presents the dilepton and trilepton control regions. It is also
a blind analysis, in the sense that the data remains hidden in the signal region
(My > 20 GeV/c?, Br > 15 GeV, N; < 1 and exclusion of the Z mass) until all
other SM-dominated phase-space regions where we expect to have good agreement
between data and expectation are well understood. The low-mass and/or low-Zr
control regions are sensitive to the QCD background. The Z-mass control regions
are used to understand the contribution of the Drell-Yan (DY) dilepton background
and the QCD-originated fake trilepton background. The practice of remaining blind
in the signal region has the purpose of avoiding unintentional tuning of the analysis in
order to maximize the discrepancy between the observed data and the expectation
in this region, where a disagreement is actually desired. By remaining blind, the
results are thus statistically unbiased, and the signal region is only unblinded when
all control regions are well understood. This analysis pushes the low transverse
momenta limit by setting the lower pr cut for muons, electrons and isolated tracks

at 5 GeV, and at 20 GeV for taus.

7.2 The Datasets

The analysis is performed in CDF offline releases 6.1.4 and standard ntuples with
tag Stntuple dev 243 corresponding to data collected from February 2002 through
February 2010. It consists of two parallel analyses using high-pr single-muon and

single-electron triggers respectively. A dimuon analysis on datasets bhmucd/h/i/j
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Figure 7.1: The control and signal regions used in this analysis. Since dileptons
and trileptons are studied separately for dimuon and dielectron channels, there are
a total of 66 control regions.

(datasets updated with latest TStnMuon Stntuple class) and bhmubk/m (datasets al-
ready updated) collected with a variety of high-pr single-muon triggers, shown in Ta-
ble 7.1. And a dielectron analysis conducted on datasets bhelbd/h/i/j/k/m, which
were collected with the high-pr single-electron trigger, ELECTRON_CENTRAL_18.
A detailed description of the high-pr triggers can be found in reference [127]. The
status of all control regions is presented in this dissertation corresponding to a cor-
rected luminosity of 5.8 fb™! using the good-run list with version 34 and option
(1,0,5,1). For events containing Phoenix electrons good silicon runs were required
corresponding to a corrected luminosity of 5.6 fb~! using the good-run list with ver-

sion 34 and option (1,1,5,1). These luminosities are then corrected for a |Z,| < 60
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cm vertex cut applied to the data [128].

Single-muon high-pr triggers

MUON_CMUP18
MUON_CMX18
MUON_CMUP18_L2_LOOSE_LUMI_260
MUON_CMUP18_L2_ LOOSE_LUMI 240
MUON_CMUP18_L2_LOOSE_DPS
MUON_CMUP18_L2_PT15
MUON_CMX18_L2_PT15
MUON_CMX18_L2_PT15_LUMI 200
MUON_CMX18_L2_LOOSE_LUMI_200
MUON_CMX18_L2_.LOOSE_DPS
MUON_CMX18_LUMI_250
MUON_CMX18_DPS

Table 7.1: The triggers considered in this analysis.

7.3 The Monte Carlo Sets

Several SM processes, produced at Tevatron, have a final state that mimic the sig-
nal under study. Events selected in the analysis have as main characteristics: large
Er, three isolated leptons, and low jet multiplicity (at most one jet). Dominant
SM backgrounds are electroweak diboson production, heavy-flavor production, top-
quark pair-production and light-flavor jets falsely reconstructed as identified lep-

tons (mistags). The latter two background contributions are estimated from data.
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The PYTHIA event generator is used to estimate the remaining backgrounds. For
the event generation the CTEQSL [129] parton distribution functions were used.
Events are passed through the GEANT3-based [130] CDF II detector simulation
and weighted by the probability that they would pass the trigger as determined in
independent data samples. In order to test the ability to model the backgrounds, and
also to compute the data-driven ones, several control regions are define as described

in Section 7.9.

The MC samples used, along with the cross sections, K-factors (if any), filter
efficiency (if any), and dilepton-mass cut at generator level can be seen on Table
7.2. The good-run-list filter is also applied to the MC datasets, therefore, the MC
luminosity is corrected for the number of events that fail this requirement. The
background samples generated by the EWK group are described in detail in the
group’s page [131]

7.4 FEvent Selection

Events are selected that include two leading muons (or two leading electrons) and a
third lepton that can be a muon, electron, tau or an isolated track. All lepton types
used in this analysis are defined in Section 5.7, where the cuts for each type are
shown in Table 5.1 through Table 5.6. Muons can be of type CMU, CMUP, CMX,
CMIO and BMU, with at least one of the leading two muons of type CMUP or CMX.
The central electron objects can be tight or loose CEM. If a loose central electron
is a third object, its fractional isolation must satisfy: Iso/Er < 0.1. Plug electrons
can be PEM or Phoenix. Priority is given to PEM over Phoenix if an electron
passes all cuts in both categories. Good silicon run is required in events with at least
one Phoenix electron. Hadronic taus and isolated tracks (not overlapping with an

identified electron or muon) can only be third objects. In uu+ X events at least one
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Process Monte Carlo | N of events | o (pb) | K-factor Mass cut at
dataset generated (filter eff.) | generation (GeV/c?)
DY — pp dexo5m? 261 K 175.8 1.4 70 < My, <100
DY — uu dexo4m? 1M 7.7 1.4 100 < M, < 300
DY — uu dexo3m? 108 K 0.06 1.4 M, > 300
DY — ee zeOsdd! 1.7M 355.0 1.4 M. > 20
DY — 77 zeOsbt! 6.6M 355.0 14 M., > 20
Zry — upry re0s34f 8.5 10.33 1.36 M, > 15
Zy — eey re0s33f 9.4M 10.33 1.36 M, > 15
Zy — TTY re0s37f 9.3M 10.33 1.36 M., > 15
WZ — X weOscd' 3.6 M 0.365 (0.76) My, > 20
Z7 — X weOsdd' 35 M 1.511 (0.23) My > 20
WW — weOsbd! 3.5 M 1.27 - My > 20
tt— 00 te0s2z! L.7M 0.688 - My > 20
Wy — ey re0s28' 0.7M 32.0 1.36 -

Table 7.2: Monte Carlo samples, cross sections, K-factors and filter efficiencies used
for this analysis (1: samples produced by the electroweak group; 1: samples produced
by us especially for the multilepton analyses).

CMUP or CMX must have py > 20 GeV, while in ee + X events at least one central

electron must have pr > 20 GeV.

A primary vertex of quality 12 or higher is required. Priority is given to 3-D pri-
mary vertices over 1-D vertices. The average of the z-coordinates of the two leading
leptons is required to be within 4 cm of the selected primary vertex z-coordinate.
The absolute Z position of the primary vertex has to be less than 60 cm. The |[AZ|
between the leading leptons is required to be within 5 cm. The |AZ| between the

third object and the primary vertex is required to be within 5 cm.
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The leptons and isolated tracks have to be AR > 0.4 away from each-other, the
leading dilepton mass has to be greater than 20 GeV/c?, and the three-dimensional
opening angle between the two leading dimuons has to be less that 178 degrees. This
latter cut, removes residual cosmic backgrounds from the data, whereas the main
cosmic background is removed with the application of standard CDF cosmic filters.
Conversions are removed using the stand-alone track collection (not applicable to
Phoenix electrons) and a scale factor is applied to MC to account for the difference
in conversion removal inefficiency between data and MC [132]. The impact parameter
was corrected with respect to a three dimensional primary vertex closest to the two
leading leptons, if available, or with respect to the beam if only a one dimensional

primary vertex is found.

The tracks of muons, electrons and isolated tracks are beam-constrained if the
fit is good and the tracks have no silicon hits. In addition, we apply the “Larry-
correction” to account for the COT alignment, with different corrections for COT-
only, beam-constrained tracks and COT+SVX tracks. The muon 4-momenta are
calculated from the tracker measurements. The energy of electrons is corrected for
run-dependent energy scale factors, face and leakage corrections and PPR energy

using the methods implemented in the standard ntuples with tag Stntuple dev 243.

In order to clean up the muons from hadronic decays in flight, we apply extra
quality tracking cuts. The variables we use are the number of tracking fit residuals
transitions from one side of the track to the other (ntrans) and the maximum sequence
of residuals on the same side of a track (nmax). Decays in flight give low ntrans and
high nmax. After studying the correleation of these variables and unphysical muon
momenta and dimuon masses, we apply on our muons the cuts presented in Table

7.3. These cuts are close to 97% efficient for our MC real muons (DY or signal MC).

We count jets in the event if their corrected (level 5, cone size 0.4) energy is

greater than 20 GeV, their electromagnetic fraction (e.m.f.) is less than 0.9, their
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Kind of muon NTRANS cut | NMAX cut
CMU or CMUP or CMX > 20 < 20
CMIO no cut < 35
BMU > 10 <70

Table 7.3: Muon tracking quality cuts.

detector |n| < 2.5 and they are AR > 0.4 away from the identified electrons and taus

in the event.

The missing Er (Fr) in the event is corrected for the presence of muons and
isolated tracks, and for electron and jet energy corrections. The jets considered
have uncorrected energies greater than 10 GeV, em.f < 0.9 and AR > 0.4 away
from identified leptons in the event. The jet energies are corrected using version
jetCorr18_sl5compat of JetUser. For muons, the transverse energy depositions
in the hadronic and electromagnetic calorimeters are added to the Kp; then, the
corrected transverse momentum of the muon track is subtracted. For electrons, the
raw transverse energy is added to the Fr and then the corrected transverse energy

is subtracted. The same is done to account for the jet energy corrections.

In order to reduce false Er due to jet and electron energy mis-measurements,
events are rejected in high-Fr signal (7 and 9) and control (1, 2 and 8) regions
if the azimuthal angle between the Fr and any of the identified leptons and jets
(with uncorrected energies greater than 10 GeV, e.m.f < 0.9, detector |n| < 2.5 and
AR > 0.4 away from the identified electrons and taus in the event) is less than 20°
(0.35 radians).

A summary of the event selection cuts used is given below
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e Events are selected with two leading electrons, or two leading muons, and a
third object, which can be an electron, muon, tau or isolated track. At least

one of the leading muons must be of type CMUP or CMX

e Minimum pr > 5 for all leptons except for CMIO (pr > 10) and hadronic tau
(pr > 20)

e A primary vertex of quality 12 or higher is required. The average of the z-
coordinates of the two leading leptons is required to be within 4 ¢m of the

selected primary vertex z-coordinate. Also, |Z,im| < 60 cm

o my > 20 GeV

o |AZ| <5 cm between leading leptons

e |AZ| <5 cm between third object and z of primary vertex

e The leptons and isolated tracks have to be AR > 0.4 away from each-other

e Conversion veto. Azy < 0.1 and Acotf < 0.02

e Runs with good silicon required for all events with Phoenix electrons.

e Standard CDF cosmic filters

e The three-dimensional opening angle between the two leading dimuons has to

be less that 178 degrees

e The azimuthal angle between the Fr and any of the identified leptons and
selected jets must be greater than 20° in signal and control regions of high

missing energy (Fr > 15 GeV)
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7.5 'Trigger Efficiencies, lepton ID-reconstruction

scale-factors and primary vertex re-weighing

In order to compare the expectation derived from MC simulations to the data, MC
events need to be properly weighted to account for the difference in integrated lu-
minosity between the data and the MC samples. Additionally MC events need to
be weighted to account for differences in the efficiency of the identification cuts in
data and simulation. This is achieved by applying ID-scale factors to the MC, which
are defined as ratios of identification efficiencies measured independently in data and
MC (€4ata/€mc). Finally, the triggering of real events in data must be simulated
in MC, which contains many events that would not pass the high-p; triggers that
define the datasets used in this analysis. Therefore, MC events are weighted based
on the luminosities of the datasets analyzed. These weights are then multiplied by
the trigger efficiency, the lepton ID and reconstruction scale factors, all of which are
applied on an event-by-event basis. The run dependent, high-pr single-muon and
single-electron trigger efficiencies, as well as the various high-pr central lepton iden-
tification and reconstruction scale factors, are obtain from the joint-physics class,

Perfldia [127].

Using the values for single-muon (electron) trigger efficiencies, the event trigger
efficiency for events with two or more trigger muons (electrons) is calculated as

follows: If only two trigger muons (electrons) are found in the event
€rotal = €1(1 — €2) + €2(1 —€1) + €169 (7.1)

where €; and €, are the single muon (electron) trigger efficiencies for the two muons

(electrons). In case we have 3 trigger muons (electrons) in the event, then the event
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trigger efficiency is larger, given by:

€total — €1€2€3 + Z 61'6]'(1 — Ek) + Z El<1 — Ej)(l — Gk)
i#jk i#ik
where €1, €9, €3 are the single muon (electron) trigger efficiencies of each muon (elec-
tron). Low-pr lepton ID scale factors are not provided by Perfldia and were obtained

from other sources for muons ([133, 134]) and electrons ([136, 137]).

Since the PEM category consists of plug electrons with stand-alone tracks, the
scale factors found in Perfldia are not applicable because they correspond to elec-
tromagnetic clusters with no track requirement. Therefore, the identification and
reconstruction (tracking) scale factors for PEM and Phoenix electrons were mea-
sured for periods 0 through 28 of data, following closely the method described in
[138]. Plug electrons are selected in data and MC from Z — eTe™ events with
one electron passing all the tight central electron cuts (Table 5.1 of Chapter 5, Sec-
tion 5.7) and the other leg in the plug calorimeter. The datasets used were bhelb
for data and zeOsdd for electroweak Drell-Yan MC. The total ID efficiency €;p is

defined by the following formula:

NTP

€ID = 7>
Nrec

Where Nrpp is the number of events with one tight central electron and one plug
calorimeter cluster passing all of the PEM or Phoenix ID cuts, while Nr¢o is the
number of events with one tight central electron and a plug calorimeter cluster as
defined in [138]. The plug cluster efficiency, tracking or reconstruction efficiency €pc

is defined by the following formula:

Nrc

€Epc = )
NTE
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Where Nr¢ is the number of events with one tight central electron and one plug
calorimeter cluster, while Nrg is the number of events with one tight central elec-
tron and a plug Em object. The scale factors obtained from calculating the ID and
tracking efficiencies for PEM and Phoenix electrons are listed in Table A.1 (Ap-
pendix A).

In order to account for the effects of higher instantaneous luminosities (e.g., “pile
up”), the DY MC was re-weighted so that the shape of the distribution of primary
vertex multiplicity would be the same in data and MC. Histograms of this variable
were made in data and DY MC in the region of the Z boson resonance. The his-
tograms were normalized to unity and the contents of each bin were used to calculate
a ratio of observation to expectation, thus defining a re-weighing function which de-
pends on the number of vertices in the event. This weight was then applied to the
MC sample as w(n) = 0bS,erm/€XProrm, Where n is the number of primary vertices

(Appendix B).

7.6 Standard Model and Non-physics Background

The possible background processes for the trilepton and missing Er signature is de-
pendent on the nature of the analysis objects and thus the analysis channel: the
background of the dilepton+track channels is fundamentally different from the back-

ground of the trilepton channels.

7.6.1 Background in the Trilepton Channels

The background contribution from processes with three genuine leptons, including

the processes where one lepton comes from a photon conversion, is estimated with
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Monte Carlo. Backgrounds from processes with one faked lepton are estimated in-
dependently of the production process for the two real leptons. However, the major

contribution is Drell-Yan.

e three genuine leptons from
- WZ/y*

— Z/vZ/vy*

— tt with a subsequent semileptonic B decay
e two genuine leptons and a lepton from a photon conversion from

— WW and a photon conversion

— Drell-Yan and a photon conversion

e two genuine leptons and a third fake lepton

7.6.2 Background in the Dilepton + Track Channels

The major backgrounds for channels with two genuine leptons and one isolated track

are:

e two genuine leptons and on isolated track from a not fully reconstructed lepton

from

- WZz/y

Z|yZ[y*

— tt with a subsequent semileptonic B decay

— WW and a photon conversion
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— Drell-Yan and a photon conversion

e one isolated track from the underlying event or a jet, where one charged particle

showers outside the core of the jet, and two genuine leptons from

- W2y
- Ww

— Z/vZ/y*

— 1t

— Drell-Yan

7.7 Background estimation

The backgrounds to the dilepton final state can be separated into two main groups:
those that correspond to processes that generate two real leptons and those that are
characterized by one real lepton and a misidentified lepton (fake lepton). Simarly,
the backgrounds to the trilepton final state come from either three real leptons or
two leptons accompanied by a fake lepton. To estimate the contribution of the first
group, mainly electroweak and top backgrounds, Monte Carlo simulations are used.
Processes such as diboson, top-pair and DY, W + ~, DY+~ are all sources of two or

three real leptons.

The second group of background has its origin in QCD processes. A fake lepton
is either a track that fakes a muon or a jet that fakes an electron. In the dilepton
final state, the real lepton comes mostly (but not necessarily) from a W decay.
In the trilepton final state the two real leptons come mostly from the Drell-Yan
process. The origin of a fake muon can be a punch-through or a decay-in-flight of

kaons and pions. Fake electrons may come from overlaps of m’s and tracks. This
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QCD background is determined with CDF data [139] because Monte Carlo cannot
simulate the QCD rates and the misidentification of leptons efficiently. In order to
estimate this background, the probability (fake-rate) for an isolated fakeable object
(denominator object) to fake an identified lepton (numerator object) is measured.
The fake rates are measured using jet20, jet50, jet70, and jet100 datasets which
are rich in fake leptons. A full description of the methodology used to measure fake

rates is described in Chapter 6.

7.7.1 Data-estimated backgrounds

For the estimation of the dilepton fakes events with one identified lepton (e/u) are
select from the single-lepton triggered datasets (bhel/bhmu). Then, fake dileptons
are constructed from each of these events (possibly more than one pair) by pairing
the identified real lepton with each of the fakeable objects found in that event that
do not match geometrically to the real lepton. The fake dilepton event is assigned
a weight equal to the fake rate associated with the fakeable object and required to
satisfy all other kinematic cuts applied to the analysis data. The sum of all weighted
fake pairs gives us the dilepton fake estimation. The fakeable objects are different
for different leptonic flavors, namely, CdfEmObjects, tracks and CdfTaus are used
as fakeable electrons, muons and taus respectively. Additional cuts are applied to
these basic objects to construct the final fakeable objects (identical to the denom-
inators used in the fake-rate measurements) which are described along with their

corresponding leptonic fake rates in Chapter 6.

For the estimation of the trilepton fakes, dilepton events with leptons passing all
the ID cuts are identified. Then, trilepton fakes are constructed from each of these

dileptons by looping over all fakeable objects in the event (excluding those associated
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to the leading leptons) and pairing the two real leptons with the fakeable object. Each
fake trilepton event is weighted by the fake rate of the respective fakeable object
which is subsequently treated as a real lepton. The sum of all weighted trilepton
fakes gives the trilepton fake background. The contribution to the background of

events with one real lepton and two fakes is considered to be negligible [140].

7.7.2 MC-estimated backgrounds

As previously mentioned, trilepton backgrounds with three real leptons are estimated
with Monte Carlo. As with data, the analysis program is run on the MC samples,
this time using the proper luminosity normalization, trigger efficiencies, and lepton-
ID and lepton reconstructipn scale factors. Every MC-estimated background has a

systematic uncertainty coming from the limited statistics of each sample.

The Monte Carlo events are weighted on an event-by-event basis with the follow-

ing weight:

ﬁ ata
weight = ﬁi/ltc SFip,1SFp,2 - - - SFID N€tig

where SFp; are the ID-scale factors for the N leptons identified in the event, €gig is
the event trigger efficiency, Lgaia is the data luminosity and Lyc is the luminosity

of the MC defined as:

where Nge, are the MC events generated, o is the SM leading-order cross section
(usually given by Pythia), K is a factor that corrects the cross-section for next-to-
leading order effects, and egye; is the post-generation filter efficiency. The values for
some of these quantities are given in Table 7.2. The scale factors and trigger effi-
ciencies are period-dependent and are given by Perfldia for high-pr muons, electrons

and taus and in [133, 134, 135, 136, 137| for low-py muons and electrons. The track
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identification scale factor is taken to be 1.0 [141]. Because some of the triggers are
dynamically pre-scaled (DPS), the lifetime of the triggers and their overlaps are used
in the determination of the event trigger efficiency. The lifetime of the DPS triggers
is determined from an analytic list of luminosities per trigger per run, for all triggers

and all runs considered in this analysis.

7.8 Systematics

Systematic errors are the main source of uncertainty in this search. The sources of

systematic uncertainty for the MC-estimated backgrounds are:

e The luminosity uncertainty (a 6% effect),

e The lepton-ID and isolation scale factors (a 2% effect [142]),

e Trigger efficiency uncertainty (a 0.5 % effect [142]),

e Parton Distribution Functons systematic (a 2% [142], [140]),

e Cross sections theory systematic (8% for both SM and signal, [140]).

e Jet Energy Scale. A systematic error in the calorimeter energy scale affect
the total transverse energy of the jets. The jet-energy systematic uncertainty
affects both the jet counting, and the missing transverse energy (which is cor-
rected for the jet energy). As a result, the effect of this systematic uncertainty
migrates events across the control/signal regions and also affects the K distri-
bution. We measured the effect of this uncertainty to be < 0.2% in the signal

region, so we ignore it.

Overall the MC signal or SM systematic is 10 %. The systematic uncertainty as-

sociated to the fake estimation is determined from the spread in the measurements
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of the fake probabilities using different jet-rich CDF datasets triggered by different
jet-energy thresholds. Due to a large reduction of sample bias achieved in the mea-
surement of the fake rates, the fakes-estimation systematic uncertainty was reduced
to ~ 20% for low-energy (< 20 GeV) fakeable leptons, at high energies the systematic
remains close to 50 % [139].

7.9 Control Regions

To avoid potential biases when searching for new physics we perfom a “blind search.”
To be sure about our predictions’ reliability, we test the various background contribu-
tions in distinct control regions that are defined a priori, and in which the expectation
for signal is negligible when compared to the background. As previously mentioned,
the control regions are defined in the £ vs dilepton mass My, space, with the addi-
tional requirement of high or low jet multiplicity. As shown in Figure 7.2, different
control regions are useful for validating specific kinds of backgrounds. The central re-
gion in dilepton masses between 76 GeV and 106 GeV (for high and low Fr) validates
electroweak backgrounds, specifically the Z boson resonance. In dilepton channels,
this region is particularly useful for validating the overall normalization of the MC,
which is the result of the application of several weights: ID-scale factors, trigger
efficiencies, luminosity scales, etc. In trileptons channels, this region is useful for val-
idating the fake rate of muons, electrons, taus and isolated tracks. Control regions
of high Fr and high jet multiplicity have large contributions of top backgrounds
where tt is clearly visible in dilepton channels. On the other hand, high Fr and
low jet multiplicity regions are rich in diboson backgrounds as can be appreciated in

trilepton kinematic plots.

By allowing for a gap in the Fr considered, the presence of SUSY signal in the

control regions is minimized. SM event-yield predictions are compared with observed
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Figure 7.2: Control regions and background validation.

events in the control regions (along with kinematic plots), whereas the signal regions
remain blind until the very end of the analysis. Tables of yields and kinematic plots
for all dilepton and trilepton control regions can found in Appendices C and D re-

spectively.

In total, 66 phase-space regions are defined (58 control regions and 8 signal re-

gions):

e 11 ee, 9 ee+lepton, 9 ee+track control regions,

o 11 pp, 9 pp+lepton, 9 pp+track control regions,

e 2 ee+lepton, 2 ee+track, 2 pu+lepton, 2 pu-+track singal regions.
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7.9.1 Trilepton Control Regions

Control Region 0

In this region, we simply require K7 < 10 GeV.

Table of ppu+X yields

Drell-Yan+~ Fakes Diboson Top Total SM || Observed
pp+lepton 115 £ 12 126 £35 | 3.1+0.3 | 0.019+0.007 | 244+ 37 254
pp—+IsoTrack 27T+ 3 695+140 | 1.54+0.1 | 0.016 £0.006 | 723 + 140 641

Table 7.4: Trilepton events for data and SM prediction in region 0.

Table of ee+X yields

Drell-Yan+~ Fakes Diboson | Wr Top Total SM || Observed
ee+lepton 174 +£ 17 226 £ 63 52405 | 0£0 | 0.041 £0.009 | 406 465 434
ee+IsoTrack 39+4 1380277 | 1.7£0.2 | 0£0 | 0.019 £0.006 | 1420 £ 277 1321

Table 7.5: Trilepton events for data and SM prediction in region 0.
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Figure 7.3: Dilepton mass of trilepton events for data and SM prediction in region
0.
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Control Region 1

In this region, we require Fr > 15 GeV, dilepton mass within the Z region and low

jet multiplicity (at most one jet).

Table of ppu+X yields
Drell-Yan+~ | Fakes | Diboson Top Total SM || Observed
pp—+lepton 28+0.3 194+6 | 8.8+£0.9 | 0.043£0.01 306 26
pp+IsoTrack 1.6 £0.2 169+38 | 3.3£0.3 | 0.033+£0.009 | 174+ 38 183

Table 7.6: Trilepton events for data and SM prediction in region 1.

Table of ee+X yields

Drell-Yan+~ | Fakes | Diboson Wy Top Total SM || Observed
ee+lepton 24+0.3 21+£7 13+1 0.2£0.2 | 0.13+0.02 37T+£7 35
ee+IsoTrack 6.6 £0.7 2494+ 57 | 5.8+0.6 | 0.4£0.2 | 0.08£0.01 | 262+£57 285

Table 7.7: Trilepton events for data and SM prediction in region 1.
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Figure 7.4: Dilepton mass of trilepton events for data and SM prediction in region
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Control Region 2

In this region, we require £ > 15 GeV, dilepton mass within the Z region and high

jet multiplicity (more than one jet).

Table of pu+X yields
Drell-Yan+~ | Fakes | Diboson Top Total SM || Observed
pp—+lepton 0.08 £0.02 1+04 | 0.184+0.02 | 0.035£0.009 | 1.3+04 3
pp~+IsoTrack 0.03£0.01 12+3 | 0.28£0.03 | 0.14+£0.02 12+3 16

Table 7.8: Trilepton events for data and SM prediction in region 2.

Table of ee+X yields

Drell-Yan+~ | Fakes Diboson | Wy Top Total SM || Observed
ee+lepton 0.13 £0.03 14405 (026+003|0£0|006+£001 | 1.8£0.5 4
ee+IsoTrack 0.25 £ 0.04 18+4 | 0.59+0.06 | 00| 0.2+£0.03 19+4 25

Table 7.9: Trilepton events for data and SM prediction in region 2.
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Figure 7.5: Dilepton mass of trilepton events for data and SM prediction in region
2.

223



Chapter 7. Search for chargino-neutralino production in the trilepton signature

Control Region 3

In this region, we require fr < 10 GeV, exclusion of the Z mass region and low jet

multiplicity (at most one jet).

Table of pupu+X yields
Drell-Yan+~ | Fakes Diboson Top Total SM || Observed
pp+lepton 58+ 6 26+8 | 0.64+0.07 | 0.015+0.006 85+ 10 94
pp+IsoTrack 10+1 128 +26 | 0.16 0.02 | 0.005+0.003 | 139+ 26 116

Table 7.10: Trilepton events for data and SM prediction in region 3.

Table of ee+X yields

Drell-Yan+~ | Fakes Diboson | Wy Top Total SM || Observed
ee+lepton 86 +£9 59 £ 18 1.94+£0.2 | 04£0|0.026+£0.007 | 147420 165
ee+IsoTrack 15+2 290 £ 58 | 0.27+0.03 | 0£0 | 0.004 £0.003 | 306 £ 58 270

Table 7.11: Trilepton events for data and SM prediction in region 3.
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Figure 7.6: Dilepton mass of trilepton events for data and SM prediction in region
3.
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Control Region 4

In this region, we require K7 < 10 GeV, exclusion of the Z mass region and high jet

multiplicity (more than one jet).

Table of pu+X yields

Drell-Yan+~ | Fakes Diboson Top Total SM || Observed
pup—+lepton 0.37 +0.07 0.5+0.2 | 0.027+£0.004 | 0.004 £0.003 | 0.9+0.2 0
pup+IsoTrack 0.17+0.04 5+1 0.059 £ 0.008 | 0.009 + 0.004 6+1 8

Table 7.12: Trilepton events for data and SM prediction in region 4.

Table of ee+X yields

Drell-Yan+~ | Fakes Diboson Wr Top Total SM || Observed
ee+lepton 0.51 £0.07 1.2£04 | 0.075£0.009 | 0£0 | 0.008 £ 0.004 1.8£04 4
ee+IsoTrack 0.28 £0.05 15£3 0.065 +=0.008 | 0£0 | 0.013 £0.005 15+3 18

Table 7.13: Trilepton events for data and SM prediction in region 4.
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Figure 7.7: Dilepton mass of trilepton events for data and SM prediction in region
4.
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Control Region 5

In this region, we require Fr < 10 GeV, dilepton mass in the Z region and low jet

multiplicity (at most one jet).

Table of pu+X yields

Drell-Yan+~ Fakes Diboson | Top | Total SM || Observed
pp+lepton 56 + 6 98 + 26 24+02 | 0+£0 156 + 27 156
pp~+IsoTrack 1742 540 £109 | 0.68 £0.07 | 0£0 | 557 4 109 498

Table 7.14: Trilepton events for data and SM prediction in region 5.

Table of ee+X yields

Drell-Yan+-~y Fakes Diboson | Wy Top Total SM || Observed
ee+lepton 87+9 161 +43 3.1+0.3 | 00| 0.002 £ 0.002 251 £ 44 257
ee+IsoTrack 23+ 2 1035 £208 | 0.77+£0.08 | 00 | 0.002 £ 0.002 | 1058 £ 208 1002

Table 7.15: Trilepton events for data and SM prediction in region 5.
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Figure 7.8: Dilepton mass of trilepton events for data and SM prediction in region
5.

229



Chapter 7. Search for chargino-neutralino production in the trilepton signature

Control Region 6

In this region, we require 1 < 10 GeV, dilepton mass in the Z region and high jet

multiplicity (more than one jet).

Table of pu+X yields

Drell-Yan+~ | Fakes Diboson Top Total SM || Observed
pp+lepton 0.56 = 0.09 2.3+0.7 | 0.11£0.01 0+0 307 4
pp+IsoTrack 0.32 £ 0.06 21+4 | 0.55£0.06 | 0.002 £ 0.002 22+4 19
Table 7.16: Trilepton events for data and SM prediction in region 6.
Table of ee+X yields
Drell-Yan+~ | Fakes | Diboson | Wy Top Total SM || Observed
ee+lepton 0.77£0.1 5+1 | 0.154+0.02 | 0+0 | 0.005+£0.003 6+1 8
ee+IsoTrack 0.35 £ 0.06 40£8 | 0.594+0.06 | 00 0£0 41 £8 31

Table 7.17: Trilepton events for data and SM prediction in region 6.
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Figure 7.9: Dilepton mass of trilepton events for data and SM prediction in region
6.
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Control Region 8

In the control region SIG_A2, we require r > 15 GeV, exclusion of the Z mass

region and high jet multiplicity (more than one jet).

Table of ppu+X yields
Drell-Yan+~ | Fakes Diboson Top Total SM || Observed
pp+lepton 0.1 £0.03 04+£0.11]0.08£0.01 | 0.14+£0.02 | 0.7£0.1 0
pp+IsoTrack 0.06 £0.02 5+1 0.1+0.01 | 0.47£0.06 5+1 2

Table 7.18: Trilepton events for data and SM prediction in region 8.

Table of ee+X yields

Drell-Yan+~ | Fakes Diboson | Wy Top Total SM || Observed
ee+lepton 0.09 £ 0.02 09£03]0124+0.01 [0+£0|0.25+0.03 | 1.3+0.3 3
ee+IsoTrack 0.62 £ 0.08 13+3 | 0244+0.03 | 0+0 | 0.65+0.07 14+3 8

Table 7.19: Trilepton events for data and SM prediction in region 8.
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Figure 7.10: Dilepton mass of trilepton events for data and SM prediction in region
8.
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Control Region 10

In this region, we require opposite sign for the dileptons, and dilepton mass between

76 and 106 GeV.

Table of pp+X yields

Drell-Yan+~ Fakes Diboson Top Total SM || Observed

pp+lepton T7TE£8 170 £49 15+2 0.09£0.02 | 262 +49 274

pp~+IsoTrack 25+3 1151 £238 | 7.3£0.7 | 0.24£0.03 | 1184 4+ 238 1221

Table 7.20: Trilepton events for data and SM prediction in region 10.

Table of ee + X yields

Drell-Yan-+~ Fakes Diboson W+ Top Total SM || Observed
ee+lepton 94+9 243 4+ 69 204+ 2 0.2+0.2 | 0.21 £0.03 358 £ 70 385
ee+IsoTrack 42+4 1890 £ 390 11+1 0x0 0.36 £0.04 | 1942 + 390 1964

Table 7.21: Trilepton events for data and SM prediction in region 10.
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Figure 7.11: Dilepton mass of trilepton events for data and SM prediction in region
10.
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Control Region 11

In this region we apply none of the cuts that define the previous control regions.

Table of ppu+X yields

Drell-Yan+~ Fakes Diboson Top Total SM || Observed
up—+lepton 156 + 16 224 + 65 22 +2 0.66 £0.07 | 402 £ 67 435
pp+IsoTrack 43 +4 1463 £ 303 12+1 1.2+£0.1 | 1518 4+ 303 1560

Table 7.22: Trilepton events for data and SM prediction in region 11.

Table of ee + X yields

Drell-Yan+-y Fakes Diboson W+ Top Total SM || Observed
ee+lepton 215+ 22 371+ 108 34+3 0.7+£04 | 1.3+£0.1 | 621 +111 687
ee+IsoTrack 114+ 11 2707 £ 560 18+2 44+0.9 | 1.9£0.2 | 2845+ 560 2843

Table 7.23: Trilepton events for data and SM prediction in region 11.
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Figure 7.12: Dilepton mass of trilepton events for data and SM prediction in region
11.
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Figure 7.13: Missing energy of trilepton events for data and SM prediction in region
11 (inclusive).
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Figure 7.14: Jet multiplicity of trilepton events for data and SM prediction in region
11 (inclusive).

7.10 Signal Region results

The signal region is characterized by 3 leptons, large Fr, exclusion of the Z peak
region and low jet multiplicity (for the elimination of the ¢t background). Two
distinct “signal” regions were investigated, SIG_.UNM (with £7 > 20 GeV, exclusion
of the Z region and My, > 20 GeV/c?) and the SIG_A (with £y > 15 GeV, exclusion
of the Z region and My, > 20 GeV/c?). The signal acceptance in these two regions
is comparable, and the same is true for the background estimation. However, SIG_A

was chosen as the canonical signal region for consistency with previous CDF analyses.

After observing very good agreement between observation and SM expectation in
both event yields and kinematics in the 58 control regions, the data was unblinded

in the signal regions.
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7.10.1 Signal Region 7

In the signal region, we require £r > 15 GeV, exclusion of the Z mass region and

low jet multiplicity (at most one jet).

Table of pu+X yields
Drell-Yan+~ | Fakes | Diboson Top Total SM || Observed
pp+lepton 2.8£0.3 TE£2 34403 | 0.24+0.03 13+2 20
pp+IsoTrack 1£0.1 65+15| 22+0.2 | 0.19£0.03 68 + 15 62

Table 7.24: Trilepton events for data and SM prediction in region 7.

Table of ee+X yields

Drell-Yan+~ | Fakes | Diboson Wy Top Total SM || Observed
ee+lepton 3.1£0.3 10+4 59+06 | 0.1+£0.1 | 0.44+£0.05 20+4 34
ee+IsoTrack 26+3 124+27| 44+04 |[244+0.7)|027+£0.04 | 157+28 146

Table 7.25: Trilepton events for data and SM prediction in region 7.
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Figure 7.15: Dimuon mass of trilepton events for data and SM prediction in region
7.
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Figure 7.16: Dielectron mass of trilepton events for data and SM prediction in region
7.
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7.10.2 Signal Region 9

In the signal region SIG_.UNM, we require £7 > 20 GeV.

Table of ppu+X yields

Drell-Yan++ | Fakes | Diboson Top Total SM || Observed
pp+lepton 0.7+0.1 4+1 3.24+0.3 | 0.37+£0.05 9+1 7
pp+IsoTrack 0.36 &+ 0.06 45+10 | 2.2+£0.2 | 0.64 £0.07 48 + 10 38

Table 7.26: Trilepton events for data and SM prediction in region 9.

Table of ee+X yields

Drell-Yan++ | Fakes | Diboson Wy Top Total SM || Observed
ee+lepton 0.9+0.1 7T+£3 554+0.6 | 0.14+0.1| 0.66 £0.07 1443 24
ee+IsoTrack 21+2 83+19 | 4404 |24+0.7| 091+£0.1 111+ 19 99

Table 7.27: Trilepton events for data and SM prediction in region 9.
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Figure 7.17: Dimuon mass of trilepton events for data and SM prediction in region
9.
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Figure 7.18: Dielectron mass of trilepton events for data and SM prediction in region
9.
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7.11 Results

Tables 7.24 and 7.24 show the expected number of background and signal events
for pp + X and ee + X channels respectively. After the signal box was opened,
there were 20 events in the pu+lepton channel, 62 events in the pp+IsoTrack chan-
nel, 34 events in the ee+lepton channel and 146 events in the ee+IsoTrack chan-
nel. The trilepton signal results are interpreted in the mSUGRA model. To de-
termine the acceptance, signal MC was generated in the same way as background
and normalized to the PROSPINO [144] NLO production cross section of chargino-
neutralino, for both charges of chargino. The branching ratio (BR) to trileptons
is determined by using the Les-Houches formatted (SOFTSUSY/SDECAY) [145, 146]
spectrum (and BR) generators. This procedure was repeated for all signal MC sam-
ples generated for the mSUGRA parameters my = 60 GeV/c?, tan 3 = 3, Ay = 0,
and M, = 162 — 280 GeV/c*!', which correspond to lightest chargino masses
Mgz =97 — 200 GeV/c? and lightest neutralino masses Mo = 55 — 108 GeV/c?,

The selection in the variables My, Fr, and transverse-momenta was optimized
individually for each of the above values of My /s (or Mg+ and Myg). For example,
kinematically, a cut-off is expected in the dilepton mass at about My, = Mﬁ — Mﬁ.
Also, the expected signal 7 increases as this difference increases (since it will give
higher momentum to the missing LSP). The optimization figure of merit was the ratio
of expected signal over expected background. In addition, extra cuts were applied on
the lepton transverse momenta and on the other two combinations of dilepton masses;
the latter cuts reduce the diboson background. Table 7.28 shows the optimization

cuts and table 7.29 shows the expected background, expected chargino-neutralino

IFifteen signal MC samples were generated with the mSUGRA pa-
rameters mg = 60 GeV/c?, tanf = 3, Ay = 0, and M, =
162,166, 170, 180, 190, 200, 210, 215, 220, 230, 240, 250, 260, 270, 280. These samples or
points were used in the calculation of the limit on the chargino mass.
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signal, and observed events in the signal region for the benchmark point (my = 60
GeV/c?, tan 3 = 3, Ay = 0, and My, = 190 GeV/c?) for ee+lepton, ee+track,
pptlepton, and pp+track.

Optimization cuts
Mot > My = My
ME1£3 <75 GeV/C2
Mi,e, <75 GeV/c?
Br > 25 GeV
PT,2 (> 8 and < 36 — 65) GeV/c
pr3 > 8 GeV/c

Table 7.28: The optimization cuts on the three dilepton-mass combinations, £, and
lepton transverse momenta. The leading dilepton mass cut-off cut and second-leading
transverse momentum cut are mSUGRA-point dependent.

Optimized Trilepton Yields for Benchmark

Channel || SM background | SUSY signal | Observation
ee—+lepton 1.5+04 8.0+0.8 3
ee+track 11.6 £1.7 7.6+0.8 13
pp+lepton 0.5+0.1 6.7+ 0.7 0
ppttrack 3.6£1.0 6.2+0.6 3

Table 7.29: The optimized trilepton yields in the signal region. The chargino-
neutralino signal corresponds to the mSUGRA parameters mg = 60 GeV/c?,
tan = 3, Ay = 0, and M/, = 190 GeV/c?

The limit on the chargino mass is determined using a modified frequentist ap-

proach (CLg method) [147, 148] and by treating all the channels independently.
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Figure 7.19 shows our upper cross-section 95% CL limit as a function of the chargino
mass. Intersection with the NLO theoretical curve gives us the lower chargino mass
limit. At 95% CL, we exclude o(X7x3) x BR(££() above 0.1 fb and chargino masses
below 168 GeV /c? for the mSUGRA parameters my = 60 GeV/c?, tan 3 = 3, Ag = 0.
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Figure 7.19: Expected and observed limits for the mSUGRA model. The red curve
shows the theory cross-sectionxbranching ratio. The black dashed curve shows the
expected limit from this analysis with the 1 o error on the expected limit in cyan and

2 o in yellow. The solid black curve shows the observed limit. We exclude chargino
masses below approximately 168 GeV/c? in this specific model.
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7.12 Conclusions

Events with multiple, isolated leptons are predicted in many models of physics be-
yond the Standard Model. In many of these models the leptons are predicted to be
produced with low py. The “golden” search channel for mSUGRA is the x*1x3 — 3¢

(three leptons) channel.

We performed a 5.8 fb~! trilepton+E7 search for new physics, the golden Tevatron
channel for SUSY searches. The direct LEP2 limit on chargino mass Mxli > 95 GeV
implies that gluinos and most squarks should have masses typically greater than
300 GeV, therefore, strong sparticle production at the Tevatron is expected to be
suppressed. On the other hand, y*;x) production is expected to be one of the
dominant sparticle production mechanisms, offering a reasonable signal ¢ x BR to
trileptons in the mSUGRA framework, with very small contributions from Standard

Model backgrounds.

We used data collected at CDF II from February 2002 through February 2010.
Two high-pr, single-lepton (e/u) triggered datasets were used to collect mutually
exclusive ee + X and pp + X channels, where X can be an electron, muon, hadronic
tau or isolated track. Pursuing our goal of performing a general search for new
physics, we expanded our leptonic acceptance geometrically by including the forward
parts of the detector, increasing the number of trilepton events by about 50%. We
further increased our acceptance kinematically by going as low in pr as possible (pr >
5 GeV for most leptons) and by the inclusion of tau leptons decaying hadronically.
Although inspired by SUSY, we did not optimize our selection specifically for this

theory in order to maximize our discovery potential.

We tested the various background predictions in distinct control regions where
the expectation for the signal is negligible relative to the background. These control

regions are defined in the K vs dilepton mass My, space, with the additional re-
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quirement of high or low jet multiplicity. The signal region is characterized by three
isolated leptons, £y > 15 GeV and at most one high energy jet (pr > 20 GeV). The
dominant background at low transverse momentum and invariant mass is the con-
tribution of fake leptons. This background alone comprised roughly between 50% to
nearly 100% of the total background expectation in the trilepton control and signal
regions. One of the greatest challenges of this analysis was the accurate measure-
ment of lepton fake rates from jet data. We were able to reduce the systematic
uncertainty commonly associated with fake lepton estimation from 50% to 20% for

low pr leptons.

After achieving a good understanding of the SM backgrounds in 24 dilepton and
40 trilepton control regions, we observed signal-region results with a slight excess
not incompatible with expectation. We interpreted the results in the mSUGRA
model, and we set a limit in the chargino-neutralino production cross-section with
subsequent decay to trileptons. At 95% CL, we exclude o(Xix3) x BR(££() above
0.1 fb and chargino masses below 168 GeV/c?.

The conquest of the Terascale will be lead by the LHC, which will be the biggest
challenge in the coming years. The work presented in this thesis had two mayor
goals: exploring the Tevatron’s energy frontier searching for new physics, and the
development of analysis techniques which will prove useful to future searches at the
LHC. Both goals have been realized in the present work, setting best world exclusion

limits and successfully developing and implementing analysis techniques.
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Appendix A

Plug electron ID and tracking

scale factors

We measured our own identification and reconstruction (tracking) scale factors for
PEM and Phoenix electrons for periods 0 through 28 of data. Plug electrons are
selected in data and MC from Z — ete™ events with one electron passing all the
tight central cuts of Table 5.1 and the other electron in the plug calorimeter. The
datasets used were bhelb for data and the electroweak DY sample zeOsdd. The total

ID efficiency €;p is defined by the following formula:

Where Nrp is the number of events with one tight central electron and one plug
calorimeter cluster passing all of the PEM or Phoenix ID cuts, while Np¢ is the
number of events with one tight central electron and a plug calorimeter cluster as
defined in [138]. The plug cluster efficiency, tracking or reconstruction efficiency €pc
is defined by the following formula:

Nrc

€pc = )
NTE
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Appendix A. Plug electron ID and tracking scale factors

Where Nr¢ is the number of events with one tight central electron and one plug
calorimeter cluster, while N7g is the number of events with one tight central electron
and a plug Em object. The scale factors obtained from calculating the ID and

tracking efficiencies for PEM and Phoenix electrons are listed in Table A.1.

PEM PHOENIX
Period 1D ‘ Tracking 1D ‘ Tracking
0 0.949339 | 0.950057 | 0.961569 | 0.958429
1 0.961944 | 0.948618 | 0.969894 | 0.981503
2 0.968893 | 0.944098 | 0.940459 | 0.982515
3 0.966833 | 0.929439 | 0.936875 | 0.933489
4 0.958369 | 0.9285 | 0.94435 | 0.976958
5 0.963365 | 0.937965 | 0.932989 | 1.02725
6 0.942301 | 0.926863 | 0.932334 | 0.981212
7 0.95391 | 0.958012 | 0.937148 | 0.999186
8 0.950263 | 0.906984 | 0.934381 | 0.980638
9 0.937532 | 0.906779 | 0.944052 | 0.99648
10 0.935623 | 0.883392 | 0.905517 | 0.981089
11 0.92178 | 0.866638 | 0.916955 | 0.957246
12 0.944192 | 0.881895 | 0.941645 | 0.973274
13 0.903183 | 0.683259 | 0.983855 | 1.06912
14 0.975906 | 0.866162 | 0.951307 | 1.00134
15 0.917181 | 0.859814 | 0.90127 | 1.00162
16 0.932798 | 0.852184 | 0.877883 | 1.00731
17 0.906677 | 0.802496 | 0.902006 | 0.960109
18 0.922454 | 0.76756 | 0.888944 | 1.03043
19 0.913418 | 0.773467 | 0.880839 | 1.0097
20 0.908271 | 0.766429 | 0.896297 | 1.04706
21 0.917358 | 0.739998 | 0.885852 | 1.04574
22 0.92478 | 0.739998 | 0.874887 | 1.01541
23 0.92203 | 0.744559 | 0.890275 | 1.05092
24 0.898782 | 0.713172 | 0.862861 | 1.02758
25 0.91039 | 0.726104 | 0.884546 | 1.02136
26 0.919729 | 0.750415 | 0.876021 | 1.01757
27 0.920694 | 0.737913 | 0.883611 | 1.01598
28 0.914205 | 0.762673 | 0.885247 | 1.02165

Table A.1: ID and tracking scale factor for PEM electrons.
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Appendix B

Primary vertex multiplicity and

re-weighted Drell-Yan MC

In order to account for the effects of higher instantaneous luminosities (e.g., “pile
up”), the DY MC was re-weighted so that the shape of the distribution of primary
vertex multiplicity would be the same in data and MC. Histograms of this variable
were made in data and DY MC in the region of the Z boson resonance. The his-
tograms were normalized to unity and the contents of each bin were used to calculate
a ratio of observation to expectation, thus defining a re-weighing function which de-
pends on the number of vertices in the event. This weight was then applied to the

MC sample as w(n) = 0bS,erm/€XPnorm, Where n is the number of primary vertices.
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Appendix B. Primary vertex multiplicity and re-weighted Drell-Yan MC
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Figure B.1: DY MC is re-weighted such that the distributions of primary vertex
multiplicity of data and MC have the same shape in the Z peak.
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Figure B.2: Dielectron Ep distribution. Left plot: DY is scaled according to the
number of primary vertices in the event. Right plot: DY is not scaled.
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Appendix C

Tables of Yields

The expected and observed yields for all control regions are summarized in Tables
C.1 through C.6. Tables C.1 and C.4 correspond to dimuon and dielectron events
respectively. Trileptons are separated into four groups: ppu(ee) 4+ ¢, where { = pu,e
or 7 (Tables C.2,C.5), and pu(ee) + isolated track (Tables C.3, C.6 ). The error in
the expectation corresponds to the total systematic uncertainty in the background
estimation, which is calculated using the values listed in section 7.8. Figures C.1
through C.6 show the ratio of the observation over the expectation for each control
region, which is calculated using the yields listed in the corresponding tables. The
error bars for each point represent the statistical and systematic uncertainty in the

background estimation added in quadrature.
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Appendix C. Tables of Yields

Table of dimuon yields

Drell-Yan Fakes Diboson Top Total SM Observed
Region0 || 114498 + 11454 | 226 +113 | 75+8 1.8+0.2 | 114802 4+ 11455 | 115884
Regionl 7926 + 802 38+ 19 72+7 | 36404 8039 =+ 802 7272
Region2 319 = 40 1.6+08 | 8.8+£0.9 1241 341 + 40 308
Region3 12171+ 1218 | 70+£35 | 97+1 | 0.3340.04 | 12251 + 1218 12729
Region4 170 + 18 241 34403 | 1.1+0.1 177 +18 199
Region5 || 100913 + 10100 | 152476 | 30+3 | 0.0840.01 | 101095+ 10100 | 101740
Region6 1244 + 132 3+1 3243 | 0314004 | 12794132 1216
Region7 1170 £ 118 | 273 +£136 | 118 +12 1441 1575 + 181 1610
Region8 36 +4 9+5 | 3.7+£04 | 41+4 89 +7 125
Region9 366 + 37 258 +129 | 113411 53+5 790 + 135 808
Region10 || 145635 + 14572 | 245 4123 | 202 + 20 2142 | 146103 + 14573 || 142386
Regionll || 163932 + 16397 | 728 £364 | 364+36 | 98410 | 165122+ 16401 || 162127
Table C.1: Dilepton Control Regions: pu (all signs)
CDF Run Il Preliminary (L=5.8 fb™)
° 2 .
2 F m
® 1.8
1S3 C
x -
WisF
L 16f
o -
> 14
2 141
g C
8 12F %
1;% T L 1 l T
- % T I I
0.8
0.6
04
0.2
ELol L Ll 1
= 2 4 6 8 1 1
Control Region
Figure C.1: Summary of control regions: Observation/Expectation for dimuon

events. The error bars represent the statistical and systematic uncertainty in the
background estimation added in quadrature.
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Appendix C. Tables of Yields

Table of pu+lepton yields

Drell-Yan | Fakes Diboson Top Total SM || Observed
Region0 115+ 12 126 £+ 35 3.1+0.3 0.019 £0.007 | 244 £ 37 254
Regionl 2.84+0.3 19+6 8.8+0.9 0.043 £0.01 306 26
Region2 0.08+0.02 | 1+04 0.18 £0.02 | 0.035£0.009 | 1.34+0.4 3
Region3 58 £ 6 26+ 8 0.64 £0.07 | 0.015 £ 0.006 85 £ 10 94
Region4 0.37£0.07 | 0.5£0.2 | 0.027 £0.004 | 0.004 £0.003 | 0.940.2 0
Region5 56 + 6 98 + 26 2.44+0.2 0£0 156 + 27 156
Region6 0.56 £0.09 | 23+£0.7 | 0.11+£0.01 0£0 3£0.7 4
Region7 2.84+0.3 T2 34403 0.24 +0.03 13£2 20
Region8 0.1+0.03 | 0.4+0.1| 0.08+0.01 0.14+0.02 0.7£0.1 0
Region9 0.7+0.1 4+1 32403 0.37 £ 0.05 9+1 7
Region10 77+8 170 £+ 49 15+2 0.09 +0.02 262 + 49 274
Regionll 156 £ 16 | 224 +65 2242 0.66 £ 0.07 402 £ 67 435

Table C.2: Trilepton Control Regions: pu + ¢(no isolated tracks)

Observed/Expected

CDF Run Il Preliminary (L=5.8 fb™)

o
\\\\‘\\\\

%

Uu+lepton

8 1

1

Control Region
Figure C.2: Summary of control regions: Observation/Expectation for uu + ¢(no

isolated tracks). The error bars represent the statistical and systematic uncertainty
in the background estimation added in quadrature.
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Appendix C. Tables of Yields

Table of pu+IsoTrack yields

Drell-Yan Fakes Diboson Top Total SM || Observed
Region0 27+3 695 + 140 1.5+£0.1 0.016 £ 0.006 | 723 & 140 641
Regionl 1.6+£0.2 169 £ 38 33+£0.3 0.033 £0.009 | 174 +38 183
Region2 0.03 +0.01 12+3 0.28 +0.03 0.14 +0.02 12+3 16
Region3 10£1 128 £+ 26 0.16 £0.02 | 0.005£0.003 | 13926 116
Region4 0.17+0.04 5+1 0.059 +0.008 | 0.009 £ 0.004 6+1 8
Region5 17+£2 540 + 109 0.68 £0.07 0£0 557 £ 109 498
Region6 0.32+0.06 21+4 0.55+0.06 | 0.002 £ 0.002 22+4 19
Region7 1+0.1 65+ 15 2.24+0.2 0.19+0.03 68 £ 15 62
Region8 0.06 +0.02 5+1 0.14+0.01 0.47 +0.06 5+1 2
Region9 0.36 + 0.06 45+ 10 2.24+0.2 0.64 £0.07 48 +£10 38
Region10 25+ 3 1151 + 238 7.3+0.7 0.24 +0.03 | 1184 4+ 238 1221
Regionll 43+4 1463 + 303 12+1 1.2+0.1 1518 £ 303 1560

Table C.3: Trilepton Control Regions: pup + isolated track

Observed/Expected

N
o

CDF Run Il Preliminary (L=5.8 fb™)

N

=
o

pp+track

0.5

8 1

1

Control Region
Figure C.3: Summary of control regions: Observation/Expectation for pu + isolated

track. The error bars represent the statistical and systematic uncertainty in the
background estimation added in quadrature.
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Appendix C. Tables of Yields

Table of dielectron yields

Drell-Yan Fakes Diboson W Top Total SM Observed
Region0 251266 £ 25133 | 12261 +-4234 | 124 +12 1242 2.6 +0.3 263666 £ 25500 257588
Regionl 9942 + 1004 387+ 172 103 £ 10 35+5 52+0.5 10472 £+ 1033 10077
Region2 359 + 43 2249 11+1 0.7+ 0.5 16 +2 407 £ 46 506
Region3 29663 + 2969 7711 £+ 2139 16 +2 11+2 ]0.494+0.06 | 37401 + 3661 36538
Region4 396 + 45 285 + 80 5.5£0.5 0+0 1.54+0.2 688 + 92 727
Region5 218481 4+ 21856 | 4191 + 1985 49+5 0.9+£0.5 | 0.13£0.02 | 222722 £ 21950 217846
Region6 2726 + 280 74+ 30 54+5 0+0 0.45 £+ 0.05 2855 + 287 2477
Region7 2203 £ 226 2152 + 524 165+ 16 | 360 + 37 19+2 4898 + 594 4909
Region8 66 + 11 136 + 38 49405 | 32+09 56+ 6 265 + 42 338
Region9 764 £ 83 1620 £ 382 157£16 | 339 £35 2+7 2952 + 406 3270
Regionl0 || 263448 + 26353 | 4891 42309 | 282 + 28 20+3 28+3 268670 + 26486 260010
Regionll || 324059 4+ 32412 | 20218 £ 6638 | 527 £ 53 | 472 +48 | 134+ 13 | 345410 £ 33196 334968

Table C.4: Dilepton Control Regions: ee (all signs)

CDF Run Il Preliminary (L=5.8 fb™)

Observed/Expected
-
[«2)

ee

l'

0.8
0.6
0.4

0.2

o

—H—
——

(o) =

10

1

Control Region

Figure C.4: Summary of control regions: Observation/Expectation for ee (all signs).
The error bars represent the statistical and systematic uncertainty in the background
estimation added in quadrature.
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Appendix C. Tables of Yields

Table of ee+lepton yields

Drell-Yan+~ Fakes Diboson Wr Top Total SM || Observed
Region0 174 +17 226 £ 63 5.240.5 0+0 0.041 £0.009 | 406 £ 65 434
Regionl 24403 217 13+1 0.2+02 | 0.134+0.02 3T+7 35
Region2 0.13 +£0.03 1.4+0.5 0.26 £0.03 0£0 0.06 £0.01 1.84+0.5 4
Region3 86+ 9 59 + 18 1.9+0.2 0+0 0.026 +0.007 | 147 420 165
Region4 0.51 +0.07 1.2+04 | 0.075 £ 0.009 0+0 0.008 £0.004 | 1.84+0.4 4
Region5 87+9 161 +43 3.1+03 0+0 0.002 +0.002 | 251 +44 257
Region6 0.77+0.1 5+1 0.15 £ 0.02 0+0 0.005 £ 0.003 6+1 8
Region7 3.1+£0.3 10+4 5.9+0.6 0.14+£0.1 ] 0.444+0.05 204 34
Region8 0.09 £ 0.02 09+0.3 0.12+£0.01 0+0 0.25+£0.03 1.3£0.3 3
Region9 0.9+0.1 T3 5.5£0.6 0.14+£0.1 | 0.66=+0.07 1443 24
Regionl0 94+9 243 + 69 20+ 2 0.24+0.2 ] 0.21+0.03 358 70 385
Regionll 215 +22 371 + 108 34+3 0.7+04 1.3+£0.1 621 + 111 687

Table C.5: Trilepton Control Regions: ee + ¢(no isolated tracks)

CDF Run Il Preliminary (L=5.8 fb'l)
eetlepton

Observed/Expected

[y
LH\‘HH‘HH‘HH‘HH
—l—
il
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—
i
HilH

o
\\\\‘\\\\

'
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1 1
Control Region

ol
N
S
o
[ee)

Figure C.5: Summary of control regions: Observation/Expectation for ee 4+ ¢(no
isolated tracks). The error bars represent the statistical and systematic uncertainty
in the background estimation added in quadrature.
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Appendix C. Tables of Yields

Table of ee+isoTracks yields

Drell-Yan-+~ Fakes Diboson Wy Top Total SM || Observed
Region0 39+4 1380 + 277 1.7+0.2 0+0 0.019 £ 0.006 | 1420 + 277 1321
Regionl 6.6 0.7 249 + 57 5.8+£0.6 04402 | 0.08£0.01 262 £ 57 285
Region2 0.25 £0.04 18+4 0.59 £ 0.06 0+0 0.2+0.03 19+4 25
Region3 15+ 2 290 £ 58 0.27 £0.03 0£0 0.004 £ 0.003 | 306 £ 58 270
Region4 0.28 +£0.05 15+3 0.065 £+ 0.008 0+0 0.013 £+ 0.005 15+3 18
Region5 23+2 1035 +208 | 0.77+0.08 0+0 0.002 £ 0.002 | 1058 4 208 1002
Region6 0.35 £ 0.06 40£8 0.59 £ 0.06 0£0 0+0 41 £8 31
Region7 26+3 124 £ 27 4+04 24407 | 027+£0.04 157 £28 146
Region8 0.62 £ 0.08 13+£3 0.24 £0.03 0+0 0.65 £ 0.07 14+£3 8
Region9 21+2 83£19 4+£04 24+£0.7 0.91+0.1 111+19 99
Regionl0 42 +4 1890 + 390 11+1 0+0 0.36 £0.04 | 1942 4+ 390 1964
Regionll 114 +11 2707 £ 560 18+ 2 4+£09 1.9+0.2 2845 =+ 560 2843

Table C.6: Trilepton Control Regions: ee + isolated track

CDF Run Il Preliminary (L=5.8 fb™)

N
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ee+track

Observed/Expected
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Figure C.6: Summary of control regions: Observation/Expectation for ee + isolated

track. The error bars represent the statistical and systematic uncertainty in the
background estimation added in quadrature.
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Appendix D

Kinematic Variables per Control

Region

We test the various background contributions in distinct control regions where the
signal expectation is negligible compared to the background. The control regions
are defined in the Fr vs dilepton mass My, space, with the additional requirement
of high or low jet multiplicity. As shown in Figure D.1, different control regions are
useful for validating specific kinds of backgrounds. The central region in dilepton
masses between 76 GeV and 106 GeV (for high and low F7) validates electroweak
backgrounds, specifically the Z boson resonance. In dilepton channels, this region
is particularly useful for validating the overall normalization of the MC, which is
the result of the application of several weights: ID-scale factors, trigger efficiencies,
luminosity scales, etc. In trileptons channels, this region is useful for validating
the fake rate of muons, electrons, taus and isolated tracks. Control regions of high
Er and high jet multiplicity have large contributions of top backgrounds where tt
is clearly visible in dilepton channels. On the other hand, high K and low jet
multiplicity regions are rich in diboson backgrounds as can be appreciated in the

trilepton kinematic plots. The yields for for data and expectation can be found in
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Appendix D. Kinematic Variables per Control Region

Appendix C.
Signal Region
; for 3 leptons <
B Validate top and |, and | \Validate top and
T QCD | Njote= 1 i EWK
(GeV) Background i ! Background
| || validate L
15 ; EWK |
| Back- :
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Background ! | Background
10 ' 76 | 106 M, (GeV/c?)
Figure D.1: Control regions and background validation.
N
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Figure D.2: The control and signal regions used in this analysis. Since dileptons
and trileptons are studied separately for dimuon and dielectron channels, there are
a total of 66 control regions.
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Appendix D. Kinematic Variables per Control Region

D.1 Kinematic Variables for Region 0

In this section we show the invariant mass, Fr and jet multiplicity in the control region

defined by: Fr < 10.
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Figure D.3: Dimuon mass, Fr and jet multiplicity for data and SM prediction in
region 0 (£7 < 10). Plots on the right show the total systematic uncertainty in the
expectation (yellow band).
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Figure D.4: Dimuon mass, £ and jet multiplicity of ppu+lepton(e,u,r) events for
data and SM prediction in region 0. Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.5: Dimuon mass, ¥ and jet multiplicity of uu—+isotrack events for data and
SM prediction in region 0. Plots on the right show the total systematic uncertainty

in the expectation (yellow band).
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Figure D.6: Dielectron mass, £ and jet multiplicity for data and SM prediction in
region 0. Plots on the right show the total systematic uncertainty in the expectation

(yellow band).
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Figure D.7: Dielectron mass, Zr and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 0. Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.8: Dielectron mass, Fr and jet multiplicity of the ee+isotrack events for
data and SM prediction in region 0. Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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D.2 Kinematic Variables for Region 1

In this section we show the invariant mass, Fr and jet multiplicity in the control region

defined by: 1 > 15, Njet < 1,2
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Figure D.9: Dimuon mass, Fr and jet multiplicity for data and SM prediction in
region 1 (£p > 15, Njy < 1, 7). Plots on the right show the total systematic uncer-
tainty in the expectation (yellow band).
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Figure D.10: Dimuon mass, £ and jet multiplicity of upu+lepton(e,u,) events for
data and SM prediction in region 1 (£7 > 15, Njx < 1, Z). Plots on the right show

the total systematic uncertainty in the expectation (yellow band).
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Figure D.11: Dimuon mass, 1 and jet multiplicity of pu+isotrack events for data
and SM prediction in region 1 (Zr > 15, Njey < 1, Z). Plots on the right show the
total systematic uncertainty in the expectation (yellow band).
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Figure D.12: Dielectron mass, Fr and jet multiplicity for data and SM prediction
in region 1 (#r > 15, Njey < 1,Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.13: Dielectron mass, £ and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 1 (£r > 15, Njex < 1,Z). Plots on the right
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show the total systematic uncertainty in the expectation (yellow band).
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Figure D.14: Dielectron mass, E7 and jet multiplicity of the ee+4isotrack events for
data and SM prediction in region 1 (£7 > 15, Nje, < 1, Z). Plots on the right show
the total systematic uncertainty in the expectation (yellow band).
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D.3 Kinematic Variables for Region 2

In this section we show the invariant mass, Fr and jet multiplicity in the control region

defined by: 1 > 15, Njet > 2,2
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Figure D.15: Dimuon mass, Fr and jet multiplicity for data and SM prediction
in region 2 (#r > 15, Njex > 2,Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.16: Dimuon mass, £ and jet multiplicity of ppu-+lepton(e,u,7) events for
data and SM prediction in region 2 (£7 > 15, Njex > 2, Z). Plots on the right show
the total systematic uncertainty in the expectation (yellow band).
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Figure D.17: Dimuon mass, £r and jet multiplicity of pu+isotrack events for data
and SM prediction in region 2 (#r > 15, Njey > 2, Z). Plots on the right show the
total systematic uncertainty in the expectation (yellow band).
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Figure D.18: Dielectron mass, Fr and jet multiplicity for data and SM prediction
in region 2 (#r > 15, Njey > 2,Z). Plots on the right show the total systematic
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Figure D.19: Dielectron mass, £7 and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 2 (£r > 15, Njex > 2, 7). Plots on the right
show the total systematic uncertainty in the expectation (yellow band).
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Figure D.20: Dielectron mass, F7 and jet multiplicity of the ee+4isotrack events for
data and SM prediction in region 2 (£r > 15, Nje, > 2, Z). Plots on the right show
the total systematic uncertainty in the expectation (yellow band).
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D.4 Kinematic Variables for Region 3

In this section we show the invariant mass, Fr and jet multiplicity in the control region

defined by: 7 < 10, Njet < 1,17
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Figure D.21: Dimuon mass, Fr and jet multiplicity for data and SM prediction
in region 3 (Er < 10, Njey < 1,1Z). Plots on the right show the total systematic

uncertainty in the expectation (yellow band).

296



Appendix D. Kinematic Variables per Control Region

CDF Run Il Preliminary JL dt=5.81b

N
§ 12— ®DATA
s F o+
N ol Wrakes
% L Hpoiboson
3 8; Wi
s °F
z

s

A=

i éj L+ + t

C | I

L
80 100 120 140
Dimuon Mass (GeV/c ?)

CDF Run Il Preliminary IL d=5.81b
E 45 *DATA
® 40 [Oov+y
§2) IFakes
<
% 35 [Hpoiboson
S 30 Bivar
z
25
20
15
10
5
P N E R E RS BRI R
00 50 100 150 200 250 300
MET (GeV)
CDF Run Il Preliminary IL d=5.810 "
100
é L *DATA
3 E [Oovs+y
g s0l— Praces
F Hoiboson
L Bivar
60—
40—
20
o R T B T T D
0 1 2 3 4 5 6 7 9 1
N of jets

Figure

CDF Run Il Preliminary IL dt=5.8b
S 2 *DATA
[ |-
o [
N0~ DToIaI background
2 T -
s B .
9 - | iSystematic
o g
w5 ok
z L
6
A
T %* j +
ok T S 1 P Y It I R N L 55 S WS
20 40 60 80 100 120 140
Dimuon Mass (GeV/c )
CDF Run Il Preliminary IL d=5.81b
> 451
3 a *DATA
© 400
g A i DTotal background
g 354
2 e | iSystematic
S 3007 i
= .
251
20
150
10
5
Bl o v e e e
00 50 100 150 200 250 300
MET (GeV)
A
CDF Run Il Preliminary I Ldt=5.8fb
2
g *DATA
>
[
° DTolal background
z
[ %ﬁisyslemalic
60—
40—
20—

OO
w
IS
v

\\\\]‘ﬁ\\\\‘\\\\‘\\\\‘\\\\ L

9 10
N of jets
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297



Appendix D. Kinematic Variables per Control Region

CDF Run Il Preliminary

IL =581 "

N of events / 2 GeVic 2
(=)

#DATA
o+
Brakes
I Diboson

Wivar

100 120 140
Dimuon Mass (GeV/c ?)

CDF Run Il Preliminary IL d=5.81b
E F *DATA
© SOE [Oov+y
§2) IFakes
5 Hoib
H iboson
& 40]]
s 1l It(bar
z
30]]
20
10
P N P I R
00 50 100 200 250 300
MET (GeV)
CDF Run Il Preliminary IL dt=5.81b
©120
2 *DATA
3 [Oovs+y
5100 [Fakes
z
[oiboson
80 Bivar
60
40
20
| T T B
00 1 2 3 7 9 10
N of jets

80

60

40

20

100

CDF Run Il Preliminary IL dt=5.8b "
s o *DATA
> °F
O JF
R 8 DTotaI background
g 7= Bs '
E + 1Systematic
3 o il
5 °F
z E
SE ; f i
4 RS $
3 bl -
25 Gt
1= H
= e b s ETTIET e
20 40 60 80 100 120 140
Dimuon Mass (GeV/c )
CDF Run Il Preliminary IL d=5.81b
> F
8§ o *DATA
© 60
g L DTotal background
2 sof -
2 [ | iSystematic
o Lo
Z golf
30
20
1o£
o P R R AR A B
00 50 100 150 200 250 300
MET (GeV)
4
CDF Run Il Preliminary IL dt=5.8 fb
a140—
& L *DATA
>
2120
; DTolaI background

| 1Systematic

=)

total systematic uncertainty in the expectation (yellow band).

298

=

Figure D.23: Dimuon mass, Fr and jet multiplicity of ppu+isotrack events for data
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Figure D.24: Dielectron mass, Fr and jet multiplicity for data and SM prediction
in region 3 (Er < 10, Njey < 1,1Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.25: Dielectron mass, £7 and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 3 (Er < 10, Njx < 1,!Z). Plots on the right
show the total systematic uncertainty in the expectation (yellow band).
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Figure D.26: Dielectron mass, F7 and jet multiplicity of the ee+isotrack events for
data and SM prediction in region 3 (£r < 10, Nj; < 1,1Z). Plots on the right show

the total systematic uncertainty in the expectation (yellow band).
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D.5 Kinematic Variables for Region 4

In this section we show the invariant mass, Fr and jet multiplicity in the control region

defined by: Fr < 10, Njet, >
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Figure D.27: Dimuon mass, Fr and jet multiplicity for data and SM prediction
in region 4 (Er < 10, Njey > 2,1Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.28: Dimuon mass, £ and jet multiplicity of ppu-+lepton(e,u,7) events for
data and SM prediction in region 4 (£ < 10, Njet > 2,!Z). Plots on the right show
the total systematic uncertainty in the expectation (yellow band).
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Figure D.29: Dimuon mass, 1 and jet multiplicity of pu+isotrack events for data
and SM prediction in region 4 (Zr < 10, Njex > 2,!Z). Plots on the right show the
total systematic uncertainty in the expectation (yellow band).
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Figure D.30: Dielectron mass, Fr and jet multiplicity for data and SM prediction
in region 4 (Ep < 10, Njey > 2,!Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.31: Dielectron mass, £7 and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 4 (Er < 10, Njox > 2,!Z). Plots on the right
show the total systematic uncertainty in the expectation (yellow band).
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Figure D.32: Dielectron mass, K7 and jet multiplicity of the ee4isotrack events for
data and SM prediction in region 4 (£r < 10, Nj; > 2,!Z). Plots on the right show
the total systematic uncertainty in the expectation (yellow band).

307



Appendix D. Kinematic Variables per Control Region

D.6 Kinematic Variables for Region 5

In this section we show the invariant mass, Fr and jet multiplicity in the control region

defined by: 1 < 10, Njet < 1,7
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Figure D.33: Dimuon mass, Fr and jet multiplicity for data and SM prediction
in region 5 (#r < 10, Njey < 1,Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).

308



Appendix D. Kinematic Variables per Control Region

CDF Run Il Preliminary JL d=5.81b "
§ E ®DATA
> [
O 30— [ov+v
o~ |-
% zsi IFakes
er [oiboson
[ |
B ol
2 20f
15
101~
5
P I B R
0 20 40 60 100 120 140
Dimuon Mass (GeV/c ?)
CDF Run Il Preliminary IL d=5.81b
E oL *DATA
“ soli [ov+v
2
S IFakes
% 50
< [oiboson
z
40
30
20
10
P N E R E RS BRI R
00 50 100 150 200 250 300
MET (GeV)
CDF Run Il Preliminary ILdt:S.S [
140
8 *DATA
¢
L120 v+
z IFakes
100 [oiboson
80
60
40
20
o | | | | T

9 1
N of jets

CDF Run Il Preliminary ILdl:S.S 7
S 40 +DATA
8. F
o 35 E DTotal background
é 30 o i
ek _, | iSystematic
@ C [
G 25[—
z
20
15
10
50
P I EE R AR .. B
20 40 60 80 100 120 140
Dimuon Mass (GeV/c )
CDF Run Il Preliminary IL d=5.81b
> 70
8 £ +DATA
2 6ol
g 1 DTotal background
3]
2 [
2 B | 'Systematic
S i .
> ]
40
30
20
10
£ e e
00 50 100 150 200 250 300
MET (GeV)
CDF Run Il Preliminary IL d=5.81b
glGOj ,,,,,
STE +DATA
a |-
«140—
; = DTolal background
120
T | 1Systematic
100— )
8o
60—
40~
20F =
A I R AP AN AP BN PR BRI B
00 3 4 5 7

9 10
N of jets

Figure D.34: Dimuon mass, £ and jet multiplicity of upu+lepton(e,u,) events for
data and SM prediction in region 5 (£7 < 10, Njx < 1, Z). Plots on the right show

the total systematic uncertainty in the expectation (yellow band).
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Figure D.35: Dimuon mass, 1 and jet multiplicity of pu+isotrack events for data
and SM prediction in region 5 (Zr < 10, Njey < 1, Z). Plots on the right show the
total systematic uncertainty in the expectation (yellow band).
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Figure D.36: Dielectron mass, Fr and jet multiplicity for data and SM prediction
in region 5 (#r < 10, Njey < 1,Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.37: Dielectron mass, £7 and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 5 (£r < 10, Njex < 1,Z). Plots on the right
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show the total systematic uncertainty in the expectation (yellow band).
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Figure D.38: Dielectron mass, F7r and jet multiplicity of the ee+isotrack events for
data and SM prediction in region 5 (£r < 10, Nje, < 1, Z). Plots on the right show
the total systematic uncertainty in the expectation (yellow band).
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D.7 Kinematic Variables for Region 6

In this section we show the invariant mass, Fr and jet multiplicity in the control region

defined by: 1 < 10, Njet > 2,2
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Figure D.39: Dimuon mass, Fr and jet multiplicity for data and SM prediction
in region 6 (#r < 10, Njex > 2,Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.40: Dimuon mass, £ and jet multiplicity of ppu-+lepton(e,u,7) events for
data and SM prediction in region 6 (£7 < 10, Njx > 2, Z). Plots on the right show
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the total systematic uncertainty in the expectation (yellow band).

315



Appendix D. Kinematic Variables per Control Region

CDF Run Il Preliminary IL d=5.81b "
e [ ®DATA
E 5 o+
o F Brakes
% 4} Hoiboson
& Witvar
5 L
z 3
2
i
oL Ll | AR
20 40 60 100 120 140
Dimuon Mass (GeV/c ?)
CDF Run Il Preliminary IL d=5.81b
E 9% *DATA
o [Oov+y
o 8{ Brakes
£
% 75 [Hpoiboson
‘5 H Iubar
z 6j
5:
4
3
2
1]
P N E R E RS BRI R
00 50 100 150 200 250 300
MET (GeV)
CDF Run Il Preliminary ILdt:S.S [
% 20;* ®DATA
> F [Oovs+y
2 18— ]
5] E Fakes
Z 16
165 Hoiboson
14 Bivar
12—
10
8
6
=
2k
oF L el
0 1 5 7 9 1
N of jets

N of events / 2 GeVic 2

N of events / 3 GeV

N of events

CDF Run Il Preliminary IL dt=5.81b
E +DATA
6
E DTotal background
5
C iSystematic
4
3
2
1=
O:‘ L1 I i N N
20 40 60 100 120 140
Dimuon Mass (GeV/c )
CDF Run Il Preliminary IL d=5.81b
C *DATA
10

DTotal background

| 1Systematic

21
Cole o v v v v b e
00 50 100 150 200 250 300

MET (GeV)
CDF Run Il Preliminary IL d=5.81b

25
= *DATA

20 = DTolal background
F %ﬁisyslemalic

15?

10—

ST
L 1 P P P B N

=)
e
@

9 10
N of jets

Figure D.41: Dimuon mass, 1 and jet multiplicity of pu+isotrack events for data
and SM prediction in region 6 (Zr < 10, Nje, > 2, Z). Plots on the right show the
total systematic uncertainty in the expectation (yellow band).

316



Appendix D. Kinematic Variables per Control Region

CDF Run Il Preliminary JL d=5.81b "
N(_, C ®DATA
gzooj Oov
S Brakes
3000~ [biboson
c
g Wivar
o —
2800
= L
600
400~
200
oL 1 PRI .| N R
20 40 60 80 100 120 140

CDF Run Il Preliminary

Dielectron Mass (GeV/c ?)

IL =581~

N of everlt‘S 12 GeV
o
o

®DATA
Oov
Wrakes

[Hpoiboson

Witvar

500
400
300
200
3
100—
= I L I P I R SR B
G0 20 40 60 80 100 120 140
MET (GeV)
CDF Run Il Preliminary IL d=5.810 "
o [
2500 — S DATA
s L [ov
g r 4 Praces
2000— [Hoiboson
C Bivar
1500{—
1000~
500[—
o) N ——— Huwﬁ_._._uu‘\HH\HH\HH\HH
0 1 2 3 4 5 6 7 8 9 10
N of Jets

Figure D.42: Dielectron mass, Fr and jet multiplicity for data and SM prediction
in region 6 (#r < 10, Njey > 2,Z). Plots on the right show the total systematic

uncertainty in the expectation (yellow band).
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Figure D.43: Dielectron mass, £7 and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 6 (£r < 10, Njex > 2,Z). Plots on the right
show the total systematic uncertainty in the expectation (yellow band).
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Figure D.44: Dielectron mass, E7 and jet multiplicity of the ee+isotrack events for
data and SM prediction in region 6 (£r < 10, Nje, > 2, Z). Plots on the right show
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D.8 Kinematic Variables for Region 7

In this section we show the invariant mass, Fr and jet multiplicity in the control region

defined by: 7 > 15, Njet < 1,17
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Figure D.45: Dimuon mass, Fr and jet multiplicity for data and SM prediction
in region 7 (Ep > 15, Njey < 1,1Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.46: Dimuon mass, £ and jet multiplicity of ppu+lepton(e,u,) events for
data and SM prediction in region 7 (£7 > 15, Njet < 1,!1Z). Plots on the right show
the total systematic uncertainty in the expectation (yellow band).
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Figure D.47: Dimuon mass, Fr and jet multiplicity of ppu+isotrack events for data
and SM prediction in region 7 (£ > 15, Njx < 1,!Z). Plots on the right show the
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Dielectron mass, Fr and jet multiplicity for data and SM prediction

in region 7 (Ep > 15, Njey < 1,1Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.49: Dielectron mass, £7 and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 7 (Er > 15, Nt < 1,!Z). Plots on the right
show the total systematic uncertainty in the expectation (yellow band).
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Figure D.50: Dielectron mass, F7 and jet multiplicity of the ee+isotrack events for
data and SM prediction in region 7 (£r > 15, Njy < 1,!1Z). Plots on the right show
the total systematic uncertainty in the expectation (yellow band).
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D.9 Kinematic Variables for Region 8

In this section we show the invariant mass, Fr and jet multiplicity in the control region

defined by: 7 > 15, Njet > 2,17
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Figure D.51: Dimuon mass, Fr and jet multiplicity for data and SM prediction
in region 8 (Ep > 15, Njew > 2,1Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.52: Dimuon mass, £ and jet multiplicity of upu+lepton(e,u,) events for
data and SM prediction in region 8 (£ > 15, Njet > 2,!Z). Plots on the right show
the total systematic uncertainty in the expectation (yellow band).
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Figure D.53: Dimuon mass, 1 and jet multiplicity of pu+isotrack events for data
and SM prediction in region 8 (Zr > 15, Njex > 2,!Z). Plots on the right show the
total systematic uncertainty in the expectation (yellow band).
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Figure D.54: Dielectron mass, Fr and jet multiplicity for data and SM prediction
in region 8 (Ep > 15, Njew > 2,1Z). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.55: Dielectron mass, £ and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 8 (Er > 15, Njox > 2,!Z). Plots on the right
show the total systematic uncertainty in the expectation (yellow band).
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Figure D.56: Dielectron mass, F7 and jet multiplicity of the ee+4isotrack events for
data and SM prediction in region 8 (£r > 15, Nj; > 2,!Z). Plots on the right show
the total systematic uncertainty in the expectation (yellow band).
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D.10 Kinematic Variables for Region 9

In this section we show the invariant mass, Fr and jet multiplicity in the control region

defined by: Fr > 20,17
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Figure D.57: Dimuon mass, Fr and jet multiplicity for data and SM prediction in
region 9 (K1 > 20,!7). Plots on the right show the total systematic uncertainty in

the expectation (yellow band).
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Figure D.58: Dimuon mass, £ and jet multiplicity of ppu+lepton(e,u,) events for
data and SM prediction in region 9 (1 > 20,!7). Plots on the right show the total
systematic uncertainty in the expectation (yellow band).
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Figure D.59: Dimuon mass, Fr and jet multiplicity of ppu+isotrack events for data
and SM prediction in region 9 (7 > 20,!Z). Plots on the right show the total
systematic uncertainty in the expectation (yellow band).
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Figure D.60: Dielectron mass, F7 and jet multiplicity for data and SM prediction in
region 9 (K1 > 20,!Z). Plots on the right show the total systematic uncertainty in
the expectation (yellow band).
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Figure D.61: Dielectron mass, £7 and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 9 (Zr > 20,!Z). Plots on the right show the
total systematic uncertainty in the expectation (yellow band).
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Figure D.62: Dielectron mass, F7 and jet multiplicity of the ee4isotrack events for
data and SM prediction in region 9 (K1 > 20,!7). Plots on the right show the total
systematic uncertainty in the expectation (yellow band).
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D.11 Kinematic Variables for Region 10

In this section we show the invariant mass, Fr and jet multiplicity in the control region

defined by: Z(0OS)
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Figure D.63: Dimuon mass, £7 and jet multiplicity for data and SM prediction in
region 10 (Z(0OS)). Plots on the right show the total systematic uncertainty in the
expectation (yellow band).
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Figure D.64: Dimuon mass, £ and jet multiplicity of upu+lepton(e,u,) events for

data and SM prediction in region 10 (Z(0S5)).

systematic uncertainty in the expectation (yellow band).
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Figure D.65: Dimuon mass, 1 and jet multiplicity of pu+isotrack events for data
and SM prediction in region 10 (Z(0S)). Plots on the right show the total systematic
uncertainty in the expectation (yellow band).
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Figure D.66: Dielectron mass, £ and jet multiplicity for data and SM prediction in
region 10 (Z(OS)). Plots on the right show the total systematic uncertainty in the
expectation (yellow band).
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Figure D.67: Dielectron mass, £ and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 10 (Z(OS)). Plots on the right show the total
systematic uncertainty in the expectation (yellow band).
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Figure D.68: Dielectron mass, F7r and jet multiplicity of the ee4isotrack events for

data and SM prediction in region 10 (Z(OS)).

systematic uncertainty in the expectation (yellow band).
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D.12

In this section we show the invariant mass, /7 and jet multiplicity in the inclusive control

region (no mass, met or jet multiplicity cuts).
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Figure D.69: Dimuon mass, £7 and jet multiplicity for data and SM prediction in
region 11 (inclusive). Plots on the right show the total systematic uncertainty in the

expectation (yellow band).
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Figure D.70: Dimuon mass, £ and jet multiplicity of ppu-+lepton(e,u,7) events for
data and SM prediction in region 11 (inclusive). Plots on the right show the total
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Appendix D. Kinematic Variables per Control Region
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Figure D.71: Dimuon mass, 1 and jet multiplicity of pu+isotrack events for data
and SM prediction in region 11 (inclusive). Plots on the right show the total sys-
tematic uncertainty in the expectation (yellow band).
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Appendix D. Kinematic Variables per Control Region
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Figure D.72: Dielectron mass, £ and jet multiplicity for data and SM prediction in
region 11 (inclusive). Plots on the right show the total systematic uncertainty in the

expectation (yellow band).
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Figure D.73: Dielectron mass, £7 and jet multiplicity of the ee+lepton(e,u,7) events
for data and SM prediction in region 11 (inclusive). Plots on the right show the total
systematic uncertainty in the expectation (yellow band).

348



Appendix D. Kinematic Variables per Control Region

CDF Run Il Preliminary IL dt=5.81b " CDF Run Il Preliminary IL dt=5.81b "
o E *DATA "2 L ot
27 Oovey 3000~ -
Cgoof- Wrakes e L DTotal Expectation
T E [Hpiboson T L
27002 Weoer 2800~ syt Uncertainty
§ F B g |
600 [ r
5 5
2500 2600~
400 L
E 400[—
300F- [
200; 200[—
100 F - .
E PR R . v il B L i ‘e
100 120 140 20 40 60 80 100 120 140
Dielectron Mass (GeV/c 2) Dielectron Mass (GeV/c 2)
CDF Run Il Preliminary IL di=s.81b CDF Run Il Preliminary IL dt=5.81b
> F *DATA B as0r
g = + Hovey 8450 *Data
~ r ~
2 = BFaies ;400 DTo(al Expectation
e [Hoiboson z :
RS Wioar £350 o
:1_1 I mwy :1_’ i iSyst Uncertainty
s F S L
S r S300
250
2005
150
100
50
" Josoe tol o 1 1 | 1 g1 g1 P B ) Josoo ol o 1 1 | 1 o1 I
60 80 100 120 140 00 20 60 80 100 120 140
MET (GeV) MET (GeV)
CDF Run Il Preliminary IL dt=5.81b CDF Run Il Preliminary IL dt=5.81b
*DATA §5007 ,,,,,
DDV*‘/ % : #Data
WFakes s L D
= Total E: tati
[Ebiboson 2000 % | oral Expectation
Weoar F ﬁsys( Uncertainty
Dwy Froeeee L
1500~
1000~
500~ b
[POR ETRTENS VAT IFAVATr A ol i b s g L e e I
5 6 7 9 10 0 4 5 6 7 8 9 10
N of jets N of jets

Figure D.74: Dielectron mass, E7 and jet multiplicity of the ee+isotrack events for
data and SM prediction in region 11 (inclusive). Plots on the right show the total
systematic uncertainty in the expectation (yellow band).
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