
Search for Admixture of Scalar Top in the

tt̄ Lepton+Jets Final State at
√

s = 1.96 TeV

by

Su-Jung Park

Submitted in Partial Fulfillment

of the

Requirements for the Degree

Doctor of Philosophy

Supervised by

Professor Regina Demina

Department of Physics and Astronomy

The College

Arts and Sciences

University of Rochester

Rochester, New York

2007



For my parents and for my godparents



iii

Curriculum Vitae

The author attended the Rheinische Friedrich-Wilhems-Universit¨at Bonn from 

1997 to 2004, and graduated with a Diplom in Physics in 2004. She came to the 

University of Rochester in March 2004 and began her graduate studies in Physics. 

She received a doctoral fellowship from the German National Academic 

Foundation from June 2005 to December 2007 and a Marshak Graduate 

Fellowship from the Department of Physics and Astronomy at the University 

of Rochester from 2004 to 2006. She pursued her research in Experimental 

High Energy Physics under the direction of Professor Regina Demina, and 

moved to Fermi National Accelerator Laboratory in June 2005 for this purpose. 

She received the Master of Arts degree from the University of Rochester in 

October 2005.



iv

Acknowledgements

Above all I would like to thank my advisor Prof. Regina Demina for her guidance,

invaluable advice, and support, that made all this possible. I am also most grateful

to Prof. Tom Ferbel for his insight and for improving my writing style.

I would like to thank the Rochester group at DØ, foremost Dr. Jochen Cammin

and Dr. Amnon Harel for patiently answering countless questions and spending a

lot of their time helping me, Dr. Michael Begel, Dr. Charly Garcia, Dr. George

Ginther, Prof. Paul Slattery, and Dr. Marek Zielinski for their ideas and advice.

I thank the Top Physics group, its past and current conveners, and especially
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Abstract

A search for pair production of scalar top (stop) quarks has been performed in

the lepton+jets channel in ≈1 fb−1 of data at the DØ experiment. Kinematic

differences between t̃1
¯̃t1 and the dominant tt̄ process are used to separate the two

reactions. For stop-quark masses of 145–175 GeV, and chargino masses of 105–

135 GeV, to which the stop quarks decay (t̃1 → χ̃+
1 b), we obtain upper limits on the

t̃1
¯̃t1 cross section at 95% confidence, that are a factor of ≈7–12 larger than expected

from the Minimal Supersymmetric Standard Model (MSSM), as calculated in a

next-to-leading-order (NLO) approximation in quantum chromodynamics (QCD).
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1. Introduction

Elementary Particle Physics is based on studies of the fundamental building blocks

of nature and their interactions. The Standard Model of Particle Physics is the

most complete and successful theory to describe all observed particle phenomena

[1]. It has also made successful quantitative predictions for interaction rates and

couplings, as well as for the existence of particles such as the τ neutrino and the

top quark, that were observed subsequently. The latter was found in 1995 at Fermi

National Accelerator Laboratory (Fermilab) by the CDF and DØ collaborations

[2].

In spite of the tremendous success of the Standard Model, we know that it is

incomplete. To name a few shortcomings, the Standard Model does not include

gravity, does not provide explanations for the choice of its parameters, does not

account for dark matter and dark energy, and there is the notorious fine-tuning

problem due to radiative corrections to the Higgs-boson mass [3]. While the Stan-

dard Model successfully unifies the electromagnetic and the weak interactions, the

strong and the gravitational forces are still decoupled. For decades, the ultimate

goal of particle physics has been to unify all interactions in one Grand Unified

Theory.

One possible extension to the Standard Model involves Supersymmetry (SUSY),

a symmetry between fermions and bosons [3]. Every Standard-Model boson (fermi-

on) acquires a yet undiscovered fermionic (bosonic) supersymmetric partner. This

aesthetically appealing theory not only solves the fine-tuning problem of radiative
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corrections, but it also provides a candidate for dark matter, it has gauge couplings

unifying at large energy scales, and there is even a connection to gravity. However,

Supersymmetry cannot be the final theory either, as it also leaves unanswered

questions.

If Supersymmetry is realized in nature, and indeed provides solutions to the fine-

tuning problem and unifies the gauge couplings, the masses of supersymmetric

particles must be between 100 GeV and 10 TeV. There are reasons to believe

that the supersymmetric partner of the top quark, the scalar top quark (t̃), is the

lightest supersymmetric quark [4]. That means it could already be produced at the

Tevatron. The specific scalar top-quark decay explored in the analysis presented

in this work leads to an event signature identical to that of the top quark. Hiding

among top quark events, scalar top quarks could not only have escaped detection,

but also distorted precision measurements of the top quark production cross section

and properties. The objective of this analysis is to search for the possible scalar

top-quark admixture in top quark events.

The thesis is organized as follows: Chapter 2 gives an introduction to the Stan-

dard Model, Supersymmetry, and the physics of the top quark and the scalar top

quark. It also discusses the procedure for setting limits on production processes.

Chapter 3 describes the experimental environment, that is, the Tevatron collider

and the DØ detector. Chapter 4 describes how the physics objects in an event are

reconstructed. Chapter 5 gives details on the data and the Monte-Carlo simulated

events used in the analysis. Chapter 6 presents the main analysis, documenting

the search for a scalar top quark in the top-quark sample. Chapter 7 summarizes

the results and provides conclusions.
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2. Theory

The Standard Model describes our current understanding of elementary particles

and their interactions. One possible extension to the theory is Supersymmetry,

a symmetry between fermions and bosons. This chapter gives an introduction to

both theories and discusses the physics of the top quark and the scalar top quark.

It ends with a description of our procedure for setting limits on cross sections.

2.1. The Standard Model

In the Standard Model (SM), all matter is believed to consist of two kinds of

elementary particles: leptons and quarks, each of which can be classified into three

generations of identical configuration [1]. The leptons are comprised of the electron

(e), the electron neutrino (νe), the muon (µ), the muon neutrino (νµ), the tau (τ),

and the tau neutrino (ντ ). The six quarks are the up (u), down (d), charm (c),

strange (s), top (t) and bottom (b) quark. Each particle has an antiparticle with

the same properties but opposite quantum numbers, e.g. electric charge. Quarks

come in three different “colors”, which reflect their strong interactions. Another

property of all particles is their chirality, left-handed fermions come in weak-isospin

doublets, whereas right-handed fermions are singlets, as indicated below. In the

Standard Model, neutrinos do not carry mass, which is an excellent approximation.
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Leptons:
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L
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L
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

t
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



L

uR cR tR

dR sR bR

The Standard Model describes three of the four fundamental forces. Gravity is

ignored in the theory, but it is very weak in the normal realm of elementary par-

ticles. The other three, the strong, the weak, and the electromagnetic interaction

are described by a non-Abelian gauge theory based on the group:

SU(3)C × SU(2)L × U(1)Y ,

where C refers to the “color” of quarks, L to the third weak-isospin component

of left-handed particles, and Y to the hypercharge. Quantum Chromodynamics

(QCD) describes the strong interaction, which is mediated by eight massless gluons,

the gauge bosons of the SU(3)C group. The weak and the electromagnetic inter-

action are unified and described by the electroweak model of the SU(2)L × U(1)Y

group, which is mediated by the massive W+, W−, and Z bosons and the massless

photon (γ).

Only particles with strong color charge participate in the strong interaction of

QCD, and, of all the matter fermions, only quarks carry color. Electrically charged

particles participate in the electromagnetic interaction, which means all quarks and

the charged leptons: the electron, muon, and τ . For the weak interaction, only

left-handed particles have weak isospin, so that only the left-handed weak-isospin

doublets participate in weak interactions.
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Local gauge invariance of the theory is inconsistent with the presence of mas-

sive gauge bosons, yet the Z and W bosons are, in fact, massive. Although the

mechanism for generating the gauge boson masses is unconfirmed, the generally

accepted theory is referred to as the Higgs mechanism [5]. This introduces a com-

plex scalar doublet, the Higgs field, which leads to spontaneous symmetry breaking

of the SU(2)L × U(1)Y group to the U(1)Q group, where Q refers to the electric

charge. Three of the four degrees of freedom of the Higgs field give masses to

the Z and W bosons, and one gives mass to a new spin 0 particle, the Higgs bo-

son. Fermion masses can also be generated through Yukawa interactions between

the Higgs ground state and the fermions. The couplings are proportional to the

fermion mass. Finding the yet undiscovered Higgs boson would confirm the current

theory of mass generation.

Radiative corrections to the Higgs boson mass introduce a flaw into the Standard

Model, which is referred to as the “fine-tuning problem”. The Higgs mass receives

quadratically divergent corrections, both from fermion and boson loop diagrams,

as shown in Fig. 2.1. These corrections are of the order O(Λ2), where Λ is the

Figure 2.1.: Examples of one-loop Feynman diagrams by fermions (a) or scalars
(b), that lead to quadratically divergent contributions to the Higgs mass.

energy scale up to which the Standard Model is expected to be valid: for example,

the Planck scale ΛP ≈ 1018 GeV. But electroweak precision measurements indicate
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that the physical Higgs mass should be of order O(100 GeV). This requires fine-

tuning the bare Higgs mass to cancel the enormous radiative corrections over many

orders of magnitude. It is interesting that contributions from fermion loops have

the opposite sign of boson contributions. If fermion and boson couplings were

related, they could, in principle, cancel even to higher-order corrections.

Apart from the fine-tuning problem, there are other reasons to believe that

the Standard Model is incomplete. Connected to the fine-tuning is the hierarchy

problem, which is the question why the Planck scale is so much larger than the weak

scale. The Standard Model also does not explain why there are three generations

of fermions, it does not predict particle masses or the elements of the Cabibbo-

Kobayashi-Maskawa mixing matrix or the values of any of the coupling constants.

It offers no explanation for dark matter and dark energy and it does not include

gravity, which becomes important for interactions at higher energies, and certainly

at the Planck scale.

2.2. Supersymmetry

One possible extension to the Standard Model involves Supersymmetry (SUSY),

which postulates a symmetry between fermions and bosons [3]. Since the La-

grangian is required to be invariant under this symmetry transformation, every

fermionic degree of freedom needs a bosonic degree of freedom, and vice versa.

These fermion-boson pairs do not exist within the Standard Model, so that the

theory implies the existence of new particles, the superpartners of Standard-Model

particles. Every Standard-Model boson (fermion) acquires a fermionic (bosonic)

supersymmetric partner. In addition, Supersymmetry requires at least two Higgs

doublets, resulting in several Higgs bosons and their superpartners. We already

know that Supersymmetry must be a broken symmetry, because we have not ob-

served any particle pairs with same properties, except for spin.
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A multiplicative quantum number called R-parity can be introduced in SUSY,

and is defined as follows:

R = (−1)3(B−L)+2S , (2.1)

where B is the baryon number, L the lepton number and S the spin. All Standard-

Model fermions, gauge bosons, and both Higgs doublets have R-parity +1, while

their superpartners have R-parity –1. Both R-parity conserving and R-parity

violating supersymmetric models are possible, the analysis presented in this thesis

assumes that R-parity is conserved in SUSY processes. This has two important

consequences:

• Supersymmetric particles can only be produced in pairs.

• The lightest supersymmetric particle (LSP) has to be stable, thereby provid-

ing a candidate for dark matter.

The simplest supersymmetric model with the smallest number of new parti-

cles and interactions is known as the Minimal Supersymmetric Standard Model

(MSSM) [3]. Table 2.1 provides an overview of the particle content. The naming

convention gives superpartners of fermions an “s” in front of their normal name,

and are known as “sfermions”. For example, the partner of the top quark is called

the stop quark. Superpartners of bosons receive an “ino” at the end of their

names, the Higgs bosons have “higgsino” partners, and the superpartners of the

gauge bosons are called “gauginos”.

However, except for the gluino, which is the only color-octet fermion, gauginos

and higgsinos have the same quantum numbers, and will therefore mix to form

the physical particles. The neutral higgsinos, the photino, and the Zino form the

four neutralinos χ̃0
i (i=1,2,3,4), and the charged higgsinos and the Wino form the

charginos χ̃±

i (i=1,2). For the sfermions, since the original fermion has two degrees

of freedom, there will be two spinless superpartners for each fermion, which are
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R-parity=+1 R-parity=-1
Particle Symbol Spin Particle Symbol Spin

Lepton ℓ 1
2

Slepton ℓ̃L, ℓ̃R 0
Neutrino ν 1

2
Sneutrino ν̃ 0

Quark q 1
2

Squark q̃L, q̃R 0

Gluon g 1 Gluino g̃ 1
2

Photon γ 1 Photino γ̃ 1
2

W/Z W±, Z 1 Wino/Zino W̃±, Z̃ 1
2

Higgs H0, H± 0 Higgsino H̃0
1 , H̃

+
2

1
2

h0, A0 0 H̃−

1 , H̃0
2

1
2

Table 2.1.: Overview of particles in the MSSM.

sometimes loosely referred to as left-handed and right-handed sfermions, although

they have no standard handedness or chirality. Since sfermions also have identi-

cal quantum numbers, they will mix to form the physical particles. The mixing

depends on the mass of the Standard-Model fermion, and the third-generation

sfermions will mix most. For example, for the stop quark, the mixing matrix is

given by [3]:




m2
t̃L

+ m2
t + D(t̃L) mt(−At + µ cotβ)

mt(−At + µ cotβ) m2
t̃R

+ m2
t + D(t̃R)



 , (2.2)

and

D(t̃L) = M2
Z cos 2β(

1

2
− 2

3
sin2 θW ),

D(t̃R) = M2
Z cos 2β(+

2

3
sin2 θW ),

where mt is the mass of the top quark, mt̃L the mass of the left-stop quark, mt̃R

the mass of the right-stop quark, At a trilinear coupling, µ the higgsino mass term,

tanβ the ratio of the vacuum expectation values of the two Higgs doublets, MZ
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the mass of the Z boson, and θW the weak mixing angle. This matrix can be

diagonalized and the physical stop quarks t̃1 and t̃2 are given by:





t̃1

t̃2



 =





cos θt − sin θt

sin θt cos θt









t̃L

t̃R



 , (2.3)

where t̃1 is the lighter stop-quark mass eigenstate and t̃2 is the heavier one. The

stop-quark mixing angle θt is defined by:

tan θt =
m2

t̃L
+ m2

t + M2
Z cos 2β(1

2
− 2

3
sin2 θW ) − m2

t̃1

mt(−At + µ cotβ)
. (2.4)

Supersymmetry possesses many desirable features [3]:

• By introducing fermion-boson pairs related by a symmetry, the fine-tuning

problem of the Standard Model is solved. For each divergent fermion (bo-

son) loop contribution, there will be a boson (fermion) loop contribution

with opposite sign, so that the two will cancel to all orders. It is possible to

construct a breaking of supersymmetry, and therefore have the fermion mass

differ from the boson mass, while keeping the cancellation of quadratic di-

vergences intact. This is called “soft” supersymmetry breaking, and it leads

to masses of supersymmetric particles in the range 100 GeV–10 TeV.

• In the Standard Model, the running gauge couplings do not unify when they

are extrapolated to higher energies, as shown in Fig. 2.2. In the MSSM,

however, they unify at an energy near 1016 GeV, if the masses of the super-

symmetric particles are in the range 100 GeV–10 TeV, which coincides with

the range needed to resolve the fine-tuning problem.

• All supersymmetric models that conserve R-parity have a stable lightest

supersymmetric particle. This LSP is usually neutral and weakly interacting,
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Figure 2.2.: Evolution of gauge couplings as a function of energy in the Standard
Model and the MSSM, where α1 reflects the coupling of hypercharge, α2 the weak
coupling, and α3 the strong coupling [6].

and provides an excellent candidate for the observed dark matter in the

universe.

• In the Standard Model, electroweak symmetry-breaking has to be induced

through a specific choice of parameters in the Higgs potential. In a variety

of supersymmetric models, electroweak symmetry-breaking occurs naturally,

if the mass of the top quark mt is ≈ 100–200 GeV.

• By demanding gauge invariance under local supersymmetric transformations,

a spin-2 massless gauge field is introduced in the theory. This graviton and

its supersymmetric partner, the gravitino, mediate gravitational interactions.

Unfortunately, the Supergravity theory is not renormalizable.

• Another interesting motivation derives from electroweak baryogenesis, which
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is excluded in the Standard Model, but is feasible in a supersymmetric model

when the stop quark is lighter than the top quark [7].

Despite of all these promising features, Supersymmetry cannot be the final the-

ory of particle phenomena. Like the Standard Model, it does not resolve the

hierarchy problem, why there are three generations of fermions, and it does not

predict particle masses and mixing angles. Instead, it introduces many new param-

eters. Even the MSSM contains 124 parameters. And, lastly, there is no evidence

as yet for the presence of Supersymmetry in nature.

2.3. The Top Quark and the Scalar Top Quark

The top quark is the heaviest known elementary particle, and the Tevatron is still

the only place where it can be produced and studied. Apart from being interesting

in its own right, the top quark also influences other analyses. The Higgs boson

couples most strongly to it, and top-quark production is an important background

to a lot of searches for new physics.

Because of the large mass of the top quark the mixing between the left-stop and

right-stop can be substantial, as mentioned in the previous section. This provides

a large difference in the mass eigenvalues of the stop quark, with the possibility of

the lighter stop quark (t̃1) being the lightest squark, and well within reach at the

Tevatron.

2.3.1. Production

At the Tevatron, top quarks are produced mainly in pairs via the strong interaction.

The lowest-order processes are shown in Fig. 2.3, with quark-antiquark annihilation

dominating the production at the Tevatron (85 %, and 15 % for gluon fusion).

The predicted cross section for a top quark with a mass of 175 GeV, including
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Figure 2.3.: Feynman diagrams for lowest-order tt̄ production. Top: quark-
antiquark annihilation, bottom: gluon fusion.

next-to-next-to-leading order (NNLO) soft-gluon corrections, next-to-next-to-next-

to-leading-logarithm (NNNLL) corrections, and certain virtual terms is [8]:

σpp̄→tt̄(mt = 175 GeV,
√

s = 1.96 TeV) = (6.77 ± 0.42) pb

The results of recent measurements by the CDF and DØ Collaborations are sum-

marized in Fig. 2.4.

Evidence has recently been found for the more rare single-top production process

via charged-current weak interaction [11].

Stop quarks at the Tevatron are produced mainly in diagonal t̃1
¯̃t1/t̃2

¯̃t2 pairs

and production of mixed pairs is suppressed [12]. At lowest order in QCD, the

production processes involve quark-antiquark annihilation or gluon-gluon fusion,

just as for the case of top-quark pair-production, as shown in Fig. 2.3. The cross

section depends primarily on the stop-quark mass, although there is also a weak

dependence on gluino mass, the mixing angle, and other squark masses, all arising

from higher-order corrections, two of which are shown in Fig. 2.5.
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Figure 2.4.: Results of measurements of the tt̄ cross section at the Tevatron.
Left: CDF results for up to 760 pb−1 [9], right: DØ results for up to 1050 pb−1

[10].

Figure 2.5.: Examples of higher-order Feynman diagrams for stop-quark pro-
duction that introduce a dependence on SUSY parameters other than that from
the stop-quark mass [12].
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Since stop-quark pair-production takes place through the color force (QCD), the

rate can be calculated relatively reliably. Next-to-leading order (NLO) calculations

already exist, and are even incorporated in tools such as Prospino, which pro-

vides NLO cross sections for supersymmetric particles [13]. Figure 2.6 shows the

dependence of the t̃1
¯̃t1 NLO cross section on the stop-quark mass for t̃1 masses of

100–200 GeV. At a mass of 175 GeV, the cross section is only about a tenth of the

 [GeV]
1t

~m
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1t

~m
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[p
b

]
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-110
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Figure 2.6.: Production cross section for stop-quark pairs as a function of stop-
quark mass.

tt̄ cross section. The suppression in production arises from the stop quark’s having

spin-0, as opposed to spin-1
2

for the top quark. Table 2.2 lists the cross sections

for stop-quark masses considered in this analysis.

2.3.2. Decay

The top quark has an extremely short lifetime of only ≈ 10−25 seconds, and sub-

sequently decays via the charged-current weak interaction, before hadronizing. In

the Standard Model, it almost always decays to a W boson and a b-quark, with
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mt̃1 σt̃1
¯̃t1

145 GeV 1.80 pb
160 GeV 1.00 pb
175 GeV 0.579 pb

Table 2.2.: Cross section for t̃1
¯̃t1 production at

√
s =1.96 TeV for different stop-

quark masses, as calculated using the Prospino program.

a predicted branching fraction of BR(t → Wb) > 0.998. Each W boson can de-

cay either into a lepton and a neutrino or into two quarks, and the final state of

top-quark pair-production is determined by the decays of the two W bosons. If

both W bosons decay into quarks, which subsequently hadronize, the final state

is called the “all-hadronic” or “all-jets” channel, and when both W bosons decay

leptonically it is called the “dilepton” channel. This analysis studies “lepton+jets”

(ℓ+jets) channels, where one W boson decays leptonically and one “hadronically”.

All channels and their approximate theoretical branching ratios, taking into ac-

count only lowest-order Feynman diagrams, are illustrated in Fig. 2.7.

The advantage of the lepton+jets channel is that the presence of the lepton in

the event gives a clear signature, which suppresses background, while the branch-

ing ratio is still relatively large. The signature of a tt̄→ ℓ+jets event consists

of one isolated lepton of large transverse momentum (pT ), large “missing” trans-

verse momentum (6ET ) due to the escaping neutrino from the leptonic W -boson

decay, two light jets from the “hadronic” W -boson decay, and two b-jets from the

hadronization of the b-quarks.

Figure 2.8 shows some of the major stop-quark decay channels [14]. When kine-

matically possible, the dominant decays will be t̃1 → tχ̃0
1 and t̃1 → bχ̃+

1 (Fig. 2.8a).

When the stop quark is lighter than both the top quark and the chargino (χ̃±

1 ), the

two-body decay t̃1 → cχ̃0
1 (Fig. 2.8b) is usually taken as the main decay channel;
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jets (36/81)
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tau−tau (1/81)

e−e (1/81)

e −tau (2/81)

mu+jets (12/81)

tau+jets (12/81)

Figure 2.7.: “Pie chart” of tt̄ decay channels. The branching ratios correspond
to the theoretical predictions at tree level.

but it has been shown that the three-body decays t̃1 → bW+χ̃0
1 or t̃1 → bH+χ̃0

1,

involving the charged Higgs H+ (Fig. 2.8c), or the four-body decay t̃1 → bχ̃0
1f f̄ ′,

involving fermion pairs (Fig. 2.8d), can also dominate under these circumstances.

In addition, if sleptons are lighter than squarks, then t̃1 → bℓ+ν̃ℓ and t̃1 → bℓ̃+νℓ

(Fig. 2.8e) can also play an important role.

In this analysis, we consider only stop-quark masses mt̃1 ≤ mt, with the chargino

and neutralino masses close to their current experimental lower limits. In this sce-

nario, the decay t̃1 → bχ̃+
1 is allowed and will therefore dominate. Each chargino

χ̃±

1 decays to a W boson and a neutralino χ̃0
1. The subsequent decay of the W bo-

son determines the event topology just as for tt̄ events. The resulting t̃1
¯̃t1 event

signature is consequently very similar to the tt̄ signature, thereby making it pos-

sible for the t̃1
¯̃t1 signal to be contained within the tt̄ event sample. It should be

noted that, depending on the masses of the involved supersymmetric particles, the

W boson is not necessarily on its “mass-shell”, but the final state is nevertheless
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Figure 2.8.: A selection of stop-quark decay channels: a) and b) are two-body
decays, c) and e) are three-body decays, and d) a four-body decay.
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the same for both cases. In this analysis, the lepton of the lepton+jets channel

can be an electron or muon, either directly from the W -boson decay or from a τ ,

which in turn originates from the W boson. These are called the e+jets and the

µ+jets channels, and are analyzed separately until they are combined for the final

result.

The branching ratios (B) of the e+jets and µ+jets channel for tt̄ events are given

by:

B(tt̄ → ℓ + jets) = (B(t → Wb))2

·2 · B(W → qq̄′)

·(B(W → ℓν̄ℓ) + B(W → τ ν̄τ ) · B(τ → ℓν̄ℓντ )),

where ℓ is an electron or a muon. Similarly, for stop events with on-shell W bosons:

B(t̃1
¯̃t1 → ℓ + jets) = (B(t̃1 → χ̃±

1 b) · B(χ̃±

1 → Wχ̃0
1))

2

·2 · B(W → qq̄′)

·(B(W → ℓν̄ℓ) + B(W → τ ν̄τ ) · B(τ → ℓν̄ℓντ )).

For stop events with an off-shell W boson, the chargino will decay via three-body

decays, directly to the fermions and a neutralino:

B(t̃1
¯̃t1 → ℓ + jets) = (B(t̃1 → χ̃±

1 b) · B(χ̃±

1 → Wχ̃0
1))

2

·2 · B(W → qq̄′)

·(B(W → ℓν̄ℓ) + B(W → τ ν̄τ ) · B(τ → ℓν̄ℓντ )).

To compute the branching ratios relevant to this analysis, we set B(tt̄ → Wb)=1,

and take the best known branching ratios for Standard-Model processes from

Ref. [15]. The MC event generator Isajet 7.58 provides the SUSY branching
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ratios [16]. For the chosen SUSY parameters, the branching ratio B(t̃1 → χ̃±

1 b)=1.

In case of an on-shell W boson, the branching ratio B(χ̃±

1 → Wχ̃0
1) is >0.99, and

for the rest of the analysis assumed to be 1. The branching ratios of the three-body

decays of the chargino in case of off-shell W bosons depend on the mass difference

between the chargino and the neutralino ∆mW = mχ̃±
1

− mχ̃0
1
. Table 2.3 summa-

rizes the branching ratios of the e+jets and µ+jets channel for the samples used

in this analysis.

Sample B(e+jets) B(µ+jets)

tt̄ 0.173 0.169

t̃1
¯̃t1 with on-shell W 0.173 0.169

t̃1
¯̃t1 with ∆mW =70 GeV 0.158 0.157

t̃1
¯̃t1 with ∆mW =55 GeV 0.165 0.164

Table 2.3.: Branching ratios for the e+jets and µ+jets channel for the top and
stop samples.

2.3.3. Sources of Background

The main background for t̃1
¯̃t1→ ℓ+jets events is from tt̄ production, which is not

surprising because of the many similarities. All other background sources are iden-

tical to the ones discussed in tt̄ lepton+jets analyses. They can be subdivided into

two components, an instrumental background and an inherent background. The

instrumental background is from strong multijet production, which can mimic the

signal signature due to detector imperfections. The inherent background consists

of various physical processes that can all result in the same final state as the

signal, namely tt̄ production, W+jets production, Z+jets production, single-top

production and diboson production.
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Multijet Background

Multijet events can resemble t̃1
¯̃t1 and tt̄ events, when 6ET is created by mismea-

surements, and isolated leptons correspond to jets that mimic leptons. An electron

may be mimicked by a pion within a highly electromagnetic jet or by a photon that

converts to an e+e− pair in the detector material. A non-isolated muon can arise

from a semi-leptonic b-decay. These mismeasurements do not occur often, but mul-

tijet production has an overwhelming cross section. The strategy for suppressing

this type of background is to select high-quality leptons.

W+Jets Background

The dominant background to t̃1
¯̃t1 and tt̄ events, however, is W+jets production,

where a W boson is produced via the weak interaction, and jets arise from initial

state gluon radiation or from an intermediary quark. Figures 2.9, 2.10 and 2.11

show some possible background sources. The cross section for W+jets is still high

compared to the signal process. Requiring the presence of b-jets is an efficient way

to reduce this background, but because a fraction of the W+jets events contain b-

and c-jets, it is not possible to entirely suppress this inherent background.

q

q

W

Figure 2.9.: Feynman diagram of a W+0jet event.
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Figure 2.10.: Feynman diagrams of W+1jet events.
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Figure 2.11.: Feynman diagrams of W+2jets events.
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Minor Background Processes

Minor contributions to the background arise from Z+jets, single top, and vector-

boson pair (diboson) production. Z+jets is produced through essentially the same

diagrams as W+jets. When the Z boson decays to lepton pairs, and one lepton is

not detected, the signature is the same as for t̃1
¯̃t1. Single-top production with a

leptonic decay of the W boson from the top quark, and additional jets from initial

or final-state radiation also produces the t̃1
¯̃t1 signature. Finally, the production of

WW , WZ, and ZZ pairs can generate signatures identical to t̃1
¯̃t1.

2.3.4. Current Limits on Scalar Top-Quark Production

Limits on masses of supersymmetric particles obtained in experiments at the Large

Electron-Positron Collider (LEP), which was a particle accelerator at the European

Organization for Nuclear Research (CERN) operating from 1989–2000, can be

found in Ref. [17]. In the MSSM with gaugino and sfermion mass unification

at the Grand Unified Theory (GUT) scale, at which energy the strong, weak,

and electromagnetic coupling constants converge, the lower limit on the mass of

the lightest neutralino LSP is 47 GeV. Charginos are excluded up to masses of

103.5 GeV, depending on the model. Stop quarks in the t̃1 → cχ̃0
1 and t̃1 → bℓ+ν̃ℓ

decay channels are excluded up to masses of 100 GeV. Limits on the stop-quark

mass have also been obtained at the Tevatron. For the t̃1 → bχ̃+
1 channel, CDF

obtained upper limits on the stop-quark production cross section for stop-quark

masses between 100 and 120 GeV at a center-of-mass energy of 1.8 TeV [18]. More

recently, at a center-of-mass energy of 1.96 TeV, CDF sets a limit in the t̃1 → cχ̃0
1

channel at 132 GeV with 295 pb−1 of data [19], with 995 pb−1, DØ has a limit of

149 GeV for a neutralino mass of 63 GeV for the same decay channel [20]. Also,

using 400 pb−1 of data, DØ sets a limit in the t̃1 → bℓ+ν̃ℓ channel of 186 GeV for

a sneutrino mass of 71 GeV [21].
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2.4. Setting Limits

There are many prescriptions for setting limits and quoting potential signal signif-

icances, each with their own advantages and drawbacks. Currently, the following

methods are considered to be most robust: the Bayesian method [22], and two

variations of the Frequentist approach: the Feldman-Cousins [23] and CLS [24]

methods.

For DØ Run II analyses, as the one presented in this dissertation, it is recom-

mended to either use the DØ Run I Bayesian prescription or the LEP CLS method

[25]. The Bayesian method was chosen for this analysis, using tools developed for

the Run II search for single top [26]. In what follows, the method used to set limits

on the cross section for signal relies on the Bayesian approach, as implemented in

those tools.

The goal is to obtain a Bayesian posterior probability as a function of the cross

section for signal, given the observed counts and predicted signal and background

yields. These can be provided as just simple numbers, but also as counts in bins

in the distribution of some chosen discriminant. Starting with the first option, a

likelihood function can be defined that is proportional to the probability to obtain

the number of observed counts. The probability to observe D counts, if the mean

count is d, is given by the Poisson distribution:

P (D|d) =
e−ddD

D!
. (2.5)

The mean count d is the sum of the predicted signal contribution s and the con-

tribution from the N background sources bj :

d = s +
N

∑

j=1

bj = σ · a +
N

∑

j=1

bj , (2.6)
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where σ is the cross section for the signal of interest, and a is the product of

integrated luminosity, branching ratio, and all acceptances and efficiencies relevant

to the signal.

Using Bayes theorem, the likelihood can be inverted:

L(d|D) =
L(D|d) π(d)

∫

L(D|d) π(d) dd
, (2.7)

where π(d) is the prior probability that encodes the knowledge about the parameter

d. Since the probability is proportional to the likelihood function,

P (d|D) = P (σ, a,b|D) ∝ L(D|σ, a,b) π(σ, a,b), (2.8)

where b(= b1, b2, . . . , bN ) is an abbreviation for all background sources.

The prior probability π(σ, a,b) contains the input knowledge about σ, a, and

b. Since it can be assumed that any knowledge of a and b is independent of the

signal cross section σ, the prior probability can be factorized:

π(σ, a,b) = π(σ) π(a,b). (2.9)

The prior π(a,b) contains the estimates of a and b (often referred to as “nuisance”

parameters) as well as the associated uncertainties from systematics. Convention-

ally, a flat prior is used for σ:

π(σ) =











1
σmax

if 0 < σ < σmax,

0 otherwise,

(2.10)

where σmax is any sufficiently high upper bound on the cross section such that the

posterior probability for σ > σmax is negligible.

Given an observed count D, the posterior probability density for the cross section
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σ for signal can be obtained by integrating the posterior in Eq. 2.8 over the nuisance

parameters a and b:

P (σ|D) ∝
∫

· · ·
∫

L(D|σ, a,b) π(a,b) da db. (2.11)

P (σ|D) is normalized to satisfy
∫

P (σ|D)dσ = 1. A Bayesian upper limit σCL at

some confidence level CL is a solution of:

σCL
∫

0

P (σ|D) dσ = CL. (2.12)

Alternatively, the measured cross section can be defined as the mean or the mode

of P (σ|D).

To combine two or more channels, or to use counts in bins of a distribution in a

discriminator, the likelihood function in Eq. 2.11 is replaced by a product of the

likelihoods over all M bins or channels:

L(D|d) =
M
∏

i=1

L(Di|di). (2.13)

This method can also be used to set limits on (or measure the cross section for)

two different signal processes by constructing a Bayesian posterior probability in

a two-dimensional space.
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3. Experimental Setup

To probe the realm of truly elementary particles requires high energies to break

up ordinary particles such as protons and use part of their energy to produce

new and more fundamental particles. These high energies are provided by particle

accelerators, which accelerate and then collide the ordinary particles. Fermilab’s

Tevatron collider is currently the highest-energy collider in the world. It has a

radius of ≈ 1 km, and collides beams of protons and antiprotons at a center-of-

mass energy of 1.96 TeV. Fermilab is located in Batavia, Illinois, in the western

suburbs of Chicago.

Many of the produced particles decay within a very short time. Sometimes

they form hadrons before these also decay. Detectors are built to identify and

measure the decay products. Multi-purpose detectors usually consist of a tracking

system inside a magnetic field, a calorimeter, and an outer muon system. Charged

particles can be detected in the inner tracking system and in the calorimeter, and,

in the case of muons, in the outer muon system. Neutral particles are detected in

the calorimeter, or in some cases, as for neutrinos, not at all. The DØ experiment

with its multi-purpose detector is one of two experiments at Fermilab’s Tevatron

collider. The first data-taking period lasted from 1992 to 1996 (Run I), during

which time the CDF and DØ detectors collected ≈ 125 pb−1 of data at a center-

of-mass energy of 1.8 TeV. After an upgrade of the accelerator and the detectors,

Run II started in March 2001, and up to 6-7 fb−1 of data is expected by 2009.

This chapter introduces the accelerator and the components of the DØ detector.
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3.1. The Tevatron Collider

The Tevatron is the last stage of an accelerator chain that consists of consecu-

tive accelerators of increasing energies [27]. It starts with accelerating negative

hydrogen ions to 750 keV in a Cockroft-Walton accelerator, followed by a lin-

ear accelerator, which boosts their energy to 400 MeV. After stripping off the

electrons, the protons are accelerated to 8 GeV in the Booster synchroton ring

and then to 150 GeV in the Main Injector, where the protons are grouped into

bunches. Antiprotons are produced by directing some of the proton bunches from

the Main Injector at a nickel-copper target. The antiprotons are accumulated and

accelerated to 8 GeV before being returned to the Main Injector, where they are

also accelerated to 150 GeV. Finally, the Tevatron accelerates the protons and

antiprotons from 150 GeV to 980 GeV. Figure 3.1 shows a schematic of the whole

accelerator chain.

Both protons and antiprotons are arranged into 36 bunches with a 396 ns bunch

spacing, the 36 bunches are again divided into three super-bunches with 2 µs be-

tween them. A proton bunch consists of ≈ 3×1011 protons, whereas an antiproton

bunch consists of ≈ 3×1010 antiprotons. They collide at the two detector positions

of CDF and DØ. At DØ, the interaction region along the beam direction is spread

out according to a Gaussian distribution with a standard deviation ≈ 25 cm.

3.2. The DØ Detector

Figure 3.2 shows a side view of the Run II DØ detector, which is ≈ 20 m long

and 13 m high. DØ is a multi-purpose detector consisting of several subsystems,

which ensure precise measurement of electrons, muons and jets [28]. An inner

tracking system resides within a ≈ 2 T magnetic field, which is surrounded by a

finely grained calorimeter and an outer muon system. There are also luminosity
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Figure 3.1.: The accelerator chain at Fermilab.

monitors and proton detectors in the very forward regions, and a three-level trigger

system for selecting collisions of greatest interest. The upgrade for Run II included

the complete tracking system with its solenoid, preshower detectors, forward muon

chambers, an improved shielding system, and a faster data acquisition system.

The coordinate system used in DØ analyses is right-handed, with the x-coordi-

nate pointing towards the center of the ring, the y-coordinate upwards and the z-

coordinate in the direction of the incident proton. A more useful set of coordinates

for parameterizing particle trajectories relies on cylindrical (r, ϕ, η), defined by:

r =
√

x2 + y2, (3.1)

φ = arctan
y

x
, and (3.2)

η = − ln tan
θ

2
, (3.3)
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Figure 3.2.: Side view of the DØ detector.

where θ is the angle of any trajectory relative to the z-axis. The pseudorapidity

η approximates the rapidity y = 1
2
ln(E+pz

E−pz
) when particle mass can be neglected.

Usually, the coordinates of any trajectory are given relative to the primary vertex

of an event, which in the case of η is called “physics η.” Another possibility is

to use detector-centered coordinates, defined relative to the center of the detector,

which define “detector ηdet.”

3.2.1. Central Tracking System

The central tracking system consists of the Silicon Microstrip Tracker (SMT) and

the Central Fiber Tracker (CFT). These elements occupy the radial space up to

52 cm from the center of the beam pipe, and is up to 2.52 m long. The two
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detectors are located within a solenoid with a magnetic field of 2 T along the z-

direction. Charged particles are deflected in the magnetic field. By measuring the

radius of curvature r of the track in the r − ϕ plane, the transverse momentum

pT =
√

p2
x + p2

y of the particle can be determined:

r[m] =
pT [GeV]

0.3 · B[T]
. (3.4)

Measuring the track inclination in the r − z plane gives the complete three-

dimensional information for the track.

Figure 3.3 shows a longitudinal section of the inner detector, along with the

tracking system and the preshower detectors.

Figure 3.3.: Longitudinal section of the DØ tracking and preshower systems.
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Silicon Microstrip Tracker

The Silicon Microstrip Tracker (SMT) is innermost of the detector components [29].

Besides tracking, an important function of the SMT is to reconstruct secondary

vertices of hadrons from bottom-quark decays, in order to identify jets originating

from bottom quarks, as well as to distinguish them from jets that originate from the

fragmentation of light quarks or gluons. The detector is 2.40 m long, and covers

the region of |ηdet| < 3, almost the full range of the calorimeter and the muon

system. Figure 3.4 shows the composition of the SMT, as barrels interspersed

with “F”-disks in the center and additional “H”-disks in the forward regions. This

Figure 3.4.: 3-D view of the Silicon Vertex Detector.

construction of barrels and disks provides hits in the detector for tracking over an

interaction region of standard deviation ≈ 25 cm. The barrel detectors provide

primarily the r − ϕ coordinates, whereas the disks are also sensitive to r − z

coordinates.

Each of the six barrels is 12 cm long and has 72 ladders arranged in 4 layers,

each of which has two overlapping sublayers. This layer structure can be seen

in the cross section of a barrel detector shown in Fig. 3.5. The sensors of the

SMT are a combination of single-sided (SS), double-sided (DS), and double-sided

double-metal (DSDM) technologies. The two outer barrels use single-sided and

double-sided 2◦ stereo ladders, while the four inner ones have double-sided double-
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Figure 3.5.: Cross section of a Silicon Vertex Detector barrel, showing its layered
structure.

metal 90◦ stereo and double-sided 2◦ stereo ladders. There are two types of disks.

The 12 F-disks, interspersed between, and at either end of, the barrel section, are

made of 12 wedges of double-sided stereo detectors. The 4 H-disks at the ends

of the silicon detector have a larger diameter, and are made of 24 pairs of single-

sided detectors. While single-sided sensors provide only the axial (ϕ) position of

a hit, double-sided sensors with stereo angles can provide a ϕ − z measurement

by pinpointing the intersection of two activated strips. However, this can lead to

ambiguities when two hits are close to each other and the activated strips intersect

at points with no true hits. Keeping the stereo angles small minimizes this kind

of problem.

Scintillating Fiber Tracker

The Scintillating-Fiber Tracker or Central Fiber Tracker (CFT) consists of 76,800

scintillating fibers arranged in eight layers [28]. Each layer is mounted on a con-
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centric support cylinder, with radii ranging from 20 cm to 52 cm, as shown in

Fig. 3.3. The two innermost layers are 1.66 m long to accommodate the SMT

H-disks, whereas the outer layers are 2.52 m long. These provide coverage up to

|ηdet| < 1.6. Each of the eight layers again consists of two doublet layers, one ori-

ented along the beam axis (axial layer), and the other one at a stereo angle of ±3◦

(stereo layer). The fibers have a diameter of 835 µm, which results in a doublet

layer resolution of about 100 µm. The fibers scintillate at ≈ 530 nm, which is

the yellow-green part of the visible spectrum. Clear fiber light guides, 8 to 12 m

long, conduct the light to the “Visible Light Photon Counters” (VLPCs), where

the signals are read out. The VLPCs have high quantum efficiency (≥75%), and

minimum-ionizing particles produce an average of eight photoelectrons per layer.

Solenoid

A magnetic field of ≈ 2 Tesla is provided by a superconducting solenoid magnet

that encloses the tracking system [28]. Since the solenoid was added after Run I,

its size was constrained by the available space to 2.73 m in length and 1.42 m in

diameter, and presents 0.87 radiation lengths of material at η = 0. The solenoid

was designed to optimize the momentum resolution ∆pT /pT and pattern recog-

nition in tracking. The operating temperature is 10 K, the current 4749 A, and

5.3 MJ of energy is stored in the field.

3.2.2. Calorimeter System

The calorimeter system consists of preshower detectors, a uranium/liquid-argon

calorimeter and intercryostat detectors that are used to identify and measure en-

ergies of electrons, photons and jets, which lose most of their energy through in-

teractions with the calorimeter material. Above a certain energy threshold, which

depends on the calorimeter material, electrons lose their energy mainly through
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bremsstrahlung. Electrons deflected by atomic nuclei emit photons, which cre-

ate electron-positron pairs, which then also emit photons. After falling below the

energy threshold for bremsstrahlung, the electrons lose their energy through ion-

ization of atoms. The mean distance over which an electron has its energy reduced

to 1/e of the original value depends on the detector material, and is called the

radiation length X0. Hadronic particles on the other hand produce pions and nu-

cleons by interacting inelastically with nuclei. If their energy is sufficiently high,

these secondaries can also interact inelastically with other downstream nuclei, and

generate showers of hadronic particles. The characteristic length scale for this pro-

cess is the nuclear interaction length λI , which depends on the detector material.

Muons are minimum ionizing particles (MIPs) at energies of the Tevatron, and

leave only a very small fraction of their energy in the calorimeter. Their momenta

are measured in the muon system. Neutrinos deposit no energy at all in the detec-

tor, but their presence in an event can be inferred by any imbalance in momentum

in the transverse plane (after correcting for the presence of muons). This quantity

is called the “missing transverse energy” (6ET ).

Preshower Detectors

Figure 3.3 shows a sketch of the preshower detectors, which are designed to enhance

electron and photon identification, as well as background rejection [28].

The Central Preshower Detector (CPS) is located outside the solenoid at a radius

of about 72 cm, and covers the region up to a pseudorapidity of |ηdet| ≈ 1.3. Its

purpose is to help restore the electromagnetic energy resolution degraded by the

presence of the solenoid. Besides measuring the energy, it also serves as a tracker

because of its good spatial resolution. Between the solenoid and the CPS lies

a 5.6 mm thick lead radiator, which corresponds to about one radiation length.

Together with the solenoid it presents two to four radiation lenghts, depending
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on the angle of entry, and initiates the showering of electrons and photons, to

distinguish them from pions. The CPS has three layers of scintillating fibers,

which are read out by wavelength-shifting (WLS) fiber readouts in 7,680 channels.

The signal is conducted by clear light-guide fibers to the VLPCs.

The Forward Preshower Detectors (FPS) are mounted on the end-calorimeter

cryostats and cover the pseudorapidity range 1.5 < |η| < 2.5. They consist of two

double layers of scintillators, separated by two radiation lengths of lead-stainless-

steel absorber. The inner layer is called the MIP layer, where all charged particles

tend to leave minimum ionizing signals, and photons tend not to interact at all.

Electrons and photons shower in the absorber, producing a signal in the outer layer

called the shower layer. By matching the signals in the two layers, electrons can

be distinguished from photons.

Calorimeter

Because of its excellent performance, the DØ uranium/liquid-argon calorimeter

has not been changed since Run I, but the front-end electronics were upgraded for

Run II [28, 30].

Figure 3.6 shows the three parts of the calorimeter, the central calorimeter (CC)

and the two end calorimeters (EC). Each is contained in its own cryostat, which

maintains the liquid argon at a temperature of ≈ 87 K. A longitudinal section

of a quarter of the calorimeter, shown in Fig. 3.7, indicates that the CC covers

the pseudorapidity range up to |ηdet| ≈ 1, with the ECs extending the range to

|ηdet| ≈ 4.

Each sector of the calorimeter is divided into electromagnetic and hadronic

sections. The central calorimeter has three of these, namely, a front electro-

magnetic (CCEM), a fine hadronic (CCFH) and a coarse hadronic (CCCH) sec-

tion. The end calorimeters are divided into four sections, the electromagnetic
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Figure 3.6.: Isometric view of the calorimeter.

(ECEM) section, the inner hadronic (ECIH) covering 2.0 < |ηdet| < 4.2, the mid-

dle hadronic (ECMH) covering 1.5 < |ηdet| < 2.0 and the outer hadronic (ECOH)

1.1 < |ηdet| < 1.5 section. These sections are further subdivided into cylindrical

floors, the electromagnetic sections into EM1 to EM4, and the hadronic sections

into FH1 to FH3 and CH. This subdivision helps to distinguish the “longitudi-

nal” shower profiles of electrons and hadrons. The electromagnetic layers contain

65.5 mm of nearly pure uranium in total, which is equivalent to approximately 20

radiation lengths (XU
0 ≈ 3.2 mm), so they capture most of the electromagnetic

energy. The nuclear interaction length (λU
I ≈ 10.5 cm) is much larger, and much

of the energy of hadronic particles is therefore deposited in the hadronic layers,

which are ≈ 6 nuclear interaction lengths thick.

The calorimeter is divided into towers of ∆η × ∆ϕ = 0.1 × 2π/64 ≈ 0.1 × 0.1.
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Figure 3.7.: Sections of a quarter of the DØ calorimeter.

In the third EM layers, where the showers are expected to reach their maximum,

the cell granularity is doubled in both η and ϕ. Since typical cone sizes of jets are

∆R =
√

∆η2 + ∆ϕ2 ≈ 0.5, the segmentation is important for characterizing the

shape of any jet.

Figure 3.8 shows a unit cell of the calorimeter, which consists of an absorber

plate, where the showers develop, a liquid-argon gap, where the ionization is gen-

erated, a signal board made of copper with resistive coating, where image charges

are sensed, followed by the next liquid-argon gap. While the active medium is

always liquid argon, for mechanical reasons and cost, the absorber material differs

in different sections. The electromagnetic sections use 3 or 4 mm nearly pure de-

pleted uranium plates, the fine hadronic sections 6 mm uranium-niobium alloy and

the coarse hadronic modules contain 46.5 mm thick plates of copper in the CC or

stainless steel in the EC. An electric field to collect the ionization is established by
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Figure 3.8.: Unit cell in the liquid-argon DØ calorimeter.

grounding the metal absorber plates and connecting the resistive surfaces of the

signal boards to a positive high voltage of ≈ 2.0 kV.

The response of the calorimeter is defined by the fraction of deposited energy

measured in the calorimeter. This differs for electromagnetic and hadronic particles

due to different processes through which they interact in the detector. The ratio of

the electromagnetic to hadronic response of the DØ calorimeter ranges 1.02–1.09,

which makes it an almost “compensating” calorimeter.

The energy in the calorimeter is measured by integrating the charge produced

in the liquid argon, where the signal is proportional to the deposited energy E.

Because the count is subject to Poisson sampling fluctuations in the collected

charge n ≈ √
n, the relative resolution of the energy measurement should go as:

∆E

E
∝ ∆n

n
=

1√
n
∝ 1√

E
. (3.5)
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Including other contributions, the formula used is [31]:

(

∆E

E

)2

= C2 +
S2

E
+

N2

E2
, (3.6)

where the contributions C, S and N reflect calibration uncertainties, sampling

fluctuations and contributions from noise, respectively. Test-beam measurements

with electrons and pions gave the results listed in Table 3.1 [31, 32].

Particle C S N

e 0.0115+0.0027
−0.0036 (0.135 ± 0.005)

√
GeV 0.43 GeV

π 0.032 ± 0.004 (0.45 ± 0.04 )
√

GeV 0.975 GeV

Table 3.1.: Test-beam results for calorimeter resolution.

Intercryostat Detector

Gaps between the central calorimeter and the end calorimeters, due to the separate

cryostats, lead to a deteriorated coverage of the pseudorapidity region 0.8 < |ηdet| <

1.4. The Intercryostat Detector (ICD) [28] provides layers of scintillating tiles,

which are attached to the exterior surface of the end cryostats, and cover the

region 1.1 < |ηdet| < 1.4. In addition, calorimeter readout cells called “massless

gaps” are located within both the central and end cryostats in front of the first

layers of uranium to improve sampling of showers in that region of η.

3.2.3. Muon System

Muons are minimum-ionizing particles (MIPs) and the only charged particles that

can penetrate the calorimeter with high probability and reach the muon detector.

The muon system consists of toroidal magnets, a central muon detector and a

forward muon detector [28]. An exploded view of the muon detectors is shown in
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Figs. 3.9 and 3.10. The central as well as the forward detectors have wire chambers

as well as scintillation detectors, and consist of the three A, B, and C layers. The

wire chambers or drift tubes are gas-filled rectangular volumes that contain a wire

under high voltage. When a charged particle passes through the gas, it ionizes the

gas and the resulting ions and electrons drift towards the wire or to the walls of

the tube, respectively. The hit position along the wire is extracted using vernier

cathode pads on the walls and the difference in arrival times from neighboring

wires. Scintillators absorb energy from the ionizing particle and fluoresce lower-

energy photons, which are then collected by photomultiplier tubes. The muon

system identifies muons, triggers on them and measures their momenta and charge

from the curvature of their trajectories in the field of the toroid magnets.

Figure 3.9.: Exploded view of the muon drift chambers.
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Figure 3.10.: Exploded view of the muon scintillation detectors.

Toroidal Magnets

The toroidal magnets are unchanged from Run I [33], but the operating current has

been reduced to 1500 A, which results in a magnetic field of 1.8 T. The magnets

are located between layer A and B of the muon detectors, at a radial distance

of 317.5 cm from the beam line. The three parts of the toroidal magnet form a

square annulus 109 cm thick, and combined weigh 1973 metric tons. The central

part is accompanied by two C-shaped sections located at 454≤ |z| ≤610 cm. The

magnetic field is either along the x or the y-direction, so that a muon emerging

from the center of the detector and hitting the toroid field perpendicularly will be

deflected in the z-direction, that is, along the beamline.
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Central Muon Detector

The central muon system covers the region up to |ηdet| ≈ 1. The drift chambers

of the central system are called Proportional Drift Tubes (PDTs), and they are

typically 2.8×5.6 m2 in cross section, with a single drift cell being 10.1×5.5 cm2.

The gas mixture used in the PDTs consists of 84% argon, 8% methane, and 8%

CF4, which results in a drift velocity of ≈10 cm/µs, and a maximum drift time

of about 500 ns. The drift chamber wires are oriented parallel to the magnetic

fields of the toroids, which are along the x-direction on the top and bottom, and

along the y-direction on the sides. The scintillation detectors on the top, sides

and bottom of the outer C layer of the central muon system are called “cosmic

caps” and “bottom counters”, and they are positioned with their width along the

z-direction and their length along ϕ. The scintillation counters on the A layer

PDTs are called “Aϕ” scintillation counters. While all the scintillation counters

are used only for triggering, the PDTs are used for obtaining precise coordinate

measurements as well as in triggering.

Forward Muon Detector

The forward muon system was added for Run II, it extends muon coverage to

|ηdet| ≈ 2 [28]. The drift chambers are smaller in the forward detector, and are

called Mini Drift Tubes (MDTs). Each MDT consists of eight cells, each with a

cross section of 9.4×9.4 mm2. The gas mixture is 90% CF4 and 10% CH4. The

MDTs do not provide the hit positions along the wire, since the resolution of the

scintillators is far superior. The trigger scintillation counters in the forward system

cover all three layers, and are arranged in an r−ϕ geometry. A photograph of the

outermost layer is shown in Fig. 3.11. As in the central system, the scintillation

counters are used for triggering, whereas the MDTs are used for both triggering

and coordinate measurements.
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Figure 3.11.: Photograph of the C layer of muon scintillation counters of the
forward muon system.

3.2.4. Forward Proton Detector

The Forward Proton Detector (FPD) [28, 34] measures the momenta of protons and

antiprotons scattered at small angles of the order of 1 mrad. Such measurements

are used in studies of diffractive phenomena.

3.2.5. Luminosity Monitor

Primary purpose of the Luminosity Monitors (LM) [28, 35] is to determine the

Tevatron luminosity at the DØ interaction region by detecting inelastic pp̄ col-

lisions. The LM also provides information on the beam halo and yields a fast



3. Experimental Setup 44

measurement of the z coordinate of the interaction vertex.

The LM detector consists of two arrays of twenty-four plastic scintillation coun-

ters that are read out with photomultipliers (PMT). A schematic drawing of an

array is shown in Fig. 3.12. The arrays are located in front of the end calorimeters

at z = ±140 cm, and occupy the region between the beam pipe and the Forward

Preshower Detector. The counters are 15 cm long, and cover the pseudorapidity

range 2.7< |ηdet| <4.4.

Figure 3.12.: Schematic view of the luminosity counters showing the PMTs as
small filled circles.

The instantaneous luminosity L is determined with the LM detector through

the measurement of the rate of inelastic pp̄ collisions [36]:

L =
1

ε × A × σpp̄
· dN

dt
(pp̄), (3.7)

where σpp̄ is the inelastic cross section, A the LM acceptance, and ε the efficiency

of the LM detector. Precise time-of-flight measurements are made to distinguish

pp̄ interactions from background from the beam halo. The z coordinate of the

interaction vertex zv is estimated from the difference in time-of-flight for the two
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LM detectors. Beam halo particles traveling along the z direction will have zv ≈
∓140 cm, and can be eliminated by the requirement of |zv| < 100 cm.

A “luminosity block” is the fundamental unit of time for the luminosity mea-

surement. Each block is indexed by the luminosity block number (LBN). The

LBN increases monotonically throughout Run II, and is incremented at least every

60 seconds, which is sufficiently short to assure that the instantaneous luminos-

ity is constant during each luminosity block. Luminosity calculations are made

independently for each LBN, and averaged over the luminosity block.

3.2.6. Trigger System

At the Tevatron, a bunch crossing occurs every 396 ns, resulting in a data rate of

2.5 MHz, whereas only 50 Hz of data can be stored [28, 37]. The purpose of the

trigger system is to recognize interesting events and initiate their storage. The DØ

trigger achieves that with three levels, and the elements of the trigger system are

shown in Figs. 3.13 and 3.14. This section gives a general overview of the trigger

system. The triggers specific to the presented analysis are discussed in Section 5.1.

Figure 3.13.: The DØ trigger and data acquisition system.
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Figure 3.14.: The Level 1 and Level 2 trigger system.

Level 1

The Level-1 (L1) trigger decision is based entirely on hardware. The calorimeter

towers, which are defined by ∆η × ∆ϕ = 0.2 × 0.2 at L1, have to exceed certain

thresholds in transverse energy. Also, the hit patterns found in the preshower

detectors, the CFT, and the muon chambers have to match tracks with a transverse

momentum (pT ) above a preprogrammed value. Together, these provide electron

triggering up to |ηdet| = 2.5 and muon triggering up to |ηdet| = 2.0. The L1 trigger

operates without deadtime, and makes a decision in 3.5 µs, passing on 10 kHz of

data to Level 2.

Level 2

The Level-2 (L2) trigger has two stages. In the preprocessor stage, the information

from the subsystems is collected separately to form objects such as tracks or energy
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clusters. The subsystems included are the calorimeters, the preshower detectors,

the CFT, SMT and the muon chambers. All the information is combined at the

global-processor stage to form physical objects such as electron candidates, and,

based on this information, the trigger decision is made. L2 has a deadtime of 5%

at the highest data rates, requires < 100µs for decision, and reduces the data rate

to 1 kHz.

Level 3

At Level 3 (L3), a simplified reconstruction of the entire event is made on farm

nodes. This reduces the data rate to the desired 50 Hz, which can then be written

to tape for offline analysis. The average event size is ≈ 250 kBytes.
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4. Object Identification and

Event Reconstruction

The collected data initially consists of about a million channels of outputs, such

as signals in trackers, energies, and trigger information. To identify objects and

reconstruct events one relies on a collection of algorithms [38]. In the following

we describe the reconstruction and identification of key objects and the selection

criteria used in the analysis.

4.1. Track Reconstruction

Charged particles passing through the tracking system in the magnetic field of the

solenoid leave dot-like hits on their curved path through various layers. Figure 4.1

shows the average number of hits as a function of track η in the two tracking

detectors. Because of its geometry, the SMT detects hits up to high pseudorapidity.

Using these hits, the tracking algorithm reconstructs the trajectories of charged

particles. Two different algorithms are employed, the Histogram Track Finder

(HTF) [40] and the Alternative Algorithm (AA) [41], whose results are combined

in the end.

The trajectory of a charged particle in a magnetic field can be characterized by

the radius of curvature ρ, the distance of closest approach (DCA) to the interaction

point, called impact parameter d0, and the transverse direction φ of the track at the
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Figure 4.1.: Average number of hits as a function of track η [39]. Left: in the
SMT, right: in the CFT.

DCA. Figure 4.2 compares the resolution on the impact parameter as a function

of the transverse momentum for tracks in data and MC [39]. For tracks with small
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Figure 4.2.: Impact parameter resolution as a function of track pT [39].

impact parameter d0 ≈ 0, this parameter can be neglected, and a track is fully

described by ρ and φ. Each pair of hits in the tracker provides a candidate track,

which corresponds to a point in the ρ − φ space. True tracks can, in principle,

appear as concentrations in a ρ − φ scatterplot. The HTF method improves on
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this idea using the Hough transform. Each hit by itself represents a line in the

ρ − φ space, and intersections of lines yield track candidates.

The Alternative Algorithm starts from a combination of three hits in the silicon

tracker (SMT), and extrapolates the trajectory outwards to the next SMT or CFT

layer. If there is a hit within this “road” and its χ2 contribution to track recon-

struction is below a certain threshold, the point is added to the track. This is

continued until the last CFT layer is reached or if three layers have no matching

hits.

In the end, the tracks from the two algorithms are combined using a Kalman

algorithm [42].

4.2. Primary Vertex

The primary vertex (PV) is the location of the pp̄ collision. A precise reconstruc-

tion is especially important when trying to determine which tracks originate from

the primary vertex and which from secondary vertices from decays of heavy quarks

or from additional overlapping interactions. This is the main problem in vertex re-

construction, and is minimized with the adaptive primary vertex (APV) algorithm

[43].

Only tracks with transverse momentum pT >0.5 GeV and two or more SMT

hits, if the track is in the SMT acceptance region, are considered. A z-clustering

algorithm groups tracks within 2 cm of each other along the beam direction, as-

suming they belong to the same interaction. For each z-cluster, an initial procedure

preselects tracks based on their χ2 contribution in a Kalman Filter vertex-fitting

algorithm and on their distance of closest approach (dca) to the beam spot.

After preselection, the APV algorithm is applied. This involves an iterative

procedure that reweights track errors according to the track’s χ2 contribution to

the attempted fit to a vertex. When the track weights converge, the vertex is
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stored in a list for subsequent use.

Finally, the primary vertex of the hard scatter is chosen from the list of recon-

structed vertices. It is assumed that the other vertices originate from minimum-

bias events (MBE), which have lower-pT tracks. Based on the pT of the associated

tracks, a probability for being an MBE is assigned to each vertex, and the vertex

with the lowest probability is chosen as the primary vertex [44].

Additional selections in this analysis require:

• |zPV | ≤ 60 cm, and

• at least three tracks in the fit to the PV.

4.3. Electrons

The reconstruction of electrons relies on information from the calorimeter and from

the tracking system. Better energy resolution is attained with the calorimeter, but

angles are measured in the tracker, if the energy deposition in the calorimeter can

be matched to a track. Sources of background for electrons are neutral pions, η

mesons, photons, charged pions, and unusual fluctuations in the development of

jets. Requiring a track-match for an electron candidate leaves mainly background

from neutral pions, which decay to photons, which in turn convert to e+e− pairs,

or are accompanied by a charged particle that mimics an electron track. Also, η

mesons, which decay either to neutral pions or photons contribute to background

[45].

Electrons start out as calorimeter objects. In the CC, EM clusters are defined

by a set of towers adjacent to the tower with highest energy content within a cone

of ∆R =
√

∆ϕ2 + ∆η2 < 0.2. In the EC, EM clusters are defined by a set of

adjacent cells with transverse distance of <10 cm from an initial cell of highest

energy content. For the cluster to be considered an electron candidate, it has to
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meet the following requirements:

• EM cluster pT > 1.5 GeV.

• True EM clusters are expected to have a large fraction of their energy de-

posited in the electromagnetic layers of the calorimeter. Electron candidates

are therefore required to have an electromagnetic fraction

fEM =
EEM

Etot
> 0.9. (4.1)

• Additionally, the cluster is required to be isolated in (η, ϕ) space, meaning

that the total energy in a cone of ∆R <0.4 around the candidate without

the EM energy contained in the ∆R <0.2 cone must have <20% of the EM

energy deposited within ∆R <0.2:

fiso =
Etot(∆R < 0.4) − EEM(∆R < 0.2)

EEM(∆R < 0.2)
< 0.2. (4.2)

In addition, for this analysis, the electron candidates are required to have:

• pT > 20 GeV.

• |ηdet| < 1.1.

• The isolation as defined in Eq. 4.2 is required to be fiso < 0.15.

• The shower development of the candidate cluster in the calorimeter is com-

pared to the shower development using electrons from test beams and from

W boson events and Z → e+e− decays. A 7×7 covariance matrix is defined

for N such electrons, based on seven discriminating variables:

Mij =
1

N

N
∑

n=1

(x
(n)
i − 〈xi〉)(x(n)

j − 〈xj〉), (4.3)
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where x
(n)
i is the value of variable i for electron n, and 〈xi〉 is its mean value.

The seven discriminating variables are:

– Energy fractions in the first, second, third and fourth EM layer of the

calorimeter.

– The width of the shower in r−ϕ in the third EM layer of the calorimeter.

– The shower energy.

– The longitudinal position of the primary vertex divided by its uncer-

tainty zvtx/σzvtx
.

The H-matrix provides a χ2 function that quantifies how well the shower

development of electron candidate k matches that of an electron:

χ2
H-matrix =

7
∑

i,j=1

(x
(k)
i − 〈xi〉)Hij(x

(k)
j − 〈xj〉), (4.4)

where H = M−1. To pass the electron requirement, the H-matrix for the

shower must have χ2
H-matrix <50.

• Electrons are expected to leave a track in the tracking system that should

point to the calorimeter cluster in (η, ϕ) space, and the transverse energy

measured in the calorimeter should be consistent with the transverse mo-

mentum of the measured track. A χ2 is defined:

χ2
trackmatch =

(

∆ϕ

σϕ

)2

+

(

∆z

σz

)2

+

(

ET /pT − 1

σET /pT

)2

, (4.5)

where ∆ϕ (or ∆z) is the difference between the ϕ(or z)-coordinate of the

cluster in the EM3 layer of the calorimeter and the ϕ(or z)-coordinate the

track extrapolated to the EM3 layer. ET /pT is the ratio of the transverse

energy in the calorimeter and the transverse momentum of the track. σϕ,

σz and σET /pT
are the root mean squares (RMS) of the three distributions,
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respectively. P (χ2
trackmatch) is the χ2-probability for a track match in ϕ, z,

and ET /pT , and is required to be P (χ2
trackmatch) > 0.

Electron candidates that fulfill all of the above requirements, are called “loose”

electrons. Further confirmation is needed to suppress the overwhelming back-

ground from multijet production, and is obtained from requiring the candidate to

pass a selection on electron likelihood, which is described in detail in Ref. [45]. It

uses the following seven input quantities:

1. χ2-probability of a spatial track match:

χ2
spatial =

(

∆ϕ

σϕ

)2

+

(

∆z

σz

)2

. (4.6)

2. ET /pT .

3. H-matrix.

4. EM-fraction.

5. Distance of closest approach (DCA) of the selected track relative to the z-axis

passing through the primary vertex.

6. Number of tracks in a cone of ∆R < 0.05, including the track of the electron

candidate. This variable is sensitive to photon conversions, which can have a

second track very close to the track of the electron candidate, and suppresses

background from neutral pions.

7.
∑

pT of all tracks in a cone of ∆R < 0.4, excluding the track of the electron

candidate. This variable rejects jets, which will have several tracks around

that of the electron candidate.
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The electron likelihood discriminant has values between 0 and 1, with 0 being

background-like and 1 signal-like. If the loose electron has a likelihood discriminant

value ≥0.85, it is called a “tight” electron.

The likelihood discriminant for electrons from Z → e+e− events peaks strongly

at 1, and for electrons from the multijet background at 0. The performance of

the electron likelihood discriminant in signal and in multijet background events is

depicted in Fig. 4.3 for different choices of input parameters [46].
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Figure 4.3.: Efficiency of the likelihood discriminant for electrons in data as a
function of the cut value in the central calorimeter (CC) region for different choices
of input parameters [46]. The one used in this analysis is shown as rectangles. Left:
in Z → e+e− events, right: in multijet background events.
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4.4. Muons

Muons are reconstructed using information from the muon system and the inner

tracking system [47]. A muon candidate starts out as a so-called “local muon”

track, which is formed using the hits in the layers of the muon system. The

local muon is then matched to a track from the inner tracking system, taking into

account the magnetic fields of the solenoid and the toroid. If the match succeeds,

the muon candidate is called “central track-matched muon”. Since the resolution

of the tracking system is much better than that obtained in the muon system,

the former is used to establish muon pT . In addition, calorimeter information can

be used to confirm the presence of a muon through its characteristic minimum-

ionizing signature. This “Muon Tracking in the Calorimeter” (MTC) algorithm

currently has an efficiency of ≈50% and is still being developed.

A complete description of the identification requirement options for muons can

be found in Ref. [48]. For this analysis, muon candidates are required to fulfill the

following criteria:

• pT >20 GeV.

• |ηdet| <2.0.

• The muon candidate is required to be of type |nseg|=3, which means it has

to have hits in all three layers of the muon system, the inner A layer and the

outer B and C layers beyond the toroid.

• “Medium” muon quality, meaning:

– at least two wire hits in the A layer

– at least one scintillator hit in the A layer

– at least two wire hits in the combined BC layers



4. Object Identification and Event Reconstruction 57

– at least one scintillator hit in the combined BC layers (except for central

muons with < 4 BC wire hits).

• Timing information from the scintillator hits is used to reject background

from cosmic rays. Muons from the collision traverse the muon system shortly

after the time of the interaction, and the cosmic veto cut requires scintillator

times tA <10 ns and tBC <10 ns following the central trigger.

• The central track match in this analysis is required to be of “medium” quality,

which means that the χ2 per degree of freedom of the fit has to be χ2/dof

< 4, and the distance of closest approach of the track to the primary vertex

|DCA| <0.2 cm, or |DCA| <0.02 cm if the track has a hit in the SMT.

• To reject muons from semileptonic decays of heavy quarks, it is required that

the muon candidate is at a distance in (η, ϕ) space ∆R(µ, jet) >0.5 from jets.

Muon candidates that pass all of the above requirements are called “loose”

muons. If loose muons fulfill the following additional isolation requirements, they

are called “tight” muons:

• The first isolation requirement is a calorimeter isolation requirement. The

summed ET of all calorimeter cells in an annulus of 0.1< ∆R <0.4 is required

to have <8% of the muon pT :

1

pT (µ)

∑

cells

ET < 0.08. (4.7)

• The second isolation requirement is a track isolation requirement. It requires

the sum of the pT of all tracks within a cone of ∆R=0.5 around (but not

including) the muon to be <6% of the muon pT :

1

pT (µ)

∑

tracks

pT < 0.06. (4.8)
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4.5. Jets

Quarks and gluons from the hard scatter form showers of hadrons that can be

reconstructed as jets in the calorimeter. An ideal jet algorithm should be infrared

safe, that is, work when the emission involves a soft gluon, and collinear safe, which

means that it should not be sensitive to situations where the parton energy is split

across several cells by collinear radiation.

The DØ Run II “Improved Legacy Cone Algorithm” (ILCA) [49] takes these and

other considerations into account, and is the jet algorithm used in the presented

analysis. First it forms preclusters using the “Simple Cone Algorithm” as described

in the following. From a pT -ordered list of calorimeter towers, the algorithm starts

with the tower of highest pT . When the selected tower has pT > 0.5 GeV, it is

admitted as a precluster. All towers within a cone of ∆R =
√

(∆η)2 + (∆ϕ)2 < 0.3

around that tower that have pT > 1 MeV are added to this precluster. The

algorithm then proceeds with the tower of next-highest pT , until all preclusters are

formed. To ensure collinear and infrared safety, these preclusters and midpoints

between certain preclusters serve as seeds for the clustering of “proto-jets”. The

proto-jets have a cone size of ∆R = 0.5, and can overlap. To avoid double counting

of energy, they undergo a splitting and merging procedure. In the end, all jet

candidates with ET > 6 GeV are kept. These can still include electrons, photons

and jets from electronics noise, so that additional requirements are needed [50]:

• The ratio of the highest to the next-to-highest cell transverse energies is

required to be HotF < 10. This reduces clustering of jets from hot (noisy)

cells.

• The number of towers containing 90% of the jet energy has to be n90 > 1.

This minimizes the number of jets clustered from a single hot tower.

• To separate jets from electromagnetic objects, there is an upper limit on
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the electromagnetic fraction fEM of < 0.95, as defined in Eq. 4.1. There

is also a lower limit on fEM , that depends on ηdet, because of a gap in the

electromagnetic calorimeter in the ICD region (see Section 3.2.2):

– fEM > 0.05 or

– ||ηdet| − 12.5| + max [0, 40 · (ση − 0.1)] < 1.3 (narrow jet in ICD) or

– fEM > 0.03 and 11.0< |ηdet| <14.0 (wide jet in ICD) or

– fEM > 0.04 and |η| >2.5 (forward region),

where ηdet denotes calorimeter cell coordinates with ηdet ≈ 10 · η and ση is

the RMS width of a jet in η.

• Because there is a large amount of noise in the coarse hadronic section of the

calorimeter, the fraction of energy deposited in that layer (fCH) is required

to be:

– fCH < 0.4, or

– fCH < 0.6 for 8.5< |ηdet| <12.5 and n90<20, or

– fCH < 0.44 for |η| <0.8, or

– fCH < 0.46 for 1.5< |η| <2.5.

• The presence of a jet has to be confirmed, meaning that the energy from the

precision readout must also be present in the L1 trigger. In particular:

– The scalar sum of the pT in the L1 trigger tower (L1SET) has to exceed

55 GeV, or

– using the quantity

L1ratio :=
pfrom L1 readout

T

pfrom precision readout
T

(4.9)

the requirements, depending on the detector region, are:
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∗ L1ratio > 0.5, or

∗ L1ratio > 0.35 for pT <15 GeV and |η| >1.4, or

∗ L1ratio > 0.1 for pT <15 GeV and |η| >3.0, or

∗ L1ratio > 0.2 for pT≥15 GeV and |η| >3.0.

– The L1 trigger coverage for the earliest data was more limited, and, for

jets outside that coverage, instead of L1 confirmation, it is required that

either fCH <0.15, or that the fraction of the total number of towers that

contain 90% of the jet pT (n90) be < 0.5.

• Jets used in this analysis are also required to fulfill pT > 15 GeV (after energy

corrections) and |ηdet| < 2.5.

4.5.1. Jet Energy Scale

Figure 4.4 sketches the evolution of a typical parton from the hard scatter into a

jet in the calorimeter. Due to non-linearities, dead material, noise and showering

effects in the calorimeter, the measured energy of a jet is not equal to the sum of

the particle energies nor to the energy of the parton. The Jet Energy Scale (JES)

attempts to correct the measured energy back to the stable-particle jet level, before

any interactions within the detector [51]. However, this does not account for hard

gluon radiation, which can redirect energy at large angles relative to the original

parton.

The corrected jet energy is given by:

Ecorr
jet =

Eobs
jet − O

Fη · R · S , (4.10)

where Eobs
jet is the uncorrected jet energy observed in the calorimeter, O an offset to

the energy, Fη the relative response as a function of ηdet, R the energy-dependent
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Figure 4.4.: Sketch of the evolution of a hard-scattered parton to a jet in the
calorimeter.

correction for absolute response, and S a correction for shower development. In

the following, we briefly discuss each of the four corrections.

The offset O is needed to correct for energy deposited within the cone of the jet

in the calorimeter that does not originate from the hard scatter. Such “energy”

can be caused by electronics and uranium noise, energy pile-up from previous

beam crossings, additional pp̄ interactions, and the “underlying event”, which cor-

responds to remnants of the interacting hadrons and multiple-parton interactions.

This correction is estimated using “minimum bias” events, which are events trig-

gered by the luminosity monitor to provide essentially unrestricted inelastic pp̄

collisions.

The goal of the relative response correction, or “η-intercalibration” Fη, is to
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provide a uniform response of the entire calorimeter (from the CC to the less

instrumented ICD region and the forward EC regions). Fη is based on the “Miss-

ing Transverse Energy Projection Fraction” (MPF) method using samples of pho-

ton+jet and dijet events. The MPF method relates the relative response between a

“probe” jet and a “tag” jet to the observed momentum imbalance in the transverse

plane, projected onto the direction of the tagged object.

The MPF method is also applied to measure the absolute correction R to the

response of the calorimeter to jets as a function of energy. This is the largest

correction (≈30%), and arises mainly from energy loss in uninstrumented regions

of the detector and the lower calorimeter response to hadrons compared to electrons

or photons. The absolute response measured for jets with cone size ∆R = 0.7 as

function of partly corrected (by offset and relative response) jet energy is shown

in Fig. 4.5.

The statistical nature of shower development in any calorimeter makes it possible

for energy from particles inside some jet cone to leak outside, and vice versa. The

showering correction S is intended to compensate for this instrumental effect. It

is derived by comparing the profile in the energy density of a jet as a function of

the radial distance to the jet axis in photon+jets events and particle-level Monte

Carlo simulations.

The total fractional uncertainty on transverse energy for jets with a cone size of

∆R = 0.5 and η ≈ 0 is depicted in Fig. 4.6. Shown are also the contributions from

the three main subcorrections, indicating that the uncertainty on the response is

greatest of all.

Because the Monte Carlo does not simulate the detector response satisfactorily,

a separate jet energy scale is derived and applied for Monte Carlo events.
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4.6. B-Jets

Since stop-pair events always contain two jets originating from b-quarks, whereas

only a small fraction of the background processes produce b-jets, it is desirable

to employ the detector’s capability of distinguishing b-jets from jets originating

from gluons or other quark flavors. Two characteristics of heavy flavor jets (c- and

b-jets) can be exploited for this purpose:

1. The branching ratio of c and b-hadrons decaying semileptonically is typically

≈10% per lepton, and the probability for a light-quark jet to contain a lepton

is much smaller. The presence of a soft lepton within the jet cone is therefore

a good indicator of heavy flavor.

2. Heavy-flavor hadrons have relatively long lifetimes, so that they travel a

measurable distance before decaying. The decay length of the b-quarks in tt̄

events averages around 3 mm [52].

Based on these characteristics, several ways have been developed to identify b-jets

at DØ:

• The Soft Lepton Tagging (SLT) algorithm identifies soft muons inside a jet

cone as a way of tagging b-jets [53]. SLT is the only tagger that relies on

semileptonic decays of heavy-flavor hadrons.

• The Counting Signed Impact Parameter (CSIP) algorithm identifies tracks

with non-zero impact parameters relative to the primary vertex, the signifi-

cance of which is determined by the uncertainties on the reconstructed tracks

[54]. A sign is also assigned to the impact parameter, which reflects the di-

rection of the impact parameter projected along the jet axis. A minimum

number of tracks with significant impact parameter is required for tagging

any jet as a b-jet.
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• The Secondary Vertex Tagger (SVT) reconstructs the explicit decay vertices

of long-lived b-hadrons [52]. It selects tracks with significant impact parame-

ter, and forms from them two-track seed vertices, then adds tracks according

to their contribution to the χ2 fit to a common vertex. The resulting vertices

are matched to jets in the calorimeter, and a jet is b-tagged if it contains at

least one secondary vertex with some chosen significance in decay length.

• Based on information on impact parameters of tracks in the SMT, the Jet

Lifetime Probability (JLIP) algorithm assigns to each jet a probability that

it originates from the primary vertex [55]. JLIP therefore requires a low

assigned probability for a jet to be tagged as a b-jet.

• The Neural Net (NN) tagging algorithm uses as input seven variables from

the three lifetime taggers CSIP, SVT, and JLIP [56]. The tagger returns a

value between 0 and 1 for each jet, with an output close to 1 indicating a

high probability to be a b-jet. Figure 4.7 shows the NN output for directly

produced bb̄ Monte Carlo events compared to multijet Monte Carlo events,

which contain mostly light jets.

This analysis uses the NN tagging algorithm with NN > 0.775, which corre-

sponds to the “tight” operating point. The average b-tagging efficiency on data is

47% for jets up to |ηdet|=2.5, and the average rate for mimicking b-jets is ≈ 0.47%

for light jets in the CC region.

Events in data can be tagged directly, but for simulated samples a parametriza-

tion, called the Tag Rate Function (TRF), is used. The TRF is derived from data

in order to obtain a more realistic estimate of the b-tag efficiency for the simula-

tion. For any jet, the TRF provides a probability for the jet to be tagged as a

b-jet. In the presented analysis we need to know if a given jet is b-tagged or not,

so each jet is assigned to be b-tagged through a randomized procedure that takes

into account the probability given by the TRF.
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Figure 4.7.: Neural Net output for direct bb̄ (red) and multijet production
(green).

4.7. Missing Transverse Energy

Neutrinos cannot be detected directly at DØ, instead their presence in an event

can only be inferred through momentum conservation. Because the Tevatron is

a hadron collider, the z-component of the total momentum in individual partonic

collisions is unknown, and so the calculation of any momentum carried away by

neutrinos is limited to the transverse plane.

The missing transverse energy 6ET is defined by depositions in transverse energy

in all calorimeter cells. Depositions greater than 100 MeV are added up vectorially.

Because of the high level of noise in the coarse hadronic sections of the calorimeter,

the cells in that part are included only if they form part of a good jet. The vector

opposite the resulting vector is defined as the initial uncorrected missing transverse

energy 6ETuncorr
in the event.

In the next step, energies of all good jets and EM objects in the event are cor-

rected, as is the resulting missing transverse energy, called the calorimeter missing

transverse energy 6ETCAL
.
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Finally, the missing transverse energy has to be corrected for the presence of

muons in the event. A high-energy muon, being a minimum-ionizing particle,

deposits only very little of its energy in the calorimeter. The 6ET is therefore

corrected using the measured momentum of the track matched to the outer muon,

taking into account the expected deposition of energy in the calorimeter. The

resulting 6ET is the fully corrected missing transverse energy.
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5. Data Sample and Monte Carlo

Simulation

5.1. Data Sample

The data for this analysis was collected between August 2002 and December 2005,

and comprises an integrated luminosity of 913 pb−1 for the electron channel and

871 pb−1 for the muon channel. The quoted integrated luminosity includes recent

refinements of its determination at DØ [57]. The triggers require one electron and

two jets for the electron channel, where the electron can be triggered simultaneously

as an electron and as a jet, and one muon and one jet for the muon channel. The

triggers are described in detail in Ref. [58] and will be discussed below. To reduce

the size of the initial data sample, additional restrictive requirements are imposed

on the quality of the leptons and the jets. A software package was developed at

DØ [59] for evaluating and establishing final selection criteria for events in both

data and in Monte Carlo simulations.

5.1.1. Electron Channel

The triggers for the e+jets channel use only calorimeter information. Trigger re-

quirements change from time to time to accommodate the needs of analyses or

restrictions from recording capabilities. Table 5.1 lists the trigger names for the
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e+jets channel for the versions of trigger lists used in this analysis, and the in-

formation on integrated luminosity of delivered, recorded, and good-quality data

for each. As an example, we will describe the requirements of E1 SHT15 2J J30,

which is used in versions v13.3–v13.9, during which time the most data was col-

lected. At Level 1, the requirement is CEM(1,11), which means that there has

to be a trigger tower in the calorimeter with an electromagnetic transverse energy

ET ≥ 11 GeV. At Level 2, L2CALEM(15,x) is required, which means one calorime-

ter electron object with transverse energy ET ≥ 15 GeV. Finally, at Level 3, the

requirement is ELE NLV SHT(1,15) JET(1,30)JET(2,20). The first part asks for

a Level-3 electron object with transverse energy ET ≥ 15 GeV, an electromagnetic

energy fraction fEM > 0.85, and cutoffs on the shower widths in the EM layers

of the calorimeter. The jet part requires at least one jet with ET > 30 GeV, and

at least two jets with ET > 20 GeV (the first jet already fulfills half of the latter

jet requirement). The requirements in different versions of trigger lists differ only

slightly from the one discussed above.

Trigger Version Trigger Name Delivered Recorded Good Quality
[pb−1] [pb−1] [pb−1]

v8 EM15 2JT15 6 5 5
v9 EM15 2JT15 48 42 25
v10 EM15 2JT15 20 18 10
v11 EM15 2JT15 79 72 63
v12 E1 SHT15 2J20 273 251 227
v13.0–v13.2 E1 SHT15 2J J25 80 73 55
v13.3–v13.9 E1 SHT15 2J J30 354 325 294
v14 E1 SHT15 2J J25 290 271 234

Total Integrated Luminosity 1150 1056 913

Table 5.1.: Trigger names and integrated luminosities by version of trigger list
for the e+jets channel.
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5.1.2. Muon Channel

For the µ+jets channel, Table 5.2 lists the trigger names for all versions of trigger

lists, as well as the integrated luminosity of delivered, recorded, and good-quality

data for each of them. The example to be described is MUJ2 JT30 LM3, which is

used in versions v13.3–v13.9. At Level 1, the requirement is mu1ptxatlx CJT(1,5).

The first part asks for one muon (“mu1”), with no L1CTT track match or pT

requirement (“ptx”), in any region (“a”), a tight scintillator requirement (“t”),

a loose wire-chamber requirement (“l”), and no optional requirement (“x”). The

latter part refers to jets, and requires one or more trigger towers with total, that

is electromagnetic and hadronic, transverse energy ET ≥ 5 GeV. Level 2 requires

MUON(1,med)JET(1,8), that is, a medium quality muon and one or more jets

with ET > 8 GeV. At Level 3, the requirement is JET(1,30)MUON(1,3,loose),

which means one or more jets with ET > 30 GeV, and one or more “loose” Level-3

muons with pT > 3 GeV. The trigger requirements in other versions of trigger lists

are similar to the one discussed above.

5.2. Monte Carlo Simulation

A good simulation of events is needed to study signal and background processes

in a quantitative way. The complete simulation of an event includes the hard-

scattering interaction, initial and final state gluon radiation, hadronization, the

“underlying event,” detector response, and digitization, which are all discussed in

detail below. Since the phase space for simulated events is populated using random

numbers, the simulation is referred to as Monte Carlo (MC) simulation and the

events as Monte Carlo events [60].

The hard-scattering interaction of the partons inside the proton and antiproton is

calculated in perturbative QCD. For the calculation of the matrix element, DØ uses
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Trigger Version Trigger Name Delivered Recorded Good Quality
[pb−1] [pb−1] [pb−1]

v8 MU JT20 L2M0 7 6 6
v9 MU JT20 L2M0 48 42 25
v10 MU JT20 L2M0 21 19 11
v11 MU JT20 L2M0 79 74 65
v12 MU JT25 L2M0 277 255 231
v13.0–v13.1 MUJ2 JT25 56 39 31
v13.2 MUJ2 JT25 LM3 26 22 16
v13.3–v13.9 MUJ2 JT30 LM3 382 277 252
v14.0–v14.1 MUJ1 JT25 LM3 0 0 0
v14.2 MUJ1 JT25 ILM3 25 23 21
v14.3–v14.9 MUJ1 JT35 LM3 265 248 214

Total Integrated Luminosity 1187 1006 871

Table 5.2.: Trigger names and integrated luminosities by version of trigger list
for the µ+jets channel.

Pythia [61], Alpgen [62] or comphep-singletop [63] generators, depending on

the process. Since neither the proton or antiproton, but rather the partons within

them interact in these hard scatters, the probability to find a certain parton as

a function of the fraction x of the momentum carried by the parton, has to be

available for these calculations. This is given by the parton distribution functions

(PDFs), and the ones used in generating the MC samples are CTEQ6L1 [64].

The perturbative calculation of the radiation of hard gluons can become com-

plicated because of collinear and infrared divergences in the theory. Initial and

final-state radiation are therefore modeled by parton showering in Pythia. Since

this simplified approach often results in overly soft jets, Alpgen instead calcu-

lates higher-order matrix elements for the processes. A jet-matching algorithm,

following the MLM prescription [65], is employed to avoid double-counting.

Quarks and gluons carry color charge, and have to be transformed into jets of col-

orless hadrons. This “hadronization” can be divided into a particle fragmentation
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component and particle decays. The fragmentation part is poorly understood, and

therefore has to be based on models, which vary among the different generators.

DØ uses the string fragmentation model (Lund model) [66], which is implemented

into Pythia.

Besides the hard scattering, there are several additional interactions that are

characterized by the term underlying event. These include interactions of the par-

tonic remnants of the proton and antiproton, which are color-connected to the hard

scatter, and do not depend on the pp̄ luminosity. These comprise the “soft un-

derlying event.” The higher the luminosity, the more multiple proton interactions

can take place, which can lead to additional hard scatters. Energy from previous

bunch crossings can also remain in the detector, which is called “pile-up.” Lastly,

there is also electronic or thermal noise from the detector components. The un-

derlying event is added to the simulated events by overlaying “zero-bias” events to

the simulation. Zero-bias events are those recorded without any trigger conditions.

Finally, the detector response is simulated in the MC, taking into account the ge-

ometry and material of the DØ detector. This is done using the program døgstar

[67], which is a full DØ-detector simulation based on Geant [68]. Geant is a

software package developed for high energy physics, and designed to describe the

passage of elementary particles through matter. It encompasses many physical

processes for interactions of particles with matter, including Compton scattering,

synchrotron radiation, bremsstrahlung, ionization, and hadronic interactions, over

a wide range of energies. The simulated data is then digitized by døsim [69], and

the events are reconstructed by døreco, as described in Chapter 4.

5.2.1. Simulation of Signal

The t̃1
¯̃t1 signal events in the lepton+jets topology were generated using Pythia

v6.323 in its general Minimal Supersymmetric Standard Model (MSSM) mode [61].
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In this setting, each of the soft SUSY-breaking parameters in the Lagrangian is

set by hand, since the exact mechanism of SUSY breaking is unknown. Pythia

does, however, assume some relations between those parameters, which reduces the

number of independent parameters greatly. Table 5.3 lists only the parameters that

differ from Pythia default values. Another deviation from the default Pythia

settings is that M3 is set to be the gluino pole-mass, with effects from squark loops

already included. According to Pythia, the branching ratio for t̃1 → χ̃+
1 b is 100%

for the given set of SUSY parameters.

Parameter Value

U(1) Gaugino mass M1 53 GeV
SU(2) Gaugino mass M2 varies
Gluino mass M3 500 GeV
Higgsino mass parameter µ 225 GeV
Ratio of expected Higgs expectation values tanβ 20
Left slepton mass Ml̃L

200 GeV
Right slepton mass Ml̃R

200 GeV
Left squark mass Mq̃L

250 GeV
Right squark mass Mq̃R

250 GeV
Left squark mass for third generation Mq̃L

250 GeV
Right sbottom mass Mb̃R

250 GeV
Right stop mass Mt̃R 250 GeV
Left stau mass Mτ̃L

200 GeV
Right stau mass Mτ̃R

200 GeV
Bottom trilinear coupling Ab 200 GeV
Top trilinear coupling At varies
Tau trilinear coupling Aτ 200 GeV
Pseudoscalar Higgs mass parameter MA 800 GeV

Table 5.3.: MSSM parameters that differ from the default values in Pythia.

The masses of the stop quark, the lightest chargino, and the lightest neutralino

are determined almost exclusively by the top trilinear coupling At, the SU(2)

gaugino mass M2, and the U(1) gaugino mass M1, respectively. They were selected
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to produce the desired mass points specified in Table 5.4. The naming of the mass

points includes the stop-quark mass and the mass of the lightest chargino. The

table shows the cross sections for t̃1
¯̃t1 production, as calculated in Prospino [13],

the SUSY parameters, and the resulting SUSY particle masses for each mass point.

Mass point σt̃1
¯̃t1

At mt̃1 M2 mχ̃±
1

M1 mχ̃0
1

[pb] [GeV] [GeV] [GeV] [GeV] [GeV] [GeV]

Stop 175/135 0.579 357 175 164 135 53 50
Stop 175/120 0.579 357 175 144 120 53 50
Stop 175/105 0.579 357 175 125 105 53 50
Stop 160/120 1.00 387 160 144 120 53 50
Stop 160/105 1.00 387 160 125 105 53 50
Stop 146/105 1.80 414 146 125 105 53 50

Table 5.4.: Mass points used in the analysis, with their cross section in pb, and
SUSY parameters and SUSY particle masses given in GeV.

5.2.2. Simulation of Background

The background Monte Carlo samples for this analysis are identical to those used

in standard DØ tt̄ analyses, and were produced and are available within DØ.

The tt̄ events were generated using Pythia, for a top-quark mass of 175 GeV,

and the scale m2
t +

∑

p2
T (jets). The theoretical next-to-next-to-leading order cross

section of 6.77±0.42 pb is assumed for tt̄ production [8].

The W+jets samples were generated using Alpgen, with the MLM matching

procedure. The factorization scale is m2
W +p2

T (W ). The W+jets samples consist of

subsamples sorted by jet flavor: Wjj, Wcc̄ and Wbb̄, where Wjj includes the Wcj

subprocess. It has been shown that the relative contribution of the heavy-flavor

samples Wcc̄ and Wbb̄ has to be scaled up by a factor of kHF = 1.17±0.18 to model
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the data [70]. The overall normalization is estimated using data, as described in

Section 6.2.2.

The Z+jets samples were also generated using Alpgen, in the same way and

subsamples as for the W+jets samples, as described above. Z → ee, ττ, νν decays

are considered in the e+jets channel, and Z → µµ, ττ, νν in the µ+jets channel.

Because Alpgen does not reproduce the pT distribution of Z bosons in data, a

reweighting is applied to the Z+jets samples [71]. It has also been found that the

contributions from both the light-sample Zjj and the heavy-flavor samples Zcc̄

and Zbb̄ have to be scaled up as [72]:

σZ+jets = 1.23 · (σZjj + 1.35 · (σZcc̄ + σZbb̄)) (5.1)

We estimate an uncertainty of 15% on the cross section.

Single-top event samples were generated with the comphep-singletop Monte

Carlo event generator, which produces events whose kinematic distributions match

those of NLO calculations [63]. The top-quark mass is set to 175 GeV, the scales

are m2
t in the s-channel, and (mt/2)2 in the t-channel. The cross sections are

assumed to be σtb = 0.88± 0.11 pb for the s-channel and σtqb = 1.98± 0.25 pb for

the t-channel, which are derived from next-to-leading order calculations [73].

The diboson samples WW , WZ, and ZZ were generated using Pythia. The

cross sections for these samples are σWW = 12.0±0.6(scale)±0.3(PDF) pb, σWZ =

3.68± 0.22(scale) ± 0.12(PDF) pb, and σZZ = 1.42± 0.06(scale) ± 0.05(PDF) pb.
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6. Search for Pair Production of

Scalar Top Quarks

The presented analysis is the first attempt in Run II at the Tevatron to search

for stop quark pair production in the channel where the stop quark decays to a

chargino and a b-quark (t̃1 → χ̃+
1 b). As described in Section 2.3.2, this particular

stop quark decay results in final states that are very similar to the final state of

top-quark pair production. The search is conducted in the lepton+jets final state,

where the event signature is an isolated high-pT lepton, large missing transverse

energy 6ET , two b jets and two light-quark jets. Depending on the lepton flavor, the

analysis is performed separately in the electron+jets (e+jets) and in the muon+jets

(µ+jets) channel, the results of which are combined in the end.

This chapter describes the event selection, the estimation of the background

contribution, closure tests, and the determination of systematic uncertainties.

6.1. Event Selection

The event selection is modeled to correspond to the event signature. The goal is

to reject a lot of the background described in Section 2.3.3, while still keeping as

much as possible of the signal. Because of the similarity of stop quark and top

quark events, the event selection will not discriminate between the two processes,

and a different method to separate the two will be employed later in the analysis.
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Both the e+jets and the µ+jets channels have the following requirements:

• The event has to be declared of good quality, which means that all detector

components were fully functional, with no excessive noise at the time of

recording of the data.

• Since there are four quarks in the final state, the event is required to contain

at least four jets with transverse momentum pT > 15 GeV, and with detector

pseudorapidity |ηdet| < 2.5.

• The highest-pT (leading) jet has to have a transverse momentum pT >

40 GeV.

• The primary vertex is required to have at least three tracks pointing to it,

and its z-coordinate must be within the region that is accessible to the SMT:

|zPV | ≤ 60 cm.

• To ensure that the leading lepton originates from the primary vertex, its z-

coordinate is required to be close to that of the primary vertex |∆z(ℓ, PV )| <

1 cm.

In addition, each channel has specific requirements regarding the lepton, the

missing transverse energy, and event vetoes. These vetoes are introduced to avoid

including events from the dilepton channels in DØ tt̄ analyses, which simplifies

combining tt̄ results from all channels. Although this analysis is exclusively per-

formed in the lepton+jets channels, such vetoes are adopted along with the rest of

the tt̄ selections.

For the e+jets channel, the following additional criteria have to be fulfilled:

• The leading electron with pT > 20 GeV and |ηdet| < 1.1 has to satisfy the

tight electron requirements, as described in Section 4.3.
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• To reject events from the dielectron channel, no second tight electron with

pT > 15 GeV and |ηdet| < 2.5 can be present.

• To reject events from the electron-muon channel, the event cannot contain

any tight muons with pT > 15 GeV.

• The missing transverse energy is required to be 6ET > 20 GeV. A selection

on the difference in the polar angle ϕ of the leading electron and the missing

transverse energy, ∆ϕ(e, 6ET ) > 0.7·π−0.045· 6ET , rejects multijet background

events.

The additional requirements for the µ+jets channel are:

• The leading muon with pT > 20 GeV and |ηdet| < 2.0 has to satisfy the tight

muon requirements, as described in Section 4.4.

• Vetoing any additional muons that form an invariant mass 70 GeV< mµµ <

110 GeV with the selected leading muon, rejects Z → µµ+jets background

events.

• To reject events from the dimuon channel, no second muon with pT > 15 GeV

of muon-type |nseg|=3, with a medium quality track-match can be present.

• To reject events from the electron-muon channel, the event must not contain

any tight electrons with pT > 15 GeV.

• The missing transverse energy is required to be 6ET > 25 GeV. A selection

on the difference in the polar angle ϕ of the leading muon and the missing

transverse energy, ∆ϕ(µ, 6ET ) > 2.1−0.035· 6ET , rejects multijet background.

Events with additional jets or jets of higher pT have a higher probability of

yielding triggers. Trigger effects like these are modeled for Monte Carlo events by

measuring trigger efficiencies for leptons and jets in data, and parametrizing these
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as a function of pT . Each Monte Carlo event then gets a weight according to the

probability that it would have been triggered.

In Monte Carlo events the efficiency to reconstruct, identify and select leptons

is found to be higher than in data. This has to be corrected to agree with the

efficiencies measured using collider data. These MC-to-data correction factors

are derived typically using a control sample that allows the respective efficiency

to be extracted on both MC and collider data. Such factors are denoted by κ,

with a descriptive subscript. Apart from corrections for lepton efficiencies, we also

reweight all events based on b-fragmentation tuned on LEP data [77].

Since the signal contains two b-quarks in the final state, it is very useful to

identify b-jets as described in Section 4.6. In this analysis, we require that in both

the e+jets and the µ+jets channel

• at least one jet is tagged by the neural-net b-tagger at the “tight” working

point.

Later in the analysis, when separating the tt̄ background from t̃1
¯̃t1 signal, it is

helpful to reconstruct all events to a tt̄ hypothesis. For that purpose, we use a

kinematic fitter called Hitfit [75]. One jet in the fit is the b-jet from the top

quark with a subsequent “hadronic” W → q̄q′ decay, another jet is the b-jet from

the top quark with the leptonic W → ℓνℓ decay, and two are the light jets from the

“hadronic” W -boson decay. With four jets, there are twelve possible combinations

of jets for a tt̄ fit. For each combination, the Hitfit algorithm minimizes a χ2

statistic with the constraint that both W -boson masses are 80.4 GeV, and that

the masses of the supposed reconstructed top quark and antitop quark are the

same. The fitter does this by varying the kinematics of the detected objects within

their resolutions. Details can be found in Ref. [76]. For each combination of jets,

the fit with the lowest χ2 is taken as the right solution. To limit the number of

combinations, information about the b-tags is used. If the event has one b-tag,
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Hitfit will take that b-tag as one of the b-quarks in the event, if there are two

b-tags, Hitfit will take both b-tagged jets as b-quarks. If there are more than two

b-tags in the event, two b-tagged jets will be used as b-quarks in the fit. From all

the jet combinations, the one with the lowest χ2 is chosen again as the correct tt̄

assignment. In some cases, there are no solutions, because Hitfit does not even

attempt to fit a particular combination of jets, if the hadronic W mass is outside

of the range 40 GeV< mW <120 GeV, or if the z-component of the neutrino

momentum turns out to be unphysical. As a final selection, we therefore require

• each event to have a convergent Hitfit solution.

While the removal of whole runs or luminosity blocks because of poor data

quality can be taken into account in the luminosity calculation, the event-based

data quality has to be included in the preselection efficiency. This efficiency was

measured in Ref. [78] to be 97.14%, with an insignificant statistical error. A

systematic error of 0.5% is assigned to account for any possible dependence on

data skims, and this efficiency is considered in addition to the selection efficiencies,

the trigger probability and the MC-to-data correction factors.

Tables 6.1 and 6.2 summarize the efficiencies for each of the specific selections,

the trigger probability and the MC-to-data correction factors for the signal sam-

ples in the order in which the selections were applied, and show the total (product)

preselection efficiency for each signal sample. More detailed tables, with the rele-

vant numbers of events, the exclusive and cumulative efficiencies can be found in

Appendix A. The total preselection efficiency (εtotal) is given for t̃1
¯̃t1 events with

respect to t̃1
¯̃t1 → bb̄χ̃0

1χ̃
0
1ℓνℓqq̄

′, where ℓ can be an electron or muon from the decay

of a W boson (or chargino), including the case where the W boson (or chargino)

decays first to a τ lepton. Taking into account all efficiencies and corrections, the

number of expected signal events is given in Table 6.3.



6
.

S
ea

rch
fo

r
P
a
ir

P
ro

d
u
ctio

n
o
f
S
ca

la
r

T
o
p

Q
u
a
rk

s
81

Selection or κ Stop 175/135 Stop 175/120 Stop 175/105 Stop 160/120 Stop 160/105 Stop 145/105

≥4 good jets 39.47 ± 0.22 34.60 ± 0.24 34.96 ± 0.25 29.20 ± 0.20 31.21 ± 0.20 25.81 ± 0.19
Leading jet cut 93.57 ± 0.18 94.20 ± 0.20 95.64 ± 0.18 88.50 ± 0.26 91.90 ± 0.22 85.23 ± 0.30
Loose electron 40.88 ± 0.37 36.66 ± 0.42 32.55 ± 0.42 34.41 ± 0.41 31.34 ± 0.38 28.72 ± 0.42
Muon veto 99.97 ± 0.02 99.98 ± 0.02 100 100 100 99.97 ± 0.03
2nd electron veto 99.96 ± 0.02 99.98 ± 0.02 100 99.98 ± 0.02 99.98 ± 0.02 100
Vertex selection 98.37 ± 0.15 98.21 ± 0.19 98.10 ± 0.22 98.09 ± 0.20 98.67 ± 0.17 98.63 ± 0.20
6ET 87.55 ± 0.39 89.72 ± 0.44 89.36 ± 0.49 89.02 ± 0.46 86.87 ± 0.50 86.30 ± 0.60
Triangle selection 93.22 ± 0.32 93.31 ± 0.38 90.61 ± 0.49 92.52 ± 0.41 90.49 ± 0.47 90.40 ± 0.55
Tight electron 88.64 ± 0.42 88.37 ± 0.51 88.28 ± 0.57 87.48 ± 0.54 89.26 ± 0.52 87.75 ± 0.65

Trigger probability 96.06 ± 0.05 95.97 ± 0.06 95.87 ± 0.07 95.51 ± 0.08 95.32 ± 0.09 95.17 ± 0.10
κelectron reco, ID 98.51 ± 0.01 98.50 ± 0.02 98.49 ± 0.02 98.51 ± 0.02 98.50 ± 0.02 98.51 ± 0.02
κelectron likelihood 89.09 ± 0.07 89.04 ± 0.08 88.94 ± 0.09 89.05 ± 0.08 89.01 ± 0.08 89.18 ± 0.10
κb−fragmentation 96.78 ± 1.04 98.19 ± 1.26 94.13 ± 1.41 98.59 ± 1.31 98.75 ± 1.31 96.79 ± 1.58

≥1 b-tag 54.52 ± 0.82 58.36 ± 1.05 61.34 ± 1.18 54.40 ± 1.09 56.02 ± 1.10 54.40 ± 1.33
Hitfit convergence 95.45 ± 3.03 91.51 ± 3.67 89.33 ± 4.01 91.63 ± 3.96 90.43 ± 3.88 90.30 ± 4.77
Data Quality 97.14 ± 0.50 97.14 ± 0.50 97.14 ± 0.50 97.14 ± 0.50 97.14 ± 0.50 97.14 ± 0.50

εtotal 4.43 ± 0.10 3.72 ± 0.10 3.20 ± 0.10 2.51 ± 0.08 2.52 ± 0.08 1.64 ± 0.06

Table 6.1.: Exclusive preselection efficiencies and correction factors in % for all signal mass points in t̃1
¯̃t1 → e+jets

events, with only statistical uncertainties included.
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Selection or κ Stop 175/135 Stop 175/120 Stop 175/105 Stop 160/120 Stop 160/105 Stop 145/105

≥4 good jets 40.10 ± 0.23 34.53 ± 0.24 34.39 ± 0.25 28.69 ± 0.20 29.80 ± 0.20 24.76 ± 0.19
Leading jet cut 93.58 ± 0.18 93.85 ± 0.20 95.95 ± 0.18 88.55 ± 0.26 92.41 ± 0.21 85.67 ± 0.31
Loose muon 38.63 ± 0.37 34.79 ± 0.42 31.86 ± 0.42 34.30 ± 0.41 31.05 ± 0.39 29.23 ± 0.43
Z muon veto 100 100 100 99.98 ± 0.02 99.98 ± 0.02 100
2nd muon veto 100 100 100 99.98 ± 0.02 100 100
Electron veto 99.91 ± 0.04 99.87 ± 0.05 99.95 ± 0.04 99.85 ± 0.06 99.95 ± 0.03 99.88 ± 0.06
Vertex selection 98.37 ± 0.15 98.23 ± 0.20 98.53 ± 0.19 98.31 ± 0.19 98.39 ± 0.19 98.10 ± 0.24
6ET 83.54 ± 0.46 84.95 ± 0.53 84.26 ± 0.59 83.57 ± 0.55 81.78 ± 0.59 79.86 ± 0.71
Triangle selection 92.28 ± 0.36 91.65 ± 0.45 89.25 ± 0.55 91.48 ± 0.46 88.73 ± 0.53 87.63 ± 0.65
Tight muon 83.43 ± 0.52 82.66 ± 0.64 81.05 ± 0.73 81.89 ± 0.66 81.76 ± 0.69 78.71 ± 0.86

Trigger probability 84.45 ± 0.20 84.97 ± 0.23 85.66 ± 0.25 83.44 ± 0.26 84.33 ± 0.25 82.48 ± 0.35
κµ ID× acc× cosmic veto 97.22 ± 0.16 97.37 ± 0.19 97.22 ± 0.21 97.32 ± 0.18 97.42 ± 0.20 97.23 ± 0.23
κµ track 91.80 ± 0.08 91.82 ± 0.10 91.46 ± 0.10 91.56 ± 0.10 91.60 ± 0.10 91.92 ± 0.12
κµ isolation 100.20 ± 0.01 100.20 ± 0.02 100.19 ± 0.02 100.22 ± 0.02 100.20 ± 0.02 100.21 ± 0.02
κb−fragmentation 98.32 ± 1.14 98.91 ± 1.40 98.10 ± 1.55 91.97 ± 1.41 99.71 ± 1.49 99.40 ± 1.77

≥1 b-tag 57.35 ± 0.88 61.14 ± 1.16 60.39 ± 1.30 55.83 ± 1.23 57.75 ± 1.24 54.83 ± 1.52
Hitfit convergence 94.35 ± 3.16 91.04 ± 4.02 88.07 ± 4.37 89.24 ± 4.36 89.97 ± 4.32 88.29 ± 5.31
Data Quality 97.14 ± 0.50 97.14 ± 0.50 97.14 ± 0.50 97.14 ± 0.50 97.14 ± 0.50 97.14 ± 0.50

εtotal 3.57 ± 0.08 2.90 ± 0.09 2.44 ± 0.09 1.78 ± 0.06 1.89 ± 0.06 1.16 ± 0.05

Table 6.2.: Exclusive preselection efficiencies and correction factors in % for all signal mass points in t̃1
¯̃t1 → µ+jets

events, with only statistical uncertainties included.
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Sample e+jets µ+jets

Stop 175/135 4.0 ± 0.1 3.1 ± 0.1
Stop 175/120 3.1 ± 0.1 2.3 ± 0.1
Stop 175/105 2.8 ± 0.1 2.0 ± 0.1
Stop 160/120 3.6 ± 0.1 2.4 ± 0.1
Stop 160/105 3.8 ± 0.1 2.7 ± 0.1
Stop 145/105 4.5 ± 0.2 3.0 ± 0.1

Table 6.3.: Expected number of signal events after all preselections for 913 pb−1

of data in the e+jets channel and 871 pb−1 in the µ+jets channel. The uncertainties
are based only on those from the preselection efficiencies.

6.2. Sample Composition

As described in Section 2.3.3, the background processes can be divided into in-

strumental background, which involves multijet production (sometimes referred to

as “QCD”), and the inherent background, which consists of several processes that

lead to the same final state as signal. Overall tt̄ contribution is estimated using

the NLO cross section, but a more sophisticated method to separate tt̄ from signal

is described in Section 6.3. The inherent background processes with small contri-

butions to the background, namely, Z+jets production, single-top production and

diboson production are also estimated using their theoretical cross sections, in-

cluding the corrections to Z+jets discussed in Section 5.2.2. This section discusses

the estimation of mulitjet and W+jets background.

6.2.1. Multijet Background

The contribution from multijet background is determined from data, exploiting

the fact that events from signal and inherent backgrounds contain a true isolated

lepton, whereas in multijet events the lepton or its isolation are instrumental ar-
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tifacts [79]. The procedure is applied for each jet multiplicity (n = 1, 2, 3,≥ 4) at

three stages: before and after the b-tagging, and, for n ≥ 4, after convergence in

Hitfit convergence.

We define two data samples: the “loose” sample that contains events that fulfill

all preselection requirements, except that the lepton does not have to pass the

tight electron likelihood or muon isolation requirement, and the “tight” sample, a

subset of the former, containing events in which the leptons pass the tight-lepton

requirement. The number of events in the loose and tight samples are labeled as

Nloose and Ntight, respectively. Nsig is the number of events from signal and all

inherent background processes in the loose sample, NQCD the number of multijet

events in the loose sample. The efficiency for a true lepton to pass the tight lepton

requirement is εsig, and εQCD is the same efficiency for a false lepton. Using this

notation, we can write:

Nloose = Nsig + NQCD

Ntight = εsigNsig + εQCDNQCD. (6.1)

Since the equations can be written using a 2× 2 matrix, the method is sometimes

referred to as the “Matrix Method”. Solving the linear system of equations for

NQCD and Nsig yields:

Nsig =
Ntight − εQCDNloose

εsig − εQCD
and NQCD =

εsigNloose − Ntight

εsig − εQCD
. (6.2)

Since tt̄ and W+jets events are expected to dominate the contribution from

processes with a true lepton, the efficiency for a lepton to pass the tight lepton

selection (εsig) is determined from those Monte Carlo samples. A contribution of

50% for each sample is assumed in the analysis, and a comparison to the value

obtained with a 100% contribution for either is used as a systematic uncertainty
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on εsig. The efficiency measured using the Monte Carlo samples is corrected by

the data-to-MC correction factor κelectron likelihood = 0.9584 ± 0.0014 for electrons

and κµ isolation = 1.0024 ± 0.0017 for muons.

The efficiency for a false lepton to pass the tight-lepton selection (εQCD) is

measured in data. Events with low missing transverse energy 6ET <10 GeV are

assumed to contain no leptons, and are used to determine the ratio of tight-lepton

events to loose-lepton events. There is no apparent dependence on jet multiplicity.

To improve statistics for determining εQCD, the final value is obtained from events

with two or more jets.

The values of εsig for different jet multiplicities, and εQCD before b-tagging, are

summarized in Table 6.4.

e+jets µ+jets

εsig(=1 jet) 0.826±0.007±0.047 0.909±0.009±0.019
εsig(=2 jets) 0.843±0.003±0.019 0.892±0.003±0.009
εsig(=3 jets) 0.844±0.002±0.001 0.875±0.003±0.005
εsig(≥4 jets) 0.841±0.003±0.016 0.850±0.003±0.018

εQCD 0.18±0.02 0.27±0.02

Table 6.4.: εsig with their statistical and systematic errors for different jet mul-
tiplicities, and εQCD with combined statistical and systematic uncertainties.

After b-tagging, the efficiencies for passing the tight-lepton selection are not ex-

pected to change, and the same values are used for estimating multijet background.

For εsig, this is verified in the b-tagged tt̄ and W+jets samples. For εQCD, this

kind of study has been performed in the e+jets channel with very limited statis-

tics, and showed no change. The only possible dependence on b-tagging could arise

from jets that mimic leptons, which could then be b-tagged. But since the loose

lepton criteria already require an isolation from all jets, this cannot occur, and the

tight-lepton selection and b-tagging should therefore be independent.
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Not only is the size of the multijet background needed in the analysis, but so is

the shape of distributions as a function of different variables. For that, we use the

data sample that passes the event selections including the loose-lepton selection,

but not the tight-lepton selection (the “loose-tight sample”).

Figure 6.1 illustrates the results of the Matrix Method for the transverse mass

of the leptonic W boson in data and Monte Carlo in the e+jets channel, before

b-tagging, for all jet multiplicities. Since the z-component of the neutrino is un-

known, the mass of the leptonic W -boson cannot be reconstructed. However, by

neglecting the z-components altogether, a quantity called transverse mass can be

constructed, which is always smaller than or equal to the W mass [80]. The tt̄

and W+jets samples, containing W bosons, show the characteristic edge at the

W mass, whereas the multijet background is shifted to lower masses.

6.2.2. W+jets Background

After determining the contribution of all other background sources, the W+jets

background is normalized to data, as described in this section. As mentioned in

Section 5.2.2, the W+jets sample consists of the subsamples Wbb̄, Wcc̄, and Wjj,

where the heavy-flavor samples get a higher relative contribution than predicted by

Alpgen by the factor of kHF = 1.17 ± 0.18. The number of W+jets background

events in the selected data sample is therefore:

NW+jets = αW · (N̂Wjj + kHF N̂Wcc̄ + kHF N̂Wbb̄), (6.3)

where N̂Wxx is the yield predicted by Alpgen, kHF the heavy-flavor scale factor,

and αW the normalization factor to be determined.

The normalization to data is performed before b-tagging by subtracting the other
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Figure 6.1.: Transverse mass of the W boson (for ℓ and 6ET ) in data and in
Monte Carlo events for the e+jets channel, before b-tagging. Top left: events with
1 jet, top right: 2 jets, bottom left: 3 jets, bottom right: 4 or more jets.

known background contributions:

NW+jets = Ndata − Nmultijet − Ntt̄ − NZ+jets − Nsingletop − Ndiboson. (6.4)

By combining Eqs. 6.3 and 6.4 the normalization factor αW is determined for

each jet multiplicity. When normalizing the W+jets background through this

procedure, signal is assumed absent. The result is shown together with the event

yields before b-tagging in Tables 6.5 and 6.6. By construction, the sum of all

backgrounds equals the number of selected events in data. Figure 6.1 shows the

results of the overall background estimation before b-tagging, and indicates that
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the data are well described.

After b-tagging and convergence in Hitfit, the normalization factor αW , de-

termined before b-tagging, is applied in Eq. 6.3 to obtain the W+jets yield after

b-tagging. The result for all background yields after b-tagging is shown in Ta-

bles 6.7 and 6.8. The sum of the background contributions no longer has to be the

same as the number of events in data. Figure 6.2 again shows the good agreement

of data with Monte Carlo for the transverse mass of the leptonic W boson, this

time in the µ+jets channel after b-tagging. Additional data-MC comparisons can

be found in Appendix B.

e+jets channel before b-tagging

Sample =1 jet =2 jets =3 jets ≥4 jets

αW 1.42 1.46 1.32 0.86

Ntt̄ 11.6 71.5 131.9 170.0
NWbb̄ 248.3 226.1 84.2 22.2
NWcc̄ 764.6 630.4 211.4 45.5
NWjj 11702.8 4974.1 1102.4 211.4
NZ+jets 238.2 277.2 120.9 50.0
Nsingletop 13.2 39.0 17.5 6.2
Ndiboson 95.0 201.0 65.7 18.1
Nmultijet 506.4 754.8 375.0 139.6
NSUM 13580 7174 2109 663

Ndata 13580 7174 2109 663

Table 6.5.: Normalization factor αW for W+jets, and yields of background and
data, before b-tagging in the e+jets channel.

6.3. Extraction of Signal

Although the t̃1
¯̃t1 and tt̄ final states are remarkably similar, they nevertheless

exhibit small differences in event kinematics. The differences are combined using
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µ+jets channel before b-tagging

Sample =1 jet =2 jets =3 jets ≥4 jets

αW 1.48 1.60 1.62 1.25

Ntt̄ 7.1 48.3 95.7 137.1
NWbb̄ 190.1 204.7 84.7 28.0
NWcc̄ 610.8 548.8 219.8 57.2
NWjj 9754.8 4456.9 1143.1 263.7
NZ+jets 847.6 446.1 160.7 63.2
Nsingletop 9.4 30.0 13.7 4.8
Ndiboson 71.1 169.1 55.1 15.3
Nmultijet 114.2 148.0 65.4 24.6
NSUM 11605 6052 1838 594

Ndata 11605 6052 1838 594

Table 6.6.: Normalization factor αW for W+jets, and yields of background and
data, before b-tagging in the µ+jets channel.

e+jets channel after b-tagging

Sample =1 jet =2 jets =3 jets ≥4 jets Hitfit

αW 1.42 1.46 1.32 0.86 0.86

Ntt̄ 4.9 39.3 77.6 108.3 103.0
NWbb̄ 70.6 86.0 35.4 9.1 8.5
NWcc̄ 39.5 46.8 20.1 5.0 4.8
NWjj 124.5 59.0 13.2 4.0 3.8
NZ+jets 2.9 7.5 5.2 3.0 2.8
Nsingletop 5.1 19.3 9.3 3.6 3.1
Ndiboson 3.1 11.6 4.2 1.4 1.4
Nmultijet 16.2 41.1 22.3 11.1 10.7
NSUM 266.8 310.7 187.2 145.6 138.1

Ndata 255 329 193 145 133

Table 6.7.: Normalization factor αW for W+jets, and yields of background and
data, after b-tagging in the e+jets channel.
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Figure 6.2.: Transverse mass of the W boson (for ℓ and 6ET ) in data and in Monte
Carlo events for the µ+jets channel, after b-tagging. Top left: In events with 1 jet,
top right: 2 jets, middle left: 3 jets, middle right: 4 or more jets, bottom: 4 or
more jets, after convergence in Hitfit.
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µ+jets channel after b-tagging

Sample =1 jet =2 jets =3 jets ≥4 jets Hitfit

αW 1.48 1.60 1.62 1.25 1.25

Ntt̄ 3.1 27.8 58.5 89.8 84.2
NWbb̄ 56.5 79.8 36.1 12.2 11.1
NWcc̄ 27.2 39.6 22.2 6.9 6.5
NWjj 89.0 51.3 19.3 4.4 4.0
NZ+jets 14.3 14.8 6.9 3.9 3.3
Nsingletop 3.7 15.2 7.5 2.9 2.5
Ndiboson 2.8 10.2 3.8 1.4 1.2
Nmultijet 6.6 12.0 3.0 2.9 3.2
NSUM 203.1 250.7 157.5 124.3 116.0

Ndata 189 265 163 146 135

Table 6.8.: Normalization factor αW for W+jets, and yields of background and
data, after b-tagging in the µ+jets channel.

a multivariate technique to achieve signal-background separation.

6.3.1. Variables for Discriminating Signal from

Background

A wide variety of distributions in t̃1
¯̃t1 events were compared to those in tt̄ events.

This included kinematic distributions of single objects such as jets or leptons, an-

gular distributions, invariant masses as well as event variables such as sphericity.

Because of additional neutralinos in t̃1
¯̃t1 events, more missing transverse energy

is expected than in tt̄ events. However, because the neutralinos in the event are

produced almost back-to-back, no difference is observed, as shown in Fig. 6.3.

Most variables show no discriminating power, or are correlated with others. At

this point, the kinematic fitter Hitfit, which was described in Section 6.1, be-

comes useful. Although its purpose is to reconstruct tt̄ events, and it fails to
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reconstruct stop-quark events correctly because of the neutralinos, which is evi-

dent when comparing the Hitfit results with Monte Carlo distributions on parton

level, it is nonetheless useful in distinguishing tt̄ events from t̃1
¯̃t1 events. Hitfit

converges on a large fraction of t̃1
¯̃t1 events, and therefore does not cause a large

loss in efficiency.
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Figure 6.3.: Missing transverse energy in the e+jets channel in t̃1
¯̃t1 175/135

(solid line) and tt̄ events (dashed line).

Distributions for t̃1
¯̃t1 depend slightly on the masses of the supersymmetric parti-

cles. In particular, only the 175/135 mass point has “on-shell” W bosons, whereas

all other points have off-shell W bosons. Thus, for each stop-quark mass point, a

different subset of the following eleven variables is used in extracting signal:

• The pT of the leading b-tagged jet (pT (b-jet)) indicates how much phase

space is available for the b-quark from top or stop decay. Since the chargino

from the stop quark is heavier than the W boson from the top-quark decay,

the b-quark pT spectrum and consequently the b-jet pT spectrum is softer in

t̃1
¯̃t1 events.
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• The W transverse mass (MT (W )) shows a Jacobian edge for an on-shell

W boson in the event. It is reconstructed using the kinematic information

for the lepton and 6ET . Since most stop-quark mass points have an off-shell

W -boson, this quantity is shifted to lower masses.

• KTmin = ∆Rmin
jj Emin

T provides a measure of the minimum jet-pT relative to

the other in the jet pair that is closest in η − ϕ space. Only the four jets

of highest pT are considered in the definition. ∆Rmin
jj is the minimum ∆R

distance between a pair of jets, and Emin
T is the transverse energy of the lesser

jet of that pair.

The following variables have specific designations for jets. All jets, excluding the

leading b-tagged jet, are ordered by pT . The three with highest pT are called

“leading other jet”, jet 3 and jet 4.

• The invariant mass of jet 3 and jet 4 (m(j, j)). In tt̄ events, these two

jets are often the light jets from the W → q̄q′ decay, and the quantity reflects

the mass of the W boson. In t̃1
¯̃t1 events, a lower mass is reconstructed even

for the mass point with on-shell W bosons, and indicates that the two jets

do not originate from a W boson.

• The distance in η − ϕ space ∆R between the leading b-tagged jet and

the leading other jet (∆R(b, lead)) approximates the ∆R between the

W boson and the b quark from the same top or stop quark. In t̃1
¯̃t1 events,

this quantity is much smaller than in tt̄ events.

• ∆R between the lepton and the leading b-tagged jet (∆R(lep, b)) ap-

proximates the same quantity described above, and constitutes an alternative

to the previous variable.

The final variables are provided by the kinematic fitter Hitfit:
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• The top quark mass as reconstructed in Hitfit (mhf
t ) gives the correct

top quark mass in tt̄ events, but it reconstructs a lower mass in t̃1
¯̃t1 events.

This happens not only because the stop-quark mass is often lower than the

top-quark mass, but also because neutralinos carry away energy, and they

are not considered in Hitfit.

• The quantity cos θ∗(b, b)hf is constructed by Hitfit using the angle θ∗ of the

b-jet originating from the hadronic top or stop quark relative to the beam

axis in the center-of-mass system of the two b-jets. This variable is a good

approximation of the similarly defined cos θ∗(t, t), which is different in tt̄

and t̃1
¯̃t1 events because of the difference in spins. After preselection and

Hitfit reconstruction, however, cos θ∗(t, t)hf provides less separation than

cos θ∗(b, b)hf .

• The invariant mass of the b-jets (mhf (b, b)) is reconstructed using the

assignments and kinematics of the best fit in Hitfit.

• As mentioned above, the ∆R between the correct pair of W -boson and b-

quark assignments in Monte Carlo exhibits good separation. Hitfit does

not always assign the pairs correctly, especially in t̃1
¯̃t1 events, which is why,

for some mass points, ∆R between the correct Hitfit pair of hadronic

W -boson and b-jet (∆R(W, b)hf
corr) gives better separation,

• whereas, for other mass points, the ∆R between the wrong Hitfit pair

of hadronic W -boson and b-jet (∆R(W, b)hf
wrong) gives better separation.

For each stop-quark mass point, we choose an optimal set of variables. The

decision is based on achieving best discrimination, while providing least correlation

among variables. Table 6.9 lists which variables are used for which mass point.

As an example, Fig. 6.4 shows a comparison of the input variables for t̃1
¯̃t1,

tt̄, and W+jets events for the Stop 175/135 mass point in the µ+jets channel.
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mt̃1 mχ̃±
1

Variables in Likelihood Discriminant

175 GeV 135 GeV pT (b-jet), ∆R(b, lead), mhf
t , cos θ∗(b, b)hf

175 GeV 120 GeV pT (b-jet), m(j, j), mhf
t , ∆R(W, b)hf

wrong

175 GeV 105 GeV MT (W ), m(j, j), KTmin, mhf
t , mhf(b, b)

160 GeV 120 GeV pT (b-jet), m(j, j), mhf
t , ∆R(W, b)hf

corr

160 GeV 105 GeV pT (b-jet), MT (W ), m(j, j), ∆R(lep, b), mhf
t

145 GeV 105 GeV pT (b-jet), MT (W ), m(j, j), ∆R(lep, b), mhf
t

Table 6.9.: Variables used in the likelihood discriminant for different signal mass
points.

The complete set of plots for each mass point in both channels can be found in

Appendix C.1.

Data-MC comparison of the same input variables for the stop 175/135 mass point

in the e+jets channel, in the signal bin of ≥4 jets, after b-tagging and convergence

of Hitfit, is shown in Fig. 6.5. No contribution from signal is added to the Monte

Carlo prediction, but the distribution of the variable in the stop 175/135 sample

is shown enhanced by a factor of ten. The data-MC comparisons for variables in

both channels are displayed in Appendix C.2.

6.3.2. Likelihood Discriminant

After selecting the optimal set of variables that provide good separation and little

correlation among each other, the variables are combined in a likelihood discrimi-

nant.

Interpreting distributions in any variable xi in t̃1
¯̃t1 signal and tt̄ background as

probability distributions, a signal probability Psig(xi) and a background probability

Pbg(xi) can be assigned to each event by comparing variable xi in that event to

the distribution of that variable in signal and background. Assuming negligible

correlations, the individual probabilities for each variable can be multiplied to
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Figure 6.4.: Input variables for the 175/135 mass point in the µ+jets channel.

yield an overall signal and background probability for the event:

Psig/bg(x) =
∏

i

Psig/bg(xi), (6.5)

where x = (x1, x2, ...) is the collection of xi values in this event. A likelihood

discriminant L(x) can be defined as:

L(x) =
Psig(x)

Psig(x) + Pbg(x)
. (6.6)

The likelihood discriminant L(x) takes on values between 0 and 1, with 1 be-

ing more signal-like and 0 more background-like. Full MC statistics are used to

construct the templates and the likelihood discriminant for each sample so as to
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Figure 6.5.: Input variables used in the likelihood discriminant for the 175/135
mass point in data and MC in the e+jets channel.

minimize statistical uncertainty.

Figure 6.6 shows the resulting likelihood discriminants for the 175/135 mass

point, comparing tt̄ and t̃1
¯̃t1 signal for Monte Carlo and data for both the e+jets

and the µ+jets events. Similar plots for all mass points can be found in Ap-

pendix C.3.

6.3.3. Expected Limits

A Bayesian approach, as described in Section 2.4, is used to extract limits from

the distributions in likelihood discriminants.

Before applying the limit extraction method to data, the procedure is evaluated
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Figure 6.6.: Likelihood discriminant for the 175/135 mass point. The distribu-
tion for the 175/135 mass point has been enhanced by a factor of ten and overlaid.
Top: in the e+jets channel, bottom: in the µ+jets channel.

on the sum of the preselected Monte Carlo background samples, normalized to their

expected yields. That gives an estimate on what limits could be reached without

the presence of a contribution from signal. The posterior probability as a function

of the t̃1
¯̃t1 cross section for the stop 175/135 mass point is shown in Fig. 6.7, and

the expected upper limit on the cross section at 95% confidence is defined by the

integral of 95% of the area. These results already include systematic uncertainties,

as discussed below in Section 6.5. Table 6.10 lists the expected limits for all mass

points, with and without systematic uncertainties. The complete set of posterior

probabilities can be found in Appendix D.1.

As a cross check, the posterior probability is also calculated as a function of
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Figure 6.7.: Expected posterior probability as a function of the t̃1
¯̃t1 cross section

for the 175/135 mass point. Left: For the e+jets channel, middle: for the µ+jets
channel, right: for both channels combined.

Sample e+jets µ+jets combined

Statistics only
Stop 175/135 2.54 3.24 1.91
Stop 175/120 3.85 4.83 2.91
Stop 175/105 4.26 5.59 3.29
Stop 160/120 4.99 7.13 3.93
Stop 160/105 5.05 6.58 3.86
Stop 145/105 7.05 9.73 5.48
With systematic uncertainties
Stop 175/135 4.36 5.36 3.28
Stop 175/120 6.36 7.72 4.97
Stop 175/105 6.85 7.55 5.16
Stop 160/120 6.79 9.10 5.42
Stop 160/105 6.89 10.26 5.63
Stop 145/105 9.30 11.84 7.27

Table 6.10.: Expected Bayesian limits at 95% confidence on the t̃1
¯̃t1 cross section

in pb, without and with systematic uncertainties, assuming a tt̄ cross section of
6.77 pb.
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both the t̃1
¯̃t1 and tt̄ cross section, as shown in Fig. 6.8. We can again extract the

expected limits for the t̃1
¯̃t1 cross section at 95% confidence, which yields results

similar to those obtained using the standard method, and now we can also evaluate

the tt̄ cross sections with their uncertainties. Table 6.11 summarizes the results

for the expected limits on the t̃1
¯̃t1 cross section, and the expected tt̄ cross sections.

The tt̄ cross section is consistently below the input cross section of 6.77 pb, which

shows that this method should not be used to extract the tt̄ cross section for the

Standard Model, where no t̃1
¯̃t1 contribution is expected.
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Figure 6.8.: Expected posterior probability for the 175/135 mass point. Top: as

a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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Sample t̃1
¯̃t1 limit tt̄ cross section

e+jets µ+jets combined e+jets µ+jets combined

Statistics only
Stop 175/135 3.01 3.90 2.28 6.40+0.82

−0.79 6.34+0.93
−0.89 6.49+0.61

−0.60

Stop 175/120 5.24 6.48 3.95 6.25+0.87
−0.86 6.20+0.97

−0.94 6.39+0.64
−0.64

Stop 175/105 5.74 7.70 4.49 6.26+0.86
−0.85 6.17+0.98

−0.96 6.38+0.64
−0.64

Stop 160/120 6.01 8.72 4.76 6.38+0.83
−0.80 6.32+0.93

−0.90 6.48+0.62
−0.60

Stop 160/105 6.35 8.26 4.85 6.33+0.84
−0.81 6.28+0.94

−0.91 6.44+0.63
−0.61

Stop 145/105 8.19 11.27 6.35 6.42+0.82
−0.78 6.38+0.92

−0.87 6.51+0.61
−0.58

With systematic uncertainties
Stop 175/135 4.48 5.56 3.27 6.41+1.42

−1.20 6.55+1.63
−1.34 6.56+1.17

−1.05

Stop 175/120 6.70 8.20 5.21 6.16+1.43
−1.25 6.20+1.64

−1.37 6.34+1.19
−1.06

Stop 175/105 7.45 7.96 5.42 6.12+1.46
−1.25 6.16+1.66

−1.35 6.30+1.19
−1.05

Stop 160/120 6.89 9.38 5.50 6.50+1.39
−1.24 6.38+1.68

−1.35 6.56+1.19
−1.04

Stop 160/105 7.10 10.79 5.80 6.31+1.42
−1.21 6.32+1.75

−1.40 6.45+1.21
−1.05

Stop 145/105 9.42 12.19 7.36 6.50+1.39
−1.22 6.52+1.69

−1.34 6.64+1.15
−1.03

Table 6.11.: Expected Bayesian limits at 95% confidence on the t̃1
¯̃t1 cross section,

and the expected tt̄ cross section in pb, without and with systematic uncertainties.

6.4. Closure Tests

To check the validity of the limit-extraction procedure for t̃1
¯̃t1 production, we per-

form two studies on MC events. Two ensembles of pseudo datasets are generated

for each mass point:

1. 500 experiments without signal, but with expected backgrounds, with the tt̄

background normalized to its theoretical cross section.

2. 100 experiments with expected backgrounds, with the tt̄ background normal-

ized to its theoretical cross section, and the predicted t̃1
¯̃t1 signal (at NLO)

multiplied by a factor of ten.

The first set of experiments determines the expected limits in an alternative way,

and is shown to be equivalent to the method presented above. Each MC experi-
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ment is treated the same way as the data, including the treatment of systematic

uncertainties, and each result enters the ensemble of experiments. The outcome is

shown for the 175/135 mass point in Fig. 6.9. The solid vertical line indicates the

previously derived expected limit, and agrees well with the mean of the histogram

for the experiments in the ensemble. In addition, the dashed vertical line marks the

observed limit, which is discussed in Section 7. By comparing the limit in data to

the outcome of the MC experiments, we can determine how well the observed limit

agrees with the assumption of no contribution from signal. Appendix E contains

similar plots for all chosen mass points.
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Figure 6.9.: Results for limits in experiments with no signal content for the
175/135 mass point. The expected limit is shown as solid line, the observed limit
is shown as dashed line.

The second set of MC experiments is designed to test the ability of the Bayesian

method to measure a cross section. Since the predicted NLO cross section is too low

to be measured with the given data, the experiments contain a contribution from

signal multiplied by a factor of ten. As with the tt̄ cross section, the measured value

is given by the peak of the posterior probability. The result of each experiment is

again used in the ensemble of results, which for the 175/135 mass point is shown

in Fig. 6.10. The solid line indicates the input cross section for signal, which, for

all mass points, agrees well with the mean, thereby suggesting the ability of the
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method to extract a cross section for signal. The results for the other mass points

are displayed in Appendix E.
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Figure 6.10.: Results for cross sections in experiments when the theoretical
signal content for the 175/135 mass point is raised by a factor of ten. The input
cross section is shown as a line.

6.5. Systematic Uncertainties

Although the analysis is limited mainly by statistics, a wide range of systematic

sources are considered in the uncertainty. These are included in the calculation of

posterior probabilities through the prior π(a,b) in Eq. 2.11. Technically, this is

achieved by sampling a and b for each bin of the likelihood discriminant from a

multivariate Gaussian in the integration. The mean of the Gaussian is given by the

estimate yields of each sample in that bin, and the width reflects the uncertainties

on each sample. The systematic uncertainties can be categorized into two types,

one that changes the yield uniformly for all bins of the likelihood discriminant,

and another that affects each bin differently. The latter changes the shape of the

distribution in the likelihood discriminant. Tables 6.12 and 6.13 summarize the

relative size of all systematic uncertainties on contributions in the e+jets channel,

and in the µ+jets channel, respectively. The upper parts of the tables are dedicated
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to systematic uncertainties that change the yield uniformly, whereas the lower parts

display the uncertainties that affect shape. Correlations of systematics between

sources, as indicated in the tables, are taken into account in the procedure.

This section is subdivided into a discussion of systematic uncertainties that

change the yield uniformly and those that affect the distribution in the likelihood

discriminant.

6.5.1. Systematic Uncertainties on Yields

All systematic uncertainties that affect the yields uniformly are “symmetrized”,

which means that even if the source changes the yield differently to lower and

upper values, the larger effect is used for both directions. It should be noted that

W+jets and multijet-background yields are affected only by the uncertainty on

their contribution, since they are estimated using data, whereas all other sources

of systematic uncertainty arise from estimating the yield using cross sections and

efficiencies from Monte Carlo. In the following, each source of systematic uncer-

tainty is discussed in detail.

Luminosity The uncertainty on the integrated luminosity affects all yields uni-

formly. An uncertainty of 6.1% has been determined previously [57].

Monte Carlo Cross Sections The cross sections used to normalize some of the

Monte Carlo samples all have an uncertainty, which is described in Section 5.2.2.

For tt̄, when including the uncertainty on the cross section due to the uncertainty

on the top-quark mass, the relative uncertainty is 18%. For the Z+jets sample, a

relative uncertainty of 15% is applied, 12.6% is used for the single-top sample, and

6.8% for the diboson samples.
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Source t̃1
¯̃t1 tt̄ W+jets Z+jets single top diboson multijet

Luminosity 6.1 6.1 - 6.1 6.1 6.1 -
MC Cross Section tt̄ - 18.0 - - - - -
MC Cross Section single top - - - - 12.6 - -
MC Cross Section Z+jets - - - 15.0 - - -
MC Cross Section diboson - - - - - 6.8 -
Top Quark Mass - 4.9 - - - - -
Matrix Method - - - - - - 21.1
W Normalization - - 70.3 - - - -
Primary Vertex Scale Factor 1.12 1.12 - 1.12 1.12 1.12 -
Primary Vertex z Position 1.6 1.6 - 1.6 1.6 1.6 -
Electron Reconstruction
and Identification 2.2 2.2 - 2.2 2.2 2.2 -
Electron Track Matching
and Likelihood 5.0 5.0 - 5.0 5.0 5.0 -
L1 EM Trigger 1.03 1.03 - 1.03 1.03 1.03 -
L2 EM Trigger 0.02 0.02 - 0.02 0.02 0.02 -
L3 EM Trigger 0.58 0.58 - 0.58 0.58 0.58 -
L3 Jet Trigger 0.05 0.05 - 0.05 0.05 0.05 -

JES down -23.6 – -5.6 -7.4 - -15.5 -16.2 -13.9 -
JES up -3.7 – 17.9 6.3 - 20.4 16.8 29.8 -
W+jets k-factor down - - - - - - -
W+jets k-factor up - - - - - - -
b-TRF down -14.6 – 7.7 -3.3 -0.0 - - - -
b-TRF up -9.0 – 14.9 4.8 0.0 - - - -

Table 6.12.: Summary of systematic uncertainties and their % effect in the e+jets channel.
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Source t̃1
¯̃t1 tt̄ W+jets Z+jets single top diboson multijet

Luminosity 6.1 6.1 - 6.1 6.1 6.1 -
MC Cross Section tt̄ - 18.0 - - - - -
MC Cross Section single top - - - - 12.6 - -
MC Cross Section Z+jets - - - 15.0 - - -
MC Cross Section diboson - - - - - 6.8 -
Top Quark Mass - 4.2 - - - - -
Matrix Method - - - - - - 54.2
W Normalization - - 30.1 - - - -
Primary Vertex Scale Factor 1.12 1.12 - 1.12 1.12 1.12 -
Primary Vertex z Position 1.6 1.6 - 1.6 1.6 1.6 -
Muon Identification 7.0 7.0 - 7.0 7.0 7.0 -
Muon Tracking 1.5 1.5 - 1.5 1.5 1.5 -
Muon Isolation 2.0 2.0 - 2.0 2.0 2.0 -
Muon Trigger 2.7 2.7 - 2.7 2.7 2.7 -
Jet Trigger 0.2 0.2 - 0.2 0.2 0.2 -

JES down -27.0 – -8.1 -6.0 - -36.8 -17.6 -16.4 -
JES up -10.6 – 19.1 6.1 - 20.3 22.1 26.4 -
W+jets k-factor down - - - - - - -
W+jets k-factor up - - - - - - -
b-TRF down -18.7 – 13.7 -9.2 2.0 - - - -
b-TRF up -11.9 – 22.5 4.5 0.0 - - - -

Table 6.13.: Summary of systematic uncertainties and their % effect in the µ+jets channel.
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Top-Quark Mass To evaluate the effect of the top-quark mass on preselec-

tion efficiency, the preselection is applied to tt̄ Pythia Monte Carlo samples with

top-quark masses of 165 GeV and 185 GeV. In the e+jets channel, the efficiency

decreases by 7.3% for the sample with a top-quark mass of 165 GeV, and in-

creases by 9.8% for the sample with a top-quark mass of 185 GeV, both relative to

175 GeV. In the µ+jets channel, it decreases by 8.5% and increases by 6.7% for the

corresponding mass values. Because we use “symmetric” uncertainties, the larger

departure is considered in each channel, that is ±9.8% in the e+jets channel and

±8.5% in the µ+jets channel. But since the uncertainty on the top mass is closer

to 5 GeV than the 10 GeV implied in our procedure, only half of the uncertainties

are used in the analysis, resulting in a systematic uncertainty of ±4.9% in the

e+jets channel and ±4.2% in the µ+jets channel.

Matrix Method The only uncertainty on the multijet yield arises from the Ma-

trix Method. This is evaluated by varying εsig and εQCD within their uncertainties.

The yield increases when either εsig or εQCD is shifted up and decreases when ei-

ther is shifted down. Consequently, we shift both parameters simultaneously up or

down, obtaining a relative increase of 21.1% and decrease of 19.0% in the e+jets

channel and an increase of 54.2% and decrease of 47.5% in the µ+jets channel.

Again, the uncertainty is symmetrized using the larger shifts, i.e., ±21.1% in the

e+jets channel and ±54.2% in the µ+jets channel.

W Normalization Because of its normalization to data, the W+jets back-

ground is not affected by the uncertainties from obtaining the event yield through

Monte Carlo. The uncertainty on the normalization is estimated by observing the

fluctuation in normalization factor αW for different jet multiplicities. In the e+jets

(µ+jets) channel, this normalization factor is measured to be 0.86 (1.28) in the ≥4

jet bin, which is the value used in this analysis. It differs most in the exclusive 2-jet



6. Search for Pair Production of Scalar Top Quarks 108

(3-jet) bin, and has a value of 1.46 (1.64), which converts to a relative uncertainty

of 70.3% (27.5%), and is applied as a symmetric uncertainty on the W+jets event

yield.

Primary-Vertex Selection The selection of the primary vertex provides two

sources of systematic uncertainty to the preselection efficiency. One arises from

the difference in the selection efficiency in Monte Carlo and data, and is found to

be 1.12% [71]. The second source originates from the fact that the z position of

the primary vertex is not simulated accurately, which has been found to cause an

uncertainty of 1.6% for the 1 fb−1 data [81].

Electron Selection The uncertainty on electron selection stems from the MC-

to-data scale factor. This factor is in principal a function of several variables, which

is not taken into account in this analysis, but also, the MC used for calculating the

scaling is limited in statistics. The electron-reconstruction and identification scale

factor depends on pT and ϕ, which results in an uncertainty of 2.2% [82]. The

scale factors for track matching and likelihood efficiency depend on the number of

jets, which provides an uncertainty of 5% [82].

Muon Selection As for the electron selection, the muon selection also derives

uncertainties from the MC-to-data scale factors. The uncertainty on the muon

identification of 7.0%, and 1.5% on tracking efficiency, arise from the method and

limited statistics [82]. The isolation scale factor depends on the number of jets,

and leads to an uncertainty of 2% [82].

Trigger Efficiency The systematic uncertainties from triggers have been deter-

mined elsewhere, and are taken over for this analysis [83]. In the case of asymmetric

uncertainties, the higher uncertainty is used for both directions, as usual.
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6.5.2. Systematic Uncertainties Affecting the Shape of the

Likelihood

Unlike the systematic uncertainties that change the yield uniformly over all bins

of the likelihood discriminant, for the shape-changing uncertainties, asymmetric

changes of yields are taken into account.

Again, the multijet background remains unaffected by MC uncertainties, because

it is estimated and modeled using data. And although the W+jets background is

modeled by Monte Carlo, it is not influenced by any uncertainty that arises prior

to its normalization to data.

Jet Energy Scale The effect of uncertainty on the Jet Energy Scale (JES) is

evaluated by repeating the complete selection and analysis with the JES correction

on jets raised and lowered by one standard deviation σ:

σ =
√

σ2
stat,data + σ2

sys,data + σ2
stat,MC + σ2

sys,MC . (6.7)

The shape and normalization of the distributions in likelihood discriminant for all

Monte Carlo samples are affected, except for the W+jets sample, for which the

normalization is fixed to its central value. The changed distributions in likelihood

discriminant are used in the limit-setting procedure to derive the effect in each bin

of the distribution.

Contribution from Heavy Flavor As described in Section 5.2.2, the contribu-

tion from heavy-flavor W+jets samples (Wbb̄ and Wcc̄) are scaled up to improve

the description of data. This scale factor kHF = 1.17±0.18 is varied within its un-

certainties to produce differently-shaped likelihood-discriminant distributions for

the W+jets sample, while the normalization of the W+jets contribution remains

fixed.
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b-Tagging The uncertainty due to b-tagging is estimated by raising and lowering

the tag rate for b-jets by one standard deviation for both the taggability and the

tag-rate components for signal t̃1
¯̃t1 samples and the largest background, the tt̄

sample. Applying this on the considerably smaller background from W+jets would

also change the normalization of the W+jets samples, since b-tagging is applied

after normalization to data. As it is, the only effect is an almost unnoticeable

change in renormalization to data from variation of the tt̄ sample.
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7. Result and Conclusions

We have presented a search for t̃1
¯̃t1 production in the tt̄ lepton+jets sample for

≈1 fb−1 of data. With the Bayesian method thoroughly tested, and systematic

uncertainties in place, the result is extracted from data.

The observed posterior probability as a function of the t̃1
¯̃t1 cross section for

the 175/135 mass point is shown in Fig. 7.1. The line indicates the limit at 95%

confidence. The posterior probability peaks away from the origin at a cross section
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Figure 7.1.: Observed posterior probability as a function of the t̃1
¯̃t1 cross section

for the 175/135 mass point.

of 4.3 pb in the µ+jets channel, but with an uncertainty of 2.7 pb, which puts

a null value within 1.6 standard deviations. Since a signal would be expected in

both e+jets and µ+jets channel, and the e+jets channel has no similar excess,

we assume that the result in µ+jets corresponds to a small fluctuation up in that

channel (see Table 6.8). In addition, the distributions in µ+jets data and Monte
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Carlo do not agree as well as in the e+jets channel.

The observed posterior probabilities for all mass points are shown in Appen-

dix D.2. Table 7.1 lists the measured limits at 95% confidence for all mass points

and all channels, and compares them to the theoretical cross sections. The results

are also illustrated in Fig. 7.2. The upwards fluctuation in the µ+jets channel is

observable for all mass points, the only exception being the 175/105 mass point,

which is the only one that does not use the pT of the leading b-tagged jet as input

in its likelihood discriminant. As can be seen in Appendix C.2, this variable has a

poorer data-MC agreement than all other input variables, but provides very good

separation for almost all the mass points, as illustrated in Appendix C.1.

At this point, we cannot exclude any of the analyzed stop masses, since all

observed limits are well above theoretical predictions.

Sample theoretical e+jets µ+jets combined

Statistics only
Stop 175/135 0.579 2.54 6.52 3.10
Stop 175/120 0.579 3.37 9.48 4.21
Stop 175/105 0.579 3.63 9.40 4.10
Stop 160/120 1.00 4.54 14.08 5.70
Stop 160/105 1.00 5.25 14.58 6.90
Stop 145/105 1.80 7.59 21.37 9.67
With systematic uncertainties
Stop 175/135 0.579 5.11 10.20 5.57
Stop 175/120 0.579 6.11 12.41 6.58
Stop 175/105 0.579 6.10 9.28 5.55
Stop 160/120 1.00 6.49 15.79 7.45
Stop 160/105 1.00 7.78 20.75 9.71
Stop 145/105 1.80 10.60 24.21 12.32

Table 7.1.: Observed Bayesian limits at 95% confidence on the t̃1
¯̃t1 cross section

in pb, without and with systematic uncertainties, assuming a tt̄ cross section of
6.77 pb.
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Figure 7.2.: Observed and expected Bayesian limits at 95% confidence, and the

theoretical cross section for t̃1
¯̃t1 at each mass point, assuming a tt̄ cross section of

6.77 pb.

Results are also derived using the cross check, where the posterior probabili-

ties are calculated as function of both the t̃1
¯̃t1 and tt̄ cross sections. Figure 7.3

shows the posterior probabilities for the 175/135 mass point in different channels.

The limits on the t̃1
¯̃t1 cross section derived this way agree with those using the

standard method. The posterior probabilities for all mass points are displayed in

Appendix D.2. Table 7.2 shows the limits on the t̃1
¯̃t1 cross section and the results

for the extracted tt̄ cross section, without and with uncertainties. The results are

again illustrated in Fig. 7.4.

Since the extracted limits on the t̃1
¯̃t1 cross section are above the NLO prediction

in the MSSM, even without taking into account systematic uncertainties, it can be

concluded that this kind of search needs more data to become sensitive. However,

several improvements of the method can be implemented for the publication of the

results of this search.

It has been observed that, for signal samples, there are as many events with three

jets as with four or more jets. This can be accommodated by the fact that the

jets in t̃1
¯̃t1 events have low transverse momentum because of energy carried away

by neutralinos, which makes it likelier for these jets not to be reconstructed than
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Sample theoretical t̃1
¯̃t1 limit tt̄ cross section

σt̃1
¯̃t1

e+jets µ+jets combined e+jets µ+jets combined

Statistics only
Stop 175/135 0.579 3.40 6.98 3.64 5.91+0.82

−0.79 6.90+1.07
−1.03 6.51+0.67

−0.65

Stop 175/120 0.579 4.94 11.09 5.35 5.95+0.84
−0.83 6.68+1.16

−1.13 6.54+0.70
−0.71

Stop 175/105 0.579 4.95 9.54 4.59 6.07+0.82
−0.80 7.35+1.08

−1.07 6.83+0.66
−0.65

Stop 160/120 1.00 5.83 15.01 6.42 6.07+0.82
−0.77 6.95+1.08

−1.04 6.69+0.66
−0.64

Stop 160/105 1.00 7.37 17.22 8.83 5.81+0.83
−0.81 6.25+1.12

−1.06 6.18+0.70
−0.68

Stop 145/105 1.80 9.82 23.17 11.34 5.88+0.82
−0.77 6.66+1.06

−1.00 6.38+0.66
−0.63

With systematic uncertainties
Stop 175/135 0.579 5.29 10.72 5.59 5.84+1.40

−1.17 6.96+1.83
−1.47 6.36+1.23

−1.04

Stop 175/120 0.579 6.57 12.80 6.90 5.93+1.36
−1.18 6.68+1.84

−1.55 6.45+1.22
−1.09

Stop 175/105 0.579 6.69 9.46 5.64 5.82+1.34
−1.15 6.92+1.92

−1.48 6.14+1.16
−1.02

Stop 160/120 1.00 6.63 16.22 7.64 6.12+1.34
−1.18 6.75+1.80

−1.49 6.51+1.20
−1.03

Stop 160/105 1.00 8.06 21.96 9.98 5.75+1.31
−1.13 5.99+1.81

−1.48 6.01+1.16
−0.97

Stop 145/105 1.80 10.81 24.37 12.56 5.98+1.34
−1.16 6.74+1.78

−1.46 6.46+1.20
−1.01

Table 7.2.: Observed Bayesian limits at 95% confidence on the t̃1
¯̃t1 cross section, and the measured tt̄ cross section

in pb, without and with systematic uncertainties.
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Figure 7.3.: Observed posterior probability for the 175/135 mass point. Top: as

a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.

in tt̄ events. Although there is a much higher W+jets background in the three-

jet multiplicity bin, the tt̄ background will be smaller, and including these events

should improve the limits. Technically, the analysis can be performed separately

in the 3-jet multiplicity bin, and combined with the ≥4-jet multiplicity bin during

the limit setting procedure, in a similar way as the e+jets and the µ+jets channels

are combined. A first look indicates that, although the kinematic fitter Hitfit

has to be dropped, enough kinematic differences can be found between t̃1
¯̃t1 and tt̄

events.

In addition, more stop mass points are being generated to widen the range of

the search. It is also desirable to interpolate between the mass points or extrap-

olate beyond them, which is not possible using the current method, since it uses
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Figure 7.4.: Top: Observed and expected Bayesian limits at 95% confidence on

the t̃1
¯̃t1 cross section, and the theoretical cross section for t̃1

¯̃t1 at each mass point.
Bottom: Observed, expected and theoretical cross section for tt̄.

different likelihood discriminants for each point. This is necessary, because the

t̃1
¯̃t1 signal samples differ significantly from each other. But it has been found that

samples with the same mass difference ∆m = mt̃1 − mχ̃±
1

look sufficiently similar

to derive a single likelihood discriminant for them. This would enable the afore-

mentioned interpolation and extrapolation procedure, and thereby improve limits

on t̃1
¯̃t1 production.
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A. Tables of Preselection

Efficiencies

Tables A.1 through A.12 show the event yields, exclusive and cumulative selection

efficiencies, and correction factors for the t̃1
¯̃t1 signal samples for all mass points in

the order in which the selections have been applied. For details about the selection,

refer to Section 6.1.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

47670
≥4 good jets 18815 39.47 ± 0.22 39.47 ± 0.22
Leading jet cut 17606 93.57 ± 0.18 36.93 ± 0.22
Loose electron 7197 40.88 ± 0.37 15.10 ± 0.16
Muon veto 7195 99.97 ± 0.02 15.10 ± 0.16
2nd electron veto 7192 99.96 ± 0.02 15.09 ± 0.16
Vertex selection 7075 98.37 ± 0.15 14.84 ± 0.16
6ET 6194 87.55 ± 0.39 12.99 ± 0.15
Triangle selection 5774 93.22 ± 0.32 12.11 ± 0.15
Tight electron 5118 88.64 ± 0.42 10.74 ± 0.14

Trigger probability 96.06 ± 0.05 10.31 ± 0.14
κelectron reco, ID 98.51 ± 0.01 10.16 ± 0.13
κelectron likelihood 89.09 ± 0.07 9.05 ± 0.12
κb−fragmentation 96.78 ± 1.04 8.76 ± 0.15

≥1 b-tag 54.52 ± 0.82 4.77 ± 0.10
Hitfit convergence 95.45 ± 3.03 4.56 ± 0.10
Data Quality 97.14 ± 0.50 4.43 ± 0.10

εtotal 4.43 ± 0.10

Table A.1.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

e+jets events for the 175/135 mass point. Only statistical uncertainties are in-
cluded.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

46561
≥4 good jets 18669 40.10 ± 0.23 40.10 ± 0.23
Leading jet cut 17470 93.58 ± 0.18 37.52 ± 0.22
Loose muon 6749 38.63 ± 0.37 14.49 ± 0.16
Z muon veto 6749 100 14.49 ± 0.16
2nd muon veto 6749 100 14.49 ± 0.16
Electron veto 6743 99.91 ± 0.04 14.48 ± 0.16
Vertex selection 6633 98.37 ± 0.15 14.25 ± 0.16
6ET 5541 83.54 ± 0.46 11.90 ± 0.15
Triangle selection 5113 92.28 ± 0.36 10.98 ± 0.15
Tight muon 4266 83.43 ± 0.52 9.16 ± 0.13

Trigger probability 84.45 ± 0.20 7.74 ± 0.11
κµ ID× acc× cosmic veto 97.22 ± 0.16 7.53 ± 0.11
κµ track 91.80 ± 0.08 6.92 ± 0.10
κµ isolation 100.20 ± 0.01 6.94 ± 0.10
κb−fragmentation 98.32 ± 1.14 6.80 ± 0.13

≥1 b-tag 57.35 ± 0.88 3.90 ± 0.09
Hitfit convergence 94.35 ± 3.16 3.68 ± 0.09
Data Quality 97.14 ± 0.50 3.57 ± 0.08

εtotal 3.57 ± 0.08

Table A.2.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

µ+jets events for the 175/135 mass point. Only statistical uncertainties are in-
cluded.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

40448
≥4 good jets 13993 34.60 ± 0.24 34.60 ± 0.24
Leading jet cut 13182 94.20 ± 0.20 32.59 ± 0.23
Loose electron 4833 36.66 ± 0.42 11.95 ± 0.16
Muon veto 4832 99.98 ± 0.02 11.95 ± 0.16
2nd electron veto 4831 99.98 ± 0.02 11.94 ± 0.16
Vertex selection 4745 98.21 ± 0.19 11.73 ± 0.16
6ET 4257 89.72 ± 0.44 10.52 ± 0.15
Triangle selection 3972 93.31 ± 0.38 9.82 ± 0.15
Tight electron 3510 88.37 ± 0.51 8.68 ± 0.14

Trigger probability 95.97 ± 0.06 8.33 ± 0.13
κelectron reco, ID 98.50 ± 0.02 8.20 ± 0.13
κelectron likelihood 89.04 ± 0.08 7.31 ± 0.12
κb−fragmentation 98.19 ± 1.26 7.18 ± 0.15

≥1 b-tag 58.36 ± 1.05 4.19 ± 0.11
Hitfit convergence 91.51 ± 3.67 3.83 ± 0.11
Data Quality 97.14 ± 0.50 3.72 ± 0.10

εtotal 3.72 ± 0.10

Table A.3.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

e+jets events for the 175/120 mass point. Only statistical uncertainties are in-
cluded.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

40658
≥4 good jets 14039 34.53 ± 0.24 34.53 ± 0.24
Leading jet cut 13175 93.85 ± 0.20 32.40 ± 0.23
Loose muon 4584 34.79 ± 0.42 11.27 ± 0.16
Z muon veto 4584 100 11.27 ± 0.16
2nd muon veto 4584 100 11.27 ± 0.16
Electron veto 4578 99.87 ± 0.05 11.26 ± 0.16
Vertex selection 4497 98.23 ± 0.20 11.06 ± 0.16
6ET 3820 84.95 ± 0.53 9.40 ± 0.15
Triangle selection 3501 91.65 ± 0.45 8.61 ± 0.14
Tight muon 2894 82.66 ± 0.64 7.12 ± 0.13

Trigger probability 84.97 ± 0.23 6.05 ± 0.11
κµ ID× acc× cosmic veto 97.37 ± 0.19 5.90 ± 0.11
κµ track 91.82 ± 0.10 5.42 ± 0.10
κµ isolation 100.20 ± 0.02 5.43 ± 0.10
κb−fragmentation 98.91 ± 1.40 5.37 ± 0.12

≥1 b-tag 61.14 ± 1.16 3.28 ± 0.10
Hitfit convergence 91.04 ± 4.02 2.99 ± 0.09
Data Quality 97.14 ± 0.50 2.90 ± 0.09

εtotal 2.90 ± 0.09

Table A.4.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

µ+jets events for the 175/120 mass point. Only statistical uncertainties are in-
cluded.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

36722
≥4 good jets 12837 34.96 ± 0.25 34.96 ± 0.25
Leading jet cut 12277 95.64 ± 0.18 33.43 ± 0.25
Loose electron 3996 32.55 ± 0.42 10.88 ± 0.16
Muon veto 3996 100 10.88 ± 0.16
2nd electron veto 3996 100 10.88 ± 0.16
Vertex selection 3920 98.10 ± 0.22 10.67 ± 0.16
6ET 3503 89.36 ± 0.49 9.54 ± 0.15
Triangle selection 3174 90.61 ± 0.49 8.64 ± 0.15
Tight electron 2802 88.28 ± 0.57 7.63 ± 0.14

Trigger probability 95.87 ± 0.07 7.31 ± 0.13
κelectron reco, ID 98.49 ± 0.02 7.20 ± 0.13
κelectron likelihood 88.94 ± 0.09 6.41 ± 0.12
κb−fragmentation 94.13 ± 1.41 6.02 ± 0.14

≥1 b-tag 61.34 ± 1.18 3.69 ± 0.11
Hitfit convergence 89.33 ± 4.01 3.30 ± 0.10
Data Quality 97.14 ± 0.50 3.20 ± 0.10

εtotal 3.20 ± 0.10

Table A.5.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

e+jets events for the 175/105 mass point. Only statistical uncertainties are in-
cluded.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

37001
≥4 good jets 12724 34.39 ± 0.25 34.39 ± 0.25
Leading jet cut 12209 95.95 ± 0.18 33.00 ± 0.24
Loose muon 3890 31.86 ± 0.42 10.51± 0.16
Z muon veto 3890 100 10.51 ± 0.16
2nd muon veto 3890 100 10.51 ± 0.16
Electron veto 3888 99.95 ± 0.04 10.51 ± 0.16
Vertex selection 3831 98.53 ± 0.19 10.35 ± 0.16
6ET 3228 84.26 ± 0.59 8.72 ± 0.15
Triangle selection 2881 89.25 ± 0.55 7.79 ± 0.14
Tight muon 2335 81.05 ± 0.73 6.31 ± 0.13

Trigger probability 85.66 ± 0.25 5.41 ± 0.11
κµ ID× acc× cosmic veto 97.22 ± 0.21 5.26 ± 0.11
κµ track 91.46 ± 0.10 4.82 ± 0.10
κµ isolation 100.19 ± 0.02 4.83 ± 0.10
κb−fragmentation 98.10 ± 1.55 4.72 ± 0.12

≥1 b-tag 60.39 ± 1.30 2.85 ± 0.09
Hitfit convergence 88.07 ± 4.37 2.51 ± 0.09
Data Quality 97.14 ± 0.50 2.44 ± 0.09

εtotal 2.44 ± 0.09

Table A.6.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

µ+jets events for the 175/105 mass point. Only statistical uncertainties are in-
cluded.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

52505
≥4 good jets 15332 29.20 ± 0.20 29.20 ± 0.20
Leading jet cut 13569 88.50 ± 0.26 25.84 ± 0.19
Loose electron 4669 34.41 ± 0.41 8.89 ± 0.12
Muon veto 4669 100 8.89 ± 0.12
2nd electron veto 4668 99.98 ± 0.02 8.89 ± 0.12
Vertex selection 4579 98.09 ± 0.20 8.72 ± 0.12
6ET 4076 89.02 ± 0.46 7.76 ± 0.12
Triangle selection 3771 92.52 ± 0.41 7.18 ± 0.11
Tight electron 3299 87.48 ± 0.54 6.28 ± 0.11

Trigger probability 95.51 ± 0.08 6.00 ± 0.10
κelectron reco, ID 98.51 ± 0.02 5.91 ± 0.10
κelectron likelihood 89.05 ± 0.08 5.27 ± 0.09
κb−fragmentation 98.59 ± 1.31 5.19 ± 0.11

≥1 b-tag 54.40 ± 1.09 2.82 ± 0.08
Hitfit convergence 91.63 ± 3.96 2.59 ± 0.08
Data Quality 97.14 ± 0.50 2.51 ± 0.08

εtotal 2.51 ± 0.08

Table A.7.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

e+jets events for the 160/120 mass point. Only statistical uncertainties are in-
cluded.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

52379
≥4 good jets 15029 28.69 ± 0.20 28.69 ± 0.20
Leading jet cut 13308 88.55 ± 0.26 25.41 ± 0.19
Loose muon 4565 34.30 ± 0.41 8.72 ± 0.12
Z muon veto 4564 99.98 ± 0.02 8.71 ± 0.12
2nd muon veto 4563 99.98 ± 0.02 8.71 ± 0.12
Electron veto 4556 99.85 ± 0.06 8.70 ± 0.12
Vertex selection 4479 98.31 ± 0.19 8.55 ± 0.12
6ET 3743 83.57 ± 0.55 7.15 ± 0.11
Triangle selection 3424 91.48 ± 0.46 6.54 ± 0.11
Tight muon 2804 81.89 ± 0.66 5.35 ± 0.10

Trigger probability 83.44 ± 0.26 4.47 ± 0.08
κµ ID× acc× cosmic veto 97.32 ± 0.18 4.35 ± 0.08
κµ track 91.56 ± 0.10 3.98 ± 0.07
κµ isolation 100.22 ± 0.02 3.99 ± 0.07
κb−fragmentation 91.97 ± 1.41 3.68 ± 0.09

≥1 b-tag 55.83 ± 1.23 2.05 ± 0.07
Hitfit convergence 89.24 ± 4.36 1.83 ± 0.06
Data Quality 97.14 ± 0.50 1.78 ± 0.06

εtotal 1.78 ± 0.06

Table A.8.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

µ+jets events for the 160/120 mass point. Only statistical uncertainties are in-
cluded.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

51718
≥4 good jets 16139 31.21 ± 0.20 31.21 ± 0.20
Leading jet cut 14832 91.90 ± 0.22 28.68 ± 0.20
Loose electron 4649 31.34 ± 0.38 8.99 ± 0.13
Muon veto 4649 100 8.99 ± 0.13
2nd electron veto 4648 99.98 ± 0.02 8.99 ± 0.13
Vertex selection 4586 98.67 ± 0.17 8.87 ± 0.13
6ET 3984 86.87 ± 0.50 7.70 ± 0.12
Triangle selection 3605 90.49 ± 0.47 6.97 ± 0.11
Tight electron 3218 89.26 ± 0.52 6.22 ± 0.11

Trigger probability 95.32 ± 0.09 5.93 ± 0.10
κelectron reco, ID 98.50 ± 0.02 5.84 ± 0.10
κelectron likelihood 89.01 ± 0.08 5.20 ± 0.09
κb−fragmentation 98.75 ± 1.31 5.13 ± 0.11

≥1 b-tag 56.02 ± 1.10 2.87 ± 0.08
Hitfit convergence 90.43 ± 3.88 2.60 ± 0.08
Data Quality 97.14 ± 0.50 2.52 ± 0.08

εtotal 2.52 ± 0.08

Table A.9.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

e+jets events for the 160/105 mass point. Only statistical uncertainties are in-
cluded.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

51765
≥4 good jets 15425 29.80 ± 0.20 29.80 ± 0.20
Leading jet cut 14255 92.41 ± 0.21 27.54 ± 0.20
Loose muon 4426 31.05 ± 0.39 8.55 ± 0.12
Z muon veto 4425 99.98 ± 0.02 8.55 ± 0.12
2nd muon veto 4425 100 8.55 ± 0.12
Electron veto 4423 99.95 ± 0.03 8.54 ± 0.12
Vertex selection 4352 98.39 ± 0.19 8.41 ± 0.12
6ET 3559 81.78 ± 0.59 6.88 ± 0.11
Triangle selection 3158 88.73 ± 0.53 6.10 ± 0.11
Tight muon 2582 81.76 ± 0.69 4.99 ± 0.10

Trigger probability 84.33 ± 0.25 4.21 ± 0.08
κµ ID× acc× cosmic veto 97.42 ± 0.20 4.10 ± 0.08
κµ track 91.60 ± 0.10 3.76 ± 0.07
κµ isolation 100.20 ± 0.02 3.77 ± 0.07
κb−fragmentation 99.71 ± 1.49 3.75 ± 0.09

≥1 b-tag 57.75 ± 1.24 2.17 ± 0.07
Hitfit convergence 89.97 ± 4.32 1.95 ± 0.07
Data Quality 97.14 ± 0.50 1.89 ± 0.06

εtotal 1.89 ± 0.06

Table A.10.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

µ+jets events for the 160/105 mass point. Only statistical uncertainties are in-
cluded.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

53060
≥4 good jets 13697 25.81 ± 0.19 25.81 ± 0.19
Leading jet cut 11674 85.23 ± 0.30 22.00 ± 0.18
Loose electron 3353 28.72 ± 0.42 6.32 ± 0.11
Muon veto 3352 99.97 ± 0.03 6.32 ± 0.11
2nd electron veto 3352 100 6.32 ± 0.11
Vertex selection 3306 98.63 ± 0.20 6.23 ± 0.11
6ET 2853 86.30 ± 0.60 5.38 ± 0.10
Triangle selection 2579 90.40 ± 0.55 4.86 ± 0.09
Tight electron 2263 87.75 ± 0.65 4.26 ± 0.09

Trigger probability 95.17 ± 0.10 4.06 ± 0.08
κelectron reco, ID 98.51 ± 0.02 4.00 ± 0.08
κelectron likelihood 89.18 ± 0.10 3.57 ± 0.07
κb−fragmentation 96.79 ± 1.58 3.44 ± 0.09

≥1 b-tag 54.40 ± 1.33 1.88 ± 0.07
Hitfit convergence 90.30 ± 4.77 1.69 ± 0.06
Data Quality 97.14 ± 0.50 1.64 ± 0.06

εtotal 1.64 ± 0.06

Table A.11.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

e+jets events for the 145/105 mass point. Only statistical uncertainties are in-
cluded.
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Selection or κ Events left Exclusive selection Cumulative selection
efficiency[%] efficiency[%]

52806
≥4 good jets 13073 24.76 ± 0.19 24.76 ± 0.19
Leading jet cut 11200 85.67 ± 0.31 21.21 ± 0.18
Loose muon 3274 29.23 ± 0.43 6.20 ± 0.11
Z muon veto 3274 100 6.20 ± 0.11
2nd muon veto 3274 100 6.20 ± 0.11
Electron veto 3270 99.88 ± 0.06 6.19 ± 0.11
Vertex selection 3208 98.10 ± 0.24 6.08 ± 0.10
6ET 2562 79.86 ± 0.71 4.85 ± 0.09
Triangle selection 2245 87.63 ± 0.65 4.25 ± 0.09
Tight muon 1767 78.71 ± 0.86 3.35 ± 0.08

Trigger probability 82.48 ± 0.35 2.76 ± 0.07
κµ ID× acc× cosmic veto 97.23 ± 0.23 2.69 ± 0.06
κµ track 91.92 ± 0.12 2.47 ± 0.06
κµ isolation 100.21 ± 0.02 2.48 ± 0.06
κb−fragmentation 99.40 ± 1.77 2.46 ± 0.07

≥1 b-tag 54.83 ± 1.52 1.35 ± 0.06
Hitfit convergence 88.29 ± 5.31 1.19 ± 0.06
Data Quality 97.14 ± 0.50 1.16 ± 0.05

εtotal 1.16 ± 0.05

Table A.12.: Preselection efficiencies and corresponding κ factors in % in t̃1
¯̃t1 →

µ+jets events for the 145/105 mass point. Only statistical uncertainties are in-
cluded.
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B. Control Plots

This appendix shows the data-MC agreement in distributions for selected control

variables: pT of the highest pT (leading) jet, η of the leading jet, lepton pT , missing

transverse energy 6ET , W transverse mass and the sphericity of the event. The

variables are shown in both e+jets and µ+jets channel for events with four or

more jets before b-tagging, then after b-tagging and finally in the signal bin after

b-tagging and Hitfit convergence. The signal contribution is not included in the

Monte Carlo distributions, but as an example the corresponding histograms for

the Stop 175/135 mass point are overlaid ten times enhanced.
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Figure B.1.: Comparison of data and MC in the e+jets channel for ≥4 jets,
before b-tagging.
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Figure B.2.: Comparison of data and MC in the µ+jets channel for ≥4 jets,
before b-tagging.



B. Control Plots 144

[GeV]
T

p
0 50 100 150 200 250

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

 of reconstructed leading jet
T

p

[GeV]
T

p
0 50 100 150 200 250

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

 of reconstructed leading jet
T

p

η
-3 -2 -1 0 1 2 3

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

 of reconstructed leading jetη

η
-3 -2 -1 0 1 2 3

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

 of reconstructed leading jetη

[GeV]
T

p
0 50 100 150 200 250

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

35

40

45

 of lepton
T

p

[GeV]
T

p
0 50 100 150 200 250

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

35

40

45

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

 of lepton
T

p

MET[GeV]
0 20 40 60 80 100 120 140 160 180 200

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

35
T

Missing E

MET[GeV]
0 20 40 60 80 100 120 140 160 180 200

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

35

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

T
Missing E

(W)[GeV]TM
0 20 40 60 80 100 120 140 160 180 200

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

W Transverse Mass

(W)[GeV]TM
0 20 40 60 80 100 120 140 160 180 200

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

W Transverse Mass

Sphericity
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

# 
o

f 
en

tr
ie

s

0

2

4

6

8

10

12

14

16

18

20

22

24

Sphericity

Sphericity
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

# 
o

f 
en

tr
ie

s

0

2

4

6

8

10

12

14

16

18

20

22

24

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

Sphericity

Figure B.3.: Comparison of data and MC in the e+jets channel for ≥4 jets, after
b-tagging.
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Figure B.4.: Comparison of data and MC in the µ+jets channel for ≥4 jets,
after b-tagging.



B. Control Plots 146

[GeV]
T

p
0 50 100 150 200 250

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

 of reconstructed leading jet
T

p

[GeV]
T

p
0 50 100 150 200 250

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

 of reconstructed leading jet
T

p

η
-3 -2 -1 0 1 2 3

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

 of reconstructed leading jetη

η
-3 -2 -1 0 1 2 3

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

 of reconstructed leading jetη

[GeV]
T

p
0 50 100 150 200 250

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

35

40

45

 of lepton
T

p

[GeV]
T

p
0 50 100 150 200 250

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

35

40

45

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

 of lepton
T

p

MET[GeV]
0 20 40 60 80 100 120 140 160 180 200

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

T
Missing E

MET[GeV]
0 20 40 60 80 100 120 140 160 180 200

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

T
Missing E

(W)[GeV]TM
0 20 40 60 80 100 120 140 160 180 200

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

W Transverse Mass

(W)[GeV]TM
0 20 40 60 80 100 120 140 160 180 200

# 
o

f 
en

tr
ie

s

0

5

10

15

20

25

30

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

W Transverse Mass

Sphericity
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

# 
o

f 
en

tr
ie

s

0

2

4

6

8

10

12

14

16

18

20

Sphericity

Sphericity
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

# 
o

f 
en

tr
ie

s

0

2

4

6

8

10

12

14

16

18

20

data
stop x10
(175/135)
ttbar
Wbb
Wcc
Wlp
Z+jets
singletop
diboson
QCD

-1913 pb

 PreliminaryOD

Sphericity

Figure B.5.: Comparison of data and MC in the e+jets channel for ≥4 jets, after
b-tagging and after obtaining convergence in Hitfit.
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Figure B.6.: Comparison of data and MC in the µ+jets channel for ≥4 jets,
after b-tagging and after obtaining convergence in Hitfit.
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C. Likelihood Discriminant

This appendix shows the complete set of plots for all t̃1
¯̃t1 signal mass points related

to the likelihood discriminant.

C.1. Variables for Discriminating Signal from

Background

First the input variables are displayed as comparison between the t̃1
¯̃t1, tt̄, and

W+jets samples. For details about the variables, refer to Section 6.3.1.
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Figure C.1.: Input variables for the 175/135 mass point in the e+jets channel.
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Figure C.2.: Input variables for the 175/135 mass point in the µ+jets channel.
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Figure C.3.: Input variables for the 175/120 mass point in the e+jets channel.
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Figure C.4.: Input variables for the 175/120 mass point in the µ+jets channel.
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Figure C.5.: Input variables for the 175/105 mass point in the e+jets channel.
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Figure C.6.: Input variables for the 175/105 mass point in the µ+jets channel.
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Figure C.7.: Input variables for the 160/120 mass point in the e+jets channel.
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Figure C.8.: Input variables for the 160/120 mass point in the µ+jets channel.
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Figure C.9.: Input variables for the 160/105 mass point in the e+jets channel.
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Figure C.10.: Input variables for the 160/105 mass point in the µ+jets channel.
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Figure C.11.: Input variables for the 145/105 mass point in the e+jets channel.
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Figure C.12.: Input variables for the 145/105 mass point in the µ+jets channel.
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C.2. Comparison of Input Variables in Data and

MC

This section shows the data-MC agreement of the input variables for the likelihood

discriminants for each mass point in the signal jet multiplicity bin with four or more

jets after b-tagging and after Hitfit convergence. The signal contribution is not

included in the Monte Carlo distributions, but as an example the corresponding

histograms for the 175/135 mass point are overlaid ten times enhanced. For details

about the variables, refer to Section 6.3.1.
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Figure C.13.: Input variables used in the likelihood discriminants in data and
MC in the e+jets channel.
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Figure C.14.: Input variables used in the likelihood discriminants in data and
MC in the e+jets channel.
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Figure C.15.: Input variables used in the likelihood discriminants in data and
MC in the µ+jets channel.
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Figure C.16.: Input variables used in the likelihood discriminants in data and
MC in the µ+jets channel.
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C.3. Likelihood Discriminant

In this section the resulting likelihood discriminant distributions for each mass

point as a comparison between t̃1
¯̃t1 signal, the tt̄ background, and the W+jets

background as well as a comparison between the Monte Carlo prediction and the

data are shown. For details about the construction of the likelihood discriminant,

refer to Section 6.3.2.
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Figure C.17.: Likelihood discriminants in the e+jets channel for different mass
points. Top: Stop 175/135, middle: Stop 175/120, bottom: Stop 175/105.
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Figure C.18.: Likelihood discriminants in the e+jets channel for different mass
points. Top: Stop 160/120, middle: Stop 160/105, bottom: Stop 145/105.
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Figure C.19.: Likelihood discriminants in the µ+jets channel for different mass
points. Top: Stop 175/135, middle: Stop 175/120, bottom: Stop 175/105.
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Figure C.20.: Likelihood discriminants in the µ+jets channel for different mass
points. Top: Stop 160/120, middle: Stop 160/105, bottom: Stop 145/105.
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D. Posterior Probabilities

This appendix shows the posterior probability funtions. The first part is dedicated

to the expected ones that are extracted on a Monte Carlo sample with no signal

conribution, and the second part to the observed ones measured on data. For each

part there are two sets of plots. The first set shows the posterior probabilities as a

function of the t̃1
¯̃t1 cross section, and the tt̄ cross section is fixed to its theoretical

value of 6.77 pb. The red solid line and number in each plot indicate the 95%

confidence level limit. The second set of plots shows the posterior probabilities as

a function of both the t̃1
¯̃t1 cross section and as a function of the tt̄ cross section.

In the latter case the red line indicates the most probable value for the tt̄ cross

section and the blue lines mark the 1σ band around it.

D.1. Expected Posterior Probabilities

The following plots show the expected posterior probabilities measured on a Monte

Carlo sample with no signal contribution.
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Figure D.1.: Expected posterior probability as a function of the t̃1
¯̃t1 cross section

for the 175/135 mass point.

[pb]σ
0 2 4 6 8 10 12 14 16

P
o

st
er

io
r 

P
ro

b
ab

ili
ty

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
e+jets

6.36 pb

DØ Preliminary
e+jets

[pb]σ
0 2 4 6 8 10 12 14 16

P
o

st
er

io
r 

P
ro

b
ab

ili
ty

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
+jetsµ

7.72 pb

DØ Preliminary
+jetsµ

[pb]σ
0 2 4 6 8 10 12 14 16

P
o

st
er

io
r 

P
ro

b
ab

ili
ty

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
combined

4.97 pb

DØ Preliminarycombined

Figure D.2.: Expected posterior probability as a function of the t̃1
¯̃t1 cross section

for the 175/120 mass point.



D. Posterior Probabilities 170

[pb]σ
0 2 4 6 8 10 12 14 16

P
o

st
er

io
r 

P
ro

b
ab

ili
ty

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
e+jets

6.85 pb

DØ Preliminary
e+jets

[pb]σ
0 2 4 6 8 10 12 14 16

P
o

st
er

io
r 

P
ro

b
ab

ili
ty

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
+jetsµ

7.55 pb

DØ Preliminary
+jetsµ

[pb]σ
0 2 4 6 8 10 12 14 16

P
o

st
er

io
r 

P
ro

b
ab

ili
ty

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
combined

5.16 pb

DØ Preliminarycombined

Figure D.3.: Expected posterior probability as a function of the t̃1
¯̃t1 cross section

for the 175/105 mass point.
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Figure D.4.: Expected posterior probability as a function of the t̃1
¯̃t1 cross section

for the 160/120 mass point.
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Figure D.5.: Expected posterior probability as a function of the t̃1
¯̃t1 cross section

for the 160/105 mass point.
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Figure D.6.: Expected posterior probability as a function of the t̃1
¯̃t1 cross section

for the 145/105 mass point.
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Figure D.7.: Expected posterior probability for the 175/135 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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Figure D.8.: Expected posterior probability for the 175/120 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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Figure D.9.: Expected posterior probability for the 175/105 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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Figure D.10.: Expected posterior probability for the 160/120 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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Figure D.11.: Expected posterior probability for the 160/105 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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Figure D.12.: Expected posterior probability for the 145/105 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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D.2. Observed Posterior Probabilities

The following plots show the observed posterior probabilities measured on data.
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Figure D.13.: Observed posterior probability as a function of the t̃1
¯̃t1 cross

section for the 175/135 mass point.
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Figure D.14.: Observed posterior probability as a function of the t̃1
¯̃t1 cross

section for the 175/120 mass point.
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Figure D.15.: Observed posterior probability as a function of the t̃1
¯̃t1 cross

section for the 175/105 mass point.
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Figure D.16.: Observed posterior probability as a function of the t̃1
¯̃t1 cross

section for the 160/120 mass point.
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Figure D.17.: Observed posterior probability as a function of the t̃1
¯̃t1 cross

section for the 160/105 mass point.
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Figure D.18.: Observed posterior probability as a function of the t̃1
¯̃t1 cross

section for the 145/105 mass point.
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Figure D.19.: Observed posterior probability for the 175/135 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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Figure D.20.: Observed posterior probability for the 175/120 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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Figure D.21.: Observed posterior probability for the 175/105 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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Figure D.22.: Observed posterior probability for the 160/120 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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Figure D.23.: Observed posterior probability for the 160/105 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.
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Figure D.24.: Observed posterior probability for the 145/105 mass point. Top:

as a function of the t̃1
¯̃t1 cross section, bottom: as a function of the tt̄ cross section.



187

E. Results of Ensemble Tests

This appendix displays the results of the ensemble tests for all signal mass points.

The first set of plots shows the distributions of the measured limits in the pseudo

datasets without any signal content. The second set shows the distributions of

the measured cross sections in the pseudo datasets with ten times the theoretical

signal content.
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Figure E.1.: Results for limits in experiments with no signal content for the
175/135 mass point. The expected limit is shown as solid blue line, the observed
limit is shown as dashed red line.
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Figure E.2.: Results for limits in experiments with no signal content for the
175/120 mass point. The expected limit is shown as solid blue line, the observed
limit is shown as dashed red line.
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Figure E.3.: Results for limits in experiments with no signal content for the
175/105 mass point. The expected limit is shown as solid blue line, the observed
limit is shown as dashed red line.
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Figure E.4.: Results for limits in experiments with no signal content for the
160/120 mass point. The expected limit is shown as solid blue line, the observed
limit is shown as dashed red line.
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Figure E.5.: Results for limits in experiments with no signal content for the
160/105 mass point. The expected limit is shown as solid blue line, the observed
limit is shown as dashed red line.
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Figure E.6.: Results for limits in experiments with no signal content for the
145/105 mass point. The expected limit is shown as solid blue line, the observed
limit is shown as dashed red line.
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Figure E.7.: Results for cross sections in experiments when the theoretical signal
content for the 175/135 mass point is raised by a factor of ten. The input cross
section is shown as purple line.
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Figure E.8.: Results for cross sections in experiments when the theoretical signal
content for the 175/120 mass point is raised by a factor of ten. The input cross
section is shown as purple line.
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Figure E.9.: Results for cross sections in experiments when the theoretical signal
content for the 175/105 mass point is raised by a factor of ten. The input cross
section is shown as purple line.
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Figure E.10.: Results for cross sections in experiments when the theoretical
signal content for the 160/120 mass point is raised by a factor of ten. The input
cross section is shown as purple line.

 [pb]σ
0 5 10 15 20 25 30 35

# 
o

f 
en

tr
ie

s

0

2

4

6

8

10

12

14

16

18

20

22
e+jets

DØ Preliminary
e+jets

 [pb]σ
0 5 10 15 20 25 30 35

# 
o

f 
en

tr
ie

s

0

2

4

6

8

10

12

+jetsµ
DØ Preliminary

+jetsµ

 [pb]σ
0 5 10 15 20 25 30 35

# 
o

f 
en

tr
ie

s

0

2

4

6

8

10

12

14

16

18

combined DØ Preliminarycombined

Figure E.11.: Results for cross sections in experiments when the theoretical
signal content for the 160/105 mass point is raised by a factor of ten. The input
cross section is shown as purple line.
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Figure E.12.: Results for cross sections in experiments when the theoretical
signal content for the 145/105 mass point is raised by a factor of ten. The input
cross section is shown as purple line.


