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ABSTRACT

UNCOVERING THE SINGLE TOP:
OBSERVATION OF ELECTROWEAK QUARK TOP PRODUCTION

By

Jorge Armando Benitez

The top quark is generally produced in quark and anti-quark pairs. However, the
Standard Model also predicts the production of only one top quark which is mediated
by the electroweak interaction, known as “Single Top.” Single Top quark production is
important because it provides a unique and direct way to measure the CKM matrix
element Vyp, and can be used to explore physics possibilities beyond the Standard
Model predictions.

This dissertation presents the results of the observation of Single Top using 2.3
fb~1 of Data collected with the DO detector at the Fermilab Tevatron collider. The
analysis includes the Single Top muon+jets and electron+jets final states and employs
Boosted Decision Tress as a method to separate the signal from the background. The

resulting Single Top cross section measurement is:
_ 0.95
o(pp — th+ X, tgb + X) = 3.74 T3] pb, (1)

where the errors include both statistical and systematic uncertainties. The probability
to measure a cross section at this value or higher in the absence of signal is p =
1.9 x 1075, This corresponds to a standard deviation Gaussian equivalence of 4.6.
When combining this result with two other analysis methods, the resulting cross

section measurement is:

o(pp — th+ X, tgb+ X) = 3.94 £ 0.88 pb, (2)

and the corresponding measurement significance is 5.0 standard deviations.
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Chapter 1

Introduction

The Standard Model of elementary particles has been successful at describing the
building blocks of nature and their interactions. The top quark is the currently
heaviest component of the Standard Model. With a mass close to that of a gold
atom, the top quark was theoretically predicted in 1973 [26], but it was not until
1995 that it was discovered at the Tevatron collider at Fermilab. Fermilab is the
only place in the world where top quark physics studies can be made, and where
the production of top quarks, by means of the electroweak interaction, was recently
announced [27, 28].

Electroweak top quark production is also known as “Single Top” because only one
top quark is produced in the final state. Single Top serves as an important validation
tool for the Standard Model as well as a window to new physics. In addition, Single
Top is one of the backgrounds for many reactions including the missing particle of
the Standard Model, the Higgs boson. There are various computational challenges
related to Single Top searches, including advanced techniques to separate small sig-
nals from difficult-to-discriminate backgrounds. This will be a common task during
future analyses in the experiments at the Large Hadron Collider (LHC). To properly
“observe” the interactions that take place at Fermilab, a complex detection system

is required. Fermilab has two main detector systems, CDF and D@. The analysis



presented in this dissertation accounts for the seach for Single Top with the latter.

In the past five years at D@, Single Top has been the subject of many doctoral
dissertations [29, 30, 31, 32, 33, 34, 35, 36] and more recently [37, 38, 39]. This disser-
tation continues from this previous work and presents the results of the research I con-
ducted, together with D collaborators at Fermilab, that led to the ground-breaking
discovery of Single Top production. For Single Top, the signal-over-background ratio
is of the order of 10_3, thereby requiring that all the possible information from known
well-modelled variables be obtained. In this study, I use the multivariate technique
known as Boosted Decision Trees (BDT) to analyze Single Top signal. A decision
tree (DT) is an algorithm that can be used to classify events as signal or background,
and is built by recursively splitting a sample into two disjointed subsets. Each split
is based on a selection cut that maximizes the signal-to-background ratio of the re-
sulting subsets. The separation generated by the DT is then enlarged by a technique
called Boosting, for which a series of trees is generated that increasingly gives more
importance to events that are difficult to classify.

The Single Top signal and its backgrounds are modeled using Monte Carlo tech-
niques. This modeling is based on the current particle physics theory, which also
includes a complete simulation of the particles interaction with the detector. All of
the BDT training is performed using the Monte Carlo samples, while the collected
data in the detector is only used in the final measurements.

This dissertation is organized as follows: Chapter 2 gives the theoretical grounds
for Single Top quark production; Chapter 3 presents some of the work I completed,
together with the theory group at Michigan State University, where the influence
of NLO correction to the Single Top kinematical distributions and cross section are
explored; Chapter 4 introduces the experimental facilities at Fermilab and the DO de-
tector; Chapter 5 presents a discussion on particle identification using the available

experimental tools; Chapter 6 contains a description of the data and the Monte Carlo



samples used in the Single Top analysis together with the corrections applied to them:;
Chapter 7 describes the selection cuts applied to the Single Top samples and illus-
trates the agreement between the simulations and the data; Chapter 8 provides an
explanation on Decision Tress, Boosting, and BDT optimization studies; Chapter 9
presents the uncertainties taken into consideration in the analysis, the measurements
of the Single Top cross section, the V; matrix element, as well as the significance of
the cross section measurement and Chapter 10 summarizes the results of the analysis
and provides a future outlook for Single Top.

Both the Data and the Monte Carlo go through a very intricate processing proce-
dure before they are used in any multivariate technique (such procedure is outlined
in the flow chart in Figure 1.1). The flow chart allows us to visualize where in the
processing of the samples all the corrections have relevance, the selection cuts are ap-
plied, and what samples are modified by some procedures and not by others. There
are four main stages in the processing of the data and Monte Carlo. stage 1 is the
processing of the samples into the Common Analysis Framework (CAF) format; stage
2 contains the general selection of the DO V +jets group; stage 3 is the D@ Top group
selection criteria; and the stage 4 consists of the corrections, reweightings, selections,

and scale factors directly related to the D@ Single Top group.



Single Top analysis Data and Monte Carlo processing chain

Stage E'\MTT?LTSIS\:\?G& Wajets || Z+jets, diboson tb and tgb
1 TMB data files Alpgen MC || Aipgen/Pythia MC CompHEP MC
C Run tmb_analyze (Common Samples Group) )
I | |
Stage W+j ets Z+jets, dibosons tb and tgb
29 Data CAF trees | iy CAF trees MC CAF trees MC CAF trees
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data qul?/:g/_ gg;[rseéﬁgﬁgergy scal Run vjets_cafe (V+Jets Group): data quality cuts,
duplicate event removal, particle ID, lepton ID correction

(tight lepton 1D ) (ultraloose lepton ID){  factors, lumi reweighting, PV z reweighting, jet energy
Signal data QCDI data scale, jet shifting and smearing, MET corrections

(Run vjets_cafe (V+Jets Group):

CAF trees CAF trees | | | |

I Run top_cafe (Singletop subgroup):
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D C Apply taggability and tag-rate functions

Apply leading b-tagged jet pT cut
Split samples by Ntags (0,1,2)

(Apply ShEheavy flavor cor'rection)
Split samples into training, testing, and yield sets

Figure 1.1: Flow chart of the stages of processing for data and MC files in the Single
Top analysis.
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Chapter 2

Theory

The particles we know today, and their interactions, have been successfully described
by the Standard Model of Elementary Particles [40, 10, 41, 42]. For many years, scien-
tists have conducted experiments to understand, confirm or contradict the Standard
Model’s predictions.

In 1995, the heaviest particle in the Standard Model was discovered at the Teva-
tron collider at Fermilab. This particle has a mass of approximately 173.1+£1.3 GeV/ 2
[43] and is now known as the “top quark” [44, 45].

C.P- Yuan et al [46] and S. Willenbrock [47] predicted a particular production
mode of the top quark by means of the electro-weak interaction. This production
mode has been recently observed at the Tevatron [27, 28] and is also known as Single
Top quark production; the name derives from the fact that the top quark is produced

singly rather than in pairs (quark-antiquark). The production of the Single Top quark

is the topic of this dissertation.

2.1 Standard Model

The Standard Model is a non-abelian gauge theory that characterizes the building

blocks of nature and their interaction. The Standard Model is built from the symme-



try group SU(3) x SU(2) x U(1), from which the electroweak and strong forces can
be derived; the gravitational force is not part of the model.

The components of the Standard Model can be grouped into “particles of matter”
and “mediators”: 24 particles of matter, and four mediators. The particles of matter
can be classified into 6 leptons and 6 quarks together with their respective antimatter
partners. All of the matter particles have spin 1/2 while the mediators have spin 1.

Figure 2.1 shows a cartoon representation of all particles and their mediators.

Leptons Quarks
e Ut u, c,t
Voo Vo V, d, s, b

Higgs Boson

Figure 2.1: Summary of the particles and their interactions [8].

All the Standard Model particles are summarized in Table 2.1. The quarks and
the leptons can be grouped into three generations. The first generation contains
the lightest components. In addition, quarks form baryons (3-quark composites, i.e.

protons and neutrons) and mesons (quark-antiquark composites).

The Standard Model explains the interaction of particles by means of the medi-

ators which are exchanged when the interaction occurs. The electromagnetic inter-



Quark Lepton
Generation Flavor Charge Mass [ MeV /c?] Flavor Charge Mass [ MeV/c?
I Up (u) +2/3e 1.5 to 3.0 Electron (e) —e 0.511
Down (d) —1/3e 3.0 to 7.0 Neutrino (v,) 0 <2.0x10°°
11 Charm (¢)  +2/3e 1.25 x 103 Muon (u) —e 0.511
Strange (s) —1/3e 80-130 neutrino (v,) 0 <1.7x107%
11 Top (1) +2/3e 171.4 x 103 Tau (1) —e 1777
Bottom (b) —1/3e 4.7 x 103 Neutrino (v;) 0 <155

Table 2.1: Elementary Particles and their properties; all particles have spin 1/2.
Where, e = 1.602 x 10719 (" is the magnitude of the electron charge [1].

action mediator is the photon, the weak interaction mediators are the W, W™ and

Z gauge bosons, and the gluons mediate the strong interactions. See Table 2.2 for a

summary of the gauge bosons properties.

Force Mediator boson ~Charge  Mass [GeV/c?]

Strong Gluon (g) 0 0

Weak W +e 80.398 £ 0.025

Weak Z 0 91.1876 + 0.0021
ElectroMagnetic Photon (v) 0 0

Table 2.2: Gauge bosons properties [1].

There are a total of 19 free parameters in the SM, most of which have been

established experimentally, Table 2.3.



Parameter

Value

Electron mass (me)

Muon mass (12;,)

Tau mass (mr)

Up quark mass (my,)

Down quark mass (mg)

Strange quark mass (ms)
Charm quark mass (m)
Bottom quark mass (myp)

Top quark mass (my)

CKM element V¢

CKM element V,

CKM element V,,;,

CKM CP-Violating Phase (9)
U(1) gauge coupling a_l(MZ)
SU(2) gauge coupling a’_l(MZ)
SU(3) gauge coupling agl(MZ)
QCD Vacuum Angle (6 p)
Higgs quadratic coupling (u)

Higgs self-coupling strength (\)

are related to g; used later in the text by a; = v

0.510998910 = 0.000000013 MeV /¢
105.658367 % 0.000004 MeV /2
1776.84 & 0.17 MeV /2

1.5 to 3.3 MeV /c?

3.5 to 6.0 MeV /c2

105722 MeV /2

1277097 Gev/c?

4.2070- 07 Gev /c?

173.1 + 1.3 GeV /c?

0.2257 +0.0010

-+0.0010

0.00359 + 0.00016
57° +8.7°

98.70 £ 0.21
30.10 +0.23
9.25+£0.43

0

Unknown

Unknown

Table 2.3: Free parameters of Standard Model [1, 2, 3, 4, 5]. The gauge couplings «;

57



2.1.1 Standard Model Lagrangian
2.1.1.1 Quantum Electrodynamics (QED)

The Lagrangian £ for a massless electromagnetic field A, interacting with a spin-1/2

field ¢ of mass m is given by:
1 -
where F* is the electromagnetic field tensor,

FMV — 0MAV - ayAlu, (22)

and D, is the covariant derivative,

where () is the charge operator and e is the electron charge.
This Lagrangian is invariant under local gauge transformations:
U(x) = U(z)i(), Ap = Ap(x) + po(z), (2.4)

with U(x) = exp(—ieQa(x)), which for infinitesimal a(z):

(x) = (1 —ieQalx)). (2.5)

The invariance implies the conservation of the electric current J, and electric
charge ¢[10]:

Oy Tbm q= / JO B (2.6)



2.1.1.2 SU(2) symmetry

The Lagrangian of an internal symmetry group SU(2), such as the isospin, for spin-1/2
fields v is given by [10]:

L= @E(W”@M —m)y, (2.7)

where v transforms as a doublet in the isospin space, and it is required to be invariant

under infinitesimal local gauge transformations:

(x) = [1—ig afx) - T (u), (2.8)

where a(z) is a vector in isospin space, and T' L is the isospin operator, with the
SU(2) generators as components.

The -field part of the Lagrangian can be made invariant by introducing the
covariant derivative Dy, :

.2

iy~ which transforms as:

given a gauge field W
W(z) = Wy(x) + 0pa(x) + ga(x) x Wy(x). (2.10)

The W-field part of the Lagrangian can be written as:

1
with
WM}/ = a]/Wy — 8]/Wy — gWM X W]/. (212)

LT, = 1/27; where 7; are the Pauli matrices.
2i=1,2,3

10



For each independent generator 7; there is a corresponding gauge field W; M with

the Lagrangian defined as:

1 -
L= —ZWW/WZW + (i Dy — m)y (2.13)

which by requiring invariance under infinitesimal gauge transformations result in the

conservation of the current:

JH = )y Ty + WH x W, (2.14)

is conserved. Although the SU(2) gauge model is a candidate model to explain the
weak interaction, it does not explain the gauge boson masses nor the left-handed
nature of charged currents. Further, the SU(2) model does not unify the weak and
electromagnetic forces. However, it would serve as a building block for the SU(2); x

U(1)y model explained below.

2.1.1.3 SU(2)L X U(l)y

The electromagnetic and weak interactions are unified in the gauge group SU(2) x
U(1)y. The generators for this group are the weak hypercharge Y and the weak
isospin 7', related to the electric charge @ by Q = T3 + Y/2. The electromagnetic
force is characterized by a one-dimensional unitary transformation and the weak
force is described by SU(2). The weak force transforms particles according to their
helicity, such that left-handed components transform as doublets, and right-handed
components as weak isosinglets. See Table 2.4.

The fermion mass term mi¢ is not invariant under SU(2);, for this reason the
fermions in this model are consider massless. Therefore the SU(2); x U(1)y La-

grangian is given by:

11



Field U@R) SU®R) UL | T T3 Q
C L Y
- ur L tr +1/2 +2/3
“r (dL> <3L> <bL) i VO s
UZR UR CR tp 3 1 2/3 0 0 +2/3
diy dp S bp 3 1 -1/3, 0 0 -1/3
i Vel, Yur, VT i +1/2 ¢
“r ( eL ) (ML ) < 7L ) : G RN
ep €R LR TR 1 1 -1 0 0 -1
v, || 'R vRR VTR 0 0 0| 0 0 0

Table 2.4: Standard Model fermion fields and their gauge quantum numbers. T is
the total weak isospin and 73 its third component, and () the electric charge.

1 1

with a separate term for right and left handed fields. The fields v involved in the La-
grangian are shown in Table 2.4. The massless gauge fields are model as an isotriplet
WH for SU(2)y, and a singlet By, for U(1)y. With the field tensor WH defined as
in Equation 2.12, By, = 0, By — 0y By, and the covariant derivative as

1
Dy =0 +ig' Wy T +ig ByY. (2.16)

The Lagrangian is invariant under infinitesimal local gauge transformations for
each SU(2); and U(1)y independently. One must note, however, this electroweak
model does not include the masses of the W= and Z bosons nor the masses of
fermions. The mass problem is solved by the spontaneous symmetry breaking mech-
anism know as the Higgs mechanism, which consists of the introduction of an SU(2)

doublet of scalar fields &:

(2.17)

12



which results in two additional Lagrangian terms: £ Higgs and Ly, kawae- The Higgs
Lagrangian incorporates the kinetic energy of the Higgs field, its gauge interactions,

and the Higgs potential:

ﬁHiggS = (D'uﬁb)TDuﬁb - V() (2.18)
V(@) = —p26To+ Aole)%, (2.19)

where p is a parameter of the Standard Model, the sign of the term is chosen such
that the vacuum expectation value is non-zero, < T >0= v2/2 with v = u/V/\.
Which results in the generation of the gauge bosons masses. The Higgs potential is

shown in Figure 2.2.

NV©@)

Figure 2.2: Higgs potential. The vacuum expectation value is non-zero, spontaneously
breaking the symmetry. This mechanism is in charge of giving the masses to the
Standard Model particles [9, 10].

Without losing generality, one can choose the vacuum state to be:

0
<®>p= : (2.20)

v/V/(2)

and parametrize ¢ as

13



0
O(z) = , (2.21)

(v+ H(2))//(2)

where H(x) is a real field with zero vacuum expectation value. The £ Higgs Can then

be rewritten as:

1 1 2 _ 1 1
LHiggs = 5(0H)2+19/ wtw (U+H)2+§Q%ZZ(’U—I—H)2—V[§(U—|—H)2] (2.22)

2 correspond to the mass terms for the W and Z bosons.

where the terms in v
To unify the electromagnetic and weak interactions, the term ie() A must be con-
tained in the neutral term i(g’ W3, T3 + g%BMY) of the covariant derivative. This

implies that the W3 and B fields are a linear combination of A and another neutral

field Z [42]:

W- cos 0 sin 6 VA
- v v (2.23)

B —sin By cos By A

where 6y, is the electroweak mixing angle. The electroweak model predicts the exis-
tence of four carriers: Wy, Wo, W3 and B. These carriers are related to the physical

gauge bosons in Table 2.2 by:

WE = (W FW)/V2 (2.24)
Z = Wscosbyy — Bsinfy, (2.25)
v = Wscosby — Bsinfy, (2.26)

with corresponding masses:

Myy
cos Oy’

1 1
My = 59Y and My = 592V = and My =0 (2.27)

14



_ (&
where g7 = sin Gyycos Oy
The Ly kawae Lagrangian represents the interactions of the Higgs field with the

fermions, from which the fermion masses can be obtained:

EYuk:awa = FZJ QZLU2¢*UJR - Fzz] szjéﬁdﬁ% — er] EZL¢€]R + h.c., (2.28)

where o9 is the second Pauli matrix, and the coefficients I'y,I'j and T'e are 3 x 3

matrices in the generation space.

2.1.2 Cabibbo-Kobayashi-Maskawa Matrix

The Cabibbo-Kobayashi-Maskawa Matrix or CKM matrix, is a unitary matrix that
relates the physical quark states (mass eigenstates) to the weak interaction genera-
tions (weak force eigenstates), and describes the probability of a transition from one

quark state to another.

d d Via Vus Vi | [ d
S| =Vorm|s| =| Ve Ves V|| s (2.29)

The magnitudes of the matrix elements are obtained experimentally as decribed

in [1]. The current values of these magnitudes are:

0.97419 £0.00022  0.2257 4 0.0010  0.00359 & 0.00016
Vemrx! =] 0.2256+0.0010 0.97334£0.00023  0.0415 © 00019 | (2.30)

+ 0.00026 + 0.000044
0.00874 " 0.00037 0.0407 £ 0.0010  0.999133 0.000043

The V}p, matrix element is particularly of great interest in the Single Top studies.

15



Because a direct measurement of |V;p| can only be performed through the observation
of the Single Top quark. The measurement is carried out based on the Single Top
cross section measurement which is proportional to [Vb|2 [48].

The |Vjp| value presented in Equation 2.30 above is obtained by requiring the
unitarity of the CKM matrix as well the assumption of the existence of three quark
generations and not the direct measurement. The measurement results are shown in

Section 9.7.

2.1.3 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is constructed from the SU(3) symmetry group
and describes the strong interaction of quarks mediated by gluon exchange. The
strong interaction is responsible for binding quarks to form hadrons, and binding
protons and neutrons to form nuclei. The quantum number associated with the
strong interaction is known as “color charge,” [10]. Quarks have one unit of color,
while gluons have one unit of color and one unit of anticolor.

The QCD Lagrangian can be written as:
1 -
L = —ZF(QVFQ,UV + @Dj(WMD?k; — dejk),l?Dk (2.31)

where the indices a, 7 and k refer to the color charge, and D to the covariant derivative:

Dy = 830" + igs(Ta) j4.Ga (2.32)

where Gg are the gluon fields, T}, are the SU(3) generators, g5 is the strong coupling

constant, M ik the quark mass matrix, and Fc’lf Y the gluon field tensor:

Fi" = 0'Gy — 0V Gl — g5 fapcGly G (2.33)

16



fape is defined by the permutation of the SU(3) generators, [T, Tp] = i f peTe-
The strong coupling parameter ag which sets the strength of the interaction, has
the following energy dependence:

as(E) = 93 (E) _ Lom (2.34)

AT gy 2nf In [(%)2} ,

where n f is the number of quark flavors, and A is a scale parameter which is deter-

mined experimentally ( A ~ 200 GeV). This results in a coupling constant that goes
to zero as & — oo, the strength of the interaction decreases with the energy of the
process. At very high energies (short distances), quarks and gluons interact weakly,
whereas at large distances, the interaction increases in strength.

The coupling parameter energy dependence has some implications when a quark
receives a large amount of energy as a result of a high energy collision. As the quark
moves away from the quarks to which it is color-bounded, the color field grows until it
is energetically favorable to produce a quark-antiquark pair. This process is repeated
many times producing a cascade of hadrons that are later reconstructed as jets in the

detector.

2.2 Top Quark

The top quark is a spin-1/2 fermion with electric charge +2/3. The D@ and CDF
experiments have measured the top quark mass to be my = 173.1 £ 0.6(stat) +
1.1(syst) GeV/c? [43].

From its discovery in 1995, until the recent Single Top quark production discovery,
all studies and measurements of the top quark have taken place at the Fermilab
Tevatron collider. At the Tevatron, the top quark is produced dominantly in pairs
tt by means of the strong interaction. Top quarks may be produced through two

different strong interaction processes: the quark-antiquark annihilation (Figure 2.3)

17



and the gluon fusion processes (Figure 2.4). At 1.96 TeV, the ¢t production cross
section is of approximately 7 pb, mainly from contributions from the quark-antiquark

annhilation process: qg — tt [49, 50, 51].

proton

hhl

antiproton

Figure 2.3: Leading Order Feynman for the quark-antiquark annihilation process in
the production of top quark pairs [11].

The Standard Model predicts the top quark to decay in one of the down-type
quarks (u, s or b). The branching fractions are proportional to the diagonal elements

of the CKM matrix [52], Section 2.1.2:
o B(t — W +d) ~ 0.006%,
e B(t = W +5s) = 0.17%,
o B(t — W +1b) ~ 99.8%;

therefore, the top quark decay is expected to be dominated by ¢ — Whb. Then, the

W boson produced by the top quark decays with the following branching ratios:
e BROIW™T — eTue) = 1/9,
e BR(WT — ptu,) =1/9,
e BRWT — 7Tu;) =1/9,

18



g f
g t
g f
g t

«Q

Figure 2.4: Leading Order Feynman for the gluon fusion processes in the production
of top quark pairs [11].

e BR(IW™T — ud) = 3/9, and
e BR(W™ — ¢3) = 3/9.

In the tt case, the possible final products are summarized in the pie chart shown in

Figure 2.5.

At next-to-leading-order (NLO), the Standard Model prediction of the top quark
decay width is [1]:

3 2 \ 2 2 2
FtNGFmt 1_MW 1+2M_W 1_% 27 5 (2.35)
8mv/2 m? m? 3r \ 3 2/|’

where my is the quark top mass. The corresponding lifetime is roughly 1 x 10_253,

L
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Top Pair Branching Fractions

“alljets™ 46%

ttjets 15%

L+jets 15%

] et+jets 15% )
"dileptons™ "lepton+jets™

Figure 2.5: Final states for the top quark pair production, the slide size is proportional
to the branching ratio of each process. The final states can be divided into three
classes: dileptons, leptons+jets, and alljets [11].

which is approximately 20 times smaller than the timescale of strong interactions. As
a consequence, the top quark decays before it has a chance to hadronize, resulting in

a unique opportunity to study a bare quark.

2.3 Single Top

The top quark can also be produced by means of the electroweak interaction, which
in contrast with the strong interaction production, results in one single top quark
rather than a pair. At the Tevatron collider, to Leading Order (LO) there are two

dominant Single Top channels:

e s-channel: produced by a virtual, time-like W boson from a ¢g annihilation,

which then decays into a top and bottom quarks, as shown in Figure 2.6. At
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NLO, the predicted s-channel cross section is 1.12 + 0.05 pb [53]. The s-
channel is sometimes referred as “tb” production, where tb includes both tb and

th states.

W+

Figure 2.6: Leading Order Feynman diagram of the Single Top s-channel production
mode [11].

e t-channel: produced by a vitual, space-like W boson from light and bottom
quark and resulting in a forward scattered light quark and a top quark, as
shown in Figure 2.7. At NLO, the predicted t-channel cross section is 2.34 +
0.13 pb [53]. The t-channel is sometimes referred as “tqb” production, where

tgb includes both tgb and tgb states.

There is an additional production mode in which the Single Top created in association
with an on-shell W boson. However, this channel has too small of a cross section at
the Tevatron energies to be observed.

As mentioned in Section 2.2 above, the top quark decays in W-boson plus a b-
quark. In cases where the W decays hadronically, the Single Top signal will be very
difficult to separate from the overwhelming QCD background. For this reason the
studies presented in this dissertation are limited to the electron and muon leptonic
final states of Single Top. The Feynman diagrams for the Single Top muon final states

are shown in Figure 2.8 for both the s and ¢ channels.
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Figure 2.7: Leading Order Feynman diagram of the Single Top ¢t-channel production
mode [11].

proton

4 q
b
u* 9 ut
W+ v W W+ v
proton t
d
- q + t b
v b g b
A K ; ) b
antiproton p antiproton

Figure 2.8: Single Top quark production and decay. In these diagrams the W-boson
decays leptonically into a muon and a neutrino [11]. The final state for the s-channel
has a b-quark created along with the t-quark, a charged lepton from the W-boson
decay and its respective neutrino. In the ¢-channel case, the main components are
the spectator light quark, the lepton and the neutrino from the W decay, and the

b-quark from the top quark decay.
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2.3.1 Background Processes

The Single Top background processes have the same final state as the Single Top
signal. These backgrounds are characterized to be enormous compared to the signal.

In this analysis, the main backgrounds considered are:

e W bosons produced with multiple jets (some of which could be fragmented
bb quark pairs and therefore lead to legitimate heavy flavor tags), referred as

W+jets,

e radiatively produced jets which either produce bb quark pairs or lead to fake

vertex tags (called “QCD” backgrounds), and

e the production of conventional ¢ quark pairs.

The Leading Order Feynman diagrams for these processes are presented in Fig-

ure 2.9.

2.3.2 DMotivation to study Single Top
2.3.2.1 Measurement of the CKM matrix element 17,

Single Top offers a unique and direct way to measure the element |V}| of the CKM
matrix, Section 2.1.2. The measurement presented in this analysis does not assume
the unitarity of the CKM matrix nor the number of quark families. There are three
main assumptions on the direct measurement of Vjy,. First, the Single Top production
is assumed to include only the electroweak interaction, thereby not considering scenar-
ios beyond the Standard Model. Second, it is assumed that [Vy|2 >> |Vygl? + [Vis|?-
This is experimentally supported by the measurements [54, 55] of the ratio:
Bt — W b) Vip|®

- _ , 2.36
Blt =W aq) [Vl + [Vis|? + [Vip |2 (230
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Figure 2.9: Feynman diagrams for the Single Top background processes. W +jets
(top-left), tt (top-right), and multijets (bottom).
Third, although it is further assumed that the Wtb vertex is CP-conserving and of
the V' — A type, it is allowed to have anomalous strength. The most general Wtb
vertex in the Standard Model is given by:
o 9, —_ L

Dl = =5V wlor) PP wlop) (2.37)
where flL is the left-handed Wtb coupling, and P, is the left-handed projection
operator, Py = (1 —v5)/2. The Single Top cross section is directly proportional to

the square of the effective Wb coupling, from where a measurement of V}; can be

inferred. References [56, 48, 57] present the results of the V}; measurement and a
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more in depth discussion. Section 9.7 contains the results of the V}; measurement

with 2.3 tb™ 1 of DO data.

2.3.2.2 Top quark spin polarization

The Single Top quarks are produced by means of the left-handed electroweak inter-
action, resulting in highly polarized top quarks [58, 59, 60]. Since the the top quark
decays before it has a chance to hadronize, the top quark spin polarization can be
studied in the top quark rest frame through its decay products: ¢t — Wb — [ v b,
12, 61, 7, 6].

When the W is polarized longitudinally: the b-quark moves in the direction oppo-
site to the top quark spin and the W prefers to move in the direction of the top quark
spin. The W decay products prefer to align along the W polarization, and since the
W is boosted in the direction of the spin polarization, the charged lepton prefers to
move along the top quark spin axis, as illustrated in Figure 2.10.

For the case of left-handed W, the b quark moves in the direction of the top quark
spin, and the W in the opposite direction. The right-handed lepton then prefers to
move against the W direction, which corresponds to the same direction as the top
quark polarization, also shown in Figure 2.10.

The angular decay distribution for the charged lepton follows the angular distri-
bution [12]:

1 dr 1
[ dcosh 2

(1+6) (2.38)

where 6 is the angle between the direction of the charged lepton and the top quark
polarization. These angular correlations play an important role when separating the

Single Top signal from the overwhelming background.
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Figure 2.10: Top quark decay and correlation between the charged lepton and the top
quark spin on the top quark rest frame. The large arrows are the preferred direction
of the polarization [12].

2.3.2.3 Physics Beyond the Standard Model

Some of the possible extensions of the Standard Model include: existence of more
than three quark families, additional gauge bosons, extra scalar bosons, and modi-
fied top quark interactions. Each extension affects the structure of the Single Top
quark production, the final state kinematics, and thus the Single Top quark cross
section [12].

In the event of a fourth quark generation, the direct production of such quarks can
be observed through Single Top production ¢f — W* — tb/, where V' is the b-like
quark of the fourth generation and W™ is the mediator gauge boson. This process
is illustrated in Figure 2.11. The associated production cross section will depend on

the magnitude of the W* ¢t/ coupling and the mass of the b'.

q t

q b
Figure 2.11: Single Top production and a fourth generation quark o' [12].

Models like the topflavor [62] predict the existence of additional weak bosons

W' and Z'. In this model Single Top is produced by the exchange of a W/~ boson
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having the same finals states as the Standard Model Single Top production, as shown
in Figure 2.12. The W' + can be study by searching for resonances in the invariant

mass distribution of the W'™ ¢ b system at the MW’i'

q t

q b
Figure 2.12: Single Top production by means of the W’/ + gauge boson.[12].

The Single Top production can also be affected by flavor-changing neutral currents
(FCNC), which are forbidden in the Standard Model. These currents allow the top
quark to have anomalous couplings such as those in Figure 2.13, where the top quark
decays into a gauge boson and a c-quark. The resulting FCNC Single Top production

diagrams are shown in 2.14.

C C C

t t t > K

7))
o
z v O g

@ (b) (©

Figure 2.13: FCNC couplings for the top quark decaying into a c-quark plus a gauge
boson. Similar diagrams are also permitted by FCNC currents for the top quark
decaying into a u-quark.[12].

Summarizing, the Single Top quark production can be used as tool to test Beyond

the Standard Model theories. These theories will permit the understanding of new
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Figure 2.14: LO Feynman diagrams for the Single Top production by means of FCNC,
gc—t Z.[12].

physics phenomena, and also help in the search of new particles such as the Higgs

boson.
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Chapter 3

NLO Studies of Single Top Quark

Production

The Single Top quark production is predicted by the well-confirmed Standard Model.
Which can be considered not only as a tool to test the Standard Model, but also as a
window to physics beyond it. Consequently, accurate calculations are required which
include higher order QCD corrections to make the Single Top distinguishable from
other processes. Such calculations, should not only include effects on the production
cross section, but should also include the event topology of both the production
and decay of the top quark. Therefore, the theoretical calculation can be directly
compared to the experimental findings in the Tevatron collider at Fermilab.

This Chapter presents the NLO corrections effects on the Single Top quark produc-

tion, and the work I conducted, together with the Michigan State University theory

group.

3.1 Event topology

The Single Top s and ¢ channels have common elements in their event signatures as

well as differential features. They both have at least one b-jet, missing transverse
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Figure 3.1: Parton level kinematical distributions for the transverse momentum pp
(a,c) and pseudorapidity 7 (c,d) for final state partons in the s-channel (upper row)
and ¢-channel (lower row) Single Top quark events. The histograms only include the
final state of ¢, not ¢.

energy, and a lepton, but their kinematical distributions have different shapes. More

specifically at the parton level:

e s-channel: there are two b quark jets, one from the top quark decay and one
produced with the top quark itself. As well, there are one high-p7 lepton and
a neutrino. In the detector, the neutrino is represented by missing transverse

energy (MET) coming from the W boson decay. Illustrated in Figure 2.8.

e {-channel: there is one b quark jet from the top quark decay, one light quark
jet recoiling against the top quark, one high-pp lepton, and a neutrino coming
from the W boson decay. In addition, there is a target fragment b quark that

tends to be relatively soft at high rapidity, and collinear to the initial gluon.
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This results in a b-jet that is difficult to observe in the detector. Illustrated in

Figure 2.8.

Figure 3.1 shows some of the parton level distributions for the Single Top final prod-
ucts. Although experimentally is it not possible to determine whether a b jet comes
from the top quark or not, the jet distributions are shown separately for each b jet
for illustrative purposes. The b quark coming from the top quark decay tends to be
central and to have a hard pp spectrum. The lepton from the W decay prefers to
move in the direction of the top quark polarization (see Section 2.3.2.2) which results
in a softer lepton spectrum compared to the neutrino. Also, note the asymmetry on
the light quark n distribution for the ¢ channel, which comes from the nature of the

pp collider.

3.2 NLO calculations

b

S

Figure 3.2: Single Top LO Feynman diagrams for the s and ¢ channels. The symbol
® represents the separation used in the NWA method between the production and
decay of the Single Top.

A complete NLO calculation should include the contributions from top quark
production and decay including the angular correlations of the final state particles to
study the top quark polarization. References [61, 7, 6] present such corrections, at
the order of «(s), using the one scale, space-slicing method together with the Narrow

Width Approximation (NWA).
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The NWA is used to separate the study of Single Top into two stages: production,
and decay, as depicted in Figure 3.2. The two parts can then be related using the po-
larization information of the top quark. In the NLO corrections, there are mainly two
kind of divergences: ultraviolet (UV) and infrared (IR). The ultraviolet divergences
are removed by renormalizating the wave functions. The IR divergences are handled
by considering virtual and real corrections. The Phase Space Slicing (PSS) method
uses the cut off scale parameter s,,;, to separate the phase space into two regions:
the resolved and the unresolved region. The amplitude in the resolved region has no
divergence and can be integrated using Monte Carlo methods. The amplitude in the
unresolved region contains all the soft and colinear divergences and can be integrated

analytically [61].

b b
It It It
U t U t U t
12 12 v
d INIT b d FINAL b d SDEC }
t n t I+ t [+
d v d v d
u LIGHT u HEAVY u TDEC

Figure 3.3: Different contributions to the Single Top NLO corrections, s-channel
(upper row) t-channel (lower row). The black dots indicate the higher order QCD
corrections, both for virtual and real emissions.

The process involved in the NLO calculation can be separated into categories, as

shown in Figure 3.3. For the s-channel:
e INIT: corrections to the initial state of the single top production.
e FINAL: corrections to the final state of the single top production.

e SDEC: corrections to the decay of the top quark.
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For the t-channel:

e LIGHT: corrections in which the gluon is connected to the light quark.
e HEAVY: correction in which the gluon is connected to the heavy quark.
e TDEC: corrections to the top quark decay process.

The contributions to the total cross sections are presented in Table 3.1, the NLO

corrections effect on particular distributions is shown in Section 3.3 below.

s-channel t-channel
Cross NLO Cross NLO
Section Fraction Section Fraction

(fb) (%) (fb) (%)

LO 31.2 65.0 LO 99.2 94.6
INIT 10.7 22.3 LIGHT 5.56 5.31
FINAL 5.5 11.5 HEAVY 1.03 0.98
SDEC 0.57 1.19 TDEC -0.81 -0.77
O(ag) sum 16.8 35.0 O(ag) sum 5.54 5.28
NLO 47.9 100 NLO 104.8 100

Table 3.1: NLO corrections contributions for both s- and ¢-channels for the Single
Top production [6, 7].

3.3 Single Top distributions at NLO

When studying Single Top experimentally, it is necessary to apply selection cuts
to the collected samples to remove unwanted backgrounds. Although no detector
simulations are included in this study, there are some selection criteria applied to

the generated samples that allow comparison of the NLO corrections results with the
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experimental counterparts. In particular, it is required that the events contain one

lepton, MET, two to four jets, and the following cuts:

e Lepton: pp > 15 GeV, | n |< 2.5.
e MET: > 15 GeV.
o All jets: pp > 15 GeV, | n |< 3.0.

e jet conesize: AR = 0.5.

Plots in Figures 3.4 and 3.5 show NLO effect on selected Single Top distributions.
The size of the NLO effect is larger in the s-channel compared to the t-channel.

However, in general, the NLO effect has a very similar shape as LO for both channels.

More specifically, the NLO QCD corrections:

o for the lepton and K (first row of Figures 3.4 and 3.5), have very similar
shapes to the LO distributions. This is explained by the fact that they are not

quark distributions.

o for the b-jets, shift and widen the pp distributions. The peak value moves to
lower values. The b-jet 1 distribution for the s-channel becomes more central,
while the shape for the b-jet 7 remains almost unchanged. The Hp distributions

are broadened as a consequence of the NLO corrections.

e for the t-channel spectator (light) jet, move the pseudorapidity distribution

slightly forward, due to the additional gluon radiation.

3.4 “Lonely Top”

There have been many studies regarding the separation of the Single Top signal from

its overwhelming background. One of these studies, which is referred as “Lonely
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Figure 3.4: NLO corrections effect in distributions for the Single Top s-channel [6].
The dotted red line represents the LO calculation, the blue line the sum of NLO
contributions, and the black line the sum of LO plus NLO. Top row: electron pp and
electron 7. Second row: K and total transverse energy Hp. Third row: b-jet pp and
b-jet n. Bottom row: b-jet pr and b-jet 1. Figures from Reference [7]
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Figure 3.5: NLO effect in distributions for the Single Top ¢-channel [6]. The dotted
red line represents the LO calculation, the blue line the sum of NLO contributions,
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Top” [63, 64], is based on the usage of correlation functions between pseudorapidity
distributions of the final lepton and the untagged jet. The “Lonely Top” calculations
were performed at LO. However, as shown in the previous section, the NLO correc-
tions affect the kinematics in Single Top quark production. With that consideration,
this Section explores the NLO effects on the “Lonely Top” correlation functions.

In order to have a similar sample to the one used in Reference [63], the following

additional selection criteria are required:

Lepton: pp > 15 GeV, | 5 |< 2.0.

MET: > 15 GeV.

All jets: pp > 30 GeV, | n|< 2.5,

Leading jet (Jet in the event with the highest pp): pp > 40 GeV, | n |< 2.0.

e Hrp (total event transverse energy): < 300 GeV.

Reconstructed top mass: 155 GeV < mp < 200 GeV.

o jet conesize: AR = 0.5.

The b-tagging effect on the sample is included by using a probability distribution,
which determines whether each jet would be b-tagged or misstagged [63]. For a b-jet,

the probability to be b-tagged is given by

Ptagged,bjet (PT) = 0.5 tanh(pp/36GeV),

while for any other jet, the misstagged probability is given by

Pmisstagged,jet (pr) = 0.01 tanh(py/80GeV).
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Figure 3.6: Double differential cross section for s-channel and ¢-channel. Only LO
contributions are shown. The z-axis corresponds to the untagged-jet n and the y-axis
to the lepton 7.

The asymmetry functions presented in Reference [63] are based on the CP invari-
ance of initial pp state of the at the Tevatron collider. The Single Top differential
cross sections shown in Figure 3.6 exhibits some asymmetrical behavior in both s-
and t-channels. This motivates writing the differential cross section as the sum of
three orthogonal functions:

2o — o o
35;%%(n¢7n)==FKng,nD-+1?+Ou,nﬂ-+l1—0y,n0

where, each one of asymmetry functions (F) is defined as:

— 1. d?c d?c R d?a d?o R
F(i,m) = < 57—, 0) + 5=—=(=nj, =01) + === 75, =) + === (=15,
2 0) = 3l g o W Gy i = gy Ol ) gy (i )
1 d?c d?c R d2e d2o .
Fy(mi,m) = = —=0i;,0)+——=—(—n;, —11) —————=— (15, =) ———=—(—n7,7
1. d?c s .
F_(n:,m) = z[5=—==01;. M) — =——(-15, =11

where by construction, the Fand F_ functions have even parity while the Fy has

odd parity. If the four quadrants of the (ﬁj,ﬁl) plane are label as A, B, C and D,
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where B corresponds to first quadrant, A to the second, C to the third, and D to the

fourth,

A B
c D

Thus the definition of these variables, implies that the information on:

F(A) = F(B) = F(C) = F(D),

Fi(A) = F (D), Fy(B)=F(C) , Fi(A)=—-Fi(B),

and

F_(A)#F_(B) , F_(A)=F_(D) , F_(B)=F_(C)

The above indicates that all the information in F' and F is contained in one
quadrant, and in two quadrants for F_. These asymmetry functions are shown in
in Figure 3.7, including only the LO contributions. Based on the description of
these functions, it is expected that the NLO corrections contributions would result
in changes on the function shapes. Such changes are related to those encountered in
the Single Top kinematical distributions. These NLO effects are shown in Figures 3.8

to 3.11, and reviewed in the next Section below.

3.4.1 “Lonely Top” at NLO

The asymmetry functions at NLO for the Single Top s- and ¢-channels are presented in
Figures 3.8 to 3.11. The NLO contributions are shown in the middle column and the
final distribution, including LO and NLO corrections, is shown in the third column.

The unique features of these functions can be used to separate the Single Top signal

39



FBAR - t-channel

FBAR - s-channel

( =
U = O N

Eta Lepton
o =
Eta Lepton
o

(@)
(@)

o
U1

)
a1
'
=

=
o1

1
|!_\.
N O
1
N

3 -2 1 0 1 2 3
Eta Untagged Highest Pt Jet

3 2 1 0 1 2 3
Eta Untagged Highest Pt Jet

FPLUS - t-channel %1073

FPLUS - s-channel x103

Eta Lepton

2 c 2
15 215
(O]
1 -4 1
©
0.5 i 0.5
0 0
-0.5 -0.5
-1 -1
-1.5 -1.5
"3 2 1 0 1 2 3 23 2 1 0 1 2 3
Eta Untagged Highest Pt Jet Eta Untagged Highest Pt Jet
FMINUS - s-channel x10°3 FMINUS - t-channel
c 2 c 2
215 0.2 215
34 34
© 0.1 ©
L 05 i 0.5

o

o
(4
1
o
(&)

3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3
Eta Untagged Highest Pt Jet Eta Untagged Highest Pt Jet

Figure 3.7: FBAR (F), FPLUS (Fy), and FMINUS (F_) asymmetry functions, for
the s-channel (left) and t-channel (right). Only LO contributions are included in

these plots.
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from the background, and to differentiate the s-channel from the ¢-channel. The
difference between the two channels arises from the angular distribution asymmetry
on the spectator jet on the t-channel, as shown in Section 3.1. This asymmetry
also causes the two distinct peaks on the F function of the ¢-channel, which for the
s-channel corresponds to a central distribution.

One observes that the NLO corrections indeed add information to the functions
that was not available at the LO. Although, these contributions are not so dissimilar
to dramatically modify the asymmetry functions, it is safe to consider that the new
features that appear as a result of the NLO corrections would contribute to the dif-
ferentiation of the Single Top signal. This is also despite the fact that no background
was included in the study.

The Single Top analysis presented in this dissertation does not include the asym-
metry function as part of the Decision Tree variables list; however, they should be

consider for future multivariate analyses.
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Figure 3.8: NLO corrections in the s-channel for the differential cross section (left

column), F (right column). The LO contribution is show in the first row, the sum of all
NLO corrections contributions on the middle row, and the LO plus NLO corrections
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Figure 3.9: NLO corrections in the s-channel for F.i (left column), and F_ (right
column). The LO contribution is show in the first row, the sum of all NLO corrections
contributions on the middle row, and the LO plus NLO corrections is show in the last

Trow.
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Figure 3.10: NLO corrections in the ¢-channel for the differential cross section (left

column), F (right column). The LO contribution is show in the first row, the sum of all
NLO corrections contributions on the middle row, and the LO plus NLO corrections

is show in the last row.
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Chapter 4

Experimental Setup

Figure 4.1: Aerial view of the Fermilab National Accelerator Laboratory.

The Fermi National Accelerator Laboratory (Fermilab) [65, 13] is located near
Chicago, linois in the USA. Currently, Fermilab is the only facility in the world
where the high energy collisions of protons and anti-protons are possible at a center-

of-mass energy of s = 1/1.96 TeV [13, 66]. It all begins from a bottle of hydrogen
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and culminates with the collision of protons and anti-protons traveling very close to
the speed of light. To properly study the interactions that take place at Fermilab, a
complex detection system is required which would allow one to “observe” the details
of these energetic collisions, and study interesting physics processes such as the Single
Top. The two main detectors at Fermilab are known as D@ and CDF. This chapter

presents a description of the accelerator complex and the D@ detector at Fermilab.

4.1 Accelerator complex

Fermilab’s Acceleration Chain

- Main Injector
\ Recycler NN
Tevatron \ \
==~ ™~ ) Target Hall

\
D9 \A\ \‘//' Debuncher

/ Accumulator

=
\ CDF { }/
it *"- J ) ) Booster

— \\ LINAC

Proton —
Cockcroft-Walton
=
Neutrino Antiproton Proton
%/’: /77 Meson I:lrectlon D|rect|or:

Figure 4.2: Fermilab accelerators chain, there are 2 interaction points, CDF, and
DO [13].

The Fermilab accelerator complex is composed of seven chained machines that
have, as their ultimate purpose, the generation of protons and anti-protons at Ky, =
v/980 GeV each [16]. These machines are known as: a Cockeroft-Walton pre-accelerator,
linear accelerator (LINAC), booster synchrotron, main injector, antiproton source,

antiproton recycler, and the Tevatron [14]. In the following sections a description of
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each segment of the acceleration chain is presented. Figure 4.2 is an schematic view

of the full chain.

4.1.1 Cockcroft-Walton pre-accelerator

The acceleration process starts by using hydrogen Ho and turning it into H ™ ions.
The charged hydrogen is accelerated by an electric field produced by a potential
difference of 750 kV. Such high voltage is achieved by charging in parallel capacitors
from an AC source, and by using diodes to discharge them in series. The H ™ ions

are accelerated to 750 keV.

4.1.2 LINAC

The energy of the H™ ions coming from the Cockcroft-Walton accelerator is increased
further by using a linear accelerator, which augments the ions’ energy from 750 keV
to 400 MeV [14]. The LINAC uses a series of RF cavities to accelerate the particles
by alternating the electric field in the cavity and giving a small boost to the ions
when they pass the gaps between cavities. Since the acceleration of the ion occurs
only at specific conditions of location (gap) and electric field, the ions are confined
in bunches. Before the ions continue to the next acceleration step they pass through

a carbon foil to remove the electrons. A schematic view of the LINAC is shown in

Figure 4.3.
+ - + - + - + - + -
lon
Beam direction > TANK (under vacuum)

Figure 4.3: LINAC alternating series of gaps and drift tubes [14].
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4.1.3 Booster Synchrotron

The booster is the first synchrotron of the accelerator chain with a diameter of ap-
proximately 150 m. It uses RF cavities for the acceleration of the particles. The
charged particles travel in a circular path due to magnetic fields and receive an accel-
eration due to electric fields during each revolution. The particles’ energy after the

Booster is 8 GeV.

4.1.4 Main Injector

The Main Injector is a synchrotron that serves several purposes. The most relevant
task of the Main Injector is to accelerate both protons and antiprotons to energies of
150 GeV which is the initial energy of the particles in the Tevatron. In addition, the
Main Injector also accelerates the protons coming from the Booster to 120 GeV and

sends them to the antiproton production chain.

4.1.5 Antiproton Source and Recycler

The antiprotons are selected from the particles produced from the collision of 120 GeV
protons coming from the Main Injectors into a fixed, nickel target. A lithium lens is
used to focus the secondary particles produced after the collision, from which only
the 8 GeV antiprotons are selected by a dipole magnet. A cartoon schematic of this
procedure is presented in Figure 4.4.

Once the antiprotons are produced they are sent to the Debuncher, which is a
triangular shaped synchrotron that reduces the spread on the antiprotons’ momenta.
After the Debuncher, the protons are stored in the Accumulator until they are ready
to go back to the Main Injector for further acceleration or into the Recycler for later
usage.

The antiproton production efficiency is very low taking about 12 hours to produce
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enough antiprotons to start the pp collisions. Due to this fact, there is an additional
component in the Fermilab complex, the Recycler whose main purpose is to temporar-

ily store remaining antiprotons from Tevatron or those coming from the Accumulator.

Secondary
Particles

Collection

Lens
 ——
R ——
 ——

Primary
Protons

Figure 4.4: Schematic diagram of the p production [14].

4.1.6 Tevatron

The Tevatron [67] is the final stage in the acceleration chain (The circumference of
the Tevatron is about 6.3 km). It uses RF cavities to bring the energy of the protons
and the antiprotons to 980 GeV, which is equivalent to a center-of-mass energy of
1.96 TeV. While sharing the same beam pipe, the protons rotate clockwise while the
antiprotons travel in the opposite direction..

The Main Injector sends 36 bunches of protons and 36 bunches of antiprotons
to the Tevatron. These sets of bunches constitute a “store”. The spacing between
bunches is 396 ns with a gap of 2.64 us every 12 bunches. The beams are magnetically

squeezed and forced to interact with each other at two points, D@ and CDF.
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4.2 The DO Detector

Muon Central _ Muon
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Figure 4.5: Schematic view of the DO detector [15].

The DO detector was designed to study collisions of protons and anti-protons at a
center of mass energy of 1.96 TeV [15] [68] , and optimized to study high mass states
and large p phenomena. The DO detector consists of four major subsystems: central
tracking, calorimeter, muon spectrometer, and trigger systems, as shown Figure 4.5.
The central tracker allows precise measurement of particles near the collision point;
it is composed of a silicon micro-strip tracker (SMT), a central fiber tracker (CFT),
and a 2 T solenoid. Between the solenoid and the calorimeter there are preshower
detectors used for the electron identification. The calorimeter is divided into three
sections: one in the central region and two end caps. The purpose of the calorimeter is

to identify and measure energy depositions of electromagnetic and hadronic particles.
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The outer-most layer of DO is used to detect muons. D@ also incorporates a trigger
system that receives the signals from all the sub-detectors and selects events that are

considered to be interesting enough to be analyzed.

4.2.1 Coordinate system

P
P X

Figure 4.6: Coordinate system used at D@, the z-axis is along the proton direction
and the y-axis upward.

D@ uses a right-handed coordinate system with the z-axis along the proton di-
rection, and the y-axis pointing upward. The angles ¢ and 6 are the azimuthal and
polar angles, as shown in Figure 4.6. The polar angle is commonly described by the

pseudo-rapidity 7, defined as:

) w

in the limit of m << F, the pseudo-rapidity approximates the true rapidity y, defined

as:

1 E"—pz
=—=1 4.2
y=—gloe | 2] (4.2)

which is an invariant quantity under Lorentz boosts along the z-axis. This quantity

is zero for particles with # = 90°, and high values for § — 0°.
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4.2.2 Luminosity Monitor

proton direction

—_— e e e e D e e e e e e e e e - == _>
LM n=27
Forward . ’/,/’
calorimeter silicon tracker T - Ny
| Em========- - Ll - -
. beam pipe
North South
-140 cm 140 cm

Figure 4.7: Schematic view of the DO Luminosity monitors [15].

Luminosity is a quantity that represents the number of particles per unit of area
per unit time, and is related to the rate of a given process as follows:
dN

Rate = — =X L (4.3)

where o is the total cross section. DO uses the Luminosity Monitor (LM) described
in detail the in [69] to collect information about inelastic pp collisions for each bunch
crossing. The LM consists of two arrays of 24 plastic scintillator wedges located
at z = 140 c¢m, and covering the pseudo-rapidity region of 2.5 < |n| < 4.4, see
Figure 4.7. In addition to determining the Luminosity, the LM also measures the
beam halo rates and the z-coordinate of the interaction vertex.

The instantaneous Luminosity is measured as:
N

oLM

where f is the beam crossing frequency — 2.53 MHz, N 1,0 is the average number of pp
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inelastic collisions, and o, is the effective cross section. The integrated luminosity 1
delivered at DO is presented in Figure 4.8. The z-vertex can be measured using the
time of flight from North and South detectors: 2y, = §(Tg —Tp). The approximate

resolution of z,¢, is about 6 cm.

Fermilab Tevatron
Run Il Integrated Luminosity

Delivered

6 - 6.1 b’
- Recorded

5 5.37 fb™’

Integrated Luminosity [fb™]
E-Y

3 2.3 fb™
Observation
Analysis %
2
0.9 fb™
1 s
0

2002 | 2003 2004 2005 2006 2007 2008 2009

Figure 4.8: Integrated Luminosity delivered at DO [16].

4.2.3 Central Tracking

There are two central tracking detectors: the Silicon Microstrip Tracker (SMT) and
the Central Fiber Tracker (CFT), which are contained in a 2 T magnetic field. The
purpose of the SMT is to measure the momenta of charged particles and the location of

the primary vertex. The resolution of the central tracking system is 35 pym. Figure 4.9

! The integrated luminosity L, is defined as the instantaneous luminosity £ inte-
grated over time, [Ldt
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Figure 4.9: Schematic view of the central tracking system and the preshower detec-
tors [15].

shows the location of the system within the DO detector.

4.2.3.1 Silicon Microstrip Tracker

12 F-Disks

<b

6 Barrel

4 H-Disks sections/modules
(forward, high-n)

Figure 4.10: 3D Schematic of the Silicon Microstrip Tracker [15].
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The SMT is located near the collision point at D@ and provides information about
the vertex and tracks of the interactions. It contains an array of silicon barrels and
disks positioned to maximize the n coverage. The barrel detectors measure the r and
¢ coordinates, and the disks r, z and ¢. The barrels and the disk are made of doped
silicon with a reverse bias voltage applied. When charged particles pass through the
silicon, electron-hole pairs are created, and an electric current can then be measured.

Each barrel has 4 layers. Layers 1 and 2 have 12 ladders each; and layers 3 and 4
have 24, see Figure 4.11. There are 6 barrels for a total of 432 ladders. The centers of
the barrels are located at |z| = 6.2,19.0 and 31.8 cm. There are two types of known
as disks “F-disks” and “H-disks”. Omne F-disk has 12 double-sided wedges, and an
H-disk has 24 full wedges. The F-disks are located at |z| = 12.5,25.3,38.2,43.1,48.1
and 53.1 cm, the H-disks |z| = 100.4 and 121 cm. The SMT has total of 932 readout
modules, for a total of 792,576 channels. Figure 4.10 is a 3D view of the full SMT

detector.

ladder (layer 4)

beryllium bulkhead

cooling pipe

carbon fiber support

Figure 4.11: Side view of a barrel for the SMT detector [15].
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4.2.3.2 Central Fiber Tracker
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Figure 4.12: Schematic view of Central Fiber Tracker and the clear wave guides

fibers [15].

The CFT surrounds the SMT and consists of scintillating fibers positioned in 8

concentric cylinders covering the region r = 20 cm to 7 = 52 ¢cm, and |n| < 1.7. Each

cylinder has two doublet layers, one layer parallel to the z-axis, and the second layer

aligned at a stereo angle ¢ = +3°.

When charged particles travel through the fibers, the atoms of the scintillating

fiber get excited and emit light with a wavelength of 340 nm. The fibers have a

dye which absorbs the 340 nm light which is then emitted at 530 nm. The light is

57



extracted from the fiber using a waveguide and finally, it is collected by a visible light
photon counter (VLPC). The position of a particle is determined by the crossing of
the fibers. The CFT resolution is approximately 100 ym. Figure 4.12 shows the south

face of the CF'T and the waveguides.

4.2.3.3 2 T Solenoid

Calorimeters

CC

/ EC
‘ Power
: " Leads
i Control
’ Dewar
N Platform

~ Central \ l
\
Beam /C\ v P
2T Solenoid acuum Fump
Chimney Cryobridge

Figure 4.13: Location of the solenoid with respect to the other component of the
DO detector [15].

The 2 T superconducting solenoid, containing both the CFT and the SMT, was
designed to optimize the momentum resolution. The size of the magnet is 2.73 m in

length by 1.42 cm in diameter. Figure 4.13 shows the location of the solenoid with
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respect to the other parts of DQ.

The magnet has two layers of superconducting conductors made of Cu:NbTi. The
cooling system uses liquid helium to maintain its superconducting state. The operat-
ing current of the solenoid is 4749 A. In Figure 4.14 the magnetic field for both the

solenoid and the toroid is shown.
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Figure 4.14: Side view (y — z) of magnetic field for the solenoid and the toroids [15].

4.2.4 Preshower detectors

The preshower detector assists in the reconstruction of electrons, photon identification

and background rejection. It is composed of three parts: the Central Preshower
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(CPS) covering the region |n| < 1.3 and located between the solenoid and the Central
Calorimeter at r = 72 cm, and two Forward Preshower (FPS) covering the region
1.5 < |n| < 2.5 located next to the faces of the end calorimeters. The preshower
detectors can be seen in Figure 4.9.

The CPS has three layers of scintillating fibers, one parallel to the z-axis and the
other two at an stereo angle of ¢ = +23.8° and ¢ = —24.0°, respectively. There are a
total of 1280 strips in the CPS. The FPS has four double layers of triangular-shaped
scintillating strips; the first two layers are at an angle of 22.5° relative to each other,
a radiator 11 cm thick follows and finally two more scintillating layers. Charged
particles appear in the first two layers or minimum ionizing particle (MIP) layers.
The radiator causes both electrons and muons to start showering, and the final two
layers are used to detect the showering of electrons and photons, and separate them

from hadrons.

4.2.5 Calorimeter

The calorimeter is composed of one central calorimeter (CC) and two end caps (EC)
— north and south. It provides energy measurements for photons, electrons and jets.
The three parts of the calorimeter are illustrated in Figures 4.15 and 4.16. The
calorimeter intercepts most of the particles energy, causing them to interact within
the detector volume producing “showers” of increasingly lower-energy particles. A
cartoon diagram of the showering process is shown in Figure 4.17. The CC covers
In| < 1.0, and the two end calorimeters extend the coverage to n ~ 4.0.

Each calorimeter is built similarly with an electromagnetic region, a fine hadronic
section and a coarse hadronic section. The EM section uses plates of depleted uranium
as absorbing material and liquid argon as the active medium. The fine hadronic
section uses uranium-niobium plates as absorbing material, and the coarse hadronic

section uses copper and stainless steel plates. Both of the hadronic sections use liquid
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Figure 4.15: 3D view of the DO calorimeters, central and end caps [15].
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Figure 4.16: Schematic view of the transverse cut of one of the octants of the
dinates are represented by the radial lines [15].



argon as the active medium.

A typical calorimeter cell is shown in Figure 4.18, where an electric field is estab-
lished by grounding the metal absorber plates and connecting the resistive surfaces to
a 2 kV high voltage. Particles deposit some energy into the inducting material and ion-
ize the liquid argon as they shower through the cell producing a current proportional
to the particle’s energy. The calorimeter cells are positioned in a “pseudo-projective”
set of readout towers, see Figure 4.16, with the center of each cell aligned for each

tower. The tower size is generally Anp = 0.1, A¢ = 0.1.

Figure 4.17: Example of an electromagnetic shower, when a photon interacts with
the absorber material. X is the radiation length.

4.2.6 Muon System

Muons do not deposit much energy in the tracker or the calorimeter, therefore a spe-
cial sub-detector is needed to confirm the muon’s detection. The D() muon measuring
system consists of toroidal magnets, proportional drift tubes (PDT), central scintil-
lation counters, and mini drift tubes (MDT). The central system covers the region of
n < 1.0, and the forward system extends the coverage up to n ~ 2.0. The muon detec-

tor has three layers: A, B and C, with layer A located closer to the interaction point,
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Figure 4.18: Typical calorimeter cell composed of alternating inducting and active
material [15].

and within the iron toroid magnet between layers A and B. The full system location
with respect to other sub-detectors in D@ can be appreciated in Figure 4.5. Exploded
views of the wire chambers and the scintillation counters are shown in Figure 4.20
and 4.21.

The drift chambers are used to measure the muon position and momentum. Each
chamber consist of two walls held at a negative voltage, and a central wire with a
positive voltage. Both walls and the central wire are surrounded by an inert gas
that is ionized when the muons travel through the chamber. The scintillators provide
precise timing measurements which are used by the triggering system. When the
muons pass through the scintillator counters, light is produced, which is then collected
by a photomultiplier. The photomultiplier sends the signal to the read out system.
The outer most scintillator counters are used to reject cosmic rays muons signals,
by associating a muon in a PDT with the appropriate bunch crossing. The toroid
improves the measuring capabilities of the muon momentum by bending the muons

as they enter the 1.8 T magnetic field.
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Figure 4.19: Schematic view of the full muon detector system [15].

4.2.7 'Triggering

The trigger system uses the information provided by each of the sub-detectors to select
interesting physics events to be stored to tape. There are three levels of triggering,
each one reducing the number of events, but with an increasing complexity in the
processing. The first level (Level 1 — L1) handles all the processing by a collection of
hardware elements and reduces the event rate from 1.7 MHz to 2 KHz. The second
level ( Level 2 — 1.2) incorporates more sophisticated hardware computing engines
and delivers a trigger decision based not only on individual detector elements, but
also correlations among them; the acceptance rate for L2 is 1 kHz. Finally, events

passing L1 and L2 are sent to a processing farm of microprocessors, Level 3 — L3. At

64



Proportional

Figure 4.20: Muon wires [15].

L3, complex algorithms reduce the acceptance rate to about 50 Hz, which is the rate
the events are stored for offline reconstruction. The overall operation of the trigger is
controlled by the COOR package, which interacts with the trigger framework (TFW)
and the data acquisition system (DAQ). A block diagram of the D@ trigger system
is shown in Figure 4.22.

Due to the fact that all Level 1 decisions should be made quickly, the tools available
are limited compared to the other triggering levels where more complex operations are
done. At L1, only the calorimeter trigger tower information, the muon detector signals
and the transverse momentum of charged particles tracks in the CF'T are available. At
Level 2, the correlations among different sub-detectors use global physics objects such
jets and electrons to based the decision made at this stage (L2Global). Figure 4.23
shows a flow diagram for both L1 and L2 triggering.

The final portion of the triggering system is the L3 computer farm, which consists
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of approximately 100 nodes. The Level 3 trigger collects the information from all
the sub-detectors for events that passed the Level 1 and Level 2 requirements. The
selection done at this level is complex where some partial reconstruction of events
occurs and more elaborate cuts can be applied. The reconstruction algorithms are

similar to those encountered in the offline processing.
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Figure 4.23: Block diagram of the L1 and L2 trigger systems [15].
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Chapter 5

Event Reconstruction and Object

Identification

To fully represent the interactions that occur at the D@ detector one must refer to the
results of reconstruction algorithm known as dOreco [70], rather than the subdetec-
tors. These algorithms process the raw data and produce final physics objects such as
electrons, muons or jets. The aim of this chapter is to describe these reconstruction

algorithms and the requirements used to define physics objects.

5.1 Reconstruction

5.1.1 Tracks

When charged particles travel through the Central Tracking System (see Figure 4.5)
energy is deposited in the silicon strips of the SMT and in the fibers of the CFT.
These energy deposits are known as “hits.” The tracking system uses the information
from sequences of hits to defined tracks to determine the trajectories of the particles
immersed in the 2 T magnetic field present in the solenoid.

DO uses two algorithms to find tracks: Histograming Track Finding (HFT), and

the Alternative Algorithm (AA). Both are combined using a Kalman filter by a Global
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Track Reconstruction (GTR) algorithm, defining the final set of tracks in the event.

Histogramming Track Finding (HTF)

The HTF [71] algorithm uses a Hough Transformation to map points from the (z,y)
space into the (p, ¢) space. This algorithm uses the principle that if a hit occurs in
the point (x,y) then there must be a track coming from the origin with curvature
p and direction ¢. When all the hits are mapped to the p and ¢ plane, they will
populate a peak rather than being uniformly distributed in the plane which is the
case for random hits. A histogram is populated with the information of the (p, ¢)
plane and passed by a Kalman filter for further cleaning and fitting tracks. The
passing tracks go through a second, similar histogramming procedure that uses the
hits locations (r, z) to form lines in the (zg, C) plane, with 2z defined as the starting
position of the track along the z-axis and C' = dz/dr, the track inclination. The
tracks are then formed by passing the histograms through another Kalman filter and

finally by extrapolating the points to tracks.

Alternate Algorithm (AA)

The AA [17] constructs tracks by progressively adding layers from both the SMT and
the CFT to the track definition starting from hits in the SMT detector. The first
step in the reconstruction consists of pattern recognition of possible tracks with hits
in at least three layers of the SMT detectors. The first hit must come from one of the
F-Disks of the SMT detector, the next hit must be within A¢ < 0.18 with respect
to the first point, and the last hit is chosen where the track hypothesis has a circle
radius of at least 30 cm (corresponding to having a track with at least 180 GeV) and
an axial impact parameter of less than 2.5 cm with respect to the beam spot. The
reconstruction algorithm is illustrated in Figure 5.1.

The hypothesis track is then extrapolated to subsequent layers and hits are added
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Figure 5.1: Hlustration of the AA algorithm for track reconstruction [17].

to the hypothesis if the X2 < 16; if there multiple hits in a layer, a new hypothesis is
then created. The fitting continues until there are three consecutively missed layers
or the end of the detector is reached. The quality of a hypothesis is measured by
the number of missed layers, number of hits, the X2 associated to it, and some other
goodness measurements. The pool of available hypothesis is then ranked. Similarly,
tracks can be reconstructed with the CF'T-only information, but the quality of these

tracks is not as good as those defined using the SMT.

5.1.2 Primary Vertices

The primary vertices (PV) correspond to the location of the hard scatter interac-
tion point. Their proper identification is important for the correct reconstruction of
physics object. The PV are reconstructed by the usage of an adaptive primary vertex

algorithm [24], which consists of three steps: vertex finding, vertex fitting and vertex
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selection.

The vertex finding is performed by clustering tracks according to their z-position.
The selected tracks must have pp > 0.5 GeV and more than two SMT hits. The
clustered tracks are fitted to a common vertex using a Kalman filter, whereby itera-
tively removing tracks with the highest contribution to the X2 until the total vertex
X2 per degree of freedom is reduced to less than 10. The tracks are then preselected
according to the cluster distance to the closest approach to the beam spot (DCA),
requiring the selected tracks to have a DCA significance (|DCA|/opc4) < 5.0. Af-
ter the preselection, the tracks are fitted using the adaptive vertex fitter algorithm,
where each track receives a weight given by:

1

7= 5.1
) o

where X% is the contribution of the it track to the X2 and Xguto £ and T are fixed
parameters that control the function. The reweighting procedure is repeated until the
change in the weight with respect to the previous iteration is less than 0.1. Finally,
the vertex is chosen as that with the lowest probability of being one which came from

a minimum bias interaction [72].

5.1.3 Electrons

Electrons are defined as clusters of energy depositions in the calorimeter, together with
a track confirmation from the Central Tracking System [73, 23]. The shower produced
by an electron candidate must be consistent with the shower of an electromagnetic
object.

The electrons are reconstructed mostly using the EM section of the calorimeter.
Possible electron candidates are formed by clustering EM towers in a cone of AR < 0.4

near a seed tower with Ep > 0.5 GeV. It is also required that at least 90% of the
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Figure 5.2: Illustration of the isolation parameter. EisoTot is the energy in a cone
of radius 0.4. EisoCore is the energy in a cone of radius 0.2 (using EM layers). The
numerator of iso subtracts EisoCore from EisoTot.
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energy deposited by cluster is located in the EM section of the calorimeter, a quantity
known as the Electromagnetic Fraction. The EM objects deposit most of their energy
in narrow regions of the EM layers, while hadronic objects have a much wider radius.

This measurement is quantified by the isolation, defined as:

Eyptal(AR < 0.4) — [Epp (AR < 0.2)]

tion
{sotation Epa (AR < 0.2)

(5.2)

where E;,;,1(AR < 0.4) is the total energy in both the hadronic and electromagnetic
part of the calorimeter within AR < 0.4. The isolation definition is illustrated in
Figure 5.2. Additionally a covariance matrix is formed from the information of the
shower energy fraction, cluster size, total energy shower and primary vertex position.
A 7 x 7 H-matrix is then defined as the inverse of the covariance matrix, H = M -1

Finally, a likelihood discriminant [74] is built in order to differentiate a cluster
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coming from an Electromagnetic object from one of a Hadronic object with a large

EM fractions:

__ Tse (5.3)

where P ;o and P bkg are the probabilities of an EM object to be signal or background
repectively.
For the results presented in this dissertation the electrons must be within |ndet| <

1.1 (Only CC electrons), and they can be one of the following types:

e Loose, isolated electron

A loose, isolated electron is defined by:

Electron ID=10, £11;
— EM fraction at least 90%;
— The X2 from the H-matrix must be less than 50;

— The energy deposition in the calorimeter must be matched to a charged
particle track from the tracking detectors with pp > 5 GeV and z(track,

primary vertex) < 1 cm;

The isolation must be greater than 0.15; and

The transverse momentum pp(e) > 15 GeV.

e Tight, isolated electron
A tight, isolated electron must pass all the loose, isolated electron requirements

and have a value of EM-likelihood £ g > 0.85.

e Orthogonal electron
An “orthogonal” electron is defined to have EM fraction > 0.9, H-matrix

X2 < 50, isolation < 0.15, pp(e) > 15 GeV, and £ gy < 0.85. There are
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no requirements for a matching track. The orthogonal electrons are used to

define the multijet background sample.

5.1.4 Muons

Muons are defined by using the hits information of the A; B and C layers of the muon
detection system and by matching the tracks from the Central Tracking System to
these hits [75, 20, 21].

%
B

Figure 5.3: Cartoon representation of the muon track segment algorithm. The wire’s
are represented by the black x’s, the MC track by the blue line, and the drift circles
are red.

The first step in the muon identification corresponds to the pattern study of the
hits in the muons chambers [76]. A straight line called “segment” is fitted through
the hits, followed by a fit of the segment to the scintillators hits consistent with the
segment trajectory. Using the Toroid magnet, the pp of the muon can be measured
by fitting the trajectories of the hits’ curvature. A muon defined with only the track
from the muon system is known as “local” muon. The resolution of a local muon can
be improved by matching the segment to a track in the Central Tracking System.

Muons are described in terms of type and quality. The type is represented by

nseg: A muon with segments in the A-layer has nseg = 1; one with segments in the
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B and C layers, nseg = 2; and with segments in all layers has nseg = 3. nseg is
positive for muons with central track matching and negative for no matching. The
quality is described by the location and types of hits in the muon system and can be

Loose, Medium or Tight.

e Tight muons
A Tight muon must satisfy: |nseg| = 3, at least two A layer wire hits, at least
one A layer scintillator hit, at least three BC layer wire hits, at least one BC

scintillator hit and a converged, local fit.

e |nseg| = 3 Medium/Loose muons
A Medium |nseg| = 3 muon satisfies: |nseg| = 3, at least two A layer wire hits,
at least one A layer scintillator hit, at least two BC layer wire hits, at least one

BC scintillator. If one of the tests fails, the muon is considered Loose.

e nseg + 2 Medium/Loose muons
A Loose nseg+2 muon satisfies: nseg+2, at least one BC layer wire hit, at least
one BC scintillator. If the muon is located in |[ngatector] < 1.6 it is considered

Muon nseg + 3.

e nseg + 1 Medium/Loose muons
A Loose nseg + 1 muon satisfies: nseg + 2, at least two A layer wire hits, and
at least one scintillator hit. If the muon is located in |[Ngesector] < 1.6 it is

considered Muon nseg + 1.

The quality of the muon track can be one of the following:
e Loose track: |dca| < 0.2 cm, or |dca| < 0.02 cm for muons with a SMT hit.
o Medium track: fulfills loose track requirements and X2 Jd.o.f. < 4.

o Tight track: fulfills medium track requirements and has SMT hits.
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Figure 5.4: A hollow cone in R, with the inner edge R, and the outer edge R
surrounding the muon. The transverse energy of the cells contained in the cone are
added defining the cone Halo.

The muon isolation variables are designed to separate W — uv signal from heavy
flavor background (B — p). Based on the fact that muons from heavy flavor decays

are usually inside the jet, these variables are:

e TrackHalo: | Ztmcks pr| in AR(track, muon track) < 0.5.

CalorimeterHalo, see Figure 5.4: | 32¢¢/8 B[ in 0.1 < AR(cal—cells, muon cal—

track) < 0.4.

AR(u, jet): Distance to closest jet in 17 — ¢ space.

ScaledTrackHalo: | S tracks pr/pr(p)| in AR(track, muon track) < 0.5.

ScaledCalorimeterHalo: | 2“8 B /py(11)] in 0.1 < AR(cal — cells, muon cal —

track) < 0.4.

In order to discriminate muons coming from the collisions from cosmic rays, the
muons candidates are to be registered within 10 ns from the bunch crossing. This

criteria is known as the “loose cosmic ray rejection”.
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In this analysis, the following muon definitions are used:

e Loose, isolated muon

A Loose muon is defined by:

— The quality of the muon must be medium |nseg| = 3;
— the muon must pass the loose cosmic ray rejection timing requirements;

— the muon track quality must be “medium” and match to a track in the

central tracker;
— the pp(p) of the muon must be greater than 15 GeV; and

— AR(p, jet) > 0.5.

e Tight, isolated muon
Tight isolated muons are loose muons that must pass the additional isolation
criterion called “TopScaledLoose,” which means the ScaledTrackHalo < 0.2

and ScaledCalorimeter Halo < 0.2.

5.1.5 Jets

Jets are cone-like objects that represent the traces that strongly interacting particles,
such as gluons and quarks, leave in the detector [18]. These traces are present in both
electromagnetic and hadronic sections of the D@ calorimenter. It is important that

the jet definitions comply with the following requirements [18]:

e Fully specified: selection process, jet variables and corrections must be uniquely

defined.

e Theoretically well-behaved: Infrared singularities should not appear in the per-
turbative calculations. As well, the jet definition should not be sensitive to

soft radiation in the event as seen in Figure 5.6. The algorithm should also be
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Figure 5.5: Illustration of the evolution of hard-scatter parton in to a jet in the
calorimeter.

insensitive to collinear radiation which is illustrated in Figure 5.7. Jets should
be also invariant under boosts, computationally easy to implement, and order
independent, that is to say that the same jets should be found at either parton,

particle or detector level.

e Experimentally specified: jets must be detector independent, not sensitive to
angle or resolution smearing, stable with respect to the luminosity, easy to

calibrate, and computing resource efficient.
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Figure 5.6: Illustration of a jet being infrared safe, the jet clustering occurs near seeds
represented by arrows of magnitude proportional to the energy. In the figure on the
right, the case of two jets being merged into one due to the presence of soft radiation
between them [18].

Figure 5.7: Tllustration of problems due to collinear radiation on jet algorithms [18].

Before the jet reconstruction starts at DO, the T42 algorithm [77] is run to remove
isolated small energy deposits that are likely due to noise. In order for a calorimeter
cell to be considered as a signal cell it is required that the energy deposit on the cell
must be at least 40, or 2.50 if the neighbor cell has 40 energy deposited on it. Here,
o is defined as the RMS fluctuation on the signal in the cell.

The next step in the jet reconstruction is to form energy pre-clusters from the
calorimeter towers 1 by first selecting seed towers that have energy deposits greater
than X GeV [18]. The seed towers are sorted by pp, then pre-clustered by adding

those with pp > 1 MeV and within AR < 0.3. Pre-clusters with pp > 1 GeV are

1A calorimeter tower is defined as the sum of all cells with common pseudo-rapidity
and azimuthal angle
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then added by an iterative process forming objects with AR < 0.5 and centroids
calculated by using a weighted midpoint cone algorithm [18]. The last step in the
jet definition is the splitting and merging of jets. Jets sharing a fraction of energy
greater than 50% are merged otherwise they are split into two jets.

In addition to the jet reconstruction, there is a set of criteria used to remove
fake jets. These criteria follow the Jet-ID Algorithm Group’s recommendations [78]
and [79]:

e To remove electromagnetic particles from the list of jets, the jet electromagnetic

fraction is required to be 0.05 < EMF < 0.95.

e To remove jets generated by calorimeter noise, at least 60% of the jet energy
must be deposited in the fine hadronic part of the calorimeter since the noise

level is higher in the coarse section.

e To remove jets clusters from problematic cells, known as “hot cells”, the ratio

of the highest to the next-to-highest energetic towers must be less than 10.

e To remove jets coming from a single hot tower, jets for which one calorimeter

tower contains more than 90% of the energy are removed.

e To remove residual noise from readout, the jet pp is compared to the energy

found by the level 1 trigger system.

In addition to the previous requirements, this analysis requires that jets have
pr > 15 GeV and be within |n| < 3.4. (The jet pp cut is made after all corrections

have been applied).

5.1.5.1 Jet Energy Scale

The energy in the calorimeter cells differs from the energy of stable particle jets
before interacting with the detector. The jet energy scale purpose is to correct for

these discrepancies [80]:
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uncorrected
where F jet

is the jet energy determined by the reconstruction algorithm, O
is the energy offset due to electronic noise, multiple interactions, underlying event,
energy pile-up and noise from the Uranium absorber. Fj is the relative response
correction to account for the calorimeter different 7 regions. R is the absolute response
correction which represents non-instrumented and lower energy response regions of
the calorimeter. S is the showering correction for the energy radiated outside the

cone.

5.1.6 Missing Erp

Neutrinos cannot directly be detected at D, rather their presence is only inferred
from the imbalance of the energy in the transverse plane [81, 82]. The sum of the
transverse momenta of undetected neutrinos is therefore equal to the negative sum
of the transverse momenta of all particles observed in the detector. In practice, the
MET is defined as the vector sum of the electromagnetic and fine hadronic calorimeter
cell energies, the cells in the coarse hadronic calorimeter are only added if they are
part of a good jet. Finally, additional corrections are applied to the MET calculation
to account for corrections applied to reconstructed objects and for the presence of

muons.

5.1.7 b-tagging

In the Single Top analysis, it is important to identify jets that come from the decay of
a b-quark, since the final state of the Single Top final involves at least one b-jet. After
the b-quark hadronizes into a b-hadron, it will decay throughout the D@ detector.
These b-hadrons have a longer lifetime than lighter hadrons resulting in a displaced

decay vertex from the primary interaction point; this displacement is typically a few
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Figure 5.8: Illustration of the secondary vertex formed by the decay of a b-
hadron. [17].

millimeters. The b-jets are identified by using this displacement, together with the
the jet kinematical variables.

A neural network b-jet tagger developed by the D@ B-ID group is used to identify
b-jets. First, the jets are required to be “taggable” and then the jets are “tagged.” For
data, the tagging is done directly while for the simulated samples, a parameterization
called tag-rate function (TRF) is used. The TRFs are derived on data to realistically
estimate the b-tagging efficiency in the simulation because the simulated samples have
a higher b-tag efficiency than data.

Some quality requirements on the jet to be b-tagged are first imposed to reject
different tracking efficiencies, badly reconstructed jets and detector effects in general.
This quality selection is called “taggability” and it consists of requiring that the jets

have at least two good quality tracks with SMT hits pointing to a common origin.
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The details of the taggability calculation are found in the Appendix 6 of the Single
Top selection note [19].

The “neural network (NN) tagger” and its performance in data are described
in detail in [83]. The NN tagger uses the following variables, ranked in order of

separation power, to discriminate b jets from other jets:
e decay length significance of the Secondary Vertex Tagger (SVT);
e weighted combination of the tracks’ IP significances;

e Jet LIfetime Probability (JLIP) (probability that the jet originates from the

PV);
) X2 per degree of freedom of the SVT secondary vertex;
e number of tracks used to reconstruct the secondary vertex;
e mass of the reconstructed secondary vertex; and
e number of secondary vertices found inside the jet.

There are 12 different operating points provided by b-tagger, each defined by a
cut on the output of the NN tagger. For the analysis presented in this dissertation

the following operating points were used:

e one tag: Exactly one jet passes the TIGHT (NNoutput > 0.775) b-tagging cut
and no other jet passes the OLDLOOSE cut (NNoutput > 0.5); and

e two tags: Two jets pass the OLDLOOSE b-tagging cut.

The veto of a second OLDLOOSE candidate in the one-tag definition ensures that

there is no overlap between the one tag and two tags samples.

83



Chapter 6

Data and Simulation Samples

In this Chapter, the data sample used for the analysis is presented, as well as the

simulation samples and their corrections.

6.1 Data Sample

The data sample in this analysis corresponds to the data collected by the D@ detector
between April 2002 and August 2007. The events collected during this period of
time are known as “Runll” as they correspond to the second phase of the Tevatron
physics program. During the RunllI there are two periods Run ITa and Run IIb which
are differentiated by the upgrade made during the three month shutdown in 2006.
Among the upgrades are the SMT, CFT, solenoidal magnet preshower detectors,
forward muon detector and forward proton detector [15], which include the associated
electronics, triggering [84] and data acquisition systems.

The run numbers for the data collected range from 151,817 to 215,670 inclusive for
the Run Ila, and sometimes labeled as p17, and from 222,028 to 234,913 sometimes
labeled as p20. The data used have been reconstructed with production code versions
pl17.09.03 (refixed), p17.09.06 (unfixed, cable-swap), and p17.09.06 (unfixed, non-
cable-swap) for Run Ila data, and p20.07.01 and p20.08.xx for Run IIb data; they
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have been obtained from the D¢ Common Samples Group [85, 86].
There is a total of 2.3 fb—! of good quality data in each of the electron and muon

channels, as shown in Table 6.1 [87].

Integrated Luminosity [pb_l]

Channel Trigger Version || Delivered Recorded Good Quality
Run IIa electron v&8.00 — v14.93 1,312 1,206 1,043
Run IIa muon v8.00 — v14.93 1,349 1,240 1,055
Run IIb e and mu  v15.00 — v15.80 1,497 1,343 1,216

Total Run II Integrated Luminosity 2.3 fb—1

Table 6.1: Integrated luminosities for the datasets used in this analysis.

All the data are required to pass any “reasonable” trigger. See Section 6.5 for the

definition of “reasonable” trigger and for the efficiencies obtained with it.

6.2 Simulation Samples

In order to extract the final cross section measurement, one must properly model
both the signal and background for Single Top such that the sum of the background
plus the signal simulated samples are equal to the data samples. All of the processes
are simulated using Monte Carlo techniques, with the exception of multijet events,

which are obtained directly from the data.

6.2.1 Signal Modeling

The Single Top events sample were generated with the CompHEP-SINGLETOP [88]
Monte Carlo event generator which includes all the details of the current understand-
ing of Single Top quark production. The kinematical distribution of events produced

by SINGLETOP match those from NLO calculations [7, 6, 89]. The top quark mass used
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for the event generation corresponds to 170 GeV/ 2 1, the parton distribution func-
tions CTEQ6M are used [91] and the scales are m% for the s-channel and (my/2)2 for
the t-channel. The top quarks and the W bosons are decayed in CompHEP-SINGLETOP
to ensure the spins are properly treated. PYTHIA [92] version 6.409 was used to add
the underlying event and initial- and final-state radiation. TAUOLA [93] was used to

decay tau leptons, and EVTGEN [94] to decay B hadrons.

6.2.2 Background Modeling

The backgrounds for Single Top are W+jets, multijets, Z+jets, tf, and dibosons.
The Wjets, Z+jets and tt were generated using ALPGEN [95] which is a leading
order matrix element Monte Carlo generator similar to the CompHEP used for the
signal generation. Version 2.11 of ALPGEN was used, which is comprised of a jet-
matching algorithm following the MLM prescription [96] to match parton showers
with the matrix elements. The matching algorithm ensures that each jet is generated
by ALPGEN at the parton level and not filled in by PYTHIA, thus avoiding regions of
AR and transverse momentum space for the radiated jets that used to be generated
twice. For these samples, the parton-matching cluster threshold was set to 8 GeV,
and the parton-matching cluster radius size was set to R = 0.4.

For the tf samples, the top quark mass is set to 170 GeV/C2, the scale m% +
Zp%(jets) used was along with the CTEQG6L1 pdf set. For the WW+jets events, the
pdf was the same as for the ¢t events, but the scale was m%V +> m%, where mp is
the transverse mass defined as sz —m2+ p2T and the sum ) m% extends to all final
state partons (including the heavy quarks, excluding the W decay products) [95].

The W+light-parton (Ip) jets samples must have parton-level cuts on the light

partons to avoid divergences in the cross section. These cuts were pp(Ip) > 8 GeV

1 At the moment of the event generation, the top quark mass average was close to

170 GeV/ 2, Although this mass differs from the the current top quark mass average,
the effect on the final result is negligible as shown in References [19, 90].
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and AR(Ip, lp) > 0.4 for all massless partons (including the charm partons in these
samples). For the W +heavy-flavor samples, there are no py or AR cuts on the b or ¢
partons, but additional light partons have the pp(lp) > 8 GeV and AR(Ip, 1p) > 0.4
applied.

In addition, the dibosons WW, W Z and ZZ which represent only a small fraction
of the total background are also included in the analysis. These diboson samples were

generated using PYTHIA with inclusive decays.

6.2.3 Additional Monte Carlo Treatments

In all Monte Carlo event sets the duplicate events are removed. For the W4jets
and Z+jets the events with heavy flavor jets added by PYTHIA are also removed to
prevent duplication of the phase space of those generated already by ALPGEN [97].
The Wej subprocesses are included in the W35 sample with massless charm.

All the Monte Carlo events have D@’s version of Tune A for the underlying event?.
The Single Top and Z+jets samples have the decays into electrons, muons, and taus as
separate samples, whereas the W+jets and ¢t samples have them generated together
in combined samples with approximately one third of each present (according to the
branching fractions).

The Monte Carlo event samples are processed through the the DO detector sim-
ulator “D@gstar” [98] which is based on GEANT [99]. Next, all the events go through
the same reconstruction process as the data. Table 6.2 shows the cross sections,
branching fractions, and initial numbers of events of the Monte Carlo samples. The
central values of the cross sections for Single Top [100] and #f pairs [101] are for
170 GeV top mass. The W+jets and Z-+jets cross sections are from ALPGEN. The

diboson cross sections were calculated using the NLO event generator MCFM [102].

2 The “underlying event” corresponds to the partons (of the interacting protons
and anti-protons) that did not participate in the hard interaction, and the resulting
particles and measurements.
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The Monte Carlo Event Sets
Cross Section Branching No. of p17 No. of p20
Event Type [pb] Fraction Events Events
Signals
th — (+jets 1124995 0.3240 + 0.0032 0.6M 0.8M
tgb — (+jets 2.3410-12 0.3240 + 0.0032 0.5M 0.8M
Signal total 3.461025 0.3240 + 0.0032 1.1M 1.6M
Backgrounds
tt — (+jets 7.9110-01 0.4380 + 0.0044 2.6M 1.3M
tt — 00 7.9110-01 0.1050 + 0.0010 1.3M 0.9M
Top pairs total 7.91198 0.5430 & 0.0054 3.9M 2.2M
Wbb — (vbb 93.8 0.3240 + 0.0032 2.3M 2.5M
Wee — Lvee 266 0.3240 + 0.0032 2.3M 3.0M
Wijj — tvjj 24, 844 0.3240 4 0.0032 21.0M 18.3M
Wjets total 25,205 0.3240 + 0.0032 25.6M 23.8M
Zbb — LLbb 43.0 0.10098 =+ 0.00006 1.0M 1.0M
Zce — llcc 114 0.10098 =+ 0.00006 0.2M 1.0M
Zjj — L] 7,466 0.10098 + 0.00006 3.9M 7.0M
Z-+jets total 7,624 0.03366 = 0.00002  5.1M 9.0M
WW — anything || 12.040.7 1.0 £ 0.0 2.9M 0.7M
WZ — anything | 3.68=+0.25 1.0+ 0.0 0.9M 0.6M
Z7 — anything 1.42 +0.08 1.0+ 0.0 0.9M 0.5M
Diboson total 1714+1.0 1.0+0.0 4.7T™M 1.8M

Table 6.2: The cross sections, branching fractions, and initial numbers of events in
the Monte Carlo event samples. The symbol ¢ stands for electron plus muon plus tau
decays.
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6.3 Multijets Background Modeling

The multijet background is modeled using the data events that pass all the selection
criteria, excluding the likelihood requirement for electrons and the isolation require-
ment in the case of muons (see Chapter 7). Below is a more detailed explanation
of the procedure to obtain the Multijets background for both muon and electron

channels.

6.3.1 Electron Channel

The electron multijets background is modeled using the “orthogonal” dataset. The
orthogonal dataset corresponds to the events that pass all selection cuts (before b tag-
ging) but where the EM object fails the electron likelihood cut and is not required
to have a matching track. The kinematical distributions of this sample do not com-
pletely correspond to those of a multijet background mainly due to the “not track
match” requirement. This is solved by reweighting the distributions using the proce-
dure explained below.

The fake-electron probability comes from the “matrix method” of normaliza-
tion [103, 104]. In this method, the tight data sample (events with a “tight” electron)
is a subset of the ultraloose data sample (events with an “ultraloose” electron). The
ultraloose sample contains Nfﬁg(l)gee events with a real electron and Nﬁ?é{gs;e fake-

electron events. The efficiency for a real ultraloose electron to pass the tight electron

selection is & and the efficiency for a fake ultraloose electron to pass the tight

real—e>

electron criteria is egy)0_ . Thereby IV, and Ntight are given by:

loose

_ fake—e real—e
Nuloose = Nuloose T Nuloose (6.1)
N.. _ Nfake—e + Nreal—e — - Nfake—e +e Nreal—e (6.2)
tight = “Vtight tight — “fake—e “‘“uloose real—e “‘yloose :
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and N, E?glilet_e can be expressed as:
fake—e Efake—e €fake—e | —Ereal—e yreal—e
Ny = ——_ — Nuloose—tight — Ny (6.3)
tight l—efapee oo 8 L= efake—e  Ereal—e tight

but the second term is small compared to the first term, which allows it to be rewritten
as,

fake—e Efake—e )
Ntight 1 — Efakoec Nuloose—tlght (6.4)

which represents the factor use for the re-weighting of the orthogonal data set. The
Efake—e Can be parametrized as a function of pp of the electron as shown in Figure 6.1.
The electron pp distributions before and after the re-weight is applied are shown in

Figure 6.2, where the multijet background is shown in brown.
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Figure 6.1: ef,1o_ as a function of electron pp for Run Ila (p17) (left) and Run IIb
(p20) data (right) [19].
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Figure 6.2: Electron transverse momentum distribution before (left) and after (right)
multijet background reshaping [19].

6.3.2 Muon Channel

The muon multijets background is modeled using an orthogonal sample, whereby the
events pass all selection cuts (before b tagging) however no isolation requirements are
imposed to the muon. Events passing the muon channel requirement are also removed
to ensure the orthogonality of the samples. In past Single Top analysis [105], an
isolation requirement of AR(muon, jet) > 0.5 was required, which led to a statistically
limited sample. Removing the AR cut the sample size increased the sample size by
a factor of ten. In order to make the jets in these events match those in the signal
data, any jets close to the muon are removed from the event and 4 1 is recalculated
to regain momentum balance.

A comparison of kinematical distributions for the old and new multijets back-
ground models is shown in Fig. 6.3. When looking at these plots one has to keep
in mind that both the old sample (labeled “Reverse isolation”), and the new sample
(labeled “Large QCD”) are only models of the true multijets background present in
the signal sample, and do not precisely represent the background. The uncertainties

on the multijets background normalization are of the order of (~30%), and the size
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of the background is small compared to other more dominant backgrounds such as in

the W+jets background.
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Figure 6.3: Kinematic distributions comparing the old (red points) and new (black
points) multijets background models. Upper row, pp(jetl) and K, lower row,
Mp (W) and AR(jetl, jet2) [19].

6.4 Corrections

The description of the data by the simulated samples is not perfect. To rectify these
differences, it is necessary to apply corrections to the Monte Carlo. One of the
common mismodeling issues is the higher resolutions of the Monte Carlo simulation
compared to data, which is corrected by the “smearing” of the event in one variable
to better reproduce the data events.

The number of events coming from the simulated samples is obtained by scaling
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the Monte Carlo such that the reconstruction and selection efficiencies match those

found in data, and by normalizing:

e the tt, Z+jets, dibosons and Single Top samples to the integrated luminosity of
the data-set using the cross sections and branching fractions listed in Table 6.2;

and

e the W+jets and multijet samples to data using an Iterative Kolmogorov-Smirnov

(IKS) method explained in detail in Section 7.2).

All of the corrections applied to the different objects in Monte Carlo are described in

the following pages.

6.4.1 Muons

To study the muon corrections, events from the decay of a Z boson into a pair of
muons is used, Z — pp. This procedure is known as the “tag-and-probe” method
which uses the correlation between the two muons to measure efficiencies. The muon
momentum resolution is estimated from the width and shape of the Z peak. The
smeared variable is ¢/pp, which is proportional to the radius of curvature and where
q is the muon charge and pp, the muon transverse momentum. The smearing can be
expressed as:

44 a+ By s (6.5)

pr pr pr
where Rnd is a Gaussian-distributed number centered at zero with width 1, and A and
B are measured parameters determined from the Z — pp sample (See Refence [20]
for more detail).
In addition to the smearing, the muons are corrected by the following three factors:
the muon ID efficiency, the track match, and the isolation. The ID scale factor is
parametrized in 74, and ¢, as shown in Figure 6.4; the track match is parametrized

in track-z and ncpT, Figure 6.5; and the isolation in 7, as shown in Figure 6.6. All
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the corrections applied follow the recommendation of the D@ Muon ID Group which
are described in Ref. [20, 21]:

Data Data Data,
_ ®MediumID . ‘TrackMatch ngghtIsol
15 ,u—ID = MC X X (6.6)

e e MC = MC
MediumID TrackMatch Tightlsol

6.4.2 Electrons

The electron corrections are derived by using Z — ee data and Monte Carlo samples.
The scale factor applied to the Monte Carlo accounts for the differences in electron
cluster-finding and identification efficiency. This scale factor is divided into two parts:
“preselection” and “post-selection.” Preselection refers to the basic electron criteria
that are common among many electron quality definitions: 1D, electromagnetic frac-
tion, and isolation. The preselection scale factor is parametrized in 74 as shown in
Figure 6.7. The post-preselection criteria, which are unique for our particular electron
quality definition, consist of the H-matrix cut, the track-matching requirements, and
the likelihood cut. The post-preselection scale factor is parameterized in (1get,¢)-

These follow the recommendations by the DO EM ID Group’s certifications [22, 23]:

cData cData
c — _Presel . “PostPresel (6.7)
e—ID MC MC '

Presel “PostPresel

6.4.3 Jets

The standard jet shifting, smearing and removal (JSSR) procedures are used to recal-
ibrate and possibly discard simulated jets in a consistent way to force the simulated
events to match the data jets. The JSSR determination is completed by studying
photon-+jet events in both Monte Carlo and data. The main quantity used in this

determination is the pp imbalance, defined as:
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Figure 6.4: Muon reconstruction efficiencies as a function of 74, and ¢ for the data
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hole region (bottom part of the detector) are not considered. Similar efficiencies are
found for the Run IIb data. [20, 21].
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Py —pp

AS =
Pr

(6.8)

the details of this procedure are described in [106]. For this analysis, the standard
JSSR processor is used with smearing and threshold removal set to TRUE, and shifting

set to FALSE.

6.4.4 Primary Interaction vertex

Using the V+Jets Group’s vjets_cafe package [107, 108], the position of the primary
vertices along the beamline in z are reweighted to make the distribution in MC events
match data. The correction factor defined as the ratio of MC to data is measured

using Z — pu samples.
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Figure 6.8: Primary vertex reconstruction efficiency in data as a function of z[24].
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6.4.5 Luminosity Reweighting

Since the luminosity distributions change over time, the MC events are reweighted

using the vjets_cafe package to match the luminosity of Run Ila and Run IIb data.

6.4.6 Beam Position Reweighting

The vertex-finding algorithms and reconstruction efficiencies depend on the 2z position
of the vertex. The beam position reweighting corrects for the efficiencies, as a function
of z, by fitting the primary vertex distribution in zero bias events to a convolution
of two Gaussian beams and the beam beta function. If then parametrizes the scale
factor as a function of z for different instantaneous luminosities (See [109, 110] for

more detail).

6.4.7 Z-pr Reweighting

Since the Z boson spectrum is not properly reproduced by the Monte Carlo [111], it is

required to reweight the MC such that the Z pp spectrum matches the theory [112].

6.4.8 Taggability

“Taggability” is defined as the probability of a jet to be taggable. A taggable jet is a
calorimeter jet matched within AR < 0.5 of a track jet which consists of at least two
tracks, with AR < 0.5 between them. Here, each track used to form the track jet
must have at least one SMT hit and at least one of the tracks must have pp > 1 GeV.

Since the tagger and tracking reconstruction are not perfectly modeled, the Monte
Carlo can not be tagged directly. The TRFs must be applied to the MC in order to
compensate for differences. The TRF's are parametrized in jet pp, jet n, and primary
vertex z zones. The details for the Single Top taggability measurements can be found

in reference [19]. The results for the electrons channels for the Run IIb data can
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be seen in Figure 6.9. The observed taggability and the predicted taggability are

compatible within uncertainties.

b-tagging Event Weights and 0-Jet Assignment Combinations

The probability to tag a jet of flavor o can be expressed as the product of the tagga-

bility and the tagging efficiency:

Palpp,n) = P88 0y s e (pp, ),

which can be used to predict that an event contains exactly a given number of tags.

The probability equations for the b-tag definitions on page 83 herein are the following:

N
jets
Pevent (1 tag) = 3 Pa ;M (o my) [T (1 = PRIPYOSE wrym)) - (6.9)
J=1 7]
Njets
Pevent (2 tags) = 3 PRIPPOE oy, my) [T PRI o, )
J=1 i#] (6.10)
[T —=PePR O )
kA ji

Using the TRFs, the number of tagged jets per event can be estimated. However,
individual jets cannot be tagged because the TRF returns a weight. This is solved by
creating permutations of the same event for different scenarios of different number of
b-tagged or non-b-tagged jets with a corresponding weight. Therefore, each event is
taken into account several times, and the sum of weights for all possible combinations
in each event returns the original probability for the event to be not-tagged, tagged
once or tagged twice. This method allows the use of kinematic variables that rely the

b-tagging information of the jets.
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Figure 6.9: The upper four plots show the fits for the derivation of the taggability.
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in [19].
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6.5 Trigger Efficiencies

The data used in this analysis are selected using a so-called “Mega-OR” of triggers,
which have a trigger efficiency close to 100% and thus no trigger MC efficiency cor-
rection factors are needed.

In the trigger Mega-OR, an event is said to have passed the trigger requirement
if it was collected with any “reasonable” trigger in the D@ trigger list. Reasonable
triggers are generally defined to be all triggers except b tagging, gap, and forward
proton triggers, as well as EM triggers in the case of the muon channel, and muon
triggers in the case of the EM channel. The total number of triggers used was: 788
triggers for the Run Ila electron channel, 358 triggers for the Run Ila muon channel,
492 triggers for the Run IIb electron channel, and 303 triggers for the Run IIb muon
channel.

Since the Mega-OR uses a large number of triggers, events that might have failed
a certain requirement will be collected by another trigger. To show that the efficiency
of the Mega-OR is 100%, the ratio of Single-Lepton-OR selected data, to Mega-OR
selected data is compared with the ratio of MC simulation that has had the known
Single-Lepton-OR turn-on curves applied to 100% efficient MC simulation. A ratio
of these two ratios is then taken to represent the efficiency of the Mega-OR selection.

Assuming that the Single-Lepton-OR is modeled correctly, then the ratio of ratios
corresponds to the Mega-OR efficiency in data divided by the Mega-OR efficiency in
Monte Carlo (100%). This ratio should be around 1.0 as long as the assumption of
100% trigger efficiency in the Mega-OR is correct. The ratio will be less than 1.0
if the trigger efficiency of the Mega-OR is less than 100%. Any value larger than
1.0 indicates imperfect modeling of the multijet background or the Single-Lepton-
OR trigger. These ratios are shown in Figure 6.10 with respect to the topological
variables that are likely to be most sensitive to the trigger selection. In these plots,

the vertical lines delineate the relevant region containing 90% of the data (with 5%
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of the data on either side). A horizontal line is drawn at 100% efficiency (red), and
at £5% (blue). Figure 6.10 shows that there is no indication of efficiency loss for the

Mega-OR trigger set. For more detail on this study refer to [19].
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Figure 6.10: Run ITa (p17) electron channel: Ratio of Single-Lepton-OR to Mega-OR
in data-minus-multijets (top row); ratio of Single-Lepton-OR to 100% in the sum of
MC backgrounds (middle row); ratio of these “efficiencies” in data to MC (bottom
row). The ratio is calculated for the leading jet pp (left) and electron pp (right)
distributions. The corresponding plots for Run IIb, muon channel, and additional
variables dependance can be found in Reference [19].
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Chapter 7

Event Selection

This Chapter presents the selection cuts applied to the data and Monte Carlo samples
and the plots demonstrating the agreement between the model and the data. The
purpose of the selection cuts is to reject events that have a similar final state signature
with respect to the Single Top signal. Due to the complexity of this analysis and the
overwhelming background, it is not possible to consider a cut-based-only study. Some
other tools such as multi-variate techniques are required to accomplish the goal of
separating the signal from the background.

A brief presentation of the selection will be shown in this Chapter, for further

details see [19].

7.1 Event Selection Cuts

The purpose of selections cuts is to find W-like events containing an isolated lepton,
missing transverse energy, and two to four jets with high transverse momentum. Most
selection cuts are common to both muons and electron channels and are listed in the
following pages. In addition to all the quality and kinematical selections, there are
also additional selection requirements related to the number of b-tagged jets per event.

The b-tagging algorithm is applied after all the other selections and corrections are
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performed. The events before the b-tagging stage are known as “pre-tagged” events.

The pretagged samples are dominated by W-jets events, with some ¢t contribu-
tion that becomes more significant for higher jet multiplicities, and smaller contribu-
tions from multijets, Z+jets and diboson events.

Common selection for both electron and muon channels:

e Good quality (for data);

e Instantaneous luminosity > 0;

e Remove duplicate events;

e Pass trigger requirement: at least one of the selected triggers has to fire;
e Good primary vertex: |zpy| < 60 cm with at least three tracks attached;
e Two, three, or four good jets with pp > 15 GeV and |ndet| < 3.4;

e The leading jet is required to have pp > 25 GeV;

o Jet triangle cut |A¢(leading jet, Ep)| vs. B 7:
e |A¢| from 1.5 to m rad when B =0 GeV;

e and 7 from 0 to 35 GeV when |A¢| = 7 rad,;

e Missing transverse energy
e 20 < Hp <200 GeV in events with exactly two good jets and

e 25 < H <200 GeV in events with three or more good jets.

Electron channel selection

e Only one tight electron with [p9€t| < 1.1 and pr > 15 (20) GeV in events with

2 (3 or more) good jets;

e No additional loose electron with pp > 15 GeV;
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e No tight isolated muon with pp > 15 GeV and within Indet| < 2.0;
e Electron coming from the primary vertex: |Az(e, PV)| <1 cm;

e Electron triangle cuts |A¢(e, )| vs. K p:

e |A¢| from 2 to 0 rad when B =0 GeV, and ¥ 7 from 0 to 40 GeV when
|A¢| = 0 rad;

e |A¢| from 1.5 to 0 rad when B = 0 GeV, and K p from 0 to 50 GeV
when |A¢| = 0 rad;

e |A¢| from 2 to m rad when H p = 0 GeV, and H 7 from 0 to 24 GeV when
|A¢| = 7 rad,;
e Scalar sum of the transverse energies of all good jets and the electron transverse
momentum and the missing transverse energy:
o Hrp(alljets, e, B ) > 120 GeV in events with exactly two good jets;
o Hp(alljets, e, B ) > 140 GeV in events with exactly three good jets and

e Hp(alljets, e, B ) > 160 GeV in events with exactly four good jets;

Muon channel selection

e Only one tight muon with pp > 15 GeV and \ndet\ < 2.0;

No additional loose muons with pp > 4 GeV;

No loose electron with pp > 15 GeV and within |ndet\ < 2.5;

e Muon coming from the primary vertex: |Az(u, PV)| <1 cm;

Muon triangle cuts [A¢(p, Bp)| vs. B :

e |A¢| from 1.2 to 0 rad when B = 0 GeV, and K p from 0 to 85 GeV
when |A¢| = 0 rad;
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e |A¢| from 2.5 to m rad when B = 0 GeV, and Hp from 0 to 30 GeV
when |A¢| = 7 rad;

e Muon track curvature significance cuts |TrackCurvSig| vs. |A¢(u, & )|, where

| TrackCurvSig| = |UE]1/ ;)p];ﬂ) |, and ¢ and pp are the charge and transverse mo-

mentum of the charged track associated with the muon:

o |A¢| from 0.8757 to 7 rad when |TrackCurvSig| = 0, and |TrackCurvSig|
from 0 to 4 (6) when |A¢| = 7 rad for Run Ila (Run IIb) period;

e |A¢| from 2 to m rad when |TrackCurvSig| = 0, and |TrackCurvSig| from
0 to 2 (3) when |A¢| = 7 rad for Run Ila (Run IIb) period;

These cuts are needed to reject events with poorly measured muons that cause
an excess in data over background model in the A¢ distributions (See Sec-

tion 7.1.1).

e Transverse momentum of the leading jet within the ICD region of the detector:

leading jet pp > 30 GeV when 1.0 < |leading jet ndet| < 1.5;
e Scalar sum of the transverse energies of all good jets, the electron transverse
momentum, and the missing transverse energy:
o Hp(alljets, i, H 7) > 110 GeV in events with exactly two good jets;
o Hrp(alljets, i, ) > 130 GeV in events with exactly three good jets and
e Hrp(alljets, i, H7) > 160 GeV in events with exactly four good jets;

Tables 7.1 and 7.3 show the number of events for data and MC signal samples as

they pass through the selection chain of cuts as mentioned above.
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Selection cut - Electron Channel || Run ITa Data (%) Run IIb Data (%)
Initial 335,220,569  (100) 207,299,315  (100)
ZeroLumi, duplicate, DQ 266,288,632 (79) 178,635,715 (86)
Trigger 239,165,711  (71) 169,252,679 (82)
Tight lepton with pr > 15 GeV 2,536,008  (0.76) 2,082,467 (1.0)
Second-lepton veto 2,483,784  (0.74) 2,039,680 (0.98)
Jet selection 1,266,682  (0.38) 1,024,900  (0.49)
Leading jet pr > 25 GeV 568,856 (0.17) 468,752 (0.23)
Veto opposite lepton type 568,619 (0.17) 468,488  (0.23)
Vertex selection 536,645 (0.16) 429,777 (0.22)
15 GeV< B 7 < 200 GeV 200,025  (0.059) 169,597  (0.081)
First lepton triangle cut 119,261  (0.035) 107,602 (0.051)
Second lepton triangle cut 116,993 (0.034) 105,635 (0.050)
Third lepton triangle cut 113,133 (0.033) 101,961  (0.049)
Jet triangle cut 100,936  (0.030) 92,973  (0.044)
Number of good jets cut 41,785 (0.012) 39,642 (0.019)
Instantaneous luminosity > 0 41,600 (0.012) 39,640 (0.019)
Hy(alljets, e, B 7) cut 30,310 (0.0090) 20,070 (0.014)
1 >20/25/25 GeV 27,567 (0.0082) 26,201 (0.013)
Lepton pr > 15/20/20 GeV 26,847  (0.0080) 25,595  (0.012)
Additional duplicate removal 24,662 (0.0074) 25,595 (0.012)
Selection cut - Electron Channel || Run ITa Data (%) Run IIb Data (%)
Initial 330,306,915  (100) 352,185,449  (100)
ZeroLumi, duplicate, DQ 270,187,161  (82) 303,612,626  (86)
Trigger 247,589,750  (75) 265,892,437  (76)
Jet selection 170,537,062 (52) 187,509,219 (53)
Tight lepton with pr > 15 GeV 919,420  (0.28) 774,158 (0.22)
Second-lepton veto 906,444 (0.27) 761,494 (0.22)
Veto opposite lepton type 903,054 (0.27) 758,603  (0.22)
Leading jet pr > 25 GeV 386,770 (0.13) 339,038 (0.096)
Vertex selection 357,389 (0.12) 300,569  (0.085)
15 GeV< B 7 < 200 GeV 192,933 (0.058) 169,964 (0.048)
First lepton triangle cut (loose) 142,940 (0.043) 131,555 (0.037)
Second lepton triangle cut 138,612  (0.041) 127,700  (0.036)
Jet triangle cut 118,931  (0.036) 112,164  (0.031)
Number of good jets cut 49,649 (0.015) 48,963 (0.015)
Instantaneous luminosity > 0 49,479  (0.015) 48,682 (0.015)
Ho(alljets, 1, B 1) cut 41219 (0.013) 41,027 (0.012)
Er > 20/25/25 GeV 38,291  (0.012) 38,176 (0.012)
Leading jet pr > 30 GeV if in ICD 36,962 (0.011) 36,960 (0.011)
First lepton triangle cut 34,297  (0.010) 34,357 (0.010)
Track curvature significance cut 31,957  (0.0097) 32,939 (0.010)
Additional duplicate removal 31,581  (0.0096) 32,939 (0.010)

Table 7.1: Numbers of data events after each selection cut is applied.
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Selection cut - Electron Channel || Run ITa tb (%) | Run ITb tb (%)
Initial 400,000 (100) 600,000  (100)
ZeroLumi, duplicate, DQ 376,482 (94.1) 538,312 (89.7)
Jet selection 371,476 (92.9) 534,079  (89.0)
Leading jet pr > 25 GeV 360,830 (90.2) 519,723 (86.6)
Tight lepton with pr > 15 GeV 96,728  (24.2) 119,434 (19.9)
Second-lepton veto 96,352  (24.1) 119,031  (19.8)
Veto opposite lepton type 96,315 (24.1) 118,985  (19.8)
Vertex selection 95,093 (23.8) 118,028  (19.7)
15 GeV< B 1 < 200 GeV 89,039 (22.3) 110,229 (18.4)
First lepton triangle cut 85,463 (21.4) 105,926  (17.7)
Second lepton triangle cut 84,617 (21.2) 104,905  (17.5)
Third lepton triangle cut 83,892 (21.0) 103,910 (17.3)
Jet triangle cut 81,906 (20.5) 101,291  (16.9)
Number of good jets cut 66,412 (16.6) 81,330 (13.6)
Hr(alljets, e, B 1) cut 65,276 (16.3) 79,997  (13.3)
Br >20/25/25 GeV 62,425 (15.6) 76,371 (12.7)
Lepton pr > 15/20/20 GeV 60,439  (15.1) 73914 (12.3)
Selection cut - Muon Channel || Run IIatb (%) | Run IIb tb (%)
Initial 400,000 (100) 600,000  (100)
ZeroLumi, duplicate, DQ 374,407  (93.6) 535,883 (89.3)
Jet selection 370,388 (92.6) 531,898  (88.7)
Tight lepton with pr > 15 GeV 103,850 (26.0) 142,162 (23.7)
Second-lepton veto 102,579  (25.6) 140,502  (23.4)
Veto opposite lepton type 101,835 (25.5) 139,890 (23.3)
Leading jet pr > 25 GeV 98,410 (24.6) 135,491 (22.6)
Vertex selection 96,858  (24.2) 133,046  (22.2)
15 GeV< B 1 < 200 GeV 91,124  (22.8) 124,976 (20.8)
First lepton triangle cut (loose) 88,967 (22.2) 121,997  (20.3)
Second lepton triangle cut 87,994  (22.0) 120,668  (20.1)
Jet triangle cut 85,024 (21.3) 116,697  (19.5)
Number of good jets cut 70,870  (17.7) 97,375 (16.2)
Hy(alljets, e, B 1) cut 70,342 (17.6) 96,713 (16.1)
Br >20/25/25 GeV 67,365 (16.8) 92,553 (15.4)
Leading jet pr > 30 GeV if in ICD || 67,036  (16.8) 92,005  (15.4)
First lepton triangle cut 63,592  (15.9) 87,395 (14.6)
Track curvature significance cut 62,466  (15.6) 86,426  (14.4)

Table 7.2: Numbers of MC tb channel signal events after each selection cut is applied
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Selection cut - Electron Channel || Run ITa tqb (%) | Run IIb tgb (%)
Initial 375,000 (100) 600,000  (100)
ZeroLumi, duplicate, DQ 351,768  (93.8) 539,371 (89.9)
Jet selection 345,854  (92.2) 534,328  (89.1)
Leading jet pr > 25 GeV 332,850  (88.8) 516,360  (86.1)
Tight lepton with pr > 15 GeV 88,776 (23.7) 113,510 (18.9)
Second-lepton veto 88,468  (23.6) 113,153  (18.9)
Veto opposite lepton type 88,439  (23.6) 113,119 (18.9)
Vertex selection 87,274  (23.3) 112,246  (18.7)
15 GeV< B 1 < 200 GeV 81,709  (21.8) 104,923 (17.5)
First lepton triangle cut 78,791  (21.0) 101,204  (16.9)
Second lepton triangle cut 78,230 (20.9) 100,441  (16.7)
Third lepton triangle cut 77,485  (20.7) 99,439  (16.6)
Jet triangle cut 75,669  (20.2) 97,002 (16.2)
Number of good jets cut 61,491 (16.4) 78,709  (13.1)
Hr(alljets, e, B ) cut 60,162  (16.0) 77,086 (12.9)
1 >20/25/25 GeV 57,284 (15.3) 73,163 (12.2)
Lepton pr > 15/20/20 GeV 55,325  (14.8) 70511 (11.8)
Selection cut - Muon Channel || Run ITa tqgb (%) | Run IIb tgb (%)
Initial 350,000  (100) 599,250  (100)
ZeroLumi, duplicate, DQ 327,973 (93.7) 540,256 (90.2)
Jet selection 323,583  (92.5) 535,067  (89.3)
Tight lepton with pr > 15 GeV 80,649  (25.6) 141,100 (23.6)
Second-lepton veto 88,757  (25.4) 139,636  (23.3)
Veto opposite lepton type 88,129 (25.2) 138,793 (23.2)
Leading jet pr > 25 GeV 84,270  (24.1) 132,962 (22.2)
Vertex selection 83,019 (23.7) 130,531  (21.8)
15 GeV< B 1 < 200 GeV 77,994 (22.3) 122,623 (20.5)
First lepton triangle cut (loose) 76,268 (21.8) 119,893  (20.0)
Second lepton triangle cut 75,467  (21.6) 118,504  (19.8)
Jet triangle cut 72,972 (20.9) 114,569  (19.1)
Number of good jets cut 59,778  (17.1) 93,745 (15.6)
Hy(alljets, e, B 1) cut 59,146 (16.9) 92,903  (15.5)
Br >20/25/25 GeV 56,428  (16.1) 88,522 (14.8)
Leading jet pr > 30 GeV if in ICD 56,049  (16.0) 87,923  (14.7)
First lepton triangle cut 53,573  (15.3) 84,103 (14.0)
Track curvature significance cut 52,637  (15.0) 83,411 (13.9)

Table 7.3: Numbers of MC tgb channel signal events after each selection cut is applied

112



7.1.1 Triangular Cuts
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Figure 7.1: A¢(jetl, B 1) versus H (left) and A¢(lepton,F 1) versus K (right)
two-dimensional distributions for data (top), multijets (middle) and tb+tgb signal
(bottom), in the electron channel in Run IIb data. Similar distributions for the
Run ITa and muon channels can be found in [19].

The goal of the triangle cuts is to reduce the multijets background. Figure 7.1
shows the distributions of data, multijets and MC signal events in the two-dimensional

planes of A¢(jetl, 1) versus K 7 and A¢(lepton, B 1) versus K . This is before any
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triangular or K cut is applied. The red lines illustrate the events removed by the
triangular cuts; events inside the triangles fail the selection criteria. These rejected
events correspond mostly to multijet events, however for the signal, the triangle cuts
have a very little impact.

For the muon channel, there is an additional triangular cut aimed to reject poorly
measured muons in data that are not well modeled in MC. This cut uses the two-
dimensional plane: “absolute value of the track curvature significance” vs. “A¢(u, £ 7),”
(see Figure 7.2). The need for this special cut can be seen in Figure 7.3 where the

distribution A¢(u, & 7) is plotted before and after the cut is applied.
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Figure 7.2: Absolute value of the muon track curvature significance versus
A¢(u, B 7). The cuts are shown as heavy black (blue) lines for Run Ila (Run IIb).

7.1.2 Total Transverse Energy (Hr) cut

The purpose of the Hp cut is to control the multijet background to levels below ~5%
in the final selection. Figure 7.4 shows the Hp distribution together with the Mp (1)
distribution before and after the cut is applied illustrating the motivation and use of

this cut.
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Figure 7.3: A¢(p, B ) distribution for the Run Ila before(after) the muon track
curvature significance triangle cut — left(right).

7.2 W+Hjets and Multijets Background Normaliza-
tion

The W+jets background is taken from Monte Carlo samples and corrected for recon-
struction efficiencies (as described in Sections 6.2.3 and 6.4). Unfortunately, some
additional corrections are necessary because of some mismodeling associated ALPGEN.
This mismodelling issue is solved by performing a reweighting of the W +jets sample
to reproduce the jet 7 distributions in data (more in Section 7.2.1). The modeling of
the multijets background is base on the data as explained in Section 6.3.

The normalization of the multijets and the W+jets backgrounds is obtained using
an iterative KS-test normalization method (IKS) that calculates two anti-correlated
scale factors which are applied to the each one of the backgrounds guaranteeing the
proper normalization to data. The two normalization scale factors Sy Fiets and

S

multijets r€ calculated during the pre b-tagging stage.
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Figure 7.4: Pretagged distributions for Run Ila events with 2-jet in the electron
channel for for Hp(lepton, ¥ 7, alljets) (left) and the W boson transverse mass be-
fore(after) the Hp cuts is applied - middle(bottom). Similar distributions for other
jet multiplicity channel, leptons and reconstruction version can be found in [19]

The total amount of data (yield of data) can be expressed as:

before—IKS
Ypretagged data = S W +jets * YW+jets + Yall other MC

before—IKS
+Smultij ets * multijets  ’

(7.1)

where Y is the event yield of a sample (sample = pretagged data, W-+jets, all

ample
other MC, and multijets) after all the selection cuts and corrections have been applied.
The Sy Fiets and Smultijets are determined simultaneously using an iterative KS-test

normalization (IKS) method:
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1. Select a kinematic variable (varl) that has noticeable differences on the distri-

butions for W+jets and multijets backgrounds;

2. Initialize Syy 4 jets = 1.0, KSmax = 0.0 and calculate a corresponding Spyitijets

from Equation 7.1;

3. For varl execute a Kolomogorov-Smirnov test (KS-test) between data and back-

ground distributions;
4. If the new K S value is greater than KSyax, assign the new KS value to KSpax;
5. Increase SW—I—jets by 0.001;

6. Repeat the steps 3-5 until SW—i—jets is equal to 4.0 or when becomes

Smultijets

negative; and
7. Repeat the procedure for a group of varN kinematic variables.
The final Sy et and Siyitijets are determined by doing a weighted average:

varN ’ ‘

7 7
Z SW +ets * KSmax
i=varl

varN ’

> KShax

i=varl

SW +jets =

varN

i i
Z Smultijets * KSmax

1=varl

Smultijets -

For this analysis there were 3 variables chosen to calculate the normalization
factors: pp(¢), B, and Mp(W). The weighted averages were calculated for each
channel corresponding to a different jet multiplicity, lepton and reconstruction version.

The results are summarized in Table 7.4.
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IKS Normalization Scale Factors

SW+jets Smultijets
Run Ila (p17) Run IIb (p20) | Run Ila (p17) Run IIb (p20)

e L e 1 e L e 1

2 jets || 1.51 1.30 1.41 1.23 0.348 0.0490 0.388 0.0639
3 jets || 1.92 1.79 1.75 1.57 | 0.291 0.0291 0.308 0.0410

4 jets || 2.29 2.06 1.81 1.92 0.189 0.0244 0.424 0.0333

Table 7.4: W+jets and multijets scale factors calculated using the iterative KS-test
normalization method.

7.2.1 Reweighting for the W+Jets Sample

The W+jets sample must be reweighted before the b-tagging is applied. The purpose
of this reweighting is to obtain a better data-background agreement by correcting
the ALPGEN modeling discrepancies in the Monte Carlo. The distributions that need
to be reweighted are (in order): n(jetl), n(jet2), A¢p(jetl,jet2), An(jetl, jet2), n(jet3),
and 7(jet4).

For a given distribution, the reweighting function is calculated by obtaining the

ratio:

data — All Backgroundseycept W tjets

7.2
W + jets (7.2)

reweight function =

Figure 7.5 shows the derivation of the reweighting function for n(jet2) in the Run Ila
sample set. The same procedure is followed to obtain the reweighting function for
all other distributions, each reweighting is calculated after the previous reweighting
is applied to the W +jets sample.

The reweighting functions are combined in a bin-by-bin basis for the electrons and
muons and for all jets multiplicity. The leptons combination is consistent with the

motivation of the reweighting which is to correct jet quantities, and the jet combina-
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tion is because there was no noticeable difference between the reweighting functions
for different jet bins. The final reweighting functions for the Run Ila and Run IIb are
presented in Figure 7.6.

Figure 7.7 shows the distributions of four jet-related parameters before and after
the reweightings for Run IIb, muon and jets combined. Additional distributions can

be found in [19].
To achieve a good background-data agreement the W+jets sample needs to be

reweighted: the muon detector pseudorapidity ndet(

u). Figure 7.8 shows the distri-
butions before and after the reweighting is applied. Although all of the reweights
presented in this subsections are small, they are necessary to ensure the final data-

background agreement.

7.2.2 W-++Jets Heavy-Flavor Fraction

The ALPGEN leading-log cross section for Wbb, Wee, and Wjj are required to be
scaled by the theoretical factors K’ and K }I p 1n order to account for the NLO effect.
The DO V+Jets Group [113] calculated them by using comparisons of the LL and

NLO calculations, and are presented in Table 7.5.

NLO/LL K’ and K*, .. Factors for V+Jets Cross Sections
HF

H Wij Wej Wee Wbb ‘ Zjj Zce Zbb

Run ITa 1.30  1.80 1.30x1.47 1.30x1.47 | 1.346 1.346 x 1.25 1.346 x 1.25

Run IIb 1.30 1.80 1.30x147 1.30x147| 1.30 1.30x1.67 1.30 x 1.52
Table 7.5: NLO/LL K’ and K}IF Theoretical Factors for V' 4-Jets Cross Sections.

In order to achieve better data-background agreement, an extra scale correction

factor S for the heavy flavor W+jets samples is required. The procedure to
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calculate Spyp is explained in detail in [114]. Let us consider:

D' =X'"+8x (W +Syp xB) (7.3)

D" =X"4+8x W'+ SypxB" (7.4)

where D, W B and X are the yields for the samples data, W +light-jets, W+heavy-
flavor and the rest of the background plus signal respectively. The method uses two
ortogonal samples: one that passes the b-tagging requirements (') and one orthogonal

to it (/ ! ), thereby ensuring that the data-background agreement holds in both samples.
Solving for Sgrp:

W/(D// o X//) o W// % (D/ o X/)

SHF = B//(Dl _ X/) _ B/ * (D/l _ X”). (7'5)

The final Sgyp applied to all channels is:

SHF = 0.946 £ 0.082 (Stat)

which corresponds to a weighted average of all Sgyp presented in Table 7.6.
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Heavy-Flavor Scale Factor Corrections Sgrp for W+Jets Events

Run Ila Run IIb

e I e I

1 tag 1.044+£0.19 1.15+£0.20 0.95+0.20 0.65+£0.18

2tags || 0.84+£0.30 0.70£0.29 1.23£040 1.17£0.40

Run ITa+b e+ Run ITa+b

e 1 Run Ila Run IIb e+ i

1 tag 1.00+£0.14 090+0.13 1.10£0.14 0.79£0.13 0.95=£0.10
2tags || 1.024+£0.25 091+£0.17 0.774+£0.21 1.20£0.28 0.97£0.17

Table 7.6: Heavy-flavor scale factor corrections for the two run periods and lepton
types and combinations of each, calculated using two-jet events.
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7.3 Number of Events After Selection

Tables 7.7 and 7.8 show the number of events for each sample after the selection
criteria, discussed previously, have been applied. These numbers are important as
they represent the statistics available for training a Decision Tree and are also used

to calculate statistical uncertainty of the measurement.

Number of p17 Events after Selection

Electron Channel Muon Channel
2 jets 3 jets 4 jets 2 jets 3 jets 4 jets

Signal MC

th 42,407 14,339 3,693 42,295 16,181 3,990

tqb 36,568 14,273 4,484 33,744 14,563 4,330

tb+tqb 78,975 28,612 8,177 76,039 30,744 8,320
Background MC

tt—ll 105,957 67,291 22,008 88,999 66,241 21,622

tt—l+jets 34,183 110,291 128,273 23,066 103,952 140,513

Wbb 33,958 11,589 3,439 38,522 14,757 4,362

Wee 29,781 11,165 3,202 34,861 14,112 3,925

Wej 15,518 5,427 1,252 17,462 6,346 1,509

Wij 214,395 74,244 18,417 | 260,622 98,177 24,348

Zbb 2,827 1,202 432 7,371 2,077 591

Zce 722 348 125 3,406 1,280 364

Zjj 9,192 3,516 1,353 35,374 11,060 2,729

Dibosons 92,882 25,726 5,897 | 113,327 33,989 7,637
PreTag data

Multijets 241,173 105,002 46,458 18,281 8,083 2,827

Data 18,582 4,834 1,246 23,243 6,675 1,663
OneTag data

Multijets 6,938 3,773 1,845 1,050 591 300

Signal data 508 202 103 627 259 131
TwoTags data

Multijets 451 417 285 67 68 38

Signal data 67 61 37 71 62 56

Table 7.7: Number of events for the electron and muon channels after selection in the
pl7 sample.
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Number of p20 Events after Selection

FElectron Channel Muon Channel
2 jets 3 jets 4 jets 2 jets 3 jets 4 jets

Signal MC

th 51,228 17,890 4,796 55,557 24,016 6.853

tqb 44,863 19,223 6,425 50,861 24,416 8,134

tb+tgb 96,091 37,113 11,221 | 106,418 48,432 14,987
Background MC

tt—ll 61,642 47,435 15,473 57,435 51,705 17,168

tt—l+jets 15,461 49,628 57,644 11,787 51,564 69,033

Whb 50,850 19,131 5,572 63,506 26,499 7,736

Wee 37,524 13,860 4,061 48,043 20,081 5,588

Wej 6,596 2,298 567 8,016 3,082 724

Wij 91,261 32,106 8,335 | 120,751 47,562 11,711

Zbb 3,266 1,418 609 | 12,124 4,499 1,280

Zce 2,185 883 347 9,454 3,308 864

Zjj 9,193 3,516 1,353 35,387 11,067 2,730

Diboson 25,373 7,642 2,001 36,486 11,865 3,001
PreTag data

Multijets 229,208 101,466 47,660 21,416 9,188 3,233

Data 19,048 5,087 1,460 23,972 7,040 1,927
OneTag data

Multijets 6,838 3,417 1,773 1,150 689 271

Signal data 547 207 124 595 290 142
TwoTags data

Multijets 505 444 287 7 76 29

Signal data 79 56 51 85 79 80

Table 7.8: Number of events for the electron and muon channels after selection in the
p20 sample.
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7.4 Event Yields

In this section, the number of events after the event selection on the 2.3 fh—1 of
data analyzed in this dissertation are presented. Tables 7.9 and 7.10 show these
yields for all signals and backgrounds before the b tagging is applied. They are
separated by data-taking period, lepton flavor and jet multiplicity within each table.
Similarly Tables 7.11 and 7.12 show the yields after b-tagging algorithm is applied
and the resulting selected events have one two b-tagged jets respectively. Figure 7.9
is a graphical representation of the or all yield tables for easy comparing the yields
among the different backgrounds and the signal.

Tables 7.13 and 7.14 summarize the signals, summed backgrounds, and data from
each channel, showing the uncertainties on the signals and backgrounds, and the
signal:background ratios. Table 7.15 presents the differences between the data and
the background model plus SM signal prediction for each analysis channel as a fac-
tor times the background+signal model uncertainty These numbers demonstrate the

consistency of the background model with the data.
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Pretagged Event Yields

Run ITa Run IIb
Electron Channel Muon Channel Electron Channel Muon Channel
2 jets 3Jjets 4djets | 2jets 3Jjets 4djets | 2jets 3jets 4jets | 2jets 3 jets 4 jets
Signals
tb 23 8.2 2.2 27 11 2.8 24 8.4 2.3 26 11 3.3
tgb 43 17 5.8 51 23 7.0 43 19 6.3 49 24 7.9
tb+tgb 67 26 8.0 77 33 10 67 27 8.6 75 35 11
Backgrounds
tt—li 60 37 12 57 41 13 65 42 13 61 46 14
tt—I+jets 41 136 158 32 143 196 43 141 168 33 145 198
Whb 479 160 45 530 211 57 458 161 42 499 200 61
Wee 1,041 356 101 1,196 485 125 | 1,006 351 94 | 1,126 453 137
Wej 1,338 315 65 | 1,514 389 81 1,327 316 70 | 1,442 377 96
Wij 13,847 3,309 722 | 17,028 4,612 984 | 14,166 3,489 795 | 16,941 4,710 1,137
Zbb 18 7.1 3.5 70 22 6.6 19 8.2 3.4 70 26 74
Zce 33 12 4.2 151 46 13 35 15 5.9 152 54 14
Zjj 461 125 40 | 1,309 348 84 596 167 55 | 1,833 507 118
Dibosons 339 98 24 457 142 34 343 103 26 445 145 37
Multijets 923 278 74 896 235 69 987 294 188 | 1,369 377 108
Background Sum 18,582 4,834 1,246 | 23,243 6,675 1,663 | 19,048 5,087 1,460 | 23,972 7,040 1,927
Data 18,582 4,834 1,246 | 23,243 6,675 1,663 | 19,048 5,087 1,460 | 23,972 7,040 1,927

Table 7.9: Yields after selection and before b tagging.



Pretagged Event Yields for Combined Signals and Backgrounds

Electron+Muon, Run Ila+Run ITh
2 jets 3 jets 4 jets All Channels
Signal
tb+tqb 286 121 37 444
Backgrounds
tt 392 (0.5%) 731 (3%) 772 (12%) 1,895 (2%)
W+jets 73,938 (87%) 19,894 (84%) 4,612 (73%) 98,444 (86%)
Z+jets & dibosons 6,331 (7%) 1,825 (8%) 475 (8%) 8,631 ( 8%)
Multijets 4175 (5%) 1,184 (5%) 439 (%) 5,798 ( 5%)
Background Sum 84,845 23,636 6,296 114,777
Data 84,845 23,636 6,296 114,777
S:B 1:297 1:195 1:170 1:259

Table 7.10: Yields after selection but before b tagging for the analysis channels and
backgrounds combined. The percentages are of the total background for each com-
ponent.

2 jets 3 jets 4 jets

Preta
9 tb [

tqgo W

tt— 11

tf— I+jets Il

wob Il

wee IR

wej Il

wjj
Z+jets

Dibosons [

Multijets 1l

1 b tag

2 btags

Figure 7.9: Illustration of the composition of the datasets as a function of number of
jets and number of b tags.
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Single-Tagged Event Yields

Run Ila Run IIb
Electron Channel Muon Channel Electron Channel Muon Channel
2 jets  3jets 4djets | 2jets 3jets 4djets | 2jets 3jets 4jets | 2jets 3 jets 4 jets

Signals

th 9.1 3.1 0.82 10.2 3.9 1.0 9.5 3.3 0.91 9.9 4.3 1.2

tqb 174 6.6 2.1 20.5 8.6 3.6 16.9 7.2 2.5 18.5 8.7 3.0

tb+tqb 26.4 9.7 3.0 30.7 12.5 3.6 26.4 10.5 34 28.4 13.0 4.2
Backgrounds

tt—ll 23.6 14.2 4.3 22.1 15.6 4.8 25.6 16.1 4.9 23.5 17.0 5.0

tt—l+jets 16.3 52.0 57.0 12.5 54.3 69.8 16.4 53.8 61.5 12.2 53.6 70.6

Whb 135.4 442 12.0 146.4  57.1 16.0 129.5 443 11.6 | 136.0 534 16.8

Wee 66.0 24.8 8.1 73.9 33.4 9.9 68.6 26.2 7.6 72.4 32.6 10.9

Wej 98.3 24.0 5.0 112.1  30.2 6.3 106.1  25.8 5.4 111.9  29.7 6.6

Wij 73.6 21.9 6.1 87.0 30.1 8.1 114.4 354 9.6 128.3  46.5 14.5

Zbb 6.5 2.8 0.89 26.8 7.9 2.5 5.0 2.4 1.0 20.1 7.7 2.2

Zce 2.7 1.2 0.55 13.3 4.6 1.5 2.1 1.1 0.57 10.7 4.3 1.2

Zjj 5.4 1.8 0.63 12.7 4.3 1.1 6.0 2.1 0.79 13.9 5.0 1.3

Dibosons 16.2 5.3 1.4 22.3 7.8 2.1 17.4 5.8 1.7 22.7 8.4 2.4

Multijets 28.0 10.3 3.0 51.5 17.2 7.3 31.0 10.1 7.1 73.5 28.2 9.0
Background Sum 472.1 2024  99.0 | 580.6 262.5 1294 | 522.1 2232 111.6 | 625.3 286.5 140.5
Bkgds+Signals 498.5 212.2  101.8 | 611.3 275.0 134.6 | 548.5 233.6 115.2 | 653.6 299.4  144.7
Data 508 202 103 627 259 131 547 207 124 595 290 142

Table 7.11: Yields after selection for events with exactly one b-tagged jet.
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Double-Tagged Event Yields

Run Ila Run IIb
Electron Channel Muon Channel Electron Channel Muon Channel
2 jets  3jets 4djets | 2jets 3jets 4djets | 2jets 3jets 4jets | 2jets 3 jets 4 jets

Signals

th 5.69 2.12 0.58 6.66 2.75 0.75 5.26 2.00 0.58 5.61 2.59 0.78

tqb 0.81 1.61 0.90 0.92 2.15 1.07 0.94 1.89 1.01 0.99 2.22 1.21

tb+tgb 6.50 3.72 1.49 7.59 4.90 1.82 6.20 3.89 1.58 6.60 4.80 1.99
Backgrounds

tt—ll 13.91  9.70 3.12 14.09 11.22  3.58 13.58  9.99 3.17 | 12.95 10.79  3.33

tt—l+jets 4.32  28.63 43.16 | 3.51  32.18 55.38 | 4.07 27.71 4344 | 3.11  29.00 51.06

Wbb 33.96 1234  3.69 | 35.64 1571 477 | 30.54 1219 343 | 30.84 1442  5.07

Wee 5.12 2.75 1.28 5.62 3.56 1.50 5.55 3.15 1.17 5.60 3.72 1.67

Wej 1.44 0.68 0.19 1.62 0.83 0.26 2.04 0.96 0.28 2.07 1.04 0.33

Wij 1.45 0.86 0.34 1.70 1.20 0.46 2.81 1.66 0.64 3.21 2.20 0.98

Zbb 0.88 0.74 0.31 6.14 2.60 0.91 0.69 0.60 0.34 4.34 2.07 0.70

Zce 0.15 0.13 0.10 1.05 0.54 0.25 0.14 0.14 0.10 0.86 0.53 0.19

Zjj 0.14 0.09 0.05 0.31 0.20 0.07 0.16 0.11 0.06 0.34 0.24 0.09

Dibosons 2.05 0.85 0.28 3.06 1.37 0.46 1.96 0.91 0.30 2.98 1.38 0.46

Multijets 1.90 1.10 0.48 3.28 1.98 0.93 2.25 1.37 1.13 4.92 3.12 0.97
Background Sum 65.33 57.88 53.00 | 76.03 71.40 68.57 | 63.78 5880 54.06 | 71.22 68.50 64.85
Bkgds+Signals 71.82  61.59 54.48 | 83.60 76.29 70.40 | 69.99 62.68 55.64 | 77.81 73.31 66.85
Data 67 61 37 71 62 56 79 56 51 85 79 80

Table 7.12: Yields after selection for events with exactly two b-tagged jets.



Tagged Event Yields for Each Channel and Signal:Background Ratios

Single-Tagged

Double-Tagged

2 jets 3 jets 4 jets 2 jets 3 jets 4 jets

Electron Channel for Run ITa Data (p17)

Signal Sum 26.4+£2.8 9.7+1.3 3.0+£0.6 65+1.0 37+06 15+03

Background Sum ||472.1 +38.4 202.4+16.9 99.0+10.0 | 65.34+9.5 57.9+86 53.0+85

Data 508 202 103 67 61 37

S:B 1:18 1:21 1:33 1:10 1:16 1:36
Electron Channel for Run IIb Data (p20)

Signal Sum 26.44+28 105+14 34407 6.24+09 39+06 1.6+0.3

Background Sum || 522.1 +44.8 223.2+19.0 111.6 £11.0| 63.8 £9.4 58.8+8.7 54.1+8.5

Data 547 207 124 79 56 51

S:B 1:20 1:21 1:33 1:10 1:15 1:34
Muon Channel for Run ITa Data (p17)

Signal Sum 30.7+3.2 125416 3.6+0.8 76+11 49+£08 18+04

Background Sum || 580.6 +£47.2 262.5+21.0 129.5+12.6|76.0+ 10.6 71.4 £ 10.2 68.6 £ 10.8

Data 627 259 131 71 62 56

S:B 1:19 1:21 1:36 1:10 1:14 1:37
Muon Channel for Run ITIb Data (p20)

Signal Sum 28.4+34 13.0£1.38 4.2+0.9 6.6+£1.0 48+08 20+04

Background Sum |[|625.3 +59.4 286.5 + 25.8 140.5 +£14.1|71.2+10.2 68.5+10.1 64.9+10.4

Data 595 290 142 85 79 80

S:B 1:22 1:22 1:33 1:11 1:14 1:32

Table 7.13: Summed signal and background yields after selection with total uncer-
tainties, the number of data events, and the signal:background ratio in each analysis

channel.
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Tagged Event Yields for Each Channel and Signal:Background Ratios

Electron and Muon Channels for Runs ITa+IIb

2 jets 3 jets 4 jets
Single-Tagged
Signal Sum 112.0 £ 14.5 457+ 7.0 14.2+£3.2
Background Sum 2,200.1 +153,4 9745+ 72.3 480.6 = 45.4
Data 2,277 958 500
S:B 1:20 1:21 1:34
Double-Tagged
Signal Sum 26.9+4.0 17.3+£2.8 6.9+1.5
Background Sum 276.4 £ 32.8 256.6 + 32.3 240.5+34.1
Data 302 258 224
S:B 1:10 1:15 1:34

Table 7.14: Summed signal and background yields after selection with total uncer-
tainties, the number of data events, and the signal:background ratio for electron and
muon Run ITa and Run IIb channels combined.

Data Excess (+) or Deficit (—) Over SM-Signal+Background Model

Run ITa (pl7)
Electron Channel Muon Channel
2 jets 3 jets 4 jets 2 jets 3 jets 4 jets
1 tag 0.260 —0.60c  0.100 0.350 —-0.780  —0.160
2 tags || —0.51c¢  —0.070 —2.04d0 | —1.180¢ —1.350 —1.330
Run IIb (p20)
Electron Channel Muon Channel
2 jets 3 jets 4 jets 2 jets 3 jets 4 jets
1 tag —-0.03¢  —1.390  0.790 —1.11lc¢  —0.400 —0.200
2 tags 0.940 —0.740  —0.530 0.700 0.560 1.290
e,u, 2,3,4jets, 1,2tags | pl7,p20, 2,3,4jets, 1,2tags pl7,p20, e,u, 1,2tags All
pl7 p20 e I 2 jets 3 jets 4 jets channels
0370 —03lo | ~0.250 0420 | 0170 —0.670 —0.220 | —0.340

Table 7.15: Differences between the data and the predicted background (including SM
signals) shown as a factor times the uncertainty on the signal+background predictions.
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7.5 Cross-Check Samples

In order to ensure that the background model reproduces the data in regions were
the biggest backgrounds dominate (“W+jets” and “t¢”), two cross-check samples of
events for both the electron and the muon channels were prepared. The selection
criteria for these samples are the same as for the all other samples (see Section 7.1),

plus the following additional requirements:

“W+jets” sample

e Exactly two jets
o Hrp(lepton, p.alljets) < 175 GeV
e One b-tagged jet

“tt” sample

e Exactly four jets
o Hp(lepton,k p,alljets) > 300 GeV
e One or two b-tagged jets

Table 7.16 shows the yields with backgrounds and channels combined for the
cross-check samples. The agreement between the data and and background is shown
in Figure 7.10, where the W transverse mass distribution is plotted for all channels
combined (electron and muon, Run ITa and Run IIb). Plots for the individual channels
together with other 12 significant variables can be found in in Appendix E. For
the W-jets samples, W+jets events form 84% (electron channel) and 74% (muon
channel) of the samples, and the ¢t component forms only 1% of the samples. For the
tt samples, tt events form 85% (electron) and 82% (muon) of the samples, and the

W+jets events form only 10% (electron) and 11% (muon) of the samples.
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Yields for the Cross-Check Samples

W+Jets Samples | ¢t Samples

Signal

th+tqb 38 6% | 8  (2%)
Backgrounds

t 16 1%) | 311 (83%)

W +jets 999 (78%) | 40  (11%)

Z+jets & dibosons 109 (9%) 7 (2%)

Multijets 113 (9%) 7 (2%)
Backgrounds+Signals 1,275 373
Data 1,311 368

Table 7.16: Yields after selection in the cross-check samples, for channels and back-
grounds combined. The numbers in parentheses are the percentages of the total
background+signal for each source.
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7.6 Variables Definition

Table 7.17 lists the discriminating variables used in this analysis. The distributions
of the variables are shown in Figs. 7.12 to 7.20 for all analysis channels combined.
Jets are sorted in pp where index 1 refers to the leading jet in a jet category. The
jet categories are as follows: “jetn” (n=1,2,3,4) corresponds to each jet in the event,
“tagn” refers to b-tagged jets, “untagn” signifies non-b-tagged jets, “bestn” relates to
the best jet, and “notbestn” pertains to all but the best jet. The best jet is defined
as the one for which the invariant mass M (W, jet) is closest to myop = 170 GeV/ 2.

The variables are separated into the following categories:

e Object kinematics
These are individual object transverse energy (E7) or momentum (pp) or pseu-

dorapidity (n) variables.

e Event kinematics

These are total transverse energy or invariant mass variables.

e Angular correlations
These are either AR, A¢ angles between jets and leptons or top quark spin

correlation variables.

e Top quark reconstruction
These are variables relating to reconstructing the top quark, identifying which

jet to use, and which neutrino solution to pick.

Neutrino p; solutions In order to estimate the neutrino’s p, the W boson
mass is used, which results in a quadratic equation with two solutions
for p¥. The smaller solution is denoted by the index “S1” and the other

solution by “S2”.
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Top mass difference The top quark mass is reconstructed as:

Miop = \/(Elep + By + Ejet)2 - (ﬁlep + pv +ﬁjet)2

using all possible conbinations of lepton, neutrino and jet. Mgy is then
compared with 170 GeV defining the difference of these two quantities as
AMyiop. The combination that gives the smallest difference in each event

is called AMJDAOI])V[ mm, and the corresponding mass difference AM{S%)H'

Significance of top quark candidate. Assuming the top quark mass reso-

lution function is a Gaussian distribution, the significance is calculated

as:
o gReCO( Mtop _ ME)(E)CO)
Significance i, (Mtop) = In ,
gRecO (Mo, = 170 GeV)
where g€ is a Gaussian distribution centered at the reconstructed top

quark mass with width 0 Myqp,, given by:

OMiop = \/c% 52Ejet +c% 628 7, where

1 jet jet jet
‘= Miop (Bsum — ki pg™ — Ky py™ — k2 pE™)
cQ = ! (]{?E Egum — # o — ! psum kVpsum)
— » x T z ’
Myop cos (Z)ET sin ¢177T
Esum = Elep+EV+Ejet’ and
le jet .
where
Ejet Ejet : 3
et _ P cos ¢ et _ Pr sin ¢ et _ sinh y
= g by = e and k= o
p]T coshy F]T coshy sy

y is the jet rapidity, and ¢ is its azimuthal angle.
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The reconstructed top quark mass that gives the smallest significance in

cach event is called M8

top’ and the corresponding significance is called

Significance iy, (Mtop)-

e Jet reconstruction
These variables include the jet width in 7 and ¢, the jet mass, and the relative

pr with respect to the the leading jet.

7.7 Data and Monte Carlo Agreement

Figure 7.11 shows the color scheme used in the plots in this analysis.

Key for Plots

Data

Signal: tb
Signal: tqb
Wbb+jets

W ec+jets

W +light jets
Zbb+jets
Zce+jets
Z+light jets
WW+WZ+ZZ
tt — 1l

tt — I+jets
Multijets

ERRO0OORENRO-

Figure 7.11: Illustration of the color scheme used in plots of signals and backgrounds
in the Single Top analyses.

Figures 7.12 to 7.20 demonstrate the agreement between data and Monte Carlo
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Decision Tree Input Variables

Object kinematics

pr(lepton)
Br
Q(lepton) xn(jetl)
Q(lepton) xn(jet2)
Q(lepton) xn(best)
Q(lepton) xn(light1)
Q( )% (light2)

Jet Widths
Widthy, (jet2)
Widthy)(jet4)
Width (jet4)
Width (tagl)
Width n(light2)
Wldth¢(11ght2)

Angular Correlations
AR(jet1,jet2)
AR(jet1,lepton)
AR(tagl,lepton)
AR(lightl,lepton)

A¢(lepton, K 1)
cos(best lepton)besttop

cosgbest,notbest)besttop
cos(jet1,lepton)y,; aggedtop
COS(leptonbesttop besttopcMframe)

(

(

(

Cos 1ept0nbtaggedtop’btaggedtOPCMframe)

cos(tagl,lepton)paosedtop
cos(lepton,Q(lepton) ><Z)besttop

Event kinematics
Centrality(alljets)
HT(alljets)

Hrp(alljets—tagl)

Hrp(alljets—best)

Hrp(jetl,jet2)

Hrp(jetl,jet2,lepton, K 1)

Hrp(alljets,lepton, & 1)

Hp (K 7,lepton)

alljets—tagl)

M (alljets)

(alljets—best)

(alljets—tagl)

(jet1,jet2)

(jetl,jet2,W)

(jet3,jet4)

Mop(jetl jet2)

pr(jetl,jet2)

Mp (W)

Top quark reconstruction
M (W, bestl) (“best” top mass)
M (W, tagl) (“b-tagged” top mass)
M(W, tagl, 52)
(with second neutrino solution)
M (W, jetl)

M (W, notbest2, S2)

A Jymin
Mtop

sig
Mtop

min

Significance iy, (Mtop)

Table 7.17: Variables used with the decision trees in five categories: object kinematics,
jet reconstruction, angular correlations, event kinematics, and top quark reconstruc-
tion. For the angular variables, the subscript indicates the reference frame. Plots for
these variables are shown in Figures 7.12 to 7.20.
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for the variables in Table 7.17 for all the 24-channels combined. Figures 7.22 to 7.27
show the distribution of W transverse mass for data and the background model. The
plots are separated by number of jets (2, 3, 4), number of b tags (1, 2), lepton type
(e, p), and run period (Run Ila (p17) and Run IIb (p20)). Figure 7.28 shows the
W transverse mass distribution with electron and muon and p17 and p20 combined.

Additional plots can be found in Appendix B.
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Figure 7.12: Individual object kinematic variables used in the BDT analysis for all
channels combined (Part I).
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Figure 7.13: Individual object kinematic variables used in the BDT analysis for all
channels combined (Part II).
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Figure 7.14: Jet reconstruction variables used in the BDT analysis for all channels
combined.

143



2 400~ p17+p20 e+p channel 3
) 5 1-2 b-tags| o 400
(2] i (2]
;C_; 300 2-4 jets 4GC-;
o ¢ 300
o, =
=] k=]
> >
100

3 4 5
AR(jetl,jet2)

©' i ©'
9 | pl7+p20 e+u channel S 400

o 1-2b-tags| 9

2 400 2-4jets| 2
) i o 300

> >

= =
2 2 200

2 200 2

> >
100

3 4 5
AR(lepton,tagl)

5}

Q

=3 I p17+p20 e+uchannel %

] 1-2 b-t =

g 100 ags §

o i,

9 =

w he

k-] ©

5 2

2 50 .

A¢(lepton,E ) [Rad]

pl7+p20 e+ channel
1-2 b-tags
2-4 jets

3 4 5
AR(lepton,jetl)

pl7+p20 e+u channel
1-2 b-tags
2-4 jets

2 3 4

5
AR(lepton,lightl)

r pl7+p20 e+ channel
i 1-2 b-tags
2-4 jets

1
top

5 0 0.5
cos(lepton,bestl)best

p17+p20 e+uchannel
1-2 b-tags +
2-4 jets

Yield [Events/0.08]

Yield [Events/0.08]

-0.5 0 0.5 1
cos(best1,notbest1 )b esttop

Figure 7.15: Angular correlation variables used in the BDT analysis for all channels

combined (Part I).
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Figure 7.16: Angular correlation variables used in the BDT analysis for all channels
combined (Part II).
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Figure 7.17: Event kinematic variables used in the BDT analysis for all channels
combined (Part I).
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Figure 7.18: Event kinematic variables used in the BDT analysis for all channels
combined (Part II).
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Figure 7.19: Event kinematic variables used in the BDT analysis for all channels
combined (Part III).
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Figure 7.20: Top quark reconstruction related variables used in the BDT analysis for
all channels combined.
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Figure 7.21: Top quark reconstruction related variables used in the BDT analysis for
all channels combined.
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Figure 7.22: The W boson transverse mass distributions in the electron channel for

2-jet (top row), 3-jet (middle row), and 4-jet events (bottom row), for p17 (left) and
p20 (right) for events before the b-tagging is applied.
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Figure 7.23: The W boson transverse mass distributions in the electron channel for

2-jet (top row), 3-jet (middle row), and 4-jet events (bottom row), for p17 (left) and
p20 (right) for events with one b-tagged jet.
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Figure 7.24: The W boson transverse mass distributions in the electron channel for
2-jet (top row), 3-jet (middle row), and 4-jet events (bottom row), for p17 (left) and
p20 (right) for events with two b-tagged jets.
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Figure 7.25: The W boson transverse mass distributions in the electron channel for
2-jet (top row), 3-jet (middle row), and 4-jet events (bottom row), for p17 (left) and
p20 (right) for events before the b-tagging is applied.
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Figure 7.26: The W boson transverse mass distributions in the electron channel for
2-jet (top row), 3-jet (middle row), and 4-jet events (bottom row), for p17 (left) and
p20 (right) for events with one b-tagged jet.
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Figure 7.27: The W boson transverse mass distributions in the electron channel for
2-jet (top row), 3-jet (middle row), and 4-jet events (bottom row), for p17 (left) and
p20 (right) for events with two b-tagged jets.
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Figure 7.28: The W boson transverse mass distributions in the electron and muon
channels and Run ITa and Run IIb datasets combined, for 2-jet (top row), 3-jet (middle
row), and 4-jet events. Single-tagged (left), and double-tagged (right) events.
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Chapter 8

Decision Trees

A Decision Tree (DT) [115, 116, 117] is an algorithm that can be used to classify
events as signal or background. The structure of a DT resembles a tree, hence the
name. It is built by splitting a sample recursively into two disjointed subsets until
the ratio of signal-to-background reaches a predefined threshold or the number of
events reaches a minimum. Each split is based on a selection cut that maximizes
the signal-to-background ratio. The result is many subsets of the main sample based
on the principle “divide and conquer.” However, one Decision Tree is not enough to
separate the Single Top signal from the background, rather some additional tools are
required such as Boosting.

Boosting is a technique that increases the separation performance for a multi-
variate technique. In particular, Boosting for Decision Trees creates a series of trees
that give increasing importance to the harder to classify events. The final result is a
discriminant output that is used to perform a measurement of the Single Top cross

section. This chapter presents an overview of Decision Tress and Boosting.
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Figure 8.1: 2D plane of a simple classification problem, and a Decision Tree solving
the classification problem of signal and background.

8.1 Overview

Consider the following two dimensional classification problem: in the plane (X,Y)
there are five regions that need to be separated, two of these regions are considered
signal and three are background (see Figure 8.1). The solution to this problem can
be seen as a simple binary tree which, by performing a series of disjoint cuts, the
plane is separated into five non-overlaping regions. Starting with a cut on the x-axis
for values of X < x1, the full sample is split in two subsets: right (R1) and left (Lq).
Next, the Lq subset is divided into Ly and Ro by the cut Y < yl1, similarly the Ry
subset is split twice more until all five regions are defined. This procedure can be
scaled to more complex problems where the number of dimensions is much greater
than two, and the cuts criteria are more difficult to determine.

More generally, a Decision Tree is built by repeatedly splitting an initial set of
signal and background into two nodes. The criteria for a split is known as cut, where
each cut is selected to maximize the signal-to-background ratio on the node to be

split. The final nodes are know as leaves. A node is determined to be a leaf if the
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number of elements in the node is less than a defined leaf size, or if the node is

composed of all signal or all background. Each node has a purity value assigned to it

defined by:

Zisi S
1
p EZ'SZ'—I—Z)Z' S—l—b (8 )

where s; and b; are the weights of each signal and background event.

An event defined by the variables z; will follow a unique path through the DT and
will end up in one and only one leaf. The purity p of this leaf is the DT discriminant
output for that event: D(7;) = p. A simple Decision Tree is illustrated in Figure
8.2: for an event with Hp < 242 GeV and myqp > 162 GeV, the final discriminant
output will be D(:c_{) = (.82, progressing along one path until it reaches the final leaf.
Similarly other events with different :)s_Z> will follow unique paths.

The Decision Trees have many advantages compared to other multivariate tech-
niques. If an event fails one of the node cuts, the event is still considered in subsequent
nodes and, in principle, it may pass the classification criteria; this is in contrast to a
purely cut-based analysis. In addition, D'T's are also easy to understand as they have
a human-readable structure making it possible to follow a particular event through
the full tree. Lastly, any final result can be explained by Boolean logic.

The process in which a Decision Tree is built is known as training, which is ex-
plained in the following Section. The training of a Decision Tree is fast compared to
other multivariate techniques such as Neural Networks, that is to say large amounts
of data can be processed in much shorter amount of time. For this analysis, all the
training is done using the background models, and the data is used only at the end
when performing the measurements.

Also adding more variables to the DT does not affect the DT performance as
long as the variables are well-modelled, an extra variable can only do good to the

classification problem. Neither is it necessary to preprocess the input files as in other
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Figure 8.2: Graphical representation of a DT. Nodes with their associated splitting
test are shown as (blue) circles and terminal nodes with their purity values are shown
as (green) leaves. All nodes continue to be split until they become leaves. Note that
if one event fails a cut, it does not necessarily follow that the event will fail to pass
as that event can be recuperated and pass later down the tree chain [25].

multivariate techniques. Any monotonic transformation to the input variables will
yield the exact same tree, which is due to the principle used to split nodes (explained
in the next Section). Lastly, another implication is that discrete variables can be
directly used in the list of variables.

Some of the draw-backs of a DT are the intrinsic instability of the tree structure
with respect to the training sample composition. This means that any small changes
are propagated to the whole tree due to the hierarchical nature of the process, and in
some occasions producing very different trees but still with similar separation power.
One additional issue with DTs is that the final output has a discrete nature, this is

because the discriminant output is defined based on the purity of the leaves but the
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number of leaves is finite.

8.2 Training Algorithm

Let us consider a sample of known content of signal and background events where
each event is defined by an event weight and a set of variables 7;. Using this “traning”

sample, the following algorithm can be employed to build a Decision Tree:

1. Normalize the signal training sample and the background training sample to

the same value, such that > s; => b; (s =0);
2. Create the first node, containing the full training sample s + b;

3. For each variable: order the events by the value of the variable and select
the variable value (cut value) that gives the best signal-background separation.

More about this in Section 8.2.1;

4. From the list of variables and cuts from the previous step, choose the one that
gives the best signal-background separation. If no further improvement in the

separation is possible, the node becomes a leaf;

5. Using the selected variable and cut value, split the node into two subsamples
one passing the selection cut and one failing it. The two subsamples are now

child nodes of the original node;

6. If the number of events on the node reaches a minimum, the node becomes a

leaf. This minimum is one of the DT parameters (see Section 8.2.3); and

7. Apply the algorithm recursively from Step 3 until all nodes are leaves.
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8.2.1 Splitting a Node

The most critical part in the Decision Tree training process is the splitting of a node,
as the structure of the tree can be dramatically changed if the splitting criterion is
modified. The determination of the splitting of a node is based on the quantity degra-
dation, D, which is constructed from the weight of the events in the node, including
both signal and background events. For any split, the change in the degradation can

be expressed as, AD:

AD =D —Dy,—Dpg = D(s,b) = D(s,by) — D(sg,bR) (8.2)

where L and R are indices corresponding to the right and left daughter nodes, and by
construction s = s; +sp and b = by, + bp. This quantity AD sometimes is referred
as the “goodness of the split.” The goal with each split is to find the one that best
separates signal from background. This can be accomplished by finding the cut that
reduces the most of the degradation or equivalently the split that gives the maximum
AD. As such, finding the optimal split can be seen as a minimization problem. The

part of the algorithm that split the node can be expressed as the following steps:
1. For each variable:

e Sort all the events in the node according to the current variable;

e Go through the events in order and calculate AD for the split correspond-

ing to cutting between the current and the next event; and

e Select the cut value for which AD is maximum.

2. Out of all combinations (variable, cut value), select the one that gives the

maximum separation.

There are many possible degradation measures that have been used in the past.

For example, the Misclassification Error, the Gini Index [118] and the Cross En-
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tropy [116]. Each degradation measurement is defined in terms of the node purity p

as follows:

Misclassification Error : D =1 — max(p,1 — p)
Gini Index : D = 2p(1 — p)

Cross Entropy : D = —plogp — (1 — p) log(1 — p).

where p is defined as in Equation 8.1.
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Figure 8.3: Degradation measures comparison as a function of the purity p. The
Cross Entropy has been scaled down to compare the 3 cases.

Figure 8.3 shows a comparison of these three degradation measures. The measures
are similar as they are maximal for equal amounts of signal and background (p = 0.5),
symmetric and concave. The exception to the similarity ais that the Misclassification
Error is not differentiable with respect to p. Alternately, these measures are often

defined in terms of the sum of weights of signal and background in the node, s and b
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as:

Missclassification Error : D = max(s, b) (8.3)
sb
ini Index : = 4
Gini Index p—— (8.4)
s b
Cross Entropy : D = —slog o blog s (8.5)

A preference among the definitions is a matter of taste, but they do differ from
each other by a factor of (s 4+ b). The second set of quantities is easier to handle
as they are additive. From this point on, the definition of degradation measure will
correspond to Equations 8.3, 8.4, and 8.5, which is also used in [119].

For the analysis presented in this dissertation, the degradation measure used is
the Gini Index (Equation 8.4). It was found that for the set of samples used (see
chapter 6) it had better performance when classifying Single Top events. Detail on

the degradation measure selection can be found in Section 8.3.

8.2.2 Boosting

Boosting was introduced into machine learning over ten years ago [120] and is a
powerful technique to improve the performance of any weak classifier 1 Boosting
has been widely used in several scientific fields including high energy physics: the
MiniBooNE experiment used it together with Decision Trees [119, 121] and similarly
the Single Top group at DO [56, 105]. The DO work on Boosting led to the evidence
of Single Top in 2006.

In the case of Decision Trees, the Boosting technique is based on three principles.
First, creating a initial tree, second, calculating an associated error function, and

third, generating a second tree with a smaller error function. The third step is done

by re-weighting the events on the first tree such that the misclassified events will have

1 Weak classifier: A classifier that performs just above random classification.
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a higher weight than properly classified events.

There are many Boosting algorithms available. For the results presented in this
dissertation, the AdaBoost algorithm was chosen. Formulated by Y. Freund, and
R. Schapire [122, 123, 124] (AdaBoost is short for Adaptive Boosting). Adaptative
refers to subsequent decision tress that are tweaked in favor of the misclassified events
by previous trees.

The Boosting algorithm consist of the following steps for the nth tree in the

Boosting chain:
1. Train the n'® Decision Tree;

2. Calculate the error e, associated the the tree. €, is equal to the weighted

fraction of misclassified 2 events;

3. Calculate the tree weight according to:

1—€n

ap = x1In (8.6)

€n

where (3 is parameter of the algorithm known as the Boosting parameter; and

4. Modify the weight of each event by:
Boosted Decision Tree w; — w; X exp (ap) (8.7)

thus the (n + l)th tree will be one that better identifies the events that the

previous tree failed to properly classify.

The above procedure is repeated N times, where N is the number of Boosting

cycles, to be defined by the user. The final N th Boosted Decision Tree discriminant

2 An event is consider misclassified if |Dp(z;) — y;| > 0.5 where Dp(z;) is the
discriminant associated with the nt® tree, and y is 1 for a signal and 0 for background.

166



output for the event i is

L5
D) = =S anDu(m). (38)
Y gan =

During the process of training, it was found that Decision Trees always improve
their performance with the number of Boosting cycles. This overall improvement is
about 20% with respect to the no-Boosting case. In addition, the Boosting produces
a smoother discriminant output D(7;). The increase in the performance reaches
a plateau at approximately 30 Boosting cycles, and does not degrade after that. In
Figure 8.4, some quantities are plotted as a function of the number of Boosting cycles:
the tree weight with respect to the first tree, Cross Section Significance 3 and the

number of leaves.

8.2.3 Boosted Decision Tree (BDT) Parameters

There are several parameters that can influence the final result of a Boosting Decision

Tree, some have been explicitly defined in previous sections:

o [nitial normalization. Step 1 in Sec. 8.2. In this analysis, both the signal and

the background are normalized to s = > s; =b=>)_b; = 0.5.

e Criteria for deciding when a node becomes a leaf. This parameter is known as
minimum leaf size and represents the minimum number of events allowed in a

leaf. (Step 6 in Sec. 8.2). This value was set to 100.

e Degradation function used to find the best split. Sec. 8.2.1. The Gini Index was

used as degradation measure.

e Number of Boosting cycles. 50 Boosting cycles provided the best separation.

3 Cross Section Significance (CSS) is defined as /(> (s;/(s; +b;)))
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o Value of the Boosting parameter 3. [ = 2 gave the best performance.

A more detailed discussion on the choice of values for these parameters is in

Section 8.3.

8.2.4 Decision Tree Implementation

To build and evaluate the decision trees we use the code package classifier which
is in the D@ CVS code repository 4. This code has been used before by the Single
Top group at D@, and corresponds with the code used for the Single Top evidence
publication [56, 105]. There are some differences with the code currently used, but

these are mainly improvements and additional options which were implemented.

8.3 BDT optimization

It is very important to have good list of well-modelled variables when training a BDT.
In addition, an appropriate fine tuning of the BDT paramenters (8.2.3) can guarantee

an optimal BDT.

8.3.1 Variable Selection

A list of sensitive variables has been derived based on an analysis of the signal and
background Feynman diagrams [125, 126] and on a study of Single Top quark produc-
tion at next-to-leading order [6, 7]. The variables fall into five categories: individual
object kinematics, jet widths (RMS width of the jet energy cluster), global event
kinematics, top quark reconstruction variables, and variables based on angular corre-
lations.

The number of initial variables is about 600, but not all are used as those with

unsatisfactory data-background agreement are directly removed. FEach variable is

4 http://cdevs0.fnal.gov/cgi-bin/public-cvs /cvsweb-public.cgi/
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required to have a Kolmogorov-Smirnov test value of at least 0.1 calculated from
comparing the variable distribution for data with the sum of backgrounds. The
KS implementation in ROOT [172] is used, together with histograms with many bins
[O(1000)] in order to get an accurate estimate.

The addition of well-modelled variables in Decision Tree training does not degrade
the performance. Indeed, if new variables have even some discriminating power, they
will improve the performance of the tree even by a small quantity. If they are not
discriminating enough, they will be ignored and the tree unchanged. However, having
more variables also increases the computation power required to train a BDT, there-
fore all the variables that have no or little discriminating power have been removed
from the list.

The variable selection process is done by following the subsequent procedure of:
e train several decision trees with the full list of well modeled variables;

e using the decision tree variable ranking5 to judge which variables were more

important during the decision tree training;

e next, out of the 24-channels available: the 50 highest (best) ranked variables
are selected from the {2-jets,1-b-tag} channels, the 30 best from the {3-jets,1-
b-tag} channels, the 20 best from the {2-jets,2-b-tag} channels, and the 10 best

from each of the other three jets/tags combinations;

e All the sublists are combined and then reduced by removing duplicated vari-

ables.

The number of variables selected for each channel varies according to the im-
portance of the channel in the whole analysis. For channels with a smaller signal-

background, a larger number of variables are taken to be part of the common list of

> The decision tree variable ranking for a variable is the sum of degradation im-
provement AD for each split in which the variable is used.
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variables, such as the 2-jet,1-b-tag. The final number of variables after all the variable

selection is performed is 64 (see Table 7.17).

8.3.2 Parameters Optimization

As described in Section 8.2.3, there are many parameters that can impact the perfor-
mance of a Decision Tree. In order to study their impact in the final result, several
Decision Trees were trained (using the first subset of events) and figure of merit was
used to compare each case performance in a second (independent) subset. The figure
of merit used to determine which parameters to choose was the expected Cross Section
Significance calculated in the second subset.

The Cross Section Significance is defined as:

CSS = \/Z s7/(s; +b;) (8.9)

where s; and b; are the signal and background yields in bin ¢ of a histogram of the
decision tree output with 100 equal-sized bins.

To choose the optimal set of decision tree parameters, an initial value for each
parameter is chosen based on previous results from the Decision Tree analysis in the
Single Top evidence paper [56]. Ideally, one could give each parameter a range of val-
ues and then with all possible combinations of parameters settings, perform a scan of
the parameters phase-space and select the optimal selection of parameters. However,
this procedure would require too much computation due to the many possible combi-
nations and high probability of introducing human error. Instead, the strategy used
for the optimization was to “smarten up” the possible values given to each parameter
still covering its full range, and concentrating on near zones, where the fine tuning of
a parameter can make a significant impact on the final result. Finally, one parameter

is varied at a time combining the setting of a few well-performing points and then
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run all possible combinations for this reduced set.

Out of the 24-channels available in the analysis, only the most significant channels
were included in the parameter optimization. Such events have exactly two jets, of
which one of them b-tagged. There were also additional cross checks performed in
other channels to ensure there was no bias by only considering few channels in the
optimization.

The BDT parameter phase-space is complex to interpret because there are several
nonlinearities and several dimensions which could cause some difficulties at the mo-
ment of interpreting the final result. It is often the case that the trends observed in
the optimizations do not follow a particular pattern as one moves along the parameter
range.

The initial set of parameters for all the scans is:

e AdaBoost Parameter: 0.20

e Minimal Leaf Size: 100

e degradation Measure: Gini

The BDT parameter with the biggest impact in the final optimization is the
number of Boosting cycles. There is a clear improvement when going from zero to
twenty Boosting cycles. For each one of the parameters to be scanned, the following
Boosting cycles are used: 20, 30, 50 and 70.

Next, the results of the study are summarized in a plot of the figure of merit as a

function of number of Boosting cycles and different parameter values.

8.3.3 The AdaBoost Parameter

The following values were given to the AdaBoost parameter:

e 0.05, 0.15, 0.18, 0.20, 0.22, 0.25, 0.30 and 0.50.
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Figure 8.5: Cross section Significance as a function of the number of Boosting cycles
for different values of the AdaBoost parameter. The uncertainty on the points is
estimated to be +0.05. As a reference, the zero Boosts point is added to the plot to
show the importance of Boosting. Note the zero suppressed vertical scale.

Note that most points are close to the previous analysis [56] value 0.2. In Figure 8.5,
one can see that for most AdaBoost values a plateau is reached after 50 Boosting
cycles. In most cases, the improvement can be seen up to approximately 30 cycles,
after which the performance fluctuates up and down, demonstrating that no real
improvement occurs when going beyond 50. In addition, the AdaBoost values near
0.2 perform similarly, giving us no reason why to change this paramenter value from

0.2, thereby confirming the previous analysis optimization studies.

8.3.4 Degradation Measures

The following degradation measures were contemplated in the study:
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e Gini, Entropy, s/v/s + b and s/v/b.

The result from the scan is presented in Figure 8.6. s/4/b is not shown since it
performed significantly worse than the other measures. The Gini Index was chosen

as optimal point for this parameter.

8.3.5 Minimal Leaf Size

The following values for minimal leaf sizes were used in this scan:
e 50, 75, 90, 100, 110, 125, 150, 200 and 500.

In Figure 8.7 there is no clear trend when varying the minimal leaf size parameter,

and again, it is clear that after 50 Boosting cycles, there is no improvement in the
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performance. The value of this parameter is very important because a leaf size too
small will create overly large trees which then degrades the tree performance. The

final value for the leaf size is 100.

8.3.6 Parameters Summary

After scanning the parameter phase space and performing many studies using different

parameter combinations, we arrive at the following optimal set of parameters:
e Number of Boosting cycles: 50
e AdaBoost parameter: 0.20

e Minimal leaf size: 100
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e Degradation measure: Gini

This list of parameter settings gives the best separation for the studied channels
(e+2jets/1tag, u+2jets/1tag). In addition, the same set of values can be used in other
analysis channels since the other channels have less impact on the final measurement;
therefore, no further optimization is critical.

As an additional cross check, the AdaBoost parameter scan was also performed
for the following channels: events with exactly three jets, where one jet is b-tagged,
and events with exactly two jets, two of them b-tagged. In Figures 8.8 and 8.9, the
selected point (0.2) lies right in the middle of a small spread in the CSS for both cases,
confirming the results of the optimization. It is also reassuring that the dependance
with the number of Boosting cycles remains the same and that after 50 Boosting

cycles no clear improvement occurs.

8.4 Discriminant Output Transformation

A Boosted decision tree output given by the Equation 8.8, the possible values for
D(z;) range from 0 to 1. As the number of Boosting cycles increases the aver-
age BDT output gets more central for both signal and background distributions, as
shown in Figure 8.10 before the transformation. This effect produces an output dis-
tribution that is scarcely populated in the high (low) discriminant output regions.
When performing the final measurements this behavior can cause irregularities, as
some bins can contain signal but no background or vice-versa producing undefined
results. In order to solve this problem, a monotonic transformation is applied to the

BDT output:
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Figure 8.8: CSS as a function of the number of Boosting cycles for different values
of the AdaBoost parameter for the 3-jet 1-tag case. The uncertainty on the points is
estimated to be £0.05. As a reference, the zero Boosts point is added to the plot to
show the importance of Boosting.

k
Y= M—FKz, 08<z<095 (8.10)
1, x> 0.95

\

where the constants are determined such that the total normalization of the BDT
output is the same after and before the transformation is applied and by ensuring
continuity of f(z) in the full range 0 to 1. The constants are determined to be:
k = 0.346, K = 2.88 and M = 0.2.74. In addition to the function f(z), it is also

required that at least 40 background events are present in each bin of width 0.02, in
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estimated to be £0.05. As a reference, the zero Boosts point is added to the plot to
show the importance of Boosting.

order ensure that there are no empty bins when measuring the cross section (more
in Section 9.3). The transformation is applied from the high discriminant region
down to zero. Figure 8.10 shows the BDT discriminant output before and after the

transformation.

8.5 Removal Of One Variable From The Training

One additional study was performed to confirm that the right variables were used
while training the BDTs. The performance of the BDTs were evaluated after one
variable from the initial list of 64 variables is removed from the training. The figure

of merit used for this study is the same used when selecting the BDT parameters

CSS.
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Figure 8.10: BDT discriminant output before (top left) and after (top right) the
transformation, for both signal (blue) and background (red). The monotone transfor-
mation f(z) is shown in the bottom. The plots correspond to one of the 24-channels
in the analysis, similar results are obtained for other channels. The total number of
bins is 50.

A summary of the results is presented in Figure 8.11, where the ratio of the CSS for
the decision tree trained with one variable less than the nominal case (all variables).
The statistical uncertainty associated with the calculation of the CSS is the cause of
any fluctuation above 1.

It is found that no single variable alone can cause an abrupt change in the final
performance, as there is no CSS change greater 0.7%. This derives from the nature of
the DTs, for which the full set of variables gives the classification power rather than

individual contributions.
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Chapter 9

Analysis

In this Chapter, the full Single Top analysis is outlined. Starting from the systematics
used in the analysis, followed by the process used to split the samples, and finally

presenting the final measurements and their significances.

9.1 Systematic Uncertainties

There are two types of systematic uncertainties included in this analysis: uncertainties
on the normalization of the signal and background samples, and those related to
distributions shape-changing systematics (summarized in Tables 9.1 and 9.2). The
uncertainties for each of the 24 channels is presented in Appendix C.

Below are listed all of the uncertainties contributions in the analysis:

e Integrated luminosity
Corresponds to the +6.1% uncertainty on the luminosity estimate, and affects
the signal, tf, Z+jets, and diboson yields. This systematic has an impact on

the normalization only.

e Theory cross sections

The uncertainties on the Single Top and ¢t cross sections have the following
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contributions: scale, PDF, kinematics, and top quark mass choice [53, 128].
The mass uncertainty is taken as the difference between the cross section at
170 GeV and the current quark top mass world average (172.4 GeV [43]). The
uncertainties values are +4.3%, —11.2% for s-channel tb, +5.5%, —7.4% for t-
channel tgb, and +7.7%, —12.7% for tt. For tb+tqb combined, the uncertainty
is +5.2%, —8.4%.

The diboson cross section uncertainties were calculated using the NLO MCFM
generator [102]: the uncertainty for WW is £5.6%, for WZ it is £6.8%, and
for ZZ it is £5.5%, and on the sum of the three processes it is +5.8%. This

average value is used as uncertainty for the Z+jets background.

Branching fractions
The branching fractions for a W boson to decay to an electron, muon, or tau

lepton, have an average uncertainty of £1.5% [1].

Parton distribution functions

The effect of changing the parton distribution functions is evaluated by reweight-
ing signal events according to the 40 CTEQ error PDFs and by measuring the
signal acceptance in each case. This evaluation corresponds to a systematic

uncertainty of +3%.

Trigger efficiency

The trigger used for the Single Top analysis corresponds to the OR of many
trigger conditions which gives a trigger efficiency close to 100% (see Section 6.5).
The corresponding uncertainty is +10% for all the p20 muon channels and +5%
for others. The uncertainties for muons and electrons and Run ITa and Run IIb

are treated as uncorrelated.

Instantaneous luminosity reweighting

All the MC luminosity distributions are reweighted to match the Run Ila or
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Run IIb data distributions. The uncertainty on this reweighting is +1.0%.

Primary vertex modeling and selection

The MC primary vertex distributions along the z-axis are reweighted to match
the data distributions [129, 130]. The uncertainty on this reweighting is +0.05%,
and the uncertainty on the difference in primary vertex selection efficiency be-

tween data and MC is £1.4%.

Electron reconstruction and identification efficiency

The electron scale factor uncertainty includes the dependence of the electron ID
scale factor on the variables not included in the parameterization: jet multiplic-
ity dependence, track match and likelihood scale factor. The dependences on ¢
and pp of the electron are included in the systematic error as well as the limited

statistics in each bin of the parametrization. The assigned total uncertainty =is

2.5%.

Muon reconstruction and identification efficiency
The MC scale factor uncertainties for muon reconstruction and identification,
including isolation requirements, are estimated by the muon ID group. The

assigned total uncertainty is +2.5%.

Jet fragmentation

The Jet fragmentation sytematic uncertainty is measured by comparing the ac-
ceptance of tt events generated with ALPGEN-+PYTHIA with the ones generated
by ALPGEN+HERWIG. The resulting uncertainty is about 1% to 8%, and is

applied to all MC samples in the analysis.

Initial-state and final-state radiation
This uncertainty is evaluated using t¢ samples with the generation of these
effects varied within expectations [75]. The uncertainty ranges from 0.6% to

12.6%.
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e b-jet fragmentation
The b-jet fragmentation uncertainty comes from the difference between the frag-
mentation parametrizations preferred by SLD (SLAC Large Detector) vs. LEP
(Large Electron Positrion collider) data, and it is evaluated in the t¢ pairs cross

section [131]. The uncertainty is measured to be £2.0%.

e Jet reconstruction and identification
The efficiency to reconstruct and identify jets has an uncertainty of +1%. This
uncertainty is related to the fact that jets reconstructed in MC have a higher

efficiency than those in data.

e Jet energy resolution
It was found that the shape changing variations due to JES are smaller than
4% for all signals and backgrounds, therefore it was safe to assign a flat JES

uncertainty of +4%.

¢ Wjets and multijets normalization
The W+jets and multijets backgrounds are normalized to the data using a fit
as described in Section 7.2. The uncertainties related to this normalization vary
from channel to channel (see Appendix C), and range from 30% to 54% for the

multijets backgrounds and from 1.8% to 5.0% for the W+jets backgrounds.

e W jets heavy-flavor scale factor correction
The heavy-flavor scale factor correction, Sgrp, for Wbb and Wee is measured
in data in several channels, as shown in Section 7.2.2. The Monte Carlo TRF
uncertainty induces fluctuations in the effective scale factor that are at least
as large as the channel-to-channel variations in the measurement. Therefore,
any additional systematic can be considered as double-counting. However, a

+13.7% uncertainty on the scale factor is assigned.
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e Z-+jets heavy-flavor scale factor correction
The heavy-flavor scale factor K }{ p for Z bb and Zcé is determined from NLO
calculations, with an uncertainty of £13.7% taken from the Spp of W4jets

events.

e Sample statistics
This uncertainty is due to the finite size of the samples. Tables 7.7 and 7.8 show
the number of events on each sample. All of the samples statistics are taken

into account for each bin of the final discriminant distribution.

e Jet energy scale
The JES uncertainty is evaluated by increasing/decreasing the JES correction
by one standard deviation on each MC sample and then repeating the whole
analysis with the shifted samples. The result is a shape-changing uncertainty,
and an overall normalization uncertainty, see Appendix D. The normalization
part ranges from 1.1% to 13.1% on the signal acceptance and from 0.1% to 2.1%

on the combined background.

e Taggability and tag-rate functions for MC events
The uncertainty associated with b-tagging in MC events is evaluated by adding
the taggability and the tag rate components of the uncertainty in quadrature.
The TREF values are raised and lowered by one standard deviation on each MC
sample. The entire analysis is then repeated. This raising and lowering is done
simultaneously for heavy flavor and light jets which causes the uncertainties
for heavy flavor TRFs and light jets TRFs to be correlated. The result is
an overestimation of the total TRF uncertainties. These uncertainties affect
both shape and normalization of the MC samples. The normalization of the
uncertainty is shown for each analysis channel in Appendix C and the shape

changing systematics part is shown in Appendix D. The values range from 2.3%
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to 11.4%.

e ALPGEN reweighting Some W+jets background distributions are reweighted
based on several pretagged data distributions (see Section 7.2.1). The uncer-
tainty from these reweightings affects the shapes of the W+jets background

components but not its normalization (more detail can be found in Appendix D).

Relative Systematic Uncertainties

Components for Normalization and Shape
Jet energy scale for signal (1.1-13.1)%
Jet energy scale for total background (0.1-2.1)%
(not shape for Z+jets or dibosons)
b tagging, single-tagged (2.1-7.0)%
b tagging, double-tagged (9.0-11.4)%
Component for Shape Only

ALPCEN reweighting —

Table 9.1: A summary of the relative systematic uncertainties for each of the correc-
tion factors or normalizations. The uncertainty shown is the error on the correction
or the efficiency, before it has been applied to the MC or data samples.

186



Relative Systematic Uncertainties

Components for Normalization

Integrated luminosity 6.1%
tt cross section 12.7%
Z+jets cross section 5.8%
Diboson cross sections 5.8%
Branching fractions 1.5%
Parton distribution functions 3.0%

(signal acceptances only)

Triggers 5.0%
Instantaneous luminosity reweighting 1.0%
Primary vertex selection 1.4%
Lepton identification 2.5%
Jet fragmentation (0.7-4.0)%
Initial-and final-state radiation (0.6-12.6)%
b-jet fragmentation 2.0%
Jet reconstruction and identification 1.0%
Jet energy resolution 4.0%

W +jets heavy-flavor correction 13.7%
Z+jets heavy-flavor correction 13.7%
W +jets normalization to data (1.8-5.0)%
Multijets normalization to data (30-54)%
MC and multijets statistics (0.5-16)%

Table 9.2: A summary of the relative systematic uncertainties for each of the correc-
tion factors or normalizations. The uncertainty shown is the error on the correction
or the efficiency, before it has been applied to the MC or data samples (Part II).
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9.2 Sample Preparation

The signal and background model samples are split into three independent and non-
overlaping subsets. The first subset is used for the training of the BDTSs; the sec-
ond subset is used for the combination of the BDTs with other multivariate analy-
ses [132, 133]; and the third subset is used to perform all the final measurements. It
is important to note that only the Monte Carlo samples are split and that the data
remains unaltered. The data is only used at the point where the final cross section
measurement is performed.

The procedure to split the samples is based on the EventNumber, where the
EventNumber is a unique identifier for each MC event. The motivation for its usage
is to have all of the b-tagged permuted events in the same subset, which avoids possible
correlations among the sets. The splitting criteria are outlined in Table 9.3. All the
subsets are normalized such that each subset has the same sum-of-weights as the

original sample.

Sample Subset Splitting Procedure

Subset Splitting Criterion

Training subset, “first third” EventNumber mod 3 = 0
Testing subset, “second third” EventNumber mod 3 = 1
Yield subset, “third third” EventNumber mod 3 = 2

Table 9.3: Splitting procedure of the samples. The event number is given to a MC
event during generation and is the same for all permutations of an event.

9.3 Measuring a Cross Section

The Single Top cross section is determined by using signal and background binned dis-

tributions (BDT discriminant outputs). The cross section calculations are performed
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employing Bayesian statistics with the top_statistics [135, 136] package.

9.3.1 Bayesian Approach

For a given histogram bin, the number of expected events d, is determined by:

N N
d:aLa+Zbi:aa—|—ZbZ- (9.1)
k=1 k=1

where « is the signal acceptance, L =[Ldt is the integrated luminosity, o is the
signal cross section, b; is the yield for the background i, and a = aL is the effective
luminosity for the signal. In that bin, the likelihood to observe a data count D, given

the number of expected events d, is determined by the Poisson distribution:

e—dgD

p(D]d) = TD+1)

(9.2)

Furthermore, since the probability to observe a count is independent on the counts
in other bins, the combined likelihood for M bins corresponds to the product of all
of bins’ likelihoods:

L(D|d) = L(D|o, a,b) H L(Djld;) (9.3)

where D and d represent vectors of the observed and expected counts, and a and b
are the corresponding vectors of effective luminosity and background yields.
From Bayes’ theorem, the posterior probability p(o, a,b|D) [137] can be written

as:

p(o|D) = %//L(DW, a,b)r(o,a,b) dadb (9.4)

where 7 (0, a, b) is the prior probability density, A the overall normalization, and the

the posterior density integration over a and b is to remove the dependence on the
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nuisance parameters. The prior density contains the knowledge of all parameters,
including all systematic uncertainties and their correlations. In addition, the prior

can be factorized as [135]:
m(o,a,b) = 7(a,b)r(0), (9.5)

where the cross section prior can be assumed to be flat in o:

=0, otherwise. (9.7)

Hence, the posterior probability for the signal cross section is:

p(o|D) = m//L(DW, a,b)r(a,b) dadb (9.8)

where the integral can be estimated numerically by sampling the prior density 7 (a, b)

by a large number K of points (ay., by.)

K
//L(D|o—, a,b)r(a,b) dadb ~ % > L(Dlo, ay, by,). (9.9)
k=1

The cross section central value is determined by the peak of the posterior density
distribution and its uncertainty is established by the 68% interval around the peak.

Figure 9.1 illustrates the peak of the posterior density distribution and its peak.

9.3.2 Systematic Uncertainties

To determine the effect of the shape-changing systematics, three separate distributions

are required namely, the nominal distribution, and the up and down one standard
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Figure 9.1: Example of a 1D posterior density distribution for the Single Top cross
section.

deviation systematic shift distributions (See Figure 9.2). The uncertainty of a given
bin is modeled by sampling a Gaussian distribution with mean 0 and width 1, which

results a shift for y,p,,,:

_ = +
AYipin = Sgop X 9(0,1) X 0. (9.10)
£ S0 o chape-only shi '
where s, = —=4¢— for shape-only shifts, and 1 otherwise.
ibin
0.25 Red: +10 F
Black: nominal value -
0.2 0.235 .
E - 6i-l';in
0.1 r
E 0.225
0.05}=|= r
T S S R A AN SRR Srararar 1 05 0 05 1 15 2

Figure 9.2: Example of a kinematic variable showing the nominal distribution and
the up-shifted and down-shifted histograms of the shape-changing systematics. The
plot on the right corresponds the the same distribution for only bin only.
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The uncertainties that affect only the normalization are computed using a multi-
variate Gaussian approach in which a correlation matrix encodes all the correlations.

Details of this procedure can be found in Reference [135].

9.4 Results

9.4.1 Expected Results

DO Run Il Preliminary, 2.3 fb™

2 F
7 0.45:—
< —
8 04 : |
S 035F Peak/Half-Width
g F = 4.07
5 03F
o -
& 0.25F Expected
; Cross Section
0.2E ~ 361 +O'95pb
0.15? :-0.89
0.1f
0.05;
0: ‘ T |
0 4 8 10 12

tb+tqb Cross Section [pb]

Figure 9.3: Expected posterior density distributions from Decision Tree outputs
trained with s+ t-channel tb+tqb as signal for all 24 channels combined—i.e., Run Ila
and Run IIb, e and pu, 2-4 jets and 1 or 2 are b-tagged. All systematic uncertainties
are taken into account in this measurement. The theoretical cross section is 3.46 pb.

The Decision Tree discriminants histograms shown in Appendix A were used as
input to measured the Single Top cross section. This result is called “expected”
because instead of using the data for the measurement, the sum of all backgrounds
plus the Standard Model amount of Single Top is used. All of the 24-channels are
combined by multiplying the likelihoods. More details of this procedure are given
in [135].
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The cross section measurements are presented in Table 9.4. The measurements
are all consistent with the Standard Model cross section of 3.46 pb which was used
during the calculation. As expected, the more channels that are combined, the smaller
the uncertainty on the measurement. The Bayesian Posterior for the all-channels-
combined cross section is shown in Figure 9.3. The ratio of posterior peak position
over the lower 68.3% confidence bound (“peak over half-width”) is given in Table 9.5.

The purpose of this quantity is to provide a rough estimate of the measurement

sensitivity.
Expected Cross Section Measurements
1,2tags + 2,3,4jets e, + 2,3,4jets
e-chan p-chan 1 tag 2 tags
Run I1a 3.6071% pb 3.637172 pb | 3.617145 pb 3.537230 pb
Run IIb 3.6871% ph 3.71718 pb | 3747198 pb 3.627220 pb
Run [a+b || 3.64714 pb 3.617130 pb | 3.647008 pb 3.61712] pb

e, + 1,2tags All
2 jets 3 jets 4 jets channels
Run Ila 3.6071% pb 3.697%% pb 3.76737C pb | 3.607132 pb
Run IIb 3.867112 pb 3.7972% pb 3.7373% pb | 3.707138 pb
Run ITa+b || 3.787132 pb  3.74112% pb  3.82%323 pb | 3.6170:95 pb

Table 9.4: Expected cross section measurements for many combinations of analysis
channels with all systematic uncertainties taken into account.

In Table 9.5, the Bayes Ratio Significance (BRS) and Bayes Factor Significances
(BFS) for the measurements are presented. These quantities are Bayesian measures of
the sensitivity. The BFS is calculated according to the procedure described in [138]

integrating over the full posterior. And the BRS is an estimate of the same value
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calculated using the posterior density at only two points (zero and the peak). For all

the channels, BFS and BRS are consistent with each other within 0.5%.

The measurements for all individual channels are presented in Table 9.6.

Expected Posterior Peak Over Half-Width

1,2tags + 2,3,4jets | e,u + 2,3,4jets e, + 1,2tags All
e-chan  p-chan 1tag 2tags | 2jets 3jets 4 jets | channels
Run I1a 2.1 2.4 2.7 1.6 2.7 1.5 1.0 3.1
Run ITb 2.2 2.3 2.7 1.6 2.5 1.6 1.0 3.0
Run Ila+b 3.0 3.2 3.7 2.1 3.9 2.0 1.2 4.1
Expected Bayes Ratio Significance
1,2tags + 2,3,4jets | e,u + 2,3,4jets e, + 1,2tags All
e-chan  p-chan 1tag 2tags | 2jets 3jets 4 jets | channels
Run I1a 2.3 2.6 3.0 1.6 3.0 1.5 0.7 3.4
Run ITb 2.3 2.5 2.9 1.6 2.8 1.7 0.8 3.3
Run Ila+b 3.2 3.5 4.2 2.3 4.1 2.2 1.0 4.7
Expected Bayes Factor Significance
1,2tags + 2,3,4jets | e,u + 2,3,4jets e, + 1,2tags All
e-chan  p-chan 1tag 2tags | 2jets 3jets 4 jets | channels
Run ITa 2.3 2.6 3.0 1.6 3.0 1.5 0.7 3.4
Run ITb 2.3 2.5 2.9 1.6 2.8 1.7 0.8 3.3
Run ITa+b 3.2 3.5 4.2 2.3 4.1 2.2 1.0 4.7

Table 9.5: Expected significance estimators for many combinations of analysis chan-
nels: posterior peak over half-width (top Table), Bayes Ratio Significance (middle
Table), and Bayes Factor Significance (bottom Table). All systematic uncertainties
are taken into account in the calculations. The best values from all channels combined
systematics are shown in bold type.
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Expected Results in Individual Channels

Channel o+ Ac P/HW BFS BRS

e / pl7 / 1tag / 2jets 3.573:33 pb 1.8 1.9 1.9
e / pl7 / ltag / 3jets || 4.16%3g2pb 1.1 09 09
e /pl7 / ltag / 4jets || 3.80%3%*pb 1.0 04 04
e / pl7 / 2tags / 2jets || 3.7373% pb 1.1 1.0 1.0
e / pl7 / 2tags / 3jets || 3.7475%pb 1.0 06 06
e / pl7 / 2tags / 4jets || 3.9673%* pb 1.0 04 04
e / p20 / ltag / 2jets || 3.817355pb 1.7 1.8 1.8
e/ p20 / ltag / 3jets || 3.8173%2pb 1.1 1.0 1.0
e / p20 / ltag / 4djets | 4.287.% pb 1.0 06 0.6
e / p20 / 2tags / 2jets || 3.7573 i pb 11 1.0 1.0
e / p20 / 2tags / 3jets | 3.6575 4k pb 1.0 0.7 0.7
e / p20 / 2tags / 4jets || 3.7673%2" pb 1.0 04 04
p/pl7 / ltag / 2jets || 3717229 pb 2.0 21 21
i/ pl7 [ 1tag / 3jets || 375157 pb 12 10 1.0
/17 [ ltag [ 4jets | 443753 pb 1.0 05 05
o/ pl7 / 2tags / 2jets || 3.8573% pb 12 1.1 1.1
@/ pl7 / 2tags / 3jets || 3.6675%2 pb 1.0 0.7 0.7
@/ pl7 / 2tags / 4jets || 3.6173% pb 1.0 03 0.3
1/ p20 / ltag / 2jets || 3.827332pb 18 19 1.9
1/ p20 / ltag / 3jets || 4.3173% pb 13 12 1.2
i/ p20 / ltag / 4jets || 4.535%3%° pb 1.0 0.6 0.6
1/ p20 / 2tags / 2jets || 4.19736 pb 1.2 1.1 1.1

1/ p20 / 2tags / 3jets || 4.36753% pb 1.0 08 08

1/ p20 / 2tags / 4jets || 3.83133° pb 1.0 04 04

Table 9.6: Expected cross section, peak over half-width, Bayes factor significance and
Bayes ratio significance, with all systematic uncertainties taken into account, for the
24 analysis channels.
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9.4.2 Observed Results

o : 1 o10°F . 1
300 DO Runll Prelim. 2.3 fb ) F DO Runll Prelim. 2.3 fb

> p17+p20 e+u channel = I p17+p20 e+u channel
% 1-2 b-tags % i 1-2 b-tags
|.|>JGOO 2-4 jets a5t 2-4 jets

H
o
N

400

200

cb 02 04 06 08 1 0 02 04 06 08 1
tb+tgb DT Output tb+tgb DT Output
5 DO Runll Prelim. 2.3 fb’l Key for Plots
= p17+p20 e+u channel ® Data
= 1-2 b-tags E :?gn:ll’ :bb
. ignal: tq
Lﬁ 24 jets I Wbb+jets
O Weetjets
@ W+light jets
=1 Zbl_)+jets
'_+—' [0 Zcetjets
[ Z-+light jets
O ww+wz+zz
B z-u
0.85 0.9 0.95 1 B i — +jets
tb+tgb DT Output I Multijets

Figure 9.4: Decision tree discriminant outputs for all 24 channels combined. The
histograms are obtained by stacking each one of the 24 DT outputs on top of each
other. The Single Top contribution in this plot is normalized to the measured cross
section. The three plots correspond to the same distribution: linear scale (top left),
log scale (top right) and a zoom in the signal region (bottom). The color key is shown
in the bottom right-hand corner.

This section contains the decision tree observed Single Top cross section results
using the 2.3 fb~! dataset. The decision tree discriminant distributions used for this
measurement are shown in Appendix A. The decision tree output for all 24 channels
combined ! is shown in Figure 9.4.

The measured cross sections are presented in Tables 9.7 and 9.8, and the cor-

! The histograms are combined by stacking the individual decision tree individual
outputs.
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responding peak over half-width and BRS are found in Table 9.9. The BFS is not

presented as it is not possible to be calculated in real data. Figure 9.5 shows the

posterior density for the all combined measurement. The measurements for all of the

24 individual channels are given in Table 9.10.

DO Run Il Preliminary, 2.3 fb™*

o
3}

0.4

0.3

Posterior Density

0.2

0.1

Peak/Half-Width
=473

Observed

Cross Section

— +0.95
=3.74 -0.79 pb

o

8 10

12

tb+tgb Cross Section [pb]

Figure 9.5: Observed posterior density from s + t-channel Single Top cross section
measurement using boosted Decision Trees. This is for 24 channels combined—i.e.
Run Ila and Run IIb, e+jets and p+jets, 2-4 jets and 1 or 2 are b-tagged. All
systematic uncertainties are taken into account in this measurement.

Observed Cross Section Measurements

1,2tags + 2,3,4jets

e-chan p-chan

e, + 2,3,4jets

1 tag 2 tags

Run Ila
Run IIb

Run Ila+b

2.327 110 ph 2737103

6.207723 pbh  3.937 113

4401737 pb 3.32%18)

pb
pb
pb

1.867 % pb  3.6573% pb
580718 ph 3.797235 pb

3.84%052 pb 3.7271%0 pb

Table 9.7: Observed cross section measurements for many combinations of analysis
channels with all systematic uncertainties taken into account.
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Observed Cross Section Measurements

e, + 1,2tags

3 jets

All

4 jets channels

2 jets
Run Ila 1.231’%:(1]:2)) pb
Run ITh 4.25%119 pb
Run ITa+b 2.621%:(1](2) pb

4.7113:25 pb
5.571399 pb

5.24114% pb

5.8215-58 pb
6.80
9.2575-70 pb

5.26
7.0073 % pb

1.29
2.50" 70 pb
4.92713°% pb

0.95
3.7475 25 pb

Table 9.8: Observed cross section measurements for many combinations of analysis
channels with all systematic uncertainties taken into account.

Observed Posterior Peak Over Half-Width

1,2tags + 2,3,4jets | e,u + 2,3,4jets e, + 1,2tags All

e-chan  p-chan 1tag 2tags | 2jets 3jets 4 jets | channels
Run I1a 1.4 1.9 1.6 1.6 1.2 1.8 1.3 2.2
Run IIb 3.2 2.6 3.7 1.7 2.8 2.3 1.8 4.1
Run ITa+b 3.6 3.2 4.1 2.2 2.6 2.9 1.8 4.7

Observed Bayes Ratio Significance

1,2tags + 2,3,4jets | e,u + 2,3,4jets e, + 1,2tags All

e-chan  p-chan 1tag 2tags | 2jets 3jets 4 jets | channels
Run ITa 1.3 1.9 1.5 1.6 1.0 1.8 1.3 2.2
Run IIb 3.6 2.9 4.4 1.8 3.2 2.6 2.0 4.6
Run ITa+b 3.7 3.5 4.4 24 2.9 3.2 2.1 5.0

Table 9.9: Observed posterior peak over half-width and Bayes ratio significance for
many combinations of analysis channels. All systematic uncertainties are taken into
account in the calculation. The best values from all channels combined with system-
atics are shown in bold type.
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Observed Results in Individual Channels

Channel o+ Ao P/HW BRS

e/ pl7 / 1tag / 2jets || 0.917550 pb 1.0 0.5
e/ pl7 / 1tag / 3jets || 9.0375%) pb 1.7 1.8
e/ pl7 / ltag / 4djets || 8157522 pb 1.0 0.9
e/ pl7 / 2tags / 2jets || 0.007325 pb 0.0 0.0
e / pl7 / 2tags / 3jets || 9.27775] pb 1.5 1.5
e / pl7 / 2tags / 4jets || 0.0075%5" pb 0.0 0.0
e/ p20 / 1tag / 2jets || 0.0079:0% pb 0.0 0.0
e/ p20 / ltag / 3jets || 5.657332 pb 1.6 1.7
e/ p20 / ltag / 4djets || 14.1573%53 pb 1.5 1.6
e / p20 / 2tags / 2jets || 4.24732%% pb 1.2 1.1
e / p20 / 2tags / 3jets || 5.047637 pb 1.0 0.9
e / p20 / 2tags / 4jets || 21.377 1955 pb 1.6 1.9
p/ pl7 ) 1tag / 2jets || 2.537195 pb 1.5 1.4
@/ pl7 / ltag / 3jets || 0.8175%7 pb 1.0 02
@/ pl7 / ltag / 4jets || 0.007795 pb 0.0 0.0
W/ pl7 / 2tags / 2jets 1.5673-22 pb 1.0 0.5
1/ pl7 / 2tags / 3jets || 1.0019:30 pb 1.0 02
©/ pl7 / 2tags / djets || 12.657552° pb 1.4 1.7
@/ p20 / ltag / 2jets || 5.057335 pb 23 2.6
1/ p20 / ltag / 3jets || 5.197320 pb 14 14
@/ p20 / ltag / 4djets || 3.62%3%° pb 1.0 04
1/ p20 / 2tags / 2jets 2.02%339 pb 1.0 0.6
1/ p20 / 2tags / 3jets || 4.38%555 pb 1.1 1.0

w/ p20 / 2tags / 4jets 8.6831;.1651)8 pb 1.1 1.1

Table 9.10: Observed cross section, peak over half-width and Bayes ratio significance,
with all systematic uncertainties taken into account, for the 24 analysis channels.
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9.5 Significance

9.5.1 Ensemble Tests

To verify the cross section measurement procedure, several ensembles of pseudo-
datasets were generated by using the final discriminant output distributions, The
generation is done by randomly drawing a Poissondistributed number in each bin,
taking into account all systematic uncertainties. First one set of random system-
atic shifts is generated for each systematic uncertainty, then the bin contents for
all sources in all channels are adjusted accordingly, and finally a Poisson random
number is drawn in each bin. The ensemble generation was done using the package
top_statistics and is described in detail in Reference [134, 135].

There were several ensembles generated, each one with different amounts of Single
Top: 2, 3, 3.46 , 4.2, 5,7, 8 and 10 pb. In each case, the cross section was measured
using the same method as with the real data. Figure 9.6 shows the results, where
each ensemble has its corresponding cross section measurement as well as a fitted
Gaussian around the peak of the distribution.

In addition, a linear fit from the means and their errors can be seen in Figure 9.7.
The measured cross sections are consistent with the Single Top cross sections used
in the ensemble generation. Furthermore, there was one more ensemble generated
which had no Single Top. This ensemble was used to measure the final sensitivity of

the analysis, see Section 9.5.2 below.
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Figure 9.6: Measured Single Top cross sections in ensembles with various amounts of

Single Top.
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BDT Ensemble Linearity Test
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Figure 9.7: Linear fit through the means from the Gaussian fits (Figure 9.6) of the
measured cross sections in ensembles

9.5.2 Significance

To measure the Single Top cross section significance, a very large number of zero-signal
ensemble pseudo-datasets was used, where each dataset corresponds to 2.3 fh~! data
without any Single Top. The measured cross section distribution for the zero-signal
ensemble can be seen in Figure 9.8, together with the expected and observed cross
sections.

From the measured cross sections in the ensemble, one can calculate the probabil-
ity that data containing no Single Top quark events could fluctuate enough to produce
a cross section measurement of at least the observed cross section. This probability
is referred to as the “p-value”, and is widely used to estimate the significance of a
measurement.

The number of standard deviations equivalence Ng can be calculated in terms of
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49.4M pseudo experiments
374 above SM
p-value: (7.6+0.4) x 10°

Expected Significance:

4.330° sigma
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tb+tgb Cross Section [pb]
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95 above obs. measurement

p-value: (1.9+0.2) x 10°

Observed Significance:

4.627)°2 sigma

0 1 2 3 4 5
tb+tgb Cross Section [pb]

Figure 9.8: Measured cross section from a large ensemble of pseudo-datasets contain-
ing no Single Top. The significance of a particular cross section is calculated from
the number of pseudo-datasets measuring a cross section higher than the given cross
section (green line). The plot above uses the Single Top Standard Model cross section
and corresponds to the expected significance. The plot below the bottom uses the
measured cross section and therefore corresponds to the observed cross section.
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a p-value « as:

Ny =V2-erf 11 = 20) (9.11)
which fulfills
No
Gauss(z) de =1 —a. (9.12)
—00

where the normal distribution Gauss(x) is normalized to unity.
The p-value and the corresponding number of standard deviations for the expected

and observed excess of signal over background are shown in Figure 9.8.

9.6 Cross Check samples

The cross check samples are defined in Section 7.5. In this Section, the results from
evaluating these samples through the final BDTs are presented. Figure 9.9 shows the
Decision Tree output distributions in these cross-check samples for Run Ila-b, e and
1, 1-2 tags combined. In Appendix E all the distributions are shown separately for

Run ITa and Run IIb, for e+jets and p+jets, and for 1 and 2 tags.

200~ DORun Il Prelim. 230 & | DO Run Il Prelim. 2.3 fb™!
> p17+p20 e+u channel > T p17+p20 e+u channel
‘qc')' 1 b-tags ‘qc')' 60 1-2 b-tags
5150* 2 jets 20 4jets

® 02 04 06 08 1 ® 02 04 06 08 1
tb+tgb DT Output tb+tqb DT Output

Figure 9.9: Combined Decision Tree outputs for the “W+jets” sample (left) and the
“tt” sample (right) cross-check samples.

From the information in these histograms, one can conclude that there is no
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obvious bias in the decision tree measurement from the composition of the different
backgrounds components. For these subsamples dominated by W+jets and t¢, the

background model describes the data within uncertainties.

9.7 V,; measurement

As outlined in Section 2.3.2.1, the magnitude of the CKM matrix element V}; can
be inferred from the Single Top cross section measurement [57]. This is direct mea-
surement that does not assume the unitarity of the CKM matrix nor the existence
of three quark families. In addition to the systematics included in the Single Top
cross section, there are theoretical uncertainties that must be considered in the Vi,
measurement. These uncertainties are applied to the s- and t-channels separately,

and are summarized in Table 9.11.

s-channel | t-channel
Top quark mass [%)] 5.56 3.48
Factorizatioin scale [%] 3.7 1.74
PDF [%) 3.0 3.0
ag [%) 1.4 0.01

Table 9.11: Systematic uncertainties in percentage on the cross section factor required
in the measurement of V.

A Bayesian posterior for W;fb|2 is obtained in the closed interval [0,1]. The resulting

limit for the CKM matrix element Vj is:

Vip| > 0.78 (9.13)

at 95% C.L. within the Standard Model, ( flL = 1). When the upper limit constraint

on the \th|2 posterior is removed, the V — A coupling strength is meassured to be:
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[Vip {11=1.05 013, (9.14)

where flL is the left-handed Wtb coupling. Figure 9.10 shows the posterior probability

densities for |th|2 and |thf1L|2

> F
T D@ Run I, 2.3 fb™
[} -
S asE IV 12 >0.59
S - tb
O V.1 >0.77
® tb
o -
Q 251
of at 95% CL
- flat prior <1
15—
1E
0.5
82~~%3 o024 05 06 07 o038 409 5 1
If] Vil
> 1.6~
T F v D@ Run I, 2.3 fb™
8 1.4:— If Vi I" =1.09 %,
S 1o 14 _ +0.13
2 120 Iflv,) =1.05%],
8 1
a [
0.8
0.6
0.4
0.2
% ~62 04 06 08 12 14 16 18 2

If ] Vip 12

Figure 9.10: Posterior probability densities for |V;5b|2 (left) and |V}, f1L|2 (right). The
color bands represent different confidence bounds: 68.3 %, 95.4 % and 99.7 %.
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9.8 Event Display

Figures 9.11 and 9.12 presents a possible Single Top event candidate. This event is
identified as having three jets, of which two are considered b-tagged, a muon, and a
neutrino in the form of MET.

In XY view, the SMT barrel hits are represented by red dots and the CFT axial
fiber hits by blue dots. The outer part represents the calorimeter energy deposits,
where the red portion corresponds to EM deposits and the blue to Hadronic.

The lego view, represents the calorimeter (7, ¢) space. The circles correspond to
the cone radius and the jet widths. Muons are represented in green, the corrected
MET is represented in yellow, and the calorimeter deposits follow the same convention

as in the XY view.

Run 223473 Evt 27278544 Sun Jul 23 19:21:41 2006

Triggers: 1 MET HEM
JT2_3JT12L_MM3_V .
JT2 3JT15L_IP_VX B 1 mu particle ICD
JT2_ACO_MHT_BDV MG
JT2_ACO_MHT_HT B HAD
JT2_ACO_MHT LM CH

JT2_MHT25_HT

ET
(GeV)

Bins: 171 eta

Mean: 0.856

Rms: 1.96 0 " 47 mu particle et: 43.46
Min: 0.00916 ' MET et: 53.63

Max: 16.2

Figure 9.11: Possible candidate event display. The event contains three jets out of
wich two are b-tagged, a muon, and a neutrino. Lego view of the DO detector.
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Run 223473 Evt 27278544 Sun Jul 23 19:21:41 2006

ET scale: 28 GeV

neutrino

Figure 9.12: Possible candidate event display. The event contains three jets out of
wich two are b-tagged, a muon, and a neutrino. XY view of the D@ detector.
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Chapter 10

Results and Conclusions

This dissertation presents the results of the observation of Single Top using 2.3 fh—1 of
Data collected with the DO detector at the Fermilab Tevatron collider. The analysis
includes the Single Top muon+jets and electron+jets final states for events with two
to four jets with at least one jet b-tagged. Furthermore, Boosted Decision Trees
are employed as a method to separate the Single Top signal from the overwhelming

background. The resulting Single Top cross section measurement is:
o(pp — th+ X, tgb+ X) = 3.74 199 pp, (10.1)

where the errors include both statistical and systematic uncertainties. The probability
to measure a cross section at this value or higher in the absence of signal is p =
1.9 x 1076, This corresponds to a standard deviation Gaussian equivalence of 4.6.
When combining this result with two other analysis methods, the resulting cross

section measurement is:

o(pp — tb+ X, tgb+ X) = 3.94 £ 0.88 pb, (10.2)

and the corresponding measurement significance is 5.0 standard deviations.

In addition, using the cross section measurement, a Bayesian posterior for |th|2
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is obtained in the closed interval [0,1]. The measurement does not assume unitarity
of the CKM matrix or the existence of three quark generations. The resulting limit

for the CKM matrix element Vi is:
|Vyp| > 0.78 (10.3)

at 95% C.L. within the Standard Model. When the upper limit constraint on the

|th\2 posterior is removed, the V — A coupling strength is meassured to be:

Vi fE1=1.05 1013 (10.4)

where flL is the left-handed Wtb coupling.
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Appendix A

Decision Tree Outputs

In this Appendix, the boosted decision tree discriminant outputs are shown. First
for all the 24 channels combined (Figure A.1); second, combining reconstruction ver-
sions and leptons but separated by number of jets and number of b-tagged jets (Fig-
ure A.2); third, separately for each of the 24 channels (separated by jet multiplicity
Figures A.3, A.4, and A.5; and finally considering only the high discriminant region,

DToutput > 0.8 where mostly signal is expected to be found (Figures A.6 to A.8).
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DO Runll Prelim. 2.3 fb*

D400

<400 p17+p20 e+u channel
‘GEJ I 1-2 b-tags
I_|>J300* 2-4 jets

02 04 06 038 1
tb+tgb DT Output

s | DO Runll Prelim. 2.3 fb’l
> | p17+p20 e+u channel
*qc'; 1-2 b-tags
LI>J102 2-4 jets

1

10

o\\\\\‘

02 04 06 038 1
tb+tgb DT Output

p17+p20 e+uchannel
1-2 b-tags
2-4 jets

Event Yield
S
(=)

_+_

0.9 0.95 1
tb+tgb DT Output

0.8 0.85

Figure A.1: Decision trees discriminant output for all 24 channels combined. The
Single Top contribution in this plot is normalized to the measured cross section.
Same distribution on linear scale (above), log scale (middle) and a zoom in to the

signal region (below).
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i . -1 o 60 . -1
o) H DO Runll Prelim. 2.3 fb o) L DO Runll Prelim. 2.3 fb
> | p17+p20 e+u channel > L p17+p20 e+u channel
‘5400_ 1 bz-tf';u%[s ‘§ 40; 2 bz-tf';u%[s
ar jets & 40 jets
200 20 ++-
02 04 06 0.8 1 02 04 06 0.8 1
tb+tgb DT Output tb+tgb DT Output
B200- DORunll Prelim. 23f0Y & | DO Runll Prelim. 2.3 fb™
= pl7+p20 e+u channel > pl7+p20 e+u channel
e | 1b-t = 2 b-t
I} I}
100
20
50
02 04 06 0.8 1 02 04 06 0.8 1
tb+tgb DT Output tb+tgb DT Output
21007 DO Runll Prelim. 23 fb?] o109 DO Runll Prelim. 2.3 fb™
= pl7+p20 e+u channel > pl7+p20 e+u channel
c | 1 b-tags c | 1 b-tags
g 4 jets g 4 jets
I} J I}
50 50
% 02 04 06 08 1 % 02 04 06 08 1
tb+tgb DT Output tb+tgb DT Output

Figure A.2: Decision trees discriminant output for the e,u+jets combination in
Runlla+b data. The total Single Top contribution in this plots is normalized to
the measured cross section. [Rows: top =2 jets, center =3 jets, bottom =4 jets,
columns: left =1 b-tag, right =2 b-tags.]
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% 60; DO Runlla Prelim. 1.1 fb* % DO Runlla Prelim. 1.1 fb*
s oY pl7 e+jets > 10- pl7 e+jets
% - 1 b-tag % 2 b-tags
> 7 2 jets > 2 jets
W 4o+ w
20
f ot
02 04 06 038 1 02 04 06 038 1
tb+tgb DT Output tb+tgb DT Output
s t ; 1 = 8 : 1
o | DO Runlla Prelim. 1.1 fb o | DO Runlla Prelim. 1.1 fb
> | pl7 u+jets s 0 pl7 p+jets
‘S’ 60~ 1 b-tag ‘S’ 6 2 b-tags
& [ o i 2 jets
20 2
02 04 06 08 1 % 06 08 1
tb+tqb DT Output tb+tqb DT Output
3 60; DO Runllb Prelim. 1.2 fb* 3 DO Runllb Prelim. 1.2 fb*
> L p20 e+jets > 10- p20 e+jets
‘g’ - 1 b-tag ‘g’ 2 b-tags
> 7 2 jets > 2 jets
W 40 W
20
02 04 06 038 1 02 04 06 038 1
tb+tqb DT Output tb+tqb DT Output
© 80 . 1 o 107 . -1
T [ DO Runlib Prelim. 1.2 fb ° [ DO Runllb Prelim. 1.2 fb
> [ p20 p+jets > p20 p+jets
E 60 1 b-_tag % 8: 2 b-tggs
2 ] 2 jets 2 oF 2 jets
40~ r
L 4
20~ 2i
[ : L\. S LY e
% 02 04 06 08 1 % 02 04 06 1
tb+tgb DT Output tb+tgb DT Output

Figure A.3: Decision trees discriminant output for event with exactly two jets in the
final state. One b-jet (left) two b-jet (right).
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% - DO Runlla Prelim. 1.1 fb* % r DO Runlla Prelim. 1.1 fb*
> pl7 e+jets = 0 pl7 e+jets
£ 20- 1 b-tag £ 6 2 b-tags
> 3jets > [ 3jets
m TR
il
10 i
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o 25 . 1 o 8 I . -1
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Figure A.4: Decision trees discriminant output for event with exactly two jets in the
final state. One b-jet (left) two b-jet (right).
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Figure A.5: Decision trees discriminant output for event with exactly two jets in the
final state. One b-jet (left) two b-jet (right).
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Figure A.6: Decision trees discriminant output for event with exactly two jets in the
final state. One b-jet (left) two b-jet (right). Signal region only, Opp > 0.8.
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Figure A.7: Decision trees discriminant output for event with exactly two jets in the
final state. One b-jet (left) two b-jet (right). Signal region only, Opp > 0.8.
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Figure A.8: Decision trees discriminant output for event with exactly two jets in the
final state. One b-jet (left) two b-jet (right). Signal region only, Opp > 0.8.
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Appendix B

Plots of Discriminating Variables

Figures B.1 to B.21 show various kinematic distributions in the final samples:

e transverse momentum of the lepton (Figures B.1, B.2, and B.3)

e missing transverse energy (Figures B.4, B.5, and B.6),

e transverse energy of the leading jet (Figures B.7, B.8, and B.9),

e transverse energy of the second leading jet (Figures B.10, B.11, and B.12),
e scalar transverse energy sum (Figures B.13, B.14, and B.15),

e reconstructed top quark mass (Figures B.16, B.17, and B.18); and

e pseudorapidity of the light quark jet times lepton charge (Figures B.19, B.20,
and B.21).

Each figure corresponds to a given jet multiplicity, the left column correspond the the

Runn ITa period and the right column to the Run IIb period.
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Figure B.1: The transverse momentum of the lepton for channels with exactly two
jets in the final state. Run Ila (left) and Run IIb (right). Electron (top four) muon
(bottom four). Alternating rows 1-btag and 2-btag.
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Figure B.2: The transverse momentum of the lepton for channels with exactly three
jets in the final state. Run Ila (left) and Run IIb (right). Electron (top four) muon
(bottom four). Alternating rows 1-btag and 2-btag.
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Figure B.3: The transverse momentum of the lepton for channels with exactly four
jets in the final state. Run Ila (left) and Run IIb (right). Electron (top four) muon
(bottom four). Alternating rows 1-btag and 2-btag.
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Figure B.4: The missing transverse energy for channels with exactly two jets in the
final state. Run Ila (left) and Run IIb (right). Electron (top four) muon (bottom
four). Alternating rows 1-btag and 2-btag.
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Figure B.5: The missing transverse energy for channels with exactly three jets in the
final state. Run Ila (left) and Run IIb (right). Electron (top four) muon (bottom
four). Alternating rows 1-btag and 2-btag.
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Figure B.6: The missing transverse energy for channels with exactly four jets in the
final state. Run Ila (left) and Run IIb (right). Electron (top four) muon (bottom
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Figure B.7: The transverse energy of the leading jet for channels with exactly two
jets in the final state. Run Ila (left) and Run IIb (right). Electron (top four) muon
(bottom four). Alternating rows 1-btag and 2-btag.
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Figure B.8: The transverse energy of the leading jet for channels with exactly three
jets in the final state. Run Ila (left) and Run IIb (right). Electron (top four) muon
(bottom four). Alternating rows 1-btag and 2-btag.
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Figure B.9: The transverse energy of the leading jet for channels with exactly four
jets in the final state. Run Ila (left) and Run IIb (right). Electron (top four) muon
(bottom four). Alternating rows 1-btag and 2-btag.
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Figure B.10: The transverse energy of the second leading jet for channels with exactly
two jets in the final state. Run Ila (left) and Run IIb (right). Electron (top four)

muon (bottom four). Alternating rows 1

-btag and 2-btag.
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Figure B.11: The transverse energy of the second leading jet for channels with exactly
three jets in the final state. Run Ila (left) and Run IIb (right). Electron (top four)
muon (bottom four). Alternating rows 1-btag and 2-btag.
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Figure B.12: The transverse energy of the second leading jet for channels with exactly
four jets in the final state. Run Ila (left) and Run IIb (right). Electron (top four)
muon (bottom four). Alternating rows 1-btag and 2-btag.
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Figure B.13: The scalar transverse energy sumfor channels with exactly two jets in
the final state. Run Ila (left) and Run IIb (right). Electron (top four) muon (bottom
four). Alternating rows 1-btag and 2-btag.
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Figure B.14: The scalar transverse energy sum for channels with exactly three jets in
the final state. Run Ila (left) and Run IIb (right). Electron (top four) muon (bottom
four). Alternating rows 1-btag and 2-btag.
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Figure B.15: The scalar transverse energy sum for channels with exactly four jets in
the final state. Run Ila (left) and Run IIb (right). Electron (top four) muon (bottom
four). Alternating rows 1-btag and 2-btag.
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Figure B.16: The top quark mass for channels with exactly two jets in the final
state. Run Ila (left) and Run IIb (right). Electron (top four) muon (bottom four).
Alternating rows 1-btag and 2-btag.
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Figure B.17: The top quark mass for channels with exactly three jets in the final
state. Run Ila (left) and Run IIb (right). Electron (top four) muon (bottom four).
Alternating rows 1-btag and 2-btag.
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Figure B.18: The top quark mass for channels with exactly four jets in the final
state. Run Ila (left) and Run IIb (right). Electron (top four) muon (bottom four).
Alternating rows 1-btag and 2-btag.
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Figure B.19: The pseudorapidity of the light quark jet times lepton charge for channels
with exactly two jets in the final state. Run Ila (left) and Run IIb (right). Electron
(top four) muon (bottom four). Alternating rows 1-btag and 2-btag.
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Figure B.20: The pseudorapidity of the light quark jet times lepton charge for channels
with exactly three jets in the final state. Run Ila (left) and Run IIb (right). Electron
(top four) muon (bottom four). Alternating rows 1-btag and 2-btag.
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Figure B.21: The pseudorapidity of the light quark jet times lepton charge for channels
with exactly four jets in the final state. Run Ila (left) and Run IIb (right). Electron
(top four) muon (bottom four). Alternating rows 1-btag and 2-btag.
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Appendix C

Systematic Uncertainty Tables

Tables C.1-C.24 show the flat systematic uncertainties on the signal and background
samples for the all of the 24 channels in the analysis. All of the shape changing
systematics are treated separately in the calculation and are presented in Appendix D.

Note that due to the normalization to data before b tagging, the Wb, Wee, and
W7 tagged yield estimates are not affected by any of the systematic uncertainties
that affect the overall yield. The exception to this is b tagging, which is applied
after normalization. There is still an effect on the shapes of distributions from the
uncertainty components that depend on event kinematics.

The row “WQCD?” in each Table includes the uncertainty on the W-+jets normal-
ization and on the multijets normalization. Note that the anticorrelation between
these two uncertainties is included by giving a negative sign to this uncertainty in

multijets samples.
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Single-Tagged Two-Jet Electron Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — = — — — — - — — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 — 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 2.5 2.5
Jet frag. 07 07 — — — 40 40 4.0 0.7 — 0.7 0.7 0.7
ISR/FSR 30 30 — — — 80 80 8.0 0.6 — 0.6 0.6 0.6
b-jet frag. 20 20 — — — 20 — — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 —-15 — — — — — — — —
Sy ratio — — 50 =50 — — — — — — — — —
SHF Z — — — — — 137 137 — — — — —
1KS — — 2.3 2.3 2.3 — — — — —42.0 — — —

Table C.1: p17 electron channel uncertainties, requiring exactly one tag and two jets.
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Double-Tagged Two-Jet Electron Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — 1.5 1.5 1.5
PDF — = — — — — - — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 25 2.5 2.5
Jet frag. 07 07 — — — 40 40 4.0 0.7 0.7 0.7 0.7
ISR/FSR 30 30 — — — 80 80 8.0 0.6 0.6 0.6 0.6
b-jet frag. 20 20 — — — 20 — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 4.0 4.0 4.0
Sur W — — 137 137 —-15 — — — — — — —
Sy ratio — — 50 =50 — — — — — — — —
SHF Z — — — — — 137 137 — — — —
1KS — — 2.3 2.3 2.3 — — — — —42.0 — — —

Table C.2: p17 electron channel uncertainties, requiring exactly two tags and two jets.
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Single-Tagged Two-Jet Electron Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — = — — — — - — — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 — 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 2.5 2.5
Jet frag. 07 07 — — — 40 40 4.0 0.7 — 0.7 0.7 0.7
ISR/FSR 30 30 — — — 80 80 8.0 0.6 — 0.6 0.6 0.6
b-jet frag. 20 20 — — — 20 — — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 —-15 — — — — — — — —
Sy ratio — — 50 =50 — — — — — — — — —
SHF Z — — — — — 137 137 — — — — —
1KS — — 2.2 2.2 2.2 — — — — —38.0 — — —

Table C.3: p20 electron channel uncertainties, requiring exactly one tag and two jets.
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Double-Tagged Two-Jet Electron Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — 1.5 1.5 1.5
PDF — = — — — — - — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 25 2.5 2.5
Jet frag. 07 07 — — — 40 40 4.0 0.7 0.7 0.7 0.7
ISR/FSR 30 30 — — — 80 80 8.0 0.6 0.6 0.6 0.6
b-jet frag. 20 20 — — — 20 — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 4.0 4.0 4.0
Sur W — — 137 137 —-15 — — — — — — —
Sy ratio — — 50 =50 — — — — — — — —
SHF Z — — — — — 137 137 — — — —
1KS — — 2.2 2.2 2.2 — — — — —38.0 — — —

Table C.4: p20 electron channel uncertainties, requiring exactly two tags and two jets.
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Single-Tagged Three-Jet Electron Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — = — — — — — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 — 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 2.5 2.5
Jet frag. 0.1 0.1 — — — 4.0 4.0 4.0 3.7 — 3.7 3.7 3.7
ISR/FSR 28 28 — — — 80 80 8.0 5.2 — 52 5.2 5.2
b-jet frag. 20 20 — — — 20 — — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 -08 —  —  — — — — — —
Sy ratio — — 50 =50 — — — — — — — — —
SHF Z — — — — — 137 137 — — — — —
1KS — — 1.8 1.8 1.8 — — — — —-30.0 - — —

Table C.5: p17 electron channel uncertainties, requiring exactly one tag and three jets.
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Double-Tagged Three-Jet Electron Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — = — — — — — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 — 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 2.5 2.5
Jet frag. 0.1 0.1 — — — 4.0 4.0 4.0 3.7 — 3.7 3.7 3.7
ISR/FSR 28 28 — — — 80 80 8.0 5.2 — 52 5.2 5.2
b-jet frag. 20 20 — — — 20 — — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 -08 —  —  — — — — —
Sy ratio — — 50 =50 — — — — — — — —
SHF Z — — — — — 137 137 — — — — —
1KS — — 1.8 1.8 1.8 — — — — —-30.0 — —

Table C.6: p17 electron channel uncertainties, requiring exactly two tags and three jets.
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Single-Tagged Three-Jet Electron Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — = — — — — — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 — 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 2.5 2.5
Jet frag. 0.1 0.1 — — — 4.0 4.0 4.0 3.7 — 3.7 3.7 3.7
ISR/FSR 28 28 — — — 80 80 8.0 5.2 — 52 5.2 5.2
b-jet frag. 20 20 — — — 20 — — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 -08 —  —  — — — — — —
Sy ratio — — 50 =50 — — — — — — — — —
SHF Z — — — — — 137 137 — — — — —
1KS — — 1.8 1.8 1.8 — — — — —-30.0 - — —

Table C.7: p20 electron channel uncertainties, requiring exactly one tag and three jets.
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Double-Tagged Three-Jet Electron Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — = — — — — — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 — 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 2.5 2.5
Jet frag. 0.1 0.1 — — — 4.0 4.0 4.0 3.7 — 3.7 3.7 3.7
ISR/FSR 28 28 — — — 80 80 8.0 5.2 — 52 5.2 5.2
b-jet frag. 20 20 — — — 20 — — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 -08 —  —  — — — — —
Sy ratio — — 50 =50 — — — — — — — —
SHF Z — — — — — 137 137 — — — — —
1KS — — 1.8 1.8 1.8 — — — — —-30.0 — —

Table C.8: p20 electron channel uncertainties, requiring exactly two tags and three jets.
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Single-Tagged Four-Jet Electron Channel Percentage Errors

till  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tqb  tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 12.7 — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — — — — — — — — — 3.0 3.0 3.0
Triggers 5.0 5.0 — — — 5.0 5.0 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 14 14 14 1.4 — 14 14 1.4
Lepton ID 2.5 2.5 — — — 2.5 25 25 2.5 — 2.5 2.5 2.5
Jet frag. 0.7 0.7 — — — 40 4.0 4.0 4.7 — 4.7 40 4.7
ISR/FSR 0.6 0.6 — — — 8.0 80 8.0 12.6 — 12.6 12.6 12.6
b-jet frag. 20 2.0 — — — 2.0 — — — — 20 20 2.0
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 4.0 4.0 — — — 40 4.0 4.0 4.0 — 4.0 4.0 4.0
Suyr W — — 137 137 -07 — — — — — — —
SHF ratio — — 50 —=5.0 — — — — — — — —
Sur Z — — — — — 137 137 — — — — —
1KS — — 1.8 1.8 1.8 — — — — —30.0 — —

Table C.9: p17 electron channel uncertainties, requiring exactly one tag and four jets.
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Double-Tagged Four-Jet Electron Channel Percentage Errors

till  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tqb  tb+ tgb
Luminosity 6.1 6.1 — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 12.7 — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — 1.5 1.5 1.5
PDF — — — — — — — — 3.0 3.0 3.0
Triggers 5.0 5.0 — — 5.0 5.0 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — 14 14 14 1.4 — 14 14 1.4
Lepton ID 2.5 2.5 — — 2.5 25 25 2.5 — 2.5 2.5 2.5
Jet frag. 0.7 0.7 — — 40 4.0 4.0 4.7 — 4.7 40 4.7
ISR/FSR 0.6 0.6 — — 8.0 80 8.0 12.6 — 12.6 12.6 12.6
b-jet frag. 20 2.0 — — 2.0 — — — — 20 20 2.0
Jet ID 1.0 1.0 — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 4.0 4.0 — — 40 4.0 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 -07 — — — — — — —
SHF ratio — — 50 —=5.0 — — — — — — —
Sur Z — — — — 13.7 13.7 — — — — —
1KS — — 1.8 1.8 1.8 — — — — —30.0 — —
Table C.10: p17 electron channel uncertainties, requiring exactly two tags and four jets.



€4¢

Single-Tagged Four-Jet Electron Channel Percentage Errors

till  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tqb  tb+ tgb
Luminosity 6.1 6.1 — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 12.7 — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — 1.5 1.5 1.5
PDF — — — — — — — — 3.0 3.0 3.0
Triggers 5.0 5.0 — — 5.0 5.0 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — 14 14 14 1.4 — 14 14 1.4
Lepton ID 2.5 2.5 — — 2.5 25 25 2.5 — 2.5 2.5 2.5
Jet frag. 0.7 0.7 — — 40 4.0 4.0 4.7 — 4.7 40 4.7
ISR/FSR 0.6 0.6 — — 8.0 80 8.0 12.6 — 12.6 12.6 12.6
b-jet frag. 20 2.0 — — 2.0 — — — — 20 20 2.0
Jet ID 1.0 1.0 — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 4.0 4.0 — — 40 4.0 4.0 4.0 — 4.0 4.0 4.0
Suyr W — — 137 137 -07 — — — — — — — —
SHF ratio — — 50 —=5.0 — — — — — — — —
Sur Z — — — — 13.7 13.7 — — — — — —
1KS — — 5.0 5.0 5.0 — — — — —30.0 — — —

Table C.11: p20 electron channel uncertainties, requiring exactly one tag and four jets.
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Double-Tagged Four-Jet Electron Channel Percentage Errors

till  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tqb  tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 12.7 — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — 1.5 1.5 1.5
PDF — — — — — — — — — 3.0 3.0 3.0
Triggers 5.0 5.0 — — — 5.0 5.0 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 14 14 14 1.4 — 14 14 1.4
Lepton ID 2.5 2.5 — — — 2.5 25 25 2.5 — 2.5 2.5 2.5
Jet frag. 0.7 0.7 — — — 40 4.0 4.0 4.7 — 4.7 40 4.7
ISR/FSR 0.6 0.6 — — — 8.0 80 8.0 12.6 — 12.6 12.6 12.6
b-jet frag. 20 2.0 2.0 — — 2.0 — 2.0 — 20 20 2.0
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 4.0 4.0 — — — 40 4.0 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 -07 — — — — — — —
Sy F ratio — — 50 —=5.0 — — — — — — — —
Spr Z — — — — — 137 137 — — — — — —
1KS — — 5.0 5.0 5.0 — — — —-30.0 — — —
Table C.12: p20 electron channel uncertainties, requiring exactly two tags and four jets.
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Single-Tagged Two-Jet Muon Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — = — — — — - — — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 — 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 2.5 2.5
Jet frag. 07 07 — — — 40 40 4.0 0.7 — 0.7 0.7 0.7
ISR/FSR 30 30 — — — 80 80 8.0 0.6 — 0.6 0.6 0.6
b-jet frag. 20 20 — — — 20 — — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 -08 —  —  — — — — — —
Sy ratio — — 50 =50 — — — — — — — — —
SHF Z — — — — — 200 200 — — — — —
1KS — — 1.8 1.8 1.8 — — — — —40.0 — — —

Table C.13: p17 muon channel uncertainties, requiring exactly one tag and two jets.
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Double-Tagged Two-Jet Muon Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — = — — — — - — — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 — 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 2.5 2.5
Jet frag. 07 07 — — — 40 40 4.0 0.7 — 0.7 0.7 0.7
ISR/FSR 30 30 — — — 80 80 8.0 0.6 — 0.6 0.6 0.6
b-jet frag. 20 20 — — — 20 — — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 -08 —  —  — — — — — —
Sy ratio — — 50 =50 — — — — — — — — —
SHF Z — — — — — 200 200 — — — — —
1KS — — 1.8 1.8 1.8 — — — — —40.0 — — —

Table C.14: p17 muon channel uncertainties, requiring exactly two tags and two jets.
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Single-Tagged Two-Jet Muon Channel Percentage Errors

till  ttly Wbb Wee Wlip Zbb Zce Zlp dibosons multijet  tb  tgb  tb+tqb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 112 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — = — — — — — — 3.0 3.0 3.0
Triggers 10.0 10.0 — — — 10.0 10.0 10.0 10.0 — 10.0 10.0 10.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 14 14 14 1.4 — 1.4 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 25 2.5
Jet frag. 07 07 — — — 40 40 4.0 0.7 — 0.7 0.7 0.7
ISR/FSR 30 30 — — — 80 80 80 0.6 — 0.6 0.6 0.6
b-jet frag. 20 20 — — — 20 — @ — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 40 4.0 4.0
Sur W — — 37 137 -08 — —  — — — — —
Sy ratio — — 50 =50 — — — — — — — —
SHF Z — — — — — 200 200 — — — — —
IKS — — 1.8 1.8 1.8 — — — — —53.0 — —

Table C.15: p20 muon channel uncertainties, requiring exactly one tag and two jets.



8G¢C

Double-Tagged Two-Jet Muon Channel Percentage Errors

till  ttly Wbb Wee Wlip Zbb Zce Zlp dibosons multijet  tb  tgb  tb+tqb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 112 74 8.4
Branching frac. 1.5 1.5 — — — — — — — 1.5 1.5 1.5
PDF — = — — — — — 3.0 3.0 3.0
Triggers 10.0 10.0 — — — 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Prim. vertex 14 14 — — — 14 14 14 1.4 1.4 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 25 25 2.5
Jet frag. 07 07 — — — 40 40 4.0 0.7 0.7 0.7 0.7
ISR/FSR 30 30 — — — 80 80 80 0.6 0.6 0.6 0.6
b-jet frag. 20 20 — — — 20 — @ — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 40 4.0 4.0
Sur W — — 37 137 -08 — —  — — — —
Sy ratio — — 50 =50 — — — — — — — —
SHF Z — — — — — 200 200 — — — —
IKS — — 1.8 1.8 1.8 — — — — —53.0 — — —

Table C.16: p20 muon channel uncertainties, requiring exactly two tags and two jets.



Single-Tagged Three-Jet Muon Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb

6GC

Luminosity 6.1 61 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — — — — — — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 — 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 2.5 2.5
Jet frag. 0.1 0.1 — — — 4.0 4.0 4.0 3.7 — 3.7 3.7 3.7
ISR/FSR 28 28 — — — 80 80 8.0 5.2 — 5.2 5.2 5.2
b-jet frag. 20 20 — — — 20 — @ — — — 20 20 2.0
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 -08 —  —  — — — — —
Sy ratio — — 50 =50 — — — — — — — —
SHF Z — — — — 200 200 — — — — —
1KS — — 1.8 1.8 1.8 — — — — —-30.0 — —

Table C.17: p17 muon channel uncertainties, requiring exactly one tag and three jets.



Double-Tagged Three-Jet Muon Channel Percentage Errors

tell  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tgb tb+ tgb

09¢

Luminosity 6.1 61 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — — — — — — — 3.0 3.0 3.0
Triggers 50 5.0 — — — 5.0 50 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 1.4 14 14 1.4 — 14 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 2.5 2.5
Jet frag. 0.1 0.1 — — — 4.0 4.0 4.0 3.7 — 3.7 3.7 3.7
ISR/FSR 28 28 — — — 80 80 8.0 5.2 — 5.2 5.2 5.2
b-jet frag. 20 20 — — — 20 — @ — — — 20 20 2.0
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 -08 —  —  — — — — — —
Sy ratio — — 50 =50 — — — — — — — — —
SHF Z — — — — 200 200 — — — — —
1KS — — 1.8 1.8 1.8 — — — — —-30.0 - — —

Table C.18: p17 muon channel uncertainties, requiring exactly two tags and three jets.
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Single-Tagged Three-Jet Muon Channel Percentage Errors

till  ttly Wbb Wee Wlip Zbb Zce Zlp dibosons multijet  tb  tgb  tb+tqb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 112 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — = — — — — - — — — 3.0 3.0 3.0
Triggers 10.0 10.0 — — — 10.0 10.0 10.0 10.0 — 10.0 10.0 10.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 14 14 14 1.4 — 14 14 14
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 25 2.5
Jet frag. 0.1 0.1 — — — 4.0 4.0 4.0 3.7 — 3.7 3.7 3.7
ISR/FSR 2.8 28 — — — 8.0 80 8.0 5.2 — 5.2 5.2 5.2
b-jet frag. 20 20 — — — 20 — @ — — — 20 20 20
Jet 1D 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 4.0 40 — — — —_ 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 —-08 — — — — — — —
Sy ratio — — 50 =50 — — — — — — — —
Spr Z — — — — — 20.0 20.0 — — — — —
1KS — — 1.8 1.8 1.8 — — — — —51.0 — —
Table C.19: p20 muon channel uncertainties, requiring exactly one tag and three jets.
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Double-Tagged Three-Jet Muon Channel Percentage Errors

till  ttly Wbb Wee Wlip Zbb Zce Zlp dibosons multijet  tb  tgb  tb+tqb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 112 74 8.4
Branching frac. 1.5 1.5 — — — — — — 1.5 1.5 1.5
PDF — = — — — — — 3.0 3.0 3.0
Triggers 10.0 10.0 — — — 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Prim. vertex 14 14 — — — 14 14 14 1.4 1.4 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 25 25 2.5
Jet frag. 0.1 0.1 — — — 4.0 4.0 4.0 3.7 3.7 3.7 3.7
ISR/FSR 28 28 — — — 80 80 80 5.2 52 5.2 5.2
b-jet frag. 20 20 — — — 20 — @ — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 40 4.0 4.0
Sur W — — 137 137 -08 — — — —
Sy ratio — — 50 =50 — — — — — — —
SHF Z — — — — — 200 200 — — — —
IKS — — 1.8 1.8 1.8 — — — —51.0 — — —

Table C.20: p20 muon channel uncertainties, requiring exactly two tags and three jets.
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Single-Tagged Four-Jet Muon Channel Percentage Errors

till  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tqb  tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 12.7 — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — — — — — — — — — 3.0 3.0 3.0
Triggers 5.0 5.0 — — — 5.0 5.0 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 14 14 14 1.4 — 14 14 1.4
Lepton ID 2.5 2.5 — — — 2.5 25 25 2.5 — 2.5 2.5 2.5
Jet frag. 0.7 0.7 — — — 40 4.0 4.0 4.7 — 4.7 40 4.7
ISR/FSR 0.6 0.6 — — — 8.0 80 8.0 12.6 — 12.6 12.6 12.6
b-jet frag. 20 2.0 — — — 2.0 — — — — 20 20 2.0
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 4.0 4.0 — — — 40 4.0 4.0 4.0 — 4.0 4.0 4.0
Suyr W — — 137 137 -07 — — — — — — — —
SHF ratio — — 50 —=5.0 — — — — — — — — —
Sur Z — — — — — 20.0 200 — — — — — —
1KS — — 1.8 1.8 1.8 — — — — —30.0 — — —

Table C.21: p17 muon channel uncertainties, requiring exactly one tag and four jets.
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Double-Tagged Four-Jet Muon Channel Percentage Errors

till  ttly Wob Wee Wlip Zbb Zce Zlp dibosons multijet th  tqb  tb+ tgb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 12.7 — — — 5.8 5.8 5.8 5.8 — 11.2 74 8.4
Branching frac. 1.5 1.5 — — — — — — — 1.5 1.5 1.5
PDF — — — — — — — — 3.0 3.0 3.0
Triggers 5.0 5.0 — — — 5.0 5.0 5.0 5.0 — 5.0 5.0 5.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 14 14 14 1.4 — 14 14 1.4
Lepton ID 2.5 2.5 — — — 2.5 25 25 2.5 — 2.5 2.5 2.5
Jet frag. 0.7 0.7 — — — 40 4.0 4.0 4.7 — 4.7 40 4.7
ISR/FSR 0.6 0.6 — — — 8.0 80 8.0 12.6 — 12.6 12.6 12.6
b-jet frag. 20 2.0 — — — 2.0 — — — — 20 20 2.0
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 4.0 4.0 — — — 40 4.0 4.0 4.0 — 4.0 4.0 4.0
Sur W — — 137 137 0.7 — — — — — — —
SHF ratio — — 50 —=5.0 — — — — — — — —
Sur Z — — — — — 20.0 200 — — — — — —
1KS — — 1.8 1.8 1.8 — — — —30.0 — — —
Table C.22: p17 muon channel uncertainties, requiring exactly two tags and four jets.
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Single-Tagged Four-Jet Muon Channel Percentage Errors

till  ttly Wbb Wee Wlip Zbb Zce Zlp dibosons multijet  tb  tgb  tb+tqb
Luminosity 6.1 6.1 — — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — — 5.8 5.8 5.8 5.8 — 112 74 8.4
Branching frac. 1.5 1.5 — — — — — — — — 1.5 1.5 1.5
PDF — = — — — — — — 3.0 3.0 3.0
Triggers 10.0 10.0 — — — 10.0 10.0 10.0 10.0 — 10.0 10.0 10.0
Lumi. rewtg. 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — — 14 14 14 1.4 — 1.4 14 1.4
Lepton ID 25 25 — — — 25 25 25 2.5 — 25 25 2.5
Jet frag. 0.7 07 — — — 4.0 4.0 4.0 4.7 — 4.7 47 4.7
ISR/FSR 06 06 — — — 80 80 80 12.6 — 12.6 12.6 12.6
b-jet frag. 20 20 — —  — 20 — @ — — — 20 20 20
Jet ID 1.0 1.0 — — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — — 40 40 4.0 4.0 — 40 4.0 4.0
Sur W — — 37 w7 -07 —  —  — — — — —
Sy ratio — — 50 =50 — — — — — — — — —
SHF Z — — — — — 200 200 — — — — —
IKS - — 39 39 39 —  —  — — —54.0 — —

Table C.23: p20 muon channel uncertainties, requiring exactly one tag and four jets.



99¢

Double-Tagged Four-Jet Muon Channel Percentage Errors

till  ttly Wbb Wee Wlip Zbb Zce Zlp dibosons multijet  tb  tgb  tb+tqb
Luminosity 6.1 6.1 — — 6.1 6.1 6.1 6.1 — 6.1 6.1 6.1
Xsect. 12.7 127  — — 5.8 5.8 5.8 5.8 — 112 74 8.4
Branching frac. 1.5 1.5 — — — — — — — 1.5 1.5 1.5
PDF — = — — — — — 3.0 3.0 3.0
Triggers 10.0 10.0 — — 10.0 10.0 10.0 10.0 — 10.0 10.0 10.0
Lumi. rewtg. 1.0 1.0 — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Prim. vertex 14 14 — — 14 14 14 1.4 — 1.4 14 1.4
Lepton ID 25 25 — — 25 25 25 2.5 — 25 25 2.5
Jet frag. 0.7 0.7 — — 4.0 4.0 4.0 4.7 — 4.7 4.7 4.7
ISR/FSR 06 06 — — 80 80 8.0 12.6 — 12.6 12.6 12.6
b-jet frag. 20 20 — @ — 20 — — — 20 20 20
Jet ID 1.0 1.0 — — 1.0 1.0 1.0 1.0 — 1.0 1.0 1.0
Jet res. 40 40 — — 40 4.0 4.0 4.0 — 40 4.0 4.0
Sur W — — 37 w7 -07 —  —  — — — — —
Sy ratio — 5.0 =5.0 — — — — — — — —
SHF Z — — 20.0 20.0 — — — — —
IKS — 39 39 39 —  —  — — —54.0 — —

Table C.24: p20 muon channel uncertainties, requiring exactly two tags and four jets.



Appendix D

JES, TRF, and RWT Systematic

Uncertainties

Table D.1 shows the normalization part of the uncertainty from the jet energy scale
and the taggability plus tag-rate functions, for the signal acceptances and for the
combined backgrounds. These values are not included in the tables in Appendix C
because they are not treated separately as flat systematics, but are included at the
same time as the shape-changing part of the uncertainty is included. The JES normal-
ization uncertainties are included on the ¢, Z+jets, and diboson backgrounds as well
as the signal uncertainties, and the shape part is in addition applied to the W4jets,
tt, Z+jets, and diboson backgrounds. The TRF normalization and shape uncertain-
ties are applied to all MC samples. Figure 7.6 shows the size of the reweighting
uncertainties (error bars on points).

The JES uncertainties as used in the analysis are shown in Figs. D.1-D.3 for the
signal boosted decision tree discriminant output. The signal TRF uncertainties are
shown in Figs. D.1-D.3, and the ALPGEN reweighting function uncertainties in for the
backgrounds is shown in Figs. D.7 and D.9. Similar distributions for JES and TRF

background uncertainties can be found in Reference [90].
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JES and TRF Normalization Uncertainties

Run ITa Run IIb
1-tag 2-tags 1-tag 2-tags
2 jets 3Jjets 4djets | 2jets Jjets 4djets | 2jets 3Jjets 4jets | 2jets 3 jets 4 jets
Jet Energy Scale
tb+tqb (e) 1.5% 59% 11.7% | 28% 21% 7.6% | 2.1% 5.6% 124% | 3.8% 1.8% 8.1%
tb+tqb (1) 1.7%  59% 11.7% | 31% 1.8% 88% | 24% 4.9% 131% | 4.0% 1.1% 84%
Background (e) 01% 01% 2.0% | 1.0% 14% 12% | 01% 03% 21% | 1.2% 1.9% 1.0%
Background (u) 08% 04% 19% | 02% 1.3% 1.0% | 05% 02% 1.7% | 04% 18% 0.5%
Taggability and Tag-Rate Functions
tb+tgb (e) 45% 34%  2.5% | 10.8% 105% 10.1% | 4.7% 3.6% 2.8% | 10.8% 10.6% 10.4%
tb+tqb (1) 42%  3.1% 23% | 10.5% 102% 9.9% | 4.7% 3.7% 2.9% | 10.5% 10.4% 10.2%
Background (e) 57% 45%  24% | 10.7% 101% 9.3% | 7.0% 55% 3.0% | 11.4% 104% 9.2%
Background (u) 54% 4.3%  2.1% | 102% 9.8%  9.0% | 6.5% 53% 3.3% | 109% 10.1% 9.2%

Table D.1: Normalization uncertainties on the signal and combined backgrounds from the jet energy scale and the taggability

plus tag-rate functions for each analysis channel.
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Figure D.1: Systematic shift when varying the JES signal distributions by +1o for
the BDT discriminant outputs of events with exactly two jets. Run Ila (left) and
Run IIb (right). Electron (top four) muon (bottom four). Alternating rows 1-btag
and 2-btag.

269



1.6 1.6

r — tbtgb nominal r — tbtgb nominal
1.4 — tbtqb JES plus 1.4 — tbtqb JES plus
[ —tbtgb JES minus [ —tbtgb JES minus
1I2_I_L|_Ln_=[,-l—|_._|_rr"‘-|_._l __,J"I_I'—'-WJ_—‘_ 1.2} _|'|—Ln-|_-l’_|_|—'_n"_J;
1: 1 _""I-I—L._._.-..r--"'_ﬁ"L"_n_‘_‘_h__r 1; M
0.8 0.8
0.6 p17 CC EqOneTag EqThreeJet 0.6 p20 CC EqOneTag EqThreeJet
| 1 Sy . S ¥ U /X S |1 Sy . S ¥ N /X S
DT_Result, maxit binned DT_Result, maxit binned
1'6; — tbtgb nominal 1'6: — tbtgb nominal
1.4 — tbtgb JES plus 1.4 — tbtgb JES plus
- — tbtgb JES minus - — tbtgb JES minus
121 _,_|'|_|_,.|J 1.2
1 B (e .-IJ—LLI 1 E ul
- L= T -t":":'ﬁ'—-.._.-.r" o ki
0.8 0.8
0.6 p17 CC EqTwoTag EqThreedJet 0.6 p20 CC EqTwoTag EqThreedJet
0_4:” PRI S AN AN AU AVAVAVIVEN BSTATAr AT 0_4:” PRI S AN ETEEN AFATATIIN AVAVAVIVEN BSTATArS ST W
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
DT_Result, maxit binned DT_Result, maxit binned
1'6: — tbtgb nominal 1'6; — tbtgb nominal
1.4—— tbtgb JES plus 1.4 — tbtgb JES plus
- — tbtgb JES minus - — tbtgb JES minus
1.2 1.2
1i O i T Tt P _I'r'—i'_"'-F;LFrLJ 1:, ST w1 == B W
: o, ey, LI, C R e
0.8 0.8
0.6 p17 MU EqOneTag EqThreedJet 0.6 p20 MU EqOneTag EqThreeJdet
0_4’ Ll e e b e e 0_4: Ll b b b b e L
(] 0.2 0.4 0.6 0,8 1 0 0.2 0.4 0.6 0.8
DT_Result, maxit binned DT_Result, maxit binned
1.6 - 1.6 -
r —tbtgb nominal r — tbtqb nominal
1.4 — tbtqb JES plus 1.4 — tbtgb JES plus
- — tbtgb JES minus [ — tbtqb JES minus
1.2 1.2F
= 1=
0.8 0.8
0.6 |  p17 MU EqTwoTag EqThreeJet 0.6[ | P20MUEqTwoTag EqThreedet
R T e e e

04 06 08 0.4 06 08

DT_Result, maxit binned DT_Result, maxit binned
Figure D.2: Systematic shift when varying the JES signal distributions by +1o for
the BDT discriminant outputs of events with exactly two jets. Run Ila (left) and
Run IIb (right). Electron (top four) muon (bottom four). Alternating rows 1-btag

and 2-btag.
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Figure D.3: Systematic shift when varying the JES signal distributions by +1o for
the BDT discriminant outputs of events with exactly two jets. Run Ila (left) and
Run IIb (right). Electron (top four) muon (bottom four). Alternating rows 1-btag
and 2-btag.
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Figure D.4: Systematic shift when varying the TRF signal distributions by £1o for
the BDT discriminant outputs of events with exactly two jets. Run Ila (left) and

Run IIb (right). Electron (top four) muon (bottom four). Alternating rows 1-btag
and 2-btag.
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Figure D.5: Systematic shift when varying the TRF signal distributions by +1o¢ for
the BDT discriminant outputs of events with exactly two jets. Run Ila (left) and
Run IIb (right). Electron (top four) muon (bottom four). Alternating rows 1-btag
and 2-btag.
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Figure D.6: Systematic shift when varying the TRF signal distributions by +1o¢ for
the BDT discriminant outputs of events with exactly two jets. Run Ila (left) and

Run IIb (right). Electron (top four) muon (bottom four). Alternating rows 1-btag
and 2-btag.
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Figure D.7: Systematic shift when varying the RWT background distributions by +1¢
for the BDT discriminant outputs of events with exactly two jets. Run Ila (left) and
Run IIb (right). Electron (top four) muon (bottom four). Alternating rows 1-btag
and 2-btag.
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Figure D.8: Systematic shift when varying the RWT background distributions by +1o
for the BDT discriminant outputs of events with exactly two jets. Run Ila (left) and
Run IIb (right). Electron (top four) muon (bottom four). Alternating rows 1-btag

and 2-btag.
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Figure D.9: Systematic shift when varying the RWT background distributions by +1o
for the BDT discriminant outputs of events with exactly two jets. Run ITa (left) and

Run ITb (right). Electron (top four) muon (bottom four). Alternating rows 1-btag
and 2-btag.
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Appendix E

Cross Check Samples

In this Appendix, 6 variable distributions are shown for the W+jets and ¢t cross-
check samples. The background model reproduces the data in each channel within
the uncertainties confirming the validity of the samples in regions dominated by back-
grounds.

The cross-check samples defined in Section 7.5, have all the same selection as the

main sample, plus the following cuts:
o “WHijets” (2 jets, 1 tag, Hp < 175 GeV).
o “tt” (4 jets, 1-2 tags, Hp > 300 GeV).

Figures E.7 and E.8 show the BDTs discriminant output for the the cross check

samples in both linear and log scale.
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Figure E.1: Cross-check plots for several variables in the W -+jets cross-check sample.
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Figure E.2: Cross-check plots for several variables in the W-+jets cross-check sample.
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Figure E.3: More cross-check plots for variables in the W+jets cross-check sample.
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Figure E.4: Cross-check plots for several variables in the tf cross-check sample.
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Appendix F

Combination of Single Top

Measurements

This Appendix presents the combination result of the three D@ Single Top analysis
methods: Boosted Decision Trees (BDT) [90], Bayesian Neural Networks (BNN) [132]
and Matrix Element (ME) [133]. These three analyses measure the Single Top cross
section individually; however, these analyses are not fully correlated (as such, see
Figure F.1 which shows 2-D plots comparing the individual analysis pseudo-datasets
cross sections, and their correlations). As a consequence, a combination of these three
measurements would produce an increase in the measurement sensitivity.

The combination uses a Bayesian Neural Network (CBNN) [139], which is trained
using the discriminant outputs from each analysis as inputs, and the second subset
sample (see Section 9.2) for the training. Similar to the Boosted Decision Trees
(Chapter 9), the CBNN is trained for each of the 24 channels (2,3, and 4 jets - 1 and
2 b-jets - muons and leptons - Run Ila and Run IIb). After the CBNN is trained,
the measuring subset sample is evaluated, which produces a discriminant output.
Figure F.2 presents the resulting CBNN discriminant for all channels combined and
the discriminant outputs from all the three Single Top analyses.

Following the same procedure outlined in Section 9.3, the CBNN discriminant
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output is used to build a posterior density from which the Single Top cross section

measurement is obtained. The measured cross section is

o(pp — th+ X, tgb+ X) = 3.94+0.88 pb, (F.1)

where the errors include both statistical and systematic uncertainties. This measure-
ment has a p-value of 2.5 x 10_7, corresponding to a significance of 5.0 standard
deviations. Table F.1 shows the individual analyses measurements and sensitivities
together with the combined result. Figure F.3 shows the measurements posterior

densities, and the corresponding pseudo-datasets ensembles.

Single Top Results with DO 2.3 fh~1 of data

Significance
Analysis Method Cross Section | Expected | Observed
Boosted Decision Trees 3.74 i‘g?g pb 430 46 o
Bayesian Neural Networks || 4.70 i‘éég pb 4.1 0 54 ¢
Matrix Element 4.30 4__(1)88 pb 4.1 0 49 o
Combination 3.94 + 0.88 pb 4.5 o 500

Table F.1: Single Top cross section measurements.

Using the Single Top cross section measurement from the CBNN, a Bayesian
posterior for |th\2 is built in the closed interval zero to one, [0, 1]. From this posterior,
the limit Vy, > 0.78 is extracted at 95% C.L. within the Standard Model. If the upper
limit constrain on the interval is removed, the resulting measurement for |V}, flL | is:

L 0.11
Vip il = 1.07 Tis (F.2)

which corresponds to the strength of the electroweak V' — A coupling. The full details

of the measurement can be found in Reference [57]. Figure F.4 shows the posterior
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Appendix G

Design and Implementation of the
New DO Level-1 Calorimeter

Trigger

In this Appendix, the upgrades of the D@Level 1 Calorimeter trigger are presented.
Special focus is put on the ADF (Analog to Digital Filters) cards with which I worked
as part of my service work for the D@ experiment. Some of my hardware related task
included the development of a work bench to test over 100 ADF-cards. The testing
avoided any complications and/or malfunctions of the cards during the installation
process of the system at D@ and current performance on the trigger system.

The full report on the Level-1 Calorimeter trigger was published in Nuclear In-
struments and Methods in Physics Research A 584, 75 (2008). Excerpts from the

original paper are presented below.

G.1 Introduction

Increasing luminosity at the Fermilab Tevatron collider has led the D0 collaboration

to make improvements to its detector beyond those already in place for Run Ila,
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which began in March 2001. One of the cornerstones of this Run IIb upgrade is a
completely redesigned level-1 calorimeter trigger system. The new system employs
novel architecture and algorithms to retain high efficiency for interesting events while
substantially increasing rejection of background. We describe the design and imple-
mentation of the new level-1 calorimeter trigger hardware and discuss its performance
during Run IIb data taking. In addition to strengthening the physics capabilities of
DO, this trigger system will provide valuable insight into the operation of analogous
devices to be used at LHC experiments.

In the following we describe the Level-1 Calorimeter Trigger System (L1Cal) de-
signed for operation during Run IIb. Section G.2 discusses the motivation for replac-
ing the L1Cal trigger, which was used in Run I and Run Ila. Algorithms used in
the new system and their simulation are described in Section G.3, while the hardware
designed to implement these algorithms is detailed in Sections G.4, G.5, G.6, and G.7.
Mechanisms for online control and monitoring of the new L1Cal are outlined in Sec-
tions G.8 and G.9. This article then concludes with a discussion of early calibration

and performance results in Sections G.10.

G.2 DMotivation for the L1Cal Upgrade

By the time of the start of Run Ila in 2001, there was already a tentative plan in place
for an extension to the run with accompanying upgrades to the accelerator complex
[142], leading to an additional 2—6 fh=1 of integrated luminosity beyond the original
goal of 2 fb—1. This large increase in statistical power opens new possibilities for
physics at the Tevatron such as greater precision in critical measurements like the
top quark mass and W boson mass, the possibility of detecting or excluding very rare
Standard Model processes (including production of the Higgs boson), and greater
sensitivity for beyond the Standard Model processes like supersymmetry.

At a hadron collider like the Tevatron, however, only a small fraction of the
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collisions can be recorded, and it is the trigger that dictates what physics processes
can be studied and what is left unexplored. The trigger for the DO experiment in
Run ITa had been designed for a maximum luminosity of 1x1032 cm_zs_l, while
the peak luminosities in Run IIb are expected to go as high as 3x10%2 em 2571 In
the three-level trigger system employed by DO, only the L3 trigger can be modified
to increase its throughput; the maximum output rates at L1 and L2 are imposed by
fundamental features of the subdetector electronics. Thus, fitting L1 and L2 triggers
into the bandwidth limitations of the system can only be accomplished by increasing
their rejection power. While an increase in the transverse energy thresholds at L1
would have been a simple way to achieve higher rejection, such a threshold increase
would be too costly in efficiency for the physics processes of interest. The DO Run IIb
Trigger Upgrade [144] was designed to achieve the necessary rate reduction through
greater selectivity, particularly at the level of individual L1 trigger elements.

The L1Cal trigger used in Run I and in Run Ila [147] was based on counting
individual trigger towers above thresholds in transverse energy (E£7). Because the
energy from electrons/photons and especially from jets tends to spread over multiple
TTs, the thresholds on tower Ep had to be set low relative to the desired electron
or jet Ep. For example, an EM trigger tower threshold of 5 GeV is fully efficient
only for electrons with Ep greater than about 10 GeV, and a 5 GeV threshold for
EM+HD tower Ep only becomes 90% efficient for jet transverse energies above 50
GeV.

The primary strategy of the Run IIb upgrade of L1Cal is therefore to improve the
sharpness of the thresholds for electrons, photons and jets by forming clusters of TTs
and comparing the transverse energies of these clusters, rather than individual tower
Es, to thresholds.

The design of clustering using sliding windows (see Section G.3) in Field Pro-

grammable Gate Arrays (FPGAs) meets the requirements of this strategy, and also
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opens new possibilities for L1Cal, including sophisticated use of shower shape and
isolation; algorithms to find hadronic decays of tau leptons through their character-
istic transverse profile; and requirements on the topology of the electrons, jets, taus,

and missing transverse energy in an event.

G.3 Algorithms for the Run IIb L1Cal

Clustering of individual TTs into EM and Jet objects is accomplished in the Run
ITb L1Cal by the use of a sliding windows (SW) algorithm. This algorithm performs
a highly parallel cluster search in which groups of contiguous TTs are compared to
nearby groups to determine the location of local maxima in Ep deposition. Variants
of the SW algorithm have been studied extensively at different HEP experiments
[148], and have been found to be highly efficient at triggering on EM and Jet objects,
while not having the latency drawbacks of iterative clustering algorithms. For a full
discussion of the merits of the sliding windows algorithm, see [149].

The implementation of the sliding windows algorithm in the DO calorimeter trigger
occurs in three phases. In the first phase, the digitized transverse energies of several
TTs are summed into Trigger Tower Clusters (TTCL). These TTCL sums, based on
the size of the EM or Jet sliding window, are constructed for every point in trigger
tower space, and are indexed by the 7, ¢ coordinate of one of the contributing TTs,
with different conventions being used for different algorithms (see Sections ?? and
??). This process, which yields a grid of TTCLs that share energy with their close
neighbors, is shown in the first and second panels of Fig. G.1.

In the second phase, the TTCLs are analyzed to determine locations of large en-
ergy deposits called local maxima (LM). These LM are chosen based on a comparison
of the magnitude of the Ep of a TTCL with that of its adjacent TTCLs. Multiple
counting of Jet or EM objects is avoided by requiring a spatial separation between

adjacent local maxima as illustrated in the third panel of Fig. G.1.
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In the third phase, additional information is added to define an output object. In
the case of Jet objects, shown in the fourth panel of Fig. G.1, energy of surrounding
TTs is added to the TTCL energy to give the total Jet object energy. EM and Tau
objects are also refined in this phase using isolation information (see Sections 7?7 and
?7).

Results for the entire calorimeter can be obtained very quickly using this type of
algorithm by performing the LM finding and object refinement phases of the algorithm
in parallel for each TTCL.

5 5

5

L S 11 — |
- i T,
\\ 55
55
° 55 q)
TT Space TTCL Space n LM Space Jet Space

Figure G.1: The stages of algorithm flow for the sliding windows algorithm. In this
example, which corresponds to the Run IIb Jet algorithm, a 2x2 TT TTCL is used,
indexed by the position of its smallest 1, ¢ T'T. Baseline subtracted T'T energies are
indicated by numbers, and local maxima are required to be separated by at least 1
TT. Jet objects are defined as the Ep sum of the 4x4 TTs centered on the TTCL.
Light gray regions in the diagrams indicate areas for which the object in question
cannot be constructed because of boundary effects.

G.4 Hardware Overview

The algorithms described previously are implemented in several custom electronics
boards designed for the new L1Cal. An overview of the main hardware elements of
the Run ITb L1Cal system is given in Fig. G.2. Broadly, these elements are divided

into three groups.

1. The ADF System, containing those elements that receive and digitize analog
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Figure G.2: A block diagram of the main hardware elements of the Run IIb L1Cal
system and their interconnections.

TT signals from the BLS cards, and perform TT-based signal processing.

2. The TAB/GAB System, where algorithms are run on the digitized TT signals

to produce trigger terms.

3. The Readout System, which inserts L1Cal information into the DO data path

for permanent storage.

The L1Cal also communicates with other elements of the DO trigger and data

acquisition (DAQ) system, including the following.

e The Trigger Framework (TFW), which delivers trigger decisions and synchro-
nizes the entire DO DAQ. From the L1Cal point of view, the TFW sends global
timing and control signals (see Table G.1) to the system over Serial Command

Links (SCL) and receives the L1Cal and/or terms.

e The L1Cal Trigger Control Computer (.L1Cal TCC), which configures and mon-
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itors the system.

e The Level-1 Cal-Track Match trigger system (L1CalTrk), another L1 trigger
system that performs azimuthal matching between L1CTT tracks and L1Cal
EM and Jet objects.

Within the L1Cal, the ADF system consists of the Transition System, the Analog
and Digital Filter cards (ADF), and the Serial Command Link Distributor (SCLD).
The Transition System, consisting of Patch Panels, Patch Panel Cards (PPC), ADF
Transition Cards (ATC), and connecting cables, adapts the incoming BLS signal
cables to the higher density required by the ADFs. These ADF cards, which reside
in four 6U VME-64x crates [150], filter, digitize and process individual TT signals,
forming the building blocks of all further algorithms. They receive timing and control
signals from the SCL via a Serial Command Link Distributor card (SCLD).

Trigger algorithms are implemented in the L1Cal in two sets of cards: the Trigger
Algorithm Boards (TAB) and the Global Algorithm Board (GAB), which are housed
in a single 9U crate with a custom backplane. The TABs identify EM, Jet and Tau
objects in specific regions of the calorimeter using the algorithms described in Section
G.3 and also calculate partial global energy sums. The GAB uses these objects and
energy sums to calculate and /or terms, which the TFW uses to make trigger decisions.
Finally, the VME/SCL card, located in the L1Cal Control Crate, distributes timing
and control signals to the TABs and GAB and provides a communication path for
their readout.

The architecture of the L1Cal system and the number of custom elements required,
summarized in Table G.2, is driven by the large amount of overlapping data required
by the sliding windows algorithm. In total, more than 700 Gbits of data per second
are transmitted within the system. Of this, each local maximum calculation requires
4.4 Gbits/s from 72 separate TTs. The most cost effective solution to this problem,

which still results in acceptable trigger decision latency, is to deal with all data as serial
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SCL ADF TAB/GAB Description

INIT — yes initialize the system

CLK7 yes yes 132 ns Tevatron RF clock

TURN yes yes marks the first crossing of an accelerator
turn

REALBX yes — flags clock periods containing real beam
crossings

BX_NO — yes counts the 159 bunch crossings in a turn

L1ACCEPT yes yes indicates that an L1 Accept has been is-
sued by the TFW

MONITOR yes — initiates collection of ADF monitoring data

L1ERROR — yes a TAB/GAB error condition transmitted
to the SCL hub

L1BUSY — yes asserted by the TABs/GAB until an ob-
served error is cleared

— ADF_MON — allows TCC to freeze ADF circular buffers

— ADF_TRIG — allows TCC to fake a MONITOR signal on

the next L1 Accept

— — TAB_RUN TAB/GAB data path synchronization sig-
nal

— — TAB_TRIG  pulse to force writing to TAB/GAB diag-
nostic memories

— — TAB_FRM used for synchronization of TAB/GAB
VME data under VME/SCL control

— — TAB_ADDR  internal address for TAB/GAB VME
read /write operations

— — TAB.DATA  data for TAB/GAB VME read/write op-

erations

Table G.1: Timing and control signals used in the L1Cal system. Included are DO
global timing and control signals (SCL) used by the ADFs and the TAB/GAB system,
as well as intra-system communication and synchronization flags described later in
the text.
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Board Input TT Region Output TT Region Total Number
PPC 4x4 4x4 80
ATC 4x4 4x4 80
ADF 4x4 4x4 80
SCLD all all 1
TAB 40x12 31x4 8
GAB all all 1
VME/SCL all all 1

Table G.2: A summary of the main custom electronics elements of the L1Cal system.
For each board, the TT region (in 1 x ¢) that the board receives as input and sends
on as output is given as well as the total number of each board type required in the
system.

bit-streams. Thus, all intra-system data transmission is done bit-serially using the
Low Voltage Differential Signal (LVDS) protocol and nearly all algorithm arithmetic
is performed bit-serially as well, at clock speeds such that all bits of a data word are
examined in the 132 ns Tevatron bunch crossing interval. Examples of a bit-serial
adder and comparator are shown in Fig. G.3. The only exception to this bit-serial
arithmetic rule is in the calculation of Tau object isolation, which requires a true
divide operation (see Section G.3) and thus introduces an extra 132 ns of latency to
the trigger term calculation. Even with this extra latency, the L1Cal results arrive

at the TFW well within the global L1 decision time budget.
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Figure G.3: Logic diagrams for a Bit-serial adder (a) and a bit-serial comparator (b).

Trigger pick-off signals from the BLS cards of the EM and HD calorimeters are trans-
mitted to the L1Cal trigger system, located in the Movable Counting House (MCH),
through 40-50 m long coaxial ribbon cables. Four adjacent coaxial cables in a rib-
bon carry the differential signals from the EM and HD components of a single TT.

Since there are 1280 BLS trigger cables distributed among ten racks of the original



L1Cal trigger electronics, the LL1Cal upgrade was constrained to reuse these cables.
However, because the ADF input signal density is much larger than that in the old
system (only four crates are used to house the ADFs as opposed to 10 racks for the
old system’s electronics) the cables could not be plugged directly into the upgraded
L1Cal trigger electronics; a transition system was needed.

The transition system is composed of passive electronics cards and cables that
route signals from the BLS trigger cables to the backplane of the ADF crates (see
Section G.5.2). It was designed to allow the trigger cables to remain within the same

Run I/IIa rack locations. It consists of the following elements.

e Patch Panels and Patch Panel Cards (PPC): A PPC receives the input signals
from 16 BLS trigger cables and transmits the output through a pair of Pleated
Foil Cables. A PPC also contains four connectors which allow the monitoring
of the signals. Eight PPCs are mounted two to a Patch Panel in each of the 10

racks originally used for Run I/ITa L1Cal electronics.

e Pleated Foil Cables: Three meter long Pleated Foil Shielded Cables (PFC),
made by the 3M corporation [151], are used to transfer the analog TT output
signals from the PPC to the ADF cards via the ADF Transition Card. There are
two PFCs for each PPC for a total of 160 cables. The unbalanced characteristic
impedance specification of the PFC is 72 2, which provides a good impedance

match to the BLS trigger cables.

e ADF Transition Card (ATC): The ATCs are passive cards connected to the
ADF crate backplane. These cards receive the analog TT signals from two
PFCs and transmit them to the ADF card. There are 80 ATCs that correspond
to the 80 ADF cards. Each ATC also transmits the three output LVDS cables
of an ADF card to the TAB crate — a total of 240 LVDS cables.
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G.5.2 ADF Cards

The Analog and Digital Filter cards (ADF) are responsible for sending the best esti-
mate of the transverse energy (Ep) in the EM and HD sections of each of the 1280
TTs to the eight TAB cards for each Tevatron beam crossing. The calculation of
these Ep values by the 80 ADF cards is based upon the 2560 analog trigger signals
that the ADF cards receive from the BLS cards, and upon the timing and control
signals that are distributed throughout the DO data acquisition system by the Se-
rial Command Links (SCL). The ADF cards themselves are 6U x 160 mm, 12-layer
boards designed to connect to a VMEG64x backplane using PO, P1 and P2 connectors.
The ADF system is set up and monitored, over VME, by a Trigger Control Computer
(TCC), described in Section G.8.

G.5.3 Signal Processing in the ADF's

Each ADF card, as shown schematically in Fig. G.4, uses 32 analog trigger signals
corresponding to the EM and HD components of a 4x4 array of Trigger Towers.
Each differential, AC coupled analog trigger signal is received by a passive circuit
that terminates and compensates for some of the characteristics of the long cable
that brought the signal out of the collision hall. Following this passive circuit the
active part of the analog receiver circuit rejects common mode noise on the differential
trigger signal, provides filtering to select the frequency range of the signal caused by
a real Tevatron energy deposit in the Calorimeter, and provides additional scaling
and a level shift to match the subsequent ADC circuit.

The analog level shift in the trigger signal receiver circuit is controlled, separately
for each of the 32 channels on an ADF card, by a 12 bit pedestal control DAC,
which can swing the output of the ADC that follows it from slightly below zero
to approximately the middle of its full range. This DAC is used both to set the

pedestal of the signal coming out of the ADC that follows the receiver circuit and
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Figure G.4: ADF card block diagram.

as an independent way to test the full signal path on the ADF card. During normal
operation, we set the pedestal at the ADC output to 50 counts which is a little
less than 5% of its full scale range. This offset allows us to accommodate negative
fluctuations in the response of the BLS circuit to a zero-energy signal.

The 10 bit sampling ADCs [152] that follow the receiver circuit make conversions
every 33 ns — four times faster than the Tevatron BX period of 132 ns. This conversion
rate is used to reduce the latency going through the pipeline ADCs and to provide
the raw data necessary to associate the rather slow rise-time trigger signals (250 ns
typical rise-time) with the correct Tevatron beam crossing. Although associating

energy deposits in the Calorimeter with the correct beam crossing is not currently an

305



1TT

Apc D _» Delay ] - EM-or HD - TCe
Data Filter E to Et to
M
i Lookup Channel
Monitor Dat _
Raw ADF u Memory > > Link
Mon/Sim [Simulation Data| X M
DPM Constant >
- Data Pseudo > X
| Random >
Output Sim
on-card Bus Data Mon/Sim | Data
DPM

Figure G.5: Block diagram of signal processing for a single T'T in the ADF.

issue since actual proton-antiproton collisions only occur every 396 ns, rather than
every 132 ns as originally planned, the oversampling feature has been retained for the
flexibility it provides in digital filtering.

On each ADF card the 10 bit outputs from the 32 ADCs flow into a pair of
FPGAs [153], called the Data Path FPGAs, where the bulk of the signal processing
takes place. This signal processing task, shown schematically in Fig. G.5, is split over
two FPGAs with each FPGA handling all of the steps in the signal processing for 16
channels. Two FPGAs were used because it simplified the circuit board layout and
provided an economical way to obtain the required number of I/O pins.

The first step in the signal processing is to align in time all of the 2560 trigger
signals. The peak of the trigger signals from a given beam crossing arrive at the L1Cal
at different times because of different cable lengths and different channel capacitances.
These signals are made isochronous using variable length shift registers that can be
set individually for each channel by the TCC. Once the trigger signals have been
aligned in time, they are sent to both the Raw ADC Data Circular Buffers where
monitoring data is recorded and to the input of the Digital Filter stage.

The Raw ADC Data Circular Buffers are typically set up to record all 636 of the
ADC samples registered in a full turn of the accelerator. This writing operation can

be stopped by a signal from the TCC, when an L1 Accept flagged with a special
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Collect Status flag is received by the system on the SCL, or in a self-trigger mode
where any TT above a programmable threshold causes writing of all Circular Buffers
to stop. Once writing has stopped, all data in the buffers can be read out using
the TCC, providing valuable monitoring information on the system’s input signals.
The Raw ADC Data Circular Buffers can also be loaded by the TCC with simulated
data, which can be inserted into the ADF data path instead of real signals for testing
purposes.

The Digital Filter in the signal processing path can be used to remove high fre-
quency noise from the trigger signals and to remove low frequency shifts in the base-
line. This filter is currently configured to select the ADC sample at the peak of each
analog T'T signal. This mode of operation allows the most direct comparison with
data taken with the previous L1Cal and appears to be adequate for the physics goals
of the experiment.

The 10 bit output from the Digital Filter stage has the same scale and offset as
the output from the ADCs. It is used as an address to an E to Ep Lookup Memory,
the output of which is an eight bit data word corresponding to the Ep seen in that
TT. This E to Ep conversion is normally programmed such that one output count
corresponds to 0.25 GeV of Ep and includes an eight count pedestal, corresponding
to zero Ep from that TT.

The eight bit TT E7 is one of four sources of data that can be sent from the ADF
to the TABs under control of a multiplexer (on a channel by channel and cycle by
cycle basis). The other three multiplexer inputs are a fixed eight-bit value read from
a programmable register, simulation data from the Output Data Circular Buffer, and
data from a pseudo-random number generator.

The latter two of these sources are used for system testing purposes. During
normal operation, the multiplexers are set up such that TT Ep data is sent to the

TABs on those bunch crossing corresponding to real proton-antiproton collisions,
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while the fixed pedestal value (eight counts) is sent on all other accelerator clock
periods. If noise on a channel reaches a level where it significantly impacts the DO
trigger rate, then this channel can be disabled, until the problem can be resolved,
by forcing it to send the fixed pedestal on all accelerator clock periods, regardless of
whether they contain a real crossing or not. Typically, less than 10 (of 2560) TTs are
excluded in this manner at any time.

Data is sent from the ADF system to the TAB cards using a National Semicon-
ductor Channel Link chip set with LVDS signal levels between the transmitter and
receiver [154]. Each Channel Link output from an ADF card carries the Ep data
for all 32 channels serviced by that card. A new frame of Ep data is sent every 132
ns. All 80 ADF cards begin sending their frame of data for a given Tevatron beam
crossing at the same point in time. Each ADF card sends out three identical copies
of its data to three separate TABS, accommodating the data sharing requirements of

the sliding windows algorithm.

G.5.4 Timing and Control in the ADF System

The ADF system receives timing and control signals listed in Table G.1 over one of
the Serial Command Links [141]. Distribution of these signals from the SCL to the
80 ADF cards is accomplished by the SCL Distributor (SCLD) card. The SCLD card
receives a copy of the SCL information using a D0-standard SCL Receiver mezzanine
card and fans out the signals mentioned in Table G.1 to the four VME-64x crates that
hold the 80 ADF cards using LVDS level signals. In addition, each ADF crate sends
two LVDS level signals (ADF_MON and ADF_TRIG) back to the SCLD card, allowing
TCC to cause synchronous readout of the ADF's.

Within an ADF crate, the ADF card at the mid-point of the backplane (referred
to as the Maestro) receives the SCLD signals and places them onto spare, bused

VME-64x backplane lines at TTL open collector signal levels. All 20 of the ADF
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cards in a crate pick up their timing and control signals from these backplane lines.
To ensure a clean clock, the CLK7 signal is sent differentially across the backplane and
is used as the reference for a PLL on the ADFs. This PLL provides the jitter-free
clock signal needed for LVDS data transmission to the TABs and for ADC sampling

timing.

G.5.5 Configuring and Programming the ADF System

The ADF cards are controlled over a VME bus using a VME-slave interface im-
plemented in a PAL that is automatically configured at power-up. Once the VME
interface is running, the TCC simultaneously loads identical logic files into the two
data path FPGAs on each card. Since each data path FPGA uses slightly different
logic (e.g., the output check sum generation), the FPGA flavor is chosen by a single
ID pin. After TCC has configured all of the data path FPGAs, it then programs all
control-status registers and memory blocks in the ADFs. Information that is held
on the ADF cards that is critical to their Physics triggering operation is protected
by making those programmable features “read only” during normal operation. TCC
must explicitly unlock the write access to these features to change their control values.
In this way no single failed or mis-addressed VME cycle can overwrite these critical

data.

G.6 ADF to TAB Data Transfer

Digitized TT data from each ADF’s 4x4, 1 x ¢ region are sent to the TABs for further
processing, as shown in Fig. G.6. To accommodate the high density of input on the
TABs, the 8-bit serial trigger-tower data are transmitted using the channel-link LVDS
chipset [154], which serializes 48 CMOS/TTL inputs and the transmission clock onto

seven LVDS channels plus a clock channel. In the L1Cal system, the input to the
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Figure G.6: ADF to TAB data transmission, reception and the dual-port-memory
transition from 8-bit to 12-bit data.

transmitter is 60 MHz TTL (eight times the bunch crossing rate), which is stepped
up to 420 MHz for LVDS transmission.

Each ADF sends three identical copies of 36 8-bit words to three different TABs on
each bunch crossing. This data transmission uses eight LVDS channels — seven data
channels containing six serialized data words each, and one clock — on Gore cables
with 2mm HM connectors [155]. The 36 data words consist of the digitized Ep of
16 EM and 16 HD TTs and four control words. The bunch crossing number control
word indicates which accelerator crossing produced the ADF data being transmitted,
and is used throughout the system for synchronization. The frame-bit control word
is used to help align the least significant bits of the other data words. The parity
control word is the logical XOR of every other word and is used to check the integrity
of the data transmission. Finally, one control word is reserved for future use.

While the ADF logic is 8-bit serial (60 MHz) the TAB logic is 12-bit serial (90
MHz). To cross the clock domains, the data passes through a dual-port memory
with the upper four bits padded with zeros. The additional bit space is required to
accommodate the sliding windows algorithm sums.

The dual port memory write address is calculated from the frame and bunch

crossing words of the ADF data. The least significant address bits are a data word
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bit count, which is reset by the frame signal, while the most significant address bits
are the first three-bits of the bunch crossing number. This means that the memory
is large enough to contain eight events of eight-bit serial data.

By calculating the read address in the same fashion, but from the TAB frame and
bunch crossing words, the dual-port memory crosses 60 MHz/90 MHz clock domains,
maintains the correct phase of the data, and synchronizes the data to within eight
crossings all at the same time. This means the TAB timing can range between a
minimal latency setting where the data is retrieved just after it is written and a
maximal latency setting where the data is retrieved just before it is overwritten.
If the TAB timing is outside this range, the data from eight previous or following
crossings will be retrieved.

Although off-the-shelf components were used within their specifications, operating
240 such links reliably was found to be challenging. Several techniques were employed
to stabilize the data transmission. Different cable lengths (between 2.5 and 5.0 m)
wer used to match the different distances between ADF crates and the TAB/GAB
crate. The DC-balance and pre-emphasis features of the channel-link chipset [154]

were also used, but deskewing, which was found to be unreliable, was not.

G.7 The TAB/GAB System

G.7.1 Trigger Algorithm Board

The Trigger Algorithm Boards (TABs) find EM, Jet and Tau candidates using the
sliding windows algorithm and perform preliminary sums for total and missing Ep
calculations. Each TAB is a double-wide 9U x 400 mm, 12-layer card designed for a
custom backplane. The main functional elements of the TAB are shown in Fig. G.7.

In the TAB’s main trigger data path, LVDS cables from 30 ADFs are received at

the back of the card using feedthrough connectors on the backplane. The data from

311



A
Cyclone| Power Regulators ﬂmii B
FPGA

VME/SCL

Serializer + Fiber
Optic Transmitter

L2/L3

Global |
FPGA

GAB

L1CalTrk
\

C
MUON SLDBs

O PHNHWHMHOHHOH N[O ©
ADF Inputs

SWA LVDS
FPGAs Recvs

Figure G.7: Block diagram of the TAB.

these cables are extracted using Channel Link receivers[154] and sent, as individual
bit-streams for each T'T, to ten TAB sliding windows algorithm (SWA) FPGAs [156]
for processing. These chips also pass some of their data to their nearest neighbors
to accommodate the data sharing requirements of the sliding windows algorithms.
The algorithm output from each SWA is sent to a single TAB global FPGA [156].
The global FPGA calculates regional sums and sends the results out the front of
the board to the GAB, over the same type of cables used for ADF to TAB data
transmission (see Section G.6) using embedded LVDS functionality in the FPGA.

This data transmission occurs at a clock rate of 636 MHz.
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The global FPGA also sends three copies of Jet and EM object information for
each bunch crossing to the L1CalTrk system for processing using Gbit/s serial link
transmitter daughter cards (MUON SLDB) [141]. Upon receiving an L1 accept from
the DO TFW, the TAB global chip also sends data out on a serial fiber-optic link [157]
for use by the L2 trigger and for inclusion in the DO event data written to permanent
storage on an L3 accept.

Low-level board services are provided by the TAB Cyclone chip [158], which is
configured by an on-board serial configuration device [159] on TAB power-up. These
services include providing the path for power-up and configuration of the other FPGAs
on the board, under the direction of the VME/SCL card; communicating with VME
and the DO SCL over the specialized VME/SCL serial link; and fanning out the 132

ns detector clock using an on-board clock distribution device [160].

G.7.2 Global Algorithm Board

The global algorithm board (GAB) receives data containing regional counts of Jet,
EM, and Tau physics objects calculated by the TABs and produces a menu of and/or
terms, which is sent to the DO trigger framework. Like the TAB, the GAB is a double-
wide 9U x 400 mm, 12-layer circuit board designed for a custom backplane. Its main
functional elements are shown in Fig. G.8.

LVDS receivers, embedded in four Altera Stratix FPGAs (LVDS FPGAs) [156]
each receive the output of two TABs, synchronizing the data to the GAB 90 MHz
clock using a dual-port memory. The synchronized TAB data from all four LVDS
FPGAs is sent to a single GAB S30 FPGA [156], which calculates and/or terms, and
sends them to the trigger framework through TTL-to-ECL converters [161]. There
are five 16-bit outputs on the GAB, although only four are used by the framework.

Much like the TABs, upon receiving an L1 accept, the GAB S30 sends data to L2
and L3 on a serialized fiber-optic link [157]. Also as on the TABs, a Cyclone FPGA
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Figure G.8: Block diagram of the GAB.

[158] provides low-level board services.

G.8 Online Control

Most components of the DO trigger and data acquisition system are programmable.
The Online System allows this large set of resources and parameters to be configured
to support diverse operational modes — broadly speaking, those used during proton-
antiproton collisions in the Tevatron (physics modes) and those used in the absence
of colliding beams (calibration/testing modes), forming a large set of resources and
parameters needing to be configured before collecting data.

The L1Cal fits seamlessly into this Online System, with its online control software
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Figure G.9: Communications in the L1Cal system.

hiding the complexity of the underlying hardware, while making the run time pro-
gramming of the L1Cal Trigger accessible to all D0 users in simple and logical terms.
A diagram of the L1Cal, from an online data and control point of view, is shown
in Fig. G.9. The main elements of LL1Cal online control are listed below, with those
aspects specific to L1Cal described in more detail in the following sections. For more

information on D0-wide components see [141].

e The Trigger Framework (TFW) delivers global DO timing and control signals

to the L1Cal and collects and/or terms from the GAB as described in Section
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G.4.

COOR [141], a central DO application, coordinates all trigger configuration and
programming requests. Global trigger lists, containing requirements and param-
eters for all triggers used by the experiment, are specified using this application
as are more specific trigger configurations (several of which may operate simul-

taneously) used for calibration and testing.

The L1Cal Trigger Control Computer (TCC), a PC running the Linux operating
system, provides a high level interface between COOR and the L1Cal hardware

and allows independent expert control of the system.

The Communication Crate contains cards that provide an interface between the
L1Cal custom hardware in the ADF and TAB/GAB crates, and the L1Cal TCC
and SCL.

The L1Cal Readout Crate allows transmission of LL1Cal data to the L3 trigger

system.

Monitoring Clients, consisting of software that may run on a number of local
or remote computers, display information useful for tracking L.L1Cal operational

status.

G.9 DManaging Monitoring Information

The monitoring resources available in the ADF, TAB and GAB cards are described

in Sections G.5.3.This information is collected by the TCC Control Software and is

made available to Monitoring Clients via the Monitoring Interface. During normal

operation, monitoring data are collected approximately every five seconds when the

Collect Status qualifier is asserted on the SCL along with L1ACCEPT. If data flow has
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stopped, monitoring data are still collected from the L1Cal, initiated by the TCS,
which times out after six seconds of inactivity.

Monitored data include the following.

e The ADF output Ep of all TTs for all 36 active bunch crossings of the ac-
celerator turn containing the L1ACCEPT for which the Collect Status signal is

asserted.
e The bunch crossing number within this turn that identifies the L1ACCEPT.

e The contents of all error and status registers in the TABs and GAB (associated
with each SWA and Global chip on the TABs and with the LVDS and S30
chips on the GAB). These registers indicate, among other information, syn-
chronization errors on data transfer links, parity errors on each transfer, and
bunch crossing number mismatches at various points in the TAB/GAB signal

processing chain.

Monitoring information is displayed in the DO control room and remotely using
Monitoring Client GUIs. This application, written in Python [168] with Tkinter [169],
requests and receives data from the TCS via calls to I'TC. It displays average pedestal
values and RMSs for each TT, to aid in the identification of noisy or dead channels,
as well as system status information.

Another tool for monitoring data quality in the control room is a suite of Root-
based [172] software packages called Ezamine. The L1Cal Examine package receives
a stream of data from L3 and displays histograms of various quantities related to
L1Cal performance, including comparisons between L.1Cal and calorimeter precision
readout estimates of T'T energies. Data distributions can be compared directly to
reference curves provided on the plots, which can be obtained either from an earlier

sample of data or from simulation.
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G.10 Calibration of the L1Cal

Several methods are employed to ensure that the Ep of individual trigger towers,
used in the system, is correctly calibrated — i.e., that one output count corresponds

to 0.25 GeV of Ep and that the zero-Ep baseline is set to eight counts.

G.10.1 Online Pedestal Adjustment and Noise

The most frequently used of these procedures is a tool, run as part of the TCS,
which samples ADC-level data from the ADFs when no true energy is expected to be
deposited in the calorimeter. Based on this data, corrections to the DAC values used
to set each channel’s zero-energy baseline are calculated and can be downloaded to
the system.

This online pedestal adjustment is performed every few days because of periodic
pedestal shifts that occur in a small number of channels — typically less than ten.
These pedestal shifts arise because of synchronous noise, with a period of 132 ns, ob-
served in the system due largely to pickup from the readout of other, nearby detector
systems. Although the amplitude of this noise varies from channel to channel (it is
largest in only a handful of TTs), its phase is stable over periods of several stores of

particle beams in the Tevatron, which sets the timescale for pedestal readjustment.

G.10.2 Calorimeter Pulser

The calorimeter pulser system [141], which injects carefully calibrated charge pulses
onto the calorimeter preamps, is also used by the L1Cal to aid in the identification of
dead and noisy channels. Special software compares £ values observed in the ADF's
with expectations based on the pattern of preamps pulsed and the pulse amplitudes
used. Results are displayed graphically to allow easy identification of problematic

channels. In addition to its utility in flagging bad channels, this system also provides
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Figure G.10: Precision versus TT Ep for one EM (a) and one HD (b) trigger tower.
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a quick way to check that the L1Cal signal path is properly cabled.

G.10.3 Offline Gain Calibration

The desired T'T response of the L1Cal, 0.25 GeV per output count, is determined by
comparing offline TT Ep’s to the corresponding sums of precision readout channels
in the calorimeter, which have already been calibrated against physics signals. For
this purpose, data taken during normal physics running of the detector are used. An
example can be seen in Fig. G.10. Gain calibration constants, for use in the ADF Ep
Lookup Memories, are derived from the means of distributions of the ratio of T'T to
precision readout channel sums for each EM and HD TT.

Gain coefficients derived in this way have been determined to be stable to within
~2% over periods of months. Thus, this type of calibration is normally performed

only after extended Tevatron shutdown periods.
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