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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 V3, 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 D@ 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:

o(pp — th+ X, tgb+ X) = 3.74 fggz 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 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 ph, (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 mecans 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 scach for Single Top with the latter.

In the past five years at DO, 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 prescnts 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 scparation 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 arc
explored; Chapter 4 introduces the experimental facilities at Fermilab and the D@ 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 D@ 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.
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Figure 1.1: Flow chart of the stages of processing for data and MC files in the Single
Top analysis.




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/ c?
[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-
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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 urt Ui Ciit
Vo Vo 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.c.

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 3.0t0 7.0 Neutrino (v,) 0 <2.0x1076
1I Charm (¢) +2/3e 1.25 x 10? Muon (p) —e 0.511
Strange (s) —1/3e 80-130 neutrino (v,,) 0 <1L7x1074
111 Top (t) +2/3e 171.4 x 103 Tau (1) —e 1777
Bottom (b)) —1/3e 4.7 x 103 Neutrino (v, ) 0 < 15.5

Table 2.1: Elementary Particles and their properties, all particles have spin 1/2.
Where, e = 1.602 x 1019 C 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* te 80.398 £ 0.025

Weak VA 0 91.1876 £ 0.0021
ElectroMagnetic Photon () 0 0

Table 2.2: Gauge bosons properties [1].

There arc 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 (my,)

Tau mass (mr)

Up quark mass (my)

Down quark mass (my)

Strange quark mass (ms)
Charm quark mass (mc)
Bottom quark mass (my)

Top quark mass (m;)

CKM element Vg

CKM clement V,

CKM element V,

CKM CP-Violating Phasc (9)
U(1) gauge coupling a"l(MZ)
SU(2) gauge coupling a’—l(MZ)
SU(3) gauge coupling agl(M 7)
QCD Vacuum Angle (6gcp)
Higgs quadratic coupling (u)

Higgs self-coupling strength ()

0.510998910 + 0.000000013 MeV /c2
105.658367 + 0.000004 McV /c2
1776.84 + 0.17 MeV /c2

1.5 to 3.3 MeV/c?

3.5 to 6.0 MeV/c?

105123 MeV /2

1277047 Gev /2

4.207017 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 o

g2

are related to g; used later in the text by o; = 1=




2.1.1 Standard Model Lagrangian
2.1.1.1 Quantum Electrodynamics (QED)

The Lagrangian £ for a massless electromagnetic ficld Ay, interacting with a spin-1/2

field ¥ of mass m is given by:
1 =
L= —ZFIWF’“’ + ¢(i# Dy — m)y, (2.1)
where FHY is the electromagnetic field tensor,

F#U = auAy - 3,,14#, (22)

and Dy, is the covariant derivative,
Dy = 0y +ieAuQ; (2.3)

where @ is the charge operator and e is the electron charge.

This Lagrangian is invariant under local gauge transformations:

¥(z) — Ulx)y(z), Ay — Ap(z) + 9pal2), (2.4)

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

¥(z) — (1 - ieQa(x)). (2.5)

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

0 ;3 .

au']élm q= /Jemd z (2.6)

9



2.1.1.2 SU(2) symmetry

The Lagrangian of an internal symmetry group SU(2), such as the isospin, for spin-1/2

ficlds v is given by [10]:

£ = P(ir"8y — m)¥, (2.7)

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

under infinitesimal local gauge transformations:
P(z) = [1 - ig a(z) - T]p(u), (2.8)

where «x(z) is a vector in isospin space, and T 1 is the isospin operator, with the
SU(2) gemnerators as components.
The  2p-field part of the Lagrangian can be made invariant by introducing the
tovarizazat derivative Dy :
Dy =0y +wgW, - T, (2.9)
given ea £zauage field W, 2, which transforms as:

ip

Wu(zx) - Wy(z) + Opal(r) + ga(z) x Wy(z). (2.10)

The B _field part of the Lagrangian can be written as:

with

W#V = ayWy - ayWy - gWu X Wy. (212)

1
_

2.2 ] )
I= 7 Ql //27; where 7; are the Pauli matrices.
e -3

10
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For each independent generator T; there is a corresponding gauge field W; M with

the Lagrangian defined as:

L=-tw,

1 z,uuWi/w + &(i'Y#D,u - m)y (2.13)

which by requiring invariance under infinitesimal gauge transformations result in the

conservation of the current:

TP = BTy + WH x W), (2.14)

is conserved. Although the SU(2) gauge model is a candidate model to explain the
weak imteraction, 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
electroxm agnetic forces. However, it would serve as a building block for the SU(2); x

U(1)y~ xxrodel explained below.

21.1.3 SU(2) x U(l)y

The elec t romagnetic and weak interactions are unified in the gauge group SU(2) L X

Uy~ "T"he generators for this group are the weak hypercharge Y and the weak

isospixy Z~, related to the electric charge Q by Q = T3 + Y/2. The electromagnetic
force jss <haracterized by a one-dimensional unitary transformation and the weak
force js <1esscribed by SU(2). The weak force transforms particles according to their
heh'city > SSuach that left-handed components transform as doublets, and right-handed
COMpor ey €s as weak isosinglets. See Table 2.4.

The -
Fe>xyjion mass term my) is not invariant under SU(2), for this reason the

f(:rmj(ul
S -
Rxa this model are consider massless. Therefore the SU(2), x U(1)y La-
8rangj ¢ -

Staxa A =s given by:

11




Field SU@B) SUE@) UL | T T3 Q
C L Y

i uj, cy, tr, . +1/2  +2/3
L (dL) (SL) (bL) ’ AN E VoY
uh uR CR tp 3 1 2/3 0 0 +2/3
d dp SR bR 3 1 -1/3/0 o0 -1/3

i Vel Vur vrL i +1/2 ¢
L.L (6L) (ﬂL) (TL) ' S RAERS VR
e}z eR LR TR -1 0 0 -1
vy vep R VTR 0 0 0o [0 o0 0

Table 2.4: Standard Model fermion fields and their gauge quantum numbers. T is
the total weak isospin and T3 its third component, and Q the electric charge.

1 1 -
Lpw = _4le Wy — ZB#VB“V + vk Dy (2.15)

with &a separate term for right and left handed fields. The fields 9 involved in the La-
grangizx1 are shown in Table 2.4. The massless gauge fields are model as an isotriplet
Wt for SU(2) 1, and a singlet By, for U(1)y. With the field tensor WH" defined as

nEquation 2.12, Byy = 0y By — 3y By, and the covariant derivative as

1

. (2.16)

Dy =08,+igdW, T +ig=B,Y.

The I agrangian is invariant under infinitesimal local gauge transformations for
each STJ (22); and U(1)y independently. One must note, however, this electroweak
mode] Ao es ot include the masses of the WE and Z bosons nor the masses of
fermiorass _ "The mass problem is solved by the spontaneous symmetry breaking mech-

anism
kn()\w as the Higgs mechanism, which consists of the introduction of an SU(2)

d
Oblet, o, & scalar fields ®:

(2.17)
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which results in two additional Lagrangian terms: L5405 and Ly yqyq- The Higgs

Lagrangian incorporates the kinetic energy of the Higgs field, its gauge interactions,
and the Higgs potential:

Liziggs = (D*6) Duo — V(@) (2.18)

V(@) = %616 + As10)2, (2.19)

where g is a parameter of the Standard Model, the sign of the term is chosen such
that the vacuum expectation value is non-zero, < ofe >0= v2/2 with v = p/VA.

Which results in the generation of the gauge bosons masses. The Higgs potential is

shown in Figure 2.2

V@)

172
(u%/220)
: 1D

Fi : . < s
b:f:if 2.22: Higgs potential. The vacuum expectation value is non-zero, spontancously
T2£x  the symmetry. This mechanism is in charge of giving the masses to the

St.
fandaxr-cl Nodel particles [9, 10].

Wit
ll()llt losing gencrality, one can choose the vacuum state to be:

<®>)= (2:20)

0
v/V/(2)

and
& X xacotrize @ as

13
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0
&(z) = , (2.21)

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

where H(z) is a real field with zcro vacuum expectation value. The L4404 can then

be rewritten as:

1 120 40— 1 1
L iggs = 3OH)+ 30" WHW ™ (v+ HY? + 203 2Z(v+ H)? - V[ (v+ H)?] (2:22)

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

where the terms in v
To wunify the electroinagnetic and weak interactions, the term ieQA must be con-
tainedd in the neutral term i(g’ W3, T3 + g%B‘,Y) of the covariant derivative. This
impliess that the W3 and B fields arc a linear combination of A and another neutral

ficlld =2 [42):

4% cos Oy sin @ Z
3] - v v (2.23)

B —sin Oy cos Oy A

where @4, is the clectroweak mixing angle. The electroweak model predicts the exis-
teuce >F Four carriers: W1, Wa, W3 and B. These carriers are related to the physical

&iige 1> ossons in Table 2.2 by:

Wt = (W) FWy)/V2 (2.24)
Z = Wjycosby — Bsinfy (2.25)
v = Wjycosfy — Bsinfy (2.26)
With C:c
)rr(-\\ponding 11ASSes:
. 1 1
Nz My and My =0 (2.27)

= 29Y; and Mz = F9zv =

cos Oy’

14




— [
where 97 = §ugy,cos 0w

The Ly, kqwa Lagrangian represents the interactions of the Higgs field with the

fermions, from which the fermion masses can be obtained:

Ly ukawa = F:Z.Q—iLUQGYkU‘;z - F?Qi«pdf - Fijf/i@z}'{ + h.c., (2.28)

where o9 is the second Pauli matrix, and the cocfficients I'y,I'y and Te are 3 x 3

madtrices in the generation space.

2.1.2 Cabibbo-Kobayashi-Maskawa Matrix

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

quark state to another.

d d Vid Vus V) [d
| =Verm|s| =|Vea Ves V|| (2.29)
The xxagnitudes of the matrix elements are obtained experimentally as decribed
n [1]. "“IT"Iae current values of these magnitudes are:
W 0.97419 + 0.00022  0.2257 £ 0.0010 0.00359 £ 0.00016
CA, ,
M| = | 02256400010 0973344000023 00415 ¥ 90010 | (230)
+ 0.00026 aq + 0.000044
0.00874 0.00037 0.0407 £ 0.0010  0.999133 © 0.000043
Tll(r

# g, matrix element is particularly of great interest in the Single Top studies.



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 [Vtb|2 [48].

The |V}p| 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

Quantuin Chromodynamics (QCD) is constructed from the SU(3) symmetry group
and describes the strong interaction of quarks mediated by gluon exchange. The

strongz interaction is responsible for binding quarks to forin hadrons, and binding
protoras and neutrons to form nuclei. The quantum number associated with the
strongg  irateraction is known as “color charge,” [10]. Quarks have one unit of color,

while g1waons have one unit of color and one unit of anticolor.

The <«QCD Lagrangian can be written as:

1 - .
L= —ZFg‘”FO‘/“’ + wj(m,,D;.‘k — M6 vy, (2.31)

Wh(‘r > = . . . . .
¢ the indicesa, j and k refer to the color charge, and D to the covariant derivative:

D?k = 6jk8'u + z'!Js(Ta)jksz" (2.32)

where Co-£e
<z  are the gluon fields, Ty are the SU(3) generators, gg is the strong coupling

Constay y
€ J\ljk the quark mass matrix, and F4" the gluon field tensor:

FiY = 0MGy — 87GY — s fapcGy GE (2.33)

16




Sabe 18 defined by the permutation of the SU(3) generators, [Tq, Tp] = ifgpcTe-
The strong coupling parameter as which scts the strength of the interaction, has

the following energy dependence:

_93(B) _ =
O @]

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

(2.34)

mined experimentally ( A ~ 200 GeV). This results in a coupling constant that goes
to zero as E — oo, the strength of the interaction decreascs 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
receivess a large amount of energy as a result of a high energy collision. As the quark
oves aaway from the quarks to which it is color-bounded, the color field grows until it
Is ener getically favorable to produce a quark-antiquark pair. This process is repeated
lany tixmes producing a cascade of hadrons that are later reconstructed as jets in the

detect o>

2.2 "Top Quark

T )
he to g <Quark is a spin-1/2 fermion with electric charge +2/3. The D@ and CDF

exXperi v
PErIXXa <>xaty have measured the top quark mass to be my = 173.1 + 0.6(stat) +
1.1
(yse> GeV/c2 [43).
Fro -
X2 des discovery in 1995, until the recent Single Top quark production discovery,

all stuey 3
R<=x3 and measurements of the top quark have taken place at the Fermilab

Tevat -
Ox . . . . .
b X «<ollider. At the Tevatron, the top quark is produced dominantly in pairs
Yy I'n _
“=2x255 of the strong interaction. Top quarks may be produced through two
dlff(‘l‘en t

S trong 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: g@ — tt [49, 50, 51].

L

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 (e, s or b). The branching fractions are proportional to the diagonal elements

of the CKM matrix [52], Section 2.1.2:
* B(t — W +d) ~ 0.006%,
* B(t w4+ s) =~ 0.17%,
* Bt S w4b) ~99.8%:

ther.
efore, the top quark decay is expected to be dominated by t — Wb. Then, the

Wb
OSon produced by the top quark decays with the following branching ratios:

* BR(w+ —etre) =1/9,
BRw+ ptuy) = 1/9,

" BRWt oty = 1),
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g f
g iy t
g 4

t

g t

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

* BR(W+ - ud) = 3/9, and

* BR(W+ - ¢35) = 3/9.
Inthe ¢7 case, the possible final products are summarized in the pie chart shown in
Figure o 5

At Nnext-to-leading-order (NLO), the Standard Model prediction of the top quark

decay Width is [1]:

30 M%\? M2 2 g
Pt'—\_\-GFmt(l———ﬂ 142 W 1o Zas (207 S o
m
t

81v/2 m? 3t \ 3 2

Wherey
¢ is the quark top mass. The corresponding lifetime is roughly 1 x 10~ 25,
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Top Pair Branching Fractions

“alljets" 46%

tHets 15%

10/0
Y 2
e 1\/§’° u+jets 15%
o)
\)‘\'\}‘)‘W‘\r(?—!\%lo
¢ c+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
dasses:  dileptons, leptons+jets, and alljets [2:2):

which is approximately 20 times smaller than the timescale of strong interactions. As

aconsequence, the top quark decays before it has a chance to hadronize, resulting in

amique opportunity to study a bare quark.

2.3 Single Top

The ; 2 3
¢ top quark can also be produced by means of the clectroweak interaction, which

in ¢ ) : : : : :
ONtrast with the strong interaction production, results in one single top quark
Tathe: 4 s
T thay, pair. At the Tevatron collider, to Leading Order (LO) there are two

domj
ang Single Top channels:

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

wlli(zh 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

tb states.

W+

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

® {-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

tqgb includes both tgb and fgb states.

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

AS mentioned in Soction 2.2 above, the top quark decays in W-boson plus a b-
q‘“ark. In cases where the W decays hadronically, the Single Top signal will be very
difficury, to separate from the overwhelming QCD background. For this rcason the
:Udles Presented in this dissertation are limited to the clectron and muon leptonic
1l st e of Single Top. The Feynman diagrams for the Single Top muon final states

are

she
W in Figure 2.8 for both the s and ¢ channels.
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e

Figure 22.7: Leading Order Feynman diagram of the Single Top t-channel production
mode [11].

+ ” +
v v
b b

- b

p antiproton

5;5:; 2 12-8: Single Top quark production and decay. In these diagrams the W-boson
has a. bf’ptonica.lly into a muon and a neutrino [11]. The final state for the s-channel
decay Quark created along with the t-quark, a charged lepton from the W-boson
SD angd ijts respective neutrino. In the t-channel case, the main components are
©<CTtator light quark, the lepton and the neutrino from the W decay, and the

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

WA +jets,

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

wvertex tags (called “QCD” backgrounds), and

@ the production of conventional tt quark pairs.

"The Leading Order Feynman diagrams for these processes are presented in Fig-
e 2.9

23.=2> Motivation to study Single Top
23.2_.1  Measurement of the CKM matrix element Vib

Single "Top offers a unique and direct way to measure the element [Vipl of the CKM
Datrisc Section 2.1.2. The measurement presented in this analysis does not assume
the lulita.rity of the CKM matrix nor the number of quark families. There are threc
.Inain FASsumptions on the direct measurement of Vip- First, the Single Top production
.IS asstllned to include only the electroweak interaction, thereby not considering scenar-
ios b(‘-y()nd the Standard Model. Second, it is assumed that |th|2 >> |th|2 +|Visl2.

This ;
s <xperimentally supported by the measurements [54, 55] of the ratio:

_Bt—Wb) _ Vil
Bt = Waq)  [Vigl® + [Visl? + [Vipl*

R (2.36)
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:

g —

(Ftlg"r(‘- 2.9: Feynman diagrams for the Single Top background processes. W+jets
op-left) | ¢f (top-right), and multijets (bottom).

Thi i3 . <
irdy | although it is further assumed that the Wb vertex is CP-conserving and of
the
e Bl A type, it is allowed to have anomalous strength. The most general Wb

Vertes &
©3< in the Standard Model is given by:

’
9 .
Ty == JyVeb uler) [#sEPp) uir). @237)
Wheres
S5 ff‘ is the left-handed Wb coupling, and Pp, is the left-handed projection
berzy ¢

" >, Py, = (1 —75)/2. The Single Top cross section is directly proportional to
e Sc
A x a6 of the effective Wtb coupling, from where a measurement of Vi, can be

infory-
<
<X_ References [56, 48, 57] present the results of the Vi, measurement and a
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more in depth discussion. Section 9.7 contains the results of the Vj; measurement

with 2.3 {b™1 of D@ data.

2.3.2.2 Top quark spin polarization

The Single Top quarks are produced by means of the left-handed electroweak inter-
actioxa, resulting in highly polarized top quarks [58, 59, 60]. Since the the top quark
decay s 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 — Wtb — 1 y; b,
12, 61, 7,6
W hen 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.  "T"he W decay products prefer to align along the W polarization, and since the
W is B oosted in the direction of the spin polarization, the charged lepton prefers to
mover aadong the top quark spin axis, as illustrated in Figure 2.10.

Forx the case of left-handed W, the b quark moves in the direction of the top quark
i, axd 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
arkc P olarization, also shown in Figure 2.10.

The angular decay distribution for the charged lepton follows the angular distri-
butiony [12]_

1 dI 1 .
= _(1+6 2.38
I" dcost 2( +6) ( )
Wher - .
O s the angle between the direction of the charged lepton and the top quark
Polag-; .-
Y= A tion. These angular correlations play an important role when scparating the

Sing ]
< Top signal from the overwhelming background.



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  oOf the possible extensions of the Standard Model include: existence of more
thaxx 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
sectioxn [12].

Irx the event of a fourth quark generation, the direct production of such quarks can
be observed through Single Top production g — W* — tb/, where ¥ is the b-like
uark of the fourth generation and W* is the mediator gauge boson. This process
s lluastraged in Figure 2.11. The associated production cross section will depend on
the Xy aagnitude of the W* t ¥ coupling and the mass of the 4.

q t

q’ EI
Fig\lre 2.11: Single Top production and a fourth generation quark 8 [12].

N1
“><Qels like the topflavor [62] predict the existence of additional weak bosons

Ve
“X gl 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’ ttb systemn at the MW’i'

q t

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
(FCIN ), which are forbidden in the Standard Model. These currents allow the top
uark to have anomalous couplings such as those in Figure 2.13, where the top quark

decay =5 111to a gauge boson and a c-quark. The resulting FCNC Single Top production

die .
lagrayyag are shown in 2.14.

Y4 Y N g
(a) (b) (c)

bosoxy © ==2_.13: FCNC couplings for the top quark decaying into a c-quark plus a gauge
d(x:a,yil S imilar diagrams are also permitted by FCNC currents for the top quark
L& jnto a u-quark.[12).

S
Axy .. . .
the AXx) arizing, the Single Top quark production can be used as tool to test Beyond
'St

SA-XxJard Model theorics. 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].

physic:ss phenomena, and also help in the scarch of new particles such as the Higgs

bosorxa.
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Chapter 3

N I. O Studies of Single Top Quark

Production

The Si n gle Top quark production is predicted by the well-confirmed Standard Model.
Whicla < an be considered not only as a tool to test the Standard Model, but also as a
vindow to physics beyond it. Consequently, accurate calculations are required which
inclucles higher order QCD corrections to make the Single Top distinguishable from
other IProcesses. Such calculations, should not only include effects on the production
tross 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
‘omp AxXed to the experimental findings in the Tevatron collider at Fermilab.
This CChapter presents the NLO corrections effects on the Single Top quark produc-
tou, X2l the work I conducted, together with the Michigan State University theory

sroups _

3.1
XEvent topology

The S
i Ax . . .
R < P Top s and ¢t channels have common elements in their event signatures as

well o s
<1ifferential featurcs. They both have at least one b-jet, missing transverse
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g 10-(a) - b from top‘ g 100| (b) ~bfromfop
e sh bfromtop| © : B from top
L lepton 80 - lepton
v, neutrino ‘ 60
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) - == W
e 10 light quark o 80| light quark
8 b from gluon 70/ B from gluon
6 lepu)lr g
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30
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' i 10 7
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Figure 3.1: Parton level kinematical distributions for the transverse momentum pp
(a.c) ama pseudorapidity 7 (c,d) for final state partons in the s-channel (upper row)
and £—cFazannel (lower row) Single Top quark events. The histograms only include the
final staate of t, not .

en oL . M Bl :
rEyS, anda lepton, but their kinematical distributions have different shapes. More

svr‘eiﬁ<-ally at the parton level:

- e
S —<hannel: there are two b quark jets, one from the top quark decay and one
I>X < duced with the top quark itself. As well, there are one high-pp lepton and
X xacutrino. In the detector, the neutrino is represented by missing transverse

(Ell<‘/rgy (MET) coming from the W boson decay. Nllustrated in Figure 2.8.

-

T— . . 5 .

< annel: there is one b quark jet from the top quark decay, one light quark

J=¢ xecoiling against the top quark, one high-pp lepton, and a neutrino coming
£

T <>xy the W boson decay. In addition, there is a target fragment b quark that

L -
“>Xads 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 arc 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 7 distribution for the ¢ channel, which comes from the nature of the

P collider.

3.2 NLO calculations

b
w !
“ t
w 14
I b
Figuax- -
® re < 3.2: Single Top LO Feynman diagrams for the s and ¢ channels. The symbol
de(,a;)resents the separation used in the NWA method between the production and

<>E the Single Top.

A

<“*<Sxmplete NLO calculation should include the contributions from top quark

Prody g .4 -
<*®iconand decay including the angular corrclations of the final state particles to

study~
th the top quark polarization. References (61, 7, 6] present such corrections, at
¢ o

Wid t

Ty
€=x of afs), using the one scale, space-slicing method together with the Narrow

A\ pproximation (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 comnsidering 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

unresolwved region contains all the soft and colinear divergences and can be integrated

analy tically [61].

I I It
u t
14 v
INIT FINAL b d SDEC b
}Q b
0
LIGHT HEAVY u TDEC

Figux-
'EUres 3 3. Different contributions to the Single Top NLO corrections, s-channel
X ow) t-channel (lower row). The black dots indicate the higher order QCD

(WP can-
orrec )
‘tlons, both for virtual and real emissions

T}
he Iorocess involved in the NLO calculation can be separated into categories, as

showr o -
e & 3% Figure 3.3. For the s-channel:
>
I NIT: corrections to the initial state of the single top production
X INAL: corrections to the final state of the single top production

* s
IDEC: 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.
o HEAVY: correction in which the gluon is connected to the heavy quark.
e TDEC: corrections to the top quark decay process.

"T'he 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-channcl

Cross NLO Cross NLO

Section Fraction Section Fraction
(fh) (%) (fb) (%)
LO 31.2 65.0 LO 99.2 94.6
INIT 10.7 223 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
INLO 47.9 100 NLO 104.8 100

:ﬁable <3 . 1: NLO corrections contributions for both s- and ¢-channels for the Single

0P IP>X o Quction 6, 7].

3.
3 Single Top distributions at NLO

th\
"X < . . . . .
SStudying Single Top experimentally, it is necessary to apply sclection cuts
to thy
<> .
. Caollected samples to remove unwanted backgrounds. Although no detector
Slmg} -
th € 1ons are included in this study, there are some sclection criteria applied to
e
e~

"X xerated 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: pr > 15 GeV, |7 |< 2.5.

e MET: > 15 GeV.

e Alljets: pr > 15 GeV, | |< 3.0.

® jet conesize: AR =0.5.

IF?lots in Figures 3.4 and 3.5 show NLO effect on sclected 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.

M ore specifically, the NLO QCD corrections:
® for the lepton and Fp (first row of Figures 3.4 and 3.5), have very similar

sshapes to the LO distributions. This is explained by the fact that they are not

<qu ark distributions.
FoOx the bjets, shift and widen the pr distributions. The peak value moves to

>
Lo ~wer values. The b-jet i distribution for the s-channel becomes more central,
= hile the shape for the b-jet 7 remains almost unchanged. The Hyp distributions
AX < broadened as a consequence of the NLO corrections.

® Fox the t-channel spectator (light) jet, move the pseudorapidity distribution
Slightly forward, due to the additional gluon radiation.

3.4
“Lonely Top”

They-
‘Tex .
llave been many studies regarding the separation of the Single Top signal from

its O~
~ahelming background. One of these studies, which is referred as “Loncly
g
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The <3 _4: NLO corrections effect in distributions for the Single Top s-channel [6].
cont.y-3 l( >T ted red line represents the LO calculation, the blue line the sum of NLO
elect, Mo > tjons, and the black line the sum of LO plus NLO. Top row: clectron pp and
bjet. )11 Second row: B and total transverse energy Hp. Third row: b-jet pp and

v Bottom row: b-jet pp and b-jet 7. Figures from Reference 7]
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Electron TI
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olfb/GeV]
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lgun‘ 3.5: NLO effect in distributions for the Single Top t-channel [6]. The dotted
al.l lllle u‘pr(‘wnts the LO calculation, the blue line the sum of NLO contributions,
5 the black line the sum of LO plus NLO. Top row: clectron pp and clectron 7.
("ld row: B and total transverse energy Hp. Third row: b-jet pp and b-jet 7.
ttomn row: light quark jet pp and light quark jet 7. Figures from Reference [6].
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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:
e Lepton: pp > 15 GeV, | 5 |< 2.0.
e MET: > 15 GeV.
e All jets: pp > 30 GeV, | n|< 2.5.
® Lcading jet (Jet in the event with the highest pp): pp > 40 GeV, | n |< 2.0.
® Hrp (total event transverse energy): < 300 GeV.
® Reconstructed top mass: 155 GeV < mp < 200 GeV.
® 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 (PT) = 0.01 tanh(pp /80GeV).
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Diff cross section - s-channel Diff cross section - t-channel
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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:

—d% (7 ) = F(ofj, i) + Fy (i i) + F— (175, 7)
—=—(j.m) = F(j, ) + Fi (0. m) + F- (5,7
dnjdny j j j

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

—_ . 1 d% s % . 5 2o . d%0" , -
F(rj, i) = Z[m(ﬂr’llﬂm(*')y *’71)+m('b< "NHW(*WJJHH

2 2

Fy (15,7 - l[dzi"(,’. A Hﬁ(; 2o (1i; ,A),dio(,' - Al
+mj.m) = 7 ngdi, 15> dngdi 5>~ dngdi, ] diydi 15> m)l

ST |
F_(ij,m) = 5

2 2
. d°o e d500 5 AL
2‘(Ir/j(h}[ (’If ) df/jt{fn( 5> )l

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

odd parity. If the four quadrants of the (rfj,r'”) 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)=Fy(D) , Fy(B)=F1(C), Fi(A)=—-F(B),

and

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

The above indicates that all the information in F' and Fy 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
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Figure 3.7: FBAR (F), FPLUS (F; ), 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 columnn). 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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Figure 3.9: NLO corrections in the s-channel for Fy (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
Tow.
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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, Illinois 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 = v/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
Tevatron | & '_‘\ecyder N
e+ N\ ~_ /) Target Hall
b \\ \ // Debuncher
. / Accumulator

\\‘ - ;ZF‘-..\__ )} \ \i Booster

— \\LINAC

Proton -—
_ - Cockcroft-Walton
2
Neutnno B ’ Antiproton  Proton
Meson Direction  Direction
A -

Figure 4.2: Fermilab accelerators chain, there are 2 interaction points, CDF, and
D@ (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 Ey, ., =
V980 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 Cockeroft-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 cavitics. 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 acccleration step they pass through

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

= IDDD O

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

Il

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 counstitute 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.



4.2 The DO Detector

Central
Tracking
System

0 meters 5

Figure 4.5: Schematic view of the D@ 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 pp phenomena. The D@ 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 clectromagnetic and hadronic particles.



The outer-most layer of D@ 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

y
1
7 - h X
N \Tevatron >
- — =
P

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 8 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:

e i (?)] "

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

as:

1 [:E+pz} (42)

=21
Y 20g E - p,

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

is zero for particles with 8 = 90°, and high values for § — 0°.



4.2.2 Luminosity Monitor
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Figure 4.7: Schematic view of the D¢ 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 = Tl L (4.3)

where o is the total cross section. D@ uses the Luminosity Monitor (LM) described
in detail the in [69] to collect information about inelastic pp collisions for cach bunch
crossing. The LM consists of two arrays of 24 plastic scintillator wedges located
at z = 140 cm, and covering the pseudo-rapidity region of 2.5 < || < 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:

c=1Mm (4.4)
ILM

where f is the beam crossing frequency - 2.53 MHz, Ny js is the average number of pp



inelastic collisions, and o pr is the effective cross section. The integrated luminosity 1

delivered at D@ is presented in Figure 4.8. The z-vertex can be measured using the
time of flight from North and South detectors: zy¢; = §(Tg—Ty). The approximate

resolution of z,¢; is about 6 cm.
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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 pm. 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

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

Figure 4.10: 3D Schematic of the Silicon Microstrip Tracker [15].



The SMT is located near the collision point at DO and provides information about
the vertex and tracks of the interactions. It contains an array of silicon barrels and
disks positioned to maximize the 7 coverage. The barrel detectors measure the r and
¢ coordinates, and the disks 7, 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”. One 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)
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Figure 4.11: Side view of a barrel for the SMT detector [15].



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 7 = 20 ¢cm to r = 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



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 CFT and the waveguides.

4.2.3.3 2 T Solenoid
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Figure 4.13: Location of the solenoid with respect to the other component of the
D@ detector [15].

The 2 T superconducting solenoid, containing both the CFT and the SMT, was
designed to optimize the momentuin 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



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 ficld 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






(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 < |p| < 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, elec<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>