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Abstract

This review summarises the top quark physics program pursued
at Fermilab’s Tevatron proton-antiproton collider, operating at a cen-
tre of mass energy of 1.96 TeV, and its two collider detectors CDF
and D0. More than a decade after the discovery of the top quark at
the Tevatron, it remains the only place to produce top quarks and
study them directly until the Large Hadron Collider at CERN starts
operation.

The Tevatron’s increased luminosity and centre of mass energy
offer the possibility to scrutinise the properties of the heaviest funda-
mental particle known to date by performing new measurements that
were not feasible before, like the first evidence for electroweak produc-
tion of top quarks and the resulting direct constraints on the involved
couplings. In addition, the precision of prior measurements has been
improved to an unprecedented level, illustrated for example by the
measurement of the top quark mass with a relative precision of 0.7%,
marking the most precisely measured quark mass to date and allow-
ing the prediction of the mass of the Higgs boson that still remains
to be discovered. The various measurements of top quark properties
provide stringent tests on the predictions performed in the framework
of the Standard Model of elementary particle physics.
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1 Introduction

The existence of a third and most massive generation of fundamental fermions
was unveiled first in 1975 with the discovery of the 7 lepton at SLAC-LBL @]
In 1977, the discovery of the bottom quark ﬂa] at Fermilab extended the
knowledge of a third generation into the quark sector and immediately raised
the question of the existence of the top quark as the weak isospin partner of
the bottom quark.

The Standard Model of elementary particle physics both required the ex-
istence of the top quark to remain self consistent and via electroweak preci-
sion measurements allowed increasingly precise predictions of properties like
its mass. The top quark’s large mass prevented its discovery for almost two
decades and by 1994 was indirectly constrained to be 178 & 11 T18 GeV /c? [3].
After mounting experimental evidence M@] the top quark was finally discov-
ered in 1995 at Fermilab by the CDF and DO collaborations m, Eﬁ] in the
mass range predicted by the Standard Model, demonstrating its predictive
power and completing the Standard Model quark sector.

By now, the mass of the top quark has been measured to be 172.4 + 1.2
GeV/c? ﬂﬂ], marking the most precisely measured quark mass and the most
massive fundamental particle known to date. Consequently, the lifetime of
the top quark of approximately 5-107%% s is extremely short so it decays before
hadronising. This makes it the only quark to not form any bound states,
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allowing the study of a bare quark with its properties like spin undisturbed
by hadronisation.

The measurement of top quark pair production allows one to probe our
understanding of the strong interaction by testing the predictions from per-
turbative QCD calculations, while the decay of top quarks and the single top
quark production allow for the study of the electroweak interaction. Measur-
ing further properties of the top quark such as its electric charge, W boson
helicity in its decay, branching fraction B(t — W), etc., and comparing
them with Standard Model predictions is a very powerful tool in searching
for “new” physics beyond the Standard Model framework.

The top quark can also be used to constrain the mass range of the last
undiscovered particle in the Standard Model, the Higgs boson, since their
masses and the mass of the W boson are linked via radiative corrections.
The Higgs boson is a manifestation of the Higgs mechanism implemented
in the Standard Model providing the necessary breaking of the electroweak
symmetry to which the top quark seems to be intimately connected due to
its large mass.

Because of its fairly recent discovery, the top quark’s properties have not
yet been explored with the same scrutiny as the lighter quarks. However, in
the ongoing data taking at Fermilab’s Tevatron proton-antiproton collider,
an integrated luminosity of more than four fb=! has been recorded by each
of the collider experiments CDF and DO, corresponding to an increase of
about a factor seventy compared to the data available for the discovery of
the top quark. These datasets allow to refine previously performed measure-
ments with unprecedented precision such that some start to become limited
by systematic uncertainties rather than statistical ones. In addition, mea-
surements that were never performed before become feasible like the first
evidence for electroweak production of single top quarks and consequently a
first direct measurement of the CKM matrix element |V};| recently published
by DO [13, [14].

This article is intended to give an overview of the current status of the top
quark physics program pursued at the Tevatron without suffering from the
space limitations of previous articles by the author [15-17]. Results available
until the LHC startup in September 2008 are included, utilising datasets
of up to 2.8 fb~1. Some former reviews of top quark physics including the
current Tevatron data taking are given in [18-22]. The outline of this article
is as follows: In the second chapter, a brief introduction to the Standard
Model is given with emphasis on the special role of the top quark. Chapter
3 describes production and decay modes for top quarks in the Standard
Model framework. Chapter 4 outlines the experimental setup used for the
measurements described in the following sections. Chapter 5 presents studies



of the production of top quarks including the cross section measurements
which form the basis for all further measurements of top quark characteristics.
Chapter 6 elaborates on the different results for top quark decay properties,
followed by measurements of fundamental top quark attributes like its charge
or mass in Chapter 7. The final Chapter 8 gives a brief summary of the
achievements so far.

2 The Standard Model and the Top Quark

2.1 A Brief Standard Model Overview

The Standard Model of elementary particle physics describes so far very
successfully the interactions of the known fundamental constituents of matter
which are spin J = % fermions via the exchange of spin J = 1 gauge bosons.

fermion| electric generation
type |charge [e] 1. ‘ 2. ‘ 3.
9 up (u) charm (c) top ()
5152 3.3 MeV/c?| 1.27 1097 GeV/2[172.4 £ 1.2 GeV/c?
quarks 1 down (d) strange (s) bottom (b)
3 [3.5-6.0 MeV/c?| 104 2 MeV/c? | 4.20 T917 GeV/c?
Ve vy Vy
0 <2eV/c? < 0.19 MeV/c? | < 18.2 MeV/c?
leptons (95% C.L.) (90% C.L.) (95% C.L.)
1 e W T
0.511 MeV/c? | 105.658 MeV /c? 1777 MeV /c?

Table 1: The known fundamental fermions and their masses [12, 23].

As shown in Table [I both quarks and leptons occur in pairs differing by
one unit in electric charge e that are replicated thrice in three generations
which show a strong hierarchy in mass. The fermion masses span at least
11 orders of magnitude, with the top quark being by far the heaviest funda-
mental particle which may thus provide further insights into the process of
mass generation. The origin of this breaking of the flavour symmetry and
consequent mass hierarchy is still not understood but can be accommodated
in the Standard Model as shown below.

The forces among the fundamental fermions are mediated by the exchange
of the gauge bosons of the corresponding quantised gauge fields as listed
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interaction | couples affected exchange mass | charge <pin
type to particles boson (GeV/c?]| €] p
colour quarks,
strong charge elions gluon (g) 0 0 1
weak | quarks, W* | WT, W~ 80.4 +1,-1] 1
weak 0 0
charge | leptons, Z Z 91.2 0 1
electro- | electric | electrically
magnetic | charge charged photon (7) 0 0 !
o mass, graviton
gravitation eneray all (unobserved) 0 0 2

Table 2: The known fundamental interactions and their properties [23].
Gravitation is shown separately as it is not included in the Standard Model
of elementary particle physics.

in Table The gravitational force is not included in the framework of
the Standard Model and will not be considered further in this article as its
strength is small compared to that of the other interactions amongst the
fundamental fermions at the energy scales considered in this article.

The Standard Model is a quantum field theory based on the local gauge
symmetries SU(3)gcp X SU(2)p x U(1)y.

The theory of the strong interaction coupling to the three different colour
charges (“red”, “green” and “blue”) carried by the quarks and the eight mass-
less gauge bosons (gluons) themselves is called Quantum Chromo Dynamics
(QCD) and is based on the gauge group SU(3)gcp [24-29]. This symmetry
is exact, and the gluons carry both a colour and an anti-colour charge. At
increasingly short distances (or large relative momenta) the interaction gets
arbitrarily weak (asymptotic freedom), allowing for perturbative treatment.
Via the strong interaction, quarks form bound colour-singlet states called
hadrons, consisting of either a quark and an antiquark (Mesons) or three
quarks respectively antiquarks (Baryons). The fact that only colour-neutral
states and no free quarks are observed is referred to as the confinement of
quarks in hadrons. Since due to its large mass the top quark decays faster
than the typical hadronisation time of QCD (I'y,, > Agep), it is the only
quark to not form any bound states and hence its decay offers the unique
possibility to study the properties of a bare quark.

The theory of the electroweak interactions developed by Glashow [30)],
Salam [31] and Weinberg [32] is based on the SU(2), x U(1)y gauge group of
the weak left-handed isospin 7" and hypercharge Y. Since the weak (V — A)
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interaction only couples to left-handed particles, the fermion fields W are
split up into left-handed and right-handed fields ¥, p = %(1 F75)V that are
arranged in weak isospin T' = % doublets and T' = 0 singlets:

(1), (1), () o
d I S I b I dR SR bR
(), (), (%)
e ), L), T ), €R HR TR

In the doublets, neutrinos and the up-type quarks (u,c,t) have the weak
isospin T3 = —i—% while the charged leptons and down-type quarks (d, s,b)
carry the weak isospin T3 = —%. The weak hypercharge Y is then defined via
electric charge and weak isospin to be Y = 2Q) —2T3. Consequently, members
within a doublet carry the same hypercharge: Y = —1 for leptons and Y = %
for quarks, as implied by the product of the two symmetry groups.

The SU(2) x U(1)y gauge group does not allow to accommodate mass
terms for the gauge bosons or fermions without violating the gauge in-
variance. A minimal way to incorporate these observed masses is to im-
plement spontaneous electroweak symmetry breaking (EWSB) at energies
around the mass scale of the W and Z boson, often referred to as the “Higgs
mechanism” [33-138], by introducing an SU(2) doublet of complex scalar fields
® = (07, d")T. When the neutral component obtains a non-zero vacuum
expectation value v/v/2 # 0, the SU(2); x U(1)y symmetry is broken to
U(1)gEep, giving mass to the three electroweak gauge bosons W=, Z° while
keeping the photon massless and hence leaving the electromagnetic symme-
try U(1)grp unbroken. From the remaining degree of freedom of the scalar
doublet, we obtain an additional scalar particle, the Higgs boson.

The Higgs mechanism also allows one to introduce fermion masses by
Yukawa couplings to the scalar field and its conjugate, given by m; =
Ao/ V2, hence introducing a Yukawa coupling constant \ ¢ for each massive
fermion in the Standard Model. With its Yukawa coupling close to unity, the
top quark seems to play a special role in the mass generation process.

The mixing of the mass (flavour) eigenstates into the weak charged cur-
rent eigenstates for quarks is described by the Cabibbo-Kobayashi-Maskawa
(CKM) matrix 39, 40]. By convention, this is done by a 3 x 3 unitary matrix
Ve which operates on the negatively charged flavour states d, s and b.

d/ Vud Vus Vub
s’ = Vea Ves Vi s =Vekm | s
V), Vie Vis Vi b ), b/,



This complex matrix could have 18 independent parameters. However, to
conserve the number of states, this matrix has to be unitary which means
that only nine free parameters remain. An additional five out of the nine
can be absorbed as phases in the quark wave functions. This results in four
independent parameters in total — three real Euler angles and one complex
phase, implementing CP violation in the Standard Model. Since the CKM
matrix is not diagonal, charged current weak interactions can infer transi-
tions between the quark generations (“generation mixing”) with the coupling
strengths of the W* boson to the physical up and down type quarks given
by the matrix elements.

Due to the experimental evidence [41-47], neutrinos also have to be con-
sidered as massive particles, which leads among other things to the introduc-
tion of an analogue leptonic mixing matrix, the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [48, 49]. It contains four independent parameters as
well if one assumes that neutrinos are not Majorana particles.

In summary, we obtain with the Standard Model of elementary particle
physics a theory that is renormalisable [50, 51], unitary and can be evaluated
perturbatively at sufficiently high energies. It incorporates 25 parameters
that have to be provided by measurements:

e 12 Yukawa couplings for the fermion masses

e 8 parameters for the CKM and PMNS mixing matrices

e 3 coupling constants «,, g,¢" of SU(3)gcp, SU(2)r, U(1)y respectively
e 2 parameters from EWSB: v, my

At the currently accessible energy scales, the Standard Model describes suc-
cessfully the interactions of the fundamental fermions and gauge bosons,
with only the Higgs boson remaining to be observed. For a more detailed
introduction to the Standard Model, the reader is referred to corresponding
textbooks [52-54] on elementary particle physics or topical reviews like |55].

2.2 The need for the Top Quark in the Standard Model
framework

The existence of the top quark was postulated well before its discovery mainly
for three reasons:

The first argument comes from the necessity that the Standard Model
has to be a renormalisable theory. When expressed via a perturbation series
— usually depicted in Feynman diagrams with first order “tree” diagrams and
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Figure 1: A “problematic” fermion triangle diagram that could introduce an
anomaly.

higher order “loop” terms — certain loop diagrams cause divergences that have
to cancel exactly to ensure that the theory is renormalisable. One example is
the fermion triangle diagram as shown in Figure[ll The contribution for each
such diagram is proportional to CQQ? with cf; being the weak neutral current
axial coupling strength and (s the electric charge for the respective fermion
in the loop. Since cﬁ = T3 and neutrinos obviously do not contribute, for
the total strength of the anomaly to be cancelled we need to have an equal
number of lepton flavours and quark doublets N¢qmiies and quarks to occur
in three colours (N, = 3):

Nfamilies 1 1 2 2 1 1 2 \
12N (D) —an (=2 ) Lo
> (e (1) g () ) o

=1

Consequently, already the discovery of the 7 lepton called for an additional
quark doublet to be present as well to keep the Standard Model renormalis-
able.

The second argument results from the fact that transitions that change
the flavour but not the charge of a fermion like u < ¢ <>t or d < s < b
are experimentally observed to be strongly suppressed. The absence of these
flavour-changing neutral currents (FCNC) for two quark generations could
be explained with the GIM mechanism [56] by postulating the existence of
the charm quark — and thus the completion of the second quark doublet —
years before its discovery. This mechanism can be applied in the same way
for three quark generations, and hence a sixth quark as a partner of the b
quark is necessary to complete the doublet.

The third argument comes from the experimental confirmation that the b
quark is not a weak isospin singlet but is part of an isospin doublet carrying
the weak isospin T35 = —% and electric charge ), = —%e.

The electric charge of the b quark was measured first at the electron-

positron storage ring DORIS at DESY operating on the T and Y’ resonances



via a measurement of the cross section for resonant hadron production oy,
[57-59]. The integral over oy, is related with the electronic partial width T,
the hadronic partial width I'j,, the total width I';,; and the resonance mass
Mg via [0y dM = 67°T Iy /(M2L0). Assuming that the total width is
dominated by the hadronic partial width (I', &~ I'is), the measurement of
the integrated cross section and the resonance mass allows one to extract the
electronic partial width I',. of the T respectively Y’. In the framework of
non-relativistic quarkonium potential models |60, |61], this partial width can
then be related with the bound quark’s charge.

The weak isospin of the b quark has been measured via the forward-
backward asymmetry App in the process ete~™ — bb — p*+ hadrons with
the JADE detector at PETRA [62]. The asymmetry originates from elec-
troweak interference effects and is defined as the difference of the number of
fermions produced in forward direction (with polar angle # < 90°) and the
number of fermions produced in backward direction (6 > 90°), normalised
to the sum of both numbers. App is proportional to the ratio of weak ax-
ial to electric charge and would vanish for a weak isospin singlet. For a
T3 = —%,Q = —ée b quark the asymmetry is predicted to be —25.2%, in
good agreement with the measurement of —22.84+ 6.0 (stat.) £+ 2.5 (syst.)%.

Resulting from these measurements of its weak isospin partner, the top
quark’s weak isospin and electric charge within the Standard Model frame-
work could be assigned well before its actual discovery to be T3 = +%,
Q: = +§e. The mass of the top quark however, being a free parameter in the
Standard Model, is not predicted. Nevertheless, it is possible to constrain
the top quark mass indirectly from electroweak precision measurements.

2.3 Top Quark mass prediction from electroweak pre-
cision measurements

As discussed above, the Standard Model comprises a set of free parame-
ters that are a priori unknown. However, once these parameters have been
measured, all physical observables can be expressed in terms of those pa-
rameters. To make optimal use of the predictive power of the theory, it is
therefore crucial to measure its input parameters with the highest possible
precision, allowing to experimentally probe the self-consistency of the Stan-
dard Model for possible contributions beyond its scope. Since the Standard
Model is a renormalisable theory, the prediction for any observable can be
calculated to any order of a perturbation series as well.

Electroweak processes mainly depend on three parameters: the coupling
constants g and ¢’ of SU(2);, and U(1)y respectively and the Higgs vacuum
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Figure 2: (a) Radiative corrections to the W and Z propagator with top
quark contribution. (b) Radiative corrections to the W and Z propagator
with Higgs boson contribution.

expectation value v. Since these input parameters have to be derived from
experiment, it is useful to substitute them with the precisely measured quan-
tities of the electromagnetic fine structure constant « (using electron-positron
annihilations into hadrons at low centre of mass energies [63-65]), the Fermi
constant G (using muon lifetime measurements [66, 67]) and the mass of

the Z boson my (using electron-positron annihilations around the Z pole
[68]).

With these input values, the theoretical framework can be used to predict
other quantities like the W boson mass. Given precision measurements, the
W boson mass is sensitive to the mass of the top quark and the mass of the
Higgs boson via higher order quantum effects leading to radiative corrections

l69-171].

The most precise electroweak measurements to date have been performed
at the Large Electron-Positron (LEP) Collider |72, 73] at CERN with its four
experiments ALEPH [74,|75], DELPHI [76,[77], L3 |78, [79] and OPAL 80, [81]
and the Stanford Linear Collider (SLC) [82, 183] with the SLD experiment
[84,185]. The LEP experiments together have analysed 17 million Z decays,
being complemented by a sample of 600 thousand Z bosons produced with
longitudinally polarised electron beams analysed by SLD.

Defining the electroweak mixing angle 0y, via the vector boson masses as
follows:

m .
—‘;V =1 —sin? by,
my
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one can express the W boson mass through

m2 o T 1
Vo 2Gy sin? Oy (1 — Ar)’

The radiative corrections Ar are a directly observable quantum correction of
the electroweak theory, depending on a, my, mz, myg and m;. The contri-
butions from single-loop insertions containing the top quark and the Higgs
boson as depicted in Figure [2] are:

3v2G t2 6
Artor — V2 12;2 W -mf (for my > my)
. 3V2G pm2 m2 5
Higgs w H
AyHigg o . (ln i ~ 3 (for mpy > my)

A precise measurement of the W and Z boson masses thus gives access to
the top quark and Higgs boson masses. The top quark contribution to the
radiative corrections is sizeable especially due to the large mass difference
with respect to its weak isospin partner, the b quark. While the leading top
quark contribution to Ar is quadratic, it is only logarithmic for the Higgs
boson contribution. Consequently, the constraints that can be derived on the
top quark mass are much stronger than for the Higgs boson mass.

In 1994, the most stringent constraints on the top quark mass were derived
based on preliminary LEP and SLD data, combined with W boson mass mea-
surements from proton-antiproton experiments and neutral to charged cur-
rent ratios obtained from neutrino experiments, yielding 178 + 11 ﬂg GeV/c?
[3]. As illustrated in Figure the central value and the first set of er-
rors are derived from the x? distribution of the Standard Model fit to the
electroweak precision data for a Higgs boson mass of 300 GeV/c?, while the
second set of errors stems from a variation of the Higgs boson mass between
60 and 1000 GeV /c?.

The good agreement between the prediction and the actual observation
is one of the great successes of the Standard Model, illustrated in Figure
versus time. Also the latest mass prediction from electroweak precision
data, yielding 179 7% GeV/c? without using constraints on the Higgs boson
mass [86], is in good agreement with the current world average mass of 172.4
+ 1.2 GeV/c? [12].

This success gives also more weight to the predictions of the mass of the
Higgs boson in the Standard Model framework. Since the precision of the
prediction crucially depends on the accuracy of the mass measurements of
the W boson and the top quark used as input, this gives a strong motiva-
tion for improving the corresponding measurements. The currently resulting
constraints on the mass of the Higgs boson will be discussed in Section [7.3.4l
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Figure 3: (a) x? distributions of the Standard Model fit to electroweak preci-
sion data versus top quark mass for various Higgs boson masses [3]. (b) Com-
parison of the indirect top quark mass measurements via radiative corrections
(shaded area) with the direct measurements from the Tevatron (points) ver-
sus time [68].

More details on electroweak precision measurements can be found in cor-
responding topical reviews such as [87, 188].

3 Production and Decay of Top Quarks

The production of top quarks is only possible at highest centre of mass en-
ergies /s, set by the scale of the top quark mass. The necessary energies
for Standard Model production of top quarks are currently (and will be at
least for the next decade) only accessible at hadron colliders. The Tevatron
proton-antiproton collider started operation at /s = 1.8 TeV in 1987 for a
first period of data taking (“Run 0”) until 1989 with the CDF experiment
which recorded about 4 pb~! of integrated luminosity. The next data tak-
ing period from 1992 until 1996 at /s = 1.8 TeV (the so-called Run I) was
utilised by the CDF and DO experiments and facilitated the discovery of
the top quark. For the currently ongoing data taking that started in 2001
(Run II), the centre of mass energy has been increased to /s = 1.96 TeV.
The Tevatron will lose its pure monopoly for top quark production only with
the turning-on of the Large Hadron Collider (LHC) that will provide proton-
proton collisions at /s = 14 TeV.
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In the framework of the Standard Model, top quarks can be produced
in pairs (¢t) predominantly via the strong interaction and singly via the
electroweak interaction.

3.1 Top Quark Pair Production

q t g t g t g t
g g
t + t +
q t g t g t g t
(a) (b)

Figure 4: Leading order Feynman diagrams for top quark pair production:
(a) quark-antiquark annihilation and (b) gluon-gluon fusion.

While hadron colliders give access to the highest centre of mass energies,
the collision of hadrons complicates the theoretical description and prediction
of physics processes like ¢t production since one has to consider the collision
of composite particles.

The solution of this problem is provided by the QCD factorisation theo-
rem [89,90], separating hadron collisions into universal long distance (small
momentum transfer) phenomena and perturbatively calculable short distance
phenomena, involving large momentum transfers )?> and consequently the
production of particles exhibiting large transverse momenta or large masses.
These two are set apart by introducing a factorisation scale p%.

Using this approach, the (anti-) proton itself can be described by a col-
lection of partons (quarks, antiquarks, gluons) interacting on a soft binding
energy scale Agcp < 1 GeV, whereas the collisions considered occur be-
tween the partons of the (anti-) proton on a “hard” energy scale with large
transverse momenta > O(100 GeV).

Consequently, the partons participating in the hard process (a,b) can be
considered quasi-free and the partonic cross section 6,4 x (8, as(p%), u%) of
interest can be calculated using perturbative QCD independent of the type of
hadrons containing the partons; the hatted variables here denote quantities
on the parton rather than the hadron level. To be able to regularise the
divergences occurring in higher order calculations (like ultraviolet divergences
from loop insertions where the infinite range of four-momentum in the loop
causes infinities in the integration from high momentum contributions), the
renormalisation scale ;% needs to be introduced along with the corresponding
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running coupling constant a,(p%). The leading order Feynman diagrams for
tt production are shown in Figure [l

The partons inside the incoming (anti-) proton cannot be described with
perturbative QCD as the soft energy scale corresponding to small inherent
momentum transfers imply large a,(Q?) couplings. The distribution of the
longitudinal (anti-) proton momentum amongst the partons is described by
Parton Distribution Functions (PDFs): f,/a(x, u7) yields the probability
to find a given parton a inside hadron A with momentum fraction x when
probed at an energy scale u%. Collinear and soft (infrared) singularities that
arise in the perturbative calculation of the partonic cross section discussed
above are absorbed in these PDF's.

The factorisation theorem then allows one to calculate the t¢ production
cross section via the integral over the corresponding hard scattering par-
ton cross section folded with the parton distribution functions of the (anti-)
proton as follows:

UA+B—>tf(\/ga mt) = Z / 6a+b_>tf(§: O‘s(:u?%)a ,u?%a ,u%?a mt)

a,b=g,q,4

X fa/A (xaa :u%‘)fb/B (xba :u%‘)dxadxb-

The hadrons A and B correspond to proton and antiproton in case of the
Tevatron and to protons in case of the LHC.

The physical cross section o445 .#(1/s, m;) that would be the result of
the evaluation of the full perturbation series does not depend on either of the
two arbitrary scales for factorisation and renormalisation p%, u% that had to
be introduced for the above calculation. However, the parton distribution
functions and the partonic cross section do depend on these scales, and hence
the result of any finite order calculation will as well. This dependence gets
weaker with the inclusion of higher order terms in the calculation. In practical
application, both scales are usually set to the typical momentum scale of the
hard scattering process () such as the transverse momenta of the produced
particles or the mass of the produced particle so that for the case of tt
production one typically uses up = ur = p = my. The scale dependence
of the result is then usually tested by varying the central scale by a factor
of two; the resulting variations are interpreted as systematic uncertainties
which should not be mistaken as Gaussian.

The PDFs have to be determined experimentally, for example via deeply
inelastic lepton scattering on nucleons, so that they can be extracted from the
measured cross sections using perturbative calculations of the (hard) partonic
cross sections. Once the parton densities f,/4(%q, (Q?) have been measured
for a certain momentum fraction x, at a scale Q?, their value at a different
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Figure 5: Left: CTEQG61 [94] parton distribution functions with uncertainty
bands at the top quark mass scale (Q* = (170 GeV)?) for (anti-) up quarks,
(anti-) down quarks and gluons in the proton. Right: relative uncertainties
on the PDFs shown on the left.

scale can be perturbatively predicted using the DGLAP evolution equation
[91-93]. Since PDFs are universal and do not depend on the process they
were derived from, they can then be used to predict the cross sections in other
hard scattering processes. For consistent application, it is desirable to ensure
the PDF's utilised are derived with same order perturbative calculations and
renormalisation scheme as the calculation they are used for in the prediction.

The determination of PDFs proceeds via global fits to the available data
and is for example pursued by the CTEQ [95], MRST [96], GRV [97], Alekhin
[98], H1 [99] and ZEUS [100] groups. Different PDFs are provided based on
various datasets, for different orders of perturbation theory, renormalisation
schemes and fitting techniques — see for example the overview given in [101].
One commonly used set of PDFs derived at NLO and using the M.S renor-
malisation scheme [102] is CTEQG61 [94], which incorporates especially the
effects of Tevatron Run I jet production data on the gluon distribution. It
also includes an error analysis based on a suit of eigenvector PDF sets that
describe the behaviour of the global x? function from the fit around its mini-
mum. The resulting error on the PDF A f can then be obtained by summing

over the variations fii along/against each eigenvector for every free parame-
1

ter in the global fit: Af = £L(S(fiF — £7)%)7.
Figure [l shows the corresponding most important parton distributions

inside protons for ¢f production at the Tevatron or LHC and their uncer-
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tainties. For antiprotons, quarks and antiquarks have to be exchanged in
Figure Bl All PDFs vanish at large momentum fractions z, and the gluon
density starts to dominate over the valence quark densities around x = 0.13.
There is no flavour symmetry between the up and down quark distributions,
neither on the valence nor the sea quark level (the latter is better visible at
lower Q%). At z-values below 0.1, typical relative uncertainties on the PDF's
of valence quarks and gluons are around 5%. At larger z-values however,
these uncertainties increase drastically, especially for gluons.

To produce a top quark pair, the squared centre of mass energy at parton
level § = x 25 must at least be equal to (2m;)%. Assuming z, ~ , =: x
yields as threshold for ¢ production:

3 m 0.192 @ Tevatron Run I, /s = 1.8 TeV
(x) = \/j ="~ { 0.176 @ Tevatron Run II, /5 = 1.96 TeV
s Vs 0.025 @ LHC, /5 = 14 TeV

Since large momentum fractions are necessary for ¢t production close to the
kinematic threshold at the Tevatron, the production is dominated by quark-
antiquark annihilation (Figure[ (a)) of the valence (anti-) quarks. For Run I
energies, quark-antiquark annihilation contributes roughly 90% of the total
tt production rate, while for Run II energies this fraction is still 85% [18].

At the LHC, gluon-gluon fusion production dominates (Figure @ (b))
with a contribution of about 90% [103] due to the small momentum fraction
sufficient for ¢t production. This also allows one to use proton-proton instead
of proton-antiproton collisions at the LHC without suffering major losses in
the production cross section, hence avoiding the major technical challenge of
producing an intense antiproton beam.

The increase in the centre of mass energy by ~10% between Run I and
Run IT at the Tevatron and the correspondingly smaller minimum momentum
fraction results in an increase in the t¢ production rate by 30%. At the LHC, it
increases further by roughly a factor of 100 compared to that of the Tevatron.

The highest order complete perturbative calculations for heavy quark
pair production available were performed at next-to-leading order (NLO) —
to order a? — already in the late 1980s by Nason et al. [104] and Beenakker
et al. [105, [106]. These calculations can be further refined by the inclusion
of large logarithmic corrections [107-109] due to soft gluon emission that
are particularly important for the production of heavy quarks close to the
kinematic threshold (5 ~ 4m? z — 1). The contributions of these logarithms
are positive at all orders when evaluated at the heavy quark mass scale and
hence their inclusion increases the production cross section above the NLO
level.
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Hadron Collider Processes o4 [pb] Group

Tevatron Run I 90% qq — tt  5.1970ex Cacciari et al. [117]
(pp, /s =18TeV)  10% gg — tt 5.244+0.31 Kidonakis et al. [119]
Tevatron Run II 85% q7 — tt  6.7075 %% Cacciari et al. [117]
(pp, /s =196 TeV) 15% gg — tt 6.77+0.42 Kidonakis et al. [119]
LHC 10% qq — tt 83375 Bonciani et al. [118]
(pp, /s = 14 TeV) 90% gg — tt 87315, Kidonakis et al. [120]

Table 3: NLO cross section predictions including soft gluon resummations
beyond LL for ¢t production at the Tevatron and the LHC for a top quark
mass of 175 GeV/c?. For the different sources of the quoted uncertainties
please refer to the text.

The impact of soft gluon resummation on the ¢t production cross section
has been studied by Berger and Contopanagos [110-112], Laenen, Smith and
van Neerven [113,114] and Catani, Mangano, Nason and Trentadue [115,/116]
at the leading logarithmic (LL) level. Studies including even higher level
corrections as carried out by Cacciari et al. [117], based on work by Bonciani
et al. (BCMN) [118], and Kidonakis and Vogt [119, [120] are summarised in
Table Bl

In the case of tf production at the Tevatron, the inclusion of leading and
next-to-leading logarithmic (NLL) soft gluon resummation affects the cross
section value only mildly by O(5%) (indicating production occurs not too
close to the threshold) while significantly reducing the scale dependence of
the predictions by roughly a factor of two to a level of ~ 5% [118]. At the LHC
tt production takes place even further away from the kinematic threshold,
but since gluon fusion production dominates there, the enhancement of the
total production rate due to soft gluon resummation and the reduction of
scale dependence stay at the same level as at the Tevatron.

The results of Cacciari et al. [117] for the Tevatron use the NLO calcu-
lation with LL and NLL resummation at all orders of perturbation theory
as carried out by Bonciani et al. (BCMN) [118] but are based on the more
recent PDF sets with error analysis CTEQ6 [95] and MRST2001E [96] and
also MRST2001 [121] which includes varied oy values in the PDF fit. The
updated PDFs cause an increase in the central values of about 3% w.r.t.
[118]. While the central values are very similar for the MRST2001E and
CTEQ6 PDFs, the uncertainties for CTEQG6 are almost twice as large as the
MRST2001E ones unless the variations of o, in MRST2001 are taken into
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account as well. For the determination of the uncertainty on the cross sec-
tion Cacciari et al. combine linearly the uncertainty due to scale variation
by a factor of two with the PDF uncertainty evaluated at that scale. As cen-
tral values, the CTEQG6M results are chosen, and the maximum uncertainties
given in their study stem from the CTEQ6 PDF variation for the lower re-
spectively the a, variation in MRST2001 for the upper error bound. The
PDF uncertainties and «, variation contribute about 45% and 80% respec-
tively to the total quoted uncertainty including the scale variations, which
emphasises the importance of considering o, uncertainties in PDF fits. The
PDF uncertainties are in turn dominated by the uncertainty of the gluon PDF
at large x values, for example causing the gluon fusion contribution to the
total production rate to fluctuate between 11% and 21% for /s = 1.96 TeV.
Despite the large uncertainties on the t¢ production rate given in this study,
the ratio of production cross sections for the two different centre of mass
energies at the Tevatron is very stable and predicted with high precision:
0(1.96 TeV) /o (1.8 TeV) = 1.295 £ 0.015 for top quark masses between 170
and 180 GeV/c? [117].

A prediction for the t¢ production rate at the LHC applying the same
level of soft gluon resummation is given by Bonciani et al. [118] using the
PDF set MRS(R3) [122]. Since no PDF uncertainties were available for this
study, the quoted uncertainty in Table [B] comes from scale variation by a
factor of two alone. Since gluon fusion here is the dominant contribution to
the total rate, uncertainties on the gluon PDFs alone lead to an uncertainty
of ~ 10% on the total production cross section [123].

The studies performed by Kidonakis and Vogt [119, [120] consider soft
gluon corrections up to next-to-next-to-next-to leading logarithmic (NNNLL)
terms at NNLO in a truncated resummation, resulting in a reduced sensi-
tivity of their result w.r.t. scale variations of &~ 3%. For the Tevatron, the
tt production cross section is evaluated using MRST2002 NNLO [96] and
CTEQ6M NLO [95] parton densities. Two different parton level kinematics
are considered for the scattering process: one-particle inclusive (1PI) and
pair-invariant mass (PIM) kinematics [103]. While both sets of PDFs give
very similar results, the variations due to the kinematics are significant. Con-
sequently, the average of 1PI and PIM kinematics for both PDF's is used as
the central value in Table [3] while the separate averages over the PDF sets
for 1PI and PIM respectively are quoted as uncertainty. For the LHC rate
prediction which is dominated by the gluon fusion process, the 1PI kine-
matics is considered more appropriate, and the value in Table [3] gives the
corresponding result using MRST2002 NNLO PDFs, using scale variation
by a factor of two for the given uncertainties.

All results in Table 3] are evaluated for a top quark mass of 175 GeV/c?,
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Figure 6: Dependence of the ¢t production cross section at the Run II Teva-
tron on the top quark mass. The current world average top mass and the

resulting ¢t production cross section are indicated. The predictions are based
on the CTEQ6.6M [124] PDF set.

and the given Run II predictions have been the main references used so far
by CDF and D0. To be able to better compare the uncertainties of the
predictions, for the Kidonakis and Vogt result an additional uncertainty ob-
tained from the maximum simultaneous scale and PDF variationl] was added
in quadrature with the uncertainty due to the considered kinematics [125].

In spring 2008, Cacciari et al. [126] and Kidonakis et al. [127] updated
their predictions using more recent PDF sets like CTEQ6.6M [124], which
had only little impact on the results. In addition, Moch and Uwer [12§]
have now performed a complete NNLL soft gluon resummation and provide
an approximation of the NNLO cross section also based on CTEQ6.6M. To
illustrate the dependence of the predictions on the top quark mass, Figure
shows the central values and uncertainties of references [126-128] for the
Run II Tevatron versus the top quark mass. The functional form of an
exponential as suggested in [116] is applied in a fit to the central values and
uncertainties for Kidonakis et al., while third order polynomials as provided
by the authors are used for the other references. The total uncertainties are
obtained by combining the provided uncertainties linearly.

For the current world average top quark mass of 172.4 + 1.2 GeV/c? [12],

the predicted tf production cross section is 7.2705 pb for Cacciari et al.,

IThe PDF uncertainties in this case stem from CTEQ6 sets 129 and 130 alone.
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Figure 7: Cross sections for various processes at hadron colliders versus centre
of mass energy [123]. o, denotes the ¢t production cross section.

7.3705 pb for Kidonakis et al. and 7.5%5> pb for Moch et al.. An additional
uncertainty on these values due to the top quark mass uncertainty is 0.3 pb
for all three predictions. It should be noted that these predictions based on
MRST 2006 NNLO PDF sets [129] yield about 6% higher central values and
exhibit smaller PDF uncertainties.

A precise measurement of the ¢t production cross section allows one to
test the Standard Model predictions for physics beyond its scope. Together
with a precise mass measurement, the self-consistency of the predictions can
be tested as well. Since tt production is a major source of background for
single top production discussed in the next section, Standard Model Higgs
boson production and also many phenomena beyond the Standard Model,
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its accurate understanding is crucial for these studies.

Figure[[illustrates the production rates of various processes versus centre
of mass energy for proton-antiproton collisions below /s = 4 TeV and for
proton-proton collisions above /s = 4 TeV. As can be appreciated from the
plot, ¢t production is suppressed by ten orders of magnitude w.r.t. the total
interaction rate at the Tevatron and eight orders of magnitude at the LHC.
While the LHC is often referred to as a “top-factory” due to the increased pro-
duction cross section by two orders of magnitude, the signal extraction from
the large background is still a challenge at both hadron colliders, requiring
efficient triggers and selection methods. The ¢t cross section measurements
performed at the Run II Tevatron will be described in Section [B.1l

3.2 Single Top Quark Production

W*

(d)

Figure 8: Representative Feynman diagrams for electroweak single top quark
production: (a) s-channel, (b,c) t-channel and (d,e) associated production.

In addition to the strong pair production discussed in the previous sec-
tion, top quarks can also be produced singly via the electroweak interaction
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through a Wtb vertex (see Figure {); Wts and Wtd vertices are strongly
CKM suppressed (see Section [B.3.]). There are three different production
modes, classified via the virtuality (negative squared four-momentum ¢) of
the participating W boson Q% = —¢*:
e The Drell-Yan-like s-channel production proceeds via quark-antiquark
annihilation into a time-like virtual W boson (¢* > (m; +my)? > 0) as
illustrated in Figure B(a)} ¢¢’ — tb [130, [131].

e In the “flavour excitation” t-channel process a space-like virtual W
boson (¢?> < 0) couples to a b quark from the sea to produce a top
quark as shown in Figure : gb — ¢'t. A higher order contribution
of O(a;) comes from gluon splitting as depicted in Figure which
is also referred to as W-gluon fusion: qg — t¢'b [132-1135].

e In the associated production, an on-shell W boson (¢? = m#;) is pro-

duced together with a top quark from a b quark and a gluon as illus-
trated in Figure §(d,e): gb — tW [136-141].

In the above list, the charge conjugate processes are implied for each pro-
duction mode and in the reactions ¢ indicates a light-flavour quark. It should
be noted that all three modes differ in both initial and final states. Conse-
quently, the final states are used as well to denote s-channel (tb), t-channel
(tq, tgb) and associated (tW) production. The corresponding signatures can
be used to discriminate between the production modes: The s-channel is
characterised by the additional b quark produced with the top quark, the
t-channel by a forward light quark and associated production by the decay
products of the W boson to be detected in addition to those of the top
quark. Due to the incoming b quark and gluon, t-channel and ¢WW-channel
rates especially depend on the corresponding PDFs which are known with
less precision than the PDF's of the proton valence quarks; the cross section
measurements in return will allow one to further constrain the b quark and
gluon PDFs.

The cross sections of all three modes have been evaluated at NLO, in-
cluding radiative corrections of O(cq) (s-channel: [142-144], t-channel: [142,
145, [146], tW-channel: [147, 148]); the most recent references given here be-
ing fully differential. Later calculations also include the top quark decay at
NLO (s-channel: [149-151], ¢t-channel: [149, 151, 152], tW-channel: [153])
and recently NLO calculations with higher-order soft gluon corrections up to
NNNLO at NLL accuracy have become available as well [154-156].

Table [ summarises the expected single top production cross sections at
the Tevatron and the LHC for the NLO calculations by Sullivan [157] (based
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Hadron Collider t/t ow [pb] ot [PD] ow [pb] Group

Tevatron Run I

(o5, \/5 = 1.8 TeV)
Tevatron Run II _0.887047  1.9870:33 — Sullivan [157]

6t 0.75% 000 1.4670730 — Sullivan [157]

(pp, /s =1.96 TeV) " 0.98£0.04 2.16 £ 0.12 0.26 + 0.06 Kidonakis [156]

6.56009  155.9772

Sullivan [157]

t
LHC t 4.09703  90.7153 —
(pp, Vs =14TeV) t 72708 146 £5 4144

~ Kidonakis [156]
t 40£02 89+4 41+ 4

Table 4: Cross section predictions for s-channel (¢b), t-channel (tq) and as-
sociated (tW) single top production at NLO (Sullivan) and NLO including
soft gluon resummations (Kidonakis) at the Tevatron and the LHC for a top
quark mass of 175 GeV/c?. For the different sources of the quoted uncer-
tainties please refer to the text.

on the work of Harris et al. in [142]) and the NLO results including soft
gluon resummations by Kidonakis |[156] (based on his work in [154, [155] and
matching to the exact NLO results of Harris et al. [142] and Zhu [147, [148]).
Both results use current PDF's and include corresponding uncertainties.

While at the Tevatron top and antitop production are identical for all
production modes, at the LHC this is only the case for associated production.
Consequently, the results given for the Tevatron include both top and antitop
production but are given separately for the LHC.

The NLO results by Sullivan are based on CTEQ5M1 PDFs [158] for
the central values. The given uncertainties are due to PDF's, derived using
CTEQG6M [95], added in quadrature with uncertainties due to scale variations
by a factor of two, top quark mass variations by 4.3 GeV/c? (from a previous
top mass world average m; = 178 4+ 4.3 GeV /c? [159]), b quark mass and «
uncertainties, the latter two being negligible compared to the others. The
rate dependence on the top quark mass is approximated to be linear and is
especially noticeable in the s-channel since a change from 175 GeV/c? to the
current world average top quark mass of 172.4 GeV /c? raises the rates at the
Tevatron by 7% for the s-channel and 5% for the t-channel. The observed
scale uncertainties are reduced w.r.t. LO results and amount to 4-6% at the
Tevatron and 2-3% at the LHC.

The NLO calculations by Kidonakis including higher order soft gluon
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corrections yield single top production cross sections based on MRST2004
NNLO PDFs [160]. The quoted values are obtained by matching the NLO
cross section to the results of Harris et al. [142] and Zhu [147, [148], includ-
ing the additional soft gluon corrections up to NNNLO. Exceptions are the
tW rate at the Tevatron where no corresponding NLO result is available and
hence the value given is not matched and the t-channel rate at the LHC where
no soft gluon corrections are considered and an updated NLO result with the
quoted PDFs is given instead. The uncertainties given are derived from scale
variations by a factor of two added in quadrature with PDF uncertainties de-
rived using the MRST2001E NLO set [96]. No mass uncertainty is included.
At the Tevatron, the t-channel uncertainty is dominated by the PDF uncer-
tainty and corrections due to soft gluon resummations w.r.t. LO are small
(=5%). In contrast to this, the soft gluon corrections have a large effect
(>60%) for the s-channel at the Tevatron and scale uncertainties dominate
over those from PDFs.

At the Tevatron, t-channel production dominates the total rate of single
top quark production with ~65% contribution, followed by s-channel produc-
tion with ~30%. Associated (tW') production at the Tevatron contributes
only ~5% to the total rate, and is usually neglected there. At the LHC,
t-channel production again dominates with ~74%, followed now by associ-
ated production with ~23%. s-channel production only contributes ~3% at
the LHC due to the missing valence antiquarks in the collisions and will be
difficult to discriminate from the background. Despite being a weak process,
single top production occurs with a cross section of the same order of magni-
tude as tt production, with O(40%) of the tf rate at both the Tevatron and
the LHC, since only one heavy top quark is produced. Thus it is accessible
with smaller and hence better populated momentum fractions of the partons.
Furthermore, no colour matching is necessary for the production.

The measurement of the single top production allows one to study the top
quark’s weak interaction, giving direct access to the CKM matrix element
|Vip| since the cross sections in all three production modes are proportional
to |Vip|?. The polarisation of the top quark at production is preserved due
to its short lifetime and allows one to test the V' — A structure of the weak
interaction via angular correlations amongst the decay products [161-164].
All three production modes are differently sensitive to various types of physics
beyond the Standard Model (BSM) [165] which makes their independent
reconstruction desirable. The s-channel is sensitive to the existence of exotic
charged bosons (like a W’ or charged Higgs) coupling to the top-bottom
weak isospin doublet which could be detectable through an enhancement
of the observed cross section. Such effects would not be visible in the tWW
mode where the W boson is on-shell or in the t-channel where the virtual
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W boson is space-like and cannot go on-shell like in the s-channel. The
t-channel production rate could be enhanced via FCNC processes involving
new couplings between the up-type quarks and a boson (Higgs, gluon, photon,
Z) which would be hardly experimentally observable in the s-channel since
they would remove the final state b quark which is essential for the signal
discrimination in that production mode. The tWW channel finally is the only
mode allowing a more direct test of the Standard Model Wtb vertex since
the W boson involved is not virtual.

A thorough understanding of single top quark production will also facil-
itate the study of processes exhibiting a similar signature like for example
Standard Model W-Higgs production or BSM signals to which single top
production is a background process. Despite a production rate similar to
that of tt, the signature for single top quark production is much harder to
separate from its background processes, which delayed first measurements
until very recently. The current analyses at the Tevatron give first evidence
for the production of single top quarks and will be described in Section (5.8

3.3 Top Quark Decay
3.3.1 Top Quark CKM Matrix Elements

Since the mass of the top quark is above the threshold for Wq decays with
q being one of the down-type quarks d, s, b, its decay is dominated by the
two-body decay t — W¢q. The contribution of each quark flavour to the
total decay width is proportional to the square of the respective CKM ma-
trix element V,,. Utilising the unitarity of the CKM matrix and assuming
three quark generations, the corresponding matrix elements can be indirectly
constrained at 90% confidence level to be |166]:

Vig| = 0.0048 — 0.014
V| 0.037 — 0.043
V| = 0.9990 — 0.9992

Consequently, the decay t — Wb is absolutely dominant and will be con-
sidered exclusively throughout this article unless explicitly noted. Potential
deviations from the Standard Model decay will be discussed in Section

It should be noted that the above constraints on the top quark CKM
matrix elements would change dramatically (especially for Vi) if more than
three quark generations would exist (unitarity of the expanded matrix is
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Figure 9: Feynman “box” diagrams for B} — B_g and B? — BY mixing.

assumed) [166]:

Vil = 0 — 0.08
Vs 0 — 011
V| = 0.07 — 0.9993

It is thus important to constrain these matrix elements as well by measure-
ments, as outlined below.

The V;; and V;, matrix elements are not measurable via tree level top
decays, but in the framework of the Standard Model they can be inferred
from B-meson mixing shown in Figure While in the depicted box dia-
grams all up-type quarks can contribute, the top quark contribution is dom-
inant [167]. The oscillation frequency given by the mass difference Am be-
tween heavy and light mass eigenstates — Amy for B} — B_g and Am, for
B? — BY oscillations — is proportional to the combination of CKM matrix
elements |V;;V;4|* respectively |Vj;Vis|?. The mass difference for the B} — BY
system has been precisely measured: Amg = 0.507 + 0.004 ps~' [168]. Us-
ing CKM unitarity and assuming three generations, resulting in |V,| ~ 1,
this translates into Vg = (7.4 £ 0.8) - 1073 [169], where the uncertainty
arises primarily from the theoretical uncertainty on the involved hadronic
matrix element obtained from lattice QCD calculations. In order to re-
duce these theoretical uncertainties, the measurement of the ratio in which
some uncertainties cancel is desirable: Amg/Amg o< |[Vig|?/|Vis]?. With
the recent first measurements of BY-oscillations by DO and CDF at the
Tevatron [170, [171], yielding 17 ps~! < Am, < 21 ps~! at 90% C.L. and
Am, = (17.317033(stat.) + 0.07(syst.))ps~ ", this ratio could be measured
for the first time: |Vig/Vis| = 0.2083991 (expt.) 0 oos(theor.). The obtained
results are in good agreement with the Standard Model expectations.

The direct measurement of the Vj;, matrix element without assuming three
quark generations and unitarity of the CKM matrix is only possible via single
top quark production described in Section [B.2] since the production rate in
each channel is proportional to |V,|?>. One way to assess the relative size of
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|Vip| compared to |Viy| and |Vi4| is to measure the ratio R of the top quark
branching fractions which can be expressed via CKM matrix elements as
B(t — Wb) | Vi |2

R=—2___ 7 _ .
B(t — Wq) | Vio [+ Vis [2 4| Vi |2

Assuming three generation unitarity, the denominator in the above expression
is one, and constraints on |V| can be inferred. The current status of these
R measurements is discussed in Section [6.2]

The most precise determination of the top quark CKM matrix elements
to date proceeds via global fits to all available corresponding measurements,
imposing the Standard Model constraints of three generation unitarity as
done by the CKMfitter [172] or UTfit [173] groups. The CKMfitter update
for summer 2007 yields [172]:

[Vial = 0.00868 550055
[Vis| = 0.040725 5568
Vsl = 099913575 5000:37-

3.3.2 Top Quark Decay Width

The Standard Model top quark decay width including first order QCD cor-
rections can be expressed as follows [174, [175]:

Gp m3 m2,\ 2 m? 205 (272 5
Ty = |Vi|? Pl1——2) (1+2-2 ) 1-= (= -2 ]|.
¢ = [Vl 87?\/5( m? T 3r \ 3 2

In the above formula, we assume m2 m2 — 0 m2 > m2 and ignore cor-
) b t ) t 4%
2
as myy

rections of O(=—3) and O(a3). While the above QCD corrections lower

™

the width by ~10%, first order electroweak corrections increase the width
by 1.7% |176, [177]. However, the electroweak correction is almost cancelled
when taking the non-vanishing finite width of the W boson into account,
decreasing the width again by 1.5% [178,[179]. Corrections to the top quark
width of O(a?) have been evaluated as well [180, [181] and lower the width by
2%. Including these effects as well, the top quark decay width is predicted in
the Standard Model framework with a precision of ~1%. The other Standard
Model decays t — Wd,t — Ws give only a negligible contribution to the
total decay width T'; = X,T;, proportional to |V;4|* and |V,|*.

The above expression yields the top width with better than 2% accuracy.
The width increases with the top quark mass: Using a,(myz) = 0.1176 and

Gr = 1.16637-10_5(G6V/C2)72 [41] one obtains T'; to be 1.02/1.26/1.54 GeV /c?
for top quark masses of 160/170/180 GeV /c2.
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The resulting lifetime of the top quark 7 = I';' ~ (1.3 GeV/c?)™! of
approximately 5 - 1072° s is significantly shorter than the hadronisation time
Thad = A(Sch ~ (0.2 GeV)™' ~ 3-107?* 5. As a consequence, the top quark
decays before it can form hadrons, and in particular there are no ¢t bound
states (toponium), as was pointed out for a heavy top quark already in the
1980s [182-184].

It should be noted that while the top quark is generally considered as a
free quark due to above feature, residual non-perturbative effects associated
with hadronisation may still be present in top quark events. The fragmen-
tation and hadronisation processes will be influenced by the colour structure
of the hard interaction process. In electron-positron annihilation, top quark
pairs are produced in a colour singlet state so that the occurrence of hadro-
nisation before decay mainly depends on the top quark mass and collision
energy. In hadronic top quark pair production, ¢ and ¢ are usually in a colour
octet state, forming a colour singlet state with the proton or antiproton rem-
nant respectively. The energy in the colour field (or in the string when using
the picture of string fragmentation) is proportional to the distance between
top quark and the remnant. If a characteristic length of about 1 fm is reached
before the top quark decays, light hadrons can materialise out of the string’s
energy. The possibility for this string fragmentation to occur will depend
strongly on the centre of mass energy in the hadron collisions. For Tevatron
energies it can be neglected [185], while it may be more important at LHC
energies where top quarks are produced with a sizeable Lorentz-boost. Since
heavy quarks have hard fragmentation functions and hence the fractional
energy loss of the top quarks is expected to be small, it will be difficult to
experimentally establish these effects directly even at the LHC. In case no
string fragmentation occurs before the top quark decays, long-distance QCD
effects will still connect the decay products of the top quark.

With top quark mass measurements aiming at uncertainties of one GeV /c?
and below, it becomes more and more important to assess the impact of such
non-perturbative effects on the measurements. One example that may play
an important role in this context is the possibility of colour reconnections be-
fore hadronisation and the corresponding modelling of the underlying event
(beam remnant interactions) [186, [187].

3.3.3 W boson helicity

The top quark decay in the framework of the Standard Model proceeds via
the left-handed charged current weak interaction, exhibiting a vector minus
axial vector (V —A) structure. This is reflected in the observed helicity states
of the W boson which can be exploited to test the coupling at the Wtb vertex
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Figure 10: Angular momentum conservation in the top quark decay prevents
the occurrence of right-handed W bosons in the limit of a massless b quark.

[188-190].

The emitted b quark can be regarded as massless compared to the top
quark and hence is predominantly of negative helicity/left-handed, meaning
its spin points opposite to its line of flight in the top quark rest frame. The
emitted W boson as a massive spin 1 particle can assume any of the three
helicity states: longitudinal (W), transverse-minus (W_, left-handed) and
transverse-plus (W, right-handed). To conserve angular momentum in the
decay, the spin projection of the W boson onto its momentum must vanish if
the b quark’s spin points along the spin of the top quark, while a left-handed
W boson is needed if the b quark’s spin points opposite to the spin of the top
quark. In the limit of a massless b quark, a right-handed W boson cannot
occur in the decay, as illustrated in Figure [[0. In case of the decay of an
antitop quark, the left-handed W boson is forbidden.

At Born-level, the expected fractions of decays with the different W boson
helicities, taking the finite b quark mass into account, are given by [191]:

(I—-9?)?—2?(1+y?) 1

o= D= e i—ae+ ) " T2
PR SR € kil e o 2 N s
R F T ER Al R PRI R WP
P O etk el MU

A=y +a(1-22+y) ' 1-aP1+20)

where the scaled masses © = my /m;, y = my/m,; and the Kéallén-type func-
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tion A = 1+z*+y*—222y? —22% —2y? were used. Inserting m; = 175 GeV/c?,
my = 80.419 GeV/c?, and a pole mass of m;, = 4.8 GeV/c?, the partial he-
licity rates are found to be [191]:

£y =0.703, f- = 0.297, f. = 0.00036.

The my, # 0 effects result in a reduction of fy and f_ at the per mill level.
Including one-loop QCD corrections [191], electroweak one-loop corrections
and finite width corrections [192], one observes that the last two corrections
basically cancel each other as was already mentioned in Section and
that the partial helicity rates fy and f_ only change at the 1-2% level. The
right-handed helicity fraction f, remains at the per mill level with these
corrections included. Consequently, any observation of f, at the percent
level would signal physics beyond the Standard Model.

Using a more general extension with respect to the Standard Model Wb
interaction Lagrangian, assuming both W boson and b quark to be on-shell,
one obtains [190]:

g -7 1 -7 __uv
L= 7 W by" (ffPL+ fTPr)t — maywu bot (fy Pr+ f3'Pr)t| + h.c.

where Pg(p) are the right- and left-handed chiral projectors Py = %(1 ++°)
and i = —3[y*,v"].

In this model-independent extension, one obtains four form factors fféL
that enclose the Standard Model as the special case where ff = 1 (left-
handed vector coupling) and the other form factors (right-handed vector and
left- respectively right-handed tensor couplings) are zero. These four cou-
plings of the general Wb vertex can be determined via the measurement of
four different observables sensitive to this interaction: the W helicity frac-
tions fy and f, and the single top production cross sections in the s- and t-
channel. This model-independent determination of the general effective Wtb

vertex in turn will allow to distinguish between different models of EWSB
[193].
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4 Experimental Setup

This section describes the experimental ingredients that are necessary to
study top quarks. Since this review focusses mainly on results obtained at
the Run II Tevatron, the corresponding accelerator and detector setups are
discussed. The Run I experimental setup can be found for example in [194].

The Tevatron collider is discussed in the first part of this chapter, fol-
lowed by a description of the two general purpose detectors CDF and DO
surrounding the two interaction points where protons and antiprotons are
being brought to collision. Subsequently, the reconstruction and identifica-
tion of the particles produced in the collisions is briefly discussed before the
resulting experimental signatures of top quark events are described. Finally,
the Monte Carlo (MC) simulation tools needed to model interactions in the
detectors are considered.

4.1 The Tevatron Collider

The Tevatron collider is part of the Fermi National Accelerator Laboratory
(Fermilab, FNAL) in Batavia, Illinois, close to Chicago. Until the Large
Hadron Collider at CERN starts operation, the Tevatron remains the parti-
cle accelerator with the highest centre of mass energy worldwide. 36 bunches
of protons and antiprotons with a spacing of 396 ns are being brought to
collision with /s = 1.96 TeV at the two interaction points where the multi-
purpose detectors CDF and DO reside. As illustrated in Figure [[I] the Teva-
tron is the last stage in a chain of a total of eight accelerators and storage
rings [195-198].

The proton beam generation starts with a magnetron surface plasma
source creating H™ ions from hydrogen gas [199]. The H~ ions are then
accelerated to 750 keV in a Cockcroft-Walton electrostatic accelerator, fol-
lowed by a linear accelerator bringing the ions to 400 MeV. Using a carbon
stripping foil, both electrons are removed from the H™ ions, and the result-
ing protons are then accelerated to 8 GeV within 33 ms in the first out of
five synchrotrons at Fermilab called “Booster” with a ring circumference of
475 m. The components up to this point are also referred to as the Proton
Source.

Acceleration continues in the oval Main Injector synchrotron with a cir-
cumference of 3.3 km. Depending on their further use, protons are brought
from 8 GeV to 120 GeV within 2 s for fixed-target operation (including the
production of antiprotons) or to 150 GeV within 3 s for injection into the
Tevatron. With a ring radius of 1 km, the Tevatron finally is the largest
synchrotron at Fermilab. It accelerates protons and antiprotons in a single
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Figure 11: The Fermilab Run II accelerator complex with the Tevatron pp
collider and its pre-accelerators [195, [198].

beam pipe from 150 GeV to 980 GeV in about 85 s.

For the production of antiprotons, 120 GeV protons from the Main In-
jector are directed at a Nickel target every two seconds, producing an 8 GeV
antiproton for every O(50000) incident protons, in total O(10%) per pulse.
These antiprotons are focussed into the beamline with a Lithium lens and are
separated from the other produced particles with a pulsed dipole magnet used
as charge-mass spectrometer. Transferred to the Debuncher ring, the large
momentum spread of the antiprotons is reduced using radio-frequency bunch
rotation [200] and stochastic cooling [201] before the beam is passed on to the
Accumulator ring where the antiprotons are collected (“stacked”) and cooled
further. For Tevatron collider operation approximately 30000 such cycles are
needed. The Debuncher and Accumulator are both 8 GeV rounded triangle
shaped concentric synchrotrons with circumferences of 505 m and 474 m re-
spectively and are also referred to as the Antiproton Source together with
the target station.

To operate at optimal stacking rates, every few hours antiprotons are
transferred from the Accumulator to the Recycler, an 8 GeV storage ring
housed in the Main Injector tunnel, providing both stochastic and electron
cooling [202] and thus improved beam quality. As the name implies, the
Recycler was originally planned to allow the reuse of remaining antiprotons
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from the Tevatron, but this is no longer pursued in favour of large stashes
(6-10'2) of antiprotons with high beam quality [203]. The 8 GeV antiprotons
from either Accumulator or Recycler are accelerated in the Main Injector
to 150 GeV for injection into the Tevatron, where they are ramped up to
980 GeV together with the protons for collisions. The bunch spacing of
396 ns corresponds to a collision rate of 2.5 MHz. With 36 bunches being
filled out of 53 available, the average rate is reduced to 1.7 MHz.

In such a high energy physics store at the Tevatron, about 9 - 10** an-
tiprotons and 26 - 10'° protons per bunch are used. Characteristic bunch
dimensions (r.m.s.) are 45 cm (50 cm) longitudinal and 16 pm (28 pm)
transverse to the beam direction for antiprotons (protons) ﬂﬁ] A store en-
ables typically 16 to 24 hours of data taking (governed by the instantaneous
luminosity still available versus achievable with a new store) before the beam
is dumped and the Tevatron gets refilled within two to three hours. The in-
creased antiproton stacking rates achieved recently allow for shorter overall
turnaround times and store durations while raising initial luminosities, thus
allowing one to maximise the delivered luminosity per time period.

The Tevatron is performing well and keeps setting new world records
on the peak luminosity at a hadron collider. As of July 2008, the record is
3.2-10%? cm 2571 ﬂ@] For comparison, during the Run I data taking period
from 1992 to 1996 at a centre of mass energy of 1.8 TeV, the record peak
luminosity was 0.2-103? cm~2s~! and both experiments recorded an integrated
luminosity of 0.1 fb=! respectively. As illustrated in Figure [2] since the
beginning of Run II in 2001, both experiments have recorded datasets in
excess of 4 fb~! each, and up to half of the total Run I luminosity is now
collected by the experiments in one single week. The analyses discussed in
this review utilise datasets up to an integrated luminosity of 2.8 fb=1.
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Until the scheduled end of Run II in October 2009, the Tevatron is ex-
pected to have delivered more than 6 fb~! to both experiments, with possible
improvements on that value crucially depending on the achievable antipro-
ton stacking rates [196]. An extension of the Tevatron running into 2010

is currently being discussed and could increase the datasets by additional
2 fh~ 1.

4.2 The Collider Experiments

Both general purpose detectors CDF and DO follow the generic layout of a
collider detector in having their various subdetectors arranged symmetrically
around the interaction point and beam pipe (see Figure [[3]). The inner
detectors are arranged in concentric cylindrical layers, with charged-particle
tracking systems of low mass surrounded by solenoidal magnets building
the core. They are enclosed by electromagnetic and hadronic calorimeters
providing energy measurements and identification of electrons, photons and
hadrons. The outer detectors are dedicated to muon detection, utilising the
penetration capabilities of muons.

Both detectors use a right-handed coordinate system with the origin at
the designated interaction point in the centre of the detector and the z-axis
pointing along the direction of the proton beam. The transverse plane is
spanned by the y-axis which points vertically upwards and the x-axis pointing
away from the centre of the Tevatron. Positions in the transverse plane are
frequently described using the azimuthal angle ¢ with respect to the z-axis,
¢ = arctan ¥ and radius r = /22 +y?. Based on the polar angle 6 with
respect to the z-axis, the pseudo-rapidity 7 is defined as n = —ln(tang).
For massless particles (or in the ultra-relativistic case where masses can be
neglected), the pseudo-rapidity is equivalent to the rapidity y = %ln((E +
p.)/(E—p,)) which is simply additive under parallel Lorentz transformations,
resulting in Lorentz-invariant rapidity differences Ay. The distance of two
objects in the 7 — ¢ plane is usually denoted with AR = /An? + A¢?. If
it is necessary to differentiate between variables that were calculated with
respect to different origins of the coordinate system — using the centre of the
detector or for example the reconstructed primary vertex — the former case is
usually denoted with a subscript “det” to signal detector coordinates being
used.

Enclosing the luminous region that exhibits a Gaussian width of approx-
imately 25 cm, the innermost detectors for both CDF and DO are silicon
microstrip trackers providing vertexing and tracking capabilities, extending
out to pseudo-rapidities of |n| < 2 respectively |n| < 3. CDF complements
its tracking system with a cylindrical open cell drift chamber performing
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96 track measurements within || < 1 while DO utilises a scintillating fibre
tracker of eight cylindrical layers with two overlapping 835 um diameter fibre
doublets each, providing coverage out to |n| < 1.7. Both tracking systems are
enclosed by superconducting solenoidal magnets, providing magnetic fields
of 1.4 T (CDF) respectively 1.9 T (D0) along the beamline for measurements
of charged-particle transverse momenta pr.

Supplemental particle identification systems are placed inside and also
outside of the magnet for the CDF and DO detectors. Inside the magnet,
CDF employs a Time-of-Flight detector based on plastic scintillator panels
covering |n| < 1, mainly for discrimination of low-energetic (p < 1.6 GeV/c)
charged pions and kaons needed for heavy-flavour physics. Outside of the
magnet, CDF uses scintillator tiles for early sampling of electromagnetic
showers to improve electron and photon identification in the central detector.
DO uses central (|| < 1.3) and forward (1.5 < |n| < 2.5) preshower detectors
with several layers of plastic scintillator strips for enhanced electron and
photon identification.

Sampling calorimeters with an inner electromagnetic and an outer hadronic
section enclose all subdetectors described so far, providing energy measure-
ment and identification capabilities for photons, charged leptons and hadrons.
CDF uses lead/iron-scintillator sampling devices covering pseudo-rapidities
In| < 3.6, while DO uses mainly depleted uranium as absorber material
and liquid argon as active medium for nearly compensating calorimetry
within |n| < 4.2. Between the central and endcap calorimeter cryostats
(1.1 <|n| < 1.4), layers of scintillating tiles provide shower sampling for DO.

The outermost subdetector serves the identification of muons, based on
their ability to traverse the calorimeter as minimum ionising particles without
generating electromagnetic or hadronic showers. Both CDF and D0 employ
scintillators and drift tubes for muon detection within || < 1.5 respectively
In| < 2. Unlike CDF, DO uses 1.8 T solid-iron toroidal magnets between
the detection layers, allowing for additional stand-alone muon momentum
measurements independent of the central tracking system.

The luminosity for CDF and DO is measured using Cherenkov respec-
tively plastic scintillation counters covering 3.6 < |n| < 4.6 respectively
2.7 <|n| <4.4. To select the events of interest from the effective bunch
crossing rate of 1.7 MHz, both experiments employ three-level trigger sys-
tems of dedicated hardware at the lower and commercial processor farms at
the higher levels. Based on information from tracking, calorimetry and muon
systems, events are recorded at a rate of approximately 100 Hz for storage
and further processing.

More detailed descriptions of the CDF and DO detectors can be found in
[206, 1208, 209] respectively [207].
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4.3 Object Reconstruction

To analyse top quark events and study the properties of the top quark, one
first needs to reconstruct the fundamental objects resulting from the partons
occurring in top quark decays. This section gives a brief overview of the ob-
jects to consider, how they can be reconstructed in the detectors described
in the last section and some further issues to take into account. More in-
formation on object reconstruction specific to the CDF and D0 experiments
can be found for example in [13, 210]. As will become obvious, top quark
physics analyses utilise all detector components and thus need a thorough
understanding of their performance and calibration.

4.3.1 Primary Vertices

The point of the primary hard scatter is referred to as the primary vertex
and is determined by a fit of the common origin of well measured tracks
and beamline constraints. With increasing luminosity the average number of
interactions per bunch crossing increases as well, leading to the reconstruction
of multiple primary vertex candidates, only one of which will be compatible
with the hard interaction of interest. The selection of the primary vertex
can be based for example on vicinity to a selected energetic lepton, maximal
scalar sum of associated track transverse momenta or lowest compatibility
with a minimum bias interaction based on track pr templates [13, 208].

The primary vertex gives the origin of all prompt tracks including those
from top quark and subsequent W boson decays which cannot be separated
from the primary vertex within the detector resolution due to the extremely
short top quark and W boson lifetimes (see also Section [[.2]). The primary
vertex is also used as an origin of the coordinate system in which kinematic
variables are evaluated.

4.3.2 Charged Leptons

Leptonically decaying W bosons are a source of isolated energetic charged
leptons that can be measured well with the tracking, calorimeter and muon
systems described in the last section. They are part of the event signature
of numerous top quark decay modes (see Section 4]) and key in the trig-
ger selection of such events. However, 7 leptons play a special role due to
their decay characteristics. 7s decay leptonically in 35% of the cases, yield-
ing electrons or muons that on average are softer compared to those from
direct W boson decays but otherwise hard to distinguish due to the rela-
tively short 7 lifetime. Consequently, such decays are usually included in
the event selections involving electrons and muons which are then referred
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to as “leptonic” final states. Hadronic 7 decays are treated separately and
are discussed further below.

In the context of this review, the term “leptons” refers to electrons and
muons alone unless stated otherwise. Their reconstruction proceeds as fol-
lows:

e Electrons leave a track in the tracking system and form showers
mainly in the electromagnetic part of the calorimeter. They are re-
constructed as clusters of energy depositions in the electromagnetic
calorimeter matched to a reconstructed track. Further requirements
include selections based on the fraction of energy deposited in elec-
tromagnetic calorimeter, isolation from further energy depositions in
a cone surrounding the electron candidate, the shower shape and the
ratio E//p of cluster energy and the track momentum.

e Muons are identified via their penetration capabilities, leaving only
a “track” of energy depositions in the calorimeter as minimum ionis-
ing particles and reaching the outermost detection layers of the muon
system. They are reconstructed by matching central tracks to track
segments in the muon system. The track must be consistent with orig-
inating from the primary vertex and cosmic rays are suppressed via
timing cuts. Isolation of the muon can be required both on the track
and calorimeter levels.

The misidentification of isolated leptons has different origins for electrons
and muons. Assuming contributions from hadrons punching through the
calorimeter are negligible, fakely isolated muons mainly are real muons, for
example from heavy flavour production with semileptonic decays where the
jet (see below) is not reconstructed or the muon travels outside of the jet.
While such semileptonic heavy flavour decays also contribute to fakely iso-
lated electrons, significant contributions arise here as well for example from
jets with large electromagnetic fractions faking electrons, photon conversions
or photons with a random track. Such instrumental background processes
are usually directly estimated from data as realistic simulation of these effects
is difficult.

The lepton energy scale and resolution can be directly assessed by study-
ing the reconstructed Z boson mass in Z — ¢¢ events. Z boson decays are
useful as well for studying the lepton identification efficiencies with the “tag
and probe” method: One lepton is required to be well identified (the “tag”),
allowing one to obtain a reasonably pure Z boson sample, while the second
lepton serves as a probe for the efficiency being studied.
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4.3.3 Quark and Gluon Jets

The hadronisation of quarks and gluons leads to collimated showers of hadrons
in a narrow cone, referred to as “jets”. The jet axis is highly correlated with
the original parton’s direction. While it is not possible to differentiate be-
tween quark and gluon jets on a per-object basis, it is statistically possible
via small differences in shower shape (gluon jets tend to be wider and contain
more soft particles).

Jets are reconstructed from their energy depositions in the calorimeter
using cone algorithms , ] that combine calorimeter cell energies lying
within a cone of fixed radius AR (see Figure [[4]). The cone radius is a com-
promise between collecting a high fraction of the original parton’s energy and
being able to still resolve the energy depositions of different initial partons,
especially in busy tt events. D0 uses a cone size of AR = 0.5 while CDF uses
AR =104.

The measured jet energies are converted into particle-level energies by
the application of jet energy scale (JES) corrections m, @] They take
into account effects like the presence of energy depositions not originating
from the initial hard scattering process (noise in the calorimeter, multiple
interactions,...), particles inside the jet depositing energy outside of the jet
cone or vice versa due to bent trajectories in the magnetic field and showering
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effects and the calorimeter response accounting for example for nonlinearities
or energy losses in uninstrumented detector regions.

With the electromagnetic calorimeter scale determined from resonances
like Z — ee as described above, it can be transferred to the full calorimeter
by requiring Er balance in photon plus jet events. The intercalibration of the
calorimeter is then complemented with dijet events. A precise JES calibration
is a challenging task with highly complex procedures to ensure proper under-
standing of all contributions and systematic uncertainties. DO has achieved
a JES precision at the 1-2% level over a wide kinematic range [214]. At this
level of precision however the JES is only applicable directly to photon plus
jet samples, and additional uncertainties need to be taken into account when
transferring the JES for example to top quark samples [216]. A first direct
measurement of the b quark JES at the Tevatron based on Z — bb events

has been recently performed by CDF, reaching a precision of better than
2% 1217].

4.3.4 Tau Jets

Tau leptons decay hadronically in 65% of the cases, with 77.5% of these de-
cays yielding a single charged particle (“1 prong decays”) and 22.5% three
charged particles (“3 prong decays”) [23]. Hadronic 7 decays are recon-
structed as jets and can be discriminated from quark and gluon jets for
example via their narrow shower shape and track multiplicity in the jet cone
[218;1219].

4.3.5 b Jets

The identification (“tagging”) of b jets is a very powerful tool to separate the
top quark signal from its background processes which typically exhibit little
heavy flavour content. Also the combinatorics for reconstructing top quark
events from the final state objects can be reduced with this additional infor-
mation available. There are in general two different approaches to identifying
the B hadrons formed from b quarks:

e Lifetime Tagging: Due to their lifetime of about 1.5 ps and the
boost from the top quark decay, B hadrons can travel several millime-
tres before they decay. The resulting charged particle tracks will then
originate from a vertex different from the primary one. This can be ex-
ploited by searching for significantly displaced secondary vertices with
respect to the primary event vertex (secondary vertex tagging) or by
requiring a large significant impact parameter for a certain number of

40



the corresponding tracks without explicit secondary vertex reconstruc-
tion (impact parameter tagging). One can also calculate the probability
for a jet to come from the primary vertex based on the impact param-
eters of all its associated tracks (jet probability tagging) or combine
all relevant information of the above tagging algorithms into a neural
network (NN tagging). The latter two methods yield continuous vari-
ables as output that can easily be used as input for further multivariate
analysis steps or allow to choose a cut value with an analysis-specific
appropriate compromise between b tagging efficiency and the fraction
of light quark jets that are misidentified as b jets.

e Soft Lepton Tagging: This tagging method is based on the frequent
semileptonic decays of b and ¢ hadrons with branching fractions of
approximately 11% and 10% respectively. Taking into account two b
quarks and W bosons per ¢t decay and the fact that about one third of
the W boson decays yield charm quarks, the fraction of events contain-
ing a soft lepton in a jet is about 40% per lepton flavour (e, ). The
isolation criteria appropriate for leptonic W boson decays as discussed
above cannot be applied here, and the reconstruction of these leptons
embedded in a jet with comparatively low transverse momentum is
challenging, especially for electrons.

It should be noted that while the mistag rate for lifetime taggers is usually
very small for light quark (u, d, s) and gluon jets, this is not the case for charm
jets. For example, a typical operating point for D0’s NN tagger yields a b tag
efficiency of ~ 50% and a mistag rate for light quark or gluon jets of ~ 0.5%,
while it is & 10% for ¢ jets [216]. More information on b tagging algorithms
and their application in top quark analyses including the performance for b
jets, ¢ jets and light quark or gluon jets can be found in [208, 1210, 220] for
CDF and |13, 216, 221] for D0 and references therein.

4.3.6 Neutrinos

Neutrinos are not directly detected due to their negligible weak interaction
cross section. Since the energy component along the beam axis is unknown at
a hadron collider, only the transverse component of the energy carried away
by neutrinos (or any other “invisible” particles) can be inferred from energy
conservation in the transverse plane. This missing transverse energy Fr is
calculated as the inverse (negative) of the vector sum of transverse energy
depositions in the calorimeter, corrected for the energy scale corrections of
reconstructed electrons and jets and for the momenta of reconstructed muons
which are corrected for their energy loss in the calorimeter. The 7 resolution
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hence strongly depends on the other objects present in the event. Taking this
into account, for example by using cuts on the K7 significance rather than
on plain K7, will result in improved performance.

4.4 Standard Model Top Event Signatures

Now that the fundamental objects that can be reconstructed from the initially
occurring particles have been discussed, the experimental signatures of top
quark events can be examined. As explained in Section [3.3.1l the top quark
decays predominantly into a W boson and a b quark in the framework of the
Standard Model. Consequently, the observed final state is determined by the
decay mode of the W boson.

W bosons decay into two fermions, either leptonically into a charged
lepton-neutrino pair {7, £ = e, u, 7 with equal probability per lepton flavour
at lowest order perturbation theory or hadromically into quark-antiquark
pairs q7 with ¢ = u,c and ¢ = d,5,b. At Born level, the hadronic de-
cay widths are enhanced over the leptonic modes by a colour factor 3 (taking
the three possible quark colours into account) and scaled by the squared
involved CKM matrix element |V, |?. Similar to the case of the top quark
decay, the off-diagonal CKM matrix elements are suppressed compared to
the diagonal ones, and for simplicity only the decay modes ud and ¢35 will be
considered in the following, contributing approximately 95% of the hadronic
decay width.

In summary, W bosons decay leptonically with a branching fraction of
1/9 per lepton flavour and 1/3 for each of the hadronic decays ud and c3
respectively. The resulting possibilities for ¢t decays are illustrated in Fig-
ure [I5] where also the nomenclature for the different decay modes is intro-
duced. It should be noted that these branching fractions do not yet take into
account the leptonic decays of 7 leptons and their incorporation in the recon-
structed final states involving leptons (electrons and muons) as discussed in
Section [4.3] This is considered in the following description of the four basic
tt event classes:

(i) Dilepton channels: Both W bosons decay leptonically (¢m,, £ = e, 1),
resulting in a final state comprising two isolated high-pr leptons, miss-
ing transverse energy Fr corresponding to the two neutrinos and two
jets. Including leptonic 7 decays, this channel has a branching frac-
tion of approximately 6.5%, shared ~1:1:2 by the ee, up and ey final
states. While these channels give samples with the highest ¢t signal
purity, they suffer from limited statistics due to the small branching
fraction.
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(ii)

(iii)

(iv)

Lepton plus jets channels: One W boson decays leptonically, the
other one hadronically, yielding a final state containing one isolated
high-pr lepton, £r and four jets. Including leptonic 7 decays, these
channels exhibit a branching fraction of approximately 34.3%, shared
about equally by the e plus jets and p plus jets final states. These
channels represent the best compromise between purity of the sample
and available statistics.

All-hadronic channel: Both W bosons decay hadronically to ¢q’
pairs, resulting in a six-jet final state. With a branching fraction of ap-
proximately 45.7%, this channel yields the highest statistics of ¢t events
but also suffers from the large multijet production background.

Hadronic 7 channels: Final states where at least one W boson
yields a charged 7 lepton that in turn decays hadronically are sub-
sumed as hadronic 7 channels, comprising together a branching frac-
tion of approximately 13.5%. Depending on a hadronic, leptonic or
hadronically decaying tauonic decay of the second W boson one dif-
ferentiates between the 7 plus jets, 7 plus lepton and 77 final states,
contributing 9.5%, 3.6% and 0.5% to the branching fraction respec-
tively. The corresponding experimental signature is four/two/two jets,
Fr , one/one/two hadronic 7s and no/one/no isolated high-pr lepton.
The identification of the hadronic 7s makes these final states especially
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challenging to reconstruct. More inclusive sample selections requiring
for example leptons and isolated tracks or Fr and (b tagged) jets al-
low to include significant fractions of hadronically decaying tau leptons
without explicitly reconstructing them.

In all of the above final states, two of the jets are b jets from the ¢ decay.
The 77 final state remains the only channel that has not yet been investi-
gated explicitly for ¢t production; all others are discussed in Section 5.1l For
measurements of top quark properties, mainly the first three channels listed
above are used — especially the lepton plus jets channel.

A full kinematic reconstruction of ¢f events is possible in the all-hadronic
final state since there are no neutrinos present. In the lepton plus jets chan-
nel, a twofold ambiguity arises from the determination of the neutrino p,
when constraining the invariant mass of lepton and neutrino to my,, while
the dilepton channel is kinematically underconstrained due to the two neu-
trinos contributing to /7. The unknown assignment between partons and
reconstructed objects in tt events leads to various possible combinations.
The combinatorics can be reduced by b jet identification. If both b jets are
identified, four combinations remain to be considered in the lepton plus jets
channel (including the neutrino p, ambiguity) and six in the all-hadronic
channel.

The experimental signature for single top quark production is determined
by the top quark decay mode and the production channel: in the s- (tb-)
channel the top quark is produced with one additional b jet while in the ¢-
(tqb-) channel, a forward light-quark jet arises from the top quark production,
sometimes accompanied by another b jet from the gluon splitting into bb (see
Figure[§]). The W boson from the top quark decay is usually required to decay
leptonically (¢, ¢ = e, ) to suppress multijet background. Consequently,
the final state signature of single top quark production contains an energetic
isolated electron or muon, 7 and at least two jets with at least one of them
being a b jet.

The large mass of the top quark prevents it from being produced with
large boosts at the Tevatron. Its decay products hence tend to be emitted
at central rapidities, non-planar with good angular separation and exhibit a
large scalar sum of transverse energy Hp. Event selections usually require
the channel-characteristic objects (leptons, Er, (b tagged) jets) to be present
with energies exceeding typically 15 to 20 GeV, apart from data quality se-
lections to ensure a well-performing detector, trigger selections and require-
ments on a well-reconstructed primary vertex in the central detector region.
Variations in the observed jet multiplicities are possible for example due to
jet reconstruction thresholds, jet splitting and merging during reconstruction

44



and gluon radiation (initial- and final-state radiation).

More details on the event selections used in the various analyses (includ-
ing those searching for non-Standard Model signatures), background con-
tributions and sample compositions are given in the following chapters and
references therein.

4.5 Monte Carlo Generation

A reliable and well-understood Monte Carlo (MC) simulation of signal and
background processes is a crucial ingredient for any top quark analysis — for
example to understand detector acceptances, derive selection efficiencies and
model expected kinematic distributions and their normalisation. It requires
both good modelling of the physics process of interest from the parton to
the hadron level and an accurate simulation of the actual detector’s response
when exposed to such a signature.

MC simulations of hadron interactions are based on the factorisation the-
orem discussed in Section [B.1], splitting up hadron collisions into universal
long distance (small momentum transfer %) phenomena and perturbatively
calculable short distance phenomena. A generic example for the involved sim-
ulation steps of a hadron collision is illustrated in Figure [I6] and described
below.

The non-perturbative Parton Distribution Functions (PDFs) describe the
distribution of the longitudinal (anti-) proton momentum amongst the in-
coming partons. The interaction of the incoming partons in the hard process
of interest is then evaluated based on fixed-order (usually LO) matrix ele-
ments, yielding the outgoing partons and their characteristics like momenta
and colours. The following parton shower adds higher-order effects by allow-
ing partons to split into pairs of partons (gluon radiation, gluon-splitting,
photon radiation,...) until at a sufficiently low Q* scale non-perturbative
hadronisation sets in, forming colour-neutral hadrons from the coloured par-
tons based on phenomenological models. Unstable particles and resonances
then need to be decayed appropriately.

The coloured beam-remnants of the proton and antiproton involved in the
hard scatter, possible further soft multi-parton interactions from their other
partons and the colour connections with the hard process are accounted for
as well and form the underlying event. Additional soft proton-antiproton
collisions from the same colliding bunch (minimum bias events) have to be
added depending on the instantaneous luminosity as well as possibly overlap-
ping interactions from consecutive bunch crossings “leaking” into the current
event (pile up).

In principle, for every stage in the above process different programs and
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Figure 16: Illustration of a hadron collision ] with the several steps in-
volved for its simulation.

models can be used, and the best choice may depend on the process to be
studied which illustrates the complexity of the MC simulations needed. Also,
the parameters involved in some of the models need to be carefully tuned to
data distributions before they provide an adequate description Elﬁ] Gen-
eral purpose complete event generators like HERWIG | and PYTHIA M]
include LO matrix elements for a variety of processes as well as showering
and hadronisation models. They are widely used either standalone or in
combination with other generators that simulate the hard process and pass
their information on for showering and hadronisation. A nice introduction
and overview of available MC generators can be found in M} and specific
simulation tools for top quark production and decay are reviewed in ﬂpﬁ]

CDF and DO have implemented different simulation chains for their top
quark analyses, and furthermore some specific analyses use yet additional
variants compared to what is described here. CDF uses CTEQ5L @] PDF's
for its generators while DO employs CTEQG6L1 ﬂ@] PDFs. The ¢t signal is
either generated with PYTHIA v6.2 @] (CDF) or ALPGEN v2.1 M] inter-
faced with PYTHIA v6.3 ﬂﬂ] for parton showering and employing a jet-parton
matching algorithm to avoid overlapping final states ﬂﬁ, @ig (D0). CDF
uses also HERWIG v6.4 ﬂ@] for systematic cross checks of the signal mod-
elling. For single top signal MC, D0 uses SINGLETOP @] based on COM-
pPHEP ﬂﬁ], interfaced with PYTHIA while CDF utilises MADEVENT ﬂﬁ]
and MADGRAPH ﬂﬁ] interfaced with PYTHIA. Both experiments thus ap-
proximate the ¢ channel production at NLO by a combination of the con-
tributing 2 — 2 and 2 — 3 processes. The other obtained LO signal cross
sections are scaled up to higher order theoretical predictions (see Sections B
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and 3.2)). Most analyses use a top quark mass of 175 GeV /c?.

For the simulation of W+jets and Z+jets background processes both
collaborations utilise ALPGEN, interfaced with HERwWIG (CDF) respectively
PYTHIA (DO0) for parton showering, and both apply the above mentioned
matching technique. ALPGEN allows especially for the generation of higher
final state parton multiplicities from 2 — n processes and hence large jet
multiplicities based on exact LO matrix elements, including the production
of heavy flavours which is especially important for analyses using b tagging.
For the decays of 7 leptons both collaborations use TAUOLA [238, 239]; for
b and ¢ hadron decays EVTGEN [240] and QQ [241] are used, the latter only
by CDF. Effects of additional minimum bias events and pile up are modelled
by CDF based on PYTHIA simulation and by DO using zero bias collider data
taken by randomly sampling filled bunch crossings, overlaid to the simulated
event.

The simulated events are propagated through detector simulations based
on GEANT [242] which contain an exhaustive description of positions, ge-
ometrical shapes and type and amount of material of the detectors. The
generated particles are tracked through the detector volume, encountering
energy loss and multiple scattering according to the traversed material and
particles” momenta and decaying corresponding to their respective lifetimes.
The response of the detector’s readout electronics to these interactions in-
cluding noise and inefficiencies is then obtained in a digitisation step, yielding
raw simulated event data that are processed with the same reconstruction
chain as real collider data.

To obtain good agreement between any physics process simulation and
real experimental data is not trivial. For example, object reconstruction,
identification and selection efficiencies tend to be higher in MC compared to
data, and need to be corrected via scalefactors. These scalefactors are usually
derived from efficiency measurements in control samples like Z — /¢ for
leptons and v+jets for jets in simulation and data and may be parametrised
in variables to which these corrections are sensitive. Also object energy
scales and resolutions generally need to be adjusted. Certain effects are hard
to simulate correctly so that a derivation purely from data is necessary like
for lepton fake rates.

Before any signal can be searched for, the background model needs to be
verified first with data in control samples sufficiently depleted from signal,
for example by requiring a reduced jet multiplicity or no b jets to be present.
Sometimes the shape and/or normalisation of differential distributions need
to be corrected, indicative of suboptimally tuned MC and/or insufficient
precision in the used theoretical model.

With the increasing datasets at the Tevatron, data-based constraints al-
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low more and more to improve upon the understanding of the dominant
background processes like vector boson plus (heavy flavour) jets production
both in terms of shapes and normalisation. This benefits both the precision
of the measurements and the improvement of MC simulations. For example,
the production of W bosons has been investigated in terms of associated jet
production [243] and compared with LO and NLO predictions, or associated
heavy flavour production was compared with Standard Model expectations
and found to be in agreement (244, 245]. Dedicated studies of W boson plus
charm [246, 247] or b jets [248, 249] production have been performed as well,
with the most recent results indicating that the production rates of these
processes are currently underestimated by ALPGEN.

A more detailed overview of the MC simulations used in top quark analy-
ses at the Tevatron both for signal and background processes and the involved
challenges can be found in [250, 251].

5 Measurements of Top Quark Production

In this chapter, measurements of top quark production both via the strong
and electroweak interactions are described. Observed rates and mechanisms
of production are compared with the Standard Model expectations and are
used to derive constraints on specific extensions of the Standard Model im-
pacting the properties under consideration.

5.1 Top Quark Pair Production Cross Section

Measurements of the ¢t production cross section are important for several
reasons. They provide a powerful test of the predictions from perturbative
QCD calculations at high transverse momenta. As shown in Section [3.1] the
uncertainties on the ¢t rate predictions have reached the level of ~10%, a
precision which has already been matched by the measurements performed
at the Tevatron.

Deviations from the Standard Model prediction could arise for example
from novel production mechanisms like from a resonant production mode in
addition to the Standard Model one as discussed in Section 5.7l New physics
contributing to the electroweak symmetry breaking will probably couple to
particles proportional to their mass, making the top quark and its strong
coupling reflected in its production rate a highly interesting probe for such
effects. Different top quark decay modes like the decay via a charged Higgs
boson competing with the Standard Model decay as examined in Section
could cause apparent different production rates amongst the various decay
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channels via modified branching fractions. Contributions of new physics to
the background samples in the various channels could have a similar effect.
Analysing different decay channels thus not only helps to improve statistics of
top events and studies of properties, but is also a sensitive probe for physics
beyond the Standard Model.

To extract the cross section requires good understanding of the recon-
struction and identification of the involved objects and of the modelling of
the contributing background processes. By providing selections for samples
enriched in top quark signal and of well characterised composition, cross sec-
tion analyses form the foundation of all further top quark property analyses.

Top quark pair production has been studied by now in all possible decay
modes — the dilepton, lepton plus jets, all-hadronic and hadronic 7 channels
as defined in Section [£.4] with the 77 decay mode being the only exception
due to marginal branching fraction and challenging separation from back-
ground processes. As mentioned before, in the context of this review the
term leptons refers to electrons and muons alone unless stated otherwise.

The event selections usually require the characteristic objects from the top
quark decay — leptons, Fr, (heavy flavour) jets, hadronically decaying 7s — to
be present with energies exceeding typically 15 to 20 GeV. Further kinematic
characteristics can be exploited to separate the top quark signal from the
various background processes. Due to the large mass of the top quark, its
decay products tend to be very energetic, emitted at central rapidities and
non-planar with good angular separation. In contrast to this, the jet energy
spectrum for background processes with jets from gluon radiation is steeply
falling. The observed objects are emitted less isotropically but more back to
back, and mismeasured objects giving rise to £ tend to exhibit characteristic
angular correlations with the reconstructed K.

Consequently, additional variables available for top quark signal selection
are based on the energy present in the event like the scalar sum of transverse
energy Hrp or the invariant mass of a combination of reconstructed objects.
Event shape variables like sphericity and aplanarity derived from the eigen-
values of the normalised momentum tensor of the objects considered [252],
or centrality defined as the ratio of Hy and scalar sum of the objects’ en-
ergies provide extra discrimination. Furthermore, angular relations between
reconstructed objects (for example A¢(Fr,()) and single object kinematics
(like leading jet transverse momentum) are frequently used as well.

Depending on the ¢t decay mode considered, the use of b tagging in its
different varieties (see Section [3)) is optional for the event selection. In
the dilepton and lepton plus jets channels selections purely based on topo-
logical and kinematic characteristics suffice for a good signal to background
ratio (S/B). Adding b tagging improves sample purities but also implies a
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stronger model dependence by relying on b quarks to be present in the fi-
nal state. The actual extraction of the signal fraction proceeds either in a
counting experiment or via template fits using the full shape information of
the sensitive variable under consideration. While the latter is usually more
sensitive, it also exhibits a stronger dependence on the MC modelling. Using
different approaches with different systematic uncertainties to measure the
same quantity allows one to assess the model assumptions made from differ-
ent perspectives, provides an important way to check self-consistency and is
beneficial for combinations of increased precision. Non-overlapping (orthog-
onal) sample selections facilitate later combinations of results as independent
measurements by removing the need to evaluate the correlation amongst the
measurements from ensemble tests.

Once the sample composition has been measured, the ¢t production cross
section is calculated as follows:

N, observed T M background
e B [ Ldt ’

where Nopserved and Npackground are the observed total and contributing back-
ground event yields respectively, ¢ is the selection efficiency including the
detector acceptance, B is the branching fraction for the studied ¢t decay
mode and [ L£dt the integrated luminosity of the used dataset.

As illustrated in Section B.1] the ¢t cross section depends on the top quark
mass, decreasing by about 0.2 pb per additional GeV/c? in the mass range
from 170 GeV/c? to 180 GeV/c?. The ¢t cross section results given in the
following sections generally refer to a top quark mass of 175 GeV/c?; the few
cases where a top quark mass of 178 GeV /c? was assumed will be pointed out
explicitly. Especially for the recent measurements, a parametrisation of the
obtained result versus top quark mass is provided to allow easy projection
to the respectively current world average top quark mass. The cross section
dependence on the mass can also be turned around to provide a measurement
of the top quark mass from the cross section, which will be further discussed
in Section [7.3.4l

In the following subsections the published and latest preliminary Run II
results will be referenced for the various ¢t decay modes. Some analyses
will be highlighted in a bit more detail. The agreement with the theoret-
ical predictions is illustrated in the summary section, where also results of
combinations across channels are given.

O =

5.1.1 Dilepton Final State

A typical ¢t dilepton event selection requires two isolated high pr leptons
of opposite charge, Fr and at least two central energetic jets. The domi-
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Figure 17: Jet multiplicity (left) and b tag multiplicity (right) distributions
in ¢t dilepton candidate events with at least one respectively two jets in a
2.8 tb~! dataset analysed by CDF [253].

re- in

Process ot /ﬁ,up_ e-tagg eig/ﬁ - b tﬁigied
tt, o = 6.7 pb 29.2 21.5 59.9 110.6 65.2
Z/y* — 0t 9.25 4.79 0.52 14.6 0.78
Z/yv*— 1t 2.84 2.55 6.62 12.0 0.60
WW — (0~ 3.05 2.03 5.07 10.2 0.44
WZ — 00~ 1.52 0.72 0.67 2.91 0.09
27 — 00 0.80 0.40 0.26 1.46 0.10
Monte Carlo 46.7 32.0 73.0 151.7 67.2
Data SS 3.81 0.00 6.96 10.8 2.00
Sum 50.5 £ 1.7 32.0 £ 1.3 80.0 £2.5 162.5 +4.5|69.2 £1.7
Data OS 54 33 75 162 80

Table 5: Event yields and sample composition after preselection in CDF’s
2.8 fb~! dilepton dataset before and after requiring at least one b tagged
jet [253].
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nant physics background processes exhibiting both real leptons and Er arise
from diboson (WW, ZZ, W Z) production and from Z/v*+jets processes with
Z/y* — 7777, 7 — e, u. Misreconstructed K7 due to resolution effects in
Z/y*+jets events with Z/v* — ete™ /uTu~ contributes to the instrumental
background as well as W+jets and QCD multijet production where one or
more jets fake the isolated lepton signature. The physics background pro-
cesses are usually modelled with Monte Carlo while instrumental background
processes (especially those involving fake isolated lepton signatures) typically
are estimated from data. The purities in the resulting samples are usually
quite good with a signal to background ratio (S/B) typically better than two.

The sample purity can be further enhanced by means of additional kine-
matic requirements like the scalar sum of the jet transverse momenta Hp to
be above a certain threshold or by selecting events with at least one identified
b jet. However, this reduces the already limited statistics in this channel even
further. To increase the signal acceptance, the reconstruction and isolation
requirements on the second lepton can be relaxed. If the second lepton is
only required to be reconstructed as isolated track — termed lepton plus track
selection — especially 1 prong hadronic 7 decays can contribute as well.

In a recent preliminary analysis, CDF determines the tf cross section
from a 2.8 fb~! dataset by requiring two oppositely charged reconstructed
isolated leptons with Ep > 20 GeV, Fr > 25 GeV and at least two jets
within || < 2.5 and Er > 15 GeV, with the leading jet fulfilling Ep >
30 GeV. The tt cross section is extracted from the resulting sample once
without any additional cuts and once after increasing the purity by requiring
at least one of the jets to be b tagged. The background from Z/v* and
diboson WW, ZZ, W Z events is derived from MC, while fake isolated lepton
signatures are estimated from a dilepton dataset where both leptons have
the same charge (same sign, “SS”), assuming their contribution is identical
in the opposite sign (“OS”) signal selection [253].

The untagged sample yields 162 events with a total background contribu-
tion of 51.9 4+ 4.5, where the dominant uncertainty contributions arise from
the fake lepton estimate and the uncertainty on the jet multiplicity correc-
tion factors applied to the MC. Requiring at least one b tagged jet, 80 events
remain with an expected total background of 4.0 + 1.7, with the dominant
uncertainty contributions arising again from the fake lepton estimate and
also from uncertainties on the b tag modelling. The sample composition is
illustrated in Figure 17 and detailed in Table Bl The resulting cross sections
are given in Table [0l together with the other dilepton channel results obtained
so far in Run II.
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f Ldt Sel. b tag ot (stat.) £ (syst.)+(lumi.) Ref
[fb~1] [pb]
0.2 | 0l+trk | no |7.0724+16 404 [254]
0.2 o no |86%2+1.1+£0.6 [255]
0.4 | 00 +trk | noyyes | 7.4+1.44+0.9+0.5 [256]
0.4 o no | 85535107 (%) 257]
1.0 o no | 6877102 +04 258]
1.0 o no | 7.00}5708+£04 [259]
1.0 | f4trk | yes | 5076709403 260]
1.0 | £0,0+trk | no,yes | 6.2+ 0.9702 +0.4 [261]
1.0 | f+trk | yes |101+1.8+1.1+06 |[262]
11 | (+trk no |83+13+0.7+0.5 263]
2.8 o yes | 78409407404 [253]
2.8 o no |6.7+£08+0.4=+0.4 253]

Table 6: tt dilepton cross section measurements performed so far at the
Run II Tevatron with their integrated luminosities, dataset selections applied
(¢¢ = dilepton, ¢+trk = lepton plus track) and analysis methods used. The
first three results have been published; the others are preliminary. The mea-
surement marked with (*) refers to a top quark mass of 178 GeV/c? rather
than 175 GeV/c? like the rest and incorporates the luminosity uncertainty
in the first uncertainty given.

5.1.2 Lepton plus Jets Final State

A typical tt lepton plus jets event selection requires exactly one isolated high
pr lepton, K7 and at least three central energetic jets, allowing both lepton
plus jets and lepton plus hadronic 7 signatures to contribute. The dominant
physics background in this final state arises from W boson plus jets pro-
duction, and the main instrumental background comes from QCD multijet
production with a jet faking the isolated lepton signature. Additional smaller
background contributions arise from Z/v* plus jets, diboson and single top
production. While for these smaller background processes shape and normal-
isation commonly are determined from simulation and NLO cross sections,
W plus jets events are usually normalised to data and the shape is derived
from Monte Carlo. The QCD multijet background’s shape and normalisa-
tion are typically derived from data, using for example datasets fulfilling the
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complete event selection except the tight lepton isolation for the background
shape and the fake rate derived from data for the normalisation.

Samples selected with such a basic preselection exhibit an S/B below
unity, around 1/4. The sample purity can be significantly improved via fur-
ther topological selections to reject more background or by using b tagging
in the selected sample. If no b tagging is used, usually multiple topological
and kinematic event properties are combined in a multivariate discriminant
yielding good signal to background separation without relying on the pres-
ence of b jets in the events, hence being less model dependent. The sample
composition can then be determined from a template fit in that sensitive
variable, providing a higher sensitivity than a plain cut.

Requiring identified b jets to be present in the event is a very powerful tool
to reject the background processes which exhibit little heavy flavour content.
b tagging algorithms based on the long lifetime of B hadrons or reconstructing
soft leptons inside a jet originating from semileptonic B decays as discussed
in Section (4.3 have been deployed for that purpose. Using b tagging, very
pure tt samples can be selected, exceeding easily an S/B > 10 if at least four
jets and at least two identified b jets are required.

The most precise tt cross section measurement published so far has been
performed by DO on a 0.9 fb~! lepton plus jets dataset [264]. Events are se-
lected by requiring exactly one isolated electron or muon with EF7 > 20 GeV,
K1 > 20 GeV for e plus jets respectively > 25 GeV for p plus jets and at
least three jets within |n| < 2.5 and Er > 20 GeV, with the leading jet
Er > 40 GeV. Cuts on the azimuthal separation between lepton and Er are
applied to suppress background due to misreconstructed objects. After these
cuts the tf signal contributes only about 20% of the total sample. The ¢t cross
section is measured using two complementary analyses.

One approach is based on lifetime b tagging, requiring at least one jet in
the event to be tagged and determining the ¢t production rate in a maximum
likelihood fit to the observed event yields in the various subchannels based
on lepton flavour, jet multiplicity and b tag multiplicity. The dominant sys-
tematic uncertainties arise here from uncertainties on the tagging efficiencies
for b, c,q and gluon jets and the jet energy calibration. The second analy-
sis utilises topological likelihood discriminants for the various subchannels
based on lepton flavour and jet multiplicity. After applying an additional
cut on the jets’ Hy > 120 GeV for three-jet events, five or six different vari-
ables like angular object separation, sphericity and aplanarity that provide
good discrimination power and are well modelled in MC are combined into
discriminants for each subchannel. The sample composition is then deter-
mined in a maximum likelihood fit of templates of the signal and background
contributions to the observed discriminant distributions. The dominant sys-
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Figure 18: Topological likelihood distribution when requiring three jets (left)
and jet multiplicity distribution when requiring at least two b tagged jets
(right) in D0’s 0.9 fb~! lepton plus jets dataset ﬁﬂ]

3 jets, 3 jets, >4 jets, >4 jets, 3 jets, >4 jets,

1 tag >2 tags 1 tag >2 tags topo topo
Ny 147 £12 5746 130 £10 66 7 245 £20 233 £19
Nw tiets | 105£5 10 +1 16 +£2 241
Nothei 27 42 5+1 8+1 241 1294448 32130
Noinultijet 27 16 342 6 +3 042 227 £28 70 £12
total 306 £14 74 4+6 159 £11 6947 1766 £59 624 £37
Naata 294 76 179 o8 1760 626

Table 7: Event yields and sample composition in D0’s 0.9 fb~! lepton plus
jets dataset for both the topological and the b tagging analysis. The ¢t contri-
bution is based on the measured cross section in the respective analysis @]

tematic uncertainties arise here from uncertainties on the selection efficiencies
and the likelihood fit uncertainty derived using statistical fluctuations in the
likelihood discriminant template shapes. The sample compositions for both
analyses are illustrated in Figure [[8 and detailed in Table [7]

Both analyses exhibit a statistical correlation of 0.31 as determined by
ensemble tests and are combined using the best linear unbiased estimate
(BLUE) approach m, @] The resulting cross section is given in Table
together with the other lepton plus jets channel results obtained so far in
Run II.
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f Ldt Sel. b tag Oyt (stat.)E(syst.)+(lumi.) Ref.
[fb~] [pb]
0.2 | {+jets yes 56517108 (1) [208]
0.2 | (+jets yes 6.0715 715 (1) 265]
0.2 | (+jets | yes, soft-u | 5.3 £ 3.3 (1) 266]
0.2 | (+jets no 6.6+1.1+1.5 (%) 267]
0.2 | (+jets no 6.7713 18 +04 268]
0.2 | (+jets yes 8.6715 +£0.6 (1) [269]
0.3 | (+jets yes 8.7+ 09755 (x,1) [270]
0.3 | (+jets yes 8.9 4 1.0715 (x,1) 210]
0.4 | {+jets yes 6.6 +0.9+04 (1) [221]
0.4 | (+jets no 6.4715 4+ 0.740.4 [271]
0.9 | /+jets| mno,yes |74+05+£05+0.5 [264]
0.4 | (+jets | yes, soft-u | 7.3735 £ 0.4 () [272]
0.7 | l+jets yes 8.54 0.6 1.0 (f) 273]
1.0 | (+jets yes 82405702405 [259]
1.7 | {+jets | yes, soft-e | 7.8 £2.4£1.54+0.5 [274]
2.0 | (+jets | yes, soft-u | 8.7 4+ 1.1703 + 0.6 275
2.7 | (Hjets yes 72404405404 276]
2.8 | (Hjets no 6.8404+0.6+04 277]

Table 8: tt lepton plus jets cross section measurements performed so far at
the Run II Tevatron with their integrated luminosities, dataset selections
applied and analysis methods used. The first eleven results have been pub-
lished; the others are preliminary. The measurements marked with (x) refer
to a top quark mass of 178 GeV/c? rather than 175 GeV/c? like the rest.
Measurements marked with (I) include the luminosity uncertainty in the
systematic uncertainty given, while for measurements marked with (}) the
first uncertainty given is statistical and systematic combined and the second
comes from luminosity.
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5.1.3 All-Hadronic Final State

To select all-hadronic ¢t decays, one typically requires at least six central
energetic jets to be reconstructed per event, and no isolated energetic lep-
tons or significant K7 to be present. The overwhelming background process
here is QCD multijet production, dominating over the signal by three orders
of magnitude after the online selection of events with triggers on multiple
jets and Hp in the event above a certain threshold. This background is
usually modelled from the data themselves as the theoretical description of
final states with such high jet multiplicities exhibits large uncertainties and
datasets even more depleted from signal can be easily obtained for example
by selecting a lower jet multiplicity.

After the preselection, signal and background are further separated by
applying b jet identification and using multivariate discriminants based on
topological and kinematic event properties.

CDF has published the most precise cross section analysis in the all-
hadronic final state to date based on 1 fb™! of data [280]. Events are required
to have at least six and at most eight jets with Epr > 15 GeV, AR > 0.5
from each other and |n| < 2, no isolated energetic electrons or muons as
used in the leptonic t¢ analyses, and Kr divided by /Hr of the selected
jets has to be < 3 v/GeV. This yields an S/B of about 1/370 (0.3%). The
sample purity is then improved using a neural network discriminant based
on variables like Hr, centrality, aplanarity and minimal/maximal invariant
dijet or trijet masses of all jet permutations. The signal is modelled using
MC and for the background the selected data are applied directly as the
expected signal contribution is very small.

At least one of the jets in each event is required to be b tagged, and the
sample composition is then determined in terms of number of tags rather
than events. The average number of tags per signal event for a given neu-
ral network cut is determined from MC and is used to derive the ¢t cross
section from the observed excess of tags above the background expectation
derived from data. The tagging efficiencies of the simulation are corrected for
differences w.r.t. data. The cut on the neural network discriminant Ny is
optimised for the highest expected signal significance after b tagging, taking
both statistical and systematical uncertainties of signal and background into
account, yielding Ny, > 0.94. This cut yields an S/B of approximately 1/12
before b tagging and 1/2 thereafter.

The by far dominating systematical uncertainty arises from the jet energy
scale calibration, strongly impacting both the preselection of events and the
input variables for the further neural network selection. The sample com-
position of candidate tags in data is illustrated in Figure [[9 and detailed in
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Figure 19: Left: Number of tags in 1 fb~! of all-hadronic candidate events
selected by CDF versus neural network discriminant No,. Right: Number of
tags versus jet multiplicity after requiring Ny > 0.94. The t¢ contributions
are normalised to the measured cross section of 8.3 pb [280)].

4 jets 5 jets 6 jets 7 jets 8 jets
BG 16060 & 575 2750492 | 536+ 17 255£8 146+ 5
BG (corrected) 15961 + 677 2653 +£112| 481 +£20 223+10 142+7
tt (o = 8.3 pb) 120 £+ 20 266 £45 | 242441 101 +17 38&+7
BG + tt 16081 £ 677 29194+ 121 | 723 +£46 324+20 180+ 10
Data 16555 3139 725 349 159

Table 9: Expected and observed yields of tags after requiring Ny, > 0.94
with given uncertainties corresponding to statistical and systematic contri-
butions added in quadrature. The corrected background (BG) contribution
accounts for the signal contamination in the dataset used for its estimate.
After tagging, 1020 events remain in the signal sample with 1233 tags and
an expected background of 846 + 37 tags. The average number of tags for
tt signal is determined to be 0.95 + 0.07 [280].

Table @ The resulting cross section is given in Table [I0 together with the
other all-hadronic channel results obtained so far in Run II.
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f Ldt Sel. b tag O£ (stat.)£(syst.) % (lumi.) Ref
b~ [pb]
0.3 |jetsonly | yes |7.542.1153310% (x) [281]
0.4 |jetsonly| yes |4.5720%114+0.3 [282]
1.0 |jetsonly | yves |83+1.0722405 [280]

Table 10: ¢t all-hadronic cross section measurements performed so far at
the Run II Tevatron with their integrated luminosities, dataset selections
applied and analysis methods used. All three results have been published.
The measurement marked with (x) refers to a top quark mass of 178 GeV /c?
rather than 175 GeV /c? like the other two.

5.1.4 Hadronic 7 channels

By choosing a more inclusive tf event selection, hadronic 7 decays can easily
be included as already mentioned in the lepton plus jets and dilepton channels
for the 7 plus lepton case. A first measurement without any explicit lepton
identification has been published by CDF| selecting events with at least four
jets with at least one of them being b tagged and significant K7 not aligned
with any jet. Since events with isolated energetic electrons or muons are
rejected, the resulting sample is especially enriched in 7 plus jets events [283].

The explicit reconstruction of hadronic 7 decays is far more demanding
and usually relies on multivariate discriminants. Based on the decay mode
(1 prong or 3 prong, with or without associated electromagnetic subclusters
from neutral pions), different discriminants may be deployed, exploiting the
differences between hadronic 7s and jets like isolation in tracking system and
calorimetry, shower shape, track multiplicity or correlations between tracks
and clusters in the calorimeter. Using such discriminants, the 7 plus jets and
7 plus lepton ¢t decay modes have been studied based on their experimental
signature of K7, at least one hadronic 7 candidate, at least four respectively
two jets and no respectively one isolated energetic electron or muon. b jet
identification is crucial in such analyses to improve sample purity.

A first 7 plus jets cross section analysis has been performed by DO on
0.3 fb=! of data, deploying a preselection and 7 identification as outlined
above, b jet identification and neural networks based on event topology and
kinematics to further separate the ¢t signal and the background mainly from
QCD multijet production faking 7s [284]. While the measurement suffers
from large statistical uncertainties, it is a proof of principle that will greatly
benefit from the tenfold increased dataset already now at hand.
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Figure 20: Hadronic 7 Er spectrum before (left) and after (right) b tagging
is applied in the preselected 1 fb=! ¢+ 7 sample analysed by D0. The tt sig-
nal is normalised to Standard Model expectation; the highest bin contains
overflows @]

DO has performed also a first measurement of the ¢¢ production rate in
the 7 plus lepton final state based on 1 fb~! of data @] Events are required
to have exactly one isolated electron or muon with Ep > 15 GeV, |n| < 1.1
respectively Ep > 20 GeV, |n| < 2, at least one 7 candidate of opposite
charge within |n| < 1, Er between 15 and 200 GeV, at least two jets within
In| < 2.5 exhibiting Er > 20 GeV with the leading jet above 30 GeV and
at least one of them identified as b jet. Further channel specific background
rejection is achieved by vetoing events in the u7 analysis where the invariant
mass of the isolated muon with a second non-isolated muon lies between 70
and 100 GeV/c?. In the er channel, events are rejected where electron and
Fr are aligned in azimuthal angle ¢ by requiring cos(A¢(e, Zr)) < 0.9.

Background contributions arise from W boson plus jets production, Z/v*
plus jets events with Z/~* — ¢7¢~ /777~ and diboson production, described
by MC with the W boson plus jets production normalised to data. Back-
ground from QCD multijet production is estimated based on data where lep-
ton and 7 exhibit the same charge, corrected for contributions from W boson
plus jets and tf production which are most significant here. The dominant
systematic uncertainties in this analysis arise from limited background/MC
statistics, 7 fake rate and b tagging modelling uncertainties and jet energy
calibration.

The resulting sample composition is illustrated in Figure 20l and detailed
in Table [II] — the significant included signal contributions from the lepton
plus jets and dilepton channels should be noted. The corresponding cross
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before b tagging after b tagging

T er T erT
W +jets 38.0£ 1.7 34.1+£3.5 2.31£0.22 2.13£0.27
Z|v* — ee, pp 207+ 1.1 5.8+ 0.6 1.09 +0.11 0.38 £0.05
Z|v*— 711 19.6 +1.2 7.54+0.6 1.02 +0.10 0.54 £ 0.06
Diboson 2.8+0.1 5.1+0.6 0.21 £0.01 0.34 £0.07
Multijet 10.6 = 6.3 12.7+6.6 4.52+3.01 —1.27+£1.77
tt—0+T 7.8+0.1 6.67 £0.1 5.64 £0.04 4.70 £ 0.05
tt — 00 4.3+0.1 0.73+£0.1 3.14 £0.03 0.47 £0.07
tt — (+ jets 127+ 0.1 12.414+0.2 8.40 £ 0.11 7.88 £ 0.12
Total Expected | 116.6 + 6.8 85.0£ 7.7 26.33 4+ 3.02 15.17 £ 1.97
Data 104 69 29 18

Table 11: Event yields and sample composition before and after b tagging is
applied in the preselected 1 fb~! ¢ + 7 sample analysed by D0. The ¢ sig-
nal is normalised to Standard Model expectation; given uncertainties are
statistical [285].

[ Ldt Sel. b tag 045+ (stat.) £ (syst.) £ (lumi.) Ref

[fb~] [pb]
0.2 (47 no | < 5.2-SM rate (95% C.L.) | [219]
0.3 | Br +jets| yes | 6.0+£1.2%02 (1) [283]
03 | 74jets | yes | 51723407403 [284]
0.4 (4T no |~ lo signal evidence [286]
1.0 (47 yes | 83130115405 285]
1.2 (+T yes | 64715112404 [287]
2.2 (47 yes | 7.3515H114+0.5 [287]

Table 12: ¢t hadronic 7 cross section measurements performed so far at
the Run II Tevatron with their integrated luminosities, dataset selections
applied and analysis methods used. The first two results have been published;
the others are preliminary. The measurement marked with (1) includes the
luminosity uncertainty in the systematic uncertainty given.
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Figure 21: Current status of the ¢¢ production cross section measurements
by CDF (left, @]) and DO (right, |) in comparison with theory predic-
tions shown as coloured/hatched bands. The analysis channels entering the
respective shown combination are highlighted in red @, .

section is given in Table together with an update obtained by adding
additional 1.2 fb~! of data as well as other results involving hadronic 7 final
states achieved so far in Run II.

5.1.5 Summary

An overview of the current status of the cross section measurements per-
formed in the various ¢t decay channels is given in Figure 21l for CDF and
DO, showing good agreement between the different channels, analysis meth-
ods and experiments. The theoretical predictions as discussed in Section B.]
are also shown for comparison as coloured /hatched bands and exhibit very
good agreement with the measurements as well.

CDF combines the results obtained in the lepton plus jets and dilepton
channels using between 1.7 and 2.8 fb~! of data, reaching a relative uncer-
tainty on the result of 9% M] The most precise single measurement is
obtained in the lepton plus jets channel using secondary vertex b tagging on
2.7 fb~! of data yielding a relative uncertainty of about 10% ﬂﬂ] DO com-
bines the results from lepton plus jets, dilepton and 7 plus lepton channels
obtained from approximately 1.0 fb=! of data, yielding a relative uncertainty
of about 11% Né%_%] The most precise single measurement here with a pre-
cision of 11% has been published in the lepton plus jets channel using both
secondary vertex b tagging and kinematical information in 0.9 fb~! of data
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in a combined result [264]. For comparison, the final Run I combined cross
section results of CDF [291, 292] and DO [293] had a precision around 25%
respectively. Unfortunately, to date no combination across the experiments
exists as is the case for top quark mass measurements. However, such a
combination of the ¢t production rate is planned for the future.

With increasing datasets, the statistical uncertainties become less impor-
tant and the measurements’ precision starts to be driven by systematic un-
certainties which in turn can also be better constrained using additional data.
One of the main challenges for future measurements will be to carefully study
the contributing systematic uncertainties rather than using conservative es-
timates. The most precise single ¢ production cross section measurement at
the Run II Tevatron with 8 fb~! of data can be expected in the lepton plus
jets channel — probably using both kinematical and b tagging information —
with a relative precision of around 8%, dominated by luminosity and system-
atic uncertainties. For combinations, the precision may be ultimately driven
by the luminosity uncertainty of currently 6% for both experiments. The
luminosity uncertainty could be avoided by measuring a cross section ratio,
for example w.r.t. Z boson production. With large datasets, also a ratio of
the tt cross section measurements obtained in the different channels like the
lepton plus jets and the dilepton channels could be measured with good sta-
tistical precision while benefiting from cancellations of common systematic
uncertainties.

The precision of the tf cross section measurements matching that of the
theoretical predictions allows for stringent tests of the involved perturbative
QCD calculations. This furthers our understanding of the Standard Model
that still provides a good description of the measurements performed so far.
Based on the observed production rate alone, severe constraints on exotic
models become feasible [294]. More detailed tests of the Standard Model
predictions for ¢t production will be described in the following sections. Via
its mass dependence, the ¢t production rate can also be used to test consis-
tency with the top quark mass measurements performed at the Tevatron with
the benefit of easier theoretical interpretation as discussed in Section [7.3.4l
Investigating all available ¢t final states including those with hadronic 7s and
comparing them allows one to probe for novel physics contributions affecting
the observed final states differently. For example, the searches for charged
Higgs bosons in top quark decays are discussed in Section [6.5]

5.2 Top Quark Pair Production Mechanism

Top quark pair production at the Tevatron proceeds predominantly via gq
annihilation as described in Section[3.1l The remaining contribution of gluon-
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Figure 22: Left: Correlation between the soft track multiplicity observed in
collider data events and the average number of gluons in the corresponding
Monte Carlo samples. Right: Fit result of the soft track multiplicity distri-
bution observed in b tagged lepton plus at least four jets ¢t candidate events
with a no-gluon respectively a gluon-rich template [297].

gluon fusion to the total production rate is 15+ 5%, with the variation of up
to a factor of two arising from the corresponding PDF uncertainties [117].

While the total t£ production rate has been studied extensively (see Sec-
tion [0.1]) and has been found to be in agreement with the Standard Model
expectation, the production mechanism itself has not yet been subject to such
scrutiny. A measurement of the fraction of t¢ events produced via gluon-gluon
fusion f,, = o(g9g9 — tt)/o(pp — tt) allows one to test the QCD prediction
and can contribute to a reduction in the uncertainties of the corresponding
PDFs. In addition, contributions from extensions of the Standard Model
to tt production could be unveiled [295], some of which may have remained
undetected so far due to compensating new decay mechanisms [296].

CDF performs a first measurement of f,, in a 1 fb™' b tagged lepton
plus jets dataset [297]. The analysis is based on the fact that soft gluons
are emitted with a higher probability from gluons than from quarks [91-
93, 298], and hence the average number of charged particles (tracks) with low
transverse momentum should be higher in gg — tt events than in q7 — tt
events.

To avoid the large theoretical uncertainties on soft gluon radiation in
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Monte Carlo modelling of the multiplicity of soft tracks, W plus jets and di-
jet collider data whose production mechanisms are well understood are used
to relate the observed soft track multiplicity to the gluon content of a sample
(see Figure 22]). After obtaining templates for the soft track multiplicity dis-
tribution in no-gluon respectively gluon-enriched events from W plus no jets
respectively dijet events with a leading jet Er of 80-100 GeV, the observed
distribution in tf candidate events is fitted with these templates. From the
fit result, f,, is extracted and found to be 0.07 £ 0.14(stat.) & 0.07(syst.),
corresponding to a 95% C.L. upper limit of 0.33.

CDF uses a complementary second method to extract fy, from the same
dataset, based on templates from a neural network using kinematic event
properties to separate gg — tt, q¢ — tt and the dominant W plus jets
background [299], yielding a 95% C.L. upper limit of f,, < 0.61. Combining
both results yields f,, = 0.0770 5 (stat. + syst.), in good agreement with the
Standard Model expectation.

CDF has also performed a first measurement of fy, in a 2 fb~! dilepton
dataset, based on the variation of the azimuthal correlation of the charged
leptons caused by the different ¢¢ production modes |300]. This difference
arises from the fact that close to the threshold top quark pairs are produced
in a 35 state via ¢ annihilation and in a ' Sj state via gluon-gluon fusion (see
also Section [B.5]). Consequently, the top quark spins tend to be antiparallel
for tt production via gluon-gluon fusion and aligned for production via ¢q
annihilation, which is reflected in the azimuthal correlation of the charged
leptons. The relative fraction of ¢t production via gluon fusion is determined
in a fit of the observed A¢ distribution in data with templates for gg — tt,
qq — tt and background arising from diboson, Z/~* plus jets and W boson
plus jets production, yielding f,, = 0.537933(stat.) "0 0x(syst.) consistent with
the Standard Model prediction.

5.3 Top Quark Charge Asymmetry

The strong production of top quark pairs is symmetric under charge conju-
gation at leading order, implying it does not discriminate between top and
antitop quarks. Considering that the initial proton-antiproton state at the
Tevatron is not an eigenstate of charge conjugation, this symmetry is a co-
incidence. At higher orders, a charge asymmetry arises from interference
between amplitudes that are symmetric and antisymmetric under the ex-
change of top and antitop quarks [301,302], leading to an excess of top over
antitop quarks in specific kinematic areas. One resulting observable is the in-
tegrated forward-backward production asymmetry for inclusive ¢¢ production
at the Tevatron. It is predicted to be 5 — 10% at NLO [301-305], implying
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Figure 23: Likelihood discriminant distribution for the dataset with > 4 jets,
overlaid with the result of the template fit determining the sample composi-
tion for events with Ay > 0 (left) and Ay < 0 (right) ﬁ@]

top quarks are preferentially emitted in the direction of the incoming pro-
tons. The asymmetry depends strongly on the region of phase space being
probed and particularly on the production of an additional jet: While the
asymmetry for exclusive ¢ production without additional jets is predicted to
be 6.4% EEE], the inclusive tt production with one additional jet exhibits an
asymmetry of about —7% at LO M, ] which is drastically reduced to
(—1.5 + 1.5)% at NLO [304].

The size of higher order corrections for the ¢t plus jet subprocess illus-
trates that higher order evaluations of the whole process are still necessary
for the total asymmetry prediction to converge and correctly describe the
partial cancellations of the various interference contributions. It should also
be noted that in the above theoretical predictions the top quark decay and
possible effects on the asymmetry due to the reconstruction of the final state
objects are not considered. The top quark charge asymmetry is also sensitive
to possible extensions of the Standard Model in t¢ production like axiglu-
ons M], technicolour M] or an additional neutral Z’ gauge boson @]
Consequently, a measurement of the asymmetry can be used to set limits on
such processes, particularly extending the sensitivity of searches for ¢t pro-
duction via heavy resonances (see Section [.7.1)) to include not only those of
narrow width but also wide resonances.

DO has published the first measurement of the integrated forward-backward
charge asymmetry in tf production, based on a 0.9 fb~! b tagged lepton plus
jets dataset @] The tf system is reconstructed using a constrained kine-
matic fit, where the charged lepton is used to differentiate between the top
and the antitop quark. The signed rapidity difference of the top and the
antitop quark Ay = y, — y7 is used as an observable from which the charge
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N A A %)

[
>4 0.8 +0.2(stat.) +1.0(acc.) £ 0.0(dil.) 12 + 8 (stat.) + 1 (syst.)
=4 2.340.2(stat.) £1.0(acc.) £0.1(dil.) 19 + 9 (stat.) + 2 (syst.)
>5  —4.9+0.4(stat.) £1.0(acc.) £0.2(dil.)  —167}5 (stat.) & 3 (syst.)

Table 13: AM*Y: MC@NLO Standard Model prediction for the tf charge
asymmetry to be observed with the D0 detector, including uncertainties from
acceptance and dilution (Ay-sign misreconstruction) effects. A%™: Uncor-
rected tt charge asymmetry observed by DO [309].

asymmetry is obtained as Ap, = (Ny — N,)/(Ny 4+ Ny), with Ny (N,) be-
ing the event yields with positive (negative) Ay. The sample composition
is determined in a template fit based on a multivariate kinematic likelihood
discriminant for both signs of the reconstructed Ay simultaneously as shown
in Figure

The resulting measurement is not corrected for reconstruction and ac-
ceptance effects due to the limited theoretical knowledge of the shape of the
asymmetry. Instead, a prescription is provided to model the detector accep-
tance at particle level, allowing one to compare any model with the obtained
measurement. For a comparison with the Standard Model, a slightly more
precise prescription than the one provided in the paper [309] is applied to
the prediction of the MC@NLO [310, 311] generator and found to be in
agreement with the obtained measurement for the different jet multiplicities
studied, including the change of the asymmetry sign, as shown in Table [I3]
The dominant systematic uncertainty of the > 4 jet sample arises from the
relative jet energy calibration between simulation and data respectively for
its subsamples from event migration between the subsamples when splitting
the sample up into one with exactly four and one with at least five jets. These
uncertainties are negligible compared to the statistical ones. The measure-
ment is also used to derive 95% C.L. limits on the fraction of ¢t events that are
produced via a specific Z’ resonance model [307, 1312] with parity-violating
couplings as a function of the resonance mass.

CDF has obtained two measurements of Ag, based on a 1.9 fb~! b tagged
lepton plus jets dataset, using different observables after reconstruction of
the ¢t kinematics in a constrained fit [313-315]. CDF chooses a different ap-
proach for the measurements than DO by providing results both before and
after background subtraction and correction for acceptance and reconstruc-
tion effects.

The first analysis uses as observable the rapidity difference between hadron-
ically and semileptonically decaying top quark multiplied by the charged
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lepton charge [313, 1315], equivalent to Ay used in the measurement by
DO0. After background subtraction, for jet multiplicities of > 4,= 4 and
> 5 jets asymmetries of 0.119 4+ 0.064,0.132 4+ 0.075 and 0.079 + 0.123 are
observed — consistent with the measurement by D0 — with corresponding
MCQNLO predictions of 0.017 4 0.007,0.038 £ 0.008 and —0.033 % 0.012
(errors are statistical only). The result from the inclusive sample with at
least four jets is then corrected for reconstruction and acceptance effects,
yielding A@™ = 24 + 13 (stat.) &+ 4 (syst.)%, with the dominant systematic
uncertainty coming from the shape uncertainty of the Ay distribution. The
result is higher than expected from NLO predictions, but consistent within
errors.

The second analysis measures the charge asymmetry using the product
of inverse lepton charge and cosf,, , as observable, where 6, , is the angle
of the top quark with the hadronic decay chain with respect to the proton
beam [313, 314]. Since this measurement is performed in the laboratory
frame rather than the parton rest frame, the asymmetry is reduced by about
30% [304]. For > 4 jets, the corrected asymmetry is measured to be AF"™ =
17 £ 7 (stat.) £ 4 (syst.)% with the dominant systematic uncertainty arising
from background shape and normalisation. This result is consistent with the
theoretical prediction at the 2o level.

It should be noted that the forward-backward asymmetry in the labora-
tory frame at the LHC vanishes due to the symmetric initial state in contrast
to the Tevatron pp collider. Due to the dominant ¢¢ production via charge
symmetric gluon fusion at /s = 14 TeV, the observable charge asymmetry
is reduced at the LHC.

5.4 Top Quark Pair Production Kinematics

Exotic contributions to ¢t production could alter the observed event kine-
matics, which is exploited in searches for such processes as described in
Section B.71 The basic kinematic properties of leptons, jets, Fr and cor-
responding angular distributions are continuously compared to the Standard
Model expectation both in signal-enriched datasets and signal-depleted con-
trol samples exhibiting features similar to the signal in all studies of top quark
properties and especially in the cross section analyses. So far, no significant
deviation from the Standard Model expectation has been found that would
be indicative of new physics contamination in top quark samples.

In Run I, CDF and DO observed a slight excess of the ¢t production rate
over the Standard Model prediction in the dilepton channel, especially in
the eu final state [316, [317]. Since some of these events exhibit rather large
K1 and lepton pr, their consistency with the Standard Model was questioned
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and the kinematic compatibility of these events with the cascade decays of
heavy supersymmetric quarks was pointed out [318§].

Triggered by this, CDF has performed a search for anomalous ¢t kine-
matics in Run II, based on a 0.2 fb~! dilepton dataset yielding 13 candidate
events [319]. A priori four kinematic event variables including Zr and leading
lepton pr are chosen to quantify possible deviations of the observed events
from the Standard Model prediction. Using a shape comparison based on
the Kolmogorov-Smirnov statistic, no significant discrepancy is found and
the probability to observe a dataset less consistent with the Standard Model
is determined to be 1.6%. Including systematic uncertainties, the p-value is
1.0-4.5%, where the lowest p-value is obtained from varying the background
expectation down by one standard deviation. Beyond the Standard Model
processes resulting in events with high ¥ and lepton pr are not favoured by
this dataset.

It is of course also of great interest to study the kinematic properties of the
top quark itself and to compare this with the Standard Model expectation.
In Run I, DO performed such an analysis and found good agreement with
the Standard Model [320, [321], which was then also confirmed by a dedi-
cated study of the top quark pr spectrum by CDF [322]. A corresponding
analysis has not yet been published in Run II. However, a measurement of
the differential ¢t production cross section do/dM;; has been performed by
CDF using 1.9 fb~! of Run II data as described in Section [5.7.3, showing as
well good agreement with the Standard Model [323].

5.5 Top Quark Pair Spin Correlations

Top quark pairs are expected to be produced essentially unpolarised in hadron
collisions involving unpolarised incident particles. A small polarisation at the
percent level is induced by QCD [324-326], which is perpendicular to the pro-
duction plane since the strong interaction conserves parity. A measurement
of this effect will be very difficult both at the Tevatron and the LHC which
in return allows to use a corresponding analysis to probe for non Standard
Model contributions in ¢¢ production [327]. An even smaller additional po-
larisation within the production plane arises from mixed strong and weak
contributions to ¢f production at order o« [328].

While in the framework of the Standard Model no observable spin po-
larisation in ¢t production is predicted, the spins of the top and the antitop
quark are expected to be correlated [329]. This correlation depends both on
the production mode of ¢t and the production energy. Close to the threshold,
the top quark pair is produced in a 3S] state via ¢g annihilation and in a 1S,
state via gluon-gluon fusion [330, 331]. Consequently, the top quark spins
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are (anti-) parallel and the top quarks have opposite (same) helicities for
tt production via ¢g annihilation (gluon-gluon fusion). Above the threshold,
this simple picture becomes more complicated as orbital angular momentum
effects then need to be taken into account. In the high energy limit where
the top quark mass can be neglected finally, the conservation of chirality dic-
tates that top and antitop quarks be produced with opposite helicities. Since
at the Tevatron tt production via ¢gq annihilation dominates as opposed to
the LHC where the main contribution comes from gluon-gluon fusion, the
observable correlation will have opposite signs at both colliders |332].

Due to the short lifetime of the top quark (see Section [3:3.2]), its spin infor-
mation is passed on to its decay products and reflected in the corresponding
angular distributions. This gives experimental access to spin correlations, al-
lowing one to test if the top quark can indeed be considered as a free quark.
The resulting indirect limits on the top quark lifetime (for further measure-
ments see Section [[2)) can provide limits for the CKM matrix element |Vj|
free from the assumption of three quark families [333] together with the
measurement of the top quark branching fractions described in Section
Furthermore, a measurement of the top quark spin correlations allows one
to probe the dynamics of top quark production and decay for contributions
beyond the Standard Model.

The down-type (13 = —%) decay products of the W boson from the top
quark decay are most sensitive to the original top quark spin. Their angular
distribution in the top quark rest frame is described by 1 + cosf, with 6
being the angle between the line of flight of the down-type fermion and the
top polarisation direction. The experimental difficulties of distinguishing
between jets from up-type and down-type quarks (charm tagging would help
only in 50% of the cases) can be avoided by focussing on the dilepton final
state, where the charged leptons are clearly identified.

At the Tevatron, an optimal spin quantisation basis is given by the “off-
diagonal” basis [334, 335] where the spins of top and antitop quarks produced
by ¢q annihilation are fully aligned for all energies and only the contribution
of top quark pairs produced via gluon-gluon fusion leads to a reduction of
the correlation. The off-diagonal basis is defined via the top quark’s velocity
£* and scattering angle #* with respect to the centre of mass frame of the
incoming partons. The quantisation axis then forms an angle i) with the
proton-antiproton beam axis: tan = $*2sin #* cos #* /(1 — 3*2sin® §*). Con-
sequently, in the limit of * — 0 (top quark production at rest), the spins of
top and antitop quarks point along the beam axis in the same direction. At
very high energies, the spins are aligned with respect to the direction of the
tt momenta.

Using as observables the angles 6, and 6_ of the down-type fermions with
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respect to the quantisation axis in the rest frame of their respective parent
(anti-) top quark, the spin correlation is given by [336]:

1 d*o 1+ kK-cosf -cosf_

od(cos0,)d(cosO_) 4 ’

where correlation coefficient x is predicted to be 40.88 at the Run I Tevatron
when using the off-diagonal basis. Since the distribution is symmetric under
exchange of the two angles, an electric charge measurement of the top decay
products is not necessary.

DO performed a first search for evidence of spin correlations in ¢t pro-
duction in Run I, using a 0.1 fb~! dilepton dataset yielding six candidate
events [337]. From the dependence of a likelihood function on &, at 68% C.L.
a lower limit on x of —0.25 is extracted. This is in agreement with the Stan-
dard Model expectation and disfavours anti-correlation of spins (k = —1)
that would arise from ¢t production via a scalar particle. While the obtained
limit is rather weak, this is a proof of principle that the analysis can be per-
formed. Unfortunately, there has been no result yet from Run II although it
would greatly benefit from the increased datasets that are by now available.

5.6 Search for associated Higgs Boson Production

DO performs a first search for associated ¢t and Standard Model Higgs bo-
son production with a ¢tbb final state in a 2.1 fb~! b tagged lepton plus jet
dataset [338]. While the observation of a significant signal in this channel is
beyond the sensitivity available at the Tevatron, this analysis can still con-
tribute to future combinations of the Tevatron searches for the Higgs boson
at low Higgs boson masses as favoured by the Standard Model (see Sec-
tion [.34). The investigated events exhibit high jet and b tag multiplicity
that were not studied separately before. It is thus interesting to search for
deviations from the Standard Model predictions that could for example arise
from anomalous top-Higgs couplings [339] or a new quark singlet of charge
2e [340).

The studied signal signature comprises the t¢ lepton plus jets charac-
teristics with two additional b jets from the Higgs boson decay. The main
background arises from ¢t with additional (heavy flavour) jet production,
but also W boson plus jets and QCD multijet production contribute to the
background. For signal discrimination, the shape of the Hp distribution of
the selected jets is used in events with four or at least five jets and one, two
or at least three b tags. The observed events in all these distributions are
consistent with the background expectation, which is especially interesting
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Figure 24: Left: Hp distribution observed in D0’s 2.1 fb=! lepton plus jets
dataset with four jets and at least three b tags in comparison with expected
Standard Model background processes and ¢t H signal scaled up by a factor
of 100. Right: Event display (zy-view along the proton beam direction) for
the triple b tagged event with highest Hp of 444 GeV. The first three jets are
b tagged [338].

for the events with at least three b tags that were studied separately here for
the first time. Figure 24l shows the observed Hp distribution for events with
four jets and at least three b tags and an event display for the triple b tagged
event with highest Hrp.

Since no signal is observed, 95% C.L. limits on ttH production times
B(H — bb) in units of the Standard Model rate expectation are derived for
Higgs boson masses between 105 and 155 GeV/c?. For a Higgs boson mass of
115 GeV/c?, the expected limit is 45 times the Standard Model production
rate, with the observed limit a factor of 64 above the Standard Model expec-
tation. Further optimisation of the preselection — currently corresponding to
the standard ¢t selection — for the t¢H signal and of the signal discrimination
using more kinematic variables is under way.

5.7 Search for Top Quark Pair Production beyond the
Standard Model

5.7.1 Search for a Narrow-Width Resonance decaying into tt

The existence of yet undiscovered heavy resonances could be revealed through
their decays into top quark pairs which would add a resonant production
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mode to the Standard Model process. Various beyond the Standard Model
theories predict the existence of a massive Z-like boson, for example Kaluza-
Klein excitations of the gluon [341] or of the 7 and Z bosons [342], extended
gauge theories [343, 1344], massive axigluons with axial vector couplings [345]
or topcolour [346, 1347].

The wealth of theoretical models demonstrates the importance of model-
independent searches. One general way such an additional production mode
can be observed — provided the resonance X decaying to tt is sufficiently
heavy and narrow — is to analyse the ¢¢ invariant mass distribution for an
excess over the Standard Model expectation. In the corresponding analyses
performed at the Tevatron thus far no significant deviations from the Stan-
dard Model expectation have been observed, resulting in 95% C.L. upper
limits on ox - B(X — tt) as a function of the resonance mass My.

These limits are used to set lower mass limits for a particular bench-
mark model, allowing easy comparison of the different results: The topcolour
model [346, [347] provides a dynamic electroweak symmetry breaking mecha-
nism via a top quark pair condensate [348] Z’ formed by a new strong gauge
force that couples preferentially to the third fermion generation. Particularly,
a topcolour-assisted technicolour model [307, 312] predicts this Z’ boson to
couple strongly only to the first and third generation of quarks while exhibit-
ing no significant coupling to leptons. This leptophobic and topophyllic Z’
boson obtains a significant cross section o(pp — Z' — tt) observable at the
Tevatron for a variety of masses and widths and is used as a reference model.

CDF and DO performed model-independent searches for narrow massive
vector bosons decaying into ¢t already in Run I in lepton plus jets datasets of
106 pb~! and 130 pb~! respectively. Using the best kinematic fit to the ¢ hy-
pothesis in each event, the ¢f invariant mass distribution is reconstructed and
no excess is observed above the Standard Model expectation. The resulting
upper limits on ox - B(X — tt) are turned into Z’' 95% C.L. mass limits of
Mz > 480 GeV/c? for CDF [349] and Mz > 560 GeV/c? for DO [350]. For
these results, a width of the Z’ respectively X of 1.2% of its mass is assumed,
well below the detector mass resolutions for t¢ systems. Consequently, the
obtained results are dominated by the detector resolution and independent
of any 'z, value below the mass resolution of a few percent (~ 0.04Mz
for DO in Run I [351]). This resonance width is also used for the Run II
measurements described below.

In Run II, both CDF and DO perform the search for a generic heavy res-
onance X of narrow width (I'y = 0.012Mx) compared to the detector mass
resolution in b tagged lepton plus jets datasets. The ¢t invariant mass spec-
trum is reconstructed using either the best kinematic fit to the ¢¢ production
hypothesis (CDF) or directly from the four-momenta of the up to four lead-
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Figure 25: Left: Expected and observed tt invariant mass distribution in
lepton plus jets events with four or more jets. Right: Expected and observed
95% C.L. upper limits on ox - B(X — tt) [352].

ing jets, the lepton and the neutrino momentum (D0). The latter approach
was shown to provide better sensitivity for large resonance masses than the
previously used constrained kinematic fit and also allows for the inclusion
of data with fewer than four jets in case jets merged. As both experiments
observe no significant deviation from the SM expectation, 95% C.L. upper
limits on oy - B(X — tt) are given for values of My between 450 and 900
GeV/c? (CDF) respectively 350 and 1000 GeV/c? (DO, see Figure 23) in
increments of 50 GeV /c?.

Both experiments provide 95% C.L. mass limits for the leptophobic top-
colour-assisted technicolour Z’ boson as a benchmark model. With 1 fb=1,
CDF finds Mz > 720 GeV/c? (expected limit: 710 GeV/c?) |353] while DO
finds My > 760 GeV/c? (expected limit: 795 GeV/c?) [352] using 2.1 fb~!
of data, superseding a previously published result on 0.9 fb~! of data [354].
CDF also obtained a result on a subset of 0.7 fb=! of the data analysed
above, using an untagged lepton plus jets sample where b tag information
only contributes to reduce jet combinatorics in a Standard Model ¢f matrix
element based reconstruction of Mz, yielding a slightly better limit than the
analysis on 1 fb™! of Mz > 725 GeV/c? [355].

For future studies, it would be interesting to see how sensitive the ob-
served limits are to the assumption of Z boson-like couplings used in the
analyses. The limits obtained apply to resonances of narrow width only.
Wider resonances could be detected by studying the t¢ differential cross sec-
tion (see Section [B.7.3) or the forward-backward charge asymmetry in ¢ pro-
duction (see Section [5.3)).
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Figure 26: Left: Expected and observed reconstructed ¢t invariant mass
distribution in lepton plus jets events with at least four jets. Right: Cor-
responding observed tf differential cross section, compared to the Standard
Model expectation [323].

5.7.2 Search for tt Production via a Massive Gluon

Instead of a new colour singlet particle decaying into tf as described in the
previous subsection, there could also be a new massive colour octet particle
G contributing to ¢t production [346]. Such a “massive gluon” production
mode would interfere with the corresponding Standard Model production
process.

Assuming a Standard Model top decay, CDF has performed a search for a
corresponding contribution by comparing the tf invariant mass distribution
in a 1.9 fb™! b tagged lepton plus jets dataset with the Standard Model
expectation. As the largest discrepancy with respect to the Standard Model
observed is 1.70 for the explored mass and width range 400 GeV/ 2 < Mg <
800 GeV/c?, 0.05 < T'g/Mg < 0.5, 95% C.L. upper and lower limits are
provided on the corresponding coupling strengths of the massive gluon [356].

5.7.3 Measurement of the tt Differential Cross Section do/dM,;

Since new production mechanisms for top quark pairs could manifest them-
selves in the ¢ invariant mass distribution as resonances of various widths or
also more general shape distortions [357], one very general approach of de-
tecting such contributions is to compare the shape of the observed differential
tt production cross section do/dM; with the Standard Model expectation.
CDF reconstructs the ¢t invariant mass spectrum in a 1.9 fb™! b tagged
lepton plus jets dataset (see Figure 26]) by combining the four-vectors of the
four leading jets, lepton and missing transverse energy. After subtracting the
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background processes, the distortions in the reconstructed distribution due
to detector effects, object resolutions and geometric respectively kinematic
acceptance are corrected for by the application of a regularised unfolding
technique. From the unfolded distribution, the t¢ differential cross section
do/dMy; is extracted and its shape is compared with the Standard Model
expectation. The shape comparison gives good agreement with the Standard
Model, yielding an Anderson-Darling p-value of 0.45 [323].

5.7.4 Search for new heavy Top-like Quark Pair Production

The number of light neutrino species (m, < mz/2) has been determined to
be three (N, = 2.9840 + 0.0082) from the invisible Z boson decay width in
electroweak precision measurements [68]. This rules out a fourth generation
of fermions with a light neutrino v4,. However, the existence of a fourth
generation is consistent with electroweak precision data for a fermion mass
range my/2 < myy S O((H)) even without introducing new physics [358,
359]. Fourth generation quark masses up to 400 GeV/c? are compatible with
current measurements and are constrained to exhibit a small mass splitting
such that decays of an up-type fourth generation quark into Wgq (¢ = d, s, b)
are preferred [360]. Such an additional generation would imply drastic effects
for the phenomenology of the Higgs boson, relaxing the mass bounds obtained
in the Standard Model framework up to 750 GeV /c? at 95% C.L. and altering
expected kinematics and production rates.

The existence of a fourth chiral fermion generation is predicted by vari-
ous extensions of the Standard Model, for example in an SO(1,13) framework
unifying charges and spins [361] or in models of flavour democracy [362, 1363].
Other models adding more exotic additional heavy quarks that could decay
via W ¢ have been brought up as well [364]. For example, the beautiful mirrors
model [365] introduces mirror quark doublets with the same quantum num-
bers as their Standard Model counterparts but with vector couplings to the
W boson. This addition helps to improve the fit of electroweak observables
by removing the observed discrepancy in the forward-backward asymmetry
of the b quark.

CDF performs a search for pair production of heavy top-like quarks (¢'t)
which don’t necessarily have to exhibit Standard Model-like up-type fourth
generation properties in terms of charge or spin. The analysis is based on
the assumptions that the ¢’ is pair-produced via the strong interaction, has a
mass larger than that of the top quark and decays promptly into a W boson
and a down-type quark d, s, b with 100% branching ratio. As a consequence,
the ¢’ decay chain is identical to that of the top quark, and ¢’ production
can be searched for in a lepton plus jets sample selected solely based on event
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Figure 27: Left: Hp versus M,e, distribution observed in data (black points)
overlaid with the fitted number of Standard Model background events from
tt (blue), W+jets (green) and QCD (purple). Right: Expected and observed
95% C.L. upper limits on the #'t’ production cross section, assuming 100%
B(t'" — Wyq). The dark/light blue bands represent the 1/2 o areas around
the expected limit ﬂ@]

kinematics to not restrict the search to Wb final states by using b tagging.

The t’ signal can be distinguished from the Standard Model background
processes using the observed distributions of total transverse energy Hp in the
event based on lepton, jets and 7 and the reconstructed ¢’ mass M,q., based
on the best kinematic fit to the ¢'t’ hypothesis in each event (see Figure 27]).
Superseding a previously published result based on on 0.8 fb™! ﬂﬁﬂ], CDF
uses a two-dimensional binned likelihood fit in Hr and M., to separate
Standard Model background and ¢’ signal in a 2.8 fb™! dataset @]

Since no evidence for ¢ production is found, 95% C.L. upper limits on the
t' pair production cross section (assuming B(t' — W¢q) = 100%) are derived
for 180 GeV/c? < my < 500 GeV/c?. Assuming Standard Model couplings,
a 95% C.L. lower limit on the fourth-generation ¢’ mass of 311 GeV/c? based
on the calculations m, ] is obtained, where the systematic uncertainty
with the largest impact on the derived limit is the jet energy scale. The
found deviation of the observed limit from the expected for ¢ masses above
~400 GeV /c? is investigated. Using a priori defined groups of bins in Hy and
M..eco, the p-values to observe at least the number of events found in data
given the Standard Model expectation are evaluated. With the smallest
p-value found of 0.01, the excess in the data tails is concluded to be not
statistically significant.
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5.7.5 Search for Scalar Top Production

Many beyond the Standard Model processes exhibit a similar signature in
the final state to top quark events. Consequently, the selected top quark
samples could contain an admixture of such exotic processes.

For example, the Minimal Supersymmetric Standard Model (MSSM) @]
predicts the supersymmetric partners of the top quarks, scalar top or short
“stop” quarks, to be predominantly produced in pairs via the strong inter-
action like the Standard Model top quarks. The stop quark pair production
cross section has been evaluated at NLO supersymmetric QCD and depends
mainly on the stop quark mass and very little on other supersymmetric pa-
rameters ]. At a centre of mass energy of 1.96 TeV, the pair production
cross section for the lightest stop quarks (f¢;) of 175 GeV/c? mass is 0.58
pb M], roughly 10% of the Standard Model top pair production rate (see
Section B.1]). The observable final states from stop decays depend strongly
on the chosen supersymmetric parameters, especially on the masses of the
supersymmetric particles in the decay chain. In Run II, the decay mode
t; — bl* i, has been studied by DO ] in 0.4 fb~! of data. The decay chan-
nel £; — cx! where the lightest neutralino Y{ is the lightest supersymmetric
particle (LSP) was studied by CDF [372] on 0.3 fb~! and by DO @, 374)
on 0.4 respectively 1 fb~! of data. 95% C.L. mass exclusion limits on the
involved supersymmetric particles were provided in both decay channels.

Another possible important decay mode is £; — Y{b, where the lightest
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chargino ¥; decays to W*xY, resulting in final states identical to those from
tt decays with the addition of two neutralinos (LSPs) which are contributing
to K. First limits for this channel have been provided by CDF in Run I on
0.1 fb=! of lepton plus jets data [376].

DO performs the first study of this channel in Run II on 0.9 fb~! b tagged
lepton plus jets data [375], setting the neutralino mass to 50 GeV /c? —slightly
above the limit by LEP [377] — while varying the stop and chargino masses
between 145 and 175 GeV /c? respectively 105 and 135 GeV/c?.

A possible stop admixture in the sample is searched for by employing
a multivariate discriminant based on kinematic event properties (see Fig-
ure 2§), with the main challenge to separate the topologically very similar
tt background and #;¢; signal. Counterintuitively, the neutralinos do not re-
sult in large differences in E7 that could be exploited, but the larger chargino
mass compared to that of the W boson for example results in reduced phase
space for the b jets in the event.

Since no significant signal admixture in the lepton plus jets dataset is
found, 95% C.L. upper limits on the #;¢; production rate are provided which
are a factor of ~ 7 — 12 above the theoretical prediction as illustrated in
Figure Consequently, the stop quark masses considered cannot yet be
excluded, and this analysis will greatly benefit from the increased datasets
already at hand. The weaker observed compared to the expected limits are
driven by the muon plus jets channel. The corresponding excess in data was
tested with pseudo-datasets to be statistically consistent with the Standard
Model expectation.

CDF searches for a stop admixture in the ¢t dilepton channel using a
2.7 fb~! dilepton dataset of both b tagged and untagged events [378]. As-
suming x| to be the LSP, heavy sfermions, the stop mass below the top
mass and the chargino mass smaller than the mass difference of stop and b
quark, the decay #; — X b obtains a 100% branching fraction. The dilepton
final state resulting from Y7 — ¥)¢*v decays is then identical to the #Z final
state with two additional neutralinos contributing to 7. It can be reached
through a variety of chargino decay channels, resulting in variations of the

branching fraction depending on SUSY parameters.

The stop quark signal is discriminated from the Standard Model back-
ground processes using a single quantity, the reconstructed stop mass, in
a fit to the observed data distribution. The mass is reconstructed from
this underconstrained system by treating neutralino and neutrino from each
stop decay as one massive pseudo-particle and then applying a standard top
mass reconstruction technique in the dilepton channel, neutrino weighting
(see Section [[37]). Since the observed distributions are consistent with the
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Figure 29: Excluded areas observed at 95% C.L. in the neutralino versus
stop mass plane for various assumed dilepton branching fractions and two
different chargino masses (left: 105.8 GeV/c?, right: 125.8 GeV/c?), obtained
by CDF in 2.7 fb~! of dilepton data. The contributions of e, i, 7 to the final
state are assumed to be equal [37§].

Standard Model background processes, 95% C.L. limits are derived on the
dilepton branching ratio in #;#; production for stop masses between 115 and
185 GeV/c?, neutralino masses between 43.9 and 88.5 GeV/c? and chargino
masses between 105.8 and 125.8 GeV/c?, as illustrated in Figure 29 A
branching fraction of 100% for ¢, — ;b and equal contributions from e, u, 7
to the final state are assumed throughout.

Model-independent searches for exotic admixtures in top quark samples
via the search for anomalous event kinematics are discussed in Section [G.4l

5.8 Single Top Quark Production

The electroweak production of top quarks without their anti-particles allows
one to directly measure the |Vj;,| CKM matrix element, to test the Wtb vertex
structure and to probe for physics beyond the Standard Model like flavour
changing neutral currents or new heavy gauge bosons W’ (see Section [3.2).
A thorough understanding of single top quark production is also instrumen-
tal for the study of processes with a similar signature, like Standard Model
W-Higgs production for which this process is a background. While the sin-
gle top production rate is O(40%) of the strong ¢t production, the signal
extraction from background processes is very challenging due to only one top
quark signature present in the final state. Simple kinematic selections are
insufficient for such an analysis, and sophisticated multivariate techniques
have to be deployed.

For single top quark production at the Tevatron, only s- and ¢-channel
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production are relevant, contributing with 0.8810-1 pb respectively 1.98035 pb

to the total rate at NLO [157]. The experimental signature comprises a b
jet and the W boson decay products from the top quark decay. In the s-
(tb-) channel, one additional b jet arises from the b quark produced together
with the top quark. In the ¢- (tgb-) channel, a forward light-quark jet arises
from the top quark production, sometimes accompanied by another b jet
from the gluon splitting into bb (see Figure B). In order to suppress multijet
background, the W boson is usually required to decay leptonically into an
electron or muon and corresponding neutrino. Consequently, the final state
signature of single top quark production contains an energetic isolated elec-
tron or muon, £r and two or three jets with at least one of them being a b
jet. Additional jets can arise from initial- or final-state radiation.

5.8.1 Production Cross Section and Vi,

Searches for single top quark production were already performed in Run I
using 0.1 fb~! of data, first by DO [379, 380] and then by CDF [381, 1382],
yielding upper limits on the production rate at least a factor of six larger than
the Standard Model expectation. In Run II, first results were published using
0.2 fb~! of data by CDF [383] and DO [384, 1385], where the best observed limit
was less than a factor of three above the Standard Model prediction. Finally,
DO published first evidence for single top quark production using 0.9 fb~!
of data [13, [14], observing a signal of 3.6 standard deviations significance.
Preliminary results by CDF based on 2.2 fb~! then confirmed evidence for
single top quark production [386-1389] with an observed signal significance
of 3.7 standard deviations resulting from the combination of three of these
analyses [390].

The analyses yielding first evidence for electroweak top quark production
apply event selections requiring one energetic isolated electron or muon and
Fr. CDF uses events with two or three jets and one or two b tags, while
DO includes additionally events with four jets where the extra jet arises from
initial- or final-state radiation. The signal acceptances for the s- and t-
channel are 2.8% and 1.8% (CDF) respectively 3.2% and 2.1% (D0), and the
expected and observed event yields are shown in Table [[4l The dominant
background contributions come from W +jets production, t¢ production in
the lepton plus jets or dilepton final state where one jet or lepton is not
reconstructed and from multijet production. The main sources of systematic
uncertainty are background normalisation, jet energy scale and modelling
of the b tagging and triggers used. As can be appreciated from the table,
the uncertainty on the background is larger than the expected signal which
makes advanced analysis techniques necessary.
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Source 2 jets 3 jets 4 jets Source 2 jets 3 jets

th 16+£3  8+2 241  tb 41.245.9 13.5+1.9
tqb 2044 1243 441 tgb 62.149.1 18.342.7
t 5910 135426 154433 it 146.0420.0 338.7448.2
Wbb 261455 120424 35+£7  Whb 461.6+139.7 141.1+42.6
Wee,Wej 151431 85417 2345  Wee,Wej 395.0+£121.8  108.8+33.5
Wi 119425 4349 1242  Wjj 339.8456.1  101.8+16.9

Multijets 95+19 77£15 29+6 Multijets  59.5+23.8 21.3£8.5
BG Sum 686+41 460+39 253+38  Dibosons  63.2+6.3 21.5£2.2

Data 697 455 246 Z+jets 26.7£3.9 11.04+1.6
BG Sum 1491.84+268.6 754.84+91.3
Data 1535 712

Table 14: Expected and observed event yields of the single top selections for
e and p, single and double b tagged channels combined — left for DO based
on 0.9 fb™! [14], right for CDF based on 2.2 fb~! [387]. For the DO result,
the overall W plus jets background includes Z plus jets and diboson events.

DO applies three different multivariate analysis techniques to the prese-
lected data sample: boosted decision trees (BDT), Bayesian neural networks
(BNN) and matrix elements (ME), where the latter two were reoptimised
for publication |13] compared to [14]. The ME analysis does not use four-jet
events, being based on leading-order matrix elements for the description of
signal and background processes. For each analysis, the combined s- and
t-channel cross sections are extracted from the peak of the Bayesian poste-
rior probability density derived from a binned likelihood of the respective
discriminants. The results are then combined, yielding:

o (pp — th+ X, tgb+ X) = 4.974 pb (BDT, 3.40)
= 44735 pb (BNN, 3.10)
= 48719 pb (ME, 3.20)

4.7t1% pb  (Combined, 3.60),

where the uncertainties correspond to the combination of statistical and sys-
tematic sources. The observed production rates are in agreement with the
Standard Model expectation and each other. The significances are obtained
from large ensembles of pseudo-experiments. The expected sensitivity of the
combined result is 2.3 standard deviations, indicating that the measurement
benefited from a statistical upward fluctuation. A separate measurement of
the s- and t-channel cross sections is performed as well with the BDT analy-
sis, obtaining oy = 1.0 £ 0.9 pb and o, = 4.27]'} pb when fixing the channel
not measured to its Standard Model expectation respectively. The observed
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enhancement in the ¢-channel with respect to the Standard Model prediction
is not statistically significant.

CDF uses the following multivariate analysis techniques on their prese-
lected dataset: neural networks (NN [389]), a likelihood function (LHF [388]),
a matrix element discriminant (ME [387]) and boosted decision trees (BDT
[386]). The results obtained are:

o (pp—th+ X, tgb+ X) = 2. 0+88 pb (NN 3.20)
= 1.870% pb (LHF 2.00)

2. 2+37 pb (ME 3.40)

= 22757 07 pb (Combmed 3.70)

= 1.9 pb (BDT, 2.80),

where the uncertainties given are both statistical and systematic. The BDT
analysis became available after the combination [390] was performed and
hence is not included there. The observed results agree with each other and
the Standard Model expectation. The expected sensitivity of the combination
is 5.1 standard deviations, pointing to a statistical downward fluctuation of
the measurement.

FigureB0lshows the discriminant outputs of the two most significant single
measurements from CDF (ME) and DO (BDT). A graphical summary of the
discussed measurements in comparison to the Standard Model expectation
is given in Figure 31l All analyses assume a top quark mass of 175 GeV/c?
B(t — Wb) = 100% and the Standard Model ratio of s- and ¢-channel cross
sections.

In a recent update, CDF has added 0.5 fb=! of data to the single top
analyses, resulting in an increased observed significance for all analysis tech-
niques applied. The matrix element analysis yields again the most significant
single result, exceeding four standard deviations. A combination of the mea-
surements has not yet become available. The 2.7 fb~! results with combined
statistical and systematic uncertainties are:

O.obs(pﬁ_>t6+X’ tqb+X) = 21+07pb (NN, 370’) [391]
= 20+08pb (LHF, 2.60) [392]
= 27708 pb (ME, 4.20) [393]
= 24+87 pb (BDT, 3.60) [394].

Since the single top quark production rate is proportional to |Vj|?, the
cross section measurement can be turned into a measurement of |Vj| un-
der the following assumptions: There are no single top quark production
modes beyond the Standard Model, single top quark production and decay
are dominated by the Wtb interaction (|Vip| > [Vial,|Vis| as indicated by
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measurements of R described in Section [6.2]) and the Wtb interaction ex-
hibits a V' — A structure and is CP conserving. The latter premise allows
for anomalous left-handed vector couplings ff (see Section [3.3.3)) but not for
right-handed vector or tensor couplings. Anomalous f{ values (# 1) do not
affect tt production rate and kinematics or tb respectively tgb kinematics but
simply rescale the single top production rate. Consequently, |V, f£| extracted
from the single top production cross section can be > 1, and restricting the
measurement to [0, 1] implies f = 1 as predicted by the Standard Model.
The measurement of |V, f{| respectively |Vy| is independent from the number
of fermion generations and CKM matrix unitarity.

Using the result of the boosted decision tree analysis and a positive flat
prior for |Vp|?, DO obtains |V fE| = 1.31703°. Restricting the prior to
[0,1] yields |Vi| = 1.0010%9, with a corresponding 95% C.L. lower limit
of |Vip| > 0.68 [13]. CDF uses its combined measurement in the same way
to obtain a 95% C.L. lower limit of |V,;| > 0.66 [390]. The 2.7 fb~! matrix
element analysis yields |V, > 0.71 [393].

With most of the current measurements giving evidence above three sigma
for single top quark production, the observation at the five standard devia-
tion level seems imminent at the Run II Tevatron. Extrapolating from the
2.2 fb~! result as illustrated in Figure 32, CDF estimates that the five sigma
significance should be reached by adding one more fb=! of data to the anal-
yses. DO could reach the observation level already in the two fb™! dataset
that is currently being analysed.

As discussed in Section [3.2], s- and t-channel production exhibit different
sensitivity to physics beyond the Standard Model. Measuring both rates
separately then provides a valuable tool to test for various exotic model
contributions in single top quark production. Figure [32] shows D0’s expected
sensitivity to physics beyond the Standard Model [165] with the already
analysed data and with the accumulation of 6.8 fb™! of Run II data. With
such increased integrated luminosity, the exclusion of some exotic models at
95% C.L. should be feasible. With more than 6 fb~! a measurement of |V
with an absolute uncertainty below 0.07 per experiment should be achievable
as well. In addition, further refinements of the analysis techniques should
facilitate improvements in precision beyond what can be expected from the
accumulation of more data alone.

5.8.2 Top Quark Spin Polarisation

As opposed to top quark pair production via the strong interaction where the
top quarks are produced essentially unpolarised (see Section [2.13]), top quarks
produced singly via the electroweak interaction are expected to be highly
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Figure 32: Left: Extrapolation of the single top signal significance versus
integrated luminosity from the 2.2 fb=! CDF analysis result. Right: Expected
95% C.L. contours for a simultaneous measurement of the s- and ¢-channel
single top production rate by DO for different integrated luminosities. The
Standard Model expectation is shown together with various exotic models.

left-handedly polarised |[164]. The polarisation of the top quark is reflected
in the kinematic distributions of its decay products, allowing to test the V — A
structure of the Wtb coupling [139, [395]. An observation of this polarisation
would also allow one to set limits on the top quark decay width and |V
since it would experimentally confirm that the top quark decays before it
can be depolarised by QCD interactions.

Both relevant single top quark production mechanisms at the Tevatron (s-
and t-channel) exhibit up-type—down-type and tb quark lines interconnected
by a W boson. Since the W boson couples solely to fermions of left-handed
chirality, in their rest frame single top quarks are highly polarised in the
direction of the down-type quark [163, 1396, 397]. The optimal spin basis
for studying the single top spin polarisation thus will use the direction of the
down-type quark.

For the s-channel production predominantly proceeding via ud — tb one
expects the antiproton beam to provide the down-type quark most of the
time. Indeed, measuring the top quark spin along the direction of the an-
tiproton beam (“antiproton basis”) results in 98% of the top quark spins
aligned in that direction. For the t-channel the situation is slightly more
complicated, since the down-type quark is contained in either the spectator
jet or in one of the beams. With the largest contribution to the total pro-

2 For the contributing 2 — 2 processes this polarisation is 100%. These diagrams are
related to the top decay with hadronic W boson decay via crossing symmetry, where the
down-type decay products of the W boson exhibit optimal analysing power.
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duction rate coming from ug — tbd where the down-type quark yields the
(light quark) spectator jet, a reasonable choice for the spin basis is the spec-
tator jet direction (“spectator basis”). Since the spectator jet is produced in
forward direction this basis is also still compatible with the cases where the
down-type quark is in the initial state, resulting in 96% of the top quarks
having their spins polarised along the light quark jet direction.

With the top quark decaying before it hadronises, its spin information is
passed on to its decay products. A straightforward observable is the angular
distribution of the top quark decay product ¢ in the top quark rest-frame:

1 dr 1
T d cos0! T2 <1 + Ana cos 95)’

where 6! is the angle between decay product and spin quantisation axis, «; is
the analysing power describing the correlation between top quark spin and
decay product and A, = Ny — N|/N; 4+ N/ is the spin asymmetry determin-
ing the size of the observable angular correlations. The analysing power is
maximal (41) for the down-type (73 = —%) decay products of the W boson
(charged lepton, d- or s-quark), making the charged lepton the most sen-
sitive and easily accessible spin analyser. Using the spin quantisation axes
described above, the spin asymmetry is 0.96 for the s-channel and 0.93 for
the t-channel [163, 1396, 397].

To perform a spin polarisation measurement at the Tevatron, single top
quark production in the ¢-channel is most promising due to its higher rate
compared to the s-channel. The required integrated luminosity to observe
spin polarisation in the ¢-channel at the Tevatron was determined in a study,
including effects of jet resolution and acceptance [162]. To establish the
polarisation at the five standard deviations level, approximately 5 fb=! of
data will be needed, which should be available very soon.

At the LHC, measurements of single top spin polarisation will benefit
from the high statistics single top datasets, and optimal spin bases have al-
ready been explored for the two dominant production modes (¢-channel [161],
associated tW production [398]). Already with the first 2 fb~!, a polarisation
measurement with an uncertainty of 4% should be achievable based on the
t-channel production alone [399].

5.8.3 Search for W’ bosons

Electrically charged gauge bosons that are not part of the Standard Model are
usually denoted as W’. Such bosons are predicted in a variety of extensions
of the Standard Model incorporating larger gauge groups that can be reduced
to the Standard Model group for sufficiently low energies [165, |400].
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The most stringent limit to date in a direct search on the mass of such
a W' boson has been set by DO in the leptonic final state (W’ — fv) using
1 fb~! of Run II data. Under the assumption the W’ boson exhibits Standard
Model W boson couplings to fermions, this search excludes the mass range
below 1 TeV/c? at 95% C.L. by studying the tail of the transverse mass
spectrum calculated from lepton transverse energy and Er [401]. Indirect
W' mass constraints are strongly model-dependent and vary greatly between
lower limits of 549 GeV /c? and 23 TeV /c?, being derived from (semi-) leptonic
processes as well as from astrophysical and cosmological constraints [41].

A direct search for W’ bosons in the hadronic final state (W' — ¢q’)
allows for a less model-dependent measurement since both left-handed and
right-handed W' bosons can be observed in this final state, independent of
any assumption on the mass of a right-handed neutrino m,,, in the latter
case. In contrast to this, the leptonic final state is only accessible for a
right-handed W’ boson if the corresponding right-handed neutrino is not too
massive (m,, < my~). Searches for W’ bosons as a resonant structure in the
dijet invariant mass spectrum have been carried out by UA2 [402] and at the
Run I Tevatron by CDF [403] and DO [404].

Focussing on hadronic W’ searches using third generation quarks in the
final state reduces the QCD background compared to the (light) dijet final
state searches. Such measurements are only sensitive to W' bosons with
masses above the tb threshold of ~ 200 GeV/c?, but the low mass range is
excluded already by the current limits on single top quark production [405].
A W’ signal would be visible as peak in the invariant mass distribution of its
tb decay products (tb includes both tb and tb final states).

Since the W' — tb decay mode contributes to s-channel single top produc-
tion (see Section [3.2)), these searches are based on the single top production
cross section analyses (see Section [.81]). For left-handed W’ bosons inter-
ference occurs with Standard Model single top production, which is not the
case for right-handed W' bosons due to the different (right-handed) final
state particles. Considering a right-handed W’ boson, the decay width de-
pends on the mass of the right-handed neutrino involved in leptonic decays.
If m,, > my, only ¢¢ final states are accessible, resulting in a width re-
duced by about 25%. Such a scenario generally results in a more stringent
mass limit due to the enhanced tb branching fraction. A contribution of the
W' boson to the top quark decay is usually not considered due to its large
mass.

A first search for W’ — tb was performed by CDF in Run I based on
0.1 b=t of lepton plus jets data. At 95% C.L. lower limits on the mass of a
right-handed W’ boson are obtained, yielding 536 GeV /c? for m,, < my~
and 566 GeV/c? for m,, > my~ [406].
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Figure 33: Theoretical prediction at NLO and 95% C.L. limits for
o(pp — W') x B(W' — tb) versus mass of the W’ boson. Left: Left-handed
W’ boson. Right: Right-handed W’ boson [407].

DO published a first search for W’ — tb in Run II based on 0.2 fb~!
of lepton plus jets data and the corresponding single top cross section re-
sult [385]. For a right-handed W’ boson with CKM mixing equal to the
Standard Model, 95% C.L. lower mass limits of 630 GeV/c? (670 GeV/c?)
are obtained for m,, < my (m,, > my~). In addition, a first correspond-
ing lower mass limit for a left-handed W’ boson is derived, taking properly
the interference with the Standard Model production into account, yielding
610 GeV/c? [405].

Based on the 0.9 fb~! lepton plus jets dataset and the analysis from
which the first evidence for single top production was achieved [13, [14], DO
obtains further improved W’ mass limits [407]. Using the invariant mass
of charged lepton, leading two jets and neutrino as sensitive variable for
separating signal and background, the 95% C.L. lower mass limit for a left-
handed W’ boson interfering with Standard Model single top production
increases to 731 GeV/c?. For a right-handed W’ boson the 95% C.L. lower
mass limits are 739 GeV/c? (768 GeV/c?) for my,, < mw: (m,, > my),
as illustrated in Figure [33] The latter two cross section limits translate into
upper limits on the W’ gauge coupling in units of the Standard Model weak
coupling of 0.72 (0.68) for a W’ boson mass of 600 GeV/c?. The dominant
systematic uncertainties included in these limits are the theoretical cross
sections (affecting the background normalisation) and uncertainties on the jet
energy calibration and b jet simulation (affecting background normalisation
and shape of the sensitive variable).

CDF has obtained a preliminary result for the W’ — tb search based
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on 1.9 fb~! lepton plus jets Run II data using the invariant mass of the
reconstructed W boson and the two leading jets as sensitive variable. 95%
C.L. lower limits on the mass of a right-handed W’ boson are found to be
800 GeV/c? for m,, < my and 825 GeV/c? for m,, > my~. Neglecting
interference effects the former limit is considered to apply for a left-handed
W' boson as well. The corresponding W’ gauge coupling in units of the
Standard Model weak coupling is found to be below 0.68 and 0.63 respectively
for a W’ boson mass of 600 GeV/c? [408].

The more general case of a W’ boson with an admixture of left- and right-
handed couplings to the Standard Model fermions has not been studied so
far.

5.8.4 Search for Single Top Production via charged Higgs Bosons

The Standard Model Higgs sector with its single Higgs doublet of complex
scalar fields to break the electroweak symmetry and generate masses for
weak gauge bosons and fermions (see Section [Z]) can be easily extended to
include a second Higgs doublet, resulting in “Two Higgs Doublet Models”
(THDM, 2HDM) [409, 410]. In contrast to the single neutral scalar CP-
even Higgs boson predicted by the Standard Model, THDMSs give rise to five
physical scalar Higgs bosons after electroweak symmetry breaking, two of
which are charged — H* — providing a unique signature for physics beyond
the Standard Model. Three different Higgs-fermion couplings are discerned
in THDMs. Type-I models consider only one of the Higgs doublets to couple
to fermions. In type-II models each of the doublets couples solely to up-
type fermions and down-type fermions respectively, while in type-III models
general couplings of both Higgs doublets to fermions are allowed. In the latter
case, Higgs-mediated flavour-changing neutral currents at tree level need to
be sufficiently suppressed to be compatible with experimental limits, which
can be achieved by choosing the Higgs parameters correspondingly [411].

If the charged Higgs boson is heavier than the top quark (mg+ > my), its
production via quark fusion can contribute to single top quark production
through the decay into third generation quarks: ¢ — H* — tb. Due to
the mass dependent couplings of the charged Higgs boson, such a decay is
dominant in many models. The signature of this process is identical to that
of s-channel single top quark production, and the search for charged Higgs
bosons can be performed similar to that for W’ bosons, with the simplifica-
tion that interference with the Standard Model production process can be
neglected.

DO performs a first direct search for the process ¢¢ — H* — tb —
(vbb [412], based on the analysis providing first evidence for single top pro-
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Figure 34: Left: Distribution of the invariant mass of reconstructed W boson
and two jets in 0.9 fb™! lepton plus jets data, Standard Model background
processes and charged Higgs boson signal in a type-III THDM for various
mpy+, enhanced by a factor of 50. Right: 95% C.L. exclusion region in
the (mp+,tan 3) plane for a type-I THDM. If I'y+ exceeds 50 GeV/c?, the
analysis is no longer valid, and no limits can be derived as illustrated by the
darker green area [412].

duction [13, 14] in a 0.9 fb~! lepton plus jets dataset. Restricting the jet
multiplicity in the event selection to exactly two jets corresponding to the s-
channel final state, charged Higgs bosons are searched for in the mass range
180 GeV/c? < mp+ < 300 GeV/c? for all three types of THDMs. The
sensitive variable used to discriminate the charged Higgs boson signal from
the Standard Model background processes is the invariant mass of the re-
constructed W boson and the two jets as illustrated in Figure B4 Since
no evidence for signal is observed in the data, 95% C.L. upper limits on
the charged Higgs boson production cross section times branching fraction
into third generation quarks are provided for all three types of THDMs,
taking systematic uncertainties into account. The dominant systematic un-
certainties result from the jet energy scale calibration, modelling of the b jet
identification and theoretical uncertainties in modelling and normalisation of
the signal. For the type-I THDM, the limits are translated into a 95% C.L.
exclusion region in the (mpy+,tan ) parameter space (see Figure 34]), where
tan 3 is the ratio of the two Higgs doublets’ vacuum expectation values.

More searches for charged Higgs bosons, especially those in top quark
decays (for my+ < my), are described in Section [6.5]

91



5.8.5 Search for Neutral Current Single Top Production

Single top quark production via flavour changing neutral interactions with
the light quarks u, c and the Z,~, g gauge bosons is possible in the Standard
Model through higher order radiative corrections, but so strongly suppressed
that it cannot be observed. Consequently, the search for these production
mechanisms at tree level allows one to probe for corresponding anomalous
coupling strengths x [165, 413] that are predicted by various extensions of
the Standard Model [414].

The processes involving a photon or Z boson exchange have been exten-
sively studied at LEP and HERA. At both accelerators top quarks can only
be produced singly at the available centre of mass energies due to the large
top quark mass.

At LEP, single top quark production proceeds via the Standard Model
process ete” — e~ 17,tb which can be safely ignored in the available datasets
due to its tiny production rate. All four LEP experiments searched for sin-
gle top production via ee” — t¢/tu in both hadronic and semileptonic
final states resulting from the different W boson decay modes from the top
quark decay. While only the Standard Model decay ¢ — Wb is considered,
a possible reduction of its branching ratio due to FCNC decays is accounted
for when deriving the results. Since no evidence for single top quark pro-
duction is observed, 95% C.L. upper limits on the cross section are derived
and corresponding model-dependent upper limits on the anomalous coupling
parameters k., and kz are determined [415-418].

Single top quark production at HERA is possible via the charged current
Standard Model process ep — vtbX which exhibits a negligible production
rate here as well. Both H1 and ZEUS have searched for the inclusive neutral
current process ep — et X. Because of the large Z boson mass, this reaction
is most sensitive to couplings involving photons. Due to the large proton
momentum fractions needed for single top production, the u quark contribu-
tion will dominate over that from the ¢ quark (see Figure ), resulting in the
highest sensitivity for tuy couplings at HERA.

Using datasets with 0.1 fb=! of integrated luminosity and assuming the
Standard Model top quark decay t — Wb, H1 and ZEUS search for single
top production both in the leptonic and the hadronic W boson decay chan-
nel. ZEUS observes good agreement with the Standard Model prediction
and sets 95% C.L. upper limits on single top production rate and the FCNC
magnetic coupling s, and the vector coupling vy, 7, neglecting charm con-
tributions [422]. H1 observes five events in the leptonic channel with an ex-
pected Standard Model background contribution of 1.31 £ 0.22 events, while
the hadronic channel exhibits no excess over the Standard Model prediction.
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Figure 35: 95% C.L. upper limits on the top quark anomalous couplings
to photon and Z boson ke, and vyz [419]. Depicted are the limits by
CDF [420, 421], L3 |416], H1 [419] and ZEUS [422].

The two channels are compatible at the 1.1 o level, and both a combined sin-
gle top cross section with about 2 o significance and 95% C.L. upper limits
on cross section and Ky, assuming a statistical fluctuation are provided [423].
In a recent preliminary update of the measurement in the leptonic channel
by H1 using an integrated luminosity of 0.5 fb™! good agreement with the
Standard Model expectation is observed and improved limits on single top
cross section and ry,, are obtained [419].

Further limits on the anomalous couplings - and k7 have been measured
at the Tevatron by CDF via the search for neutral current top quark decays
t — vq and t — Zq as discussed in detail in Section [6.3. The most stringent
results on anomalous top quark couplings involving photons and Z bosons
obtained at LEP, HERA and the Tevatron are summarised in Figure [35 with
the exception of the latest CDF limit on ¢ — Zq decays [424] that constrains
Kz better than the L3 limit.

Flavour changing neutral current couplings of top quarks and gluons
have not been studied as extensively. A constraint on the anomalous gluon
coupling kyqe/A where A gives the scale for new physics has been derived
based on the observed ¢t pair production cross section at the Run I Tevatron
and a possible new physics contribution that could be still accommodated
within two ¢ of combined experimental and theoretical uncertainties, yielding
Kige/ A < 0.52 TeV~! [425]. Another limit on the anomalous gluon coupling
has been derived using the single top production cross section limit measured
by ZEUS [422]. Neglecting effects that arise from the different final states
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Figure 36: Left: Neural Network (NN) discriminant distribution in 0.2 fb™*
lepton plus jets data, simulated FCNC signal enhanced by a factor of ten and
Standard Model background. The signal distribution represents the sum of
tug and tcg processes, evaluated for ry,/A = 0.03 TeV~!. Right: Exclu-
sion contours of the anomalous top-gluon couplings for different confidence
levels [427].

obtained in the gluon channel compared to the original search (one additional
light jet is present in the gluon case), at 95% C.L. kgy/A < 0.4 TeV™! is
obtained [426].

DO has performed a first search for single top production via flavour
changing neutral current couplings to gluons at a hadron collider, using
0.2 fb~! lepton plus jets data [427]. The analysis is based on the corre-
sponding search for Standard Model single top production [384, [385] but is
restricted to events with only one b tagged jet and treats s- and t-channel
Standard Model single top production as background. Since the neutral
current top quark decays t — gu/gc exhibit a negligible branching fraction
for Kige/A S 0.2 TeV™! [428], the Standard Model top quark decay can be
considered alone.

To separate the FCNC signal from the overwhelming Standard Model
background processes, a neural network with ten input variables based on
global event kinematics, angular correlations and kinematics of the individual
reconstructed objects is deployed. The resulting data distribution is shown in
Figure [30] and exhibits good agreement with the Standard Model prediction
which allows one to set limits on the FCNC couplings fi,y/A and kg /A.

Systematic uncertainties changing either the normalisation or both nor-
malisation and shape of the distributions are taken into account when calcu-
lating the two-dimensional Bayesian posterior probability density, resulting
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Figure 37: Left: Neural network discriminant output in W plus one b jet
events observed in 2.2 fb™! of CDF data (black points) and Standard Model
background processes. A FCNC single top signal with the observed 95%
C.L. excluded production rate has been added in red. Right: Derivation of
the Kpug/A limit from the intersection of observed cross section limit and
theoretical rate prediction, assuming a k., of zero ]

in the exclusion contours of both couplings for different confidence levels
shown in Figure B6. The largest normalisation uncertainties arise from the
background cross section uncertainties, including the uncertainty on the top
quark mass for ¢ and single top samples. The largest uncertainties affecting
the shape as well arise from jet energy scale calibration and b tag model-
ing. 95% C.L. upper limits on k¢,,/A and k., /A are obtained by integrating
over the respective second dimension, yielding 0.037 TeV~! and 0.15 TeV !,
These limits represent a significant improvement over the previous ones by
up to an order of magnitude.

In a recent preliminary result based on a 2.2 fb~! dataset, CDF also
searches for FCNC single top production @] Other than in the D0 analysis
where 2 — 2 tcg and tug signal processes are considered, CDF investigates
the 2 — 1 processes u(c) + g — t. Since also in this analysis the Standard
Model top quark decay is considered alone, events with one isolated energetic
lepton, F7 and one b tagged jet are selected.

Signal and Standard Model background processes are separated using a
Bayesian neural network based on 14 input variables containing information
from the reconstructed objects and event kinematics. In a template fit to
the observed distribution in data good agreement with the Standard Model
background is found as illustrated in Figure B7 and a 95% C.L. upper limit
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on FCNC single top production via u(c) + g — t of 1.8 pb is obtained in
accordance with the expected sensitivity.

Based on LO predictions of the FCNC signal process from ToOPREX [43(0]
and NLO k-factors [431, 432], the obtained cross section limit can be con-
verted into limits on the anomalous gluon couplings. No two-dimensional
information is used in this analysis for contributions of tcg versus tug signal
processes, and the respective other coupling is assumed to be zero when each
coupling limit is derived. The resulting 95% C.L. upper limits are r,,/A <
0.025 TeV~! (see Figure B7) and fy.y/A < 0.105 TeV~1.

5.8.6 Anomalous Wtb couplings in Single Top Production

The couplings between quarks and electroweak gauge bosons could be directly
scrutinised at LEP [86] with the exception of the top quark due to its large
mass and consequent negligible production rate at LEP. At the Tevatron, the
couplings of the top quark with the W boson can be studied by measurements
of top quark decay properties in ¢t production (see for example Section [G.]])
and via single top quark production. Physics beyond the Standard Model
could result in the modification of the Lorentz structure of the Wtb vertex.
Considering a more general extension of the Standard Model Wb interaction
Lagrangian as discussed in Section [3.3.3] such new physics could introduce
non-zero contributions from right-handed vector (f{¥) and left- respectively
right-handed tensor couplings (ff, ff) in addition to the pure left-handed
vector coupling (f{) in the Standard Model framework.

DO has published a first measurement giving direct constraints on such an
extended Wtb interaction including first direct limits on the left- respectively
right-handed tensor couplings [433], based on the analysis yielding first evi-
dence for single top production in 0.9 fb~! lepton plus jets data [13,[14]. In
the analysis, single top quark production and decay are considered to occur
via W bosons alone, with the dominant contribution arising from the Wtb
interaction which is assumed to be C'P conserving. Anomalous couplings in
the Wtb vertex can modify both the total single top production rate and
the observed kinematics in the events with respect to the Standard Model
expectation [139,1434-436], the latter effect being illustrated in Figure 38 for
the charged lepton transverse momentum distribution.

Since a simultaneous fit of all four couplings is not feasible with the avail-
able statistics, the Standard Model coupling is instead considered with one
additional anomalous coupling contribution respectively in varying propor-
tions, while the remaining two anomalous couplings are set to zero. The
resulting scenarios are denoted as (Li, Ry), (L1, Rs) and (Li,Ly). Non-
negligible interference effects for the last case are taken properly into account.
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Figure 38: Left: Charged lepton transverse momentum distribution in
0.9 fb~! lepton plus jets data (two jets, one b tag subsample) and corre-
sponding Standard Model single top signal and background contributions.
The effect of the four different Witb couplings on the signal is illustrated
as well (the other couplings being zero respectively) with normalisation en-
hanced by a factor of ten. Right: Boosted decision tree output for the same
data, signal and background contributions, with the (L;, Ry) case coupling
contributions overlaid (normalisation enhanced by a factor of five) [433].

For signal discrimination from the Standard Model background, boosted de-
cision trees are used based on the same variables as in [13, [14], with the
lepton transverse momentum distribution added. One example distribution
for the (L1, Rs) case is shown in Figure B8

The obtained decision tree output in data is compared with the var-
ious single top signal models in all twelve subchannels defined by lepton
flavour (e, p), jet multiplicity (two, three, four) and b tag multiplicity (one,
two). This yields a two-dimensional Bayesian posterior probability density,
depending on |ff|* and the second anomalous coupling |f4|? considered in
the respective scenario. Systematic uncertainties are taken into account,
with dominant contributions arising from background normalisation, mod-
elling of b tagging and jet energy scale calibration, the latter two affecting
both normalisation and shape of the simulated spectra. The maxima of the
likelihoods in all three considered scenarios yield zero for |f4]?, and corre-
sponding 95% C.L. upper limits on these couplings are provided from the
one-dimensional likelihood projections. The results are summarised with the
measured single top production rates and |f{|? values obtained from one-
dimensional likelihood projections in Table The Standard Model Wtb
interaction is favoured over the exotic alternatives studied. This analysis
will greatly benefit from the increased datasets already at hand respectively
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Scenario  Cross Section (tb + tgb)  Considered Couplings

[fE? =183

(L1, Ba) 35 P 7% < 2.5 (95% C.L.)
L2 =1.4%97

LR 45122 op | f1] 0.8

(L1, R) 22 P IfE? < 0.3 (95% C.L.)

(L. L) 14%33 pb il = L4%s

|f£12 < 0.5 (95% C.L.)

Table 15: Total single top production rates obtained in the three anomalous
coupling scenarios together with the corresponding one-dimensional measure-
ments respectively limits for the involved couplings [433].

expected until the end of Run II.

6 Measurements of Top Quark Decay Prop-
erties

The previous chapter demonstrated that so far no significant deviations from
the Standard Model expectations regarding top quark production both via
the strong and electroweak interaction have been observed. In this chap-
ter various decay properties of the top quark will be investigated, generally
assuming top quark production according to the Standard Model. The cor-
responding measurements are performed in top quark pair events, where the
top signal is fully established and in particular sufficient statistics are avail-
able.

6.1 Measurement of the W Boson Helicity in tt Decays

The helicity of the W boson in top quark decays can be used to test the V —A
Lorentz structure of the Wtb interaction (see Section B.3.3)). According to
the expectation from the Standard Model, W bosons from top quark decays
should be longitudinally polarised with a fraction fy ~ 70% and left-handed
with a fraction f_ =~ 30%, while the right-handed fraction f, is strongly
suppressed and below the per mill level [191]. For the decay of antitop quarks,
the C'P conjugate statement is implied, resulting in either longitudinally or
right-handedly polarised W~ bosons from ¢ decays.

A pure V + A structure of the Wtb interaction would result in an ob-
servation of a right-handed fraction f, = 30% with negligible left-handed
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Figure 39: Helicity angle cosf* distributions for left-handed (red), longi-
tudinal (blue) and right-handed (dashed green) polarised W bosons. The
superposition expected from the Standard Model is shown in black.

contribution. Small V' + A admixtures to the Standard Model left-handed
charged current weak interaction are for instance predicted within SU(2)g x
SU(2) x U(1)y extensions of the Standard Model [437-440]. Such contribu-
tions would result in an enhancement of f, while not significantly affecting
fo. Since the decay amplitude to longitudinally polarised W bosons is pro-
portional to the top quark’s Yukawa coupling [174], f, is sensitive to the
mechanism of EWSB and would be altered for example in topcolour-assisted
technicolour models [193, 1441].

The radiative decay rate b — sy can be used to set indirect limits on
the V + A admixture in top quark decays to be below a few percent [442-
445], assuming there are no contributions from gluonic penguin diagrams
in addition to the electroweak ones. This section will discuss the direct
measurements of the W boson helicity performed at the Tevatron using lepton
plus jets and dilepton datasets.

Thus far, four different analysis techniques have been deployed to extract
the W boson helicity fractions, based on:

(1) helicity angle (cos@*): The helicity of the W boson is reflected in the
angular distribution cos 6* of its decay products, with 6* being the angle
of the down-type (T3 = —3) decay products of the W boson (charged
lepton, d- or s-quark) in the W boson rest frame with respect to the

99



top quark direction |[188-191]:

dN
d cos 0%

=f- g(l —cos0*)* + fo - 2(1 —cos? 0%) + f - g(l + cos 0%)?,

where f_ can be replaced by (1 — fi — fo). The resulting distribu-
tions for each helicity fraction and the superposition expected from the
Standard Model are shown in Figure[39. A measurement of cos #* pro-
vides the most direct measurement of the W boson helicity but also
requires the reconstruction of the top quark and W boson momenta
which is challenging and involves the use of Fr, exhibiting a rather
poor resolution.

(ii) charged lepton pr spectrum (p%): The helicity of the W boson is cor-
related with the charged lepton momentum distribution: Since the v,
from W™ decays are always left-handed while the ¢+ are right-handed,
in case of a left-handed W™ decay the ¢* are preferentially emitted
anti-parallel with respect to the momentum of the W*. This leads to
a softer p% spectrum in the laboratory frame. Conversely, the (* are
preferentially emitted in the direction of the W+ momentum in case of
a right-handed W+ decay, leading to a harder p% spectrum. ¢+ from a
longitudinal W™ decay represent an intermediate case (see Figure [0).

(iii) invariant mass of b quark and charged lepton (M7 ): The helicity angle
distribution cos #* can be approximated using the invariant mass of the
system composed of the b quark and the charged lepton M3 :

pe-py — EvEy 2M7,

~ _1.
D¢l Pyl m; — Mg,

cos 0" =

This way one avoids the challenges involved in the kinematic recon-
struction of the top quark and the application of Fr by using only
momenta in the laboratory frame.

(iv) Matriz Element method (ME): The Matrix Element method was origi-
nally developed by DO [446] yielding a very precise mass measurement
given the limited Run I data sample (see also Section [.3.2]). Using the
complete kinematic information available, in each event a probability
for the event to correspond to a tt final state as a function of the helic-
ity of the W boson can be calculated, based on the LO process matrix
element.

The following subsections will give brief examples for each method, followed
by a summary of the current status of the measurements.
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Figure 40: Distributions of reconstructed charged lepton pr and cos 6* (based
on the M2 approximation) for top quark decays involving left-handed, right-
handed and longitudinally polarised W bosons [447].

6.1.1 pg, and ME2b

CDF has measured the W boson helicity in a 0.2 fb~! Run II dataset using
the charged lepton pr spectrum p% and the invariant mass of b quark and
charged lepton M7 to approximate cos@* [447]. The dependence of these
observables on the W boson helicity for a top quark mass of 175 GeV/c?
after event selection and reconstruction is shown in Figure[40l Since the world
average top and W boson masses are used when calculating cos #* instead
of the corresponding event-by-event reconstructed masses that would smear
out the distribution due to the larger inherent uncertainties, values outside
of the physical range —1 < cos#* < 1 are observed.

For the p% analysis a b tagged lepton plus jets sample is used requiring
at least three jets and yielding 57 events of which approximately 2/3 are
tt signal. In addition a dilepton sample with a cut on the scalar sum of the
transverse energy of jets, leptons and Fr is analysed, yielding 13 events with
a signal fraction of approximately 79%. The M2 analysis uses the lepton
plus jets sample alone, requiring a fourth jet and a good quality kinematic
fit to the ¢ hypothesis with a top mass of 175 GeV/c? which allows one to
associate the lepton with the appropriate jet to form M. This leaves 31
events for this analysis with a signal fraction of approximately 78%.

For both analyses, the data distributions are fitted separately to p4 re-
spectively cos 8* templates of signal with the different W boson helicities and
background. Due to the limited statistics, the helicity fractions fy and f,
cannot be fitted simultaneously. Consequently, f, respectively f. are con-
strained to their Standard Model values when fitting f, respectively f,. Both
analyses are finally combined taking statistical and systematic correlations
into account, yielding results consistent with the Standard Model expecta-
tion as shown in Table[I6l The dominant systematic uncertainties come from
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Analysis N fo fa
M, 31| 09975224019 | 0.23+0.16 +0.08
p5(00) 26 | —0.547032 £0.16 | —0.47 +0.10 & 0.09
Po(L7) 57 | 0.9570354+0.17 0.117935 +0.10
(e, 05) |83 03119057 +0.17 | —0.18%31 +0.12
Combined 0.74192 0.0019%9
95% C.L. limit < 0.95,> 0.18 <0.27

Table 16: Results of the single and combined measurements of f;, and f.
using M2 and p%. N indicates the number of events or leptons used. If
two uncertainties are given, the first is statistical and the second systematic.
For the combined results, the total statistical and systematic uncertainty is
given. For the p%.(¢¢) result, an observation of —0.54 or less is expected 0.5%
of the time for a true Standard Model f; value of 0.7 [447].

uncertainties on the top quark mass, background shape and normalisation,
effects of initial- and final-state radiation (ISR/FSR) and PDFs.

CDF has measured the fraction of right-handed W bosons assuming fy
to be 0.7 using the M}, method alone on a 0.7 fb~! Run II dataset [448].
Using a single and double b tagged lepton plus jets in addition to a dilepton
dataset, f, is extracted via maximum likelihood fits of the M7, distributions
obtained in data to V + A and V — A tt signal Monte Carlo and back-
ground processes. Including effects of the uncertainty on the t¢ signal and
background cross sections in the uncertainties, the lepton plus jets sample
yields f; = 0.06 £ 0.08 while the dilepton sample gives f, = —0.19 £ 0.11,
corresponding to a compatibility of the measurements at the 2.30 level. A
combination of these measurements including the total systematic uncer-
tainties yields f, = —0.02 £ 0.07(stat 4 syst), corresponding to f, < 0.09 at
95% C.L.. The main contributions to the systematic uncertainty come from
the jet energy scale, background shape and normalisation and limited Monte
Carlo statistics.

6.1.2 Matrix Element method

DO has used the matrix element method that was originally employed to
measure the top quark mass [446] to extract the longitudinal W boson helicity
fraction from 0.1 fb™! of Run I data [449]. The selected lepton plus jets
event sample corresponds to that of the preceding mass analysis [321] and
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Figure 41: Two-dimensional probability density observed in 0.1 fb~! lepton
plus jets Run I data as a function of fy and top quark mass my ]

comprises both soft muon b tagged events and untagged events for which
additional kinematic cuts are applied, yielding 91 events.

By comparing the measured set of four-vectors in each event with the
differential cross section for tf signal and the dominant W + jets background,
fo can be extracted by fixing f. to its Standard Model value and allowing
the ratio fo/f_ to vary. The usage of both W boson decays per signal event
increases the statistical sensitivity of the method. Since the calculation of
signal and background probabilities is based on leading order matrix ele-
ments, only events with exactly four jets are accepted, reducing the sample
to 71 events. In order to increase the sample purity, a cut on the background
probability is applied, leaving 22 events to be analysed like in the correspond-
ing matrix element mass analysis _ with a signal to background ratio of
12/10.

To take the dependence of the fy measurement on the top quark mass into
account, a two-dimensional likelihood depending on f, and m, is calculated
and corrected for response deviations from unity for different fy input values
(see Figure [I]). Since statistics is insufficient, a simultaneous optimisation
for both observables is not feasible; instead fy is evaluated integrating over
the top quark mass in a range between 165 and 190 GeV/c?. The obtained
probability maximum yields the central value of the measurement, with the
1o uncertainty band corresponding to the convolution of statistical and top
quark mass uncertainties. Other systematic uncertainties from acceptance
and linearity response or jet energy scale are small compared to this, yielding
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the final result:
fo =0.56 £ 0.31(stat @ my) £ 0.07(syst).

CDF has obtained a preliminary result for fy using the matrix element
method on 1.9 fb~! Run IT data for a fixed top quark mass of 175 GeV /c? [450)].
468 events are selected in a b tagged lepton plus jets sample with at least
four jets (only the leading four are used in the analysis) and a cut applied
on the scalar sum of transverse energy in the event, yielding a signal fraction
of about 84%. Fixing f, to its Standard Model value, the longitudinal W
boson helicity fraction is found to be fy = 0.64 £ 0.08(stat.) £ 0.07(syst.),
with the dominant systematic uncertainty coming from the Monte Carlo gen-
erator used (PYTHIA versus HERWIG) for the calibration of the measurement.
fo is found to change by F0.035 for a +2.5 GeV /c? variation in the top quark
mass. So far the analysis has not yet been extended to measure fy, and f,
or fo and m; simultaneously.

6.1.3 Helicity angle cos 0*

DO has published a first model-independent measurement of the W boson
helicity fractions by comparing the cos#* distribution in data to templates
of background and purely right-handed, left-handed or longitudinal W bosons
in signal, using f; and fj as freely floating parameters and f- =1— f, — fj
[451]. Tn a 1 fb~! dataset, lepton plus at least four jets and dilepton events
are selected. The signal purity is increased in each subsample by a cut
on an individually optimised multivariate likelihood discriminant based on
event kinematics and the output of a continuous neural network b tagging
discriminant. The cut values are chosen for each subsample to yield the best
expected precision of the helicity measurement.

The statistical sensitivity of the analysis is further increased by about
20% via including the hadronic W boson decays in the lepton plus jets sam-
ple in the measurement: A W boson daughter jet is picked at random for
the calculation of cos#*, introducing a sign ambiguity. Consequently, only
| cos 6*| can be considered which does not allow to discriminate left- from
right-handed W bosons, but still adds information for the extraction of f;.

The four-momenta of the top quarks and W bosons in the lepton plus jets
sample are reconstructed based on the best kinematic fit to a top quark event
hypothesis for m; = 172.5 GeV /c?, using the leading four jets to obtain cos 6*
respectively | cos 8*|. For the kinematically underconstrained dilepton events,
a top quark mass of m; = 172.5 GeV/c? is assumed and the kinematics is
solved up to a four-fold ambiguity in addition to the two-fold ambiguity from
the lepton-jet pairing (only the leading two jets are used). Jet and lepton
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Figure 42: Helicity angle distributions in lepton plus jets (a,b) and dilepton
events (c). 1 fb~! of DO data are represented by points with error bars, the
solid open histogram shows the result from the model independent fit while
the dashed open histogram shows the Standard Model expectation. The
filled histogram represents the background contribution [451].

energies in each event are smeared within their resolutions many times to
explore the phase space consistent with the observed values. The average of
the obtained cos 8* values is then used for each charged lepton, providing two
measurements per event. The resulting distributions are shown in Figure
Note that due to reconstruction effects the shape of the Standard Model
expectation differs from the theoretical prediction in Figure [39.

A template fit of these distributions yields f, = 0.425 & 0.166(stat.) &
0.102(syst.) and f, = 0.119 + 0.090(stat.) + 0.053(syst.). The result is com-
patible with the Standard Model expectation at the 30% C.L.. It should be
noted that the individual measurements in the lepton plus jets and dilepton
channels differ by about 2.1¢ [452]. The major systematic uncertainties on
the measurement are summarised in Table[I7] the largest uncertainty coming
from tt signal modelling evaluated through varying the Monte Carlo gener-
ators used (PYTHIA versus ALPGEN) and from changing underlying event
models to study the effects of gluon radiation or restricting the samples to
contain only one primary vertex to study the sensitivity of the measurement
to variations in instantaneous luminosity. Constraining f° respectively
f* to their SM values when fitting f* respectively f°, the result is f° =
0.619+0.090 (stat.) £0.052 (syst.), f+ = —0.002+0.047 (stat.) £0.047 (syst.)

105



| Source | Uncertainty (fo) | Uncertainty (fy) |

Top mass 0.009 0.018
Jet reconstruction eff. 0.021 0.010
Jet energy calibration 0.012 0.019
b fragmentation 0.016 0.010
tt model 0.068 0.032
Background model 0.049 0.016
Template statistics 0.049 0.025
Total 0.102 0.053

Table 17: Major systematic uncertainties on the simultaneous f, and f.
measurement by DO in a 1 fb™! dataset [451)].
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Figure 43: Left: Result of the model-independent W boson helicity fit by D0
[453]. The ellipses show the 68% and 95% C.L. contours around the mea-
sured data point. The star shows the SM expectation; the triangle denotes
the physically allowed region where fy and f, sum to one or less. Right:

Two-dimensional 95% C.L. exclusion area in the (f4, fo) plane measured by
CDF [454].

in agreement with expectations from the SM.

In a recent preliminary update, DO has added 1.2 fb~! lepton plus jets and
1.7 fb~! dilepton (ep only) datasets [453] to the above analysis. The model-
independent fit for the combined dataset yields fo = 0.490 £ 0.106(stat.) 4
0.085(syst.) and fy = 0.110 £ 0.059(stat.) + 0.052(syst.), consistent at the
23% C.L. with the Standard Model (see Figure A3]). The results from the
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lepton plus jets and dilepton channels remain marginally consistent with a
p-value of 1.6%.

CDF has obtained two preliminary results of model-independent W boson
helicity fits in 1.9 fb~! of data, using only the charged lepton in b tagged
lepton plus at least four jets events to obtain cos 6* [454, 1455]. A combination
of both results also has become available recently [456]. The measurements
are compatible with the Standard Model expectation, each other and the
D0 measurements presented above and are summarised together with other
results in Table I8 The two-dimensional 95% C.L. exclusion area in the
(f+, fo) plane measured by CDF [454] is shown in Figure [A3]

6.1.4 Summary

All measurements of the W boson helicity performed so far at the Teva-
tron are compatible with the Standard Model expectation. A summary of
the measurements published thus far together with the current preliminary
results is shown in Table [18|

The sensitivity of the measurements in Run I and early Run II only
allowed model-dependent measurements of one of the W boson helicity frac-
tions to be performed at a time, fixing the other fraction to its Standard
Model value. With the large datasets available by now however, a simultane-
ous extraction of the fractions of longitudinally polarised and right-handed
W bosons is possible, providing model-independent information since the
third fraction is given by the constraint of their sum to unity. These mea-
surements will clearly benefit from updates with increased datasets. A com-
bination with the measurement of the single top production cross section in
the s- and t¢-channel will allow one to fully specify the tWb coupling [193]
(see Section [3.3.3)).

The model-dependent measurements where one of the helicity fractions is
fixed to its Standard Model value have reached a considerable precision with
statistical uncertainties approaching the systematic ones.

It is interesting to note that discrepancies above the 20 level between re-
sults from the dilepton and lepton plus jets samples have been observed both
at CDF and DO using different analysis techniques. This deserves further
scrutiny in future analyses.

6.2 Measurement of B(t — Wb)/B(t — Wgq)

As described in Section B3] in the Standard Model framework the top
quark decays basically exclusively into a W boson and a b quark due to the
dominant corresponding CKM matrix element Vj,. The ratio R of the top
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f[ fbﬁ_df] Sel. fo fi ?i (f ’ ; Method| Ref.
0.1 [£4,00(0.91+0.374+0.13]  0.11£0.15 no| 0.28 | ph |[457]
0.1 |€j,¢¢ — —0.02+0.11  |no| 0.18 |M2, p%|[458]
0.1 | ¢4 0.56 + 0.31 — no| — | ME |[449]
0.2 |4,00 0.7470:33 0.000:59 no| 0.27 |M2, p5|[447]
0.2 | 4j — 0.00 £0.1340.07 |no| 0.25 | cosf* |[459]
0.3 | 45 | 0.85%055+£0.06 | 0.057545 £0.03 |no| 0.26 | cos@* |[460]
0.4 |44, 00 — 0.06 = 0.08 £ 0.06 {no| 0.23 | cos@* |[461]
0.7 |4, 00 — —0.02+0.07 |no| 0.09 | M2 |[448]
10 e, e 0.6240.09 4 0.05) 0.0040.054£0.05 \mo| | 51)

0.43+0.17 £ 0.10| 0.12 £ 0.09 £ 0.05 |yes
1.9 | ¢ [0.6440.08+0.07 — no| — | ME |[450]
10 | ¢ 0.59 4 0.11 4 0.04|~0.04 £0.04 £ 0.03mo | 0.07 | . 454
0.65 + 0.19 4 0.03|—0.03 & 0.07 + 0.03|yes| —
19 | ¢ 0.66 +0.10 4 0.06| 0.0140.054£0.03 |mo| 0.12 | . 455)
0.38 £0.21 4+ 0.07| 0.15+0.10 £ 0.05 |yes| —
19 | o 0.62 4 0.11 —004£0.05 |nof | 1456
0.66 + 0.16 —0.0340.07  |yes
2.7 |£7,00/0.49 +0.11 4 0.09| 0.11 +0.06 & 0.05 |yes| — | cos@* |[453]

Table 18: W boson helicity measurements performed so far at the Tevatron
with their integrated luminosities, dataset selections applied (£j = lepton
plus jets, ¢/ = dilepton) and analysis methods used. Model independent fit
results are indicated by the 2d fit column. The three analyses using 0.1 fb~!
are from Run I; the analyses using more than 1 fb~! are preliminary. [456]
is a combination of the results in [454, 455].

quark branching fractions can be expressed via the CKM matrix elements as

R = B(t_)Wb) H/tb‘Q
> B(t— Wq) [Vio P+ 1 Vis P+ | Vi P
q=d,s,b

Measuring R allows one to assess the relative size of |Vj;| compared to |Vi4|
and | V|, with the current measurements indicating |Vip| > [Vial, |Vis|- While
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Figure 44: Left: Fractions of events with 0, 1 and > 2 b tags for ¢t events with
> 4 jets as a function of R. Right: 68% and 95% C.L. statistical uncertainty
contours in the R vs. o, plane around the measured point in 0.9 fb~! of DO
data ]

a direct measurement of the Vj;, matrix element is only possible via the single
top quark production described in Section [3.2], model-dependent constraints
on Vy, can also be inferred from a measurement of R: Assuming the validity of
the Standard Model, specifically the existence of three fermion generations,
unitarity of the CKM matrix and insignificance of non-W boson decays of
the top quark (see Sections [6.3H6.5]), the denominator in the above expression
is one. R then simplifies to |Vj,|? and hence is strongly constrained: 0.9980 <
R < 0.9984 at 90% C.L. from global CKM fits ﬂﬁ@j

Deviations of R from unity could for example be caused by the existence
of a fourth heavy quark generation, non Standard Model top quark decays or
non Standard Model background processes. Consequently, precise measure-
ments of R allow to probe for physics beyond the Standard Model and provide
a required ingredient for the model-independent direct determination of the
|Vig] CKM matrix elements from electroweak single top production @]

The most precise measurement of R thus far has been performed by DO in
the lepton plus jets channel using data corresponding to an integrated lumi-
nosity of 0.9 fb=* @], superseding the previously published measurement
on 0.2 fb1 @] The tt signal sample composition depends on R in terms
of the number of b jets present in the sample as illustrated in Figure 44l By
comparing the event yields with zero, one and two or more b tagged jets and
using a topological discriminant to separate the ¢t signal from background in
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Figure 45: Summary of the branching ratio R measurements and their total
uncertainties obtained at the Tevatron by CDF 465, 466] and DO [463, 464].

events with zero b tags, R can be extracted together with the tf production
cross section o, simultaneously. This approach allows the measurement of o7
without assuming B(t — Wb) = 100% and exploits the different sensitivity
of both quantities to systematic uncertainties yielding an overall improved
precision.

A maximum likelihood fit to the sample composition observed in data
gives

R = 0977003 (stat. + syst.) and
o = 8.18%52) (stat. + syst.) %+ 0.50 (lumi) pb

(see Figure[d) with a correlation of —58% for a top quark mass of 175 GeV /c?
in agreement with the Standard Model prediction. From the measurement
95% C.L. limits are extracted, yielding R > 0.79 and |V}| > 0.89, the lat-
ter being model-dependent as mentioned above. R is observed to exhibit
no significant dependence on the top quark mass within +10 GeV /c? while
oy varies by F0.09 pb per +1 GeV/c? in the same mass range. The total
uncertainty on R in this measurement is 9%, dominated by the statistical un-
certainty of 73057 and the largest systematic uncertainty from the b tagging
efficiency estimation of 3932, The cross section measurement yields a re-
sult similar but not identical to the measurement on the same dataset [264]
presented in Section due to the assumption of R = 1 and a slightly

different event selection in the latter analysis.
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CDF performed the first measurement of R in Run I using both dilepton
and lepton plus jets events on 0.1 fb~! of data [466] and has repeated the
analysis in Run IT on 0.2 fb™! of data [465], finding good agreement with the
Standard Model expectation in both cases.

All measurements of R performed so far at the Tevatron are summarised
in Figure

6.3 Search for Neutral Current Top Decays

Flavour changing neutral interactions of the top quark with a light quark
q = u,c and gauge (Z,7,g) or Higgs (H") bosons are not present at tree
level and suppressed by the GIM mechanism [56] at the one loop level in
the Standard Model framework. Consequently, the corresponding FCNC top
quark decays are expected to occur with branching ratios at O(107!2) and
below [414], well out of reach to be observed at the Tevatron or LHC. Any
observation of such FCNC decays would signal physics beyond the Standard
Model.

Many extensions of the Standard Model predict the occurrence of FCNC
interactions, affecting both the electroweak single top production (see Sec-
tion [(.87]) and the top quark decay rate. The branching fractions of FCNC
top decays can increase by many orders of magnitude in such models, like for
example in Supersymmetry [467-469], additional broken symmetries [470],
dynamical EWSB [471,1472] including topcolour-assisted technicolour [473] or
extended Higgs models like Two Higgs Doublet Models [474-477]. Overviews
over various exotic models and their impact on top couplings are given in
[414] 1478-480].

A search for the top quark FCNC decay t — Zq at the Tevatron is consid-
ered especially interesting due the large top quark mass and very distinct ex-
perimental signature (see Figure [46)). It was already suggested in 1989 [481],
well before the discovery of the top quark. The expected sensitivity for such a
branching ratio measurement is O(1072) at the Run IT Tevatron and O(10~*)
at the LHC [482], while the largest expected branching fractions from Stan-
dard Model extensions reach up to O(1072) [471] respectively O(107%) [414].
The best published limit before Run II on B(t — Zg) was obtained at LEP
by the L3 Collaboration via a search for single top quark production where
no significant deviation from the Standard Model background expectation
was observed, yielding B(t — Zq) < 13.7% at 95% C.L. [416].

In Run I, the CDF Collaboration performed a search for the FCNC decays
t — Zq and t — ~q on a dataset with an integrated luminosity of 0.1
fb~! [421]. In the t — ~q search, a photon is reconstructed as an energy
cluster in the electromagnetic calorimeter with no track or with one single soft
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Figure 46: (a) Feynman “penguin” diagram for the FCNC decay t — Zc
with Z — ¢*¢~. Including the corresponding diagrams with a d and s quark
in the loop, the process is nearly cancelled in the Standard Model. (b) Event
signature for a top quark pair containing one FCNC ¢t — Zq decay and one
hadronical W boson decay from t — Wb, resulting in a final state containing
a Z boson and four jets.

track (presumably a random overlap) carrying less than 10% of the photon
energy pointing to the cluster. Two event signatures are considered where
the W boson from the Standard Model-like second top decay decays either
leptonically into ev, or pv, or hadronically into quarks gq’. Consequently,
these samples are selected by requiring either a charged lepton (e or pu),
K, at least two jets and a photon or by requiring at least four jets and
a photon. In both samples, a photon-jet combination must yield a mass
between 140 and 210 GeV/c? and the Standard Model-like top decay must
contain one b tag. 40% of the t — ~¢ acceptance comes from the photon
plus multijet selection, while the lepton plus photon mode contributes 60%.
After all selection cuts, one event remains in the leptonic channel and none
in the photon plus multijet channel, with an expected background of about
0.5 events mainly from W~ production with additional jets in each channel.
This translates into a 95% C.L. upper limit on the branching fraction of
B(t — c) + B(t — uy) < 3.2%.

In the t — Zq search, hadronic W boson decays from the Standard Model-
like second top decay are considered together with a leptonically decaying Z
boson into ete™ or ™. Using the leptonic W boson decay as well does not
substantially increase the acceptance and consequently does not improve the
limit. The resulting event signature contains four jets and two leptons with
an invariant mass consistent with a Z boson, as illustrated in Figure {46l
Since the branching ratio of Z — eTe™/utu™ is small, this search is less
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Figure 47: Expected and observed mass x? distributions of Z+ > 4 jets
events in signal samples with >1 and 0 b tags and a background enriched
sample to control uncertainties of the background shape and normalisation
in a 1.9 fb~! dataset [424]. The expected FCNC ¢ — Zg signal with the
observed 95% C.L. upper limit on the branching fraction is shown as well.

sensitive than the t — ~vq one. One Z — putpu~ event passes the selection,
with an expected background of about 0.6 events from Z+ multijet and
tt production. This corresponds to a 95% C.L. upper limit on the branching
fraction of B(t — ¢Z) + B(t — uZ) < 33%. These measurements can be
translated into limits on the FCNC couplings ., and xz at 95% C.L. [420]:
w2 < 0.176 and k7 < 0.533 (see also Section and Figure [35)).

In Run II, the CDF Collaboration has performed a search for the FCNC
decay t — Zq on a dataset with an integrated luminosity of 1.9 fb™! [424].
Events consistent with a leptonically decaying Z boson to eTe™ or utu~ are
selected together with at least four jets, one of which can be b tagged (see
Figure [6]). The event selection was optimised for a preceding version of this
analysis on 1.1 fb™! of data [483], a blind cut-based counting experiment.
By requiring only one well-identified lepton for the Z reconstruction while
the second lepton can be formed from an isolated track, the acceptance is
doubled compared to using only fully identified leptons. The sensitivity of
the search is further increased by dividing the data into two subsamples, one
b tagged and one non-b tagged. The best discriminant found to separate
signal from background processes is a mass y? variable that combines the
kinematic constraints present in FCNC decays: two jets in the event have to
form a W boson and together with a third jet a top quark, while the Z boson
has to form a top quark with the fourth jet. Because the event signature does
not contain any neutrinos, the events can be fully reconstructed. The signal
fraction in the selected dataset is determined via a template fit in signal
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samples with 0 or > 1 b tags and a background-enriched control sample
to constrain uncertainties on the background shape and normalisation (see
Figure (7).

Since the observed distributions are consistent with the Standard Model
background processes, a 95% C.L. upper limit on the branching fraction is
derived: B(t — ¢Z) + B(t — uZ) < 3.7%. The expected limit in absence
of signal is 5%. This is the best limit on B(t — Zq) to date, starting to
constrain the predictions made in a dynamic EWSB model [471].

6.4 Search for invisible Top Decays

Apart from the direct search for t — Z/v ¢ decays as described in the last
section, one can also perform an indirect search for “invisible” top quark
decays by comparing the predicted ¢t production cross section with the ob-
served yield in data. In order to be sensitive to novel top decay modes with
this method, these decays must exhibit a significantly different acceptance
from the Standard Model top quark decay.

Based on a 1.9 fb~! double b tagged lepton plus jets dataset, CDF searches
for deviations of the observed t¢ production rate from the theoretical predic-
tion [126] due to the decays t — Zc, t — ge, t — ~ye and t — invisible [484].
These decays exhibit a relative acceptance Rwx,ww where one novel and one
Standard Model top quark decay occurs normalised to the Standard Model
tt decay acceptance from 32% down to 0%.

With an observed ¢t production cross section of 8.8 pb and a prediction
of 6.7 pb for a top quark mass of 175 GeV/c?, the obtained limits on the
novel top quark decay modes are all lower than expected, but statistically
consistent with the expectation. The obtained results are summarised in
Table T3 for top quark masses of 170, 172.5 and 175 GeV /c?%.

6.5 Search for Top Decays to Charged Higgs Bosons

The framework of the Standard Model incorporates one Higgs doublet of com-
plex scalar fields to break the electroweak symmetry and generate masses for
weak gauge bosons and fermions (see Section [21]). As a consequence, one ob-
tains one neutral scalar CP-even particle that still remains to be discovered,
the Higgs boson H. A straightforward and simple extension of the Standard
Model Higgs sector is possible by introducing a second Higgs doublet, re-
ferred to as Two Higgs Doublet Models (THDM, 2HDM) [409, 410]. These
models yield five physical scalar Higgs bosons after electroweak symmetry
breaking: two neutral CP-even Higgs bosons H° and h°, one neutral pseu-
doscalar CP-odd Higgs particle A° and two charged Higgs bosons H*. The
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Limit [%)] Limit [%] Limit [%]

Decay Rwx/ww [%] (175 GeV/c?)  (172.5 GeV/c?) (170 GeV/c?)
B(t — Zc) 32 13 15 18
B(t — gc) 27 12 14 17
B(t — ”yc) 18 11 12 15
B(t — invisible) 0 9 10 12

Table 19: Relative signal acceptances and observed 95% C.L. upper limits
on the branching fractions for various non-Standard Model top quark decay
modes and assumed top quark masses in a 1.9 fb~! double b tagged lepton
plus jets dataset [484].

observation of charged Higgs bosons thus would be clear evidence for physics
beyond the Standard Model.

Three different choices of the Higgs-fermion couplings are differentiated
in THDMs. In type-I models only one of the two Higgs doublets couples
to the fermions, while in type-II models one doublet couples to the up-type
fermions and the other doublet to the down-type fermions alone. Type-III
models allow for general Higgs-fermion Yukawa couplings of both Higgs dou-
blets, leading to Higgs-mediated FCNCs at tree level which requires tuning
of the Higgs parameters to ensure sufficient FCNC suppression compatible
with experimental limits. One example for a type-II THDM is the Minimal
Supersymmetric Standard Model (MSSM) [368] which is frequently used in
the analyses described below as reference. The relevant model parameters in
searches for charged Higgs bosons are the ratio of the two Higgs doublets’
vacuum expectation values tan # and the mass of the charged Higgs boson
M.

The inclusive single charged Higgs boson production rate o(pp — tH~X)
reaches a maximum of O(1 pb) at the Tevatron where the charged Higgs
boson can be produced via the decay of a top quark. The corresponding
inclusive cross section for pair production of charged Higgs bosons o(pp —
HtH~X) is below O(0.1 pb) 485, 486].

The decay mode t — Hb is kinematically accessible if the mass of the
charged Higgs boson is smaller than the difference of top and b quark mass
my+ < my —my and will then compete with the Standard Model decay
t — Wb. The distinct top quark decay signature gives an additional handle
for background suppression compared to direct production of charged Higgs
bosons. The branching fraction of ¢t — Hb depends on tan /3 and mpg+.
As illustrated in Figure [4§ for the MSSM, the branching ratio of ¢t — Hb
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Figure 48: Branching ratios for top quark and charged Higgs boson decays
versus tan 3 in the MSSM framework as simulated with CPSUPERH [487]
for my+ = 100 GeV/c? (left) and mpy+ = 150 GeV/c? (right).

increases significantly for small tan 3 < 1 and large tan 3 & 40 for a given
mp+; the Standard Model decay is assumed to account for the difference
from unity. For a given tan  the branching ratio of ¢t — Hb decreases with
increasing my+. The decay of H* is dominated by H* — 7v for large tan 3
independent of mpy+ which would result in an excess of ¢t events in the 7
decay channel compared to Standard Model expectation. At small tan 3 the
decay H* — cs is enhanced for low my+ while H* — t*b dominates for mp+
approaching the top quark mass. Consequently, searches for charged Higgs
bosons focus on these three fermionic decay modes.

In the early 1990s — before the discovery of the top quark — first searches
fort — Hbin the H* — 7v decay mode for fixed assumed branching fractions
were performed and limits derived in the m; versus my+ parameter space by
the UA1 and UA2 experiments [488,489] at the CERN SppS collider and also
at the Run I Tevatron by CDF [490, 1491]. All four LEP experiments searched
for pair-production of charged Higgs bosons in efe~ — H'TH ™, assuming
only the decays H* — 7v and H¥ — cs can occur [492-495] as favoured
by type-II THDMs. The dominant background in the resulting three decay
modes is pair production of W bosons, yielding similar final states. 95% C.L.
lower mass limits independent of the H* decay mode are provided, yielding
78.6 GeV /c? in a preliminary combination of all four experiments [496], since
then superseded by the more stringent limit derived by ALEPH, yielding
79.3 GeV/c? [495).

Indirect limits on the mass of the charged Higgs boson can be derived from
measurements of the b — sy FCNC process at B factories since the involved
loop diagrams are sensitive to contributions from new particles like H*. For
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a type-II THDM scenario, at 95% C.L. a lower mass limit of 295 GeV /c? can
be derived [497] if the used theoretical description is assumed to be complete.
Direct searches are less model dependent and are hence an important tool
to scan for new physics beyond the regions of parameter space excluded by
the corresponding direct analyses described above. The searches for t — Hb
performed at the Tevatron are based on type-II THDM scenarios.

After the discovery of the top quark, the first searches for H* in top de-
cays tt — HTWTbb, H* HTbb focussed on the decay H* — 7v corresponding
to large tan 5. CDF published an analysis superseding and extending a pre-
vious result [498], requiring inclusive final states with [7, a hadronically
decaying tau lepton 7, and (i) two jets and one or more additional either
lepton or jet or (ii) a second energetic 75, [499]. Another search investigated
the dilepton channels ey, ur, with Er and at least two jets |[500]. DO per-
formed a first H* analysis in Run I based on a disappearance search in the
lepton plus jets channel sensitive to the H* fermionic decay modes, looking
for a discrepancy in the event yields with respect to the Standard Model
predictions [501]. This analysis was then complemented by a direct search
for H*¥ — 7v with a hadronically decaying 7T reconstructed as narrow jet in
a dataset with events containing 7 and at least four but no more than eight
jets [502]. All analyses observe good agreement with the Standard Model
expectation and provide limits in the tan 8, my+ plane.

It should be noted these limits are derived based on tree level MSSM
calculations of the involved branching fractions depending on tan 3. By now
it has become clear that higher-order radiative corrections which strongly
depend on model parameters will modify these predictions significantly [503,
504]. Also, non-fermionic H* decay modes can have non-negligible contri-
butions in the small tan § region as illustrated in Figure 48, affecting the
limits derived in that area without taking this into account. Independent
of these issues, one can still provide upper limits on B(t — Hb) based on
the observed production rate for a fixed assumed H* branching ratio. For
example, for a purely tauonically decaying charged Higgs boson, 95% C.L.
upper limits on B(t — Hb) are found to be between 0.5 and 0.6 for 60 GeV /c?
< mpg+ <160 GeV/c? by CDF [500]. The combined DO result corresponds to
B(t — Hb) < 0.36 at 95% C.L. for my+ < 160 GeV/c? and 0.3 < tan 8 < 150
— the full range where the leading order MSSM calculation is valid [502].

CDF published a first search for ¢ — Hb in Run II using a dataset of
0.2 fb~! integrated luminosity |505]. The search is based on the corresponding
tt cross section analyses [208, 219, 1254] exhibiting the signature K7 + jets + ¢
+ X, where ¢ corresponds to an electron or muon and X to either ¢ (dilepton
channel), 7, (lepton plus tau channel) or one or more b tagged jets (lepton
plus jets channels). Dropping the assumption of B(t — Hb) = 0 and ensuring
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Figure 49: Left: Expected and observed 95% C.L. exclusion limits for charged
Higgs bosons in the (mg+, tan 3) plane derived by CDF for a MSSM bench-
mark scenario discussed in [505]. Right: Expected and observed 95% C.L.
limits on B(t — Hb) versus my+ derived by DO for a tauonic charged Higgs
model using a simultaneous fit of B(t — Hb) and tf production cross sec-
tion [259]. MSSM tree-level predictions for various tan [ values are shown as
well.

no overlaps of the channel selections, the observed yields can be compared
with the expected deficits or excesses in the channels with respect to the
Standard Model prediction depending on the top quark and H* branching
fractions. Apart from the Standard Model top quark decay, t — Hb is
considered with H* decaying to 7v, cs, t*b or WA, with h® — bb. The
tt production rate is assumed to be not affected by the extension of the Higgs
sector. Since no H¥ signal is observed, 95% C.L. upper limits on B(t — Hb)
are obtained for example for a tauonic Higgs model (B(H* — 1v) = 1)
to be 0.4 for 80 GeV/c? < my+ < 160 GeV/c? 95% C.L. limits are also
derived in the (my+, tan 3) parameter space in the framework of the MSSM
for certain benchmark scenarios of parameters, taking radiative corrections
into account. While the excluded area for large tan 8 strongly depends on
the different benchmarks investigated, this is not the case for small tan .
An example result is shown in Figure 49

DO performs a similar analysis based on the same ¢ final states with 1 fb=?
of integrated luminosity [259]. Two different models for the decay mode of the
charged Higgs boson are studied: a tauonic Higgs model (B(H* — 1v) = 1)
that would result in an enhancement of the lepton plus tau channels and
a deficit in the lepton plus jets and dilepton channels and a leptophobic
model (B(H* — cs) = 1) that would lead to an enhancement of the all-
hadronic channel and a deficit in all channels considered in this analysis. For
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both model assumptions good agreement with the Standard Model predic-
tion is observed and 95% C.L. upper limits on B(t — Hb) are provided for
80 GeV/c* < mpy+ < 155 GeV/c?, yielding 0.16 - 0.20 for the tauonic and
0.2 for the leptophobic model. The dominant systematic uncertainties arise
here from the uncertainties on the ¢t cross section and the luminosity.

For the tauonic model, an improvement of the obtained limits by about
30% in the low mpy+ range is possible when the ¢t cross section is allowed
to float in the fit rather than being fixed to the Standard Model value. The
resulting limits are displayed in Figure [49] ranging from 0.12 to 0.26 in the
considered my+ range. Assuming the Standard Model scenario of B(t —
Hb) = 0, a combination of the tf cross section from the analysed final states
is obtained as well and is shown in Section 5.5

As illustrated in Figure 9] the results obtained in [505] leave room for
improvement particularly in the area of tan3 ~ 1 and mpy+ above the W
boson mass. For this range of parameters, the MSSM predicts the decay
H* — cs to occur with a significant branching fraction. CDF has searched
for t — Hb in this decay channel in 2.2 fb~! double b tagged lepton plus
jets data [506]. Both Standard Model and exotic decay exhibit the same
final state but can be distinguished via the dijet invariant mass, where the
untagged leading two jets are assigned as W*/H* decay products. A binned
likelihood fit using W*/H= dijet mass templates yields no significant excess
over the Standard Model prediction and 95% C.L. upper limits on B(t — Hb)
are provided for 90 GeV/c? < mpy+ < 150 GeV/c?, assuming a leptophobic
Higgs model. The limits range from 8% for my+ = 130 GeV/c? to 32% for
my+ = 90 GeV/c?, complementing the analysis by DO described above for
the mass range above 100 GeV /c?.

A first direct search for charged Higgs boson production in the mass range
above the top quark mass via the process q¢’ — H* — tb has been performed
by DO and is discussed in the single top production chapter, Section [5.8.4l

7 Top Quark Properties

In the last two chapters it was demonstrated that both top quark production
and decay so far have been found to be consistent with the Standard Model
expectations. No new particles or anomalous couplings have been observed
yet. To actually confirm the top quark’s Standard Model identity, its funda-
mental quantum numbers need to be measured and their self-consistency in
the Standard Model framework needs to be confirmed as well.

In this chapter, measurements of the fundamental top quark properties
performed so far at the Tevatron are described: electric charge, lifetime and
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mass. Again top quark pair events are used, providing higher statistics and
favourable sample purities compared to single top events. First direct mea-
surements of the Vj, matrix element in electroweak single top quark produc-
tion have already been discussed in Section 5.8.11

7.1 Top Quark Electric Charge

The electric charge of quarks can for example be determined in electron-
positron collisions via the ratio of the hadronic cross section to the muon cross
section R = o(ete” — hadrons)/o(ete™ — ptp~) which is proportional to
the sum of the squared electric charges of the quark flavours accessible at
the centre of mass energy chosen. Due to the large top quark mass however,
such a direct measurement could not yet be performed at past and current
electron-positron colliders. Also a direct measurement via photon radiation
in ¢t events at hadron colliders that would give access to the top quark’s
charge and its electromagnetic coupling is unrealistic due to limited statistics
at the Tevatron [507]. Consequently, the top quark is the only quark whose
fundamental quantum numbers of weak isospin and electric charge so far
could only be determined indirectly in the framework of the Standard Model
from measurements of its weak isospin partner, the b quark, to be T3 = +%,
Q: = +2e (see Section 22).

Information on the electric charge of the top quark can also be inferred
from the electric charges of its decay products. However, there is an inherent
ambiguity in top quark pair events pp — tt — WHTW ~bb when pairing W
bosons and b jets resulting in possible charges of |Q|= 2¢/3 or 4¢/3. The ex-
istence of an exotic quark with charge —4e/3 being the discovered particle at
the Tevatron instead of the Standard Model top quark would be compatible
with electroweak precision measurements if the right-handed b quark mixes
with the —1e/3 charged exotic doublet partner of such an exotic top quark.
The Standard Model top quark with charge 2e/3 would not have been discov-
ered yet in this scenario due to its large mass of 271732 GeV /c? [365, 508, 1509)].

DO has published a first measurement discriminating between the 2e/3
and 4e/3 top quark charge scenarios in a 0.4 fb™! lepton plus jets dataset
with at least two b tagged jets [510]. The obtained sample exhibits a high
signal purity, with the two dominant background processes Wbb and single
top production contributing 5% respectively 1% to the selected events. Each
tt event provides two measurements of the absolute value of the top quark
charge, one from the leptonic and one from the hadronic ¢ — Wb decay chain.
The charge of the W boson is determined from the (inverse) lepton charge
for the leptonic (hadronic) W boson decay. The b jet charge discriminating
between b and b jets is determined using a jet charge algorithm based on
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Figure 50: Left: b/b jet charge distributions obtained in dijet data. Right:

Distribution of the top quark charge obtained in data, overlaid with the
expectations from Standard Model and exotic model |510].

the pr weighted average of the charges of the tracks associated with the b
tagged jet. The corresponding distributions are derived from dijet collider
data (see Figure b0). The top quark charge observable is then the absolute
value of the sum of the W boson- and associated b jet charge, where the
right pairing is determined with a constrained kinematic fit. By comparing
the obtained distribution in data with the expected shape from the Standard
Model respectively exotic model (see Figure B0]), DO excludes the hypothesis
of only exotic quarks of charge |Q|= 4e/3 being produced at up to 92% C.L.
and limits an exotic quark admixture in the sample to be at most 80% at
the 90% C.L..

Using a similar analysis approach, CDF obtains a preliminary result on
the top quark charge using double b tagged lepton plus jets and b tagged
dilepton events in a 1.5 fb~! dataset [511]. The observed 2 In(Bayes Factor)
is 12, meaning that the data favour very strongly the Standard Model top
quark hypothesis over the exotic model.

While the results from CDF and DO are not directly comparable due to
different statistical approaches in the interpretation of their results, both
agree to favour the Standard Model top quark charge hypothesis. This is
supported by the searches for new heavy top-like quark pair production (see
Section [.74]) starting to exclude additional quark production in the mass
range predicted by the exotic model. A top quark charge measurement de-
termining the b jet charge in soft lepton tagged events from the soft lepton
charge rather than the currently used track-based approach has not been
performed yet.

The measurement of the top quark charge in ¢t~y events will be possible at
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the LHC both due to the increased production rate and due to the reduction
of irreducible background from photons radiated off the incoming quarks in
tt production via ¢gq annihilation. Consequently, top quark charge measure-
ments via photon radiation in ¢¢ events are predicted to achieve a precision
of 10% [507]. Using the top quark decay products to provide an additional
charge measurement will allow one to disentangle the measurements of top
quark electromagnetic coupling strength from the top quark charge in the
tty events. This will help to rule out possible anomalous admixtures in the
electromagnetic interaction of the top quark.

7.2 Top Quark Lifetime

The lifetime of the top quark 7, = I'; ' ~ (1.3 GeV/c?)~! is approximately
5-107% s in the framework of the Standard Model as discussed in Sec-
tion Consequently, the production and decay vertices of the top quark
are separated by O(1071%)m, orders of magnitude below the spatial resolution
of any detector. Also the top quark width is narrower than the experimental
resolution at both the Tevatron and the LHC. Consequently, a direct mea-
surement of the top quark lifetime respectively its width will be limited by
the detector resolution. A measurement of the top quark lifetime is still use-
ful to confirm the Standard Model nature of the top quark and exclude new
top quark production channels via long-lived particles. A measurable lifetime
of the top quark itself would imply a correspondingly small V;, matrix ele-
ment and render single top quark production at the Tevatron undetectable,
in contradiction with the observed first evidence described in Section .8

CDF has set limits on the top quark lifetime respectively width using two
different approaches. One analysis uses a b tagged lepton plus jets dataset of
0.3 fb~! [512] to measure the impact parameter (smallest distance) between
the top quark production vertex and the lepton track from the leptonic W
boson decay in the plane orthogonal to the beam direction. Fitting the
obtained distribution with signal Monte Carlo templates for ¢y between 0
and 500 pm and a background template, the 0 pm template describes the
data best which translates into a 95% C.L. limit of ¢7y < 52.5 um.

The second analysis uses a b tagged lepton plus jets dataset of 1 fb~1[513]
to reconstruct the top quark mass in each event using a kinematic fit. The
observed distribution is compared in a fit to ¢t signal Monte Carlo templates
of various widths for a top quark mass of 175 GeV/c? and background tem-
plates. From the fit result, at 95% C.L. the top quark width is found to be
smaller than 12.7 GeV /c?, corresponding to a lower limit on the top quark
lifetime of 5.2 - 10726 s.
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7.3 Top Quark Mass

The top quark is set apart from all other known fundamental particles by its
large mass. Being the only particle with its Yukawa coupling close to unity
raises the question whether it plays a special role in the process of mass
generation. Since the lifetime of the top quark is so short (see Sections
and [[2), it does not hadronise unlike the other quarks and hence properties
like its mass can be determined directly without the complication of studying
a quark embedded in a hadron. Being a sensitive probe for physics beyond
the Standard Model, it is important to measure its mass also in the various
decay modes that could be affected differently by novel physics contributions.

In the framework of the Standard Model, the top quark mass is a free
parameter. As discussed in Section 2.3] its precise determination together
with a precise W boson mass measurement allows both to test the self-
consistency of the theoretical framework and to constrain the mass of the yet
undiscovered Higgs boson (or also new particles [514, 515]) via electroweak
radiative corrections.

Measurements of the top quark mass have been performed so far only
in tt events, mainly in the dilepton, lepton plus jets and all-hadronic final
states. A complete kinematic reconstruction of the top quark pair from the
measured objects in the event can be performed in the all-hadronic final
state where no neutrinos are present. Assuming K arises solely from the
neutrino in the lepton plus jets channel, a kinematic fit can be performed
here constraining the invariant mass of charged lepton and neutrino to that
of the W boson, yielding a twofold ambiguity for the neutrino longitudinal
momentum solution. Due to the presence of two neutrinos contributing to
K in the dilepton final state however, a direct kinematic reconstruction
is not possible here without adding more information respectively making
assumptions on the kinematics of the involved objects.

Since the assignment between partons and reconstructed objects in the
event is unknown, additional combinatorial ambiguities arise in all channels.
Depending on the analysis technique pursued, either all combinations are
used to extract the top quark mass or the best combinations — for example
based on the lowest x? with respect to the tt event hypothesis obtained in
a kinematic fit — are selected. b jet identification can be used to reduce the
number of combinations to be considered in the lepton plus jets and the
all-hadronic channel. Even if both b jets from the ¢t decay are identified,
in the lepton plus jets channel four combinations remain to be considered
including the neutrino p, ambiguity and six in the all-hadronic channel. In
these channels, usually at least one b tagged jet is required to increase the
sample purity, or datasets are split up with respect to b tag multiplicity and
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hence different purity to optimise the overall sensitivity.
The techniques used in top quark mass analyses can be divided into three
categories:

(i) Template Method (TM): Observables that are sensitive to the mass
of the top quark like the reconstructed top quark mass my.., or Hr are
evaluated in the dataset under consideration. The resulting distribu-
tion is then compared in a fit with those for contributing background
processes and top quark signal with varying top quark masses.

(ii) Matrix Element Method (ME): Using the four-vectors of the re-
constructed objects, for each event a probability density is calculated
as a function of the top quark mass, based on the leading order ma-
trix elements of the contributing signal and background processes. The
total likelihood of the dataset is obtained as the product of the indi-
vidual event likelihoods. This method is also referred to as Dynamical
Likelihood Method (DLM).

(iii) Ideogram Method (ID): An event-by-event likelihood depending on
the assumed top quark mass is formed based on a constrained fit of the
event kinematics, taking all object permutations and possible back-
ground contributions into account. As mentioned above, such a con-
strained fit is only possible in the all-hadronic and lepton plus jets
channels.

Naturally, the analyses most sensitive to the top quark mass are also very
sensitive to the jet energy scale (JES) calibration. The systematic uncer-
tainty due to the external jet energy calibration (see Section [£3.3]) then is
usually the by far dominating systematic uncertainty in such an analysis.
It can be reduced in the decay channels where at least one W boson de-
cays hadronically by using the well-measured W boson mass to constrain
“In-situ” the jet energy calibration in top quark events [516, 517]. Deriv-
ing such an overall scale factor for jet energies absorbs a large part of this
uncertainty into an uncertainty scaling with sample statistics, while residual
uncertainties for example due to n and pr dependences of JES corrections
and differences between light quark and b quark JES remain. By performing
an analysis simultaneously in the dilepton and all-hadronic and/or lepton
plus jets channels, the in-situ JES calibration can also be transferred to the
dilepton channel [518].

Another approach to reduce the dependence of top quark mass measure-
ments on the JES is to utilise observables with minimal JES dependence that
are still correlated with the top quark mass like the mean pr of the charged
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lepton from the W boson decay p% or the mean transverse decay length of b
jets Ly, in tt events [519]. While such measurements are statistically limited
at the Tevatron, their uncertainties are basically uncorrelated with those of
other statistically more sensitive analyses. This is useful to reduce the overall
uncertainty on the top quark mass when combining all measurements. To
increase the overall sensitivity on the top quark mass, one can also use the
observed signal event yield via the mass dependence of the ¢t production
cross section as an additional constraint [520).

Performance, calibration and statistical uncertainty derivation of each
analysis are checked using sets simulated pseudo-experiments (ensemble tests),
based on mean and rms of the obtained mass and pull distributions.

Measurements of the top quark mass were pioneered in Run I based on
0.1 fb~! of data by both experiments in the dilepton [317, |521-524], lep-
ton plus jets [320, 1321, 1446, |525, 1526] and all-hadronic [527, [528] channels.
A combination of the Run I mass results yields m; = 178.0 & 2.7(stat.)
3.3(syst.) GeV/c? [159]. Also in Run II, results are derived mainly in the
dilepton, lepton plus jets and all-hadronic channels, with the most precise
results coming from lepton plus jets samples. One analysis uses an inclusive
Kt plus jets signature, vetoing energetic isolated leptons and thus enhanc-
ing the 7 plus jets signal contribution to 44% [529]. This result is listed
together with measurements in the all-hadronic channel in Section and
is consistent with the world average top quark mass. A top quark mass mea-
surement with explicit hadronic 7 reconstruction has not been performed so
far, but given the recent progress in the corresponding cross section analyses
discussed in Section [5.1.4] this could still be feasible at the Tevatron.

In the following sections, the most recent final Run I results are given
along with the current preliminary respectively published Run II top quark
mass measurements using various analysis techniques for each of the three
decay channels. Some of the most precise analyses entering the world average
top quark mass combination will be highlighted. A more detailed review of
the top quark mass analysis techniques pursued at the Tevatron can be found
in [530]. The final section presents the current world average and some of its
implications.

7.3.1 Dilepton Final State

Analyses in the dilepton final state are performed either based on the matrix
element or the template method. For the template approach, additional as-
sumptions on the kinematics of the involved objects are made in order to be
able to solve the otherwise underconstrained system kinematics. Assuming
various top quark masses, the consistency of the observed event kinematics
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can be used to obtain weights for each event versus top quark mass based on
input parton distribution functions and the observed charged lepton energies
(“matrix weighting” M) or using simulated neutrino pseudo-rapidity or az-
imuthal angle (“neutrino weighting”: v, v,) or t¢ longitudinal momentum
(p') distributions [522, [531]. Top quark mass estimators are derived from
the obtained weight distributions like the peak mass position or mean and
rms of the distributions. These are then used in a template fit to obtain the
top quark mass from the data sample.

The most precise top quark mass result in the dilepton channel entering
the world average has been obtained by D0 with a precision of 2.2% [532].
It combines results from neutrino weighting (v,,) obtained on 1 fb™! in the
dielectron, dimuon and lepton plus track channels [533] with a measure-
ment in the ex channel based on 2.8 fb~! of data using the matrix element
method [532].

The matrix element method evaluates the probability density for each
event P, with measured object four-vectors x to arise from ¢t production
depending on the top quark mass or from the dominant background arising
from Z — 77 plus jets production in the following linear combination, based
on the known expected signal fraction in the sample f:

Pevt(x;mt) = f . Psig(-r;mt) + (1 - f) : Pbkg(x)'

Py, and Py, are the signal and background probability densities for t¢ and
Z — 11 plus jets production, based on the leading order matrix element
for qq — tt respectively the VECBOS [544] parametrisation of the matrix
element. The probability densities are calculated by integrating over all
unknown quantities like the unmeasured neutrino energies and all parton
states that can lead to = observed in the detector:

(2m)* | M2

419258

Psig(x; mt) = 1/Uobs(mt) Z dQIdQQf(QI)f((D)

41,92:Y flavours

ch)GW(‘r7 y)?

where ¢; and ¢» are the momentum fractions of the colliding partons from
proton and antiproton, f(¢;) the corresponding PDFs, M is the matrix ele-
ment for the signal process yielding the partonic final state y, s is the squared
centre-of-mass energy and d®g a six-body phase space element. The trans-
fer function W (z,y) finally incorporates the detector resolution, describing
the probability for a final state z in the detector to be reconstructed from
the partonic state y. The two possible permutations from the unknown jet-
parton assignment are summed over and the probability is normalised with
the expected observed production rate oons(m;). The calculation of Pg(z)
proceeds in an analogue way.
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J Lt Selection Method me £ (stat.) & (syst.) Ref.
[fb~!] (GeV /c?]
0.1 | TM:v, 167.44+10.3 £ 4.8 (523, 524]
0.1 | TM:M,v, | 168.4+123+3.7 [521]
0.3 | ME 165.24+ 6.1+ 3.4 (534, 535]
0.4 | 00 +trk TM:v, vg, p | 170.1 £ 6.0 £ 4.1 [531]
0.4 | 00+trk TM:M,v, | 178.1+6.7+4.8 [536]
1.0 | ME 164.5+3.943.9 [537]
1.0 | TM:M 17524+ 6.1+ 3.4 [538]*
1.0 | 00,0+trk TM:y, 176.0 + 5.3 4+ 2.0 [533]*
1.2 | TM:pt 169.77535 £ 3.1 [520]
1.2 | TM:p @ oy | 170.7752 + 2.6 £ 2.4(th.) | [520]
1.8 | TM:pl 156722 + 4.6 [539]*
1.8 | TM:v, 172.0159 + 3.6 [540]*
1.8 | ME 170.4+3.143.0 [541]*
2.0 | 00 © NN ME 1712427429 [542]
2.8 | (+trk TM:, 165.1733 £ 3.1 [543]*
2.8 | eu ME 172.9+3.64+2.3 [532]*
2.8 | ep/tll+trk | ME/TM:y, | 17444324 2.1 [532]*

Table 20: Top quark mass measurements performed so far at the Tevatron
in the dilepton channel with their integrated luminosities, dataset selections
applied (¢¢ = dilepton, ¢+trk = lepton plus track, NN = neural network)
and analysis methods used. The two analyses using 0.1 fb~! are from Run I;
the references marked with a * correspond to preliminary results.

The top quark mass of an event sample can simply be obtained by max-
imising the total likelihood function being the product of the individual event
probabilities with respect to m;. In this way, each event contributes according
to its quality and inherent resolution. While this analysis technique exploits
the full kinematic information available and usually yields the statistically
most sensitive measurements, it is also very computationally intensive due
to the involved complex integrations. The result of the 2.8 fb™! eu analysis
is given together with other top quark mass measurements performed in the
dilepton channel at the Tevatron in Table 2Ol The dominant systematic un-
certainty in this analysis arises — as expected — from systematic uncertainties
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Figure 51: Dijet (left) and three-jet (right) invariant mass distributions in
1 fb~! of DO data with simulated signal and background contributions [547).

on the JES calibration and response differences between light quarks and b
quarks.

7.3.2 Lepton plus Jets Final State

The precision of the top quark mass world average is driven by measurements
in the lepton plus jets channel that provides the best compromise between
sample purity and signal statistics. In this channel, all three analysis methods
(TM, ME, ID) have been deployed, with the most precise results consistently
coming from matrix element analyses, starting with the first application in
Run T [446].

In the current world average, CDF and D0 both contribute measurements
in the lepton plus jets channel based on the matrix element method as ex-
plained in the last section, simultaneously fitting top quark mass and an
overall in-situ JES scale factor in the data. Events with one energetic iso-
lated lepton, large K+ and exactly four jets are selected since a leading order
matrix element is used in the calculations, with at least one of the jets being
b tagged. Using datasets of 2.7 respectively 2.2 fb~!, CDF [545] and DO [546]
both measure the top quark mass with a precision of 1.0%, incidentally even
yielding the same mass value of 172.2 GeV/c?. A comparison of the in-
variant dijet and three-jet mass distributions based on the permutation with
the largest weight in data and simulation is shown in Figure 51l for a 1 fb!
subset [547] of D0’s 2.2 fb~! analysis.

The largest systematic uncertainties on the measurement by CDF arise
from the MC generator used for the calibration of the result (PYTHIA versus
HERWIG) and the residual JES uncertainty. For D0, the dominant uncer-
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J Lt Selection | Method me £ (stat.) + (syst.) Ref.
[fb~1] [GeV/c?]
0.1 (+jets TM:Myeco 176.1 5.1 +5.3 [525]
0.1 | f(+jets ME 180.1 £3.6+3.9 [446]
0.3 | (+jets DLM 1732758 + 3.2 [517, 548]
0.3 | l+jets | TMimyeo ® JES| 173.5757 £ 1.3 (516, 517]
0.4 | l+jets ME @& JES 1703742 2t 549]
0.4 | (+jets ME ¢ JES 169.2729 H141 549]
0.4 | (+jets ID & JES 173.7 £ 4,420 1 [550]
0.7 | (+jets TM:L,, 180.7715> 4+ 8.6 [551]
1.0 | f+]jets ME @ JES 1715 £1.8 £ 1.1f [547]
1.0 | f+jets ME @ JES 170.8 £2.2 £ 1.4 [552]
1.0 | l+jets TM:Meco 168.9+£2.2+4.2 [553]*
1.2 | (+jets ME & JES 173.0+ 1.9+ 1.0 [546]*
1.7 | l+]jets DLM @ JES 171.6 £2.0 £ 1.3 [554]*
1.9 | f(+jets TM:L,,, p% 175.3 4+ 6.2+ 3.0 [519]*
1o | tHets ) T ©IES |0y g4 7 [518]*
o TM:v,,, Hr
2.2 | (+jets ME & JES 17224+1.0+£ 1.4 [546]*
2.7 | (+jets ME @ JES 1722 £1.3 £ 1.0 [545]*

Table 21: Top quark mass measurements performed so far at the Tevatron
in the lepton plus jets channel with their integrated luminosities, dataset
selections applied (¢+jets = lepton plus jets, ¢/ = dilepton) and analysis
methods used. The two analyses using 0.1 fb~! are from Run I; the references
marked with a * correspond to preliminary measurements. Results marked
with a T contain the uncertainty from the in-situ JES calibration in the
statistical uncertainty:.
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tainty comes from the b jet over light jet calorimeter response ratio and
the signal modelling uncertainty, taking the modelling uncertainty for extra
jets into account based on the observed four to at least five jet event ratio
in data. Both experiments are in the process of streamlining the methods
used to assess systematic uncertainties as well as exploring new sources of
uncertainties that start to become important at the reached level of preci-
sion [555]. Examples for the latter are differences arising when using NLO
rather than LO MC generators or non-perturbative QCD effects like colour
reconnection [186, [187].

Table 2I] summarises the most recent final Run I results and the current
preliminary respectively published Run II top quark mass measurements in
the lepton plus jets channel.

7.3.3 All-Hadronic Final State

Analyses in the all-hadronic channel have been performed so far using tem-
plate and ideogram methods, with comparable sensitivity. The precision in
this channel by now is similar to that in the dilepton final state, mainly due
to the application of in-situ JES calibration, reducing the otherwise over-
whelming systematic uncertainty from the JES.

CDF’s best measurement in the all-hadronic channel entering the world
average has been performed using a template method on 2.1 fb~! of data,
yielding a precision of 2.4% [556]. Similar to the analysis [280] described in
Section B.1.3] events are required to have between six and eight energetic
central jets, no isolated energetic lepton or significant ¥ and have to pass a
selection based on the output of a neural network discriminant. The dataset
is split into subsamples with exactly one respectively two b tagged jets.

The leading six jets in each event are used to build ¢t signal and multijet
background templates for the reconstructed mass of the top quark and the
W boson based on a kinematic fit where the permutation with lowest 2 is
selected respectively. While the signal templates depend on top quark mass
and JES scale factor, the background templates do not depend on the top
quark mass, and no JES dependence is considered either. The measurement
is then performed in a two-dimensional fit of top quark mass and in-situ
JES scale factor using these templates and the observed distribution in data
in both subsamples, including a Gaussian constraint from the external JES
calibration. The reconstructed mass distributions obtained in data with two
b tags, overlaid with expected background and tf signal templates with a top
quark mass of 177 GeV/c? and unchanged JES with respect to the external
calibration as preferred by the fit are shown in Figure 52l

The result of the analysis is given together with other top quark mass
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Figure 52: Reconstructed W boson (left) and top quark (right) mass distribu-
tions obtained in 2.1 fb~! of double b tagged CDF data in comparison to the
expected contributions from multijet background and 177 GeV/c? tf signal
with default JES corresponding to the fit result @]

measurements performed in the all-hadronic channel at the Tevatron in Ta-
ble The dominant systematic uncertainties in this analysis arise from
uncertainties on shape and normalisation of the background templates and
residual JES uncertainties. The compatibility of this measurement with the
result from the ideogram method | on an overlapping dataset of almost
the same size yielding a central value almost 12 GeV/c? lower is currently
being investigated.

7.3.4 World Average Top Quark Mass

The top quark mass has been measured at the Tevatron in the three main
decay channels with various methods as described in the last sections. In the
lepton plus jets channel precisions of 1% are achieved in single measurements
while in the dilepton and all-hadronic channels the precision is about 2%.
The different methods assume Standard Model ¢t production and decay, but
still exhibit differences in the strength of their model dependence. While ME
methods provide the best sensitivity, they also are strongly model dependent
via their implemented matrix elements. Template methods purely relying
on the measured event kinematics are more robust with respect to possible
deviations from the Standard Model, but in general exhibit lower sensitivity.

Pursuing mass measurements in all ¢¢ decay channels with different meth-
ods is a valuable test of the self-consistency of the Standard Model assump-
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f[ﬂfdlt] Selection | Method ?étej\;/(ig? &) & (syst.) Ref.
0.1 [ jets only | TM:Myeco 178 5+ 13.7£7.7 527]
0.1 | jets only | TM:Myeco 186 £ 10+ 5.7 525, 528]
0.3 | Er+jets | TM:Hy 172.374%% £10.8 [529]
0.3 | jets only | ID 1771 £4.9 £4.7 558]
0.9 | jetsonly | TM:ME @ JES | 171.1£3.7+2.17 [559]*
1.0 | jets only | TM:myeco 1740 £22+4.8 280]
1.9 | jetsonly | ID @ JES 165.2 + 4.4 + 1.9 [557]*
2.1 | jets only | TM:myeeo @ JES | 176.9 £ 3.8 £ 1.71 [556]*

Table 22: Top quark mass measurements performed so far at the Tevatron
in the all-hadronic channel with their integrated luminosities, dataset selec-
tions applied and analysis methods used. The two analyses using 0.1 fb™!
are from Run I; the references marked with a * correspond to preliminary
measurements. Results marked with a T contain the uncertainty from the
in-situ JES calibration in the statistical uncertainty.

tions and can be used to probe for new phenomena as well [296]. While so
far no top quark mass measurement has been performed in ¢t decay modes
involving hadronic 7s, the progress in the corresponding cross section anal-
yses discussed in Section [B.1.4] indicates this could still be possible at the
Tevatron, completing the t¢ decay channels used for mass measurements.

CDF and DO have combined their recent preliminary Run II results with
their measurements obtained in Run I. Based on the results with highest
sensitivity in the dilepton, lepton plus jets and all-hadronic channels (CDF)
respectively in the dilepton and lepton plus jets channels (D0), both experi-
ments yield a total precision of 0.9% on their combined measurements. Based
on analyses using up to 2.7 fb~!, CDF yields 172.4 4+ 1.0(stat.) 4 1.3(syst.)
GeV/c? [560], while DO obtains 172.8 & 0.9(stat.) & 1.3(syst.) GeV/c? [561]
using analyses on up to 2.8 fb~! of data.

The results of both experiments are in very good agreement, and their
combination yields 172.4+0.7(stat.)+1.0(syst.) GeV/c? [12] corresponding to
an overall precision of 0.7% as illustrated in Figure[53l Combining the results
from all-hadronic, lepton plus jets and dilepton channels separately yields
177.5 4+ 4.0 GeV/c?,172.2 + 1.2 GeV /c? and 171.5 + 2.6 GeV /c? respectively.
These results are consistent with each other exhibiting x? probabilities of at
least 17% between any two of the channels.

All these combinations are performed using the BLUE method [278, 279]
and assume Gaussian systematic uncertainties with their correlations prop-
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Figure 53: Top quark mass measurements used as input for the current
preliminary world average [12].

erly accounted for. The different sources of systematic uncertainties are
broken down into twelve orthogonal categories. Six of them deal with un-
certainties related to the JES, while others address signal and background
modelling, fitting procedures, specifics of MC generation and lepton energy
scale. The main contributions to the 1.0 GeV/c? systematic error on the
world average top quark mass are (in units of GeV/c?): total JES (£0.8),
signal, background and MC model (£0.3 each) and lepton scale and fitting
procedure (£0.1 each).

Having reached a precision of 0.7%, the world average top quark mass is
now limited by the systematic uncertainties which in turn are dominated by
JES related uncertainties. Further improvements on the JES can be expected
since the increasing datasets will also allow one to constrain the correspond-
ing uncertainties better, especially the significant contribution from in-situ
JES calibration. While a final absolute top quark mass uncertainty below
Am; =1 GeV /c? should be achievable by the end of the Tevatron Run II, it
will still require a significant effort to carefully study the contributing system-
atic uncertainties consistently among the experiments and evaluate possible
new contributions that should be considered with the reached precision.
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This measurement marks the most precise determination of a quark mass
and will certainly be a legacy well into the LHC era where it will serve
as an important calibration signal until large datasets allow further refined
measurements. Improvements on the top quark mass precision by another
order of magnitude however can only be expected from a threshold scan of
tt production at a future linear ete™ collider [562-1564].

Before the impact of the current top quark mass measurement is dis-
cussed, it should be noted that the value of this Standard Model parameter
depends on the used convention. For instance, the MS top quark mass is
lower than the pole top quark mass by about 10 GeV/c? at O(a?). The pole
mass itself exhibits an intrinsic ambiguity of O(Agep) ~ 0.2 GeV (see for
example [565] and references therein).

The top quark mass measurements described here are usually interpreted
as representing the pole mass. However, they are calibrated using LO MC
simulations with higher orders approximated by parton showers where the
top mass parameter does not follow a theoretically well-defined convention.
Further calculations and predictions using the measured top quark mass as
the pole mass should thus be taken with a grain of salt.

DO has conducted valuable consistency checks of the compatibility of the
direct top quark mass measurements performed so far at the Tevatron with
the pole mass extracted from the ¢f production rate [264, |566]. By com-
paring the measured ¢t production cross section with theoretical Standard
Model predictions derived at NLO including soft gluon resummations that
are performed in a well-defined renormalisation scheme using the top quark
pole mass, constraints on the top quark mass are derived. The cross section
measurements depend less on the MC modelling of the signal kinematics
than direct mass measurements. The MC is mainly needed for the signal ac-
ceptance determination which is expected to be rather insensitive to higher
order corrections since a comparison of NLO and LO predictions shows that
higher order corrections affect more the normalisation than the shape of the
relevant kinematic distributions [567).

In a recent analysis, DO uses two cross section measurements to extract
constraints on the top quark mass by comparison with theoretical predic-
tions [566]. One result is obtained in the lepton plus jets channel based on
the combination of a counting experiment using b tagging and an analysis
utilising a topological multivariate discriminant on 0.9 fb~! of data [264] as
discussed in Section B.1.2l The second result combines measurements in the
lepton plus jets, dilepton and 7 plus lepton channels obtained from approx-
imately 1.0 fb~! of data [259] (see Section [B.I5). Being based on different
analysis techniques and final states, both results exhibit a different depen-
dence on the top quark mass as illustrated in Figure b4l
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Figure 54: Mass dependence of the ¢ production cross section measurements
by DO in the lepton plus jets channel (left, [264]) respectively in a combination
of lepton plus jets, dilepton and 7 plus lepton channels (right, [259]) and the
theoretical prediction by Moch and Uwer [128] based on CTEQG6.6M [124]
PDFs. The previous world average top quark mass of 172.6 + 1.4 GeV/c?
[568] is shown as well as the joint likelihood 68% C.L. contours resulting from
the convolutions of measurement and prediction [566].

One theoretical prediction used for the comparison is that of Moch and
Uwer [128] based on CTEQ6.6M [124] PDFs (see Section B.I]). A joint like-
lihood depending on top quark mass and pair production rate is obtained
as the product of the likelihood functions of the measurement including its
total experimental uncertainty and the theoretical prediction including scale
and PDF uncertainties. The contour of the joint likelihood’s smallest region
containing 68% of its integral is shown as well in Figure [54] for both mea-
surements. By integrating over the ¢t production rate, the top quark mass
can be extracted. For the lepton plus jets channel measurement a top quark
mass of 171.2755 GeV/c? is obtained while the combined lepton plus jets,
dilepton and 7 plus lepton measurement yields 169.6”:2:% GeV/c?, including
an additional systematic uncertainty of 1 GeV/c? due to a smaller mass de-
pendence range available from this measurement. Both mass results are in
good agreement with the world average top quark mass obtained from the
complementary direct measurements.

The current world average top quark mass of 172.4 + 1.2 GeV/c? [12]
is also in good agreement with its predicted value in the framework of the
Standard Model obtained from electroweak precision data, yielding 179 *3
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GeV/c? as discussed in Section 2.3l Using the top quark mass measurement
as input together with that of the W boson mass — 80.398 + 0.025 GeV/c?
[23] — to obtain limits on the Higgs boson mass via the radiative corrections
on the W boson mass in a global electroweak fit, one obtains my = 8473;
GeV/c? [569] as illustrated in Figure B3] where the uncertainties are exper-
imental only. To demonstrate the impact of the recent improvements in
precision for the measurements of both the top quark and W boson mass
since the beginning of Run II, the corresponding fit results in spring 2004
are shown as well [570]. The current resulting 95% C.L. upper limit on the
Higgs boson mass is 154 GeV/c?, including both experimental and theoretical
uncertainties.

The result of the direct searches for the Standard Model Higgs boson at
LEP yielding a 95% C.L. lower bound of 114.4 GeV/c? [571) is illustrated in
Figure Bl as well. CDF and DO have recently excluded a Standard Model
Higgs boson of 170 GeV /c? mass at 95% C.L. and a mass range of about 165
to 175 GeV/c? at 90% C.L. [572] based on three fb™! datasets, which is not
reflected in Figure B3l
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Figure 55: Higgs boson mass constraints in 2004 (top, @]), using the
Tevatron Run I mass combination result m; = 178.0 4+ 4.3 GeV/c? iﬂ],
and now (bottom, ﬂ@]), using the current preliminary world-average result
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137



8 Summary

More than thirteen years after its discovery, the properties of the top quark
are being studied at the Tevatron with unprecedented precision by the CDF
and DO collaborations. The Tevatron is operating very smoothly and has
already delivered more than four fb=! of integrated luminosity to each ex-
periment. Until the end of Run II in 2009 or 2010, it is expected to deliver
two fb™! per year. CDF and DO have exploited these increasing datasets
together with novel advanced analysis techniques to not only improve upon
previous measurements but also to explore top quark properties that were not
accessible before like its electroweak production which allows first direct mea-
surements of the |V;| CKM matrix element. So far all results are consistent
with the Standard Model expectations and between the experiments which
allows one to constrain specific extensions of the Standard Model impacting
the properties under consideration.

Top quark pair production is well established in the lepton plus jets, dilep-
ton and all-hadronic final states, and these channels are also used to study
further properties of the top quark like its mass. The top quark signal is be-
ing established now in final states involving hadronically decaying 7 leptons
as well, in particular in the lepton plus 7 channel. The observed production
rates in all final states under investigation are consistent with each other and
the Standard Model expectation. No novel contributions to tt production
and signal samples are observed, and corresponding constraints are derived
on tt production via resonances or massive gluons and possible contributions
of a fourth fermion generation or scalar top quarks to the selected signal
samples. The kinematics in the observed event samples also agree with the
Standard Model prediction. Since contributions of physics beyond the Stan-
dard Model could affect the observed final states differently also via the top
quark decay, for example due to top quark decays into charged Higgs bosons,
corresponding limits are derived as well.

The tt production rate has been measured now to be about 7.3 pb for a
top quark mass of 175 GeV/c? with a precision of 10%, matching the un-
certainties of the theoretical predictions which allows stringent tests of the
corresponding perturbative QCD calculations. Ultimately, the precision of
the cross section measurements at the Tevatron might reach the 6% level,
dominated by the uncertainty on the integrated luminosity. First measure-
ments have been performed to determine the contributions of ¢gq annihilation
and gluon-gluon fusion to ¢t production and are found to be consistent with
the QCD predictions. Also higher order effects like the top quark charge
asymmetry could be measured for the first time and agree with the Standard
Model expectation within statistical precision.
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First evidence for electroweak single top quark production has been found
by both experiments and observation at the five standard deviation level
appears imminent. The observed production rates are consistent with the
Standard Model expectation of about three pb and allow first direct mea-
surements of the CKM matrix element |Vj|. The most stringent 95% C.L.
lower limit is found to be |Vy| > 0.71. Searches for exotic single top produc-
tion via W’ or charged Higgs bosons or flavour changing neutral interactions
with gluons are performed as well. Since no significant deviations from the
Standard Model are observed, corresponding stringent limits are derived.
With single top production being a sensitive probe of the Wtb vertex struc-
ture, also constraints on an extended Wtb interaction are derived, including
first limits on the left- respectively right-handed tensor couplings.

The decay properties of top quarks are studied using ¢ samples providing
both sufficient statistics and sample purity. The W boson helicity in ¢ decays
can now be measured in a model independent way by extracting the fractions
of left-handed and longitudinally polarised W bosons simultaneously. This
provides additional information about the Wtb vertex structure that can
be used together with constraints from single top quark production to fully
specify the Wtb coupling. The W boson helicity measurements are consis-
tent with the Standard Model expectation and further studies in the lepton
plus jets and dilepton final states will scrutinise the observed discrepancies
between both channels at the two standard deviations level. The determi-
nation of the ratio of branching fractions R = B(t — Wb)/B(t — Wq) by
now has reached a precision of 9%, yielding R = 0.971559 and confirming the
expectation of a dominant ¢ — Wb decay mode assumed in most top quark
analyses. Top quark decays beyond the Standard Model are searched for
due to neutral currents, invisible decay modes or decays into charged Higgs
bosons. No significant deviations from the Standard Model are observed,
yielding strong limits on the considered processes.

Measurements of fundamental top quark properties — charge, lifetime,
mass — are performed as well based on top quark pair samples and help to
confirm the Standard Model identity of the top quark. First measurements of
charge and lifetime are consistent with the expectation, helping to constrain
exotic models. The top quark mass has now been measured in the lepton plus
jets, dilepton and all-hadronic final states, yielding consistent results amongst
the considered channels and the CDF and DO experiments. A combination
of the results yields m; = 172.4 & 1.2 GeV/c?, marking the most precise
measurement of a quark mass with a precision of 0.7%. By the end of Run II,
a measurement with an absolute precision below Am; = 1 GeV/c? should be
achievable. This measurement will be a legacy beyond the Tevatron Run II
and will allow the top quark to be used as a calibration object at the LHC
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until large datasets there will allow further refined measurements.

While the top quark mass measurements are usually interpreted as repre-
senting the pole mass, their calibration with the currently used Monte Carlo
simulations which do not reflect this theoretically well-defined concept should
be kept in mind. Indirect mass measurements utilising the mass dependence
of the tt production rate of measurements in comparison with theoretical
predictions based on the pole mass however are consistent with the direct
measurements. Utilising the radiative corrections on the W boson mass in a
global electroweak fit with the measured world average top quark and W bo-
son masses as input, the mass of the yet unobserved Standard Model Higgs
boson can be constrained. This results in a 95% C.L. upper limit on the
Higgs boson mass of 154 GeV/c?.

The large mass of the top quark does not only render it an ideal win-
dow to new physics as the most massive known fundamental object but also
leads to a lifetime which is short in comparison to hadronisation timescales.
Consequently, observables sensitive to the top quark spin can be accessed
undisturbed from hadronisation processes. Spin-related measurements have
not been performed yet in Run II at the Tevatron. While it was shown in
Run I that a measurement of top quark pair spin correlations is feasible, this
measurement that will greatly benefit from the increased available dataset
still remains to be performed. The observation of single top quark production
in addition should allow one to study the polarisation of top quarks when
produced singly via the electroweak interaction.

For precision measurements like those of top quark mass and pair produc-
tion cross section the careful study of systematic uncertainties — consistently
across experiments — and evaluation of possible new contributions not con-
sidered so far is becoming the priority. Other measurements — especially
those involving single top quark production — will remain statistically lim-
ited throughout Run II. The LHC will be a “top factory”, producing millions
of top quarks per year thanks to increased top production cross sections by
two orders of magnitude and enhanced luminosity compared to the Tevatron.
A broad top quark physics program is in preparation at the LHC [399, 565]
that will complement and further expand that of the Tevatron.

A wealth of analyses is being pursued at the Tevatron, characterising top
quark samples both as signal and as background for other processes of similar
signature that yet remain to be discovered. The top quark itself serves as
a probe for new physics in both production and decay that could manifest
itself via new particles being produced or modified couplings with respect
to the Standard Model expectation. While so far all measurements are in
agreement with the Standard Model, there is still plenty of room for new
physics to be explored both at the Tevatron and the LHC.
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