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This review considers important properties of the top quark. The top quark decays before
hadronization, and the spin information is directly transferred to the decay products. Therefore,
the structure of the weak interaction is investigated by measuring the helicity fractions, f , of the
W boson Å the top-quark decay product. Other investigations: search for the presence of V + A
interaction, search for exotic top-quark charge −4/3 and for tt̄ resonances Å all of them, so far,
were not found in the experiments Å testify against going out of the Standard Model.

‚ μ¡§μ·¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ¢ ¦´Ò¥ ¸¢μ°¸É¢  Éμ¶-±¢ ·± . ’μ¶-±¢ ·± · ¸¶ ¤ ¥É¸Ö ¤μ  ¤·μ´¨-
§ Í¨¨, ¨ ¨´Ëμ·³ Í¨Ö μ ¥£μ ¸¶¨´¥ ¶¥·¥¤ ¥É¸Ö ´¥¶μ¸·¥¤¸É¢¥´´μ ¶·μ¤Ê±É ³ ¥£μ · ¸¶ ¤ . �μÔÉμ³Ê
¸É·Ê±ÉÊ·  ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨¸¸²¥¤Ê¥É¸Ö ¶μ¸·¥¤¸É¢μ³ ¨§³¥·¥´¨Ö Ë· ±Í¨° ¸¶¨· ²Ó´μ¸É¨,
f , W -¡μ§μ´  Å ¶·μ¤Ê±É  · ¸¶ ¤  Éμ¶-±¢ ·± . „·Ê£¨¥ ¨¸¸²¥¤μ¢ ´¨Ö: ¶μ¨¸± ¶·¨¸ÊÉ¸É¢¨Ö V + A-
¢§ ¨³μ¤¥°¸É¢¨Ö, ¶μ¨¸± Ô±§μÉ¨Î¥¸±μ£μ § ·Ö¤  Éμ¶-±¢ ·±  −4/3 ¨ tt̄-·¥§μ´ ´¸μ¢ (¢¸¥ μ´¨ ¶μ±  ´¥
´ °¤¥´Ò ¢ Ô±¸¶¥·¨³¥´É Ì) Å ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ ¶·μÉ¨¢ ¢ÒÌμ¤  §  ¶·¥¤¥²Ò ‘É ´¤ ·É´μ° ³μ¤¥²¨.

PACS: 29.20.db; 29.40.Gx; 29.40.Mc; 29.40.Vj; 29.40.Wk; 25.43.+t; 14.65.Ha

INTRODUCTION

Since the discovery of the top quark in 1995 by the CDF and D	 Collabo-
rations [1, 2], the mass of this most massive known elementary particle has been
measured with high precision. However, the measurements of other top-quark
properties are still statistically limited, so the question remains whether the Stan-
dard Model (SM) successfully predicts these properties. At the Tevatron collider,
with a center-of-mass energy of 1.96 TeV, most top quarks are pair-produced via
the strong interaction. In the Standard Model, the top quark decays in nearly 100%
of all cases into a W boson and a b quark. Due to its large mass (≈ 172 GeV)
and a very short lifetime (≈ 5 · 10−25 s), that is shorter than the hadronization
time (≈ 10−23 s), the top quark exhibits a lot of unique features not observed
for the lighter quarks. Its very short lifetime means that the top-quark spin char-
acteristics are not diluted by hadronization. Thus its decay products preserve the
helicity content of the underlying weak interaction. The large mass of the top
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quark means that it is produced at very short distances and thus its production
is characterized by a small coupling constant αs(mtop) ≈ 0.1, i.e., it is a very
good perturbative object for testing of QCD. In addition, its Yukawa coupling
is approximately 1. It suggests that the top quark can play an important role
in the electroweak symmetry breaking. Anomalies in the tt̄ production would
indicate the presence of a new physics. The presence of anomalous couplings
in the top-quark processes would modify the top-quark kinematic distributions
(e.g., tt̄ invariant mass). The forwardÄbackward asymmetries in the top-pair pro-
duction, different from those tt̄ expected in the NLO of QCD, can also indicate
a new physics. In general it can be said that top-quark physics is a window for
looking for a new physics.

In this review the following topics are discussed:
The structure of the weak interaction is investigated by measuring the helicity

fractions of the W boson in top-quark decays.
In the SM, the top quark is an upper quark of the third generation with

the electric charge of +2/3. Because the top-quark electric charge is so far not
measured, therefore one cannot exclude an alternative interpretation that is based
on a conception of an exotic quark with charge −4/3. Below one of the ˇrst
such measurements is presented.

In the end, we describe the search for exotic resonant tt̄ production that
would appear as unexpected structure in the spectrum of the invariant mass of tt̄
pairs Mtt̄. Previous searches using ≈ 100 pb−1 samples from Fermilab Tevatron
Run I have ruled out any production of a narrow top color resonance with mass
less than 480 GeV/c2.

All the results conˇrm a good agreement between the data and SM.

1. MEASUREMENT OF W -BOSON HELICITY FRACTIONS
IN TOP-QUARK DECAYS USING cos θ∗

This section is devoted to measurements of the W -boson helicity fractions by
two different methods [4, 5] using data corresponding to an integrated luminosity
of 1.9 fb−1 of pp̄ collisions at a center-of-mass energy of 1.96 TeV collected by
the CDF II detector operating at the Fermilab Tevatron. Combining the results
obtained by these two methods, the authors have found a good consistence with
the SM expectations.

Here is also presented the report [30] (Subsec. 1.6), where there has been
measured an upper limit on the fraction of V + A current, fV +A, in the top-
quark decays, using approximately 700 pb−1 at the same energy, using the decay
t → Wb → �vb (where � = e or μ), which is sensitive to the polarization of the
W boson. It was determined fV +A = −0.06 ± 0.25 given a top-quark mass of



210 FLYAGIN V.B., GLAGOLEV V.V.

175 GeV/c2 and set an upper limit on fV +A of 0.29 at the 95% conˇdence level;
an improvement by a factor of 2 on the previous best direct limit.

1.1. Introduction. The decay of the top quark, the most massive fundamental
particle observed for the ˇrst time by experiment [1, 2], is particularly interesting
as a direct probe of the charged current weak interaction at the highest energy
scale presently available. In the Standard Model, the spin-1/2 top quark decays
via the charged current weak interaction to a spin-1 W+ boson and a spin-1/2
b quark ∗, with a branching fraction above 99% and width Γt = 1.4 GeV [31] for a
top-quark mass of 175 GeV/c2. The lifetime of the top quark, �/Γt ∼ 5 ·10−25 s,
is by an order of magnitude shorter than the typical strong interaction time scale
for binding of quarks into hadrons, �/ΛQCD ∼ 3 · 10−24 s. Therefore, the top
quark decays before hadronization, and the spin information is directly transferred
to the decay products.

In the limit mb → 0, the pure charge current V − A theory of the weak

interaction (with coupling −i
g√
2
Vtb γμ(1−γ5)) predicts that the b quark has left-

handed (−1/2) polarization (helicity), and the W+ boson can only have either
longitudinal (zero) or left-handed (−1) polarization. The right-handed (+1) polar-
ization is forbidden. The fraction f0 of W+ bosons with longitudinal polarization
is predicted to be f0 ≈ 0.70 [9] at leading order in perturbation theory. The
nonzero b-quark mass and the higher-order QCD and electroweak radiative cor-
rections modify these predictions below the 1% level [10, 32, 33]. However, the
presence of nonstandard-model couplings in the Wtb vertex could signiˇcantly
modify the polarization of the top-quark decay products [9, 34, 36]. Previous
results have either been limited by the small statistics of the top-quark sam-
ples [11, 37Ä38] or have only set indirect limits [39, 40].

In this analysis (by CDF), the structure of the weak interaction is investigated
by measuring the helicity fractions of the W boson in the top-quark decays. In
order to discuss which couplings in the Wtb vertex could have an impact on the
W -helicity fractions, the interaction Lagrangian for the most general coupling is
considered below. The interaction of fermions and gauge bosons in general, can
be expressed by six form factors, f , with a particular energy scale at which new
physics may be opened. Assuming the W boson to be on-shell, the form factors
can be reduced even to four.

While weak interactions have been tested with high precision at low-momen-
tum transfers, e.g., in radioactive β decay, the vertex structure may be altered
in interactions at high momentum transfers due to possible new physics con-
tributions. Among the known fundamental particles, the top quark stands out

∗Charge conjugate decays, with replacement of left-handed by right-handed polarization, are
implicit. Results [68] contain analysis of 2.7 fb−1 (2010), see on p. 14.
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as the heaviest, with a mass of mt = (173.3 ± 1.1(±0.6 ± 0.9)) GeV/c2 [6],
and thereby gives access to high momentum scales. It has been suggested that
the top quark may have nonuniversal gauge couplings as a result of dynami-
cal breaking of the electroweak symmetry [7]. Given our present knowledge of
the CabibboÄKobayashiÄMaskawa quark-mixing matrix [8], the top quark decays
with a branching ratio (as we told above) close to 100% in the mode t → bW+.
The Dirac structure of the Wtb vertex can be generalized by the interaction
Lagrangian

L =
gω√

2

[
W−

μ b̄γμ(fL
1 P− + fR

1 P+) t−

− 1
mW

∂νW−
μ b̄σμν(fL

2 P− + fR
2 P+)t

]
+ h. c., (1)

where P± = 1(1 ± γ5) and iσμν = −(1/2)|γμ, γν | [9].

Four form factors fR,L
1,2 can assume complex values in general, but take

values of fL
1 = 1 and fR

1 = fL
2 = fR

2 = 0 in the standard electroweak theory
in approximation of zero b-quark mass, such that the production of right-handed
W bosons from top-quark decay is suppressed.

It is supposed that the production of longitudinally polarized W bosons is
enhanced due to the large Yukawa coupling of the top quark to the Higgs ˇeld
responsible for electroweak symmetry breaking (EWSB). The fraction of right-
handed W bosons, f+, is predicted by SM to be very small ≈ O(10−4) [10],
which is well below the sensitivity of the measurements reported here. The
partial decay widths into the different W -boson helicity states explicitly depend
on the form factors. Assuming the standard electroweak theory values for the
form factors, the fraction of longitudinally polarized W bosons is given by f0 =
Γ(W0)/[Γ(W0)+Γ(W−)+Γ(W+)] ≈ m2

t /(2m2
W +m2

t ) ≈ 0.7 [9], more precise
the theory predicts f0 = 0.697 ± 0.002 at leading order in perturbation theory,
where W0 and W± indicate longitudinally and transversely polarized W bosons,
respectively; for mt as given above and a W -boson mass of mW = (80.403 ±
0.029) GeV/c2 [8]. Next-to-leading-order corrections decrease the total decay
width, as well as Γ(W0), by about 10% [12], while f0 is only changed by
about 1% [10]. A signiˇcant deviation of f0 or f+ from the predictions exceeding
the 1% level would be a clear indication of new physics.

This article reports the results of two analyses using the same dataset and
their combination. Both analyses use the observable cos θ*, which is the cosine
of the decay angle between momentum of the charged lepton in the W -boson
rest system and direction of the top-quark momentum that corresponds to the line
between the production point and the decay point of W boson. This has the
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Fig. 1. Theoretically calculated cos θ∗ distributions for left-handed, longitudinally and
right-handed polarized W bosons. The solid black line indicates the cos θ∗ distribution as
expected in the Standard Model

following distribution:

ω(θ∗) = f0ω0(θ∗) + f+ω+(θ∗) + (1 − f0 − f+)ω−(θ∗) (2)

with

ω0(θ∗) =
3
4
(1 − cos2 θ∗), ω+(θ∗) =

3
8
(1 + cos θ∗)2,

(3)

ω−(θ∗) =
3
8
(1 − cos θ∗)2, ω(θ∗) =

dN

d cos θ∗
.

The parameters f0 and f+ are the W -boson helicity fractions to be deter-
mined. The two analyses estimate cos θ∗ for each event by reconstructing the
full tt̄ kinematics. These methods of reconstructing the four-vectors of the top
quark and antitop quark as well as their decay products [13Ä15] possess a broad
applicability and offer the possibility to measure a full set of top-quark properties,
such as the top-quark mass and the forwardÄbackward charge asymmetry in tt̄
production [16]. Experimental acceptances and resolutions introduce distortions
of the cos θ∗ distribution which must also be taken into account. The two analyses
employ alternative methods for reconstructing the tt̄ kinematics, for correcting
the experimental effects, and for determining the polarization fractions from the
resulting cos θ∗ distributions in the observed events (Fig. 1). They have similar
sensitivities and are combined, taking into account correlations, to yield the most
precise estimates of f0 and f+.

Both analyses subject the observed data to ˇts in three different scenarios:
1. Measure f0 under the assumption that f+ = 0. This corresponds to a

model in which the form factors fR
1 and fL

2 are zero, meaning there are no
right-handed bottom-quark couplings present.
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2. Measure f+ under the assumption that f0 = 0.7, which is sensitive to
models with fL

2 = fR
2 = 0, i.e., the presence of an additional V + A current

in top-quark decay, but no additional magnetic couplings. Using the relation
f+/f− = (fR

1 /fL
1 )2 one can translate the measured helicity fractions into the

ratio of form factors.
3. Measure f0 and f+ simultaneously in a two-parameter ˇt, which is model-

independent.
Model-dependent measurements of f0 and f+ using smaller datasets have

been previously reported by the CDF [3], D	 [16, 17] Collaborations. Most
recently the D	 Collaboration has reported a model-independent result using
1 fb−1 [17] of Tevatron data. The measurements reported here [4] use twice as
much data compared to old data and improved analysis techniques and yield the
most precise determinations of the W -helicity fractions in top-quark decays [8].

1.2. Selection of tt̄ Candidate Events. The data used for the analyses re-
ported here are collected by the CDF II detector. A detailed description of the
Collider Detector at Fermilab (CDF) can be found elsewhere [29, 41]. A coordi-
nate system with the z axis along the proton beam, azimuthal angle φ and polar
angle θ are used. The pseudorapidity is deˇned as η = − ln (tan (θ/2)). The
transverse energy of a particle is deˇned as ET = E sin θ.

Authors select events of the type tt̄ → W+bW−b̄ → �νqq̄′bb̄ which yield
an experimental signature of one high-energy charged lepton, missing transverse
energy due to the undetected neutrino, and at least four jets, two of which are
b-quark jets. Exactly one isolated electron candidate with transverse energy Et >
20 GeV and pseudorapidity |η| < 1.1 is required, or exactly one isolated muon
candidate with transverse momentum∗ PT > 20 GeV/c and |η| < 1.0. An electron
or muon candidate is considered isolated if the ET not assigned to the lepton
in a cone of R =

√
(Δη)2 + (Δφ)2 = 0.4 centered around the lepton, is less

than 10% of the lepton ET or Pt, respectively. Jets are reconstructed by summing
calorimeter energy in a cone of radius R = 0.4. The energy of the jets is corrected
for differences as a function of η, time, and additional energy depositions due to
multiple interactions occurring in the same event [18]. An additional correction
leads from calorimeter based jets to jets at the particle level. Candidate jets
must have corrected ET > 20 GeV and detector |η| < 2. The corrected missing
transverse energy ET accounts for the energy corrections made for all jets with
corrected ET > 12 GeV and |η| < 2. for muons and is required to be greater than
20 GeV. At least one jet in the event must contain a secondary vertex identiˇed

∗As it is told above, there is used a cylindrical coordinate system, where the z axis is along
the proton beam direction and θ is the polar angle. Pseudorapidity is η = − ln (tan(θ/2)), while
transverse momentum is pT = |p| sin θ and transverse energy is ET = E sin θ. Missing transverse
energy, ET , is deˇned as the magnitude of ET = −ΣiE

i
T ni where ni is the unit vector in the

azimuthal plane that points from the beam line to ith calorimeter tower. Also ET = |ET |.
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using the algorithm described in [19] with |η| < 1.1 and consistent with having
originated from a b-hadron decay. Additional requirements further reduce the
background contribution as follows. Electron events are rejected if the electrons
originate from a conversion of a photon. Cosmic ray muon events are rejected
as well. To remove Z bosons, events in which the charged lepton can be paired
with any more loosely deˇned jet or lepton to form an invariant mass consistent
with the Z peak, 76Ä106 GeV/c2, are excluded.

With these selection criteria, we select 484 tt̄ candidates in a sample corre-
sponding to a total integrated luminosity of 1.9 fb−1.

Kinematics resolutions and selection and reconstruction efˇciencies for tt̄
events are determined utilizing PYTHIA [20] and HERWIG [21] event generators
where the top-quark mass is set to 175 GeV/c2. Samples of events generated
with PYTHIA, ALPGEN [22], and MADEVENT [23], interfaced to PYTHIA
parton showering are used to determine certain background rates and to estimate
the cos θ∗ distribution for background events. In order to develop and validate the
methods presented, MADEVENT and a custom version of HERWIG are used to
generate samples of simulated events with controllable W -boson helicity fractions.
All generated events are passed through the CDF detector simulation [24] and
then reconstructed in the same way as the observed events.

Table 1. Expected number of back-
ground events and the number of all
observed events in a 1.9 fb−1 data
sample using the selection criteria de-
scribed in the text

Background source N (� 4 jet)
W + heavy 
avor 37 ± 10

Mistags 20 ± 5

Non-W 18 ± 16

Electroweak 12 ± 1

Total background 87 ± 23

Observed events 484

1.3. Background Estimation. The se-
lected tt̄ sample is estimated to be con-
taminated with about 87 events coming
from background processes. These non-tt̄
processes originate mainly from W + jets
events with a falsely reconstructed sec-
ondary vertex (Mistags), fromt W + jets
events in which the jets are real b- and
c-quark jets (W + heavy 
avor), and mul-
tijet processes that contain no real W bo-
son (non-W ). These backgrounds are es-
timated using a combination of data and
Monte Carlo methods as described in detail
in [19]. Additional sources of background

arise from electroweak processes like diboson production (WW, WZ, ZZ), the
production of single top-quarks, and Z bosons. These backgrounds are predicted
based on their theoretical cross sections and acceptances and efˇciencies, which
are derived from simulated events. Table 1 shows the background estimation and
the observed number of events after all selection criteria.

1.4. Boson Helicity Fractions. In order to measure the W -boson helicity
fractions there were used two approaches. Both analyses use cos θ∗ as the sen-
sitive observable, estimated on an event-by-event basis by fully reconstructing
the tt̄ kinematics. The cos θ∗ distribution can be decomposed into three separate
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components according to the three different W -boson helicity states. The ˇrst
analysis is based on the methods developed to precisely measure the top-quark
mass [13] and uses the fact that the three helicity components have distinguishable
shapes. In this technique were found the expected distributions (®templates¯) of
the helicity components, containing resolution effects, and superposed those. The
helicity fractions are then given by normalizations from an unbinned likelihood
ˇt and the results are corrected for acceptance effects afterwards [25]. Authors
refer to this analysis as the ®template¯ analysis in the following.

The second analysis, called the ®convolution analysis¯, is based on the
method described in [3, 14, 15]. Starting from the theoretically predicted number
of events in each bin of the particle level cos θ* distribution, authors convolute
acceptance and resolution effects with these predictions to derive the expected
number of events in each bin of the reconstructed cos θ* distribution. In this
method, f0 and f+ are then determined from a binned likelihood ˇt.

The event selection and reconstruction of the two techniques employ different
choices in the design of background suppression, jet 
avor identiˇcation, and
parton assignment. The agreement between the two methods shows that these
design choices do not bias the ˇnal result. While the convolution analysis uses the
standard event selection described in Subsec. 1.2, the template analysis chooses to
place an additional cut on the scalar sum of all transverse energies of the event, Ht,
and requires Ht > 250 GeV to further suppress multijet non-W background. This
results in (53±20) events estimated as background, and reduces the total number
of selected events to 430. A combinatoric ambiguity arises in the reconstruction
of the tt̄ kinematics when choosing which of the reconstructed jets corresponds to
which of the ˇnal state quarks in the tt̄ → �νqq̄′bb̄ decay. We analyse all possible
jet-quark assignments and then use alternative criteria to choose the ®best¯ one
for each event. The template analysis uses the technique described in [13]: jet
energies 
oat within expected resolutions, b-tagged jets are assigned to b quarks,
and the top-quark mass is left 
oating in the ˇt while the W -boson masses are
constrained to 80.4 GeV/c2.

The algorithm described in [3, 14, 15] is used in the convolution analysis.
The jet-quark assignment is selected using constraints on the W -boson mass, the
tt̄ pairs mass difference, the transverse energy in the reconstructed tt̄ pair with
respect to the total transverse energy in the event, and the b-jet probability of
the jets. Neither analysis assumes a particular value for mt in the reconstruction;
since f0 has an explicit mt-dependence, because doing so would introduce a bias
in the measurement. Although the algorithms to reconstruct the kinematics of the
tt̄ pairs are different, the cos θ∗ resolution for each analysis is estimated to be the
same (≈ 0.35 events).

In both analyses, the W -boson helicity fractions are determined from max-
imum likelihood ˇts to the resulting cos θ∗ distributions. The two analyses em-
ploy alternative methods to derive the ˇt inputs which will be discussed in more
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detail in the next paragraphs. In the ˇts, the helicity fractions f0 and f+ are
free parameters, the constraint f− = (1 − f0 − f+) is applied, and the back-
ground contribution is allowed to 
oat but is Gaussian-constrained using an RMS
corresponding to the uncertainty on the estimate of the total number of back-
ground events. As is already discussed, each analysis performs three different
measurements (see introduction).

The template method utilizes samples of generated tt̄ events in which the
leptonically decaying W boson is forced to a speciˇc polarization to get the
normalized cos θ∗ probability distribution function P (cos θ∗) for each W -boson
polarization. These generated events satisfy all the selection criteria and are
reconstructed in the same manner as the observed events. The P (cos θ∗) for a
certain helicity mode is obtained by ˇtting the reconstructed cos θ∗ distribution
obtained from the corresponding generated tt̄ events and does not depend on
the helicity fractions assumed for the hadronically decaying W boson. The
background modeling is veriˇed by comparing the distribution obtained from
generated events to the distribution of observed events in which there is no
secondary vertex tag and in those for which the decay length of the secondary
vertex tag is negative, meaning that the reconstructed secondary vertex and the
reconstructed jet itself are located in opposite hemispheres with respect to the
primary vertex. These are background dominated samples.

The P (cos θ∗) parameterizations are empirically chosen to provide cos θ* use
two exponential functions. The resulting P (cos θ∗) are compared in Fig. 2. Using
alternative ˇt functions negligibly affects the results.

Fig. 2. P (cos θ*) used in the template analysis, which are the reconstructed ω(θ*) distrib-
utions for longitudinal, right- and left-handed W -boson helicities, as well as the ω(θ*) in
the background model. The curves are normalized to the same area



SOME TOP-QUARK PROPERTIES MEASURED IN pp̄ COLLISIONS 217

Since the kinematics of the W -boson decay depends on its polarization, the
kinematic cuts applied have different acceptances for the different polarizations.
Therefore a correction is applied to the obtained helicity fractions to account for
these acceptance effects before presenting the results.

In the convolution analysis the cos θ∗ distribution is reconstructed in six
bins, corresponding to the resolution of the reconstruction of the tt̄ kinematics.
The starting point for the extraction of the W -boson helicity fractions in this
method is the theoretically predicted number of signal events in each bin of the
cos θ∗ distribution, μsig(f0,f+), depending on f0 and f+, which can be calculated
using Eq. (2).

Acceptance and resolution effects are then taken into account [3] by convolut-
ing both effects with theory prediction. This leads to the number of signal events
expected to be observed in a certain bin accounting for all distorting effects:

μsig,obs
k (f0, f+) ∝ Σμsig

i (f0, f+)εiS(i, k). (4)

The migration matrix element S(i, k) gives the probability for an event which
was generated in bin i to occur in bin k of the reconstructed cos θ* distribution.
Since the acceptance depends on cos θ*, the contribution of each bin was weighted
with its event selection efˇciency εi. The effects considered are independent of
the W -boson helicity fractions and this is validated using several samples of
generated events with different W -boson polarizations. Thus, εi and S(i, k)
can be estimated from a sample of events generated with the PYTHIA event
generator. The total number of events expected to be observed in a certain bin is
then given by the sum of μsig,obs

k (f0, f+) and the expected number of background
events, which is independent of the W -boson polarization and is derived from
the background composition shown in Table 1.

In a maximum-likelihood ˇt the expected number of events is compared bin
by bin to the number of observed events to determine f0 and f+.

In order to compare the observations with theory, there was subtracted the
background estimate from the reconstructed cos θ* distribution, corrected for
acceptance and resolution, and normalized the distribution to the tt̄ cross section
of σtt̄ = (6.7±0.9) pb [24, 26]. The correction is made by applying a bin-by-bin
correction factor to the cos θ* distribution. The correction factor is given by
μsig

i (ffit
0 , ffit

+ ) divided by μsig,obs
k (ffit

0 , ffit
+ ), where ffit

0 and ffit
+ are the obtained

results.
The systematic uncertainties associated with the measurement of f0 and f+

are summarized in Table 2. The systematic uncertainties were determined by
constructing ensemble tests with signal and/or background templates, affected
by the systematics under study, but ˇt using the default parameterizations and
normalizations described above. The authors studied the in
uence of variations
in the jet energy scale (JES) and of variations in initial and ˇnal state radiation
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Table 2. The sources of systematic uncertainties and their related estimates for the
template analysis (templ.) and the convolution analysis (conv.). The total systematic
uncertainty is taken as the quadrature sum of the individual sources

Source
δf0

(f+ ˇxed)
δf+

(f0 ˇxed)
δf0

(combined ˇt)
δf+

(combined ˇt)
templ. conv. templ. conv. templ. conv. templ. conv.

JES 0.024 0.045 0.017 0.025 0.021 0.016 0.027 0.032
ISR 0.002 0.010 0.003 0.003 0.010 0.036 0.007 0.014
FSR 0.021 0.025 0.009 0.011 0.025 0.045 0.002 0.016
Bkg 0.023 0.032 0.016 0.019 0.018 0.028 0.017 0.032
MC 0.019 0.012 0.009 0.005 0.019 0.015 0.010 0.002
PDF 0.005 0.005 0.005 0.002 0.005 0.014 0.002 0.006

Total 0.044 0.062 0.027 0.034 0.043 0.072 0.034 0.050

(ISR, FSR). The latter was estimated by producing samples of simulated events
for which the simulation was altered to produce either less or more gluon radiation
compared to the standard setting [13]. Speciˇcally, two parameters controlling the
parton shower in the PYTHIA program are varied: ΛQCD and the scale factor K
to the transverse momentum scale of the showering. The different settings are
derived from studies of ISR in DrellÄYan events. The authors also studied the
in
uence of the background modeling (Bkg), of different Monte Carlo event
generators (MC), and of the parton distribution function (PDF). The resulting
shifts in the mean ˇtted longitudinal and right-handed fraction are used to quantify
the systematic uncertainties.

The positive and negative variations obtained are symmetrized by choosing
the maximum deviation. The ensemble tests were all performed using PYTHIA
generated events with mt = 175 GeV/c2 as a signal with the W -boson helicity
fractions f0 = 0.70 and f+ = 0.0, and the background model as described
above. It was veriˇed that these uncertainties do not depend on the actual value
of f0 and f+ by ˇtting samples of generated events with different W -boson
polarizations.

The analyses presented in this paper use a top-quark mass of 175 GeV/c2.
Since f0 explicitly depends on the top-quark mass, the dependency of the mea-
sured value of f0 on the top quark mass is not treated as a systematic uncertainty.
The measured value of f+ is only negligibly affected by variations in the assumed
top-quark mass.

1.5. Results for f0 and f+ and Combination of the Results. The cos θ*
distribution from the observed events is shown in Figs. 3 and 4 for both analyses
together with the ˇts for f0 and f+ and the model independent measurement.

The results for the three different measurements together with the statistical
and systematical uncertainties in both analyses are summarized in Table 3. In the
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Fig. 3. The observed cos θ* distribution (points) overlaid with the ˇt Å curves for the
three different ˇt scenarios (as explained in Subsec. 1.1) for template analysis. All curves
coincide

Fig. 4. a) The observed cos θ* distribution (points) is presented overlaid with the ˇts
for f0 and f+ for the convolution analysis. b) The deconvoluted (using the ˇt result of
the f+ measurement) distribution normalized to the tt̄ cross section is shown together with
the theoretically predicted curves for purely left-handed, right-handed, and longitudinally
polarized W bosons

template analysis the correlation between f0 and f+ is determined to be −0.87 in
the simultaneous ˇt, while for the convolution analysis the correlation is −0.89.

There were combined the single results accounting for correlations using the
BLUE method [27]. The combined results can be found in Table 3. The statistical
correlation between both analyses is estimated from ensemble tests using samples
of generated events which account for the event overlap in the signal contribution.
For the two model-dependent scenarios the correlation coefˇcients are found to
be 0.66 and 0.65 when ˇtting for f0 or f+, respectively. The correlation matrix
for the model-independent scenario is given in Table 4. The resulting combination
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Table 3. Results of the template analysis, the convolution analysis, and the combined val-
ues. The results are given together with their statistical and systematical uncertainties.
In addition the χ2/dof of the combination is given

Fractions Template Convolution Combination χ2/dof

f0(f+ = 0.0) 0.59 ± 0.11 ± 0.04 0.66 ± 0.10 ± 0.06 0.62 ± 0.10 ± 0.05 0.7/1
f+(f0 = 0.0) −0.04 ± 0.04 ± 0.03 0.01 ± 0.05 ± 0.03 −0.04 ± 0.04 ± 0.03 1.8/1
f0 0.65 ± 0.19 ± 0.04 0.38 ± 0.21 ± 0.07 0.66 ± 0.16 ± 0.05 4.3/2
f+ −0.03 ± 0.07 ± 0.03 0.15 ± 0.10 ± 0.05 −0.03 ± 0.06 ± 0.03 4.3/2

Table 4. Correlation matrix for combining the template and convolution analyses in
the model-independent scenario

Fractions Template f0 Convolution f0 Template f+ Convolution f+

Template f0 1.00 0.45 −0.87 −0.40
Convolution f0 0.45 1.00 −0.42 −0.89
Template f+ −0.87 −0.42 1.00 0.48
Convolution f+ −0.40 −0.89 0.48 1.00

is weighted towards the template determination of f+ since its total uncertainty is
signiˇcantly smaller than the total uncertainty from the convolution method. Due
to the strong anticorrelation between f0 and f+ (see Table 4) the f0 determination
is affected correspondingly.

The systematic uncertainties are taken to be completely correlated between
the two methods. When combining the model-independent results, the systematic
uncertainties for f0 and f+ are taken to be 100% anticorrelated. The combined
values of f0 and f+ have a correlation of −0.82. The combination improves the
sensitivity by about 10% relative to the measurements of either method separately.

In conclusion, the authors present two different analyses and their combina-
tion determining the W -boson helicity fractions in top-quark decays, giving the
world's most sensitive result for measuring these fractions so far. In addition, to
measure f0 and f+ separately, while ˇxing the other parameter to its expected
value, there was present a model-independent simultaneous measurement of the
two fractions. All of these results are consistent with the values predicted within
the electroweak theory of the Wtb vertex.

For the suitable demonstration of the common CDF preliminary results on
the W fractions we present Fig. 5. Here are simultaneously shown template
and convolution (unfolding) on the W -helicity fractions at the same luminosity
1.9 fb−1 the same as in Table 3. Besides, here is presented the matrix element
method that was not discussed in the main text (reported in Conference [27, 28]
preliminary, [47]).

1.6. Search for V + A Current in Top-Quark Decays in pp̄ Collisions at√
s = 1.96 TeV. As was shown, the fraction of W boson in the Standard Model

from the top-quark decay fL
1 is equal to one, while the three other form factors



SOME TOP-QUARK PROPERTIES MEASURED IN pp̄ COLLISIONS 221

Fig. 5. Comparison of the W -helicity fraction results that were received by differ-
ent methods at the same integral luminosity. Starting from ®cos θ∗ unfolding¯ (con-
volution) these data are the same as in Table 3. In addition are shown recent re-
sults of [68] (2010) with model-independent f0 = 0.88 ± 011(stat.) ± 0.06(syst.),
f+ = −0.15 ± 0.07(stat.) ± 0.06(syst.), and with constraining f+[f0] to 0.0 and [0.70}
yields: f0 = 0.70 ± 0.07(stat.) ± 0.04(syst.), f+ = −0.01 ± 0.02(stat.) ± 0.05(syst.)

(fR
1 , fR,L

2 ) are all equal to zero, leading to a pure V − A structure of the weak
interaction. This V − A structure predicts that the W bosons from the top-quark
decays are dominantly either longitudinally polarized or left-handed, while right-
handed W -boson decays are heavily suppressed or even forbidden in the limit of
a massless b quark. Assuming a top-quark mass of 175 GeV/c2, the fraction of
longitudinally polarized W bosons is predicted to be f0 = 0.7, while the fraction
of left-handed W bosons is f− = 0.3. A signiˇcant deviation from the predicted
value for f0 or a nonzero value for the right-handed fraction f+ could indicate
new physics, such as a possible V +A component in the weak interaction or other
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anomalous couplings at the Wtb vertex. (The W -boson polarization manifests
itself in the decay W → �ν� at the angle θ∗, see Fig. 1.)

In this letter [30], the authors made an attempt to search for a V + A
current in the top-quark decay, while assuming that the tt̄ production mechanism
is in agreement with the standard model prediction. Further it is assumed the
absence of couplings from magnetic moment interactions in the Wtb interaction,
so that f0 is unchanged from 0.70 [9]. Then, the V + A fraction fV +A is related
to the fraction f+ of right-handed W+ bosons by fV +A = f+/(1 − f0), and the
V − A fraction fV −A ≡ 1 − fV +A is related to the fraction f− of left-handed
W+ bosons by fV −A = f−(1− f0). The W+-boson polarization can be inferred
(as earlier) from the angular distribution of the charged lepton (e or μ) in the
decay W+ → �+v.

The authors have introduced the observable M2
�b Å the square of the invariant

mass of the charged lepton and the jet from the b quark, which is related to cos θ∗

by M2
�b

∼= (1/2)(m2
t − m2

W )(1 + cos θ∗).
The relation is exact in the limit mb → 0.
This search is based on a data set with an integrated luminosity of approxi-

mately 700 pb 1 acquired by the Collider Detector at Fermilab (CDF II) [11, 29].
There were studied three independent data samples enriched in tt̄ events.

Two of the data samples are in the lepton + jets channel, with tt̄ →
W+bW−b events where one of the W bosons decays hadronically and the other
leptonically. The lepton +jets event selection requires one isolated lepton with
ET > 20 GeV, 	ET > 20 GeV, at least three jets with ET > 15 GeV, and one or
two b-tagged jets. More details on the selection, the b-tagging procedure, and the
sample composition can be found in [40]. The authors model the hard tt̄ process
with the Monte Carlo (MC) event generator ALPGEN [22] with CTEQ5L [42]
parton densities and PYTHIA [20], under the assumption that the top-quark mass
is 175 GeV/c2, and simulate the detector response using GEANT [43, 44]. For
tt̄ production with V − A top-quark decay, there was estimated a selection ef-
ˇciency, including the branching fraction, of AV −A = 3.4% (1.2%) for events
with one (two) b-tagged jets. Because of the lower average pT of the charged
lepton for V − A, this is a factor 0.92 below the efˇciency for V + A.

For the lepton+ jets sample with single b-tagged jets (the b-tagged jet is from
the same top-quark decay as the charged lepton) the number of the tt̄ events is
approximately half of the total tt̄ events. The background M2

�b distribution is
a combination of 85% from W + jets, modeled by ALPGEN Wbb̄−, and 15%
multijet events, modeled by nonisolated lepton + jets data events. With the used
model of the background in 695 pb−1, it was observed 304 candidates with a
total expected background of (88 ± 11) events.

For the lepton + jets sample with two b-tagged jets (the two possible M2
�b

values of the charged lepton) two possible combinations are used. In this way, the
authors keep both the correct and incorrect combinations, and account for their
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correlation. The background is modeled by ALPGEN Wbb̄; here the multijet
background is negligible. Nonuniform binning was applied in the 2-D M2

�b

distributions in order to ensure sufˇcient MC events in each bin. In 695 pb−1,
the authors ˇnd 75 candidates with a total expected background of (9±2) events.

The third sample is in the dilepton channel, with tt̄ → W+bW−b̄ events,
where both W bosons decay leptonically. The dilepton event selection re-
quires two identiˇed leptons with opposite electric charge and ET > 20 GeV,
	ET > 25 GeV, and at least two jets with ET > 15 GeV. More details on the
selection and the sample composition can be found in [45]. For tt̄ production with
V −A top-quark decay, modeled by ALPGEN as described above, there was es-
timated a selection efˇciency, including the branching fraction, of εV −A = 72%,
a factor 0.88 below the efˇciency for V + A.

The two possible M2
�b values for a charged lepton with either the highest or

the second highest ET jet, assumed to be produced by the fragmentation of the
b quarks, are used to constract a 2-D distribution. As one can reconstruct M2

�b

from the top-quark decay and from the antitop-quark decay, one makes one entry
for each charged lepton. The effect of the correlation between the spins of the
top-quark and the antitop-quark is negligible here. Again, nonuniform binning in
the 2-D M2

�b distributions is applied.
The background M2

�b distribution is the combination of three background
types: approximately 50% from Z/γ*→ �+�− with associated jets, 30% from
W → �v with associated jets where a jet is misidentiˇed as a lepton, and 20%
from massive diboson pairs, WW/WZ . The Z/γ* and diboson background M2

�b

distributions are modeled by ALPGEN. The misidentiˇed lepton background is
based on inclusive lepton trigger data, where the second lepton is instead a
jet (charged particle track) weighted by a probability for misidentiˇcation as
an electron (muon). A background-dominated data sample with only one jet is
consistent, in terms of both the rate and the shape of the M2

�b distribution, with the
chosen model of the background. In 750 pb−1, the authors observed 64 candidates
(12 ee, 24 μμ, 28 eμ) with a total estimated background of (20 ± 4) events.

The fraction fV +A is estimated by comparing the M2
�b distribution in data

with parent M2
�b distributions for tt̄ production with V − A top-quark decay

(fV +A = 0.0), tt̄ production with V + A top-quark decay (fV +A = 1.0), and
backgrounds. A binned log likelihood ˇt procedure is used to extract the para-
meter of interest, fV +A. The authors represent the imperfectly known accepted
background cross section for each sample, σbg, and the tt̄ cross section, [24, 26],
σtt̄, by nuisance parameters. The analytic expression for the likelihood for each
sample,

L =

[
N∏

i=0

P (ni, μi)

]
G(σbg, δσbg )G(σtt̄, δσtt̄

), (5)



224 FLYAGIN V.B., GLAGOLEV V.V.

Table 5. The input values for the nuisance parameters and the values from the best ˇt
to the combined samples

Nuisance parameter Input, pb Fit, pb
σtt̄ 6.7 ± 1.0 7.3 ± 0.9
σbg lepton + jets 1 b-tag 0.156 ± 0.017 0.154 ± 0.016
σbg lepton + jets 2 b-tag 0.013 ± 0.002 0.013 ± 0.0020.022
σbg dilepton 0.026 ± 0.006 0.022 ± 0.006

is the product over all N bins in M2
�b of the Poisson probabilities of observing ni

entries in a given bin i, where the average expected bin content is μi and the
Gaussian constraints on the estimated background and the predicted tt̄ production
cross sections, as shown in Table 5. The μi are given by:

μi = Ndata[xV +AT i
V +A + xV −AT i

V −A + xbgT
i
bg], (6)

xV +A =
fV +AεV +Aσtt̄

σbg + σtt̄[εV +AfV +A + εV −A(1 − fV +A)]
,

xV −A =
(1 − fV +A)εV −Aσtt̄

σbg + σtt̄[εV +AfV +A + εV −A(1 − fV +A)]
, (7)

xbg =
σbg

σbg + σtt̄[εV +AfV +A + εV −A(1 − fV +A)]
.

Here Ndata is total number of observed events for the sample.
The xV +A, xV −A, and xbg are the fractions of tt̄ production with V + A

top-quark decay, tt̄ production with V − A top-quark decay, and background,
respectively. The T i

V +A, T i
V −A, and T i

bg are the probabilities for an event to

occupy bin i of the corresponding M2
�b distribution. Note that ΣiT

i = 1.0. The
combined likelihood is the product of the likelihoods of the three samples, but
with one common Gaussian constraint on the tt̄ cross section.

The robustness of the ˇtting procedure has been tested with MC simulated
experiments. For a given experiment and a particular sample, the number of
observed data events is distributed in three categories (tt̄ production with V + A
top-quark decay, tt̄ production with V − A top-quark decay, and background)
according to their expected fractions from Eqs. (6), (7). For each category, the
events are generated from the relevant M2

�b parent distribution. The hypotheses
that fV +A = 0.0, 0.1, . . . , 1.0 are studied for 2000 experiments for all samples
combined, as well as for the three samples separately. In all cases, the ˇt is
unbiased and stable. The authors ˇnd an expected statistical uncertainty of parent
distribution 0.22 on fV +A for the combined case, 0.27 for all lepton+ jets events,
with 0.35 for one b-tagged jet and 0.41 for two b-tagged jets, and 0.46 for
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dilepton events. In all cases, this includes a small component (� 0.2) due to the
uncertainties on the background and tt̄ cross sections.

The maximum likelihood ˇt to the lepton + jets sample yields a value of
fV +A = 0.21 ± 0.28, with fV +A = 0.16 ± 0.36 for the subset of events with
one b-tagged jet and fV +A = 0.28 ± 0.44 for the subset of events with two
b-tagged jets. For the dilepton sample, we obtain fV +A = −0.64 ± 0.37. The
probability to obtain a value smaller than the dilepton result is 10% for the hy-
pothesis fV +A = 0. The lepton + jets and dilepton results are compatible at about
1.8 standard deviations.

The estimates of the systematic uncertainties on the measured value for fV +A

are shown in Table 6. for all samples combined. The leading sources of sys-

Table 6. The systematic uncertainties on the measurement of fV +A for all samples
combined

Source Uncertainty
Jet energy 0.10
Background modeling 0.04
MC statistics 0.04
Initial/ˇnal state QCD radiation 0.02
Multiple pp̄ interactions 0.02
b-tag efˇciency (ET ) 0.02
MC generator 0.01
Parton densities 0.01
Total 0.12

Fig. 6. Likelihood distribution (see Eq. (6)) for the lepton+ jets and dilepton data samples
separately and combined
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Fig. 7. The M2
�b distribution for the lepton + jets sample with one b-tagged jet. For

fV +A = 0.06, the χ2 probability is 69%

Fig. 8. M2
�b1 distribution for the charged lepton and the highest ET b-tagged jet, in ˇve

regions of M2
�b2 for the charged lepton and the second highest ET b-tagged jet, for the

lepton + jets sample with two b-tagged jets. For fV +A = −0.06, the χ2 probabilities
are 92, 3, 10, 18, and 47% in order of increasing M2

�b2
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tematic uncertainty arise from uncertainties on the measured jet energy [18], the
background shape and normalization, and limited MC statistics.

All systematic uncertainties evaluated at fV +A = 0; the authors ˇnd that
the dominant uncertainty is insensitive to the value fV +A. They quote result at
top-quark mass value of 175 GeV/c2, where the dependence of the measurement
(upper limit) for fV +A is ±0.07(0.06) for a ±2 GeV/c2 shift in top-quark mass.
Note, that many of the above sources of systematic uncertainty also contribute
signiˇcantly to the systematic uncertainty on the measurement of the top-quark
mass [8].

Combining samples, the result for the fraction of V + A current in top-quark
decay is

fV +A = −0.06 ± 0.22(stat.) ± 0.12(syst.).

This value is in agreement with the Standard Model. Table 5 summarizes the
ˇtted values for the nuisance parameters. The likelihood distribution is shown
in Fig. 6 for the combined sample as well as for each individual sample. The
good agreement in the M2

�b distribution between data and the best ˇt result for
fV +A from the combined sample is shown in Figs. 7Ä9, where the highest bins
as well contain over
ow entries. For comparison fV +A = 1.00 is also shown.

Combining all samples, the authors set an upper limit on the fraction of V +A
current in the top-quark decay of fV +A < 0.29 at 95% CL.

Fig. 9. M2
�b1 distribution for a charged lepton and the highest ET jet, in four regions

of M2
�b2 for a charged lepton and the second highest ET jet, for the dilepton sample.

There are two entries per event, one for each lepton. For fV +A = −0.06, the χ2

probabilities are 58, 14, 54, and 51% in order of icreasing M2
�b2
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This is an improvement by a factor of 2 on the previous best direct limit [11].
In terms of the fraction of right-handed W+ bosons, the results are f+ = −0.02±
0.07(stat.) ± 0.04(syst.) and f+ < 0.09 at 95% CL.

Let us note that f+ < 0.26 at 95% CL [3] is also consistent with SM
predictions.

2. TOP-QUARK CHARGE DETERMINATION

2.1. Introduction. Under the Standard Model (SM) the top quark is an
upper quark of the third generation with the electric charge of +2/3. Since
its discovery in Tevatron experiments [1, 2], some of its properties have been
measured and in all cases it appears that the top quark has the properties expected
in the SM. On the other hand, in the analysis carried out by the CDF and D	
Collaborations, the correlations of the b quarks and W bosons in the process
pp̄ → tt̄ → W+bW−b̄ have not been determined (due to insufˇcient statistics).
It means that at the time being the top quark electric charge is not measured
and therefore one cannot exclude an alternative interpretation that is based on a
conception of an exotic quark with charge −4/3, part of the fourth generation of
quarks model [46], where the SM top quark also exists but its mass should be
around 270 GeV. It should be stated that this conception is also not excluded by
the present precision electroweak data, which are consistent with existence of an
exotic quark of charge −4/3 and mass ≈ 170 GeV.

There are several techniques to determine the electric charge of the top quark
at present collider experiments (Tevatron and LHC experiments are taken into
account). Discussion on this subject can be found in [47] and [48]. Essentially
there are two basic approaches based on:

• radiative tt̄γ processes,
• top-quark decay product charges.
In the case of the radiative tt̄γ processes, measurement of the top-quark

electric charge (Qtop) is based on direct measurement of the top-quark electro-
magnetic coupling through photon radiation in tt̄ events. Top quark can radiate
a photon in the production as well as in the decay phase of the process. In the
former case (radiative top production) the cross section is expected to be. In the
latter case (radiative top decay: pp(p̄) → tt̄γpp(p̄) → tt̄γ, t → Wbγ) the situation
is more complicated as the photon can be radiated also from the b-quark and W -
boson line, and the cross section is not exclusively proportional to σγQ2

top, but
nonetheless, depends on Qtop. To measure the top charge we need to distinguish
between the radiative processes sensitive to Qtop and other radiative processes
with the same experimental signature. This approach requires a high statistics
to measure the rare radiative processes [48] therefore it is not applicable for the
Tevatron experiments and can be investigated only at LHC [49].
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The second approach of the top-charge measurement is based on the re-
construction of the charges of the top-quark decay products. The dominant
decay channel of the top quark is that to the b quark via the charged current:
t → W+b (t̄ → W−b̄). There are three main ingredients in the top-quark charge
measurement: determination of the charge of the W boson using the decay lepton
charge, W+ → �+ν� (W− → �−ν̄�), pairing of the W and b jet to ensure that
they are from the same top quark, and, at last, getting the 
avor of the b jet,
where a correlation between the charge of the b quark and the hadrons belonging
to the b jet, which results from the hadronization process of the b quark, is used.
This approach does not require high statistics and thereby is available also for the
Tevatron experiments and we will describe the ˇrst results obtained in the frames
of this approach.

The results on the top-quark charge study available at present come from
the D	 experiment (based on 370 pb−1 of data) [50] and CDF experiment (base
on an integrated luminosity of 1.5 fb−1) [51]. We will rely mainly on the
experiment CDF.

2.2. Data Selection. In the CDF experiment, the analysis was carried out
on dilepton (DL) events (tt̄ → �+ν�−ν̄bb̄) and ®lepton+ jets¯ (LJ) ones (tt̄ →
�+νjjbb̄). All tt̄-jets events were not used due to a huge QCD background.
Experimentally the data were collected with an inclusive lepton trigger requiring
an electron or muon with ET > 18 GeV. From the inclusive lepton dataset
events were selected of
ine in accordance with selection criteria for the LJ and
DL channel.

For LJ-type event the following selection criteria were used: a reconstructed
isolated electron (muon) with ET (in the muon case PT ) > 20 GeV, missing
ET > 20 GeV, and at least 3 jets with ET > 20 GeV, and also the fourth jet
with ET > 12 GeV.

For dileptonic type of event the applied criteria were: at least two isolated,
opposite-charged leptons, with pT > 20 GeV, event missing transverse energy
ET > 25 GeV and away from any jet, at least 2 reconstructed jets with pT >
15 GeV; and it was also required that the total transverse energy in the event
HT = pT lep + pT jets + ET be greater than 200 GeV.

To improve the signal-to-background ratio in both channels, it was required
to have b jets identiˇed by using the secondary vertex algorithm Å b jet should
contain a secondary vertex as a consequence of a B hadron having decayed.
In the LJ (DL) channel at least two (one) b jets are required.

2.3. Pairing of W Bosons and b Jets. One of the key ingredients of the
top-quark charge analysis is a correct pairing of W boson and b jet which ensures
that both the W boson and the b jet come from the same branch of a top-quark
decay. Identifying the W boson by means of its leptonic decay, it means that a
correct pairing of the lepton and b jet is ˇnally needed. In the LJ channel the
lepton b-jet pairing is performed using the top-quark mass ˇtter with constraint
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on top-quark and W -boson mass. Requiring two b-tagging, 4 combinations are
possible for each candidate LJ event and the ˇtter provides for each of them χ2.
The combination with the lowest χ2 is taken as the correct one. At the same time
only the combinations with χ2 < 9 are taken. As a result, the obtained selection
efˇciency was 53% and the purity 86%. In the DL channel, the highest 2ET jets
were taken as the b jets and for the pairing of lepton and b jet the square of lepton
and b-jet invariant mass M2

�b was used. From 4 possible values of M2
�b (2 for

each �b combination) in each event as the right combination was taken the one
which does not produce the largest value of M2

�b. To increase the purity only
events for which the maximum value of M2

�bwas greater than 21.000 GeV2 were
selected.

2.4. Jet-Charge Algorithm. In order to determine whether the b jet comes
from a b quark or a b̄ quark the following jet-charge algorithm was applied:

JQ =

∑
i

Q (pij)
k

∑
i

(pij)
k

, (8)

where Qi(pi) is the charge (momentum) of the ith track, the j deˇnes the b-jet
axis direction and κ is a parameter which was optimized (for the best separation
of b and b̄ jets) to 0.5.

The jet charge algorithm being optimized on MC samples, was tested using
a dijet data sample enriched in heavy 
avor. Events were required to have
a nonisolated muon with pT > 9 GeV within a jet with ET > 20 GeV (the
so-called muon jet) and also another jet with ET > 20 GeV which is back to
back with the muon jet. Both these jets were required to be identiˇed as b jets.
Assuming that muon is from b-quark decay, its sign deˇnes the 
avor of the muon
jet as well as the 
avor of the away jet (it has an opposite 
avor than the muon
jet), and it enables us to deˇne the jet charge purity as a fraction of events where
the muon charge is opposite to the charge of away jet over the total number of
selected events. Correcting the jet charge purity on effects like B mixing and
charm decay, a scale factor between the purity obtained on data and that obtained
on MC datasets was found to be SF = 1.01 ± 0.01(stat.) ± 0.02(syst.).

2.5. Signal and Background Expectations. To distinguish between the SM
and exotic model (XM) scenario we need to ˇnd the signal and background efˇ-
ciencies purities expected for a given integrated luminosity (in our case 1.5 fb−1).
The combined efˇciency is a product of the pairing efˇciency and jet-charge efˇ-
ciency. At the combined purity it should be taken not only the paring purity (ppair)
and jet charge purity (pJQ) but also a probability that the b jet would be misiden-
tiˇed (fnon b) and also the corresponding scale factors between data and MC for

the pJQ and fnon b, i.e., S
JQ

F and Snon b
F , respectively. Finally, for the combined
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purity, one can write:

p = fnon b Snon b
F pnon b + (1 − fnon b Snon b

F )×

×
(
ppair pJQ S

JQ

F + (1 − ppair)(1 − pJQ S
JQ

F )
)

. (9)

The combined purity should be calculated for the signal process as well as for the
background processes. Note that for the SM scenario it is expected that the purity
is more than 50% (p > 0.5), while for the background it should be around 50%
(p ≈ 0.5). In data, the combined purity less than 50% will give preference to the
XM scenario.

To ˇnd purity for the background, all important background processes in
both channels were taken into account. In the LJ channel, the main background
processes are: W+ jets production (the most signiˇcant background), Z+ jets,
QCD multijets, diboson and single top-quark production. In the DL channel, the
dominant background is from W+multijet events where one of jets is misiden-
tiˇed as lepton and one of jets as a b jet. The other backgrounds are DrellÄ
Yan+ jets, where there is an instrumental missing ET and a jet misidentiˇed as
a b jet, and diboson production.

An important issue at the estimate of the background is determination of
systematic uncertainties. In this analysis the systematic uncertainties include
effects of the parton distribution functions (PDFs), initial and ˇnal state radiation
(ISR and FSR), jet energy scale, choice of MC generator, uncertainties on the
background predictions and the uncertainty on the luminosity. These uncertainties
are estimated by comparing different choices of PDFs, by varying ISR, FSR and
the jet energy scale in MC, by comparing PYTHIA and HERWIG, etc.

Table 7. The expected background and signal purities for an integrated luminosity of
1.5 fb−1. Nb is the number of events that passed the selection criteria, N+ (N−) is the
number of SM (XM)-like pairs

Channels Nb or Ns Purity N+ N−

LJ/background 3.15±0.99 0.503+0.002
−0.002 1.59±0.50 1.57±0.49

LJ/signal 72.09±12.73 0.569+0.004(stat.)

−0.010(syst.)
41.02±7.28 31.07±5.54

DL/background 0.96+1.47
−0.73 0.513+0.016

−0.014 0.49+0.76
−0.38 0.47+0.71

−0.35

DL/signal 13.44±1.60 0.587+0.006(stat.)
−0.013(syst.) 7.89±0.96 5.55±0.69

Total background 4.11+1.77
−1.23 0.505+0.005

−0.005 2.08+0.91
−0.63 2.04+0.86

−0.61

Total signal 85.54±12.83 0.572+0.003(stat.)

−0.008(syst.)
48.91±7.35 36.62±5.58
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The expected signal and backgrounds, along with the purities and expected
number of SM-like (N+) and XM-like (N−) events are summarized in Table 7
for an integrated luminosity of 1.5 fb−1.

From Table 7 it follows that in both channels the purity for the background
is compatible with 0.5, while for the SM signal it is clearly bigger than 0.5. It
means that in the background case no preference is given to the SM or to the XM.

Table 8. The expected number of sig-
nal and background �b pairs with cor-
responding purities for an integrated lu-
minosity of 1.5 fb−1

Ns 171.1±25.7
Nb 8.2±3.6
ps 0.572 ± 0.003(stat.) ± 0.008(syst.)
pb 0.505±0.005

The expected number of events can
be easily converted to the number of
pairs. Since each event contains 2 top
quarks (or exotic quarks) the number
of �b pairs is obtained from the signal
and background expectations multiplying
them by 2. The ˇnal estimates are shown
in Table 8.

2.6. Statistical Treatment. Apply-
ing the pairing and jet charge selection

on experimental data, each data �b pair can be labeled as being SM-like or XM-
like. To obtain a conˇdence level on either hypothesis it was assumed that both
hypotheses, the SM one and XM one, can occur in parallel, and a proˇle like-
lihood method was used [52] to retrieve the conˇdence level. The likelihood is
expressed in terms of the nuisance (Ns, Nb, ps and pb) and quantity f+ deˇned
as the fraction of signal SM �b pairs in a sample. It contains a Poisson term
representing observed signal and 4 Gaussian terms corresponding to the nuisance
parameter. Concerning the nuisance-parameter Gaussians, their mean values and
standard deviations are taken from Table 8. The signal term reads:

Ls(x+, x−) =
(N̄+)x+

e−N̄+

x+!
(N̄−)x−

e−N̄−

x−!
, (10)

where N̄+(N̄−) is the mean number of lb pairs of SM-like (XM-like) for an
investigated sample, x+ (x−) is a concrete realization of the number of SM-
like (XM-like) �b pairs for the assumed sample. The term Ls (x+, x−) is a
probability that random variable (x+, x−) will occur in experiment at the assumed
integrated luminosity. The mean numbers N̄+ and N̄− can be expressed through
the nuisance parameters as follows:

N̄+ = psNsf+ + (1 − ps)Ns(1 − f+) + pbNb, (11)

N̄− = (1 − ps)Nsf+ + psNs(1 − f+) + (1 − pb)Nb. (12)

The full likelihood L is a product of the signal term Ls and 4 Gaussians describ-
ing spreads of the nuisance parameters. To distinguish between the SM and XM
scenario, the quantity f+ was taken as the test statistic of the analysis method.
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Assuming the SM or XM hypothesis and applying the technique of pseudoexper-
iments enabled one to ˇnd, using the maximal likelihood method, the distribution
of best f+ in both scenarios. If experimental data, denote them (x+

obs, x
−
obs), are

available, then optimization of the full likelihood L(x+
obs, x

−
obs; f+, Ns, Nb, ps, pb)

over the space of the nuisance parameters enables to retrieve the value of f+ as a
value at the minimum of −2 ln (L). Using the retrieved f+, and the distribution
of f+ for the SM and XM scenarios, the corresponding p values can be found
for both scenarios. To compare two hypotheses, the so-called Bayes factor is
calculated under the scheme:

BF =
P (x+

obs, x
+
obs|f+ = 1)

P (x+
obs, x

+
obs|f+ = 0)

, (13)

where P (x+
obs, x

−
obs|f+ = a) =

∫
L(x+

obs, x
−
obs; f+ = a, Ns, Nb, ps, pb) dNs×

dNbdps dpb is an integrated likelihood through the space of nuisance parameters
for the hypothesis f+ = a.

2.7. Results. The top-quark charge analysis was performed on a sample
of an integrated luminosity of 1.5 fb−1. The obtained results on the number of
events and �b pairs after applying the lepton b-jet pairing and jet charge selection
as well as the number of SM-like and XM-like �b pairs are shown in Table 9.

Table 9. The observed number of events before (Nobs) and after the �b pairing (Nev),
the observed number of �b pairs with the jet charge deˇned (Npairs), the observed
number of SM-like (x−

obs) and XM-like (x−
obs) �b pairs

Yield Nobs Nev Npairs x+
obs x−

obs

L + J 193 102 199 111 88
Dilepton 44 14 26 13 13
Total 237 116 225 124 101

Fig. 10. Curve −2 ln (L); f+ = 0.87
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Fig. 11. The probability to occur for both the SM and the XM with the observed total
number of �b pairs of 225 (124 indicating the SM and 101 the XM) assuming the combined
probability P = 0.572

Fig. 12. Product of the W charge and the associated jet charge for data and MC
(®+2/3Q¯ corresponds to the SM signal MC distribution for QW × Qjet). A negative
value corresponds to a SM-like pair

From the minimum of the −2 ln (L) curve, for the observed numbers of
�b pairs (x+

obs, x
−
obs) a value of f+ = 0.87 was retrieved (see Fig. 10). This

corresponds to a p value of 0.31 for the SM using hypothesis. The corresponding
Bayes factor was also calculated giving a value of 2 ln (BF ) = 12. This value says
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that the experimental data very strongly favors the SM over the XM hypothesis.
In Fig. 11 is shown the probability for both the SM scenario and the XM one
to occur with the observed number in total of 225 �b pairs (124 SM-like and
101 XM-like). The plot assumes the expected combined purity of Pcomb = 0.572.

A good agreement between the SM prediction and the data is demonstrated
in Fig. 12 [51], where a distribution of product of the W boson charge and the
associated b jet charge (QW × Qjet) for the experimental data and SM Monte
Carlo for the signal and background is shown.

3. SEARCH FOR tt̄ RESONANT PRODUCTION

Resonant top-pair production in hadronic collisions has been discussed in
the context of extended gauge theories with massive Z-like bosons [53Ä55], in
theories with top-color [56], or with axigluons [57]. Decays to tt̄ are of special
interest in leptophobic models that would evade detection in traditional searches
based on dielectron or dimuon signatures. More recently, resonant top pairs
have been suggested as signatures for KaluzaÄKlein (KK) states of gluons, weak
bosons, and gravitons [58Ä60]; in some of these models the KK excitation couples
strongly to the top quark, and tt̄ is the dominant decay mode.

A tt̄ resonance would appear as unexpected structure in the spectrum of the
invariant mass of tt̄ pairs Mtt̄. Previous searches using ≈ 100 pb−1 samples from
Fermilab Tevatron Run I have ruled out the production of a narrow leptophobic
top-color resonance with the mass less than 480 GeV/c2 [61, 62].

Below, in the new experiment for fully reconstructed candidate tt̄ events
triggered on leptons with large transverse momentum and containing at least one
identiˇed b-quark jet, the authors compare the invariant mass spectrum of tt̄ pairs
to the expected superposition of standard model tt̄, non-tt̄ backgrounds, and a
simple resonance model based on a sequential Z ′ boson. There were established
upper limits for σ(pp̄ → Z ′) · Br (Z ′ → tt̄) in the Z ′ mass interval from 450
to 900 GeV/c2. A top-color leptophobic Z ′ is ruled out below 720 GeV/c2, and
the cross section of any narrow Z ′-like state decaying to tt̄ is found to be less
than 0.64 pb at 95% CL for MZ′ above 700 GeV/c2.

Limits on the Production of Narrow tt̄ Resonances in pp̄ Collisions at Run II.
Here, [63], the authors search for resonant structure in the Mtt̄ spectrum in
955 pb−1 of pp̄ collisions at

√
s = 1.96 TeV recorded with the CDF II detector.

Modeling the resonance as a narrow massive vector boson Z′, and calculating its
mass with techniques used in precision measurement of the top-quark mass [13],
there were set limits on the cross section times branching ratio σB = σ(pp̄ →
Z′) · Br (Z ′ → tt̄) as a function of MZ′ . This study is complementary to [64],
which uses a different event selection and reconstruction of the tt̄ kinematics.
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CDF II detector [29, 41] provides precision track reconstruction. The data
used here were recorded between March 2002 and January 2006.

The authors collect a sample of tt̄ → W+bW−b̄ candidate events with one
leptonic W -boson decay using triggers that require a central (|η| � 1.0) electron
with ET > 18 GeV or central muon with transverse momentum pT > 18 GeV/c.
After of
ine reconstruction, there were selected events with an isolated electron
with ET � 20 GeV or muon with pT � 20 GeV/c, missing transverse energy
	ET � 20 GeV consistent with a neutrino from W decay, and at least four
hadronic jets with |η| � 2.0 of which three must have ET � 15 GeV, and the
fourth must have ET � 8 GeV. The jets are clustered in ˇxed cones of radius

ΔR =
√

(Δη)2 + (Δϕ)2 � 0.4. At least one of the jets is required to be b-tagged,
i.e., to contain a reconstructed secondary vertex displaced from the primary event
vertex as expected from the decay of a bottom hadron in the jet [41]. The authors
ˇnd 347 events fulˇlling these criteria.

The sample is dominated by s-channel qq̄ annihilation into tt̄ pairs [24, 26].
The tt̄ acceptance and efˇciencies are calculated using the HERWIG genera-
tor [21] and a detector simulation, assuming a top mass Mt = 175 GeV/c2.
The simulated detector response, particularly with respect to lepton isolation, jet
energies, and b-tagging, has been tuned in an earlier measurement of the top
pair production cross section [19]. The total combined trigger and reconstruction
efˇciency is (3.5 ± 0.5)%. Non-tt̄ backgrounds include W bosons produced in
association with jets (W+ jets), where a light 
avor jet is incorrectly b-tagged;
W+ jet events with real heavy-
avor jets; mismeasured QCD multijet events
with one jet identiˇed as a lepton; and smaller contributions from electroweak
processes such as diboson (WW, WZ, ZZ) and single-top production. The rates
and kinematics of these processes are modeled with simulated and data control
samples as employed in the top cross section measurement [19]. A total of
(73 ± 9) non-tt̄ background events are expected.

The ˇnal state of four jets, a high-pT lepton, and ET allow an over-
constrained (2C) reconstruction of the top pair kinematics. The assignment of
jets to quarks most consistent with the tt̄ hypothesis is determined using the χ2

minimization algorithm employed in the measurement of the top mass [13]. Here,
following [37], we include the known top mass as a constraint, which improves
the accuracy of the parton assignments. The measured jet energies are corrected
back to parton values using calibrations derived from photon-jet balancing and
detector simulation [18]. In the χ2 minimization the parton energies are var-
ied within their uncertainties and the W and top masses are constrained to the
values MW = 80.4 GeV/c2 and Mt = 175.0 GeV/c2 within their natural widths
(2.1 and 1.5 GeV/c2, respectively). The effect of variation in the central value
of Mt is included later as a systematic uncertainty. Jets with b tags must be as-
sociated with b quarks. The jet-quark assignment giving the lowest χ2 consistent
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with these constraints is chosen as the solution. In simulated tt̄ events we ˇnd a
small number of poorly reconstructed events 
agged by extreme χ2. The authors
ˇnd that the sensitivity of the search is optimized by requiring χ2 < 50; this cut
removes 4% of tt̄ events and 9% of non-tt̄ backgrounds.

The authors model the resonant tt̄-production mechanism as a sequential Z ′,
a heavy neutral boson with the same couplings as the Z, here including decay
to tt̄ with Mt = 175 GeV/c2. This color-singlet resonance has no interference
with the standard color-octet tt̄ production processes and the model lineshape is
purely Lorentzian. To facilitate comparison to other results [9, 10, 64] we assign
the same narrow width used there, ΓZ′ = 0.012MZ′ . A strictly sequential Z ′ with
open tt̄ decays has ΓZ′ = 0.03MZ′ . Since our reconstructed mass resolution is
greater than 60 GeV/c2 (see below) the analysis is insensitive to model dependent
width differences at this level, and applies to any narrow tt̄ state appearing as
a single enhancement in the Mtt̄ spectrum. Signal models are generated using
the PYTHIA simulation [20] with Z ′ masses between 450 and 900 GeV/c2 in
increments of 50 GeV/c2.

The inset of Fig. 13 shows the Mtt̄ distribution reconstructed for a simulated
750 GeV/c2 Z ′. There is a peak near the expected value and a low mass tail

Fig. 13. Simulated Mtt̄ spectrum for 955 pb−1 in presence of a 750 GeV/c2 Z′ with
σB = 1 pb (shaded area). The points are a simulated data set. The solid line is the best ˇt
to a superposition of the Z′ signal (solid histogram) and the expected tt̄ (dotted line) and
non-tt̄ (dash-dotted line) backgrounds. The inset shows the reconstructed Mtt̄ spectrum
in an arbitrarily large sample of simulated 750 GeV/c2 Z′. The low mass tail arises from
incorrect jet-parton associations
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which arises from the incorrect jet-parton assignments where a jet from initial or
ˇnal state radiation has been used instead of a jet from top decay. The rms of
the peak region is approximately 60 GeV/c2 and the full rms is 137 GeV/c2.
Other Z ′ masses show similar behavior: the MZ′ peak width is preserved and
the low mass tail extends down to the kinematic threshold at 350 GeV/c2. The
full rms of the Mtt̄ distribution varies between 67 and 178 GeV/c2 over our Z ′

mass range. The fraction of Z ′ removed by the χ2 cut varies between 4 and 9%
over the Z ′ mass range.

There was used a three-parameter binned likelihood maximization to ˇt
the Mtt̄ spectrum to a superposition of the expected shapes for Z ′ → tt̄ standard
model tt̄, and non-tt̄ processes. In the ith bin, we expect

μi =
[
σBAε

∫
L dt

]
Pz|,i, +Ntt̄Ptt̄,i + NbkgPbkg,i, (14)

where P ′
z , i, Ptt̄,i, and Pbkg,i are the probabilities of observing a signal event,

event or non-tt̄ background event in bin i, respectively. Ntt̄ and Nbkg are the
number of non-resonant tt̄ and the non-tt̄ background events. The σBAε

∫
L dt

term contains the product of cross section and tt̄ branching ratio, acceptance, and
efˇciency for the Z ′, and the luminosity.

A likelihood function L for the distribution can be written as

L =
∏

Pi(ni|μi)G (νk|v̄k, σv̄k). (15)

The function Pi(ni|μi) is the Poisson probability for observing ni events in a
bin i, where μi are expected. The functions G(vk|ν̄k, σνk

) constrain the nuisance
parameters vk, which include the non-tt̄ background normalization Nbkg, b-tag
efˇciency, acceptances and luminosities, with Gaussian probability around their
central values ν̄k and uncertainties σνk

. The tt̄ and non-tt̄ background values are
taken from [19], and the Z ′ acceptances and efˇciencies are determined from the
PYTHIA simulation. There were found σB, Ntt̄, Nbkg, and vk that maximize the
likelihood function for each MZ′ .

The algorithm is tested with simulated samples, where the tt̄, non-tt̄, and Z ′

models are combined in the expected ratios and sampled with the expected level
of statistical 
uctuations. The points in the main part of Fig. 13 show the Mtt̄

distribution for a simulated data sample corresponding to an integrated luminosity
of 955 pb−1 in the case of a 750 GeV/c2 Z ′ with σB = 1 pb. The histograms
show the components as resolved by the likelihood ˇt. The extraction of the Z ′

component uses shape information from the low mass part of the spectrum as
well as the peak area.

The 95% CL upper limit on σB at a given mass is found by integrat-
ing the likelihood along σB, reoptimizing at each point, to ˇnd the value that
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contains 95% of the area. The expected sensitivity was measured using large en-
sembles of simulated samples like the one shown in Fig. 13. The main sources of
systematic uncertainty are the acceptance change due to energy scale uncertainty
on the jet thresholds, and the shape change in Mtt̄ from the top mass uncertainty
of 3 GeV/c2. Model-dependent shape effects associated with initial and ˇnal
state gluon radiation and non-tt̄ backgrounds are small. PDF uncertainties are
evaluated using simulated samples generated with MRST [65] and the full set of
eigenvectors from CTEQ6M [66]. Simulated samples with reasonable variations
for systematic effects are used to measure the apparent shifts in the ˇtted σB as
a function of the true value. The sum of the shifts in quadrature is used as the
width of a Gaussian resolution function that is convolved with the likelihood as a
function of σB. The systematic uncertainties worsen the limits by roughly 0.2 pb,
independent of the Z ′ mass, with the increase dominated by the effects of jet en-
ergy scale and the top mass uncertainty in equal measure. The expected 95% CL
upper limits including all sources of uncertainty are shown as a function of MZ′

in the middle column of Table 10.
The Mtt̄ distribution measured in the data is shown in Fig. 14. A ˇnal

sample of 327 candidates remains after the χ2 requirement. In this ˇgure the
observation is compared to the expected spectrum in the case of no Z ′. The
non-tt̄ component is ˇxed at the expected value and the tt̄ normalization is scaled
to match the total number of events. The inferred top production cross section is
σ(tt̄) = (7.8 ± 0.7) pb (statistical error only), to be compared with the predicted

Table 10. Expected and observed limits (95% CL) on σ(pp̄ → Z′) · Br (Z′ → tt̄) as a
function of MZ′ for 955 pb−1, including both statistical and systematic uncertainties

MZ′ ,
GeV/c2

Expected limit,
pb

Observed limit,
pb

450 2.27+0.79
−0.57 3.39

500 1.92+0.63
−0.40 2.72

550 1.37+0.45
−0.30 1.57

600 0.97+0.33
−0.18 0.83

650 0.78+0.24
−0.13 0.65

700 0.70+0.14
−0.12 0.64

750 0.64+0.15
−0.11 0.61

800 0.58+0.15
−0.07 0.60

850 0.55+0.10
−0.05 0.57

900 0.55+0.08
−0.06 0.57
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Fig. 14. The invariant mass of top-quark pairs Mtt̄ observed in the data is compared to
the no Z′ expectation. The non-tt̄ backgrounds are constrained to the expected value and
the sum of tt̄ and non-tt̄ equals the number of data events

standard model value of 6.7 pb for Mt = 175 GeV/c2 [24, 26]. The inset shows
the measurement on a logarithmic scale. The simulated Mtt̄ spectra for tt̄ and
non-tt̄ describe the data well.

Applying the full limit procedure to the spectrum in Fig. 14 we ˇnd 95% CL
upper limits on σ(pp̄ → Z ′)·Br (Z ′ → tt̄) as listed in the rightmost column of Ta-
ble 10. The limits at high mass are consistent with expectation. At lower masses
our measurement shows an excursion above the expected value of approximately
1 standard deviation.

The result is represented graphically and compared to some theoretical pre-
dictions in Fig. 15. The observed limit is the solid black line and the shaded
band around the gray line denotes the ±1σ uncertainties around the expected
upper limit. A leptophobic Z ′ predicted by the top color theory [56], shown as
a large-dotted line, is ruled out below 720 GeV/c2 at 95% CL. The small-dotted
curve at the bottom of the ˇgure is the expected cross section for a sequential Z ′,
calculated with the HERWIG simulation using a multiplicative factor of 1.3 to
account for NLO effects.

A leptophobic Z ′ with these couplings would evade direct searches in dilepton
ˇnal states, and because the tt̄ detection efˇciency is small, it is still out of range
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Fig. 15. Upper limits (95% CL) on the production cross section for tt̄ resonance along
with expected cross sections for several models

of our sensitivity in the tt̄ mode. The Tevatron cross section for the KK gluon
excitation in the RandallÄSundrum model of [58] is shown as a dash-dotted
line [67, 68]. Since the KK resonance is broad (Γ ∼ 0.17M ), and the limits
derived in the ®narrow width¯ assumption are not strictly applicable, authors
show the curve here for qualitative comparison. The cross section of any narrow
Z ′-like state produced in pp̄ collisions at

√
s = 1.96 TeV and subsequently

decaying to tt̄ is less than or equal to 0.64 pb (95% CL) for all M ′
Z above

600 GeV/c2.
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