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1. Introduction

The top quark was discovered in 1995 at Fermilab by the DØ and CDF collaborations in Run I
of the Tevatron collider [1]. Being the last remaining and most elusive member of the 3 generation
family of quarks predicted by the Standard Model (SM) of particle interactions, its discovery was an
extraordinary scientific achievement and a major confirmation of the theory. While the discovery
was based on a handful of events corresponding to about 100 pb−1 of integrated luminosity per
experiment, the results presented in this talk are based on substantially more data corresponding to
as much as 4.3 fb−1 of integrated luminosity from Run II of the Tevatron. The significant increase
in statistics in Run II allows more precise determinations of previously measured properties (e.g.
mass) and first-time determinations of other properties never before measured.

In this talk, we present the latest measurements of various properties of the top quark from the
DØ and CDF collaborations. The measured properties are grouped into three categories. The first
category involves the intrinsic and fundamental properties of mass, top quark (t) and antitop quark
(t̄) mass difference, width, and electric charge. The second category involves properties related to
the production of top-quark pairs (tt̄) which includes spin correlations and the differential cross
section intt̄ invariant mass. The last category involves properties related to top quark decay which
includesW helicity, ratio of decay branching fractions, and top quarkdecays to charged Higgs
bosons.

Despite the larger data sets currently available, the measurement of top quark properties re-
mains a challenging task. This is due to ambiguities in the physics process contributing to the
observed event, in associating jets with partons, and due toadditional jets from final state radiation.
Fortunately, sophisticated techniques have been developed to address such ambiguities making pre-
cise measurements of top quark properties possible. Two of these techniques, widely used in the
top quark measurements presented here, are the template based method and the matrix element
method (ME) which are discussed in more detail elsewhere [2].

2. Intrinsic Properties

2.1 Mass

The single most precisely measured property of the top quarkis its mass. The top quark is
the most massive of all quarks and leptons implying a strong coupling to the Higgs boson and
suggesting a special role in electroweak symmetry breaking. The mass of the top quark (mtop) is
also related to that of the Higgs boson through radiative corrections to theW boson mass. A precise
measurement ofmtop can therefore constrain the Higgs boson mass, providing a crucial guide to
the search for the Higgs boson.

The two most precise measurements ofmtop from DØ and CDF are both in theℓ+jets channel
and based on the ME technique [3]. Both measurements implement an in-situ jet energy scale
calibration by constraining the invariant mass of the two jets from the hadronicW boson to its well
known value of 80.4 GeV. The DØ result is extracted from likelihoods constructed from signal and
background probabilities calculated for every single event. The CDF result is based on likelihoods
calculated under the assumption that each event is a signal event and background events are rejected
with a neural-network based discriminant. DØ measuresmtop = 173.7±0.8(stat)±1.6(syst) Gev
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based on 3.6 fb−1 of data and CDF measuresmtop = 172.6±0.9(stat)±1.3(syst) GeV based on
4.3 fb−1 of data. The world average value ofmtop = 173.1±0.6(stat)±1.1(syst) GeV [4] from the
2009 winter conferences includes, among other results, theDØ result and an earlier version of the
CDF result.

2.2 Mass Difference

Since theCPT theorem demands thet and t̄ quark masses to be identical, one can measure
the mass difference betweent and t̄ quarks in order to testCPT invariance. Many precise mass
difference measurements have been performed between particles and their antiparticles but all such
measurements have been performed on composite objects. To date, no direct measurement of the
mass difference between a quark and its antiquark partner has ever been attempted for the simple
reason that quarks are never observed in isolation. The top quark, however, is unique because it
decays before hadronization making such a measurement possible.

DØ has performed the first and only direct measurement of the mass difference between a
quark and its antiquark partner usingtt̄ events in theℓ+jets channel [5]. This measurement is based
on 1 fb−1 of data and uses the same ME technique used in the mass analysis described above.
Two-dimensional likelihoods calculated as a function oft and t̄ quark mass are projected along
diagonal lines of constant mass difference. The resulting one-dimensional likelihoods, which are
only a function of mass difference, are then used to extract the measurement. DØ measures a mass
difference of 3.8±3.7 GeV which is consistent withCPT invariance.

2.3 Electric Charge

The top quark is the weak isospin partner of theb-quark in the SM and is expected to have an
electric charge of+2e/3. However, due to the ambiguity in pairingb jets toW bosons, the decay
t → bW− is conceivable and would require the electric charge of the top quark to be−4e/3. This
can be accomodated by scenarios with 4th generation quarks and leptons where the observed top
quark is non-SM and the yet unobserved SM top quark has a mass of ∼270 GeV. Therefore, the top
quark’s electric charge is a fundamental property that is animportant quantity to measure. A direct
measurement can be used to test compatibility of observed events to SM or non-SM scenarios.

The first direct measurement of the top quark’s electric charge comes from DØ based on events
in theℓ+jets channel from 0.37 fb−1 of data [6]. This analysis measures the absolute value of the
top quark charge defined asQ1 = |qℓ + qbℓ

| andQ2 = |qℓ + qbh| whereqℓ is the lepton charge and
qbl andqbh are the charges ofb-tagged jets on the leptonic and hadronic branches of the event. An
estimator for the jet chargeqjet is used which is defined based on Monte Carlo (MC) simulations.
Expectedqjet distributions forb andb̄ (alsoc andc̄) quarks are derived from heavy flavor enhanced
dijet samples. Theseqjet distributions are essentially probability distributionsthat form the basis
for generating the expected top quark charge distributionswhich, in turn, serve as templates that
are compared with data in order to calculate likelihoods used to test compatibility with various
scenarios. DØ finds that the observed top quark charge is consistent with the SM excluding a
scenario consisting only of non-SM top quarks at up to 92.2% C.L. In a scenario allowing an
admixture of SM and non-SM top quarks, they obtain limits forthe non-SM fraction of 0≤ ρ <

0.80 at the 90% C.L. CDF has also performed a similar analysis on1.5 fb−1 data using both the
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ℓ+jets and dilepton channels [7]. The results strongly favora SM top quark excluding the non-SM
hypothesis with 87% C.L. They set a lower limit of(1−ρ) > 0.4 at 95% C.L. for the fraction of
SM top quark in a scenario allowing a combination of SM and non-SM top quarks.

2.4 Width

Being the heaviest, the top quark has the largest decay widthand hence shortest lifetime of all
SM quarks. The total width of the SM top quark (Γt) is known to∼1% at∼1.5 GeV formtop = 175
GeV. Deviations from this value can signal contributions from decays to non-SM particles.Γt also
provides an indirect way to rule out non-SM decays with non-detectable final states.

The first and only direct measurement of the top quark width isfrom CDF [8]. It is based
on ℓ+jets events from 0.955 fb−1 of data. The analysis uses the template based method where
reconstructedmtop distributions are obtained from MC events generated with different values of
Γt . These distributions form templates which are then used to fit the data distributions in order to
extractΓt . Using this method, CDF obtains the first experimental boundon the top quark width of
Γt < 13.1 GeV at 95% C.L. assumingmtop = 175 GeV. CDF has also made a direct measurement
of the lifetime based on impact parameter distributions andfinds a result consistent with zero [9].

3. Properties Related to Production

3.1 Spin Correlations

The major mechanisms at hadron colliders fortt̄ production are quark-antiquark (qq̄) annihi-
lation and gluon-gluon (gg) fusion. At threshold, the two incoming spin 1/2 quarks annihilate to
produce att̄ pair in a spin 1 (3S1) state while the two incoming spin 1 gluons in the second process
combine to produce att̄ pair in the spin 0 (1S0) state. This means that, at threshold, the spins of the
t andt̄ quarks are expected to be correlated – aligned in theqq̄ annihilation process and anti-aligned
in the gg fusion process. At the Tevatron, theqq̄ annihilation process is dominant, and although
orbital angular momentum effects come into play due to energies above threshold, a significant
amount of correlation is expected between thet andt̄ quark spins. Because of its short lifetime, the
original polarization of the top quark at production is preserved when it decays just before strong
interaction effects come into play. Because it decays via the weak interaction, this polarization
information is transferred to its decay products. Therefore, it is possible to measure the amount of
spin correlation between thett̄ pair by looking at its decay products.

Both CDF and DØ have measuredtt̄ spin correlations using events in the dilepton channel [10].
Both analyses are performed by selecting a quantization axis in thett̄ rest frame and measuring the
angleθ1 (θ2) of the positive (negative) lepton’s momentum vector in thet (t̄) quark rest frame with
respect to this quantization axis. The differential cross section in terms of these angles is given by
(1/σ)d2σ/(dcosθ1dcosθ2) = (1−Ccosθ1 cosθ2)/4 whereC is the correlation coefficient to be
determined. CDF uses the off-diagonal basis while DØ uses the beam basis. At NLO, the SM pre-
dictsC = 0.782 andC = 0.777, respectively, in the off-diagonal and beam bases. The CDF analysis
is based on 2.8 fb−1 of data and uses the template based method. In addition to theleptons from the
W boson decays, it also uses the angles of the momentum vector of the b (b̄) quark in thet (t̄) rest
frame with respect to the quantization axis. Templates are based on two-dimensional distributions
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in the cosines of the lepton andb quark angles. They measureC = 0.32+0.545
−0.775(stat+syst) which is

consistent with the SM. The DØ analysis is based on 4.2 fb−1 of data and also uses the template
based method. Templates are generated in cosθ1×cosθ2 from MC samples with different amounts
of correlation. The value extracted from data isC = −0.17+0.64

−0.53(stat+syst) which agrees with the
SM to within 2 standard deviations.

3.2 Differential Cross Section in tt̄ Invariant Mass

The shape of thett̄ invariant mass (Mtt̄ ) spectrum is a unique feature of the SM top quark. New
particles and mechanisms predicted in various beyond the SMtheories can distort theMtt̄ spectrum.
While traditional analyses have focused on direct searchesfor resonances in theMtt̄ spectrum, this
spectrum can also be tested in a more general way for consistency with the SM. Such an approach
is sensitive to both narrow resonances and broad enhancements.

CDF has taken this approach usingℓ+jets events in 2.7 fb−1 of data [11]. Based on recon-
structed quantities, they calculateMtt̄ from 0−1400 GeV. After subtracting a background modeled
from MC, the spectrum is unfolded and the differential crosssectiondσ/dMtt̄ calculated. Like the
mass analyses described at the beginning, anin-situ jet energy calibration is used to constrain the
jet energy scale and thereby reduce the systematic uncertainty due to this source. They compare
dσ/dMtt̄ with SM expectations and conclude no evidence for non-SM physics.

4. Properties Related to Decay

4.1 W Helicity

The SMt → W+b decay proceeds via theV −A charged current weak interaction. A mass-
lessb quark will have negative helicity in the top quark rest frame. In order to conserve an-
gular momentum, the polarization of theW boson will either be longitudinal (vanishing spin
projection) or left-handed (negative helicity). The SM predicts a longitudinally polarized frac-
tion of 0.697 and a right-hand polarized (positive helicity) fraction of O(10−4) for mtop = 172.5
GeV. One can therefore search for deviations from the SM by measuring theW boson helicity
fractions. DØ and CDF have measured these fractions from theangular distribution given by
ω(θ∗) = 3 f0(1−cos2θ∗)/4+3 f−(1−cosθ∗)2/8+3 f+(1+cosθ∗)2/8 where f0, f−, and f+ are
the longitudinal, left-handed, and right-handedW helicity fractions, respectively [12]. DØ defines
θ∗ as the angle between the momentum vectors of theW boson and its decay lepton in the top
quark rest frame. CDF definesθ∗ as the angle between the momentum vectors of the lepton and
the top quark in theW boson rest frame.

DØ uses a template based method onℓ+jets and dilepton events from 2.7 fb−1 of data. Tem-
plates for cosθ∗ are used to fit the data to extract the helicity fractions. Assuming f0+ f+ + f− = 1,
f0 and f+ are determined simultaneously to bef0 = 0.490± 0.106(stat)± 0.085(syst) and f+ =

0.110±0.059(stat)±0.052(syst) which are consistent with the SM at the 23% C.L.
CDF uses the ME based technique onℓ+jets events from 2.7 fb−1 of data. Event probabilities

are calculated as function off0 and f+ simultaneously. CDF determinesf0 = 0.88±0.11(stat)±
0.06(syst) and f+ = −0.15± 0.07(stat)± 0.06(syst). Each fraction is also determined by con-
straining the other to the SM value and are found to bef0( f+ = 0) = 0.70±0.07(stat)±0.04(syst)
and f+( f0 = 0.7) = −0.01±0.02(stat)±0.05(syst) which are consistent with SM predictions.
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4.2 Ratio of Branching Fractions

The SM top quark decays into aW boson and a down type quark. The ratio of top quark
decays intoWb to those intoWq(q = d,s,b) can be written in terms of the CKM matrix elements
asR= B(t →Wb)/B(t →Wq) = |Vtb|

2/(|Vtb|
2+ |Vts|

2+ |Vtd|
2). The|Vtq|’s are tightly constrained

with |Vtb|∼1 based on the assumption of a unitary three generation CKM matrix and experimental
measurements of CKM matrix elements. The SM values of|Vtq| can be altered by non-SM pro-
cesses in top quark production and decays or a 4th generationof quarks resulting inR deviating
from the expected value close to unity. The experimental determination ofR can therefore be used
to check SM assumptions and test for new physics.

CDF has measuredR using bothℓ+jets and dilepton events in 0.16 fb−1 of data [14]. The
data samples are subdivided based on the number of identifiedb jets in the event. An artificial
neural network is employed for the 0-tagℓ+jets sample for the prediction of background levels.
The number of expected events in each subsample is then compared with the observed number in
order to construct likelihoods from whichR= 1.12+0.21

−0.19(stat)+0.17
−0.13(syst) is extracted. Lower limits

of R> 0.61 and|Vtb| > 0.78 at 95% C.L. are also obtained.

DØ has measuredR using ℓ+jets in 0.9 fb−1 of data [13]. This is essentially a cross sec-
tion measurement with a simultaneous determination ofR. The data sample is split into subsam-
ples based on lepton flavor, jet multiplicity, and number of identifiedb jets. A discriminant is
also used in the 0-tag,≥ 4 jets sample for improved signal to background discrimination. The
number and distribution of events in the subsamples dependson σ andR which are fitted for by
comparing observed to expected numbers in the subsamples asa function ofσ andR. DØ finds
R= 0.97+0.09

−0.08(stat+syst) and sets lower limits ofR> 0.79 and|Vtb| > 0.89 at 95% C.L.

4.3 Charged Higgs

The simplest extensions to the SM require the existence of two different Higgs fields that
manifest themselves as two charged Higgs bosons (H±) and three netural ones. If the mass of the
charged Higgs is low enough, the top quark is expected to decay via t → H+b. The branching
ratios of the charged Higgs themselves depend on the ratio tanβ of the vacuum expectation values
of the two Higgs fields. Decays into quarks (H+ → cs̄) dominate at low tanβ while decays into a
tau and a neutrino (H+ → τν) dominate at high tanβ . Because of the different decay branching
ratios of theH+, its existence can modify the distribution of observed events in the different top
decay channels. This implies that, aside from direct searches, indirectH+ seaches are also possible
by comparing the observed distribution of events relative to SM expectations.

DØ has conducted an indirect search for theH+ in theℓ+jets, dilepton, andτ+lepton channels
using 1 fb−1 of data [15]. In this analysis, the data is split into sub-samples based on final state.
Like a typical cross section measurement, the predicted number of events in each sub-sample are
then compared with the observed number through a likelihoodfit. Since no evidence is found
for the H+, upper limits are extracted for the leptophobic (B(H+ → cs̄) = 1), tauonic (B(H+ →

τν) = 1), and mixed (B(H+ → τν)+B(H+ → cs̄) = 1) cases. At 95% C.L.,B(t → H+b) > 0.22
is excluded for 80< MH+ < 155 GeV in the leptophobic case andB(t → H+b) > 0.15− 0.19,
depending onMH+ , is excluded in the tauonic case. For the tauonic case, a "model-independent"
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simultaneous fit ofσ(tt̄) andB(t → H+b) is also performed, resulting in the exclusion (95% C.L.)
of B(t → H+b) > 0.12−0.26 depending onMH+ .

CDF has performed the first direct search ofH+ → cs̄ in the ℓ+jets channel with 2.2 fb−1

of data [16]. tt̄ events are reconstructed using a kinematic fitter without imposing aW boson
mass constraint on the dijet invariant mass in the hadronic branch. Additional jets, assumed to
originate from final state radiation, are merged with the closest ones to improve jet resolution. The
reconstructed dijet mass in data is then compared with templates generated according toW, H+,
or background hypotheses. Since no evidence for theH+ is found, the exclusion regionB(t →
H+b) > 0.1−0.3 for 60< MH+ < 150 GeV is obtained at 95% C.L. assumingB(H+ → cs̄) = 1.

5. Conclusion

We have presented the latest measurements from the Tevatronof various properties of the
top quark – both fundamental and those related to productionand decay. So far, the observed
top quark seems consistent with SM predictions. With the increasing data in the coming year,
these measurements will continue improving, allowing the top quark and the SM to be tested more
stringently.
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