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Top quark property at Tevatron
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Abstract. The top quark, the heaviest known elementary particle, remains by far the most interesting particle to
test standard model as well as search new physics beyond standard model because of its large mass and unique
properties. Having data collected about 10 fb™" of integrated luminosity of pj collisions, both experiments have
been studied the top quark in all the possible directions. In this report, we present the recent measurements of
the top quark properties from Tevatron including the mass, width, and W boson helicity using #f signature.

1 Introduction

The top quark, observed by both the CDF and DO experi-
ments in 1995 [1], is by far the heaviest known elementary
particle and its mass is almost 40 times heavier than its
isospin partner, the bottom (b) quark [2]. Due to the heavy
mass, the top quark plays an important role in electroweak
radiative corrections relating the top quark mass (Mtop )
and the W boson mass to the mass of the predicted Higgs
boson [3, 4]. The lifetime of the top quark is about 20
times shorter than the timescale for strong interactions,
and therefore it does not form hadrons, giving us a unique
opportunity to study a “bare” quark.

Top quarks at the Tevatron are predominantly pro-
duced in pairs, and decay almost always to a W boson
and a b quark in the standard model (SM). The topology
of tf events depends on the different decay of the two W
bosons. In the dilepton channel, each W boson decay to
charged lepton (electron and muon) and neutrino. Events
in this channel thus contain two leptons, two b-quark jets,
and two undetected neutrinos. Because of the presence of
two leptons, this channel has the lowest background. How-
ever the dilepton channel has the smallest branching frac-
tion. In the all-jets channel, each W boson decays to two
jets so that this channel contains two b quark jets and four
light quark jets. This channel has the largest branching
fraction but also the largest background from QCD multi-
jet production. The lepton+jets channel has one W boson
decaying leptonically and the other hadronically so that
we have one charged lepton, two b-quark jets, two light
quark jets, and one undetected neutrino. Because of the
relatively large branching fraction with manageable back-
grounds, lepton+jets channel is considered as the “golden
channel” in the top quark studies. By this reason, the most
results presented here use the lepton+jets final state.
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2 Measurements
2.1 Top quark mass

The mass of the top quark is very important to esti-
mate the SM Higgs boson because precise top and W
boson masses measurements can predict the mass of the
Higgs boson either SM or beyond SM. Since the discov-
ery of the top quark, both the CDF and DO experiments
have been improving the precision of the Mtop measure-
ment [5]. With up to 5.6 fb~! data, we obtain Mtop =
173.18 + 0.94 GeV/c?* with the combination of the Teva-
tron measurements as one can see in Fig. 1. The pre-
cision, AMtop/Mtop ~ 0.6%, is already surpassed the
prediction of Run II experiments and reach to less than
1 GeV/c?. With over 10 fb~! data in each experiment,
we have performed the extensive studies and updated the
measurements with improved precision.

To date the most precise measurement has been per-
formed by CDF collaboration using lepton+jets channel
with the full data set corresponding to 8.7 fb™! pp col-
lisions. We build templates of the reconstructed masses
of the top quark and the hadronically decaying W bo-
son. In this measurement, we use not only larger sam-
ples but also improve jet energy calibration using an ar-
tificial neural network to achieve better jet energy reso-
lution, and increase signal acceptance allowing less pure
signal samples into the analysis. We found Miop =
172.85+1.11 GeV/c? [6]. DO carried out the precise Mtop
measurement in the dilepton channel. In this measure-
ment, we used the results of jet energy scale measurement
in the lepton+jets channel. In this way, we significantly
reduced overall jet energy scale uncertainty in the dilepton
final states. We found Mop = 173.9 + 2.5 GeV/c? [7].
CDF have another full data set measurement in the differ-
ent decay topology of jets with large missing transverse
energy. In this measurement, we veto the events having
reconstructed lepton so that the selected events are orthog-
onal to the lepton+jets channel. We perform event recon-
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Figure 1. Summary of the Tevatron top quark mass measure-
ments and its combination with data up to 5.6 fb™".

struction by assuming the missing particle as leptonic W
boson. Using templates of the reconstructed masses of the
top quark mass and the hadronically decaying W boson,
we obtain Miop = 1739+ 1.9 GeV/c? [8]. Even though
all the new measurements have significant improvements
in the precisions compared with previous measurements,
these are not included in the recent Tevatron average yet.
Therefore, we expect much better precision with new com-
bination at the Tevatron as well as the world averages.

There are different definitions of quark masses in the
theoretical framework [9]. Myop of the MS renormal-
ization scheme, My, differs from the pole mass, Mo,
by about 10 GeV/c? [9, 10]. The direct Mtop measure-
ments are all calibrated with MC simulations; the mea-
sured quantities therefore correspond to the Mop scheme
used in the MC simulations, Myc. Even though it is usu-
ally assumed that Myic is the same as Mpqe [5], there
are a number of theoretical questions in relating M,
to Myic [9, 11]. DO collaboration extract the M., and
the My;g, comparing the measured inclusive 7 production
cross section with fully inclusive calculations at higher-
order QCD. This extraction provides an important test of
the mass scheme as applied in MC simulations and gives
complementary information. Depending on the different
theoretical calculations, we obtain Mtop using this method
consistent with but slight lower than Mop from direct
measurements [12].

2.2 Top and anti-top quark mass difference

The precision determination of Mop allows us to measure
the mass difference between top quark and anti-top quark
to a few GeV. In the CPT theorem, which is fundamental to
any local Lorentz-invariant quantum field theory, the quark
mass should be same as the mass of its anti-quark partner.
Despite the fact that no violations have ever been observed
in the meson and baryon sectors, it is important to test CPT
violation in all possible sectors such as quarks and high
mass particles.

DO collaboration has direct measurements of the top
quark and the anti-top quark mass difference (6Mtop
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Figure 2. Up: Two-dimensional likelihood densities in top quark
mass (m,) and anti-top quark mass (m;) for the (a) e+jets and (b)
p+jets channels. The contours represent the 1,2, and 3 standard
deviations from 3.6 fb~! DO data. Down: Distributions of the
reconstructed mass difference (m, — m;) for b-tagged events. The
data from CDF 8.7 fb™! are overlaid with the prediction of SM.

) in the lepton+jets channel using the matrix element
method [13]. In the matrix element calculation, one as-
sumes SM-like #f production and decay, where identical
particle and antiparticle masses are assumed for b quarks
and W bosons but not for top quarks. The likelihood con-
tours of the data fit with 3.6 fb~! of pj collisions are shown
in Fig. 2 (up) in the electron and muon channels. We mea-
sure 6Mt0p =0.8 + 1.9 GeV/c? [13]. CDF collaboration
has a measurement using the template method [14]. We
reconstruct the mass difference using modified kinematic
fitter allowing mass difference between hadronic top quark
and leptonic top quark. Using full data set of 8.7 fb™! pp
collisions, we measure 6Mt0p =-1.95+1.26GeV/c? [14].
The data distribution of the reconstructed mass differ-
ence compared with the SM prediction is shown in Fig. 2
(down). All measurements are consistent with no mass
difference and conservation of CPT symmetry.

2.3 Top quark width

Because of large mass, the top quark have the largest de-
cay width and hence the shortest lifetime. Its short life-
time, which is fater than the hadronization time scale,
make a unique opportunity to study bare quark [2]. By
measuring the total decay width (I'top ), we can calcu-
late the lifetime as the inverse of the width and prove
whether the top quark decay before hadronization. The
standard model prediction of I'top in the next leading or-

der is about 1.3 GeV at Mgop = 172.5 GeV/c* with ap-
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Figure 3. The confidence bands of I'top for a 68% and 95% are
shown together with the most probable value (thin solid line).
The measured value from the data (1.66 GeV ) is indicated by an
arrow.

proximately 1% precision. A deviation from the SM pre-
diction, therefore, could indicate a significant contribution
from non-SM physics processes. CDF collaboration has
a direct measurement of the top quark width (I'top ) us-

ing the full data set of 8.7 fb™' pj collisions. The Mtop
and the mass of W boson that decays hadronically are re-
constructed for each event and compared with templates
of different I'top and deviations from nominal jet energy
scale (Ajgs ) to perform a simultaneous fit for both pa-
rameters, where Ajgs is used for the in situ calibration of
the jet energy scale. By applying a Feldman-Cousins ap-
proach [15], we obtain I'top = 2.21*}f} GeV as one can
see in Fig. 3 [16]. We also estabilish a 95% confidence
level upper limit of I'top < 6.38 GeV. DO collaboration
has an indirect determination of I'top using single top t-
channel cross section and (t — Wb)/(t —» Wq) fraction
measurements. The I'top is calculated with quantum me-

. . _ o(t—=ch) Br(t—bW);
chanical relation, Ttop = 3755w oo - Lhe result,
Tiop = 2.007037 GeV, is the most precise determination

of the top quark width using experimental data sample and
consistent with the SM [17].

2.4 W boson helicity

The SM predicts that the top quark decays almost en-
tirely to a W boson and a bottom quark, and that the Wb
vertex is a V-A charged weak current interaction [2]. A
consequence of this is that approximately 70% of the top
quark decay longitudinally, 30% of the top quarks have
left handed polarization (fy = 70%, f_=30%, f,=0%) [18].
Any new particles involved in the same decay topologies
and non-standard coupling could create a different mix-
ture of polarized W bosons. Therefore, a measurement of
this fraction is a test of the V-A nature of the Wrb ver-
tex. DO collaboration uses both lepton+jets and dilep-
ton channel simultaneously with 4.3 fb™! data and extracts
f, = 0.02 £ 0.05 and fy = 0.67 £ 0.10 with the simulta-
neous fit of the two variables [19]. CDF collaboration has
results in both lepton+jets [20] and dilepton channels [21]
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Figure 4. Combined tevatron result on W boson helicity mea-
surement with 1 and 2 standard deviation contours are compared
with the SM prediction.

with partial data of the Run II. All three different mea-
surements are combined to get f, = —0.013 + 0.035 and
fo = 0.685 + 0.057 [22] which is consistent with the SM
prediction as one can see in Fig. 4. CDF collaboration
update the measurement in the lepton+jets channel with
full data set corresponding to an integrated luminosity of
8.7 fb~! pp collisions and obtain f, = —0.045 + 0.043 and
fo = 0.726 + 0.067 [23] which is also consistent with the
SM prediction. This result can improve the combination
of Tevatron measurements.

2.5 The radio B(t » Wb)/B(t —» Wq)

In the SM, top quark decay almost exclusively into a W
boson and a bottom quark with an assumption of a three
generation quark-mixing matrix [2]. The existence of a
fourth generation of quarks would remove this constraint
and allow the decay into the other down type quarks such
as d and s quarks. Therefore, the measurement of the
branching fraction ratios R = gg:‘%; is sensitive to the
new physics. The decay rate of the top quark into a W bo-
son and a down-type quark g (¢ = ds, b) is proportional
to |Vy|?, the square element of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. DO collaboration uses data from
5.4 fb~! of pp collisions in both lepton+jets and dilepton
channels. The R can be extracted with number of b-tagged
jets as shown in Fig. 5 (up) and measures R = 0.90 + 0.04,
and extract the |V,| = 0.95 + 0.02 assuming three genera-
tion of quarks [24]. CDF collaboration has a measurement
in the lepton+jets channel with full data set of 8.7 fb™'.
The jet multiplicities and the number of b-tagged jets as
shown in Fig. 5 (down) are used to extract R = 0.94 +0.09.
We also extract the V3| = 0.97 = 0.05 with the assump-
tion of three generation quark mixing [25]. The measured
Vi» are approximately 2 standard deviation from the SM
prediction. However, it is still consistent.
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Figure 5. Up: Number of b-tagged jets distribution from the
DO 5.4 fb™' data in the lepton+jets channel are compared with
various predictions from different R. Down: Number of jets and
b-tagging of the CDF 8.7 fb™' data in the lepton-+jets channel are
compared with various predictions from different R.

3 Conclusion

The CDF and DO collaborations have performed a robust
set of analyses using many techniques and improvements
to have better understanding the top quark nature. With
Tevatron shutdown at last year, we have >10 fb~! of data
acquired in each experiment. Many new measurements
use the full data set but, still lots of ongoing measurements
are underway with increasing data set as well as improving
machinery.
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