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1. Introduction

The Tevatron Collider provided pp collisions at a center-of-mass energy of /s = 1.96 TeV
until it ceased operating in September 2011. Data corresponding to approximately 10 fb~! were
recorded by the CDF and DO experiments. The top quark was first observed at the Tevatron in
1995 [1]. Since then, the top quark sector has been actively explored by Tevatron and LHC experi-
ments.

At the Tevatron center-of-mass energy top quarks are primarily produced in 7 pairs, with
qq — tt being the dominant process. This is distinct from the ¢7 production at the LHC, where the
dominant process is gluon-gluon fusion gg — ¢. Therefore, the Tevatron is the right place to study
the ¢f production via gg annihilation, although the production cross section is much smaller than at
the LHC.

The standard model of elementary particles (SM) predicts that each top quark decays almost
exclusively into a real W and a b quark. For top quark pair production, events can thus be identified
by means of different combinations of leptons (e or ) and jets. Two decay modes are used in
the analyses described in this report: the dilepton mode, where both W's decay to a charged lepton
and a neutrino, and the lepton plus jets mode, where one W decays leptonically and the other one
decays hadronically to a pair of quarks.

The top quark is the most massive of the known elementary particles. As a consequence of
its large mass it is the only quark that decays before hadronizing. The top quark properties can be
inferred from the kinematic distributions of its decay products.

All the analyses described in the following are based on the full Tevatron Run 2 dataset.

2. Top quark mass measurement

The most measured top quark property is its mass, a free parameter of the SM. Several methods
have been used to obtain precise top quark mass measurements. Most of them are based on the
comparison of kinematic observables in data and in Monte Carlo (MC) samples with different top
quark masses.

Figure 1 shows a summary of the CDF and DO top quark mass measurements, in all the decay
channels, used for the latest Tevatron combination m,, = 174.30 £0.35(stat.) £ 0.54(syst.) GeV,
which has a relative uncertainty of less than 0.4% [2].

DO recently published a combination of the measurements of the top quark mass in Run 1 and
Run 2 in the lepton plus jets and dilepton channels. The dominant sources of uncertainty are the
statistical uncertainty, the jet energy scale calibration, which has statistical origin, and the modeling
of the signal. The resulting combined value is n1;,, = 174.95+0.40(star.) £0.64(syst.) GeV. With
a relative precision of 0.43% this measurement constitutes the legacy measurement of the top quark
mass in the DO experiment [3].

Given the continuous reduction of the experimental error on the top quark mass measurement,
in the last few years a lot of theoretical work was devoted to studies aimed to translate the MC
top quark mass into a definition of mass in a well-defined renormalization scheme [4]. From the
experimental point of view, alternative ways of measuring the top quark mass were investigated,
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Figure 1: Summary of the CDF and DO top quark mass measurements used for the 2016 Tevatron top mass
combination.

with the goal of having less inputs from MC, or depending on different systematic effects, with
respect to the standard methods.

In this perspective DO obtained a top quark pole mass measurement comparing the experi-
mental 7 inclusive cross section measurement to the theory computations. Figure 2(a) shows the
measured and theoretical mass dependence of the inclusive ¢7 production cross section. The mea-
sured #7 cross section only changes by 0.7% for a change of 1 GeV in the assumed top quark mass.
The experimentally measured dependence is parametrized with a fourth-order polynomial function.
The most probable top quark mass value and uncertainty are extracted by employing a normalized
likelihood function, which takes into account all the experimental and theoretical uncertainties.
Employing the quartic parametrization and the theory predictions at next-to-next-to leading order
(NNLO) perturbative quantum chromodynamics (QCD) my,, = 172.8 + 1.1(the0.)f§:?(exp.) GeV
is found [5]. The experimental uncertainties dominate the precision of the measurement.

DO also measured the top quark pole mass from a comparison of the differential ¢ cross sec-
tions measured as a function of the transverse momentum of the top quark, ptT"p , and the invariant
mass of the ¢f system, m,;, with the differential distributions predicted by perturbative QCD [7].
The measured top quark pole mass is m,,, = 169.1 +2.5(total) GeV [6]. Figure 2(b) shows the

combined y? distribution for the differential cross sections in terms of p’T"p and my; calculated at
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Figure 2: (a): DO measured #7 production cross section dependence on the top quark mass (points)
parametrized by a quartic function (solid black line) and compared to the dependence provided by a
NNLO+NNLL calculation (red curves); (b) DO x? distribution for the differential cross sections in terms
of ptTOP and my; calculated at NNLO, as a function of the top quark mass.

NNLO, as a function of the top quark mass. The shaded band indicates the theoretical scale uncer-
tainties.

3. tf charge asymmetry

The tf production mechanism has been investigated in detail by studying the charge production
asymmetry. The forward-backward asymmetry is due to the gg annihilation process. A recent QCD
NNLO calculation evaluates an asymmetry of 9.5% [8]. The gg initial state does not contribute to
the asymmetry but dilutes the average value. On the other hand, new physics could give rise to an
enhanced asymmetry.

Experimentally the asymmetry is defined relying either on the fully reconstructed top quarks,
or on leptons from the W decay. In the first case it uses the rapidity difference Ay of the top (antitop)
quark decaying semileptonically ¢+ — [vb and the antitop (top) decaying hadronically 7 — jjb. It
requires reconstruction of top and antitop quarks using all the available information associated
with the final-state particles. Background contributions are subtracted from the yield of selected
candidates, thereby providing the ¢f signal, which is then corrected for detector effects, to unfold
from the reconstructed top and antitop to the parton level.

In the second case the lepton asymmetry in ## decay is parametrized as a function of gy,
where ¢ is the charge and y, is the pseudorapidity of the charged lepton from the W decay. This
asymmetry, while smaller in magnitude, does not need unfolding and it is insensitive to biases from
the top quark reconstruction procedure.

When the #f forward-backward asymmetry measurements were first performed in Tevatron
Run 2 a small departure from the SM expectations was observed, which brought a lot of excite-
ment in the field [9]. Both CDF and DO then completed their measurements program on the full
Run 2 dataset, and with a more refined analysis they found, in some cases, lower values of the
asymmetry [10]. Furthermore, the theory predictions were improved by including higher-order
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QCD and electroweak (EW) corrections, and, as a result, the new expectations are higher than they
were before [8].

Recently CDF and DO published the combination of their asymmetry measurements [11].
The combination is performed for the three asymmetries, based either on the reconstructed ra-
pidities of the top and antitop, or on the lepton pseudorapidities, or on the difference between
lepton pseudorapidities for the dilepton channel. The combined inclusive asymmetry is A’}_B =
0.128+0.021(star.)+0.014(syst.), consistent with the NNLO QCD + next-to-leading order (NLO)
EW prediction of 0.095 £ 0.007 within 1.3 standard deviations (SD).

The values of A, as a function of m,; for each experiment and their combination are shown
in Figure 3(a), together with the NNLO QCD + NLO EW predictions. The predicted slope pa-
rameter agrees with the combined experimental result to within 1.3 SD. The linear dependence of
the combined result is given by the solid black line together with the 1 SD total uncertainty of the
two-parameter fit given by the shaded gray area.

The differential 7 asymmetry as a function of |Ay| is available from CDF for both the lepton
plus jets and the dilepton channels, and from DO for the lepton plus jets channel. The choice of
binning differs for these measurements. A simultaneous least-squares fit to a linear function for
all available measurements is performed. The prediction and the combined result differ by 1.5 SD.
Figure 3(b) shows the individual measurements and the result of the linear fit.
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Figure 3: (a): Results for A;,E_ g Vs myz for the individual CDF and DO measurements and for their combination.
(b) Measurements of the differential asymmetries A’F’_ 5 VS |Ay;z|. In both plots the inner error bar indicates the
statistical uncertainty, while the outer error bar corresponds to the total uncertainty. The linear dependence
of the combined result is given by the solid black line, with the 1 SD total uncertainty of the two-parameter
(one-parameter) fit given by the shaded gray area. The dashed orange area shows the NNLO QCD + NLO
EW prediction with its 1 SD uncertainty.

The combined fit to the CDF and DO inclusive lepton plus jets asymmetry gives Af; p=0.073+
0.016(stat.) £0.012(syst.) and is consistent with the NLO QCD + NLO EW prediction of 0.038 +
0.003 to within 1.6 SD.

The combined fit to the CDF and DO inclusive dilepton asymmetry built using the rapidity
of the 2 leptons yields A% = 0.108 4 0.043(stat.) +0.016(syst.) and is consistent with the NLO
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QCD + NLO EW prediction of 0.048 4+ 0.004 to within 1.3 SD.

All measurements favor somewhat larger positive asymmetries than the predictions, but none
of the observed differences are larger than 2 standard deviations. Hence, we conclude that the
asymmetry measurements and their combinations, shown in Figure 4, are consistent with each
other and with the SM predictions.
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Figure 4: Summary of inclusive forward-backward asymmetries in #f events in percents at the Tevatron.

4. Top quark polarization

The SM predicts that top quarks produced at the Tevatron collider are almost unpolarized,
while some exotic models predict enhanced polarization [12]. The top quark polarization at the
Tevatron and LHC is expected to be different because of the different initial states, which motivates
the measurement of the top quark polarization in Tevatron data.

The top quark polarization can be measured in the top quark rest frame through the angular
distributions of the top quark decay products relative to some chosen axis. The mean polarizations
of the top and antitop quarks are expected to be identical because of CP conservation.

DO published a measurement of top quark polarization in ¢7 production in the lepton plus jets
final state [13]. The polarization is measured along three quantization axes: (i) the beam axis,
given by the direction of the proton beam; (ii) the helicity axis, given by the direction of the parent
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top or antitop quark; and (iii) the transverse axis, given as perpendicular to the production plane
defined by the proton and parent top quark directions. The measured polarizations for the three
spin-quantization axes are listed in Table 1. The polarizations are consistent with SM predictions.

Table 1: DO top quark polarization from the lepton plus jets channel along the beam, helicity, and transverse
axes.

Axis Measured polarization SM prediction
Beam +0.070£0.055 —0.002
Helicity —0.102+0.061 —0.004
Transverse +0.040+0.035 +0.011

Very recently CDF presented a new measurement of the top quark polarization in the dilep-
ton channel [14]. The measurement is performed assuming that the polarization is generated by
either a CP-conserving (CPC) or a CP-violating (CPV) production amplitude. The top quark polar-
ization is measured using the two-dimensional angular distributions of leptons with respect to the
helicity axis and the transverse axis. Figure 5(a) shows, as an example, the one-dimensional cos 6
distribution for positive leptons in the transverse basis assuming CPC and comparing data to two
extreme polarization values in the allowed physical region. Figure 5(b) shows a summary of the
measurements of top quark polarization in the dilepton channel at the Tevatron, compared to SM
predictions (red vertical line). The measured polarizations are consistent between CDF and DO and
with the SM predictions.
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Figure 5: (a): cos6 data distribution (black dots) for positive leptons in the tranverse basis, compared to
expectations for three different polarization values; (b): summary of top quark polarization measurements in
the dilepton channel at the Tevatron.

5. Conclusions

Several years after the end of Run 2, Tevatron experiments continue providing valuable top
quark physics results. CDF and DO are in the process of producing the last Tevatron legacy mea-
surements. D0 evaluated a combined top quark mass and presented pole mass measurements based
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on the inclusive and differential cross section measurements. The final Tevatron combined pro-
duction asymmetry Agp was just published. Both experiments measured the top quark polarization
in the lepton plus jets and dilepton channels. All measurements are in agreement with the SM

predictions.
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