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1. Introduction

The Run 2 physics program at the Fermilab Tevatron spanned the decade ending in September
of 2011. Throughout Run 2 the CDF and D0 Experiments each collected ∼10 fb−1 of data from
the world’s highest energy pp̄ collisions at

√
s = 1.96 TeV. Following the data collection, success-

ful physics analysis programs have continued in both collaborations, with increasing focus on rare
processes, precision measures, and measurements complimentary to those made by LHC exper-
iments. This contribution to the 2015 meeting of the Deep Inelastic Scattering Workshop series
summaries recent Tevatron physics results. The reader is encouraged to refer to contributions by
other speakers attending this workshop for more detailed reports on individual measurements.

2. Heavy flavor states

The programs of heavy flavor physics at CDF and D0 focus on studies of hadrons comprising
one or more c or b flavored quarks. Heavy quark systems serve as valuable probes for a variety
of fundamental physics studies, including studies of CP violation (CPV), effects of beyond the
standard model (BSM) processes in rare decays and oscillation rates, tests of lattice gauge calcula-
tions, heavy quark effective theories, etc. This section summarizes recent measurements of decay
properties and production asymmetries. The associated production of heavy flavored quarks in
electroweak and QCD processes is discussed in the following sections.

2.1 Decay properties and symmetries

A recent study [1] by the D0 Collaboration reports a measurement of the B0
s lifetime us-

ing the semileptonic decays B0
s → D−S µ+νX+charge conjugate. This measurement uses the full

Tevatron Run 2 data sample comprising an integrated luminosity of 10.4 fb−1. Using the flavor-
specific final state, the charges of the decay products can be used to identify whether the meson
was a B0

s or B̄0
s at the time of decay. Due to flavor oscillations the measured lifetime is from a

combination of heavy and light mass eigenstates in equal proportion at t = 0. The resulting life-
time is a superposition of two exponential distributions that can be modeled in Γs, the average
decay width of the light and heavy states, and their difference ∆Γs. The lifetime is measured us-
ing the pseudoproper decay length, PPDL = LxyM/pT (D−s µ+), where Lxy is the transverse decay
length of the B0

s meson. Figure 1a shows the PPDL distribution for one of the data periods ex-
amined and includes signal and background projections. The measured flavor-specific lifetime is
cτ f s(B0

s ) = 443.3±2.9(stat)±6.3(sys)µm, consistent with the current world average [2] and with
smaller total uncertainty. The flavor-specific lifetime is an important parameter for extracting ∆Γs

in global fits and to constrain possible CP violation in the mixing and interference of B0
s mesons as

illustrated in Fig. 1b from the Heavy Flavor Averaging Group [3].
Both CDF and D0 report measurements of CP-violating asymmetries in the decay of D mesons.

CDF measures the indirect CP-violating asymmetries AΓ leading to differences in the effective life-
times of charm and anticharm mesons in the decays D0→ K+K(π+π−) [4] and D0 the direct CP-
violating parameter ACP(D+→ K−π+π+) [5] which measures the lifetime asymmetry in D+ and
D− mesons. The decay-time-dependent rate asymmetries for D0 meson decays provide sensitive
probes for CP violating effects [6]. In the CDF analysis the D0 flavor is identified at production by
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Figure 1: The (a) PPDL distribution of B0
s candidates for one of the data periods in the D0 B0

s lifetime
analysis. And (b) the global data fit to the Γs and ∆Γs parameters by the Heavy Flavor Averaging Group [3].

selecting events from the strong decay process D∗+ → D0π++ C.C. The decay-time-dependence
of the asymmetry is shown in Fig. 2a for D0 → KK(ππ) channels. These yield the asymmetry
parameter AΓ = [τ̂D̄0− τ̂D0]/[τ̂D̄0 + τ̂D0] = (−0.12± 0.12)%. The results are consistent with
the hypothesis of CP symmetry and can be used to improve global constraints on indirect CPV
in charm-meson dynamics. The D0 measurement of charged D meson decays provides a high
precision measurement of CPV parameters in Cabibbo favored decays, providing an experimental
basis for the process which is assumed to be a charge symmetric process in various searches for
CPV effects. The result, extracted from the multiplicities of D+/− decays (Fig. 2c), is ACP(D+→
K−π+π−) = [Γ(D+)−Γ(D−)]/[Γ(D+)+Γ(D−)] = [−0.16±0.15(stat)±0.09(syst)]% is consis-
tent with the standard model (SM) prediction of CP conservation and improves the previous best
measurement by a factor of 2.5 providing an important reference measurement for future studies of
CP violation in charm and bottom hadron decays.

2.2 Production asymmetries

The production of b mesons at the Tevatron is dominated by gluon-gluon fusion with no
forward-backward production asymmetry (AFB = 0), however contributions from qg and qq in-
teractions, interference and EW processes can contribute to a non-zero AFB. In pp̄ collisions
we define a forward event to be one in which the b(b̄) quark follows the p(p̄) direction. D0
measures the production asymmetry for charged b mesons AFB(B±) using fully reconstructed de-
cays B±→ J/ψ(→ µ+µ−)K±, where the sign of the B meson directly identifies the quark flavor.
The asymmetry is measured in total and also differentially as as a function of |η(B)| and pT (B)
(Fig. 3a)1. The total asymmetry of AFB(B±) = (−0.24±0.41±0.19)% restricts the space for new
physics causing anomalous F-B asymmetries in top and bottom decays, but is systematically lower
than NLO predictions, implying that a more rigorous determination of the SM prediction is needed
to interpret these results.

CDF presents two measures of production asymmetry in b quark pairs using b-tagged jets2.

1See contribution by B. Abbott to these proceedings.
2See contribution by J. Wilson to these proceedings.
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Figure 2: The (a,b) effective lifetime asymmetries as a function of decay time for D0→K+K−(π+π−). The
(c) invariant mass distribution M(Kππ) (top) and that for the difference in number of events N(D+)−N(D−)
(bottom).

The analyses are separated by the dijet mass Mbb into low mass [8] and high mass [9] regions.
The low mass analysis considers Mbb < 300 GeV and is in good agreement with SM predictions
(Fig. 3b). The high mass analysis (Fig. 3c) is consistent with zero and the SM. This result reduces
the parameter space to produce tt̄ asymmetries and is used to exclude a range of axigluon models
with mass ∼ 200 GeV.
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Figure 3: The (a) D0 comparison of AFB(B±) and ASM
FB(B

±) in bins of pT (B±). CDF measured AFB (b) as
a function of particle-level M(bb̄) for the low bb̄ mass analysis and (c) maximum a posteriori points for the
signal asymmetry in each mass bin of the high mass bb̄ analysis.

D0 also examines the forward-backward asymmetries in production of Λ0
b and Λ̄0

b [10]. The
measurement is sensitive to hadronization effects, such as the “string drag” model [11] illustrated in
Fig. 4a. The result shown in Fig. 4b is in general agreement with expectations from the heavy quark
drag model. D0 also presents a new measure of AFB in the production of Λ0 and Λ̄0 baryons [12].
This measure of AFB is consistent with a strong connection to the quark flavor of the incoming
hadron. The Λ̄0/Λ0 ratio is shown to be approximately a universal function of the proton “rapidity
loss” yp− yΛ with little dependence on

√
s, target type, or kinematic factors, see Fig. 4c.
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Figure 4: Illustration (a) of string drag effect in Λb production. The (b) measured forward-backward asym-
metry A versus rapidity |y| compared to predictions of the Heavy Quark Recombination model [13] and a
simulated effect of the longitudinal momentum shift due to beam drag [11]. The (c) Λ̄0/Λ0 ratio as a function
of the rapidity loss in multiple experiments.

3. Top quark

Following the discovery of the top quark by CDF and D0 in 1995, both experiments have pur-
sued a rich program of study into top quark properties and production characteristics in the Run
2 data. The unique nature of the pp̄ initial state at the Tevatron allows for a variety of measure-
ments that offer more precision or are complementary to those performed at the LHC. The final
combination of CDF and D0 measurements [14] of cross sections for single top quark production
is presented using and integrated luminosity of up to 9.7 fb−1. Both t-channel and s+t-channel
cross sections are measured yielding σt = 2.25+0.29

−0.31 pb and σs+t = 3.30+0.52
−0.40 pb. The resulting 2D

posterior probability distribution as a function of σt and σs is presented in Fig. 5(a) along with
predictions based on SM calculations [16, 17] and various non-SM scenarios [18, 19, 20]. The
SM single-top-quark production cross section is approximately proportional to the square of the
CKM matrix element Vtb. Assuming that top quarks decay exclusively to Wb final states, the com-
bined data is used to extract the best fit value |Vtb| = 1.02+0.06

−0.05 as illustrated in Fig. 5b. The limit
|Vtb|> 0.92 is set at the 95% C.L. by restricting the prior to the SM region [0,1].

Measures of the top quark mass mt have achieved unprecedented precision with increased data
samples and refinements in measurement techniques. The D0 measure of mt in 9.7 fb−1 of Run 2 in-
tegrated luminosity presented at DIS2015 uses a matrix element technique in tt̄ candidate events in
the lepton+jets final states. A detailed description of this analysis is given in Ref. [21]. The calibra-
tion kJES of the overall jet energy scale (JES) is performed in situ taking into account all kinematic
information in a given event and applying the constraint from the reconstructed invariant mass of
the W→ qq̄′ decays (Fig. 6a). Figure 6b shows the invariant mass of the dijet system matched to one
of the W bosons in the e+jets final state. The result mt = 174.98±0.58(stat+ JES)± (syst)GeV
with an uncertainty of 0.43% constitutes the most precise single measurement of mt at the time of
this workshop with a total systematic smaller than any other single experiment.

Also presented at DIS2015 for the first time is a new D0 measure of the top quark mass in
the dilepton decay channel using an optimized neutrino weighting method [22]. First results are
presented in H. Liu’s contribution to this conference.
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Figure 5: The (a) two-dimensional posterior probability as a function of σt and σs for the combined CDF
and D0 data compared with the NLO+NNLL theoretical prediction of the SM [15]. Predictions from several
BSM predictions are also shown. The (b) posterior probability distribution versus |Vtb|2 for the combination
of the CDF and D0 data.
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Figure 6: The (a) 2D likelihood for the D0 measurement of mt and the jet energy scale calibration factor kJES

in lepton+jets final states. The (b) invariant mass of the dijet system matched to the hadronically decaying
W boson in the e+jets final state.

4. Electroweak physics

Large data samples, low backgrounds, and precise calibration techniques facilitate a wide
range of electroweak studies by the Tevatron experiments.

4.1 W and Z production and decay

A recent measurement [23] of the electron charge asymmetry in pp̄→W +X→ eν +X events
by D0 is presented as a function of the electron pseudorapidity in a variety of kinematic bins based
on the electron transverse energy and missing transverse energy in the event. The measured asym-
metry is compared with next-to-leading-order predictions in perturbative quantum chromodynam-
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ics (pQCD) and a variety of PDF models, as partially summarized in Fig. 7. The D0 measurement
is the most precise lepton charge asymmetry measurement to date and these data provide additional
and precise information for determining the parton distribution functions of the proton.
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Figure 7: The lepton charge asymmetry distribution (CP invariance assumed) with kinematic cuts as shown.
Comparison (a) of the measured asymmetry with predictions and differences (b,c) between data and MC
predictions based on the central value from MC@NLO [24] with the NNPDF2.3 PDF set [25].

A new determination [26] of the effective weak mixing angle sin2θe f f at D0 is presented
from measurements of the distribution of the forward-backward charge asymmetry AFB in the
process pp̄→ Z/γ∗ → e+e−. This measure significantly extends the electron acceptance from
a previous report [27] and introduces a new electron energy calibration method, reducing the pri-
mary systematic uncertainty. The final result from 9.7 fb−1 of integrated luminosity, sin2θe f f =

0.23146± 0.00047, is the most precise measurement from light quark interactions and is close in
precision to that obtained from e+e− colliders (Fig. 8a).

The variable φ ∗η [28] provides unprecedented precision to study the p``T distribution in decays
of Z/γ∗ bosons in ee and µµ final states. D0 presents measurements of the normalized φ ∗η in Drell-
Yan muon pairs in bins of dimuon rapidity. The measurement is extended to “off-peak” samples
of dimuon events and considers ranges of M`` between 30 and 500 GeV. Figure 8b shows the
ratio of the (1/σ)(dσ/dφ ∗η) distribution for M`` ∼ mZ in the rapidity regions (|y|< 1)/(1 < |y|<
2) compared with the prediction from NNLL+NLO calculations [29]. Theoretical uncertainties
largely cancel in this ratio and the predictions are found to be consistent with the data. The ratio
of the φ ∗η distributions in data to RESBOS [30] (NNLL+NLO) calculations for 30 < M`` < 60 is
shown in Fig. 8c(d). The disagreement at large φ ∗η for RESBOS may arise from the absence of the
NNLO correction factor for the photon exchange diagram.

4.2 Dibosons

A measurement of the associated diboson production WW and ZZ by CDF considers the final
state consistent with semileptonic W decay plus heavy flavor quarks [31]. For the first time at a
hadron collider, this result uses the different heavy flavor decay patterns of the W and Z bosons (i.e.
W+→ cs̄;Z→ bb̄,cc̄) and properties of the secondary-decay vertex to independently measure the
WW and WZ production cross sections in a hadronic final state. Figure 9a shows the dijet invariant
mass Minv(jet1, jet2) for events with two heavy-flavor-tagged jets, which is sensitive to WZ pro-
duction. The production cross sections for WW/WZ in the HF-enriched final state are determined
using a Bayesian statistical analysis considering data, signal, and background estimates together
with all rate and/or shape systematic uncertainties treated as nuisance parameters. Figure 9b shows

7
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BOS (c) and NNLL+NLO (d) calculations in dimuon events with 30 < M`` < 60 GeV.

the measured Bayesian posterior distribution for σWW and σWZ where each cross section is allowed
to float independently. The two-dimensional posterior distribution is projected onto each axis and
used to obtain the individual cross sections σWW = 9.4±4.2 pb and σWZ = 3.7+2.5

−2.2 pb, measuring
for the first time the two processes independently in a hadronic final state.

A second diboson measurement by CDF examines the differential production cross section for
WW as a function of associated jet multiplicity and jet pT [32], for case of associated production
with one jet. The differential WW cross section is extracted comparing neural net output shapes in
data to signal and background in each signal region using a binned maximum likelihood method.
To account for effects of bin to bin migration of events due to jet reconstruction, scale, and reso-
lution effects, the result is unfolded to the hadronic level using a Bayesian method. The measured
values are compared with predictions from ALPGEN [33], MC@NLO, and scale factors for the
differential and inclusive cross sections. The results are consistently high but within one standard
deviation, except for the two or more jet bin, which is within two standard deviations. The mea-
sured inclusive cross section of 14.0± 0.6(stat)+1.6

−1.3(syst) is consistent with the Standard Model
prediction and is the most precise measurement of the WW cross section at a pp̄ collider.

4.3 V + heavy flavor

Both CDF and D0 have explored a wide and increasingly rare variety of processes leading
to vector boson (V = W,Z) plus heavy flavor (HF) final states. For example, the standard model
production of W/Z +ϒ may occur though parton-level processes producing W/Z + bb̄ with the
bb̄ pair then forming a bound state. Cross sections at the Tevatron for W (Z)+ϒ are calculated to
be only 43(34) fb [34]. However charged Higgs bosons or further light neutral scalars may decay
into W (Z)+ϒ states, respectively, thus observation of W (Z)+ϒ production above the predicted
SM rate may indicate the presence of physics not described by the SM. CDF performed a new
search [35] for W (Z)+ϒ production using 9.4 fb−1 of Run 2 data. A candidate event is displayed
in Fig. 10a. In the analysis no significant excess of events is observed with respect to standard
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Figure 9: The (a) Minv(jet1, jet2) distribution for candidate events with 2 b-tagged jets in the CDF WW/WZ
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model background predictions, therefore 95% C.L. upper limits are set at σ(pp̄→Wϒ) < 5.6 pb
and σ(pp̄→ Zϒ)< 21 pb. These are the most stringent bounds on W/Z +ϒ processes to date.

The first measurement of the differential cross section as a function of pjet
T for the associated

production W + b-jet and W + c-jet [36] is presented by D0 using events where the W boson de-
cays as W → µν . These are the first measurements of W +b/c cross sections that are sensitive to
the gluon splitting processes. Sensitivity to gluon splitting is preserved removing any requirement
on a soft lepton within jets used in the analysis. The measured W + b-jet cross section shown in
Fig. 10b is systematically higher than predictions of NLO perturbative QCD and is suggestive of
missing higher order corrections. The measured W + c-jet cross section (Fig. 10d) agrees with the
NLO pQCD prediction at low pc−jet

T , but the disagreement towards high pc−jet
T may indicate miss-

ing higher order corrections, an underestimated contribution from gluon splitting and/or possible
enhancement in the strange quark PDF.

Studies of Z boson production in association with a bottom and an antibottom quark provide
important tests of the predictions of perturbative quantum chromodynamics. A good description of
this process is essential since it forms a major background for a variety of physics processes. D0
presents the ratio of Z + 2b jets to Z + 2 jets inclusive production cross sections [37]. In the ratio
many systematic uncertainties are canceled and the relative rate to Z+2 jets may be more precisely
compared to SM predictions. Figure 10c shows the distribution of the D0 b-jet discriminant DMJL

for the highest-pT jet in the Z+heavy flavor analysis for data, light and heavy jet flavor templates
using decays Z→ ee(µµ). The ratio of the integrated cross sections σ(pp̄→ Z +2b jet)/σ(pp̄→
Z+2jet) is measured in the restricted phase space p`T > 15 GeV |η`|< 2.0 and two jets satisfying
pjet

T > 20 GeV and |η jet|< 2.5 yielding the ratio 0.0236±0.0032(stat)±0.0035(syst) in agreement
with theoretical predictions within uncertainties.

5. Searches for clues of new physics

The unique pp̄ initial state along with low trigger thresholds and reduced background for a
variety of signals provide windows of sensitivity complimentary to those at the LHC to search for
new physics processes. Several of these searches are summarized in this section.
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Figure 10: A Z+ϒ event candidate (a) from CDF. Ratio of the D0 measurement of the (b) W +b-jet and (d)
W + c-jet production cross sections to theoretical predictions. Distribution (c) of the D0 b-jet discriminant
DMJL [37] for the highest-pT jet in the Z+heavy flavor analysis for data, light and heavy jet flavor templates.

CDF presents a search for charged massive resonances [38] decaying to a tb quark pair in
events where the top quark decays to a Wb pair and the W boson decays to a charged lepton and a
neutrino. The topology of these decays is similar to that in t-channel single top production. This
search is is sensitive to any narrow resonant state decaying to tb and is used to test a benchmark
model of W ′ bosons of unknown mass with universal weak-coupling strength to SM fermions and
considers the case of either allowed or forbidden leptonic decay modes (W ′→ `ν) for the W ′. The
only effect of the latter is to increase the branching fraction B(W ′→ tb). Background rejection is
accomplished using an artificial neural network to separate the dominant QCD multijet background
from signal and other backgrounds, followed by two additional neural networks to classify events
according to expectation from V +jets and tt̄ backgrounds and which are used to define the signal
discriminant NNsig. The expected and observed final discriminant distribution for one of the signal
regions is shown in Fig. 11a. The data are consistent with the background-only expectations and
used to set upper limits on the production cross-section times branching ratio at the 95% Bayesian
credibility. For a specific benchmark model (left-right-symmetric SM extension) W ′ bosons with
masses lower than 860(880) GeV are excluded in cases there the W ′ leptonic-decay is allowed (for-
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bidden). This search yields the most constraining limits to date on narrow tb-resonance production
for masses smaller that about 600 GeV (see Fig. 11b). Another analysis by CDF searches for ev-
idence of Dirac magnetic monopoles produced via Drell-Yan processes [39]. This analysis uses a
dedicated trigger for the expected highly ionizing signature of monopole interactions. A custom
detector simulation is employed as is a specialized offline reconstruction algorithm for tracks that
do not curve perpendicularly to the CDF central magnetic field. Figure 11c shows the comparison
between CDF and ATLAS limits for the Drell-Yan production model. Plotted is the ratio of the 95%
CL limit to prediction as a function of the mass of the monopole for the two experiments. In the
CDF analysis a 95% C.L. cross section limit is set for masses in the range 300–600 GeV of approx-
imately 6 fb and 11 fb for the range 100–800 GeV. For a Drell-Yan production model, monopoles
are excluded for mass less than 476 GeV and the CDF analysis provides the most sensitive limits
for masses less than 300 GeV.
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Figure 11: Expected and observed final discriminant distribution (a) for one of the signal regions the CDF
W ′ searches and the (b) observed and expected limits on the cross section times branching fraction for
the benchmark W ′ boson model with forbidden decay mode W ′ → `ν . Comparison (c) between CDF and
ATLAS limits for the Drell-Yan production model of Dirac monopoles.

Finally, a combined Tevatron analysis sets constraints on models of the Higgs boson with
exotic spin and parity [40]. CDF and D0 previously reported evidence [41] for an excess of events
consistent with a Higgs boson signal, largely driven by channels sensitive to the decay of the
Higgs boson to bottom quarks (H → bb̄). Results of the study presented in Ref. [42] describe
the effects on final state kinematic distributions for the production of an exotic resonance X → bb̄
with pseudoscalar (JP = 0−) or gravitonlike (JP = 2+) spin and parity. The particle decaying
fermionically for which the Tevatron found evidence might not be the same as the Higgs particle
discovered through its bosonic decays at the LHC. Tests of the spin and parity with Tevatron data
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therefore provide unique information on the identity and properties of the new particle or particles.
Employing re-optimized analyses in W (Z)+H,H → bb̄ channels, CDF and D0 report combined
studies of the JP assignments of the state X → bb̄, with mX = 125 GeV. Figure 12a shows the
distribution log10(s/b) for the combined CDF and D0 data computed from all channels contributing
to the JP = 0− search. The backgrounds are fit to the data, with systematic uncertainties allowed
to vary within their a priori constraints. The exotic signal is normalized to the SM cross section
times branching ratio for H → bb̄ multiplied by a scaling factor µexotic = 1 in this figure. The
chosen value of µexotic is arbitrary and the sensitivity of the analysis is reduced for smaller values.
Bayesian upper limits are quoted and the modified frequentist (CLs) method [43] is used to perform
hypothesis tests. Distributions of the LLR=-2ln(p(data|test)/p(data|null) for the combined CDF
and D0 searches are shown in Fig. 12b–c for the hypothesis that an exotic particle is present with
µexotic = 1. Upper limits are calculated at 95% credibility on the production rate for an exotic Higgs
boson in the absence of a SM signal to be 0.36 times the SM Higgs boson production rate for both
of the exotic spin and parity hypotheses. Setting the production rate times branching fraction of the
hypothetical exotic particle to the SM prediction for H→ bb̄, the models with JP = 0− and JP = 2+

are excluded with a significance of 5.0 s.d. and 4.9 s.d., respectively.
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Figure 12: Distribution (a) of log10(s/b) for the combined CDF and D0 data computed from all channels
contributing to the JP = 0− search. LLR distributions for assuming an exotic particle is present with µexotic =

1 and SM backgrounds for the models (b) JP = 0− and (c) JP = 2+.

6. Summary

The Tevatron legacy continues to expand with a rich, competitive and complementary physics
program exploiting unique advantages afforded by collecting the world’s highest energy pp̄ col-
lision data, advantageous S/B ratios, triggering capabilities, and precise evaluations of detector
performance. Recent results and those in progress include: precision EW measures, including fun-
damental parameters of the standard model (W mass, sin2θW ), W/Z production and constraints
for global fits for PDF models; world class top mass results, unique and complimentary measures
in the top sector (AFB, cross sections, decay properties, single top); an extensive b-physics pro-
gram (CPV studies, hadron properties, new work in production and hadronization asymmetries);
closing the gaps between earlier results and those from the LHC for moderately high mass new
physics; limits on an exotic Higgs boson to fermions; and unique and complimentary work in QCD
(V (V )+jets/HF, low-x measurements, extensive studies of multiparton interactions.).
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