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Tevatron Top Results
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I present the latest results from the CDF and D@ collaborations on top quark production (single top and top
quark pair production) at the Tevatron pp collider at 1/s=1.96 TeV, measurements of the top quark decay
properties such as the branching ratio B(t — Wb), the W helicity in ¢ — Wb decays, and measurements of
fundamental parameters such as the top quark charge and mass.

1. Introduction

The top quark was discovered [1] by the CDF and
D@ experiments [2, 3] in pp collisions at the Tevatron
Run I at /s =1.8 TeV. The Tevatron Run II, which
started in 2001, provides now collisions at /s =1.96
TeV with luminosities in the range 0.2 —2-103%cm?s !
and is expected to provide data-sets of several fb—!
before the start of the CERN’s Large Hadron Col-
lider (LHC). The top quark is of particular interest
because it is the heaviest fermion. Its mass is re-
markably close to the electroweak scale and it has
been speculated that the top quark could be related to
the electroweak symmetry breaking mechanism [4]. Tt
is therefore important to measure its properties, not
only to characterize it, but also to understand whether
it is a mere part of the standard model (SM) or if it
is the first sign of new physics beyond it. By virtue
of its large mass, the top quark could also decay into
exotic particles, e.g. a charged Higgs boson [5]. The
top quark has a lifetime of about 0.5 - 10~2%s, much
shorter than any other quark. In fact this lifetime is
shorter than the QCD hadronization time scale and
the top quark decay is about as close as one can get
to the decay of a free quark. Understanding the top
quark is also important because it will be used as a
calibration signal by the LHC experiments and might
become the main background to many potential new
physics signals, such as supersymmetry. The Run II
of the Tevatron with the CDF and D@ experiments
are now providing much larger dataset and allow for
a series of precision measurements of the properties of
the top quark.

2. Top Quark Pair Production

Top quarks can be produced in pairs (¢f) via the
strong interaction, mainly via gq annihilation at the
Tevatron energy. Only pair-produced top quarks have
been observed to date, though search for single top
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quark production is intense at CDF and DO as de-
tailed in next section. The theoretical cross section
for ¢t production is 0,47=6.78+1.2 pb [6]. Measuring
o7 is a test of pQCD at high Q2. It should be sensi-
tive to exotic top quark decays, since part of the top
quark width could ”disappear” into exotic channels,
for which standard analyzes are not designed. Ad-
ditional sources of tf, beyond the SM could also be
present, leading to higher values of o,7. CDF and DQ
have measured 0,7 in a range of final states and using
various techniques. Figures 1, 2 summarize the mea-
sured o,z by the CDF and D@ collaborations. The
most precise measurements are now limited by sys-
tematic uncertainties, from the luminosity measure-
ment and the jet energy scale [7, 8]. The most com-
petitive measurements are carried out in the so-called
“lepton-plus-jets” channel, where one of the W boson
decay leptonically and one decays hadronically, giving
rise to an average of four jets, one isolated high pr lep-
ton and missing transverse energy (Fr). The value of
this channel comes from its relatively high branching
fraction (~ 30% of ¢t final states), compared to the fi-
nal state where both W’s decay leptonically (so-called
“dilepton” channels). It can also be reasonably well
separated from the dominant W+jets background, in
comparison to the all-hadronic ¢ channel, which has
larger branching fraction but contains two hadroni-
cally decaying W’s and not high pr lepton. The dilep-
ton final states offer the cleanest signature with two
high pr leptons, but suffer from lower branching ratio
(~ 5% of the t¢ final states), making measurements in
this final state statistically limited. Interesting tech-
niques have been developed to enhance the efficiency
for the dilepton channels [9, 10] by identifying one of
the leptons purely from its isolated track in the CDF
or DO central tracking system.

3. Single Top Quark Production

The production of a single top quark is possible
through weak interaction, mainly via the processes
pictured in Fig. 3. The cross section for these pro-
cesses are 0:=2.0 pb in the t-channel and o,=0.8 pb
in the s-channel [11]. The total single top production
cross section is not significantly smaller than ¢ pro-
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Figure 1: Summary of the measured top pair production
cross sections measured at CDF.
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Figure 2: Summary of the measured top pair production
cross sections measured at DO .

duction cross section, but is significantly more chal-
lenging to isolate from backgrounds, due to fewer jets
in the final states, and the presence of only one heavy
object, instead of two, for tt.

Single top production is important to search for,
as it allows to test that indeed, as predicted by the
SM, top quarks can be produced via electroweak in-
teraction. An experimental determination of o, and
ot would provide a direct measurement of the CKM
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matrix element |Vy|, since oy and oy are proportional
to [Vip|?. Single top quark production could also be
sensitive to new physics such as extra gauge bosons or
additional quarks [12]. Currently, in absence of sin-
gle top signal, CDF and D@ place upper limits on o,
and oy, which are approaching the region of the cross
sections predicted by the SM for the t-channel. The
latest measurements are summarized in Table I. The
single top signal is searched for in events where the
W boson decays leptonically, therefore giving rise to
a hight pp isolated lepton and high Zr. The s-channel
has two b-quark jets, whereas the t-channel typically
has one b-quark with a light-quark jet. The b-quark
in the ¢t-channel is usually emitted in the forward di-
rection with low pp and is often undetected. There-
fore the two channels have different signatures and the
search for the two channels are carried in general sep-
arately. The dominant backgrounds are t£ and Whb.
The most common analysis method (referred as “2D”
in Table I) relies on discriminants, either likelihood-
based (LH) or neural network-based (NN). For each
channel (s or t) one builds two discriminants Dy be-
tween signal and tf and Dy between signal and Wbb.
Then the expected and observed 2D distributions of
Dy versus Dy are used to derive the limit on o, and
O¢.

q' q
q t
wt w
b t
q' b 9 b

Figure 3: Dominant processes for single top quark produc-
tion: s-channel (left) and t-channel (right).

Table I Upper limits at 95% C.L. on single top production
cross sections obtained by CDF [13] and D@ [14].

Analysis Expected Observed
CDF 695 pb~* LH: t + s 59pb 3.3 pb
1D NN: t+s 5.7 pb 3.4 pb
2D NN: t 4.2 pb 3.1 pb
2D NN: s 3.7 pb 3.2 pb
D@ 370 pb~! 2D LH: s 3.5pb  5.0pb
2D LH: ¢ 43pb  4.4pb
D® 240 pb~! 2D NN: s 45pb 6.4 7pb
2D NN: ¢ 5.8 pb 5.0 pb
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4. Top Quark Branching Fraction to Wb

The top quark decays predominantly via t — Wy,
where ¢ = d,s,b. Flavor changing neutral current
decays of the type t — Vg, where V = ¢, 7, ~ and
g = u,c are or the order of 107!° or smaller within
the SM [15]. Assuming exactly three generations of
quarks, the 3 x 3 quark mixing matrix is unitary, and
using the experimentally measured values of V,,;, and
Vep [16], one obtains 0.9990 < V, < 0.9992. This also
leads to B(t — Wb) ~100%. A deviation from the SM
prediction could arise in the presence of a 4*" quark
generation, or contamination of the sample by other
processes than t¢ . CDF and D@ have both measured
B(t — Wb) by looking at the fraction of tf events
with 0, 1 or 2 b-quark jets. Both analyzes assume that
t — Xgq, where X # W, is negligible. In events with
exactly zero b-quark jets, the S/B is low (~ 1/10), but
it is improved with discriminant techniques (artificial
neural network for CDF and a likelihood discriminant
for D@ ) that uses the kinematic properties of the
tt events. CDF combines both lepton-plus-jets and
dilepton final states, D@ uses only lepton-plus-jets fi-
nal states but fits both the ¢f content and B(t — W)
simultaneously. Both experiments derive lower lim-
its on |Vy| assuming |Vip| = /B(t — Wb). The re-
sults [17, 18] are summarized in Table II. D@ has
also shown that o,; and B(t — Wb) can be measured
simultaneously, which helps to reduce the systematic
uncertainties on the top pair production cross section
and B(t — Wb) [19].

Table II Summary of CDF and D@ measurements of
B(t — Wb) and 95% C.L. lower limits on |Vs].

B(t — Wb) |Vip| lower limit
CDF 160 pb™' 1127027 |V3] >0.78
D@ 240 pb™'  1.037510  |Viy| >0.78

5. W Helicity in Top Decays

In the SM the top quark decays via the V-A elec-
troweak current according to

—'97 5

—by"(1 — Vip|tW 1

2\/5 Y ( Y )| tbl 13 ( )
where the @ operator has the effect of reducing

the b-quark to its left-handed component. In prac-
tice, since the mass of the b-quark is negligible com-
pared to the top quark mass, the top quark decays
predominantly to left-handed b-quarks and by angu-
lar momentum conservation to left-handed W-bosons.
In the SM the fraction of left-handed W’s (f7) is ex-
pected to be ~ 70%, and ~ 30% for fO, the fraction
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of longitudinally polarized Ws. The SM predicts that
the fraction f* of right-handed W’s is 3.6-107%. A de-
viation from these predictions could indicate non-SM
physics such as large CP-violation in top quark de-
cays [20]. The polarization of the W determines the
angular distribution of emission of the lepton in the
W — fv decay. Therefore one approach to measure
f* and 9 is to measure the distribution of cos6*,
where 0* is defined as the angle of emission of the
lepton in the W rest frame, with respect to the top
quark line of flight. D@ uses the observed distribution
of cos§* in 370 pb~! of lepton-plus-jets data (Fig. 4)
to fit the fraction f* [21]. The W polarization affects
the pr of the lepton, since for a left-handed W, cos 6*
is closer to minus one, the lepton is emitted in general
more anti-parallel to the W boost direction and there-
fore has a lower average momentum in the lab-frame
than for a lepton coming from a right-handed W. The
CDF collaboration combines both the observed cos 8*
and lepton pr distributions [22], using lepton-plus-jets
and dilepton events to derive the an upper limit on f+
and a measurement of f°. Results are summarized in

Tab. III.
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Figure 4: Expected and observed distributions of cos6*
for 370 pb™* of D@ lepton-plus-jets data.

Table IIT CDF and D@ measurements of W helicity in
t — Wb decays.

Result
CDF 200 pb~! ft <0.27 at 95% C.L.
f=074505
D@ 370 pb™'  fT =0.08 £0.08 (stat) & 0.05 (syst)

6. Top Quark Charge

It is widely believed that the heavy particle dis-
covered by the CDF and D@ collaborations is the
long-sought top quark. Still, it is possible to inter-
pret the discovered particle as either a charge 2e/3
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or —4e/3 quark. In the published top quark analyzes
of the CDF and D@ collaborations [23], the correla-
tions of the b-quarks and the W-bosons in the reaction
pp — tt — WHTW=bb are not uniquely determined.
As a result, there is a twofold ambiguity in the pairing
of W bosons and b-quarks, and, consequently, in the
electric charge assignment of the “top quark”. In ad-
dition to the SM assignment, t — WTh, "t — Wb
is also conceivable, in which case the top quark would
actually be an exotic quark with charge ¢ = —4e/3. Tt
is possible to make electroweak fits of Z — ¢4~ and
7 — bb data assuming a top quark of mass m; = 270
GeV and that the right-handed b-quark mixes with
the isospin +1/2 component of an exotic doublet of
charge —1e/3 and —4e/3 quarks, (Q1 ,Q4)r [24]. In
this scenario, the —4e/3 charge quark is the particle
discovered at the Tevatron, and the top quark, with
mass of 270 GeV, would have so far escaped detection.

The DO collaboration has reported [25] the first ex-
perimental discrimination between the 2e/4 and 4e/3
scenarios. D@ uses 370 pb~! of data, in the lepton-
plus-jets channel with b-tagging techniques exploiting
the long lifetime of B-hadrons. A very pure tf sam-
ple is selected by requiring events with at least two
b-tagged jets. A kinematic fit is performed on the
events in order to fully reconstruct the ¢t event. The
b- and b-jets are separated using a jet charge algorithm
that combines the py and charge of tracks inside the
cone of the b-tagged jet. The expected distribution of
jet charge for b- and b-jets is largely derived from in-
dependent collider data-samples. Figure 5 shows that
D@ finds the data in good agreement with the SM ex-
pectation, and excludes the 4e/3 scenario at the 94%
C.L.
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4 = Data
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Figure 5: Expected top quark charge distributions in D@

for the SM and exotic scenarios, together with the ob-
served data point.

7. Top Quark Mass

The top quark mass M), is an important parameter
of the SM, since it allows to predict the Higgs mass us-
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ing precise measurements of the electroweak parame-
ters. At Tevatron, the golden channel to measure My,
is the lepton-plus-jets channel thanks to large statis-
tics and significantly better S/B than the all hadronic
channel. The CDF and D@ experiments treat sepa-
rately ¢t candidate events depending on the number of
b-tagged jets, to fully exploit specific features of each
type of events. For instance double tagged events are
fewer, but the S/B is large and the two b-tagged jets
allow to significantly decrease the number of possi-
ble permutations to reconstruct the ¢f events. On the
other hand, events with one or even zero b-tagged jets
are less pure, but have larger statistics. It is optimal
to exploit the specific features of b-tag multiplicity bin
independently and combine them. A relatively recent
development in top quark mass measurements is the
treatment of the jet energy scale. The uncertainty
on Myop in the lepton-plus-jets channel is dominated
by systematic uncertainties. The dominant source is
the jet energy scale. Each lepton-plus-jets event con-
tains one W — ¢q’ decay, giving rise to two hadronic
jets whose invariant mass must be consistent with the
known W mass. This can be used to simultaneously
constrain the jet energy scale as one fits My, to the
distribution of observed M;,,. By carrying out this
2D fit, so called “in situ” jet energy calibration, the
systematic error from jet energy scale can be reduced
significantly, most of it becoming of statistical nature,
and therefore scaling as the square root of the inte-
grated luminosity. A residual jet energy scale system-
atic uncertainty remains due to i) b-jet energy scale,
known to be different at a couple of percents level
from the light-jet energy scale, and #) the extrapola-
tion of the jet energy scale from the W mass to higher
masses.

The currently most performant results from CDF
and D@ are summarized in Table IV. The CDF mea-
surement [26] uses the so-called template method [27].
The DO measurement [28] uses the matrix element
method described in Ref. [29]. The top quark mass has
also been measured also in dilepton and all hadronic
channels [30, 31]. The main measurements are sum-
marized in Figure 6. These results are in good
agreement with the electroweak precision measure-
ments from LEP1 and SLD [32] which yields M;,, =
172.617535 GeV.
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Table IV Current best Tevatron M:,, measurements in
the lepton-plus-jets channel. For the analyzes using the in-
situ jet energy scale calibration, the statistical part of the
jet energy scale systematic uncertainty (JES) is grouped
with the statistical uncertainty (stat).

Measured M;op (GeV)

CDF 680 pb~! 173.4 £ 2.5 (stat + JES) & 1.3 (syst)
DQ 370 pb~* 170.6759 (stat + JES) + 1.4 (syst)

Combined Run I + IT 172.5 £ 1.3 (stat) £ 1.9 (syst)

Best Tevatron Run Il (*Preliminary)
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Figure 6: Summary of measured top quark mass by CDF
and DO .
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