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Abstract. While the top quark was discovered in 1995 at the Fermilalaffen, a decade later
we still have very little information about the top. As theakimst particle yet discovered, the top
quark is interesting in and of itself, but some speculat¢ ithmay play a special role in physics
beyond the Standard Model. With Run 2 of the Tevatron wellamay, we have the opportunity
to study top quark properties with much better sensitiatyd to test whether top quarks behave
as predicted by current theories. This article will focustba basics of top quark physics at the
Tevatron, highlighting only a sample of the many recent meaments, as new results are being
released monthly, and constantly changing the landscaperdiowledge of top.
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INTRODUCTION

After almost two decades of searching, the top quark wadyideécovered in 1995 by
the CDF and D@ [1] experiments at the Fermilab Tevatron. Tlresgfor the top quark
had lasted so many years mainly due to its unexpectedly heasg. Indeed, at175
GeV [2], the top quark is about five orders of magnitude heabian the electron.
Such a heavyweight decays very quickly, with lifetimgp ~ 10-%4s, and width

Moo ~ (15 GeV)~, much smaller than the scale for perturbative QQTRY, ~

(200 MeV)1). The top quark thus decays before hadronizing, freeinginhfthe spec-
troscopy typical of heavy flavor [3]. In addition, its moment and spin are transferred
directly to the decay products, allowing us to learn a greal dboutt kinematics, and
to test our theoretical models.

The large mass of the top also makes it interesting in seafoheew phenomena: the
top quark can probe physics at higher energy scales than krtbe/n fermions. Since
the top mass is remarkably close to the electroweak scaeptlpling to a Higgs boson
would be close to unity. The mass of the top quark is thus a lestreweak parameter.
In fits to existing precision electroweak data, the top qumaass, together with the mass
of theW boson, are key to constraining the mass at which we expecggsHtioson to
appeatr, as illustrated in Figure 1.

Yet some speculate that top may itself play a unique roleestedweak symmetry-
breaking. Several such theories utilize top rather thamadatrd Model Higgs, as in Top
Color [4], which describes the Higgs as a bound state of t@plkegu Other models, such
as SUSY mirror models [5] and Little Higgs [6], predict an amhal, heavier, top-like
quark having similar signatures to the Standard Model topetver top behaves like
a regular up-type quark, or is special in some way, it is cthat this interesting and
relatively new particle deserves careful study as we erploe energy frontier further.
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FIGURE 1. Projected measurement sensitivity (circle) of the top kumass and the mass of th¢
boson for the Tevatron in Run 2 with only 1th The error ellipse from these important electroweak
parameters, shown here for scale only, can be used to ciortbieanass of the Higgs boson in the Standard
Model. Shown also are the constraints from Lep1/SLD and LEP 2

STUDYING TOP AT THE TEVATRON RUN 2

The top quark was discovered [1] only fairly recently: dgriRun 1 of the Tevatron,
which lasted from 1991-1996. During this time, approxirhat®0 pb! of data were
collected in each of the two experiments, allowing solitidmeasurements of the mass
of the top quark, top quark properties, andttheroduction cross section gfs=1.8 TeV.
Yet finding top quark events is difficult. Each experimenelkproduced close to 500
top quark pairs, but for example, CDF had orl@4 tt pairs in the main mass sample.
Statistics were quite limited.

As Run 2 of the Tevatron progresses, we are now able to madeesting measure-
ments, and in some cases, first measurements, of a plethoop guark properties,
many of which are shown in Figure 2. Measurements of prodagiroperties, such as
the production cross-section, possible production by-nngtss resonances, and searches
for electroweak production of “single top” [3] are well umday. Studies of top quark
decay kinematics will give utt spin correlations, and allows us to test the V-A nature
of thetWb vertex viaw helicity. Other decay properties, such as branching ratiaith
and lifetime measurements, and rare decays are increasioegssible as well. This rich
territory will be explored in Run 2 of the Tevatron, and anyeai these measurements
may provide us a window onto new physics.

Improvementsfor Top Physics

In the next several years, the Tevatron experiments arepeekd to exploit the
numerous opportunities in top physics. Run 2 of the Fermilledatron began proton
anti-proton collisions in 2001 at a center-of-mass enefgy'®= 1.96 TeV, higher than
the 1.8 TeV collisions of Run 1. This may seem small, but tesutts in an expected
increase 0~~30% in cross section fdt events. In addition, during the period between
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FIGURE 2. Left: Elucidating Top in Run 2: Most properties of the top quark agmto be measured
with significant sensitivity. Thus the top sector providesgtba rich environment to test Standard Model
hypotheses, and possibly a window onto new phystight: Diagram showing the final state decays of
tt events. Since top decays t&\aboson and & quark, events are characterized by the decay modes of
the twoWs: so-called top di-lepton events, lepton+jets eventsadirithdronic events.

Run 1 and Run 2, both CDF and D@ [7] detectors underwent extengpgrades,
increasing their acceptances for detecting top quark sv@RF improvements include
brand new silicon detectors and a new wire drift chamberrmking, upgrades to the
calorimeter and muon systems, and all new trigger and DA@BYs Improvements to
D@ center on the addition of a tracking system, includinglegka solenoid, along with
silicon detectors and a fiber tracker. In addition, D@ upgdatthe muon system and the
entire trigger and DAQ as well.

One of the largest improvements for Run 2, however, will leititreased datasets.
Upgrades to the Tevatron accelerator complex, such as thévian Injector, and the
Recycler, have improved instantaneous luminosities in Rtenfold. As of September
2005, the Tevatron has achieved record peak luminositiesef 1.3<10%2 cm=2s 1,
and hopes to reach three times that during Run 2. If currefdmeance projections are
achieved, Tevatron experimenters can hope to receive batdvand 8 fb! of integrated
luminosity, which means 40 to 80 times more data than in Run 1.

Because top quarks are currently only being produced atdhation, and with such
strong prospects for studying top at the Tevatron, top gphsisics is one of the most
important and interesting subjects at the CDF and D@ whiltherenergy frontier.

TOP QUARK PRODUCTION AND DECAY

The first thing one might ask in discussing top quark physgc$iow top is pro-
duced. Since the Tevatron is a proton anti-proton colligais of top quarks are pro-
duced through the strong interaction dy scattering £85%) or by gluon-gluon fusion
(~15%). But they are also produced quite rarely. #& = 1.96 TeV, the predictett
cross section is 6.7 pb [8] (Mh=175 GeV), so that one top pair is produced in about



every 189 inelastic collisions, placing even greater importance etecting top quark
events as efficiently as possible.

How else is top produced? In the Standard Model top quark®egmoduced singly
via the electroweak interaction [3]. This process has aipted cross section of3
pb [9] at the Tevatron, but has yet to be observed. If we moyere the Standard
Model, some speculate thitcan also be produced via an unknown heavy resonant
state (usually called generically “X”), or through someeastprocess such as Topcolor-
Assisted Technicolor [4].

To detect top, one needs first to understand how it decaysieliStandard Model,
top decays to 8V boson and & quark basically 100% of the time. We thus discuss top
measurements in terms of final states based on the decayetlwdinine\W boson, since
every top decay containstequark. Figure 2 shows the breakdown of each type of final
state. Top di-lepton events, in which b&ths decay to a lepton andwg are characterized
by two high-pr leptons,Er from thev decay, and two jets from tHequarks. Typically
the leptons in di-lepton measurements are electrons andisntimough measurements
with the messier tau leptons are becoming more common. Theikpton final state
is very clean, and easy to trigger on due to the isolated heptout suffers from its
branching ratio. It represents only 5%totlecays.

In the case of the lepton+jets final state, W@ecays leptonically (again mainlyrey
and one decays to two quarks. The signature is thus a sirigleph lepton, Er, and
four jets. This final state is also easy to trigger on, agaatduhe isolated lepton, but has
more backgrounds than the di-lepton channel, the main oing la&V boson produced
in conjuntion with parton jets. Yet since the lepton+jetaumhel (ef) represents 30%
of tt event decays, it has much larger statistics than di-leptents, and is typically the
most sensitive channel for top quark measurements. ThedHenic final state, where
bothW bosons decay tqq, is the most difficult: 40% oft decays into this channel, but
the six-jet signal is swamped by QCD backgrounds. Measum&sne this channel are
not as sensitive, as they require hard cuts, and hencdistatEmain an issue.

Finding Top Quarks

With improved detectors, higher cross sections, and iseaatasets, our top sam-
ples are larger than ever. Yet there remains the difficultyepfaratingt from the main
backgrounds, which for the di-lepton are di-boson, DrelhYand fakes, and for lep-
ton+jets are largelyW+jets. The initial requirement is to identify a high-p oru. Fur-
ther requiringEr and multiple jets gives us a predominantilike sample. To separate
outtt events, traditionally one exploits the fact that top evahisys decay to b quark.
One then uses algorithms to “taj“quark jets in an event, taking advantage of the fact
that theb quark has a lifetimer ~ 450um, and so can travel3mm before decaying.
This means that-quark jets contain tracks that point back to a displacetexeil here
are several methods of tagging such jets. The most commoefticiént is to take ad-
vantage of the track resolution of the silicon vertex detectFigure 3 shows a sketch of
a displaced vertex fromlajet, alongside the CDF efficiency to tagpaguark jet in top
events as a function of jetifHor the silicon vertex-tagging algorithms.
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FIGURE 3. Left: Cartoon of éb-quark jet, showing tracks that point back to the jet’s seleon vertex,
caused by the long lifetime of thequark.Right: CDF’s measured efficiency for taggingoget inside
top events as a function of jetrEusing the silicon vertex tagger.

Other methods of taggind jets are used to find top, as well. The “soft lepton
taggers” take advantage of semi-leptonic b quark decayshwdreate jets containing
relatively low energy muons and electrons. The “jet proligbitagger algorithms
define a probability that tracks in a jet point back to the mynvertex of the event. One
can then look for low probability jets, which will belajet-enriched subsample. Once
ab jet is selected, much of th&/+light quark events are removed, and the dominant
background is the much smalMf+heavy flavor processes, suchvesbb.

Some top quark analyses do not require-tag in selecting top events, however. In
this caseW+jets backgrounds are higher, but techniques are beingdstiindistinguish
top events from background. These are so-called “kinefhatitopological” methods,
in which kinematic and event shape variables are used toimiisatett events from
background. Such methods include forming likelihood fitewent shapes, training neu-
ral networks, and forming other similar discriminants. $&éopological measurements
are increasingly common and are achieving very good seitigis.

Top Pair Production Cross Section

In discovering the top quark, one of the first things measwasl the cross section:
the rate of production dft pairs. Run 1 measurements.@5=1.8 TeV were statistics
limited. In Run 2, D@ and CDF have novediscovered top by measuring the cross
section again, now with three times the data, and at the hicgr@er-of-mass energy.
Measuring the production rate well is important in achigviall understanding of the
top sector. If higher cross sections than predicted are, $ieisrcould be a sign of non-
standard model production mechanisms, such as resonsmpstauction (%- tt), or
perhaps anomalous couplings in QCD. Yet it might also meanttp is as expected,
but that there is new physics lurking in our top quark samptésiickingtt.

b-Tagged Cross Section. After requiring at least one taggédjet in the selected
W+jets samples, the sample is greatly reduced. To measurattef production, one
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FIGURE 4. Measurement of thié production cross section in the lepton+ijets final stategi366 pb !
of D@ data. Left: Jet multiplicity distribution of data (pds) compared to Standard Model backgrounds
and top for events having a sinddeagged jet (left) and those having bdtlguark jets tagged (right).

then basically counts the excess of events over other bagkds, including mistags,
with high jet multiplicity (traditionally 3 or more jets) amnodeled in Monte Carlo and
data. A recent preliminary measurement from D@, shown iruféig}, separates the
samples into events with exactly three reconstructed gtd,those with at least four
jets. These are further separated by lepton type (€ oand then into events containing
a single tagged jet, and those where both jets fromtt decay have been tagged.
Exploiting the different signal-to-background (S/B) oke#He eight samples, they are
placed in a joint likelihood and fit for the best cross section365 pb !, D@ measure
a cross section of 8/43(stat + sys) +0.6(Iumi) pb, in agreement with the Standard
Model prediction of 6.7 0.42 pb at Mep = 175 GeV.

Kinematic Cross Section. By not requiring ab-tagged jet to select top events, the
full statistics of theW+jets sample may be used, but at the expense of higher back-
grounds. Yet recent multivariate methods exploiting kiaéimand topological variables,
as mentioned above, have shown very good sensitivity, ¢toHeat achieved using-
tags. In addition, such methods provide a way to measureutagkgroperties indepen-
dently of the number ob tags (or heavy flavor content). If results don’t agree betwee
the two samples, it may indicate a problem with bhtagger or the kinematics, or it may
mean there are unexpected processes contributing to ohe samples, such as a new
source of physics enhancing the heavy flavor conteW +jets.

A recent measurement by CDF, also in the lepton+jets finté siges seven discrim-
inating variables, including energetic variables such astHe total scalar transverse
energy in the event, and topological variables, such asgetigorapidity (maximum
In]), to separate top from background. These distributiomsiaed to train a neural net-
work to distinguish top from the dominaxi{+jets background, as shown in Figure 5.
The neural network output variable (where a high value sprestt-like events, a low
value representd/+jets-like events) can be used to form templates with whodit the
data. In 350 pb! of data, CDF measuretaproduction cross section of 600.9+ 1.0
pb, in very good agreement with theory.
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FIGURE 5. Left: Output distributions, normalized to equal area, from apstmeural network trained
to separate top events from backgroundtfoMC, W+jets MC, and QCD multi-jet backgrounds, taken
from data.Right: 350 pb ! of CDF data fit to the neural network templates, indicatirag thconstitutes
about 15% of the 3 or more jets sample.

Search for Single Top Production. Although measurements of pair production
are increasingly refined, electroweak production of theqogrk remains unseen. This
mode is called “single top”, as only one top quark is produati anotherb quark
through théwtb vertex. Measurement of single top quark production couldided to
constrain the CKM matrix element|, to study the properties of tA&tb coupling,
and to probe the PDF of tHequark directly. Single top production can also be used to
constrain many models of new physics [10], such as the existef a fourth generation,
FCNC (t—Z/y* c), a new charged gauge bosat (Top Flavor), and more. Yet finding
single top is much more challenging than findthgairs due to the smaller cross section
(s-channel: 0.88t 0.11 pb,t-channel: 1.98+ 0.25 pb) [9], as well as the increased
backgrounds in the two-jet final state.

The best limits on single top production to date come frontameD@ analysis of 370
pb~! of data. The signature requires a highgor u and Er from theW boson decay,
along with two or three jets, at least one of which is tagge@ aget. A likelihood
discriminant method is used, in which uncorrelated topiclaigvariables are used to
form a single discriminating variable. Since thehannel and-channel processes have
different topologies, separate likelihood discriminaate used. In addition, separate
discriminants are formed for the mainandwW-+jets backgrounds, again due to differing
topologies. The samples are separated further into ejefets channels, and single-
and double-tagged events, due to the different signaktddround ratios. This leads to
16 separate likelihood discriminants. Figure 6 shows te&itutions fortt andw+jets
discriminants for thes-channel only. As the number of data events in each sample is
consistent with background only (within errors), the résgl expected/observed 95%
CL upper limits on the single top quark production crossisaestare 3.3/5.0 pbs{
channel) and 4.3/4.4 pb-¢hannel). Using this method, it is estimated that sevéral f
of data are needed to finally observe single top production.
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FIGURE 6. Data to Monte Carlo comparison of the discriminant distitms for combined e+jets and
u+jets channels in the double-tagged sample instbbannel single top search. Comparison fortthé
filter (left) and for thetb/W+jets filter (right).

Top Quark Mass

As previously discussed, the mass of the top quark is an tapiglectroweak param-
eter, and is one of the most anticipated measurements freffievatron. Yet precision
top mass measurements are difficult. Background contaimimedn introduce biases in
the mass sample. Statistical precision is affected by peicenergy resolution, and by
combinatorics. In the lepton+jets final state, for example,have 24 combinations of
assignments of jets to partons when reconstructing the gsmncluding a two-fold
uncertainty on the neutrino momentum z-component. The auatibns are reduced by
requiring one or twd-tagged jets, but this also reduces our statistical sarBgtematic
uncertainties on the mass are dominated by knowledge oktrengrgy scale. Predic-
tions of how well we can measure the top mass at the Tevatren, hecessarily depend
on how we can improve our knowledge of the jet energies as wrease statistics.

Methodology. The technology for measuring the top mass has improved $irgce
initial Run 1 measurements. The traditional “template” Inogls involve requiring at
least oneb tag, then associating the jets and leptons with each oth@mmanner that
approximates th&/ mass, and such that the top and anti-top quarks have siméss.m
A chisquare is formed taking into account these constraamd the combination with
the lowest chisquare is chosen to be the correct one. Usisgdbonstruction, Monte
Carlo templates with different mass assumptions are fitéaltta to find the best mass.

A late D@ re-analysis [11] of the Run 1 top mass data utilizetee category of
methods, known as “matrix element” methods. On an evergdayt basis, a probability
is formed by building the matrix element using propertieshef measured event, then
convoluting the PDFs as well as a detector response funclioa probability varies
as a function of assumed top mass, allowing the best value tdebermined. These
techniqgues utilize each combination of every event, so mm@vare thrown away, but
those that are poorly reconstructed have lower weight.

Current Best Top Mass. Both CDF and D@ have several Run 2 mass results in
the dilepton and lepton+jets channels using template mdsthmatrix element meth-
ods, and other similar techniques. While the matrix elenreobnstruction methods
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show promise to be the most sensitive, the most precise rassk for summer 2005 is
with 320 pb ! of CDF data, using a unique template method. The silletegged lep-
ton+jets sample was divided into four subsamples by the rurafb jets found: zero
tags, one loose tag, one tight tag, and two tags. This takemntabe of the different
S/B in each sample. In addition, the invariant mass of thejet®from theW boson
was reconstructed for the folrtagged samples as well, where any two-jet combina-
tion having nob tags enter the di-jet mass distributions. Monte Carlo teesl were
formed for both the reconstructed top mass with differingsnaypotheses, and for the
W di-jet mass with varying jet energy scale hypotheses. Theritass samples, along
with the fourW di-jet samples, were placed into a joint likelihood and fihsitane-
ously (Figure 7). This provided a best fit to the top mass asageh best value for the
jet energy scale, thus reducing the systematic error duleet¢et energy scale signif-
icantly. It is currently (2005) the world’s single most pige top mass measurement:
Miop = 173.5+ 3.7 (stat+JES) 1.7 (syst) GeV/¢. With only 320 pb! CDF reports
an uncertainty of 4 GeV, compared to the Run 2 projections e8aseV uncertainty
with 2 fo~1. Both CDF and D@ can thus expect to do quite a bit better thayinatly
expected as the Run 2 data become available.

For summer 2005 conferences, CDF and D@ made two consetofiveass com-
binations of best measurements as they were released. Bhedmbination, and sub-
sequent to PIC '05, is available on archives [12]. This newldvaverage gives Mp
= 172.7+ 2.9 GeV/&. Figure 8 shows the resulting constraint on the StandardeMod
Higgs mass using the new world average, along with predtistad the future precision
for the top andV masses for the Tevatron, the LHC, and eventually, the ILQ. [13

CONCLUSIONS

With datasets more than triple those of Run 1, Run 2 top quaksurements are well
underway. Results fdit production cross sections are becoming quite precise,and t
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mass measurements have succeeded beyond prediction thamfge top production,
however, has yet to be observed, and looks to be more difflwatt originally projected.
Yet many other measurements [14] of top production and deagyerties are beginning

to achieve interesting sensitivities. New results for neswe production at are avail-
able, for example, as well as f@f helicity in top decays. Some measurements that have
never been made, such as top lifetime, are also in progrbsdahdscape for top quark
physics is extremely exciting in the next few years, and ealhtinue to be well into the
LHC era, where top will be produced in large quantities. Weehauch to learn about
this very interesting quark, so stay tuned: top quark resuk streaming out again.
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