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Abstract — We discuss here some of the most recent and relevant meaiseobtained at the
Tevatron, mainly from the CDF Collaboration. Special caggr will be given to the methodologies
used, the sensitivities and the results expected in thefurxe.

1 Introduction

The two Tevatron experiments, CDF and DJ , have exploredatetst 15 years (and more in the case of CDF) the
vast phenomenology of hadron collider physics, providiisgalveries and measurements. These results have been
achieved with the help of selected triggers, specific amatpels and dedicated methodologies. In this paper we
discuss some important results obtained in different secémd the sensitivity we could reach a couple of years
from now when LHC will probably reach design performances.

Some of the techniques and metodologies employed by CDF gnahight be fruitfully used by CMS and ATLAS
future analyses. Also, some of these measurement will gecaibenchmark to help calibrate their detectors and
algorithms.

1.1 Tevatron performances

The Tevatron is @p collider working at the highest center-of-mass energyentty reachable,/s = 1.96 TeV.
With respect to the 1990-1996 conditions (i.e. the so-ddRen 1) the instantaneous luminosity has been incre-
mented by one order of magnitude or more, mainly with the loélp recycler ring which enables higher anti-
protons currents. During the last 5 years of the so-callet IRihe instantaneous luminosity has reached indeed
a record peak 02.2 x 1032 cm~2 s~!. As of September 2006, the integrated luminosity delivenedunted to
1.7 fb~! while the luminosity collected individually by the two exjraents was only slightly smaller, 1.58.

The statistics expected for the near future is of 4'fby the end of 2007 and, if the performance of the Tevatron
remains the same, between 6 and 8'fiby the end of 2009.

1.2 CDF and DO detectors

Two detectors, named CDF [1] and DO [2], sit at the two Tevatrollision points. With the inclusion of tracking

in Run Il for DO, the two detector have become quite similathifeaturing a solenoidal magnetic field, a silicon
microvertex detector, electromagnetic and hadronic sakters and muon detectors. The trigger and the data
acquisition systems have been designed with the capadildgaling with high rate triggers.

Given the similarities in the detectors, and the feed-batlwben collaborations, the analyses and measurements
performed by the two collaborations are sometimes condueith similar techniques and lead to similar results
which, in the case of important quantities like the W bosotoprquark masses, are indeed combined. In order to
simplify the discussion and to avoid duplications, we wélbort here mainly on the CDF results.

1.3 The Tevatron physics program

The physics program conducted at the Tevatron is vast andaeed both the Standard Model and QCD phe-
nomenology. Other exotic fields, like Supersymmetry, atadexplored but no specific observation is currently
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made. A typical organization of the analyses (and also ofvibiking groups) derives naturally from the produc-
tion cross sections of different processes, as shown inlkiBrocesses with the highest cross sectiori( mb)
concern inelastic processes. The corresponding secternetl “QCD” and treats essentially the production of
jets. Cross sections of the orderof10ub are instead typical of the production®hadrons. The corresponding
physics is named “heavy flavor physics” and deals with lifets, spectroscopy and also CP mixings and oscilla-
tions. Electroweak processes, like the production of W arb&ons, occur with cross sections of about 1 to 10
nb, and represent the domain of the “electroweak physids&.tdp quark, discovered at the Tevatron, is produced
in pairs, with an even smaller cross section, of about 7 pbptioduction of single top is expected with about half
the cross section and has not yet been observed. “Top phisitamed the corresponding sector. New and exotic
phenomena might appear with cross sections of the order bfa fess and are generically considered under the
“New physics” label. Most important of all in this set is thiditygs boson search”.

The program accomplished so far includes, among otherghing

¢ the measurement of fundamental parameters of the StandaadlMike the mass of the W boson and of the
top quark;

e the measurement of the production of heavy flavored hadibes, spectroscopy and decay, lifetimes,
branching ratio and the occurrence®f and B, mixing and CP violation;

¢ the study of the parton distribution functions;
e the measurement of the cross sections for the production@hd\Z bosons and of pairs;

e the search for new physics, including Supersymmetry, editreensions and of course the search for the
Higgs boson.
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Figure 1: Typical cross sections for the main processesymextiat the Tevatron (as a function of the Higgs boson
mass).

2 Top physics

The discovery of the sixth quark, the top quark, by the CDFaf8] DO [4] experiments in 1995, is one of the major
achievements of physics at the Tevatron. That discoverybhan achieved with only 110 pb, corresponding
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to about 30 events per experiments. Now, 11 years later,ntoiat of data has increased by a factor of 10 and
even more is expected by the end of the run, allowing precessorements of the top quark properties like mass
and cross section. Until the turn on of the LHC, the Tevatrdhlve the only place where one can study such

properties.

At the Tevatron the top quark is produced mainly in pairsx 7 pb); the production of single top is expected
with smaller cross sectiorr(= 3 pb) and has not yet been observed. Apart from the most impagteantities

to measure, like the cross section and the top quark mastyjsguthe top production and decay provides insight
into the possibility for new physicgi(resonances) or anomalous couplings, along with measutsmigthe CKM
matrix elementl;,. The special interest devoted to the top physics lies in dloe that the top quark is indeed
peculiar because it decays before hadronizing (unlike thghé&r quarks). This means we expect no spectroscopy,
but on the other hand the spin of the top quark might be trarexféo the decay products introducing correlations
in the emission direction of the decay products. In addjtipven its heavy mass, the top quark plays a main role
in electroweak symmetry-breaking models, its mass beingected to the Higgs boson mass.

2.1 Cross section measurements

The measurement af the production cross section is important because is a febedStandard Model, and
deviations from what expected might be indication of newsits; like for instance the production of a resonant
statett, or of the possibility for anomalous couplings.

The measurement of the cross section is in principle a sitapleand consists in counting an excess of candidates,
n, with respect to a predicted backgrouhd,

Ot = c L
wherece is the total selection efficiency and the integrated luminosity. The challenge lies instead Iacdimg
candidates with both a good efficiency and a good signal caekdround rate, S/B, and in the accurate estimate
of the expected background.

Different topologies are defined considering the numberigh4#r leptons (basically or 1) found in the final
state. The “dilepton” topologyeg, uu or en) has tipically a negligible background but at the same tinsenall
yield, given the small branching rati®,R = 9%. The “lepton + jets” topology has a larger rafe R = 30%) and

a good S/B, representing the golden channel. The “all-hadtdinal state, with only jets and no higRr lepton
has the largest yieldBR = 44%) but unfortunately suffers from a huge background. To iaseethe collected
signal a fourth topology has been considered, called “ME&ts”j which requires large missing transverse energy,
to cover the cases including one or2 in the final state (or whea or y fail the identification cuts).

With the help of specific selections based on kinematicahtjties (sometimes using neural networks) and on
secondary vertek-tagging, accurate measurement have been obtained faffaietit channels [5]. The accuracy
reached at CDF on the cross section, see Fig. 2, is of about@dé#bbination with DO measurements is underway.

If we consider the current sensitivities and extrapolatgprly statistical and systematic uncertainties, the ffewa
goal for 2 fo~! is a 10% precision on the cross section for each experiment.

2.2 Mass measurement

The top quark mass is not only a fundamental parameter oftdrel&rd Model, but has the additional importance
of entering electroweak radiative corrections providiiggnt constraints on the mass of the Higgs boson. The
design goal for Run Il was to reach a precision of 3 G8With 2 fo~!. Such a goal has been already obtained
with half the statistics. We expect now the Tevatron to remthGeV,? precision even before LHC.

The measurement of the top quark mass is a difficult one bedhedinal states contain several jets which need
to be assigned to the quarks in the decay chains W+bIW~b whereW — (v or W — qq’. The inclusion

of all assignment permutations of jets to quarks introdacesmbinatoric background. This is made even more
complicated by the inclusion of initial and final state rdidia which leads to the production of additional jets. To
overcome these (and other difficulties) several approauéesbeen introduced.

One approach, based on the “matrix element” techniqueuated the probability that a given event, with given
values for the kinematical quantities, is a signal evenbeiased to a specific value of the top quark mass,
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Figure 2: CDF measurement of thigproduction cross section for different topologies.

Such probability is defined as

Proe. My, JES) = = [ dardaa (@) Fa)do (. Mi)W (., JES)

where f(¢;) are the parton distribution functiondg the differential cross section in terms of the true gedf
kinematical quantities, antd’ represents the transfer function from the true ¢0 the measured sat An
important role in this definition is played by the uncertgioh the absolute jet energy scale which enters through
the paramete/ ES. JES is a free parameter which can be constrained to provide gihe W boson mass values.

A similar probability, P4, is defined for the background, removing of course the degreelifromi/;. A global
likelihood

Nevts

L(frop, My, JES) H (ftopProp,i(M, JES) + (1 — fiop) Poka,i(JES))

is defined as a function of the fractiof},,, of signal events; through its maximization, over all caladée events,
the best value of the top quark mass is obtained.

A different technique, called the “template method”, udes ieconstructed top quark mass, as obtained from a
kinematical fit minimizing (for instance in the “lepton +’j@ase) ay? quantity defined as:
2 _ (P} — P})’ (PFF — PEP)?
I T
i=1,4jets v j=z,y J
(mj; — Mw)*  (me, — Mw)? L (e — M;)? L (moe — M;)?

T T2 T2 T2

whereP% are the measured values of the jet transverse momefita,are the x-y components of the underlying
eventl'y = 2.1 GeV/c? is the natural width of the W boson afiy = 1.5 GeV/c? is the assumed natural width
of the top quark, anan are the 2- or 3-body invariant masses. The distributionshiferreconstructed top quark
mass for signal and background events become “templateshwhodel what expected from signal, see Fig. 3,
and background events. These templates are translategriitability density functions which, for the signal,
are parametrized in terms of the input top quark mass, aret arikelihood function. The maximization of such
likelihood in terms of the free parameters, the number afaignd background events, and the input top quark
mass, for the set of candidate events provide the best valine top quark mass. In the likelihod definition one
might account for the/ ES uncertainty by including a template for the reconstructetdd¥on mass. In this case
the constraint on the W mass will reduce drastically theesystic uncertainty related to the uncertainty on the jet
energy scale.

The (currently) best CDF mass measurement is obtained ifigh®n + jets” channel with a simultaneous fit of
theW — jj andt — bjj masses using a 2-dimensional template for the top quark ambthe deviation from
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Figure 3: Reconstructed top quark mass templates for sigttalifferent values of input top quark mass.
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Figure 4:A ;gs vs the fitted top quark mass for “lepton + jets” events.
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the nominal jet energy scald ;zs, as shown in Fig. 4. In this case CDF measures\[l= 173.4 + 2.5(stat. +
JES) £ 1.3(syst.) GeVic?.

The template method, in the 1-dimensional version wittyi6 fit , has been applied successfully to the difficult
“all-hadronic” events, see Fig. 5, where CDF measuresf7}= 174.0 & 2.2(stat.) + 4.8(syst.) GeV/c2.

CDF Runll preliminary L=1.02 fb !

Figure 5: Fitted top quark mass compared to signal and baakgirfor “all-hadronic” events.

Other techniques and different channels have been explbiteaCDF [8] and D@ [9] as shown in Fig. 6. The
combined Tevatron measuremenfli§ = 171.4 + 2.1 GeV/E (including both Run | and Run Il measurements,
and accounting for correlations) with a 1.2% precision.
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Figure 6: Top quark mass measured by CDF and DO in differearmls.

2.3 Single top

The single top production, via electroweak interactiomdsvely studied, but represents a real challenge because
of the lower yield and worse S/B with respect to pair produrtiin fact, the single top kinematics lies in between
that fortt and background events. Sophisticated techniques arentiyrbeing employed, essentially using neural
networks and multivariate likelihood functions, but sotiarsignificant observation has been obtained. Exclusion
limits are currently set, but CDF expects the capabilitysgfing 880 excess with 1.5 fb! (disregarding systematic
uncertainties).

3 Heavy flavor physics

The latest achievement obtained by CDF in the sector of hBawgr physics is represented by the measurement
of B; oscillations due the expected mixing Bf and B, states.
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3.1 B, mixing

To measure thé, mixing 5 steps are needed (see Fig. 7):

1. Isolate as manyB; candidates as possible. This is obtained with the help afgdr on secondary vertices.

2. Extract theB; signal, considering exclusive hadronic decays (e— D7) and inclusive semileptonic
ones (likeB! — D}/¢v). The decay flavor is inferred from the decay particles ofdbeayingB; (“same-
side tag”, SST) or of the othé3, (“opposite-side tag”, OST).

3. Measure the proper decay time, using precise measur@miet distance between primary and secondary
vertices.

4. Define theB, flavor at production time, using particle identification.

5. Measure the asymmetty, between mixed (same flavor for baly’'s) and unmixed (different flavor) events.

The asymmetry is defined as
A _ Pnomim - Pmmc
Pmiz + Pnomiw
whereP,,.mi. (Pniz) represents the decay probability for events without (witixing, and is expected to oscillate
as a function of the proper decay time The oscillation frequency is a measure of the mass diffargfym,
between the twd3; mass eigenstates.

x cos(Amyst)

I

Figure 7: Schematics of thB, mixing.

When measuring the observed asymmetry one needs to cotigdeffect of the detector in terms of efficiencies
and resolutions. This reduces strongly the amplitude ofathemmetry, as shown in Fig. 8. With a Fourier-
transform to the frequency domain, the amplitude is obthfiee given values ofAm,. A scan inAmg should

give amplitude equal to one for the reéin, and amplitude equal to zero otherwise. From the scan shown in
Fig. 9 CDF measures [1Qym, = 17.77 + 0.10(stat.) £ 0.07(syst.) ps~!. The significance of the measurement
is quantified as &.40 effect. Such an observation is in agreement with a limit sevipusly by D@ [11] of

17 < Am, < 21 ps~! at 90% confidence level (450 effect). This newB, mixing measurement adds strong
constraints to the CKM unitarity triangle.
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Figure 8: Asymmetry oscillation expected for an ideal dtegeft) and a realistic one (right), as a function of the
proper decay time.

3.2 Other measurements

Other important measurements in the heavy flavor sectandiecl
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Figure 9: Amplitude scan, as a functionffn.

e the spectroscopy dfhadrons, the measurement of lifetimes and branchings;atio
e the observation of exclusive and rare decays;

e searches for flavor changing neutral currents.

4 Electroweak physics

One of the most important measurements in the electrowesrss the measurement of the W boson mass. In
fact the W boson masg/y, enters, together with the top quark ma&s,, electroweak loop corrections linked
to the mass of the Higgs boson. Very precise measuremeiit§iofind of M, will give hints on the mass of the
yet-to-be discovered Higgs boson.

4.1 Measurement of the W mass

The value ofMyy is obtained from a precision fit of the Jacobian peak offthransverse mass (see Fig. 10) and
a major role in the measurement is played by a precise mapedithe recoil particles (i.e. what recoils off the W
boson) and an accurate determination of all systematicrtaioges. Currently the LEP2 measuremeni\éfy, is
more precise than the Tevatron Run | measurement (100)p@he full Run 1l statistics has not been exploited
yet, but the expectation is to reach soon (for 2'fpa sensitivity (per individual experiment) of the order 620
MeV/c?, see Fig. 11, better that the average LEP2 value of 35 MeWhese sensitivities have been obtained by
extrapolating the Run | measurements and considering dyape uncertainties which scale with the luminosity
(like the statistical uncertainties) and those which doswuate (like parton distribution function dependence and
next-order theoretical calculations)

500

Figure 10: Transverse mass of the lepton-neutrino pair.

4.2 Additional measurements

Other important electroweak studies include

o the forward-backward asymmetry for the Z production;
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Figure 11: Sensitivity expected dly, for each experiment.

¢ the charge asymmetry for the W production as expected frerfivth asymmetry, sensitive to andd quark
distributions;

e the direct measurement of the W width;

e the WW and WZ production, and the search for anomalous cogsli

5 QCD
One of the most important results in the QCD field is the stuidii@inclusive production of jets and the measure-
ment of the corresponding cross section.

5.1 Inclusive jet production

Jets can be obtained clusterizing the energy deposit indlwimetric towers with different algorithms (fixed
cone, midpoint,Kr-algorithm). Each algorithm has different features, thelpoint one for instance has the
benefit of being collinear/infrared safe, enabling a bettanparison to the theory. Differential cross sections
are measured [14] for instance for central jets (i.e. jeth wapidity smaller than 0.7 units and falling in the
central portion of the calorimeters), as shown in Fig. 12e djreement between the measurement and the next-
to-leading order calculations is good over 8 orders of mtaglei, providing support for the theoretical calculations
and constraining the parton distribution functions.
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Figure 12: Differential cross section for the productionredflusive jets.

5.2 Additional studies

Other QCD processes of interest regard:

¢ the production of W or Z bosons in association to 1 or more jets
o theb-jet cross section to study the goodness of NLO calculations

¢ the production of high?r photons, with which one can constrain the gluon partonidigion function at
high x.
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6 Higgs boson search

A big effort is currently underway at CDF and DO to search feidence of the Higgs boson. At the Tevatron
energies the cross sections for the production of the Higg®i, alone or in association to other particles, is
indeed very small, and decreases as the Higgs boson tagsincreases. For instance fot0 < My < 140
GeVIc? the associate productidif H + Z H has a cross section of about 100 to 300 fb. For such a massahter
the Standard Model dominant decay of the Higgs boson wouldtbea bb pair. The direct productiong — H
has a one-order of magnitude larger cross section, Biit-a bb — j; final state would be swamped completely
by QCD multijet events. Only for40 < My < 180 GeV/c?, when the decayl — W W dominates producing
more than 2 jets, such production can be pursued with some hop

The (low mass) signature of main interest are then:

e ZH — vubb; the final state is expected to have no highlepton, large missing transverse energy (typically
> 100 GeV) and 2b-jets. This channel is expected to be the one with highekt.yie

e WH — (uvbb; the final state contains one high- lepton, significant (typically> 50 GeV) missing trans-
verse energy, and &jets. This channel has the highest production cross sechiot we expect lower
selection efficiency.

e ZH — (+¢bb; in this case we expect 2 highy leptons forming the Z mass, andbdets. This is the
cleanest channel.

Due to the very low cross sections, both experiments areemsitive (yet) to observation and can only set exclusion
limits, as shown in Table 1.

Table 1: Upper limits on the Higgs boson production crosteedor CDF [12] and D@ [13] in different channels,
for My = 115 GeV/c?. Also shown, in parentheses, is the factor with respecté®tiandard Model expectation.

Channel CDF DY
ZH — vvbb 1.1pb(14) 3.4pb(41)
WH — fvbb  3.4pb(23) 2.4pb(16)
ZH — 0bb  2.2pb(27) 6.1pb(75)

At present, about 25 different measurements performed by &1id DG in different channels, are being combined,
using samples ranging from 200 to 1000 pbThe 95% confidence level upper limit on the cross sectioigeld
by the Standard Model cross section, is shown in Fig. 13.

Tevatron Run Il Preliminary

det:0.3—1.0 o'

95% CL Limit/ SM
ed

Figure 13: Upper limit on the cross section divided by then88ad Model cross section, as a functiom\df;.

As seen in this plot, the Tevatron sensitivity is a factor dftbabove the Standard Model for0 < My < 200
GeV/c2. We hope to increase the sensitivity by adding more stesiga factor of 8 more data by 2009?), and
applying known improvements to the current analyses, lereled coveragletagging and better jet resolution.

7 The femtobarn era

The physics program conducted at the Tevatron in the Stdridadel frame is very rich and fruitful, and the
statistics collected so far, about 1fh enables CDF and D@ collaborations to make precise measuteoh
some fundamental quantities (like the top quark and W bosasses), while at the same time provides some
sensitivity to rare or unexpected processes.
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We have summarized here the most important results obtainesch one of the major physics sectors, i.e. “top
physics”, “heavy flavor physics”, “electroweak” process€¥CD” production and, last but not least, in the “Higgs

boson search”.

The expected new data, which hopefully will increase thelavke statistics by a factor of 8, along with future
improvements in algorithms and tools, and with better catibns of the detectors, should determine quite an
increase in sensitivity to processes having cross seaithe order of 1 pb. Hopefully this will provide some hints
on the Higgs and Supersymmetry sectors or on the search afasewances. The CDF and D@ collaborations are
dedicated to pursue with attention this exploration tiél tbrn-on of LHC.
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