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1. Introduction

The establishment of the presence of the electroweak production of sapgtiarks inpp
collisions is an important goal of the Tevatron program. The reasontufdyiag single top quarks
are compelling: the production cross section is directly proportional to tharepf the CKM
matrix elementV;p| [, and thus a measurement of the rate constrains fourth-generatiogisnod
models with flavor-changing neutral currents, and other new phenofferfeurthermore, under-
standing single top quark production provides a solid anchor to test thesat@chniques that are
also used to search for Higgs boson production and other more speeplagnomena.

In the SM, top quarks are expected to be produced singly throwdtannel ors-channel
exchange of a virtudlV boson. This electroweak production of single top quarks is a really difficu
process to measure because the expected combined production ctioss(gg,; ~ 2.9 pb [3,[4])
is much smaller than those of competing background processes. Alsoeenpe of only one
top quark in the event provides fewer features to use in separating ted figm background,
compared with measurements of top pair productity Which was first observed in 199§ [5].

Both the CDF and DO collaborations at the Tevatron have published e@idensingle top
quark production at significance levels of 3.7 and 3.6 standard deviatesgectively [6}[7]. More
recently both collaborations have reported observation of single tof guaduction [8,[P], this
document describes the latest analyses done using 3'2ftata collected with the CDF I[TL0]
detector leading to the observation of single top quark production.

2. Event Selection and Backgrounds

For the analyses shown here, we assume that single top quarks aveeudd thes- and
t-channel modes with the SM ratio, and that the branching fraction of theuiax goW bis 100%
(corresponding tfvip| >> |Ms|, [Miql). For most of the analysis channels, we seek events in which
theW boson decays leptonically in order to improve the signal-to-backgrouiud ra

The basic event selection is based on seledtifify +jets events, wheréis an explicitly re-
constructed electron or muon from téboson decay. This lepton is required to be isolated from
nearby jets and to have large transverse momengm; 20 GeV. The presence of high missing
transverse energiy > 25 GeV, and two or three energetic jes, > 20 GeV, are also required. At
least one of the jets has to be identified as a jet coming froryaark.

The background has contributions from events in whigl boson is produced in association
with one or more heavy flavor jets, events with mistakdntggged light-flavor jets, multijet events
(QCD),tt production, diboson processes, afiget events.

The expected number @fiEr+jets events as a function of the number of jets for the signal
and each background process is shown in[Fig] 1(a). The two and &eejéibins are used for the
search of the single top signal. From this figure, it is clear that the signaldem under huge and
uncertain backgorunds which make counting experiments impossible.

3. Multivariate Analysis

To overcome these challenges, a variety of multivariate techniques faragieyy single top
events from the backgrounds have been developed as described belo
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Figure 1: (a) Expected number @i +jets events as a function of the number of jets for the si¢eal)
and each background process; the dashed band is the untseitiaihe background predictions. (b) CDF
discriminant output distribution of the combination of thé +jets analyses.

3.1 Likelihood Function (LF)

A projective likelihood techniqud [11, 112] is used to combine information femveral input
variables to optimize the separation of the single top signal from the baakdgotiwo likelihood
functions are created, one for two jet events, and one for three jatsewéth 7 and 10 input
variables, respectively. Some of the input variables used are: the talal sum of transverse
energy in the evertir, Q x n [L4], the dijet mas#;, cod; [3] and the t-channel matrix element.

A new separate analysis dedicated to the search for single top quaticpordn the s-channel
is also performed using this technique (LFB)[13]. In this case, the likelifwuetion is optimized
to be sensitive to the.channel process using the subset of#Hgr +jets sample with twd-tagged
jets.

3.2 Neural Networks (NN)

This approach[[16] employs neural networks which combine many vasiahie one more
powerfull discriminant and have the general advantage that correddi@ween the discriminating
input variables are identified and utilized to optimize the separation power &etsignal and
background.

Four separate networks are trained to identify different signals in disarmples using sim-
ulated events from the common samples described previously. The news®kisl to 18 input
variables. Among the most important ones @e n, Mjj, cosj, the invariant mass of thevb
systemMy,p, and the output of a jet-flavor separator dedicated neural netjvdfk [17

3.3 Matrix Elements (ME)

The ME method [[18] relies on the evaluation of event probability densitiesifpral and
background processes based on calculations of the standard méetelrdiél cross section§ J[1L9].
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We construct these probability densities for each signal and baclkdjqoatess for each event
given their measured quantitie®y integrating the appropriate differential cross sectiony) /dy
over the underlying partonic quantitigsconvolved with the parton distribution functions (PDFs)
and detector resolution effects.

The event probability densities are combined into an event probability disemmiBPD =
Psignal/ (Psignal + Poackground . TO better classify signal events that conthijets, the output of the
neural network jet-flavor separator is incorporated into the final discaimin

3.4 Boosted Decission Trees (BDT)

The BDT discriminant uses a decision tree method that applies binary cutivébr#o clas-
sify events [2]L]. The discrimination is further improved using a boostingrilgo [22]. The
BDT discriminant uses over 20 input variables, some of the most sengiitb@neural network
jet-flavor separatoM,p, Hr, Q x n, Mjj, and the transverse mass of ieboson.

3.5 Er+jets(MJ)

The MJ analysis is a new analysis in CDF, using data corresponding to 2 bffintegrated
luminosity, designed to select events wih and jets, while vetoing events selected by the
Er+jet analyses. It accepts events in whichiidoson decays into leptons and those in which
the electron or muon fails the lepton identification criteria.

The advantage of this analysis is that it is orthogonal to#Hgr +jets analysis described
above, increasing the signal acceptance~80%. The disadvantage is the huge instrumental
background due to QCD events in which mismeasured jet energies prizige&; aligned in
the same direction as jets. To reduce this background, a QCD removall metwork is used
suppressing 77% of the QCD background while keeping 91% of the sagnaptance.

Finally, the MJ discriminant uses a neural network to combine information $®raral input
variables. The most important variables are the invariant mass & thrd the second leading jet,
the scalar sum of the jet energies, Bye and the azimuthal angle between Hieand the jets.

3.6 Combination

CDF combines the LF, ME, NN, BDT, and LFS channels using a superigis@ant (SD)
technique. The SD method uses a neural network trained with neuraiendd] to separate the
signal from the background taking as inputs the discriminant outputs ofvarialyses for each
event. A simultaneous fit over the two exclusive channels, MJ and SDrfrped to obtain the
final combined results. For illustrative purposes, Fig.]1(b) shows theddisons of the/+Zr +jets
super discriminant combination.

4. Statistical M ethods

The cross section is measured using a Bayesian binned likelihood teclpj@essuming a
flat non-negative prior in the cross section and integrating over thensgsteuncertainties. The
measured cross section is quoted as the position of the peak of the podésrsity distribution
and the shortest interval containing 68% of the integral of the posteriges 1o set the-1 sigma
uncertainties.
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The significance is calculated apaalue [20], which is the probability, assuming the absence
of single top quark production, that the value of the test statisttihQ = —21In (W} is
smaller (or more signal like) than that observed in the data. prlaalue is then converted into a
number of standard deviations using the integral of one side of a Gadigsiion.

5. Systematics

All sources of systematic uncertainty are included and correlations betveemalization and
discriminant shape changes are considered. Uncertainties in the jgy excate b-tagging effi-
ciencies, background modeling, lepton identification and trigger efficisnttie amount of initial
and final state radiation, PDFs, and factorization and renormalizationtenadebeen explored and
incorporated in all individual analyses and the combination.

6. Results

Table[] lists the cross sections and the observed and expected sigesidaneach of the
component analyses and the combination of them. The excess of signaldikis ever the ex-
pected background is interpreted as observation of single top prodwdgtiva p-value of about
3.10x 107/, corresponding in both cases to a signal significance of 5.0 standadidies. The
sensitivity is defined to be the median expected significance and is founditoelxeess of 5.9
standard deviations.

CDF finds a value of the combineschannel and-channel cross sections 0f329¢ pb as-
suming a top quark mass of 175 Ge¥/

Since the CKM matrix elemerj¥p|? is proportional to the cross section, its value can be
directly measured. From the cross section measurement-atl75 GeVt2, CDF obtaingVip| =
0.91+ 0.11(stat+ sys} + 0.07(theory [B]) and a limif\4p| > 0.71 at the 95% C.L. A flat prior in
Vip|? from O to 1 is assumed for the 95% CL limit results.

Analysis LF ME NN BDT LFS SD MJ Comb.
Cross Section (pb) 1.6°5% 2590 1.870° 21700 157028 | 21708 49723 | 2.3702
Obs. Sign. ¢) 2.4 4.3 3.5 35 20 | 48 21 | 5.0
Exp. Sign. ) 4.0 4.9 5.2 5.2 11| >59 14 | >59

Table 1: Results summary for the five correlatédZ; +jets analyses combined by the SD analysis, the SD
and the MJ analysis, and the total combination. The LFS aisiyieasures only theechannel production
cross section, while the other analyses measure the sura efahdt-channel cross sections.

7. Conclusions

In summary, the CDF collaboration has developed several multivariatesstdghniques to
distinguish single top signal from background events and has combineddhgrecisely measure
the electroweak single top production cross section and the CKM matrix elévggnSingle top
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production has been observed with a significance of 5.0 standard desialtore details can be
found in the CDF public web pagg [24].
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