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1. Introduction

In 1995 the top quark was discovered at the Tevatron proton-antipcottieer at Fermilab by
the CDF and D@ collaborationf [1]. It is the most massive known elemengatigle and its mass
of the order of the electroweak symmetry breaking scale suggest that playag special role in
new physics models. So far the Tevatron collider is the only place to studypfupitok.

At the Tevatron collider, with a center of mass energy/af= 1.96 TeV, most top quarks are pair
produced via the strong interaction. About 85% of the top pairs are pealvia quark-antiquark
annihilation and 15% via gluon fusion. Beside the production of top quarkains also the pro-
duction of single top quarks in electroweak interaction should exist andis section is predicted
to be~ 2.5 smaller than the top pair production cross section.

In the standard model the top quark decays predominantly iktobason and & quark, with a
branching ratio close to 100%. Different decay channels are distiregiistcording to the decay
mode of the boson.

Top pair events with botiV-bosons decaying leptonically &v or uv are called dilepton events,
events with only on&V-boson decaying leptonically are called lepton+jets events and events with
bothW-bosons decaying hadronically are called all hadronic events. Malséabp pair measure-
ments are carried out in the lepton+jets channel, which is characterized dyrate background
and a branching ratio of about 30%. In single top quark events we @rmidy the leptonic decay
of theW-boson, the branching ratio is here about 21%.

2. Top Quark Propertiesin Production and Decay

Investigating top quark properties in production and decay will answequkstion whether
the observed top quark behaves actually like the top quark predicted itatieasd model (SM).
In this article the production cross section for top pairs and single top suehlaracteristics of
top pair production like the fraction of gluon fusion production and the &wdabackward charge
asymmetry, and the Wtb coupling are discussed.

2.1 Single Top Quark Production Cross Section

The challenge of measuring the single top quark cross section at thedrevatthe huge
background of W+jets events. A simple cut based event selection is bemfficient and to
improve the sensitivity both experiments use multivariate techniques, like likelihowctions,
decision trees, matrix element methods and neural networks. An overkibe/most recent single
top quark cross section measurements performed at the Tevatron istpceigefigurdJL. The CDF
likelihood function, neural network and matrix element discriminants hava bembined in a
neural network to obtain a super discriminant. An analysis employing thisiteghon 22 b=t
saw an excess of signal over background, and a cross sectidgh’ @gZ)b is obtained[]2]. The result
is below but consistent with the SM prediction a®2- 0.4 pb. The expected signal significance
of the CDF combination is.&2 ¢ while a significance of 3 ¢ is observed. The three multivariate
analyses[J3] from D@ have been combined using BLUE, the best lindziased estimator. A
cross section of Z4+ 1.3 pb is obtained, which is larger than but consistent with the SM prediction.
The expected signal significance of the D@ combination3w2vhile a significance of o has
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Figure 1. Left: Single top quark production. Shown is an overview ¢ ttross section measurements
performed at the Tevatron. Middle: Measurement of the fodW@ackward charge asymmetry. Shown is the
reconstructed rapidity difference of the top and anti-taprfy. Right: Study of th&Vtbcoupling. Shown is
the single top quark boosted decision tree discriminantrasgy fR = f} = 0.

been observed. Both Tevatron experiments see strong evidencedoowkeak single top quark
production.

2.2 Top Pair Production

The top pair production cross section has been measured in diffeiayt deannels and with
different methods. In contrast to the single top quark production maasumtemany top pair cross
section measurements are counting experiments, as long as they armpdrioregions with low
background (e.g. lepton+jets channel with 4 jets and at least one jetitaglyget). The most pre-
cise measurements are obtained in the lepton+jets channel. All top pairectiss sneasurements
are consistent with each other and assuming a top quark mass of 175@e/mmbination of
the CDF measurements yields a cross section@#0.3 (stat. ;1= 0.4 (syst. 1 0.4 (lumi) pb, while
the combination of the D@ results yields87 0.5 (stat. 4= 0.6 (syst.}+ 0.5 (lumi) pb [4]. Thus, the
top pair production cross section is now known with a relative uncertairdypoéit 9% at Tevatron
center of mass energies.

The fraction of top pair events produced via gluon fusion has been meeasuthree CDF
analyses|[]5]. Two analyses use variables which are sensitive to tkeediffspin configuration of
the top quarks in gluon fusion and quark-antiquark annihilation evenesamblysis performed in
the lepton+jets uses a neural network while the more recent analysis in th@dithannel utilizes
just the azimuthal angle difference of the two charged leptons. A third sisajyerformed in the
lepton+jets channel, exploits the fact that gluons emit more soft gluons teksjand so the
number of tracks with small transverse momentum is used as sensitive vafiableombination
of both lepton+jets analyses yields a gluon fusion fractio(17c_5$5)% (1fb~1), while the dilepton
analysis obtains a fraction ¢563" §g>% (2fb~1). Both results are consistent with the SM prediction
of about 15%.
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At the Tevatron a small forward-backward asymmetry of about 5% isqiestin SM top pair
production. In new physics scenarios witlZ'aor an axigluon this asymmetry can be as large as
+30%. The asymmetry is frame dependent and is predicted to be largest ip {h&itoest frame.

To measure the asymmetry the lepton+jets channel is used and the asymmetriomihe rest
frame has been studied by both experiments, using the rapidity differétice mp and anti-top.
This quantity is presented in figuf¢ 1 for the CDF analysis. The CDF coHdibarperformed
also an asymmetry measurement in the laboratory frame using the polar atiggehaidronically
decaying top quark as sensitive variable. The D@ collaboration obtaimscmrected asymmetry

of (12+8)% [B], while an asymmetry of 8% is predicted. To account for sizable acceptance and
measurement dilution effects the CDF collaboration corrects the raw resutiege effects leading

to an asymmetry of24+ 14)% in the top rest frame and {48+ 8)% in the laboratory framg]7].
The measured asymmetries at the Tevatron are larger but consistent witlil giiediction within
uncertainties.

2.3 Wtbcoupling

The generalVtbvertex contains besides the left-handed vector cougliraso a right-handed
vector couplingfX and tensor coupling; andf{. In the SM onlyf} is non-zero, namely one, and
non-SM couplings would affect the single top quark production in ratekarematic distributions.
The D@ collaboration uses the single top quark boosted decision tree dismirtordetermine two
couplings at a time while the other two are assumed to be negligible, see[figlitéslanalysis
yields for the scenario witti = fR = 0 the couplings} = 1.473¢ and f < 0.5 at 95% C.L. [B].
Besides single top quark production also the helicitywébosons in top pair decays would be
affected by non-SMVtbcouplings. In the SM the fraction of longitudinally polarizétlbosons is
fo = 0.7, the fraction of left-handed/-bosonsf_ = 0.3 and the fraction of right-handed W-bosons
is f, =0.0. The reconstructed cés, with 68 being the angle between the charged lepton or the
down type quark and the negative direction of the top quark in the reséefadthe W boson, is here
used as sensitive variable. The most recent CDF analyses use thedaibtarecayingv boson
in the lepton+jet channel and two analyses have been combined with BLWdED® analysis uses
also the dilepton channel and uses batthosons in each event in case of the lepton+jets channel.
The reconstructed c@és distribution is fitted and the CDF combination yields for the simultaneous
fit 0.66+ 0.16 for fo and—0.03+ 0.07 for f while the D@ collaboration obtains49+ 0.13 for
fo and 011+ 0.07 for f, [f]. All W-helicity measurements in top pair events performed at the
Tevatron are compatible with the SM prediction.

3. Top Mass Measurement

The massn of the top quark is an important standard model parameter and precision mea-
surements of the top quark ald masses test the consistency of the SM, and in particular the
Higgs mechanism. In order to measure the top quark mass top pair eventsdoagllahannels are
used and to reduce the systematic uncertainty due to the jet energy saf@imtyg the jet energy
scale (JES) is calibrated in an in situ measurement using the hadronicaliyragdaboson in the
lepton+jets and all hadronic channel. The CDF collaboration has alsorpedl measurements in
the lepton+jets channel using not the reconstructed top mass as serssitixe/but the transverse
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Figure 2: Measurement of the top quark mass. Left: Tevatron top masbic@tion. Right: Most precise
top mass measurement in the lepton+jets channel perforsng@eCDF collaboration.

momentum of the charged lepton and the decay lengithtafjged jets. These variables are almost
entirely independent of the jet energy scale and thus provide a cresk oh the measurements
involving JES, albeit statistically limited. The combination of all these measurensest§igurd]2,
yields a top mass of 1724 0.7 (stat.}+ 1.0 (syst.) GeV/€ [[Ld], meaning that the top quark mass
is now known with a relative precision of 0.7%. The measurements perfamadchannels and
with different methods are consistent with each other.

The most precise top quark mass measurements are carried out in the jetstchannel and the
most recent lepton+jets measurements use the matrix element method, the in sienggtseale
calibration and neural networks. Figdte 2 shows for the CDF measutéheelikelihood contours
as a function of the top mass and the in situ jet energy scale parameter. Thpratise single
measurements of both experiments yield a top mass aR1F&V/E with a relative uncertainty of
about 1% [I[1].

4. Search for New Physicsin the Top Quark Sector

Since the top quark is the only known fermion with a mass of the order of themieak
symmetry breaking scale it may play a special role in new physics models. hBedar new
physics in top quark events and in events with top quark signature (e.gnigete channel) are
discussed.

Both Tevatron experiments performed searches for heavy massorearess in top paif [1.2]
and single top quark productiop [13]. In case of top pair events thenstiewted mass of the
top quark pair system is studied and D@ and CDF find so far no hint foaayh@sonance, e.g.
Z', heavy gluon. The D@ collaboration sets for example a lower limit on a naeptephobic
Z' of 760GeV/@. To search for resonant single top quark production (e.g. chariggsFW')
the invariant mass of the reconstructed top quark and the additigeals used. Both Tevatron
experiments find so far no hints for massive resonances in single tolp praatuction.



Tevatron top physics Jeannine WAGNER-KUHR

T T
D@ Run Il Preliminary CDF Run 2 (2.8 fb™)
S F ‘ R o) Preliminary
& 1ot et Wty E et t—>Wq, > 4 jets
l_&‘ Expected limit 95% CL ~ —— Expected limit 95% CL 7 - Ht vs Mieco
= 1600 Excluded 95% CL K excluded 9s%cL ‘f’
L Iy
& a
1405\\‘ tauonic T50_1_ observed |
£\ leptophobic
120555\
[ \ theoretical prediction
100 \ Bonciani et al.
[ X Il N 1 L Il "
g L. \ 200 300 400 500
1 10 t' mass (GeV/c?)

tan B

Figure 3: Search for new physics in the top quark sector. Left: Seaych tharged Higgs in the decay of
top pair events. Shown is the limit as a function of the charigeygs mass and tghobtained by the D@
analysis. Right: Search faf pair production. Shown is the limit on théproduction cross section as a
function of the reconstructed mass.

The CDF and D@ collaboration have also performed searches for gethatiggs in the
decay of top pair event§ [L4]. The deday> bH™ is allowed in the minimal super-symmetric SM
(MSSM). At low tanB the decayH ™ — cs’is important while at large tgh the decayHt — tv
becomes dominant. Here t@ns the ratio of the vacuum expectation values of the two Higgs
doublets. The CDF collaboration searchesHbr — cs by using the invariant mass of the two
light-quark jets assigned as jets originating from the charged Higgs. Theolé&boration chose a
different ansatz and searches for a charged Higgs decaying into @iher Tv by measuring the
rate of top pair events across the decay channels: lepton+jets, dilegtdaletiepton. The limits
as a function of the charged Higgs mass an(Ctabtained by the D@ analysis are presented in
figure[3.

Most recent searches for flavor changing neutral currents (H@BE been performed by the
CDF collaboration. In top pair events CDF searches for FCNC decaytsikéqby looking at the
x?2 of a kinematic fit with FCNC hypothesis. From a fit to thi$ variable an upper limit of 3.7%
for the branching rati® — Zc is derived [1b]. The CDF collaboration searches also for FCNC
in single top quark production and looks here for events where the fediargluon and ai- or
c-quark leads to a single top quark. A neural network is used to sepaZM€ Fop quark events
from background events. From a fit to the neural network output aeripmit on the anomalous
single top quark cross section aBpb is determined and upper limits on the anomalous couplings
of Kgty = 0.018 TeV-! andkyic = 0.069 TeV 1 are derived[[T6].

Searches for new physics in events with top quark signature have leefemnped by both
Tevatron experiments. Here, only the most recent results are discuBsedCDF collaboration
searches in events with top pair lepton+jets signature for a heavy top like [fidg, at’, decaying
into aW boson and a quarlb(s, d) assuming that the mass split betweds and at’ is below the
W boson mass. The reconstructéthass as well as the total transverse energy in the event are used
in a 2-dimensional likelihood fit leading to the limit on thieproduction cross section presented
in figure[3. In events with top pair dilepton signature CDF searches for adigber-symmetric
top partner £ my), the stop [I8]. In this analysis, it is assumed that the stop decays with 100%
into a b quark and a chargino which would then decay via different modesingutralino, a
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charged lepton, and a neutrino. The stop mass is reconstructed fagweadtassuming the pair of
neutralino and neutrino to be a pseudo particle and limits are extracted frowattzible showing
that there is so far no hint for a stop in the data.

5. Conclusion

In this article the most recent results on top quark physics from the Tevatree been pre-
sented. Many efforts have been made to study the top quark and so taptheark behaves as
predicted in the standard model. The top quark mass is measured verelyradgth a relative
precision of 0.7% and so far no significant hints for new physics in topkgenents as well as
in events with top quark signature have been found. Most measuremeois giiark properties
are limited by statistics, so we expect these to continue to improve in precisiog a&itn the
sensitivity to new physics as more data is collected.

References

[1] F. Abeet al. (CDF Collaboration), Phys. Rev. Left4, 2626 (1995); S. Abactet al. (DG
Collaboration), Phys. Rev. Left4, 2632 (1995).

[2] T. Aaltonenet al. (CDF Collaboration), Phys. Rev. Lefit01, 252001 (2008); public CDF notes 9479,
9451, 9464, 9445.

[3] V.M. Abazovet al. (D@ Collaboration), Phys. Rev.18, 012005 (2008).
[4] Public CDF note 9448; public D& note 5715-CONF.

[5] T. Aaltonenet al. (CDF Collaboration), submitted to Phys. Rev. Lett., arB807.4262; T. Aaltonen
et al. (CDF Collaboration), Phys. Rev.78,111101 (2008); public CDF note 9432;

[6] V.M. Abazovet al.(DZ Collaboration), Phys. Rev. Left00, 142002 (2008).
[7] T. Aaltonenet al. (CDF Collaboration), Phys. Rev. Lefit01, 202001 (2008).
[8] V.M. Abazovet al.(D@ Collaboration), Phys. Rev. Let01, 221801 (2008).

[9] Public D@ note 5722-CONF; T. Aaltonest al. (CDF Collaboration), submitted to Phys. Lett. B,
arXiv:0811.0344.

[10] Tevatron Electroweak Working Group and CDF and D@ Guilations, arXiv:0808.1089.
[11] Public CDF note 9427; public DG note 5750-CONF.
[12] Public CDF note 9157; public CDF note 9164; public D@en6600-CONF.

[13] V.M. Abazovet al.(D@ Collaboration), submitted to Phys. Rev. Lett., arX80@.0859; V.M. Abazov
et al. (D@ Collaboration), Phys. Rev. Left00, 211803 (2008); public CDF note 9150.

[14] Public CDF note 9322; public D& note 5715-CONF

[15] T. Aaltonenet al. (CDF Collaboration), Phys. Rev. Left01, 192002 (2008).

[16] T. Aaltonenet al. (CDF Collaboration), submitted to Phys. Rev. Lett., arB812.3400.
[17] Public CDF note 9446.

[18] Public CDF note 9439.



