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Top Quark PhysicsTop Quark Physics
Existence required by the SMExistence required by the SM

Spin 1/2 Spin 1/2 fermionfermion,   charge +2/3, weak,   charge +2/3, weak--
isospinisospin partner of the bottom quarkpartner of the bottom quark

Discovered in 1995 at Discovered in 1995 at TevatronTevatron
Mass surprisingly large Mass surprisingly large ⇒⇒ ~40x ~40x 
heavier than the bottom quarkheavier than the bottom quark

Only SM Only SM fermionfermion with mass at the EW with mass at the EW 
scalescale

Top decays before Top decays before hadronizationhadronization: : 
Γ~1.4 GeV >>ΛQCD 

Provide an unique opportunity to study Provide an unique opportunity to study 
a "bare" quark a "bare" quark 

Currently only produced at Tevatron
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Why Study Top Properties?Why Study Top Properties?
Try to address some of the questions:Try to address some of the questions:

Why is top Why is top so heavyso heavy ??
Is top related to the EWSB mechanism? Is top related to the EWSB mechanism? 

Seesaw theory of EWSB ((PRD 59, 075003 (1999); PRD 65, 055006 (2Seesaw theory of EWSB ((PRD 59, 075003 (1999); PRD 65, 055006 (2002))) 002))) 

Is it the SM top? Is it the SM top? 
Search for beyond SM physics: Does top decay into new Search for beyond SM physics: Does top decay into new 
particles? Couple via new interactions?particles? Couple via new interactions?

Characteristics
• Mass
• Life-time, Charge, 
Spin.... 

Decay
• W helicity
• Anomalous couplings
• Charged Higgs

EW-single top 

• Cross section

• Anomalous 
coupling 

• W’ search, …

Pair production
• Cross section
• tt resonance search
• Forward-backward 
asymmetry
• Production mechanism
• Spin-correlations, FCNC, 
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AcceleratorsAccelerators

Tevatron Run II 
Proton-antiproton collider (2001-2011)
√s = 1.96 TeV
σtt = ~6.7 pb at mtop = 175 GeV/c2

σsingle top = ~2.9 pb at mtop = 175 GeV/c2

Experiments: CDF, DØØ

Large Hadron Collider (LHC)
Proton-proton collider (2009-)
√s = 10-14 TeV
σtt = ~833 pb at mtop = 175 GeV/c2

σsingle top=~315 pb at mtop = 175 GeV/c2

Experiments: ATLAS, CMS
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TevatronTevatron Run II PerformanceRun II Performance

2002 2003 2004
2005

2006
2007

2008

2009
de

liv
er

ed
 lu

m
i(

pb
-1

) /
 e

xp

Doubled data set each year for Doubled data set each year for 
four yearsfour years
Peak Luminosity record 3.18Peak Luminosity record 3.18··10103232

cmcm--22secsec
Total integrated luminosity Total integrated luminosity 
delivered ~6.7 fbdelivered ~6.7 fb--1 1 

~6 fb~6 fb--11 recorded per experimentrecorded per experiment
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The CDF and DThe CDF and DØØ DetectorsDetectors

•• Silicon tracking Silicon tracking 
•• Large radius drift chamber (r=1.4m)Large radius drift chamber (r=1.4m)
•• 1.4 T solenoid1.4 T solenoid
•• Projective Projective calorimetrycalorimetry (|(|ηη| < 3.5)| < 3.5)
•• MuonMuon chambers (|chambers (|ηη| < 1.0)| < 1.0)
•• Particle identificationParticle identification
•• Silicon Vertex TriggerSilicon Vertex Trigger

•• Silicon trackingSilicon tracking
•• Outer fiber tracker (r=0.5m)Outer fiber tracker (r=0.5m)
•• 2.0 T solenoid2.0 T solenoid
•• Hermetic Hermetic calorimetrycalorimetry (|(|ηη| < 4)| < 4)
•• MuonMuon chambers (|chambers (|ηη| < 2.0)| < 2.0)
•• New trigger and more silicon in New trigger and more silicon in 

Summer 2006 (Run2b)Summer 2006 (Run2b)
All crucial for top physics!

CDF
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Top Quark ProductionTop Quark Production
At At hadronhadron colliderscolliders

Predominantly pair produced via strong 
interaction
Electro-weak single top production

s channel

t channel

Tevatron ~85%        ~15%
Tevatron: σs-channel=0.9 pb,      
σt-channel=2.0 pb

(for mtop=175 GeV/c2)
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Top Quark Production (ContTop Quark Production (Cont’’))

One top pair per 10 
billion inelastic 
collisions at Tevatron

tt

Z

W
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Top Quark DecayTop Quark Decay
In the SM: Br(t →Wb) ~ 100%
Decay channels classified by W 
decays
Top pair decay channels (l=e,µ)

Dilepton: lνlνbb
Lepton+jets: lνqqbb
All-hadronic: qqqqbb

Single top decay channels
s-channel: tb→Wbb→lνbb
t-channel: tq(b)→Wbq(b)→

lνbq(b)
(overwhelming background prevents using 

hadronic W decays for single top)
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Experimental ChallengesExperimental Challenges
Jet Energy Scaleb-tagging

And more: background and And more: background and 
signal modeling, background signal modeling, background 
estimation, etc.estimation, etc.
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SignalSignal--toto--Background Ratio (S/B)Background Ratio (S/B)
bb--tagging provides significant background suppressiontagging provides significant background suppression
DileptonDilepton: Manageable S/B even without b: Manageable S/B even without b--tagging tagging 
Lepton+JetsLepton+Jets: Good S/B after b: Good S/B after b--taggingtagging

Remaining dominant background from Remaining dominant background from W+jetsW+jets
AllAll--hadronichadronic: Huge QCD background : Huge QCD background 

S/B ~1/1000 at trigger levelS/B ~1/1000 at trigger level
Needs additional effort for background suppressionNeeds additional effort for background suppression

•• Neural network (NN) based event selection has been usedNeural network (NN) based event selection has been used

S/B at S/B at 
TevatronTevatron

DileptonDilepton Lepton+JetsLepton+Jets
((≥≥4 jets)4 jets)

AllAll--hadronichadronic
(After NN (After NN 
Selection)Selection)

0 b0 b--tagtag 1:11:1 ~1:4~1:4 ~1:20~1:20
1 b1 b--tagtag 4:14:1 1:51:5
2 b2 b--tagstags 20:120:1 1:21:220:120:1

Most top 
properties 
analyses use 
relatively clean 
event sample
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Top Physics at Top Physics at TevatronTevatron

Robust program of top quark measurementsRobust program of top quark measurements
Many measurements in all the different Many measurements in all the different 
channels channels →→ consistency consistency 
Different methods of extraction with different Different methods of extraction with different 
sensitivity sensitivity →→ confidenceconfidence
Combine all channels and all methods Combine all channels and all methods →→
precisionprecision

CDF



Top Quark ProductionTop Quark Production
Top pair production cross sectionTop pair production cross section

Single top production cross sectionSingle top production cross section
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Top Pair Production CrossTop Pair Production Cross--SectionSection
Tests QCD in very Tests QCD in very high Qhigh Q22 regime. regime. 

Compare measured cross sections among various Compare measured cross sections among various ttbarttbar final final 
states states 

Anomalies in the Anomalies in the tttt rate would indicate the presence of rate would indicate the presence of 
nonnon--QCD production channels: for example resonant QCD production channels: for example resonant 
state Xstate X→→ tttt

Provides important sample composition for all other top Provides important sample composition for all other top 
property measurements.property measurements.
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CDF ttbarttbar Cross Section : Cross Section : Lepton+JetsLepton+Jets
Pre-tag

Control 
region

Signal region≥1 b tag

Measure using b-tagged (≥1 b-tags) and pre-tag (≥0 
b-tags) events

σσtttt(b(b--tagged)=7.2tagged)=7.2±±0.4(stat)0.4(stat)±±0.5(syst)0.5(syst)±±0.4(lumi) 0.4(lumi) pbpb

σtt (pre-tag) = 7.1±0.4(stat)±0.4(syst)±0.4(lumi) pb
∆σ∆σ//σσ = ~10 %. Dominated by uncertainty on luminosity= ~10 %. Dominated by uncertainty on luminosity
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Ztt σσ /CDF

Reduce luminosity systematic by Reduce luminosity systematic by 
normalizing with respect to Z cross normalizing with respect to Z cross 
sectionsection
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CDF AllAll--HadronicHadronic ChannelsChannels
Measurement performed using the signal yields derived 
from a previous top quark mass measurement

σσtttt = 7.2 = 7.2 ±± 0.5(stat) 0.5(stat) ±± 1.4(syst) 1.4(syst) ±± 0.4 (0.4 (lumilumi) ) pbpb
for for MMtoptop=172.5 GeV/c=172.5 GeV/c22

http://www-cdf.fnal.gov/physics/new/top/2009/xsection/AH_P19_public/Mtop_FittedHistoVsData_1tagevent_P17.eps
http://www-cdf.fnal.gov/physics/new/top/2009/xsection/AH_P19_public/Mtop_FittedHistoVsData_2Mtagevent_P17.eps


July 29, 2009July 29, 2009 M. Datta, FNALM. Datta, FNAL 1919

ttbarttbar Cross Section ResultsCross Section Results

•• Consistent among channels, methods and experimentsConsistent among channels, methods and experiments
• Limited by systematic uncertainties
• Uncertainties comparable to the theoretical  uncertainty 

CDF

http://www-cdf.fnal.gov/physics/new/top/2008/xsection/ttbar_combined_3invfb/2008_ttbarxs_mu.gif
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CDF ttbarttbar + jet Cross Section + jet Cross Section 

Test of Test of pQCDpQCD
Use events in Use events in lepton+jetslepton+jets channel with channel with ≥≥1 b tag and 1 b tag and ≥≥3 jets3 jets
Break up Break up ttbarttbar sample into 2 samples 0j and +jsample into 2 samples 0j and +j
Simultaneously measure cross sections for both samplesSimultaneously measure cross sections for both samples
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Physics of EW Single Top ProductionPhysics of EW Single Top Production
The SM predictions (PRD70, 114012 
(2004))

σs-channel =0.88 ± 0.11 pb
σt-channel =1.98 ± 0.25 pb

(for mtop = 175 GeV/c2)
Direct measurement of Vtb: (S. 
Willenbrock, Rev. Mod. Phys. 72, 1141-1148)

σsingle top ∝ |Vtb|2
Produced ~100% polarized top, 
can be used to test the V-A 
structure of the top EW 
interaction. (G. Mahlon, hep-ph/9811219)

Sensitive to beyond SM physics
t-channel: 4th family, FCNC
s-channel: W’, H+

s-channel t-channel

σs-channel (pb)

σ t
-c

ha
nn

el
(p

b)
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Experimental ChallengeExperimental Challenge

Experimental signatures:Experimental signatures:

One high POne high PTT isolated e or isolated e or µµ
Large missing transverse energyLarge missing transverse energy
≥≥ 2 jets (2 jets (≥≥ 1 b1 b--tag)tag)

Suffers from large amount of W+jets backgrounds

http://www-cdf.fnal.gov/physics/new/top/2009/singletop/ME/njets_gr1tag.eps
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CDF Extracting Single Top SignalExtracting Single Top Signal

No single variable provide significant signalNo single variable provide significant signal--
background separation  background separation  
Perform multivariate analysis Perform multivariate analysis ⇒⇒ take take 
advantage of small signal background advantage of small signal background 
separation in many variablesseparation in many variables

http://www-d0.fnal.gov/Run2Physics/top/singletop_observation/BNNcomb_gt0_MET.png
http://www-d0.fnal.gov/Run2Physics/top/singletop_observation/BNNcomb_gt0_HT.png
http://www-d0.fnal.gov/Run2Physics/top/singletop_observation/BNNcomb_gt0_cos.png
http://www-d0.fnal.gov/Run2Physics/top/singletop_observation/Color_key_simplified.png
http://www-d0.fnal.gov/Run2Physics/top/singletop_observation/BNNcomb_gt0_jetwidth.png
http://www-d0.fnal.gov/Run2Physics/top/singletop_observation/BNNcomb_gt0_mtopsig.png
http://www-d0.fnal.gov/Run2Physics/top/singletop_observation/BNNcomb_gt0_qtimeseta.png
http://www-d0.fnal.gov/Run2Physics/top/singletop_observation/Discriminant_BDT_talks.png


July 29, 2009July 29, 2009 M. Datta, FNALM. Datta, FNAL 2424

CDF

Single Top Single Top MeasuremetsMeasuremets

http://www-d0.fnal.gov/Run2Physics/top/singletop_observation/dzero_singletop_xsec_summary_march09.png
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Observation of Single Top Production Observation of Single Top Production 

CDF and D0 both report >5σ observation Mar-2009
Vtb measurement

CDF: |Vtb| = 0.91 ± 0.11 (exp.) ± 0.07 (theory), |Vtb| > 0.71 at 
95% CL 
D0 : |Vtb fL

1| = 1.07 ± 0.12, |Vtb| > 0.78 at 95% CL 

p-value = 3.1 x 10-7

significance = 5.0 σ

CDF



Top MassTop Mass
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Why measure the Top Quark Mass?Why measure the Top Quark Mass?
Related to standard model Related to standard model 
observables and parameters observables and parameters 
through through loop diagramsloop diagrams
Consistency checks of SM Consistency checks of SM 
parametersparameters

Precision measurements of the Precision measurements of the 
MMtoptop (and M(and MWW)  allow prediction )  allow prediction 
of the Mof the MHiggsHiggs

Constraint on Higgs mass can  Constraint on Higgs mass can  
point to physics beyond the point to physics beyond the 
standard modelstandard model

2
topW MM ∝∆   ∆MW ∝ lnMH

http://www-cdf.fnal.gov/physics/new/top//2009/mass/tevcombination_march/w09_mt_mw_contours.eps
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Jet Energy Scale Uncertainty Jet Energy Scale Uncertainty Jet Energy Scale Uncertainty 
CDF

NIM A, 
566, 375 
(2006)

Uncertainty on JES ⇒ About 3% systematic uncertainty on 
Top mass measurement when convoluted with ttbar pT
spectrum
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In-situ Measurement of JESInIn--situsitu Measurement of JESMeasurement of JES
Additionally, we use WAdditionally, we use W→→jj mass resonance (Mjj mass resonance (Mjjjj) to measure the ) to measure the 
jet energy scale (JES)  uncertaintyjet energy scale (JES)  uncertainty

Mjj Constrain the 
invariant mass 
of the non-b-
tagged jets to 
be 80.4 GeV/c2

Measurement of JES scales directly with statistics!
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Top Mass : Top Mass : Lepton+JetsLepton+Jets ChannelChannel
Use eventUse event--byby--event likelihood based on leading order event likelihood based on leading order ttbarttbar
differential cross section. differential cross section. 

Most precise top mass measurements from single channelsMost precise top mass measurements from single channels

mtop with 3.6 fb-1 D0 data:        
173.7 ± 1.3 (stat+JES) ± 1.4 (syst)

GeV/c2

mtop with 3.2 fb-1 CDF data:  
172.1 ± 1.2 (stat+JES) ± 1.1 (syst) 

GeV/c2

CDF

CDF
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Top Mass : CombinationTop Mass : Combination
Combine Run I measurements with Combine Run I measurements with 
most recent Run II measurementsmost recent Run II measurements
Take into account the statistical and Take into account the statistical and 
systematic uncertainties and their systematic uncertainties and their 
correlations correlations (NIM A270 (1988) 110, NIM (NIM A270 (1988) 110, NIM 
A500 (2003) 391)A500 (2003) 391)

Combined top mass Combined top mass 
173.1173.1±±1.3 GeV/c1.3 GeV/c22

χχ2/ndof  6.3/10 2/ndof  6.3/10 ⇒⇒ 79% 79% probprob
Good agreement among all input Good agreement among all input 
measurementsmeasurements

Top mass known with relative Top mass known with relative 
precision of 0.75%precision of 0.75%

CDF
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Uncertainties on Measured Top MassUncertainties on Measured Top Mass
Source         

jet energy scale:
t-tbar modeling:

background:
lepton energy scale:

miscellaneous:
Systematic:
Statistical:

∆Mt (GeV/c2)
0.73
0.71
0.26
0.11
0.18
1.07
0.65

*

CDF

Uncertainty dominated by sources which should continue scale Uncertainty dominated by sources which should continue scale 
with the statistics of the samplewith the statistics of the sample
With full Run II data set could reach a total uncertainty of With full Run II data set could reach a total uncertainty of 
∆∆MMtt~1 GeV/c~1 GeV/c22
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Direct Measurement of the Mass Direct Measurement of the Mass 
Difference Between Top and AntiDifference Between Top and Anti--toptop

Test of CPT invarianceTest of CPT invariance
Use Use lepton+Jetslepton+Jets events and matrix element methodevents and matrix element method
MMtoptop –– MMantianti--toptop = 3.8= 3.8±±3.7 GeV/c3.7 GeV/c22

Relative mass difference (2.2Relative mass difference (2.2±±2.2)%2.2)%
The first measurement of aThe first measurement of a mass difference of bare quarks.mass difference of bare quarks.

http://www.fnal.gov/pub/today/images09/ROW072309figure1_V2.jpg


Other Top PropertiesOther Top Properties
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Forward Backward Asymmetry Forward Backward Asymmetry 
((AAfbfb) in Top Pair Production) in Top Pair Production

Can be significantly enhanced in different BSM Can be significantly enhanced in different BSM 
models: models: 

ZZ’’--like states with parity violating coupling (PLB 387, 113 like states with parity violating coupling (PLB 387, 113 
(1996)), theories with (1996)), theories with chiralchiral color (PLB 190, 157 (1987), color (PLB 190, 157 (1987), 
PLB 200, 211(1988))PLB 200, 211(1988))

Asymmetry caused by interference 
of ME amplitudes for same final 
state
The SM prediction:

In ttbar frame: Afb
ttbar = 0.05 ±

0.015 (QCD at NLO)



July 29, 2009July 29, 2009 M. Datta, FNALM. Datta, FNAL 3636

Forward Backward Asymmetry Forward Backward Asymmetry 
((AAfbfb) in Top Pair Production

CDF

) in Top Pair Production
AAfbfb measured in the measured in the ttbarttbar rest framerest frame

CDF apply unfolding to go from CDF apply unfolding to go from 
reconstructed to reconstructed to partonparton levellevel
Afb = 0.193 ± 0.065 (stat) ± 0.024 (syst)

SM Prediction: Afb = 0.05 ± 0.015
DØ: no unfolding and acceptance 
correction: Afb = (12 ± 8 ± 1) %  (PRL 100, 
142002 (2008))

Set limits on ZSet limits on Z‘‘ productionproduction

( ) ( )
( ) ( )
( )hadronictleptonict
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AAfbfb Dependence on the Invariant Dependence on the Invariant 
Mass of Mass of ttbarttbar

Scan for Scan for AAfbfb above above 
and below  8 different and below  8 different 
MMtttt thresholdsthresholds
Sensitive to new Sensitive to new 
physics effectphysics effect

CDF

Above

Below
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tbWtbW couplingcoupling

The SM top decays via EW interaction: Br(t→bW)~100%
Top decays as a bare quark ⇒ spin info transferred to final states 

V-A coupling in the SM ⇒
longitudinal  fraction f0 ~70%
left-handed fraction  f- ~30% 
right-handed fraction f+ ~0%

The SM prediction modified in various new physics models
Can use Can use coscosθθ* * to measure fto measure f00, f, f++, f, f-- . . 

coscosθθ* : * : Angle between lepton and b in W rest frame.

Spin=1

Spin=1/2

Spin=1/2

V-A
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WW--boson boson HelicityHelicity FractionsFractions
Measure fMeasure f00 and fand f++ simultaneously simultaneously ⇒⇒
model independentmodel independent
D0 D0 Lepon+jetLepon+jet and and DileptonDilepton 2.7 fb2.7 fb--11

CDF CDF Lepton+JetsLepton+Jets 2 fb2 fb--11

(syst) 0.09 (stat) 0.11  0.49 = f0 ±±

(syst) 0.05 (stat) 0.06  0.11 = f+ ±±

(syst) 0.05 (stat) 0.10  0.62 = f0 ±±

(syst) 0.03  (stat) 0.04  0.04- = f+ ±±
Consistent with the Standard Model

CDF
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Generic Generic WtbWtb CouplingCoupling
Constrain form factors for anomalous Constrain form factors for anomalous tWbtWb couplingcoupling

Combine information from single top production and W Combine information from single top production and W helicityhelicity
measurement from measurement from ttbarttbar decaydecay

Standard Model 0,1 2121 ==== RRLL ffff

20.0                      

CL 95% @ 19.0    1for 

72.0                      

2

2

2

2

2
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R
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R

f

ff

f

Consistent with Standard Model
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CDF ttbarttbar Spin Correlations Spin Correlations 

Use off-diagonal basis :  tan ξ ≡sqrt(1-β2) tan θ*. In ttbar frame: β ≡ top velocity 
and θ*≡ top flight direction w.r.t. proton direction. 
Templates: angular distribution of ( Templates: angular distribution of ( coscos θθll++, , coscos θθ ll-- ) and () and (coscosθθbb, , coscos θθbbarbbar))

CDF Results
-0.455<κ<0.865 (68% 
C.L.) or
κ = 0.320+0.545

-0.775
for Mt = 175 GeV/c2

The SM predicts The SM predicts κκ
~0.8.~0.8.
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ttbarttbar Spin Correlations (ContSpin Correlations (Cont’’))

θθ11 ((θθ22): angle between  the ): angle between  the 
flight direction of 1flight direction of 1++ (l(l--) and ) and 
ddirection of flight of one of irection of flight of one of 
the colliding hadrons in the the colliding hadrons in the 
ttbarttbar rest framerest frame
D0 result:D0 result:

Prediction:Prediction:

D0 measures decay products (D0 measures decay products (ll++,l,l--) angular correlation ) angular correlation 
coefficient Ccoefficient C



Search for Beyond the Search for Beyond the 
Standard Model PhysicsStandard Model Physics
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CDF Resonant Resonant ttbarttbar ProductionProduction
Search for resonant Search for resonant 
ttbarttbar production from production from 
the decays of massive the decays of massive 
ZZ--like bosonslike bosons

TopcolorTopcolor (PRD49, 4454, (PRD49, 4454, 
1994) ,  KK gluon 1994) ,  KK gluon 
excitation in RS model  excitation in RS model  
(hep(hep--ph/0701166))ph/0701166))

Set upper limits on Set upper limits on 
LeptophobicLeptophobic ZZ’’ boson boson 
with mass Mwith mass MZZ’’

Lepton+JetsLepton+Jets channel: channel: 
MMZZ’’ > 820 GeV/c> 820 GeV/c22 at at 
95% CL 95% CL 
AllAll--hadronichadronic channel: channel: 
MMZZ’’ > 805 GeV/c> 805 GeV/c22 at at 
95% CL 

CDF

All 
hadronicl+3jets

l+≥4jets

95% CL 
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More Top Physics Results From More Top Physics Results From 
TevatronTevatron

Apologies for my many omissions.Apologies for my many omissions.
For a full listing of results go to:For a full listing of results go to:
http://wwwhttp://www--

cdf.fnal.gov/physics/new/top/top.htmlcdf.fnal.gov/physics/new/top/top.html
http://wwwhttp://www--

d0.fnal.gov/Run2Physics/WWW/results/top.htmd0.fnal.gov/Run2Physics/WWW/results/top.htm

CDF

http://www-cdf.fnal.gov/physics/new/top/top.html
http://www-cdf.fnal.gov/physics/new/top/top.html
http://www-d0.fnal.gov/Run2Physics/WWW/results/top.htm
http://www-d0.fnal.gov/Run2Physics/WWW/results/top.htm
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Summary and OutlookSummary and Outlook
Top quark properties are currently being studied at Top quark properties are currently being studied at TevatronTevatron

ttbarttbar crosscross--section and top mass measurementssection and top mass measurements
Most measurements are systematically limitedMost measurements are systematically limited
Mass measured to 0.8% precisionMass measured to 0.8% precision

First observation of single topFirst observation of single top
Study other properties of top quark, search for new physicsStudy other properties of top quark, search for new physics

Almost all the measurements are limited by statistics at presentAlmost all the measurements are limited by statistics at present
Increasing data from Increasing data from TevatronTevatron will further help reveal the true will further help reveal the true 
nature of top quark nature of top quark ⇒⇒ Expect ~10 fbExpect ~10 fb--11 by 2011by 2011

LHC will open up a new era of Top physics  LHC will open up a new era of Top physics  ⇒⇒Top factoryTop factory
Understanding of  systematic uncertainties would become crucialUnderstanding of  systematic uncertainties would become crucial
Top is a standard candle, tool for calibrating JES, bTop is a standard candle, tool for calibrating JES, b--tagging tagging 

Tevatron’s top physics program and understanding of 
systematic effects will continue to play a significant 
role for years to come
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