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Top quark production todayTop quark production today
•• 11 years since the top quark 11 years since the top quark 

discovery in Run I of the  discovery in Run I of the  
TevatronTevatron

•• Production cross section Production cross section 
measured with measured with LL>100 pb>100 pb--11 √√s = s = 
1.8 1.8 TeVTeV withwith precision ~25% precision ~25% −−
statistics limitedstatistics limited

•• At present At present 
–– √√s = 1.96 s = 1.96 TeVTeV -- 30% higher 30% higher 

production rateproduction rate
–– much higher luminositymuch higher luminosity

•• NLO QCD (12% uncertainty): NLO QCD (12% uncertainty): 

σσ = = 6.8±0.8 6.8±0.8 pbpb ((KidonakisKidonakis, , VogtVogt))

σσ = = 6.76.7+0.7+0.7
--0.9 0.9 pbpb ((CacciariCacciari et al)et al)

•• Goal Goal –– precision measurements

•• Test of Test of perturbativeperturbative QCDQCD
•• Higher production rate     e. g. Higher production rate     e. g. 

ttbarttbar resonancesresonances
•• Measurements in different decay Measurements in different decay 

channels are complimentarychannels are complimentary
–– Exotic top decays (to charged Exotic top decays (to charged 

Higgs or light stop)      different Higgs or light stop)      different 
cross sections in different cross sections in different 
channelschannels

–– DileptonDilepton to to l+jetsl+jets cross sections cross sections 
ratio probes nonratio probes non--W boson top W boson top 
decaysdecays

•• Measure with different methodsMeasure with different methods
–– bb--jet tagging method normally jet tagging method normally 

assumes assumes Br Br (t (t →→ WbWb) = 1) = 1
•• an implicit use of the SM an implicit use of the SM 

prediction: |Vprediction: |Vtbtb|~1|~1

–– Topological method is free of Topological method is free of 
this assumptionthis assumptionprecision measurements
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Top production mechanismTop production mechanism

•• Standard model pair production via the strong interactionStandard model pair production via the strong interaction

•• Standard model Standard model electroweakelectroweak productionproduction (single top)(single top)

q-q

~85% ~15%

g-g

Discovered in 
Run I

To be 
observed  
in Run II

σ=0.88±0.04 pb

σ=1.98+0.22 pb-0.16

Top pair production is one of the main backgrounds to single top
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…… and decayand decay
•• Very short lifetime Very short lifetime →→ decays decays 

as a free quarkas a free quark
•• BrBr (t (t →→ WbWb) ) ≅≅ 100%100%

•• W decay modes determine top W decay modes determine top 
quark final statequark final state

•• DileptonDilepton ((eeee, , µµµµ, e, eµµ))
–– Both W’s decay Both W’s decay leptonicallyleptonically
–– BR = 6%BR = 6%

•• Lepton (e or Lepton (e or µµ) + jets) + jets
–– One W decays One W decays leptonicallyleptonically, , 

another one another one hadronicallyhadronically
–– BR = 34%BR = 34%

•• AllAll--hadronichadronic
–– Both W’s decay Both W’s decay hadronicallyhadronically
–– BR = 46%BR = 46%

•• ττhadhad +X+X
–– BR = 14%BR = 14%

•• LeptonicLeptonic ττ decays are included decays are included 
in e and in e and µµ final statesfinal states

Experimental challenge Experimental challenge –– the best the best 
performance of all detector systems performance of all detector systems 
is crucialis crucial
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CDF

•• New tracking and vertex detectorsNew tracking and vertex detectors
•• Upgraded Upgraded muonmuon systemssystems
•• Upgraded Upgraded 

calorimeters/calorimeters/preshowerspreshowers
•• Upgraded DAQ/trigger Upgraded DAQ/trigger 

•• ElectronsElectrons -- energy clusters in EM energy clusters in EM 
section of the calorimeter and section of the calorimeter and 
track in the central tracking track in the central tracking 
systemsystem

•• MuonsMuons -- track segments in track segments in muonmuon
chambers and  track in the central chambers and  track in the central 
tracking systemtracking system

•• Jets Jets -- clusters of energy in EM clusters of energy in EM 
and and hadronichadronic parts of calorimeter parts of calorimeter 

•• Jet flavor tagging requires tracks Jet flavor tagging requires tracks 

The detectorsThe detectors

DØ
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•• SelectionSelection
–– Two charged high Two charged high ppTT

opposite sign leptonsopposite sign leptons
–– Large missing Large missing 

transverse energy transverse energy 
–– At least two high At least two high ppTT

jets   jets   
•• Physics backgroundsPhysics backgrounds

–– Leptons from W/Z Leptons from W/Z 
decay and missing Edecay and missing ETT
from neutrinos: from neutrinos: 
WW/WZ, Z/WW/WZ, Z/γγ**→→ττττ→→llll

–– Estimated from MCEstimated from MC

Instrumental backgroundsInstrumental backgrounds
•• jet or lepton in jet fakes isolated jet or lepton in jet fakes isolated 

lepton (lepton (multijetmultijet, , W+jetsW+jets) ) 
•• missing Emissing ET T originates from originates from 

resolution effects,  resolution effects,  misrecomisreco jet or jet or 
lepton or noise in calorimeter lepton or noise in calorimeter 
((DrellDrell--YanYan processes Z/processes Z/γγ**→→eeee((µµµµ) ) 
(except (except eeµµ channel)channel)

•• Estimated from dataEstimated from data

DileptonDilepton channelschannels
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eeee, e, eµµ, , µµµµ final statesfinal states

L = 750 pb-1, mtop = 175 GeV

pblumisyststattt )(5.0)(0.1)(5.13.8 ±±±=σ
• Total relative 

uncertainty ~ 22%!
• Statistical uncertainty 

is comparable with 
systematic

• Main sources: 
– Lepton identification
– Jet energy calibration
– ttbar modeling
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Inclusive Inclusive dileptondilepton
•• Perform global 2D fit to the high Perform global 2D fit to the high ppTT

dileptondilepton sample in sample in NNjetjet vsvs missing Emissing ETT
planeplane
–– ttbarttbar –– large missing Elarge missing ETT, high , high NNjetjet
–– WW WW –– large missing Elarge missing ETT, low , low NNjetjet
–– Z/Z/γγ**→→ττττ→→llll –– lower missing Elower missing ETT, low , low NNjetjet

•• Only Only ttbarttbar and WW are fitted in and WW are fitted in eeee and and 
µµµµ channels because of hard cut to channels because of hard cut to 
suppress DY contributionsuppress DY contribution

• Backgrounds (WZ, ZZ, DY, W+fake
lepton, Wγ) are fixed to expected values 
in the fit

ttbar

WW

Z →→ττττ

Theory:
WW      12.5±0.8 pb
Z →→ττττ 253.1253.1±0.5 pb

-282.1-44.3
+48.5(fit) ± 5.6(shape) pbZ tautau Cross Section 

15.4+5.1
-4.4(fit)-0.2

+0.8(shape) pb11.4-4.3
+5.2(fit)-0.1

+0.5(shape) pbWW Cross Section 

6.6-1.9
+2.2(fit)-0.2

+0.5(shape) pb9.2-2.6
+3.0 (fit)-0.2

+0.6 (shape) pbttbar Cross Section 

ee+emu+mmemuCross Section
L = 360 pb-1, mtop = 178 GeV
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Lepton+trackLepton+track l+track
25

•• Gain efficiency by requiring Gain efficiency by requiring 
one well identified lepton one well identified lepton 
and one trackand one track

•• Loosen missing ET cutsLoosen missing ET cuts
•• Use Use b--tagging to reduce tagging to reduce 

backgroundbackground
•• Include events with one jet Include events with one jet 

in cross section calculationin cross section calculation
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pblumisyststattt )(6.0)(1.1)(6.8 9.1
7.1 ±±= +

−σ
Uncertainty ~25% with half luminosity of dilepton channel

Combined eµ and l+track

L = 370 pb-1, mtop = 175 GeV
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Lepton+jetsLepton+jets channelchannel

•• Signature •• SelectionSelection
–– One high One high ppTT isolated leptonisolated lepton
–– At least three high At least three high ppTT jets jets 
–– Large missing transverse Large missing transverse 

energy energy 
•• Features:Features:

– Relatively high branching 
fraction

– Manageable background
– Perfect for studies of top 

properties

Signature

l

ν

l

b

bp p

E T

jet

jet

jet

jet

_
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Sample compositionSample composition
Multijet background due to 
fake isolated leptons 
determined from data“W-like” + 

jets

ttbar

b-tagging

• lepton in jet (semileptonic
decay)  
• a displaced vertex

•• Forms long Forms long lifetime of B-
hadrons (cτ ~ 450µm, Lxy ~ 
3mm)
• S/B = 2:1 (3:1) njet≥3 
(njet≥4)
• ~60% signal efficiency

• S/B = 1:5 (1:1.5) njet≥3 (njet≥4) 
• Due to large mass ttbar events are:

• energetic
• central
• spherical

• Combine kinematic event information 
into a topological discriminant or Neural 
Network and perform fit to the data  

Signature of 
a b decay is:
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Using event kinematics (ANN)Using event kinematics (ANN)
• 7 variables 
combined in ANN
• binned likelihood 
fit to ANN output
• extract ttbar, W 
and multijet
• multijet
background is 
fixed in the fit to 
expected value

background ttbar Statistical uncertainty is lower than systematic! 
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Using Using bb--jet taggingjet tagging

jet multiplicity
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pblumisyststattt )(5.0)(1.8 3.1
2.1 ±+= +

−σ

Systematic and  statistical 
uncertainties are similar ~ 11%, 
total 17%
Main sources:
• JES and jet ID
• b-tagging efficiency in data
• W flavor composition
• Luminosity

• Perform fit in 8 channels: (e, µ, =3jet, ≥4jet, =1 b-
tag, ≥2 b-tags)

• Gaussian term for each source of errors
• Each source affects the central value of the cross 

section 
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Using bUsing b--jet taggingjet tagging

≥ 1 b-tag
≥ 2 b-tag

Njet ≥ 3

Additional cut 
in ≥ 1 b-tag 
sample to 
reduce 
background: 
HT>200 GeV

8.8 +1.2 
-1.1 (stat.) +2.0

-1.3 (sys.)Cross Section with ≥2 b-tag
8.2 ± 0.6 (stat.) ± 1.0 (sys.)Cross Section with ≥1 b-tag with HT >200 GeV

Results W + >=3 jets in ~ 700 pb-1

The most precise single measurement in the world!

Total ~ 14%
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All jets channelAll jets channel

M(jj)

Jets 
with no 
b-tag

M(bjj)

•• Signature:Signature: 6 jets, 2 6 jets, 2 bb--quark jetsquark jets
–– Six jet Six jet multijetmultijet production rate is production rate is 

many orders of magnitude larger many orders of magnitude larger 
than than ttbarttbar

–– Impossible to extract signal without Impossible to extract signal without 
tagging tagging bb--jetsjets

–– All decay products should be visible All decay products should be visible 
in the detector, no energetic in the detector, no energetic 
neutrinos produced neutrinos produced 

•• Directly reconstruct top quark Directly reconstruct top quark 
decaydecay

•• Selection:Selection: 6 high 6 high ppTT jets, at least jets, at least 
two with two with ppTT>45 >45 GeVGeV, exactly , exactly 
two are two are bb--tagged with SVT tagged with SVT 

•• BackgroundBackground –– from data with from data with 
random assignment of a jet to random assignment of a jet to 
be a be a bb--jet jet 
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All jets channelAll jets channel

pbsyststattt )(6.4)(9.41.12 ±±=σ

Main source of 
systematics:
• JES 
• b-tagging efficiency 
• background model

Reconstructed events 
can be used to extract
• Production rate
• Properties of ttbar
system 

L = 360 pb-1, mtop = 175 GeV
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Cross section summariesCross section summaries

) (pb)t t→ p(pσ
0 2 4 6 8 10 12 14

0

8
Cacciari et al. JHEP 0404:068 (2004)

Kidonakis,Vogt PRD 68 114014 (2003)

2=175 GeV/ctAssume m
*

CDF Preliminary

Combined*

0.4±0.6±0.5±7.3
)

-1
(L= 760 pb

 (lumi)± (syst) ±(stat) 

All-hadronic: Vertex Tag*

0.5±2.2
3.3±1.7 ±8.0

)
-1

(L= 311 pb

MET+Jets: Vertex Tag*

0.4±0.9
1.4±1.2 ±6.1

)
-1

(L= 311 pb

Lepton+Jets: Soft Muon Tag 0.3±1.0
1.3±3.3 ±5.3

)
-1

(L= 193 pb

Lepton+Jets: Vertex Tag*

0.5±0.9±0.6±8.2
)

-1
(L= 695 pb

Lepton+Jets: Kinematic ANN*

0.3±0.9±0.6±6.0
)

-1
(L= 760 pb

Dilepton*

0.5±1.0±1.5±8.3
)

-1
(L= 750 pb For top 

quark 
mass of 
175 GeV

12% relative uncertainty! 

15% better than the best 
single measurement 

Combined cross section from 6 channels, up to 760 pb-1

CDF: 7.3±0.5(stat)±0.6(syst)±0.4(lumi) pb
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ConclusionConclusion

•• New era in the top pair production cross New era in the top pair production cross 
section measurements:section measurements:
–– the accuracy of the theoretical prediction has the accuracy of the theoretical prediction has 

been achievedbeen achieved
–– statistical uncertainties are not dominant any statistical uncertainties are not dominant any 

moremore
–– reduction of systematic uncertainties becomes reduction of systematic uncertainties becomes 

crucialcrucial
•• A new tool for sensitive probing of the A new tool for sensitive probing of the 

Standard Model  Standard Model  
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Backup slidesBackup slides
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Glance into the futureGlance into the future
Total projected error / exp on Total projected error / exp on 

l+jets/btagl+jets/btag channel•• Assumptions:Assumptions:
–– Zero errors from limited MC Zero errors from limited MC 

statistics statistics 
–– Luminosity dependent and Luminosity dependent and 

constant terms:constant terms:
•• JESJES
•• bb--tagging efficiencytagging efficiency
•• Lepton identificationLepton identification

•• Limiting factors:Limiting factors:
–– Luminosity (6.5%)Luminosity (6.5%)
–– Heavy flavor fractions (6%)Heavy flavor fractions (6%)

•• Solutions:Solutions:
–– Luminosity from W’s (2Luminosity from W’s (2--3%) 3%) 
–– Measure ratio of Measure ratio of ttbarttbar to W cross to W cross 

sectionsection
–– Use large data sets to constrain Use large data sets to constrain 

model assumptions (W fractions, model assumptions (W fractions, 
gluon radiation, …)gluon radiation, …)

–– Combine channels 

channel
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Combine channels 



03/21/0603/21/06 E. E. ShabalinaShabalina 4141stst RecontresRecontres de de MoriondMoriond QCD QCD 2121

ANN analysisANN analysis
•• FeedFeed--forward forward perceptronperceptron

with one intermediate with one intermediate 
layer and one output layer and one output 
nodenode

•• Training Training 
–– 5000 5000 PythiaPythia ttbarttbar
–– 5000 5000 AlpgenAlpgen W+jetsW+jets
–– Other sources not Other sources not 

considered in trainingconsidered in training

•• Default JETNET backDefault JETNET back--
propagation training propagation training 

•• 7 hidden nodes

•• 20 variables studied, 7 have 20 variables studied, 7 have 
been chosenbeen chosen

–– Total transverse energyTotal transverse energy
–– AplanarityAplanarity
–– Minimum Minimum dijetdijet massmass
–– Maximum jet rapidityMaximum jet rapidity
–– Minimum Minimum dijetdijet separationseparation
–– Sum of transverse energy Sum of transverse energy 

for all jets beyond the thirdfor all jets beyond the third
–– Ratio between jet  Ratio between jet  

longitudinal longitudinal momentamomenta and and 
the jet transverse energy   the jet transverse energy   

•• WW--like shape include:like shape include:
–– W+3p, Wbb+1pW+3p, Wbb+1p
–– ZZ-->>llll
–– WW-->>τντν+2p, WW+1p+2p, WW+1p
–– WZWZ
–– Single top

7 hidden nodes
Single top
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All jets analysisAll jets analysis
•• Two jets with Two jets with ppTT>45 >45 GeVGeV and and 

bb--tagtag
•• Other Other –– no tagno tag

–– 2 2 ppTT>20 >20 GeVGeV
–– 2 2 ppTT>15 >15 GeVGeV

•• JES uncertaintyJES uncertainty
–– Relative dataRelative data--MC scale from W MC scale from W 

mass peak mass peak 
•• BackgroundBackground

–– Two jets are chosen at Two jets are chosen at 
random and defined to be brandom and defined to be b--
jets (jets (ppTT>45 >45 GevGev))

–– Two weights: Two weights: 
•• ppTT dependent from NTRFdependent from NTRF
•• ∆∆R(jjR(jj) dependent

•• NormalizationNormalization
–– Scale background Scale background M(jjM(jj) ) 

distribution to distribution to M(bjjM(bjj) so that ) so that 
the area with the area with M(jjM(jj)<65 )<65 GeVGeV is is 
equalequal

–– Adjust downwards to minimize Adjust downwards to minimize 
large negative deviations in large negative deviations in 
the backgroundthe background--subtracted subtracted 
samplesample

–– Reduce by 1% increments Reduce by 1% increments 
until the sum of the negative until the sum of the negative 
bins in the bins in the bjjbjj backgroundbackground--
subtracted sample is less than subtracted sample is less than 
half of significancehalf of significance

) dependent
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bb--tagging algorithm tagging algorithm -- SVTSVT
• Reconstructs secondary 

vertex
– ≥2 tracks with pT≥1GeV, ≥1 

SMT hit, impact parameter 
significance >3.5   

• Remove tracks associated 
with K0

S, Λ0 and photon 
conversions (γ → e+e-)

• Positive tag:
– Secondary vertex within a jet 

with a decay length 
significance Lxy/σLxy>7 

• Negative tag:
– Secondary vertex within a jet 

with a decay length 
significance Lxy/σLxy<−7 (due 
to resolution effects)

Impact parameter

K0
S
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Tagging ratesTagging rates
•• bb--tagging efficiencytagging efficiency

–– Measured in Measured in dijetdijet data data 
events for jets with events for jets with muonmuon
insideinside

–– Compare two samples with Compare two samples with 
different heavy flavor contentdifferent heavy flavor content

–– Tag jets with two tagging Tag jets with two tagging 
algorithms SVT and SLT (SLT algorithms SVT and SLT (SLT 
= soft = soft muonmuon with with ppTT

relrel> 0.7 > 0.7 
GeVGeV inside a jet) inside a jet) 

–– Solve system of 8 Solve system of 8 eqseqs in bins in bins 
of jet of jet ppTT and y to extract and y to extract 
semileptonicsemileptonic bb--tagging tagging 
efficiencyefficiency

–– Use MC to correct measured Use MC to correct measured 
efficiency to inclusive oneefficiency to inclusive one

•• Light tagging rateLight tagging rate
–– Measure negative tagging rate Measure negative tagging rate 

in in dijetdijet events (low missing Eevents (low missing ETT))
–– Correct for longCorrect for long--lived particles lived particles 

in light jetsin light jets
–– Heavy flavor contribution in Heavy flavor contribution in 

dijetdijet eventsevents
•• cc--tagging ratetagging rate

–– From MC corrected with the SF From MC corrected with the SF 
derived for derived for bb--taggingtagging

 (GeV)TJet p
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Ef
fic

ie
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y
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BackgroundsBackgrounds
•• Calculate QCD (nonCalculate QCD (non--

W) contribution from W) contribution from 
Matrix Method Matrix Method 

•• Subtract small Subtract small 
backgrounds (single backgrounds (single 
top, top, dibosondiboson, Z, Z→ττ→ττ) ) 
using known cross using known cross 
sectionssections

•• Predict number of Predict number of 
background events background events 
after tagging after tagging 

•• Interpret excess in Interpret excess in 
observed tagged observed tagged 
events with events with ≥≥3 3 jets jets 
over predicted over predicted 
background as background as ttbarttbar
signalsignal

small bkgr
Matrix 
method 
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Kinematics of Kinematics of l+letsl+lets tagged sampletagged sample
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