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The The TevatronTevatron

WorldWorld’’s highests highest--
energy energy 
operational operational 
particle particle 
acceleratoraccelerator
Two multiTwo multi--
purpose particle purpose particle 
detectors, CDF detectors, CDF 
and D0and D0
The only place in The only place in 
the world to the world to 
study top quarks study top quarks 
(for now)(for now)
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Top pair productionTop pair productionElectroweak single top productionElectroweak single top production

Top quarks are predominantly produced in Top quarks are predominantly produced in 
pairs by the strong forcepairs by the strong force
–– Can study properties like mass, charge, Can study properties like mass, charge, WW helicityhelicity

Electroweak single top production allowsElectroweak single top production allows
–– Direct measurement of CKM matrix element |Direct measurement of CKM matrix element |VVtbtb||

–– Chance to measure polarized top quarksChance to measure polarized top quarks

ss--channelchannel
0.88 0.88 ±± 0.07 0.07 pbpb

tt--channelchannel
1.98 1.98 ±± 0.21 0.21 pbpb

Quoted crossQuoted cross--sections at sections at MMtoptop=175 GeV/c=175 GeV/c2 2 ------ Cacciari et al. JHEP 0404:068Cacciari et al. JHEP 0404:068; Z. Sullivan, hep; Z. Sullivan, hep--ph/0408049ph/0408049

Top pairTop pair
6.7 6.7 ±± 0.8 0.8 pbpb VVtbtb

VVtbtb
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Sensitivity to new physicsSensitivity to new physics

Single top has similar Single top has similar 
experimental challenges experimental challenges 
toto WHWH
–– WHWH is preferred channel for is preferred channel for 

lowlow--mass Higgs production mass Higgs production 
at the at the TevatronTevatron

–– Have to find single top to Have to find single top to 
find Higgs in this channel!find Higgs in this channel!

WHWH productionproduction
~0.2 ~0.2 pbpb at 120 at 120 GeVGeV

Also sensitive to Also sensitive to 
heavy heavy WW′′, flavor, flavor--
changing neutral changing neutral 
currents, currents, KaluzaKaluza--
Klein heavy Klein heavy WWkkkk, , ……
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Experimental challengeExperimental challenge

Top quark pairs produce a Top quark pairs produce a 
final state with a lepton, final state with a lepton, 
missing transverse energy, missing transverse energy, 
and four jets and four jets ------ a distinct a distinct 
signaturesignature
–– Signal : background of about Signal : background of about 

3.4 : 13.4 : 1

Single top production, with a Single top production, with a 
smaller cross section and smaller cross section and 
two fewer jets, is much two fewer jets, is much 
harder to findharder to find
–– Signal : background of about Signal : background of about 

1 : 151 : 15
–– A simple counting experiment A simple counting experiment 

is impossible!is impossible! top pair productiontop pair production

single top productionsingle top production
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Although searching for Although searching for 
something so tiny may seem something so tiny may seem 
hopelesshopeless……

……We are still sensitive to the We are still sensitive to the 
effects if we know what to look foreffects if we know what to look for
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General analysis methodGeneral analysis method
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DataData

Signal/BackgroundSignal/Background
Monte CarloMonte Carlo

Apply MCApply MC
CorrectionsCorrections

Analysis Analysis 
TechniqueTechnique

Result Statistical Statistical 
analysisanalysis

DiscriminantDiscriminant

Signal

Background

Cross SectionCross Section

Any technique to separate Any technique to separate 
signal from background:signal from background:

Decision tree (D0)Decision tree (D0)

Likelihood function (CDF)Likelihood function (CDF)

Matrix element (CDF, D0)Matrix element (CDF, D0)

Neural network (CDF)Neural network (CDF)

Bayesian NN (D0)Bayesian NN (D0)
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D0 single top search in 910 pbD0 single top search in 910 pb--11



Wednesday, February 27, 2008Wednesday, February 27, 2008 Peter Dong, UCLAPeter Dong, UCLA 99

Event selection and background estimateEvent selection and background estimate

Exactly one isolated lepton
Large missing transverse 
energy
Two to four jets
At least one b-tagged jet
– Neural net tagger increases 

acceptance
– Apply tag rate functions, 

derived in data, to Monte 
Carlo 

Estimate large W+jets
background by applying 
heavy flavor fraction to 
pretagged data, then 
applying tagging rate
Use data events with non-
isolated leptons as multijet
model
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Matrix element methodMatrix element method
Calculate probability density of an event resulting from a givenCalculate probability density of an event resulting from a given
process process 

Uses full kinematic information of an event to discriminate signUses full kinematic information of an event to discriminate signal al 
events from background eventsevents from background events
Calculate probabilities for sCalculate probabilities for s-- and tand t--channel, channel, WbbWbb, , WcjWcj, , WggWgg, and , and tttt--bar bar 
(for three(for three--jet events)jet events)
Use matrix element probability densities to create a Use matrix element probability densities to create a discriminantdiscriminant: : 
signal / (signal + background)signal / (signal + background)

Parton distribution functions

Matrix element:
Different for each process.

Leading order, obtained from 
MadGraph

Transfer functions:
Account for detector 

effects in 
measurement of jet 

energy

Integrate over parton-
level quantities

Inputs:
lepton and jet 4-vectors – no 

other information needed!
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Bayesian neural networkBayesian neural network

Neural networks are trained on Monte Carlo to Neural networks are trained on Monte Carlo to 
discriminate signal from backgrounddiscriminate signal from background
A Bayesian neural network is a weighted average A Bayesian neural network is a weighted average 
of many networksof many networks
Protected against overtrainingProtected against overtraining

Input Nodes

Hidden Nodes

Output Node
t-channel Wbb
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Boosted decision treeBoosted decision tree

Start with large number Start with large number 
of input variables (49)of input variables (49)
Optimize series of binary Optimize series of binary 
cuts in Monte Carlocuts in Monte Carlo
–– Automatically finds Automatically finds 

““interestinginteresting”” variablesvariables

Sort events by output Sort events by output 
puritypurity
Create series of Create series of 
““boostedboosted”” trees by trees by 
reweighting based on reweighting based on 
misclassified eventsmisclassified events
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D0 resultsD0 results

Matrix element methodMatrix element method Bayesian neural networkBayesian neural network Boosted decision treeBoosted decision tree

Measured cross Measured cross 
section:section:

4.8       4.8       pbpb+1.6+1.6
−−11.4.4

Measured cross Measured cross 
section:section:

4.4       4.4       pbpb+1.6+1.6
−−11.4.4

Measured cross Measured cross 
section:section:

4.9       4.9       pbpb+1.4+1.4
−−11.4.4
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D0 combinationD0 combination

Results are not fully Results are not fully 
correlated correlated ------ can gain can gain 
sensitivity by sensitivity by 
combiningcombining
Combine results with Combine results with 
best linear unbiased best linear unbiased 
estimator (BLUE) estimator (BLUE) 
methodmethod

Measured cross Measured cross 
section:section:

4.7 4.7 ±± 1.3 1.3 pbpb Observed p-value:

0.00014 (3.60.00014 (3.6σσ))

Expected sensitivity:
0.011 (2.3σ)
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D0 |D0 |VVtbtb| measurement| measurement

Derive a limit on Derive a limit on 
||VVtbtb| based on | based on 
boosted decision boosted decision 
tree resulttree result

Assume that Assume that 
||VVtdtd||22 + |+ |VVtsts||22 << << 
||VVtbtb||22

|Vtb| > 0.68 at 95% C.L.
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CDF single top searchCDF single top search
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CDF search in 1.5 fbCDF search in 1.5 fb--11

In summer 2007, CDF also reported In summer 2007, CDF also reported 
evidence for single top production with a evidence for single top production with a 
two analysis methods: a matrix element two analysis methods: a matrix element 
method and a multivariate likelihood method and a multivariate likelihood 
functionfunction

D0 and CDF use similar approaches for D0 and CDF use similar approaches for 
the matrix elementthe matrix element

Expected sensitivity of 3.0Expected sensitivity of 3.0σσ; observed ; observed 
significance of significance of 3.13.1σσ
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Jet flavor separatorJet flavor separator

CDF analyses use a CDF analyses use a 
neural net to separate neural net to separate 
jets from jets from bb--quarks from quarks from 
lightlight--quark jetsquark jets
Produces a continuous Produces a continuous 
output output –– not a cutnot a cut
Improves sensitivity by Improves sensitivity by 
1010----20%!20%!
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Multivariate likelihood functionMultivariate likelihood function
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Multivariate binned likelihood Multivariate binned likelihood 
combines several sensitive combines several sensitive 
variables into a single variables into a single discriminantdiscriminant
Pioneered at LEPPioneered at LEP
Seven variables in this analysisSeven variables in this analysis
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CDF results with 1.5 fbCDF results with 1.5 fb--11

Likelihood functionLikelihood function

Measured cross Measured cross 
section:section:

2.7       2.7       pbpb+1.3+1.3
−−11.1.1

Matrix elementMatrix element

Measured cross Measured cross 
section:section:

3.0       3.0       pbpb+1.2+1.2
−−11.1.1
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More improvementsMore improvements

Want to improve precision of measurement Want to improve precision of measurement 
as much as possibleas much as possible
–– Add more data (another 700 pbAdd more data (another 700 pb--11))

–– Update neural network analysisUpdate neural network analysis

–– Increase acceptanceIncrease acceptance

–– Improve separation of signal and backgroundImprove separation of signal and background

These will reduce expected uncertainty on These will reduce expected uncertainty on 
the single top cross section, and thus |the single top cross section, and thus |VVtbtb||
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Neural networkNeural network

Update neural network measurement last used for Update neural network measurement last used for 
955 pb955 pb--11

Train separate networks for different tag Train separate networks for different tag 
multiplicities, based on the multiplicities, based on the bb--quark composition of quark composition of 
each signal sample:each signal sample:
–– Train for tTrain for t--channel for singlechannel for single--tagged eventstagged events
–– Train for sTrain for s--channel for doublechannel for double--tagged eventstagged events

t-channel
signal

mix of
backgrounds
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Extended Extended muonmuon coveragecoverage

Increase acceptance Increase acceptance 
by taking by taking muonsmuons
from complementary from complementary 
trigger (missing trigger (missing EETT
plus two jets)plus two jets)
New New muonsmuons ““fill in fill in 
the cracksthe cracks”” left by left by 
triggered triggered muonsmuons
Improve overall Improve overall 
sensitivity by 7%!sensitivity by 7%!
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ThreeThree--jet eventsjet events

Can recover another Can recover another 
~20% of signal from ~20% of signal from 
threethree--jet eventsjet events
ThreeThree--jet events have jet events have 
large large tttt--bar bar 
background background ------ much much 
more difficult to more difficult to 
separate signal from separate signal from 
backgroundbackground
Sensitivity Sensitivity 
improvement of ~3%improvement of ~3%
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Acceptance improvementAcceptance improvement

Acceptance Acceptance 
increases gives us increases gives us 
more signalmore signal
Luminosity Luminosity 
scaling would give scaling would give 
88 expected 88 expected 
eventsevents
Now 125 single Now 125 single 
top events top events 
expected expected –– 40% 40% 
gain in signal gain in signal 
acceptance!acceptance!

ProcessProcess 2 jets2 jets 3 jets3 jets

ss--channelchannel 41.241.2 ±± 5.95.9 13.513.5 ±± 1.91.9

tt--channelchannel 62.162.1

103.3103.3

146.0146.0

63.263.2

26.726.7

461.6461.6

395.0395.0

339.8339.8

59.559.5

1491.81491.8

1595.11595.1

15351535

Single topSingle top

2.72.7±±18.318.39.19.1±±

±±

±±

±±

±±

tttt

±±

±±

4.64.6

±±

±±

±±

21.821.8

±±

15.015.0

20.920.9

DibosonDiboson 6.36.3

3.93.9

139.1139.1

48.248.2

121.8121.8

56.156.1

±±

23.823.8

268.6268.6

338.7338.7

21.521.5

ZZ + jets+ jets 11.011.0

141.1141.1

108.8108.8

101.8101.8

2.22.2

21.321.3

754.8754.8

269.0269.0

±±

±±

W + W + bottombottom ±±

±±

±±

±±

±±

1.61.6

42.642.6

33.533.5

16.916.9

776.6776.6

W + W + charmcharm

712712

±±

±±

8.58.5

91.391.3

91.491.4

Total backgroundTotal background

W W + light+ light

MultijetMultijet

Total predictionTotal prediction

ObservedObserved

CDF Run II PreliminaryCDF Run II Preliminary
Predicted event yield with 2.2 fbPredicted event yield with 2.2 fb--11
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tttt--bar matrix elementbar matrix element

Added Added tttt--bar matrix bar matrix 
element to matrix element element to matrix element 
methodmethod
Assume a finalAssume a final--state state WW that that 
has been missed (whether has been missed (whether 
it decays it decays leptonicallyleptonically or or 
hadronicallyhadronically))
Integrate over the Integrate over the 
unmeasured unmeasured WW particle to particle to 
extract extract tttt--bar probabilitybar probability
Improves sensitivity by Improves sensitivity by 
about 10%!about 10%!
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Sensitivity improvementSensitivity improvement

Several small Several small 
improvements improvements 
add upadd up
Expected Expected 
uncertainty on uncertainty on 
||VVtbtb| for matrix | for matrix 
element analysis element analysis 
increases by increases by 
~12% compared ~12% compared 
to simple to simple 
luminosity scalingluminosity scaling
Equivalent to a Equivalent to a 
56% increase in 56% increase in 
data!data!
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CDF resultsCDF results

Likelihood functionLikelihood function Neural networkNeural network Matrix elementMatrix element

Measured cross Measured cross 
section:section:

1.8       1.8       pbpb+0.9+0.9
−−00.8.8

Measured cross Measured cross 
section:section:

2.0       2.0       pbpb+0.9+0.9
−−00.8.8

Measured cross Measured cross 
section:section:

2.2       2.2       pbpb+0.8+0.8
−−00.7.7



Wednesday, February 27, 2008Wednesday, February 27, 2008 Peter Dong, UCLAPeter Dong, UCLA 2929

CDF measurement of |CDF measurement of |VVtbtb||

Assume:Assume:
–– Flat prior in |Flat prior in |VVtbtb||22

–– 0 < |0 < |VVtbtb||22 ≤≤ 11

–– ||VVtdtd||22 + |+ |VVtsts||22 << << 
||VVtbtb||22

Combined Combined 
measurement and measurement and 
limit in preparationlimit in preparation

|Vtb|= 0.88        (experiment) ± 0.07 (theory)+0.14
−0.12
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TevatronTevatron summarysummary

CDF combination CDF combination 
in preparationin preparation
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ConclusionConclusion

Measuring the single top cross section is very Measuring the single top cross section is very 
challenging!challenging!
Multivariate analysis techniques are essential to Multivariate analysis techniques are essential to 
increase sensitivityincrease sensitivity
Both CDF and D0 have seen evidence of single Both CDF and D0 have seen evidence of single 
top quark productiontop quark production
We are able to directly measure |We are able to directly measure |VVtbtb||
Now we enter the next stage:Now we enter the next stage:
–– Evidence for sEvidence for s-- and tand t--channel production separatelychannel production separately
–– Top quark polarization measurementTop quark polarization measurement
–– And, of course, onward to the Higgs!And, of course, onward to the Higgs!
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Heavy flavor calibrationHeavy flavor calibration

KHF=1.4 ± 0.4

Calibrate Calibrate WW + heavy flavor in + heavy flavor in WW + 1 jet data+ 1 jet data
ThreeThree--parameter fit to bottom/charm/light parameter fit to bottom/charm/light 
templates of jettemplates of jet--flavorflavor-- separating separating 
distributions distributions 
Correct for EWK/Top contributionsCorrect for EWK/Top contributions
CrossCross--check light flavor yield with prediction check light flavor yield with prediction 
from from mistagmistag matrixmatrix
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NonNon--W backgroundW background

Signal Region

Electrons + 2 Jets Muons + 2 Jets
Signal Region

W+Jets

no
n-

W

Residual non-W: 

5.1%±2.0%

W+Jets
no

n-
W

Residual non-W: 

1.4%±0.6%

Build nonBuild non--WW model from datamodel from data
Invert nonInvert non--kinematic lepton identification cutskinematic lepton identification cuts
Data is superposition of nonData is superposition of non--WW and and WW+jets+jets contributioncontribution
Do likelihood fit to dataDo likelihood fit to data
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Matrix element crossMatrix element cross--checkcheck

Check the Check the discriminantdiscriminant in the orthogonal in the orthogonal 
untagged region to show that we model the data untagged region to show that we model the data 
wellwell
Region is dominated by light jets Region is dominated by light jets ------ validates our validates our 
modeling of modeling of WW + jet kinematics+ jet kinematics
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Matrix element methodMatrix element method

Similar approach for both experimentsSimilar approach for both experiments

CDF also includes jet flavor separator in CDF also includes jet flavor separator in 
discriminantdiscriminant to reduce contamination from to reduce contamination from 
light flavor jets:light flavor jets:

( )EPD
b P

b P b P b P
Singletop

Singletop Wbb W charm
=

⋅

⋅ + ⋅ + − ⋅ +1
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Systematic errorsSystematic errors

Systematic uncertaintySystematic uncertainty Range of Range of 
EffectEffect

Shape variationsShape variations

JJet energy scaleet energy scale 0...16%0...16%

0...11%0...11%

0...15%0...15%

2...3%2...3%

1...5%1...5%

0...9%0...9%

LuminosityLuminosity 6%6%

MistagMistag modelmodel

NonNon--WW modelmodel

QQ22 scale in scale in AlpgenAlpgen Monte CarloMonte Carlo

Monte Carlo Monte Carlo mismodelingmismodeling

Neural net jet flavor separatorNeural net jet flavor separator

Initial state radiationInitial state radiation

Parton distributionParton distribution functionsfunctions

Final state radFinal state radiationiation

Monte Carlo generatorMonte Carlo generator

Event detection efficiencyEvent detection efficiency

CDF Run II PreliminaryCDF Run II Preliminary
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