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Introduction & Motivation

Tevatron:
• Only place to make

top quarks.
• Top production:

– Pair production
– Electroweak single 

top production
• RunII:

– 1.8 fb-1 delivered in 
each experiment.

– Record luminosities
acheived
(~250×1030cm-1s-2)
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Introduction & Motivation
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Top Pair Analyses



Final States
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Top Mass

• Motivation:
– Top is the heaviest

known elementary
particle.

– Precision mt and mW

measurements help constrain Higgs mass.
– Sensitive probe to Physics beyond the

Standard Model.
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Top Mass
• Mass extraction methods:

1. Select signal-like events.
2. Reduce backgrounds (b-tagging, cuts, likelihoods).
3. Reconstruct the final state (combinatorics, fit).
4. Use sophisticated technique to extract top mass:
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Top Mass
• Many analyses:
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Top Mass
• Many analyses:
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Matrix Element
• Most precise measurements in CDF and DØ use ME with in situ 

W jj JES calibration.
• Lepton+jets:

– CDF Event selection:
• 1 e(µ): ET(pT) > 20 GeV
• 4 Jets: ET > 15 GeV, |η| < 2.0
• MET > 20 GeV
• ≥1 b-tagged jet
• QCD veto

– Main Background: W+jets
• Method:

– For every event calculate the probability to be signal or background:

– Use maximum likelihood to fit simultaneously mt, JES, and Cs (signal 
fraction) ( )∏ +−+∝ jetsWstttsts JESPCJESmPCJESmCL )()1(),(),,(

events 11



Matrix Element
• Data and Model agree well:

• Result (940 pb-1):
202619170  GeV/c...mt ±±=

Error: 1.5%
Most precise measurement in the World
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Dilepton Neutrino Weighting
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• 18 independent kinematic variables (6 particles momenta)
• 14 measured quantites (momenta of ℓ's, b's and Exmiss, Eymiss)
• Use 3 constraints mW+, mW- and mt=mtbar

• Drop MET, and use templates of mt and grid of ν rapidities
• The ν's four-momenta can be calculated and compared to MET:

• Minimize -ln[L(w,nbkgd,Nobserved;mt,nsignal,nbkgd)] at each MC point mass point, 
then fit to lowest -lnL point to find top mass

• Result (370 pb-1):
28.47.61178  GeV/c.mt ±±= (4.6%)



All Hadronic 2D Template
• Huge QCD/Multijet background
• Event Selection:

– 6 jets: |η|<2, ET>15 GeV
– Cuts on jet shapes (aplanarity and centrality)
– ΣET>280 GeV/c2

– Require ≥1 b-tags
– Impose ttbar-ME Likelihood cut

• Background obtained from data before ME Likelihood
requirement
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All Hadronic 2D Template
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• 2D Template analysis (mt and JES)
– Signal templates derived from a matrix element calculation
– Background templates from data driven background model

• Result (943 pb-1):
29.17.31171  GeV/c.mt ±±= (2.4%)



Top Mass
• Tevatron combined measurement (July 2006):

27.12.14171  GeV/c.mt ±±= (1.2%)
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Top Mass
• CDF new results better than prediction 6 months ago:
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Top Pair Cross Section
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Top Pair Cross Section
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Lepton+jets B-tagging

∫×
−

=
Ldt
NN

tt

bkgobs
tt ε

σ

• Counting experiment:

• Event selection:
– lepton pT>20 GeV
– MET >20 GeV
– ≥3 jets: ET>15 GeV
– HT > 200 GeV
– ≥1 b-tag

• Result:
(Error starts being
dominated by systematics)

 pb.tt 016.02.8 ±±=σ
(15%)
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Properties
• Charge:

– Might be 2/3 or 4/3.
– There might be exotic

couple -1/3/-4/3.
– DØ (370 pb-1): 4/3

excluded at 92% CL.
• W helicity:

– SM: f−=0.3, f0=0.7, f+~0
– CDF(955 pb-1):  combined

f0 & f+ mesurement:

03.010.006.0
06.025.074.00

±±−=
±±=

+f
f
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Evidence for Single Top



Single Top
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Introduction & Motivation:

• Directly measure |Vtb| for the first time
• Cross section sensitivity to beyond the SM processes
• Source of polarized top quarks. Spin correlations measurable in decay

products.
• Important background to Higgs search
• Test of techniques to extract a small signal out of a large background

*14.088.0 pbNLO ±=σ *25.098.1 pbNLO ±=σ

(*) Phys.Rev. D70 (2004) 114012



Single Top
• Backgrounds:

– W+jets
– top pairs
– QCD

• Event selection:
– Lepton+jets like

with NN b-tag.
– Pushing to loose

cuts.
• Difficulty:

– Lower jet 
multiplicity.

– Less energetic
events. 24



Single Top

(background model is verified before b-tagging is applied)
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Single Top

Expected single top signal is smaller than background uncertainty!
No counting experiment, requires advanced analysis techniques
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Single Top

Neural Network:
no evidence of signal
σ < 2.6 pb @ 95% CL

Likelihood:

no evidence of signal
σ < 2.7 pb @ 95% CL
From s and t likelihoods

Matrix element:

pb5.1
3.17.2 +

−=σ

p-value = 1.0% (2.3σ)
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Single Top
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• DØ multivariate methods:
– Matrix Element. Expected:

– Bayesian NN:
• Find posterior probability density for all possible weights in NN
• Expected:

– Boosted Decision Trees:
• Select best cut

recursively for failed
and passed events

• Average over retrained
trees that focus on
mis-identified events

• Expected:

pbts
8.1
5.10.3 +

−+ =σ p-value = 3.7%

pbts
0.2
8.19.2 +

−+ =σ p-value = 9.7%

pbts
6.1
4.17.2 +

−+ =σ
p-value = 1.9%



Single Top

Matrix Element Bayesian NN
pbts 9.10.3 ±=+σpbts

8.1
5.16.4 +

−+ =σ
p-value = 0.89% (2.4σ)

p-value = 0.21% (2.9σ)

[pb]
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Single Top

Matrix Element Bayesian NN
pbts 9.10.3 ±=+σpbts

8.1
5.16.4 +

−+ =σ
p-value = 0.89% (2.4σ)

p-value = 0.21% (2.9σ)
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Decision Trees
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Decision Trees

EVIDENCE!!!

32S.M. compatibility: 11% (1.1σ)



Single Top
• Evidence Direct measurement of |Vtb|

– Translate tb+tqb cross section into measurement of
the strength of V−A coupling |Vtbf1L| in Wtb vertex (f1L: 
arbitrary left-handed form factor)

– Assume Vtd
2 + Vts

2 << Vtb
2 and pure V−A and CP-

conserving Wtb interaction:

– Also assuming f1L = 1:
0.68 < |Vtb| < 1 @ 95% CL

– No assumption about number of quark families or
CKM matrix unitarity

2.03.11 ±=L
tb fV
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Conclusions & Outlook
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• There is a very rich program in Top Physics at the 
Tevatron that the LHC will take advantage of.

• July 2006 Tevatron combined top mass:

dominated by the CDF lepton+jets measuerent:

The precision is better than expected
• CDF combined top pair production cross section:

• Evidence of electroweak single top production has been
found at DØ with the Decision Trees analysis. Measured 
cross section:

(3.4σ)
And a first direct measurement of |Vtb| has been made:

0.68 < |Vtb| < 1 @ 95% CL

 pb.. 41 94ts ±=+σ

27.12.14171  GeV/c.mt ±±= (1.2%)

202619170  GeV/c...mt ±±= (1.5%)

 pbtt 7.05.03.7 ±±=σ (12%)



Backup slides
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Introduction and Motivation



The CDF Detector
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JES



SVT

39

Secondary Vertex Tagging

•Signature of bottom quark decay is a 
displaced secondary vertexdisplaced secondary vertex

•Use long lifetime of B hadrons:             
cτ ~450 µm + large boost from top 
decay →B hadrons travel LLxyxy~ 3mm ~ 3mm 
before decaying with large charged 
track multiplicity

•Tagging efficiency per jet ~40%

CDF W+2jet CDF W+2jet CandiateCandiate Event:Event:
CloseClose--up View of Layer 00 Silicon Detectorup View of Layer 00 Silicon Detector

Run: 205964,  Event: 337705
Electron ET= 39.6 GeV, MET = 37.1 GeV
Jet 1: ET = 62.8 GeV,  Lxy = 2.9mm
Jet 2: ET = 42.7 GeV,  Lxy = 3.9mm

Jet2

Jet1

Electron

12mm



CDF Mtop lep+jets ME
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Single Top Event Selection
and Method

• Only one tight and no other loose lepton
– electron: pT > 15 GeV and |ηdet| < 1.1
– muon:     pT > 18 GeV and |ηdet| < 2

• 15 < MET < 200 GeV
• 2-4 jets with pT > 15 GeV and |ηdet| < 3.4

– Leading jet with pT > 25 GeV and |ηdet| < 2.5
– 2nd leading jet pT > 20 GeV

• Other clean up cuts
• At least one b-tagged jet
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Event Selection and Method
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Before b-tagging:
• Normalize
W+multijet to
data in every jet 
bin before
tagging
• Checked 90 
variables: 
simulation gives
good description
of data
• Shown: 
electron channel, 
2 jets



Event Selection and Method
Neural network B-jet Tagger:

• NN trained on 7 input variables 
from SVT, JLIP and CSIP 
taggers.
• Much improved performance
with respect to JLIP:

• fake rate reduced by 1/3 for
same b-efficiency
• smaller systematic
uncertainties

• Tag Rate Functions (TRFs) in η, 
pT , zPV applied to MC
• Operating point:

• b-jet efficiency 50%
• c-jet efficiency 10%
• Light jet efficiency 0.5% 43



Event Selection and Method
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Event Selection and Method
Systematic uncertainties can be
• either “shaped” (jet energy scale, tag rate functions): shift 
inputs by ±1, redo analysis
• or “normalization”: uncertainties assigned per background, 
jet multiplicity, lepton, number of tags

Examples of Relative Systematic Uncertainties

ttbar cross section 18%
luminosity 6%
electron trigger 3%
muon trigger 6%
jet energy scale wide range
jet fragmentation 5–7%
heavy flavor ratio 30%
tag-rate functions 2–16%
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Event Selection and Method
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Ensemble tests: to verify machinery...
• Create thousands of sets of pseudo-data and
run analysis on them.
• generated ensembles: 

• 0-signal ensemble (s+t = 0pb) Significance
• SM ensemble (s+t = 2.9pb)
• “Mystery” ensembles to test analyzers 

(s+t=??pb)
• Ensembles at measured cross section

(s+t=measured)
• A high luminosity ensemble



Event Selection and Method
Method to measure the cross section:

Probability to observe data distribution D,
expecting y:

• Bayesian posterior probability density.
• Shape and normalization systematics treated as nuisance parameters.
• Correlations between uncertainties properly accounted for.
• Flat prior in signal cross section.
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Multivariate Analyses: 
Decision Trees
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Training
• Start with all events (first

node)
• For each variable, find

the splitting value with
best separation between
children (best cut).

• Select best variable and
cut and produce Failed
and Passed branches

• Repeat recursively on
each node

• Stop when improvement
stops or when too few
events left.

Adaptative Boosting
• Train several trees giving higher
weights to misclassified events.
• Result: weighted average over
trees results



Multivariate Analyses: 
Decision Trees

• Application: train 36 separate trees
(s/t/s+t, e/µ channel, 2/3/4 jets, 1/2 tags)

• Performance on ensemble tests:
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Multivariate Analyses: 
Matrix Elements

Approach:
• Use the 4-vectors of all reconstructed leptons and jets
• Use matrix elements of main signal and background 

diagrams to compute an event probability density for
signal and background hypotheses.

• Goal: calculate a discriminant:

)()(
)(

)|()(
xPxP

xP
xSPxD

BackgroundSignal

Signal
S rr

r
rr

+
==

),()()()(1)( 2121 xyWxfxfdqdqydxP rrrrrr ∫= σ
σ

where

Transfer function
(detector response)Parton distribution functions 50



Multivariate Analyses: 
Matrix Elements
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Multivariate Analyses: 
Bayesian Neural Networks

• A different sort of neural network:
– Instead of choosing one set of weights, find posterior 

probability density over all possible weights
– Averaging over many networks weighted by the

probability of each network given the training data
– Less prone to overtraining
– For details see: 

http://www.cs.toronto.edu/radford/fbm.software.html
• Use 24 variables (subset of DT variables)
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Multivariate Analyses: 
Bayesian Neural Networks
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Cross Sections & Significance
EXPECTED
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Cross Sections & Significance
Decision Trees: Consistency with the S.M.
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Cross Sections & Significance
All Methods Summary:
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First Direct Measurement of |Vtb|

• Given that we now have a measurement of the single top cross 
section, we can make the first direct meassurement of |Vtb|.

• Use the same infrastructure as cross section measurement but
make a posterior in |Vtb|2.

• Caveat: assume SM top quark decays.
• Additional theoretical errors are needed (see hep-ph/0408049)
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First Direct Measurement of |Vtb|
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Motivation: New Physics
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DØ Integrated Luminosity
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Electron ID
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Muon ID
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HF Fraction
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HF Fraction
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HF Fraction - CDF
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Systematic Uncertainties
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Matrix Element Method
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Matrix Element Method
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Decision Trees Variables
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• Adding
variables does
not degrade
performance

• Tested shorter
lists, lose some
sensitivity

• Same list used
for all channels



Ensemble Testing Details
• Use a pool of weighted signal + background 

events (about 850k in each of electron and
muon)

• Fluctuate relative and total yields in proportion to
systematic errors

• Randomly sample from a Poisson distribution
about the total yield

• Generate a set of pseudo-data (a member of the
ensemble)

• Pass the pseudo-data through the full analysis
chain (including systematic uncertainties)
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Cross-checks: DT
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• “W+jets”: =2jets, HT (lepton,MET,alljets) < 175 GeV
• “ttbar”: =4jets, HT (lepton,MET,alljets) > 300 GeV
• Shown: tb+tqb DT output for e+jets

• Good agreement of model with data



Cross-checks: ME
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Excess in ME
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ME: Results Summary
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Decision Trees on Data
s+t, electron channel, 2 jet, 1 tag:

75



DT Output: M(W,b)

Excess in 
high DT 
output 
region
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DT Output: MT(W)

Excess in 
high DT 
output 
region
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DT: Results Summary
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Correlations Between Methods
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Single Top
• DØ: Search for FCNC (230 pb-1)
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Single Top
• DØ: Search for W’ (230 pb-1)

s-channel:

81
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