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The Top Quark

Top pair (tt̄) production observed 1995 by the DØ and the CDF
Collaborations

By far the heaviest fundamental particle we know of

Cross section: 6.8± 0.6 pb (incl. uncert. on the mass → ±1.2 pb)

tt̄ production channels
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Electroweak single top production

Never observed before

Dominant production channels at the Tevatron:

s-channel (tb)

σNLO = 0.88± 0.11 pb (*)

t-channel (tqb)

σNLO = 1.98± 0.25 pb(*)

(*) mt = 175 GeV, Phys.Rev. D70 (2004) 114012

Total SM cross section: σs+t = 2.9 pb
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Motivation

1. Predicted but not observed before

2. Study the Wtb coupling

– Direct measurement of |Vtb| (more later)
– Unitarity test of CKM matrix
– Anomalous Wtb couplings

3. Measurement of top quark properties:
polarization, decay width, lifetime, mass...
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Motivation

4. New physics, example:
– s-channel: resonances like heavy W ′, charged Higgs
– t-channel: Flavour-changing neutral currents
– 4-th quark generation?

5. Very similar to SM Higgs production
– Same final state and bkg as

WH → lνbb̄

6. Test of advanced separation techniques
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Signal and backgrounds samples

Single top signal, MC

comphep-singletop

W+jets, MC

Most difficult background

Shapes from alpgen

Normalization and heavy flavour
fraction from data

t̄t, MC
alpgen

Normalized to σNNLO = 6.8 pb

Multijet events, from data

misidentified lepton
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Analysis Strategy

Strategy: Maximize signal acceptance – extract signal using
multivariate techniques

Signature

isolated lepton

/ET (from ν)

jets

at least 1 b-jet

Event selection

One lepton:

electron: pT > 15 GeV, |ηdet | < 1.1
muon: pT > 18 GeV, |ηdet | < 2

/ET > 15 GeV

2-4 jets: pT > 15 GeV, |η| < 3.4

Leading jet: pT > 25 GeV, |ηdet | < 2.5
Second leading jet: pT > 20 GeV
1-2 jets b-tagged

b-tagging
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Data-background model agreement

Expected Nevents

s + t signal 62
tt̄ 348
Wjj 174
Wbb & Wcc 675
multijet 201

data/bkg Nevents

signal 62
background 1399
data 1398

We have hundreds of these kind of plots
for other kinematic variables
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The 12 (lep, Ntag , Njet)-bins
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The Decision Tree Analysis

Single top signal sample trained against
our background samples

Idea: recover events that fail criteria in
cut-based analysis

Separate training per (lep,Ntag ,Njet)-bin

Boosting – give mis-classified events
higher weight and re-train! (20 times)

Discriminating variables

49 variables used, categories:
object kinematics, global event kinematics, angular correlations

Most discriminating power:

m(alljets), m(W , b-jet1), cos(b-jet1,lep), qlep × ηun-tagged jet1
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The Decision Tree Analysis

Decision Tree Output Bayesian posterior

Bayesian posterior probability density:

P(σ|D)
∫
a,b P(D|σ, a, b)Prior(σ)Prior(a, b)

Shape and normalization systematics treated as nuisance
parameters

Correlations between uncertainties properly accounted for
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Ensemble Testing

Tested our machinery with many sets of pseudo-data

Subset of our total pool of
background events

Individual statistical and
systematical fluctuations

Wonderful tool – like running DØ
1000s of times!

Generated several ensembles with
different single top content →

Significance

Used 70,000 pseudo-datasets with no single top content

We measure the fraction of zero-signal datasets in which we
derive at least the SM cross section (expected significance), or
at least the observed cross section (observed significance)
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Expected results

Expected Decision Tree Results

Expected cross section 2.7+1.5
−1.4 pb

Expected p-value 1.9%
Expected significance 2.1σ
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Boosted decision tree observed results

σs+t = 4.9 ± 1.4 pb
p-value = 0.035% (3.4σ)

SM compatibility: 11% (1.3σ)
Evidence!
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Observed σs+t for all three analyses

The three analyses give consistent results!

Combined result using the BLUE method:
4.7 ± 1.3 pb with 3.6 σ significance!

Same data used (0.9 fb−1) – therefore correlated
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First direct measurement of |Vtb|

Assuming V 2
td + V 2

ts � V 2
tb and pure V−A and CP-conserving

Wtb interaction

|Vtbf
L
1| = 1.3 ± 0.2

0.68 < |Vtb| ≤ 1 @ 95% CL
(assuming f L

1 = 1,
flat prior in [0,1])

No assumption about number of quark families or CKM unitarity
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Conclusion

Boosted Decision Trees result published: PRL 98, 181802

First evidence for single top production found at DØ!

σ(pp̄ → tb + X, tqb + X) = 4.9 ± 1.4 pb
3.4 σ significance

First direct measurement of |Vtb|
|Vtbf

L
1 | = 1.3± 0.2

assuming f L
1 = 1 (SM): 0.68 < |Vtb| ≤ 1 @ 95% CL

Latest result:

Combined result, DT + New ME + New BNN

σ(pp̄ → tb + X, tqb + X) = 4.7 ± 1.3 pb
3.6 σ significance
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BACKUP SLIDES
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Systematics Uncertainties
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Expected signal yields and S:B ratios
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Yields before b-tagging
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Data-background agreement before b-tagging

Background model show good agreement with data!
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Cross-check samples
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Boosted decision tree event characteristics

DT < 0.3 DT > 0.55 DT > 0.65
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Decision Trees - 49 input variables

Object Kinematics Event Kinematics
pT (jet1) Aplanarity(alljets,W )
pT (jet2) M(W ,best1) (“best” top mass)
pT (jet3) M(W ,tag1) (“b-tagged” top mass)
pT (jet4) HT (alljets)
pT (best1) HT (alljets−best1)
pT (notbest1) HT (alljets−tag1)
pT (notbest2) HT (alljets,W )
pT (tag1) HT (jet1,jet2)
pT (untag1) HT (jet1,jet2,W )
pT (untag2) M(alljets)

M(alljets−best1)
Angular Correlations M(alljets−tag1)

∆R(jet1,jet2) M(jet1,jet2)
cos(best1,lepton)besttop M(jet1,jet2,W )
cos(best1,notbest1)besttop MT (jet1,jet2)
cos(tag1,alljets)alljets MT (W )
cos(tag1,lepton)btaggedtop Missing ET
cos(jet1,alljets)alljets pT (alljets−best1)
cos(jet1,lepton)btaggedtop pT (alljets−tag1)
cos(jet2,alljets)alljets pT (jet1,jet2)
cos(jet2,lepton)btaggedtop Q(lepton)×η(untag1)

cos(lepton,Q(lepton)×z)besttop
√

ŝ
cos(leptonbesttop,besttopCMframe) Sphericity(alljets,W )
cos(leptonbtaggedtop,btaggedtopCMframe)
cos(notbest,alljets)alljets
cos(notbest,lepton)besttop
cos(untag1,alljets)alljets
cos(untag1,lepton)btaggedtop

Adding variables
does not degrade
performance

Tested shorter
lists, lost some
sensitivity

Same list used
for all channels
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Sensitivity determination

Using 70,000 pseudo-datasets without any single top content:

Expected p-value

Fraction of 0-signal pseudo-datasets in which
we measure at least 2.9 pb (SM σ)

Observed p-value

Fraction of 0-signal pseudo-datasets in which
we measure at least the observed cross section
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Measuring a cross section

Probability to observe data distribution D, expecting y:

y = αlσ +
N∑

s=1

bs ≡ aσ +
N∑

s=1

bs

P(D|y) ≡ P(D|σ, a, b) =
nbins∏
i=1

P(Di |yi )

The cross section is obtained

Post(σ|D) ≡ P(σ|D) ∝
∫

a

∫
b

P(D|σ, a, b)Prior(σ)Prior(a, b)

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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First direct measurement of |Vtb|

Dag Gillberg (SFU) First Evidence for Single Top – Users’ Meeting, June 6, 2007 28 / 17


