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introduction

Top Quark Physics

Top quark discovered in pairs (strong interaction) in 1995.

]
q q Decay mode and Branching fractions

Rare decays
Anomalous decays

CKM matrix element IV |

Top spin polarization Top mass
spin correlations

Production cross-section
Production kinematics
New Resonance production
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introduction

Single top quark production @ 1.96TeV

s-channel (tb) t-channel (tgb)
q t q' q
W+

et} .‘\"i _
q b g == b

® oo = 1.12 & 0.04 pb(*) o oo = 2.34 £ 0.12 pb (¥)

v v

(*) N. Kidonakis, Phys. Rev. D 74, 114012 (2006), M;=170GeV
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motivation

Motivation - Measure the Cross Section

A cross section allows direct measurement of |Vyy| for the first time
(more later).
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motivation

Motivation - Measure the Cross Section

A cross section allows direct measurement of |Vyy| for the first time
(more later). The s-channel and t-channel cross sections are sensitive
to different new physics
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motivation

Motivation - Top Quark Spin

@ Top decays before it can hadronize (no top jets)

@ V-A nature of weak interaction should mean 100% polarized top
quarks.

@ First chance to measure the polarization of a bare quark!
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motivation

Motivation - Looks Like Higgs

W+
proton

. b
antiproton <
B antiproton

@ This looks a lot like single top!

@ One of the most promising Tevatron channels for Higgs discovery
is like single top with 1/10 the cross section.

@ Approach to measure Higgs is tested on single top. It is also an
important background.

@ As soon as we discover it, somebody tries to get rid of it....
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introducing D@

The Fermilab Tevatron

@ Run Il began in
March 2001

@ Proton-antiproton
collisions at
1.96TeV

@ Luminosity up to
3.5 x 1032cm™2s71

Main Tnjector @ Int. Luminosity
Ev) (recorded)
>6.1 fb~1
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introducing D@

The D@ Cartoon
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introducing D@
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single top history

Finding Single Top is a Challenge!
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single top history

Search History (Wine+Cheese - Gerber)

Do
- Search:
- Search:
- Search:
-W
- Search:
-Evidence:
-FCNC:
W
- Evidence:
- Wtb:
- Wib:
-H:
- Observation:

CDF
- Search:
W
- Search:
- Search:
- Evidence:
-FCNC:
W
- Observation:

PRD 63, 031101 (2000)
PLB 517. 282 (2001)
PLB 622. 265 (2005)
PLB 641, 423 (2006)
PRD 75, 092007 (2007)
PRL 98, 181802 (2007)
PRL 99. 191802 (2007)
PRL 100. 211802 (2007)
PRD 78, 012005 (2008)
PRL 101, 221801 (2008)
PRL 102, 092002 (2009)
(PRL) arXiv:0807.0859
(PRL) arXiv:0903.0850

PRD 65. 091102 (2002)
PRL 90, 081802 (2003)
PRD 69, 052003 (2004)
PRD 71, 012005 (2005)
PRL 101, 252001 (2008)
(PRL) arXiv:0812.3400
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analysis strategy

General Analysis Strategy (2006 or 2009)

Design triggers and loose pre-selections maximizing signal
acceptance.

Build background model from MC and data sources.
Normalize background model to data.

Check data/background model agreement in many variables.
b-tag.

Check data/background model agreement in many variables.
Apply MV discriminants.

Check discriminants in data control samples.

Use ensembles of pseudo-data to test for method bias.

Cross sections measured using binned likelihood calculation for
signal+background to data.
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analysis strategy

Improvements Since 2006

Fermilab Tevatron
Run Il Integrated Luminosity

Delivered
w 6.11 fb™
Recorded

5.37 fb™

2.3 fb™
Observation /"

Analysis

Integrated Luminosity [fb™]

0.9 fb™
Evidence

0

2002 2003 2004 2005 2006 2007 2008 2009
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analysis strategy

Event Selection Improvements

et proton

proton

antiproton b antiproton

@ Logical OR of many triggers (was |+jets)
© isolated @ Leading jet acceptance extended to |n| < 3.4
lepton (was 2.5)
o £r e Non-leading jet Pt cut lowered to 15GeV (was
@ 2-4 jets 20)
@ at least 1 @ Muon Pt cut 15GeV (was 18GeV)
b-jet | e Loosened b-tag cut for 2-tag case

e New Ht,FErcuts
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analysis strategy

The Background Model

@ Signal modeled using SINGLETOP+PYTHIA. Based on
COMPHEP, reproduces NLO distributions.

o W-jets, Z+jets and ttbar from ALPGEN+PYTHIA:

e MLM parton-jet matching to avoid double-counting final states.
o n(jets), Ap(jetl, jet2), An(jetl, jet2) corrected in W+jets samples
to match data.

o QCD multijets taken from data - misidentified leptons.
@ Dibosons modeled using PYTHIA.

@ Normalization of W+jets and multijets performed by iterative fits
to data in three sensitive variables before tagging

data MC __ . MC . data
Noretag — Nokga = Swtjets Nw Ljers + Smuttijet Nemuitijet
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analysis strategy

Event Selection - Agreement Before Tagging

Event Yields
in 2.3 fb~' of D@ Data
e,l, 2,3,4-jets, pretag
th + tgb 444 s B
o on 004 > 10000 D@ 2.3 fb™ Data #

! : 4 F Wbb
Z+jets, dibosons 8,631 ° N g Wee
# pairs 1,895 @ | glrlec‘;‘]gagiels Wjj+Wcj

i c Z+jets
Multijets 5,798 S |
> [ Dibosons
Total back d 114,777 a
otal backgroun ‘2' 50007 H
Data 114,777 % Multijets B
D@ Single Top 2.3 fb™" Signals and Backgrounds >-'
(All channels combined, before b-tagging)
tb LT teeessemess
. 'q; = 100 150
tt—
t— hjets I W Boson Transverse Mass [GeV]
web Il
wee Il
wej
Wi . 1.
W S:B = 1:259
Dibosons
Multijets [l
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analysis strategy

B Tagging

Displaced
cks

@ Separate b-jets from light-quark and

gluon jets to reject most W+jets Secondary
background. Vertex
@ Two operating points , '-"//,:"
o TIGHT
(ep = 40%,ec = 9%,e, = 0.4% ) Primary
e LOOSE

(ep = 50%,6c = 14%,¢; = 1.5% )

@ D@ uses a NN with 7 input variables based on secondary vertex
and impact parameter.

@ Define exclusive samples: 1T, 0 L and 2L
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analysis strategy

Event Selection - Agreement After Tagging

Dugan O'Neil (SFU and CEA Saclay)

Event Yields
in 2.3 fb~' of D@ Data
e, 2,3,4-jets, 1,2-tags combined
tb + tgb 223+ 30
Wiets 2,647 + 241 —_ -
Z+jets, dibosons 340 61 > . D@ 2.3fb" Data ¢
—— o tb+tqb M
tt pairs 1,142 + 168 w 400- Wbb B
Multijets 300 + 52 - b-tagged Wee m
Total prediction 4,652 + 352 % all channels Wjj+Wej B
@ i Z+jets
Data 4,519 i F Dibosons I
5 200+ tt—>u H
D@ Single Top 2.3 fb™' Signals and Backgrounds ° tf — (+jets W
(All channels combined, after b-tagging) >__ [ Multljets -
tb
tqb I 0
tt—n
> ijets I 0 100 150
wob Il W Boson Transverse Mass [GeV]
wee Il
wej I
Wjj
Z+jets
Dibosons [
Multijets [l

Observation of Single Top

Sept 25, 2009

19 / 63



analysis strategy

Systematic Uncertainties

Systematic Uncertainties
Ranked from Largest to Smallest Effect
on Single Top Cross Section
1 Systematic Uncertainties
Dg 2.3 fb- Ranked from Largest to Smallest Effect
on Single Top Cross Section
Larger terms
DG 2.3 b
b-ID tag-rate functions (2.1-7.0)% (1-tag) ST

(includes shape variations) (9.0-11.4)% (2-tags) Monte Carlo statistics (05-16.0)%
Jet energy scale (1.1-13.1)% (signal) Jet fragmentation (0.7-4.0)%

(includes shape variations) (0.1-2.1)% (bkgd) Branching fractions 1.5%

X . o Z+jets heavy-flavor correction 13.7%
WﬂEts heavy-ﬂavor correction 13.7% Jet reconstruction and identification 1.0%
|ntegrated |uminosity 6.1% Instantaneous luminosity correction 1.0%

. © Parton distribution functions (signal) 3.0%
Jet energy resolution 4.0% Z+jets theory cross sections 5.8%
Initial- and final-state radiation (0.6-12.6)% W4jets and multijets (1.8-3.9)% (Wjets)
normalization to data (30-54)% (multijets)
b-jet fragmentation 2.0% Diboson theory cross sections 5.8%
tt- pairs theory cross section 12.7% Alf)gen Whjets shape corrections shape only
Trigger 5%
Lepton identification 2.5%
Wbb/Wcc correction ratio 5%
Primary vertex selection 1.4%
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MV techniques

Multivariate Analysis Techniques

Selection cuts are not sufficient to “see” single top. We perform three
independent analyses using multivariate techniques:

© Boosted Decision Trees (BDTs)
@ Matrix Elements Method (ME)
© Bayesian Neural Networks (BNN)

and then combine their outputs in a super-BNN at the end.
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MV techniques

Decision Trees

Train

o 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.
Terminal node = leaf.
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MV techniques

Splitting a node
Impurity i(t)

@ maximum for equal mix of signal and background
° symmetric in Psignal and Pbackground
@ minimal for signal only or background only

@ strictly concave = reward purer nodes

@ Decrease of impurity for split s of

node t into children t; and tg : Gini =13, sbpi2 = 155)2
o G s o =5, S
AI(Sv t) = I(t)_pL"(tL)_pR'l(tR) entropy = _Zi:sbpi |0gpi

@ Aim: find split s* such that:

Ai(s*,t) = max Ai(s,t)

se{splits} osE

criterion

e Maximizing Ai(s, t) = minimizing
o o 02— — Gini
overall tree impurity — Entopy

! L 1 1 ! 1 1 ! 1
01 02 03 04 05 06 07 08 09 1
purity
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MV techniques

Decision Trees

Measure and Apply

@ Take trained tree and
run on independent
simulated sample,
determine purities.

-e-Data DO Run Il Preliminary, 230pb

= t-channel («10)
I

0 W4jets
Il muitijet

Event Yield

@ Apply to Data

@ Should see enhanced
separation (signal right,
background left)

@ Could cut on output
and measure, or use
whole distribution to
measure.

0.6 0.8
tgb-Wbb DT output
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MV techniques

Decision Trees - Boosting

Boosted Decision Trees
Decision Tree

Neural Network

\ Random guess

Cut-Based

Signal efficiency

Background efficiency
© R. Schwienhorst
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MV techniques

Decision Trees - Boosting

Boosting AdaBoost algorithm
@ Recent technique to improve @ Adaptive boosting
perfo.r.mance of a weak @ Check which events are
classifier misclassified by T
@ Recently used on DTs by o Derive tree weight oy
GLAST and MiniBooNE .
T @ Increase weight of
@ Basic principal on DT: misclassified events
e train a tree Ty . . .
o Tir1 = modify(Ty) @ Train again to build Ty
@ Boosted result of event i:

T(i) = Ypvse aw Tl

@ Averaging dilutes piecewise nature of DT J

@ Usually improves performance

Ref: Freund and Schapire, “Experiments with a new boosting algorithm”, in Machine

Learning: Proceedings of the Thirteenth International Conference, pp 148-156 (1996)
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MV techniques

Decision Trees - Application to this Analysis

DT Choices

@ 1/3 of MC for training

® Adaboost /3 = 0.2
@ Boosting cycles = 50 @ Train 24 separate trees: (Run
@ Signal leaf if purity > 0.5 lla,Run 11b) x (e,uz) x (2.3,4
@ Minimum leaf size = 100 jets) x (1,2 tags)
events @ For each signal train against
@ Same total weight to signal the sum of backgrounds )

and background to start

@ Goodness of split - Gini factor

w
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MV techniques

Decision Trees - Powerful Variables

Best Variables to Separate
Single Top from W+Jets

D@ 2.3 fb~! Analysis

Best Variables to Separate
Single Top from Top Pairs

D@ 2.3 fb~' Analysis

Object kinematics

Event kinematics

Jet reconstruction

Top quark reconstruction

Angular correlations

(:28
priet2)
pri(et1,tag-p)
E(light1)

M(jet1 jet2)
MAW)
H{lepton, &-,jet1,jet2)
Hy{jet1 jet2)
Hy(lepton, &;)
Width,jet2)
Width, (jet2)
Mg(Witag1)
AM‘Upmin
M,(W.tag1,52)
cos(light1,lepton)yiaggeiop
Ad(lepton, i7)
Q(lepton) x n(light1)

Object kinematics

pT(notbest2)
pT(jetd)

Event kinematics

Jet reconstruction

pT(light2)
M(alljets—tagl)
Centrality(alljets)
M(alljets—best1)
H{alljets—tag1)
H,{lepton, ,alljets)
M(alljets)
Width, (jet4)

Angular correlations

Widthy(jet4)
Width,(jet2)
cos(leptonbtaggedmp,
btaggedtopcyrame)
Q(lepton) x n(light1)
AR(jetl,jet2)
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MV techniques

Decision Trees - Output Transformation

| D@ 23fb" Runlia
F lect
. . 0s “2ioe
D@ 2.3fb before transformation [ 1tag
06 Transformation

function

Signal

BDT Output, Transformed Binning

Background
Run lla 04
electron
2 jets Minimum of 40 background
1tag events in each bin
02
50 bins in each
output distribution
Ll . PR S N NS BRI
01 02 03 04 05 06 07 08 09 0 02 04 06 038 1
Boosted Decision Trees Output BDT Output, Native Binning
D@ 2.3 fb™ after transformation
01
[ Run lla
r electron
0,08~ 2jets
r Background 1tag
0.08(—
004 Signal
0,02
ol 1 1 I 1 I I I
01 02 03 04 05 06 07 08 09 1
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MV techniques

Matrix Element Technique

A matrix elements analysis takes a very different 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:
PSignaI()?)

Ds(X) = P(S|%) = 3 X
(%) (51%) Psignal(X) + Prackground(X)

@ Define Psjgna as properly normalized differential cross section

S 1 S S
PSignal(X) = Edas(x) os = deS(X)

@ Shared technology with mass measurement in tt(eg. transfer
functions)
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MV techniques

Bayesian Neural Network

Hidden
Nodes
Input

@ Neural networks are non-linear
functions defined by weights at the
nodes.

@ Instead of choosing one set of :
weights, a BNN find posterior 02
probability density over all possible :
weights.

@ Averaging over many networks . i
weighted by the probability of each Bayesian neursl network output
network given the training data. Less
prone to overtraining

@ For this analysis use highest-ranked
18-28 variables in each channel.
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measuring the cross section

Measuring the Cross Section

@ Cross sections are measured
by building a Bayesian
posterior probability density.

@ Shape and normalization

E o
. > E peak
systematics treated as £ 0.35
. c 03
nuisance parameters g
5 0.25° R
@ Correlations between S 020 -7
uncertainties properly 2 0150
(@] c
accounted for 5 O
L 7 0.05-
o Flat prior in signal cross el L] e
N - 6 & 10

section single top cross section

@ The cross section is given by
the peak of the posterior, the
width containing 68% is the

uncertainty.
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measuring the cross section

Ensemble Testing

@ To verify that all of this machinery is
working properly we test with many

sets of pseudo-data. DG 2.3 fb'
1000 -
@ Wonderful tool to test analysis 3 Input Xseo
800 =3.46p
methods! Run D@ experiment 1000s Measued soc
=3.48 £ 0.02 p

of times!

IS

S

3
T

)

8,000 pseudo-datasets
with SM signal

@ Generated ensembles include:
@ O0-signal ensemble (s + t o = Opb)
@ SM ensemble (s + t o = 3.46pb) ° $ o4 s e T 8 9o
© Several other test values b tab Cross Section [pbl

and background
and all uncertainties

No. of Pseudo-Datasets
@
8
T

N

S

3
T

Xsec measured usin
boosted decision trees

@ Each analysis tests linearity of
“response”’ to single top.
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measuring the cross section

Ensemble Results

Measured tb+tgb Cross Section [pb]

10—

Boosted
Decision Trees

D@

Slope =0.994 +0.003
Intercept = -0.016 £ 0.016

P L P - L L L
2 4 6 8 10
Input tb+tgb Cross Section [pb]

gan O'Neil (SFU and CEA Saclay)

Measured tb+tgb Cross Section [pb]

10

Bayesian
Neural Networks

D@

Slope =0.993 £ 0.003
Intercept = 0.032 + 0.018
I S U AR
2 4 6 8 10
Input tb+tgb Cross Section [pb]

Observation of Single To

Measured tb+tgb Cross Section [pb]

10~  Matrix Elements

8

o

4: D@
2' Slope = 0.986  0.003

L Intercept = -0.126 + 0.018

P S S EE S R
2 4 6 8 10

Input tb+tgb Cross Section [pb]
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measuring the cross section

Significance/Sensitivity Determination

We use our O-signal ensemble to determine a significance for each
measurement.
Expected p-value

The fraction of 0-signal pseudo-datasets in which we measure at least
3.46pb.

Observed p-value

|

The fraction of 0-signal pseudo-datasets in which we measure at least
the measured cross section.

v
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measuring the cross section

Data Cross-check samples

We define a W-enriched data sample and a ttbar-enriched sample
(almost no signal) in which to test the agreement.

Wi+Jets Cross-Check Sample tf-Pairs Cross-Check Sample
s L 1 Data ¢ - _
8 400i DG 2.3 fb th+tgb I % 807 DG 2.3 fb™ Data ¢
i ¢ Whb = o th+tgh M
e [ Hy<175GeV Wee m e " Hy> 300 GeV Non-t Il
~ 300 1 b-tag Wii+Wei ~ 60" 45 ptags tHoum
£ P 2lets Non-v m 2 [ dets tf = t+jets W
g r Multijets BN g Multijets B
3, 200 3 40
ke L =
.l 3 I
S 100 £ 20
05 0
0 50 100 150 0 50 100 150
W Boson Transverse Mass [GeV] W Boson Transverse Mass [GeV]

Dugan O'Neil (SFU and CEA Saclay) Observation of Single Top Sept 25, 2009 36 / 63



measuring the cross section

Data Cross-check samples

Pretagged Cross-Check Sample W+Jets Cross-Check Sample

3 - 2400
° DG 2.3 fb™" Data ° -1 Data ¢
5 15000~ Data & g D@ 2.3fb" | D70 4
s Wee H t L Wbb =
2 all channels Wjj+ Wej @ 300 HT: L?tsagGeV Moo
“ 10000 | Ztjets “eor 2jets  WijtWe m
leosons_ | 2001 Non-w mm
I - Multijets Il
Multijets I L
5000 00
% 02 04 06 08 1 0

0 0.2 0.4 0.6 0.8 1
Boosted Decision Trees Output Boosted Decision Trees Output

tt-Pairs Cross-Check Sample

2 4
Q
g D@ 2.3fb Data
E100 tb+tgb W
S Hr> 300 GeV Non-t Il
w 1,2 b-tags ti—»¢ m
[ 4jets  ti—>l+jets W
50 + Multijets I

0.2 0.4 0.6 0.8
Observation of Single Top
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measuring the cross section

Individual MV Outputs

Event Yield

Dugan O'Neil (SFU and CEA Saclay)

500

400

300

Event Yield

¢ Data
W th+igb
. Wbb
. wee
B wjj+Wej 150
B Z+jets
_ Ry
M i (+jets 100
W Multijets

Dg 2.3 fb”

0.2
Boosted Decision Trees Outpu

0.4 0.6 0.8

D@ 2.3 fb™"

H;> 175 GeV

0.2 0.4 0.6 0.8

Matrix Elements Output

Event Yield

500

400 —

300 —

200

100

Event Yield

%

300

200

B Multijets

0.2
Bayesian Neural Networks Output

2.3 b

ti—L+jets 100

0.4 0.6 0.8 1

Observation of Single Top

¢ Data —
. g D@ 2.3 fb"
. Wob

. wce
W+ Wej
W Zijets
R =Y
B (i ivjets
W Multijets

H, <175 GeV

o
0.4 06 0.8 1
Matrix Elements Output
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measuring the cross section

Individual Results

Posterior Density [pb™"]

D@ 2.3 fb-' Single Top Results
Single Top Significance
Analysis Method Cross Section Expected | Measured
L +0.95
Boosted Decision Trees 3.74 “y 79 Pb 430 460
. +1.18
Bayesian Neural Networks 4.70 593 Pb 410 540
. +0.99
Matrix Elements 4.30 Zy'5p Pb 410 490
- 0.5 = 0.5
Boosted 2 - Bayesian g Matrix Elements
Decision Trees o 04n Neural Networks s
% 3 S 3 Observed
Observed 5 03- Observed § 03f cross section
cross section Q E cross section a £ =430% pb
=3.74'03 pb 2 021 =4.70"33 pb S o2-
I - DG 2.3 fb"
DY 2.3fb" g o D@ 2.3fb" S o1

4 6 8 10 12
tb+tgb Cross Section [pb]

Dugan O'Neil (SFU and CEA Saclay)

6 8 10

Observation of Single Top

4
tb+tgb Cross Section [pb]

12

0 2 4 6 8 10 12
tb+tgb Cross Section [pb]
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measuring the cross section

Individual Significances

Boosted Decision Trees Bayesian Neural Networks

62.8M pseudo-datasets (background-only)
2 above measured cross section

49.4M pseudo-datasets (background-only)
95 above measured cross section

p-value =1.9x10°° p-value = 3.2x107°

Observed significance
=4620

Observed significance
=540

2 3 4 5 6
tb+ tgb Cross Section [pb]

2 3 4 5 6
tb+tgb Cross Section [pb]

No. of 2.3 fb™ pseudo-datasets
No. of 2.3 fb™ pseudo-datasets

Matrix Elements

62.9M pseudo-d. gl ly)
25 above measured cross section

p-value = 4.0 x 107

Observed significance
=4.940

2 3 4 5 6
tb +tgb Cross Section [pb]
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measuring the cross section

Combination of D@ Results

tb+tgb Xsection [pb]

Dg 2.3 fb"

O 2N WA OO N ®© O
T

74% correlation

Pseudo-datasets
with background
and SM signal

Bl
0123 4586 7 8 910

BDT tb+tqgb Xsection [pb]

Dugan O'Neil (SFU and CEA Saclay)

ME tb+tgb Xsection [pb]

-1
o DO 2.3 fb"
g 60% correlation
s
7 -
6
5!
4;
N
2 Pseudo-datasets
" with background
£ and SM signal
0

BDT tb+tgb Xsection [pb]

Observation of Single Top

ME tb+tgb Xsection [pb]

D@ 2.3 fb™"

57% correlation

® Pseudo-datasets
with background
and SM signal

2345
ENN tb+tgb Xsection [pb]
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measuring the cross section

Combination of D@ Results

Final Discriminant Signal Region
S | DG 2.3fb" 8 DG 2.3 fb"
[=} r (=}
& 600 & 40
t i Data + €
g thb+tqgh M o
W 400 Wijets w
= tf m = +
e} - Multijets = T 20 +
[ [ Q
& 200¢ i~

b 02 04 06 08 1 98 o085 09 095 1
Ranked Combination Output Ranked Combination Output
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measuring the cross section

Combination of D@ Results

S/B Ratio

s, D@ 2.3 fb”
c - = r
= DQ 23 fb £ 160 Data
o 5 £ t
5 2 140 - signal+Background *
é 1.5 g, 120;— = Background L
] £ 1001 M{H
= S =
3 F o u
k= o "t
n 401

0.5 £ M
§ v e

0’ Il Il Il 1 Il Il 1

3 0 5 10 15 20 25 30 35 40
- 0

0 0.2 04 0.‘6‘ O.‘S‘ T Cumulative Single Top Signal
Ranked Combination Output
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measuring the cross section

t-channel Alone

@ It is interesting to attempt to

go 35§*lept0n (b) separate the t-channel from
38 635"}3 fll;;’m toli( the s-channel to search for
2 0.3;-light quar .
£0.25,spectator b | new physics.
E 025_ i @ The eta distribution of the
0150 light quark jet (left) is one
'0 £ distinguishing feature between
00'5§ ey s- and t-channel.
04 2 5 3 @ D® has taken the observation

1;‘ analysis and retrained the
discriminants to separate the
two sources.
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measuring the cross section

t-channel Alone

g D@ 2.3 fb!
< ® MeasoZa @ Do a 2D measurement, no
3 * sm restriction on relative s and t
] v Ztu FCNC :
8 9,004, channel cross sections.
5 ¥ IV, =02 )
g 4 Toplavor @ Integrate along s-channel axis
] =1TeV
3 Too Pion to get t-channel measurement
B —250Gev . .
leswcL and vice versa:
B s0%c.L.
_ +0.94
[ o5% c.L. oy = 3.14_0.80pb
os = 1.05+0.81pb
| t-chalnnel discriminant |

0 1 2 3 4 5 @ Consistent with SM, 4.8¢0
s-channel cross section [pb]
excess on t-channel alone.
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measuring the cross section

D® Future Projections

D@ Run Il Single Top

—_ F
[a] r
0, 8 Projected exclusion contours based on
o 70 z D@’s0.9 b~ single top analysis
g ¢ s 6f
© 6 F Standard Model @
O r 5 5F PRD66, 054024 (2002)
= r B L
c 5[ S r - Top-flavor (my=1TeV) s
2 t ] A ZGFONC (950=9,) A
(2 4F 8 | 4thfamily (Vi=0.5) [
© [ g 3| Top-pion (m, =250 GeV) Y
< F observed 2 PRDS3, 014018 (2001)
D 3¢ 2.3fb" expected s 2 (=3 *
n F 2.3 o projection R 16 CL with 0.9 b~
2= \ g = 16 CL with 6.8 fb™
E, 09fb" observed @ c F
10 0.9fb" expected |l -
ft 0.9 fbo projection = = = © Cb 1\ é é ‘\‘ é 5
3 <
0(;””"]"H2“‘HéuHAI,‘H‘é‘““6IH‘7‘IH‘8|IM§|)H“‘]O s-channel tb cross section [pb]

Integrated Luminosity [fb™]
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CKM Matrix Element Vy,

Direct access to Vi

Vud Vus Vub
VC KM =— Vcd Vcs Vcb
Via Vis Vi

@ Weak interaction eigenstates are not mass eigenstates
@ In SM: top must decay to a W and d, s or b quark

o V2 +V2+VEi=1

e constraints on Viy and Vi: Vi > 0.998
@ New physics that couples to the top quark:

o VR +V2+VE<1

@ no constraint on Vi,
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Measuring |V

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

@ Use the same infrastructure as cross section measurement but

make a posterior in |Vi,|2.

o Caveat: assume SM top quark decays.
e Additional theoretical errors are needed (see hep-ph/0408049)

Additional

D@ 2.3 fb™"

Systematic Uncertainties
for the |V,,| Measurement

Top quark mass
Parton distribution functions

Factorization scale

Strong coupling ag

For the tb+tqb theory cross section

4.2%
3.0%
2.4%
0.5%

Dugan O'Neil (SFU and CEA Saclay)

Observation of Single Top
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Vib

Measuring or Limiting |V |2

2 2
5. D@ 2.3 fb™ g - D@ 2.3 b
5 15] g 4
o [} r
s 5 T
2 L o T
= |Vepfy|=1.07 £0.12 = 3
2 10r 1 2 7 |Vip| > 0.78
3 C
o flat prior >0 & o
E at95% CL
0.5 r 0 <flat prior< 1
1 —
F 95% | 68%
. . |
% 0.5 1 15 2 25 3 % 0.2 0.4 0.6 0.8 1
L2 2
VTt Vi
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combining with CDF

Combining with CDF - Cross Section

If;vsz:fon Combination 2.76 X035 pb

Single Top Quark Cross Section August 2009
CDF Lepton+jets 3.2 fb™ i e 217 :(o)gg pb
CDF MET+jets 2.11b : 50 25 po
i
D@ Lepton+jets 2.3 b E 3.94 :(o)gfl3 pb
1
1
1
"

|
Il B.W. Harris et al., PRD 66, 054024 (2002)

N. Kidonakis, PRD 74, 114012 (2006) Mygp =170 GeV
1

IR S T R
0 2 4 6 8

o (pp — tb+X, tgb+X) [pb]

@ Same Bayesian method used to combine experiments as was used
to combine channels within an experiment.

@ Common systematics are assume 100% correlated, the rest are
assumed uncorrelated.

@ Cross section uncertainty improves from 22% to 19%. Two

experiments are compatible at the 1.6 sigma level.
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combining with CDF

Combining with CDF - |V}

2 3

" Tevatron Preliminary, August 2009
- Forog;®™ =3.14 pb
— [PRD66 054024, 2002]
C |th| =0.91+0.08

[ 95% C.L. limit: 0.79

[ For c'"®°Y = 3.46 pb

s+t

|- [PRD74 114012, 2006]

g
3

Posterior Densit
N

1.51
[ v, |=0.880.07
1i_ 95% C.L. limit: 0.77
0.5

PR IR MW /A, L7250 VAP

02 04 06 08 1
\A
tb

2
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Summary

@ Single top has finally been observed at the 5 sigma level by both
Dzero and CDF.

Single Top

Signal Significance
Cross Section

Expected Observed

D@ (2.3 fb-') March 2009

CKM Matrix Element V,,,

PRL 103, 092001 (2009)  (my, =170 GeV)

Veft| = 1.07£0.12
3.94+088pb | 450 500

|V“,| >0.78 at95% CL

CDF (3.2,2.1fb™") March 2009 PRL 103,092002 (2009) (m,, =175 GeV)

V,ft| = 0.91£0.13

23138 pb >590 500 st

‘Vﬂ,‘ >0.71 at95% CL
V,ft| = 0.88+0.07

276 43 oo Mot

|V,b| >0.77 at95% CL

Observation of Single Top Quark Production!!
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extra slides

BACKUP SLIDES

BACKUP SLIDES )
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extra slides

Event Displays |

D@ Experiment Event Display
Single Top Quark Candidate Event, 2.3 fb™' Analysis

Run 223473 Evt 27278544 Sun Jul 23 19:21:41 2006

ET scale: 28 GeV
b Jet

b Jet

Jet

Muon

Neutrino
ugan O'Neil (SFU and CEA Saclay) Observation of Single T Sept 25, 2009
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extra slides

Event Displays Il

D@ Experiment Event Display
Single Top Quark Candidate Event, 2.3 fb™ Analysis

Run 229388 Evt 13339887 Wed Jan 3 21:05:14 2007
ET scale: 39 GeV

Neutrino

b Jet

Electron

Jet
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extra slides

Event Displays Il

D@ Experiment Event Display
Single Top Quark Candidate Event, 2.3 fb™ Analysis

Run 233563 Evt 44490072 Mon Jun 11 06:15:53 2007
ET scale: 19 GeV

b Jet

Neutrino

gan O'Neil (SFU and CEA Saclay) Observation of Single Top
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extra slides

Kinematics in the Signal Region

D@ 2.3 fb™ D@ 2.3 fb™

% L all channels < all channels
o | BNNcomb > 0.9 S 30~ BNNcomb > 0.9
S a0~ e |
- L >
3 w,
- )
B o
s p=
°
>

foo 150 200 250 % -2 0 2 4

mi;, [GeV] Q(lepton) x n(light-quark jet)
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Yields in More Detail

extra slides

Event Yields in 2.3 fb~! of D@ Data Event Yields in 2.3 fb~' of D@ Data
Electron + muon, 1 tag + 2 tags combined Electron + muon, 1 tag + 2 tags combined

Source 2 jets 3 jets 4 jets Source 2 jets 3 jets 4 jets
s-channel tb 6219 244 72 s-channel tb 6219 2414 72
t-channel tgb 7710 396 14+3 t-channel tgh 77 £10 3916 143
W+bb 678 + 104 254 + 39 7311 W+bb 678 £ 104 254 +39 73+ 11
W+ce 303 £48 13021 427 W+ce 303 +£48 13021 427
Wigj 435+ 27 137 2412 Wi 435+ 27 137 24+2
W+ jj 413 £ 26 1409 413 W+ j 413 £26 1409 413
Z+jets 14133 54+ 14 17+5 Z+jets 141 £33 54 + 14 175
Dibosons 8911 325 9+2 Dibosons 89+ 11 325 9+2
tf— 4t 149+ 23 105 + 16 326 it — et 14923 105+ 16 3216
tt — L+jets 72+13 331151 452 + 66 it — L+jets 72+13 33151 452 + 66
Multijets 196 + 50 7317 306 Multijets 196 + 50 73£17 306

Total prediction | 2,615+ 192 1,294 £107 742 + 80 Total prediction | 2,615+ 192 1,294 + 107 742 £ 80

Data 2,579 1,216 724 Data 2,579 1,216 724

gan O'Neil (SFU and CEA Saclay)

Observation of Single T
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extra slides

W-jets HF Scaling Factor

¢ W + heavy flavor normalized to theory (MCFM-NLO)
— 1.47 (Wbb,Wcce), 1.38 (Wc))

e Additional empirical correction
— derived from two-jet data and simulation: includes zero-tag events
— 0.95 £ 0.13 (Wbb, Wee)

e Uncertainties considered -
— Data statistics = 9% S:B =1:211n 1Tag
S:B=1:151n2Tag

— £ 40% single top cross section - + 7% 1 SF
— + 10% on the W¢j theory SF — + 8% in SF

.. i _ . D@ Single Top 2.3 fb™ Signals and Backgrounds
Additional £ 10% Wbb/Wee — £ 5% in SF At <ranees ombies, sar g

% 600 ~ p17+p20 e+y: channel z p17+p20 e+u channel i

g g bt
=] LSy

g 5™ DO ol

g w00 s m

§. §. we

=

S 200 3 i

= 5 oivosons B

B E Muitijets I

g) >

w

G 100 is0 100 150 1%

M{(W) [GeV] My(W) [GeV]
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Systematic Uncertainties

Dg 2.3fb”

Double-tagged

D@ 2.3 fb™
= 8% 2 T
[ C H [ C
= soE- Single-tagged = 60
2E o 2L o
58 O 58
t o 20F t o
[T C [T
Q0 O I QO
c © 0or c ©
oo 20: om
28 s
&= 40F &= 40F
@ § 60 & § 60~
. L L 1 L L 1 1 L L 1 | L
80 0.1702 03704 05 0.6 0.7 0.8 0.9 1 809

Combination Output

Dugan O'Neil (SFU and CEA Saclay)

Observation of Single Top

1 | 1 1 | | L | |
0.1 02 0.3 04 05 06 0.7 0.8 09 1
Combination Output
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Evidence Cross-Check

Analysis Consistency Test

N

N W A OO N ® © O

90
80

70
60

50

ARRARRN RN AR RN RRRAN RN

40
30

20
10

45678910o

Measured tb+tgb Cross Section, 2009 BDTs [pb]

Measured tb+tgb Cross Section, 2006 BEDTs [pb]
Measured single top cross sections using the 2009 and the 2006 decision trees
on 5,000 pseudo-datasets generated from the 2009 Run lla e+jets samples

The red star shows the measurements in real data: 4.2 pb from the 2006
analysis and 2.9 pb from the 2009 analysis. This 1.3 pb shift is not uncommon

2 WileltaNe) (o] 0]
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More on Vy,

q q
q t
Vi w
w+ Ve t
. . b
b _
g b

Ty = =25 () {7 [F£P + P] = S (00— ), [P+ 1]
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CDF+D@ Combination Uncertainties

Systematic Uncertainty CDF DO Correlated between
the two experiments

Rate Shape Rate  Shape

Luminosity from detector 4.5% 1.6%

Luminosity from cross section 4.0% 4.0% .

Signal modeling 2.2-19.5% . 3.5-13.6% .

Background from MC 12.1-12.4% . 15.1 % .

Background from data 17-40% . 13.7-54% .

Detector modeling 0-9% . 7.1 %

b-tagging 0-29% . 2-30% .

dJES 0-16% . 0.1-13.1% .

Dugan O'Neil (SFU and CEA Saclay)

Observation of Single Top
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