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Motivation

What is single top
and
why does it matter?



Top Quark properties:

* Mass, strong coupling
q gluon t
q >m-<_t

@
@

ing of the Fermions
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Top Quark properties:

* Mass, strong coupling
* Charge, Spin
* Electroweak interactions

— Charged current (W boson)
* Total width
* CKM matrix

— Neutral current (Z boson)

New physics?
* Coupling to Higgs?

* Modified weak coupling?
* SUSY? Coupling to new particles?
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Top Quark properties:
* Mass, strong coupling Study 1n single top
* Charge, Spin quark production

 Electroweak interactiofis

— Charged current (W boson)
* Total width top QU
* CKM matrix

— Neutral current (Z boson)

Really don't know:
* Coupling to Higgs?

* Moditied weak coupling? W boson
* SUSY? Coupling to new particles?
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Top quark electroweak
charged current interaction

A\

top quark decay
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SM single top quark production
Associated
production

TeV:

LHC: G, = 326 pb
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New physics
Associated
broduction

q b
Flavor
New heavy boson Changing Modified
Neutral Wtb coupling
Current
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Tevatron EgditlnlE] signature

b
q W t “tb,,

=b quark jet
b jet
wlepton
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Tevatron signature

=b quark jet
:light quark jet
wlepton

b or gluon jet.;

=b quark jet
-=light quark jet
wlepton

b or gluon jet
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Results, Run [ and Run II
tgb 95%

2001 Search for electroweak production of single top quarks in UPDET limit
ppbar collisions” Phys. Rev. D 63, 031101 (2001) <358 pb

2001 "Search for Single Top Quark Production at D@ Using
Neural Networks,” Phys. Lett. B 517, 282 (2001).

2004 "Search for Single Top Quark Production at D@ in <25pb
Run [1,” D@ Note 4398 (2004).

2005 “Improved Search for Single Top Quark Production,” D@  _ 5.0 pb
Note 4670 (2005). .

2005 “Search for Single Top Quark Production in pp Collisions  _ 5.0 pb
at \/s = 1.96 TeV,” Phys. Lett. B 622, 265 (2005). '

2006 "Multivariate Searches for Single Top Quark Production <5.0 pb
with the D@ Detector,” submitted to Phys. Rev. D,

hep-ex/0604020.

2005 “Search for Single Top Quark Production using likelihood <4.4pb
discriminants,” D@ Note 4825 (2005). =
Plus 7 PhDs so far

<22 pb
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Tevatron single top goals

Production cross sections: s-channel t-channel
NLO calculation: 0.88 pb (£8%) 1.98 pb (£11%)
current 95% CL limits, DO: <5.0 pb <4.4pb

CDF: <3.1pb <3.2pb

* Discover single top quark production!

* Measure production cross sections
-~ CKM quark mixing matrix element V',

* Look for physics beyond the standard model
— Coupled to the heavy top quark

* Study top quark spin correlations
* Understand as background to many searches
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Preparation

How do we collect a sample
of candidates?

Reinhard Schwienhorst, Michigan State University
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("‘\"“'P |t0n antlproton collider
- LM energy 1.96TeV 3
— Energy frontier \

Inmstantaneous luminosity >250E30cm2s1 /9
— LAanteractions per crossing, 1.7M crossing per second
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Apparatus: Run Il DO Detector
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Luminosity (/fb)
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Improvements

More than twice as much data

Improved W+jets background modeling

Fully reprocessed dataset
— New calibrations, lower thresholds, ...

Neural Network b-quark tagging

Split analysis 1nto

12 separate channels

> By lepton, jet multiplicity,
tag multiplicity

Combined s+t search

— Assuming SM ratio
of cross sections

NN Tagger Efficiency

b Jets

® Tagger applied to MC
- TRF applied to MC
TRF after scaling to match tagger on data

_Tllll-ll-lllll.IILJIIIJII]Il.]II.IltIIllL]II.JII
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w Single top qua#k event selection

(b) quark”j et «Leading jet:

Etr>25GeV

e Second jet:
Et>20 GeV

* 0-2 additional jets
(ET > 15 GeV)

Proton

: - <— Antiproto
-l ® .-‘." -“ — ™

W @-*ﬁh*

_,.g:..-- o
—
- o

~ b-quark jet

Missing (unbalanced) energy (> 15 GeV)

High-momentum AT
lepton
(Er > 15 GeV)



w Event Sample Composmon

o Wjets

Top quark

patts Single top (~1evpb)
Percentage of single top tb+tgb selected events
and S:B ratio
Electron |4 et 2jets | 3jets | 4jets | 25jets
+ Muon
1%
10% ]
0 tags
1:3,200 1:390 1:300 1:270 1:230
1%
[
1 tag
1:100 1:33
0%
m |
2 tags
1:43
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w Data-background comparison

s D@ Run Il Preliminary 0.9 fb' %‘ 400 D@ Run Il Preliminary 0.9 fb'
é - e+u channell @ I e+u channel
- " 1-2tags| & [ ‘\"\\‘;_H\Q 1-2 tags
g 200l 2.4 jets é i ; 2.4 jets
S S 300
3 8
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Optimized Event Analysis

How do we find the needle
in the haystack?

Reinhard Schwienhorst, Michigan State University
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Multivariate Methods

Input: Method: QOutput:
discriminating variables multivariate analysis  signal probability

Event energy
Quark jet angle
Reconstructed top mass

—O P(signal)

Reconstructed top spin

Boosted Decision Trees  Bayesian Neural Networks Matrix Elements

d'o, VA ¢
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% Discriminating Variables

* Event kinematics

— H (total energy)
— H_(transverse energy)

— M (invariant mass)
— M (transverse mass)

— Summing over various
objects in the event

* Angular variables
— Jet-jet separation

— Jet pseudorapidity
(t-channel)

— Top quark spin
— Sphericity, aplanarity

Object kinematics
Jet p. for different jets

Q Run Il Preliminary 0.9 fb'
e+ channel

1-2 tags
2-4 jets

Yield [counts]
Wi -

6
A R(jet1,jet2)

49 variables total



Decision Trees

* Send each event down the tree
* Each node . corresponds to a cut

— Divide sample in two: Pass — Fail

* Aleaf  corresponds to a node

without branches
— Defines purity = No/(Ng+Np)
from MC sample

* Training: optimize Gini improvement
— Gini =2 Ng Ng /(Ng+ Ng)

* Output: purity
for each event

* Boosting: average over many trees (~100)

— Iterative tree building: train each new tree focusing more and more on

misclassified events
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w Bayesian Neural Networks

* NN with three layers
— 24 in put nodes (variables) :
— 40 hidden nodes v
— Each node has a weight B,

* Bayesian Idea:

explore all possible weights
* Average over 100 individual neural networks

— Each network gets a weight based on training performance
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w Matrix Elements

* Calculate signal discriminant directly for each event

. . PS; naf(_»)
D.(X) = P(S|X) = :
(X) ( ‘X) Ps;gna.’( ) + PBackgmund( )

* Signal/Background probabilities are calculated from

the differential cross section

S 1 S S
Psignal(X) = J—Sdﬂs(x) os = | dos(X)

* (Calculate difterential cross section for each event
based on Feynman diagram and event kinematics

—~
>"Pr- SGO0
O > 0 \Jk

g 90 5600

o

* Integrate over ME and measured momenta
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* Measurement Procedure

. _Multivariate Output Bayesian posterior
E 80 : Datla D& Run Preliminaweg1grsb‘ s+t-channels, tbtqgb D@ Run Il Preliminary, 910 pb'
T | M §I:3§E::$: ==1] tag %? - ‘
&b e ==2 jets § ozs
00 i fake-iopton + 5 | For each, measure
vl - e . peak position O
! # i - 2752 pb
20 0'13 Bayes Ratio = 8.0
i i ii‘ '* 0.054: :
- A! s :
0y 02 0.4 0.6 0.8 1

|||||
tbigb-combined DT output (fulltree)

Cross Section [pb]

* Separate optimization for each process
— s-channel, t-channel

* Different processes, sensitivity to new physics
— s+t combined

* Assuming ratio of SM XS
— Maximize sensitivity to SMsingle top
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* Measurement Procedure

. _Multivariate Output Bayesian posterior
E 80— :galt::hannel D& Run I Preliminaweg}grsb‘ s+t-channels, tbtgb~ D@ Run Il Preliminary, 910 pb'
£ i -s:l-channel ==1 tag %' - ; ‘
0 i -ﬂhjets ==2 jels E 02 ﬂ
60 mm fake epton + ] For each, measure
ol - e peak position O
: ¥t i I
20 0'13 Bayes Ratio = 8.0
: i ii‘ * 0.054: :
& 0.2 0.4 0.6 0.8 1 e T
tbigb-combined DT output (fulltree)

Cross Section [pb]

* Separate optimization for each process
— s-channel, t-channel

* Different processes, sensitivity to new physics
— s+t combined

* Assuming ratio of SM XS
— Maximize sensitivity to SMsingle top

Focus on this for the
remainder of the talk!
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Ensemble Tests

— Draw ~1,000,000 “pseudo-data” sets of events from the
signal+background MC

* Bootstrap with replacement

* Several different signal XS values

— Repeat full statistical analysis and measure ¢ for each

DT analysis
SM Ensemble thigb —_
Entries 1000 = y2Indof = 4.89/4
- Mean 2.922 — g )
140F RMS  1.513 5 oF Slope =107 £0.03
12°: e+|-channel E Intercept = -0.12+ 0.10
Full systematics 2 !
100 G 6
' H
8of o 2
- Z
60 g 4
B w0
i 2 3
aof- o
i g 2
20 @
- E 1
02_ 0 2 4 5 alll1|0|||1|2|||14 u||||I||III||||I|||||||||I||||I||||I|||||IIIII||
i 0 1 2 3 4 5 6 7 8 9

Observed tbiqb cross section [pb] Input s+t cross section [ph]
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Sensitivity, p-value

* P-value: fraction of 0-signal ensembles measuring ¢
above observed value

measuring G al

Decision Trees
p-value 1.9%

D@ Run i Preliminary 910, pb”

e+p-channel
Full systemalics

1300 entries above
observed cross section

p-value: 1.9e-02
sigma: 2.1

3333333333
Obzerved thigb cross section [po]

Expected p-val

Expected p-val

UcCs.
Matrix Elements

p-value 3.7%

DG Run Il Preliminary |
p-Value = 0.037

Sig = 1.80

Entries/0.2 pb
3 2 a3 2

—

0 1 2 3 4 5 6 7
Cross Section [pb]
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ue: fraction of 0-signal ensembles
bove SM value

Bayesian NN
p-value 9.7%

Cross Section For Zero Signal Ensembles

2 10%: D@ Run Il Preliminary
g Entries: 1.66e4+04
g 10° p-Value: 0.0965
;= Sigma: 1.31

=

c

w

= 2.9 pb

01 2 3 45 6 7 8 910
Cross Section [pb]
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% Test model on data

* W+jets sample Top quark pairs
=2 jets, low event energy = 4 jets, high event energy (Hy
(Hy (1j) < 175 GeV) (1j) > 300 GeV)
E  ® Data D@ Run Il Preliminary 910pb' E 2 D@ Run Il Preliminary 910pb’
> | ==s+-channel e+jets > nnel e+jets
£ 60 Ml s+t-channel ==1tag € -elinnel ==1tag
L% i -a’ _ ==2 jets L% 20 _ ==4 jets
- Wepets HT<175.0 300.0<HT
40 15
10
20
04 06 038 i 02 04 06 05
tbtqb-combined DT output (fulltree) tbtgb-combined DT output (fulltree)
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Results

Let Data speak!

Reinhard Schwienhorst, Michigan State University
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w Bayesian Neural Network
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™

e o 00
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DO Run 1l 910 pb

0.1 0.2 03 04 05 06 07 08 09
BNN_output

s+t-channels, tbtgb

D@ Run Il Preliminary, 910 pb'

Measured
Cross Section
+1.9
=5.0"7 pb

Bayes Ratio > 10

= |
8 10 12
Cross Section [pb]
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Key for Plots

® Data

tb

tqb

tt

W + jets
Multijets

{ #10 uncertainty
on background

Cross Section For Zero Signal Ensembles

10°

10°

10°

10

D@ Run Il Preliminary

Entries: 1.66e+04
p-Value: 0.00885
Sigma:2.38

:5pb

0 1 2 3 4 5 6 7 &8 9 10

Olpbl]
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Matrix Element

Posterior Density: e+u w/ 2+3 Jets and >=1 Tag

D3 Run i _
s i
2 r G;s.+t=“:”5-’j.5
] ! i
& 0.2 : E :
(= R P& : !
.g - E:Z 't.. l?')aUsH - 0.36
j"_-ﬂ 15 . P P s+t
A5 . :
a : . :
I O R ¢
A R &
0.1F IR
TR
0.051
0.8 0.9 1 = L 1 T
tb+tgb ME Discriminant Cross Section [pb]

D& Run
p-Value = 0.0021

Sig = 2.9¢
o, = 4675 pb

2

Mean: 3.3

Mode: 3.2

Entries/0.2 pb
<

3

Cross Section [pb Cross Section [pb

36



)
2
>
e
o
-
w

80

60—

40

20

Boosted Decision Trees

@ Data D& Run Il Preliminary 910pb’
== s+t-channel e+jets
I s+t-channel ==1 tag
-u’ ) ==2 jets
+jets
Il fake-lepton +
|

0.2 0.4 0.6 0.8 1
tbtqb-combined DT output (fulltree)

D@ Run Il Preliminary 910, pb’ Entries

Mean
RMS

e+|l-channel

Full systematics

24 entries above
observed cross section

p-value: 3.5e-04
sigma: 3.4

5 6 7 8 9
Observed tbigb cross section [pb]

s+t-channels, thtgb
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o
w

0.25

o
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Posterior Density

0.15

0.1

0.05

%

SM Ensemble

| Cross Section

Bayes Ratio > 10

Measured

=4.9'" pb

10 12

Cross Section [pb]

Entries

250

5

Mean
AMS

e+l-channel

Full systematics

201 entries above
observed cross section

p-value: 1.1e-01

sigma: 1.3

6 7 8 9

Observed thigb cross section [ph]
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Reconstructed top quark mass

g - D@ Run Il Preliminary 0.9 {b' g i D@ Run Il Preliminary 0.9 fb'
5 80_ e+|l channel 5 L e+|l channel
s | 1-2 tags 8 8o 1-2tags
T | 2-4 jets T | 24 jets
s | DT<0.3 S T DT>0.55
> 6or s+t=4.95 pb > s+t=4.95 pb
60—
40 Low DT a0l ngh DT
: rcgion Z region
% 400 500 % 300 400 500
b-Tagded Top Mass [GeV] b-Tagded Top Mass [GeV]
E 2 D@ Run Il Preliminary 0.9 b’
S i e+l channel
8 1-2 tags
T B 2-4 jets
@ 15 DT>0.65
> s+t=4.95 pb
101 Signal DT
- region
5_
% 300 400 500
b-Tagged Top Mass [GeV]
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w Summary

DORunll 0.9 fb
Decision trees ; —— 4.9 +1 j: pb
Matrix elements ; —— 4.6 +1 g pb
Bayesian NNs : —— 5.0 +1 g pb

z Sullivéan PRD 70, 114012 (2004), m, = 175 GeV
A T B T L

T L
-5 0 5 10 15
o(pp — tb+tqb) [pb]

4
Submitted to PRL
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CKM Matrix

fa N (v v v V[ d)

g = Vi Ve Vi s
SRR ATy

— Weak interaction eigenstates are not mass eigenstates
Top quark must decay to a W plus a d, s, or b quark

VytV,+V, =1 - V= 0.999
New physics that couples to the top quark:
2 2 2 2 _
I/td t I/ts + I/tb + I/tx =1
Only weak constraints on V',

e Measurement: [V X f 1
— Add uncertainties for M

top» Scale, PDF
— Assume SM top quark decay
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PEJProbability density for Vo fi 12

s+t-channels D@ Run Il Preliminary, 910 pb’
2 o7
) C
S £
o 06— -
- -
2 C
g 05
"g - Measurement:
o 04 +0.6
C : 1 -7 -0.5
0.3 '
0.2 i
o i
D:' | |E [ | | E| L1 | 1 181 1 | I 1 1 E| | | I | E| I 1 1 2 l
0 05 1 1.5 2 25 3 35 4

Vi /L'

e SM: coupling f,1=1
— Modified, additional couplings beyond SM

* Assume SM coupling: |[Vtb| > 0.68 at 95 % C.L.

Reinhard Schwienhorst, Michigan State University
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w Separate s-channel and t-channel analyses

* Train filters individually for s-channel and t-channel

* Repeat statistical analysis
* DT result:

Posterior Density

DJ Run Il Preliminary, 910 pb’

s-channel, tb

Measured

Cross Section

Bayes Ratio = 1.7

B 10 12
Cross Section [pb]
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Posterior Density

o
V)
a

o
[}

o
-
o

0.1

t-channel, igb DJ Run |l Preliminary, 910 pb™

Measured
Cross Section

Bayes Ratio > 10

10 12
Cross Section [pb]
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Conclusions/Outlook

* We have 3.4 ¢ evidence for single top quark
production

—|Vg| > 0.68 at the 95 % C.L.
* Outlook:

— Further analysis improvements

— 50 discovery

— Separate s-channel from t-channel
— Tevatron dataset will increase x5 in next 2 years

Reinhard Schwienhorst, Michigan State University
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