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State of the art

What do we know already?
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Standard model of particles and forces

* A quantum field theory describing point like, spin-72 constituents
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* Which interact by exchanging spin-1 vector bosons
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A fundamental question

What is the origin of matter?

Reinhard Schwienhorst, Michigan State University



What 1s the origin of matter?
What gives mass to elementary particles?

What is the uﬂivers_e made of?

-

What is dark matter?

What is dark energy?
What happened to anti-matter?
Particle
What makes quarks so heavy ) N 2 .

and neutrinos so light? ?

@0

Supersymmedtric
"'shadow" particles

quark neutrino

Supersymmetry? Extra spatial dimensions? ...
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Experimental physics

Not asking general questions
and receiving limited answers,
but asking limited questions
and finding general answers!

lo stimo piu il trovar un vero, benche di cosa leggiera, ch’l disputar
lungamente delle massime questioni senza conseguir verita nissuna.

Galileo
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Gauge boson masses in the SM

Electroweak
symmetry

breaking wz
bosons

Gauge bosons

field £

Higgs field
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Electroweak symmetry breaking

Gauge boson coupling to Higgs field

Reinhard Schwienhorst, Michigan State University



Electroweak symmetry breaking

Gauge boson coupling to Higgs field

=@
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Higgs
boson

Top quark mass

Coupling strength
~1

top "ciuark
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Coupling strength
~1

qu ark

top '
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Preparation

How do we collect a sample
of candidates?

Reinhard Schwienhorst, Michigan State University
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Luminosity (/fb)
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Recent improvements

* Improved W+jets modeling

— Important background for top pairs and single top
— Alpgen+Pythia with MLM matching
— Normalize total count and HF fraction to data

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

* Neural network > [ bdets
: E TTF e
b-quark tagging g |
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Measurements

What do we know
about the top quark?



Top Quark properties:

* Strong coupling * Top quark mass

@
@

Reinhard Schwienhorst, Michigan State University 19



Top quark strong interaction —
Does it couple to gluons like a quark?

D@ Run Il + = preliminary Winter 2007
dileptonll+jets (topological) 7.1 +1.2 +1.4 +0.5 pb
230 pb™ 1.2 1.1
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1050 pb™’ 1.1 -0.8
Itrack/emu™ (combined) 8.6 *19*11 406 pb
370 pb™ 1.7 1.1
tau+jets™ (b-tagged) +4.3 +0.7
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Top quark mass determination

* Large sample of top quarks

> Measurement uncertainty dominated by systematic effects

— Fit mass and jet energy scale systematic simultaneously

lepton+jets mass, matrix element method
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Calibrated 2D Likelihood
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Top quark mass implications —

quark
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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)
Unknow:
* Coupling to Higgs?
* Modified weak coupling?
* SUSY? Coupling to new particles?

Reinhard Schwienhorst, Michigan State University
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Top Quark properties:

. & 14 1 (b)
* Mass, strong coupling S 12 > S70p0 ' |Df|“a /
] T —]q| =2e/3
. - Exclude charge +4/3 o L0 ; _4e/3
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* Electroweak interactions g h
_ g 4 =N
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Top quark charge [e]

* CKM matrix

— Neutral current (Z boson) § | DO Run Il Preliminary (L =370 pb)
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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 qUITE
* CKM matrix

— Neutral current (Z boson))

Really don't know:
* Coupling to Higgs?

* Moditied weak coupling? W boson
* SUSY? Coupling to new particles?

Reinhard Schwienhorst, Michigan State University
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Top quark electroweak
charged current interaction

A\

top quark decay

Reinhard Schwienhorst, Michigan State University
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SM single top quark production
Associated
production

TeV:

LHC:

Reinhard Schwienhorst, Michigan State University 27




New physics
Associated
broduction

q W L E q g )
t
' — C
q b b

\W%
Flavor
New heavy boson Changing Modified
Neutral Wtb coupling
Current
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Single top qua#k event selection
 (b) quarkjet Leading jet:
4 Et> 25 GeV
e Second jet:
Et > 20 GeV
 0-2 additional jets
(ET > 15 GeV)

Proton —»
.-'.' -.-‘ q‘-‘ -".' --'

’ e Antiproto
W - *- h- -

_,.g:-..-- e
S

~ b-quark jet

High-momentum T |
lepton
Missing (unbalanced) energy (> 15 GeV)

(Et> 15 GeV)



Event Sample Composmon
J B, Wjets

Top quark
pairs

Single top (~ 1 evpb)

Percentage of single top tb+tgb selected events
and S:B ratio

Electron . . ] i .
=
+ Muon 1 jet 2 jets 3 jets 4 jets 2 5 jets
1%
10% ]
0 tags
1: 3,200 1:390 1: 300 1:270 1:230
1%
O
1 tag
1:100 1:53
0%
m |
2 tags
1:43
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Data-background comparison
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ptimized Event Analysis

ow do we find the needle
in the haystack?

Reinhard Schwienhorst, Michigan State University
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Multivariate methods

Input: Method: Output:
discriminating variables multivariate analysis  signal likelihood

Event energy
Quark jet angle .
P |
Reconstructed top mass —O  P(signal)

Cut-Based Neural networks Decision trees Likelihood

I, =>

Boosted decision trees Bayesian neural networks Matrix Elements




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

A leaf  corresponds to a node
without branches

— Defines purity = No/(Ng+Npg)
from MC sample
Training: optimize Gini improvement
— Gin1 =2 Ng Ng /(Ng + Np)

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

Reinhard Schwienhorst, Michigan State University 35



Bayesian neural networks

* NN with three layers
— 24 in put nodes (variables) e
— 40 hidden nodes w—
— Each node and each \r‘"
connection has a weight

* Bayesian Idea:

— Rather than finding one value for each weight,
use many values
— Determine the posterior probability for each weight

— Sample from the posterior

* In this case, 100 individual neural networks
— Each network gets a weight based on training performance

Reinhard Schwienhorst, Michigan State University 36



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

e

* Integrate over ME and measured momenta

Reinhard Schwienhorst, Michigan State University 37
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Classifier comparison

DO single top Wbb
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Results

Let Data speak!

Reinhard Schwienhorst, Michigan State University
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Event Yield

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
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o
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%
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| Cross Section

Bayes Ratio > 10
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=4.9'" pb

10 12
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5

Mean
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e+l-channel
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p-value: 1.1e-01
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Observed thigb cross section [ph]
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Bayesian Neural Network

2,02 DG 0.9 fb’
e ll tb+tgb

% M ttbar

o~ E W+jets
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2
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BNN output
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. 03 £ 3
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% ) 10
o 0.1 ., g
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35 | [ — (A EI ENER I AN AN AN AN N AN AN AN AN A A A bl
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Events

4(I)Jﬁ Run Il Preliminary

Matrix Element
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Mean
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D@ Run Il Preliminary | gys

2000
3.207
1.416
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Observed Cross Section (pb)
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Yield [counts]

Yield [counts]

Reconstructed top quark mass

B D@ Run Il Preliminary 0.9 fb' 'g L D@ Run Il Preliminary 0.9 fb'
e+|l channel 5 L e+|l channel
i 1-2tags 8, 8o 1-2tags
N _ 2-4 jets o B 24 jets
| DT<0.3 2 i DT>0.55
I N s+t=4.95 pb > T s+1=4.95 pb
_
l Low DT o High DT
: region Z region
N 20
% 400 500 % 300 400 500
b-Tagded Top Mass [GeV] b-Tagded Top Mass [GeV]
2 D@ Run Il Preliminary 0.9 1b'
i e+l channel
1-2 tags
B 2-4 jets
15 DT>0.65
s+1=4.95 pb
101 Signal DT
' region
5 —
% 300 400 500
b-Tagged Top Mass [GeV]
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Events

D@ Run Il Preliminary

Variables after cut on likelihood

L=09fb"
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Events
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Single top summary

DO Run Il == preliminary 0.9 fb™!
" ! 1.4

Decision Trees ' —eo— 4.9 i1 4 PP
Matrix Elements* | o 48 71° pb
Bayesian NNs* — 4.4 j '_2 pb
Combination* E H—o— 4.7 j 2 pb

N. Kidor:'lakis, PRD ¥4, 114012 (2006), Migp = 175 GeV

Z. Sullijan, PRD 70, 114012 (2004), my,, = 175 GeV

| | T R |
0 5 10 15

c (pp — tb+X, tqb+X) [pb]
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CKM matrix element |V

CKM Matrix
(e (v v v\ [
g = Vi Vs Vi S
o ) L @y L

* Measurement: |V, ><le|

1 1.5 2 25

* At the 95% C.L.:

Reinh

— Based on DT result
— Include XS uncertainties = sstchannels D0 RunllPre
— Assume SM top quark § oo
decay 3
* No constraint on # of generations & oa Me":s;’f;e“t'
e Assume f; 1 =1 ol o
— lower limit on Vg
Vi <SP

State University 46



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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Searches for new physics in single top

Searches for
new heavy boson W'

q \\'A t

o]
W
o1

% 7
~ D@ 230 pb —e— observed limit

3?// /// — - - expected limit

—v— W —>lorq

N
)
AN

- W’R —q Only

A\

Cross section x B(W'— tb) [p
N
I\l‘\l

1.5F
- 1
Ogo0 650 700 750 800
W’ mass [GeV]
Flavor-changing @ 0003 P o0 oL
neutral currents oy 002 —168% CL
| q x
U kK &
p quar ¢
or ¢ quark b 0.01 002 003 0.04
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The future

-l
— 9

Tevatron Run 2

N
s

8

2 8 Luminosity Projections
= |

g 6f

E | "design"
= 4l

g -

L

o

o

2

=

2003 04 05 06 07 08 09 2010
calendar year

* We will likely be analyzing 4 fb-1 in 2009
— Possibly already 1n 2008

Reinhard Schwienhorst, Michigan State University
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significance S /\B

Prospects for s+t

Projection by CDF for P5 in 2005
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Significance

Prospects for s and t separately B %
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Conclusions/Outlook

* The Tevatron experiments are getting to know the top
quark very well

—Mass measured to ~2 GeV
— Cross section measured to ~12%

* We have 3.4 ¢ evidence for single top quark
production

— |V | > 0.68 at the 95 % C.L.
* Qutlook:

— Tevatron dataset will increase x5 1n next 2 years
— Single top:

* 5 sigma observation

* Separate s-channel from t-channel
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