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Dald ich erkenne, was die Welt
Im Innersten zusammenhalt

So that | may perceive whatever holds
The world together In its inmost folds

Faust, Johann Wolfgang von Goethe



Relax.
What is Mind?
NOo matter.
What Is Matter?
Never mind!

"’ Homer J Simpsor




QOutline

* A fundamental question

* The standard model of particle physic

— Three generations of elementary particles
— The top quark

* The Energy Frontier

* Search for Single Top Quark Producti
* Outlook

* Conclusions

o Simplified units: @ Cross section in picobarn
c=1 (1 barn = 1G*cnY)
> Energy, momentum, mass in @ inosity in—
Gevgy Luminosity in picobarn

Reinhard Schwienhorst, Michigan State University



A fundamental question

What Is the origin of matter?



What Is the origin of matter?

What is the universe made

What is-dark matter?
What Is dark energy?-.
What happened to anti-matte

Fﬂrticles\
What makes quarks so heavy

;
and neutrinos so light? ” J_ 2
: 299 ‘70

quark neutrino Supersymmetric

"shadow" particles
Supersymmetry? Extra spatial dimensions?




State of the art

What do we know already?

Reinhard Schwienhorst, Michigan State University



Standard model of particles and forces

* A quantum field theory describing point like, speonstituents

Leptons Quarks
e Vi 0
uoj Vo
T V3 0

* Which interact by exchanging spin-1 vector bosons

Electromagnetic 10 Y ’ «

Strong 1 ,93 4: :» Higgs
Weak 106 W’,EO\,V/D

Gravity 1040

Relative
strengths

Reinhard Schwienhorst, Michigan State University




The first two generations of quarks

* up or down or strange or charm quarks:

vacuum
e
quark production
point
Free qusrks gon't exist Quark jet produces a hadronic
(quﬁgrk?”r'”demegti)n o shower through interactions
Q produce crattions = ith nuclei

hadronize to mesons or hadrons
These typically travel in the same

direction —» hadronic jet

Detecting guark-!ets IS a standard tool at the@bontierl



The third generation

Tau lepion A .

Discovered 1975 at SLAC

Tau neutrino
Discovered 2000 at Fermilab

bottom quark top quark

Discovered 1978 at Fermilab Discovered 1995 at Fermilab



Gauge boson masses in the SM

Electroweak
symmetry
breaking

Gauge bosons

" Higgs field



Electroweak symmetry breaking

Gauge boson coupling to Higgs field




Electroweak symmetry breaking

Gauge boson coupling to Higgs field




Top quark mass

Coupling strengh
~1

Foy
........
L II '-.‘.
L



Top quark mass

Coupling strengh
~1

bosen

v

*. according to Tim Tait






Top quark experimental facts

* Top quark produced in SM strong interaction
* Top quark usually decays to\& boson andb quark
* Top quark mass 175 GeV



We assume but

don't actually know:
* Charge, Spin
 Electroweak interactions

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

— Neutral current (Z boson)

Really don't know:

* Coupling to Higgs?

* Modified weak coupling?
* SUSY? New physics?

Reinhard Schwienhorst, Michigan State University 18



We assume but

don't actually know: Study in single top
» Charge, Spin quark production

* Electroweak interactions e

— Charged current (W bosopn) &=+
 Total width
* CKM matrix

— Neutral current (Z bosaon)

Really don't know:

* Coupling to Higgs?

* Modified weak coupling?
« SUSY? New physics?

Reinhard Schwienhorst, Michigan State University
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Key to electroweak symmetry breaking

Reinhard Schwienhorst, Michigan State University 20



Top guark electroweak
charged current interaction

W

top quark decay

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

QU %
>SN t
: b

q b \\

OnLo OnLo OnLo
TeV: 0.88 pb 1.98pb 0.14 pb
LHC, t: 6.6 pb 156 pb 34 pb
LHC, t: 4.1 pb 91 pb 34 pb

Reinhard Schwienhorst, Michigan State University



s-channel

New physics

Associated
broduction

q \VVA t q q g )
t
, - C
q b b W

New heavy boson

Flavor
Changing
Neutral
Current

Reinhard Schwienhorst, Michigan State University

Modified
Wtb coupling

23



TevatrorEROIEWNE  Signature
b

q W : ot
_q' b I

=b quark jet
b jet

fraction [%]

1 |3I0 L
jet p; threshold [GeV]




IEEW t-channe

sighature

=b quark jet - =b quark jet
==light quark jet —=+light quark jet
' lepton - lepton

“*b or gluon jet — =D or gluon jet.;

—
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TTT T 1T

S
Q
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Tevatron single top goals

Production cross sections: s-channel t-channel t
NLO calculation: 0.88pb (x8%) 1.98pb (£11%
Run | 95% CLUimits, D@: <17pb <[P
CDF: < 18pb < 13pb < 18pk

* Observe single top quark production
— Tevatron discovery!

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

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

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

Reinhard Schwienhorst, Michigan State University 26



Experimental procedure

How do we find out?

Reinhard Schwienhorst, Michigan State University
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The energy frontier

Probe physics at small distances
by colliding particles at high energy

antiproton

|

Reinhard Schwienhorst, Michigan State University 28



‘oton-antiproton collider
M energy 1.96TeV

— Energy frontier .
ntaneous luminosity >160E30cms &

£,
actlons per crossing, 1.7M crossmg perflséco
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Collecting Interesting events:

trigger system
o 7 Il
Level 1 |]|]:> Level 2 ﬂﬂ:> 50Hz
1./MHz 1.5kHz 800Hz

* Reduce rate of interactions (inelastic collisiote)do
manageable level that can be stored

* Record “Interesting” events trigger system

— Select events containing high-energy final stajeab
* Electrons, muons, quark jets

Reinhard Schwienhorst, Michigan State University 32



Experimenters

AT qﬁg il

> 19 countries
> 80 institutions
> 670 physicists

Reinhard Schwienhorst, Michigan State University 33
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Current Results

Precious data!

Reinhard Schwienhorst, Michigan State University
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Single top qu rk event selection

b-quark jet




Single top quark events in datsopy)
All: =1 b-tag: =2 b-tags:
10,000 events 367 events 76 events

D

.
- 4

e -

—_—
- 22
S
D
.
= =

% 60— D@ Run Il Preliminary, 230pb™
Top quark pairs Z o = Cenannel (10
g - ;si-channel (x10)
Other Backgrounds M = Wajets

B multijet

Single top 30

0 100 200 300 400 500 600 700 800
\'s [GeV]



Separating Signal from Backgrounds
!;"mj:

* Optimized event analysis

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

Neural Networks,
Decision Trees, etc

Event energ il ———  \\
Quark jet angl
Reconstructed top m

P(signal)

Reconstructed top spi

Reinhard Schwienhorst, Michigan State University 38



Event Analysis

* Advanced analysis techniques

Cut-Based Likelihoods

Decision Trees

4

Reinhard Schwienhorst, Michigan State University 39



DO Result

* Bayesian statistical analysis "2 035
e Systematic uncertainty

1

D@ Run Il Preliminary, 230 pb

NN and binned likelihood analysis

z
N,
Q
N

0.3 — s-channel
----- t-channel

0.25
c{> < 5.0 pb

IIII|IIII‘\III|II\\.TIII
K

0.15 6 < 6.4 pb

0.1
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0 2 4 6 8 10 12 14 16
cross section [pb]

Posterior Probh. Density
o
N

0, <5.8/5.0 pb

0.<4.5/6.4 pb

Published in PLB 622, 265 (2005)

Reinhard Schwienhorst, Michigan State University 40



Sensitivity to non-SM Single Top

4th family (V_=0.5)

D@, 230 pb’
10 - . 95% CL @® Standard Model
i PRD66, 054024 (2002)
_ .90% CL Top-flavor (m =1 TeV)
8 . 68% CL Ztc FCNC (g, =9,)

* l» o

Top-pion (m =250 GeV)
PRD63, 014018 (2001)

t-channel cross section [pb]
(*2)

b 2 4 6

L
8 10

s-channel cross section [pbl]

Reinhard Schwienhorst, Michigan State University



o V,, Coupling Limit

 Both the s-channel and t-channel cross sections &
proportional to |V,

— Combine neural networks In a 2d likelihood function

tb-Wob~___
tb likelihood
ttt —

tqb-Wbh
tgb likelihood
tb-tt

— Need to assume SM ratio of cross sections

Reinhard Schwienhorst, Michigan State University 42



Posterior probability density

Probability density for |\[?

0.5

D@ Run Il Preliminary, 230 pb "’

— limit
---------- exp. lim.
95
Gexpected <1.7

0¥ <29

Reinhard Schwienhorst, Michigan State University




Left-handed or right-handed coupling?

* Extremely preliminary
— No systematic uncertainties, no full MC simulation

4
3.5

B 4 Probability Density
= Contours
= 2.5
3 2
©
3 1.5
§ 1
= 0.5
EIJ |-|-|I||||||| L1

% 05 1 15 2 25 3 3.5 ¢

Left-handed coupling [f2

Reinhard Schwienhorst, Michigan State University 44



New heavy bosolV?

4
2 °F Do Rur Il Preliminary, 230pb’ -@- Data
® 40 = \Wprime (x10)
w Bl tb + tgb
35 B 7
£ W+jets

B Multijet

]

M(W')=600GeM

200 400 600 800
\s [GeV]

Reinhard Schwienhorst, Michigan State University
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Summary

s-channel t-channel

NLO cross section 0.88 pb 1.98 pb

95% CL upper cross sectionts [pb]

CDF (160pb 1) 13.6 10.1
D@ NN (230pb 1) 6.4 5.0
D@ Likelihood (370pb 1) 5.0 4.4

Reinhard Schwienhorst, Michigan State University 46



Tevatron

‘f ‘_J_

« ROMSERT TEMECK]S

70 sym»gﬂg

- TRILOGY
‘% #‘ unlwt;lau.

| never think of the future. It comes soon enough.
Albert Einstein

Reinhard Schwienhorst, Michigan State University
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Tevatron luminosity projection

. 8.2 fb!

. 5.1 fb-!

4- 4.1 fb!

D L I I I I I
9/29/03 9/29/04 9/30/05 10/1/06 10/2/07 10/2/08 10/3/09

Reinhard Schwienhorst, Michigan State University 48



Tevatron luminosity projection

9

; Note: 8.2 fb-!
1 * Single experiment Separate s-channel from t-channg

74 * No systematics

. * Expect further improvements

5 - : : 5.1 fb-l

Observation of single top

4- 4.1 fb!

9 -

, | “Evidence for” single top

1 —_—

D L 1 1 1 1 1

9/29/03 9/29/04 9/30/05 10/1/06 10/2/07 10/2/08 10/3/09

Reinhard Schwienhorst, Michigan State University 49
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Top quark future

associated -

t-channel :
production

s-channel

@BSENE e sIngIENop P UCHENIMOEES SEPgAl \/

=channel ea S=Ciiane! and assec: e ha \ :
I

@hSsenenewpnysIdHitcan be Seen) |
VIEASUNEN O TEWY0 =7 ,q

Study spln correlatlons .




Tlop as the gateway. te Higgs

Neutral Higgs
Dominant Higgs production Top-Higgs Yukawa
mechanism at the LHC: coupling measurement

g d t
m—H ---H
g g -t

Discovenr with' =30fi

HeavyH™: H+<t
T
t

Discovery possible
with @g@%ﬂ. Discover with =30

Reinhard Schwienhorst, Michigan State University 52



ngh precision top quark phyS|cs

Precision coupling measuremght

| at a future & collider
t

nggs boson, >' -t

new physics%

Intemationa Linear Collider




Conclusions

* \We are on a quest to reveal the origin of electakve
symmetry breaking and particle mass

* Understanding the top quark is an important step
— In particular electroweak interaction

* The top quark is a central focus at the Tevatron
— Run Il is now producing many results
— Single top quark search is close to SM sensitivity
* This is just the beginning
— Analyzing x4 dataset now
— LHC Is just around the corner

Dawn of Discoveries

Reinhard Schwienhorst, Michigan State University 54




