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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

* Exploring the top quark at the Tevatro

* The third generation points to the Future
* 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?

Reinhard Schwienhorst, Michigan State University 5



What is the origin of matter?

What gives mass to elementary particles?
What is the universe made o

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

F"ﬂl’tltlE

e

quark neutrino 5upersyrnmetnc

"shadow" particles
Supersymmetry? Extra spatial dimensions?

What makes quarks so heavy
and neutrinos so light?




Experimental particle physics

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

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

Galileo



This talk will be about

those limited questions
and how we go about
answering them

The minute particular



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 g) <@=¥> Higgs
Weak 106 W+, Z9) W’
Gravity (spin 2) 1040
Relative
strengths

Reinhard Schwienhorst, Michigan State University

10



The first two generations

e electron

Electron showe

°* mMuon

Muon track
* u,d,s, cquarks:

— e ——

vacuum

Electrons, muons, and quark jets are used as sthtoia at the energy frontiet



The third generation

Tau lepton
Discovered 1975 at SLAC

Tau neutrino
Discovered 2000 at Fermila

bottom quark

Discovered 1978
at Fermilab




Gauge boson masses in the SM

Electroweak
symmetry

breaking w.z

Gauge bosons ~Y B
| bosons

Higgs & .-
field €N,

" Higgs field

Reinhard Schwienhorst, Michigan State University

13



Electroweak symmetry breaking

Gauge boson coupling to Higgs field

Reinhard Schwienhorst, Michigan State University 14



Electroweak symmetry breaking

Fermions acquire mass through Higgs coupling

!

D1 IT
(|
il (Q
= B

T

Reinhard Schwienhorst, Michigan State University 15



Top quark mass

Coupling strengh
~1

Reinhard Schwienhorst, Michigan State University

16



Reinhard Schwienhorst, Michigan State University
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Top quark experimental facts

* Top guark 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
* SM electroweak interactions

— Charged current/ boson)
* Total width
* CKM matrix
— Neutral current{ boson, photon)

We really don't know:

* Coupling to Higgs boson?
* Modified coupling to SM particles?
* New physics? New particle?



We assume but don't actually know:

— Neutral current4 boson, photon)

We really don't know:
* Coupling to Higgs boson?




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 22
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{ ton- antlproton collider : I
°M energy 1960 GeV B N

- Energy frontier %
antaneous luminosity >160E30 cms1 /4

-~ .

eractlons per Crossmg 1.7M crossing perlséco"’\
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Apparatus: Run Il D @ Detector

pilicon Tracker o Flber Tracker




Experlmenters

B ///_/

3 th - 3 s \ A o g '_‘ x=1 £
= L Ay 1 s

Together €50 9.
> 1400 physicists o\ |
from 21 countries

Reinhard Schwienhorst, Michigan State University
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Luminosity (fb™)

20

* Run Il Integrated Luminosity

19 April 2002 - 20 January 2006
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production cross-section (femtobarns)

Particle production at the Tevatron

o
S

top quark pairs
single top quarks
Higgs bosons

<

S 4

o 10 total inelastic
S 10"

S

T 10° bottom quark pairs
S

® 10°

S W bosons

< 10° Z bosons

o

©

©

O

=

-

Z

Reinhard Schwienhorst, Michigan State University
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Tevatron physics program

<

Precision quark jet physic

total inelastic

<,

[
O

bottom quark pairs aleJile]paRe[SEIL G la\VAI[e
! oo
Z bosons physics
top quark pairs Top quark measureme
single top quarks
Higgs bosons _ Searches fc
searches
30

Reinhard Schwienhorst, Michigan State University
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Number of particles produced so far




Collecting Interesting events:

trigger system
D@ detector Y
G
b JH {L> Level 3 tSétlgreage
[||]|:> Level 1 |]|]|:> Level 2 [||]|:> 50HzZ
1./MHz 1.5kHz 800Hz

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

* Record “Interesting” events trigger system

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

Reinhard Schwienhorst, Michigan State University 31



Event Selection

How do we find top quarks?

Reinhard Schwienhorst, Michigan State University 32



Top Quark pair production

Proton _f.;:. = Antiproton

State University

33
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Event selection result

10,000 events with lepton, neutrino, > 2 jets
expect ~250 top quarks

_
L

To ark pairs
Backgrounds P Guarie pd

In 360pbt, lepton+jets

Reinhard Schwienhorst, Michigan State University 35



b quarks as a tool: b-tagginc

* |dentification of b-quark jets
2 possible methods:

— Identify muon inside jet
~20% of all b-quark jets

— |dentify long-lived decay
~35% of all b-quark jets

muon-
In-jet

secondary
vertex

primary
vertex

Probability to tag a jet
In a top event:

e b-quark jet:.  ~550
* ight-quark jet: ~0.59

lepton

guark jet

Reinhard Schwienhorst, Michigan State University 36



Top quark events

with lepton, neutrino, 2 2 jets

=1 b-tag: =2 b-tags:
367 events /6 events

|
\w

events
Gl
=
IIIIIIII

gged
S

no.of ta

DO Run Il Preliminary DG Run |l Preliminary
a 50 E BT

2z
' Dai E Cia
B ocD | =
B -l s B W-ligh
W W = R
W Weo gi & e
Whb 40— . Wb
B bar = B ik
Wy o i A
B iZso ﬂ. | R
| Sirgle Top E [ Single Top
B _ibar itz 30 B b et

Top quark pairs
Backgrounds

jet multiplicity
Reinhard Schwienhorst, Michigan State University
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Current Results

What have we learned about th
top quark?

Reinhard Schwienhorst, Michigan State University 38



Top quark properties —
s 1t the quark we think It IS?

Top quark charge = 2/3 or 4/3?

] —Q(top)=2¢/3 | D@ Run Il Preliminary
Q(top)=4e/3
1 .« Data

3
c
o
-
w
L =
o
g
€
=
Z

Reconstructed Top Charge [el

Result: charge=2

Reinhard Schwienhorst, Michigan State University
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Top guark mass determination

* Large sample of top quarks
* Advanced analysis techniques

_Reconstructed Top Mass

> Measurement uncertainty dominated by systematsresf

~_ CDF Run Il Preliminary (318 pb. )

Total Signal+Bkgd Fit
Total Bkgd Fit

b | 111 |

100 150 200 250 300 350 400

miece (GeV/c’)

Best Tevatron Run 2 Preliminary
.

DO Dilepton 155.0 139+ 7.0

(L=230pb") '
¢ 6.3

CDF Dilepton 165.3 +.3+ 3.6

(L= 340pb’) '
._._._._.
DO Lepton+Jets 169.5+32+ 3.6
(L=320pb")

-

CDF Lepton+Jets 173.5+27+ 3.0

(L=318pb")
.........

New TeV Average (prel.)172.7 + 17+ 2.4
(Run1+ Run2) )
s

Run 1 World Average 178.0 +37+ 3.3
(Run 1 only) :

| L1 L1 | | L1 | | L1 L1 | | L1 | | L1 L1

140 150 160 170 180 190
Top mass {GeWczi
40

Reinhard Schwienhorst, Michigan State University



Top quark mass implications —
What can Top tell us about Higgs?

{ —LEP1 and SLD
80.5- = LEP2 and Tevatron (prel.)

-u
e

Reinhard Schwienhorst, Michigan State University



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

DS Run ll Preliminary

+3 ZF =11

dilepton (opclogican 8.8 o7 aa PP

230 ph
I+jets (topological) 6.7 1S oy
230 pb’ H—a— e
combined (topological)
230 ph’ H—a—
dilepton {(topological) NMEW
aro ph’ H——o»—H
I+jets (vertex tag)
230 ph’ H—a—
I+jets (vertex tag) NMEW a2 *0e0E oy
353 |'.I'|'.I'_I II - i - -0.8
all hadrnnic 7T
1682 pb’ I t ¥
all hadronic MNEW 5.2
as50 ph " H - H

Cacciari et al. JHEF D804 058(2004), m, = 175 Gavic”

O 2.5 5 r.5 10 12.5 15 17.5
c(pp — tt) (pb)

F-4] Kidonakis.Vogt PRD 68 114014 (2003) CDF Run 2 Preliminary
-

+1_Z =1 .4
1.2 -1.1 L
+23 1.2
-2 -1.0 pb
+1.Z =1.1

1.1 -1.0 L

a4 T
-3 3F -F.8 Pb

+2 5 +1.5

2.5 -1.0 pb

Dilepton: Ctombined
(L= 200phb ")

Lepton-l-.Je'gs Kinematie
(L= 347ph’’)

Lepton-l-.Je'gs Soft Muon
(L= 193ph)

Lepton-l-Je'%s Vertex Tag
(L= 378pb )

MET+Jets: Vertex Tag
(L= 311ph’ )

All- hadronuc Vertex Tag
(L= 37T1pb )

Combinedrt ~ 7.1+0.6+0.7+ 0. :

L= 350pb
¢ b ) (stat. )+(sysr )—l—(.fumf y

Result: SM strong Interactiof . s s 0 vz s

c(pp — tt) (pb)




Top guark electroweak
charged current interaction

Top quark decay

Reinhard Schwienhorst, Michigan State University
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Top quark decay —
Does it decay to the particles we expect?

b quark or other flavor?

R

_ t - W+ bguark

ot W any quark

C

DF: R>0.61 at 95%C

D@ Runll Preliminary

£ ",
. v
.....

e

Resultidecays taV and b-quark, as expected in

Reinhard Schwienhorst, Michigan State

Jniversity



Top Quark Decay —
Does it follow the SM weak decay rules?

- CDF, 200pH
F, <0.27
Fat 95%CL

05 0 05 1 15
FO

—4- Data

— Best Fit

— Longitudinal

""" Left-handed
----- Background

Vp]
—
-
QQ
=
Ll

neutrino

O — N w £ an o)) ~J 09] O
USLETRL BLBLBLELE BLELBLELE BLBUELELE BLBLALELE B

Result: decay interaction is mostly left-handedex@sected in S



Electroweak top guark production —
How strong Is the Weakt.coupling?




Single top search status

D@, 230 pb’

.95% CL @® Standard Model
PRD66, 054024 (2002)
| 90% CL

Top-flavor (m =1 TeV)
68% CL

Ztc FCNC (me:gZ)
4th family (Vts=[}.5)

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

* > oo

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

P 4 6 8 10
s-channel cross section [pb

I

Result:electroweak production consistent with SM

D@ collaboration, PLB 622, 265 (20




Top as a tool

events/10GeV/c?

CDF Run 2 preliminary, L=319pb'1

22} —— CDF data

20 =W >4

18 — QcD

16; SM i, 6.7 pb
14¢ Diboson (NLO)

-
N
TT 7T

10"

o s
:900 400 500 600 700 800 900 1000 1100 1200
M, [GeV/c?]

e use the top quark to fin

Events

new physi

D@ Run Il Preliminary, 230pb’

60
-@- Data
= \\/’ (600GeV) (x10)
50 ==\’ (700GeV) (x10)
-= W’ (800GeV) (x10)
Bl t-channel
40
B
&4 W+jets
30 BE= Multijet

20

10

0

500 1000
\s [GeV]

Result: no evidence for new heavy objects



Tevatron

‘f ‘_J_

MAERT TEMA

TEFUTURE

- TRILOGY

DyD dts univegsaL

Reinhard Schwienhorst, Michigan State University
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ngh precision top quark physics

by i
\e‘! B -
- 1.':" "-.._‘..

b, - i T
- T :

Precision coupling measuremeht
at a future & collider

New phy5|cs

Intematmna Lmear Colhder




Conclusions

* The top quark is a key to understanding the
mechanism that generates particle mass

* We have learned a lot about the top quark recently
* 25 top-quark related papers from Tevatron Runbady

* This Is just the beginning
— Tevatron dataset will increase x20 In next 4 years

— LHC Is just around the corner

* \WWe are close to revealing the origin of matter

Reinhard Schwienhorst, Michigan State University 53



Resources
Quantum Universe

http://interactions.org/guantumuniverse/

Quarks Unbound

http://www.aps.org/units/dpf/quarks_unbound/indéxlh

Particle Adventure

http.//particleadventure.org/particleadventure/maéani

Fermilab

http://www.fnal.gov

DO

http://www-d0.fnal.qov

Cern

http://www.cern.ch

Reinhard Schwienhorst, Michigan State University
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Credits

Thanks to the many people that have helped me pu
this talk together

— Including Brigitte Vachon, John Womersley, Dugahlél

Some of the material was adopted from the web
pages listed on the previous page

The latest CDF results can be found at
http://www-cdf.fnal.gov/physics/physics.html

The latest D@ results can be found at
http://www-d0.fnal.gov/Run2Physics/WWW/results.htm

Reinhard Schwienhorst, Michigan State University 55



