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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 physics
— Three generations of elementary particles

— The top quark
The Energy Frontier

Results
Outlook
Conclusions

Reinhard Schwienhorst, Michigan State University



A fundamental question

What Is the origin of matter?



What is the origin of matter?

AR ke Llectroweak
et | symmetry breaking?
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What is-dark matter?
What is dark energy?- .
What happened to anti-mattg

What makes the top quark so heaviiggs .
and neutrinos so light? bosorfs xois

i

= hoton
top quark ' . .
P9 1120 Supersymmetry? Large extra dimensions?



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 Vq U
o Vo
T Vs 0

* Which interact by exchanging spin-1 vector bosons

Electromagnetic 102 Y ’ «

- N

Strong 1 g < > Higgs
~ \/\/\ LT A

Weak 106 W+ Z9 W)~

Gravity 100

Relative
strengths

Reinhard Schwienhorst, Michigan State University
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The first two generations of quarks

* up or down or strange or charm quarks:

vacuum

— Free quarks don't exist (quark confinement)
* Quarks produced Iin interactions hadronize to mesohsadrons

* These typically travel in the same directienhadronic jet
— Jet produces a hadronic shower through interactaotinsnuclel

Detecting quarks through jets is a standard totll@energy frontier



The third generation of quarks




Electroweak Symmetry Breaking

Gauge boson coupling to Higgs field




Electroweak Symmetry Breaking

Gauge boson coupling to Higgs field

acguire mass through Higgs




Fermion Mass

Couplng stengh ==
_ —




Top quark dnscovery in 1984

* Excess of AT
lepton+MET+2jet - oI 7
events at UA1 in 1984 | JY _
— Consistent with ,Z 3 °

- i e = L o % .
production of . S o :
single top quark i E/\G ] |
: |\/|t ,=40GeV )

s I L 1 1 1 1 |

1], ]2

CERN comes out again on top - kaﬁfif?“ |

m, =40 GeV/c? _

WWith the discovery of the electroweak bosons (W andd 7°) in the bag, CERN now announces the 20 40 60 B0 100 120 160 160 180
discovery E:'ff.'!i'f' quark called top, W Jﬂ! w;g';' .:{_Jm,g HE}{I? m {tw ), J,) Gevsc

eTe signs of
hawr now
tﬂ a5 [JlE

w rha

the strange particles themselves, are pairs
of quarks — the pi-meson s a pair called up
a iﬂ'uw fm cxamm Em nueleons, such

| e——b—

Relnhard Schwienhorst, Michigan State University 16



W)«\e‘slep-q-ue-p-k-d-u-see-ve-py in 1984

* Excess of AT |
lepton+MET+2jet - oI 7
events at UA1 in 1984 | LY | _
— Consistent with ,Z 5 5

- u e = L o %W .
production of . S o :
Slngle .!-:/:;: 1§Zjii;, i IE%/\_Q i i

A A
- k } ' i i L 1 | 1 1 L |
g-,.||!.!| VLD 0 -
e ' st s e 1 - T T T T T T T

e 6 EVENTS
11N on to | ot
A my, =40 GeV/c? -
- i o T o Fy 1 1 i 1 1 1
ith Hmdﬁmw# R 4 A I&Ebug, E:ERN.I;.:}wgmmwﬁ fhi 20 40 60 80 100 120 10 160 180
ﬂ'.ffi'-l:'l’f-’}' I::'ffﬁ'{'f q.!-vl'ﬂ.l"ﬁ. ,, 7 j;f: L m {l v,], J1] GeV/c

eTe signs of
have now

ed as [I|E
wirhi

the strange particles themselves, are pairs
of quarks — the pi-meson s a pair called sp
and ﬂ'ﬂw fmcxamp e Em nueleons, such

| e——b—

Reinhard Schwienhorst, Michigan State University 17






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 23



roton- -Antiproton Collider gt =
M Energy 1.96TeV N
— Energy Frontier

| ntaneous luminosity 160E30cms™ ye P
. &
= actlons per crossing, 1.7M crossing perfiséco

- Lummost TORtL SRR e
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MUON SYSTEM

\
Muon System ..
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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™)

1.5 7

1.4

Run Il Integrated Luminosity

19 April 2002 - 26 October 2005

Dataset
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production cross-section (femtobarns)

Particle production at the Tevatron

14
10 total inelastic
1012
10" bottom quark pairs
W bosons
10° Z bosons

top quark pairs

single top quarks
Higgs bosons

Number of particles produced so far
=
o

Reinhard Schwienhorst, Michigan State University 30



Tevatron physics program

=
o
N

total inelastic Precision quark jet physic

=
o
N

=
o

10

bottom quark pairs gafelite]gaNe[VE=11 @ ela\Si (e

W bosons Precision electrowea
Z bosons physics

top quark pairs
single top quarks

Higgs bosons _ Searches fc
Higgs boson  Bhew physics

H
o
N

Number of particles produced so far
= =
o o

searches

Reinhard Schwienhorst, Michigan State University 31



Collecting Interesting events:

Trigger System
o @> Level 3|[|:>tsaf|cc))éage
" Level 1|]|]:> Level 2[||]:> 50Hz

1.7/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



Event Selection

How do we find top quarks?

Reinhard Schwienhorst, Michigan State University 33



Top Quark pair production

Reinhard Schwienhorst, Michigan State University
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Event selection result

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

"W
-.e.... 2222 e
B

To ark pairs
Backgrounds P Guarie pd

In 360pbt, lepton+jets

Reinhard Schwienhorst, Michigan State University 36



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 37



Top Quark Events

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

}

Top quark pairs
- = Backgrounds

N

I

|

D@ Run Il Preliminary

DO Run |l Prelimina
2 &
g L @ ) | § 50 B BT S—
5300 W OcD E [ B oco
B F R = [ 8 oo
=N - Woe Wee
=] Whhb gi 40— Wb
B - B tbar —1 = B itk I
s F w 5 w
S200F- B L I 8-
=F mase | | B 30l B |

Reinhard Schwienhorst, Michigan State University
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Current Results

What have we learned?

Reinhard Schwienhorst, Michigan State University
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Production cross section
* At what rate are top pairs being produced?

— . . I I I | T I I | I I I | I T T | I I I | I I T | I I I
TeSt Of Stro n g I nte raCtI O n I:l Cacciari et al. JHEP 0404:068 (2004) Assume m=175 l:?lul?."'n"h'.:2
Kidonakis,Vogt PRD 68 114014 (2003) CDF Run 2 Preliminary
/

- - Dilepton: Comhmad 24 ,16 04

D@ Run Il Preliminary Lo 20006 Oi YEIRETY
dilepton (topological) 8.6 *2‘3 *::

230 pb™ H & H - Lepton+Jets: Kinematic 6.3+ 0.8 09 04

_ _ L=347pb") — 080903
I+jets (topological) 6.7 ": ': ": '? pb ( /

230 pb”’ o -

combined (topological) 74 1124 %pb '-(ipt‘;g;::‘%s Soft Muo 5,3 +334+73403
230 b’ H—e—H ' / : : :
dilepton (topological) NEW 8.6 23412 / - =

370 pb™ H ® H o Lepton+lJets: Vertex Tag/ 8.9 + 09 11,05

: 12 (L= 318pb ) / JEoetosTos
I+jets (vertex taqg) 8.6 <" pb
230 pb™ oA e - —

. 09 409 MET+Jets: Vertex Tag / 1.2 1.3 0.4
l+jets Evertex tag) NEW 8.2 :JB '0a PP (L= 311pb ) / 6.1+ 12T 09T 03
363 pb H—o—H /

= +34 47 > .
all hatjronuf , . ) 77 35 :J.pr All-hadronic: Vertex Tag / 8.0 + 1.7 4 3.3 , 0.5
162 pb — ® t / (L=311pb") / V1772204
all hadronic NEW 5.2 *20*12pb
as0pb’ M L H - : 0. 4
Cacclarl et al. JHEP 0404:068(2004), m, = 175 GeVic" ?’fi"gf;g;g',l % 7.1:0.6+0. ?+
L1 | L1 1 1 | Ll I.I | I | |.I L1 1 | I‘I Itl-l L1 1 I.l I .| | Ll / {(Staf}++(sysr)+'l('rum'l-;'l

|||||||||||||||||||||||||||

0 25 5 75 10 125 15 175
= T 0 2 4 6 8 10 12 14
G(pp — tt) (pb) P S PIrR SF TN



Top Quark Mass Determination
* Large sample of top quarks

* Advanced analysis techniques
> Measurement uncertainty dominated by systematsresf

ReconStI‘UCted TOp Mass Best Tevatron Run 2 Preliminary
&
0.4+ __ CDF Run Il Preliminary (318 pb”) | | DO Dilepton 155.0 139+ 7.0
- (L=230pb ) :
0.35 - 2-tag °
9 : _ 316343
5 0.3F B -tag(m) E%EQEJI?MD" 165.3 +23+ 3.6
80 o5F B tagL) - =
F ota DO Lepton+Jets 169.5+32+ 3.6
- 0.2F 9 (L=320pb")
_g TE Total Signal+Bkgd Fit —e—
.éo_-| 55 Total Bkgd Fi E%Ijglgfg?tonﬂets 173.5+5¢+ 3.0
< 0.1F e
- New TeV Average (prel.)172.7 {7+ 2.4
0_05: (Runt + Run2) :
= -—-—.—-—-
1] = ol L] | Run 1 World Average 178.0+27+3.3
100 150 200 250 300 350 400 | (Run 1 ﬂnfle | | |
reco 2 140| | | |150| 1 1 |160| | | |1?0| 1 1 |180| | | |190

TAan mace (MPaAATA5)

Reinhard Schwienhorst, Michigan State University 41



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

68% CL ™,

R
Pt - A

7 SM nggs ®

W._‘Il

boson MAass \d e

Reinhard Schwienhorst,m:higan State University



Other top quark properties

Top quark charge = 2/3 or 4/3? Structure of the interaction?
According to SM?

9F
2.5 ] — Q(top)=2e/3 D@ Run Il Preliminary E_ CDF, ZOOpﬂ 7
£ 19 e Q(top)=4e/3 8E 3 6
T T - F, <027 =
5 e T 2 s
10— = at 95%CL g
E 6 f . NS
3 C 05 0 05 1 15
= — Fo
5 -
- —4- Data
- Best Fit
0 "T 4 < — Longitudinal
""" Left-handed
& | = Background
I i el 'I_"r_':l"J'T PR NI T T B A

0.5 1 1.5 2
cos 0*

D@: F, < 0.25 at 95%CL

Reinhard Schwienhorst, Michigan State University 43



Top guark electroweak
charged current interaction

Top quark decay

Reinhard Schwienhorst, Michigan State University
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Single top quark production
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Top Quark Events
All: =1b-tag: =2 b-tags:
10,000 events 367 events 76 events

Event Yield

Top quark pairs
Backgrounds

R T e——

EEE——. .

—————— ;- &
-m e
—

Single top

60— D@ Run Il Preliminary, 230pb’’

—o-Data
= t-channel (x10)

50 s-channel (x10)
- M tt
I Wejets
40 M multijet

30
20

10

% 400 200 300 400 500 600 700 800
\'& [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 48



using only muon channel data
t-channel cross section (pb)

Single top search status

D@ Run Il Preliminary, 230 pb”

12
N l 95% CL @ Standard Model
B PRDG6, 054024 (2002
10—_ DQU% CL oh  Top-flavor (mx=1( TeV)}
B D 68% CL A ZtcFCNC (g, =9g,)
8- B 4thfamily (V,=0.5)
B ¥ Top-pion (m =250 GeV)
6 PRD63, 014018 (2001)

- ® ¥

0 ] ] 1 | ] ] ] | ] ] ] | ] ] 1 | | ] 1 ]
0 2 4 6 8 10 12

s-channel cross section (nb)
using only electron channel da

B

D@ collaboration, PLB 622, 265 (20




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 51



Tevatron luminosity projection

o 8.2 fb!
Higgs boson?

. 5.1 fb-!

4 - 4.1 fb!
Top quark mass £1.5GeV

3 -
N Evidence for single top _,-/
/

—

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 52
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Conclusions

The Tevatron Run Il Is now producing many results
— Precision measurements with a large dataset
— Excellent results due to advanced analysis tecksiqu

The top quark is a central focus at the Tevatron
— Measuring mass, branching ratio, helicity, ...

— Discovering new top quark production modes

his Is just the beginning

— Analyzing x3 dataset now

— LHC is just around the corner

We are getting very close to
understanding the origin of mattege.

Dawn of Discoveries

Reinhard Schwienhorst, Michigan State University 57




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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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 59



