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Fundamental Building Blocks of Matter
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A question as old as mankind:
What is the world made of at the Quarks

fundamental level? Fire Water Leptons?
Air Earth?

ldea of fundamental building
blocks of matter found in many
ancient cultures

20th century physics:
Atoms and subatomic particles
Quantum mechanics
Relativity

Standard model of particle physics

21st century physics:

Precision cosmology PIA. Rodin, L'e Penseur]

We may be on the eve of the next
great discovery
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Theory formulated Iin
1960ies, still valid after 30+
years of precision
experiments

12 building blocks of matter,
organized in 3 generations

6 quarks (6 antiquarks)
6 leptons (6 antileptons)

3 fundamental forces:
Electromagnetic force
Weak force

Strong force

All standard model particles
observed by experiment,
except the Higgs boson

Institutskolloquium Physik HU Berlin, November 6, 2007 — U. Husemann: Top Physics at CDF

)

[Fermilab]




Forces in the Standard Model

Quantum field theory picture:
forces mediated by exchange
of force carriers (“gauge
bosons”)

Electromagnetic force: photon
— atoms, chemistry, electronics

Weak force: W*, Z bosons
— burning of the sun,
radioactivity, neutrinos

Strong force: 8 gluons
— mesons & baryons

What about gravity?

Gravitational forces negligible
on length scale of elementary
particles

No Con_SiStent quantum theory [http://www.particlephysics.ac.uk/]
of gravity yet
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What'’s the Matter?

-
P
Leptons: integer charge (0, +e) = Leptons
Quarks: fractional charge 0 Neur WP o
(x1/3 e, £2/3 €) . - O
Strong force confines quarks, two e .
classes of hadrons Electron Q Electron )

Baryons: quark + quark + quark
(examples: proton, neutron)

Quarks —————

| St Gt
Mesons: quark- pair Bottom A3 Top c
(example: pion) ’

Q 2/3
Matter on earth built from first suance (@) 112 cnam (@)
generation (up, down, electron) e o t -

each quark: @R, @B, @G 3colors

2/3

Down

Second and third generation still
very important:

Proton Neutron

Second generation: cosmic rays

Uncertainty principle: AE At = h/2
— second/third generation particles
In quantum corrections
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The Discovery
.3 '+ of the Top Quark

History of the
Top Quark 4 Finding the sixth quark involved the world’s
1977: bottom quark o ﬂgst energetic collisions and a cast of thousands
discovery— first quark of :
third generati@n ’ N g ; by Tony M. Liss and Paul L. Tipton

1980ies: search for “light
top” in decay W — tb

1992 (Tevatron Run I): ®
first indications for heavy L
top quark decay t —» Wb

1995: Tevatron
experiments CDF and
D@ report top quark - %
discovery at mass of _—e
approx. 175 GeV/c? LA

VIOLENT COLLISION between a proton and

- an antiproton (center) creates a top quark (red)
and an antitop (blue). These decay to other

particles, typically producing a number of jets
[Scientific American, September 1997] and possibly an electron or positron.



Event display:
top quark ‘
decay
candidate ‘
at CDF
(09/24/92)
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Top reveals astonishing
properties:

Pointlike, but very large mass
(approximate mass of gold atom,
40 times bottom quark mass)

Extremely short lifetime
(<1024 s): decays before
creation of bound states
— the only “free” quark

After top discovery: detailed
studies of top quark properties

Central question: Is the top
quark really the 6th quark of
the standard model?

This talk: Overview of CDF’s
comprehensive top program




Experimenting with Elementary Particles
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Exploring the Atto-World

Detection Devices

# Materie
Atome
) g Molekiil

Atom
Elektronen Kern

Neutron
Proton

Length Energy
1m 200 neV
10° m 200 eV
10-10m 2 keV
Kern 10-'*m 20 MeV
Proton 1015 m 200 MeV
(1 femtometer)
<10-"8 m >200 GeV

Quarks@

[DESY]

(1 attometer)

v
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Principle of a Particle Collider

Acceleration:
radio-frequency cavities
with alternating electric fields

Detection:
e detector = complex system of many T

detector

detector

sub-detectors, “onion shell” around
collision point

» Ablenkmagnet Beschleunigungselemente Ablenkmagnet
. bending magnet acceleration elements bending magnet
— ~ ~ ~ e g

Bending:
magnetic dipole fields [DESY],
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Goal: observation of rare physics
processes (one in a billion or less)

Large bunches of approx. 100 billion
protons/antiprotons (just 0.2 femtograms)

Bunch - ‘
:'5 470 L3 000%"

Beams need to be focused before collision

e V:“

-
P L

Luminosity: measure of collider

Froton performance
number
of particlesJ

nnp

Parton
(quark, gluon)

L =f-N- _
‘r]e[volution 47[ Gx GyJ

frequency
and beam area

number of
bunches)

Particle

Integrated luminosity | L dt
measure of amount of data
— Tevatron today: more than 3 fb~"
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Fermilab and the Tevatron

Fermi National Accelerator
Laboratory (FNAL)

US national particle physics lab near
Chicago (founded 1967)

Major discoveries: bottom quark
(1977), top quark (1995)

Tevatron (since 1983)

Proton-antiproton collider
(2 km diameter)

Two large multipurpose experiments:
CDF (Collider Detector at Fermilab)
and D@

Run | (1992-1996): 800 GeV beams
Run Il (2001-2009): 980 GeV beams

Running better than ever: extended
running until 20107
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Principle of Collider Detectors

Goal: completely surround collision
with detectors — onion shell design

" Vertex Detector & Tracking Chamber:
Origin (“production vertex”) and
momentum of charged particles

. Magnet Coil: \K
Deflection of charged particles for g
momentum measurement

. Electromagnetic Calorimeter:
Energy of electrons and photons
from electromagnetic shower

" Hadronic Calorimeter:
Energy of hadrons (pions, kaons,
protons, ...) from hadronic shower

. Muon Detector: | [http://www.particleadventure.org]
Muons are the only particle type to

penetrate calorimeters
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Muon Detectors

Calorimeter

olenoid Magnet

\ |

PP Vertex
Pp P Detector

/ meters

[/ meters
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How a Silicon Tracking Detector Works

Ve

-
Silicon Detector: A Solid-State lonization Chamber
Electrical Signal
A Metal Strips Amplifier, Digitizer, ...
B Insulator
Implant (p*-doped) \ /
+
—\ + ’ pn Junctions
300 pm -\ .
' O\ +
_ Bulk (n-doped
Backplane (n*-doped)

Charged Particle O Reverse Bias Voltage (+150 V):

Depletion of Charge Carriers in
Sensor Volume
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The CDF Silicon Detectors

Largest operational S SVX Il Barrel (1 out of 3) G
silicon detector in particle INSER R T
physics: 8 layers, 7 m? LA SRS, R
surface area, 700,000
readout channels

»

Crucial for identification
of long-lived particles

B mesons from top quark

decays: lifetime 1.5 ps —
decay length 10 mm

Reconstruct secondary
vertices — “B-tagging”

Tracks 7 et e T TRTRTR
\ itk s P e e KL W
Secondary > \"/ X 1, i AmiCIg = E e — )
v e | - ) S | | = N | -
Vertex A L - Hymymy WA ) p )L ————— |
\\ Xy g7 AN — < - '. I ‘ -
Protons ' Antiprotons

» «

Primary Vertex
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CDF: An International Collaboration

Europe

North America 20 Institutions

34 Institutions
Asia
8 Institutions

The CDF Collaboration
14 Countries

62 Institutions
635 Authors

hd P><

IZIH
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How to Find Top Quarks at a Collider
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J

r
1-

Standard model prediction:
top quarks decay viat — Wb
approx. 100% of the time

Each W boson can decay into:

Quark and antiquark
(2/3 of the time), or

Charged lepton and neutrino
(1/3 of the time)

Strong force confines quarks

Creation of additional quark-
antiquark pairs out of the vacuum

“Jets”: bundles of particles

Two jets come from from b
quarks: B-tagging possibility

Top Pair Decay Signatures ‘

Dlsplaced) @

Jet
b

Qo> K@
Proton Antiproton
Missing = b
v
Displaced
(% Jet )

How do you know that energy is missing?
Answer: energy/momentum conservation for all
visible objects (i.e. jets and leptons)

Hadron collider: component in beam direction
unknown — missing transverse energy
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Step 1: -
Collisions in the Detector

Cross section for top pair
production: approx. 10'° times
smaller than cross section for

iInelastic proton-antiproton scattering

Cross section: effective area of particle
collision (unit: 1 barn = 10-28 m?),
measure of probability for a physical
process

J

Top Pairs : Everything Else

8,000 : 100,000,000,000,000

in 1 fb~1 of data
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Step 2:
Online Event Selection

“Central Electrons”:
Find high momentum charged particle
track and energy deposition in central
calorimeter

“Central Muons”:
Find high momentum track and “stub”
In central muon detector

A

Central Muon

Top Pairs : Everything Else

700 : 10,000,000,000

in 1 fb~1 of data
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Step 3:
Offline Event Selection

Top signature: lepton, neutrino, 4 jets

Select only events with:
3 or more jets
Large missing energy
Large total energy sum

v
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Top Pairs : Everything Else

600 : 1,800

in 1 fb~! of data



Innermost
Silicon Layer

jet/ ]
Run 178855 JEU Number of Jets = 4
Y Event5504617 [/ uon B 37 Gey

Step 4: .~ -
Tagging of b Quark Jets tag §

Top signature: two jets from b quarks T .- jet
Search for events with at least one . A 7t
: / Missing Er
displaced vertex from B meson decay N—
y . ’/ //
jet \
y Tibged ? 0. =T, 12427 e

Top Pairs : Everything Else

350:75

in 1 fb~! of data
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CDF’s Top Physics Program
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CDF’s Top Physics Program

Production of
Single Top

Quarks
Production of
Top Quark TO'K/IQ”ark
. ass
Pairs

CDF’s Top Physics Program

Searches for Further Top
New Physics Properties
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tt pairs produced via strong force

Cross section measurement
answers important questions:

Is nature described correctly by the
strong force, even on the level of
quantum Correctlons’? v

Are results consistent in all top
guark decay channels, or is there a
hint for new physics?

(Top Pair Production: Feynman Diagrams
space

L} time

Ol

5—"0_9 t
p—»—g‘m\<f
p g i
t
t
P g

Top Pair Production Cross Section
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*CDF Prellmlnary Assuming m; =175 GeV/c?

LT LT LT T LT
] CaCC|ar| et aI JHEIJ 0404: 0%8 (200| 4) |
[ Kidonakis,Vogt PRD 68 114014 (2003)
@

1070 o 8.3+1.3+0.7+0.5
Dilepton N 62411207404
(L=1200 pb~") FEEES TCTT 0t T T
*Lepton+Jets: Kinematic ANN 6.0+0.6+0.9+0.3
(L=760pb™") | e R R

epton+lJets: Vertex Tag + + +
(21120 o 8.2+0.5+0.8+0.5
@

Lepton+Jets: Soft Muon Tag
(L= 760 pb™")

7.8£1.7 £)00.5

. @
MET+Jets: Vertex Tag

(L= 311 pb™")

1.4
6.141.2 £1440.4

@
8.3£1.0 £772+0.5

* =9
Combined(old SLT,all-had) 73i05iO6iO4
|(L| 76?7b|)| N |t?t sysﬁ |UI”|nI)

0 4 8 12
o(pp—tt) in picobarns

"All-hadronic: Vertex Tag
(L=1020 pb~")




Single top production: weak force
Much more difficult to find than tt:

Production cross section half of tt
Ccross section

Very hard to separate from large
W+jets background: need
multivariate analysis techniques

First evidence by D@ (late 2006),
confirmation of evidence by CDF
(Summer 2007)

Heading for single top
observation with twice the data

Analyses will lead the way to
Higgs boson searches: analysis
techniques, background
estimates, ...

4 CDF Run Il Preliminary, L=1.51 fb-"
" . : . .
T M single top
= 250 W b-like
L c-like
Qo mistags
_g 200 B tt
'-g 40
@ 750 30
O L

20
10

0
0.7 0.8 0.9 1

Event Probability Discriminant -

Candidate Events

-
o
S

50

P 2 3 2 a1 3 32 3
J14 1S9g 0} PaZI[EWION

0 0.2 0.4 0.6 0.8 1
Event Probability Discriminant

Evidence? Observation?

Well defined statistical meaning in
high-energy physics:

o

Evidence: probability for random
fluctuation less than 0.3% (30 of Gaussian

distribution)

Observation: probability for random
fluctuation less than 0.00006% (50 of
Gaussian distribution)
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The Top, the W, and the Higgs

Higgs boson:

Cornerstone of standard
model: explains why all
particles have mass

Not yet observed in
experiments

Very precise measurements of
top and W masses (LEP e*e-
collider and Tevatron):

Only small range of allowed
Higgs masses left

Statistically most likely: “Light”
Higgs (mass < 144 GeV/c?)

W Mass in GeV

{ —LEP1 and SLD [LEP EWWC]
80.5- - LEP2 and Tevatron (prel.)
68% C.L.
80.4
80.3-

150 175
Top Mass in GeV

200
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Top Mass

Challenge: infer top mass from jet energy
— calibrate against known W mass

Precision measurements in many decay
channels with different techniques:

Consistent results t/

Combination of all results:
reduced uncertainty v

-
~ -
§ 50 |- CDF Run Il Preliminary (1.7 fb-1)
8 -
o 40 1 B-tag: 218 Events
5 - Data
o 30 - Signal+Background
= -
Q 20F [ Background only
L] -
10
ok

100 150 200 250 300 350
Reconstructed Top Quark Mass (GeV/c2)

Run 1 Dilepton 167.4 £10.3+ 4.9

(L= 100 pb-1)
Run 1 Lepton+Jets

(L= 100 pb-) 176;1 5.1£5.3
Run 1 All-Jets 186.0+10.0+ 5.7

(L= 100 pb-1) LV TIUUTO.
‘Dilepton: Template ttp, 56

(L=1030 pb-1) 168.1+ 2z £4.0

Dilepton: Matrix Element b-tag
(21030 pbr" 167.5+4.6+ 3.8
Dilepton: Matrix glement

Lepton+Jets: L,, + 15.7 4
(L= 695 pb-1) 183.9 13.9 — 5.6

‘Lepton+Jets: Matrix Element 1709+ 1.6+ 2.0

(L= 940 pb-1)
‘Lepton+Jets: M+ 3 comb. + +
1030 a1 168.9+ 2.2+ 4.2
‘Lepton+Jets: M4 W —jj + 4
(L= 680 pb-1) 1734_ 17_ 22
‘All-Jets: M2+ W— jj + N
(=023 ph 171.1£ 2.8+ 3.2
‘All-Jets: M2, ® 1745+22+ 4.8
(L=1020 pb-1) e
"CDF March '07
+ +
(L1030 b 170.5+ 1.3+ 1.8
Tevatron March'07
+ -
(CDF+DO Run I+1) 1709+ Jsté?.)‘i (1y.s§)

150 160 170 180 190 200
Top Quark Mass in GeV/c?
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Central question: Is the top really
the standard model top?

Example: Is the decay t — Wb
governed by weak force ("V-A
decay”)?

Standard model: no “right-handed”
W bosons from top decays

Left-Handed

Longitudinal

Right-Handed

Measure angular distribution of

leptons from W decay: excellent
agreement with standard model
prediction

Many more studies: top charge,
lifetime, ...
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charged lepton
d/s quark

(Definition of cos 6%

top boost
direction

neutrino
u,c quark

CDF Il Preliminary

" Ling=1.7fb=1 | ---- 20% Right-Handed
L -=-== 10% Right-Handed
— Best Fit (1% RH)




My analysis at CDF: search for N

“flavor changing neutral
current” (FCNC) top decays t — Zg

Standard model: one top quark in 100
million billion (10'4) decays into Zq

(Q=u,c)

Any signal at the Tevatron: new 7
physics

No signal observed: world’s best limit 0
— fewer than 11% of all top quarks
decay viat — Zq

CDF Il Preliminary
[Ldt=1.12 fb~!

Tagged
Selection

3
L Mo i
o%s-lrh»oooloo-@m '

O 2 4 6 8

2 4 6 8

© Data
] FCNC Signal (10.6%)

[] Total Background

— 2 Cut

- Total Syst. Uncertainties 7]

Anti-Tagged
Selection

Discriminant based on Invariant Masses

Further new physics searches with top quarks at CDF:

D
D
D
D

Does top decay into charged Higgs boson?
Does top have a heavy sibling t'?

Are top quarks produced via a heavy tt resonance?

So far: no indications for new physics in the top quark sector
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What’s Next?
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Ten years ago: standard model of
particle physics explains all matter

i~

in the universe ; i Regular

. i'd"‘y‘ - Matter

Last missing piece of the standard
model: Higgs bosons

Today: precision cosmology

| 3™ What is
Standard model describes only 4% e dark matter

of the energy in the universe made of?

Dark matter and dark energy not
explained within standard model

There must be physics beyond
the standard model:

Supersymmetry?
Strings and extra dimensions?

Something unexpected?
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Large Hadron Collider (LHC): the Aerial View of the Large
new “discovery machine” SEL 3 '

Startup expected in 2008

Proton-proton collisions at
unprecedented beam energies: 7 TeV

Access to TeV energies (“Terascale”)
— new era of discoveries

Four LHC experiments: ATLAS,
CMS, ALICE, LHCb

Challenge: experiments much
larger and more complex than
Tevatron, e.qg.

CDF: 1 million channels, 7 m2 of Si
ATLAS: 100 million readout channels
CMS: >200 m? of silicon
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LHC is a top quark “factory”:

tt -
t t Et _ Production cross section 100 times higher
[t than at the Tevatron
Background processes: only mild increase
L YT INn cross section
-
Expected ATLAS Top Signal (100 pb-! of Data)
> -
L 70— :

. ' &) - | [ ] Top signal
osmmmes |20 e
detector performance g 0

o 40
Top properties well known from S WoF
Tevatron: mass, decays, ... é :
=5 20
Decay modes probe alll “ E
detector components: tracking, =
calorimetery, particle 100 150 200 250 300 350 400
identification 3-Jet Invariant Mass (GeV)
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Rediscovering the top:
Precision measurements of mass,
cross section, ... Q
. . T
Try new ideas with large data sets Proton

Today’s signal is tomorrow’s
background:

5 W

KO
Proton

Top decays: important background for

improve by 2—-3 orders of magnitude

new physics searches N 4r
If you want to claim discovery, show %
that you understand top O 3
=
Search for new physics with top 5
quarks, e.g. g 7
FCNC search: sensitivity expected to § {
LL
1 n

Heavy top T quark as predicted e.g. by 3 | \
Little Higgs models 0 “_._m_r, .

0 1000
Unexpected new physics?
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Summary

- CDF Run Il Preliminary, L=1.51 fb~!
CDF Il Preliminary peta T : . s

. of i (St 1 Top Physics:
Top physics at CDF: e e %Gr)éat

exciting and very active field | Success at ",
of research wrrrre ey the Tevatron 7|

Entries\

N
S
(&)

Candidate Events
INY
oS
S

=
(<
S

Discriminant based on Invariant Masses Q 0 0.2 0.4 0.6 0.8 1=
4 Event Probability Discriminant
. . . CDF Il Preliminary @ q
Tevatron: top discovery in 1995, N R i ‘
I O S 40 1 B-tag: 218 Events
o o[ —— Best Fit (1% RH) T f
only place so far to study top Fl <o Euf Y
g 1 F Antlproton Ig’ 20 ;, . Background only
S} F
PreC|S|On measu rements, 0_: 150 150 200 250 300 350

Reconstructed Top Quark Mass (GeV/c?)

detailed studies of top
properties

So far: everything consistent
with standard model

Top leads the way to LHC
physics

Most important calibration
signal

Precision top physics and
searches for new physics
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Is there anything beyond the Standard Model?

Institutskolloquium Physik HU Berlin, November 6, 2007 — U. Husemann: Top Physics at CDF 41



