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The things we dare ask

And how we dare answer them...



A few “simple” questions

How does Nature behave at its most 
fundamental level ?

What are the elementary building blocks of 
all matter ?

How do they interact with each other ?

How is this connected to the evolution of the 
Universe ?

Can all this be described simply ?
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Some remarkable answers

Standard
Model

* Same number of Anti-anti-particles too !

Discovered in:

 Radioactivity

 Cosmic Rays

 Accelerators

2500 years



Feynman diagrams
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Feynman diagrams

* Same number 

Charged
particles

Quarks &
leptons

particles
w/ mass



But this is how they really look like

By Roz Chast for Symmetry Magazine, May’07



All matter is made of two
types of quarks [up & down] and electrons

In perspective



The SM Equations
Relativistic Quantum Field Theory



The SM Equations
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Relativistic Quantum Field Theory





Some recognition
The Standard Model:

About 25 Nobel Prizes given to Particle Physics in 
the last 100 yrs

Quarks, leptons,  antimatter, force carriers, 
symmetries, detectors, accelerators and theory



A puzzle: particle masses 
5 orders of magnitude span for quarks

Top quark as heavy as a gold atom

Neutrinos nearly massless

Force carriers have either zero or 
very larger masses

units: c=1 => m=E    proton is 1 GeV
proton

x 10
1



A puzzle: particle masses 
5 orders of magnitude span for quarks

Top quark as heavy as a gold atom

Neutrinos nearly massless

Force carriers have either zero or 
very larger masses

units: c=1 => m=E    proton is 1 GeV
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 “The Higgs”:
    A new particle/field that generates 

mass - last SM particle still to be found

The Higgs

1



Cosmic Connections

“We are decoding the Universe’s most ancient language”   
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Dark Energy”

DE

DMDark Matter:
Galaxies rotation 
inconsistent with 

visible mass
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“Dark Matter and
Dark Energy”

DE

DM

Physics [particles] beyond
the Standard Model !

Dark Matter:
Galaxies rotation 
inconsistent with 

visible mass

Dark Energy:
The expansion of 

the Universe is 
accelerating

Other puzzles



Many [important] new questions

Why 3 generations of particles ?

Why the [huge] difference in particle masses ?

Are all the forces one ?

Where is all the anti-matter ?

How does gravity fit in ?

What are dark matter and dark energy ?



Strings

Supersymmetry

Extended gauge theories

Multi-Higgs, Little Higgs, Higgs-less

Technicolor, topcolor

Compositeness

Extra dimensions

Hidden Valleys

…

Theorists at work
[hesitate to say “to the rescue” just yet]

 All of which predict new particles to be discovered
 None of which may be true
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Ex: SuperSymmetry
Double the fun !



Adventures in collider-land



Colliders are
discovery machines !
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normal vision

source

target

Particle 
accelerator

Collider  vision

λ

Target

Detector

Colliders are
discovery machines !



Particle Accelerators

A simple idea:

* Accelerate charged
particles in an electric 
field

* Keep them in orbit 
using magnets

* Collide them against
each other

* See what comes out...



Particle Accelerators

A simple idea:

* Accelerate charged
particles in an electric 
field

* Keep them in orbit 
using magnets

* Collide them against
each other

* See what comes out...

-
- + 1 electron-Volt

= energy gained by 
one electron in a 
1-Volt electrostatic 
potential

It’s not that simple
to get to 

Tera-electronVolts

1 TeV = 1012 eV



At the collision point

E=mc2

X

X

Y

Y

Y

Y
X

X

Discoveries !

More energy ==> produce more massive particles

 More energy ==> look more closely [small       ] 

 More energy ==> go back further in time !

 

!



Initial
state

Final
state

Accelerators
Detectors

Transition probability

Depends on all the laws
of particle physics

“quantum dice”

At the collision point



Initial
state

Final
state

Accelerators
Detectors

At the collision point



The “E”volution of particle accelerators

di
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unknown



CDF
DØ

Proton-antiproton collider  
Ecm = 1.96 TeV

• 1 km diameter
• 36 x 36 bunches
• 280 Billion protons/bunch
• 80 Billion anti-p/bunch
• 2 million collisions/sec

• Two multi-purpose particle 
detectors: CDF and DØ

• First collisions on October 
13, 1985 - at CDF

• Several big upgrades and 
continuous improvements

• 1992-1996 “Run I”
• 2001 ==> 2010?  “Run II”

The first accelerator

Fermilab’s Tevatron



Tevatron

“Particles, particles, particles”

hadrons = composite particles:
  - mesons = made of a quark and an antiquark
  - baryons = made of 3 quarksprotons are 3-quark baryons + X

Hadron Colliders

We can make a lot of stuff at the Tevatron



How many can we find of each? 

size of dataset
“inverse femtobarns”

L = instantaneous luminosity [beam intensity]
   Units = 1032 cm-2s-1

 

L = ! " dtL



The Tevatron: A Luminosity Story

~9 orders
of magnitude!
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Run 2 Luminosity Progress
Record peak inst. luminosity 

3.6 E 1032 cm–2 s–1 

Record luminosity/week

74 pb-1

Record luminosity/month

263 pb-1

Total Luminosity delivered

6 fb-1

8 years

100 times more data
than used for Top quark discovery !

L

 

L = ! " dtL

3.5 E 1032



Until when ?
Projections

today

results



Tevatron Stories

Discoveries

New elementary particles

New and rare SM processes
New composite particles

Observation of subtle 
behavior

Precision measurements of 
particle properties

Cornering the unknown



Physicists Discover Top Quark (1995)

CDF Results Raise Questions on Quark Structure (1996)

Collider Run II Begins at Fermilab (2001)

Fermilab Results Change Higgs Mass Estimate (2004)

What Happened to the Antimatter? Fermilab's DZero Experiment Finds 
Clues in Quick-Change Meson (2006)

Fermilab's CDF scientists make it official: They have discovered the 
quick-change behavior of the B-sub-s meson, which switches between 
matter and antimatter 3 trillion times a second. (2006)

Experimenters at Fermilab discover exotic relatives of protons and 
neutrons (2006)

http://www.fnal.gov/pub/presspass/press_releases

http://www.fnal.gov/pub/presspass/press_releases/1996.html
http://www.fnal.gov/pub/presspass/press_releases/1996.html


http://www.fnal.gov/pub/presspass/press_releases/

DZero finds evidence of rare single top quark; Observation marks a step 
closer to finding Higgs boson (2006) 

CDF precision measurement of W-boson mass suggests a lighter Higgs 
particle

Tevatron collider yields new results on subatomic matter, forces (2007)

Fermilab physicists discover "triple-scoop" baryon (2007)

Back-to-Back B Baryons in Batavia (2007)

Prelude to the Higgs: A work for two bosons in the key of Z  (2008)

Fermilab physicists discover "doubly strange" particle (2008)

http://www.fnal.gov/pub/presspass/press_releases/1996.html
http://www.fnal.gov/pub/presspass/press_releases/1996.html


Top Quark Discovery



Top Quark DiscoveryTop Quark Precision

Top Quark Mass



Recent Tevatron discoveries of rare
 Standard Model processes

2004
2006

2008 ZZ ==> mu,mu,mu,mu



Recent Observation of new heavy baryons

ddb
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Discovery of incredibly subtle 
oscillations between matter and anti-matter



The Higgs Hunt
The SM Higgs particle [if it exists] is being produced NOW
at the Tevatron ! - we have enough energy

Just not that often & it’s buried in “backgrounds”

It’s a story of luminosity, passion, persistence and luck

Still,  we know how to look for it - an we are closing in ! 

see the next presentation...



Cornering Supersymmetry
And many other theories for physics beyond the Standard Model

Exclude regions of SUSY masses



Discovery Watch 
Several results show 
discrepancies with the SM

 

2.5!  effects



Discovery Watch 
Several results show 
discrepancies with the SM

 

2.5!  effects

Are these just statistical 
fluctuations or the beginning 
of a beautiful friendshipL



Unusual single events

Unique tri-muon + Missing Energy + jet event



Fermilab Result of the Week

Every thursday for the last 5 
years describing a new 
experimental result from the 
Tevatron !

Every week we decipher a 
little bit more of the 
primordial language of 
nature

http://www.fnal.gov/pub/today/resultoftheweek/index.html

relative proportions

http://www.fnal.gov/pub/today/resultoftheweek/index.html
http://www.fnal.gov/pub/today/resultoftheweek/index.html


Tevatron Physics

Nearly 100 journal publications last year alone

History of DØ Paper Submissions to Peer­Reviewed Journals

Year Submitted
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About 60 Ph.D’s / year over the last few years
About 3,500 physicists have participated on 
the CDF & Dzero experiments



And we keep on going...

L



Summary and Future
The Tevatron program has been 
remarkably successful

A Legacy of discoveries and 
extraordinary results

So far only 1 to 3 fb-1 of data 
analyzed

This could increase by factors 
of 3 to 9 with data from 
running through 2010

Exciting potential for future 
Tevatron discoveries

We also look forward to 
studying the data from the 
LHC  and the marvels that 
it’ll reveal - see next talks



“What is a thing? The question is 
very old. What remains new is that 

it must always be asked”

                    - Martin Heidegger, What is a thing?



BACKUP



Some Links
• http://www.symmetrymagazine.org
• http://www.interactions.org
• http://particleadventure.org
• http://www.fnal.gov
• http://www.fnal.gov/pub/inquiring/matter/

ww_discoveries/index.html
• history.fnal.gov
• http://history.fnal.gov/GoldenBooks/

goldenbooks.html
• http://www.fnal.gov/pub/inquiring/timeline/

index.html
• http://www.science.doe.gov/hep/benefits/

http://www.interactions.org
http://www.interactions.org
http://particleadventure.org
http://particleadventure.org
http://www.fnal.gov
http://www.fnal.gov
http://www.fnal.gov/pub/inquiring/matter/ww_discoveries/index.html
http://www.fnal.gov/pub/inquiring/matter/ww_discoveries/index.html
http://www.fnal.gov/pub/inquiring/matter/ww_discoveries/index.html
http://www.fnal.gov/pub/inquiring/matter/ww_discoveries/index.html
http://www.fnal.gov/pub/inquiring/timeline/index.html
http://www.fnal.gov/pub/inquiring/timeline/index.html
http://www.fnal.gov/pub/inquiring/timeline/index.html
http://www.fnal.gov/pub/inquiring/timeline/index.html
http://www.science.doe.gov/hep/benefits/
http://www.science.doe.gov/hep/benefits/


Life in a proton

Parton-parton collisions:

CM energy is smaller than 
proton-antiproton CM energy

More luminosity buys you 
more chances of collision at 

the highest-energies

Distributions change with 
hadron’s energy…

valence quarks

gluons

X = fraction of  proton 
momentum taken by the 
partons



Collider Beam Luminosity

The [instantaneous] luminosity formula:

L

� 

Np = protons/bunch (~ 3 ⋅1011  )

N p = anti - protons/bunch (~ 4 ⋅1010  )
B = number of bunches in ring (36)
ε =  beam emittances
β =  magnet focusing at interaction point
f0 =~ 2 MHz (396 n sec bunch spacing)
σ 2 ~ 3 ⋅10−4  cm2 (~ 100 µ beam diameter)

~ 3x1032 cm-2s-1L
Run 2 goal:

Total Lum: L Run 2 goal: 4-8 fb-1 

Units: # particles/cm2s-1

Units: 1 barn = 10-24 cm2



Fermilabʼs accelerators

Cockroft Walton: adds e- to H and 
accelerates H-  ions to 750 KeV

Linac: H- ions get accelerated to 400 MeV 
and stripped of their electrons by passing 
through C foils, leaving protons.

Booster: accelerates protons to 8 GeV

Main Injector: accelerates protons to 150 
GeV

Tevatron; protons to ~1 TeV

Recycler: stores anti-protons



muon
chambers
steel

HAD calorimeter

EM calorimeter
solenoid

µ

muons

tracking volume

jet

quarks & gluons

π, K, γ, Λ, µ etc.

e γ

electrons & photons

ν

neutrinos

Particle Detection and Identification



Cross sections vs energy 2 TeV

14 TeV

Couple of hundred
times more top !

Even more
Higgs !



Cross sections vs energy 2 TeV

14 TeV

Couple of hundred
times more top !

Even more
Higgs !

Still buried !



5.4 miles diameter
17 miles circumference

Where we’ll play soon
and for a long while

“The LHC”



First combination of CDF and DØ results
without assumptions on strong phases:
compatible at 2.2 standard deviations
level with SM (p-value 0.031)

CDF: updated result with 2.8 fb-1

Inconsistency with SM increased
(p-value from 0.15 to 0.08, corresponding to
1.8 standard deviations)

More data to come, look also in other
channels (asymmetry in semileptonic
decays)

� 

Bs → J /ψ ϕ

CPV phase Sin (2βs)



U.S. Experimental Journal Publications
Tevatron publication at ~100/year !



Internacional Linear Collider

Up to 500 GeV

New accelerators to study the New Physics
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• Neutrinos are ~0.1–1.5%

• Rest of ordinary matter 
(electrons, protons & neutrons) are 4.4%

• Dark Matter 23%

• Dark Energy 73%

• Anti-Matter 0%

• Dark Field ~1062%??
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