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I. Matter, Particles, and the Standard Model
A. What are Particles?
B. The Standard Model
C. The Big Bang

II. Symmetry and Conservation
A. Conservation Laws
B. History of CP Violation
C. Connection to Antimatter

III. Experimental Progress
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Classical laws of motion

• “Natural philosophy” – Isaac Newton

o Beginning of mathematical physics

o Foundation in observing nature

• Conservation of Energy

• Conservation of (Linear) Momentum

• Conservation of Angular Momentum
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Conservation of Energy: _ mv1
2 + _ MV1

2 = _ mv2
2 + _ MV2
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Conservation of Momentum: mv1 + MV1 = mv2 + MV2

Courtesy: W. Wester, Fermilab
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Slingshot effect

Elastic collision and gravity are both conserving

m

M

v1
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v2

v2 = 2V1 + v1   (M>>m)

Courtesy: W. Wester, Fermilab
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Lorentz Force

• Charged particle bends in a magnetic field
• Is momentum conserved?

• Understanding conservation laws tells you something
about the interaction

Courtesy: W. Wester, Fermilab
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Great Moments in Physics

1687 Newton discovers the Law of Gravitation

1787 Coulomb discovers the Law of Electrostatic Attraction and Repulsion

1803 Dalton's Atomic Theory

1865 Maxwell's Equations of Electromagnetism

1870 Periodic Table of the Elements

1897 J. J. Thomson discovers the "electron"

1911 Rutherford shows that the atom has a nucleus
or center, where the positive charge and most of the mass is concentrated.

1914 Rutherford discovers the "proton"

1926 Schrödinger Equation- Quantum Mechanics

1926- 1930 More understanding of atomic structure and the emission and absorption
   of light by atoms.

1932 Chadwick discovers the neutron ( neutral  component of the nucleus)
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Fundamental Building Blocks of Matter

-----1/r2    (long range)10-39Gravitational

10-10 - 10-6 sec->
several min..

10-16 cm (very
                 short)

10-11Electroweak
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time
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•Forces Between Particles  (Bosons)
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Noether’s Theorem

• Conservation laws and symmetries are closely related. (Emmy
Noether 1915)

o Mathematical proof was praised by Einstein

• Energy conservation < > Time symmetry

• Momentum conservation < > Displacement symmetry

• Angular momentum < > Rotational symmetry

Courtesy: W. Wester, Fermilab
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Continuous Symmetries

i. Translational      (x,y,z  >> 3 degrees of freedom)
.........Momentum   (Px, Py, Pz ....)

ii. Temporal     (T>>> 1 degree of freedom)
....Energy       (E>>1 degree of freedom)

iii.  Rotational    (θ1, θ2, θ3 >> 3 degrees of freedom)

For these Continuous symmetries there exist a
Conservation Law
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Conservation Laws

Dynamical Conservation Laws
I. Conservation of Linear Momentum
II. Conservation of Energy
III. Conservation of Angular Momentum
IV. Other Discrete Conservation Laws

a. Charge
b. Baryon and Lepton number
c. Parity, CP, CPT,......

Should Symmetry be included ?
What goes in……….is…………What comes out
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Observed Patterns

• Patterns on properties of the elements lead to the periodic
table

• The periodic table lead to the atom

Dmitri Mendeleev

Courtesy: W. Wester, Fermilab
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Quarks
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Particles

 Discoveries
  top quark 1995

 bottom quark 1977
 ντ (tau neutrino) 2000

  direct CP violation
(with CERN) 1999

 Some critical measurements
 t and W mass 1998

 QCD at highest 1988-now
energies

 proton structure 1984-95

 charm lifetimes 1985-95
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Fundamental Symmetries of Nature

A Brief Summary

C Charge Conjugation         (Antimatter World)
P Parity Reversal           (Mirror World)
CP C and P Together          (Antimatter Mirror World)
T Time Reversal          (World Running Backward)
CPT C and P and T           (Backward Running Antimatter

          Mirror World)
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C Strong Electromagnetic Weak

P Strong Electromagnetic Weak

CP Strong Electromagnetic Weak ?

CPT Always Good (Pauli)

T Strong Electromagnetic Weak ?
                           (Indirect)

Experimentally, with Kaons and B Mesons:     P  CP   CPT ?
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Discrete Symmetries

C

Parity
Inversion
Spatial
mirror

Charge Inversion
Particle-antiparticle
mirror

C

P

CP

Courtesy: W. Wester, Fermilab

Escher

H.B. White
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Broken Symmetry

• Many symmetries in nature

   are not perfect

• We study these broken

   symmetries in particle physics

Why is there more matter than anti-matter in the universe?
This requires CP violation!

Why do the force carriers have vastly different masses?
This may require some sort of Higgs particle!

Courtesy: W. Wester, Fermilab
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Anti-Matter

WHAT IS ANTI-MATTER ?

Every “particle” has a partner called an “anti-particle” .

The two have the same mass and the same lifetime (if it decays).

The main difference is that they have OPPOSITE electric charge.
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Anti-Matter

•Examples: Year of discovery

•Electron (1897)

•Positron (1932)

•Proton (1919)

•Anti-Proton (1955)

•Neutron (1932)

•Anti-Neutron (1956)
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Matter () and Anti-Matter () annihilate into other energy ( ∼ )
particles and vice versa.

Pair Annihilation

           ∼     ∼

Pair Production  (always created in pairs)

∼ ∼           
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Anti_Hydrogen in the only anti-atom seen so far

(a few events at CERN and more than 50 events studies here
at Fermilab)

No anti-Atoms in Cosmic rays are observed so far
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Symmetry from the Beginning

•Equal numbers of matter, anti-matter and Photons existed.

•Matter and Anti-matter annihilations p-photon pair production
maintain a balance (for a while)

•A small asymmetry develops between the matter and anti-
matter (origins unknown)

•As the Universe expands and cools the pair production stops
(not enough energy for the reaction), and the matter
annihilation continues until the anti-matter is depleted (as far as
we know).

•The matter left over makes up the matter Universe (Stars,
galaxies and Us)
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KTeV

Creation 

Movie
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INPUT
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H
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Isomer I
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Isomer II
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Conclusions

• Noether’s Theorem: Conservation laws are related to symmetries

•  Conservation laws in classical and modern physics

• Experiments reveal the symmetries, which often lead to theoretical

ideas and better understanding of nature.

• Experiments reveal broken symmetries, which lead to an even

more questions and answers


