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Resources

• Particle Data Group:

http://pdg.lbl.gov

• Summary tables of particle properties:
http://pdg.lbl.gov/2012/tables/contents_tables.html

• Table of atomic and nuclear properties of materials:
http://pdg.lbl.gov/2012/reviews/rpp2012-rev-atomic-nuclear-prop.pdf
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Some Subatomic Particles

– electron, �� and positron, ��

– proton, � and neutron, �

– muon, �� and anti-muon, ��

• When we don’t care which we usually just call them 
“muons” or write �±

– photon, �

– electron neutrino, 	
 and muon neutrino, 	�

– charged pions, �± and charged kaons, 
±

– neutral pions, �� and neutral kaons, 
�

– “lambda hyperon”, Λ
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Some are fundamental (no substructure) while others are not.



Subatomic Particles

• Fundamental particles (as far as we know):

• electrons, muons and neutrinos are fundamental.

• protons, neutrons, kaons, pions are made of quarks:

– baryons have 3 quarks:

– mesons are ��� pairs:

• what about the photon? 
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Quarks

Leptons



Subatomic Particles

• fundamental particles of matter interact with 
fundamental “force carriers” called “gauge bosons”:

– Electromagnetic force: photon (�)

– Weak nuclear force, responsible for �-decay: ��, ��

– Strong nuclear force: gluons (�)

• The force carriers “couple” to the “charge” of the 
matter particle:

– photons couple to electric charge (not neutrinos)

– W’s couple to “weak hypercharge” (all particles)

– gluons couple to “color charge” (only quarks)

– mesons and baryons are “colorless” so they only interact 
strongly when they get close enough to see the individual 
quarks.
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Particle Interactions

• Particle interactions must always conserve energy/momentum and 
angular momentum.

• Particle interactions must conserve electric charge.

• For practical purposes, they conserve lepton number.

• The strong interaction conserves quark flavor number

• Examples:

– Electric charge: � → ����

– Lepton number: �� → ��	�	̅


– Quark number: �� + � → � ��� + ��� = (���)

• The weak interaction does not conserve quark number:

– Pion decay: �� → ��	̅�

– Neutron decay: � → �	��	̅

– Lambda decay: Λ → ���								 ��� → ��� + (���)
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Particle Masses

• Mass/energy relation: � =  !"

• Mass is usually expressed in units of energy/c2

• Mass is a fundamental characteristic of particles:

– photon: massless

– neutrinos: essentially massless

– electron:  
 = 0.511	'�(/!
"

– muon:  � = 106	'�(/!
"

– pion:  + = 139	'�(/!
"

– kaon:  . = 494	'�(/!
"

– proton:  0 = 938.3	'�(/!
"

– neutron:  2 = 939.6	'�(/!
"
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Particle Decays

• The only stable particles are:
– proton, electron, photon and neutrinos

• Other particles decay into lighter particles:

– muon decay: �� → ��	�	̅

– pion decay: �� → ��	̅�

• The “lifetime” is defined by

3 4 = 3��
�5/6

• We usually don’t use “half-life” in particle physics but it 
is frequently used in nuclear physics:

3 4 = 3�2
�5/68/9

• After some simple algebra,

:;/" = : log 2
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Unstable Particles
Particle lifetimes:

• The photon is stable

• The proton is stable, : > 2.1 × 10"A years

• The electron is stable, : > 4.6 × 10"B years

• The neutron is unstable, : = 880.1 ± 1.1 sec

• The muon is unstable, : = 2.1969811 22 	��

• Charged pions are unstable, τ = 2.6033(5) × 10�D sec

• Charged kaons are unstable, : = 1.2380(21) × 10�D sec

• Everything else has even shorter lifetimes

Distance travelled before decay:

� = E4 = �!4 = ��!: =
�!:

1 − �"
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Special Relativity

• All the special relativity you need for Physics 290:

� =
E

!

� =
1

1 − �"

� = G + !" = � !"

� = �� !

� =
�

 !"

� =
�!

�

�� =
�

 !
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Unstable Particles

Example:

– What is the distance that a muon travels in one 

lifetime if it has a momentum of 1 GeV/c?

� = ��!:

=
�

 !
	!:

=
1000'�( !⁄  

106'�( !"⁄
2.20 × 10�B	�

=
1000	'�(

106	'�(
(2.998 × 10D �⁄ ) 2.20 × 10�B	�

= 6.222	I 
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Observing Fundamental Particles

• Ultimately, all particles are detected by means of 
the electromagnetic interaction:
– A charged particle moving at high speed produces an 

electric field that can ionize matter or excite atomic 
electrons

– The rate of energy loss depends on the velocity but 
not on the type of particle

– Rate of energy loss is proportional to J"

– Neutral particles do not produce an electric field and 
are not detected… 

• unless they interact in a way that produces charged 
particles.

• but the original particle is destroyed in the process.
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Observing Fundamental Particles

• Examples:

– An K-particle is doubly-charged.  It is heavy and moves 
slowly: it deposits a more energy in a short distance.

– A �-particle (ie, an electron) is singly charged.  It is less 
highly ionizing than an K-particle.

– A photon does not ionize matter directly.
• It can transfer energy to electrons via Compton

scattering:  � + �� → � + ��

• A photon can be converted into an ���� pair in the strong electric 
field surrounding a nucleus: � + L → �� + ��

• The secondary charged particles do deposit energy

– Neutrinos are very weakly interacting.  They have no 
electromagnetic interactions.

• Occasionally, 	� + �
� → �� + 	


• The muon deposits energy
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Rate of Energy Loss

• The electric field of a charged particle 

interacts with the electrons in the surrounding 

medium

• Rate of energy loss is proportional to electron 

density

• Electron density is closely related to the mass 

density

• Energy loss per unit length is roughly 

proportional to mass density
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Rate of Energy Loss

• Energy loss per unit length (divided by density):

– Units are [MeV/cm]/[g/cm3] = [MeV cm2/g]
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Minimum is always near �� ≈ 3

For carbon, ��/�N|PQ2=1.8 MeV cm2/g

Increases only slowly with increasing 

momentum above minimum

Rises rapidly below the minimum



Energy Loss Data

• Table of atomic and nuclear properties of materials:
http://pdg.lbl.gov/2012/reviews/rpp2012-rev-atomic-nuclear-prop.pdf
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Example

• A charged particle is called “minimum ionizing” if �� ≥ 3.  

What momentum is this for a muon?

� = �� !

= 3 106'�( !"⁄ ∙ !

= 318	'�(/!

• How much energy is deposited if a minimum ionizing muon

passes through 1 cm of iron?

��/�N|PQ2=1.451	'�(	 ∙ ! "/�

T = 7.874	�/! V

∆� = 1.451	'�(	 ∙ ! " �⁄ 7.874� ! V⁄ 1	! 

= 11.4	'�(

• How much iron would stop a 318 MeV/c muon?

Approximately 28 cm
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Assignment

• We detect muons using plastic scintillator material 
(polymethylmethacrylate = acrylic).

– How much energy is deposited when a minimum ionizing muon
passes through 1 cm of acrylic scintillator?

• Students sometimes wonder whether aluminum foil could be 
used to shield us from cosmic rays.

– Estimate the thickness of aluminum foil

– How much energy is lost when a minimum ionizing muon passes 
through one thickness of aluminum foil?

• How much energy does a minimum ionizing muon lose when 
it passes through one floor of the physics building?

– Assume one floor is 8 inches of concrete.

• Convert inches to cm

• Assume “building concrete” is the same as “shielding concrete”
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