


14.       Particle Physics, 2
lecture last, December 8, 2017

pitchers and catchers report in 70 days



housekeeping
Exam 3: average 35, incl. extra 

Chapter 14, Particle Physics 

mostly entertainment, some serious moments 

read the chapter! 

Final: Monday, December 11, 3:00-5:00 pm, 101 
Biochemistry Building 

I predict problems and questions could come from Chapters: 

 • 2. Relativity 

 • 3. Experimental Basis for Quantum Theory 

 • 4. Structure of the Atom 

 • 5. Wave Properties of Matter 

 • 6. Quantum Mechanics 

 • 7. Hydrogen Atom 

 • 12. Atomic Nucleus 

 • 13. Nuclear Reactions 

 • 14. Particle Physics, but qualitative 

 • Thermodynamics

I might ask you to summarize some famous 

experiments and the accomplishments of possibly 
some of these people: 

Lorentz, Einstein, Michelson and Morley, Joule, 
Carnot, Boltzmann, Roentgen, JJ Thompson, Millikan, 
Planck, Compton, Rutherford, Bohr, Moseley, Bragg, 
De Broglie, Heisenberg, Schrodinger, Zeeman, 
Chadwick, Marie Curie, Yukawa, Fermi, Pauli

two 5”x8” index cards





plus

review me



today

particle physics





PARTICLE PHYSICS

aka High Energy Physics

y
higher  energies  

→ probing smaller  distances

&  creating
new quanta .

nuclear physics

a 1950 's

\
more complexity → rare  intones

complicated higher States

high densities  of
unclear

matter

Both fields
depend

on  accelerators and storage  rings .

But -

the early , defining discoveries  were  
in cosmic  

rays



We left  off  with the following
cast :

~ 1933

electrons

photons

} each  a  

discovery ,

then  a  probe

protons

neutrons

neutrinos 1931

pious ( actually 1935 ) } predicted

positron 1928

+

electromagnetic force : e
, p ,

8
,

e

strong
fnce '

. P ,
n

,

I

weak force :  pin ,
e

,

V

Then
,

it got  

strange -
. following Divac  in 1928 .



Paul Divac

- showed Schrodinger 's &
Heisenberg 's QM  were  the

same

- developed relativism QM .

- invented quantum field theory .

Dirac Equation

remember QM operators p×  
→

- its 2

2X

E  
→  its 2

at

s
"

E=¥m+v →  

ihFt4=
-

zhtzojgt +
✓ 4

But  relativity
: E2=  p2c2+uic4

E = FEE 4 -7 huh ? negative
 E

negative 4*4



s
.

E .  Is 2 - valued & 2nd order in
space terms

.

following Pauli +
we write 4 =

(4¥
a  matrix  in

"

spin  space

"

a

general
solution  might  Involve a

✓ with operators only

in spin  space .  .

.

like a

magnetic field

might

sx - boo ) 4=48 )(¥D=HD

all built into SE
.

...

 a

cludge .  . .
 

very
adhor

.



1928

Divac found he could get  around the negative probability problem

with a 1st
. order differential equation It

&
Ix In zeg

only

|
+  

energy
electrons T & t

at  a mile "

+ =

ftp.g.J
)

.

error
× T& "

a 4- component
 "

sipinov

"

a bigger  Dirac -

space  which

contains  spin -

space  inside

what  was X ?

He guessed
"

proton

"

Oppenheimer showed m×=
 

me >

not Proton

an anti - electron

Divac 's idea  of how e 's interacts  wl 8 's changed

changed our  ideas  about the vacuum  & particle  interactions

more

@ -

>



here’s a number:
0

9

A



0
zero  

the # of successfully combined models of  

Quantum Mechanics and Relativity  

prior to 1928

10



negative energies for unbound systems

a disaster

11

E

0

m0c
2

any	addi)onal	E	is	kine)c



negative energies for unbound systems

a disaster

12



negative energies for unbound systems

a disaster

13
there’s	no	bo5om!

always	a	more	nega)ve	energy	

state	possible



1928

Paul Dirac 

1902 – 1984 

14

At the question period after a Dirac lecture at 
the University of Toronto, somebody in the 
audience remarked: "Professor Dirac, I do not 
understand how you derived the formula on the 
top left side of the blackboard."  
"This is not a question," snapped Dirac, "it is 
a statement."

“

hilarious	interview	with	the	

Wisconsin	State	Journal	from	1929	

on	the	blog.



still 
negative 
energies?
“solved” it with 
Pauli’s Exclusion 
Principle

15

mc2

posi)ve	

energy

–mc2

nega)ve	

energy

0

kine)c	

energies

His	vacuum	is	

full	of	nega)ve	

energy	

electrons



start 
with 
nothing

16

NOTHING

+						Energy

e+e- +				
Eγ > 2 me c2



Let’s talk about 
Nothing.

Dirac began this 
discussion 

which continues today 

in particle physics 

and in cosmology

17



what is this?

At first, he thought: “proton” 

nah. A bolder idea: an anti-electron. The Positron.

18

ψ(–E) a	posi5vely	charged	object	with	nega5ve	energy?



Yes...antimatter.



modern 
intepretation:

a photon  
poof-disappears

20

γ

γ



The antimatter story has a 
happy ending:

1932

21



Cosmic Rays

22

~2	per	minute	per	fingernail

very high energy 
protons from 
space



Carl 
Anderson

Right on 
schedule: 1932

23

DOWN and negative? 

UP and positive?✔

look	at	this	track...

sharper	curvature	at	top

B	field	in

clever...put	in	a	lead	

plate	to	cause	par)cles	

to	lose	energy

Yes...antimatter.
B	field	in



symbol:		

charge:	

mass:		

spin:	

category:

an5-electron,	aka	“positron”
e or e+

+1e	
me	=	9.0	×	10−31	kg	~	0.0005	p	

1/2	
an)-fermion,	an)-lepton

the	bar	over	the	top	will	mean	

“an)par)cle”



antimatter
is a fact of life 

every particle has it’s anti-particle partner 

same mass, different electrical charge

25



Dirac 
Nobel

at the age of 31

26



Carl 
Anderson 
and Victor 
Hess
Anderson was 31

27



this is where it gets interesting

we need to establish a language for Dirac-like reactions

28

“Rela5vis5c	Quantum	Field	Theory”	
essen5ally	invented	by	Paul	Dirac



notice a couple of things about what 
appears in Dirac’s equation

1. it’s about more than one thing: two electrons and a    
 photon 

 “regular” Quantum Mechanics is about single objects only 

2. stuff appears and stuff disappears

29

B



@

- iet

4+ ~ e moving forward in time

- n' ( - E) t sorta
- ICE ) Gt )

4- x  e - x e

Feynman 's Interpretation

eyeeke
=

or
ptime

}

but how ?

@ -







relativistic quantum field 
theory

no charge

32

C



here’s	how

stuff happens 
in this particle field theory model



0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

eelectron

ELECTRON FIELD
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0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0



0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 1 0 -1 -1 -2 2 -1 0 -1 1 2 1 -1 1 0 1 -1 -1 -2 -2 -1 0 -1 1 -2 -1 1

2 -1 1 -2 -2 -1 1 2 2 -1 -1 -1 0 2 -1 1 2 1 -2 0 0 -2 0 1 2 2 2 0

0 -1 2 2 -1 1 -1 -1 -1 -2 0 -1 -2 -2 -1 2 -2 1 1 0 2 -1 1 1 2 0 -1 -1

1 -2 2 1 1 1 0 1 -1 -1 2 0 0 -2 2 0 2 2 -1 1 -2 2 2 0 2 2 -1 0

0 -2 1 -2 -2 0 1 0 0 0 -1 -1 0 2 -2 0 -2 -1 -2 0 2 2 0 0 1 -1 2 -2

0 1 1 -2 -2 -2 0 -2 0 1 -2 0 1 2 -1 2 -2 2 0 2 1 2 -2 1 -1 -1 1 0

-2 -2 -2 1 1 1 -1 -1 1 2 -1 1 1 -2 -1 -2 1 0 1 2 -1 0 -2 2 2 1 0 2

0 -2 -2 2 -1 2 0 1 -1 0 0 -2 -2 0 0 0 -2 -2 -1 1 0 1 -2 -2 1 -2 -1 0

-1 1 -1 1 0 -2 2 -2 2 -2 0 1 0 2 -2 -2 2 -2 -1 -1 -1 0 2 0 -1 0 0 1

1 2 -1 -1 -2 -1 -1 -2 0 -2 1 1 2 1 -2 -1 -1 1 -2 -2 -2 0 -2 2 -2 -1 2 0

1 -2 1 1 1 -2 2 -2 2 1 -1 2 1 -1 1 2 2 -2 -2 2 2 2 1 1 1 -1 -2 1

0 0 -1 -2 2 2 -2 0 1 2 -2 -1 -1 0 -2 1 0 0 1 2 1 -2 -1 2 -2 2 -1 -1

0 1 0 0 2 -2 0 -1 -1 2 2 0 0 -1 1 -2 -2 0 0 0 1 -2 -2 -1 1 1 1 1

-1 2 0 2 -2 1 1 1 2 1 -1 2 1 2 -2 2 2 1 1 2 -1 0 -2 -2 2 0 -2 -2

0 2 1 -2 1 -2 1 -2 0 2 -1 -2 -2 -2 -2 1 -1 0 0 2 -1 1 -1 0 -2 2 0 0

0 1 0 0 2 0 2 2 0 -1 0 2 -2 2 2 0 -2 -2 2 1 2 -1 -2 0 0 0 1 2

0 2 0 2 1 -2 -2 -1 -2 -1 2 1 -2 1 1 1 2 0 -2 -1 2 1 -1 -2 -2 -2 1 -1

0 -1 -2 -2 0 2 2 0 -1 1 -2 -2 1 -1 0 2 -1 -2 1 2 -2 2 0 0 2 0 0 0

1 1 -2 -1 -2 1 2 -2 -1 -2 0 -1 -2 -1 0 2 0 -2 1 -1 -1 0 -1 -2 -1 -1 0 0
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-1 1 -1 1 -1 2 1 1 1 -2 1 0 2 1 -2 -2 0 1 -1 -2 -2 2 1 1 -1 -2 -1 1
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0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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6 7 9 10 9 7 6
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7 7 7
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PROTON FIELD
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0 2 -1 2 -2 2 0 -1 0 -1 0 -2 1 -2 -2 -2 2 -1 2 0 0 0 1 1 -1 -1 1 -2

-2 1 1 -2 1 2 0 -2 2 -1 0 1 -1 2 2 1 -1 1 2 2 2 -2 1 0 1 -2 2 0

-2 1 1 -2 -1 -2 1 0 1 2 1 0 -1 2 1 -1 -1 2 -1 1 0 -1 -1 2 1 -2 2 -2

2 1 -2 2 2 2 -1 1 2 -2 -1 -2 2 1 -1 1 -1 0 -1 -2 1 -2 -1 2 1 -1 2 2

0 2 1 -2 0 2 -1 2 -1 -1 -2 2 -1 2 1 1 1 0 1 1 1 -2 2 0 2 -1 -1 0

2 1 2 2 -1 1 -2 2 1 2 0 2 -2 0 -1 2 2 1 -2 1 -2 0 -2 -2 2 2 2 2

-1 0 2 0 2 0 -1 0 1 -2 -1 2 -1 -1 2 0 2 2 -1 -1 -2 -2 2 1 -1 1 -2 -1

1 -1 -1 -2 2 0 2 0 2 1 -2 1 2 -1 -2 -1 -1 2 -2 -1 0 -1 0 2 0 1 2 2

0 0 1 -1 0 2 -1 2 1 1 1 1 1 -2 -1 -1 0 0 -2 1 -1 1 -2 -1 2 0 0 1

-1 1 1 1 2 1 -2 1 2 0 -2 -1 -2 1 -1 -2 -1 -2 0 1 -1 2 2 1 1 -2 -1 -2

1 -1 2 2 0 0 1 0 -1 2 0 0 0 -2 1 0 -1 0 0 -1 1 0 -1 0 -2 1 2 0

-2 1 -1 2 0 -1 -1 1 2 1 0 -2 0 -2 -2 2 -1 2 -2 1 0 1 -2 -2 2 0 1 2

0 0 -1 1 2 0 -1 -2 0 2 0 2 -2 -1 2 -2 -2 1 1 -1 -2 2 2 0 -1 1 -2 1

-2 2 -1 -2 -1 2 2 1 -2 -1 2 -2 0 2 -1 0 2 0 0 -2 -2 -1 1 -1 -2 1 -1 1

2 2 2 2 2 -2 -2 -2 0 1 -2 -1 1 2 0 -2 -1 -1 1 2 1 -1 -2 0 2 0 -1 0

-1 0 0 2 -2 -1 0 1 -2 -1 -2 -2 -1 0 0 1 2 -2 0 -2 1 0 2 0 -2 2 2 -1

-1 -1 0 0 -1 1 1 1 2 -1 0 2 -2 0 0 0 -2 1 2 2 1 -2 -1 0 2 0 2 2

1 -2 0 2 1 2 -1 -1 -2 0 -1 -1 1 -2 -2 -2 1 2 2 2 -2 -2 2 2 -2 0 -1 -2

-1 0 1 2 -1 0 2 -2 2 0 -2 0 1 -1 2 -2 -1 -2 -2 -2 -2 0 0 0 -1 0 1 -1

0 0 0 2 1 -2 1 -2 0 2 -1 2 1 -2 -2 1 -1 1 2 -1 0 2 -1 -1 2 2 -2 0

-1 -1 1 -2 1 2 -1 2 1 1 2 2 1 2 1 2 -1 -1 1 2 0 1 -1 2 -2 1 -1 1

-2 1 1 2 0 -1 -2 0 -1 2 -2 2 -1 -2 1 2 0 2 -1 -1 0 -2 -1 0 0 -1 -1 -2

1 0 -1 -1 1 -2 -1 0 1 -1 2 -1 2 -2 -2 1 -2 -1 1 1 0 0 -2 -1 0 2 -2 -2

0 0 1 2 2 2 0 0 -1 0 0 2 0 -1 1 -1 1 -1 -1 1 0 2 -1 -1 2 -1 0 2

2 -2 1 2 -1 -2 2 2 1 0 2 2 -2 2 2 0 2 1 -2 0 1 -1 -2 2 -1 2 -2 2

0 1 -2 -1 0 -2 0 0 -2 -1 -1 -2 -1 0 1 -2 -2 -2 1 -1 0 2 0 -2 0 2 1 0

1 -2 2 1 0 0 -2 1 1 0 1 1 1 1 -2 2 -2 2 0 0 0 2 2 -2 2 2 2 -2

-1 2 -1 1 -2 1 -1 -1 1 -2 -2 0 2 -2 -2 2 -2 2 1 -2 -2 -2 0 1 2 1 0 -2

2 -2 2 2 1 0 2 -1 -2 1 2 -1 1 2 1 1 2 -2 2 -2 -2 -2 1 0 1 2 2 2

1 2 -2 2 2 -1 2 -2 1 -1 0 -1 0 -1 -2 -1 -2 1 1 -1 -1 0 1 1 0 -2 1 1

1 0 0 1 -1 -1 -2 2 -1 -1 -2 -2 1 -2 -1 2 -2 1 -1 0 -2 2 -2 -1 2 2 0 -2

-1 1 -2 0 -1 2 2 -2 -1 -1 -1 1 1 -2 1 2 0 2 -2 1 -1 2 0 -1 -1 0 2 -2

-2 2 -1 -1 0 2 0 1 1 -1 -1 2 2 1 -1 -2 2 1 1 -1 -2 -2 -2 1 -1 -2 1 -2

1 -1 1 0 2 -2 0 -1 -2 1 -1 0 2 1 1 0 1 -1 1 1 -2 1 2 2 0 2 2 0

0 -2 1 0 2 -2 1 -1 2 2 0 -1 1 0 1 -1 0 1 -2 -2 2 -2 -2 0 2 0 1 -1

electron

proton

photon field “disturbance”

time
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2



our	atom

γ
e e

p p

electron

proton

electric field 
disturbance  
(not a particle!)



par5cle	field	theory*
the best theory in history

never an 
incorrect 
prediction

outrageously 
precise  
agreement, 
prediction and 
measurement 

*Quantum Electrodynamics



what’s	more	fundamental?
a winner

fields

particles



the particle vacuum full of fields:



the particle vacuum full of fields for every “particles”



two	predic5ons	for	“space”

30,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,0
00,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000

particle 
vacuum

dark 
energy 
vacuum

energy in the particle vacuum is 

times the energy in the dark energy vacuum



this	has	a	name “the worst 
prediction in the 
history of physics”
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every quantum has a  field

photon field

over there/then

electron field

E

zero

vacuum



the vacuum 
is a 
complicated 
place

what the 
mathematics tells 
us

47

a(p)|� >= |0 >

a†(k)|0 >= |e >

a†(k0)|0 >= |e >

it’s	not	like	the	photon	is	now	“in”	the	electron

the	photon	pops	the	electron-	positron	pair	out	of	the	Ur	

electron	field		

and	itself	disappears	back	into	the	Ur	photon	field.



but what 
does that 
mean?

it means that the 
vacuum is full of 
energy 

like a reservoir 

particles are 
created out of the 
vacuum

48

we	have	to	subtract	the	energy	of	the	vacuum	
away...because	it’s	infinite	and	all	we	care	about	is	the	

states	we	build	above	the	vacuum	energy





-2 0 -2 0 0 0 0 -1 0 0 -2 -2 0 -2 -2 0 0 0 -1 -2 -2 0 -2 0 -2 -2 -2 -2 0 -2 -1 -1 -1 -1

-2 -2 -1 0 0 -2 -2 0 0 -2 -1 0 -1 -2 0 -1 0 -1 -2 -1 -2 -2 -1 -2 -1 -2 0 -2 0 -1 -2 0 0 -1

-2 -2 -1 -2 0 -1 -1 -2 -1 -2 0 -2 -2 0 -1 -1 -2 -1 0 -2 -1 -2 0 -2 -1 -2 0 0 -2 -1 -2 0 -1 0

-1 0 0 0 -1 0 -1 0 -1 0 -2 -2 -1 0 -2 -2 0 0 0 -2 -1 -1 0 -1 -2 -1 0 -2 -2 -1 -1 -2 0 0

-1 -1 -1 -1 -1 -2 -1 -1 -2 -1 -2 -1 -2 0 -2 -2 -1 -2 -1 0 0 0 0 -2 -2 -1 -1 -1 -1 -2 -2 0 -1 -1

-2 -1 -1 0 0 -2 -1 -2 -1 0 0 0 0 0 -2 -1 -1 0 0 -1 -2 -2 -1 -1 -2 -2 0 -2 0 0 0 0 -1 -2

-1 -2 -1 0 -1 0 -1 -1 -2 0 -2 -2 0 -2 -1 -1 -1 -1 0 0 0 -1 0 -1 0 -1 -1 0 -2 -1 -1 -1 -1 0

0 0 -2 0 0 -2 -1 0 -1 -1 -1 -1 -2 0 -1 -2 -1 -1 -1 0 -1 -2 -1 0 0 -2 -1 -2 -2 0 -2 0 -2 -1

-1 -2 -1 0 0 -1 -1 -2 -1 0 0 -2 -1 -1 -1 -2 -2 -2 -1 0 -1 -2 -2 0 -1 0 0 0 -1 0 -2 -1 -2 -1

0 -1 -2 -1 -1 -1 0 -2 -2 -1 -2 -1 0 -2 -1 -2 -1 -2 0 -1 0 -1 -2 -2 -2 0 -1 0 -1 -1 0 0 -2 -2

0 -2 -1 -2 0 0 -2 -1 0 -1 -1 -2 -2 -2 -1 -2 -2 -2 0 -1 -2 -2 0 -1 0 -1 0 -1 0 -2 0 0 -1 -1

-2 0 -2 -1 0 -2 -2 -1 0 -1 0 -1 -1 -1 -1 0 0 -1 -1 -1 -1 -2 0 -2 0 -1 0 -2 0 -1 -2 -2 -2 -1

-1 -2 -2 -2 0 -1 0 -1 0 -2 0 -2 0 -2 -2 0 -2 0 -2 -1 -2 -1 -1 0 -2 0 0 0 -1 0 -2 0 -1 -1

-2 -1 -1 -1 0 -1 -2 0 -1 -2 -1 0 -2 0 0 -2 -2 -1 -2 0 0 0 -2 0 -2 -1 -1 -1 0 -1 -1 -2 -2 -2

-1 -1 -1 0 -2 0 0 0 -1 -1 -2 -2 0 0 -1 0 -2 0 0 0 -2 -1 -1 -1 0 0 -2 0 -2 0 -2 -1 -2 0

-2 -1 0 -1 -1 0 -1 -1 -2 -2 -2 -2 -1 -2 0 -2 -1 0 0 -1 0 -2 -1 -1 -1 0 0 -2 0 -2 -1 -2 0 0

-2 0 -2 -2 0 0 -1 0 0 -1 0 -2 0 -1 -2 -2 -1 -1 -2 0 -2 -2 -2 0 -2 -2 0 -1 -2 0 -2 -2 -1 -2

-2 0 0 -1 -1 -2 0 -1 -2 -2 -2 0 -1 0 -1 -2 -1 0 -1 0 -1 -1 -2 -2 -2 0 -2 0 -1 -1 -1 -1 0 0

-1 0 -1 -2 -1 -2 -1 0 -2 0 -1 0 -1 -2 -2 -1 -2 0 -1 -2 -2 -2 0 0 0 -1 0 -1 0 0 -2 -2 -2 0

-2 -2 -1 0 -1 0 -2 -2 -1 -1 -2 0 0 -1 0 -2 -2 -2 0 -1 -2 -2 -1 -2 0 -2 0 -2 -2 0 -2 0 -2 -1

-1 0 0 -1 0 -1 -1 -1 -1 -2 0 -2 -2 -1 -1 -1 0 -2 -2 -1 0 0 -2 -1 -2 -1 -2 -1 0 -2 0 0 -2 0

0 -2 -1 -1 0 -2 0 0 -2 -2 -1 -2 0 -1 0 0 -1 0 -2 -1 -1 0 -1 -1 -2 0 0 0 -1 -2 -1 0 0 0

-1 -1 0 -1 -1 -2 0 0 -2 -1 -1 -2 -2 -1 -2 -2 -1 -2 0 0 -2 -1 -1 0 -2 -1 -2 -2 -1 -2 -1 0 -1 -1

0 -1 -1 -2 -1 0 -1 0 -1 -2 0 -1 -2 0 -2 -1 0 -2 -2 -1 -2 -2 0 -1 -2 -2 -1 -1 -2 0 -2 0 0 -1

-1 -2 0 -1 -1 -1 -1 -1 0 0 -2 -2 -2 -1 -1 -2 -2 0 0 -1 0 -2 -2 -1 0 0 0 -1 -2 -2 0 0 0 -1

-2 -1 -1 -1 -1 -2 -2 -2 0 -2 -2 -2 0 0 -2 -2 -2 -1 0 -2 -2 0 0 -1 -2 -2 -2 -1 -2 -1 -2 -2 0 -1

vacuum	fluctua5ons

D
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time



the most important thing in particle 
physics?

getting the name right. 

the “Yukon”? thankfully, no. 

the “meson?” Why yes, I think I like it. 

medium mass... 

not too big (proton) not too small (electron): just right.

52



the hunt was on
to find the Yukawa Particle 

but WWII got in the way

53



Post-war emulsion exposures were startling

54

  C O S M I C  R A D I A T I O N

Fig. 7. A fast proton produces a disintegration (see the left-hand picture). One of the
emerging «shower» particles (No. 5) after passing some millimeters in the emulsion,

makes a second disintegration (see right-hand «star»).

  C O S M I C  R A D I A T I O N 153

Fig. 6. A nitrogen nucleus of the primary cosmic radiation collides with a nucleus, and
splits up into a lithium nucleus, a deuteron, and a number of protons. Some π-mesons
are created in the collision. The event is very exceptional in that, by chance, the tracks
in the emulsion of many of the particles are long so that they can be identified and
their energy determined. Top: N, E = 0.0061 ~ 16%,  28,000 MeV. Bottom: (a)
α-particle, ?i = 0.109 ± 12%, 220 MeV; (b) π-particle, a = 0.035 ± 25%, 800 MeV;
(c) :H, Z = 0.206 ± 20%, 81 MeV; (d) Li, a: = 0.0075 ± 30%, ~ 10,000 MeV; (e)
:H, Cc = 0.012 ± 30%. 2000 MeV; (f) fD, Cr = 0.0053 ± 16%, 4800 MeV; (g) 7t-
particle, E = 0.029 ± 20%, 1000 MeV; (k) rc-particle,  CC = 0.025 ± 30%, 1200 MeV.
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Fig. 5. Photo-m
icrographs of four exam

ples of the successive decay z-,u-e as recorded
in photographic em

ulsions.

from	Cecil	Powell’s	Nobel	lecture...	a	former	student	of?										...you	guessed	it.

proton	in	cosmic	rays Nitrogen	nucleus	in	cosmic	rays

huh?
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Mt.	Pic	Du	Midi,	10000	Z



many of these sort:
something unknown... 

20,000 stereo photos --> 1600 usable tracks in 3 cm2 plate

55

π
U?

e
electron

)me

it	goes	much	too	far..



strange things in cosmic rays

thick photographic substrates

56

U something	
new

e
electron

)me

decay

decay



two 
discoveries

for the price of 
one

57

This	took	some	unraveling.

The	“meson”	appeared	in	and	ini)ated	nuclear	collisions

The	unknown	par)cle	seemed	to	live	about	a	6	μsec	

too	long	to	be	a	meson

The	winning	proposal:

⇡
µ

e

⌫

⌫

⌫̄

e

⇡

⌫

µ ⌫

⌫̄

now	called	the	“pion”

now	called	the	“muon”



symbol:		

charge:	

mass:		

spin:	

category:

par)cle: pion
	π 
+, –, 0 

139 MeV/c2,  

0 
Boson, hadron, meson



three 
forces now
of vastly 
different 
strengths

59

e e

�

p
p

Electromagnetic 
force

n
p

n

⇡� Strong force

0.007

15

e

⇡

⌫

µ ⌫

⌫̄ Weak force

n

p

e

⌫̄

0.000001



symbol:		

charge:	

mass:		

spin:	

category:

par)cle: muon
µ	
+,	–	

105.7	MeV/c2	

1/2	

Fermion,	lepton



symbol:		

charge:	

mass:		

spin:	

category:

par)cle: muon
µ	
+,	–	

105.7	MeV/c2	

1/2	

Fermion,	lepton

The	Muon	is	exactly	like	
an	Electron	just	heavier.



symbol:		

charge:	

mass:		

spin:	

category:

par)cle: tau
τ	
+,	–	

1,776.82	±	0.16	MeV/c2	

1/2	

Fermion,	lepton

The	Tau	is	exactly	like	an	
Electron	just	more	

um...heavier.



BTW
there are as many neutrinos 

as there are “electrons” 

we got the original electron, we got an electron-neutrino 

the muon, a muon neutrino 

aaaand. another one: the tau and its neutrino
63



symbol:		

charge:	

mass:		

spin:	

category:

par)cle: muon-neutrino
νμ	
0	

0	or	0.4-ish	to	1-ish	eV/c2	

1/2	

Fermion,	lepton



symbol:		

charge:	

mass:		

spin:	

category:

par)cle: tau-neutrino
ντ	
0	

0	or	0.4-ish	to	1-ish	eV/c2	

1/2	

Fermion,	lepton



the	players
in our universe, circa June, 2012

genera5on 1st 2nd 3rd
messenger	
par5cles

leptons

q =0 e νe 
neutrino

νµ 
neutrino

ντ 
neutrino

! 
photon

q = – 1 e e	
electron

µ 
muon

τ 
tau

W	
W	boson

quarks

q=+2/3e u	
electron

c	
electron

t	
electron

Z	
Z	boson

q=–1/3e d	
electron

s	
electron

b	
electron

g	
gluon

E





E

"

Vector potential
"

→ age
. old

way
to  add

electromagnetism to  classical Newtonian

werhanius and MR
.

Qim
,

& RQ .

M
.

"

minimum  coupling rule

"

p2 him in
gem

→ ( p
- ieae)2

z

a  rule
so  

in 1 d ( p×  
- ie Ax )



Gauge Principle

e. InHe gym
all spin 1 fields

...
 all

"
are  messengers

"

of

a fundamental force  

of nature

all have a  reason .
.

.

Symmetries  are King of
the  universe and the queen  was

Emmy
Noethev

Symmetry in the FORM  

of
a

mathematical model

⇐¥F
Physical conservation laws

.



-

him
I 4 ( x ) + v4C x )

= E 4k )

⇒
=

How about : 4. ( × ) → Yhx ) =

ei¥4C×
)

=

"

LOCAL

" )

derivatives complicate this .

-

→ 3¥
=  

izdx
in + eiagyx

-

2¥! gain
e 4

+

zize got
ei

'

-

(zaxjyei 't  ei8¥ .

substitute
--



F

E 4 ( × ) =
-

Fm [

ogxtiaggcx
) Tyk ) + v ( × ) 4Gt ) ←

-

hope - -
no longer the Schroedinger  equation .

BUT .

 DEMAND THIS SYMMETRY
&

ACCEPT  CONSEQUENCES

( Zz
+  i2,1×1×55? that 's minimum  conning to  F- &

Mt
(t.in#xIee

If the universe prioritizes this local
symmetry

?

then  it had to  invent the photon & its
counting to  e 's

SYMMERTIES seem to be prior .  → an vector fields  come from

=

this premise


