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� Founded in 1967 as the National Accelerator 
Laboratory
◦ 1st Director = Robert Wilson, opened ahead of schedule 

and under budget

◦ Most of the sculptures you’ll see are his

� Renamed in honor of Enrico Fermi in 1974

� Wilson stepped down in 1978 due to lack of 
funding

� Leon Lederman takes over and replaces the 
accelerator with the Tevatron – able to collide 
protons and antiprotons at energies of 1.96 TeV.





� In the late 1950’s and 60’s, physicists had 
found a number of particles – the “Particle 
Zoo”



� Gell-Mann and Zweig said that all these particles 
were composed of combinations of quarks and 
antiquarks (more on that later)

� Reactions from the science community were mixed

� Is the quark an actual physical entity or a mere 
abstraction used to explain concepts that were not 
fully understood at the time

� They purported three quarks – up, down, and 
strange (called so because it has a strangley long 
lifetime before decay) 



� Stanford Linear Accelerator

� Beams of protons, smash 
them together, see what 
comes out



� Up and down in 1968

� Charm in 1974

� They start finding patterns in the data 
(Mendeleev-esque), and predict the existence 
of other quarks



� Fermilab can achieve higher energy collisions 
than Stanford
◦ Think about chemical bonds – there is a certain 

energy you need to put into the chemical bond in 
order to break it

◦ You need to give protons enough kinetic energy in 
order to smash into each other hard enough in 
order to break the “quark bond”



� Fermilab finds 
bottom quark in 
1977 with its 
LINAC (linear 
accelerator)
◦ Indicates 

existence of top 
quark 
(Mendeleev?) 
because bottom 
would need a 
partner



� The top quark is sooo much more massive that it 
took until 1992 to find it (and we had to switch to the 
Tevatron….the ring collider which could make 
protons move faster using superconducting magnets)









� Nowadays, Fermilab’s collider is shutdown.  CERN 
(the one in Switzerland) can achieve so much 
higher energies that Fermilab can’t compete. 

� Fermilab’s main ring is 3.9 miles (6.3 km) in 
circumference and (as of 2011) could produce 
energies of 1.6 TeV
◦ Hence Tevatron

◦ Tera electron volt ~ kinetic energy of a flying mosquito

� LHC has a circumference of 16.6 miles (26.7 km) 
can produce energies 13 TeV







� In nuclear reactions and nuclear decays
◦ E = mc2 � mass is converted to energy

◦ For example, proton proton chain

mhydrogen =1.00784 u
mhelium = 4.002602 u



� The neutrino first mathematically 
predicted by Wolfgang Pauli in 1930 to 
explain how beta decay (nuclear 
reactions) could conserve energy

� Pauli called this previously undetected 
particle a "neutron“
◦ using the same -on ending employed for 

naming both the proton and the electron.

� Said the particle was emitted from the 
nucleus
◦ Also note the emission of the neutrino in the 

proton proton chain



� James Chadwick discovered a much 
more massive neutral nuclear particle 
in 1932 and named it a neutron also, 
leaving two kinds of particles with the 
same name. 

� The word "neutrino" comes from 
Enrico Fermi who jokingly used it 
during a conference in Paris in 
July 1932.  

� The name means slangily means "little 
neutral one“ in Italian.
◦ Distinguishes this light neutral particle 

from Chadwick's heavy neutron



� Neutrinos don’t interact with 
matter….basically ever



� The atom is very tiny, having a diameter of about    
10-10 meters. Keep in mind that’s like saying 
0.0000000001 meters, or about one-billionth of 
a meter across! But within this already extremely 
small atom is an even smaller region called the 
nucleus. The nucleus has a diameter of 10-14 m, 
so it is about 10,000 times smaller than the 
volume of the atom as a whole. One analogy is to 
imagine the atom is the size of a football 
stadium. In that gigantic stadium the nucleus 
would only be the size of a small marble sitting 
on the 50-yard line!







� Protons live in the nucleus, so 99.9% of an 
atom’s mass is in the nucleus rather than being 
spread out across the entire atom.

� It is as if the entire mass of the football stadium 
were in the marble at the 50 yd line.

� The density of a nucleus is about 
100,000,000,000,000 g/cm3 (1014)

� You cannot fathom how dense that is.

� It is the density of about a billion cars (2.5 billion 
tons) in the size of a matchbox.  

� Which is why the neutron is so important to keep 
the atom together.



� Neutrinos are around 10-37 m^2 (technically 
they don’t have a size, this is the size of their 
electroweak interaction – the size of the field 
they create)

� About an attometer (10-18 m) in diameter

� Or about 1 billionth the size of the uranium 
nucleus

� About a tenth the size of an electron

� About a tenth the size of an up quark

� About a tenth the size of a down quark



� Using math and science, we predicted how 
many neutrinos (electron neutrinos) we 
should be detecting coming from the sun.

� In the 1960’s, we were only receiving half to 
two-thirds of the expected.

� How are we detecting them?  





Turns out…Neutrino Oscillation

• Neutrinos appear to oscillate between the 

three flavors spontaneously

– This….breaks…the law of conservation of energy

• Also something known as symmetry

– Which is bad for our scientific models



� LBNF/Dune
◦ Long-Baseline Neutrino Facility/Deep Underground 

Neutrino Experiment



Science Goal #1 – Neutrino Oscillation and 

the Matter Issue

• We’ve discovered something called antimatter

• There really isn’t much to say at this point

• A positron is just an electron with all of the same exact 
properties as an electron, it just has a positive charge.  

• Antiproton, antihydrogen, antihelium – the exact same 
stuff – only has the exact opposite charges for their 
subatomic particles.

• The real question is why the universe seems to be 
dominated by matter and not antimatter (which is the 

anti….?)
– They annihilate (E=mc2) when they combine, so there 

must have been more matter after the big bang than 
antimatter – but why?  Especially considering the law of 
conservation of charge!!!!!  The very presence of matter 
seems to contradict it.



It also seems that neutrinos are their 

own antiparticle

• So, this is the leading hypothesis as to why we 
see much more matter than antimatter in the 
universe right now

• Like any radioactively energetic process, the 
Big Bang should’ve created equal amounts of 
matter and antimatter

• But the neutrinos can oscillate from one flavor 
to another (or from the matter properties to 
the antimatter properties)



Fermilab



• Fermilab creates beams neutrinos (see video in a 
few slides), measures the statistics of beam 
constituents

• Sanford measures the statistics of which 
neutrinos they receive

• Statistics are done – does oscillation favor one 
transition more than others…?
– Hypothesis – a certain type of transition is favored –

one in which the matter particle is the end result 
more often

– The matter we see is what was left over after all of 
the non-transitioned antimatter met an equivalent 
amount of matter





� Show video on how you make neutrino beams 
at Fermilab

� http://www.fnal.gov/pub/science/lbnf-
dune/photos-videos.html

� https://www.youtube.com/watch?v=U_xWDW
Kq1CM



Other Science Goals

• Grand unification of the three or four forces

• Supernova explosions cause flurry of 

neutrinos – can we develop a “new type of 

telescope” that “sees” in the neutrino

• Also study black holes



� Neutron chemotherapy lab

� https://www-bd.fnal.gov/ntf/




