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Neutrino physics 

Title of Teppei’s PhD thesis 
Measurement of muon-neutrino charged-current quasi-
elastic double differential cross section on carbon and test 
of Lonrentz and CPT violation with the MiniBooNE 
experiment	
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 Where is Physics? Everywhere! 

Physics is the subject to study the laws of Nature 
 - Every phenomenon in Nature are subject of physics laws 
 
Some examples 
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 Where is Physics? Everywhere! 

Physics is the subject to study the laws of Nature 
 - Every phenomenon in the Nature are subject of physics laws 

Physics can find the best way to 
walk with coffee cup without spilling	
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 Where is Physics? Everywhere! 

Physics is the subject to study the laws of Nature 
 - Every phenomenon in the Nature are subject of physics laws 

Physics can explain why 
tree looks like a tree	
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 Where is Physics? Everywhere! 

Physics is the subject to study the laws of Nature 
 - Every phenomenon in the Nature are subject of physics laws 

Physicists aren’t afraid radioactive 
sushi, because it’s not  
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 Where is Physics? Everywhere! 

Physics is the subject to study the laws of Nature 
 - Every phenomenon in the Nature are subject of physics laws 

Sometimes we make a mistake... 
(people misunderstood how bicycle works 
more than 100 years)  
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 Where is Physics? Everywhere! 

Physics is the subject to study the laws of Nature 
 - Every phenomenon in the Nature are subject of physics laws 

Although we don’t understand so many things, some 
reason we know so well about the end of the universe 
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 Where is Physics? Everywhere! 

Physics is the subject to study the laws of Nature 
 - Every phenomenon in the Nature are subject of physics laws 

We didn’t know why birds fly with 
V-formation until few weeks ago! 
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 Where is Physics? Everywhere! 

Physics is the subject to study the laws of Nature 
 - Every phenomenon in the Nature are subject of physics laws 

And mysterious things are everywhere  
(probably in your kitchen, too!) 

Non-Newtonian fluid can be 
made by water and corn starch	
  



02/12/2014	
  Teppei	
  Katori,	
  t.katori@qmul.ac.uk	
   15	
  

 Where is Physics? Everywhere! 

Physics is the subject to study the laws of Nature 
 - Every phenomenon in the Nature are subject of physics laws 
 
Connection of logic allows to reach higher and higher knowledge 

Particle physics 
Subject to reach the highest (most 
non-intuitive) knowledge by adding 
logics of ladders	
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 Particle physics 

Particle physics is the subject to study sub-atomic particles 
 
Elementary particles are responsible to make up 
 - all matters 
 - all forces 
 
Laws of elementary particles 
 - space-time structure 
 - vacuum structure 
 
Currently, elementary particle physics is described within the framework of  
the Standard Model 



The Standard Model,  
Elementary Particles of the Universe 

 - 6 Quarks 
    - Up-quarks and Down-quarks make matter 
 
 - 6 Leptons  
    - 3 Charged Leptons (electron is here) 
    - 3 Neutrinos 
 
 - 3 Force carries (gauge bosons) 
    - Gluon (Strong nuclear force, ~1) 
    - Photon (light, ~0.01) 
    - Weak bosons (Weak nuclear force, ~10-7) 
    - Gravity is missing from this picture (~10-38) 
 
 - The “God Particle” Higgs boson 
   - Higgs boson gives masses to other particles 
   - Discovered in 2012 
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The Standard Model,  
Elementary Particles of the Universe 

 - 6 Quarks 
    - Up-quarks and Down-quarks make matter 
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 - 3 Force carries (gauge bosons) 
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matter	
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they don’t... 
matter?	
  



The Standard Model,  
Elementary Particles of the Universe 

 - 6 Quarks 
    - Up-quarks and Down-quarks make matter 
 
 - 6 Leptons  
    - 3 Charged Leptons (electron is here) 
    - 3 Neutrinos 
 
 - 3 Force carries (gauge bosons) 
    - Gluon (Strong nuclear force, ~1) 
    - Photon (light, ~0.01) 
    - Weak bosons (Weak nuclear force, ~10-7) 
    - Gravity is missing from this picture (~10-38) 
 
 - The “God Particle” Higgs boson 
   - Higgs boson gives masses to other particles 
   - Discovered in 2012 

today’s talk	
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The Standard Model,  
Elementary Particles of the Universe 

 - 6 Quarks 
    - Up-quarks and Down-quarks make matter 
 
 - 6 Leptons  
    - 3 Charged Leptons (electron is here) 
    - 3 Neutrinos 
 
 - 3 Force carries (gauge bosons) 
    - Gluon (Strong nuclear force, ~1) 
    - Photon (light, ~0.01) 
    - Weak bosons (Weak nuclear force, ~10-7) 
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 - The “God Particle” Higgs boson 
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   - Discovered in 2012 

Photon	
   Gluon	
  

Weak 
bosons	
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 - 6 Quarks 
    - Up-quarks and Down-quarks make matter 
 
 - 6 Leptons  
    - 3 Charged Leptons (electron is here) 
    - 3 Neutrinos 
 
 - 3 Force carries (gauge bosons) 
    - Gluon (Strong nuclear force, ~1) 
    - Photon (light, ~0.01) 
    - Weak bosons (Weak nuclear force, ~10-7) 
    - Gravity is missing from this picture (~10-38) 
 
 - The “God Particle” Higgs boson 
   - Higgs boson gives masses to other particles 
   - Discovered in 2012 

The Standard Model,  
Elementary Particles of the Universe	
  

Gravity 	
  



The Standard Model,  
Elementary Particles of the Universe 
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Neutrinos, Ghost particles 

3 types of neutrinos 
   - Extremely difficult to stop neutrinos 
 
 - Quarks exchange 
    - Gluons, or 
    - Photons, or 
    - Weak bosons 
 
 - Charged leptons exchange 
    - Photons, or 
    - Weak bosons 
 
 - Neutrinos exchange 
    - Weak bosons   

Neutron 	
  

Atom 	
  

Gluon 	
  
Up-quark	
  

Down-quarks	
  

Electron 	
  

Atom 	
  

Photon 	
  

Neutrino 	
  

Atom 	
  

Weak boson 	
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Neutrinos, Ghost particles 

3 types of neutrinos 
   - Extremely difficult to stop neutrinos 
 
Example: how to stop particles? 
   - Alpha particle (nuclei of Helium) → sheet of paper 
   - Beta particle (electron) → sheet of copper 
   - Gamma particle (photon) → chunk of lead alpha particle 	
  

paper 	
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Neutrinos, Ghost particles 

alpha particle 	
  

paper 	
  

Pluto: 0.0006 light year	
  

1 light year length of lead	
  

3 types of neutrinos 
   - Extremely difficult to stop neutrinos 
 
Example: how to stop particles? 
   - Alpha particle (nuclei of Helium) → sheet of paper 
   - Beta particle (electron) → sheet of copper 
   - Gamma particle (photon) → chunk of lead 
   - Neutrino → 1 light year thickness of lead 
 
You have to “wait” long time to see a rare neutrino which stops (=interacts) 
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Neutrinos, Ghost particles 

3 types of neutrinos 
   - Extremely difficult to stop neutrinos 
 
Neutrinos are everywhere, but they penetrate without leaving any traces. 
 
   - 50,000 muon neutrinos (made by collisions of cosmic rays and air)  
     penetrate your body every second.  
 
   - 60 billion electron neutrinos from the Sun pass through every 1cm2 

     of the Earth every second. However you have only a 25% chance for a      
     neutrino to hit your body in your lifetime. 
 
   - Every place in the Universe has ~330 neutrinos/cm3 made by Big Bang.  
     Neutrinos are the second most abundant particle in the Universe  
     (photons~410/cm3). 
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Neutrinos, Ghost particles 

3 types of neutrinos 
   - Extremely difficult to stop neutrinos 
   - Extremely small mass 
 
Tiny mass of weakly interacting neutrino cannot be measured by 
traditional methods, it can be measured only by neutrino oscillation, 
with a help of quantum mechanics  



Neutrino Oscillations 

Creation → Propagation → Propagation → Propagation… → Detection 	
  

muon neutrino 
electron neutrino	
  

muon neutrino 
electron neutrino	
  

neutrino 1 
neutrino 2	
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Neutrinos obey quantum mechanics  
 - State of neutrinos are not well-defined in space and time (Schrödinger's cat) 
 - Type of neutrino is not conserved with time 
 - If so, neutrinos have masses 



Neutrino Oscillations 

Creation → Propagation → Propagation → Propagation… → Detection 	
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muon neutrino 
electron neutrino	
  

neutrino 1 
neutrino 2	
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Neutrinos obey quantum mechanics  
 - State of neutrinos are not well-defined in space and time (Schrödinger's cat) 
 - Type of neutrino is not conserved with time 
 - If so, neutrinos have masses 



Neutrino Oscillations 
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muon neutrino 
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Neutrinos obey quantum mechanics  
 - State of neutrinos are not well-defined in space and time (Schrödinger's cat) 
 - Type of neutrino is not conserved with time 
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Neutrinos obey quantum mechanics  
 - State of neutrinos are not well-defined in space and time (Schrödinger's cat) 
 - Type of neutrino is not conserved with time 
 - If so, neutrinos have masses 



Neutrino Oscillations 
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Neutrinos obey quantum mechanics  
 - State of neutrinos are not well-defined in space and time (Schrödinger's cat) 
 - Type of neutrino is not conserved with time 
 - If so, neutrinos have masses 



Neutrino Oscillations 

Creation → Propagation → Propagation → Propagation… → Detection 	
  

muon neutrino 
electron neutrino	
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neutrino 1 
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Neutrinos obey quantum mechanics  
 - State of neutrinos are not well-defined in space and time (Schrödinger's cat) 
 - Type of neutrino is not conserved with time 
 - If so, neutrinos have masses 

Persian cat	
  



Neutrino Oscillations 

Creation → Propagation → Propagation → Propagation… → Detection 	
  

muon neutrino 
electron neutrino	
  

muon neutrino 
electron neutrino	
  

neutrino 1 
neutrino 2	
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Neutrinos obey quantum mechanics  
 - State of neutrinos are not well-defined in space and time (Schrödinger's cat) 
 - Type of neutrino is not conserved with time 
 - If so, neutrinos have masses 

cat 1	
  

cat 2	
  

Persian cat	
  



Neutrino Oscillations 

Creation → Propagation → Propagation → Propagation… → Detection 	
  

muon neutrino 
electron neutrino	
  

muon neutrino 
electron neutrino	
  

neutrino 1 
neutrino 2	
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Neutrinos obey quantum mechanics  
 - State of neutrinos are not well-defined in space and time (Schrödinger's cat) 
 - Type of neutrino is not conserved with time 
 - If so, neutrinos have masses 

Persian cat	
  
Angora cat	
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T2K (Tokai to Kamioka) 
experiment 

- J-PARC accelerator produces tons of 
neutrinos, and 50 billions of neutrino pass 
through nearby detector every second 
 - These neutrinos are observed at Super-
Kamiokande detector, located 295km away 

Neutrino beam    	
  

Super-Kamiokande detector   	
  

Teppei	
  Katori,	
  t.katori@qmul.ac.uk	
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ring	
  

to Kamioka 
(295km)	
  

beam 
dump	
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- 40m height, 40m wide, 50k ton of super 
pure water  
 - Roughly 25 million neutrino from J-PARC 
pass through every second 
(remember, this detector is located 295 km 
away!), but less than 10 neutrinos can be 
seen in a day... 

40m	
  

Super-Kamiokande detector 
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What is “Visible” in Particle Physics? 

Bubble Chamber detector 
   - Particles with an electric charge leave 
“tracks” in the detector by forming little 
bubbles, and we can take photos of them.  

e.g.) Contrail	
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 - Visible particle carries an “electric charge”. 
In other words, visible particle interacts by 
exchanging photons with matter 
- Neutrino is invisible because it is neutral 
(no electric charge). So, we only can see 
them indirectly. 

What is “Visible” in Particle Physics? 
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Neutrino	
  

 - Visible particle carries an “electric charge”. 
In other words, visible particle interacts by 
exchanging photons with matter 
- Neutrino is invisible because it is neutral 
(no electric charge). So, we only can see 
them indirectly. 

What is “Visible” in Particle Physics? 
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Super-Kamiokande 
observes Cherenkov 
radiation of charged 
particles from the 
neutrino interaction 
with water molecule 

40m	
  

electron 
neutrino 

Super-Kamiokande detector 

electron 



Neutrino Oscillations 
T2K experiment measured 23 electron 
neutrinos from muon neutrino beam. 
This is the evidence of muon neutrinos 
oscillate to electron neutrino neutrinos! 
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Neutrinos, beyond the Standard Model? 

 - Neutrino masses are not predicted by the Standard Model 
 - Extremely small neutrino masses are related with Grand Unification Theory? 

M(neutrino) ~	
  
(Energy scale of Standard Model)2 

(Energy scale of Grand unification)	
  

Standard 
Model 	
  

CERN Large 
Hadron Collider 

Fermilab 
Tevatron  	
  

Grand Unification 
(Supersymmetry) 

Superstring 
Theory 

Standard Model desert 
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Neutrinos, beyond the Standard Model? 

Neutrino oscillation is useful to test space-time structure (Lorentz symmetry) 
 - Violation of Lorentz symmetry is natural in Ultra high energy theories 
 - If so, neutrino oscillation may dependent on the direction 
 - New structure of vacuum? 
 - Einstein may be wrong? 
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 - Neutrinos are elementary particles of the Universe 
 
 - Neutrinos are ghostly particles, penetrating everything 
 
 - Neutrinos change species when they propagate. This is called neutrino oscillations 
 
 - Extremely small neutrino mass may be a signal of ultra high energy physics, such 
as Grand Unification Theory and Supersymmetry 

End 
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Back up 
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Neutrinos, Ghost particles 

 Neutrino 	
  

Atom 	
  

Weak boson 	
  

Charged 
Lepton 	
  

 - Neutrinos only exchange weak bosons 
   - 3 types of neutrinos 
  

Electron neutrino: creates electron, or created by electron, or created with electron   
Muon neutrino:     creates muon, or created by muon, or created with muon 
Tau neutrino:        creates tauon, or created by tauon, or created with tauon 

Atom 	
  

Charged 
Lepton	
  

Neutrino 	
  

Weak boson 	
  

Neutrino 	
  

Charged 
Lepton 	
  Atom 	
  

Weak  
boson 	
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Neutrino applications 



Hyper-Kamiokande detector 
 - 1 megaton water tank 
 - sensitive to small type of neutrino oscillations 
 - detect neutirnos from the Sun, atmosphere, supernova, etc  
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Hyper-Kamiokande detector 
 - 1 megaton water tank 
 - sensitive to small type of neutrino oscillations 
 - detect neutirnos from the Sun, atmosphere, supernova, etc  
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London tower bridge	
  



Hyper-Kamiokande detector 
 - 1 megaton water tank 
 - sensitive to small type of neutrino oscillations 
 - detect neutirnos from the Sun, atmosphere, supernova, etc  
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London tower bridge	
  

Godzilla 
(1950’s)	
  


