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    Why are neutrinos interesting?

Neutrino properties: important to many fundamental 
questions in physics!

Particle and Nuclear Physics
-Fundamental questions concerning the standard model of 
Elementary Particle Physics

Cosmology
 - Large scale structure
 - Leptogenesis and matter/antimatter asymmetry

Astrophysics
 -Supernovae
 -Solar and stellar physics



      Brief History of the Neutrino

1930 Pauli proposes the neutrino, 1933 Fermi includes the neutrino in beta decay 
theory

1935 Maria Goeppert Mayer Calculates 2-Neutrino Double-Beta Decay

1937 Majorana Proposes Theory In Which Neutrino = Anti-Neutrino

1939 Wendell Furry Proposes Double-Beta Decay with No Neutrinos to Test 
Majorana’s  Theory

1956 Reines and Cowan Observe Neutrinos from PNL and SRS Reactors 

1968 Davis Reports Solar Neutrino Problem (only 1/3 predicted detected)

1998 Super Kamiokande Observes Neutrino Oscillations

2001 Sudbury Neutrino Observatory finds all B-8 Neutrinos
 

 
 



   Early and Later Ideas for Detecting Neutrinos

The original idea of Enrico 
Fermi for the detection of 
neutrinos was to use a nuclear 
explosion. 

In the meantime, Fred Reines 
and Clyde Cowan discovered 
the new technology of large 
liquid scintillators.



Enrico Fermi agrees to the new Search Proposal





Cowan Colloquium at the University of South Carolina



           Advice to a Young Physicist

“Frank, neither you nor I will ever win a 
Nobel Prize, but we should always be 
working on something that could win a 
Nobel Prize for somebody”!

South Carolina.
Fred won his Nobel Prize, and if the experiments like MAJORANA, GERDA or 
CUORE actually observe neutrino less double-beta decay, it could win Ettore 
Fiorini a Nobel Prize. That would be good enough for me.



Fred Reines receives the 1995 Nobel Prize
but passes away three years later. 



      The Solar Neutrino Problem

In 1965 Raymond Davis of Brookhaven National Laboratory began 
searching for neutrinos from the sun with a large tank of chlorine based 



In 1965 Ray Davis began 
operating an Experiment in the 
Homestake Goldmine in Lead, 
South Dakota.

It was 100,000 gallons of  
perchluoroethylene to test John 
Bahcall’s SSM,
Standard Solar Model.
 
By 1968 he observed only 1/3 

neutrinos. WHY?Cl=25%37

         The Solar Neutrino Problem



Ray Davis and and John Bahcall, where did all the neutrinos go?  

        Nobel Prize 2002

HARMER BAHCALL
DAVIS



Solar Model
 pp-chain



                   
                     The Standard Solar Model of John Bahcall et al.



Ray’s Tank in the Homestake Goldmine in Lead South Dakota 

In 1965 and 1966 RAY DAVIS 
installed his 100,000 gallon tank of 
perchloroetylene in the tank in the 
Homestake Goldmine in Lead, South 
Dakota  

After several weeks of exposure, 
Ray would extract a few dozen 
atoms of argon-37. He found a 

neutrinos.                
 
Many in the physics community 
said the experiment was wrong, 
but not John Bahcall.

half-life=35-days



    Results from Davis’ Chlorine-37 Experiment



The Sudbury Neutrino Observatory (SNO)

The SNO detector was 1000 tons of D  O 
in a spherical acrylic balloon viewed by 
10,000 photomultiplier tubes.  
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     Conclusions

All the Boron-8 neutrinos
from the sun reach the 
detector, but only 32% arrive 
in their original state as 
electron neutrinos!

This important result gave Ray 
Davis the 2002 Nobel Prize.

Many of us were 
disappointed that John did 
not share it.





SuperKamiokande  collaboration announced their atmospheric neutrino 

                   So what was this story? 

The Beginning of the New Era



SuperKamiokande-12.5 Million gallons of water



     

Energetic cosmic rays impinge on the nuclei of 
atoms in the upper atmosphere. They are 
mostly  protons, but also heavy nuclei, 
electrons, and even some neutral particles. 
These reactions produce pions that decay 
producing neutrinos.

        

SuperKamiokande 1998



Note from the cartoon that twice as many mu-type 
as electron-type neutrinos result. However, the 
observation is that only 1/2 of the predicted mu-
types are observed, but all of the predicted 
electron-type neutrinos are observed.
Where did 1/2 of the Muon-Type neutrinos go?     

The Missing Muon Neutrino Puzzle



Gallium Chemical Solar-Neutrino 
Experiments: 
GALEX and SAGE





Gallium-71 Chemical Solar-Neutrino Experiments

GALEX

Soviet-American Gallium Experiment

Zatsepin & Gavrin

       Bowles





            KamLAND

Detecting Electron Antineutrinos from 21 Nuclear Reactors in Japan 
and Korea 



KamLAND is a large
scintillation detector
observing the reactor 
anti-neutrinos from 21 
reactors in Japan and 
Korea.



The neutron slows down in the 
scintillator and is captured by a 
proton in the scintillator.  This 
results in a capture-gamma ray 
delayed in time from the positron 
signal.  

     KAMLAND 



     Neutrino Mixing



TextTextTextText

      The Neutrino Mixing Matrix



The conventional wisdom derived from oscillation data is that neutrinos have 3-mass 



Neutrino Mixing



The neutrino oscillation experiments analyzed all together give us 
this picture; however, there are only bounds on the lightest 
neutrino mass eigenstate!

The Neutrino Hierarchy Problem



 Neutrino Oscillation Probability

From the neutrino oscillation data, We conclude that there are three neutrino 

transformation. 
The expression for the probability of oscillation shown below is easily derived. 

Neutrino oscillations between neutrino and antineutrino were originally 

by Bilenky and Pontecorvo.



            Neutrinos and Supernovae

Stars are born;  they live for millions, sometimes billions 
of years. Some collapse and die in tens of seconds, 
forming Neutron Stars or Black Holes. 



 Nuclear Fusion Reactions Near the End of Stellar Life 

Carbon fusion~600 y

Neon fusion~ 1 y

Oxygen fusion ~6 mo

~1 day



         Cartoon of the Stellar Core



G. Raffelt, et al.,

Totani et al., Astrophysical 
Journal 1998 

    Supernova Collapse and Neutrino Spectra

One of the world experts in SN 
dynamics is Tony Mezzacappa of 
UT/ORNL

 



Experimental Facts we Have So Far

1. From atmospheric, solar, and accelerator data, neutrinos oscillate; therefore, 
they must have mass.

2. Oscillation data yield mass differences and imply 3-mass eigenstates; they also 
yield mixing angles.

3. SNO data demonstrate that all solar B-8 neutrinos predicted by Bahcall do 
arrive on earth, but only ~1/3 in their original form as electron neutrinos!

4. KamLAND yields compelling evidence favoring the large mixing-angle solution 
of the Solar Neutrino Problem!

Missing: The absolute mass scale of neutrinos and whether neutrinos are 
Majorana Particles (their own anti particles) or Dirac Particles (with distinct 
anti particles).



How do we approach the last two questions?

          What is the absolute mass scale?
                                 and
           Are neutrinos and antineutrinos     
   the same, i.e, are they Majorana Particles?



The only practical way to determine if neutrinos are there own 
anti-particles (Majorana particles) is with neutrino-less double-
beta decay!

If neutrinos are Majorana particles then measuring the half life 
would be the most sensitive way to determine the neutrino 
mass scale. 



Text

            Double-Beta Decay



 All Modes of Neutrino less Double-Beta Decay

All decay modes that engender 0-neutrino double-beta decay 
require that the neutrinos involved are Majorana particles. This is 
the Black-Box Theorem of Schechter and Valle. It was also proven 
independently by Boris Kayser and Peter Rosen.



Early History of double beta-decay

Maria Goeppert Mayer 1935 calculated the rate of 2-neutrino 
double-beta decay: 
Phys. Rev. 48, 512 (1935). 

Ettore Majorana built a theory of neutrinos that are their own 
antiparticles; 
Nuovo Cimento, 14, 171 (1937)

Wendell Furry, 1939, discussed the possibility of neutrino-less 
double-beta decay as a test of the theory of Ettore Majorana, 
Phys.Rev. 56 (1939) 1184-1193.







    CUORE

Cryogenic Underground Observatory for Rare Events

A search for neutrino-less double beta decay of Te-130 in 
the Laboratori Nazionali del Gran Sasso, Assergi, Italy

CUORE uses the bolometric technique
with TeO  single crystal bolometers.2



Te-130 as a double-beta decay candidate

Large natural abundance of Te-130 is 33.87%

Hi transition energy: 2527.518 (13) keV*
*measured by the Florida State Group!

It has an encouragingly large theoretical nuclear matrix element, 
hence decay rate. 

The thermal (bolometer) technique ran successfully   in the 
CUORICINO experiment, with 41 kg of TeO   run at 8 mK for 3 
years!
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Laboratori Nazionali del Gran Sasso (LNGS), Assergi, Italia



 Bolometric Detectors  

The detection technique depends on the thermal physics of 
phonons in pure single single crystals, i.e., bolometers. 

The technique was developed over many years by Professor 
Ettore Fiorini of the Universita` di Milano-Bicocca

How do bolometric detectors work? 

Ettore Fiorini



 TeO
2 Bolometers







  CUORICINO 2003-2008Text



Calibration Spectrum with Th-232

911

Sum spectrum of all 5 cm x 5 cm x5 cm Crystals

47 kg of TeO





      CUORICINO 2003 to 2008





CUORE: 988 Bolometers, 750-kg TeO , 200-kg   Te
2

130



             The MAJORANA DEMONSTRATOR
 
             
    This is a similar experiment but uses Germanium Detectors     
made of germanium enriched in Ge-76  



           The MAJORANA DEMONSTRATOR







Th-232 calibration spectrum; black: raw data, red: multi-site 
events are removed by PSA. The 1592-keV line is the double-escape peak from 

events.



 MAJORANA DEMONSTRATOR Predicted Sensitivity



Conclusions

Neutrino-less double beta decay is far more interesting, exciting and 
important now that neutrino oscillation experiments have shown 

CUORE construction and is nearing completion in LNGS. It is a 
Next-Generation Experiment that will begin taking data in early 
2015.

 The MAJORANA DEMONSTRATOR will consist of two modules. Module 
#1 will begin taking data at the end of this year.

Low energy neutrino physics has had a long history. I have had the 
privilege of seeing 50 years of it at close range. I have been helped 
along by the best of the great players. How lucky can one be?




