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 With Many thanks to UH Neutrino Colleagues: 
:  P. Gorham, J. Kumar, S. Matsuno, A. McDonald, J. Murillo, S. Pakvasa,  

M. Rosen, M. Sakai, S. Smith, G. Varner, and more…. 
+ slides from T. Lasserre, R. Raffelt, T. Schwetz 

John G. Learned 
University of Hawaii, Manoa 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
2 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
3 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
4 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
5 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
6 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
7 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
8 J. Learned, UH 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
9 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
10

 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
11

 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
12

 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
13

 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
14

 





29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
16

 



29
 A

pr
il 

20
11

 
Jo

hn
 L

ea
rn

ed
 a

t I
ce

C
ub

e 
D

ed
ic

at
io

n 
17

 



•  Quick historical tour 
•  Small tutorial on oscillations 29
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•  1920-1927 Charles Drummond Ellis (along with James Chadwick and colleagues) establishes clearly that the beta decay  
              spectrum is really continous, ending all controversies.  
•  1930 Wolfgang Pauli hypothesizes the existence of neutrinos to account for the beta decay energy conservation crisis.  
•  1932 Chadwick discovers the neutron.  
•  1933 Enrico Fermi writes down the correct theory for beta decay, incorporating the neutrino.  
•  1946 Shoichi Sakata and Takesi Inoue propose the pi-mu scheme with a neutrino to accompany muon. (There is a long story about the confusion of mu for pi etc.  
              They were the first to straighten it out and get the spins right, and write down the correct decay scheme completely: pi -> mu + nu_mu, mu -> e + nu_e +  
               nu_mu, and noticed that both nu_mu and nu_e are light, and neutral with spin 1/2, and suggested that they might be "different".)  
•  1956 Fred Reines and Clyde Cowan discover (electron anti-) neutrinos using a nuclear reactor.  
•  1957 Neutrinos found to be left handed by Goldhaber, Grodzins and Sunyar.  
•  1957 Bruno Pontecorvo proposes neutrino-antineutrino oscillations analogously to K0-K0bar, leading to what is later called oscillations into sterile states.  
•  1962 Ziro Maki, Masami Nakagawa and Sakata introduce neutrino flavor mixing and flavor oscillations.  
•  1962 Muon neutrinos are discovered by Leon Lederman, Mel Schwartz, Jack Steinberger and colleagues at Brookhaven National Laboratories and it is confirmed that 
              they are different from nu_e’s.  
•  1964 John Bahcall and Ray Davis propose feasibility of measuring neutrinos from the sun.  
•  1965 The first natural neutrinos are observed by Reines and colleagues in a gold mine in South Africa, and by Goku Menon and colleagues in Kolar Gold fields in India, 
              setting first astrophysical limits.  
•  1968 Ray Davis and colleagues get first radiochemical solar neutrino results using cleaning fluid in the Homestake Mine in North Dakota, leading to the observed deficit 
              known thereafter as the "solar neutrino problem".  
•  1976 The tau lepton is discovered by Martin Perl and colleagues at SLAC in Stanford, California. After several years, analysis of tau decay modes leads to the 
              conclusion that tau is accompanied by its own neutrino nutau which is neither nue nor numu.  
•  1976 Designs for a new generation neutrino detectors made at Hawaii workshop, subsequently leading to IMB, HPW and Kamioka detectors .  
•  1980s The IMB, the first massive underground nucleon decay search instrument and neutrino detector is built in a 2000' deep Morton Salt mine near Cleveland, Ohio. 
              The Kamioka experiment is built in a zinc mine in Japan.  
•  1983 The "atmospheric neutrino anomaly" is observed by IMB and later by Kamiokande.  
•  1986 Kamiokande group makes first directional counting observation solar of solar neutrinos and confirms deficit.  
•  1987 The Kamiokande and IMB experiments detect burst of neutrinos from Supernova 1987A, heralding the birth of neutrino astronomy, and setting many limits  
              on neutrino properties, such as mass.  
•  1988 Lederman, Schwartz and Steinberger awarded the Nobel Prize for the discovery of the muon neutrino.  
•  1989 The LEP accelerator experiments in Switzerland and the SLC at SLAC determine that there are only 3 light neutrino species(electron, muon and tau).  
•  1991-2 SAGE (in Russia) and GALLEX (in Italy) confirm the solar neutrino deficit in radiochemical experiments.  
•  1995 Frederick Reines and Martin Perl get the Nobel Prize for discovery of electron neutrinos (and observation of supernove neutrinos) and the tau lepton, respectively.  
•  1996 Super-Kamiokande, the largest ever detector at 50 kilotons gross, begins searching for neutrino interactions on 1 April at the site of the Kamioka experiment, 
               with Japan-US team (led by Yoji Totsuka).  
•  1998 After analyzing more than 500 days of data, the Super-Kamiokande team reports finding oscillations and, thus, mass in muon neutrinos. After several years these 
               results are widely accepted and the paper becomes the top cited experimental particle physics paper ever.  
•  2000 The DONUT Collaboration working at Fermilab announces observation of tau particles produced by tau neutrinos, making the first direct observation of the  
              tau neutrino.  
•  2000 SuperK announces that the oscillating partner to the muon neutrino is not a sterile neutrino, but the tau neutrino.  
•  2001 and 2002 SNO announces observation of neutral currents from solar neutrinos, along with charged currents and elastic scatters, providing convincing evidence that 
              neutrino oscillations are the cause of the solar neutrino problem.  
•  2002 Masatoshi Koshiba and Raymond Davis win Nobel Prize for measuring solar neutrinos(as well as supernova neutrinos).  
•  2002 KamLAND begins operations in January and in November announces detection of a deficit of electron anti-neutrinos from reactors at a mean distance of  
              175 km in Japan. The results combined with all the earlier solar neutrino results establish the correct parameters for the solar neutrino deficit.  
•  2004 SuperKamiokande and KamLAND present evidence for neutrino disappearance and reappearance, eliminating non-oscillations models 
•  2005 KamLAND announces first detection of neutrino flux from the earth and makes first measurements of radiogenic heating from the earth.  
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•  Neutrinos were proposed in 1930 as 
solution to missing energy in beta 
decays. 

•  Said to be undetectable, but….  
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•  Double CHOOZ in France 
•  Daya Bay in China 
•  RENO in Korea 

•  DC starting with one detector now 
•  DB to start in a year or two 
•  RENO claims start in June! 

Will be interesting horse race!  
    (more in next talk) 
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 Skip detailed comments on indirect Dark 
Matter measurements via neutrinos: much 
to be said, no evidence yet… may be heating 
up with hints at direct DM detection now. 
NB… direct detection only sees a scatter.  
Indirect sees annihilation products.  

•  A quick tour of absolute neutrino mass 
measure and double beta decay (now about 
half dozen experiments)… 
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48Ca >1.4x1022 y <(7.2-44.7) eV 

76Ge >1.9x1025 y <0.35 eV 

76Ge >1.6x1025 y <(0.33-1.35) eV 

76Ge =1.2x1025 y =0.44 eV 

82Se >2.1x1023 y <(1.2-3.2) eV 

100Mo >5.8x1023 y <(0.6-2.7) eV 

116Cd >1.7x1023 y <1.7 eV 

128Te >7.7x1024 y <(1.1-1.5) eV 

130Te >3.0x1024 y <(0.41-0.98) eV 

136Xe >4.5x1023 y <(1.8-5.2) eV 

150Nd >1.2x1021 y <3.0 eV 
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•  We have been studying large and in 
some versions portable electron anti-
neutrino detectors for three 
applications: 
– More detailed oscillations studies 
– Development of remote reactor monitoring 
– Study of geoneutrinos 
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•  Neutrinos from U and Th chains thought to be 
major source of earth internal heat, and 
geodynamics (crustal motions, earthquakes, 
volcanoes), 

•  Much debate about how much total and here it 
originates.  Major question in geology, and no 
other way to access information than 
neutrinos. 

•  KamLAND detected U/Th decay neutrinos 
from whole earth in 2005, updated in 2009. 
Borexino too in 2009. 

•  Results indicate earth heat probably no totally 
radiogenic.  Also no indication (yet) of major 
natural reactor source. 

•   This is a budding field… but needs large 
detectors, and in ocean to discern below local 
crust. 

•  A number of workshops, talks at major 
neutrino meetings, and papers.  Nice Geonu 
meeting Gran Sasso 10/10 
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•  Series of Workshops over last 
seven years about reactor 
monitoring (Hawaii, Palo Alto, 
Paris, Livermore, Maryland, Japan, 
Italy). 

•  Several major (p)review papers 
(arXiv:0908.4338 , arXiv:1011.3850 , one in 
preparation) 

•  Near: ~1m^3, ~20m, cooperative 
site, IAEA application 

•  Demonstrations a San Onofre 
Calif., and other places.  Efforts 
in US, France, Russia, Japan, 
Brazil, Italy, and more. 

•  Far: 1-1000 km, possibly 
clandestine reactor, look at 
location and operation patterns, 
huge detectors needed at long 
dist. (1/r^2 inescapable) 

•  Developing new techniques to 
utilize all possible information 
from multiple detectors. 
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•  Intro to new means of reconstructing 
events in liquid scintillator, where 
tracks radiate light isotropically  

•  (not like Cherenkov radiation in water 
as in SuperK) 
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•  Small portable 2.2 liter 
scintillating cube with neutron 
capture doping. 

•  Contain positron, lose gammas 

•  Do imaging with fast timing, not 
optics (time reversal imaging). 

•  Get some neutrino directionality 
between positron origin and 
neutrino capture point. 

•  Reject noise on the fly; no 
shielding needed 

•  4 x 6 MCP (x64 pixels each) fast 
(<100 ps) pixel detectors on 
surrounding faces 

•  ~10/day anti-neutrino interactions 
(inverse beta decay signature) 
from reactor. 
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•  Small size avoids gammas which smear resolution (X ~42 
cm) 

•  Fast pixel timing (<100ps) and fast processing of 
waveforms rejects background in real time, resulting in  

•  Lack of need for shielding (unlike other detectors). 

•  Feasible even in high noise environment, near reactor 
vessel, at surface (eg. in a truck). 

•  Neutrino directionality via precision measure of positron 
production and neutron absorption locations. 

•  Challenges: build one and demonstrate, scale up, make 
more economically. 

•  Question under present study:  Can we attack RANA with 
this? 



•  Probably a hundred neutrino projects, 
large and small, underway around the 
world. 

•  This talk does no justice to the scope 
of the programs at accelerators, and 
with reactors and natural sources. 

•  Hopefully you get the sense of 
adventure as we look for the newest 
twists and surprises from the wiley 
neutrino 
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