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•  survey of neutrino experiments 
•  what we’ve learned & where we are headed 
•  not just missing energy, but a particle we can do a lot with … 
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Neutrinos Are Everywhere 
2 

ν’s power  
the sun 

produced in 
the Earth’s 
atmosphere  
and interior 

•  together with photons, neutrinos are by far the most abundant particles  
  in the universe … 

even bananas 
are ν emitters 

ν’s drive  
supernovae explosions  

ν’s are produced by 
particle accelerators  
and nuclear reactors 

ν’s generated 
in Big Bang 

•  some we make ourselves, some we get for free 
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Neutrinos Are Everywhere 
3 

ν’s power  
the sun 

produced in 
the Earth’s 
atmosphere  
and interior 

•  together with photons, neutrinos are by far the most abundant particles  
  in the universe … 

even bananas 
are ν emitters 

ν’s drive  
supernovae explosions  

ν’s are produced by 
particle accelerators  
and nuclear reactors 

ν’s generated 
in Big Bang 

•  their energies span more than 16 orders of magnitude … 

(400 trillion ν’s/sec) 

(50 billion ν’s/sec) 

(10-100 billion ν’s/sec) 

(million ν’s/day) 
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Many Sources of Neutrinos 
4 

•  these neutrinos span an enormous energy range (eV to PeV) 

•  hard to find 
  another particle 
  with the same 
  dynamic range 
  as the neutrino 

•  we have detected  
  neutrinos from  
  almost all of  
  these sources 

example: supernova neutrinos! 
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Supernova Burst Neutrinos 
5 

•  ν’s play a crucial role in the  
  life and death of massive stars 

we have detected ν’s from one and only one  
such event: SN 1987A (released more ν’s than  

our sun will produce in its lifetime) 

(5 events) 

(8 events) 

(11 events) 

SN release 99% of their  
energy in a short burst  
(~10 sec) of ν’s 
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SNEWS 
6 

•  many neutrino experiments are connected through the SNEWS network 
  SuperNova Early Warning System 

•  some of the failed acronyms: 
   (http://snews.bnl.gov/amuse.html) 

P = Point 
O = Over 
T = There 
A = At 
T = That 
O = Old 
E = Exploding  
S = Star 

S = Several 
U = Under 
G = Ground 
A = Alarms 
R = Ring 
B = Before 
A = Arriving 
R = Radiation 
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Many Sources of Neutrinos 
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~1000 TeV 
neutrino from 

Ice Cube 

22 November 2013 

•  these neutrinos span an enormous energy range (eV to PeV) 



S. Zeller, HCPSS, 08/22/14 

Many Sources of Neutrinos 
8 

•  have since observed 28 
  extremely high energy 
  ν events in Ice Cube  
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Many Sources of Neutrinos 
9 

•  have since observed 28 
  extremely high energy 
  ν events in Ice Cube  
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Additional Reading 
10 

•  good review article 
  http://arxiv.org/abs/arXiv:1207.4952 

•  neutrinos are unique messengers and powerful tools for probing  
  astrophysical sources beyond our solar system 



S. Zeller, HCPSS, 08/22/14 

Many Sources of Neutrinos 
11 

•  this is one reason  
  why ν’s are so 
  special  

 have allowed us to study	

 phenomena across radically  
 different energy scales 

•  but detecting ν’s 
  is not without its  
  challenges 

•  clever experiments had to be conceived to overcome the very small ν interaction probability  

•  these neutrinos span an enormous energy range (eV to PeV) 
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Lots of Neutrino Detectors Today 
12 

•  the fact that 
  ν’s rarely interact  
  means that we need 
  large detectors  
  to collect enough ν  
  events for study 

  - to increase the chances 
    that the ν will do  
    something and make 
    its presence known 

•  usually large  
  containers of matter  
  surrounded by    
  detection elements 
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Neutrino Detection 
13 

νµ	


•  but most of the neutrinos will sail through these devices undetected  
    - need a lot of ν’s 
    - need to put a lot of material in its way 

•  also, keep in mind: you can never detect the ν’s themselves; you have  
  to detect the products of their interactions and work backwards 

•  tell tale 
  signature: 

(example: NOMAD detector) 

µ	


•  knowing how a ν interacts is really important!  (ArgoNeuT, MiniBooNE, MINERvA, 
MicroBooNE, NOMAD, SciBooNE, T2K) 
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Additional Information 
14 

 * review of neutrino interactions  
    Rev. Mod. Phys. 84, 1307 (2012)   
      http://journals.aps.org/rmp/abstract/10.1103/ 
      RevModPhys.84.1307 

 * you can look in the PDG for  
   neutrino cross section plots …  
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Neutrino Flavor	

15 
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νµ	


µ-	


νe 
e-	


νe produce  
an e- shower 

νµ produce  
a nice  

long µ track 

•  you can tell what type of ν you have based on how it interacts 
   (knowing what type of ν you have is an important part of ν oscillation measurements) 

muon track from νµ interaction 

electron shower from νe interaction 

this is how we identify  
the “flavor” of the ν	
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So Far … 
16 

380,000 L of 37Cl 

100,000 gallons 37Cl 
1030 atoms of 37Cl 

•  the basics: 

  - many different sources of neutrinos that span a large energy range 

  - we need large detectors to study them 

  - we can tell what type of neutrino we have (νe, νµ, ντ) and its  
    energy based on the particles it creates when it interacts 
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Our Sun 
17 

380,000 L of 37Cl 

100,000 gallons 37Cl 
1030 atoms of 37Cl 

•  this is how the sun generates 
  its energy – a series of  
  nuclear reactions each  
  producing electron neutrinos 

•  the idea was to detect these  
  solar ν’s to understand what’s  
  going on in the core of the sun 

•  nuclear processes that power the sun produce a huge number of ν‘s   

scientists worked out what type of  
neutrino emission you might expect 

νe νe 

νe νe 
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Solar Neutrinos 
18 

380,000 L of 37Cl 

νe 

380,000 L of 37Cl 

•  In the 1960’s, Ray Davis builds the first large scale detector to look 
  for ν’s from the sun … radiochemical detector cost ~$4M (today dollars) 

•  ν’s recognized as a tool to do astrophysics 
  and as a means to learn about the sun 

νe 37Cl      37Ar e-	


100,000 gallons 37Cl 
1030 atoms of 37Cl 

ν’s pass 
unhindered thru 

the sun; 
 it takes about 

9 mins for 
the ν’s to 

reach earth 

(an interesting and 
difficult experiment) 
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What Did He Find? 
19 

νe 

380,000 L of 37Cl 

“solar 
neutrino 
problem” 

•  over the next 30 years, this deficit would 
  be observed in many different detectors 

•  it would turn out that it wasn’t the sun we 
  didn’t understand, but the neutrino! 

•  by the time they get to  
  earth, see only ~1/3  
  of the νe’s expected ! 

•  here is where things start getting weird 
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•  another class of neutrino experiments saw a similar tale, this time 
  studying atmospheric neutrinos (much higher in energy than solar ν’s) 

•  ν’s can be produced when high 
  energy protons from deep space  
  slam into the earth’s atmosphere 

         νµ:νe = 2:1 
         (fixed by the π/µ cascade) 

         π+ ! µ+ νµ	

                   ! e+ νµ νe 

•  get two νµ for every νe 
  (this ratio could be tested in  
  large underground detectors) 

More Missing Neutrinos 
20 

50,000 tons water (ν target) 
11,000 PMTs 

allowed us to 
study ν’s in 
a range of 
energies not 
accessible 
in particle 

accelerators 
at the time 
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More Missing Neutrinos 
21 

atmospheric neutrinos 
(νµ:νe should arrive  

in 2:1 ratio) 

•  another mystery: fewer νµ than expected; 
  roughly half of the predicted atmospheric  
  νµ’s are missing!  

•  so for decades, we see less νe from   
  the sun and less νµ from the atmosphere 

“atmospheric ν anomaly” 

•  again, the shortfall was quite large 
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Neutrino Oscillations 
22 

•  this is a very recent discovery in the world of modern particle physics 
  (news was coming out when I was in graduate school) 

•  Super-K atmospheric ν results  
  remain the most cited paper in  
  experimental HEP (>4000 citations) 

•  by 1998, we were convinced,   
  ν’s oscillate (must have mass) 

(NY Times, June 1998) 
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Neutrino Oscillations 
23 

•  ν oscillation studies commenced on 4 continents 

•  this is a very recent discovery in the world of modern particle physics 
  (news was coming out when I was in graduate school) 

•  this even  
  made it  
  into  
  ads ! 

(NY Times, June 1998) 
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This is a Big Deal 
24 

•  it is the 1st known particle interaction indicating  
  physics “beyond the Standard Model” 
  (first crack in this extremely successful theoretical framework that we 
  have constructed to explain all of the particles & their interactions) 

•  the hope is that ν’s may help us answer ?’s about  
  the universe we live in by studying these transformations  
                                 and how often they occur under 
                                 various conditions (L, E, flavors) 

                                      - because ν’s are so abundant, 
                                        even a small mass can have 
                                        important consequences 

ν oscillations caught us off guard 
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Neutrino Oscillations 
25 

νµ →  νe 

•  can write down a simple eqn; tells 
  you probability that a ν starting  
  off life as one type can be  
  observed later as another type 

νµ	

νµ	
νµ	
νµ	

νµ	
νµ	


νµ	


νe 
νe 

νe 
νe νe 

νe 

νe νµ	

νe νµ	
νµ	

νe νe 

νµ	


distance L 

νµ	

νµ	
νµ	
νµ	

νµ	
νµ	


νµ	
νµ	

νe νµ	
νµ	

νe νe 

νµ	


•  ν’s can gradually change into another kind & back again; this flavor  
  changing is called “neutrino oscillations”; quantum mechanical effect 
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Neutrino Oscillations 
26 

νµ →  νe νe 

distance the ν traveled 

•  can write down a simple eqn; tells 
  you probability that a ν starting  
  off life as one type can be  
  observed later as another type 

•  two principle ways to study:	

        disappearance  
        appearance 
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•  ν’s can gradually change into another kind & back again; this flavor  
  changing is called “neutrino oscillations”; quantum mechanical effect 

(some of the most powerful experiments look for both) 
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Neutrino Oscillations 
27 

νµ →  νe νe 

distance the ν traveled 

•  can write down a simple eqn; tells 
  you probability that a ν starting  
  off life as one type can be  
  observed later as another type 
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•  ν’s can gradually change into another kind & back again; this flavor  
  changing is called “neutrino oscillations”; quantum mechanical effect 

sin22θ	


πE/(1.27 Δm2) 

•  ν’s must have mass to oscillate 
•  depends on Δm2, θ and L, Eν	


(need to give just a few #’s to describe what’s going on) 
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Neutrino Oscillations 
28 

νµ →  νe νe 

distance the ν traveled 

•  can write down a simple eqn; tells 
  you probability that a ν starting  
  off life as one type can be  
  observed later as another type 
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•  ν’s can gradually change into another kind & back again; this flavor  
  changing is called “neutrino oscillations”; quantum mechanical effect 

sin22θ	


πE/(1.27 Δm2) 
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Location, Location, Location 
29 

•  in the 1960’s, scientists had started thinking  
  “is there anything else?” - maybe ν transitions? 

1956-2003 

Bruno Pontecorvo 

Maki 
Sakata 
Nakagawa 
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Location, Location, Location 
30 

KA 

re 

1956-2003 

important to take big steps 

•  in the 1960’s, scientists had started thinking  
  “is there anything else?” - maybe ν transitions? 

Bruno Pontecorvo 

Maki 
Sakata 
Nakagawa 

prediction from solar ν experiments 
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Today 
31 

accelerator νµ’s test atmospheric ν oscillations: 

reactor νe’s test solar ν oscillations: 

KAMLAND 

•  we have observed this quantum 
  mechanical phenomenon now in  
  ν’s produced in multiple sources 
     - sun 
     - earth’s atmosphere 

     - particle accelerators 
     - nuclear reactors 

•  it took multiple experiments & 
  approaches to rule out other  
  possibilities for what could be  
  going on (our ν sources work together) 

•  we see large effects! 

MINOS 
“wild  

neutrinos” 

“tame  
neutrinos” 
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The Basics of Neutrino Mixing  
32 

•  neutrino oscillations are characterized by a mixing matrix: 

neutrinos 

quarks 

atmospheric solar θ13=small mixing 

q13 

ν1 
ν2 
ν3 

νe 
νµ	


ντ	


•  we know pretty well: 
   - mixing angles (θ23, θ12, and θ13 ! recently!) 

this allows us  
to understand 

the results from 
ν experiments 
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My Niece 
33 

Do you know what 
this last mixing 
angle is yet? 
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Reactor Neutrino Experiments 
34 

•  Daya-Bay (China) 
  - 6 reactors, 8 detectors 
  - Sept 2011 - present 

•  RENO (Korea) 
  -  6 reactors, 2 detectors 
  - August 2011 - present 

•  Double Chooz (France) 
  - 2 reactors, 1 detector 
    (ND in 2014) 
  - Apr 2011 - present 

•  clear evidence for a νe deficit in first months of data-taking 
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θ13 
35 

Daya Bay: 

Double Chooz: 

RENO: 

latest results 
shown in June 2014 

•  now θ13 is the most 
  well-measured mixing 
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The Basics of Neutrino Mixing  
36 

•  neutrino oscillations are characterized by a mixing matrix: 

neutrinos 

quarks 

atmospheric solar θ13=small mixing 

q13 
ν1 
ν2 
ν3 

νe 
νµ	


ντ	


•  we know pretty well: 
   - mixing angles (θ23, θ12, and θ13 ! recently!) 
    - mass differences (Δm2) 

•  but there are some very important things 
  we don’t know! 

normal     inverted 
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Big Questions 
37 

H
Higg
s 

     - is our picture correct? 

     - how much do neutrinos weigh? 

     - which neutrino is the heaviest  
       and which is the lightest (MH)? 

     - do neutrinos and antineutrinos  
       oscillate in the same way (CP)?  

     - what is the nature of  the ν? 

     - are there more than 3 kinds? 

are these small details or are they paradigm shifting? 

•  we are missing some important  
  information … 

why  
we  

exist?  

θ13≠0 !! 

we don’t know some pretty basic stuff! 
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Big Questions 
38 

H
Higg
s 

     - is our picture correct? 

     - how much do neutrinos weigh? 

     - which neutrino is the heaviest  
       and which is the lightest (MH)? 

     - do neutrinos and antineutrinos  
       oscillate in the same way (CP)?  

     - what is the nature of  the ν? 

     - are there more than 3 kinds? 

•  we are missing some important  
  information … 

accelerator 
neutrinos 

are these small details or are they paradigm shifting? 

we don’t know some pretty basic stuff! 
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Neutrinos at Fermilab 
39 

50
0 

m
ile

s LBNF 
NOvA 

MicroBooNE 

(future proposed experiment) 0.
3 

m
ile

s 

  advances in   
  accelerator 
  technology 
  are allowing  
  us to probe  
  distances (L), 
  energies (Eν) 
  not easily 
  accessible in  
  nature or  
  with nuclear 
  reactors  
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Making Neutrinos 
40 

•  so, we can also produce ν’s 
  for experiments using particle 
  accelerators 

•  and aim them at a detector   

Fermilab 

massive 
detector 

get a well-known flavor of neutrinos 

NOvA 

MicroBooNE 

νµ’s 
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Where are the νµ’s Going? 
41 

MINOS 

νµ	


ντ	


νe 

(most of the time) 

(every now and then) 

the νµ has two choices 
(maybe three) 

νs 

? 
it’s one thing to see the 
ν’s disappearing but also 
want to confirm that they 

are re-appearing as another  
flavor of ν that was 

previously absent from the beam 
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Where are the νµ’s Going? 
42 

νµ	


ντ	


νe 

(most of the time) 

(every now and then) 

the νµ has two choices 
(maybe three) 

νs 

? 

•  want to confirm the hypothesis that νµ     ντ is the cause of the 
  disappearance effect seen in atmospheric & accelerator-based ν’s 

•  need an experiment capable of detecting short-lived τ’s 
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νµ ! ντ	

43 

Fermilab 
•  400 GeV proton from CERN SPS to produce beam above ντ threshold 

•  emulsion to detect τ decay  
  (decay length is only a few mm) 

•  largest production ever of nuclear emulsion: 200,000 bricks ~ 1 kton 

•  June 2014: OPERA reported observation of a 4th ντ candidate (4.2σ) 

OPERA 
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Where are the νµ’s Going? 
44 

νµ	


ντ	


νe 

(most of the time) 

(every now and then) 

the νµ has two choices 
(maybe three) 

νs 

? 

•  measurements of subdominant νµ     νe  
  are of great importance because they  
  are very sensitive to mass hierarchy &  
  uniquely sensitive to CP violation 

normal     inverted 
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•  this will be the largest distance an  
  accelerator source of ν’s has ever  
  been sent … the larger the distance  
  the larger the MH, CP effects 

NOvA 
45 

close to the U.S./Canada border 

810 km 
(503 miles) 

•  will measure νµ     νe oscillations over a distance of 810 km 
  using the world’s most intense ν beam and an off-axis detector  

•  will study both ν,ν	


          - very precise ν oscillation 
            measurements (test our picture)  

          - which ν is the lightest and  
            which is the heaviest (MH)? 

         - first hint at CP 
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NOvA Detector 
46 

•  14 kton 
  liquid 
  scintillator 

 (2.8 million 
 gallons) 

•  you need a really large detector to study neutrino oscillations across 
  this large a distance 
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NOvA Detector 
47 

•  14 kton 
  liquid 
  scintillator 

   “largest 
     plastic 
   structure 
   ever built” 

•  you need a really large detector to study neutrino oscillations across 
  this large a distance 

•  both a near and far detector 
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NOvA Near Detector at Fermilab 
48 

 the near detector is important to sample the flavor composition and 
spectrum of the neutrinos before they’ve had a chance to oscillate 
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NOvA Far Detector in Minnesota 
49 

•  28 blocks 

•  32 planes in a block, each 
  weighing 417,000 lbs 

•  both near and far detectors  
  are now complete! 

•  over 4 stories high 
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First Neutrino in NOvA! 
50 

•  first events seen Nov 12, 2013 

will look for both the  
νµ disappearing 

and the νe appearing 

νµ ! νe  
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T2K 
51 

295 km 

νµ ! νe  

•  combination of results from reactor & 
  accelerator sources (NOvA, T2K) is 
  very important for testing our ν picture 	


•  1st definitive observation of the explicit  
  appearance of one flavor of ν arising  
  from another flavor thru oscillations  
  (>7σ) 
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Big Questions 
52 

H
Higg
s 

     - how much do neutrinos weigh? 

     - is our picture correct? 

     - which neutrino is the heaviest  
       and which is the lightest (MH)? 

     - do neutrinos and antineutrinos  
       oscillate in the same way (CP)?  

     - what is the nature of  the ν? 

     - are there more than 3 kinds? 

•  we are missing some important  
  information … 

why  
we  

exist?  

θ13 

are these small details or are they paradigm shifting? 

we don’t know some pretty basic stuff! 
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Neutrinos at Fermilab 
53 

50
0 

m
ile

s LBNF 

•  we are  
  already  
  planning  
  our 
  next steps 

•  Long 
  Baseline 
  Neutrino 
  Facility 

•  new type 
  of neutrino 
  detector 

NOvA 

MicroBooNE 

(future proposed experiment) 0.
3 

m
ile

s 
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54 

LBNF 

•  on-axis, wide band beam (ν, ν ) 
     - want to measure the spectrum of ν’s  
       across largest possible dynamic range 

Fermilab 

•  three ingredients: 
•  long-baseline 
  - optimized for joint CP, MH determination 

ν	


•  liquid argon TPC 
   - very high resolution detector  
   - high ε, so need less detector mass 
    (~30 kton) 

LBNF 
(> 1000 km) 
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55 

This is What LBNF Can Do 

disappearance 

νµ 

νe 

7,000 evts 

750 evts 
(330 IH) 

unoscillated  
νµ spectrum 

νe oscillation probability  
δCP=+90°, 0, -90° 
dashed=inverted MH 

•  plus, underground LBNF detector will be 
  exquisitely sensitive to atmospheric ν’s, 
  supernova ν’s, and proton decay 

νµ ! νe  
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Liquid Argon TPCs 
56 

Why do we exist? 

νµ	


νµ	


•  the type of neutrino detector that I work on now (LAr TPC): 

•  my thesis experiment (2002): 

data from 
the very first 
liquid argon 

TPC in 
the U.S. 

(can see everything that happens and record each track digitally) 
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Liquid Argon TPCs 
57 

Why do we exist? 

νµ	


•  the type of neutrino detector that I work on now (LAr TPC): 

•  my thesis experiment (2002): 

example of a 
 ν interaction  

from the 
ICARUS detector 

in Italy 

νµ	
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Liquid Argon TPCs 
58 

Why do we exist? 

νµ	


•  the type of neutrino detector that I work on now (LAr TPC): 

•  my thesis experiment (2002): 

•  these detectors are  
  a very powerful tool 

•  we are really excited 
  about this technology 

νµ	
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MicroBooNE 
59 

2.5m 

MicroBooNE TPC!
2013!

•  idea is to start out small to gain some experience 

•  170 ton liquid argon TPC, the largest ever built in the U.S. 
  (grid of wires submerged in liquid argon and placed under high voltage) 

•  about the size of a school bus 
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MicroBooNE 
60 

2.5m 

•  about the size of a school bus 

•  idea is to start out small to gain some experience 

•  170 ton liquid argon TPC, the largest ever built in the U.S. 
  (grid of wires submerged in liquid argon and placed under high voltage) 

electronically 
imprints 

the particle 
track 

pattern 
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MicroBooNE 
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cryostat 

TPC 
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MicroBooNE 
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December 
2013 

(includes in-liquid electronics) 
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MicroBooNE 
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•  new building where the detector  
  will eventually be housed is ready  
  and is being outfitted 
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MicroBooNE 
64 

June 23, 2014 
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MicroBooNE 
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June 23, 2014 
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MicroBooNE 
66 

(simulated ν interactions in the detector) 
(1) how do neutrinos 
     interact in argon? 

(2) important test of 
     LAr TPC technology 

(3) are there more  
     than 3 neutrinos? 

     sterile neutrinos? 

•  we are commissioning 
  this new detector now 

•  ν’s this winter! ν	


ν	
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Where are the νµ’s Going? 
67 

νµ	


ντ	


νe 

(most of the time) 

(every now and then) 

the νµ has two choices 
(maybe three) 

νs 

? 

•  evidence for a light sterile neutrino would be a major discovery 
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Additional Reading 
68 

 * whitepaper on sterile neutrinos 
    arXiv:1204.5379 [hep-ph] 
      http://arxiv.org/abs/arXiv:1204.5379 
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Big Questions 
69 

H
Higg
s 

     - is our picture correct? 

     - how much do neutrinos weigh? 

     - which neutrino is the heaviest  
       and which is the lightest (MH)? 

     - do neutrinos and antineutrinos  
       oscillate in the same way (CP)?  

     - what is the nature of  the ν? 

     - are there more than 3 kinds? 

•  we are missing some important  
  information … 

radioactive 
decays 

are these small details or are they paradigm shifting? 

we don’t know some pretty basic stuff! 
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Neutrino Mass 
70 

•  need a lot of stats,    
  good E resolution 

•  tightest constraints come from analysis of 
  cosmological data, Σmν < 0.2 eV 

•  use beta decay as a means to measure mν	


Fermi 
1933 

KATRIN 

these are not table top experiments 

~ 
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Nature of the Neutrino 
71 

•  since the neutrino has no electric charge 
  it can be it’s own antiparticle (ν = ν )  

•  are neutrinos Dirac or Majorana? 

•  if ν’s are Majorana particles (ν = ν )      
  then it allows this special process (0νββ) 

  this is why we haven’t put mν into 
 the Standard Model –  

we don’t know which to choose! 

(this is another mystery story) 
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GeoNeutrinos 
72 

•  radioactive decays of U and Th 
  in the earth’s crust and mantle  
  provide a source of very low  
  energy antineutrinos 

•  have been recently detected by 
  - KAMLAND (arXiv:1303.4667) 
  - Borexino (PLB 722, 4 (2013))   

•  means to 
  measure 
  the heat  
  output of  
  our planet 

ν’s can provide info on earth’s internal radioactivity not obtainable by any other means 

reactor 
neutrinos 

geo neutrinos  
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Neutrino Sources 
73 

solar  
neutrinos 

geo 
neutrinos 

reactor neutrinos 

supernova neutrinos 
atmospheric 

neutrinos 

radioactive decays accelerator neutrinos 

neutrinos from the heavens (“wild”) 

neutrinos from the earth (“tame”) 

cosmic neutrinos 
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74 

Neutrino Scorecard 

                  absolute       nature of       mass                     more than             
                     mass scale   the neutrino   hierarchy      CP          3 ν’s?      

β  decay   

0νββ decay 

astrophysics 
& cosmology 

atmospheric  

reactor  

accelerator        

is our  
picture  
correct? 
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Conclusions 
75 

•  neutrino physics continues to be an incredibly exciting field 

•  some very important ν experiments in the next decade and 
  beyond will be working to answer some big questions: 

     - is our picture correct?  
     - what are the ν masses & why so small? 
     - what is the ordering of the ν masses? 
     - do ν ’s violate CP? 
     - are ν’s Majorana? 
     - are there more than 3 ν’s? 

•  nature gave us all of these ν sources and ν oscillations,  
  now we want to know what it all means! 

β decay 

0νββ decay 
accelerator ν’s 

cosmic ν’s 

reactor ν’s 

atmospheric ν’s 
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Backups 
76 
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Timeline 
77 

•  1932: new particle postulated to solve energy 
   non-conservation problem in β decay: the neutrino 
•  1956: νe discovered 
•  1958: neutrinos are left-handed 
•  1962: νµ discovered 
•  1973: neutral currents! 

•  1970’s: ν cross sections measured up to 130 GeV 

•  1980’s: initial ν oscillation searches 

•  1990’s: ν’s as a probe (we know how to use the ν) 

•  1998: neutrinos oscillate (really important year for ν physics!) 
•  2000: ντ detected 

discoveries all  

along the way! 
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Neutrinos are Unique Messengers 
78 

•  they are not deflected by 
  interstellar magnetic fields 
       " point back to their source 

•  they rarely interact with matter 
     " arrive directly from regions  
         where light cannot come 

•  ν’s carry information about 
  the workings of the highest 
  energy and most distant 
  phenomenon in the universe 

neutrino astronomy 

•  neutrinos can directly convey astronomical information 
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Ultra High Energy Neutrinos 
79 

goal: GZK neutrinos (EeV) IceCube PeV neutrinos 

•  beyond that,  
  there are limits  
  from large  
  detector arrays  
  & ν telescopes 
  looking for ν’s 
  not coming from 
  the atmosphere 

•  see conventional 
  neutrinos from 
  known sources 
  (earth’s atmosphere) 
  up to ~400 TeV 
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Super-K and Solar Neutrinos 
80 
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Reactor Neutrinos 
81 
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Atmospheric Neutrinos 
82 
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Want to Know More? 
83 

 * long-baseline neutrino experiment 
    science opportunities document 

https://sharepoint.fnal.gov/project/lbne/LBNE%20at%20Work/science%20doc%20pdfs/lbne-sci-opp.pdf 
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•  discovery of the neutrino 
•  1956: observe νe’s emitted by a nuclear reactor 

A Little Bit of History 
84 

Savannah River nuclear reactor 

Fred Reines 

Clyde Cowan, Jr. 

•  tanks filled with liquid  
  scintillator, instrumented  
  with photomultiplier tubes 

    - novel detector at the time 

•  need a lot of neutrinos  
  and a lot of detector 

νe p → e+ n 
(inverse beta decay) 
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85 

Fred Reines 

Clyde Cowan, Jr. Savannah River nuclear reactor 

(photographs of  
oscilloscope traces) 

positron scope 

neutron scope 

(2 coincident blips = neutrino!) 

νe p → e+ n 
(inverse beta decay) 

•  discovery of the neutrino 
•  1956: observe νe’s emitted by a nuclear reactor 

A Little Bit of History 


