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Outline
• Neutrino fundamental parameters and their 

importance. 

• Oscillation phenomenology brief introduction.  

• Quick survey of the most important data.  

• Reactor result on 𝛳13 and its consequences.

• Future avenues of inquiry and their status. 

For a quick intro:  MVD, Galymov, Qian, Rubbia, Annual Rev. 
Nucl Part. Sci. 2016. 66:47-71
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CPT invariance: P(ν l →ν l ' ) = P(ν l ' →ν l )

3 neutrino picture. 



Why is this important ?
• Such a small mass for a fundamental, electrically neutral 

spin 1/2 particle is a new problem. There must very 
heavy neutral state also (1012GeV). 

• For a massless Fermion, helicity states can be identified 
with particle/antiparticle states.  Not possible if massive 

• Mixing angles are very large giving a hint about how 
quarks and leptons melt into each other at very high 
energies.  

• A new source of very large particle/antiparticle 
differences is possible (CP violation), giving us a handle 
on why the universe exists at all.  



Neutrinos 
become free

Something 
happened here 
to  make the 
universe more 
matter and 
much less anti-
matter

NB − NB

Nγ

= 6 ×10−10

Calculable from 
nuclear physics and 
data. But the number 
should be ~0 ! 

• Small neutrino Majarona mass →Singlet heavy partner at ~1012 GeV (with 
lepton number and CP violation in its decay → natural explanation for 
leptogenesis →Baryogenesis. 

• Must establish if neutrinos and antineutrinos behave differently or 
measure δ! 



A weakly interacting neutrino state could 
be a classic superposition of mass states.
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Although derived with plane waves, there are many 
subtleties behind this formula.One must imagine 
the production of a packet of neutrinos from the 

decay of a meson. See Akhmedov, Smirnov. 

For π /2 node
Δm2 = 0.0025eV 2, E = 1GeV ⇒ L = 494km



What happens through matter ?

One must add a potential diagonal in the weak basis. For 
large Ne the weak basis is the coincides with mass basis.   

P(νµ →νe ) =
tan2 2θ

(1− Ne / Ne
res )2 + tan2 2θ

×

Sin2 1.27Δm
2 ((1− Ne / Ne

res )2 cos2 2θ + sin2 2θ )1/2

E / L

As Ne increases go from 
vacuum to matter 
enhanced



Sources of data for neutrino oscillations.  
Atmosphere, Solar, Accelerator, Reactor.  



The	
  νe	
  state	
  at	
  long	
  distances
• νe = 0.82ν1+0.55ν2+e-iδ0.15 ν3

Δm2	
  =	
  	
  7.5	
  x	
  10-­‐5eV2	
  

Had we started with LBL reactor νe!νe (KamLAND)...   
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   well-defined frequency        !         accurate    δm2 = m2
2-m1

2 
  ~nonmaximal  amplitude         !         best fit at θ12 ≠ π/4 '

m2
2 

(θ12 < π/4) (θ12 > π/4) 

νe =cosθ12ν1+sinθ12ν2 

    2 physically different “hierarchies” (unless θ12 ≠ π/4):   
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Borexino has now measured pp neutrinos



• νμ ~ -0.48ν1+0.53ν2-0.7 ν3= 0.7(𝛎m)-0.7ν3

The	
  νμ	
  state	
  (ignore	
  phases)

Cannot determine sign of mass difference in disappearance

Δm2	
  =	
  |m32-­‐m1,22|	
  ~	
  2.4	
  x	
  10-­‐3	
  eV2

SK2012

�m2 = (⇡/2)(E/L)/1.27

1� 0.5 sin2 2✓23

✓23 ⇡ 45o

In	
  addiMon	
  -­‐	
  Important	
  confirmaMon	
  of	
  tau	
  neutrino	
  mixing	
  came	
  from	
  OPERA

MINOS data Super Kamiokande



Important news regarding maximum mixing

High energy resolution for NOvA ⇒ A small number 
of events are not disappearing at the node. 

NOvA: 1− Sin2 2θ23 ≈ 0.04

NOVA collaboration nu2016 results 



The	
  νe	
  state	
  again	
  !	
  
• νe = 0.82ν1+0.55ν2+0.15ν3 =  0.99νy+0.15ν3

Δmee2	
  ≈|m32-­‐m1,22|	
  ~	
  2.4	
  x	
  10-­‐3	
  eV2	
   ⇠ ⇡/2(3.5MeV/1800m)/1.27

⇠ sin22✓13

Daya Bay

Sin2 2θ13 = 0.0841± 0.0027 ± 0.0019
Results from RENO and Double Chooz are consistent. 



𝛎e appearance
Both vaguely in the direction of  

• Normal ordering 
• CP phase ~ -90 deg. 

The statistics for this 
plot improves slowly 
with data.  

Significant correlations 
with 𝛳23







From Daya Bay collaboration 
NU2016



From Daya Bay collaboration 
NU2016



Consequences of sizable 𝛳13
• Most important, each weak neutrino state is established to be a 

mixture of at least 3 massive states. νe = 0.82ν1+0.55ν2+ e-iδ 0.15ν3

• P(𝛎μ→𝛎e) with L/E=500km/GeV  must exist (as discovered by T2K 
and NOVA) and CP violation could be very large compared to 
quarks.  

• P(𝛎μ→𝛎e) will show matter effects on Earth and allow determination 
of mass ordering.  

• Atmospheric neutrino experiments: INO, PINGU, KM3NET could 
see matter effects.  

• Large reactor experiment (JUNO) to measure mass hierarchy. 

• Huge CP violation signal possible in accelerator beams. But 
need ~1000 appearance events to establish it precisely. 



Atmospheric effects
• In NH (IH) a resonant nu 

(anti-nu) effect at 5 GeV, 60 
deg below horizon (outer 
core Earth)

• Effect is measured through 
disappearance of muon 
neutrinos.  

• Comparison of nu/antinu 
enhances. 

• Event rates: 
Total: 50k events/500kT*yrs

This only gets ~ 500 events 
in the 5 GeV bin. 

INO, PIngu, Orca strategy to measure mass ordering. 
Key challenge:  Huge detector, sufficient resolution.  



Jiangmen Underground Neutrino 
Observatory (JUNO)

35 m diameter. 
20 kton of LAB based 
scintillator.  80% PMT 

coverage. 

Reactor power: 26.6 GW.  
Schedule goal: 2020 



JUNO technical challenges

On two sides of the 
node, the oscillations 
shift inwards (NH) (red) 
outwards (IH) (blue)

• Energy resolution 
• Light yield
• Calibration
• PMT capability (18000 

20inch + 36000 3 inch) 



Accelerator long-baseline

goal :P(νµ →νe ) ≠ P(νµ →νe )



T2HK
295 km

DUNE
 1300 km

• Strategies:  
• T2HK: minimize matter effect focus on 1st max 
• DUNE: Resolve matter effects with broad-band data 
• Both: need >1000 events to measure CP asymmetry (<30%)



T2HK

DUNE 450 kW (today) 
~700 kW (2020)
1.2 MW (future) 



DUNE  
Large Matter effects 
Broad band beam 

T2HK 
Small Matter effects  
narrow band beam



58	
  m

DUNE 
40 kt Liquid 

argon TPC in 4 
caverns. 

~4200 MWE

HyperK
~380 kT in two 

caverns. 
~600 MWE

~100k PMTs 

~400k  
chs each



LBNF/DUNE and T2HK 
challenges

• Both experiments face huge engineering challenges to 
construct the caverns and infrastructure.  They must be 
international projects to attract the type of funding needed. 

• DUNE faces the challenge of scaling up the liquid argon 
technology which uses extremely low noise cryogenic 
electronics. 

• In either case, with event samples of ~1000-2000 expected, 
systematic errors of <2-3% will be needed using the near 
detectors. 

• Both have a broad science program with proton decay and 
supernova. These will need to be considered for the detector 
requirements. 



Conclusion
•ScienMfic	
  moMvaMon	
  and	
  scale	
  of	
  the	
  next	
  generaMon	
  long-­‐
baseline	
  neutrino	
  oscillaMon	
  experiment	
  is	
  well-­‐known.	
  	
  LBNF	
  
design	
  meets	
  the	
  requirements	
  for	
  a	
  comprehensive	
  
experiment	
  aimed	
  towards	
  CP	
  violaMon	
  in	
  the	
  neutrino	
  sector.	
  	
  	
  

•There	
  will	
  be	
  a	
  slow	
  moMon	
  race	
  to	
  get	
  to	
  mass	
  ordering	
  and	
  
CP	
  violaMon.	
  	
  	
  

•There	
  is	
  potenMal	
  to	
  find	
  new	
  physics	
  because	
  the	
  
extraordinary	
  sensiMvity	
  of	
  oscillaMons	
  which	
  are	
  due	
  to	
  
interference	
  effects.	
  	
  

• It is an opportunity to do something meaningful 
and permanent together. 


