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Neutrino masses and mixing are a 
window on physics approaching the 
GUT scale
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Extrapolate to GUT scale

Measurements 
• θ12 
• θ13 
• θ23 
• δCP 
• Δm221 
• Δm231 
• Mass ordering 
• Dirac/Majorana
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Neutrino mass textures

normal mass 
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θ13: Daya Bay, RENO, and Double CHOOZ

Double CHOOZ

E ' 4 MeV

� =
1.27 · 0.0025 eV2 · 1600 m

4 MeV
' ⇡

2

Daya BayL '
1600 m

⌫̄e ! ⌫̄e at atmospheric mass scale
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CP violation in leptons
Leptonic CP violation can be 
1000x larger than in the quark 
sector!

VCKM UPMNS
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Solar Neutrinos and 
KamLAND
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 JHEP 01 (2017) 087 [arXiv:1611.01514]
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JUNO Experiment
• 20 kton liquid scintillator placed 53 km from two 

high powered reactors.


• Goal is to measure neutrino mass hierarchy 
through precise measurement of oscillation 
phase at 3-4σ


• Also has very strong program in 21 and 31 
sectors.


• Data taking ~2021

44 m
20 kton
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T2K

NOvA

INGRID + 
ND280

Fermilab Main Injector

NOvA 
Near 
Detector

NOvA Far Detector
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Next Questions In Neutrino Physics

• Mass ordering 

• Nature of ν3 - 
θ23 octant 

• Is CP 
violated? 

• Is there more 
to this 
picture?
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Neutrino oscillations at long baseline 
Following presentation by Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, Prog.Part.Nucl.Phys. 60 
(2008) 338-402. arXiv:0710.0554 [hep-ph]
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3500 km

aL = 0.08 for L = 295 km

aL = 0.23 for L = 810 km

aL = 0.37 for L = 1300 km

Parameter Channels Question
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Summary of sensitivity of νμ→νe rates to 
physics parameters

Nota bene:
• Calculations are for rate only; there is some additional information in the energy spectrum
• These estimates neglect non-linearities in combining different effects
• In the calculation of the matter effect and CP violation effects the calculated values account for the fact 

that T2K runs at an energy on the first oscillation maximum while NOvA runs at an energy slightly above 
the oscillation maximum

• θ23 was varied inside the ±2σ range found by a recent global fit (PRD 90, 093006) 

Factor Type Inverts 
for ν? NOvA T2K

Matter effect

(mass ordering) Binary Yes ±19% ±10%

CP violation Bounded, 
continuous Yes [-22…+22]% [-29…+29]%

θ23 octant Unbounded, 
continuous No [-22…+22]% [-22…+22]%

_

�23
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Making a neutrino beam Angle is energy

Center of mass frame Boosted frame

µ

ν

π

µ

π

ν
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Making a neutrino beam Angle is energy
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Making a neutrino beam Angle is energy
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Wall reflectivity

• In NOvA cell, a 
photon typically 
bounces off the cell 
walls 10 times 
before being 
captured by a fiber


• This makes the 
reflectivity of the 
cell wall of crucial 
importance to 
maximizing light 
output:

‣ 0.810 = 0.11

‣ 0.910 = 0.35 

10% improvement in 
reflectivity yields factor 3 
more light!

NOvA custom PVC blend

Standard PVC blend

Wall reflectivity is issue for other scintillator 
detectors which co-extrude scintillator with a 
TiO2 reflective coating
} π0

7

Neutrino Data in NOvA





T2K event spectra
�31

75 9



0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)

0

2

4

6

8

10

12

Ev
en

ts
 / 

0.
1 

G
eV

FD Data
Prediction

 syst. rangeσ1-
CCµνWrong Sign:

Total bkg.
Cosmic bkg.

Neutrino beam NOvA Preliminary

All Quartiles

0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)

0

2

4

6

8

Ev
en

ts
 / 

0.
1 

G
eV

FD Data
Prediction

 syst. rangeσ1-
CCµνWrong Sign:

Total bkg.
Cosmic bkg.

Antineutrino beam NOvA Preliminary

All Quartiles

Total Observed 113
Unoscillated 730

Best fit prediction 121

Cosmic Bkgd. 2.1
Beam Bkgd. 1.2

Total Observed 65
Unoscillated 266

Best fit prediction 50

Cosmic Bkgd. 0.5
Beam Bkgd. 0.6



0.4 0.5 0.6

23θ2sin

2.0

2.5

3.0

)2
 e

V
-3

 (1
0

322
m

Δ

Best fit

NOvA Preliminary

Normal Hierarchy 90% CL
NOvA MINOS+ 2018
T2K 2018 IceCube 2017
SK 2017

Prefer non-maximal mixing in upper octant at 1.8σ (93% CL)



T2K neutrino and 
antineutrino event counts

Relative to the best-fit parameters 
T2K has seen an upward fluctuation 
in neutrino events and a downward 
fluctuation in antineutrino events.



T2K measurement 
of CP phase δ

• Expected sensitivity (top) 
using current exposure to 
exclude CP conserving 
values is CP violation is 
maximal is currently just 
less than 2σ. Expect 20% 
of experiments to exclude 
at 2σ or more.


• Current measurement 
(bottom) favors nearly 
maximal CP violation and 
excludes CP conserving 
values at >2σ.

NH is a better fit with Bayes 
factor of 7.9 
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Super-Kamiokande 
Atmospheric Neutrinos

Includes constraints from 2015 T2K data release

R. Wendell, Neutrino2014

outer core

mantle

P (⌫µ ! ⌫e)

1.7σ



Extrapolate to GUT scale

Measurements 
• θ12 
• θ13 
• θ23 
• δCP 
• Δm221 
• Δm231 
• Mass ordering 
• Dirac/Majorana
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Neutrino mass textures

normal mass 
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lifetime for 0νββ
phase space nuclear physics

effective neutrino mass

mass-flavor mixing parameters from 
oscillation experiments

In the inverted ordering 
most of the electron flavor 
is associated with the 
heavier states giving 
generally higher values of 
mββ,  

Neutrino oscillation 
measurements set a lower 
limit at ≈15-50 meV, 
T1/2≈1027-28 years

In the normal ordering 
most of the electron 

flavor is associated with 
the lighter states giving 

generally smaller mββ 
values.  

Accidental cancelations 
may result in mββ → 0.

Normal mass ordering Inverted mass ordering

Neutrino-less Double Beta Decay



Caldwell et al. PRD 96, 073001 (2017)

Agostini et al. PRD 96, 053001 (2017)

15 meV
40 meV

Normal mass ordering Inverted mass ordering

Using current oscillation, direct mass, 
and cosmological data as prior inputs, 
how likely is the next generation of 
experiments to discover 0νββ? 

Turning that around, if 0νββ is discovered 
we will want to know the neutrino mass 
ordering and other oscillation parameters 
to interpret the observation.


Watch the assumptions! Caldwell et al. 
(right), for example, finds normal ordering 
harder to reach than does Agostini et al.



T2K and NOvA 
Extended Running
• T2K has KEK/JPARC Stage 1 approval to 

extend its run to 2026. See arXiv:1609.0411 

• Incremental investments in JPARC beam 
intensity raise the intensity from 500 kW to 
1.3 MW by 2024 

• These would deliver 20E21 protons-on-
target by 2026 and enable 3σ sensitivity to 
CP violation if CP violation is maximal. 

• NOvA will run through 2024 with incremental 
upgrades to beam intensity to 1 MW 

• With those NOvA will have up to 5σ 
sensitivity to the mass hierarchy and up to 
2σ sensitivity to CP violation

Joint NOvA/T2K Workshop, Tokai, Japan 2017



Hyper-Kamiokande

Expect funding for construction in JFY2018/19, 
first data 2026

Super-K 
22.5 kton 
11,000 PMTs

40 m

187 kton 
40,000 PMTs



Upgrade beam to 1.2 then 2 MW 
4x17 kt detector modules with millimeter 
resolution located 4850 feet underground 

>5σ resolution of mass hierarchy 
>5σ resolution of CP violation 

2018 - Large scale prototype at CERN 
2019 - Excavation begins 
2022 - Installation 
2026 - First neutrino beam
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Next Questions In Neutrino Physics

• Mass ordering 

• Nature of ν3 - 
θ23 octant 

• Is CP 
violated? 

• Is there more 
to this 
picture?

�47
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Motivation for sterile 
neutrino searches

LSND 3.6σ excess

?



Motivation for sterile 
neutrino searches
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MiniBooNE excess

• MiniBooNE is a single-detector 
experiment on the Fermilab 8 
GeV Booster neutrino beam 
line intended to explore the 
LSND reported excess.


• MiniBooNE sees an excess 
over backgrounds at low 
energies in both neutrino and 
antineutrino beams.



Interpretations of 
LSND and 
MiniBooNE in 3+1



• Electron neutrino 
appearance through 
through νμ→νe with eV-
scale sterile neutrinos 
implies additional 
disappearance in νμ→νμ


• This is not seen by a 
number of experiments, 
esp. MINOS and IceCUBE


• This creates a tension: 
there is no model involving 
sterile neutrinos which can 
simultaneously fit the 
appearance claims and the 
disappearance 
measurements.

Search for sterile neutrinos in disappearance 
channel



Fermilab Short Baseline Program
3-5σ resolution of SBN anomalies in 5 years



Summary

• 20 years on we know a lot about the parameters of neutrino 
oscillations and the door is open to measure CP violation. 

• Current program will answer many outstanding questions and 
make progress on others 
• Nature of ν3 - θ23 octant 
• Mass ordering 
• Are neutrinos Majoranna or Dirac? 
• Is CP violated? 
• Is there more to neutrino oscillations than 3 flavors? 

• Measurement of CP violation and its interpretation will require more 
intense beams, bigger and better detectors, better understanding of 
neutrino interactions, and better analysis techniques. All of these are 
topics for this workshop.


