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2015 Nobel Prize in physics “for the discovery of 
neutrino oscillations, which shows that neutrinos 
have mass”

Takaaki Kajita
Super-Kamiokande Collaboration
University of Tokyo, Kashiwa, Japan

Arthur B. McDonald
Sudbury Neutrino Observatory Collaboration
Queen's University, Kingston, Canada

electron neutrino flux

SNO 
PRL 89, 011301 (2002)

T. Kajita June 5th, at Neutrino 1998
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Neutrino oscillations

atmospheric and 
long baseline
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long baseline

solar and 
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CP violation in leptons

Quark mixing Neutrino mixing

Cecilia Jarlskog �4



Extrapolate to GUT scale

Measurements 
• θ12 
• θ13 
• θ23 
• δCP 
• Mass ordering 
• Dirac/Majorana
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for example Pascoli, Petcov & Riotto PRD2007 

Neutrino mass models

normal mass 
ordering
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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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arXiv:1904.05686v1

Phys.Rev.Lett. 122 (2019)

OPERA 
35 νe CC  
5782 νμ CC 
5 ντ CC 
1724 NC

MINOS /  
MINOS+
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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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T2K

NOvA

INGRID + 
ND280

Fermilab Main Injector

NOvA 
Near 
Detector

NOvA Far Detector
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Summary of sensitivity of νμ→νe rates to 
physics questions

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]%

_
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JPARC Beam 
Delivery to T2K

Latest results, January 2019, use 
14.9E20 protons on target in neutrino mode 
and 
16.3E20 POT in antineutrino mode.

Represents 40% of total planned exposure.
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T2K muon neutrino and 
antineutrino disappearance 

Rates consistent with maximal 
θ23 mixing

⌫µ ! ⌫µ
<latexit sha1_base64="dJx2LhmIeCrvAIhCmo6G9FKatyU=">AAACBHicdVDLSsNAFJ34rPUVddnNYBFchaS1pN0V3bisYB/QhDCZTtuhk0mYmSgldOHGX3HjQhG3foQ7/8ZpU0FFD1w4nHMv994TJoxKZdsfxsrq2vrGZmGruL2zu7dvHhx2ZJwKTNo4ZrHohUgSRjlpK6oY6SWCoChkpBtOLuZ+94YISWN+raYJ8SM04nRIMVJaCsySx9PAi1LoCToaKyREfAuXWmCWbcupuG7NgbbVaDTcWjUndrUOHcteoNwEOVqB+e4NYpxGhCvMkJR9x06UnyGhKGZkVvRSSRKEJ2hE+ppyFBHpZ4snZvBEKwM4jIUuruBC/T6RoUjKaRTqzgipsfztzcW/vH6qhnU/ozxJFeE4XzRMGVQxnCcCB1QQrNhUE4QF1bdCPEYCYaVzK+oQvj6F/5NOxXKqVuXqrNw8X8ZRACVwDE6BA1zQBJegBdoAgzvwAJ7As3FvPBovxmveumIsZ47ADxhvn/hRmQE=</latexit>

⌫̄µ ! ⌫̄µ
<latexit sha1_base64="QG6k83b8PuXvESKZN+Physzz+/E=">AAACEHicdVDLSgMxFM3UV62vUZdugkV0VSZVbLsrunFZwT6gMwyZNG1DM5khyShl6Ce48VfcuFDErUt3/o2ZtoIVPXDhcM693HtPEHOmtON8Wrml5ZXVtfx6YWNza3vH3t1rqSiRhDZJxCPZCbCinAna1Exz2oklxWHAaTsYXWZ++5ZKxSJxo8cx9UI8EKzPCNZG8u1jN8AydUUy8d0wga5kg6HGUkZ3cMHx7aJTchwHIQQzgirnjiG1WrWMqhBllkGxDmZo+PaH24tIElKhCcdKdZETay/FUjPC6aTgJorGmIzwgHYNFTikykunD03gkVF6sB9JU0LDqfpzIsWhUuMwMJ0h1kP128vEv7xuovtVL2UiTjQVZLaon3CoI5ilA3tMUqL52BBMJDO3QjLEEhNtMiyYEL4/hf+TVrmETkvl67Ni/WIeRx4cgENwAhCogDq4Ag3QBATcg0fwDF6sB+vJerXeZq05az6zDxZgvX8BvrueWg==</latexit>

140 observed 
139.5 expected

243 observed 
272.4 expected

With  
sin2(θ) = 0.528:

�20
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T2K Electron neutrino and 
antineutrino appearance

single-ring 
quasi-elastic 

tag

single-ring 
single-pion 

tag ⌫µ ! ⌫e
<latexit sha1_base64="OUUe6unBklF2wqw54nXH7D3b/cg=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclaQKuiy6cVnBPqAJYTKdtENnJmEeSgldufFX3LhQxK3f4M6/cdp0oa0HLhzOuZd774kzRpX2vG9naXlldW29tFHe3Nre2XX39lsqNRKTJk5ZKjsxUoRRQZqaakY6mSSIx4y04+H1xG/fE6loKu70KCMhR31BE4qRtlLkHuWBMOMo4AYGkvYHGkmZPsBCJZFb8areFHCR+DNSqYMCjcj9CnopNpwIjRlSqut7mQ5zJDXFjIzLgVEkQ3iI+qRrqUCcqDCfvjGGJ1bpwSSVtoSGU/X3RI64UiMe206O9EDNexPxP69rdHIZ5lRkRhOBi0WJYVCncJIJ7FFJsGYjSxCW1N4K8QBJhLVNrmxD8OdfXiStWtU/q9Zuzyv1q1kcJXAIjsEp8MEFqIMb0ABNgMEjeAav4M15cl6cd+ejaF1yZjMH4A+czx9wNJnF</latexit>

⌫̄µ ! ⌫̄e
<latexit sha1_base64="zEbTmc6gbXF6KgZcVWFH+yzw6vw=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRV0GXRjcsK9gFNCJPppB06MwnzUEroF7jxV9y4UMSta3f+jdMHqK0HLhzOuZd774kzRpX2vC+nsLK6tr5R3Cxtbe/s7rn7By2VGolJE6cslZ0YKcKoIE1NNSOdTBLEY0ba8fBq4rfviFQ0Fbd6lJGQo76gCcVIWylyK0GMZB4IM44CbmAgaX+gkZTpPfxxSOSWvao3BVwm/pyU62CGRuR+Br0UG06Exgwp1fW9TIc5kppiRsalwCiSITxEfdK1VCBOVJhP3xnDilV6MEmlLaHhVP09kSOu1IjHtpMjPVCL3kT8z+sanVyEORWZ0UTg2aLEMKhTOMkG9qgkWLORJQhLam+FeIAkwtomWLIh+IsvL5NWreqfVms3Z+X65TyOIjgCx+AE+OAc1ME1aIAmwOABPIEX8Oo8Os/Om/M+ay0485lD8AfOxzfAJJ03</latexit>

Observed Expected 
δCP=-π/2

QE 75 74.4

1π 15 7.0

QE 15 17.1

15 events observed in ⌫̄µ ! ⌫̄e
channel over a background of
9.4 events: 2.2 � significant
observation.

<latexit sha1_base64="T5Z7QpudFWzlWY89U46+DMma5/A="></latexit>

⌫µ ! ⌫e
<latexit sha1_base64="EQWeVajZh9odALivj7fau6F8PyU=">AAACAnicdZDLSsNAFIYnXmu9RV2Jm8EiuApJa2mzK7pxWcFeoAlhMp22QyeTMDNRSihufBU3LhRx61O4822ctBVU9IeBn++cw5nzhwmjUtn2h7G0vLK6tl7YKG5ube/smnv7bRmnApMWjlksuiGShFFOWooqRrqJICgKGemE44u83rkhQtKYX6tJQvwIDTkdUIyURoF56PE08KIUeoIORwoJEd/CnJHALNmWW69WK3VoW7btlt2aNq7rOjUHOprkKjXAXM3AfPf6MU4jwhVmSMqeYyfKz5BQFDMyLXqpJAnCYzQkPW05ioj0s9kJU3iiSR8OYqEfV3BGv09kKJJyEoW6M0JqJH/XcvhXrZeqQd3PKE9SRTieLxqkDKoY5nnAPhUEKzbRBmFB9V8hHiGBsNKpFXUIX5fC/027bDkVq3x1VmqcL+IogCNwDE6BA2qgAS5BE7QABnfgATyBZ+PeeDRejNd565KxmDkAP2S8fQJOr5gS</latexit>

⌫̄µ ! ⌫̄e
<latexit sha1_base64="BVyNT6iFSNIk2Pg+ZVAlo3VufBY="></latexit>
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T2K Neutrino and 
Antineutrino Event Counts

Larger counts than expectations 
in neutrino mode favor solutions 
with normal hierarchy and large 
CP violation �22



Sensitivity of T2K to 
CP violation

Current data sample is sensitive to 
CP violation at about 1.7σ and  
mass hierarchy at about 1.1σ.
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&

T2K CP violation 
result

The CP conserving values, 0, 
and -π/2 fall outside the 2σ 
confidence interval.
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Fermilab beam 
delivery to NOvA

758 kW 
record power

Latest results, July 2019, use 
8.85E20 protons on target in neutrino mode 
and 
12.33E20 POT in antineutrino mode.

Represents ~40% of total planned exposure.
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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�26
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<latexit sha1_base64="Fn2eWo75AZE9r79q/KGy+n1aCyQ="></latexit>

⌫µ ! ⌫µ
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No oscillations 730
Best Fit 124

Cosmic bkg 2.1
Beam bkg 2.1

Observerd 113

No oscillations 476
Best Fit 96

Cosmic bkg 0.8
Beam bkg 1.4

Observerd 102
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Δm223 & θ23 Results
Both NOvA and T2K are consistent 
with maximal θ23. NOvA has a slight 
(1.6σ) preference for the upper octant
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NOvA sees anti electron neutrino 
appearance with 4.4σ significance
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Best fit 59
Total bkg 15.0

Wrong-sign bkg 0.7
Beam bkg 11.1

Cosmic bkg 3.3
Observed 58

Best fit 27
Total bkg 10.3

Wrong-sign bkg 2.2
Beam bkg 7.0

Cosmic bkg 1.1
Observed 27

NOvA electron neutrino and 
antineutrino appearance
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NOvA data prefers  
upper θ23 octant by 1.6σ 
and 
Normal neutrino mass 
hierarchy by 1.9σ 
but has  
no preferred value of δCP
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IO NO

CPV hints driven by 
T2K data 
When combined with 
other data, δCP=180o is 
allowed within 2σ 

Significance of normal 
hierarchy increases to 
just over 3σ in 
combinationwww.nu-fit.org 

JHEP 01 (2019) 106 [arXiv:1811.05487] 
�33

http://www.nu-fit.org/
http://dx.doi.org/10.1007/JHEP01(2019)106
http://arxiv.org/abs/1811.05487


T2K will run until 2028 with 
improvements to beam 
intensity up to 1.3 MW

2028

NOvA will run to 2025 with 
improvements to beam 

intensity up to 0.9 - 1 MW

Collaborations working 
toward a joint fit �34



Groundbreaking, July 2017

DUNE Experiment 

Upgrade beam to 1.2 then 2 MW 
4x17 kt detector modules with millimeter 
resolution located 4850 feet underground 
Successful prototype program at CERN 
Data taking by ~2027 

>5σ resolution of mass hierarchy 
>5σ resolution of CP violation
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60m

74m

Hyper-Kamiokande Experiment 

Upgrade beam to 1.3 MW 
260 kt far detector 
Expected data taking from 2027 
Exploring possibility of 2nd detector in Korea 

>5σ resolution of mass hierarchy 
>5σ resolution of CP violation �36



Summary

• T2K and NOvA are measuring neutrino oscillations in all four channels required to 
address outstanding questions in neutrino mixing 

• θ23 is consistent with maximal; NOvA’s pull into upper octant is 1.6σ significant 

• Both experiments prefer the normal neutrino mass hierarchy, NOvA at 1.9σ. 
Combinations of experiments increases this to 3σ 

• CP conserving values of δCP are outside the 2σ allowed T2K allowed region 

• Both programs have plans to continue to take data through mid-to-end of this 
decade when high precision experiments (DUNE and HyperK) are expected to 
turn on 

• Results from long baseline experiments show no evidence of non-PMNS 
oscillations
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Long baseline neutrinos at Lepton-Photon 2019
Tuesday I Neutrino Recent T2K Neutrino 

Oscillation Results Helen O’Keeffe Lancaster University

Latest three-flavor neutrino 
oscillation results from NOvA Gavin Davies Indiana U. / U. of 

Mississippi

Tuesday II The upgrade of the T2K Near 
Detector ND280 Clark McGrew Stony Brook University

Near Detectors for the Hyper-K 
Experiment Mark Hartz TRIUMF & Kavli IPMU

Capabilities of the DUNE Near 
Detector Complex Kevin McFarland University of Rochester

Performance of the protoDUNE-SP 
liquid argon detector from a particle 
test-beam

Leigh Whitehead University of Cambridge

Thursday I DUNE – Precision Neutrino 
Observatory of the Future Alfons Weber University of Oxford
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