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My Questions

Do neutrinos have mass > 0.2 eV? 

Are neutrinos Majorana or Dirac? 

• Direct neutrino mass searches 

• Searches for neutrino less double beta decay 

Prospects for measuring CPV in lepton sector 

• Status of neutrino oscillation measurements including 
status of searches for sterile neutrinos



DIRECT DETECTION



Direct Neutrino 
Mass Detection

• To date best limits 
on neutrino mass 
come from the 
study of molecular 
tritium decay 

• Beta spectrum analyzed using 
MAC-E filters (Magnetic 
Adiabatic Cooling and 
Electrostatic filter)


• Mainz: 

• Troitsk:



KATRIN Experiment: First scans

Expect first results in 2019. 
Eventual reach ~ 0.2 eV in about three years



Going beyond KATRIN?

• KATRIN is probably 
the limit of MAC-E 
filters 

• Future experiments 
will need to use 
atomic tritium and find 
a better way to 
measure the beta 
spectrum

1 eV



Neutrinoless Double 
Beta Decay



Double Beta Decay

mono energetic at 
Q value

http://next.ific.uv.es/next/experiment/physics.html

https://wwwkm.phys.sci.osaka-u.ac.jp/en/research/r01.html

continuous 
spectrum up to end 

point at Q value

Allowed in Standard Model 
T1/2 ~ 1021 years

Not allowed in Standard Model 
Requires: 
• Massive neutrinos 
•△L = 2 
• Neutrinos to be Majorana 
T1/2 > 1025 years 



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

Lifetime, effective mass, and mass ordering



Dell’Oro et al, Phys. Rev. D90 (2014)

Inverted mass ordering

Normal mass ordering

1026

1027

1028
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1025

Following T. Kajita at Neutrino 2018
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isotope mass running time

background rate energy resolution

Background reductions through shielding, isolation, purity, 
pulse shape discrimination, possibly ion tagging

1 meV

10 meV

100 meV

EXO 
PRL 120 072701 (2018)

CUORE 
PRL 120, 132501 (2018 )

GERDA/Majorana 
Eur. Phys. J. C78 (2018) 388

KamLAND-Zen 
PRL. 117, 082503 (2016)

136Xe 130Te 76Ge 136Xe
TPC Bolometer Solid state Scintillator

Exposure [kg-yr] 175 86 82 504
σE [keV] 30 5 3-3.6 100
T1/2 @ 90% CL 1.8x1025 1.5x1025 1.1x1026 1.1x1026

mββ @ 90%CL 147-398 110-520 100-300 61-165

detection efficiency



Next generation 
experiments Reach down to 40 to 15 meV

Agostini et al. PRD 96, 053001 (2017)



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? 
• Good coverage of most of the inverted 

ordering parameter space (top right) 
• Reasonable coverage of most likely 

parameters in normal ordering (top left). 
• Agostini et al.: 50% change of 3σ 

observation in next generation. 
• Watch the assumptions! Caldwell et al. 

(right), for example, finds normal ordering 
harder to reach than does Agostini et al.



OSCILLATIONS
Solar neutrinos, T2K + NOvA, atmospheric neutrinos, reactor neutrinos
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deSalas et al, 1708.01186



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



Reines-Cowan experiment

Daya Bay
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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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Daya Bay will run through 2020, will reach precision of 3%.



Understanding reactor 
neutrino fluxes

5 MeV “bump”
Seen in all three 

experiments

RENO : !"# = (5.785 +- 0.113) x 10-43 cm2/fission
H-M model : !"# = (6.271 +- 0.150) x 10-43 cm2/fission

RENO

All experiments low by 5% 
compared to current models

Daya Bay: Phys. Rev. Lett. 182, 251801 
(2017), correlates with reactor burn time 
hence likely associated with reactor modeling 
of fission fragments

Double CHOOZ

Anna Hayes at Neutrino 2018: “Improved 
treatments reduce the size of the 
anomaly”. “The BUMP is due to standard 
nuclear physics…may be from 238U”



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



Next Questions In Neutrino Physics

• Mass ordering 

• Nature of ν3 - 
θ23 octant 

• Is CP 
violated? 

• Is there more 
to this 
picture?

�25
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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



Search for sterile 
neutrinos in 
disappearance channel

• 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.



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



Next Questions In Neutrino Physics

• Mass ordering 

• Nature of ν3 - 
θ23 octant 

• Is CP 
violated? 

• Is there more 
to this 
picture?

�32



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]

P (⇥µ ⇥ ⇥e) ⇤ |
p

Patme
�i(�32+�) +

p
Psol|2

= Patm + Psol + 2
p

PatmPsol (cos�32 cos � � sin�32 sin �)

a = GFNe/
p
2 ' 1

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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http://inspirebeta.net/author/Nunokawa%2C%20Hiroshi?recid=762771&ln=en
http://inspirebeta.net/author/Parke%2C%20Stephen%20J.?recid=762771&ln=en
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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 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]%

_
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Making a neutrino beam

Focusing HornsTarget Decay Pipe
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Making neutrino 
and antineutrino 
beams

Top: Neutrino beam flux


Bottom: Antineutrino beam flux

Flux	1-5	GeV

95% νµ

4% ν̅µ

1% νe

Flux	1-5	GeV

6% νµ

93% ν̅µ

1% νe
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T2K Beam Delivery

Began operations in 2010 

This year: 
‣ 485 kW operations 
‣ 9E20 protons-on-target 

delivered at 30 GeV 
‣Doubled the antineutrino 

exposure previous reports 

Totals to date:  
14.9E20 protons neutrino beam at 30 GeV 
11.2E20 protons in antineutrino beam at 30 GeV



T2K event spectra
�43

9 νe CC events sit on background of 6.5 events 

Curiously, the νe events fit the background shape 
(P=23%) better than the signal shape (P=9%)

75 15 9

_

_



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 



NOvA neutrino and antineutrino running

• Reported results from 9E20 protons-on-target delivered at 120 GeV in neutrino mode 

• New results using 7E20 protons-on-target delivered at 120 GeV in antineutrino mode

700 kW operations
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FD data
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Total Observed 58 Range
Total Prediction 59.0 30-75

Wrong-sign 0.7 0.3-1.0
Beam Bkgd. 11.1
Cosmic Bkgd. 3.3
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Total Observed 18 Range
Total Prediction 15.9 10-22

Wrong-sign 1.1 0.5-1.5
Beam Bkgd. 3.5
Cosmic Bkgd. 0.7

Total Bkgd. 5.3 4.7-5.7

Strong (>4σ) evidence of ν̅e appearance
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Oscillation parameters from Super-
Kamiokande atmospheric neutrinos



Oscillation parameters from Super-
Kamiokande atmospheric neutrinos



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 >3σ 
sensitivity to the mass hierarchy and up 
to 2σ sensitivity to CP violation



DUNE Experiment 

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



DUNE 
Event 
Spectra





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
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Summary

• KATRIN will push limits on neutrino mass to 200 meV 

• Current and next generation searches for neutrino less double beta decay are 
approaching the inverted ordering region; mass ranges of 15 to 40 meV 

• Neutrino oscillation experiments have made great progress in past 20 years to detail 
the masses and mixing. Next questions (hierarchy, 23-symmetry, octant, CPV) to be 
addressed by currently running experiments: NOvA and T2K. With new antineutrino 
data from NOvA we have begun measurements of antineutrino oscillations at long 
baseline. 

• Search for sterile neutrinos has turned up anomalies which do not yet fit into a good 
model. Expect new information from the FNAL short baseline program in coming years. 

• Next generation is underway (JUNO, DUNE) and in advanced planning stages 
(HyperK). JUNO will make major progress in precision. DUNE and HK have excellent 
prospects for discovering CP violation in neutrinos. 


