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NEVTRINO 2018

XXVIII INTERNATIONAL CONFERENCE ON NEUTRINO PHYSICS AND ASTROPHYSICS
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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

P. (without E field)

. tritium decay /f // //%M //

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

¥

Electrodes

Detector

T, source : i |

Analyzing plane

—

Mainz: m(v,) < 2.05eV  (95% C.L.)

o

- Troitsk: m(v,) <23eV  (95% C.L.)
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KATRIN Experiment: First scans
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=Xpect first results in 2019.
—ventual reach ~ 0.2 eV in about three years




Going beyond KATRIN?

10 p=

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
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Neutrinoless Double
Beta Decay



https://wwwkm.phys.sci.osaka-u.ac.jp/en/research/rO1.html

Double Beta Decay

[Double beta decay]

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

........ —
2.0- l
1.5 [\
0.90 1.00 1.10
K./Q
Double beta decay Neutrinoless
which emits anti-neutrinos 1.0 7 double beta decay
. Mono energetic at
continuous 0.57 J
| Q value
spectrum up to end
point at Q value 0.0+ . . | e /.\
0.0 0.2 0.4 0.6 0.8 1.0
K./Q
Allowed in Standard Model Not allowed in Standard Model
T12 ~ 1027 years Requires:

¢ Massive neutrinos

o NL=2

e Neutrinos to be Majorana
T1/2 > 102° years



Lifetime, effective mass, and mass ordering
(Ty/2)~ " = G\M\zm%5

effective neutrino mass

lifetime for Ov53 phase space nuclear physics

S 2 2 2 2 ’La21
mpp = [m1ctycis + masipcize’? + masise

t(az1—9) ‘
mass-flavor mixing parameters from
oscillation experiments

Normal mass ordering Inverted mass ordering
In the inverted ordering
In the normal ordering V3L most of the electron flavor
most of the electron IS associated with the
flavor is associated with heavier states giving
the lighter states giving generally higher values of
generally smaller mgg
values. g 04 %

MpB,

Neutrino oscillation
measurements set a lower
imit at =15-50 meV,
T1/0=1027-28 years

Accidental cancelations
may result in mgg = 0. V1




mﬂﬁ [eV]

Dell'Oro et al, Phys. Rev. D90 (2014) Ty /2 [yrs]

1:
i mass
1025 10kg
0.1
; 102 400 kg
27
10 1 ton
0.01¢
i 1028
10 ton
102°
0.001 100 ton
10—4. L T T E L — . L - L
10~4 0.001 0.01 0.1 1

2 ightest [eV]

Following T. Kajita at Neutrino 2018



Exposure [kg-yr]

oe [keV]
T12 @ 90% CL
mpBpR @ 90%CL

EXO . CUORE GERDA/Majorana KamLAND-Zen

PRL 120 072701 (2018) PRL 120, 132501 (2018) Eur. Phys. J. C78 (2018) 388 PRL. 117, 082503 (2016)
136X e 130Te 76(GGe 136X e
TPC Bolometer Solid state Scintillator
175 86 82 504
30 5 3-3.6 100
1.8x1025 1.5x1025 1.1x1026 1.1x1026
147-398 110-520 100-300 61-165

] i[sotope mass running time

. . o "

110 mev detection eff/C/ency\ — /

s Thmlt

i 1/ 2 B - OF

= 1 meV N

: background rate energy resolution

Mg ]

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




Agostini et al. PRD 96, 053001 (2017)
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FIG. 3. Discovery sensitivity for "°Ge, 1*°Te, and 1*°Xe as a function of sensitive exposure and sensitive background. Contours in m
are represented as bands spanning the range of considered NME values. The experimental sensitivities of future or running experiments
are marked after 5 years of live time. Past or current experiments with published background level and energy resolution (red marks) are
shown according to the average performance in their latest data-taking phase.

Next generation

- Reach down to 40 to 15 meV
experiments
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Using current oscillation, direct mass,

and cosmological data as prior inputs,

how likely is the next generation of

experiments to discover OvGL?

e (G00d coverage of most of the inverted
ordering parameter space (top right)

e Reasonable coverage of most likely
parameters in normal ordering (top left).

e Agostini et al.: 50% change of 30
observation in next generation.

e \Watch the assumptions! Caldwell et al.
(right), for example, finds normal ordering
harder to reach than does Agostini et al.
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Posterior density
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Caldwell et al. PRD 96, 073001 (2017)
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OSCILLATIONS

Solar neutrinos, T2K + NOVA, atmospheric neutrinos, reactor neutrinos



Neutrino oscillations

1 C13 s13e % Cl2  S12
— Co3  S93 | 1 —S12 €12
—S23  C23 —513€% C13 1
. . 9 2 L [km]
P, = sin® (20) sin® [ 1.27Am? [eV~]
E |GeV]
2 | |2 2
[Amsy| = [m3 —mj) Am3, ~ Ams3, Am3, ~ 8 x 107° eV?
~ 2% 1073 eV?
Vy — Vy Ve — Vg Ve — Ve
atmospheric and reactor and solar and

long baseline long baseline reactor



deSa

las et al, 1708.01186
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013: Daya Bay, RENO, and Double CHOOZ

A _ 1:27-0.0025 eV*-1600 m _
B 4 MeV 2

Ve — Vg at atmospheric mass scale




GIANT LIQUID SCINTILLATION DETECTORS
AND THEIR APPLICATIONS*

FREDERICK REINES

Los Alamos Scientific Laboratory, Los Alamos, New Mexico

I. GENERAL CONSIDERATIONS LEADING TO THE
DEVELOPMENT OF LARGE DETECTORS
WHEN Clyde Cowan and I started in 1951 to pursue the free neutrino,® we
knew that an essential ingredient in any successful scheme would be a solid
or liquid target consisting largely of protons and measuring approximately
a cubic meter. Furthermore, the events which occurred in this target had to

PHOTOMULTIPLIER TUBES /
CONTAINER FILLED WITH I ﬁ 2m
il

SCINTILLATION LIQUIDS.
VOLUME, 3 cu.m

Fig. 1. Sketch of ‘El Monstro’, first Los Alamos attempt at a giant liquid scintillation
detector (1952).



RENO

Daya Bay

Events / 0.2 MeV

Evenis/MeV Data / Prediction

Far/Near(Weigthed)

6000

4000

2000

Far Data
Prediction (best fit)
Prediction (no oscillation)

1.04
1.02

0.98
0.96
0.94
0.92

0.9

I|III|IIIIIII|III|III|I

Rate+shape
x2/ndf=148.0/154

6 8 10

4
—}— Far site data
——— Weighted near site - best fit

——— Weighted near site - no osc.
{ Accidental

E:] 21Am-1%C

°Li/ *He
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Fast neutrons

III|III|IIIIIII|II
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1
)
>

T 0.95
L
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¢ FarData

09—  © Near Data _
-~ = Prediction from near data .
1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I
0 0.2 0.4 0.6 0.8
L /E, (km/MeV)
1.00;
- Best-Fit
0.98/ —— W/O oscillations
' 4 EH1
)
B Y EH2
0.96
T ¢ EH3
1=
*0.94;
0.92
099100 200 300 400 500 600 700 800 90
Lesr / Ey (M/MeV)
, o 1.267TAMAL
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arbitrary units

sin? 26013 = 0.0869 + 0.0026

|

0.14
Daya Bay 1

0.12

0.1

0.08

0.06 RENO

0.04
Double Chooz

0.02

III|III|III| II|III|III
OO 0.02 0.04 0.06 008 Ol 0.12 0.14 0.16 0.18 0.2

sin’ 20,
Daya Bay will run through 2020, will reach precision of 3%.

Leptonic CP violation can be

CP violation in |eptons 1000x larger than in the quark

sector!




Data / Prediction

RENO

. — e T 3
1.2— RENO Y5 =(5.785 +- 0.113) x 1043 cm?/fission =T 5 Mev bump
- H-M model : y¢ = (6.271 +- 0.150) x 1043 cm?/fission g Seen in a" th ree
T 7 _ | ‘ experiments
= I IN' [ J —4 = Double CHOOZ
L T i T Tt —e— Other ex:eriments af i | l

%2/ dof: 12.1/ 20 (prob: 91.2%)-
— Global average

0.8
F (] Experiments Unc.

o
C(t-._ﬁ' s : : : z : E A
c 1.2 R= 0/(0.959:0.01) - B (0.017:0.003 MeV') x E
B [ ] Model Unc. E) ! 5 5 5 ]
] SEEUFEPE T E—— " T - U SN S T J—— _
10 107 10 E2TT

Distar % .

All experiments low by 5% o

compared to current models 2o.
~ z z - | ' -
S [ - 3 EENEE— — Ne .1.2% S o | VEm— sy O S —
Daya Bay: Phys. Rev. Lett. 182, 251801 R T B i RN bR i i
(2017), correlates with reactor burn time = 7" °-<°49+|°">Me»__ /N \e029:0.13Mev

i ! 2 3 4 5 6 7 8

hence likely associated with reactor modeling Visible Energy (MeV)

of fission fragments
Anna Hayes at Neutrino 2018: “Improved

U n d e rSta n d | n Q red CtO I treatments reduce the size of the

- anomaly”. “The BUMP is due to standard
nel’Itrlno ﬂuxes nuclear physics...may be from 238U”



JUNO Experiment LA S e s

- 20 kton liquid scintillator placed 53 km from two %\/ Sge e SREU N
high powered reactors. b= R\
N/ , R s |

- Goal is to measure neutrino mass hierarchy A e
through precise measurement of oscillation i ' nm 20 kton =5
phase at 3-40 \ s = «

- Also has very strong program in 21 and 31 % > By
sectors. b ' A

C O edS. > et N B

- Data taking ~2021

Dominant experiment | KamLAND SNO T2K & NOVA | Daya Bay T2K
/Daya Bay

Individual 1o 2.4% 6.7% | 3.2%/35%  4.0% 9.8%
Global 16 * 2.2% 3.9% 1.2% 3.4% 5%

JUNO expected 16 0.6% 0.7% 0.4@ ~15% ]

Am?



Next Questions In Neutrino Physics

- Mass ordering Vi

- Nature of vs -
Oo3 octant

- s CP
violated?

- |s there more
to this
picture”

S
9 %c




Motivation for sterile

neutrino searches
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Motivation for sterile
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Appearance Probability

0.020 :
—— best fit
¢ v mode: 12.84 x 10%° POT
0.015l| 4 7 mode: 11.27 x 10° POT ®
& LSND |
0.010} ]
MiniBooNE
0.005 I/ﬁl/ﬁ; v + ¥ best fit T
(=
0.000 +
—0.005 ' ' ' '
0.0 0.5 1.0 1.5 2.0

L/E [meters/MeV]

Interpretations of LSND
and MiniBooNE in 3+1
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Search for sterile
neutrinos In
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10.56x10%° POT MINOS

5.80%x10%° POT MINOS+
v, mode
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data 90% C.L.

— MINOS 90% C.L.
— IceCube 90% C.L.
— Super-K 90% C.L.
CDHS 90% C.L.
CCFR 90% C.L.
I SciBooNE + MiniBooNE 90% C.L.
8 Gariazzo et al. (2016) 90% C.L.
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disappearance channel 107
Electron neutrino 10°E
appearance through P
through v,—ve with eV- 10 L
scale sterile neutrinos S
implies additional 2 L
disappearance in vy— vy % 1
This is not seen by a . N
number of experiments, € 107
esp. MINOS and IceCUBE < :
—2 (.
This creates a tension: 10 =
there is no model involving E
sterile neutrinos which can 10
simultaneously fit the z
appearance claims and the -
disappearance 10°* >
measurements. 10
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Fermilab Short Baseline Program
3-50 resolution of SBN anomalies in 5 years

- T600, 6.6e+20 POT (600m)

—  Signal: ( Am® = 0.43 eV 2, sin’ 26, = 0.013)
- Statistical Uncertainty Only

1 15 2
Reconstructed Energ

Far detector
L=600m
M 476 ton

A three Iqu|d argon deteotor experlment

MicroBooNE, 1.32e+21 POT (470m) Hp - v,
Signal: ( am® = 0.43 eV %, sin® 26, = 0.013) =,I: -V,

Statistical Uncertainty Only - ;In;le
Y
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B Cosmics
— Signal

1 15 2 238
Reconstructed Energy (GeV)

First detector

L=470m
M = 85 ton

SBND 6.6e+20 POT (100m)
Signal: ( Am? = 0.43 eV ? sin’ 26, = 0.013)
Statistical Uncertainty Only
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Near detector

L=110m
M=112t0n
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Next Questions In Neutrino Physics

- Mass ordering Vi

- Nature of vs -
Oo3 octant

- s CP
violated?

- |s there more
to this
picture”

S
9 %c




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(v, = v,) ~ 1 — 4cos® 03 sin? O3 [1 — cos? #13 sin” 923] sin? As;
e Sin2 2923 Sin2 Agi

Py, = ve) = |y Puime "(83210) V Psol|”

= Patm + FPsol + 2\/Pathsol (cos Ago cos d F sin Agy sind)

P — sin s sin 2913SinA(A31 ¢ZL> Au; | oL =008 for L =295kn
51 $La a=GpN./V2~ 00T aL = 0.23 for L = 810 km
‘/Psol — COS 923 sin 2912 S (Z )A21 m al, = 0.37 for L = 1300 km
a
Parameter Channels Question
sin®203: v, — v, and ¥, — U, : Is 023 maximal?
Sin2 923 SiIl2 2913 - V, — Ve and v, — Ve - Octant of 923
0 0
sign [Ag1] : V,, — Ve VS. U, = U :  Neutrino mass hierarchy

dcp - V), — Ve VS. Uy — Vg Is CP Violateg?


http://inspirebeta.net/author/Nunokawa%2C%20Hiroshi?recid=762771&ln=en
http://inspirebeta.net/author/Parke%2C%20Stephen%20J.?recid=762771&ln=en
http://inspirebeta.net/author/Valle%2C%20Jose%20W.F.?recid=762771&ln=en
http://inspirebeta.net/record/762771
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Neutrino oscillations Bi-probability plots for the NOVA

experiment
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Summary of sensitivity of v,—ve rates to
physics parameters

Factor Type
Matter effect .
(mass ordering) Binary Yes +19% +10%
CP violation = 2ounded, g [-22...422]% [-29...+29]%
continuous e 0 o 0
Unbounded,
B2s octant " L No [-22...+22]% [-22...+22]%
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

- |n 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 NOvVA runs at an energy slightly above
the oscillation maximum

- B23 was varied inside the 20 range found by a recent global fit (PRD 90, 093006) 36



Making a neutrino beam
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Making neutrino
and antineutrino
beams

Top: Neutrino beam flux

Bottom: Antineutrino beam flux

10° Neutrinos / m?/ GeV /5 x 10" POT

10° Neutrinos / m?/ GeV /5 x 10" POT
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T2K Beam Delivery

[U—
S
| L

Began operations in 2010 2017/18

8 -_ ............... .............................. .............................. , ............ 2016/17, .......................... ,

This year:

» 485 kW operations

» OE20 protons-on-target
delivered at 30 GeV

» Doubled the antineutrino
exposure previous reports

Accumulated POT

Nov Jan Mar May Jul

otals to date:
4.9E20 protons neutrino beam at 30 GeV
1.2E20 protons in antineutrino beam at 30 GeV

A

A
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Number of events per bin
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243 v, — CC events

8

2

z

-

= Unoscillated Prediction R»
Oscillated with Reactor Constraint =
s Qg Cillated without Reactor Constraint 8. 60
o tp— Data Q8
& ia c
T2K Run1-9 Preliminary g
g ©
g 0
et
20
10
0
o
—
©
o

02

v Reconstructed Energy (GeV)

T2K event spectra

102 v, — CC events
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Unoscillated Prediction
Oscillated with Reactor Constraint
Oscillated without Reactor Constraint

T2K Run1-9 Preliminary

v Reconstructed Energy (GeV)

T2K Runl-9¢ Prelimina

9 7 T2K Run1-9¢ Preliminary =5 180
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v Reconstructed Energy (GeV)

lé‘.eculst'uc:eﬁd Neutrino énergy ( GeV;

9 ve CC events sit on background of 6.5 events

Curiously, the ve events fit the background shape

(P=23%) better than the signal shape (P=9%)

43
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antineutrino event counts

T2K Runl-9c Preliminary

I | LI | r 1T 1T 1 I 1T 1 1 I LI | L I L I T 1

— sin’ 673_050 045 OSS
o Amgf, =2 44x10 > eVt
---- Amj, = 24110 S evct :
O Op=1 :"-_ Y.
B Op=+m/2 % "
O 0ep=0
& 6 =-7/2

-------

I

30 40 50 60 70 80 90

100

Neutrino mode 1Re candidates

Relative to the best-fit parameters

T2K nGUtrinO and T2K has seen an upward fluctuation

In nheutrino events and a downward
fluctuation in antineutrino events.



T2K measurement
of CP phase 6

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

- Current measurement
(bottom) favors nearly
maximal CP violation and
excludes CP conserving
values at >20.
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Daily exposure (10%® POT)

NOVA neutrino and antineutrino running

3.5 20.0
Daily neutrino beam
Daily antineutrino beam r 17.5
3.0 1 V/APN @  evssseerennnmnssssssennnnnssssasersnnnnnsssnsssnnncpfonsasennnnns —~
b UL b ek ol M 700 kW operations =
, o | — Accumulated neutrino beam - 15.0 5
' —— Accumulated antineutrino beam =
r 12.5 ‘q;)’
2.0 o
- 10.0 §_
1.5 1 ()
r 7.5 .02)
]
1.0 - 50 (_fs
3
0.5 r 2.5
0.0 - - - - - - 0.0
2014 2015 2016 2017 2018
Date

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



Neutrino beam NOVA Preliminary Antineutrino beam NOVA Preliminary

Events / 0.1 GeV

- —— FD Data ] : —+ FD Data 1
| —_ s ] 8_ - s 4 —
- All Quartiles Prediction . - All Quartiles Prediction -
B 1-c syst. range 7 i 1-c syst. range |
- Wrong Signiv,CG1 > u Wrong Sign:v,CC]
i | Total bkg. i 8 6 Total bkg. —
| ‘ —+ [ Cosmicbkg. | ~ [ Cosmic bkg. |
i 1o | ]
- [ 1 o 4 =
i ! 1 = L |
| {1 o L - -
— o - > —.—
— { ST | :
i :[ i 2t rlJ + _
o e T L B
_===‘—J<—V\—"u_v——‘ l I I | | I I I I | | | | | ] O_—IJ I I o—1 1 | | | I | | | | | | | | | | | ]
0 1 2 3 4 5 0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
Total Observed 113 Total Observed 65
Best fit prediction 121 Best fit prediction 50
Cosmic Bkgd. 2.1 Cosmic Bkgd. 0.5
Beam Bkgd. 1.2 Beam Bkgd. 0.6
Unoscillated 730 Unoscillated 266




Events / 8.85 x 10%° POT-equiv

NOVA Prellmlnary NOVA Prellmlnary

Neutrino beam Antineutrino beam

i Low PID High PID i o [ LowPID High PID -
20| —4— FD data | — ?'; - 4+ FD data .
| —— 2018 Best Fit © : — 10~ — 2018 BestFit © —
_ I Wrong Sign Bkg. 1 g % i 8 - I wrong Sign Bkg. g %_ i
15— [ Total Beam Bkag. O GCD ] Q 8~ " Total Beam Bkag. O CI:J m
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i i o 2 4
I 1 7 i H ]
O_ . ! : . o] O_ : . . N
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
Total Observed 58 Range Total Observed 18 Range
Total Prediction 59.0 30-75 Total Prediction 15.9 10-22
Wrong-sign 0.7 0.3-1.0 Wrong-sign 1.1 0.5-1.5
Beam Bkgd. 11.1 Beam Bkgd. 3.5
Cosmic Bkgd. 3.3 Cosmic Bkgd. 0.7
Total Bkgd. 15.1 14.7-15.4 Total Bkgd. 5.3 4.7-5.7

Strong (>40) evidence of v, appearance
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[otal events - antineutrino beam

NOVA Preliminary
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NOVA FD 8 85x10%° POT equw Vv + 6.9x10% POT v

o I 1

i - == NH Lower octant | CZ)
—_ 4:_ Pt T — NH Upper octant _: §>
\b./ i '/' \\ -=--|H Lower octant a2y
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w . | | _
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=

CP
XIZH — X12\IH = 2.47
P value based on Feldman-Cousins calculation = 0.076, or 1.80



Oscillation parameters from Super-
Kamiokande atmospheric neutrinos

e Phys. Rev. D 97, 072001 (2018)
f \L’T"erteﬁ ; AmZ, = (7.53 + 0.18) x 10 5ev?,
of MY ! sin? 6;, = 0.304 + 0.014,
| - sin? 6,5 = 0.0219 + 0.012
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Oscillation parameters from Super-
Kamiokande atmospheric neutrinos

Phys. Rev. D 97, 072001 (2018)

Ams, =(7.53+0.18) X 10 5ev?,
sin® 6, = 0.304 + 0.014,
sin? 6,3 = 0.0219 + 0.012

2 0 Uy T T T

151

¥ % m— CP violation parameter o,
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95% [ / i N\
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0.001 (I)ZOfngz l ’Oi(Z)in§1 I Oe(:;): 0.005 7 99%
. 1 90%
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99% _
i \\/}/ i
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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 30 sensitivity
to CP violation if CP violation is maximal.

NOVA will run through 2024 with
iIncremental upgrades to beam intensity
to 1 MW

- With those NOVA will have >30
sensitivity to the mass hierarchy and up
to 20 sensitivity to CP violation
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Sanford Underground
Research Facility

Lead, South Dakota
\ / Sanford Underground

\v‘/ permiilat _ Research Facility
Batavia, lllinois ®
"'- Y oy e fzo miles \ /" "'-"-n-,,- (Proposed)
il TS, \"
V

Ty
T
i
.u-u-"-. ~% n-n-n-,,-.
LT
%50 g
g

800 miles =i
Fermilab

DUNE Experiment

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

>50 resolution of mass hierarchy
>50 resolution of CP violation

Run 3493 Event 41075, October 23, 2015




DUNE

Event
Spectra
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Timeline

DUNE Far Detector
Interim Design

, Report (2018)
b Will be made public soon...

.

Physics data as soon as 1st

module complete
 Atmospheric vs
« SNB and solar vs
 Baryon number

violation 2022: First Module

« Detector calibration Installation Begins

2026: Neutrino Beam
Avalilable

_ LBNF/DUNE PROJECT
~ GROUNDBREAKING




Hyper-Kamiokande

Super-K
22.5 kton
11,000 PMTs

.




Hyper-K
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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 detall
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.



