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Hypothesis

In 1930, Pauli postulated a particle to solve iune

the crisis of conservation of energy in 8
decay. It should has tiny mass, neutral,
barely interact with matter.

Wolfgang Pauli

" have done aterriblething. | have postulated . ﬁ.uTu

a particlethat cannot be detected." -- Puali
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Discovery of Neutrino

26 years later, Cowan and Reines

discovered neutrinos using reactor.
(Nobel Prize in 1995)

Each fission releases 6 electron
antineutrinos. Six reactors in Daya
Bay (17.4GW) release 3.5X 10%!
neutrinos per second.




Discovery of the 2"9 and 3'Y neutrinos
o5

Evidence for a second
type of neutrino came in
1962, Leon Lederman,
Jack Steinberger, and
Melvin Schwartz (Nobel
Prize in 1988)

In 1989, experiments at
CERN proved that there TS T
exists exactly 3 neutrino | &3 /2

O nb]

20 |-

In 2000, DONUT at
Fermilab found the 0|
neutrino.

error bars increased
by factor 10
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Does Neutrino has mass?

In 1956, T.D. Lee and C.N.
Yang proposed Parity
violation in weak interaction.

In 1957, C.S. Wu proved it
experimentally. Maximum
violation.

Lee and Yang: V-A theory of
weak interaction, inherited
by Standard Model

Maximum violation —» Only
left-handed neutrino exist >

neutrino IS massless in
Standard Model




L eft-handed Neutrino

In 1958, Goldhaber-Grodzins-Sunyar experiment
proved the neutrino is left-handed.

The Helicity Experiment Set-Up

152*
Eu™ Source

Magnetic
Polarimeter

Lead
Shield

Tubes of | meta
and iron

ponmaray detector NEULIINO has mass — there

Photomultiplier should be right-handed
neutrino but not observed
yet.

Possible observation: OvBp
6

77% Sm'™
in a cardboard
container

Nal(Tl
gamma-ray detector




Solar Neutrino Puzzle

Every second there are 60 billion solar neutrinos fall on 1
cm? area on the Earth.

In 1968, Homestake found that observed solar neutrino
rate is only 1/3 of expected.
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Davis, Nobel Prize in 2002




Neutrino Oscillation

In 1957, Pontecovo proposed neutrino oscillation,
If neutrino has tiny mass, and there are different

kind of neutrinos.

Is solar neutrino puzzle due to oscillation when
flying from the Sun to the Earth?

Vacuum oscillation assumption need fine-tuning.
Different experiments are not consistent.

In 1978, Wolfenstein noticed that oscillation effect
will be impacted by the electron neutrino
scattering in matter.

In 1986, Mikheyev and Smirnov used this idea to
explain the solar neutrino problem. (MSW
effect/matter effect)




Atmospheric Neutrino Anomaly

4] | ' ' ' ' ] Kamiokande and IMB
o RN— (/e Yoma / (/€ | experiments found
R + --------- e atmospheric neutrinos are
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Koshiba, Nobel Prize in 2002




Number of Events

222288 %

Discovery of Neutrino Oscillation

In 1998, Super-Kamiokande discovered atmospheric

neutrino oscillation!

Multi-GeV p-llke + PC
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Neutrino Oscillation
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Six parameters of Oscillation
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Confirmation from Solar v: SNO

D,0O, water Cherenkov detector

Charged-Current (CC)

Vet d mmp e+ p+p

Ee~Ev, ~Isotropic

Neutral-Current (NC)

V,td = v +n+p
n+d—>t+y,E, =6.25 MeV

Vy= VetV + v,

lastic Scattering (ES)
70, W+

Vy t € mmp v, tE V= Vet(v,+v,)/6

orward Peakin 13




Confirmation from Solar v

In 2001, SNO experiment confirmed solar neutrino
oscillation unambiguously, by detecting 3 reactions
simultaneously. Electron neutrinos (solar) do disappear, but
total number is the same.

0.35+0.02

cl
Theory ™ "Be W P~P. Pep Experiments mm
®8 M CNO Uncertainties
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Confirmation from Reactor v

¢ In 2002, KamLAND confirmed the oscillation

using reactor neutrinos. (Solar oscillation mode)
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Confirmation from Accelerator v

¢ In 2003, K2K experiment confirmed the

oscillation with accelerator (atmospheric model).
The 1St accelerator neutrino exerlment

d.v \ $?’2'95”?"‘

51 ﬁ‘/

events / 0.2 GeV v %
N

~
o
L e e

Event rate: 2.9
Spectrum: 2.5
Total: 3.9 ¢

Eeutrino Energy (GeV}
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Mixing angle 0,5

Solar mode (solar and reactor experiments) measured
Am?,,, sin?20,,

Atmospheric model (atmospheric and accelerator
experiments) measured |Am%,,|, sin220.,

Three generations of neutrino need 6 oscillation
parameters. 0,,, 6-p, and mass hierarchy unknown.

Reactor experiments CHOOZ and Palo Verde didn’t
observe oscillation: sin?20,,<0.17

In 2011, T2K found the indication (2.5 ¢) of v, - v,, 03

could be Iarge B
Super-Kami ‘ f lés i fﬁ.p;,}fr,.:l? /
.v \’\)L 495 3km

ﬁ“,
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Daya Bay in 2012: 0, Is large

Sin220,,=0.092 + 0.016(stat) + 0.005(syst)
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Neutrino Puzzles

Neutrino Oscillation

= Mass hierarchy: Which neutrino is the lightest?
= CP violation: Mystery of the missing antimatter
= Qctant of 0,4

The absolute neutrino mass?
= B decay; Ovpf; cosmology

Is neutrino Its own anti-particle?
= Dirac or Majorana (Ovp)

Is there sterile neutrino(s)?

Neutrinos as probes

= Nucleon structure and QCD,;

= Solar v; supernovae v; ultra-high energy v; big bang v
= (eo-v;

19



Next Goals in Oscillation

Mass Hierarchy.

= Long baseline accelerator experiment (>1000 km)

= Atmospheric experiment (better if charge identified).

= Reactor experiment, via P5; and P, interference.

= All are challenging. Need > 10 k ton detector.

CP phase.

= By accelerator experiment. Measuring the asymmetry
between neutrino and antineutrino oscillation.

= Atmospheric has certain sensitivity

0., Octant, also by accelerator and atmospheric

Sterile neutrino.

= Short baseline accelerator experiments

= Short baseline reactor experiments

= Source experiments

20



Accelerator Neutrinos

Absorber Muon Monitors

Target . \ 1 1 1
Target Hall Decay Pipe . h— v

120 m\
protons

:i S
From ) #1 ) : Tt
Main Injector H -

orns"”~ z* -y '
10m 30m / v
675 m Rocki Roek Rock
Hadron Monitor e 12m 18m  210m
Conventional beam
T o u +vy K->u+v,
+ + —
TS o ut+y, u—-e+v, +v,

Muon beam under R&D (v factory, MOMENT)
ut—et +v, +v,
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Accelerator Neutrinos

_

vV, 2V

Japan Hyper-K H H

Fermilab I\/IINOS(+) LBNE(F) Vy = Ve
NOVA

CERN ICRUS LBNO? Vy = Vg
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Neutrino beam: Off-Axis

Far Detector.
an Idea from BNL (TRIUMF): Near Detector

Decay Pipe

TargetHorns

> Bid-fo)

Pros —
= |ncreases flux on osc. max.

= Reduces high-E tail, and
thus NC backgrounds

= Reduces v, contamination
from K and u decay

Cons -
= Complicates disappearance
measurement

= Increases near/far
differences

= Have to know angle!
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Particle Identification

e.g. MiniBooNE

25



Events

# of v, Candidates

Appearance
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2011: Indication from T2K

® \\e reported new results on vV, = V. oscillation analysis
based on 1.43 x 10%9 p.o.t. (2% exposure of T2K’s goal)

The expected number of events is 1.5 + 0.3 (sin’2813 = 0)

6 candidate events are observed

Under 813=0 hypothesis, the probability to observe 6 or more candidate events is
0.007 (equivalent to 2.50 significance)

0.03 (0.04) <sin?2613 < 0.28 (0.34) at 90% C.L. for normal (inverted) hierarchy
(assuming Am?23=2.4 x 102 eV?, sin*2623=1, &cp=0)

Indication of V. appearance

submitted to PRL

® Resume experiment as soon as possible and improve analysis
method to conclude V. appearance phenomenon

® v, disappearance result with 1.43 x 10%° p.o.t. data will be
reported this summer

27



Ifeernbyea ol ey o) WP

Phys. Rev. Lett. 112, 061802 (2014)
T2K observation of v, Appearance
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First ever observation (>5a) of an explicit v appearance channel

06/04/2014 Chris Walter - Results from T2K - Neutrino2014 14



Let’s think about these regions!

* Comparing with the
external reactor
constraint the best
overlap is for the
normal hierarchy with

6 .,=T/2.

This is a lucky point!

You also need to
increase the 6,; mixing
angle to account for
the number of
observed events.

n 0 PDGINIZ Io range

E 1[C "]
[~ - -
“os| .
0 - Amy,>0 E

E — hE% CL E

0.5F { Bt =

.....
bdads

Note: Marginalized  sin“26,
over 6,, and Am?,,

06f04/2014 Chris Walter - Results from T2K - NeutrinoZ014 15



Hyper-K

1Mt water Cherenkov

J-PARC beam, 0.2 - 2 MW

= And atmospheric
neutrinos

Detector Construction: 2015

Operation: 2022

3v+Tv-bar

= Hyper-K NMH
= = Hyper-K IMH

T 12

—~~
o
&)

Ay (

5(degrees)

) Hyper-K 540kton

T T T T
| —— HyperK NMH |

M 1 " 1 M " 1 " 1 "
0 60 120 180 240 300 360

5(degrees)
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NovA .AsH‘ River -I:aborat‘ory

¢ measurements of the v,> v, and
v,> v, for bothvand v

¢ 14 kt totally active, liquid | ]
scintillator , surface detector . ”

¢ Optimized as a highly segmented
low Z calorimeter/range stack Near Detect

¢ Tuned to:
= Reconstruct EM showers o
= Measure u track momenta

= ldentify interaction vertices
and nuclear recoils

Michigan




T, )

NOvVA- Mass Hierarchy
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LBNE(F)

‘ 10 kt (34 kt) LAr On Su rface J Photon Detectors |
(underground) - -
¢ FermiLab NUMI beam, 0.7
MW
¢ Detector Construction: 2014
¢ CD1 approved
¢ Operation: 2022?
9v +5v-bar
B S NAN
D i 12%(de1;:e98)240 o 0 i 12%(dez:ees;40 .




Atmospheric neutrinos

v,/ve~ 2 at low energies

v,/v.>2 at high energies
since fewer p decays

H
2 o
5 v+,
ol RV
2 Mgy R Y
101 1 10 102




History of Super-Kamiokande

96 197 (9819910001 |102|03[04|05(|06(07|08(09 10|11 |12]13
phase-l phase-ll phase-| phase-lV
4.lyears 2.2years | .4years 4 9years
91.7ktyr 49 .2ktyr 31.9ktyr | 09ktyr

M. Shiozawa Super-K total |3years or 282 ktonXxyears

Aug-2002 |

I I_ I 46 ID PMTs 5I82 ID PMTs | l, I29 ID PMTs. | Electronics
(40% coverage) (19% coverage) (40% coverage) Upgrade

E
T:ferfzdd 5.0 MeV 7.0 MeV 5.0 MeV <4.0 MeV

(Total energy) ~4.5 MeV ~6.5 MeV ~4.5 MeV <~3.5 MeV
(Kinetic energy) Target 35



Prediction
Vu—Vr
SK DATA |

Mumber of Events

n "

Sub-GeV e-like

-1 0
cas zenith

V's oscillation studies in Super-K

T
1 5“4 Prredclion

Sub-GeV uike

Multi-GeV e-like

Multi-GeV u-ike + F1

=1 0
cos Zenith

0
cas zenith

0 1
cos zenith

* Dominant effect is vy disappearance (discovered in 1998)
¢ Further studies on sub-dominant effects

* Vr appearance (established in 2013)

e Full three flavor analysis
* Ve and Vy flux change to extract information on mass hierarchy,

Ocp, 023 and Am?;;
¢ Test of non-standard models

M. Shiozawa



Evidence for T neutrino appearance
':.::,.... ; TEB Y () Published in PRL 110, 181802 (201 3)

Zenith Distribution of T-like events
SK-I+1I+11l 2806 days

Events

200;— _%7 _gjﬂ

e Pl 150 :
Neural network to % _?_'%'ﬁ

enhance events consistent 100

with hadronic decays of T 535_ Fitted Excess

NPATA/N =P - : Atm v BKG MC
=1.42+0.35(stat)+"“.0.12(syst) 008 06 0402 0 02 04 06 038
3.80 significance for null T * mt%

Vu—Vr channel has been confirmed by T identification
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Mass Hierarchy from Atmospheric

Energy / GeV

Due to matter effect, oscillation oo/l e
probability of atmospheric muon ~ 8[f . e
neutrino when passing the Earth _ %/ Pt
depends on mass hierarchy oy

If can’t do PID, most of the effec gf Rt

will cancel, but the residual effec o'k

still can distinguish the MH
7 GeV

PREM

Energy / GeV

15

08 -06 -04 -02

cos 6,

NH

L
:0.6 -~ .

E (GeV)

30

Anti-neutrino
8 zenith=1 300
B15=7"

04+

! T
Normal
Inverted «-seee- —

5 10 15 20
E (GeV)

30
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INO

® Atmospheric neutrino

® 50kt Iron-calorimeter

® Construction: 2012-2017
® Operation: 2018

® 35 in~2030

| T | T T T T T T T T

24’_‘ -

r sinz?.e l 3=0. 12
S| e sin?20|,=0.l 2
16! - sin229l3=(].08

. i ;

- 3
<12 >

g e g

4%;"_.,.-'" .................................................... 20__ three 17kt modules’
0( s o L o each 16x16x14.4m3

’ ' L e w2 150 iron plates, each 5.6 cm thick
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PINGU

Phased Icecube Next Generat

Upgrade
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Nobs/N exp

The JUNO Experiment

Jiangmen Underground Neutrino Observatory, a multiple-purpose
neutrino experiment, approved in Feb. 2013. ~ 300 M$.

14F Daya Bay JUNO —
Near Slt\.

1.2 Far Site
1.0—'*# '&M 7 Sl O i
0.8 3

X Savannah River
0.6 O Bugey

X Rovno
04r- o Goesgen

A Krasnoyark
021 O Palo Verde

B Chooz ® KamLAND
004 | 1 1 |

10' 10° 10° 10* 10°

Distance to Reactor (m)

20 kton LS detector

3% energy resolution
Rich physics possibilities
= Reactor neutrino

for Mass hierarchy and
precision measurement

of oscillation
parameters
=  Supernovae neutrino
=  (Geoneutrino
=  Solar neutrino
=  Sterile neutrino
=  Atmospheric neutrino
=  Exotic searches

Talk by Y.F. Wang at ICFAseminar 2008, Neutel 2011; by J. Cao at Nutel 2009, NuTurn 2012 ;
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen, PRD78:111103,2008; PRD79:073007,2009
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Interference: Relative Measurement

P{_\_{_\_(L;’EEJ — I_Pﬂl_Pﬂl_Pﬂﬂ

Py1 = cos?(f3)sin”(2612) sin® (A ) P,; = 0.81 sin?A,,
P31 = cos?(#12)sin?(263) sin?(Ag;) P;; =0.7X sin? 2043 X sin? A
Py = sin?(612) sin®(2613) sin®(Ass) P;, = 0.3 X sin? 20,5 X sin® A,

The relative larger (0.7) oscillation and smaller (0.3)
oscillation, which one is slightly (1/30) faster?

Take Am?,, as reference, after a Fourier transformation
= NH:Am?3; >Am?;,, Am?;; peakat the right of Am?,
= IH: Am?%;; <Am?;,, Am?; peakatthe left of Am?,,

0.0045 E. — Mod2_normanl & P «10”°
E e ModR daverted 1] - i
GO E . 30F Fourier power spectrum —_NH
nn(ni;— 25 i— ==1H
u.nosoé— 20 ;_
0.0025 =
E 15 .
0.0020 = . ; /
= - * .
00015 10 = 4;"
20010 Eo 55_ s -

- S LN — : .
0.0005 £ HEEY (R [EDI:IE 0.0022 0.0024 0.0026 0.0028
RPN - ST AP B el WAnrs & oUA /A IV SO SORAT PR B 2
000005 6020 0.0021 0.0022 0,0023 0.0024 0.0025 0.0026 0.0027 dm?leV

dm (eV?)
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Location of JUNO
| NPP | DayaBay | Huiznou | Lufeng | Yangjiang | Taishan

Status Operational Planned Planned Under construction Under construction
Power 174GW 17.4GW 17.4GW 17.4 GW 18.4 GW

Previous site candidate

R oi!l.iz_hul’t:Nsi‘
i ] l = (RN

1

L2 ‘.’A ‘::: : 4” ¥ y' \\‘
L uang Zhou Denggmey 7 A
‘;r;u' / - -

‘k\\

C RS o | ol | TR
e ;,2 5 h drlve 3 7 3
a4 Shen Zhen "y f DS Huizhou
@ 3 " NPP
q; By
Zhu Hai q\[ S HONSIKOTE

, - Hong Kong

.,»"A (k/— {}\1 "

’i\ I\/Iacau —_—

53 kms L Cores YI-C1 YJ-C2 YIJ-C3 YJ-C4 YJ-C5 YJ-C6

Power (GW) 29 2.9 2.9 29 29 2.9
Baseline (km) 5275 5284 5242 5251 35212 5221

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ

Power (GW) 4.6 4.6 4.6 4.6 17.4
Baseline (km) 52.76 52.63 5232 5220 215




High-precision, giant LS detector

Muon detector

KamLAND BOREXINO

LS mass 1 kt 0.5 kt 20 kt
Energy Resolution 6%/NE 5%/ E 3%/NE
Lightyield 250 p.e./MeV | 511p.e./MeV | 1200 p.e./MeV
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| and mixing parameters

25

Sensitivity on M

I Mormal true MH

Ay? (AmZee)

— — True MH (o, = =}

5L — — False MH (g, = =}
— True MH [o.,. = 1.0%)
— False MH (g, = 1.0%)}

<

"] JUNO MH sensitivity with 6 years' data:

Ref: Y.F Lietal, Relative @Use
PRD é%fsl)g’oos Meas. | absolute Am?
Ideal case 4o 50
_(®)Realistic case 3o 4o

|AMZ,e| (X107 eV?)

ﬂ 1
234 236 238 240 242 244 246 248 250

Current JUNO
Am?,, ~3% ~0.5%
AmZ,, ~4% ~0.6%
sSinZ0,, ~7% ~0.7%
SiNZ0,, ~15% N/A
Sin“0,5 | ~6%> ~4% | ~15%

2014-7-10

(a) If acceleratorexperiments,e.g NOVA,
T2K, can measure Am?,, to ~1% level

(b) Take into account multiple reactor
cores, uncertainties from energy non-
linearity, etc

Probingthe unitarity of Upys 10 ~1%
more precise than CKM matrix elements!

45



Supernova Neutrinos

Less than 20 events observed so far

Assumptions:

= Distance: 10 kpc (our Galaxy center)
= Energy: 3x10° erg
= L, the same for all types

[ ]
Size of Star

(¥
Size of Earth’s Orbit

[ S
Size of Jupiter's Orbit

Atmosphere of Betelgeuse
PRC96-04 - ST Scl OPO - January 15, 1995 - A. Dupree (CfA), NASA

B 1 Estimated numbers of neutrino events in JUNO (preliminary)
w8 (i) = 12MeVammen v ) Events for different (E),) values
O e Channel e o ¥ev 1MoV 16 Mev
3 i .'. N = Mel/ - : - - T T
5 of BT e TRy S e CC  43x10° 50x10°  B57x10°
" i — Allflavoss | p4p—sv+p NC 6.0 x 102 1.2 x 103 2.0 x 103
SR eventspectrum | Ve v te NC 3.6 x 102 36x102 3.6 x 102
S % of v-pscattering | ¥+ “C — w4 120 NC 1.7x102 32x102  52x102
g 20 (preliminary) 4, + 20 — ¢ + 2N ccC 4.7 x 101 9.4 x 101 1.6 x 102
7.+ 2C—et+ 2B CC 6.0x 100 1.1x10° 1.6 x 10
0 O i et P N TN Msatygn e
02 04 06 08 1 12 14 16 LS detector vs. Water Cerenkov detectors:
Quenched Proton Energy E;“ [MeV] .
much better detection to these correlated events
-> Measure energy spectra & fluxes of almostall types of neutrinos
2014-7-10
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Other Physics
¢ Geo-neutrinos _

= Current results 3
KamLAND: 30+7 TNU (PRD 88 (2013) 033001)
Borexino: 38.8+12.2 TNU (PLB 722 (2013) 295)

geo
[ reactor
—\)
=

w

51

w

0

Statistics dominant 25
= Desire to reach an error of 3 TNU 20
= JUNO: x10 statistics 15

 Huge reactor neutrino backgrounds 10f

 Expectation: ~36X10%=310%
¢ Solar neutrino
= Metallicity? Vacuum oscillationto MSW?
= need LS purification, low threshold
= background handling (radioactivity, cosmogenic)
¢ Atmospheric neutrino
= measure v energy instead of leptons’in LS. ~ 26 for MH in 10 years

¢ Diffuse supernovae v, Sterile v, Indirect dark matter, Nucleon

decay, etc. -



Experiments/Proposals for MH

M Blennow et al., JHEP 1403 (2014) 028

Lh =] =]

||h|||

Sensitivity for §=0.5 [co]
T m- T

Sensitivity for =0.5 [o]

{5

| NOVA, LBNE: §

2015 2020 2025 2090 2015 020 2025 2030
pate  PINGU, INO: 0,;=40-50 Date

JUNO: 3%-3.5%
JUNO: Competitive in schedule and Complementary in physics
= Have chance to be the first to determine MH
= Independent of the CP phase and 0,5 (Acc. and Atm. do)
= Combining with other experiments can significantly improve the sensitivity
= Well established liquid scintillator detector technology
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Neutrino Mass

Three ways to determine

the absolute mass SM vertex
1) OvpBpB decay e
2 V.
<m>ee — Z (M) 12 U, ‘ »
|
W
2) B decay
Nucl== Nuclear Process I#Nucl ’
2 2
(Mg = Jz(mi Ve [7)
i
3) Cosmology And Supernovae?
non-oscillation  probed experimental 99% CL range 99% CL range
parameter by limit at 99% CL | normal hierarchy inverted hierarchy
ee-entry of m 0023 mee <039heV | (1145 meV  (12+57) meV
(mim)il” f-decay  m,, <2.1eV | (4.6 +10)meV (42 57)meV
my +mg +mg  cosmology  Meosmo < 0.5 eV | (51 =66)meV (83 =+ 114) meV




— —i
ba | [

=
fai

relative decay amplitude
o~
I

=
bJ

=

Direct Measurement: Kurie plot

Nuclear B decay:

% =C-p(E+m,) (E,-E) »\/(Ec, ~E) ~m; - F(E,Z) 6(E,— E —m,)

(v-= mass)?

Neutrino mass determination: EO & shape

T o PRI e L= [
/o8
El
2,06
o
.";E I
S= 04
f oo I
- nly 2w 10013 of all
a2 B éecya;,*a inla-at: Eh
- Tritium i ;
As an E}-:E}tl’r"lr}hﬁ g 3 2 -1 ]

2 i 10 141 149
electron energy E [keV] E - Q [&V]



Katrin experiment

Tritium source Transport section

Pre spectrometer  Spectrometer

Detector

Typ= 123 y "’He

-
-——
-
-
-

~70 m
Magnetic Adiabatic Collimation

A large spectrometer:

Sensitivity increase with area

>

+ Electrostatic Filter

Low statistics for relevant events
Resolution: ~1 eV

Sensitivity @ 90%CL.:
m(v)<0.2 eV

Last such exp. ?
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BB-decays: two modes

2v mode: a conventional Ov mode: a hypothetical
2"d order process process can happen .
in nuclear physics O

K/

Ovpp decay

aeedddr

Intensity

2vpp decay"

0 0.5 1.0 15 2.0
Kinetic energy, MeV

* 2vmode BB decays would have a half lives in excess of 10X years
 Asecond order process, Only if the first order beta decay is forbidden
* Experimental observation of 2vf33—decays in 1980’
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2
mgg

mﬁﬁ:’ZUg

Without Background

N
e Mt

With Background

2
( 1/2) — GUV(Qﬁﬁ':Z) ’Mﬂu

1000

Mg (meV)

mﬁﬁ = Kl

100

1 10 100

axposure (kg year)

ton-scale > C &E 1'{4
M. Lindner mgg = Koy v/1 ( )
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Some Experiments

| - ,=l

A

— / { Ll ¥
r \ \
. R ]_'..-_ J'._" B
% ! |
W | , 4 ‘
w9

|
= )
Sele

Gerda in Gran Sasso NEMO-3 in Frejus
« Exposure 21.6 kg x yr « 199Mo Exposure 34.3 kg x yr
« Half-lifelimit « Half-lifelimit

o T,,(0v)>2.1x1025yr (90%CL) * Ty(0v)>1.1x10*yr (90%CL)
+ <mgg><0.33-0.87 eV
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Some Experiments

KamLAND-Zen
Phase |
- — 'p
A 1TIE L
r ™
i | =
o ;-o--—
P o N L e l e Ar
( "__‘A 1 “v =
d A T L T ~ '3 )
4 ” ey N “ -
7 _(/z’?u DN N
9 i Wj”" ’Iitﬁ‘\;; o 3’
T 1Y I
f \ nner Balloon
Xels |1

(3.08 m diameter)
>l

KamLAND-zen
« 320 kg Xe
o Half-life limit

T1/2(OV) >2.6% 1025 yr (90%CL)

+ <mgg><0.33-0.87 eV

HV FILTER AND

FEEDTHROUGH
VETO PANELS
DOUBLE-WALLED
FRONT END CRYOSTAT
ELECTRONICS
VACUUM PUMPS LXe VESSEL

LEAD SHIELDING

\ JACK AND FOOT

EX0-200: 200 kg

T,V >1.1-107 yr (909 c1)

Mgg < 190 — 450 meV

NEXO: 5 ton, Ba*™ tag
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Imee | [€V]

Mass Hierarchy and Ovf3

|1 el i
hierarchical cancellation quasi—degenerate
1 (only normal
: Am:"_c"'. cos 20,
: \/ A*13 12 mo _
01 : nl JAmz\L%d
' J’ ‘ =
y
AT ! '\'
\
001} 143,282
: 1+t1,
() . \\
2 Al
0.001 | MG
: \/,\3/(2 - —v/AmZ +misi,cis
Mz, 814C ey = o
i\/&rﬁizzls “'\/Afn% + TT&%S{:‘
13
0.0001 ' s -
0.0001 0 001 001 0.1 1
2™ > |mte|nor m[eV] |mi | > |miZ e
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Neutrino mass and Neff from cosmology

[Planck 2013 results.XVL.]

* Planck+WP+high /

Zm_<0.66 eV (95%CL) 9k
0.8 Pt (4)
* + lensing Ho6
. ot 0.6}
2m_<0.85 el =
0.4
* + BAO 0.2
2m_ <0.23 eV 5 | P
90 02 08 12 16 20

Y m. leV]

10000.0¢
10000}

100.0

Neg = 3.32 4 0.27 (68%CL)
S my, < 0.28 eV (95%CL)

£+ 1)/2n C; [uK¥]

10,0

1.0}

0.1l




Summary: Neutrino Puzzles

Neutrino oscillation well established by many exp.

= We have measured 4.5 parameters out of 6

= Mass hierarchy should be able to know in 10-15 years.

= CP violation may be determined in 15-20 years?

Neutrino mass can be directly measured to >0.2 eV, New tech

could improve the limit to 0.1 eV but hard to improve further.

If we see OvBp decay, very likely neutrino is Majorana
particle. New physics must exist. Current planned
experiments could exclude Ovpp if mass hierarchy is normal,
but can’t if MH is inverted.

Is there sterile neutrino? (accelerator, reactor, source ...)
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