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Neutrinos: glories in the past
century

1930, Pauli postulated 1953-59 Reines and 1960-90 Davis, /N%¢
light neutral particle to Cowan discovered & 12 discovered
save energy anti-electron cosmic neutrino,
conservation in beta neutrino, Nobel Nobel Prize 2002
decay Prize 1995
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neutrino oscillation, 2015
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Flavor physics in leptons
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Neutrino mixing

Transformation from mass to weak eigenstates
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The last mixing angles 0,5
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All three experiments with

multiple detector

4 EH1
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e EH3
Best fit

Daya Bay (arXiv:1610.04802)

"RENO (arXiv:1610.04326)
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Impressive world data on 6,

Double Chooz
JHEP 1410, 086 (2014)

Preliminary

(CERN seminar 2016)
sin2(203)=(0.11910.016)

Daya Bay

PRL 115, 111802 (2015)

RENO
PRL 116 211801(2016)
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A. Cabrera, DC release talk, 09-20-2016

Daya Bay, RENO,
and Double Chooz
are now sitting
together (first
meeting Oct 2016)
and discussing
combined analysis



Open questions

What's the lash mixi 00,2
What is the mass ordering of neutrinose
What's the absolute energy scale of the neutrinose
Is neutrino Majorana particlee
Is there CP violation in the lepton sectore

Are neutrino flavor > 32



Open questions

—What's the last mixing-angle 0,,¢

What is the mass ordering of neutrinose



Masss hierarchye

| Am4,2| = 2.4x103 eV?, Am,,2 = 7.5x10° eV?
Mass hierarchy:

Is m, the lightest (hormal) or m, the lightest (inverted)e

FERMIONS®
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Generation Generation Generation

Can loosely translate to: is electron neutrino the e —
lightest? o8
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Connection with flavor models

Consequences for M, = Upyng MO8 Udyng  (to leading order)

& £ ¢ 1 0 0 =00

Vi M &I LHEHA M,~ 0 1 1 M,~|1 0 1 0

EfHfHLHEHO 0 1 1 IESH=
Hierarchy: normal Hierarchy: inverted Degenerate case

Very different structure of neutrino mass matrix!

MOdeI discriminator (flavor mOdeIs) Walter Winter | NNN 2016 | Nov. 3-5, 2016 | Page 9



JUNO experiment

P(Ve — I/e) = 1- SiIl2 2913 COS2 012 Si112 A31 + SiIl2 912 SiIl2 A32

= COS4 913 SinZ 2012 Sin2 Alg

r %  mmemee Non oscillation v
E‘ _" —— 6, oscillation @3 :
= 05 ; N —— Normal hierarchy ,.Hong Kong
E : ——— Inverted hierarchy

Taishan
‘NPP

Yangjiang.
NPP

20k-ton multi-purpose LS detector
Construction phase: 2013-2020

- UE{WEM 66 institutes, 444 collaborators




JUNO experiment

Schedule:
Civil preparation: 2013-2014
Civil construction: 2014-2017
Detector component production: 2016-2017
Detector assembly & installation: 2018-2019
Filling & data taking: 2020

« 27-36 GWreactor power, 20k ton LS
detector
- 3%/\E energy resolution, <1% energy

scale uncertainty
« >30 (40) 6-years MH determination
JUNO-alone (JUNO+accelerator exps)

25 ——
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Atmospheric neutrino

experiments

Wide range of baselines and energy

Oscillation pattern altered by the
matter effects

Tracking and energy reconstruction
important

P(vy — vy) for 8=130°
1 T . T T
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Atmospheric neutrino
experiments

ANTARES

IceCube uson

2450m
2820m

- Denser array
- Low energy
threshold
~1-3 GeV

ORCA
PINGU

Oscillation Research with

PRECISION ICECUBE NEXT . :
GENERATION UPGRADE Cosmics with the Abyss



Atmospheric neutrino

experiments
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Open questions

—What's the last mixing-angle 0,,¢

What's the absolute energy scale of the neutrinose



Effective electron neutrino mass
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KATRIN experiment

Sensitivity: 2 eV = 0.2 eV
» Improvement x100 in statistics and systematics MAC-E-Filter

» Background comparable to predecessors electron

; high-res. electron detector
» 70 m total beam line spectrometer <1els

tritium pumping
& e transport

windowless 4 a1
gaseous T, source " L,,%\ 9 . J

1500 m3 UHV spectrometer




MAC-E-Filter

P
/ tf - ¢
- "‘/—_-- 000
solenoid SRR IR solenoids
T B e e FAD :

“"-- s track b:] =— :‘_—_:!_'-

NS . O -
source detector
BS \ B max BD
u=ov 1 U=ov U,

| | [ | | |

electron momentum (without electnc ﬁeld)



KATRIN Experiment

Karlsruhe
Tritium
Neutrino
Experiment /&

Source and transport systems Full system integration

« Test of source beamtube cooling system » Final commissioning of spectrometer
« Completion of closed tritium loops & detector section

« Cold commissioning of full source « “First light” planned for autumn 2016

beamline: first with D2(T2)  First tritium data in 2017



Projection

retarding energy qU - E in eV

-30 _ ‘-25. _ -20. _ .'15. . '10. . .'5. _ 0 - 5
10 3 yrs (5 cal. yrs) to balance
1k statistics and systematics
01¢ at design parameters:
0.0].". 1 1
i | | | | | \ t1713 1200 | 200 meV: 90% CL
0.00 freg=o—t=—s—s- T T T RN £ 1000 300 meV: 30
s Eyeg ‘i“* : O . [350 meV: 50
) >
-0.01+ H\\ i . .g 400
- —m, = 0meV LRy § 200
~m, = 350 meV imulated signal  [{, 3 I N e
0021 :') = i Sl Rl L H ? 0o 2 4 6 8 10 12
T T full beam time [months]



Interplay with cosmology
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Open questions

Is neutrino Majorana particlee



Majorana particles

Majorana mass term:

C
Mg Ve~ Vg

* Majorana, 1937
« Can be tested via neutrinoless double B decay, W.
Furry, 1939



Neutrinoless double beta

decay

Nuclear Mass

* Neutrinoless double beta decay

— The nature of neutrinos, Dirac or Majorana g
. . § 2
— lepton number violation g VP
« Extremely rare events T > 10%* year. ool
2 04—
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Front runners

Experiment Isotope Resolution Efficiency Phase Mass Exposure Background rate Sensitivity

(keV) (kg)  (kg-year) (counts/(keV -kg-y)) (meV)
T B
EXO WXe 100 07 g oo [0 | w0 ;o 150
GERDA “ee | 5] 0% ogamoan 3 L 112

Table 1.1: Proposals considered in the mgg sensitivity comparison. For each proposal, the isotope that will be used, together
with estimates for detector performance parameters — FWHM energy resolution, detection efficiency and background rate
per unit of energy, time and 33 isotope mass — are given. Two possible operation phases, with estimates for the detector
mass and the background rate achieved, are given for each experiment.



Front runners

Experiment Isotope Resolution Efficiency Phase Mass Exposure Background rate Sensitivity
(keV) (kg)  (kg-year) (counts/(keV -kg-y)) (meV)
e 20152017 (I) | 200 600 10! 140
1 = O -2 , 2018 2020 (II) | 200 600 4 x 1072 85
g —1 M - : : :

or each experiment.

GERDA, 7¢Ge KamLAND-Zen, 13¢Xe



Constraints from non-discovery

GERDA Phase- Phys. Rev. Lett. 117, 082503 (2016)
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Gaseous 1¥6Xe

Tracking: smoking guy for discovery

QPHNDHH

/




Gaseous 1¥6Xe

Tracking: smoking guy for discovery

QPHNDHH

. arXiv:1610.08883

PandaX-III: Searching for Neutrinoless Double Beta Decay s=—=
with High Pressure *Xe Gas Time Projection Chambers

Xun Chen!, Changbo Fu!, Javier Galan!, Karl Giboni!, Franco Giuliani', Linghui
Gu!, Ke Han*!, Xiangdong Jit* 9, Heng Lin!, Jianglai Liu!, Kaixiang Ni!, Hiroki
Kusano!, Xiangxiang Ren!, Shaobo Wang!, Yong Yang!, Dan Zhang!, Tao Zhang?, I
Li Zhao', Xiangming Sun®, Shouyang Hu?, Siyu Jian®, Xinglong Li*, Xiaomei Li®,
Hao Liang®, Huanqiao Zhang®, Mingrui Zhao®, Jing Zhou?, Yajun Mao*, Hao Qizl(‘)4,l
Siguang Wang?, Ying Yuan?*, Meng Wang?®, Amir N. Khan®, Neill Raper®, Jian
Tang®, Wei Wang®, Jianing Dong”, Changging Feng”, Chen Li", Jianbei Liu",
Shubin Liu, Xiaclian Wang”, Danyang Zhu", Juan F. Castel®, Susana Cebriin®, I
Theopisti Dafni®, Javier G. Garza®, Igor G. Irastorza®, Francisco J. Ignaz®, Gloria
Luzén®, Hector Mirallas®™!, Stephan Aune”, Eric Berthoumieux”, Yann Bedfer?, I
Denis Calvet?, Nicole d'Hose?, Alain Delbart?, Maria Diakaki”, Esther
Ferrer-Ribas?, Andrea Ferrero?, Fabienne Kunne?, Damien Neyret?, Thomas I
Papaevangelou”, Franck Sabatié?, Maxence Vanderbroucke®, Andi Tan'®, Wick
Haxton'!, Yuan Mei!!, Chinorat Kobdaj'?, and Yu-Peng Yan'?




Open questions

Is there CP violation in the lepton sectore



Long baseline neutrino

experiments
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v. Freund, Phys.Rev. D64 (2001) 053003

. sin224913 dependence of leading term
* 0,, dependence of leading term: “octant” dependence (8,,=/>/<45°?)
* CP odd phase d: asymmetry of probabilities P(v,—v,) # P(v,—V,) if sind # 0

e Matter effect through x: v,(¥,) enhanced in normal (inverted) hierarchy



12K

T 2 K . ND280

“near” detectors J-PARC
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e } 37 i 595 km

............ 3SR 58, ~409 co.llab.orators
X 59 institutions
11 nations

* Intense muon (anti)neutrino beam from J-PARC to Super-K to study:

Super-Kamiokande
gfar detector

* muon (anti) neutrino disappearance (v,»v,, V,»V,)

* electron (anti)neutrino appearance (v,—v., ¥,—V,)



Long-baseline, off-axis neutrino oscillation
experiment

Study neutrinos from NuMI beam at Fermilab
At 14 mrad off-axis, energy peaked at 2 GeV

Functionally identical detectors
ND on site at Fermilab
FD 810 km away in Ash River, MN
Measurement at ND is directly used to predict FD



CP violation angle

NOVA Preliminary
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Hints from global fifs

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos ~~ A. Marrone, Neutrino 2016
T T T T CP phase trend:
g1 1 * d~1.4mak best fit
* CP-conserving cases (0 =0, m)
disfavored ok ~20 level or more

* Sighificant fraction of the [0,1]
range disfavored at>30

R | AT
6.5 7 7.5 8 85 2 22 24 26 28

AM1072 eV?

923 h“ehdt
moaximal mixing disfavored at

about ~20 level
best-fit octant flips with mass
ordering

2 _
inverted ordering slightly disfavored
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Next generation of mega

detectors moving fast
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Open questions

Are neutrino flavor > 3¢



Number of active neutrino

flavors
: ALEPH
i DELPHI
A ! .3
OPAL
3' !
s 20 F
E if average measurements, /
© error bars increased
by factor 10
10
‘) - | " " M 1 M

A heavier type which can
be heavier than Z

Or a type of neutrino that
DOES NOT participate in
weak interactions (“sterile”)

However, they can still
“mix”" with regular ones
(quantum mechanics still
WwOorks)



Anomalies

MiniBoone
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Anomalies

arXiv:1607.05378
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Anomalies
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Global situation

LLSND + reactors Kopp et al., arXiv: 1303.3011
+ Ga + MB app

| +
null resulis 3+1 model

disappearance

« Large Am?> 0.1 eV?

« Already in conflict
with combination
with all null results

5 100}
' null results
[ combined

- null results
99% CL, 2 dof appearance
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Global situation

I
48 | Planck 2013 Planck+WP+highL .

Planck+WP+highL+BAO
Xiv: 1303.3011
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32 1 m2>0.1ev2
in conflict
nbination
"Ull results
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2.4 I Light sterile neutrino also challenged by
cosmqlogicol survey do’rg
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New null results

Phys. Rev. Lett. 117, 151801 (2016)

107
10

(\/j\
-
2,

— 10°

[aV o

Am

102

103

107

Combination of e and p disappearance
to lead to an unambiguous constraint on

|—|

E LB VIYHII | o ||4|’ll !
- 90% C.L. Allowed
[ [JLSND

] !\|5|| .:V I'll”l ll|||l
MiniBooNE N

T
I

— MiniBooNE (v mode)

T YIIU"[ T T TTTIT

T 711”1] T TIH”I

. 90% C.L. Excluded
—NOMAD
oo KARMEND

— MINOS and Daya Bay/Bugey-3 I
- + \o ppearance ata
|

il

Ll lllll;

I lllllll

1l llllll

L 11111111 A4

1 lllll[

sin°20,, = 4lU_,FIU P

electron appearance

LALLLLL Lol ' ' All“x‘l LA LLlL
1o6 10° 1o4 103 1o2 10"

Phys. Rev. Lett. 117, 071801 (2016)

10° -
[ [
=
o g
""‘-.,‘_‘_‘_ 0
[ !
E '
]
q _1 ! rx
1077+ : ;
F| —— IceCube 99% CL E \;
99% CL sensitivity | -
(68% and 95%) :8 e |
Kopp et al. (2013) vz 8 ]
mmm= Collin et al. (2016) :E 2
2 ,
10 2 . I I..“I—l I ]
10~ 10 1

sin® 20,

lcecube 320 GeV -20TeV u

disappearance

00



A zoo of new sterile

un

Experimeni Reactor | Overburden Detection 'Sregmen't'at'ion O'bticalﬂ Particle ID
Nylon vessels Power/Fuel (mwe) Material Readout Capability
DANSS 3000 MW | ~50 [ Inhomogeneous | 2D, ~5mm WLS fibers. | Topology only
(Russia) LEU fuel PS & Gd sheets Siro n n e Ui,ri n o
NEOS 2800 MW | ~20 [ Homogeneous | 'none |"Direct double | recoil PSD only g
(South Korea) LEU fuel Gd-doped LS ended PMT @
nulat WOMW | few [ Homogeneous [ Quasi-3D, 5cm, | Direct PMT Topology, recoil so U rC e
(USA) 55 fuel °Li doped PS 3-axis Opt. Latt & capture PSD .
Neutrino4 E 14 100 MW | ~10 [ Homogeneous 2D, ~10cm Direct single [ Topology only BoreX| n o
(Russia) 1 E 50 fuel Gd-doped LS ended PMT .
(100-150) KCI < 2
0,0 PROSPECT 85 MW few Homogeneous 2D, 15cm Direct double | Topology, recoil S h ort b q Se I I n e
%=00 (UsA) I U fuel “Li-doped LS ended PMT | & capture PSD
SolLid v 72MW | ~10 [ Inhomogeneous | Quasi-3D, 5cm | WLS fibers [ topology, req Ci‘o rs
e (UK Fr Bel US) €z U fuel *Lizns & PS multiplex capture PSD .
— shape only - i !
| Chandler “I 7? MW ~10 Inhomogeneous | Quasi-3D, 5cm, | Direct PMT/ topology, s h ort b q Se I I n e
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Summary and outlook

Multiple experimental probes are strategically answering the
key questions in neutrino physics

A somewhat surprise: first implication of leptonic CP violating
from world data

In the next ten years,
Precision unitarity tests up to 1% precision
firm answer on CP
mass hierarchy determined
absolute mass to <0.2 eV

Majorana neutrino may be discovered if neutrino mass order is
inverted

Unexpected surprise may still be ahead!



