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Neutrinos : Finite Masses, but still mysterious |
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Amg,, Am3, Origin of the mass.

M2 ? Fundamental
SCP Am;, < 0 problem !




Majorana

Dirac Mass term
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Majorana Mass term

two mass eigenstates
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See-saw mechanism

\ :{>N: Important roles
In the early Universe !



Matter
dominance
SN world
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Nuclear 8 B decay
provides the most feasible and
sensitive way to study the
Majorana nature of neutrinos !
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SM process, but very rare!
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S ~1019-1021yr
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There are ~3b natural isotopes
which can double-beta decay.

48Ca’ 76Ge, 8286, 96Zr’ ]OOMO, ]]OPd, -|-|6Cd,
1245, 130Te, 136Xe, 150Nd, etc. are observed
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Beyond the SM process
Total lepton number violation.

Not found  T,2 >1026yr

1/2
Light Majorana v exch. Is considered
as the dominant process.
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Phase Nuclear Effective

space matrix Majorana

factor element neutrino
mass

<mgg> =| 3 Usi mil

— | (Mi1c122+m2si122ei221)c132+mz3s132ei(a31-20)

All information of the neutrinos are contained;
Oscillation parameters, Absolute v masses,
Majorana CP-phases.
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T1/207 lower limits (90%C.L.) and T1/227
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There are many ongoing and planned experiments !
Most sensitive experiments have provided T1,207 > 10"25~10726 yr.



Allowed region and upper limits on <mgg>
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<mpgg> limit is close to the bottom of the QD region.

Positive claim on 76Ge was refuted (KL-Zen and GERDA).



N FOM for the sensitivity
2 Isotope mass Data taking
1.5- 2 period
V 0.90 1.00 1.10
=2 0v MT
e O detection b AE
S/ vV efficiency
0.0 I : : e /.\ |sotopic abundance/ Region of interest
0.0 0.2 0.4 ‘ /%6 0.8 1.0 enrichment factor ~Energy resolution
Summed energy of electrons Background index
normalized by Qgg (keV-1kg-lyr-1)

Large amount of isotope Current 102°~1026 yr

Remove BG (Ext./Int.) Planned ~1027 yr
Good energy resolution O(100)kg => O(1) ton
Isotope selection by large a,

Qgs and long T1/227 C

<mg g>~0.02eV (IH)



Concept of the experiment
Deep Underground

Thick active s



Detection Strategy
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Calorimetry
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Scintillation =~ 1P
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C(Gas, Li Position
Event Pulse shape




Detection Strategy

: eTDlD Slgnal BG Internal
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Ov B B activities in the world (Calorimetric, tracking/TPC)
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GERmanium Detector Array

GERDA* & s -
v ) o ‘ AN s

LNGS
3600m.w.e.
76Ge
Q: 2,039 keV ‘
590m3 water tank (10m®) 64m3 Lig.Ar ML
enrich. HPGe + 66 PMT Ch.veto  cryostat (90°K, 4md) A
Phase I+l| 7 Strings of
[ Before cuts I After all cuts . 37 HPGe
344kg yr I After LAr veto (Phase I —— Limit (90% CL) LAr Ve‘to, PSD Analys|s detectors
"fa Phase | o, 226 kgyr (42K) (SS vs MS, A/E) 35.6kg

BI=0.7+"105

x10-3
kg TkeV-lyr-
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TOv1,2 >5.3x10725 yr (90%C.L.)
<mps> < (150-330)meV

Sensitivity TOV1/2 =4x 10725 yr

s 1?I:Phase Il enrich@ed coaxial 5.0kgyr
3" No signal in ROI, BG free search !
Achioved | e | f\i I Prospects
CA lEeve _ E 1§Fc l;:’hasé 'll'enricr;e'dFBEGeT “s3kgyr ZOOkg Ge (Curreh-t CryOStat)
5 ;ZH?/_ 3 i TOv1,2 >10°27 yr (5yrs)
. e }: 2:_

1000kg Ge

@Q(BEGe) &« K ﬂ g Ge (LEGEND)

: 1,950 2,000 2,050 2,100 2,150 TOv 1/2 >10M28 yr
Ene ke'
. <mgg> < (10-20)meV




CUORE* CUORE-0 CYORE ;98?%655

Cryogenic Underground
Observatory for Rare Events 1 tower

(4 crystals
LNGS x 13piles)F = A
3600m.w.e. ,
.m 65cm
130Te 3 I y
Q: 2,528 keV i : v

CUORICINO
Nat.TeO2 (2003-2008) 9.8kg yr

(130Te) _ o Jan.2017~: Cool down
TOvq,2 ggrggﬁe% > Ix 10%yr April-June: Science run
. >28x102%yr > 4x102%yr OV AE=7.9+0.6keV

Weak —> «— (opper 38 1ka vr (10.6kg 139Te (FWHM)@2615keV

e A TocEdep/C CUOR% gorn(bined ° )
posorber o o Sesener Coc > 6.6x1024yr

(Te0z AE/E~0.2% @Q gz <mgp> < (210-590)meV C U PI D

ncident  (FWHM) CUORE Upgrade

radiation Challenging items with Particle ID

Long-term stable operation of a ton-sized bolometric detector !
Validation of the background model in ROl (a, B/r) will be established.



136Xe has nice characteristics for OvBB search !

136X o

Rare gas Qps=2.458MeV

T1/22v=2.2x102! yr = One of the
i Nat. ab.=8.9% longest 2v

. . I
Enrichment | ife |
— Techniques are

e/ well established Excellent

Purification ﬁ Scalability
: Scintillation
. - High solu- .
Chemical stability e light for

Non-toxic bility to LS TPC (Lig/Gas)

Non-flammable J ¢
High level of safety ~ KamLAND-EXO, NEXT,
Zen PANDAX-III




EXO-200

Enriched Xenon Observatory

Detector schematic:

High voltage filter

Front-end ’1
electronics 7|

WIPP (NM,USA) ey |
1585 m.w.e. j :- |
136Xe I\ |
Q: 2,458 kev Collegtlion ';ﬂelding \Cathode AIZD
plane plane S
Lig.Xe TPC em
enrich:80.6% o . : :
nri °| Scintillation+lonization
(1.5+0.2)x103 o/E=1.23%
kg TkeV-Tyr
gRevyr SS vs. MS

Phase | (Sep.2011-Feb.2014)

122 kg yr
Phase Il (Jan.-May, 20106) 55 6kq vr
Hardware upgrade OKg Y

T1/207 > 1.8x1025 yr
<mpp><(147-398) meV
(90%C.L.)

Jack and foot

Ml Cryostat

e Lead
shield

NEXQO 5ton enriched Lig.Xe TPC
planned installation at SNOLAB

(



NEXT™

Neutrino Experiment
with a Xenon TPC

CanFranc
850 m.w.e.
136Xe
Q: 2,458 keV

10-20bar TPC

5~10kg Xe,
50cm drift, 20cm radius,
1792 SiPMs, 12PMTs

NEW (2015 2018)

Energy Plane (PMTs)

Detector concept

C)" i  TPB coated

surfaces
D Xenon

9as

g Ionlzathn,... """"
C] e 2 luminescence (S2) e
() CATHODE ANODE | |
5.5%@41.5keV
=> 0.7%@Qgs W *Kr
R 5519/ @ 41.5 keV

“.é Rbb = 0.716% @ Qbb

100kg enriched Xe,
Ov B B search
for T1/2 bx10725 yr.

Tracking Plane (SiPMTs)

NEXT-100 (2019-~)

Electro-luminescence
(EL) amplification
AE/E~0.5%
(FWHM)@Q g

Topological signature for
BG suppressmn

60— T

[ SIGNAL
40~

[ v
20 g)

o
_20; *e
. 4
-40[~ {

-60| -

Y (mm)

...........................

60 40 20 0 20 40 60
X (mm)

NEXT-ton




High press. (10bar)
enriched 136Xe (200kQ)
+TMA(1%), 3.5m3

PANDAX-III*

Particle and Astrophysical
Xenon Detector

CJPL
6720 m.w.e.

136Xe
Q: 2,458 keV

90% enrich.

TPC
200kaxb

World's deepest !
0.2u’s/m2/d

Horizontal shaft ! OFHC Cathode Angdet
copper (100kV) reaaou
pper (100kV) ~ readal
L

200kgxb Xe TPC
modules in a water poal,
AE/E~T1%(FWHM) @Qgg.

Water pool construction
finished in Jun.2016.

Prototype (16kg Xe, 10 bar)

e} ,,« '*’ = 5
7| ‘ sy

R&Ds for Readout; improve
AE/E~3%(FWHM) @Qgg.
with Microbulk Micromegas
=> 1% (Direct pixel readout
without gas amplification)

—
T1/207~1027yr
lIcromegas
il 1~ Mesh
I WFA Wwf%( l'_'};.Il:ilil/_strips
L
VL

25-150um



KamLAND-Zen

— Zero-neutrino
) 2\ double beta decay

.....



Concept of the KamLAND-Zen
Deep Underaround

Thick shield

Kamioka mine
2 /700m.w.e.

"hick active shield

eNSOr'S /Use existing

PMTs detector facility
small cost

Xe-LS balloon
easy replacement!

T

quick star



Aug.2011

KamLAND-Zen 400

Mini-balloon (MIB, ~3m@) : Xe (320 ~
380kg, 91%13¢Xe)+Decane-based LS

IMWWNRNY
| X\\\\\\}\

| Main Balloon (13m@,1000ton Ultra-pure LS)

G 7 g PMTs (1325 177+ 554 207)

7 ® Small modification: Cost effective, Quick start.
® Active shield of 1000 ton ultrapure LS.
) = ® Easy handling: Xe Collection, Repurify, Blank run.
g« o o || @Excellent scalability!

® Physics in parallel: Geov, SuperNovae, etc.

3200ton

Water Ch. 2011 2012 2013 2014 2015 2016 2017

225 PMTs | 1 l 1 1 | l ]
(———) .................. >
Phase | Burification Phase Il g (KL-Zen800)

89.5 kg yr 504 kg yr



KL-Zen400 results

Phase | 89.5kg-yr

504 kg-yr
PRL110,062502(2013) Phase |l g-y

10°
(@) DS-1 + DS-2 —— pata

— Total

10% U 136xe 2vBp
% E‘ ------ Total
2 f (OVBB U.L.)
8 10 E_ .......... BXe OvPp
S F (90% C.L. UL))
\ | fs~
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S E \
Lﬁ 10|§— [ ‘\
E \
1= Y,
= | .
_I II :

- Spallation

2081+
-- Bi

88y

om 5 o

2381y | 2327
+21%Bi + ¥Kr
IB/External

10*
Xe-LS 3
Purification
10?

10

Make better
the OE.

(u-n-10C) triple
coincidence by n-
detection.=> further
improved

Change

balloon to
much
cleaner one!

PRL117,082503(2016)

10—1 L

_ (a) Period-2 . paga HomAg R<Im
E — Total 238U+232Th+210Bi
70 e N Total +19Po+PKr+K
5 (OvBBU.L.) ----- IB/External
- — P°Xe 2vBB -~ Spallation
IS — PO%e OVBP
- r (90% C.L. U.L.)
i i | 1 | I
1 2
= (c) Period-2

4F -1

3F

2H

1 S ol I e

0 2.4 2‘ ........ 2‘8 N 3

110mAg has gone !
Sensitivity: T1/207=5.6x10725 yr

Phasel+Il Limits (90%C.L.):
T1/20v=1.07x10"26 yr

<mpg> <(61-165

ymeV



KamLAND-Zen 800  xe:380kg =>750kg

Aug 2016

Much cleaner balloon !
| CAIRNITT7 ) 4] P 2015-2016: the new balloon was made.
Ty, & | <«==== Deployed into KamLAND in Aug.2016.

\ ! 3 times less Bi—Po (U/Th) on the balloon !
Leaks were found and we collected the balloon

Welding line

Welding methods are improved
by careful studies !

Start balloon making in May.
Efficient film washing and a new
welding machine. Established

cleanliness control.

Balloon deployment in

this autumn !

|_|
\/

<mpgs> < 0.04-0.08 eV

Class-1 super-clean room in Tohoku U.

film cutting

New ' machin Gore welding underway.



KamLANDZ2-Zen >1ton Xe, 2v BB rejection by
improving AE/E to 2% @Qgg!

=> Full coverage of IH region,
<mgp>~0.02€eV.

More photons (x5.5)
and 21%Bi rejection

LAB based LS

X 1.5 HccHy~ CHHCHa

210Pp removal
Metal scavenger (R-Cat-Sil AP)

100w <545 X A 46 ¥

’ :' e O \-~ > = » / - -
e e -
o f o—»ﬁ ey
E 80} ® 9.0cm = NQNPQ
> r ® 6.0cm é ~ e
(o) 70 4.0cm ' g
E F 2.0cm vacuumed 9 8 (y I
S 1 . m o remova h-t
S o MR ight cone
D_ C ® 0.5cm

50— e o025cm @£ 71<0.15MPa

® 0.13cm AT 71>0.15MPa
4 e v v v v b v b v b e Ly * L
%5 1015 20 25 30
LS flow (ml/min)

Scintillating balloon fotaate| o pmulation
of Ml ’_ﬁT ____ ;___.[ oft.x1.8
Improve 214Bi § N 11 111 i..
tagging on the 73 N
balloon ' & 31

Polished metal [ Multi-anode PMT Incizgient aar:gle (d‘ég)



Many projects T1/2=>1027~102%8yr

O(1)ton, Low BG, AE <mps>=> 0.02~0.05eV
76Ge 130Te 136X @
LEGEND 82g¢ CUPID KamLAND2-Zen
uperNEMO SNO+  NEXT ,exo

100M o PANDAX-III
AMoRE
150Nd
erNEMO

5
N CUORE
> NEMO-3. s
O = L.} 7 AURORA
F diecdNTv W -
o 23fg NEMO-3
o NEMO-3 -
9 22

48C3a 82Se 100Mo  116Cd 136Xe

7666 gezr 130Te ]SONd




1 T Prospect
- i OvBB searches
KL2-Zenh, LEGEND, %‘UPID,

S PANDAX-IIl, nNEXO, SNO+,
- SuperNemo, NEXT, AMoRE, ...

~ N -+
SN
ESS~~= 4
=
AN
~~ # -
=<
SN
ANN 4
NS
=
ANa
==
- -+

<mpp> can be in the
“IH-region”, suggested
by theoretical models.

1 Constraint on 2m, from cosmological
A observation (CMB, BAO, etc) :
L < O(100)meV

]

10-2 10- 1

Accelerator/Atmospheric v
va (eV) P

experiments (NH 7 not fixed)

“Big SURPRISE ” may happen !




Summary

Majorana nature of neutrinos is a key to
understand the fundamental problems not only In
the particle physics but the origin of the Universe.

Ov BB is the beyond-the-SM process and best
feasible to test the Majorana nature of neutrinos.

Challenges are made worldwide using various
nuclel of O(100)kg to O(1)ton and cutting edge
technologies aiming at the search in |IH region.

KamLAND-Zen with an unique strategy will start
a new phase using 750kg enriched '36Xe this year.



Thank you !
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appendix



Large uncertainty in M9V
J.Engel, arXiv: 1610.06548
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Improving the discovery potential is crucial.
Experiments with different nuclei are necessary.



Limits on effective Majoron-neutrino
coupling constants, <Qgee>

(A,Z)— (A, Z+2)+2e + xO (+ x9)
3 T
AU IR AN
5 - T b
/G\) —4—¢ T al T 1 : LEJ
o L"J : | [ : X
@)) : il T o
v -
© _5 o
o |
O KL-Zen Rejected by
-6 SN1987A
b 3
—748Ca B250 100Mo 116Cd  136Xe Phys.Rev.C86, 021601(2012)
76Ge 967y 130Te  150N(

KamLAND provides a most stringent limit on the normal
Majoron and excludes a small allowed gap.
SN1987 extends the limit down to 107-7.



Ba taggin
gding y

] 36Xe—)] 36Ba++ +Ze—

Not fluorescent Fluorescent
CO5H CO,H CO,H CO,H 0 0

oy O Ao o
= O

— NoBa**
—  With Ba*+

barium

Intensity / arb

4>-

J.J.Gomez-Cadenas

Potentially: background free
experiment.

Xe-136 decays produce Ba++

Ba++ will drift towards cathode (hopefully
without recombining)

Coat cathode with PSMA*molecule, which
will capture BA++

PSMA + BA++ will fluoresce when
illuminated with 342 nm light (broad band,
360-430... can design a system to detect
blue light. Interrogation rate at ~100 kHz.

This idea is a new form of Ba-tagging in
gas which does not involve extracting the
Ba++ ion to vacuum.

* Prostate-specific membrane antigen



