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(AZ) > (AZ+2)+ 2e + 2,
o FRUERIGRmOHN
o BEIZ10LL EdIsotope THtHI
o 7%Ge, 82Se, 190Mo, 136Xe, etfc

o kI ; 101 ~ 102 yr

@ OvBB decay : (AZ) > (A,Z+2)+ 2e
o FAUEREGH %8k 2 SProcess
o L7 b UBUIERTE
o —a—hFY /ARER
m, e ¥37F=a—hY/
e = Ve o EEBHMITHATNZRN
Y o B ; Ty, 2102 yr
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ARIMaj oranagéw%iﬁﬂ

o BHEmANEE
B FH ~49 meV
PRD86 013002 (2012)

Asai, Hamaguchi, >17 meV
arXiy:1705.00419 Ly-Lt model
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0.1
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OVvPPEERDREE (F%HE)
o AREERL DIZEIR
o 2> OvBp iR 2 K E <

To ! = 6o (Qps.2) Mo, |2 <m,>2  (Mass term)

B B TlE. BEEI1ZBackgrounddidh B & — iR AYIC
<m,> o< To, 2 o< (Ngg- AE/ M- Ty, )12
o KZAHE (M ~ Large)
o HMRAFIELL/ IR
o IETE DI o fBackground (Ngg ~ Small)
GQJ@ o Large Qg
o Phase space
o HARFE ELL (b U IHISHiEE)
o IR T A% R

o filfi ¥
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o PIEENT R NF—MTEEILINLTNS, b LIFRAEVERIIT
R I E D D> ZEA—X HEE(DD) B
o PPHIEIEIIS BB
o TablelZQMED2 MeVEL LDk

o 2
136
Wit Qfifi FIEH Xe
(MeV) (%)
Qpp= 2.47MeV
48Cq > 48T 4271 0.187 Tz~ 2x10% yr
76Ge > 76Se 2.040 77
136 ] 136R
825¢ > 82Kr | 2.995 9.2 Xe /i HIX] a
ot 20
%Zr > %Mo | 3.350 2.8 Sl
100Mo > 10Ry | 3.034 9.6
n6cd > 65 | 2.802 75
Qpp= 4.27MeV
12450 > 124Te | 2.228 5.64
130Te > B0Xe | 2533 345 Tz ~4x 102 yr
136 Xe > 136Bq 2479 8.9
O+
150Nd - 190Sm 3.367 5.6 48Cq§ X 48T




o Phase Space Factor

o QfE. JHEI%F8E
o ONd ~ Large

o QfHE

o HAAR DBackgroundii

0 2.6,3.3MeVi D

XA

o 48Ca, °ONd, %6Zr 3.3MeVL. I

o HSALATE L/ I5H
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PO DREIR (£ D)

QfE | f#{EL | Cost X T,,,% -
B (MeV) | (%) | (M$/ton)  (x 10%5 yr) o

48Ca > BT 4.271 0.187 1000 <« 0.0058 (CANDLES) | CANDLES

76Ge > 76Se 2.040 77 ~ 80 2.1 (GERDA) GERDA, Majorana

825e > 82Kr 2.995 9.2 ~ 120 0.036 (NEMO-3) | Super-NEMO

%6Zr > %Mo 3.350 2.8 ZICOS

100Mo > 100Ry 3.034 9.6 ~ 80 0.11 (NEMO-3) AMOoRE

16Cd - 1165n 2.802 75 ~ 180 0.017 (Solotovia) | COBRA,

12450 > 124Te 2.228 5.64 ~ 300

130Te > 130Xe 2.533 345 20 0.40 (CUORE-0) CUORE > CUPID, SNO+

KamLAND-Zen, EXO(nEXO),

136Xe > 136Bq 2.479 8.9 5~10 11 (KamLAND-Zen) NEXT PANDAX-ITT AXEL

150Nd > 1905m 3.367 5.6 300 <« 0.0018 (NEMO) DCBA(MTD)

% A. Barabash, J of Phys. G: Nucl. Part. Phys. 39 085103 (2012) £/



OVPPHAIBEER DI (BRHIER)

o MBI DIRIN = Ovpp Al A2 K& <
Tt = GO\/(QB[}IZ) Mo, |2 <m,>2  (Mass term)

BHZHITIE. BRI Background3dh 5 & —fikiIC
<m,> o To, 2 oc (Ngg - AE/ M- Ty, )

o K& (M ~ Large)
o HSRIETE L/ I

o {KBackground (Ng; ~ Small)
o TR RE> BRHIdR. Ak, Hi RS

o Large Qg
o 2vBp DHBIZBIL Tk
o TRNF—fRHE (AE ; Good). /NS 2vppilE#

o ZTODMIZS... (T, ~ Long)

o ARL—T a VRS
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OvPp B D RRHI 5 ¥

Ovpp/2vpp = 10 o 2vpp decay:
- 7\ PWHM = 5% @|Qy o QufEi#ZENd pointiZEifkN 5
' \ 1 l-
;’E;ZVDD k'k :;t 10
s/ o o Ovpp decay :
/ N o QufEICE—7
1.0- f"j h'h\
/ \ Calorimetrici:

0.5 __;"3' \_‘H ov b b
o / N v ZDIZ D ...

‘ 0.0 | I ﬂlﬁ ﬂta 1.ra Q ZZISODEIZCTI”OH; Tr'acking

0.2 0.4 .
Sum electron energy / Qg

S.R.Elliot and P.Vogel, Ann. Rev.Nucl.Part.5ci.52(2002)115. o ﬁﬂ*ﬁ@ 7531‘13’& . T&gm

o Spectroscopic IZOvpp & 2vpp % 5y
o MIZHELT EIF..




I RV —7i#EE & OvppDBG

o HEF HNIRWVBG
o 2vpPD Tailifksy

o ITRINF—IrfREEDUTED H
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lr \ vﬁB:-ﬂ?Or‘%ev - OvBp
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Zdesenko, Danevic, Tretyak
J. Phys. G: Nucl. Part. Phys. 30 (2004) 971-981
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Types of Detectors

o MRINAREAN B L AL > RMHBIZHHT 5 &

-

22 KB
o

Source = Detector

(Calorimetric)

e

| | R AT

- L 1 source

' —— | kA

Source # Detector
(Tracking)

o Fllxi
o RAM
(~ 1 tonfilf£ & TScale up&A %)
o mitkHIEhHE
o TRNF—FfRAEH R
o Gas/LXelx XA MM
o Rii
o HIERIZRBEEIZROND

o Fllxi
o 2ARD TrackdD [w]E 25 v fg
( BGErRERED FW)
o [mIkEHIAS THIDIEIEDHIE v
o TXNLF— « MAMHEZHIE
- Mechanismf#BH
o Kri

o RIEULHHEL
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OvppEERD RIS @20134E4 H

o XNy 7757 v FRN IR ERRZ
o "HN—ZXEEROMAES @ 2013444 23H

tRPDOERZO V7 b

1

o Source = Detector @ Source z Detector
(Cﬂlﬂr‘ime"’f‘iC) (Trucking)
Tonization GERDA (7¢Ge) Super-NEMO (82Se) Tracking +
MAJORANA (7Ge) MOON (%Mo) Calorimeter
+Tracking | [ COBRA (11¢€d)
DCEBA(MTD) (159Nd) Tracking |
Bolometers | | CUORE (130Te) NEXT (*Xe)
LUCIFER (®2Se)
ZnMoQ, (1°°Mo)

AMOoRE (*°Mo)

Scintillator | | KamLAND-Zen (136)e)
SNO+ (15°Nd)
CANDLES (*Ca)

Liquid Xe AMASS (*)Xe)
+ Tracking EXO (136Xe)
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OvPPEEBRDIFR@201344 H

o ZDOHFDE L HSlide
&Y

Super-NEMO
(Demo)

l

10°

KamLAND-Zen

|

IH region

IIIIIIIIIfIIlI'iIIIIII1I|IIIJ|IIII|IIII
2012 2013 2014 2015 2016 2017 2018 2019 2020
Year
49
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Experiments using 13°Xe

A1
N
-

130Te
Bolometer

REEr L
ey
oooooooooooo

NEXT
High-P TPC
@LSC

SuperNEMO demonstrator
Tracking
@Modane

SEEEERNE FISTIEEITIRISERISIRITRIEIRINES

PandaX-lli
H 136Xe
S High-P TPC
@Jin Ping

CANDLES
48Ca
CaF: crystal

@Kamloka

. .
s::::: 8 o028 Hos BE3EEE
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EXO Experiment

Liquid Xe TPC
« X =7 b 175kgD ik Xe (80.6%43136Xe, QfH = 2458 keV)
- B2 TPC (Time Projection Chamber)

+ LAAPD (Large Area Avalanche Photodiodes)

APD 2D-wire /‘TQWXG @Hj%ﬁ@gg

/
- V-

2. Teflon reflector
APD plane

Scintillation

I

|

|

|

|

|

!

< = ¢ e- |
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L |
T |
|

|

i

i

|

|
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|

Shaping rings

=7

=

o fRHIFHE HEJHD R H#:IZ X 5 Signal / BGIX )
o TonizationTHRY L 7ze-ZBIMI (TPC): — Single / Multil )i % X 5]
o VUFL—aHBIHl (APD) — EnergyllliE. aki DX 4

% Wire planes &
Flex cables
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From EXO-200 to nEXO

@ EXO-200 has surpassed design energy resolution and SS/MS rejection
capability, and is expected to surpassed the design background goals.

@ nEXO is a proposed ~ 5 tonne detector.

o 4.7 tons of active ¢"Xe (90% or higher), < 1.0% (0/E) energy resolution.
o Its design can reach Ovpp half-life sensitivity of ~ 1028 yrs

Preliminary artist view of nEXO in the SNOlab Cryopit

EXO-200 = =
Detector — .
13m
46
cm
-, tam T R

1 02‘)

Normal hierarchy
<« 13m ———»

T IIII|II| T II|I|II|
|lJlll L1

[

=]

“-'ZN
=
nEXO . S
Detector = &
107 4 £
= Ayoueialy papaau| | Eé
10% = ]
E Sensitivity, 90% C.L. .
L ) ] 102
- 3o Discovery, 50% Prob.

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
2 4 6 8 10
Livetime (yrs)

=

GCM: Rodriguez, Martinez-Pinedo,
nEXO sensitivity as a function of time for the best-case Phys. Rev. Lett. 105 (2010) 252503

nuclear matrix element (GCM). 21
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ENERGY PLANE (PMTs)

P00

NEXT, PANDAX-III, AXEL

Experiment

High pressure gas-Xe TPC

« 10 ~ 15 bar® & HEXeH A

TPB coated surfaces

... i scintillation (S1)

®" Jonization

0 electroluminescence (S2) § |
5 iie

{ CATHODE, . ANODE |

NEXT-100 — to start In 2018

« 100 kg of *Xe (91% enrichment)

* resolution at Q: 0.7% FWHM

« Expected bkg: 4 -10* cts/(keV-kg-y)

TRACKING PLANE (SiPMs)

Y (mm)

« Electro-LuminessencelZ X % &%) fifthE
« Event A a o —F|H 2 {KBGIL

60— —
- 20— -
| SIGNAL ' BACKGROUND

40 -

v of

20
i -20H,

ol 1 E
i | E .40

)_

-20 B
L V -60:'

-40

-80-

-60 i 8

P t e Lo Lo Ly g 1 | PP e
100 40 60 80 100 120 140 160

i f.x i ] by
60 -40 -20 O 20 40 60

X (mm)

X (mm)
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PANDAX-ITI

200 kg TPC operated at 10bar
« resolution at Q: 3% FWHM
« bkg: 10 cts/(keV-kg-y) or 1.5 cts/y in ROI
- Expected half-life sensitivity: 10*°y (m, ~ 65 — 165 meV)

Second stage — 1 ton foreseen in 2022

« multiple 200 kg modules to reach 1 ton

* resolution at Q: 1% FWHM

* bkg: 10° cts(keV-kg-y) or ~1 cts/y in ROI

« Expected half-life sensitivity: 10%" y (mﬁ[3 ~ 20 -50 meV)

102 :—TPandax-IIImO kg l— l—
E
= 101 =+
S
10° | Inverted | Normal |
i | Hieralrchy I | : Hierarchy |
10 10° 10* 0% 1o+ 10° 10! 10?

mgy (MmeV) my; (meV)



CUOREE£E

Cryogenic Underground Observatory for Rare Events
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Voltage [mV]

CUORE Detector

o Located at LNGS (Italy), ~3600 m.w.e.
o TeO, bolometers (988 crystals in 19 towers), a total mass of 139Te 206 kg
o Operated at ~10mK. Energy resolution ~0.2% FWHM

S ioiier R Cu frames
(~10mK) PTFE
weak
t
thermal o % e
coupling Ge-NTD

Thermistor

Absorber | TeOs

crystal
-3200F o ' '

E_ T || crystal: ESAT _ . CUORE
E | || @T=E/C~0.1mK/MeV) | History CUORE-0 el gl
saodh = T sensor: AT—AV _ Ciisricine (2013-2015)

m: Q (2003-2008)
-4200f ?S
_mz_ v f}‘ L
0 1 2 3 4 5 '
Time [s]
Complete (2008) Completed (2015) Pmiect‘ecI (2020)

Mg < 270 — 670 meV 31



CUORE tower installation completed!

On August 26, 2016, the CUORE Collaboration reached a major milestone: all 19 towers,
consisting of 988 individual TeO, crystals and weighing almost 750 kg (1650 Ibs), are now
installed in the cryostat! Thanks to the dedicated efforts of specially trained teams of
scientists, engineers, and technicians, and logistical support from the entire collaboration, the
installation went smoothly over a period of about a month. We are now preparing to close the
cryostat and start scientific operations in search for neutrinoless double beta decay, which
may hold keys to our understanding of matter abundance in the Universe.

. I’I = b

The detectors were installed in a specially constructed
cleanroom to protect them from naturally occurring radioactivity, Bottom view of the towers
including air filtered to remove radon gas

S5-year sensitivity: Ti2(*Te) > 9.5 X 10% years, mpgpg < 50-130 meV (90% C.L.)
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CUORE Upgrade : CUPID

o CUORERHHZZUR
o Optionl:Scintillating-Bolometer(Zn82Se / Li,1%°MoQO,)
o Option2: TeO, + Light-detector (PI by Cherenkov photon)

o IRFER&ADDE&F
o 2018FEKRETICTton R —ILDEH D Al B X HREE

o CUORE#& T #IZStart (20234)
o IIRRLE = <mpp>=10—15 meV

ILLERLL

T T TTTL

I T TTITI ILLRRAL

CUORE

=
=

] IIlIlI11 | | | Illlllll L1 LI11ill

107 0.001 0.01 0.1 1
Mhightest (eV)
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GERDAZERR/ MATJORANALER

Ton2 7 — L ORa I8 2 L ETHES (8)
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Phase I Fi ]
GetxdR 7 L1

) Y 8l VEXS72Y
#likZ > 7( 580 m3) ' P o — 0.98 ~ 2.9 kg
2 a—F > Veto - iy =
[ T T
& Cryostat
(Pt 3:i)

(=) |

arXiv: 1212.4067 *%*“*0410“/—11/ K

» Phase I : 18 kg?D7%Getrid: (~86% : HDM/IGEXA5)
> Phase II: #7%ic20 kgDGetriat2MA S 35




GERDA Sensitivity & Schedule

Phase I: ® reach sensitivity of T, =2-10®yrat 90% C.L.

® <m > = 0.23-0.39 eV

PP

® - check claim!

Phase II: © reach background of 102 cts/(keV-kg-yr)

300

{Mgp? 250
200

150

100

50

0

» Exposure of 100 kg-yr — T > 1.35-10 yr
o <m > = 0.09-0.15 eV

HEVETHED —o—GERDA

\

EKD\DNﬂ 1444 12Phase ITIZfT L2854 (1 4£T100meV)

M

1 2 3 4 5

Year

X201 148D V) ICHIERAR L. 4 bPhase IT—X 2L DRI TS
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A MOREAdvanced Mo based Rare process Experiment

o IHAT: YangYangtth T EERIEES (32E, #h T 700m)
o G—Hhiyh: 100Mo (QIiE = 3034 keV, 9.63%)
o RHES: 0Cal%Mo04 Scinti-Bolometerts 25

MMC Phonontz>rH—: 5T R)LX—0f
AMORE-Polot 2016-2017

o
@

7 L,

¥ HAe

o 15kg, T%1/2 >3 x10%* year, mpp < 300~900 meV

e AMORE-TI 2017-2019

1¢

o bkg, 10-3 cts/(keV-kgy). 70-140meV S — W
o AMORE-II 2020-2025@#EER=E e
o 200kg, B6=10- cts/(keV-kgy) 107 B AMGRERL S
Q ﬁ.’ﬁ%ﬁﬁﬁﬁ mpp < 12-20 meV % Elnverted
(T%/2 > 1.1 x 10?7 year) 10°2E S
MMC Phonon § ENo sl
SEN8OT
10°F
- Park @DBD16
@4cm x 4om crystal T L P PUYY R Y R UTYH ETTY
1074 10°° 1072 107" 1

Lightest Neutrino Mass (eV)



[ 712 calorimeter channels ]
2034 tracker cells ]
Super-NEMO%£5 G
p v v

Tacking detector

* Modane (75 &)
» 825e, ~7kg/module (Total 100kg)
* First data expected for mid 2017
+ o TXNVF—5fFEE: 8% FWHM @lMeV
+ Expected sensitivity 10%¢y,
(mpg ~ 50 - 100 meV)
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e

o R THIE. RADAHESTH

o KamLAND-ZenZk D&
o Phase2 DR © 1.0 x 10%6yr, 60 meV

o HIEMIE Z Bk L T\ 5 45 (GERDA,CUORE)D 3 B4E% D H| &
K

o PANDAX-IIT, AMoRE(HrBlE4 )ik, 20004E~20224F U 1T /e
P L B 7 5

o CUPID, nEXO7 & DXRMAFTHHNIARE (20234FLIR: 2



H A TDOvPPEER D 133K

o KamLAND-Zen
o KamLAND-Zen800% 928l (44FE)E) = ~ 40 meV
o JHKatH - KamLAND2-Zen
@ JKE ~20meV
o WOREIFTAHN? =>>20204E, 2 ?

o CANDLES

o 48CaiEfiE + Scinti-Bolometertifit Br 7 CINEFE e nE sk D£8R & -1k
M2 HET
o BHEDTERDPOTELEITHEDN? DD, iR

o AXEL, DCBA(MTD), ZICOS, ..
o A & DI TRk (NEXT, PANDAX-III), (Super-NEMO),
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