
Neutrino Physics

Double Beta Decay

Junpei Shirai
Research Center for Neutrino Science,

Tohoku University

PANIC, Sep.1, 2017, Beijing, China

Neutrinoless

0νββ



Contents

Introduction

0νββ and experimental challenges

KamLAND-Zen

Summary



Neutrinos : Finite Masses, but still mysterious !
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δCP Δm    312 ＞＜ 0 ?, Fundamental 
problem !

Origin of the mass.

mν mq,ℓ<<
Absolute val. of mνs    
ν=ν？ or ν=ν? 



Dirac Mass term

Majorana Mass term

−Lm =MD(ψRψL+h.c.) +
(ML/2)[(ψc)RψL+h.c.] + (MR/2)[(ψc)LψR+h.c.].

two mass eigenstates

See-saw mechanism

N: Important roles
in the early Universe ! 
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Matter 
dominance
world

(Leptogenesis) 

Sakharov’s conditions
Super-heavy Majorana ν 
ΔL=0 =>Δ(B-L)=0 =>ΔB=0

Majorana nature of 
ν is very important 
and should be 
checked !

Big 
bang



Nuclear ββ decay 
provides the most feasible and 
sensitive way to study the 

Majorana nature of neutrinos !
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X

T1/2
0ν ～1019-1021yr

SM process

48Ca, 76Ge, 82Se, 96Zr, 100Mo, 110Pd, 116Cd, 
124Sn, 130Te, 136Xe, 150Nd, etc. are observed

Qββ>2MeV

W
W

, but very rare!

There are ~35 natural isotopes 
which can double-beta decay. 



Light Majorana νexch. is considered 
as the dominant process.

0νββ

(A,Z)→(A,Z+2)+2e-

A(Z)

A(Z+2)

A(Z+1)

X

Beyond the SM process
Total lepton number violation.

Phase 
space 
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Nuclear 
matrix 
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Effective 
Majorana 
neutrino 
mass

T1/2
0ν ＞1026yrNot found

=G (Q,Z)|M  |2<mββ>20ν 0ν

T1/20ν
1

<mββ> =|ΣUei mi|2
i

=|(m1c122+m2s122eiα21)c132+m3s132ei(α31-2δ)|
All information of the neutrinos are contained;
Oscillation parameters, Absolute ν masses, 

Majorana CP-phases. 



T1/20ν lower limits (90%C.L.) and T1/22ν 
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There are many ongoing and planned experiments ! 
Most sensitive experiments have provided T1/20ν > 10^25~10^26 yr. 

T1/20ν
T1/22ν

EXO-200



<mββ> limit is close to the bottom of the QD region. 
Positive claim on 76Ge was refuted (KL-Zen and GERDA).

To demonstrate the low background levels achieved in the
0νββ region, Fig. 2 shows the energy spectra within a 1-m
radius, together with the best-fit background composition
and the 90% C.L. upper limit for 0νββ decays. Combining
the results, we obtain a 90% C.L. upper limit of
< 2.4 ðkton dayÞ−1, or T0ν

1=2 > 9.2 × 1025 yr (90% C.L.).
We find that a fit including potential backgrounds from
88Y, 208Bi, and 60Co [3] does not change the obtained limit.
A MC of an ensemble of experiments assuming the best-fit
background spectrum without a 0νββ signal indicates a
sensitivity of 5.6 × 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For
comparison, the sensitivity of an analysis in which
the 110mAg background rates in period 1 and period 2 are
constrained to the 110mAg half-life is 4.5 × 1025 yr.
Combining the phase-I and phase-II results, we

obtain T0ν
1=2 > 1.07 × 1026 yr (90% C.L.). This corresponds

to an almost sixfold improvement over the previous

KamLAND-Zen limit using only the phase-I data, owing
to a significant reduction of the 110mAg contaminant and the
increase in the exposure of 136Xe.
From the limit on the 136Xe 0νββ decay half-life, we

obtain a 90% C.L. upper limit of hmββi < ð61 − 165Þ meV
using an improved phase space factor calculation [17,18]
and commonly used NME calculations [19–25] assuming
the axial coupling constant gA ≃ 1.27. Figure 3 illustrates
the allowed range of hmββi as a function of the lightest
neutrino mass mlightest under the assumption that the decay
mechanism is dominated by exchange of a pure-Majorana
Standard Model neutrino. The shaded regions include the
uncertainties inUei and the neutrino mass splitting, for each
hierarchy. Also drawn are the experimental limits from
the 0νββ decay searches for each nucleus [2,26–28]. The
upper limit on < mββ > from KamLAND-Zen is the most
stringent, and it also provides the strongest constraint on
mlightest considering extreme cases of the combination of
CP phases and the uncertainties from neutrino oscillation
parameters [29,30]. We obtain a 90% C.L. upper limit
of mlightest < ð180–480Þ meV.
In conclusion, we have demonstrated effective back-

ground reduction in the Xe-loaded liquid scintillator by
purification, and enhanced the 0νββ decay search sensi-
tivity in KamLAND-Zen. Our search constrains the mass
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FIG. 2. (a) Energy spectrum of selected ββ candidates within a
1-m-radius spherical volume in period 2 drawn together with
best-fit backgrounds, the 2νββ decay spectrum, and the 90% C.L.
upper limit for 0νββ decay. [(b) and (c)] Close-up energy spectra
for 2.3 < E < 3.0 MeV in period 1 and period 2, respectively.
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FIG. 3. EffectiveMajorana neutrino mass hmββi as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation
parameters for the normal hierarchy (NH) and the inverted
hierarchy (IH), and the light shaded regions indicate the 3σ
ranges calculated from the oscillation parameter uncertainties
[29,30]. The horizontal bands indicate 90% C.L. upper limits on
hmββi with 136Xe from KamLAND-Zen (this work), and with
other nuclei from Refs. [2,26–28], considering an improved
phase space factor calculation [17,18] and commonly used NME
calculations [19–25]. The side panel shows the corresponding
limits for each nucleus as a function of the mass number.
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FOM for the sensitivity 

Current 1025~1026 yr
Planned  ~1027 yr

O(100)kg => O(1) ton

T1/20ν ∝εa MT
bΔE√

Isotope selection by large a, 
Qββ and long T1/22ν

Summed energy of electrons  
normalized by Qββ

<mββ>～0.02eV (IH)

0ν

2ν
2ν

0ν

Large amount of isotope
Remove BG (Ext./Int.)
Good energy resolution

Isotope mass Data taking 
period

detection 
efficiency

 Isotopic abundance/ 
enrichment factor

Background index 
(keV-1kg-1yr-1)

Region of interest
～Energy resolution



Concept of the experiment
 Deep Underground

Target 
nuclei

Scalability

Large amount

Radio-purity
Sensors

Thick active shield

Thick shield



Detection Strategy
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0νββ activities in the world

AMoRE 
(100Mo, Y2L）

KamLAND-Zen
（136Xe, Kamioka）

CANDLES
（ 48Ca, Kamioka） 
AXEL（136Xe, Kyoto） 
MTD（ 150Nd, KEK）

PANDAX-III
（136Xe, CJPL） GERDA（ 76Ge）

CUORE（130Te）
CUPID (82Se)
 COBRA (116Cd)

LNGS (Italy)

SuperNEMO
（82Se, 150Nd, 48Ca,
       Modane）

NEXT
（136Xe, CanFranc）

SNO+
(130Te, SNOLAB)

EXO-200
（136Xe, WIPP）

MAJORANA
（76Ge, SURF）

(Calorimetric, tracking/TPC)



GERDA*
GERmanium Detector Array

LNGS
3600m.w.e.

76Ge
Q: 2,039 keV

enrich. HPGe
Phase I+II
34.4kg yr

BI=0.7+1.1-0.5
×10-3

kg-1keV-1yr-1

T0ν1/2 >5.3×10^25 yr (90%C.L.)
<mββ> ＜(150-330)meV

Sensitivity T0ν1/2 =4×10^25 yr
No signal in ROI, BG free search !

590m3 water tank (10mΦ)
+ 66 PMT Ch. veto

64m3 Liq.Ar
cryostat (90oK, 4mΦ)

WLS 
Fiber 
curtain

7 Strings of 
37 HPGe 
detectors
35.6kg 

LAr Veto, PSD Analysis

SiPMs

PMTs

PMTs

200kg Ge (Current Cryostat) 

1000kg Ge 
T0ν1/2 >10^27 yr (5yrs)

T0ν1/2 >10^28 yr
(LEGEND)

Prospects

ΔEFWHM=
2.8keV
@Q(BEGe)

Achieved ! 

μ-on veto

(42K) (SS vs MS, A/E)

<mββ> ＜(10-20)meV

Phase I

Phase II enriched coaxial

Phase II enriched BEGe



CUORE*
Cryogenic Underground 

Observatory for Rare Events

CUPID
CUORE Upgrade 
with Particle ID

LNGS
3600m.w.e.

130Te
Q: 2,528 keV

Nat.TeO2

34.1%(130Te)

Oliviero Cremonesi - July 28, 2017 - TAUP 2017 - Sudbury 

CUORE

4

TeO2 arrays

CUORE is the latest 
evolution of a long 
series of TeO2 
detectors which 
included two large 
demonstrators: 

• Cuoricino 
• CUORE-0

Running period
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TeO2 arrays

CUORE is the latest 
evolution of a long 
series of TeO2 
detectors which 
included two large 
demonstrators: 

• Cuoricino 
• CUORE-0
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(Thermometer)

Copper Holder

Weak Thermal
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Incident
Radiation

Absorber
Crystal
(TeO2)

Figure 1. Schematic of a bolometric detector. A CUORE bolometer consists of an absorber connected to a
heat sink through a weak thermal link, and read out by a temperature sensor attached to the absorber.

the CUORE-0 detector components in Section 3. After the description of the assembly technique
in Section 4, an overview of the experimental setup is presented in Section 5. In Section 6 we
describe the electronic readout and data acquisition. Section 7 is dedicated to the CUORE-0 results
on bolometer reproducibility and uniformity, energy resolution, and background rate.

2 Detector overview

2.1 The bolometers tower

A bolometric detector is an extremely sensitive low-temperature calorimeter [19]. It consists of
three main components: an energy absorber, a temperature sensor, and a thermal link to a heat
sink (see Figure 1). The absorber is the target in which particles interact and deposit energy.
The primary constraint on the absorber material is that its heat capacity must be small at low
temperatures. CUORE and CUORE-0 use 750 g TeO2 crystals as absorbers. At 10 mK their heat
capacity is ⇠2 nJ/K, which results in a temperature rise of ⇠0.1 mK for an energy deposit of 1 MeV.
The small temperature variations of the crystals are measured by a thermal sensor. CUORE-0 and
CUORE use neutron-transmutation-doped (NTD) germanium thermistors [20], which are highly
sensitive over a large temperature range.

CUORE-0 is an array of 52 TeO2 bolometers, arranged into 13 planes, or “floors.” Each floor
has four cubic 5 ⇥ 5 ⇥ 5 cm3 crystals (see Figure 2). Two chips are glued to each crystal: an NTD
thermistor to measure the temperature change (see Section 3.3) and a silicon resistor which acts as
a Joule heater to inject power (see Section 3.4). The crystals are housed in a copper structure and
kept in position by polytetrafluoroethylene (PTFE) holders; these, together with the glue used to
couple the NTDs and heaters, are the only components in direct contact with the crystals. The PTFE
supports are designed such that at low temperatures they hold the crystals firmly and compensate
for the di↵erential thermal contraction of copper and TeO2. Together with the NTD thermistor and
heater gold electrical connections, the PTFE serves as weak thermal links to the copper structure,
which acts as a heat sink [21, 22].

The electrical signals from the bolometers are carried to the top of the tower by two sets of
cables running on opposite sides of the tower. The sensors are directly bonded onto pads at one

– 3 –
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CUORE
(Cryogenic Underground Observatory for Rare Events) 

Closely packed array of 988 TeO2 crystals 
arranged in 19 towers

130Te: 
• large transition energy: Qββ (130Te) 2527.5 keV 
•highest natural isotopic abundance (33.8%)

CUORE projected sensitivity (5 years, 90% C.L.):
T1/2 > 9 × 1025 yr

Primary goal: search for 0νββ decay in 130Te

CUORE design parameters: 
• mass of TeO2: 742 kg (206 kg of 130Te ) 
• low background aim: 10-2 c/(keV⋅kg⋅yr)
• energy resolution: 5 keV FWHM in the Region Of Interest (ROI)  
• high granularity 
• deep underground location 
• strict radio-purity controls on materials and assemblyCUORICINO

CUORE-0 CUORE

(2003-2008)

19.75kg yr 
(130Te)
T0ν1/2

> 2.8×1024yr

9.8kg yr 
(130Te)

> 4×1024yr

206kg(130Te)

19 towers
988 TeO2 
(750kg)

Jan.2017~: Cool down
April-June: Science run

ΔE=7.9±0.6keV
(FWHM)@2615keV

CUORE-0
Combined

1 tower
(4 crystals
×13piles)

ΔE/E~0.2% @Qββ

> 9×1025yr
(5 yr)

38.1kg yr (10.6kg 130Te)
CUORE Combined
> 6.6×1024yr
<mββ> < (210-590)meV

Challenging items
Long-term stable operation of a ton-sized bolometric detector ! 
Validation of the background model in ROI (α, β/γ) will be established.

0.01 kg-1keV-1yr-1

(FWHM)

ΔT∝Edep/C
C∝T3Absorber

(TeO2

Weak 
thermal 
coupling

Heat sink

NTD Ge sensor 
(Thermometer)

Copper 
holder

Incident 
radiation

10mK65cm



136Xe
Qββ=2.458MeV
T1/22ν=2.2×1021 yr
Nat. ab.=8.9%

136Xe has nice characteristics for 0νββ search！

Rare gas

Enrichment

Purification

Chemical stability
Non-toxic

Non-flammable
High level of safety

One of the 
longest 2ν 
life !

Techniques are 
well established Excellent

Scalability
High solu-
bility to LS

KamLAND-
Zen

Scintillation 
light for

TPC (Liq/Gas)

EXO, NEXT, 
PANDAX-III
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TPC 

Latest EXO-200 Results, TAUP 2017 

• EXO-200 consists of a radiopure TPC filled with enriched LXe  (80.6%) 
• Located at Waste Isolation Pilot Plant (WIPP) in Carlsbad, NM, USA 
• High-voltage applied between cathode and anodes (opposite ends) 
• Two measurements of energy deposited in event 

• Scintillation light (178 nm), by large avalanche photo-diodes (APDs) 
• Ionization charge, by 2 wire grids (induction and collection) 

C. Licciardi, Carleton 

44cm

4 

TPC 

Latest EXO-200 Results, TAUP 2017 

• EXO-200 consists of a radiopure TPC filled with enriched LXe  (80.6%) 
• Located at Waste Isolation Pilot Plant (WIPP) in Carlsbad, NM, USA 
• High-voltage applied between cathode and anodes (opposite ends) 
• Two measurements of energy deposited in event 

• Scintillation light (178 nm), by large avalanche photo-diodes (APDs) 
• Ionization charge, by 2 wire grids (induction and collection) 

C. Licciardi, Carleton 

EXO-200
Enriched Xenon Observatory

WIPP (NM,USA)
1585 m.w.e.

136Xe
Q: 2,458 keV

Liq.Xe TPC
enrich:80.6%

(1.5±0.2)×10-3
kg-1keV-1yr-1

Phase I (Sep.2011-Feb.2014)

Phase II (Jan.-May, 2016) 55.6kg yr
122 kg yr

T1/20ν > 1.8×1025 yr 
<mββ>＜(147-398) meV

(90%C.L.)

Hardware upgrade

nEXO 5ton enriched Liq.Xe TPC
planned installation at SNOLAB

13m

14m

Water

Sensitivity: T1/20ν~1028yr (with Ba-tag)

Scintillation+Ionization
σ/E=1.23%
SS vs. MS

40cm



NEXT*

CanFranc
850 m.w.e.
136Xe

Q: 2,458 keV

10-20bar TPC

Electro-luminescence 
(EL) amplification
ΔE/E~0.5%
(FWHM)@Qββ

Topological signature for 
BG suppression.

HPXe-EL technology

Cost and Scalability
(Least Expensive ßß Isotope)

(Source = detector)Energy Resolution
Topological Signature

49

• < 1 (0.5) % FWHM c ~5 x 10-4 ckky extrapolate to large 
(ton) massesc   < 10-4 ckky low diffusion?

Ultimate target: To develop a 
technology “background free” at 
ton scale (e.g, <~1 count per ton 

per year

First target: To demonstrate 
“background free” at 100 kg 

scale (e.g, <~1 count per 100 kg 
per year

Intrinsic (Fano): ~0.3 %

NEW: NEXT-WHITE

‣ Built underground at Laboratorio 
Subterráneo de Canfranc (Spanish Pyrenees) 

‣ 5 kg of xenon gas in active volume. 
‣ Stable operation since October 2016. 
‣ Calibration runs ongoing with natural Xe  

at 7 bar. Low-background run on Q1 2018.

‣ Goals: 
‣ Validation of radiopure technological 

solutions in a large detector. 
‣ Evaluation and determination of the 

background. 
‣ Measurement of 136Xe ßß2ν decay.

8

NEW (2015-2018)

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

50

Prototypes (2009-2014)

NEXT-DBDM

NEXT-DEMO 

• ~1 kg of mass
• Demonstration 

of technology

First stage - NEW (2015-2018)

• ~10 kg of mass
• Underground 

operation
• Background and 
ββ2ν 
measurements

NEXT-100 (2019–)

• 100 kg of mass
• ββ0ν search

NEXT-ton (NAUSICAA)

NEW 

• (multi) ton 
mass

• ββ0ν search

NEXT STAGES

NEXT-100 (2019~)

100kg enriched Xe,
0νββ search

for T1/2 5×10^25 yr.
50

Prototypes (2009-2014)

NEXT-DBDM

NEXT-DEMO 

• ~1 kg of mass
• Demonstration 

of technology

First stage - NEW (2015-2018)

• ~10 kg of mass
• Underground 

operation
• Background and 
ββ2ν 
measurements

NEXT-100 (2019–)

• 100 kg of mass
• ββ0ν search

NEXT-ton (NAUSICAA)

NEW 

• (multi) ton 
mass

• ββ0ν search

NEXT STAGES

NEXT-ton 

NEW: 83Kr CALIBRATION
‣ Light collection depends on the position of the event 

(solid angle effects and TPB inhomogeneities). 

‣ The dependance  is  corrected with a map of the EL 
plane with the mean energy at each point. 

‣ 5.5% FWHM (0.72% at Qßß) resolution for full 
chamber. 

‣ 4% FWHM (0.52% at Qßß) resolution at smaller radius.

Full active volume R < 75 mm

11

83Kr
5.5%@41.5keV
=> 0.7%@Qββ

Neutrino Experiment 
with a Xenon TPC

•High Pressure Xenon TPC 
(operation 10-20 bar)

•EL amplification to achieve 
excellent energy resolution 
(~0.5 % FWHM appears 
possible)

•Adds a topological 
signature (observation of 
two electrons) to further 
suppress the backgrounds.

•Is built with radio pure 
materials. 
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PandaX-III TPC illustrated

E

E Field E Field

e

e

e

e

e

High Pressure 
Vessel

High Voltage Feedthrough

M
icrom

egas Charge Readout Plane

CathodeField Cage

Drift electrons

Mixture of enriched 
136Xe and 1% TMA

• ~4m3  active volume

• 10 bar working pressure

• ~10000 readout channels

• Xe+TMA gas mixture

• Charge-only readout with 

microbulk Micromegas 

TAUP 2017, SNOLab Ke Han (SJTU) for PandaX-III 6

Mesh

Pixel/strips

PANDAX-III*
Particle and Astrophysical 

Xenon Detector

CJPL
6720 m.w.e.
136Xe

Q: 2,458 keV

90% enrich.
TPC

200kg×5

200kg×5 Xe TPC 
modules in a water pool,
ΔE/E~1%(FWHM) @Qββ.

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

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

Cathode 
(100kV)

1.5m

OFHC
copper T1/20ν~1027yr

14m

65m
Water pool construction 
finished in Jun.2016.

World’s deepest !
0.2μ’s/m2/d

Horizontal shaft !

2m

Anode 
readout
(MM) 

55

Fe

Shielded 

241

Am

Prototype TPC at SJTU

• 16 kg of xenon at 10 bar (active mass within TPC)

• Single-ended TPC

• Data taking with Ar, Xe, Xe+TMA at different 

pressures

• Two Micromegas modules installed. Movable 

source used for calibration

TAUP 2017, SNOLab Ke Han (SJTU) for PandaX-III 10

Prototype (16kg Xe, 10 bar)
Micromegas

25-150μm



KamLAND-Zen
Zero-neutrino 

double beta decay



Concept of the KamLAND-Zen
 Deep Underground

Target 
nuclei

Scalability

Large amount

Radio-purity
Sensors

Thick active shield

Thick shield

Sensors

1000ton 
ultrapure LS 

PMTs

Xe-LS balloon 
easy replacement !

Use existing 
detector facility
small cost
quick start
blank run

Kamioka mine
2700m.w.e.

380kg 
136Xe (90% 
enriched, 
purified)



KamLAND-Zen 400

0m

-1.58m

1.5m（バルーン
フィルム直管部)

7.076m
(≈コルゲート管)

4.474m

検出器中心からM５フランジ上面まで
=11750mm, コルゲート管との接続フランジの

当たり面はその200mm下

Mini-balloon (MIB, ~3mφ) : Xe (320 ~ 
380kg, 91%136Xe)+Decane-based LS

Main Balloon (13mφ,1000ton Ultra-pure LS)
PMTs (1325 17”+ 554 20”)

Kamioka mine 
2700 m.w.e.

Stainless 
steel tank

20m
3200ton
Water Ch.
225 PMTs

 

● Small modification: Cost effective, Quick start.
● Active shield of 1000 ton ultrapure LS.
● Easy handling: Xe Collection, Repurify, Blank run.
● Excellent scalability!
● Physics in parallel: Geoν, SuperNovae, etc.

2011 2012 2013 2014 2015 2016 2017

Phase I Phase IIPurification (KL-Zen800)
89.5 kg yr 504 kg yr

Aug.2011



KL-Zen400 results
Phase II
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impurities in the Xe-LS; those from muon-induced spalla-
tion products; and those external to the Xe-LS, mainly
from the IB material. The U and Th contaminations in
the Xe-LS can be investigated by the delayed coincidence
detection of 214Bi-214Po and 212Bi-212Po. Assuming secular
equilibrium, the 238U and 232Th concentrations are esti-
mated to be ð1:3" 0:2Þ $ 10%16 g=g and ð1:8" 0:1Þ $
10%15 g=g, respectively. The 238U level reported in
Ref. [2] was overestimated due to slight contamination of
222Rn in early data, which can be removed. To allow for the
possibility of decay chain nonequilibrium, however, the
Bi-Po measurements are used to constrain only the rates for
the 222Rn-210Pb subchain of the 238U series and the
228Th-208Pb subchain of the 232Th series, while other back-
ground rates in both series as well as a contribution from
85Kr are left unconstrained.

Spallation neutrons are captured mainly on protons
(2.225 MeV) and 12C (4.946 MeV) in organic scintillator
components, and only rarely on 136Xe (4.026 MeV) and
134Xe (6.364 MeV), with fractions of the total captures,
9:5$ 10%4 and 9:4$ 10%5, respectively, for the latter
two. The neutron capture product 137Xe (!%, " ¼
5:5 min , Q ¼ 4:17 MeV) is a potential background,
but its expected rate is negligible in the current 0#!!
search. For carbon spallation products, we expect event
rates of 1:11" 0:28 ðton ' dayÞ%1 and ð2:11" 0:44Þ $
10%2 ðton ' dayÞ%1 from 11C (!þ, " ¼ 29:4 min , Q ¼
1:98 MeV) and 10C (!þ, " ¼ 27:8 s, Q ¼ 3:65 MeV),
respectively. There are no past experimental data for
muon spallation of Xe, but background from short-lived
products of Xe with lifetimes of less than 100 s is con-
strained from the study of muon time-correlated events [2].

By looking at events near the IB radius, we found that
the IB, which was fabricated 100 km from the Fukushima-I
reactor, was contaminated by fallout from the Fukushima
nuclear accident in March 2011 [2]. The dominant activ-
ities from this fallout are 134Cs (!þ $’s) and 137Cs
(0.662 MeV $), but they do not generate background in
the energy region 2:2<E< 3:0 MeV relevant to the 136Xe
0#!! decay search (i.e., the 0#!! window). In this
region, the dominant IB contaminant is 214Bi (!þ $’s)
from the U decay chain. The Cs and U are not distributed
uniformly on the IB film. Rather, their activity appears to
increase proportionally with the area of the film welding
lines. This indicates that the dominant IB backgrounds may
have been introduced during the welding process from dust
containing both natural U and Fukushima fallout contam-
inants. The activity of the 214Bi on the IB drives the
spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can also
be observed in the IB backgrounds located in the 0#!!
window on top of the 214Bi contribution, similar in energy
to the peak found within the fiducial volume. To explore
this activity we performed two-dimensional fits in R and
energy, assuming that the only contributions on the IB are

from 214Bi and 110mAg. Floating the rates from background
sources uniformly distributed in the Xe-LS, the fit results
for the 214Bi and 110mAg event rates on the IB are
19:0" 1:8 day%1 and 3:3" 0:4 day%1, respectively, for
DS-1, and 15:2" 2:3 day%1 and 2:2" 0:4 day%1 for
DS-2. The 214Bi rates are consistent between DS-1 and
DS-2 given the different fiducial volume selection, while
the 110mAg rates are consistent with the decay time of
this isotope. The rejection efficiencies of the FV cut
R< 1:35 m against 214Bi and 110mAg on the IB are
(96:8" 0:3) and (93:8" 0:7)%, respectively, where the
uncertainties include the uncertainty in the IB position.
The energy spectra of selected candidate events for DS-1

and DS-2 are shown in Fig. 1. The !! decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The
background rates described above are floated but con-
strained by their estimated values, as are the detector
energy response model parameters. As discussed in
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FIG. 1 (color). (a) Energy spectrum of selected candidate
events together with the best-fit backgrounds and 2#!! decays,
and the 90% C.L. upper limit for 0#!! decays, for the combined
data from DS-1 and DS-2; the fit range is 0:5<E< 4:8 MeV.
(b) Closeup of (a) for 2:2<E< 3:0 MeV after subtracting
known background contributions.
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Purification

To demonstrate the low background levels achieved in the
0νββ region, Fig. 2 shows the energy spectra within a 1-m
radius, together with the best-fit background composition
and the 90% C.L. upper limit for 0νββ decays. Combining
the results, we obtain a 90% C.L. upper limit of
< 2.4 ðkton dayÞ−1, or T0ν

1=2 > 9.2 × 1025 yr (90% C.L.).
We find that a fit including potential backgrounds from
88Y, 208Bi, and 60Co [3] does not change the obtained limit.
A MC of an ensemble of experiments assuming the best-fit
background spectrum without a 0νββ signal indicates a
sensitivity of 5.6 × 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For
comparison, the sensitivity of an analysis in which
the 110mAg background rates in period 1 and period 2 are
constrained to the 110mAg half-life is 4.5 × 1025 yr.
Combining the phase-I and phase-II results, we

obtain T0ν
1=2 > 1.07 × 1026 yr (90% C.L.). This corresponds

to an almost sixfold improvement over the previous

KamLAND-Zen limit using only the phase-I data, owing
to a significant reduction of the 110mAg contaminant and the
increase in the exposure of 136Xe.
From the limit on the 136Xe 0νββ decay half-life, we

obtain a 90% C.L. upper limit of hmββi < ð61 − 165Þ meV
using an improved phase space factor calculation [17,18]
and commonly used NME calculations [19–25] assuming
the axial coupling constant gA ≃ 1.27. Figure 3 illustrates
the allowed range of hmββi as a function of the lightest
neutrino mass mlightest under the assumption that the decay
mechanism is dominated by exchange of a pure-Majorana
Standard Model neutrino. The shaded regions include the
uncertainties inUei and the neutrino mass splitting, for each
hierarchy. Also drawn are the experimental limits from
the 0νββ decay searches for each nucleus [2,26–28]. The
upper limit on < mββ > from KamLAND-Zen is the most
stringent, and it also provides the strongest constraint on
mlightest considering extreme cases of the combination of
CP phases and the uncertainties from neutrino oscillation
parameters [29,30]. We obtain a 90% C.L. upper limit
of mlightest < ð180–480Þ meV.
In conclusion, we have demonstrated effective back-

ground reduction in the Xe-loaded liquid scintillator by
purification, and enhanced the 0νββ decay search sensi-
tivity in KamLAND-Zen. Our search constrains the mass
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FIG. 2. (a) Energy spectrum of selected ββ candidates within a
1-m-radius spherical volume in period 2 drawn together with
best-fit backgrounds, the 2νββ decay spectrum, and the 90% C.L.
upper limit for 0νββ decay. [(b) and (c)] Close-up energy spectra
for 2.3 < E < 3.0 MeV in period 1 and period 2, respectively.
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FIG. 3. EffectiveMajorana neutrino mass hmββi as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation
parameters for the normal hierarchy (NH) and the inverted
hierarchy (IH), and the light shaded regions indicate the 3σ
ranges calculated from the oscillation parameter uncertainties
[29,30]. The horizontal bands indicate 90% C.L. upper limits on
hmββi with 136Xe from KamLAND-Zen (this work), and with
other nuclei from Refs. [2,26–28], considering an improved
phase space factor calculation [17,18] and commonly used NME
calculations [19–25]. The side panel shows the corresponding
limits for each nucleus as a function of the mass number.
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Phase I

110mAg 
214Bi10C2ν
Balloonμ-

spallation
Xe-LS

89.5kg•yr 504 kg•yr
R<1m

Change 
balloon to
much 

cleaner one!

110mAg has gone !
(μ-n-10C) triple 
coincidence by n-
detection.=> further 

improved

Make better 
the σE.

PRL110,062502(2013)
PRL117,082503(2016)

<mββ> <(61-165)meV

Sensitivity: T1/20ν=5.6×10^25 yr

PhaseI+II Limits (90%C.L.): 
T1/20ν=1.07×10^26 yr



Preparations for welding by many shifters

Guide line for gore film overlay

KamLAND-Zen 800

Balloon deployment in 
this autumn !

Xe : 380kg =>750kg

2015-2016: the new balloon was made. 
Deployed into KamLAND in Aug.2016. 

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

 <mββ> ＜ 0.04-0.08 eV

Welding line

Aug.2016

Film washing device film cutting

New welding machine Gore welding underway.

Welding methods are improved
by careful studies !
Start balloon making in May. 
Efficient film washing and a new 
welding machine. Established 
cleanliness control.

Class-1 super-clean room in Tohoku U.

Much cleaner balloon !



KamLAND2-Zen ＞1ton Xe,  2νββ rejection by 
improving ΔE/E to 2% @Qββ !

LAB based LS

Scintillating balloon

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

Metal scavenger (R-Cat-Sil AP)

/20	/20	

ŶŮƈƖŵƖŲƂƑƋŸř�ē8	

14	

��	
1.  ĚĢ>È>90%	
2.  �WL1<0.15MPa	
3.  ŤŦĬµĎ	
4.  ŤŦhĘřŶŮƈƖŵƍƘ	

ŶŮƈƖŵƍƘĘ	
µĎ	
�WL1	
ĚĢ>È	

=ŋ1.5cm	
8.9mL/min/cm2	

0.10MPa	
~94%	

KamLANDŕ6ÈÐŘä8ņŕŇŧŤńŘ
ƂƑƋŸũ�ē8	

è¢	

©½ƂƑƋŸ	

¹3ĘƙµĎũU8ŋŐ	
Ģ>ÈƙL1ũ¼`@b»	

Flow Speed[mL/min]
0 5 10 15 20 25 30

R
em

ov
al

 R
at

e[
%

]

40

50

60

70

80

90

100
R-Cat-Sil SUS column

9.0cm
6.0cm
4.0cm
2.0cm vacuumed
2.0cm
1.5cm
1.0cm
0.5cm
0.25cm
0.13cm

R-Cat-Sil SUS column

©½ƂƑƋŸ	

ĽL1<0.15MPa	
ĹL1>0.15MPa	

µĎ[mL/min]	

Ě
Ģ
>
È
[%

]	

�		

P	
���	

��	
��
���	

0.15MPa	

LS flow (ml/min)

Pb
 re

m
ov

al
 e
ff.

98% removal

210Pb removal 

After this collaboration meeting, 
water fill test80cm

Improve 214Bi 
tagging on the 

balloon

×1.5
×2.1

×1.8

HQE 20”PMT

Light cone

Imaging device for β⇔γ

More photons (×5.5)
and 214Bi rejection



Many projects

LEGEND 
136Xe130Te

100Mo

82Se
76Ge

48Ca 150Nd

SuperNEMO

AMoRE

CANDLES
KamLAND-
Zen800

KamLAND2-Zen
NEXT nEXO
PANDAX-III

SuperNEMO

T1/2=>1027~1028yr
Lo
g 1

0 
T0

ν
1/
2 
(y
r)

<mββ>=> 0.02~0.05eV

CUPID
SNO+

O(1)ton, Low BG, ΔE



Accelerator/Atmospheric ν 
experiments (NH？not fixed)

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

Constraint on Σmν  from cosmological 
observation (CMB, BAO, etc) : 

< O(100)meV

“ Big SURPRISE ”  may happen ! 

0νββ searches

IH region

– 4–

Figure 1: The left panel shows the dependence
of 〈mββ〉 on the absolute mass of the lightest
neutrino mmin. The middle panel shows 〈mββ〉
as a function of the summed neutrino mass mtot,
while the right panel depicts 〈mββ〉 as a func-
tion of the mass 〈mβ〉. In all panels the width
of the hatched areas is due to the unknown Ma-
jorana phases and thus irreducible. The allowed
areas given by the solid lines are obtained by
taking into account the errors of the oscillation
parameters (at 90% confidence level [1]) . The
two sets of solid lines correspond to the normal
(blue) and inverted(red) hierarchies. These sets
merge into each other for 〈mββ〉 ≥ 0.1 eV, which
corresponds to the degenerate mass pattern.

a 3-neutrino analysis. If it turns out that additional, i.e. sterile

light neutrinos exist, the allowed regions would be modified

substantially.

If the neutrinoless double-beta decay is observed, it will be

possible to fix a range of absolute values of the masses mνi
.

October 1, 2016 19:58
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Prospect
KL2-Zen, LEGEND, CUPID, 
PANDAX-III, nEXO, SNO+, 

SuperNemo, NEXT, AMoRE, ...



Summary

● 0νββ is the beyond-the-SM process and best 
feasible to test the Majorana nature of neutrinos. 

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

● KamLAND-Zen with an unique strategy will start 
a new phase using 750kg enriched 136Xe this year.  

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



Thank you !



appendix



Large uncertainty in M0ν

Experiments with different nuclei are necessary. 
Improving the discovery potential is crucial. 

M0ν

J.Engel, arXiv: 1610.06548

48Ca 76Ge
82Se

96Zr 100Mo
116Cd 124Sn

150Nd
136Xe

130Te

2～4



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

KamLAND  provides a most stringent limit on the normal 
Majoron and excludes a small allowed gap. 
SN1987 extends the limit down to 10^-7.

(A,Z)→ (A,Z+2)+2e-+χ0 (+χ0)

Phys.Rev.C86, 021601(2012)-7
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Ba tagging
136Xe→136Ba++ +2e-

BA-TAGGINGBarium Tagging Concept

•Tag (using lasers) the presence of a Ba++ ion (in fact one needs to tag Ba+ since 
Ba++ first excited state lies in the extreme UV (75 nm) no accesible to 
conventional lasers 

Ba++ Ba+ 

• 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.  

• Potentially: background free 
experiment.   

Direct'Excita+on' Fiber'Coupled'

Data	from	barium	
tagging	lab	at	UTA	

Not	fluorescent	 Fluorescent	
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