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KamLAND-Zenによる 
最新結果と0νBB探索実験の展望

2022/09/10 
尾﨑 秀義, RCNS 東北大学 

@2022年秋季大会 共催シンポジウム  
~地下から解き明かす宇宙の歴史と物質の進化~ 
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マヨラナニュートリノ
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ニュートリノはディラックなのかマヨラナなのかわかっていない

ニュートリノの軽い質量が説明できる.
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ディラックニュートリノ

νL, νR, νL, νR

マヨラナニュートリノ
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⌫ = ⌫̄
・レプトン数を破る.

→ 標準理論を超えた物理の緒

シーソー機構

νL, νR, NL, NR

観測できない.

他の粒子同様ディラック質量. 

結合定数がすごく小さくなる…

非常に重い

Hitoshi Murayamaさんのスライドから

他のfermionの 

10-6未満



マヨラナニュートリノ~レプトジェネシス~
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反バリオン粒子数バリオン粒子数

ビッグバン直後の宇宙 現在の宇宙

レプトジェネシス? 

バリオン数 レプトン数

高温の宇宙初期の 
反レプトン数とバリ
オン数を入れ替える
反応が起こる。

N

バリオン数 レプトン数

反バリオン粒子数バリオン粒子数

バリオン数 
+ 
 = 0

バリオン数 
 > 0

正

負(反)

正

負(反)

マヨラナニュートリノのせいで
反レプトンが多めになる。

バリオン数が０にな
らない！

・CとCPの破れ
・バリオン数の破れ

・平衡状態からの離脱

サハロフの3条件

ビッグバン元素合成, CMBの観測から

→ サハロフの3条件を満たす物理過程が必要.
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≠マヨラナニュートリノがレプトン数を破ること

がバリオン数の破れの起源 (レプトジェネシス)



ニュートリノを伴わない二重ベータ崩壊(0νBB)
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・二重ベータ崩壊は限られた核種でのみ起こる極めて稀な現象 

    (48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 130Te, 136Xe, 150Nd... ).

弱い相互作用の二次の崩壊 → 半減期が長い : T1/2 > 1018-24 year.

・ニュートリノがマヨラナ粒子である場合のみ
ニュートリノレスモード(0νββ)が許される.

ニュートリノのマヨラナ性の直接証拠

136Xe

136Cs

136Ba
Q = 2.46 MeV

β崩壊

二重β崩壊

実験では、Q値にあるモノクロピークを探す。
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ΔL=0
Observed. Not yet observed.



are added to the fit as an additional normalized factor of the
likelihood LðDcosmjΣÞ, where Dcosm represents the obser-
vational constraints on Σ from the combination of data
labeled as “TT+lowP+lensing+ext” in Ref. [21]. These new
data disfavor the quasidegenerate region at high values
ofml and compress the distributions ofmββ to lower values.

In this work, we use as reference results those obtained
without imposing cosmological constraints. This choice is
motivated by the fact that cosmological constraints are
model dependent, not only on the ΛCDM model used to
interpret the data, but also on a host of astrophysical models
required to extract limits on Σ from disparate data sets with
complex and inter-related systematic uncertainties [22,48].
In any case, at present the impact of cosmological data
is still limited: the cumulative distributions of mββ, and
ultimately also the experimental discovery probabilities,
change by only tens of percent.
When the fit is performed with Σ fixed to its minimum

allowed value (corresponding to ml ¼ 0), the mββ posterior
distribution is constrained to lie within the horizontal
bands that extend to ml → 0 in Fig. 1. The mββ posterior
distribution is slightly shifted to smaller values for IO, and
the discovery probability of future experiments remains
very high. In NO, mββ is pushed below the reach of future
experiments, and the discovery probabilities become very
small. Using ml in the fit basis with a log-flat scale-
invariant prior would provide the same results as long as the
cutoff on ml, required to have normalizable posterior
distributions, is set low enough to make the result inde-
pendent of the choice of cutoff.

III. EXPERIMENTAL SENSITIVITY

The experimental search for 0νββ decay is a very active
field. There are a number of isotopes that can undergo 0νββ
decay and many detection techniques have been developed
and tested in recent years [49,50]. Examples are high-purity
Ge detectors [51,52], cryogenic bolometers [53,54], loaded
organic liquid scintillators [27], time-projection chambers
[55,56], and tracking chambers [57]. Various larger-scale
experiments with the sensitivity to probe the full IO
parameter space are being mounted or proposed for the
near or far future. This work focuses on those projects
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FIG. 2. Top: marginalized posterior distributions ofmββ for NO
and IO, normalized by the logarithm of mββ. Bottom: comple-
mentary cumulative distribution functions for mββ. The band
shows the deformation of the posterior distribution due to
different assumptions on the NME. The data from cosmology
provide a somewhat stronger constraint on mββ than the current
0νββ decay experiments. The sharp peaks visible in the mββ

distributions are due to a volume effect dominated by Σ and
the Majorana phases. For NO with ml ¼ 0 there is negligible
variation due to the NME.
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FIG. 1. Marginalized posterior distributions for mββ and ml for NO (a) and IO (b). The solid lines show the allowed parameter space
assuming 3σ intervals of the neutrino oscillation observables from NuFIT [12]. The plot is produced assuming QRPA NMEs and the
absence of mechanisms that drive ml or mββ to 0. The probability density is normalized by the logarithm of mββ and ml.
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現在建設計画中のトン
スケール実験の目標値
~15 meV 

0νBB探索実験
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1. 大量の二重β崩壊核 (M) 

2. 低背景事象環境で(B) 

3. 高エネルギー分解能な検出器(ΔE)

実験の感度  : 
(w/ BG)

(w/o BG)
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M … 崩壊核の量, t … 観測時間, B … BG rate, ΔE … energy resolution 

検出器

・バックグラウンドの弁別技術

・238U/232Thなどの少ない検出器・ソース
・高いQ値と高いエネルギー分解能

・粒子識別(β/γ/αの識別)

・トラッキングやチェレンコフリング

(T 0⌫
1/2)

�1 = G0⌫(gA,e↵/gA)
4|M0⌫ |2hm��i2

観測量 マヨラナ質量

・地下に建設、シールドで囲む

Fine tuning of Majorana phases

100 meV

1 meV

KLZ 800の最新結果

10 meV



0νBB実験
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LS検出器
• カムランド禅(~800 kgフェーズ) 
• SNO+(Teなしでデータ収集)

natTe-loaded liquid scintillator: SNO+
• 780t LS (2.2 g/L PPO in LAB)

• Currently data taking with unloaded LS
• low energy 8B solar-n, reactor & geo anti-ne,  ∆!2

12
, supernova-n

• 0nbb phase: natural Te (34% 130Te) loaded as metal 
organic complex (Te-diol) 

• Te-systems ready for operations

• Full-scale Te-diol batches in 2022/23

• Following demonstration of operations and approvals by 
SNOLAB, begin Te-loading in 2024

• Original plan: load 0.5% (3.9t nat Te): T1/2 > 2⨉1026 yr

• R&D on higher (up to 3%) Te-loading ongoing

• 0.5% loading phase critical to assess performance and 
Te-related backgrounds

5/31/22 Neutrino 2022 - S. Schönert, TUM 6

Telluric acid 
purification

Te-diol synthesis

SNO+

Courtesy M. Chen

• すでにある低BG検出器を利用  
• 大型化が容易 
• エネルギー分解能に課題 数%σ 
• PIDやチェレンコフ光技術の開発
Ge半導体検出器
• GERDA(完了) ⇨ LEGEND-200
• ほぼBGフリーを達成 (高純度+PID+シールディング)
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Outline
• Double-Beta Decay in 76Ge
• Current-generation experiments
– New Results from the MAJORANA

DEMONSTRATOR

– Final results from GERDA

• Joining forces: LEGEND
– Status and progressUGEFCu detector units

TPC
• 液体：EXO-200(完了) ⇨ nEXO  
• 気体：NEXT, AXEL ~100 kgフェーズ
を準備中 

ボロメータ
• CUORE (~750 kgフェーズ)⇨ CUPID 
• CANDLES(将来) 
• 高エネルギー分解能 ~0.1%σ 
• シンチレーションボロメータの開発で
PIDが可能 
• 様々な核種を利用可能

• エネルギー分解能   <~1%σ  
• イベントのトラッキングが可能

• 高エネルギー分解能 0.05%σ
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FIG. 16 Fundamental parameters driving the sensitive background and exposure, and consequently the sensitivity, of recent
and future phases of existing experiment. Red bars are used for 76Ge experiments, orange for 136Xe, blue for 130Te, green for
100Mo, and sepia for 82Se. Similar exposures are achieved with high mass but poorer energy resolution and e�ciency by gas
and liquid detectors, or with small mass but high resolution and e�ciency by solid state detectors. The sensitive exposure is
computed for one year of livetime. Ligher shades indicate experiments which are under construction or proposed.
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FIG. 17 Sensitive background and exposure for recent and future experiments. The grey dashed lines indicate specific discovery
sensitivity values on the 0⌫��-decay half-life. The colored dashed line indicate the half-life sensitivities required to test the
bottom of the inverted ordering scenario for 76Ge, 136Xe, 130Te 100Mo, and 82Se, assuming for each isotope the largest NME
value among the QRPA calculations listed in Tab. I. A livetime of 10 yr is assumed except for completed experiments, for which
the final reported exposure is used.
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mββ < O(10)~O(100) meVの制限.

原子核 崩壊核量 
[kg]

<mββ>の上限 
[meV]

48Ca 0.35 290‒1600
82Se 4.65 311‒638
100Mo 2.26 310‒540
130Te 2.0×102 75‒350
76Ge 3.5×10 79‒180
136Xe 7.5×102 36‒156

現在は、~数百 kgの崩壊核で mββ ~15 meV にある逆階層構造の網羅が
直近の目標.

0νBB探索実験のまとめ
現在の結果

arxiv 2202.01787



KamLAND
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Electronics hutClean booth

Outer balloon 
13m φ

Pure water 
3.2 kton

VenetianBlind  
20-inch PMTs 

(140)

Outer Detector

Inner Detector

VenetianBlind  
20-inch PMTs 

(554)

Box&Line  
17-inch PMTs 

(1325)

Liquid scintillator (~1 kton)

Buffer oil

Stainless tank 
 (18m φ)

supernova neutrinos, 
accelerator, nucleon 

decay,  DM, etc.

reactor neutrinos
geo neutrinos

solar neutrinos

electron scattering
inverse beta-decayν + e− → ν + e− ν̄e + p → e+ + n

0.4 1.0 2.6 8.5 observed energy [MeV]

Different neutrino physics in the wide energy range

0nbb

Kamioka Liquid Scintillator Anti-Neutrino Detector

KamLAND

Mt. Ikenoyama

1,000 m (2,700 m w.e.) 
Cosmic-ray muon rate: 
 ~ 0.2 Hz/ID

Data taking for ~20 years since 2002.

Resolutions: 
ΔE ~ 6.7%/ √E(MeV)  
ΔX ~13.7 cm/ √E(MeV)

Low RI: 
 238U ~ 5.0×10-18 g/g 
 232Th~1.3×10-17 g/g
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eiData - BG - Geo  best-fit oscillationi3-

Two cycles of oscillation 
were measured!

Confidential manuscript submitted to Geophysical Research Letters

(a)

(b)

(c)

Figure 2. �j2-profiles of observed geoneutrino flux with mantle models. (a) C.L. contours and best fit

point for 238U and 232Th geoneutrino flux from KamLAND’s data (blue lines and point) with crustal predic-

tion (brown ellipse), radiogenic heat from the mantle (three red lines and bands) and di�erent mantle models

(blue, green and red as depicted in (c)). (b) Projection on the gray dashed lines rising to the right in (a) of

mantle mass ratio Th/U=3.9 for Middle-Q and High-Q models (blue line) and Th/U=2.8 for Low-Q model

(blue dash-dotted line) starting projection from the center of the crustal contribution. (c) Comparison of the

measured data and the mantle models on each mantle mass ratio.

–10–

Spectroscopic measurement 
of geo-ν from U and Th!

 https://arxiv.org/abs/2205.14934 (2022)

L~180 km

https://arxiv.org/abs/2205.14934


カムランド禅
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- ~ほぼton-scaleの実験を開始!!  

- 745±3 kg of Xe enriched with 136Xe by~91wt% 
- 蒸留純化によって極低バックグラウンド 

- アクティブシールティング 

- 見つかった際にはソースオフも可能

Xe-LS          |  LS 
Decane   82%       D12     80% 
PC          18%       PC       20% 
PPO   2.4 g/L       PPO    1.4 g/L 
Xe    ~3.1 wt%   

Xenon-136 loaded LS 

 Demonstrated scalability!!

RI in XeLS:  
238U ~ 1.5×10-17 g/g, 
 232Th~3×10-16 g/g 

Phase I + Phase II: 
  yr (90% C.L.) 

Phys. Rev. Lett. 117, 082503
T1/2 > 1.07 × 1026

KamLAND-Zen 400: 
• Mini-balloon Radius = 1.54 m 
• Xenon mass = 320 ~ 380 kg

KamLAND-Zen 800: 
• Mini-balloon Radius = 1.90 m 
• Xenon mass = 745±3 kg

Future

KamLAND2-Zen: 
• Xenon mass ~ 1ton 
• Aiming at 100% 

Photocoverage 

Target: 
   yrT1/2 > 2 × 1027

Past Present
Duration: 2011 ~ 2015



カムランド禅400
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2011 
Sep.

2011 
Oct.

2012 
Feb.

2012 
Mar.

2012 
Jun.

DS-2
Phase-I (~320 kg Xe)

DS-1KL-Zen 
Started Purification

2015 
Oct.

Phase-II (~380 kg Xe)
Period-1 Period-2

2013 
Dec.

Visible Energy (MeV)
1 2 3 4

E
ve

nt
s/

0.
05

M
eV

-110

1

10

210

310

410

510 (a) DS-1 + DS-2 Bi208

Y88

Ag110m

Th 232U + 238

Kr85Bi + 210 + 

IB/External

Spallation

Data

Total
``iXe 2136

Total
 U.L.)``i(0

``iXe 0136

(90% C.L. U.L.)

2νββ

0νββ U.L. 
(90% C.L.)

Spallation product

238U+232Th series

214Bi from inner balloon

110mAg

Phys. Rev. Lett. 110, 062502 (2013) 136Xe 89.5 kg-yr

T1/2 > 1.9×1025 yr (90% C.L.)

Lower limit for 0νββ in phase I

R<1.35 m

2νββ

Result(I+II ) T1/2 > 1.07×1026 yr (90% C.L.)LS and Xe gas 
purification

原発事故由来の110mAg BGが…
110mAg BGの除去達成!! 

Obtained the very stringent limit!

IB 214Bi
Spallation

Phys- RevLett.117.082503 

(August 2016) pp.1–6. 

0νββ 
90% U.L.



禅800フェーズ
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Install!

Leak hunt & 
repairing

Washing Cutting

May 2018
Spring 2017

Welding

Guide ring

straight part

Nylon  
corrugated tube

24 gores

12 suspending film 
belts

12 strings  
(Vectran)

Connection piece 
(PEEK)

A horizontal  
belt

Cone part

人からのダストが汚染源!!

Inner-ballon fabrication in class-1 cleanroom, Sendai

2018年BGの確認
とLSの純化 

 2019年1月~ 

Zen800のデータ収集開始

Requirement: 232Th <10-15 g/g 
Bf. purif. 232Th ~10-15 g/g 
Af. purif. 232Th ~3×10-16 g/g

2018年5月 IBの導入

750 kgのキセノン導入

10x clean IB from KLZ-400

The KamLAND-Zen collaboration 
et al 2021 JINST 16 P08023

U-238 (g/g) Th-232 (g/g) Volume (m3)
Zen400 Phase-II  ~5×10-11  ~3×10-10 16.7
Zen800  ~3×10-12  ~4×10-11 30.5

137Cs and 134Cs were not detected in the Zen800 IB. 

~1/10 ~1/10

2

periment that exploits the existing KamLAND neutrino
detector. The �� decay source is a Xe-loaded liquid
scintillator (Xe-LS) contained in a spherical inner bal-
loon (IB) at the center of the detector. The IB is
surrounded by 1 kton of LS (Outer-LS) contained in a
13-m-diameter spherical outer balloon made of 135-µm-
thick nylon/EVOH composite film. To detect scintil-
lation light, 1,325 17-inch and 554 20-inch photomulti-
plier tubes (PMTs) are mounted on the inner surface
of the stainless-steel containment tank (SST), providing
34% solid-angle coverage. The SST is surrounded by a
3.2 kton water-Cherenkov outer detector.

The previous search in KamLAND-Zen used 381 kg of
enriched xenon (referred to as KamLAND-Zen 400) and
probed 0⌫�� just above the IO region [1]. To further
improve this limit, the KamLAND-Zen collaboration up-
graded the experiment to 745 kg of enriched xenon (re-
ferred to as KamLAND-Zen 800), nearly twice the tar-
get mass of the previous experiment. To hold the ad-
ditional xenon, a larger and cleaner 3.80-m-diameter IB
was constructed with better mitigation measures to avoid
dust attachment to the balloon surface [10]. The Xe-LS
consists of 82% decane and 18% pseudocumene (1,2,4-
trimethylbenzene) by volume, 2.4 g/liter of the fluor PPO
(2,5-diphenyloxazole), and (3.13 ± 0.01)% by weight of
enriched xenon gas. The isotopic abundances in the en-
riched xenon were measured by a residual gas analyzer
to be (90.85± 0.13)% 136Xe, (8.82± 0.01)% 134Xe.

Science data-taking started on January 2, 2019. The
initial data contained 222Rn (⌧ = 5.5 day), introduced by
radon emanation from storage tanks and pipelines dur-
ing Xe-LS filling, and was used for detector calibration.
Event positions and energies are reconstructed based on
the timing and charge distributions of photoelectrons
recorded by the PMTs. The detector Monte Carlo (MC)
simulation is based on GEANT4 [11, 12] and is tuned to
reproduce the timing and charge distributions observed
in the data. The scintillation light output response in
the Xe-LS is calibrated using energy spectra of 214Bi
� + � decays. The optical parameters related to the po-
sition dependence of the light-yield are corrected based
on monochromatic 214Po ↵-decays in the 222Rn decay
chain. The estimated energy and vertex resolutions in
the Xe-LS are 6.7%/

p
E(MeV) and 13.7 cm/

p
E(MeV),

respectively. Using the 2.225MeV �-rays from the muon-
induced neutron captures on protons, the position- and
time-dependent fluctuations of the energy scale in the
Xe-LS are determined to be less than 1%. The outer-LS
is 1.1 times brighter than the Xe-LS. Tests of the vertex
reconstruction in the IB were performed using the recon-
structed distances between sequential 214Bi-214Po decays
(⌧ = 237µs) coming from 222Rn. The vertex bias is
less than 2.3 cm after applying a correction based on the
IB film position expected from the Xe-LS volume. The
detector MC simulation was confirmed to su�ciently re-
produce the vertex distributions of background events.

We use data collected between February 5, 2019 and
May 8, 2021. Candidate events are selected by perform-
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FIG. 1: (a) Vertex distribution of candidate SD events (black
points) overlaid on 214Bi background events from the MC sim-
ulation (color histogram) in the energy region 2.35 < E <
2.70MeV (0⌫�� window), with arbitrary normalization. The
solid and thick dashed lines indicate the shape of the IB and
the 1.57-m-radius spherical volume, respectively. The dot-
dashed line indicates the nylon belt suspending the IB. The
thin dashed lines illustrate the shape of the equal-volume
spherical half-shells, which compose the 2.5-m-radius spheri-
cal fiducial volume. The high-count region at the IB bottom
indicates the hot spot and is vetoed. (b) R3 vertex distribu-
tion of candidate SD events in the 0⌫�� window. The curves
show the best-fit background model components.

ing the following series of first-level cuts: (i) The events
must be reconstructed within 2.5m of the detector cen-
ter and 0.7m away from the bottom hot spot on the IB,
which is outlined in Fig. 1(a). (ii) Muons and events
within 2ms after muons are rejected. (iii) Sequential ra-
dioactive decays are eliminated by a delayed coincidence
tag, requiring time and distance between the prompt
and delayed events to be less than 1.9ms and 1.7m,
respectively, and a double pulse identification inside a
single event acquisition window. Those cuts remove
(99.89± 0.03)% of 214Bi-214Po events, and (97.7± 0.5)%
of 212Bi-212Po. (iv) Reactor ⌫e interactions identified
by delayed coincidence are rejected. (v) Poorly recon-
structed events are rejected to suppress electronic noise
and accidental pile-up. Such events are identified with
a vertex-time-charge discriminator, which measures how
well the observed PMT time-charge distribution agrees
with those expected based on the reconstructed vertex.
The overall selection ine�ciency is less than 0.1%.
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Zen 400 Phase-II

Sensitive region  
r<1.06 m z<0 
r<1.26 m z>0

IB

Zen 800

Sensitive region  
r<1.57 m

IB

~x2



 τ~ 5.5 min 

Decay of 10C, 6He, 12B, etc
(iii) T < 180 sec 

γ

宇宙線起源の背景事象

12

C原子核破砕 

Xe原子核破砕 
(Long-lived)

• カムランドLSで測定可能 

• カット前の主要BGの一つ　
~70 events/yr/IB/ROI 

• 除去手法の改善で禅800では無
視できるBGに!! 5%以下に

• 禅800の主要な背景事象 

• たくさんの生成物 

• ほとんどが長寿命 

• ほとんどがγか陽電子を放出

Xe nucleus

T ~ O(100) sec - few days

12C
n-capture by p 
2.2 MeV γ-ray

beta(+)

beta(+)

γ

High n-multiplicity 
Muon

neutron
proton

Shower
Secondries
(π,n,p…)

(ii) T ~ 210 µsec 

Decay (chain) of Xe-spallation 
products 

Xe nucleus
137Xe-decay from 136Xe(n,γ)
beta (γ) decay • キセノン原子核の中性子捕獲で生成 

• これまでの手法の応用で~75%が除去可能 

• ほぼベータのみの崩壊

 high energy γ   
~4 MeV 

~4 events/yr/IB/ROI 

~20 events/yr/IB/ROI 

禅800で主要な背景事象

禅400では主要なBG
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• Expected event rate:  0.082 event/day/Xe-ton/ROI.


•主要な 32 核種で全体の~90%


• High neutron multiplicity, 長寿命


• Likelihoodカットを開発。~40%が除去可能.
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KamLAND-Zen 800 Results

Long-lived product data set

18

0νββ candidate data set

・KamLAND-Zen 800 data of 523 days livetime (LL data set : 49.3 days)

・Combined spectrum of internal 10 volume bins (radius < 1.57 m)

・Lower limit on 0νββ half-life : T0ν1/2 > 2.0 × 1026 year (90% C.L.)
・Best fit : 0νββ rate = 0

136Xe exposure = 970 kg-yr 

2

periment that exploits the existing KamLAND neutrino
detector. The �� decay source is a Xe-loaded liquid
scintillator (Xe-LS) contained in a spherical inner bal-
loon (IB) at the center of the detector. The IB is
surrounded by 1 kton of LS (Outer-LS) contained in a
13-m-diameter spherical outer balloon made of 135-µm-
thick nylon/EVOH composite film. To detect scintil-
lation light, 1,325 17-inch and 554 20-inch photomulti-
plier tubes (PMTs) are mounted on the inner surface
of the stainless-steel containment tank (SST), providing
34% solid-angle coverage. The SST is surrounded by a
3.2 kton water-Cherenkov outer detector.

The previous search in KamLAND-Zen used 381 kg of
enriched xenon (referred to as KamLAND-Zen 400) and
probed 0⌫�� just above the IO region [1]. To further
improve this limit, the KamLAND-Zen collaboration up-
graded the experiment to 745 kg of enriched xenon (re-
ferred to as KamLAND-Zen 800), nearly twice the tar-
get mass of the previous experiment. To hold the ad-
ditional xenon, a larger and cleaner 3.80-m-diameter IB
was constructed with better mitigation measures to avoid
dust attachment to the balloon surface [10]. The Xe-LS
consists of 82% decane and 18% pseudocumene (1,2,4-
trimethylbenzene) by volume, 2.4 g/liter of the fluor PPO
(2,5-diphenyloxazole), and (3.13 ± 0.01)% by weight of
enriched xenon gas. The isotopic abundances in the en-
riched xenon were measured by a residual gas analyzer
to be (90.85± 0.13)% 136Xe, (8.82± 0.01)% 134Xe.

Science data-taking started on January 2, 2019. The
initial data contained 222Rn (⌧ = 5.5 day), introduced by
radon emanation from storage tanks and pipelines dur-
ing Xe-LS filling, and was used for detector calibration.
Event positions and energies are reconstructed based on
the timing and charge distributions of photoelectrons
recorded by the PMTs. The detector Monte Carlo (MC)
simulation is based on GEANT4 [11, 12] and is tuned to
reproduce the timing and charge distributions observed
in the data. The scintillation light output response in
the Xe-LS is calibrated using energy spectra of 214Bi
� + � decays. The optical parameters related to the po-
sition dependence of the light-yield are corrected based
on monochromatic 214Po ↵-decays in the 222Rn decay
chain. The estimated energy and vertex resolutions in
the Xe-LS are 6.7%/

p
E(MeV) and 13.7 cm/

p
E(MeV),

respectively. Using the 2.225MeV �-rays from the muon-
induced neutron captures on protons, the position- and
time-dependent fluctuations of the energy scale in the
Xe-LS are determined to be less than 1%. The outer-LS
is 1.1 times brighter than the Xe-LS. Tests of the vertex
reconstruction in the IB were performed using the recon-
structed distances between sequential 214Bi-214Po decays
(⌧ = 237µs) coming from 222Rn. The vertex bias is
less than 2.3 cm after applying a correction based on the
IB film position expected from the Xe-LS volume. The
detector MC simulation was confirmed to su�ciently re-
produce the vertex distributions of background events.

We use data collected between February 5, 2019 and
May 8, 2021. Candidate events are selected by perform-
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FIG. 1: (a) Vertex distribution of candidate SD events (black
points) overlaid on 214Bi background events from the MC sim-
ulation (color histogram) in the energy region 2.35 < E <
2.70MeV (0⌫�� window), with arbitrary normalization. The
solid and thick dashed lines indicate the shape of the IB and
the 1.57-m-radius spherical volume, respectively. The dot-
dashed line indicates the nylon belt suspending the IB. The
thin dashed lines illustrate the shape of the equal-volume
spherical half-shells, which compose the 2.5-m-radius spheri-
cal fiducial volume. The high-count region at the IB bottom
indicates the hot spot and is vetoed. (b) R3 vertex distribu-
tion of candidate SD events in the 0⌫�� window. The curves
show the best-fit background model components.

ing the following series of first-level cuts: (i) The events
must be reconstructed within 2.5m of the detector cen-
ter and 0.7m away from the bottom hot spot on the IB,
which is outlined in Fig. 1(a). (ii) Muons and events
within 2ms after muons are rejected. (iii) Sequential ra-
dioactive decays are eliminated by a delayed coincidence
tag, requiring time and distance between the prompt
and delayed events to be less than 1.9ms and 1.7m,
respectively, and a double pulse identification inside a
single event acquisition window. Those cuts remove
(99.89± 0.03)% of 214Bi-214Po events, and (97.7± 0.5)%
of 212Bi-212Po. (iv) Reactor ⌫e interactions identified
by delayed coincidence are rejected. (v) Poorly recon-
structed events are rejected to suppress electronic noise
and accidental pile-up. Such events are identified with
a vertex-time-charge discriminator, which measures how
well the observed PMT time-charge distribution agrees
with those expected based on the reconstructed vertex.
The overall selection ine�ciency is less than 0.1%.

• データ期間 : 523 日分 (LL dataset は、 49日分)

• 0νBBは見つからなかった。 

• 0νBB崩壊レートに対する上限値 < 10.3 evts/XeLS(30.5 m3)/yr (90% C. L.)

ほぼ1トン*年分のデータを解析!! 
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5

TABLE I: Summary of the estimated and best-fit background
contributions for the frequentist and Bayesian analyses in the
energy region 2.35 < E < 2.70MeV within the 1.57-m-radius
spherical volume. In total, 24 events were observed.

Background Estimated Best-fit

Frequentist Bayesian
136Xe 2⌫�� - 11.98 11.95

Residual radioactivity in Xe-LS
238U series 0.14± 0.04 0.14 0.09
232Th series - 0.84 0.87

External (Radioactivity in IB)
238U series - 3.05 3.46
232Th series - 0.01 0.01

Neutrino interactions
8B solar ⌫ e� ES 1.65± 0.04 1.65 1.65

Spallation products

Long-lived 7.75± 0.57 † 12.52 11.80
10C 0.00± 0.05 0.00 0.00
6He 0.20± 0.13 0.22 0.21
137Xe 0.33± 0.28 0.34 0.34

† Estimation based on the spallation MC study. This event
rate constraint is not applied to the spectrum fit.

the Bayesian framework, assuming a flat prior for T 0⌫��
1/2 .

The Bayesian limit and sensitivity are 2.1 ⇥ 1026 yr and
2.0⇥ 1026 yr (90% C.L.), respectively.

We investigated the stability of the results by com-
paring the limits with di↵erent analysis conditions and
background models. Alternatively, we also performed
the analysis including the high-background period in the
data with floated background contributions from 60Co

Xe-ton))  Rate (Events/(Dayββν0
0 0.02 0.04 0.06 0.08 0.1

X
e-

to
n)

)
 

L
on

g-
liv

ed
 R

at
e 

(E
ve

nt
s/

(D
ay

0.05

0.1

0.15

0.2 Best Fit
σ1

90%
95%
99%

FIG. 3: Allowed region of the 136Xe 0⌫�� rate and the long-
lived spallation background rate in the energy region 2.35 <
E < 2.70MeV (0⌫�� window). The contour lines correspond
to 1�, 90%, 95%, 99% C.L. The horizontal band indicates the
MC-based prediction.

FIG. 4: E↵ective Majorana neutrino mass hm��i as a function
of the lightest neutrino mass. The dark shaded regions are
predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal ordering (NO) and the inverted order-
ing (IO), and the light shaded regions indicate the 3� ranges
calculated from oscillation parameter uncertainties [23, 24].
The regions below the horizontal lines are allowed at 90%
C.L. with 136Xe from KamLAND-Zen (this work) consider-
ing an improved phase space factor calculation [25, 26] and
commonly used nuclear matrix element estimates, EDF [27–
29] (solid lines), IBM [30, 31] (dashed lines), SM [32–34]
(dot-dashed lines), QRPA [35–39] (dotted lines). The side-
panel shows the corresponding limits for 136Xe, 76Ge [40],
and 130Te [41], and theoretical model predictions on hm��i,
(a) Ref. [2], (b) Ref. [3], and (c) Ref. [4] (shaded boxes), in
the IO region.

and 214Bi. This data is separated into �-like and �-like
events, using particle identification provided by Kam-
Net, and simultaneously fit to provide slightly improved
half-life limits of T

0⌫��
1/2 > 2.7 ⇥ 1026 yr and T

0⌫��
1/2 >

2.4⇥ 1026 yr (90% C.L.), respectively.

Figure 3 shows the allowed region of the 136Xe 0⌫��
rate and the long-lived spallation background rate from
a combined fit of the KamLAND-Zen 400 and 800
datasets with the frequentist analyses, giving a limit
of 2.3 ⇥ 1026 yr (90% C.L.). The best-fit scaling pa-
rameter for the long-lived spallation background rate is
↵BG = 1.35± 0.23, indicating good consistency between
the MC-based prediction and the LD analysis. This com-
bined analysis has a sensitivity of 1.5 ⇥ 1026 yr, and the
probability of obtaining a stronger limit is 23%. From
the combined half-life limits, we obtain a 90% C.L. upper
limit of hm��i < (36 – 156)meV using the phase space
factor calculation from [25, 26] and commonly used nu-
clear matrix element estimates [27–39] assuming the ax-
ial coupling constant gA ' 1.27. Figure 4 illustrates the
allowed range of hm��i as a function of the lightest neu-

FLUKA estimation

LL rate in ROI (2.35MeV-2.70MeV)@KamLAND site 
    0.111± 0.019 event/day/Xe-ton 
 (FLUKA : 0.082±0.006 event/day/Xe-ton) 

LL tag efficiency(scanned) 
 = 40.1+10.2-8.2% ⇨consistent with the estimation (42.0±8.8%)!!

Combined 2D map

- 禅400の結果も再解析!! 

- バックグラウンドとの相関を正
しく解析に取り込めた。 

- 宇宙線によるキセノン原子核破
砕のバックグラウンドを測定!! 

- 前回の結果を2倍更新!

0 0.5 1 1.5 2 2.5 3
 year]26Half-life [10
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102 χ
Δ Zen400 Phase1

Zen400 Phase2
Zen800
Zen400 Phase2 + Zen800
KamLAND-Zen all combined

90% C.L.

T0ν1/2 > 2.3 × 1026 year
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〈mββ〉 < 36–156 meV 
T0ν1/2 > 2.3 × 1026 year    (90% C.L.)

New result from KLZ800 : arXiv:2203.02139 

(T 0⌫
1/2)

�1 = G0⌫(gA,e↵/gA)
4|M0⌫ |2hm��i2

23

Limit on the Effective Majorana mass (c)Euro.Phys.J.C 80, 76

(b)Phys.Lett.B 811 , 135956

(a)Phys. Rev. D 86, 013002

The first 0νββ search in the 
inverted ordering region

gA = 1.27,  following NMEs

We achieved tests of some theoretical 
predictions with certain NMEs.

・
・・

・
・
・
・

・

・
・
・

・
・

SM

QRPA

EDF

IBM

Quasi-particle Random 
Phase Approximations
* Phys.Rev.C 102, 44303(2020)
* Phys.Rev.C 91, 024613(2015)
* Phys.Rev.C 87, 045501(2013)
* Phys.Rev.C 87, 064302(2013)
* Phys.Rev.C 97, 045503(2018)

Shell models
* Phys. Rev. C 101, 044315(2020)
* Phys. Rev. C 91, 024309(2015)
* Phys. Rev. A 818, 139 (2009)

Interacting boson 
models
* Phys. Rev. D 102, 095016(2013)
* Phys. Rev. C 91, 034304(2015)

Energy density 
functional theory 
* PRL 111, 142501(2013)
* Phys. Rev. C 91, 024316(2015)
* PRL 105, 252503 (2010)

Theoretical predictions 
(a) Phys.Rev.D 86, 013002 (2012)  
(b) Phys.Lett.B 811,135956 (2020) 
(c) Eur.Phys.J.C 80, 76 (2020)

カムランド禅全ての期間を合わせた結果

世界で初めてIのOバンド内の探索結果! 

理論予想の検証も可能に!

NME

https://arxiv.org/abs/2203.02139
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カムランド禅800の背景事象まとめ
T0νββ

1/2 > 1.98 × 1026yr (90 % C . L.)
Frequentist confidence limit (Wilks'):  

KamLAND-Zen 800 Results

Long-lived product data set

19

0νββ candidate data set

・KamLAND-Zen 800 data of 523 days livetime (LL data set : 49.3 days)

・Combined spectrum of internal 10 volume bins (radius < 1.57 m)

2νββ
0νββ U.L. 
(90% C.L.)

Long-lived 
spallation

IB 214Bi 
(small contribution)

・Lower limit on 0νββ half-life : T0ν1/2 > 2.0 × 1026 year (90% C.L.)
・Best fit : 0νββ rate = 0

136Xe exposure = 970 kg-yr 

IB 214Bi 
2

periment that exploits the existing KamLAND neutrino
detector. The �� decay source is a Xe-loaded liquid
scintillator (Xe-LS) contained in a spherical inner bal-
loon (IB) at the center of the detector. The IB is
surrounded by 1 kton of LS (Outer-LS) contained in a
13-m-diameter spherical outer balloon made of 135-µm-
thick nylon/EVOH composite film. To detect scintil-
lation light, 1,325 17-inch and 554 20-inch photomulti-
plier tubes (PMTs) are mounted on the inner surface
of the stainless-steel containment tank (SST), providing
34% solid-angle coverage. The SST is surrounded by a
3.2 kton water-Cherenkov outer detector.

The previous search in KamLAND-Zen used 381 kg of
enriched xenon (referred to as KamLAND-Zen 400) and
probed 0⌫�� just above the IO region [1]. To further
improve this limit, the KamLAND-Zen collaboration up-
graded the experiment to 745 kg of enriched xenon (re-
ferred to as KamLAND-Zen 800), nearly twice the tar-
get mass of the previous experiment. To hold the ad-
ditional xenon, a larger and cleaner 3.80-m-diameter IB
was constructed with better mitigation measures to avoid
dust attachment to the balloon surface [10]. The Xe-LS
consists of 82% decane and 18% pseudocumene (1,2,4-
trimethylbenzene) by volume, 2.4 g/liter of the fluor PPO
(2,5-diphenyloxazole), and (3.13 ± 0.01)% by weight of
enriched xenon gas. The isotopic abundances in the en-
riched xenon were measured by a residual gas analyzer
to be (90.85± 0.13)% 136Xe, (8.82± 0.01)% 134Xe.

Science data-taking started on January 2, 2019. The
initial data contained 222Rn (⌧ = 5.5 day), introduced by
radon emanation from storage tanks and pipelines dur-
ing Xe-LS filling, and was used for detector calibration.
Event positions and energies are reconstructed based on
the timing and charge distributions of photoelectrons
recorded by the PMTs. The detector Monte Carlo (MC)
simulation is based on GEANT4 [11, 12] and is tuned to
reproduce the timing and charge distributions observed
in the data. The scintillation light output response in
the Xe-LS is calibrated using energy spectra of 214Bi
� + � decays. The optical parameters related to the po-
sition dependence of the light-yield are corrected based
on monochromatic 214Po ↵-decays in the 222Rn decay
chain. The estimated energy and vertex resolutions in
the Xe-LS are 6.7%/

p
E(MeV) and 13.7 cm/

p
E(MeV),

respectively. Using the 2.225MeV �-rays from the muon-
induced neutron captures on protons, the position- and
time-dependent fluctuations of the energy scale in the
Xe-LS are determined to be less than 1%. The outer-LS
is 1.1 times brighter than the Xe-LS. Tests of the vertex
reconstruction in the IB were performed using the recon-
structed distances between sequential 214Bi-214Po decays
(⌧ = 237µs) coming from 222Rn. The vertex bias is
less than 2.3 cm after applying a correction based on the
IB film position expected from the Xe-LS volume. The
detector MC simulation was confirmed to su�ciently re-
produce the vertex distributions of background events.

We use data collected between February 5, 2019 and
May 8, 2021. Candidate events are selected by perform-
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FIG. 1: (a) Vertex distribution of candidate SD events (black
points) overlaid on 214Bi background events from the MC sim-
ulation (color histogram) in the energy region 2.35 < E <
2.70MeV (0⌫�� window), with arbitrary normalization. The
solid and thick dashed lines indicate the shape of the IB and
the 1.57-m-radius spherical volume, respectively. The dot-
dashed line indicates the nylon belt suspending the IB. The
thin dashed lines illustrate the shape of the equal-volume
spherical half-shells, which compose the 2.5-m-radius spheri-
cal fiducial volume. The high-count region at the IB bottom
indicates the hot spot and is vetoed. (b) R3 vertex distribu-
tion of candidate SD events in the 0⌫�� window. The curves
show the best-fit background model components.

ing the following series of first-level cuts: (i) The events
must be reconstructed within 2.5m of the detector cen-
ter and 0.7m away from the bottom hot spot on the IB,
which is outlined in Fig. 1(a). (ii) Muons and events
within 2ms after muons are rejected. (iii) Sequential ra-
dioactive decays are eliminated by a delayed coincidence
tag, requiring time and distance between the prompt
and delayed events to be less than 1.9ms and 1.7m,
respectively, and a double pulse identification inside a
single event acquisition window. Those cuts remove
(99.89± 0.03)% of 214Bi-214Po events, and (97.7± 0.5)%
of 212Bi-212Po. (iv) Reactor ⌫e interactions identified
by delayed coincidence are rejected. (v) Poorly recon-
structed events are rejected to suppress electronic noise
and accidental pile-up. Such events are identified with
a vertex-time-charge discriminator, which measures how
well the observed PMT time-charge distribution agrees
with those expected based on the reconstructed vertex.
The overall selection ine�ciency is less than 0.1%.

IB film
FV Solar neutrino

 electron scattering
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KamNet 
Maximal information 

extraction for spherical LS 
detector

KamNet Score
SG likeBG like

𝑒−

𝑒−

𝛾

𝛾 𝛾

𝛾
𝑒−

𝑒+

0𝑣ββ
Bi214(βγs)

C10 (β+)

18m

Temporal and Spatial InformationDecay Schemes Schematic Diagram of Detector

136Xe Excited-State Decay (Signal)

214Bi Decay (Background)

Xenon LS

Mini-balloon

Spatiotemporal Data

Input: time series of theta-phi hit maps.

AttentionConvLSTM 
for Spatiotemporal symmetry

Spherical CNN 
for SO(3) symmetry in 

spherical detector

+

解釈可能性

High Attention: 
Important

Low Attention: 
Unimportant

214Bi Attention Score 10C Attention Score
Trained with Bi-214 and 0νββ Trained with C-10 and 0νββ

大型LS検出器でのPIDを開発!! 長寿命核~27%とフィルムBi ~59% の除去効率を達成!! 

arXiv:2203.01870
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31
今年度テストタンクを建設して
実機テストの予定

○ 集光ミラー
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基本形を埋め尽くし

基本形120枚で球を形成

円形ミラーでは隙間ができるので、
多角形で最適化
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ミラーなし

ミラーなしと比べて2.2~2.3倍の集光量
目標1.８倍に対し

多角形試作品円形試作品

研究開発の例 つづき

1000kg 
136Xe

2. State-of-the-art electronics 
Purpose: Improve background suppression. Tagging 

long lived isotope from cosmic ray spallation. 

RFSoc

1. Improved energy resolution 
Purpose: further separate 2νββ from the 0νββ. 

Light collection with Winston Cones (x1.8) 
High light yield scintillator (x1.4) 

High QE 20" PMTs (x1.9) 

4%       2% energy resolution

3. Improved inner balloon 
Purpose: reduce backgrounds originating from balloon. 

Tag 214Bi decays.  

PEN 

KamLAND2-Zen will be sensitive to  ⟨mββ⟩ ∼ 20 meV

7

PMT / Mirror installation (Aug. 3-5)

mirror installation into  
the tank set mirrors on the acrylic domes

50 m3タンクでの収光量増加などの
実証実験を開始に向け準備中!!

宇宙線後の中性子捕獲事象検出効率を100%に！！ 

Xe原子核破砕の背景事象を減少

IBのバックグラウンドを除去し100% FVを達成する!!

2νBBの背景事象を100分の1に！ 

PIDの効率を大幅にアップできる! 

⇨Xe原子核破砕の背景事象を減少 
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CaF2 modules, a LS, a water buffer, 62 photomultiplier
tubes (PMTs), and external shields.
The CaF2 module consisted of a ð10 cmÞ3 cube

(3.18 kg) undoped CaF2 crystal, a 5 mm-thick layer of
WLS phase, and a 3 mm-thick acrylic container. In the
WLS phase, the emission light of CaF2 with its peak in
the ultraviolet (UV) region was immediately converted to
visible light, where the quantum efficiency of the PMTs
was sufficient (maximum; ∼400 nm), and the materials
in the optical path had good transparencies [31]. The
structure of the WLS phase surrounding the CaF2 crystals
was essential because the LS was not transparent to UV
light. The WLS phase was composed of mineral oil in
which WLS (Bis-MSB; 0.1 g=l) [31] was dissolved. A
total of 96 CaF2 modules were arranged in six horizontal
layers in the vertical direction, such that 16 CaF2 modules
were positioned on each layer in an acrylic, cylindrical
tank (LS vessel) 1.4 m in diameter and 1.4 m in height.
The layer number ðNlÞ and module number ðNmÞ are
defined in the Fig. 1 caption. The CaF2 modules were
suspended by wires from the ceiling of the LS vessel.
Relatively radio-pure crystals, in which 232Th series
impurities were less than 10 μBq=kg, were assembled
in the central part of the detector based on the results
of the commissioning runs [32–36]. The total mass of the
96 CaF2 crystals was 305 kg, which included 350 g
of 48Ca.

The LS vessel was filled with the LS, which consisted of
80% mineral oil, 20% pseudo-cumene, and WLSs (PPO;
1.0 g=l and Bis-MSB; 0.1 g=l) [31]. The LS was used as
an active shield, as will be described later. Prior to the
commissioning run, we performed LS purification via both
liquid–liquid extraction and nitrogen purge.
The scintillation lights from the CaF2 modules and

the LS were viewed using 62 PMTs (20-inch × 14,
13-inch × 36, and 10-inch × 12). In this study, the defi-
nition of energy was determined based on the light yield of
the CaF2 crystals. Even if the energy loss in LS was the
same as the one in CaF2, this value was added as the energy
equivalent to the light yield of CaF2. The relative light yield
of LS was approximately half that of CaF2, which was
dependent on the energy deposit.
Figure 1 illustrates the configuration for the three types

of PMTs. Twenty-inch (R7250MOD) PMTs were installed
on the top and bottom, and 13-inch (R8055H) and 10-inch
(R7081MOD) PMTs were installed on the side in 4 rows
and 12 columns. The 10-inch PMTs were used on the top
row and the 13-inch PMTs were used on the other rows.
All PMTs and related accessories were provided by
Hamamatsu Photonics K. K. A light collection system
was installed between the PMTs and the LS vessel to
improve the scintillation light collection [32]. The LS
vessel and PMTs were installed in a stainless-steel water
tank of 3 m in diameter and 4 m in height. We employed

(a) (b)

FIG. 1. Detector setup of CANDLES-III (a: side view and b: top view). Magnified figure in (b) shows details of CaF2 module. The
layer number (Nl ¼ 1 − 6) is from top to bottom. The module number (Nm ¼ 1 − 96) first increases in x-axis, and then in negative
y- and z-axes. For top layer (Nl ¼ 1),Nm ¼ 1 − 16. For bottom layer (Nl ¼ 6),Nm ¼ 81 − 96. Here,Nm of zoomed CaF2 module is 14.

LOW BACKGROUND MEASUREMENT IN CANDLES-III FOR … PHYS. REV. D 103, 092008 (2021)

092008-3

• 現在は、CaF2結晶 305 kg のシンチレー
ション検出器 

• 48Caは 350 g　

• 非常に高いQ値 4.27 MeV 

• 濃縮技術の開発が必須 

• シンチレーティングボロメータ
の開発中 

日本物理学会誌 vol. 77, No. 8, 2022 吉田&梅原
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•0νBBは、世界中で様々な検出器技術、原子核を使
って探索されている。 
•近い将来逆階層をカバーする実験が計画されている。
発見は近いかもしれない。 
•カムランド禅が現在は世界最高感度で探索中。最新結
果を公表した。



KamLAND(-Zen) Collaboration

 >50 researchers are collaborating 
on the KamLAND-Zen experiment. 


