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KamLAND-Zen collaboration 
~60 researchers 
~20 institutions 

KamLAND collaboration meeting in October 2020
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Neutrino mass hierarchy
Extremely small neutrino 
mass 

Δm2atm~2.5×10-3eV2 , Δm2solar~7.4×10-5eV2
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Neutrino oscillation 

Leptogenesis 

Matter dominant 
universe

How to find Majorana nature of neutrinos 
-> Neutrinoless Double-Beta Decay(0νββ)

Δm2 ,θ  SK, SNO, KamLAND, etc δCP T2K, NOνA

Dirac or Majorana? 
If Majorana neutrinos exist
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Figure 2.1: Neutrino mass hierarchy
The neutrino mass orderings of the normal mass hierarchy (left side) and the
inverted mass hierarchy (right side) are shown. The three colors represent
the three flavors, respectively. Two differences of the absolute mass measured
in the atmospheric neutrino oscillation and the solar and reactor neutrino
oscillations are shown in each hierarchy.
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Double-Beta Decay 
 Half-life O(1018-24) years (48Ca, 76Ge, 130Te, 136Xe etc. ) 

What is important is to construct an ultra-low background 
detector and to monitor a large number of 0νββ decaying nuclei.

nucleus

2νββ 0νββ

Total kinetic energy of two electrons

Energy
resolution 

nucleus

Lepton number violating process

Observable ->

Effective Majorana mass

Excluded

IH

NH

T1/2~O(1027) yr 
~ 1 ton

T1/2~>O(1028) yr 
       > ~10 ton

T1/2~1026 yr

=
If Majorana neutrinos



KamLAND
Located underground near Kamioka in Japan ~1,000 m (2,700 m w.e.)

• 140 SK type 20-inch PMTs 
•  ~ 3.2 kton pure water 
• Tyvek sheets for high reflectivity 

Water Cherenkov Outer Detector(OD)

• 1325 B&L17-inch PMTs  
      554 SK(Kamiokande)  
      20-inch PMTs 

~ 20m

• Liquid scintillator (LS)   ~1 kton 
    Decane              ~ 80% 
     Pseudo-cumene  ~20%  
     PPO         1.36 g/l 
     

• 13 m-diameter outer 
balloon

• Non-scintillating 
buffer oil 

• 18 m-diameter 
stainless tank  

      

Kamioka Liquid Scintillator 
Anti-Neutrino Detector

~1000 m

KamLAND

LS Purification area

Control room

Inner detector (ID)
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Photo coverage ~34%  
~ 400 p.e. / MeV  
ΔE ~7%/√MeV @2020

Refurbished in 2016

KamLAND



KamLAND-Zen
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Zero neutrino double beta decay search, Xenon

Inner-balloon (IB) 
Zen 400 ~3.0 m-diameter V=16.7 m3 

Zen 800 ~3.8 m-diameter V=30.5 m3

• KamLAND Ultra-low BG detector 
- Low radioactivity  238U ~ 5.0×10-18 g/g, 232Th~1.3×10-17 g/g 
- Cosmic-ray muon ~  0.2 Hz 
- Active shielding            

• KamLAND-Zen  
- Scalability  
- 136Xe On-off 

KamLAND + Xe

• Xenon 
- Chemically stable noble gas 
- Solubility:  Xe-LS ~3 wt% 
- Large mass&enrichment 745±3 kg of 136Xe ~91wt% enriched Xe  
- High Q-value: 2.458MeV (Low BG in KamLAND ) 
- Slow 136Xe 2νββ decay -> less 2νββ tail due to energy resolution 

Xe-LS 
Decane           82% 
PC                  18% 
PPO             ~2.4 g/l 
Xe                ~3.1 wt%

×2 larger
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Cosmic-ray muon

Outer-balloon events

Events in Xe-LS (~2.45 MeV)

Reconstructed single event 
positions (1.0 MeV-3.0 MeV)

Zen800 
analysis 
volume

Calibration sources

PMT waveforms

PMT Time&Charge(TQ)

Event vertex&Energy

KamLAND: 137Cs68Ge60Co composite 
　　　　　 source, (n,p)γ 2.22 MeV

Zen 800: 214Bi-214Po, (n,p)γ 2.22 MeV 
             　  2νββ
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Phase-I (~320 kg Xe)

DS-1KL-Zen 
Started Purification

2015 
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Phase-II (~380 kg Xe)
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Spallation product

238U+232Th series

214Bi from inner balloon
110mAg

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

History of KamLAND-Zen 400
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T1/2 > 1.9×1025 yr (90% C.L.)

Lower limit for 0νββ in phase I

R<1.35 m

2νββ

Energy spectrum (R < 1m)

0νββ result (only Phase II)
T1/2 > 9.2×1025 yr

0νββ result (Phase I+II)
 T1/2 > 1.07×1026 yr 

LS and Xe gas 
purification

Unexpected 110mAg BG 

110mAg BG reduction by 
LS and Xe gas 
purifications. 
Very stringent limit

IB 214Bi

Spallation

Phys- RevLett.117.082503 (August 2016) pp.1–6. 

0νββ 
90% U.L.
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KamLAND-Zen 800 construction

Zen-physics 
data taking

Xe LS  LS

Extracted Xe & 
inner-balloon (IB)

 IB

Leak found 1st Zen800 IB 
2nd Zen800 IB was installed in 2018.

2015 
Oct.

2015 
Dec.

2016 
Apr.

2016 
Aug.

2016 
Nov.

Failed  
Inner-balloon

Outer Detector 
refurbishment 
ID tank inspection

Zen 400 
Xe extraction

2019 
Jan.

LS  
purification

2018 
May.

New inner-balloon  
production

2018 
Nov.

2021 
Feb.

Xe  
dissolving

Target:  
Doubling Xe amount 
Reducing 214Bi from IB 

Th LS

Installed 
 30.5 m3 new LS 

@May 2018

Distillation circulation

Removed Th contamination in LS 
by distillation circulation 

to reduce “pileup” background

LS Xe-LS

Purified Xe gas Decane for 
density control

+

Xe-LS

Outer-LS

Ev
en

ts
/d

ay

cv

TAUP2019 
Data set

2019/1

2νββ event rate

2019/7



Ultra-low BG Inner-balloon(IB)
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Zen 400 IB fabrication 

Mist generation 
system

Dust visualization

Anti-stat 

Dust from workers is the main source of 
contamination.

Leak hunt & 
repairing

Fabricated in class-1 
cleanroom in Sendai 

25 µm-thick nylon film  

3.8 m diameter inner-balloon

Dust control

Zen 800 IB fabrication

Film washing Cut film

Welding

Class 100 cleanroom 
In Kamioka

50 cm diameter 
hatch  for 
detector access

Install with +0.4% 
heavier LS

May 2018

Spring 2017
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Backgrounds (R<157 cm)
Source:                           2νββ 
Radioactive impurities:  Xe-LS, IB and outer-LS 
Cosmogenic:  muon-spallation  Solar neutrino ES 

(Gando @TAUP2019)

2νββ tail due to energy resolution  
Most dominant & inevitable BG   
ΔE~4.5%@2.45 MeV    ~ 5.1 events/ROI 

 214Bi from IB film  
Vertex resolution ~15 cm/√E(MeV) 
Limit sensitive region to 0νββ decay. 
~ 0.9 events/ROI
12C spallation products 
Significantly reduced by new analysis methods 
~ 0.2 events/ROI

Solar neutrino electron scattering + C.C. (136Cs) 
Inevitable BG   
~ 0.4 events/ROI

Zen 800   ROI: 2.35 MeV < E < 2.70 MeV, 
                        0νββ efficiency ~90%
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ry 
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ry

(Gando @TAUP2019)
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Backgrounds (R<157 cm)
Source:                           2νββ 
Radioactive impurities:  Xe-LS, IB and outer-LS 
Cosmogenic:  muon-spallation  Solar neutrino ES 

(Gando @TAUP2019)

2νββ tail due to energy resolution  
Most dominant & inevitable BG   
ΔE~4.5%@2.45 MeV    ~ 5.1 events/ROI 

136Xe spallation products 
Nuisance BG in Zen800 
Hard to reject because of their long-lives 

 214Bi from IB film  
Vertex resolution ~15 cm/√E(MeV) 
Limit sensitive region to 0νββ decay. 
~ 0.9 events/ROI
12C spallation products 
Significantly reduced by new analysis methods 
~ 0.2 events/ROI

Solar neutrino electron scattering + C.C. (136Cs) 
Inevitable BG   
~ 0.4 events/ROI

Zen 800   ROI: 2.35 MeV < E < 2.70 MeV, 
                        0νββ efficiency ~90%

Ve
ry 
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ry

(Gando @TAUP2019)
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212Bi 212Po 208Pb
232Th daughters

𝛃 𝛂 T1/2 : 299 ns

Radioactive impurity (Xe-LS)
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238U   ~ O(10-17) g/g Xe-LS 
232Th  ~ 3×10-16 g/g Xe-LS

BG from RI in Xe-LS is  
negligibly small!!

Pileup BG from Th daughters
ROI

> 99.9% eff.

PMT hit time(ns)

BGs   238U series  …  214Bi 
          232Th series  … Pileup(212Bi+212Po) 

   ~70% eff.
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Zen 400 Phase-II
Zen 800(Gando @TAUP2019)

214Bi distribution from IB

IB

Sensitive region  
r<1.06 m z<0 
r<1.26 m z>0 Sensitive region  r<1.57 m 

IB

Radioactive impurity (IB film)

Radioactive impurity in IB 
238U   ~ 3×10-12 g/g IB 
232Th  ~ 4×10-11 g/g IB

3(R/1.90m)
0 0.5 1 1.5 2

Ev
en
ts/
Bi
n

1−10

1

10

210 (Very preliminary)
0ν region (2.35 < E < 2.70 MeV)

2νββ
Balloon
Solar ν
Spallation
U,Th in 

0ν region (2.30 < E < 2.70 MeV)

× 1/10 BG

× >3 scale-up

Very preliminary



Backgrounds from cosmic-ray muons
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γ (2.225 MeV)

1. muon

10C

n n

3. 10C decay 
Q ~ 3.65 MeV 
τ~ 27.8 sec

2. Neutron capture

12C

H

Veto volume

12C spallation  

136Xe spallation 

 137Xe decay from neutron capture by 136Xe 

1. muon

12C
136Xen n

2. Neutron capture  
by 136Xe

137Xe
+ γ (4.03 MeV)

3. 137Xe decay 
Q ~ 4.2 MeV 
τ~ 5.5 min

T1/2<~30 sec 
Measurable with 
KamLAND LS 
~8 events/day/kton/ROI

~ 0.5±0.2 events/day/
ton/ROI 
 Long-life τ~ 5.5 min 
Tagged by high energy γ 
 ~4 MeV 

More than 30 main nuclei 
Long-life T1/2 ~ O(hours) 
High neutron multiplicity

136Xe

1. muon

AZ
n
n

2. Neutron captures 

A(Z±1)
3.  β± decay 
Q  >~ 2.45 MeV 
τ   > 180 sec

n

n

n

n
n

n
n Background rejection methods 

1.After-muon full volume veto 
2.Muon-neutron tagging 
3.Muon-shower tagging (New)

Achieved more than 90% 10C rejection 
Achieved  ~80% 137Xe rejection 
Achieved ~40% 136Xe spallation rejection 
with ~10% 0νββ inefficiency

n



8.4 Spallation Backgrounds 8 Background Model
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Figure 8.12: Time spectrum fitting of light isotopes
The fitting results on the estimation of the light isotope productions in each
energy region are shown.

Table 8.2: Production and background rates of the light spallation isotopes are summa-
rized. The residual rates correspond to the background rates of the residual
isotopes after the event selections.

Energy
[MeV]

Mean
lifetime

Estimated
rate

[/day/kton]

Residual rate
[/day/kton]

FLUKA
production
[/day/kton]

6He 3.51(β−) 1.16 sec 16.9+2.9
−2.9 0.72+0.75

−0.73 28± 2
8He 10.7(β−) 171.7 msec 3.3+2.1

−2.1 0.00+0.03
−0.03 0.55± 0.04

8Li 16.0(β−) 1.21 sec 21.3+2.6
−2.6 0.00+0.17

−0.17 46± 3
8B 18.0(β+) 1.11 sec 6.2+2.4

−2.4 0.66+0.68
−0.68 10.7± 0.8

9Li 13.6(β−) 257.2 msec 0.0+0.3
−0.3 0.00+0.03

−0.03 4.9± 0.4
9C 16.5(β+) 182.5 msec 0.00+1.2

−1.2 0.00+0.03
−0.03 1.5± 0.1

10C 3.65(β+) 27.8 sec 17.2+2.4
−2.4 0.28+1.01

−0.34 24± 2
11C 1.98(β+) 29.4 min 973+10

−10 463+93
−93 733± 53

11Be 11.5(β+) 19.9 sec 1.7+1.0
−1.0 0.00+0.36

−0.36 1.12± 0.08
12B 13.4(β−) 29.1 msec 55.3+2.1

−2.1 0.016+0.003
−0.003 61.3± 4.0

12N 17.3(β+) 15.9 msec 0.6+0.7
−0.7 0.00+0.00

−0.00 0.73± 0.06
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Figure 8.12: Time spectrum fitting of light isotopes
The fitting results on the estimation of the light isotope productions in each
energy region are shown.

Table 8.2: Production and background rates of the light spallation isotopes are summa-
rized. The residual rates correspond to the background rates of the residual
isotopes after the event selections.

Energy
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Mean
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Residual rate
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production
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Figure 8.12: Time spectrum fitting of light isotopes
The fitting results on the estimation of the light isotope productions in each
energy region are shown.

Table 8.2: Production and background rates of the light spallation isotopes are summa-
rized. The residual rates correspond to the background rates of the residual
isotopes after the event selections.

Energy
[MeV]

Mean
lifetime

Estimated
rate

[/day/kton]

Residual rate
[/day/kton]

FLUKA
production
[/day/kton]

6He 3.51(β−) 1.16 sec 16.9+2.9
−2.9 0.72+0.75

−0.73 28± 2
8He 10.7(β−) 171.7 msec 3.3+2.1

−2.1 0.00+0.03
−0.03 0.55± 0.04

8Li 16.0(β−) 1.21 sec 21.3+2.6
−2.6 0.00+0.17

−0.17 46± 3
8B 18.0(β+) 1.11 sec 6.2+2.4

−2.4 0.66+0.68
−0.68 10.7± 0.8

9Li 13.6(β−) 257.2 msec 0.0+0.3
−0.3 0.00+0.03

−0.03 4.9± 0.4
9C 16.5(β+) 182.5 msec 0.00+1.2

−1.2 0.00+0.03
−0.03 1.5± 0.1

10C 3.65(β+) 27.8 sec 17.2+2.4
−2.4 0.28+1.01

−0.34 24± 2
11C 1.98(β+) 29.4 min 973+10

−10 463+93
−93 733± 53

11Be 11.5(β+) 19.9 sec 1.7+1.0
−1.0 0.00+0.36

−0.36 1.12± 0.08
12B 13.4(β−) 29.1 msec 55.3+2.1

−2.1 0.016+0.003
−0.003 61.3± 4.0

12N 17.3(β+) 15.9 msec 0.6+0.7
−0.7 0.00+0.00

−0.00 0.73± 0.06
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Figure 8.12: Time spectrum fitting of light isotopes
The fitting results on the estimation of the light isotope productions in each
energy region are shown.

Table 8.2: Production and background rates of the light spallation isotopes are summa-
rized. The residual rates correspond to the background rates of the residual
isotopes after the event selections.

Energy
[MeV]

Mean
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Estimated
rate

[/day/kton]

Residual rate
[/day/kton]

FLUKA
production
[/day/kton]

6He 3.51(β−) 1.16 sec 16.9+2.9
−2.9 0.72+0.75

−0.73 28± 2
8He 10.7(β−) 171.7 msec 3.3+2.1

−2.1 0.00+0.03
−0.03 0.55± 0.04

8Li 16.0(β−) 1.21 sec 21.3+2.6
−2.6 0.00+0.17

−0.17 46± 3
8B 18.0(β+) 1.11 sec 6.2+2.4

−2.4 0.66+0.68
−0.68 10.7± 0.8

9Li 13.6(β−) 257.2 msec 0.0+0.3
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−0.03 4.9± 0.4
9C 16.5(β+) 182.5 msec 0.00+1.2
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−0.03 1.5± 0.1

10C 3.65(β+) 27.8 sec 17.2+2.4
−2.4 0.28+1.01

−0.34 24± 2
11C 1.98(β+) 29.4 min 973+10

−10 463+93
−93 733± 53

11Be 11.5(β+) 19.9 sec 1.7+1.0
−1.0 0.00+0.36

−0.36 1.12± 0.08
12B 13.4(β−) 29.1 msec 55.3+2.1
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−0.003 61.3± 4.0
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図 5.6 宇宙線ミューオンの波形の例と PMTの座標
図 5.5 のミューオンの波形のうちのいくつかを示す。背景の Kam-

LAND を通過している水色の線は図 5.5 のミューオンが通った軌跡
を表し、橙色の印は図 5.5 をもとにシャワーが起こったと思われる位
置を示している。波形を見ると、multi photon のピークが見えてい
ることが分かる。

表しており、横軸はヒストグラムと共通で、縦軸は右側の Ltrans(ミューオントラックか
らの距離)を用いる。図 5.5を見ると、中性子捕獲事象がシャワーの近くかつミューオン
トラックの近くで起こっており、これらには良い相関があると言える。この中性子捕獲事
象は、PMTのアフターパルスや多重イベントの影響を避けるため、宇宙線ミューオンが
通過してからある程度時間が経った後のイベントを選んでいる。具体的な選別条件は

• 検出器中心からの距離 r が r < 5.5 m

• 直前の宇宙線ミューオンとの時間差 ∆T が 200 < ∆T < 2000 µsec

• トリガーがかかったときの PMTのヒット数の最大値 NsumMaxが NsumMax >

200

• 波形を記録した 17インチ PMTの数 Nhit17が Nhit17 > NsumMax

のようになっている。図 5.5 のミューオンの波形のうちいくつかを図 5.6 に示す。multi
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FIG. 3: Energy spectrum of long-lived heavy isotopes esti-
mated by the MC simulations for the Xe-LS in KamLAND-
Zen 800. The black line represents the total spectrum. The
dashed lines indicate the 0⌫�� energy window.
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FIG. 4: Time di↵erence between a muon and the radioactive
decay for long-lived heavy isotopes estimated by the MC sim-
ulations for the Xe-LS in KamLAND-Zen 800. The unit of
vertical axis is the di↵erential event rate per unit exposure
and unit time di↵erence in the 0⌫�� energy window. The
black line represents the total rate.

criminator, L2 = fspa/facc. Here fspa and facc are the
PDFs for long-lived muon-spallation pairs and acciden-
tal pairs, respectively, constructed from the three pa-
rameters: neutron multiplicity, distance to neutron ver-
tices, and�T , predicted by a MC simulation as discussed
later. Based on the optimized cut value of L2, events
which are not classified to the long-lived backgrounds
are referred to as “single data” (SD), and the others
are as “long-lived data” (LD), sensitive to 0⌫�� signal
and long-lived backgrounds, respectively. The MC study
shows (XX±XX)% of long-lived spallation backgrounds
are classified to LD, whereas only XX% of uncorrelated

TABLE III: Production rate of long-lived heavy isotopes es-
timated by the MC simulations for the Xe-LS in KamLAND-
Zen 800. The value in parentheses refer to the rate in the
0⌫�� energy window.

Q-value

(MeV)

Mean life-time Production rate

(kton·day)�1

88Y 3.62 (EC/�+ �) 154 day 0.136 (0.110)
90mZr 2.32 (IT �) 1.17 s 0.093 (0.012)
90Nb 6.11 (EC/�+ �) 21.1 h 0.095 (0.024)
96Tc 2.97 (EC �) 6.17 day 0.059 (0.012)
98Rh 5.06 (EC/�+ �) 12.6min 0.076 (0.011)
100Rh 3.63 (EC/�+ �) 1.25 day 0.234 (0.088)
104Ag 4.28 (EC/�+ �) 1.66 h 0.160 (0.012)
104mAg 4.29 (EC/�+ �) 48.3min 0.111 (0.018)
107In 3.43 (EC/�+ �) 46.7min 0.135 (0.019)
108In 5.16 (EC/�+ �) 1.39 h 0.194 (0.089)
110In 3.88 (EC/�+ �) 7.10 h 0.236 (0.053)
110mIn 3.94 (EC/�+ �) 1.66 h 0.351 (0.066)
109Sn 3.85 (EC/�+ �) 26.0min 0.122 (0.027)
113Sb 3.92 (EC/�+ �) 9.62min 0.231 (0.036)
114Sb 5.88 (EC/�+ �) 5.04min 0.297 (0.020)
115Sb 3.03 (EC/�+ �) 46.3min 0.839 (0.031)
116Sb 4.71 (EC/�+ �) 22.8min 0.939 (0.071)
118Sb 3.66 (EC/�+ �) 5.19min 1.288 (0.165)
124Sb 2.90 (�� �) 86.9 day 0.054 (0.016)
115Te 4.64 (EC/�+ �) 8.37min 0.124 (0.012)
117Te 3.54 (EC/�+ �) 89.4min 0.594 (0.052)
119I 3.51 (EC/�+ �) 27.6min 0.533 (0.053)
120I 5.62 (EC/�+ �) 1.96 h 0.953 (0.091)
122I 4.23 (EC/�+ �) 5.24min 1.965 (0.289)
124I 3.16 (EC/�+ �) 6.02 day 1.654 (0.190)
130I 2.95 (�� �) 17.8 h 1.635 (0.269)
132I 3.58 (�� �) 3.31 h 0.441 (0.152)
134I 4.18 (�� �) 1.26 h 0.194 (0.046)
121Xe 3.75 (EC/�+ �) 57.9min 0.540 (0.100)
125Cs 3.11 (EC/�+ �) 1.12 h 0.266 (0.012)
126Cs 4.80 (EC/�+ �) 2.37min 0.080 (0.011)
128Cs 3.93 (EC/�+ �) 5.28min 0.229 (0.031)

events remain. That indicates the analysis of LD is useful
to constrain ↵BG.

VI. RESULT

The 0⌫�� decay rate is estimated by the fit to 2-
dimensional spectra in energy-volume in the full 2-m-
radius analysis volume energy distribution between 0.8
and 4.8 MeV for each data set summarized in Table I.
A 2-m-radius fiducial volume is defined to include the
nonuniform background distribution of the IB. We di-
vide the fiducial volume into 20 equal-volume bins for
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Prospects for Improvements and future plans
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• HQE PMT 
• LAB LS 
• Mirror for PMT 
• Scintillating inner balloon 
• Imaging camera

KamLAND-Zen ~ 800 kg phase  
with new larger and cleaner inner-balloon

   KamLAND2-Zen  >1000 kg phase 
with remodeled detector

Started Jan. 2019 

Future plan

Energy resolution 
~2%@2.45 MeV

> ×5 brighter  

~5 years observation

Towards covering IH 
〈mββ〉 ~ 20 meV

• PMT AMP for better energy resolution 
• New electronics to collect all neutron captures 
• Source calibration 

> ×2 improvement

R&D 
Ongoing



Summary
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• KamLAND-Zen 800 is stably running with the goal of searching for 0νββ 

within the IH region. 

• We successfully characterized and reduced backgrounds. 

- Constructed an ultra-low background IB 

- Strongly reduced 12C-spallation by analysis 

- Successfully characterized 136Xe-spallation 

• The latest results will be published very soon.


