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KamLAND/KamLAND-Zen in-person/online hybrid collaboration meeting last week
KamLAND-Zen Collaboration

> 50 researchers from Japan, USA and the Netherlands
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0νββ decay
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dramatic progress in our ability to compensate for high-
momentum physics that is cut out !see, e.g., Bogner et al.
"2003#$, but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy as 40Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle 76Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. And the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak "see Fig. 5# upon a continuum of background.
Observing this small peak and demonstrating that it is
truly !!"0"# is a challenging experimental design task.
The characteristics that make an ideal !!"0"# experi-
ment have been discussed "Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003#. Although no detector design
has been able to incorporate all desired characteristics,
each includes many of them. "Section VII.C describes
the various experiments.# Here we list the desirable fea-
tures:

• The detector mass should initially be large enough to
cover the degenerate mass region "100–200 kg of iso-

tope# and be scalable to reach the inverted-hierarchy
scale region "%1 ton of isotope#.

• The !!"0"# source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of !!.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source is also the detector. Alternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a "usually# much smaller detector.

• Good energy resolution is required to prevent the
tail of the !!"2"# spectrum from extending into the
!!"0"# region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel "2002#.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q!! usually leads to a fast !!"0"# rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow !!"2"# rate also helps control this
background.

• Identifying the daughter in coincidence with the !!
decay energy eliminates most potential backgrounds
except !!"2"#.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of !!"0"# events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most !! experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered # rays, ! rays "sometimes in coinci-
dence with internal conversion electrons#, and $ par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the !!"0"# signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-

FIG. 5. The distribution of the sum of electron energies for
!!"2"# "dotted curve# and !!"0"# "solid curve#. The curves
were drawn assuming that %0" is 1% of %2" and for a 1−&
energy resolution of 2%.

496 Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and …

Rev. Mod. Phys., Vol. 80, No. 2, April–June 2008
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if 0νββ decay observed : 
・lepton number violation 
・neutrino is Majorana particle ( ) 
・gives effective Majorana mass, neutrino 
mass hierarchy information

ν = ν̄

Since this is very rare decay (  > 1026 yr for 136Xe), 

a large amount of target isotopes & ultra low BG environment are required

T0ν
1/2



KamLAND experiment
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Tokyo

Mt. Ikenoyama 
Gifu Prefecture, Japan

Osaka

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)

KamLAND

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

Kamioka Liquid Scintillator 
Anti-Neutrino Detector

Mt. Ikenoyama

~1000 m

KamLAND
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Kamioka, 
Gifu, Japan

Photo coverage : ~34%
Cosmic-ray muon rate : ~ 0.2 Hz/ID
Low RI background 
238U ~ 5.0×10-18 g/g, 232Th~1.3×10-17 g/g

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

� + e� � � + e� �̄e + p� e+ + n

0.4 1.0 2.6 8.5 Visible energy [MeV]

neutrino electron elastic scattering inverse beta decay

•In operation since 2002 
•well known detector response 
•Ultra low BG liquid scintillator 
•238U   ~ 5.0×10-18 g/g 
•232Th  ~ 1.3×10-17 g/g 
•Many physics targets  (Followings are recent publications) 
•Geo-neutrino : https://doi.org/10.1029/2022GL099566 
•Astrophysical neutrino :  
•https://iopscience.iop.org/article/
10.3847/1538-4357/ac4e7e 
•https://doi.org/10.3847/1538-4357/ac32c1 
•https://doi.org/10.3847/1538-4357/ac35d1 

https://doi.org/10.1029/2022GL099566
https://iopscience.iop.org/article/10.3847/1538-4357/ac4e7e
https://iopscience.iop.org/article/10.3847/1538-4357/ac4e7e
https://doi.org/10.3847/1538-4357/ac32c1
https://doi.org/10.3847/1538-4357/ac35d1


KamLAND-Zen experiment
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Zen : Zero neutrino double beta decay search

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

136Xe enriched Xenon loaded LS (Xe-LS) into 
KamLAND center within inner balloon

•utilize KamLAND ultra-low BG environment

•Xenon characteristics : 
•Chemically stable noble gas 
•Dissolved into LS : ~3.1 wt% 
•Enrichment : 90.8% 136Xe, 8.8% 134Xe 

•136Xe : 
•Q-value : 2.458 MeV, Low BG region in KamLAND 
•Slow 136Xe 2νββ decay (T1/2 = 2.2 x 1021 year, ~2600 events per in 
inner balloon per day) → less 2νββ tail due to energy resolution



History of KamLAND-Zen experiment

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 

• Duration: 2011 ~ 2015

KamLAND-Zen 800: 
• Mini-balloon radius = 1.90 m 

• Xenon mass = 745±3 kg 

• Data taking started Jan. 2019

2011 2012 2013 2014 2015 2016~2018 2019 2020 2021 2022

KamLAND-Zen	800	(ongoing)
IB	

const.

Zen	400	Phase-IIZen	400	Phase-I

Oct. 2011~Feb. 2012 
Mar. 2012~Jun. 2012

Dec. 2013 ~ Oct. 2015
Purification

Phase-II, later half period

7



from KamLAND-Zen 400 to KamLAND-Zen 800

KamLAND-Zen 800: 
• Mini-balloon radius = 1.90 m 

• Xenon mass = 745±3 kg 

• Data taking starts Jan. 2019

KamLAND-Zen 400: 

• Mini-balloon radius = 1.54 m 

• Xenon mass = 320 ~ 380 kg 

• Duration: 2011 ~ 2015 about factor of 2 
 Xenon mass

Not only the mass scaling, but also hardware/software improvement are 
achieved

8



Hardware improvement 
Ultra-clean inner-balloon fabrication

• 25 μm  thickness nylon film 
components are welded to 
make 3.8 m diameter inner 
balloon

9details can be found : JINST 16, P08023 (2021) and NOW 2018 presentation (Y. Gando)



Hardware improvement 
Ultra-clean inner-ballon fabrication

• All fabrication work were 
done in class 1 clean room 
in Sendai, Japan.

①Film Washing ②Seam Welding

③He leak test + repair ④Folding ⑤Packaging

To Kamioka

10details can be found : JINST 16, P08023 (2021) and NOW 2018 presentation (Y. Gando)



Hardware improvement 
Ultra-clean inner-ballon fabrication

~50 cm
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Vertex distribution of data in ROI 
overlaid on 214Bi MCMay 2018

⑥Installation

The contamination levels in the IB :  
238U  : (3 ± 1) × 10-12 g/gFilm 
232Th : (3.8 ± 0.2) ×10-11 g/gFilm 
→ factor of 10 reduction from KamLAND-Zen 400 
→ We set a fiducial volume cut of 1.57 m

11details can be found : JINST 16, P08023 (2021) and NOW 2018 presentation (Y. Gando)



Software improvement 
Short life-time RIs rejection tool

1. Muon

12C

π

10C
β+

p

µ

2. Neutron 
Tagged by 2.2 MeV 
neutron capture γ 
τ ~ 207.5 μs

3. 10C (rejected)

νe
10B

π n

n

p

• To remove carbon spallation & 137Xe (136Xe neutron capture) 
• ⊿T < 150 ms after passing  through the LS 
• Triple coincidence (①μ, ②n-capture γ, ③⊿R < 160 cm from neutron capture γ-ray) 
•  New!) a likelihood method based on muon energy deposition (dE/dX)

12



Software improvement 
Short life-time RIs rejection tool

• newly developed shower reconstruction tool to calculate light intensity profiles 
along the μ track based on the timing of all the photons. 

• Rejection efficiencies for 10C, 6He and 137Xe are > 99.3%, (97.6±1.7)%, and (74±7%)

µ

dE/dX

10C
dL

Photons

Products

dL

   
   

   
   

   
 d

E/
dX
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μ track length [cm]



Long-lived isotopes from xenon spallation

136Xe π

n
n

n

n

・many candidate isotopes whose individual yields are too small to be decomposed 
・Total yield becomes one of the main BG 
　・Perform MC simulation (Spallation : FLUKA, Subsequent decay : Geant4)

C-spallation

・half life : (~hours to ~days) 
・Primary contributions : 
　・132I, 130I, 124I, 122I, 118Sb, 110In and 88Y  
・Xe spallation : 
　・characterized by detecting multiple neutrons
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Energy spectra of products
ROI

Long-lived isotopes from xenon spallation

・Traced decay chain using Geant4 
　・Checked decay database consistency with ENSDF 
・Expected event rate : 
　・0.082±0.006 event/day/Xe-ton/ROI 
　・~90% from major 32 nuclei 
・A new likelihood method is developed 
　・Parameters :  
　　　・⊿T from μ 
　　　・⊿R between Xe-spallation and neutron capture γ 
　　　・neutron multiplicity 

・Data which is classified as long-lived background is also 
used for simultaneous fitting 

42.0 ± 8.8% rejection efficiency 
(8.6% signal sacrifice) 15



Event Selection
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・R < 2.5 m from the center and > 0.7 m from the bottom 
・⊿T > 2 ms from μ 
・Radioactive decays rejection  
・ (214Bi-214Po, 212Bi-212Po by coincidence & double pulse veto, spallation veto) 

・  event rejection by inverse β-decay coincidence  
・Poorly reconstructed event rejection

ν̄e



Spectrum fitting
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3 time bin’s shapes

T1 T2 T3 T1 T2 T3

Constant: 
0νββ,2νββ etc

Free:  
KL convections (RIs 
in KamLS), E-scales

T1 T2 T3

Decay: 
RIs in XeLS, IB

simultaneous fit : 
3 time bins x 40 volume bins (20 equal-volume 
bins in each upper/lower hemisphere) x 2 data 
(singles data, long-lived data) x 86 energy bins (0.5 
‒ 4.8 MeV, 0.05 MeV bin)

Free parameters : 0νββ, 2νββ, 85Kr, 40K, 210Bi, 228Th-208Pb sub-chain, long-lived spallation products 
Constraint : 222Rn-210Pb sub-chain, short-lived spallation products, detector energy response model



Obtained spectrum
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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 
・Combined energy spectra 
　　Internal 10 volume bins 
　　3 time bins 
・KamLAND-Zen800 523 days livetime data set 
                          49.3 days for long-lived  product data set

・Best fit of 0νββ rate : 0 
・Upper limit on 136Xe 0νββ < 7.9 events,  < 15.5 (ton・yr)-1 in units of 136Xe exposure



• 0νββ rate v.s. long-lived RI rate scan 
• Long-lived rate in 2.35 < E < 2.70 MeV : 0.111 ± 0.019 events/day/Xe-ton 
• FLUKA prediction                                : 0.082 ± 0.006 events/day/Xe-ton 
• Scanned result of Long-lived RI tagging eff :  % : consistent with the estimation40.1+10.2

−8.2

Combined analysis & Xe spallation result

Xe-ton))  Rate (Events/(Dayββν0
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consistent within 1.5σ

19



Limit on half-life
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102 χ
Δ Zen400 Phase1

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

90% C.L. <latexit sha1_base64="a5CMGS/eTUSTFZE4PcC3i8bKV2g=">AAABvnicdU+7TsNAEFyHVwgvAyXNiUiIypztkOAGRdBQBikvKXai83EJp/hsy3dGRJaR6PkaWvgR/gYTQhEQU41mdndm/TjgUmH8oZVWVtfWN8qbla3tnd09ff+gK6M0oaxDoyBK+j6RLOAh6yiuAtaPE0aEH7CeP73+8nsPLJE8CttqFjNPkEnIx5wSVUgj/aQ9zMwzK0eXCFmGjVzFBZPIxMPMqudPbiKyWZKjkV7FhmmbNrYQNhzHqTuNgmDLPndqyDTwHFVYoDXSn927iKaChYoGRMqBiWPlZSRRnAYsr7ipZDGhUzJhg4KGpEj1svk/S2ZGhJQz4f8RBVH3v86o8YWX8TBOFQtpXik6/xRD/5OuZZh1o3ZbqzavFu3LcATHcAomNKAJN9CCDlB4gVd4g3etqY01oUXfoyVtsXMIS9AePwFw03sh</latexit>

T 1/2 > 2.3⇥ 1026 yr (90% C.L.)

Sensitivity : 
<latexit sha1_base64="uAwNbod7AAr1pnBkUi8eMmje1Nw=">AAABvnicdU/LTsMwENzwLOUV4MjFohLiFOz0RS6oggvHIvUlNW3lGLdYjZModhBVFCTufA1X+BH+hlDKoSDmNJrZ2Z31Il8ojfGHsbK6tr6xWdgqbu/s7u2bB4cdFSYx420W+mHc86jivgh4Wwvt814Ucyo9n3e96fWX333gsRJh0NKziA8knQRiLBjVuTQyT1vDlJzbGbpEiFhV5GohuUIED1O7lj25sUxncYZGZglbpEzK2EbYchyn5tRzgu1y1ankQTxHCRZojsxn9y5kieSBZj5Vqk9wpAcpjbVgPs+KbqJ4RNmUTng/pwHNrw7S+T9LZkqlUjPp/REl1fe/1ujxxSAVQZRoHrCsmHf+KYb+Jx3bIjWrclspNa4W7QtwDCdwBgTq0IAbaEIbGLzAK7zBu9EwxoY0wu/RFWOROYIlGI+fchx7Ig==</latexit>

T 1/2 > 1.5⇥ 1026 yr (90% C.L.)

KL - Zen 400 + KL - Zen 800 
Combined result :

KL-Zen 400 : reanalyzed with updated rejection techniques 
 and long-lived spallation consideration

KL - Zen 800 result : 
<latexit sha1_base64="doWFDmBjrYysqkwKYDrwQ1p3COU=">AAABv3icdU9LTsMwFHTKr5RfgCUbiy5gFey0tGSDCmxYFqk/qUkrx5hiNXai2EGKoiBxAE7DFg7CbUhLWRTErEYz772Z50cBVxqhT6O0srq2vlHerGxt7+zumfsHPRUmMWVdGgZhPPCJYgGXrKu5DtggihkRfsD6/vRm5vefWKx4KDs6jZgnyETyB06JLqSxedIZZfjMzuElhLaFoKu5YApiNMrsRv7sxiJL4xxWxmYVWbiGa8iGyHIcp+E0C4Ls2rlTh9hCc1TBAu2x+eLehzQRTGoaEKWGGEXay0isOQ1YXnETxSJCp2TChgWVpIj1svlDS2ZGhFKp8P+IgujHX2f0w4WXcRklmkmazzr/FIP/k55t4YZVv6tXW9eL9mVwBI7BKcCgCVrgFrRBF1DwCt7AO/gwroyJIY3oe7RkLHYOwRKM9Aup73sy</latexit>

T 1/2 > 2.0⇥ 1026 yr (90% C.L.)
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Result of  mββ

gA      = 1.27 
NME = 1.11 ~ 4.77

First 0νββ search in the inverted 
mass ordering region 

Submited to PRL (arXiv : 2203.02139)

Prediction : 
(a)  : Phys. Rev. D 86, 013002 
(b)  : Phys. Lett. B 811, 135956 
(c)  : Euro. Phys. J C 80, 76

<latexit sha1_base64="IhkzMJP/akMWIGNg4la4qKbHTg4="></latexit>

hm��i < 36 — 156 meV

Experiment :  
(Ge) : GERDA, Phys. Lett. 125 252502 
(Te) :  CUORE, Nature 604, 53
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Further improvement for KamLAND-Zen 800

RFSoc

22

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 

・KamNet :  An Integrated Spatiotemporal Neural Network 

Submitted to PRC, (arXiv:2203.01870)

𝑒−

𝑒−

𝛾

𝛾 𝛾

𝛾
𝑒−

𝑒+

0𝑣ββ
β- XeLS BG
β+ XeLS BG

・ State-of-the-art 
electronics 

Improve background suppression. 
Tagging long lived isotope from 

cosmic ray spallation.

27% of XeLS BG and 59% IB BG rejection while 10% signal ineff.  
→17.7% exposure gain without hardware upgrade

PID w/  NN, new electronics  
to reduce BGs



Toward KamLAND2-Zen

R & D are ongoing toward KamLAND2-Zen (Target : ~20 meV/5 yr)

1000kg 
136Xe

・Scintillation  inner balloon 
Purpose: reduce backgrounds originating from balloon. 

PEN 
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https://doi.org/10.1093/ptep/ptz064 
https://doi.org/10.1088/1742-6596/1468/1/012136

Material  screening using ultra-low BG HPGe  
and ICP-MS

HPGe measurement 
(226,228Ra etc.)

ICP-MS measurement 
(238U, 232Th etc.)

Bis-MSB on the HPGe 
Sample Stage

Inside (organic sample)microwave muffle 
 furnace ashing system 

HNO3 solution

・High QE PMT, Winstone cone 

and LAB base brighter LS 
Improve light collection efficiency (x1.9), 

photo coverage (x1.8), and photon yield (x1.4)

Performance check using 
Prototype detector is ongoing.

https://doi.org/10.1093/ptep/ptz064
https://doi.org/10.1088/1742-6596/1468/1/012136


• The latest result of KamLAND-Zen 0νββ search : 
• hardware improvement (cleaner inner balloon)  
• software improvement (spallation veto, understanding the long-lived 
spallation products) 

➡  > 2.3 × 1026 year (90% C.L., KL̶ Zen400, 800 combined analysis) 
➡ <mββ> < 36 ̶ 156 meV, first search in the inverted mass order region. 
• arXiv : 2203.02139 
• Analysis tool improvement is ongoing (ex: PID w/ NN, arXiv:2203.01870 ) 

• To explorer deeper into inverted hierarchy region with KamLAND2-Zen 
experiment, many new ongoing R & D projects

T0ν
1/2

Summary
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Backup
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BG budget
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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 

solar ν : 8B solar ν elastic  scattering &  
CC interaction of 7Be + 136Xe → 136Cs is pro-

ducted, and its β decay.



NME
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• Shell Model 
2.28, 2.45 -- J. Phys. G 45, 014003 (2018) 
1.63, 1.76 -- Phys. Rev. C 93, 024308 (2016) 
2.39 -- Phys. Rev. C 101, 044315 (2020) 

• QRPA 
1.55 -- Phys. Rev. C 87, 064302 (2013) 
2.91 -- Phys. Rev. C 91, 024613 (2015) 
2.72 -- Phys. Rev. C 98, 064325 (2018) 
1.11, 1.18 -- Phys. Rev. C 97, 045503 (2018) 
3.38 -- Phys. Rev. C 102, 044303 (2020) 

• EDF 
4.20 -- Phys. Rev. Lett. 105, 252503 (2010) 
4.77 -- Phys. Rev. Lett. 111, 142501 (2013) 
4.24 -- Phys. Rev. C 95, 024305 (2017) 

• IBM 
3.25 -- Phys. Rev. C 91, 034304 (2015) 
3.40 -- Phys. Rev. D 102 (9), 095016 (2020)


