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Majorana neutrino and
neutrinoless double-beta decay (0𝜈𝛽𝛽)

• Can occur only happen if ν’s 
are Majorana particles

• Lepton-number violation

Search for
a peak at Qββ

Experimental requirements
• O(100‒1000) kg isotope
• BG reduction at Qββ
• Better energy resolution 

continuum

~Summed e- kinetic energy

Majorana neutrino is a key to
ü Tiny neutrino mass

• See-saw mechanism*

ü Matter/anti-matter asym.
• Leptogenesis**

𝝂=#𝝂 ?

𝟎𝝂𝜷𝜷 decay

*M. Gell-Mann, P. Ramond, R. Slansky (’79),  T. Yanagida (’79),
R. N. Mohapatra, G. Senjanovic (’80), **M. Fukugita, T. Yanagida (’86)

NOTObserved yet
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Effective Majorana mass

𝑇!/#$%
&!
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Convert half life 
to effective Majorana mass

G : Phase space factor
M : Nuclear matrix element

U : PMNS matrix
mi : neutrino mass eigenvalue

Hint for absolute mass scale

Inverted Ordering (IO)
m3 < m1 < m2

Normal Ordering (NO)
m1 < m2 < m3

Allowed region limited by 
oscillation parameters
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KamLAND(-Zen)

!"#Xe → !"#Ba + 2𝑒$
Q = 2.46	MeV

Kamioka Liquid scintillator Anti-Neutrino Detector
(Zero-neutrino double-beta decay search)

@Kamioka, Gifu, Japan
1000 m underground

20 m

KamLAND
• Versatile 1-kt liquid scintillator (LS) 
detector
• Reactor, geo, solar, and 
astrophysical ν observations

• Rare event searches (DM etc.)

KamLAND-Zen
• A search for 0νββ decay using 

Xe-loaded LS (XeLS) introduced 
into KamLAND.

• Ultra low-BG KamLS
(U, Th ≲ 10-17 g/g) serves as an 
active veto.

• Isotope:136Xe (91% enriched)
• Dissolved in LS (3 w%).

Outer Detector (OD)
• Water Cherenkov 
detector with 140 
Photomultiplier 
tubes (PMTs)

Inner Detector (ID)
• Φ18 m SUS tank
• ~2000 PMTs
• Φ13 m balloon

• Nylon+EVOH
• Non-scint. oil
• KamLS (1 kt)

Zen
• Nylon Inner Balloon 
(IB) contains XeLS

KamLSXeLS

Non-scint. oil

Water
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KamLAND-Zen collaboration
~70 researchers from 10+ institues

🇯🇵🇺🇸🇳🇱



6

Detector upgrades

KamLAND-Zen 400
• 380 kgXe
• Rapidly achieved world-

leading sensitivity
• 𝑚%% < 61̶165 meV

KamLAND2-Zen
• 750 (or more?) kgXe
• Higher light yield
• Many upgrades
• Target 𝑚%% ~20	meV 

KamLAND-Zen 800
• 750 kgXe
• Larger and cleaner IB
• 𝑚%% < 28̶122 meV

2011̶2015          2019̶2024             Future

Phys. Rev. Lett. 117, 082503 (2016) Phys. Rev. Lett. 135, 262501 (2025)

σenergy ~4% at Qββ = 2.5 MeV

R1.54 m R1.90 m

σenergy ~2% at Qββ
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Background events for 0νββ search

[MC] 214Bi from IB film (color map)

Production of Xe spallation isotopes

IB film R1.9 m
(solid line)

• 136Xe 2νββ
• Need higher energy resolution to 

reduce

• Xe spallation isotopes
• Produced by cosmic-ray muons

• Muon rate at KamLAND ~0.3 Hz
• Many isotopes with long lifetimes

• τ ~ O(hours)
• Accompanied by many neutrons at 

the spallation
• Tagging efficiency of a likelihood 

cut using neutrons:
 (44.0 ± 8.7)%

• 214Bi from IB film
• 238U series (238U in film 3x10-12 g/g)
• Limits the sensitive volume Phys. Rev. Lett. 135, 262501 (2025)
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Latest results
3

are roughly a factor of 10 smaller than those measured on
the previous IB [12]. The reference calculations for 238U
and 232Th mentioned here assume secular equilibrium for
comparison with the previously reported values. In the
earlier period of the dataset, we found an increase in the
background rate at the IB bottom, possibly due to the
settling of dust particles containing radioactive impuri-
ties. To avoid this possible background, we tag and re-
move this high-background period from the dataset using
machine learning algorithms, as discussed in Ref. [3, 18].

Solar neutrinos are an intrinsic background source for
KamLAND-Zen. Based on neutrino flux calculations us-
ing the standard solar model [19], the elastic scattering
(ES) of 8B solar neutrinos on electrons in the Xe-LS is
estimated to be (4.9 ± 0.2) → 10→3 (ton day)→1, includ-
ing the e!ect of three-flavor neutrino oscillations. The
charged-current (CC) interactions on 136Xe produce e→,
136Cs, and ω’s from the excited states, and the subse-
quent decays of 136Cs (ε = 19.0 days, Q = 2.548MeV)
create a background peak around 2.0MeV in visible
energy, mostly overlapping with the resolution tail of
2ϑϖϖ decays. The interaction rate is expected to be
(0.8± 0.1)→ 10→3 (ton day)→1 based on the cross section
calculated in Ref. [20, 21].

Cosmic-ray muons produce neutrons and radioactive
isotopes through nuclear spallation of carbon and xenon,
which decay by emitting ϖ’s or ω’s. To remove these
events, we apply cuts based on space and time correlation
with muon and neutron capture ω events. In the 0ϑϖϖ
window, decays of 10C (ε = 27.8 s, Q = 3.65MeV) and
6He (ε = 1.16 s, Q = 3.51MeV) dominate the muon spal-
lation backgrounds. To reduce these short-lived back-
grounds, we remove events within 150ms after muons,
and events reconstructed within 1.6m of neutron ver-
tices for 180 s. In addition, we reject remaining back-
ground events by the “shower” likelihood method based
on reconstructed muon shower profiles [22–26]. The over-
all rejection e”ciencies for 10C and 6He are >99.7%
and (97.3 ± 1.5)%, respectively. To reduce the 137Xe
(ε = 5.5min, Q = 4.17MeV) background, we remove
events reconstructed within 1.6m for 27min of vertices
identified as neutron captures on 136Xe, which produce
high energy ω’s (Q = 4.03MeV). This cut removes
(74± 7)% of 137Xe.

The products of muon spallation with lifetimes greater
than O(100 s), denoted as “long-lived products”, are at-
tributed to the decay of heavy isotopes produced by
xenon spallation. Xenon spallation can be tagged by de-
tecting multiple neutrons. To characterize the long-lived
products, we define a likelihood ratio, RL = Lspa/(Lspa+
Lacc). Here Lspa and Lacc are the probability density
functions (PDFs) for long-lived muon-spallation pairs
and accidental pairs, respectively. These PDFs are con-
structed as a function of neutron multiplicity, distance
to neutron vertices, and time interval from preceding
muons. The cut value on RL is optimized using an esti-
mate with MC simulation tools. FLUKA [27, 28] is used
to calculate the spallation isotope yields, and Geant4 to
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FIG. 2: Energy spectra of selected ωω candidates within a
1.57-m-radius spherical volume drawn together with best-fit
backgrounds, the 2εωω decay spectrum, and the 90% C.L.
upper limit for 0εωω decay of (a) singles data (SD), and (b)
long-lived data (LD). The LD exposure is about 10% of the
SD exposure.

calculate the radioactive decays and energy spectra of the
isotopes, considering their sequential decay chain. The
predicted backgrounds are primarily from 132I, 130I, 124I,
122I, 118Sb, 110In, 88Y, and from other isotopes in smaller
amounts (Table IX in Ref. [26]). The total background
rate in the 0ϑϖϖ window is 30.0± 2.2 (ton yr)→1 in total,
in units of 136Xe exposure. Events that are not classi-
fied as coming from long-lived backgrounds are referred
to as “singles data” (SD), and the others are referred to
as “long-lived data” (LD).

We improved the neutron identification for post-muon
events to enhance the tagging e”ciency of the long-lived
backgrounds. We identify these neutrons with a second,
deadtime-free electronics system, called MoGURA [26].
Previously, the neutron vertex was reconstructed using
only PMTs with normal gain. In this analysis, we added
low gain PMTs to the photon counting, achieving an in-
crease in the mean number of PMT hits from 181 to 201
for 2.225MeV ω’s from neutron capture, after subtract-
ing afterpulse noise contributions. The resulting neutron
tagging e”ciency is estimated to be (74.5± 0.4)% based
on the neutron capture time distribution, approximately
2% better than in the previous analysis. Our MC study
shows that (47.1 ± 8.7)% of long-lived spallation back-
grounds are classified as LD, whereas only 9.0% of un-
correlated events are mis-classified.

The total livetime for SD and LD in KamLAND-Zen
800 is 1131 days and 111 days, respectively. The total ex-
posure of SD, which is sensitive to the 0ϑϖϖ signal, is

0ν
(U.L.)

2ν
XeSpa IB

Energy spectrum of KamLAND-Zen 800 (R < 1.57 m)

• KamLAND-Zen 800 data taking 
completed on Jan. 2024.

• Total exposure: 2.1 ton-yr of 136Xe
• High-sensitivity region

(R < 1.57 m): 1.13 ton-yr

• Simultaneous likelihood fit to the 
binned energy spectra of 40 
volume bins (R < 2.5 m)
• 0νββ best fit: 0 events
• U.L.: < 9.7 events (90% C.L.)
• 𝑇!/'

() 	> 3.5 x 1026 (90%. C.L.)

• Zen400 and 800 combined
• 𝑇!/'() 	> 3.8 x 1026 (90%. C.L.)
• 𝑚%% < 28̶122 meV

(90%. C.L.)

Phys. Rev. Lett. 135, 262501 (2025)
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Limit on effective Majorana mass
𝑇!/'
() $!

= 𝐺() 𝑀() ' 𝑚%%
'

G : Phase space factor
M : Nuclear matrix element (NME)

World-leading limit:
𝐦𝛃𝛃 < 28̶122 meV (90% C.L.)

(gA~1.27 assumed)

Entering IO region with some NMEs
< 
75
̶
20
0 
m
eV
* 

*Phys. Rev. Lett. 136, 022701 (2026)
**Science vol. 390, issue 6777, pp. 1029 (2025)

< 
70
̶
25
0 
m
eV
** 
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KamLAND2(-Zen)

Red:PMT
Blue:Mirror

Gapless light 
collection with 
polygonal mirrors

H.Q.E.PMT + Mirror

• 1/100 2νββ BG reduction
with higher light yield
• 5x L.Y. to be achieved by:

• Light collecting mirror: 1.8x
• High Q.E. PMT: 1.9x
• Improved LS: 1.4x

• σenergy at Qββ = 2%
• Also improves particle ID

(β/γ disicrimination)
• New electronics (MoGURA2)

• à Xe-spallation BG reduction
• Scintillating inner balloon

• à 214Bi (film) BG reduction

• + Several other upgrades!!
• Target sensitivity (5 yr obs.)

• 𝑻𝟏/𝟐𝟎𝝂 > 𝟐×𝟏𝟎𝟐𝟕	𝐲𝐫 𝒎𝜷𝜷 ~𝟐𝟎	𝐦𝐞𝐕
• Covers most of IO region

MoGURA2
Larger
Flange 

Φ13 m balloon
inflation with 
radon-reduced air

Additional coating to 
the rock wall
(Less water leakage)

KamLS
(improved purification)

Scintillating inner-balloon
made of PEN film
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Light collecting mirror

Sheet mirror (soft)
PET mirror (hard)

• PET coated with aluminum

• Mirror shape was designed based on 
string method and modified to polygonal 
shape to fill gaps between PMTs.

• Sheet mirror to avoid interference with 
acrylic plates A set of 16 PMTs with mockup mirrors
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Light collecting mirror production and installation test
• PET mirror production by a company 

completed

• Sheet mirror
• Design finalized
• In-house production

• Started in Mar. 2026
• 60% done
• To be completed in Oct. 2026

• Final installation test of
PMT + PET mirror
+ Sheet mirror + Acrylic plate
went well (Aug. 2026).



13

Liquid scintillator
• We will use the same KamLS in KamLAND2

• Composition
• Pseudocumene (PC): 20%
• Dodecane (N12): 80%
• 2,5-diphenyloxazole (PPO): will be increased (~5--10% brighter)

• KamLS: 1.36 g/L à ~1.5 g/L
• XeLS: 2.5 g/L à ~4 g/L

• KamLS used in KamLAND1 is now being stored in rental tanks in Wakayama

• In KamLAND1, light yield of the KamLS decreased by ~24% after on-site 
distillation.

• Recent laboratory-scale study showed that the optical performance can be 
recovered by well-controlled distillation.

• We are considering optimizing the on-site distillation process to recover the 
optical performance.
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Scintillating inner balloon
• Material: Polyethylene naphthalate (PEN)
• By detecting the alpha decay of 214Po in the film, we 

can tag 214Bi events.

• Challenges for implementation
• Welding

• Direct heat welding often causes holes in the 
film.

• We tested heat welding with hot-melt film 
(polyester). It satisfied mechanical 
requirements.
• Next challenge is RI requirements.

• Purification of wavelength shifter (Bis-MSB)
• Bis-MSB needs to be added to the XeLS to 

allow the scintillation light to pass through the 
PEN film.

• Recently, we found that purification by 
recrystallization can reduce RI levels below the 
required limits.

No helium leak was found in a PEN 
bag welded with hot-melt film

238U (ppt) 232Th (ppt)
Required < 30 < 1

Bf. Purif. ~10000 ~1000
Aft. Purif. 0.5±0.1 0.4±0.2

Bis-MSB RI analysis using ICP-MS of 
Univ. of Tsukuba (Sample of Aug. 2026)
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New electronics (MoGURA2)
MoGURA2 board

μ̶n time difference (KamLAND1 data)

inefficiency

JINST 19 (2024) 03, P03013

• Large on-board memory
• Fast data transfer

• Neutron detection efficiency after 
muons:
~80% (now) à 99% (expected)
• Xe-spallation tagging efficiency:

44%(now)à65% (expected)

• Other physics
• Nearby supernovae
• νe absorption on 136Xe

(longer event window)

• Poster P26 by Hanwook BAE
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Particle ID

3

18m

Temporal and Spatial InformationDecay Schemes Schematic Diagram of Detector

136Xe Excited-State Decay (Signal)

214Bi Decay (Background)

Xenon LS

Mini-balloon

FIG. 1: (Left) The decay schemes for 136Xe and 214Bi with branching ratios < 1% are omitted for simplicity.
(Center) The schematic diagram of the KamLAND–Zen detector. (Right) The distribution of PMT hit times for
typical physics events. The spatial distribution of the PMT hit times highlighted in violet are shown above.

to varying energy deposits comes from subtracting T0,
which is a fractional charge weighted sum of the di↵er-
ences between Traw and TOF over all the PMTs. This is
calculated as follows:

T0 =

P
i(T

i
raw � TOFi)⇥QiP

i Qi
(2)

where Qi is the charge on the ith PMT. The proper hit
time is calculated inside an interval from -20 ns to 22 ns
and is binned in increments of 1.5 ns in order to match
the sampling time interval of the KamLAND–Zen read-
out electronics. Each proper hit time bin contains PMT
hits that register photoelectron charge to a 38⇥38 spher-
ical grid segmented in the azimuthal and polar angles,
✓ and �. The resulting dimensions of the collection of
spatiotemporal hit maps is 28 ⇥ 38 ⇥ 38 in t, ✓, and �,
respectively. A few slices of a typical spatiotemporal hit
map, where the spherical hit maps are projected onto a
2D plane, are shown in the rightmost plot of Figure 1.

The energies, times, directions, and angular distri-
butions of particles emitted during 2⌫�� 136Xe decay
to ground state, 2⌫�� 136Xe decay to excited states
(0+ ! 0+1 , 0

+ ! 2+1 , and 0+ ! 2+2 ), and other radioac-
tive decay backgrounds, are simulated using the stan-
dard Decay0 event generator [16]. The simulated events
are distributed uniformly within the roughly 3.8-meter-
diameter mini-balloon spherical volume at the center of
KamLAND–Zen detector.

IV. NETWORK DESIGN

In our first attempt to apply machine learning to a
KamLAND-like detector, we used a conventional CNN
to study its ability to reject muon spallation background.
We achieved a rejection e�ciency of 61% for 10C while
preserving 90% of 136Xe [12]. However, the conventional
CNN was originally designed for 2D planar images. Since
KamLAND-Zen data is e↵ectively a time series of spher-
ical images, the conventional CNN lacks the ability to
harness certain embedded symmetries which suppresses
the neural network performance. In this paper, we fully
redesigned our deep learning model to recognize the addi-
tional symmetries. The new model is referred to as Kam-
Net since it is originally designed for KamLAND–Zen.
KamNet builds on our initial work and a complemen-

tary recurrent neural network (RNN) algorithm that was
also designed for KamLAND–Zen [17]. It is inspired
by two recent breakthroughs in geometric deep learn-
ing based spherical analysis: S2CNN [18], and ConvL-
STM [19]. S2CNN uses a group theory approach to han-
dle spherical data input and ConvLSTM provides a mech-
anism for understanding time correlations among images.

A. Rotational Symmetry

The conventional CNN scans rectangular filters
throughout 2D images in a translation-invariant manner,
and the translational invariance makes it highly e�cient
in analyzing planar images. KamLAND–Zen produces
spherical PMT hit maps not rectangular images. Map-

• 0νββ events are point-like, while γ 
backgrounds are more extended
• Most Xe-spallation backgrounds are 

accompanied by γ-rays

• ML-based particle identification methods 
are being studied using the spatial and 
temporal distribution of photon hits
• E.g., KamNET* 

• For Zen800, ~20̶30% of γ-BG 
rejection at 90% sig. eff.

• KamLAND2-Zen has more photons
• At 2.5 MeV: 600 hits à 3000 hits
• γ-BG rejection efficiency is expected 

to reach ~60‒80%

*Phys. Rev. C 107, 014323 (2023)

Example of spatial and temporal 
distributions of photon hits in an event

-20       -10          0         10         20         30        40
Photon hit time (ns)

Spatial 
maps

Timing Peak width ~several ns
Narror: β-like
Wider: γ-like
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KamLAND2(-Zen) timeline
’24 ’25 ’26 ’27 ’28
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Xe collection
• End of Zen800

• IB removal
Xe distillation

• End of KamLAND1
OD dismantling
Oil removal

Drying period
• Φ13 m balloon removal

ID dismantling

OD wall coating
OD PMT installation

LS fluor (PPO) distillation

ID tank & installation material cleaning
ID PMT & mirror installation

• New ID flange installation
Φ13 m balloon production

• Φ13 m balloon installation
Oil filling

New electronics installation
• Start of KamLAND2

IB production & installation
XeLS filling

• Start of 
KL2-Zen

(Now)
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Recent on-site work
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Inner Detector (ID) Dismantling
Old PMT removal (Jul̶Oct. 2025) Φ2 m chimney removal (Oct. 2025)

• It had to be removed to install 
the acrylic plates.

• It will be replaced with one with a 
larger opening.

• Removed using a floating platform 
after filling the tank with water.
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Preparation for PMT Installation
(Started in June 2026. Now ongoing)
Broken bolt removal from 
boss

Tank cleaning Cleaning of items for 
installation

https://pro.kao.com/jp/products/k
ps05/4901301505996/

https://www.kikulon.com/produ
cts/kikulon_a.html

https://pro.kao.com/jp/products/kps05/4901301505996/
https://pro.kao.com/jp/products/kps05/4901301505996/
https://www.kikulon.com/products/kikulon_a.html
https://www.kikulon.com/products/kikulon_a.html
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Outer Detector Reassembly
Waterproof spraying
(Jan̶Mar 2026)

PMT installation (May̶Jun 2026)
• 90 PMTs and Tyvek sheets on accessible parts were 

installed using scaffolding.
• Remaining PMTs and Tyvek sheets to be installed 

using boats after the ID is filled with oil.

OD PMT
Tyvek Sheet
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Distillation of LS fluor (PPO)
(Oct--Dec. 2025)
• During the 2024 oil recovery from the 

ID, PPO distillation was incomplete due 
to a vacuum pump failure

• We swapped the pump with a good 
one and distilled ~1.5 t of PPO.

High-purity N2 generator dismantling
• The generator is no longer available due 

to the end of manufacturer support.
• We will use commercial N2 in KamLAND2

• Purity concern: 85Kr
• Removal by cryo-adsorption is 

being studied
• We dismantled and removed the 

generator (Jul--Aug. 2026)
• The freed up space will be used for ID 

PMT preassembly

Before distillation
(90% PPO
+ 10% Dodecane
+ Others)

After distillation

Brown
Clear
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Summary and Prospects
• KamLAND2: A major KamLAND upgrade featuring 5× higher light yield and 
various other improvements
• KamLAND2-Zen:
Target sensitivity (5 yr obs.): 𝑇!/'() > 2×10'0	yr 𝑚%% ~20	meV

• The construction phase has shifted: Dismantling à Reassembly
• More than half of OD PMTs have already been installed
• ID PMT installation starts soon (from Nov. 2026)
• Φ13 m balloon production starts soon

• We aim to start
• KamLAND2 data taking in FY2027
• KamLAND2-Zen data taking in FY2028


