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 Physics target | Double beta decay

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%.
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U: MNS matrix, mi: neutrino mass, φ: Majorana phase

Very long half-life (> 1018 yr) & a few MeV Q-value 
→ Large amount of isotopes & low BG environment

If 0νββ decay observed 
→ Majorana particle (ν=ν) 
　  → see-saw mechanism？ leptogenesis？ 

→ lepton number violation 
→ Neutrino mass hierarchy 
→ Neutrino effective mass 
　   → hint for neutrino (absolute) mass
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20 inch PMT × 225  
for outer detector

17 inch PMT × 1325 
+ 20 inch PMT × 554

20 m
20

 m

Detector | KamLAND

1,000 tons of highly purified  
liquid scintillator (LS)    
in the 6.5-m-radius balloon 
→ high scalability, may use ~1ton of isotope

Background level of LS (238U, 232Th) 
are at 10-17 ~ -18 g/g  
→ Clean environment 
    KamLS act as active shield for double beta  
    decay experiment

1000 ton LSBig

Lo
w BG

scintillation light  
monitored by PMTsUnderground experiment. Located in 

Kamioka (Japan), 2700 m.w.e. 
→ less muon induced background

Neutrino detector. In operation since 2002 → well known detector response

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
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 KamLAND-Zen

136Xe loaded LS  
into KamLAND center 

with inner balloon

Double beta decay isotope: 136Xe 
• Q-value 2.458 MeV 
• Dissolved into LS ~3% by weight 
• Enrichment ~90% 
• Half life of 2νββ decay is long (~1021 yr)

Modification of KamLAND

 KamLAND-Zen 800 KamLAND-Zen 400  KamLAND2-Zen
320-380 kg of Xenon 

Data taking in 2011 - 2015 
~750 kg of Xenon 

DAQ started in 2019
~1 ton of 136Xe 

Better energy resolution

Past Present Future

Reanalysis combined arXiv:2203.02139v1 [hep-ex]1st result  & Long paper in preparation5

https://arxiv.org/abs/2203.02139
https://arxiv.org/abs/2203.02139


 Hardware improvement from KL-Zen 400
Almost doubled xenon amount (~750 kg, 91% enriched)
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ref. initial film (after washed)  
  238U~2×10-12 g/gfilm

Production@class-1 clean room 
with very very careful dust control

238U ~3×10-12 g/gfilm

×10 reduction of RI  
compared to KL-Zen 400

Background level

232Th ~4×10-11 g/gfilm

JINST 16 P08023

Vertex distribution in ROI & 214Bi MC

Bigger, cleaner Xe-LS container (made of 25-um-thick nylon, radius=1.9 m)

 Almost same level

Scene of welding

214Bi: one of main BG

Inner balloon surface
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∆T indicates time difference from muon. The number of 11C is extracted from the
likelihood fit to the ∆T distribution for events satisfying above criteria. Fig. 8.21
shows background-subtracted energy spectrum and ∆T distribution of 11C decay. Thus,
production rate is estimated to be (1106 ± 178) (kton·day)−1 after corrections of energy
cut and neutron detection efficiency. Taking account of 22 % uncertainty of spallation
neutron yield caused by existence of xenon target, the error results

√
(16%)2 + (22%)2 =

27%, corresponding to 299 (kton·day)−1. These values are used in the spectral fit.
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Figure 8.20.: Expected visible energy spectrum for spallation products scaled by the eval-
uated rates.

10C, 6He, 12B, 8Li

For short-lived products relative to 11C, 10C is the main background of 0νββ region with
small contribution from 6He, 12B and 8Li, which are produced by secondary particles
such as neutron and pion when passing through a 12C target. Expected energy spectra
of these nuclides are shown in Fig. 8.20. They are partly rejected by triple coincidence
method described in Sec. 7.3.4. Their tagging efficiencies are estimated all together by
fitting summation of their exponential decay curves like follows:

dN

dt
=
∑

i

Nie
−t/τi + c (8.4)

It is converted by defining x = log10t like following:
dN

dx
=
∑

i

Ni · ln(10) · 10xe−10x/τi + c · ln(10) (8.5)

152

ROI

Expected energy spectra 
(KamLAND-Zen 400 2nd phase, no reduction)

(1) Triple coincidence of muon-neutron-
spallation products  

(2) A likelihood method based on muon 
energy deposition (dE/dx) is 
developed

 Software improvement from KL-Zen 400

Products

 d
L 
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Carbon spallation & 137Xe rejection method

Rejection efficiencies: 10C > 99.3%, 6He ~98%, 137Xe ~74%

①
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by 2.2 MeV  
neutron capture γ
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(τ = 5.5 min, Q = 4.17 MeV) (τ = 27.8 s, Q = 3.65MeV) (τ = 1.16s, Q = 3.51MeV) 7



 Xenon spallation products
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• Longer half-lives (~hours to ~days) 
• Neutron multiplicity is higher than carbon’s

A likelihood method is developed

Energy spectra of productsFLUKA  
Xe-LS (cylinder geometry) + muon

←carbon spallation

• Individual yields are small but many candidates are produced 
• Total yield become one of the main background → new major background

ROI

Rejection efficiency 
42.0±8.8%

Parameters: Time difference from muon, distance between Xe-
spallation and neutron capture gamma, effective number of neutron 

(Long-lived products)

~90% by major 32 nuclei 

This rejected data-set is also used 
for simultaneous fitting (next page)
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Simultaneous spectrum fitting
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Parameters: 
*BG rates from each source 
*LL-tag efficiency, LL-shape
*Energy-scales : (E-scale for 
each time bin, and 2 non-linear 
response parameters)

Analysis volume : R < 2.5  m

Binning:
3 time-bins ×2 L.L./0νββ-bin
×20 Radius-bins ×2 upper/lower-
bins ×86 energy-bins 

Energy spectrum fitting 
 by each bin

Visible Energy [MeV]

×3 time-bin   ×2 LL-bin./0νββ-bin.
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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%.

ΔR

XeLS KamLS IB

3 time-shapes

BG sources

P1 P2 P3

P1 P2 P3

Constant: 
0νββ,2νββ

Free: KL 
convections

E-scales

P1 P2 P3

Decay:
RIs in XeLS, 
IB

0.5 4.8

 = 0.05 MeV/bin

Convection

⇦KL balloon

XeLS  … 2νββ, Xe-spallation, ν-E.S., 238U, 232Th, etc.
IB film  … 238U, 232Th, 40K, 210Bi, etc.
KamLAND LS … C-spallation, 85Kr, 40K, etc 

New result from KLZ800 : arXiv:2203.02139 

Event selection and fit

Simultaneous fitting with  
• 86 energy bins (0.5-4.8 MeV, 0.05 MeV/bin),  
• 20 equal-volume bins each in the upper and 

lower hemispheres in R<2.5m, 
• 3 time bins 
for each single and long-lived data

• Events <2.5m of center and >0.7m away from bottom 
• Events >2 ms after muons 
• Radioactive decays vetoed by coincidence cut 

•  identified by coincidence cut 
• Poorly reconstructed events are rejected

ν̄

Free parameters: 
0nu, 2nu, 85Kr, 40K, 210Bi, the 228Th-208Pb sub-chain of the 232Th series, 
and long-lived spallation products etc 
The energy spectral distortion parameter for the long-lived spallation 
background  
  
Constraint:  
222Rn-210Pb sub-chain of the 238U series, short- lived spallation 
products etc 
Detector energy response parameters

exposure reaches 970 kg yr!
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102 χ
Δ Zen400 Phase1

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

90% C.L.

136Xe Half-life limit (KL-Zen 400 + 800)
KamLAND-Zen 400 data is reanalyzed with 
updated background rejection techniques and 
long-lived spallation consideration.

Δχ
2

Combined result (90% C.L. ) 

Sensitivity (90% C.L. ) 
T1/2 > 1.5×1026 yr

T1/2 > 2.3×1026 yr
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Limit on the effective neutrino mass

〈mββ〉< 36-156 meV   

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

Experimental limit for Ge & Te: 
(Ge) GERDA: Phys.Lett. 125 252502 
(Te) CUORE: arXiv: 2104.06906v1 

�
T 0�

1/2

⇥�1
= G0� |M0� |2�m�⇥2

First search for inverted 
mass ordering

NME (M0ν) : 1.11–4.77 
(gA ~ 1.27)

Near future improvement 
• Upgraded electronics 
• PID with neural networks

T1/2 > 2.3×1026 yr
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 Future: KamLAND2-Zen KamLAND → KamLAND2

Winston cone（集光ミラー）
光被覆率 >  x2
光収集量 >  x1.8

カムランド液体シンチレータ 8,000 光子/MeV
標準的な液体シンチレータ 12,000 光子/MeV  

x1.4

17” PMT 20” PMT

液体シンチレータ改良

導入部拡大
いろいろな装置を導入できる。
CaF2, CdWO4, 144Ce, NaI 他

KamLAND2-Zen

1000kg 濃縮キセノン
目標感度　~20meV/5年

σ(2.6MeV)= 4% →　2.5％

30

Enlarge opening 
General use: accommodate various devices such 
as CdWO4, NaI, CaF2 detectors

1 ton of 136Xe

σ(2.6MeV) = 4% → ~2% 
Target ⟨mββ⟩ ~20 meV in 5 yrs

Winstone cone & High QE PMT

Brighter LS

Improve light collection efficiency and 
photo coverage

Current LS ~8,000 photon/MeV 
LAB based new LS ~12,000 photon/MeV

Scintillation inner balloon

New electronics

BG reduction from Xe-LS container

To improve background suppression. 
Tagging long lived isotope from cosmic ray 
spallation.
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 Summary
• Neutrinoless double beta decay is a key to search for physics 

beyond the Standard Model.  

• KamLAND-Zen searches for it with 136Xe loaded liquid 
scintillator.  

• KamLAND-Zen 800 1st result: T1/2 > 2.0×1026 yr 
• Combined result for KamLAND-Zen 400 + 800 

T1/2 > 2.3×1026 yr,〈mββ〉< 36-156 meV  

Start to search for inverted mass ordering 

• KamLAND2-Zen (~1ton of enriched Xenon) is planned to 
search deeper into inverted hierarchy region of〈mββ〉
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KamLAND-Zen 400
1.54-m-dadius inner balloon 
Phase I:  320 kg of Xenon (2011-2012), Phase II: 383 kg of Xenon (2013-2015)

1st paper [0νββ & 2νββ]: Phys. Rev. C 85, 045504 (2012), KamLAND-Zen Collaboration 
 “Measurement of the double-β decay half-life of 136Xe with the KamLAND-Zen experiment” 
2nd paper [0νββ, 2νββ & Majoron]: Phys. Rev. C 86, 021601(R) (2012), KamLAND-Zen Collaboration 
 “Limits on Majoron-emitting double-β decays of 136Xe in the KamLAND-Zen experiment” 
3rd paper [0νββ]: Phys. Rev. Lett. 110, 062502 (2013), KamLAND-Zen Collaboration 
 “Limit on Neutrinoless Decay of 136Xe from the First Phase of KamLAND-Zen and Comparison with  
  the Positive Claim in 76Ge” 
4th paper [excited states]: Nucl. Phys. A 946 (2016) 171–181, KamLAND-Zen Collaboration  
 “Search for double-beta decay of 136Xe to excited states of 136Ba with the KamLAND-Zen experiment” 
5th paper [0νββ & 2νββ]: Phys. Rev. Lett. 117, 082503 (2016), KamLAND-Zen Collaboration 
 “Search for Majorana Neutrinos Near the Inverted Mass Hierarchy Region with KamLAND-Zen” 
6th paper [gA]: Phys. Rev. Lett. 122, 192501 (2019), KamLAND-Zen Collaboration 
 “Precision Analysis of the 136Xe Two-Neutrino ββ Spectrum in KamLAND-Zen and Its Impact on the 
  Quenching of Nuclear Matrix Elements”

KamLAND-Zen 800
1.90-m-radius clean inner balloon, ~750 kg of Xenon (2019-)

1st paper [0νββ]: arXiv:2203.02139v1 [hep-ex], KamLAND-Zen Collaboration 
 “First Search for the Majorana Nature of Neutrinos in the Inverted Mass Ordering Region with KamLAND-Zen” 
Hardware [IB construction]: JINST 16 P08023 (2021), KamLAND-Zen Collaboration 
 “The nylon balloon for xenon loaded liquid scintillator in KamLAND-Zen 800 neutrinoless double-beta decay search  
  experiment” 
Machine learning [KamNet]: arXiv:2203.01870v1[physics.ins-det]  
A. Li, Z. Fu, L. Winslow, C. Grant, H. Song, H. Ozaki, I. Shimizu, A. Takeuchi 
“KamNet: An Integrated Spatiotemporal Deep Neural Network for Rare Event Search in KamLAND-Zen”

R&D for KamLAND2-Zen
Scintillation balloon: PTEP. Volume 2019, Issue 7, 073H01, S Obara, Y Gando, K Ishidoshiro 
 “Scintillation balloon for neutrinoless double-beta decay search with liquid scintillator detectors”
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