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KamLAND-Zen	Detector	Short	Cut

1.9	m

KL-Zen	Inner	Balloon	(IB)	
filled	with	Xenon-LS

82%	decane,	
18%	pseudocumene
(1,2,4-trimethylbenzene),	2.4g/l	
fluor PPO	(2,5-diphenyloxazole)
è (3.13±0.01)%	Xe gas
è 745	kg	enriched Xenon	=	91%	
136Xe	+	9%	134Xe
è Uranium	10-17	g/g	
è Thorium	10-16 g/g

KL-Zen	IB	Film

25	µm	transparent	nylon	film
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6.5	m

9.0	m

KamLAND-LS

1	kton LS	=	80V%	of normal	
dodecane +	20V%	
pseudocumene +	1.36g/l	PPO		
(2,5-diphenyloxazole)	fluor

Cherenkov	Detector	

3.2	kton Water for Muon Veto

KamLAND-Zen	Detector	Short	Cut
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KamLAND-Zen	Detector	Short	Cut

𝑸𝜷𝜷 𝟏𝟑𝟔𝐗𝐞 = 𝟐. 𝟒𝟓𝟖	𝐌𝐞𝐕

Net	Light	Yield =	250	p.e./MeV	

PMTs =	1325	17-inch	and	
554	20-inch

Resolutions:	
Energy	∼ 6.7%/ 𝐸[MeV]� ,
Vertex	∼ 13.7	cm/ 𝐸[MeV]�

Analysis	Range =	[0.5,4.8]	MeV	
and	R<2.5	m	(Fiducial	Volume)

Publications	+	Phases
KamLAND-Zen	400:	Oct.	12	2011	- Oct.	27	2015	
Phase	I:	PRL	110,(2013)	062502	
Phase	II:	PRL	117.8	(2016):	082503	
Excited	states:	Nuc.	Ph.	A	946	(2016):	171-181

KamLAND-Zen	800:	Feb.	5	2019	to	Jan.	12	2024	
Phys.	Rev.	Lett.	130.5	(2023):	051801

KamLAND-Zen	800	Final	Physics	Run:
Aug.	27th	2024
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KamLAND-Zen	Event	Selection	Cuts

Spherical Volume	
for R<1.57	m

Shape	of IB

nylon belt
suspending

the IB

Hot	spot removed
within R<0.7m

2.35	<	E	[MeV]	<	2.70
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KamLAND-Zen	Event	Selection	Cuts
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Ø Data	is	divided	into	two	exposure	fractions	optimized	wrt Long	Lived	Spallation	Backgrounds	
Ø Simultaneous	Spectral	Fit	is	done	on	these	Datasets

Exposure	and	Long-Lived	(LL)	Sep.

• Long-Lived	Data	(LD):	classified	as	LL	bkgs
i.e.	muon	spallation	products	with	
𝜏 ≥ 𝑂(100s),	𝜀NO ∼ 10%
ó 111	Days

• Singles	Data	(SD):	not	classified	as	
long-lived	bkgs,	𝜀PO ∼ 90%
ó 1131	Days
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KamLAND-Zen	Event	Selection	Cuts	Exposure
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r < 157 cm (SD)
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r < 157 cm (LD)

Total	Xe Exposure in	KLZ-800	reached 2.097	ton	x	year	
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Exposure	and	Long-Lived	(LL)	Sep.

• Long-Lived	Data	(LD):	classified	as	LL	bkgs
i.e.	muon	spallation	products	with	
𝜏 ≥ 𝑂(100s),	𝜀NO ∼ 10%
ó 111	Days

• Singles	Data	(SD):	not	classified	as	
long-lived	bkgs,	𝜀PO ∼ 90%
ó 1131	Days



KamLAND-Zen	Backgrounds	after	Event	Selection
𝜈RST

• Solar	Neutrino	Interactions	(ES+CC)

0.5 1 1.5 2 2.5 3 3.5 4 4.5
 [MeV]visE

4-10

3-10

2-10

1-10

1

10

210

310

410

510

Ev
en

ts
 / 

0.
05

 M
eV

Events/(0.05	MeV)		vs.	E	(MeV)

19



KamLAND-Zen	Backgrounds	after	Event	Selection
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KamLAND-Zen	Backgrounds	after	Event	Selection
𝜈RST

• Solar	Neutrino	Interactions	(ES+CC)
• Cosmogenics Xenon	Spallation	Products
• Cosmogenics Carbon	spallation	Products
• Internal	XeLS Radioactive	Impurities	(RI)
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Statistical	Approaches	(Short	Cut)

Wilks	Approximation Feldman-Cousins Bayesian	Evaluation

Frequentist	Approach Bayesian	Approach
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Statistical	Approaches	(Short	Cut)

Wilks	Approximation Feldman-Cousins Bayesian	Evaluation

Frequentist	Approach Bayesian	Approach

“Classical”	Likelihood	Profiling
𝑡 ∼ Δ𝜒Y=	−2LLR

ó Δ𝜒Y vs.	Signal	Rate
ó Asymptotic	Case

“Profiling	Likelihood	Profile”
𝑡 ∼ Δ𝜒Y=	−2LLR

evaluated for different	
hypotheses wrt null

ó Proper	Confidence Interval
Evaluation

Bayes	Theorem
𝑝 𝑀|𝐷 = ^ O|_ ^` _

^ O
ó “Credibility Interval“

Posterior 𝑝 𝑀|𝐷 	
	“probability	of	model	given	data”	=	
Likelihood 𝑝 𝐷|𝑀 times	Prior 𝑝𝑟 𝑀

normalized	by	Evidence 𝑝 𝐷
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Multivariate	Spectral	Analysis
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(b) LD

è No	Signal	Observed	on	Data	ó Calculate	Limits	based	on	toy	Monte	Carlo
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(b) LD

è No	Signal	Observed	on	Data	ó Calculate	Limits	based	on	toy	Monte	Carlo

Pseudo	Dataset:	Take	Best	Estimation	of	Backgrounds	with	Zero	injected	Signal	(Null)

Frequentist Bayesian
Evaluate	Log-Likelihood-Ratio	test	statistics

for	different	Hypothesis	wrt Null	and	
calculate	90	%	limit	(confidence)

Evaluate Posterior	Distribution	and	
calculate	90	%	limit	(credibility)
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…KamLAND2-Zen…
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Upgrade	à KamLAND2-Zen
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Upgrade	à KamLAND2-Zen
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Resolution
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@𝑄ee = 2.458MeV
4% →	< 2.5%

RND

Components Formula Density	[g/cm3] Volume	ratio



Electronics	Upgrade
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Other	Upgrades
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Sensitivity
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1000	kg
Xenon

DAQ	Start	à 2028



Ongoing	Constructions
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1000	kg
Xenon

We	removed	the	
first	acrylic	plates	

Recently:	
Balloon	removed



Ongoing	Constructions	à Timeline
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1000	kg
Xenon

2024 2025 2026 2027 2028

Xe +	IB	extraction

XeLS Extraction

KamLS Extraction

Outer	Balloon	Removal

PMT	dismantling

HQE	PMT	+	Mirror	Instal.

Cleaner	Outer	Balloon

Super	Clean	Facility	KERNEL	=	
Kamioka Extremely	Rare	phenomena	and	NEutrino

research	Lab (IB	construction	etc.)

High	Light	Yield	LS

New	electronics	+	
Calibration

Scintillation	
Balloon

XeLS

Commissioning	
DAQ

Main	DAQ

0𝜈2𝛽à …

Mock-up



Outlook
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• KamLAND-Zen	hunting
for 1027 years

• Most	stringent	mass:
𝑚ee < 28…122meV



Outlook
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… will	be
unleashed
soon

à 2028

KamLAND2-Zen
…

Pokemon Center,	Shibuya,	Tokyo

• KamLAND-Zen	hunting
for 1027 years

• Most	stringent	mass:
𝑚ee < 28…122meV

Thank	You
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Why	is	𝑚d light?	(Seesaw)
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Publications	+	Phases
KamLAND-Zen	400:	Oct.	12	2011	- Oct.	27	2015	
Phase	I:	PRL	110,(2013)	062502	
Phase	II:	PRL	117.8	(2016):	082503	
Excited	states:	Nuc.	Ph.	A	946	(2016):	171-181

KamLAND-Zen	800:	Feb.	5	2019	to	Jan.	12	2024	
Phys.	Rev.	Lett.	130.5	(2023):	051801

KamLAND-Zen	800	Final	Physics	Run:
Aug.	27th	2024
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Short-Lived	Spallation	Products

Energy	Spectrum
è overlap	with	ROI

Triple	Coincidence Tagging

𝜇 + C}Y → n + 𝑋 + 𝜇	(X=	10C,	..)
è (dT,dR)	correlation	with	
muons	and	neutrons	(captured)	

Shower Tagging

è (dE/dX,dL)	space	correlation	
with	muon	shower	

Rejection	Efficiency	of	short-lived	Carbon	
Spallation	products:	>	95	%
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Long-lived	Spallation	Produts

Production	
Yields

Carbon	
spallation

E	spectrum	of		some	
major	Xe daughters

Time	difference	
from	Muon

Based	on	Fluka
simulation	à A	vs.	Z

Expected	Rate	in	ROI	is	
~	30	events/Xe-ton/yr

Long	time	veto	needed

Strategy	à Likelihood-based	tagging	(Nn,	dR,	dT)

Dense	neutron	cluster
èNeutron	Multiplicity
è Time	and	space	

correlation	of	muons	
and	multiple	neutrons

Rejection	Efficiency	
for	Xe Spallation	
Products

≈ 𝟒𝟕 ± 𝟗 %
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