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The KamLAND collaboration !!

>50 researchers
from US, 
Netherland
and Japan



 ̞13m

 ̞18m

Detector site and components
neutrino cosmic ray

1km
depth

Water-cherenkov outer detector

3.2 kt purified water
ΞΞΡыΝΠΜьШΞΜњШÂ~Ñƚ
passive shielding
active veto to muon

1kt purified liquid scintillator
  (PC+Dodecane+PPO mixture)
ΝΟΞΡШΝΤњШҼШΡΡΠШΞΜњШÂ~Ñƚ
photo coverage 34%
Neutrino detection

Scintillation inner detector

The KamLAND detector
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Neutrino detection channel

Anti-electron neutrino detection by inverse-beta decay
Significant background reduction by two-fold coincidence
Neutrino energy reconstruction from prompt scintillation
 ŸШĬŔƖĲĦƣŔŸŰċũШŔŰŉŸƖůċƣŔŸŰШӛШƖĲċĦƣŸƖШŰĲƨƣƖŔŰŸƚШċƖĲШĤċĦťŊƖŸƨŰĬ

Fig. Inverse-beta decay
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History of geoneutrino observation in KamLAND
2002

2005

2011

2022

Beginning of KamLAND

Nature 436, 499т503

Nature Geoscience 4, 467т651

Geophysical Research Letters
Volume 49, Issue 16,
e2022GL099566

First evidence of geoneutrino detection

KamLAND

2000 2002 2004 2006 2008 2010 2012

KamLAND-Zen

KamLAND

2014

2991 days

4.90Ĭ1032
proton-year

2013 Phys Rev D 88:033001.

(24% error)

Nature 03980

749 days
0.71Ĭ1032

proton-year

2005

(56% error)

and the numberof 210Po decays, respectively. Theneutron energy
distribution is calculated using the measured neutron angular
distributionsin thecentreof massframe25,26. Includingthe
for passingthe ne candidatecuts, the numberof (a,n) background
eventsisestimatedto be42^ 11.

There is a small contribution to the backgroundfrom random
coincidences,nes from the b2 decayof long lived nuclear reactor

products,andradioactiveisotopesproduced bycosmicrays.
Usinganout-of-time coincidencecut from10msto 20s,therandom
coincidencebackgroundisestimatedto be2.38^ 0.01events.Using
the expected ne energy spectrum27 for long lived nuclear reactor

products, the correspondingbackground is estimated to be
1.9^ 0.2events.Themost backgrounddueto radioactive
isotopes produced by cosmic rays is from the b2 decay
9Li ! 2a n e2 ne, which hasa neutron in the state. On
thebasisof eventscorrelatedwith cosmicrays,theestimatednumber
of backgroundeventscausedbyradioactive9Li is0.30^ 0.05.Other
backgroundsconsideredand found to benegligibleincludespon-
taneous ssion, neutron emitters and correlated decays in the
radioactivebackground decay chains, fast neutrons from cosmic
ray interactions, (g,n) reactions and solar ne inducedbreak-up of
2H. The total backgroundis estimated to be 127^ 13 events (1j
error).

The total numberof observed ne candidatesis 152, with their
energy distr ibution shown in Fig. 3. Including the geoneutr ino
detecti on systematic errors, parts of which are correlated with
the backgroundestimationerrors, a rate analysisgives25 19

2 18
geoneutrino candidates from the 238U and 232Th decay chains.
Dividing by the detection ef ciency, live-time, and number of
target protons, the total geoneutrino detected rate obtained is
5:1 3:9

2 3:6 102 31 ne per target proton per year.
We also perform an un-binned maximumlikelihoodanalysisof

the ne energy spectrum between1.7and3.4MeV, usingthe known
shapeof the signaland backgroundspectra. As the neutrino oscil-
lationparametersdonot affect theexpectedshapeof the
geoneutrinosignal,theun-oscillatedshapeisassumed.However, the

oscillationparametersareincludedin thereactor backgroundshape.
Figure4ashowsthec intervalsfor thenumberof observed
238U and 232Th geoneutrinos. Based on a study of chondritic
meteorites28, the Th/U massratio in the Earth is believed to be
between 3.7 and 4.1, and is known better than either absolute
concentration.Assuminga Th/U massratio of 3.9,weestimatethe
90% c interval for the total numberof 238U and 232Th
geoneutrinocandidatesto be4.5to 54.2,asshownin Fig. 4b. The
central valueof 28.0isconsistentwith the rate analysis.At this
point, the valueof the parametersare Dm2

12 7:8 102 5eV2;
sin22v12 0:82,pa 1:0,andqa 1:0,wheretheselast two param-
etersare in theMethodssection.The99%c upper
limit obtainedon thetotal detected 238U and232Th geoneutrinorate
is1.45 102 30neper targetprotonperyear, correspondingto a
at KamLANDof 1.62 107cm2 2s2 1. On thebasisof our reference
model,this correspondsto an upperlimit on the radiogenicpower
from 238U and232Th decayof 60TW.

Asa cross-check, an independent analysis29 hasbeenperformed
usingapartial dataset, includingdetection , of 2.6 1031

targetprotonyears.In thisanalysis,the13C(a,n)16Obackgroundwas

Figure3 | ne energyspectrain KamLAND.Mainpanel,experimentalpoints
togetherwith the total expectation(thin dotted blackline).Alsoshown are
the total expectedspectrumexcludingthegeoneutrinosignal(thick solid
blackline),the expectedsignals from 238U (dot-dashed red line) and232Th
(dotted green line) geoneutrinos,andthe backgroundsdueto reactor ne

(dashedlight blueline),13C(a,n)16O reactions(dotted brownline),and
randomcoincidences(dashedpurpleline).Inset,expectedspectraextended
to higherenergy. Thegeoneutrinospectraarecalculatedfrom our reference
model,whichassumes16TW radiogenicpowerfrom 238U and232Th. The
error barsrepresent^ 1 standarddeviation intervals.

Figure4 | nce intervalsfor the numberof geoneutrinos
detected. Panela showsthe 68.3%con elevel (CL; red),95.4%CL
(green)and99.7%CL (blue)contours for detected 238U and232Th
geoneutrinos.Thesmallshadedarearepresentsthe prediction from the
geophysical model.Thevertical dashedlinerepresents the valueof
(NU 2 NTh)/( NU NTh) assumingthe massratio, Th/U 3.9,derived
from chondritic meteorites, andaccounting for the 238U and232Th decay
ratesandthene detection in KamLAND. Thedot representsour
best point, favouring3 238U geoneutrinosand18 232Th geoneutrinos.
Panelb showsDx2 asa function of the total numberof 238U and232Th
geoneutrinocandidates, the normalizeddifferenceto the chondritic
meteoritesconstraint.Thegreybandgivesthevalueof NU NTh predicted
by the geophysical model.
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Thedifferential geoneutrinoflux at a position r isdetermined
fromtheisotopicabundancesai(r

0) atthelocationof thesources,r0,

d8 (EЅ, r)

dEЅ
=

isotopesX

i

Ai

dni(EЅ)

dEЅ

Z

d3r0ai(r
0)ᶌ(r0)P(EЅ, |r r0|)

4ᶋ|r r0|2
(1)

wherethe integration extendsover the volume,Ai is the
decayrateperunitmass,dni(EЅ)/ dEЅ istheЅe energyspectrumfor
eachmodeof decay,ai(r

0) isin unitsof isotopemassper unit rock
mass,ᶌ(r0) istherock densityandP(EЅ, |r r0|) istheЅe

probabilitydueto thephenomenonof oscillationafter travellinga
distance|r r0|. For thepresentpurpose,theЅe survivalprobability
iswellapproximatedbythetwo-flavour oscillationformula,

P(EЅ,L) ' 1 sin22ᴑ12sin
2 1.271 m2

21[eV2]L[m]

EЅ[MeV]
(2)

where L = |r r0|. on neutrino oscillations10

are expected to change equation(2) by about 1% ,which is
negligiblecomparedwith thestatistical uncertainty.Theoscillation
parameters1 m2

21 and sin22ᴑ12 are determinedwith substantial
accuracy by a combined statistical analysiswith
measurementof Ѕes producedat nuclear reactorsand data from
solar-neutrino experiments(assuming (CPT)
symmetry10),andaregivenin thenextsection.Giventhesizeof the
Earthandthevaluesof theneutrinooscillationparameters,for the
energyrangeof detectablegeoneutrinosthe secondsinefunction
in equation(2) iswellaveragedoverthevolumeof theEarth,giving
P(EЅ,L) ' 1 0.5sin22ᴑ12 to anexcellentapproximation.

Geoneutrinodetection
KamLAND is located under Mount Ikenoyama (36.42 N,
137.31 E), near the town of Kamioka,Japan.The underground
site providesan effectiveoverburdenof 2,700m water equivalent,
reducing the cosmic-ray-induced atmospheric muon flux to
5.37 0.41m 2 h 1 (ref. 11). The Ѕe s are detected in 1kt of
liquid scintillator (LS) through the inverseɓ-decay reaction,
Ѕe+ p ! e+ + n, with a 1.8MeVneutrinoenergythreshold.This
threshold cuts off much of the geoneutrinosignalfrom the 238U
and232Th decaychainsandrendersthedetector insensitiveto 40K
(other unobservedisotopessuch as 235U contribute negligiblyto
the heating).Usingthe cross-section from ref. 12, the expected
rateof geoneutrinoeventsfrom the geologicalreferencemodel4 is
3.80 10 31Ѕe per targetproton peryear.79%of thisrateisdueto
238U decays.Thepromptscintillationlightfrom thee+ providesan
estimateof the incidentЅe energy,EЅe

' Ep + En + 0.8MeV,where
Ep is the sum of the kineticenergyandits annihilation
energy,andEn is the averageneutron recoil energyof O(10keV).
The neutron is captured on a proton, emitting a 2.2MeVɔ-ray
after a meandelaytimeof 207.5 2.8 s followingthe
annihilation.Thedelayed-coincidencesignalisapowerfultool for
reducingbackgrounds.

The data collected between 9 March 2002 and 4 November
2009 representsa total live-time of 2,135days. The numberof
target protonsin the sphericalfiducial volumeof radius6.0m is
estimatedto be(5.98 0.12) 1031, resultingin a total exposure
of (3.49 0.07) 1032 target proton years.Datataken duringthe
LSpurificationactivitiesexhibitedincreasedPMTnoiseandwere
excludedfrom thedataset.

The fluxes of reactor Ѕes are analysed together with the
geoneutrinosand are calculated using instantaneousthermal
power,burnupandrefuellingrecordsfor all commercialreactors
in Japan, as provided by a consortium of Japanese electric
powercompanies.Onlyfour fissileisotopes,235U, 238U, 239Pu and
241Pu, contribute significantly to the Ѕe spectrum . Spectral
uncertaintieswerefurther constrainedaccordingto ref.16.
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Figure1| Promptenergyspectrumandevent selectionef .

a, Promptenergyspectrumof low-energyЅe s in KamLAND. The

histogramsindicate the backgrounds,whereasthe best (including

geoneutrinos) isshownin blue.b,Background-subtractedenergyspectrum.

Theblueshadedspectrumis the expectationfromthe referencemodel,

consistingof contributionsfromU (dashedcurve) andTh (dottedcurve).c,

Energydependenceof the geoneutrinoevent selection averaged

over the data-takingperiod.Statistical uncertaintiesareshownfor the data

in a, anduncertaintiesonthe backgroundestimationareaddedin b.

Taking the neutrino oscillation parameter values 1 m2
21 =

7.50+ 0.19
0.20 10 5 eV2 andsin22ᴑ12 = 0.84 0.03 from the fit to the

data discussedbelow,the expected numberof reactor Ѕe events
in the geoneutrinoenergy region (defined as 0.9MeV< Ep <
2.6MeV) is484.7 26.5, includingasmallcontribution from the
ɓ-decay of the long-lived fission products 90Sr, 106Ru and 144Ce
in spent reactor fuel17. Other backgroundsfor Ѕe detection are
mostly from the 13C( ,δ n)16O reaction in the LS. Includingthe
smaller contributions from accidental coincidences,cosmic-ray-
muon-inducedradioactiveisotopes,fastneutronsandatmospheric
neutrinos,thetotal numberofeventsbetween0.9MeVand2.6MeV
isestimatedto be244.7 18.4(SupplementaryNoteS2).

W e observe 841 candidateЅe events between 0.9MeV and
2.6MeV, whereasthe predicted number of reactor Ѕe events
and other backgroundsis 729.4 32.3. Taking the excess as
the geoneutrino signal, we obtain 111+ 45

43, that is, event yield
analysiswithout energy and time information. The statistical
significanceis99.55% .

Figure1a shows the fit from a more powerful unbinned
maximum-likelihoodanalysis,whichtakesinto accountthe event
rate, energyandtimeinformationin the energyrange0.9MeV<
Ep < 8.5MeV,andsimultaneouslyfitsgeoneutrinosandreactorЅe s
includingtheeffectofneutrinooscillations.Theoscillationparame-
tersareconstrainedbysolarneutrinofluxexperiments18, including
the most recent measurementby SudburyNeutrinoObservatory
(SNO;ref. 19).Thetimeof eachevent givesextra discriminating
powerbecausethereactorЅe backgroundvarieswith time,asshown
in Fig.2a, as do the accidental and 13C( ,δ n)16O backgrounds,
whereasthegeoneutrinorateisconstant.Asthebackgroundsvary,
the event rate demonstratesa consistent excessattributable to
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ARTICLES NATUREGEOSCIENCEDOI:10.1038/NGEO1205

Thedifferential geoneutrinoflux at a position r isdetermined
fromtheisotopicabundancesai(r

0) atthelocationofthesources,r0,

d8 (EЅ,r)

dEЅ
=

isotopesX

i

Ai

dni(EЅ)

dEЅ

Z

d3r0ai(r
0)ᶌ(r0)P(EЅ, |r r0|)

4ᶋ|r r0|2
(1)

wherethe integration extendsover the volume,Ai is the
decayrateperunitmass,dni(EЅ)/ dEЅ istheЅe energyspectrumfor
eachmodeof decay,ai(r

0) isin unitsof isotopemassper unit rock
mass,ᶌ(r0) istherock densityandP(EЅ, |r r0|) istheЅe

probabilitydueto thephenomenonof oscillationafter travellinga
distance|r r0|. For thepresentpurpose,theЅe survivalprobability
iswellapproximatedbythetwo-flavour oscillationformula,

P(EЅ,L) ' 1 sin22ᴑ12sin
2 1.271 m2

21[eV2]L[m]

EЅ[MeV]
(2)

where L = |r r0|. on neutrino oscillations10

are expected to change equation(2) by about 1% ,which is
negligiblecomparedwith thestatistical uncertainty.Theoscillation
parameters1 m2

21 and sin22ᴑ12 are determinedwith substantial
accuracy by a combined statistical analysiswith
measurementof Ѕes producedat nuclear reactorsand data from
solar-neutrino experiments(assuming (CPT)
symmetry10),andaregivenin thenextsection.Giventhesizeof the
Earthandthevaluesof theneutrinooscillationparameters,for the
energyrangeof detectablegeoneutrinosthe secondsinefunction
in equation(2) iswellaveragedoverthevolumeof theEarth,giving
P(EЅ,L) ' 1 0.5sin22ᴑ12 to anexcellentapproximation.
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KamLAND is located under Mount Ikenoyama (36.42 N,
137.31 E), near the town of Kamioka,Japan.The underground
site providesan effectiveoverburdenof 2,700m water equivalent,
reducing the cosmic-ray-induced atmospheric muon flux to
5.37 0.41m 2 h 1 (ref. 11). The Ѕe s are detected in 1kt of
liquid scintillator (LS) through the inverseɓ-decay reaction,
Ѕe+ p ! e+ + n, with a 1.8MeVneutrinoenergythreshold.This
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and232Th decaychainsandrendersthedetector insensitiveto 40K
(other unobservedisotopessuch as 235U contribute negligiblyto
the heating).Usingthe cross-section from ref. 12, the expected
rateof geoneutrinoeventsfrom thegeologicalreferencemodel4 is
3.80 10 31Ѕe per targetprotonperyear.79%of thisrateisdueto
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estimateof the incidentЅe energy,EЅe
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The neutron is captured on a proton, emitting a 2.2MeVɔ-ray
after a meandelaytimeof 207.5 2.8 s followingthe
annihilation.Thedelayed-coincidencesignalisapowerfultool for
reducingbackgrounds.

The data collected between 9 March 2002 and 4 November
2009 representsa total live-time of 2,135days. The numberof
target protonsin the sphericalfiducial volumeof radius6.0m is
estimatedto be(5.98 0.12) 1031, resultingin a total exposure
of (3.49 0.07) 1032 target proton years.Datataken duringthe
LSpurificationactivitiesexhibitedincreasedPMTnoiseandwere
excludedfrom thedataset.

The fluxes of reactor Ѕes are analysed together with the
geoneutrinosand are calculated using instantaneousthermal
power,burnupandrefuellingrecordsfor all commercialreactors
in Japan, as provided by a consortium of Japanese electric
powercompanies.Onlyfour fissileisotopes,235U, 238U, 239Pu and
241Pu, contribute significantly to the Ѕe spectrum . Spectral
uncertaintieswerefurther constrainedaccordingto ref.16.
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a, Promptenergyspectrumof low-energyЅe s in KamLAND. The

histogramsindicate the backgrounds,whereasthe best (including

geoneutrinos) isshownin blue.b,Background-subtractedenergyspectrum.

Theblueshadedspectrumis the expectationfromthe referencemodel,

consistingof contributionsfromU (dashedcurve) andTh (dottedcurve).c,

Energydependenceof the geoneutrinoevent selection averaged

over the data-takingperiod.Statistical uncertaintiesareshownfor the data

in a, anduncertaintiesonthe backgroundestimationareaddedin b.

Taking the neutrino oscillation parameter values 1 m2
21 =

7.50+ 0.19
0.20 10 5 eV2 andsin22ᴑ12 = 0.84 0.03 from the fit to the

data discussedbelow,the expected numberof reactor Ѕe events
in the geoneutrinoenergy region (defined as 0.9MeV< Ep <
2.6MeV) is484.7 26.5, includingasmallcontribution from the
ɓ-decay of the long-lived fission products 90Sr, 106Ru and 144Ce
in spent reactor fuel17. Other backgroundsfor Ѕe detection are
mostly from the 13C( ,δ n)16O reaction in the LS. Includingthe
smaller contributionsfrom accidental coincidences,cosmic-ray-
muon-inducedradioactiveisotopes,fastneutronsandatmospheric
neutrinos,thetotal numberofeventsbetween0.9MeVand2.6MeV
isestimatedto be244.7 18.4(SupplementaryNoteS2).

W e observe 841 candidateЅe events between 0.9MeV and
2.6MeV, whereasthe predicted number of reactor Ѕe events
and other backgroundsis 729.4 32.3. Taking the excess as
the geoneutrino signal, we obtain 111+ 45

43, that is, event yield
analysiswithout energy and time information. The statistical
significanceis99.55% .

Figure1a shows the fit from a more powerful unbinned
maximum-likelihoodanalysis,whichtakesinto accountthe event
rate, energyandtimeinformationin the energyrange0.9MeV<
Ep < 8.5MeV,andsimultaneouslyfitsgeoneutrinosandreactorЅe s
includingtheeffectofneutrinooscillations.Theoscillationparame-
tersareconstrainedbysolarneutrinofluxexperiments18, including
the most recent measurementby SudburyNeutrinoObservatory
(SNO;ref. 19).Thetimeof eachevent givesextra discriminating
powerbecausethereactorЅe backgroundvarieswith time,asshown
in Fig.2a, as do the accidental and 13C( ,δ n)16O backgrounds,
whereasthegeoneutrinorateisconstant.Asthebackgroundsvary,
the event rate demonstratesa consistent excessattributable to
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28.0+15.6
-14.6 events (56% error)

749 days, 0.71 × 1032 proton-year

Total background
geoneutrino

measurement



7

History of geoneutrino observation in KamLAND
2002

2005

2011

2022

Beginning of KamLAND

Nature 436, 499т503

Nature Geoscience 4, 467т651

Geophysical Research Letters
Volume 49, Issue 16,
e2022GL099566 There is residual primordial heat is inside the Earth.

Our planet is cooling.

160+29
-28 events (27% error)

First evidence of partial radiogenic Earth

Expected flux if all geothermal heat is 
generated by radioactivity inside earth.

KamLAND
Geoneutrino measurement

2135 days
3.49 × 1032 proton-year

This result implies radiogenic heat inside the Earth 
is fewer than total heat flow at the surface.
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History of geoneutrino observation in KamLAND
2002

2005

2011

2022

Beginning of KamLAND

Nature 436, 499т503

Nature Geoscience 4, 467т651

Geophysical Research Letters
Volume 49, Issue 16,
e2022GL099566
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Data provided according to the special agreements between
Tohoku Univ. and Japanese nuclear power reactor operators.

ÑőŔƚШљƖĲċĦƣŸƖ-ŸŉŉњШƓĲƖŔŸĬШŊŔƻĲƚШƨƚШũċƖŊĲШƚŔŊŰċũ-
to-noise ratio of geoneutrino observation.

Most of Japanese reactors have been shut 
down due to the 3.11 earthquake in 2011.

Reactor neutrino is the dominant 
background of geoneutrino signals.

Reactor-off period in Japan
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History of geoneutrino observation in KamLAND
2002

2005

2011

2022

Beginning of KamLAND

Nature 436, 499т503

Nature Geoscience 4, 467т651

Geophysical Research Letters
Volume 49, Issue 16,
e2022GL099566 Reactor off period significantly 

improved observation accuracy.

160+29
-28 events in DDDD days

First result of measurement in low -reactor period

Model calculation

During low-reactor period, 
geoneutrino spectrum was 
expected to appear above 
the reactor neutrino 
spectrum.
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Period1 Period2 Period3

background reduction by distillation

11

Best-fit time variation

Best fit geoneutrino signals

beginning of reactor-off period



Period1

Period2

Period3

Period1

Period2

Period3

Table. Best fit geoneutrino signals and backgrounds

Best fit geoneutrino signals

Rate + Shape + Time un-binned Likelihood

EŰĲƖŊǃШаШΜЮΦШӅШыÂƖŸůƓƣШEŰĲƖŊǃьШӅШΥЮΡШя~ĲéѐЯШΤΞШĤŔŰƚ

Time : each KamLAND run (~24 hour bin)

scan parameter : geo ’Ὡ signal (U,Th)

Simultaneous scan of the oscillation parameters and geoneutrinos

fit parameter : Ўάςρςȟʃρςȟʃρσ, backgrounds, systematics

12



Geoneutrino flux measured by KamLAND

Best fit geoneutrino signals

Spectroscopic measurement of geoneutrinos 
from uranium and thorium was achieved.

KamLAND detected significant geoneutrino signal 
from both uranium and thorium inside the Earth.

13



Radiogenic heat measurement by KamLAND

KamLAND result

Crust estimation

Radiogenic heat 
from mantle

central value  : Enomoto 2007

uncertainty  : Rudnick&Gao 2014

Th/U ratio  : Wipperfurth et al 2018

Conversion coefficients between 
flux and radiogenic heat in 

homogeneous mantle

measured flux at 
the surface

flux estimate in 
crustal model

Adding heat estimate from crust, 
238U : 3.4 TW, 232Th : 3.6 TW

U, Th heat separated 
measurement achieved

14

Convective Uray ratio = 0.13+0.15
-0.06
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BSE models

High-Q Predicting relatively large amount of 
radiogenic heat for mantle convection.
(U : 35±4 ppb, Th : 140±14 ppb)

Low-Q Based on compositional analysis of enstatite 
chondrites and isotopic constraints
(U : 12±2 ppb, Th : 43±4 ppb)

Middle -Q Based on compositional analysis of CI 
carbonaceous chondrites and earth samples
(U : 20±4 ppb, Th : 80±13 ppb)

Consistent with the KamLAND data.

Inconsistent with the KamLAND data

(10-15 TW)

(17-22 TW)

(>25 TW)

Comparison to Earth models
(Sramek et al 2013)

https://doi.org/10.1016/j.epsl.2012.11.001
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Toward improved precision in geoneutrino observation

The selection efficiency of IBD signal is reduced due 
to accidental-coincidence background caused by 
ĲǂƣĲƖŰċũШ͊-ray from radioactive impurities.
There is room for improvement.

Anti-electron neutrinos induce inverse-beta 
decay(IBD), producing two temporally and spatially 
correlated signals. By applying delayed-coincidence 
selection, background events can be effectively 
suppressed.

Neutrino detection channel IBD selection efficiency
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Box cut (1st layer) Likelihood Ratio selection  (2nd layer)

: Signal PDF (Geant4 simulation)

: Accidental PDF (data driven)

Finding spacial and time 
coincident events with 
delayed-coincidence (DC)

: Likelihood ratio;
The probability that an DC pair is 
a IBD reaction

Conventional IBD selection

Probability density functions (PDFs) are constructed from DC parameters for 
both IBD signal and accidental background. A likelihood ratio derived from PDFs 
is used to classify each DC pair as an IBD signal or accidental background.

This approach does not account for inter-parameter correlations. 
Figure-of-Merit loss arises from binning in PDF construction.
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Box cut (1st layer) Likelihood Ratio selection  (2nd layer)

Gradient Boosted Decision Tree selection (2 nd layer)
Finding spacial and time 
coincident events with 
delayed-coincidence (DC)

Conventional IBD selection
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IBD selection with Gradient Boosted Decision Tree

Training and validation use Geant4-simulated IBD and data-driven 
accidental background from time-shifted coincidenceуsame setup as 
conventional procedure; GBDT replaces the LikelhoodRatio function.

Decision Tree

Machine-learning method effective for structured/tabular data.
Data split based on feature values, forming a tree-like structure.

Gradient Boosted Decision Tree
Ensemble method combining multiple decision tree to improve 
prediction accuracy. Each tree corrects errors from the previous one.

Correlation between parameters FoM loss by binning

Conventional LikelihoodRatio ˷ignored ˷ binned

Gradient Boosted Decision Tree inherent avoided (unbinned)

Training and validation
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Improvement in IBD selection efficiency

Observed energy of prompt signal [MeV] Observed energy of prompt signal [MeV]
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Conventional LikelihoodRatio  selection GBDT selection

Å IBD selection efficiency in Period3 (low -reactor phase) was ~60% in the geoneutrino 
energy region (<3 MeV); introducing GBDT improved it to ~70%.

Å Further gains are anticipated though complementary development including PID.

~60%

~70%
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KamLAND2(-Zen)

Å KamLAND-Zen : Neutrinoless double-beta decay (0͔ ͉͉ь search using KamLAND.
Å The isotope 136Xe is installed at the center of the detector as the source of  0͔͉͉Ю
Å KamLAND-Zen 800 phase was completed in 2024.
Å Construction of KamLAND2-Zen construction is currently underway to achieve further 

sensitivity to 0͔ ͉͉Ю

KamLAND2-Zen

ìőŔũĲШuċůx  ?ΞќƚШƓƖŔůċƖǃШƣċƖŊĲƣШŔƚШneutrinoless  double -
beta decay, improved energy/vertex resolution is expected 
to enhance selection efficiency for antineutrino observation.

Frequently asked:
љuċůx  ?ΞњШŔƚШŰĲƽШĬĲƣĲĦƣŸƖЮ
љuċůx  ?Ξ-üĲŰњШŔƚШŰĲǂƣШΜ͔͉͉ШƚĲċƖĦőШ
experiment using KamLAND2 not 
љuċůx  ?-üĲŰΞњЮ
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Detector status and prospect

KamLAND completed data-taking in 2024 and is now under upgrade work.
R&D on new LS, light-collecting mirrors, balloon and DAQ is underway. 
KamLAND2 aims to complete construction in 2027 and resume geoneutrino observation in 2028 !


