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The KamLAND detector
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History of geoneutrino observation in KamLAND
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History of geoneutrino observation in KamLAND
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Beginning of KamLAND

First evidence of partial radiogenic Earth
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This result implies radiogenic heat inside the Earth
Geophysical Research Letters is fewer than total heat flow at the surface.
Volume 49, Issue 16, _ , _ : L
e2022GL099566 There Is residual primordial heat is inside the Earth.

Our planet is cooling.
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History of geoneutrino observation in KamLAND

2002 Beginning of KamLAND Reactor-off period in Japan

Data provided according to the special agreements between
Tohoku Univ. and Japanese nuclear power reactor operators
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2011 | Nature Geoscience 4, 467651
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Reactor neutrino is the dominant
background of geoneutrino signals.
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History of geoneutrino observation in KamLAND
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Beginning of KamLAND First result of measurement in low -reactor period
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Improved observation accuracy.
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A Result of geoneutrino observation
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Best fit geoneutrino signals

Best-fit time variation
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Best fit geoneutrino signals

Rate + Shape + Time urbinned Likelihood

EUJI N! Wa WM WM WAl YOG GaWWE U
Time : each KamLAND run (~24 hour bin)

scan parameter :geo’ osignal (U, Th)
fit parameter: Y& . §H , H , , backgrounds, systematics

Simultaneous scan of the oscillation parameters and geoneutrinos

Table. Best fit geoneutrino signals and backgrounds
Periodl Period2 Period3 All Period

energy range [MeV]  0.9-2.6 0926 0926 0926

live time [day] 1485.5  1151.5  2590.0 5227.0
Reactor 7, 325.75  1229.64  48.97 604.36
BC(a,n)0 177.66 2042  22.18 222.26
Accidental 59.35 40.53 24.79 124.67
Spallation (®He/Li)  1.52 1.05 1.69 4.26

Background total 620.21  334.07 171.98 1126.26
observed 651 363 164 1178
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U, flux from 2°Th (X106 cm~2s71)

Geoneutrino flux measured by KamLAND

U, flux from 28U (x10° cm~2s71)

Best fit geoneutrino signals

Ny /mh flux 0-signal

levent]  [x10° cm™2s7!] [TNU] rejection
U 116.61 557 14,7752 19.1757  3.3430
Th 57.51200 23.97102 9.7t 2.3860
U+ Th 173.77292 32.1728 28.6755 830

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

Spectroscopic measurement of geoneutrinos
from uranium and thorium was achieved.
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Radiogenic heat measurement by KamLAND

KamLAND result

Crust estimation

central value : Enomoto 2007
uncertainty : Rudnick&Gao 2014
Th/U ratio : Wipperfurth et al 2018

Radiogenic heat
from mantle

U, flux from 232Th (x10° cm™2s71)

~ Mantle Radiogenic Heat

23

7, flux from 38U (x10% cm™2s~!)

Conversion coefficients between
flux and radiogenic heat in
homogeneous mantle

d_QU ,Th
QU,Th (@U ,Th @U Th) mantle
mantle — crust dq)U Th
mantle

flux estimate in
crustal model

measured flux at
the surface

Adding heat estimate from crust,
238J:3.4TW?23Th:3.6 TW

QY =333 TW
QMM =12.1157 TW
QU + Q™ =15433 TW

Convective Uray ratio = 0.1*:':3‘3-15_0'06
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Comparison to Earth models -

U, flux from °Th (x10° cm~2s~1)

R 4 5
U, flux from #%U (x10® cm~2s™")

BSE models (Sramek et al 2013

Low-Q Based on compositional analysis of enstatite
(10-15 TW) chondrites and isotopic constraints
(U : 122 ppb, Th : 434 ppb)

Middle -Q Based on compositional analysis of ClI
(17-22 TW) carbonaceous chondrites and earth samples
(U : 2G4 ppb, Th : 8&13 ppb)

Consistent with the KamLAND data.

High-Q Predicting relatively large amount of
(>25 TW) radiogenic heat for mantle convection.
(U : 354 ppb, Th : 14614 ppb)

Inconsistent with the KamLAND data


https://doi.org/10.1016/j.epsl.2012.11.001
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A Machine-learning powered event selection
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Toward improved precision In geoneutrino observation

Neutrino detection channel

Prompt signal
(positron + annihilation)

Delayed signal
(neutron capture)

\ N ,
Thermalized neutron \ > L
(T ~210usec) AN
‘\‘ Y 2.2MeV

@

Anti-electron neutrinos induce inversebeta
decay(IBD), producing two temporally and spatially
correlated signals. By applying delayeetoincidence
selection, background events can be effectively
suppressed.
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The selection efficiency of IBD signal is reduced due
to accidental-coincidence background caused by

1J + a1 1J l-ray drdmlLiBdioactive impurities.

There is room for improvement.
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Conventional IBD selection

Box cut (15t layer) Likelihood Ratio selection (2"d layer)

Finding spacial and time Probability density functions (PDFs) are constructed from DC parameters for
coincident events with both IBD signal and accidental background. A likelihood ratio derived from PD
delayed-coincidence (DC) is used to classify each DC pair as an IBD signal or accidental background.

102 1.2<Ep<13

Prompt signal
(positron + annihilation)

f?e — f?e (Ep7 Ed7 AR? AT? Rp7 Rd)
. Signal PDF (Geant4 simulation)

events/bin

. Delayed signal
[ (neutron capture)

N L 4
Thermalized neutron \ S
(T ~210usec) N7 NN
.\A Y 2.2MeV

faccidental — faccidental(Ep7 Eda AR; AT? Rpa Rd)
. Accidental PDF (data driven)

events/bin

@ — B(Lw) Lo ( E ) _ 2
1075 ratio p) —
0.0 02 0.4 N 0.6 038 1.0 f;e + faccidental
parameter criteria 6l - Likelihood ratio-
prompt energy [MeV] 0.9 < E, <85 “‘E4, - LIKEIIhood ratio,

delayed energy [Mev) 18 S Fa <28 : . — The probability that an DC pair is
. N f a IBD reaction

space correlation [m] AR <20 0l - - e - o

time correlation [us] 0.5 < AT < 1000 Lo

fiducial volume [m] R,<6& Rq4<6

This approach does not account for inteparameter correlations.
Figure-of-Merit loss arises from binning in PDF construction. 18



Conventional IBD selection
Box cut (15 layer) Likelihood-Ratio-selection—{2"ayer)

Finding spacial and time

coincident events with Gradient Boosted Decision Tree selection (2 "d layer)
delayed-coincidence (DC)

Want to buy ice cream?

Decision Tree Yes - 30
No - 70
Example

Prompt signal
(positron + annihilation)

Delayed signal .
. (neutron capture) rainy day sunny day
Thermalized neutron \ S C
(T ~210usec) N7
Below 35°C Above 35°C  weekday holiday
parameter criteria
prompt energy [MeV] 0.9 < E, <85 —_—
1.8 < FEy <26 €es -
delayed energy [MeV] 4A< By <56 No - 10
space correlation [m] AR <20
time correlation [us] 0.5 < AT < 1000
fiducial volume [m] R,<6& R4 <6
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IBD selection with Gradient Boosted Decision Tree

Decision Tree

' ' i Want to buy i 2
Machine-learning method effective for structured/tabulardata. ant to by lce cream

Data split based on feature values, forming a tredike structure. Decision Tree
No - 70
Example . |

Gradient Boosted Decision Tree

rainy day sunny day

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

Below 35°C Above 35°C  weekday holiday

Training and validation .
Training and validation use Geant&imulated IBD and datadriven Yes- 8
: : : o No - 10
accidental background from time-shifted coincidencey same setup as

conventional procedure; GBDT replaces the.ikelhoodRatio function.

Correlation between parameters FoM loss by binning

Conventional LikelihoodRatio _ ignored _ binned

Gradient Boosted Decision Tree| inherent avoided (unbinned)
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Improvement in IBD selection efficiency

Conventional LikelihoodRatio selection GBDT selection
100 100
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A IBD selection efficiency in Period3 (low -reactor phase) was ~60% in the geoneutrino
energy region (<3 MeV); introducing GBDT improved it to ~70%.
A Further gains are anticipated though complementary development including PID.



Contents
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KamLAND2Zen
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Frequently asked:
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Resolution
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Visible Energy

KamLANDZen :Neutrinoless double-beta decay (0 . search usingKkamLAND
The isotopel3tXe is installed at the center of the detector as the source of 0 . HO

KamLANDZen 800 phase was completed in 2024.
Construction of KamLAND2Zen construction is currently underway to achieve further

sensitivitytoQ . . KO
i 6 ROIJWuU ¢ O x ? =k t Uh@utriRdless| double;-¢ | NIJq WRY LW

beta decay, improved energy/vertex resolution is expected
to enhance selection efficiency for antineutrino observation.
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Detector status and prospect

KamLANDcompleted data-taking in 2024 and is now under upgrade work.
R&D on new LS, lightollecting mirrors, balloon and DAQ is underway.
KamLAND2 aims to complete construction in 2027 and resume geoneutrino observation in 2028 ! 24



