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B* Institutions :
5 from Japan
8 from US
1 from Europe

* ~50 collaborators
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@Kamioka, Japan
2002~
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* 1,000t ultra-pure liquid scintillator (LS)
232J: 3.5x10-18 g/g, 238Th: 5.2x10-17 g/g
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*136Xe loaded LS into KamLAND center with
Zero Neutrino Inner mini-balloon

_ »»double beta decay search 130Tg, 136Xe, etc.

Why Xe? Q-value 2.458 MeV, 2vBp T12~1021 yr

slow 2v

- Isotopic enrichment (centrifugal) established [ 2VPP
- Gas purification is possible o3
0 . sum 'energyAfor tV\;)c';3 elecfclr:)ns /Q

- Soluble to LS more than 3 wt%, easily extracted 45Ca, 16Cd, 159N, etc.
- Slow 2v[3 requires modest energy resolution a 2vBp 1| fast2v
0v2[ can happen if neutrinos ‘ ' Ovpp

are Majorana. ‘*""‘l’oran

Yy, 1/ N 09 092 094 096 098 1 <02 1.03 1.06 108 1.1

/7 sum energy for two electrons / Q

¢ < aninebaliogy” 4 | g i Continue to measure |
a dors 5 neutrinos with :
lelole ed o olle o V2P Ov2B | KamLAND LS volume |

| outside of mini-balloon |

neutrino-less double beta decay




KamLAND-Zen: upgrades 4/19

Past
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KamLAND-Zen 400
Nylon balloon R 1.54 m
Xenon 320 — 380 kg

world top performance

(mpg) < 61-165 meV
Phys. Rev. Lett. 117, 082503 (2016)

Present “Near” Future
2019-2024

{
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KamLAND-Zen 800 KamLAND2-Zen
Nylon balloon R 1.90 m Xenon 1 ton
Xenon 745 kg

target (mgp) ~ 40 meV target (mgp) ~ 20 meV

reduced radioactive BG high light yield
demonstration of scalability better performance
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Past
2011-2015
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KamLAND-Zen 400
Nylon balloon R 1.54 m
Xenon 320 — 380 kg

world top performance

(mgg) < 61-165 meV
Phys. Rev. Lett. 117, 082503 (2016)

Present Jan, 2024 Near” Future

20‘1?9":29?\4 completed operation!

%/ lﬁ . preparation for Xe LS extraction
| , R 1 _._. | — \

19 O O G & O O Ol

Xe extraction started

. > = .amLAND2-Zen
l\_a\\\\‘\ﬁ | : | . Xenon 1 ton

KamLAND-Zen 8|
Nylon balloon R 1.9C
Xenon 745 kg

target {(mpg> ~ 40 m¢| i

reduced radioactive |F.&

demonstration of scal™ atter performance
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Past
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KamLAND-Zen 400
Nylon balloon R 1.54 m
Xenon 320 — 380 kg

world top performance

(mpg) < 61-165 meV
Phys. Rev. Lett. 117, 082503 (2016)
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o e e -
. A S ol -

“Near” Future

KamLAND2-Zen

Xenon 1 ton

target (mgg) ~ 40 meV ‘

target (mgp) ~ 20 meV
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.051801

Improvements: cleaner balloon
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* Hand-made mini-balloon production at * Background reduction & sensitive volume increase

class-1 clean room (>1.5 yr, >20 researchers)
Comugatec JINST 16, P08023 (2021)

tube
«— 3trings

»

¥~ String guide

3,050 mm

> -

UL Nylon belt

|\ Straight tube

Cone
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: ’ r

5416 mm

. Sphere made
.\ by 24 gores

v v‘,::f ;‘ ;:';j}
_A_l;'.l: : ‘: .: ';:.
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§ oL o o9~ Polar cap
< | and harness
) 3,840 mm i
25um nylon dust level was carefL_JIIy controlle(_i
(e.g.: goggle, laundry twice a day, welding £
machine, more neutralizer, cover sheet...) ~ =
1* x10 reduction of Inner Balloon 214Bi | :
i* > x3 sensitive volume | 3

Zen 400 Phase-ll
238J : 5x10-11 g/g
232Th : 3x10-19 g/g

sensitive volume :
R<1.0m

Zen 800
e 238 : ~3%x10-12 g/g

=

232Th : ~4x10-"" g/g

=
" 5 sensitive volume :
R<1.57m
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https://iopscience.iop.org/article/10.1088/1748-0221/16/08/P08023

Improvements: short-lived spallation backgrounds 6/19

Expected energy spectra

(KamLAND -Zen 400 2nd phase no reductlon

events/day/kton/bin
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1. Triple coincidence tagging
: dT, dR

1. Muon
(ﬂ»

V =

N | p\\

12C ................... > | n |\
y - \ 1~207.5 sec

I —

2. Neutron
y (2.2 MeV)

~., 1~27.8 sec

10C _3- Decay of BG
--~‘."‘*qs /6}4_

AN

10B Ve

time and space correlation
with muon and neutrons

2. Shower tagging
: dE/dX, dL
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)Photonq

kelihood method using muon
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* Each isotopes yields are small, but many candidates are produced

* Total yield becomes one of the main background
0.082 events/day/Xe-ton

rate in ROI :

production vyield
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Atomic Number

Likelihood-based tagging

: Nneutron, dR, dT

N: effective number of neutron
dR: distance between Xe-spallation and neutron capture gamma
dT: Time difference from muon
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eherqy spectrum
Geant4&ENSDF simulation
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Intensity
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neutron multiplicity
FLUKA simulation
107 &
long-lived
136Xe spallation)

107 E
107 =
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* long half-life (~hours to ~days)
neutrino multiplicity is higher than carbon’s

time difference from muon

0 20

Nneutron

60
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Data set: Feb. 5, 2019 - May 8, 2021

Exposure: 970 kg ° yr

Data divided into

wo | e N e rgy s pect ‘ OVB B I ong I| ved) _.'f
,are flttedysmultaneously’ ]

Evis [MeV]

and “lo

around mini-balloon

(R<2.5m) & hot spot
veto (>0.7m)

volume cut
R<1.57m

long-lived
spallation cut

tagged

523.4 days 49.3 days

ng-lived candidate”

volume cut &
eual-volume binnino
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* 86 energy bins

* 40 equal-volume bins
* 3 time-period bins
for two datasets

long-lived

candidate
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Ax?map of Ovpp rate and LL rate in RO

0.25

* Dominant background: 2v4f and long-lived spallation

* Ovpp
* Best-fit 0vBp rate : 0

90% ~ * Upper limit (90% C.L.) : <7.9 events/Xe-LS (30.5m3)

<
)

LL-spallations rate |event/day/Xe-ton/ROI]

0 002 004 006 008 01 012 014 0.16 '
(vfp rate |event/day/Xce-ton |



136Xe Ovpfp Decay Half Life (KamLAND-Zen 400+800) 10/19

* KamLAND-Zen 400 dataset was reanalyzed with updated background
rejection techniques and long-lived spallation consideration.
* Zen400 and Zen800 dataset were combined in Ay2map.

Long-lived BG rate in 2.35-2.70 MeV  Long-lived BG rate
was measured

= 0.111 £ 0.019 events/day/Xe-ton
(FLUKA = 0.082 + 0.006 events/day/Xe-ton)

@\ 10_ :

é - —— Zen400 Phasel
O 7en400 Phase?
8: ZCIISOO
— —— Zend00 Phase2 + Zen800
= KamLAND-Zen all combined | :
6; . . .
SE
4; - -
3 NN 9_ Q_%_C__L__
25
) S e e e |
0 3

Half-life [1026 year]

All period combined Ay

= 02 == ‘1
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>

3'0.16 | —30

0.12

> o 9
-
N

006 008 0.1 0.12
Ovpp rate [ Event/Day/Xe-ton]

0.04

Half-life limitat 90% C.L.
Zen 400 T°"1/2 > 0 9 x 1026 yr
: Zen 800  TOvq2 > 2.0 x 1026 yr “'
Combined TOvq2 > 2.3 x 1026 yr

2 times better!
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Effective Majorana mass (mgs) (meV)

Limits on Neutrino Mass

S. Abe et al., Phys. Rev. Lett. 130, 051801 (2023)

100 |

90

% C.L.

upper limit

KamLAND-Zen upper limits
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Predictions

0
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107

10!
Lightest neutrino mass (meV)

* Decay rate — proportional to (neutrino mass)?

Ty = G (Qpp, Z)IMP|? (mgs)°

PSF

NME

NME calculations assuming ga ~ 1.27

QRPA ‘ _

« J. Teracgaki, Phys, Rev. C 102, 044303 (2020).

* J. Hyvéarinen and J. Suhonen, Phys. Rev. C 91, 021613
(2015).

- F. Sitnkovic, V. Rodin, A. Faessler, and P. Vogel, Phys,
Rev. C 87, 045501 (2013).

« M. T. Mustouen and J. Engel, Phys. Rev. C 87, 064302
{2013).

« D.-L. Fang, A. Faessler, and F. Simkovic, Phys. Rev. C
97, 043503 (2018).

SM

o L. Coraggio, A. Gargano, N. ltaco, R. Mancino, and
I, Nowacki, Phys. Rev. C 101, 044315 (2020).

* A. Neacsu and M. lHoroi, Phys. Rev. C 91, 0243009 (2013).

* J. Menendez, A. Poves, Ii. Caurier, and F. Nowacki,
Nucl. Phys. A 818, 139 (2009).

| (mgp) < 36-156 meV |

IBM
« . I, Deppisch, L. Graf, F. lachello, and J. Kotila, Phyvs,
Rev, D 102, 095016 (2020).
* J. Barea, J. Kotila, and F. lachello, Phys. Rev. C 91,
034304 (2015},

EDF

* N. L. Vaquero, T. R. Rodriguez, and J. L. Egido, Phys.
Rev. Lett, 111, 142501 (2013).

* J. M. Yao. L. 8. Song, K. Hagino, P. Ring, and J. Meng,
Phys. Rev. C 91, 024316 (2015).

* T. R. Rodriguez and (. Martinez-Pinedo. Phyvs. Rev.
Lett. 105, 252503 (2010).

* KamLAND-Zen started to enter the “Inverted-Ordering” region search.

* Xe is the leading experiment



Current status
ROl event (2.35 < E < 2.70 MeV)
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For Further Improvements
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Improvement

detector upgrade : KamLAND2-Zen

spallation tagging with neutrons — new electronics /

Imaging Detector

Detect difference in
spread of photon emission

mirror

sen SOr < |

c L K
X{C"nj 20“‘20

LLBG 1 event

2v[p 11.98 =1~ energy resolution tail — light yield increase
Rl in Xe-LS  0.98
RlinIB 3.06 Rl decay In film — scintillation balloon
solar v 1.65 3 gamma or positron background — particle identification
KamNET Deep neurAaILnettvlvork
. Liretal.,
Phys. Rev. C 107, 014323 (2023
, ﬁﬁ R < 157 m BG like o Siggal Iik)e
_ Ov (llmlt) | — Z:ggggt(;zg?:o) E H
IB 214Bj bp Bl i mﬂ
. p+v i 5
| rr~_long-lived £oz- I Hﬂ
/ 35 TN—— "1 MC and datafinigood agreement
1 2 3 4 oo Lt _f?r Ll

Visible Energy (MeV)

KamNel Score [a.u.]

P S o 50 e

20 -20

simulation
OvBB 1 event
o 20
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more light, higher resolution, more Xe — covering mvertedneutrlnomassorderln g!
—ﬁﬁngh QE PMT, Winston corn J

Prototype detectop/’
2vBB (in Kamioka mine) /|

Scmtlllation balloon

(PEN film)
100% fiducial volume

H.gmo L-.’ PMT‘ |
+ Mdrrqﬂ,-

214B] rejection
by a tagging

1000 kg enlched Xe

y * 'l - . o

», \

MM _ ey Super-clean room will be

New electronics . = & constructed in the mine in 2024.
2 —Promote international
| corporative joint research
regarding extremely rare event
research.

improve neutron
tagging efficiency
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Geo-neutrinos

Electron-antineutrinos from natural radioactive decays

Ve 4.1 x 10%/cm?/sec ~ P-decay geo-neutrinos

@B P + 80+ 60 +(67)+GLT VD
2321, —2" Pb + 6a + de” ‘|'_|_
10K 40 (g 4 o (89.28%)

Energy threshold, 1.8 MeV

inverse (3-decay
A - _ +
- = . Ve +D—€ + 1
7 I 233 series €

I N

—h
o
I

*Only geo-neutrinos from@)and Th
are detectable right now

*40K geo-neutrino detection needs
another technology.

Luminosity [/s/MeV]
™.

—
<
|

o2l il 2 experiments (KamLAND and Borexino)

‘ 0.5 1 15 2 25 3 35
Antineutrino Energy [MeV] have observed so far.

Number of geo Ve o< amount of @ Th | radiogenic heat
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S. Abe et al, “Abundances of uranium and thorium elements in Earth estimated by geoneutrino spectroscopy”, GRL, 49, e2022GL099566

“ Period 1 »<— Period 2 —>< Period 3 > |
0.6 (@) 0.9— 2.6 MeV s ~N i W Sl KoL A
I . + : KamLAND data > 60- (b) Period 1
Lk L f : Reactor V, % ++ + +
§ 041 : Reactor v, + other BG e 40: |
% : \_ : All BG + geo v, | & 20:_+_+ T +
SHURE r o
L . 13 . —
20.2- (¢c) Period 2
g 40-
o .
0

- —
2 a2 a1

Events/0. 1 MeV

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 - j ke,
Year == nall
Dataset : Mar, 2002-Dec, 2021 | (g) Best-fit > Th geo 7
Livetime : 5227 days S 75 B Best-fit **U geo 7 %
(low-reactor phase : 2590 days) ﬁ 4 Data - BG - best-fit reactor 7 =
SRS 5
S £
!meassw_e dataset of low-reactor period 5 25 o s s i e
— precise measurement of U and = Prompt Lnergy (MeV)
contributions 0-

1.0 1.2 14 1.6 1.8 2.0 2.2 24 2.6
Prompt Energy (MeV)
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S. Abe et al, “Abundances of uranium and thorium elements in Earth estimated by geoneutrino spectroscopy”, GRL, 49, e2022GL099566

N
A 1 N A
-

=

o

z, flux from **?Th (x10° cm™2s™1)
2

1- I crustal contribution
. i ,
\\ : + central value : Enomoto 2007
. AN I « uncertainty : Rudnick&Gao 2014
_ N !' - Th/U ratio : Wipperfurth et al 2018
0+ e .\.\. s .
0 2 3 4 5
U, Mux from 22U (x10% cm—2s71)
4 best-fit N of event (r)esjgcr](?c'm
Th/U free
U 1174139 |3.30
Th 58255, |2.40
U+Th [174+2955 |8.30

(b)

.....................................................

----------------------------------------------------

....................................................

lllllllllllllllllllllllllllllllllllllllllllllllllll

- —— o |

e Low-Q

Homim @=m{ KamILAND 1o

5
I
2

High-Q
"% —— (7|
OI=—0—| KamLAND lo
............ L —r———— ———————
0 1 2 3 4 S 6

7. flux from ***U

and ***Th (x10° cm™?s™!)

[V Radiogenic Heat
Th/U free

Adding heat estimate from crust,
238U :3.4TW, #2Th:3.6 TW

QY =332 TW
Q™M =121152 TW
QY + Q™" =154 TW

[ Model Rejection

HighQ model is rejected at
99.76 % C.L. (homogeneous mantle)
97.9% C.L. (concentrated at CMB)

Achieved the accuracy level can further geoscientific discussion

Improve the distinct spectroscopic contributions of U and Th
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| TNU: antli-neutqino evlents seen b){ a kilolton deltector in a year

Outlook toward year 2025

Observation — CrUSt -+ Mantle 60 - él:érrliek etal., S. Rep. 33034 (2016) Jinoin . 4T
| Finished PINg
— Running
(y - X7 b) Constructing

Near Future.. 20 - SNO+ -

' Borexino

4 mult|-3|te measurements can .} JUNG Ve

' 40 - "7 i

constraln mantle contrlbutlon

‘ ] KamLAND 7
* KamLAND Borexmo SNO+ JUNO

Observation
Simulated measurement: Total geonu in TNU

* Crust estimation needs to be accurate. 30 - -
TW radiogenic _
20 - power in BSE [

Mantle 30
ol e ]

......................... edum-Q [

S LOW—Q
..................................... 10

0 ' I ' | ' | ' | ' |
Mantlel o 10 20 30 40 50 60

Geophysical prediction: Lithospheric flux in TNU
Crust




Beyond: Multi-site Measurement 17/19

TNU: anti-neutrino events seen by a kilofon detector in a year

Outlook toward year 2025

Observation — CrUSt -+ Mantle 60 - él:érrliek etal., S. Rep. 33034 (2016) Jinoin 4T
| Finished PINg
— Running
(y - X7 b) Constructing

Near Future.. 90 - SNO+ -

' Borexino

4 mult|-3|te measurements can -} JUNG Ve

' 40 - "7 i

constraln mantle contrlbutlon

‘ ] KamLAND 7
* KamLAND Borexmo SNO+ JUNO

Observation
Simulated measurement: Total geonu in TNU

* Crust estimation needs to be accurate. 30 - -
* Ocean BOttom DeteCtor S— 25% Adncertainty TW radiogenic _
dlrectly measure e mantle : 20 1 OBD by 1.5 It x 3years power in BSE |
___contr ] Mantle 30
o[Reactor " Crust (<500km) oy 0y /... ... Medum-Q 1 . 1
= w Mantle Crust (global) i w2 Al
é 20 95.7 . B LOW—Q
8:» §5 O .E.I ........ II ....... i I... -IOI
_LE_ .l 3 : 23 I I I I I
: - h Mantle| o 10 20 30 40 50 60
5 jj I o Geophysical prediction: Lithospheric flux in TNU
¢ VOBD xmlwo Boroxno  Jinping  SNO+  JUNO C rust
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Original idea (2005) Ocean Bottom Detector project (2019~)
‘Hanohano” 1.5 kt LS detector @4km seafloor . _Detector simulation
U. Hawaii & Ma}g_ai,Qgean Engineering Sl les tarlk -
10~50 kT ra ™) . 2F LI
1~5 kmwe L. > F S |
4 26m > ~ —~ 1
movable — 2,507 Y s |
Vessel:112mu 32 Bufter oil % E Reactor neutrino§ 0-5;-
T £ *%’ - Accidental 88 1 12 14 16 18 2 22 24 26
\w. i Acrylic 8 1 :— Visible energy[MeV]

vessel

Technical tests and detector design 0.5

1 I - 1 [ [ — L oo 0 |y
1 2 3 4 5 6 7 8
Visible energy[MeV]

iTohoku U.!

| Julv 9. 2019 é | *Mantle geoneutrino sensitivity
| 1 ] highQ model:  1year — 3.70 : :
: P m?ddleQ nodel: B;Iear—> 15, Unique detector which can have sea water

' :
owQ model:  10year— 2.50 and LS as neutrino targets !

+ Working on development of detector components (workable @40 MPa, 2-4 °C)
+ Prototype detector is under construction to be installed into 1km depth

Cagr ey MR ARETNER ¢+ Collaboration and community supports are being enhanced.
, SRS PN  (U. Hawaii, Chiba U., LLNL)
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Summary

KamLAND-Zen ]
* KamLAND-Zen 800 achieved to enter the inverted ordering region. | \TIBR/ = 90=190 ITIEV |

* hardware and analysis improvements from KamLAND-Zen 400 were clearly
effective to enhance the sensitivity

* KamLAND-Zen 800 was completed in January 2024.
* KamLAND2-Zen is planned to search deeper into inverted ordering region.

Geoneutrinos
* Geoneutrinos are unique tool to measure the Earth’s radiogenic engine.

* To date, physics experiments have shown the usefulness of geoneutrinos.

> Interdisciplinary community has furthered its connection over these past 15 years.
* “Neutrino Geoscience”

* Now it’s exciting generation for 4 multi-site measurements

* OBD has strong power to measure mantle contribution directly



