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Neutrinoless double-beta decay

. ocjfo . - Are neutrinos
O O e Ve=Ve =)
" 4 O O i i ?
@ \6?)/ Majorana particles”
zv;m U Observation of Ov B8 B8 decay:

. Lepton number violation.

ov3p
“Neutrinoless” Double beta decay . Proof of MajOrana neutrinos.

# of Events

vL. VR NL NR

Y | . Too heavy 1o observe
Ovies Majorana neutrino is key for
2V BB Not observed yet.

Detector's Seesaw_mechanism @ *
A% resolution.
and

, Matter dominant universe

0 1 (via Leptogenesis). 0
Total kinetic energy of two electrons/Q-values w <

> .y

Observed.
Half-life: T1/2 > 1018-24 year.

= G'<Ig




OvBB experiment

-l Ov
Assuming 3-gen of neutrinos and light Majorana v exchange, Hall !"fe. T1/2 X
sensitivity :

Observable Effective M g orana mass

) =G (gaer/ga) | M |2 (mps)°

_ 2 L arge model uncertainty.
<mﬁﬂ> = |4,U eimyil
AGOSTINI, BENATO, and DETWILER PHYSICAL REV
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Requirement g NO om0
for the experiment . 100 meV /21 [KLZ 800 latest result

L 111
—

1. Large isotope mass
2. No (low) background
3. High energy resolution

10-meV

H
=
probability density [eV?]

KLZ deployed the largest | Fine%urging of

Majorana phases

| -4 BRI ETIT NI RETIT B IR ETT | R SR ETIT] B I NRTIT ! nol RETI R vl
amount of ﬁp nuclel. ols 10" 10° 107 10 110° 10™ 10° 107 107
m, [eV] m, [eV]




KamLAND-Zen

Located 1,000 m (2,700 m w.e.) underground in Mt. Ikenoyama, Japan.

- The largest amount of 33 nuclei.
- Low BG by distillation and filtration of both LS and Xenon.
- Pure LS as an active shielding for external BGs.
- Source on/off option and so on...

Demonstrated scalability!!

Duration: 2011~ 2015 Duration: 2019~

Present < |
| T S A AN !

Decane 82% 2  80% Phase | + Phase Il

PC 18% 20% T\, > 1.07 x 10%° yr (90% C.L.)

)FEPO %4]- g/ LO/ 1.4 g/ L Phys. Rev. Lett. 117, 082503

e ~a.1wtho N
| Rl'in XelS: * Resolutions: < .y : RamLAND?2-Zen:
2381 ~ 1.5x10-17 g/g, | | AE ~ 6.7%/ VE(MeV) Mini-balloon Radius =1.54m  \inj-balloon Radius =190 m  Xenon mass - Tton
232Th~3x%10-16 g/g AX ~13.7 cm/ VE(MeV) Xenon mass = 320 ~ 380 kg Xenon mass = 74543 kg Aiming at 100%

~ ” . Photocoverage

A



— The KamLAND-Zen collaboration
en construction s

won Inner-ballon fabrication in the cleanest level cleanroom, Sendai.
corrugated tube T = : s W

(Vectran)

Connection piece
(PEEK)

N straight part

| = e pe
B - - —y o - [
¢

v,
. oy
N L

12 suspending
J film belts

L

Contamination comes from workers. e a4

Fresh clean suit, goggles, double gloves, cover films, anti-static, etc

| 8. -
T 1 DR
“Install’
|

Cone part

Zen 400 Phase-ll
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horizontal
belt

- | | | | | | | |

r<1.06 m z<0 -
" 1<1.26 m 250

; el
X2+Y2 (m?) Sensitive region

r<1.57 m

110mAg, 137Cs, and 134Cs were not detected from the Zen800 IB.
U-238 (g/g) Th-232 (g/g) V (m3) _ . ~
I RTTE STCUNETYa  AcChieved >3x highly sensitive volume!

~1/10 ~
Zen800 ~3x1012  ~4x10-11 30.5
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()VIBIB candidate data set 1. Radioactive Impurities (R|) Shielded by outer-LS
li - RI from detector (PMT, aclinic panel...)
- Contamination in XeLS and outer-L.S Neghgely small
OvBB U.L - Contamination in/on inner-balloon (IB) — 214Bi
1B 214Bi | (9()% C_|__) 2. Cosmic-ray muon spallation

=G -12 spallation Tagged by triple coincidence and shower LH.

(W
-
~

ek
-
)

Long-lived

_ - Xenon spallation (Long—lived) Major BG(next page)
Lot~ Spallation

Event/0.05 MeV

[
-
-

(if) T ~210 pysec n-captureby p
2.2MeV y-ray

@®neutron C o
: .}; ﬁ * beta(+)
T (iii) T <180 sec
. Show .
Solar neutrino’s X nondrses Decay of 10C, 6He, 12B, etc
electron scattering ik
3. Neutrinos
——_— - Reactor anti-neutrinos Tagged by delayed coincidence!
10 s 2 - Solar neutrino’s electron scattering

Radius/1.90 m



Long-lived spallation products

KamLAND Xe-LS

- 500AMev Nu A 899, 116-132 (2013)

[N
<
1 III|

%

Xe-spallation—

Events/(MeV - kton day)
|_\
o

N
o

Events/0.05d

N
(=)

=
[ IIIIIII,—I—I—IJIIIII| |-I—IJIIIIII|

|.|‘¢

C-spallation
||3|O 40

VISI ble Energy (M eV)

# 9f neighbor neutrpn captures by FLUKA

S

009: | 136Xe 0 0204 06 08 I 12 14 16H1|8|d2

0.08}; | @

0.07: w FLUKA for primary products, then G4 & ENSDF for their daughters.

0.06F
0.05E
0.04f;

Expected event rate: 0.082 event/(day*Xe-ton*ROl¢ss-2.70 mew).
Long-lives and high neutron multiplicities.

T e We developed a likelihood tag (N-muttiplicity,dr,dT) With ~40% efficiency.

Neutron multiplicity 7




Delayed coincidence (238U | , 214Bi| /- ]PY“Po| « |210Pp

tag technique: 45by 19.9m 164 ps 223y

Bi-214 tag efficiency ~100% for
XelLS and ~50% for IB surface.

Data analysis

Rn-veto & r < 157cm (DC)

Events/0.05MeV

3
=
L0
o
o
2
3
L

4.5
Evis[MeV]

Divided dataset into

» The simultaneous fitting of — LA E s 20
» 86 energy bins, —~—
» 40 equal-volume bins,

» 3 time-period bins,

- SD and LD bins. C S
Energy spec

Performed 2D scan of [ yacechael
The ratio of single events to DC events is high at the bottom. Ovﬁp rate an d L I_ rate. _VISDIEETEgy Ve

Something big enough to absorb alpha-ray? g




— Total

) Energy spectrum in Zen800 S ="

Events/Bin

livetime : 523 days(left) and 49 days for the LL dataset(right).
~1 ton*year exposure for all volume

Ovf candidate data set

Total 136Xe Oupp (90% C.L. U.L.) (b) Long-lived Total 136Xe 0vpB (90% C.L. U.L.)

Total (Ouf3ff U.L.) —-— Carbon spallation + 37 Xe Total (OuBp U.L.) —-— Carbon spallation + 137 Xe
136Xe 2upp Xenon spallation products
Internal RI
——-- IB/External RI
Solar neutrino ES+CC

+ Data

136Xe 2upp Xenon spallation products
Internal RI
——=- IB/External RI
Solar neutrino ES+CC

Event/0.05 MeV
Event/0.05 MeV

Visible Energy (MeV)

Obtained limit by KLZ800 : T%12 > 2.0 x 1026 year (90% C.L.)

sensitivity: T2 > 1.3 x 1026 year.
prob.~24%

The_b#est-fit‘of the Ov[3f3 rate was
[LOVﬁﬁ upper limit # of events was 7.9 (90% C. L.).

e ——— | Alternative methods

— Phys. Rev. Lett. 130, 051801 Bayesian limit: TO42 > 2.1 x 1026 year. FC : T2 > 2.3 x 1026 year.



KamLAND-Zen combined result

--- KLZ 400 phase2
- - KLZ 800
—— Combined

Result
3.5+0.6 (kton gz

..........................................................................................................................
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5 6 4
X e spallation rate (kt d)*

0.02 0.04 0.06 0.08
OvﬁB Ov (5 Rate (Events/(Day Xe-ton

- Reanalyzed Zen400 dataset.

- Combined in 2D ALLH map.

- Measured the LL background rate.
T0V1/2 > 23 x 1026 year - 2x better half-life limit!

\ \\/ Obtained limit : TOV/» > 2.3 x 1026 year (90% C.L.)
| | “““““““““ sensitivity: T%4» > 1.5 x 1026 year.
prob.~23%

Half-life [10%° year]

10 — Phys. Rev. Lett. 130, 051801



) = G (gaen/ga) M

#(mpg)”

ga =1.27, following NMEs

KamLAND-Zen upper limits
QRPA ----- IBM
SM —  EDEB

CUORE

GERDA |Te
Ge

Xe

-4 (@) (b) (c)

0
109 10!
Lightest neutrino mass (meV)

— Phys. Rev. Lett. 130, 051801

W Predictions

MgB g

Quasi-particle Random |nteracting boson
Phase A pproximations models
Phys.Rev.C 102, 44303(2020) Phys. Rev. D 102, 095016(2013)
Phys.Rev.C 91, 024613(2015) Phys. Rev. C 91, 034304(2015)
Phys.Rev.C 87, 045501(2013)
Phys.Rev.C 87, 064302(2013) _
Phys.Rev.C 97, 045503(2018) Energy density
functional theory
Shell models PRL 111, 142501(2013)
Phys. Rev. C 101, 044315(2020) Phys. Rev. C 91, 024316(2015)
Phys. Rev. C 91, 024309(2015) PRL 105, 252503 (2010)

Phys. Rev. A 818, 139 (2009)

<mgg > translated with upper NMEs

{mpp) < 36-156 meV (90% C.L.).

We are the first in the world to test
the 10 band below 50 meV !
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Ovp candidate data set Background Best-1it

Frequentist DBayesian
136X e 20813 11.98 11.95
e Residual radioactivity in Xe-LS

Ov IB IB UL ;i 2321} series 0.84 0.87

: External (Radioactivity in IB)
1B 214B] (90% C.L ) | ?3%U series 3.05 3.46 1}
_ { 232 series 0.01 0.01 §

spallation "Bsolar ve” ES 165 1.65

(—
-
~

>
=
)
<
<
~—
-
O
>
[1]

ek
-
-

\ - i =y ¥ Long-lived 12.52 80 1

Visible Energy (MeV) _— e

0.34 0.34
1B film Solar neutrino
: - Gamma and/or positron backgrounds
el ectron scattering

— PID is a key technology for the future.

[ ] e e A»..;..“ i
1.0 1.5 ' .
(Radius/1.90 m)?




) Particle identification

TS Too hard for KLZ800, Future task ...

B/y(p+) discrimination
~atewtoom (SRR

C10 ()

0uB3 #6 Signal / /Y
( * Ortho-positronium | Solar
) @ }{Ba ckground

To discriminate solar—nu s ES.

Time spectra of single and o-Ps events | We developed two B/y rejection NNs.

| ™ 2€ :0.511 MeV x 2 - ‘5lt:—

LT T 2y 10.511 MeV x 2

RNN for Zen400
. Simple but strong for 1D time-
spectrum data.

It looks like 2 pulses.

0-Ps candidate KamNet for Zen800
| I N gl ﬂ ™ . Maximal information extraction
Time-T -TOF [ns] .
Time spectra of beta and gamma events ; b N R |”||m || 1 for spherical LS detector.




Phys. Rev. C 107, 014323 (2023) GitHub: https://github.com/aobol/KamNet.git

KamNet

Spatiotemporal Data | |
BG like <) SG |ike

Spherical CNN
for 80(3) Sym metry |ﬂ 5 90% 2vBB MC Acceptance

1 2vBB MC(90.0%)

spherical detector 2BB Data(89.3%)
i 214Bj MC(72.2%)

214Bj Data(69.5%)

- AttentionConvLSTM
Input: time series of theta-phi hit maps. for Spatiotemporal symmetry

r

i

-3 -2
KamNet Score [a.u.]

Normalized Amplitude

Attention Michanism

The data and MC were in good agreement!

214Bi Attention Score 10C Attention Score

 While accepting 90% of Ovf3[3

events, KamNet rejects
~27% of LL backgrounds and
~59% of film backgrounds.

Trained with Bi-214 and Ovf33 Trained with C-10 and Ovff

High Attention
High Attention

High Attention:
Important

Normalized Amplitude
Normalized Amplitude

We can see that the ML
highlights which time slice
with attention score.

Low Attention

Low Attention

0 = ' 0
Hit Time [ns] Fit Timea [ng]
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Goal: covering the 10 region!
Half-life: 2x1027 yr.
<mpg>~20 meV in 10 years.

KamLAND 2 -Zen

Light collection with Winston Cones (x1.8)  ~5X light yield
High light yield scintillator (x1.4)

4% — 2% energy resolution @ Q-value
High QE 20" PMTs (x1.9) Y :

 Reduce background events of 2v(3(3 to ~1/100.
e Greatly improve PID power!

—

| BN . - R&Ds are ongoing.
Scintillation 1B _ ‘Imaging camiéra- , p|p by 0-Ps in XeLS, High pressurized XeLS, Rl in Bis-MSB...

AGOSTINI, BENATO, and DETWILER PHYSICAL REVIEW D 96, 053001 (2017)
1 -

(2) NO, QRPA " ()10, QRPA A ‘ KLZ 800
100 meV ,

_2]

Finetuning of Majorana phases

10 110° 10™ 10° 1072 10
m, [eV]




Acrylic box w/ LS.
The performance demonstration in a 50 m3 tank is ongoing.
v/ High QE PMT.

v/ Light collecting mirror.

v/ Pure-water and acrylic box w/ LAB LS.

¢/ New electronics and DAQ system.

¢/ LED light and source calibration.
Source calibration.
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Summary

* The latest results of the Ovf3f3 search with KamLAND-Zen were reported.
o TOV4» > 2.8 x 1026 year (90% C.L.)
e {(mgpp) < 36-156 meV (90% C.L)

 New analysis techniques were developed.
 Muon spallation of Xe nucleus and its day-scale tag.
ML for PID in spherical LS detector (KamNet).
 R&D toward KamLAND2-Zen is ongoing.
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