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Physics target | Double beta decay

( o_bser_ve? in ) (NOt yet obsewed) If Ov33 decay observed
various isotopes > Y - - _
N——— OVﬁB decay — Majorana particle (v=v)

— see-saw mechanism 7 leptogenesis ?

2v|3|3 detay
— lepton number violation
— Neutrino mass hierarchy
— Neutrino effective mass
— hint for neutrino (absolute) mass
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G: phase space factor, M: nuclear matrix element _3
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Very long half-life (> 1018 yr) & a few MeV Q-value
— Large amount of isotopes & low BG environment

U: MNS matrix, m;: neutrino mass, @: Majorana phase
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Detector | KamLAND

Neutrino detector. In operation since 2002 — well known detector response
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nderground experiment. L in , " G
Underground experiment. Located monitored by PMTs |~ £ 77

Kamioka (Japan), 2700 m.w.e.

— |less muon induced background

1,000 tons of highly purified
liquid scintillator (LS)
In the 6.5-m-radius balloon

— high scalability, may use ~1ton of isotope
¢l & EEssrs
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KamLAND-Zen wodification of KamLAND

Double beta decay isotope: 136Xe

* Q-value 2.458 MeV 136X e loaded LS
* Dissolved into LS ~3% by weight into KamLAND center
« Enrichment ~90% with inner balloon

« Half life of 2v[3f3 decay is long (~1021 yr)
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Past Present Future
KamLAND-Zen 400 KamLAND-Zen 800 KamLAND2-Zen
320-380 kg of Xenon ~750 kg of Xenon ~1 ton of 136Xe
Data taking in 2011 - 2015 DAQ started in 2019 Better energy resolution
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Reanalysis

& Long paper in preparation


https://arxiv.org/abs/2203.02139
https://arxiv.org/abs/2203.02139

Hardware improvement from KL-Zen 400
Almost doubled xenon amount (~750 kg, 91% enriched)

Bigger, cleaner Xe-LS container (made of 25-um-thick nylon, radius=1.9 m)

Production@class-1 clean room

with very very careful dust control
JINST 16 P08023

- Scene of welding

Vertex distribution in ROI & 214Bi MC

Background level 214Bj: one of main BG |
N R @y

238 ~3%10-12 g/gfiim 2 el i

10°

ref. initial film (after washed) [
238 J~2%x10-12 Q/gfilm{ Almost same level ) g NE .. ..:
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232Th ~4x10-11 g/ Jfilm _élo

Simulated 2'“Bi Event Rate (Events/Bin)

x10 reduction of RI i i LA U P
compared to KL-Zen 400 XE4Y? (m)



https://iopscience.iop.org/article/10.1088/1748-0221/16/08/P08023
https://iopscience.iop.org/article/10.1088/1748-0221/16/08/P08023

Software improvement from KL-Zen 400

Carbon spallation & 137Xe rejection method Expected energy spectra
(KamLAND-Zen 400 2nd phase, no reduction)

(1) Triple coincidence of muon-neutron-
spallation products

®9E .

—
o

™
mm

-
T T TTTII

events/day/kton/bin
o

o]
g 102
]® 1~207.5usec 10—
ta
12C —)@ b?/ 2 2 I\/IeV - 1 "o ° =0 ° vis?blse en:rgy [KIISeV]
neutron capture y — —
9 F25000= .
3) 1=27.8 sec 9 g | 5
¢ 10C rejeCt 5 Ezoooo_ :222%
25000: :1000
(i1 (2) A likelihood method based on muon oo
o 1600
energy deposition (dE/dX) is sooo
developed

% 200 400 600 800 1000 1200 1400 1600

Muon track length[cm]

Rejectlon efficiencies: 10C > 99.3%, *He ~98%, 137Xe ~74%

=27.8s, Q = 3.65MeV) (1=1.16s, Q = 3.51MeV)’ = 5.5 min, Q = 4.17 MeV)



Xenon spallation products (engiived products)

* |ndividual yields are small but many candidates are produced
* Total yield become one of the main background — new major background

~ FLUKA Energy spectra of products
Xe-LS (cylinder geometry) + muon
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Atomic number ' ' visible energy.[MeV]
e Longer half-lives (~hours to ~days)
e Neutron multiplicity is higher than carbon’s Rejection efficiency
. : : o
A likelihood method is developed 42.018.8%
Parameters: Time difference from muon, distance between Xe- This rejected data-set is also used

spallation and neutron capture gamma, effective number of neutron for simultaneous fitting (next page)



Event selection and fit exposure reaches 970 kg yr

) SRS OO O O L
e Events <2.5m of center and >0.7m away from bottom G [Rpyeo &= 1oTem
* Events >2 ms after muons 1o
. . . . N . |Long-lived spall.
* Radioactive decays vetoed by coincidence cut wE o, | candidates. |
e U identified by coincidence cut 107k np”
* Poorly reconstructed events are rejected o plie ¥
. |
45
Evis [MeV]
3 (@235<E <270 MeV Simultaneous fitting with
Analysis volume : R<2.5 m _ _
2f ' e 86 energy bins (0.5-4.8 MeV, 0.05 MeV/bin),

e 20 equal-volume bins each in the upper and
lower hemispheres in R<2.5m,

¢ 3 time bins

for each single and long-lived data

Free parameters:

Hot spot : vetoed |

2 A
X*4+Y? (m*h

e Energy spectrum fitting
by each bin

Onu, 2nu, 8Kr, 40K, 210Bi, the 228Th-208Ph sub-chain of the 232Th series,
and long-lived spallation products etc

The energy spectral distortion parameter for the long-lived spallation
background

Constraint:

0.5

Visible Energy [MeV]

4.8 222Rn-210Pb sub-chain of the 238U series, short- lived spallation
products etc
Detector energy response parameters



136Xe Half-life limit (KL-Zen 800)

Internal 10 volume bins (1.57-m-radius spherical volume) x 3 time bins

Singles data
(sensitive to Ovpf rate)

Livetime = 523.4 days

Long-lived product data

(used to constrain the LL rate)

Livetime = 49.3 days
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1 136Xe OvPB[3 decay rate for KamLAND-Zen 800
" Bestfit: 0
" Upper limit (90% C.L.): < 7.9 events/Xe-LS(30.5 m3)
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136X e Half-life limit (KL-Zen 400 + 800)
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KamLAND-Zen 400 data is reanalyzed with
updated background rejection techniques and
long-lived spallation consideration.
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Limit on the effective neutrino mass

(N
-
-

Lightest neutrino mass

Experimental limit for Ge & Te:
(Ge) GERDA: Phys.Lett. 125 252502
(Te) CUORE: arXiv: 2104.06906v1

(meV)

Theoretical predictions:
(a) Phys. Rev. D 86, 013002
(b) Phys. Lett. B 811, 135956
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(c) Euro. Phys. J. C 80, 76

T12 > 2.3%1026 yr

—1
(10) = G™IM* P(m,)’
NME (Mov) : 1.11-4.77
(9A ~ 1.27)

{(mgp) < 36-156 meV

First search for inverted
mass ordering

T — T

Near future improvement
 Upgraded electronics
* PID with neural networks



Future: KamLAND2-Zen KamLAND — KamLAND2

Enlarge opening :
General use: accommodate various devices such Ne_w electronics _
as CdWO., Nal, CaF» detectors To improve background suppression.

Tagging long lived isotope from cosmic ray
spallation.

Scintillation inner balloon
BG reduction from Xe-LS container

Winstone cone & High QE PMT

Improve light collection efficiency and
photo coverage

Brighter LS

Current LS ~8,000 photon/MeV
LAB based new LS ~12,000 photon/MeV

0(2.6MeV) =4% — ~2%
Target <mgg) ~20 meV in 5 yrs
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Summary

 Neutrinoless double beta decay is a key to search for physics
beyond the Standard Model.

- KamLAND-Zen searches for it with 136Xe loaded liquid
scintillator.

- KamLAND-Zen 800 1st result: T172> 2.0x1026 yr
- Combined result for KamLAND-Zen 400 + 800
T12 > 2.3%1026 yr; {mgp) < 36-156 meV

Start to search for inverted mass ordering

- KamLAND2-Zen (~1ton of enriched Xenon) is planned to
search deeper into inverted hierarchy region of {mgg)



List of publications
4 KamLAND-Zen 800

- 1.90-m-radius clean inner balloon, ~750 kg of Xenon (2019-)

1st paper [0vBB]: arXiv:2203.02139v1 [hep-ex], KamLAND-Zen Collaboration
“First Search for the Majorana Nature of Neutrinos in the Inverted Mass Ordering Region with KamLAND-Zen”

Hardware [IB construction]: JINST 16 P08023 (2021), KamLAND-Zen Collaboration

“The nylon balloon for xenon loaded liquid scintillator in KamLAND-Zen 800 neutrinoless double-beta decay search
experiment”

Machine learning [KamNet]: arXiv:2203.01870v1[physics.ins-det]

A. Li, Z. Fu, L. Winslow, C. Grant, H. Song, H. Ozaki, |. Shimizu, A. Takeuchi

“‘KamNet: An Integrated Spatiotemporal Deep Neural Network for Rare Event Search in KamLAND-Zen”

- KamLAND-Zen 400

- 1.54-m-dadius inner balloon
 Phase |: 320 kg of Xenon (2011-2012), Phase II: 383 kg of Xenon (2013-2015)

1st paper [OvBB & 2vBB]: Phys. Rev. C 85, 045504 (2012), KamLAND-Zen Collaboration

“Measurement of the double-B decay half-life of 136Xe with the KamLAND-Zen experiment”
2nd paper [OvB[B, 2vBP & Majoron]: Phys. Rev. C 86, 021601(R) (2012), KamLAND-Zen Collaboration
“Limits on Majoron-emitting double-3 decays of 136Xe in the KamLAND-Zen experiment”
3rd paper [OvBB]: Phys. Rev. Lett. 110, 062502 (2013), KamLAND-Zen Collaboration

“Limit on Neutrinoless Decay of 136Xe from the First Phase of KamLAND-Zen and Comparison with
the Positive Claim in 76Ge”

4th paper [excited states]: Nucl. Phys. A 946 (2016) 17/1-181, KamLAND-Zen Collaboration

“Search for double-beta decay of 136Xe to excited states of 136Ba with the KamLAND-Zen experiment

5th paper [OvBB & 2vBR]: Phys. Rev. Lett. 117, 082503 (2016), KamLAND-Zen Collaboration

“Search for Majorana Neutrinos Near the Inverted Mass Hierarchy Region with KamLAND-Zen”

6th paper [gA]: Phys. Rev. Lett. 122, 192501 (2019), KamLAND-Zen Collaboration

“Precision Analysis of the 136Xe Two-Neutrino B3 Spectrum in KamLAND-Zen and Its Impact on the
Quenching of Nuclear Matrix Elements”

R&D for KamLAND2-Zen

Scintillation balloon: PTEP. Volume 2019, Issue 7, 073H01, S Obara, Y Gando, K Ishidoshiro
“Scintillation balloon for neutrinoless double-beta decay search with liquid scintillator detectors”
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