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Introduction

The basic structure of matter is well understood
The Standard Model of particle physics (SM) was confirmed by year 2012

Standard Model of cosmology, ACDM

5% matter

27% dark matter 68% dark energy

The only unambiguous manifestation of physics beyond the Standard
Model supported by laboratory experiments is the evidence of neutrino
oscillation, recognized as a proof that neutrinos are massive. The

SM needs to be extended to incorporate massive neutrinos.




The neutrinoless double-beta decay

One part of the puzzle: why the Universe is made of matter only?

|AL|=2

Why are the masses of the three neutrinos so much smaller than those of
the other SM fermions? This fact has boosted interest in a hypothetical ultra-

rare nuclear transition (A, Z) — (A, Z+2) + 2e that can be described as the
process of creation of particles of matter. This decay is most likely due to

new physics beyond the SM at an ultra-high energy scale beyond the reach
of current accelerators.



Why do we exist?

In 1986 Fukugita & Yanagida proposed existence of right-handed
neutrinos with very large Majorana mass (NR) to explan matter dominance

in the Universe

Matter-antimatter imbalance and v mass could have a common origin:

1) N generates Majorana neutrino masses via the seesaw mechanism

where the mass of the light neutrino is inversely proportional to the scale of
the heavy neutrino’s mass

2) CP violating N_ decays immediately after the Big Bang generate the
cosmic matter asymmetry (leptogenesis)



Observation of the nuclear B decay

2v3 SM process: 2.0

QBB —~ 2-3MeV
T,, — 10%*-10%y

(Age of the Universe 14-10%)
To observe it we need a large 054 /

isotope mass (***Xe, "°Ge, **°Mo)
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In calorimeters, such as KamLAND, sum of kinetic energies of two
electrons is measured (nuclear recoil energy is <0.1 keV). Observation of
the Ov33 decay is the only method to determine the absolute v mass.

The OvpB-decay rate ~ Q5BB for light v exchange

- o * G%(Qq,Z) - phase space factor
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‘ (T%,) = G (Qg,Z): |M°"|2'm 21 * |M®]| - nuclear matrix element
~- e m,, - effective mass of neutrino

-~

BB




water tank
16m eight. Llom(diameter)

1000 20-inch photomultiplier tubes

Kamiokande: search of p decay
(3kt water Cherenkov detector,
6 July 1983; detected SN1987A)

g N

OD upgrade (16) Point-like event
KamLAND: search of v oscillation (1kt liquid scintillator detector,
17 Jan 2002; confirmed LMA for Solar neutrino problem in 2003)




The OvV[3[3 experiment using 13¢Xe

» The KamLAND-Zen collaboration was formed
at Caltech KamLAND meeting, March 16-19 2008

» KamLAND-Zen 400 (#3.2m mini-balloon)

— Phase-l 320kg of enriched xenon (2011-2012)
— Purification

— Phase-Il 380kg of enriched xenon (2013-2015)
— Upgrade

» KamLAND-Zen 800 (#3.8m mini-balloon)
745kg of enriched xenon (2019-until now)

Xenon gas, ~91% enriched in ***Xe, was delivered from Russia



KamLAND-Zen

KamLAND acts as a highly
radiopure passive and
active shielding + DAQ
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"he KamLAND-Zen 400: final result (year 2016)
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The final result of the KamLAND-Zen 400 (2016)

tCa YZr Nd}
Sle C%e {m BB> < (61-165)meV
13 o 1e uL:m. 180-480 meV
x EXO-200 (1*Xe) Gle i I g
: 61meV ¢ Prediction for the
10_15 KamLAND-Zen ('*°Xe) 3 _l Mg = 47+1 meV:

K. Harigaya, M. lIbe, and T.
Yanagida “Seesaw mechanism
102k _ with Occam’s razor”

- - PRD 86, 013002 (2012)
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The new mini-balloon for KamLAND-Zen 800
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Uranium and Thorium impurities in the new mini-balloon film
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Xenon mass (kg)
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The Ovpp data from KamLAND-Zen 800

Best fit for OV : 0
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+°Xe Half-life limit (KamLAND-Zen 400 + 800)
970 kg-yr ***Xe exposure

W 10p ;
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Half-life [10*° year]
"°Ge (GERDA): T,> 1.8x10%° yr [PRL 125, 252502 (2020)]
*"Te (CUORE): T, > 2.2x10® yr [Nature 604, 53 (2022)]



The best to date limit on the effective neutrino mass
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(a) Phys. Rev. D 86, 013002
(b) Phys. Lett. B 811, 135956
(c) Euro. Phys. J. C 80, 76
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Summary

The KamLAND-Zen 800 was the first Ov3[3 experiment
to explore the 10 mass region.

970 kg-yr **Xe exposure T > 2.3x10% yr at 90% CL

{m 7 < 36-156 meV
(depends on choice of NME)

“Search for the Majorana Nature of Neutrinos in the Inverted Mass
Ordering Region with KamLAND-Zen”
accepted by the Physical Review Letters journal on Nov 29"



Future of the experimental efforts in the field

There are several ton-scale proposals aimed at covering
iInverted mass hierarchy: LEGEND, nEXO, KamLAND2-Zen

All experimental sites are located in EU, North America or
Japan.

Most economically viable enrichment facilities based on gas
ultra-centrifuge technique are in Russia

Some enrichment capabilities exist in EU (Urenco - "°Ge).
However, EU companies face dramatically increased cost of
electricity.

At the moment there is no obvious positive solution to the
problem.

Thank you!



Backup



Search for physics beyond the SM at Kamioka
(good timing, industry support and luck)

Atsuto Suzuki

RAREA
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110mAg (B decay)
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11omAg fallout from the Fukushima-l nuclear incident in 2011 had a
long lasting negative impact on the KamLAND-Zen 400 experiment
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