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Neutrino-less double beta decay (0vS[5)

Majorana nature of neutrinos

Majorana particle Key component of
( ] small neutrino mass

V=Y matter dominant universe

Neutrino-less double beta decay (0vSf)

* OvpBp happens only if v is Majorana particle.

= verifying the Majorana neutrino

- Requirements for detector: peak search around the Q-value
High light emission & light yield
background reduction

—> KamLAND is a suitable detector
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KamLAND

KamLAND: The Kamioka Liquid-scintillator Anti-Neutrino Detector

Advantage: Extremely low-radioactivity + Large & high-sensitivity
— Ideal detector for rare decay search!

L, 7

1 h_{,"’ . T ~['.1'l

% o

/‘“ﬁ
@Kamioka % ‘*

§
./

S 4 :
R | R
Y. PR

Results:

* Neutrino oscillations of reactor
neutrinos observed (world first)
— Precision measurement
of neutrino oscillations

= Antielectron neutrinos originating
from Earth observed (world first)
— Leading neutrino geophysics

Other scientific objectives:

* Solar neutrinos

= Atmospheric neutrinos
= Astrophysical neutrinos
* Proton decay

- Qv € KamLAND-Zen experiment
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KamLAND-Zen Experiment

KamLAND-Zen = 135Xe + KamLAND

Zero-neutrino double-beta decay search

= Calculate the lower limit

4 136Xe: Double-beta decay source
- OvBS Q-Value: 2.46MeV (below 2%8T| y BG)
* Long 2vBp half life

* Dissolved into liquid scintillator (LS) at 3%
\" q

- (Relatively) easy to enrich/purify by distillation

~
from the half- Iife

(1)

J

I
Increase

in _Xe

KamLAND-Zen 400 (Xe: 320~380 [kg])! KamLAND-zen 800 (Xe: 745 + 3 [kg])

Now
Upgrading!

of the half-life of Ovf[

from the observation time and the amount of Xe

= Calculate the upper limit of the effective Majorana mass

2
— GOVlMOV|2(m'B’8)
G  :Phase space factor
|M®V|?: Nuclear matric element (NME)

wra

KamLAND2-Zen (Xe: ~1,000 [kg])

T

(

> 0.9 X 102° [yesrs]
) < 61—165meV

Phys. Rev. Lett. 117, 082503 (2016)

1/2
Mpp

2024/12/14

Ty

(

> 3.8 X 102° [yesrs]
) < 28 — 122 meV

Phys. Rev. Lett. 130, 051801 (2023)

mpp
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Toward Ty, = 2.0 x 10?7 [yesrs]
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KamLAND-Zen Experiment s " T
g | = SM —— EDF e
T IS0+ B
KamLAND-Zen 400 + 800 . . £
* Current results: First in the world to reach 10 band ( 172> 207 year (90/0C'L')) = o] Searched
(mpp) <36-156 meV = t L
% 50 I S ——- CIXTTTTTT @) (o)
KamLAND2-Zen (Future plan) 2 /
% INE)T - | [V Predictions

» Target sensitivity: Covering most of 10 (Tlo/*’2 > 2.0 x 10%7 year ({mgp)~ 20 meV)) 0

Lightest neutrino mass (meV)

e Main backgrounds of OvfSf3
(2vBp N

(a) Singles Data —— Total 136Xe Oupp (90% C.L. U.L.)

. . | BT Total (Ouffff U.L.) —-= Carbon spallation + '¥7Xe
= Can only be separated by improving energy resolution > —— 10Xe 2upp Xenon spallation products
. Q ~——— Internal RI
- Reduction target: 1/100 = 2VBB - mEsemart
8 Solar neutrino ES+CC
Long-lived spallation products S
k - Can be reduced by improving energy & vertex resolution j § ______
i
= Alming to increase the number of observed photons! 2w, AN :
to improve energy resolution 1 20vBp 3 4
Visible Energy (MeV)
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Upgrade KamLAND2-Zen

Upgrade contents

_ Target of KamLAND2-Zen

* Increase in light yield

: . — = 5x increased effective light yield
High quantum efficiency PMT (HQE-PMT) (x1.9)

— energy resolution o: 4% — < 2.5%
Light-collecting Winston cone mirror (x1.8) &Y ’ (E = 2.50MeV)

High light-yield liquid scintillator (New-LS) (x1.4) 2v[5 BG reduction by the order of 2
~ = Test with prototype detector

= State-of-the-art read-out electronics: MoGURA2

RFSoC powered data acquisition * ~100% spallation neutron detection

- More efficient L.L. tagging

Huge buffer for SN-burst detection

 Increase in 1*°Xe: 745kg > ~1,000kg > = More exposure
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Upgrade contents

Optical properties registered in the simulation

< 40

. = F — HQE-PMT

( : Emission wavelength of New-LS) G s ,

E —— 17inch PMT
30—
* New-LS (candidate) * HQE-PMT N3
Light yield: x1.365 (Compared to conventional) Quantum efficiency: 20
. Components Formula Density [g/cm3] Volume ratio 152—
Composition: T o7 o s o oF

PC CoHpa 0.875 20%
PPO Cy5H;NO - 2.00g/L 8
Bis-MSB  CagyHos - 5mg/L THTTIETEE 2 TR
%00 350 400 450 500 550 600
LAB-LS _ 0.865 _ Wavelength [nm]
Emission time constant Incident position and angle dependency:
i | A (%] milns] o 21.1:
— Kam - 81.05—
1 91.5 7.37 b0175 —Niw-t:ra?sﬁSBSmgiL}_ ; 1-_
2| 85 447 \ Zossf

0.0150 A
Emission spectrum: 5% X\/\
. 0.0100 4 |
0.0050 \
e 0.0025 -

0.0000 d : .
2024/12/14 300 350 400 450 500 550 600
Wavelength[nm]

[arb. unit.]
[ —
/ L
=) =) =)
o © N © =
w ~ v - w
II T I T I T
: / }
- /
C / \
. /
- /
r ’
- /
L #
=3 ’—b—‘
E )
.
o 4
C/
C 4




Upgrade contents

Optical properties registered in the simulation (

 Light-collecting mirror

-
(=]
=]

3 Al — Acrylic
€ os boundary surface
[&]
o} . /
2w Registered value /|
Predicted value/
85 | T w /A
" 'T**f\,v = /4‘
80 ‘ T ‘
; Measured value
70 I0 I0 | 1 1 6I 1 8I 90
. 0 1 2 30 40 50 0 70 0
Reﬂectace . Incident angle
-‘?10(}
& Measured value
2 95 o
s @ 45
8 9
3
o
85
Wﬁwﬂ“ﬂﬁm«w
80

75
70

65

S
6 1 1 1 1 I 1 1 1 L I 1 1 1 1 J 1 1 1 1 I L 1 1 1 I 1 1 1 1
2024/12/14 % 350 400 450 500 550 600
Wavelength [nm]

o

: Emission wavelength of New-LS)

\/ Top coat

I

Acrylic plate + Al deposition
+ acrylic resin

Long-term stability:

20 days at 41°C
(= 6 months at 10°C (usage environment))

In pure water : in reflectance
In LS : Stable

3 months at 20°C
(= 6 months at 10°C, by contractor)
In pure water : Stable

|-
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Flow of performance evaluation

Measurement Simulation (Geant4)

KamLAND-Zen 800 KamLAND-Zen 800
KamLAND

Light yieldlx?? Light yieIdle

KamLAND2-Zen ‘ KamLAND2-Zen

Actual measurement with € ' Reproduce

Prototype detector the prototype detector the prototype detector
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Flow of performance evaluation

Compare , ,
Measurement ——————y  SimUlation

Reproduce the prototype detector
with Geant4

Actual measurement with the prototype detector

Scintillation ball | 1. Light yield w/ or w/o mirrors
measurement | - Evaluate the collecting performance

Register the values measured
in individual studies for the composition
and optical properties of the materials

measurement

[Radiation source13. Measure Compton edge by **7Cs & ®°Co

— Evaluate the observed photons

Simulation to reproduce
the actual measurement

2024/12/14 NUDM-2024 JUN NAKANE 13




Construction: timeline

2021/11
2021/12

2022/2
2022/7
2022/8

2022/10
2022/11
2022/12

2024/1

2024/12/14

Mirror

Acrylic

Clean inside of the detector
Install: Tyvek sheet, 7 HQE-PMTs
Construct measurement hut

manufacture light-collecting mirrors
Install: 7 mirrors

Replace defective PMT
Install: 5 HQE-PMTs, 5 mirrors

Install: 2 HQE-PMTs, 2 mirrors
Inject pure water

Prepare New-LS
Install: New-LS

Dismantle

NUDM-2024 JUN NAKANE
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KamLAND2-Zen vs Prototype detector

/ KamLAN D2—Ze} @ototype detector \
Spherical Shape Cylindrical
18 [m] in diameter Size 4 [m] in diameter & 4 [m] in height
Black sheet Inside Tyvek sheet 7‘““§
1879 PMTs, Mirrors || 14 | M—
711 [m Emiifi::nr_:_oint 1~ e - Tyvec sheet
am| | acrylic vessel [B-Ls

Buﬁ.‘er O|| (BO) Buffer Pure Water PMT with light collection mirror

Nylon balloon LS container Acrylic vessel | ‘ L ! J 1

\ 1x10° [ky] LS volume e [kg] /

2024/12/14
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z LED

e —

ball

Light collection performance

scintillation

Effective lightyield w/ mirror: Ay,

Light collection performance:

Effective light yield w/o mirror: Ay /q

*Evaluate only the central 4 PMTs (No.4,5,8,9)
Reproduce the angle of incidence of 2-Zen

= 3
£ f r p
2 L } { Performance results: x1.7~2.6
f_é’ - l {. ‘ 1 =» Introducing collecting mirrors to the KamLAND2-Zen
g 2 | } ' { L increases the effective light yield! ')
- ‘ *Evaluate the ratio with simulation
s Average of measurement = x2.06 + 0.10
st | T Measurement (Average of simulation =x2.52 + 0.09>
- (Simulation) - Ratio =0.82 + 0.07
L T B N S B B o B E T =» The performance did not reach the expected level

PMT[No ]
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Total observed photons of the prototype detector

Detector

Radiation source measurement

Light emitter: New LS (By Radiation source)
Position: On the central axis, z = 20 [cm]

1.8[m]
source

In Water

14 PMTs

Intensity: ~ 1000 [p.e.]
Frequency: 100 [Hz]

PMT signal (self trigger) x14
t: Elapsed time
amp: x5
threshold : 16ch (= 4 [p.e.])
PMT No.5

Control Room

HV
1700V

AMP 5x

Digitizer

2024/12/14

|
100 180 200 250 300 350 400 450
fime [ns

NUDM-2024 JUN NAKANE

Selection of direct light signal

ADC Value

ADC Value

Reproduce the waveform

Direct +
indirect light

Indirect EE

Direct
1.5~2m

nnnnnnn

o2 8 2888 8E o

n“'l‘u:"'"lllmlulunum

Interval of integration:
t —10[ns] ~ t + 25[ns]

(Contamination
of indirect signal: 8.2%)




Total observed photons of the prototype detector |-

Radiation source measurement ‘- J

Interval of mtegratlon

uw 160

Each event of each PMT signal
tpmT+25 [ns]
(I [ch]) = X( 1(ADC [ch])

mMT—10 [ns]

Number of photons of each PMT:
q [p.e.] = (I [ch])/(1p.e. gain value [ch])
Total photons of all PMT:

i o e Qlp.e]=X5qlp-e]

Total photons distribution Total observed photons:
137CS B Measurement | 2 *°F Bl Veasurement

& 60
[ simulation | £ g Co ™ “simuiation Mean value of the peak
of the total photon distribution

12001 r
200

v e
. Compare measurement and simulation
o +

ob ] | ! it Lnms i L]

0 50 100 150 200 250 300L4§50M206“256‘[;;5_?0 O s 00 50 200 250 0o 5e0" 0 &0 509 Evaluate Stabillty for onhe year (Six measurements)
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Total observed photons of the prototype detector

E : Radiation Source

350

300

Charge[p.e.]

250

200

150

100

50

Compare the measured and simulated total observed photons ““:"J

Result: Measured results were about 40% lower (both 37Cs & ©°Co)
Cause of the lower result:
*The actual performance of the mirrors

»—Q—c
»—(::)—c
—o—

is lower than the simulation (~ — 20%)

into the selected direct light signal (~8%)

%’ % %} *Indirect light signal is contaminate

*Uncertain Q.E. of HQE-PMT (~10%))

;_ —40% " Detector problems during construction & operation

i (= Next page)

2 ——F—+—1 /% . N
:_{} ; % H % ] Evaluate the long-term stability

- —40‘1/0 Result: Very stable for one year within error
=& T T 5

E * : ’ —e— Co : simulation

- —s— Co: rr?easur_ement

F | | | o Ge i meagarement = The observed photons will be maintained
22/12/31 23/03/02 23/05/02 23/07/02 23/09/01 23;;‘}{(%RHMJ'DD] k W|th Ka m LAN D2_Zen ”j

2024/12/14
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Detector problems during construction & operation

Initial defects or failures of 3 HQE-PMTs Contact and deformation of the mirrors
Causes: Peeling of the photocathode, (After water injection)
Resistance value decrease Causes: of tank bottom plate
- The root cause is under investigation - Need to change the material of the opening

by the manufacturer

Ex) TORAY A 2 )L = —*

PMTs floating due to buovancv(After water injection)

Effect: Contact with acrylic base

> May damage the surrounding PMTs Peeling of Al from the mirrors (After water injection)
and become a fatal problem Causes: Erosion by pure water
Need to review the method of fixing the PMT («=>LS resistance test passed)
Gi | - May deteriorate further with long-term use

-/ |

Need for careful | S resistance test

'.\

&
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Summary

 KamLAND?2-Zen : Aiming for
by HQE-PMT(x1.9). Light collecting mirror(x1.8). New-LS(x1.4)

Construction &
1 year operation maintenance

Test with prototype detector

he performance of the prototype detector (HQE-PMT + mirror + LAB-LS): Very stable for one yea

[ The performance of the collecting mirror: x1.7~2.6 J
T r

= The observed photons will increase & be maintained with KamLAND2-Zen

* Now...
We are investigating and studying problems with the prototype detector
and making improvements for KamLAND2-Zen
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