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KamLAND-Zen Collaboration

~50 physicists work on this project

Collaboration meeting in September, 2023
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Kamioka underground Ka m LAN D -Ze n

KamLAND detector Zero Neutrino Double Beta
T | T~ 2 -type of liquid scintillator

l 1000-ton pure | 2902- KamLAND ﬂ .
iR liquid scintillator

reactor, geo, solar neutrino observation

U, Th<10-17 g/g

745 kg Xe-loaded | 2011- KamLAND-Zen W =
liquid scintillator

OT% enrichment) | double beta decay measurement (Ovpf search)
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Advanced neutrino research utilizing
ultra-low background environment

- Isotopic enrichment (centrifugal) established competing exp. Xe
- Gas purification is possible EXO-200 200 kg
- Soluble to LS more than 3 wt%, easily extracted | KamLAND-Zen 745 kg

- Slow 2v(3p requires modest energy resolution largest amount of 136Xe !!




Upgrade of KamLAND-Zen

Present
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KamLAND-Zen 400

Nylon balloon R 1.54 m
Xenon 320 - 380 kg
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KamLAND-Zen 800

Nylon balloon R 1.90 m

Xenon 745 kg

Future

YN 712 /

KamLAND2-Zen

Xenon 1 ton

world top performance

target <mgg) ~ 40 meV

target (mgg) ~ 20 meV

reduced radioactive BG
demonstration of scalability

high light yield
better performance




Events/0.05MeV

KamLAND-Zen 400

2011 2012 2012 2012 2013 2015 2019

Oct. Feb. Mar. Jun. Dec. Oct. 22 Jan.
KL-Zen 557 “Ds2 " Period-1  Period-2 | IB construction
Started
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KamLAND-Zen400 KamLAND-Zen800

Xe amount 320 kg 340 kg 383 kg ~750 kg
Exposure 54.9 kg-yr 34.6 kg-yr 493.5 kg-yr

Phase-l (R<1.35m) Phase-ll (R<1m)
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NO 110mAg
— need to reduce other BGs

dominant BG from 110mAg



Improved Production Method
KamLAND-Zen 800

KamLAND-Zen 400

dust may be attached to the

film during production

dust protection

cover
sheets
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.

e

il

:
......
.............

newly introduced

- goggle

- laundry twice a day
- welding machine

- more neutralizer

+ cover sheet



Balloon Production Work

July 2017 Sep. 2017 -Feb. 2018 | ©
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balloon film welding He leak check F s, repairing |

April 2018

balloon folding




Balloon Installation
Balloon installation completed and started LS filling on May 10, 2018

detector inside view

~connection tube

balloon
»
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Balloon Installation
Balloon installation completed and started LS filling on May 10, 2018

detector inside view

~connection tube

balloon
»
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a <« bottom of
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Balloon Installation

Balloon was fully ingl'red on May 19, 2018




Balloon Installation

Balloon was fully ingl'red on May 19, 2018




Background from Inner Balloon (I1B)

Zen 400 Phase-ll
238 . 5x10-1 g/g
232Th

: 3x10-10 g/g

el @23 <E<27MeV

Ly Bem... o

X24+Y? (m?)

>

Simulated 2'“Bi Event Rate (Events/Bin)
Z (m)
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sensitive volume : R<1.0m

Zen 800
238 ; ~3x10-12 g/g
232Th : ~4x10-11 g/g

x10 reduction of IB 214Bi

X2+Y? (m?)

> %3 sensitive volume !!

sensitive volume : R<1.57 m

10

Simulated *'*Bi Event Rate (Events/Bin)



Short-lived Spallation Products

carbon spallation products
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Shower tagging (dE/dX, dL)

dE/dX o

dE/dX

Photons

10C

space correlation : .
with muon shower

600 800 1000 1200 1400 1600

Muon track length [cm]

Triple coincidence tagging (dT, dR)

1. Muon _
) time and space correlation

with muon and neutrons

2. Neutron

10C _3. Decay of BG
s \\"ﬁJr
10B Ve :

6He, 8Li, 12B

s [\ o ndi Y
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L S S— | Const 295436 |

|
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Decay curve of[10C

0 50 100 150 I2(|)0
dT from muon [sec]

carbon spallation products
> 95% rejection efficiency




Mass Number

A

Long-lived Spallation Products

productlon yleld energy spectrum time dlfference from muon
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rate in ROI : 0.082 events/day/Xe-ton need long-time veto

Likelihood-based tagging (Nneutron, dR, dT)

3 long-lived
. S Muon secondary i\ (136Xe spallation)
. 136Xe i
dense neutron 107
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103
- short- Ilved .‘ " M l
10
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muon and multiple neutrons Nneutmn
xenon spallation products ~40% rejection efficiency



Event Selection

BB isotope 136Xe 90.85% enriched Qgpp = 2458 keV

745 kg Xe in all volume  Feb. 5, 2019 - May 8, 2021 Feb. S, 2019 - May. 8, 2021
around mini-balloon

(R<2.5m)

volume cut
R<1.57m
& Rn veto

long-lived
spallation cut

tagged

523.4 days 49.3 days

Two energy spectra (Ovp[3, long-lived) long-lived
are fitted simultaneously candidate



Event/0.05 MeV

Fit to Energy Spectra for Ovp[

(sensitive to 0vsp signal) (Long-lived BG constraint)

523.4 days livetime 49.3 days livetime
R<1.57m R<1.57m
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“(a) Singles Data Total 136Xe Ovpp (90% C.L. U.L.) f(b) Long-lived Total 136Xe Ovpp (90% C.L. U.L.)
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136Xe 208 Xenon spallation products > 10%4L 136Xe 2upp Xenon spallation products
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Ovpp bestfit: 0 event
upper limit : < 7.9 event at 90% C.L.

No positive signal, but we obtained a stringent upper limit



136 Xe Ovpp Decay Half-life

(Ov rate, Long-lived BG rate) B
2 02— e Best Fit
= ~—_ e lo
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0v BB Rate (Events/(Day Xe-ton))

Long-lived BG rate in 2.35-2.70 MeV
= 0.111 £ 0.019 events/day/Xe-ton

(FLUKA = 0.082 + 0.006 events/day/Xe-ton) £€N 800  T012>2.0 x 1026 yr
Combined T2 > 2.3 x 1026 yr

Long-lived BG rate was measured

p—
)

g Zen406 Phasel
OF Zen400 Phase2
= Zen800

- Zen400 Phase2 + Zen800 |
s KamLAND-Zen all combined |
= |
3| NG ST 90%CL.
O: | | | | | | | : 1 I i i ! i i i I ! + + + + l ! ! ! ! |
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Half-life [10*° year]

Half-life limit at 90% C.L.

Zen400  TOv42> 0.9 x 1026 yr

Limits on 136Xe half-life are improved (~2 times better than previous)



Limits on Neutrino Mass

90% C.L.

S. Abe et al., Phys. Rev. Lett. 130, 051801 (2023) upper limit
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KamLAND-Zen upper limits
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Predictions
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0
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Lightest neutrino mass (meV)

KamLAND-Zen (136Xe)
(mgg) < 36-156 meV

NME calculations assuming ga ~ 1.27

QRPA 1B
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Decay rate = proportional to (neutrino mass)?
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PSF NME

Xe (KamLAND-Zen) is the leading experiment !



Limits on Neutrino Mass

90% C.L.

S. Abe et al., Phys. Rev. Lett. 130, 051801 (2023) upper limit
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Xe (KamLAND-Zen) is the leading experiment !

Effective Majorana mass (mgg) (meV)

First search in the inverted ordering (IO) region



Future Prospects



Background Measures In Future

[
-
~

2vpp R<1.57m current status

OvPf (imit) Search sensitivity will be limited

>
=
S 2| 1B 214Bi
z by the backgrounds from
2100 long-lived 2vpp and long-lived spallation

1 2 3 4

Visible Energy (MeV)

ROl event (2.35 < E <2.70 MeV) measures in future
2vpp 11.98 » energy resolution tail — light yield increase

Rl'in Xe-LS  0.98

Rl in

solar

long-

detector upgrade plan : KamLAND2-Zen

v 1.65

— particle identification
lived 12.52

IB 3.06 % Rl decay in film — scintillation balloon
4 gamma or positron background

spallation tagging with neutrons
— new electronics



Normalized Amplitude

Particle ldentification

Most of long-lived background s
decays with ~MeV gamma-rays '\%
— energy deposits spread 3z /

over ~10 cm distances \% %

KamNET BG like
Deep neural network for KamLAND-Zen <

Signal like
>

= = = = = |
Time series of theta-phi hit map Spherical CNN 0.5 === 90% 2vhp MC Acceptance |
1 2vBB MC(90.0%) :
(-14.0 ns, -12.5 ns) (-5.0 ns, -3.5 ns) (-0.5ns, 1.0 ns? (5.5 ns, 7.0 ns) (28, 38, 38) ZVBB Data(893°/0) :
o . . lConvLS[Zr:'+:8t,te3n8t;0n 04 i 214Bi MC(722°/0) i
lSZ_Conv+ReLU+Drop Q 214Bi Data(695%) | [-
(36, 28, 28, 28] E :
l SO3_Conv+RelLU+Drop (_—l |
0991 KamNet Event Window (63, 20, 20, 20] g 03 :
SO3_Conv+RelLU+Drop i
0.07] l (74, 12, 12, 12] 8 : ‘ l-i
" onv+Re N
0.06 lso3_c [1;8}3, 4, 4) © :
l SO3_Integrate g 02
0.051 g :
0.041{ :
0 !
0.03{ '1 7 I
MC and data‘inigood agreement
0.02 ' ]
]
0.01 I : 0.0 r - T T 1 T T T — T
N -6 -5 -4 -3 -2 -1 0 1

-20 -10 0 10 20 30 40

KamNet Score [a.u.]

Proper Hit Time [ns]

A. Liet al., Phys. Rev. C 107, 014323 (2023)

MC shows KamNET rejects ~27% of long-lived background



Tagging of Long-lived Spallation Products

muon bundle fitter

Machine leaning

z [cm]

2000

1500

1000

500

0

-500

-1000

-1500

- 20%

E Xe s.pallationA FLUKA MC

= C spallation

- neutron 1.

3 'f‘ . e,

;0‘ - ‘—3100‘ - i2100l - ‘—IIOO] e OH l1(l)0‘ - ‘2(1)01 - l3('.1)0l - l400
X [cm]

n

PointNet (neural network for point cloud)
https://arxiv.org/pdf/1612.00593.pdf

identification of neutrons by Xe spallation

neutron vertices in AR < 160 cm

Xe spallation ’

Z

neutron

>y

Classification Network

*

D
2]
)
&)

n

T map of PMTs

I

220

240

260

280

300

input mlp (64,64)
8 transform > transform
8 |en o V I
*C; <l e & shalred E
£ e
TP o

L

matrix
multiply |

find multi-tracks
mlp (64,128,1024) max i
. pool 1o9q  (512256k)
-
2 she!red nx1024 | |
= | global feature
5 output scores
...... it,’—-_-—__---'—‘pointfeatures
— ] _
e 1 Shalred % shalred &
[_I_}—> i _.1—|—|_+
mlp (512,256,128) mlp (128,m)

Segmentation Network

Improvement of long-lived spallation tagging is ongoing



R&D for KamLAND2-Zen

High Q.E. PMT

Mirror State-of-the-art electronics

1000 kg enriched Xe

Light Collection Eff.

> X1.8

New liquid scintillator

more neutron tagging efficiency
— long-lived BG reduction

x1.4
o @ Q-value =4% — 2%
— 2vpp BG reduction ~1/100 !

Imaging device

Pressurized Xe-LS

3 | | Verified : The solubility is _,‘.g.‘/:}/’ ] \} N =
S ci nti I Iati O n bal I oo n F 25 proportional to the partial pressure. ; : v 7N . ~< j (
£ | Y pa rticle LD d
(PEN film) y fhaging
IB 214Bi BG reduction o RO — | ”

Q 10 20 30 40 50 60 70 80 90 100 110 120
partial pressure of Xe [kPal

e~ / gamma identification
— long-lived BG reduction

— 100% fiducial volume

214Bj rejection
by a tagging

Xe / electron ratio increase
— solar neutrino BG reduction




Light Yield Increase by Mirror

~6.5 m (KamLAND size)

< >

aluminum + PET mirror
with high reflectivity

mirror sample

f Basecoat

\"'36' LAB-LSD
| W — j—

20” PMT 2” PMT1 2” PMT2

dark box @
KamLAND2-Zen L J- .
fiber
‘ N2 laser filter
g °F
e I simulation
%2.5:_ L averafe of 16 samples
V ’ 153— ¢
OE LGN NGRS BUGN . RS - w/0 mirror
0.5
0: i | i I |
0 10 20 30 40
Incident Angle[deg]

LS 213 m diameter ~1.8 times increase of light yield



Mirror Shape Optimization

20 inch PMT
coverage 34% light yield ~ photo-coverage

polygon entrance — circle exit

flexible shape construction was achieved by
G4 TessellatedSolid method in Geant4

mirror

further reduction of gap between mirrors

PMT mirror shape
in 4 x 4 face

mirror

4 hexagons
10 pentagons
2 squares

PMT with mirror

}

"1 o 1 2 3 coverage ~100%




KamLANDZ Prototype

' o * " Lv — ] : ,'*. - "
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KamLAND?2 prototype

50 m3 tank

“.'f, TR
("

HighQ £
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KamLAND-Zen
latest result

High performance of KamLAND2 will be
demonstrated with the prototype detector

(mgg) (eV)

1072

NO

KamLANDZ2-Zen will cover the 1O region

10_35—

target <mBB> ~20meV /5 year 00 100 102 100

My (€V)




Imaging Device
100 events

KamLAND with photons from.

Imaging device

:
p S)
.

. 208 et
LA

A
‘l

PMT
- x~1800
zfK - ima in _1000_750 -500 '
EEES Imaging Jing
- device SCISOT_WASEEEER @ B @ 000 7w
olo oG w ol o X ~100

Iens — ~ 1 500 mm
~0.3 p.e. / sensor

v event P event Large difference in
background signal (OvBp) spread of photon emission
y\ %\% e~ %&?@Z — Particle identification
B /y e%% background rate < 1/10

“y-ray diffusion

o
Z [mm]



Photo Sensor

Design of optical system

sensor mirror
- large half angle of view : > 20° )
- large depth of field : + 2 m 1
- large photon collection efficiency j
- resolution < 3 cm (real image) I \
- lens and spherical mirror in oll 9

design optimized by Zemax

photo sensor size ~20 cm
with 1 mm position resolution

LAPPD is the best candidate

large sensitive area 20 cm % 20 cm

é Incoming Photon
Entry Window
| B —N ‘
I
B el g A
| B ciennoe o AALEEEURRTRRERRETTAY
3

Exit MCP
B Pixelated —
WY Readout Board ’ ‘ ‘

high quantum efficiency ~30% @ 365 nm

high position resolution ~1.3 mm

high time resolution for single p.e. ~50 ps

T T £ A“ = R
B auam [ ] ; o, A ,-f’ < ) 00 50 =
[ . s

Test of photo sensor performance is ongoing



Summary

* Neutrinoless double-beta decays provide an important
probe for physics beyond the Standard Model.

* Results from KamLAND-Zen were presented.
KamLAND-Zen limits on Ovj3p at 90% C.L.

KamLAND-Zen 400 TOV42>0.9 x 1026 yr

KamLAND-Zen 800 TOvq2> 2.0 x 1026 yr

Combined TOvq2> 2.3 x 1026 yr
|

NME calculations assuming ga ~ 1.27 {mgpp) < 36-156 meV

First probe of the inverted mass ordering region!

e R&D for KamLAND2-Zen is ongoing aiming at a test of
inverted neutrino mass ordering.



