The KamLLAND-Zen experiment

The tirst neutrinoless double beta decay search in the Inverted Ordering mass region
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Beta Decay

(Discovered 1899)



Double Beta Decay (2v[3[3)
(Discovered 1987)

Half life ~ 101924 years



Neutrinoless Double Beta Decay (0vp[3)

(large experimental program underway)

Expected Half life > 1026 years



Neutrinoless Double Beta Decay (0v[3[3)
(large experimental program underway)

Expected Half life > 1026 years

The search for OvB is one of the most pressing and important modern-day questions in particle physics.



The search for Ov3p 1s a search for physics beyond the
Standard Model.

If observed:

The neutrino 1s a Majorana particle. v="v
Lepton number 1s violated. AL =0
Neutrinos acquire mass through a new mechanism.
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antimatter in the Universe?
(Leptogenesis, Baryogene3|s)
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What is the neutrino
mass ordering?

Ordering

e 2z
?
Normal Inverted

Ordering
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Other potential implications of 0vf{
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Why is there an |mbalance of matter to
antimatter in the Universe?

(Leptogenesis, Baryogenesis)
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Observable signature of OvBf

o

Decay energy (Qgg) <.0 -
IS shared by

electrons. 1.5 —

Neutrinoless Double Beta Decay (0v[3[3)

0.5

A, Z) = (A, Z+2) +2e”

0.0 —+

The observable is a OvB event rate (equivalently, a half-life T1.).
Region of interest (ROI) :=[2.35 - 2.70 MeV]

1.0 —

Natural
|sotope abundance (%) Qps (MeV)
136X e 2.40
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Visible energy
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The KamLAND detector
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Ultra-pure
Liquid scintllator

SS containment
tank

x1325 17" PMT’s
xb54 20" PMT's

1,200m3 liquid scintillator.
(contained in a 13-m transparent balloon)

PMTs are suspended in buffer oil provide 34%
photocathode coverage.

Ultra low radioactivity.
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The KamLAND detector

1,200m3 liquid scintillator.
(contained in a 13-m transparent balloon)

PMTs are suspended in buffer oil provide 34%
photocathode coverage.
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Introducing KamLAND-Zen

W -

Xenon 136

Natural abundance = 8.9%

Isotopic enrichment = 90.86%

3% wt soluble in Liquid Scintillator (XeLS)

KamLAND-Zen

(Zero neutrino double-beta decay experiment)
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The evolution of KamLAND-Zen
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Conceptual overview of primary backgrounds
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Conceptual overview of primary backgrounds

Internal Radioactive Impurities:
The Xe-LS radioactive impurities.
(Uranium and Thorium)
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Conceptual overview of primary backgrounds

Internal Radioactive Impurities:
The Xe-LS radioactive impurities.

(Uranium and Thorium) ¢
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Conceptual overview of primary backgrounds

Internal Radioactive Impurities:

The Xe-LS radioactive impurities.
(Uranium and Thorium)

External Radioactive Impurities: Q
Radioactive impurities on the IB. O
Negligible amount from external scintillator Zg
and detector material. O
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Cosmogenic spallation products:
Dominant background.

Cosmic ray muon spallation on carbon
(short-lived) and xenon (long-lived).
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Conceptual overview of primary backgrounds

Internal Radioactive Impurities:
The Xe-LS radioactive impurities.
(Uranium and Thorium)

External Radioactive Impurities:
Radioactive impurities on the IB.
Negligible amount from external scintillator
and detector material.
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Solar neutrinos:

Intrinsic natural background.
- Elastic scattering
- CC capture on 136Xe.

Cosmogenic spallation products:
Dominant background.

Qg% \l) > | Cosmic ray muon spallation on carbon
| I ¥ (short-lived) and xenon (long-lived).
& © | & -@‘é v o & ol | 4
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Conceptual overview of primary backgrounds

Internal Radioactive Impurities:
The Xe-LS radioactive impurities.
(Uranium and Thorium)

External Radioactive Impurities:
Radioactive impurities on the IB.
Negligible amount from external scintillator
and detector material.

Others:
There are many other backgrounds:
40K, 85Kr, 134Xe, Fukushima fallout, etc...
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Solar neutrinos:

Intrinsic natural background.
- Elastic scattering
- CC capture on 136Xe.

Cosmogenic spallation products:
Dominant background.

Cosmic ray muon spallation on carbon
(short-lived) and xenon (long-lived).
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Analysis method overview

40 equal-volume bins:

>

radius 20 x {upper sphere, lower sphere}
3 distinct time bins:

> Independent MC expectation
> Fitted simultaneously with same parameters
86 energy bins:

spanning from 0.5MeV to 4.8MeV

Spencer N. Axani
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KamLAND-Zen 800, what did we see?

10°;

| 136X e 20813 150Xe Ov38
104‘5
103‘5

102‘5

101;

Events/0.05MeV

100‘;
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KamLAND-Zen 800, what did we see?

10°:

Zl/ﬁﬁ ¥0Xe 2063 130Xe 01513

1043
1033
1023

10%

Events/0.05MeV

1003

10_1;

102
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KamLAND-Zen 800, what did we see?

10°:

| 136X e 20813
104';
103'5

102'5

1013

Events/0.05MeV

1003
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KamLAND-Zen 800, what did we see?

10°:
| Long Lived Spallation Carbon Spallation + ¥7Xe
) IB/External RI 210Bi 43 Kr+4K
10 Solar v ES+CC 136X e 20303
: --------- Internal RI
10°
= |
% |
LO 102?
- E
- |
~—_ ]
2 10%
) I
e |
1003
10~
gt
1.0 1.5 2.0 2.0 3.0 3.0 4.0 4.5
Eyis [MeV]
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KamLAND-Zen 800, what did we see?

Livetime: 523 days, inner 157cm

10°
Long Lived Spallation 20+ 8K r4-1K
) [B/External RI 136X e 20883
10 Solar v ES+CC Total (OvS53 Best Fit)
e P Internal RI ¢ Data
1 03 Carbon Spallation + ¥7Xe
=
L0 102?
- E
- |
Ry
= s
m |
100 ¢ 000 |0 ¢
10~
0 SOSN8
1.0 1.5 2.0 2.0 3.0 3.0 4.0 4.5
Eyis [MeV]
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KamLAND-Zen 800, what did we see?

Livetime: 523 days, inner 157cm

10°
Long Lived Spallation 20+ 8K r4-1K
) IB /External RI 136X e 20883
10 Solar v ES+CC Total (OvS53 Best Fit)
e M Internal RI ¢ Data
1 03 Carbon Spallation + ¥7Xe
=
L0 102?
- E
- |
Ry
= s
m |
100 ® 000 |0 ¢
10~
0 SO S5 S M i S 0
1.0 1.5 2.0 2.0 3.0 3.0 4.0 4.5
Eyis [MeV]
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KamLAND-Zen 800, what did we see?

Livetime: 523 days, inner 157cm

10°
Long Lived Spallation 20+ 8K r4-4K
) [B/External RI 136X e 20883
10 Solar v ES4+CC —— Total (OvBS Best Fit)
: ......... Internal RI — 136Xe OVBB (90% CL)
103- Carbon Spallation + 37Xe ¢ Data
> ]
D
=
- E
- |
>
L%) | $oT
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o -
I 1~
l |
10 2 S — R S e S I W §
1.0 1.5 2.0 2.9 3.0 3.0 4.0 4.5
Eyis [MeV]

Spencer N. Axani IMir



The results

Background Best-fit
Frequentist Bayesian
136Xe 2087 11.98 11.95
Residual radioactivity in Xe-LS
2381J series 0.14 0.09
*32Th series 0.84 0.87
External (Radioactivity in IB)
3% series 3.05 3.46
?32Th series 0.01 0.01
Neutrino interactions
°B solar v e~ ES 1.65 1.65
Spallation products
Long-lived 12.52 11.80
e 0.00 0.00
°He 0.22 0.21

137X e 0.34 0.34

Spencer N. Axani IMir



The results

Bavesian result:

Background Best-fit T > 2.1 x 10%°yr (90% C . L)
Frequentist Bayesian 172
136Xe 20883 11.98 11.95
Residual radioactivity in Xe-LS
2381J series 0.14 0.09
32Th series 0.84 0.87
External (Radioactivity in IB)
2387 series 3.05 3.46
?32Th series 0.01 0.01
Neutrino interactions
°B solar v e~ ES 1.65 1.65
Spallation products
Long-lived 12.52 11.80
e 0.00 0.00
°He 0.22 0.21

137X e 0.34 0.34
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The results

Bayesian result:

packround Boet- 2 TO% > 2.1 x 102yr (90 % C .1.)
Frequentist Bayesian 172
136X e 2088 11.98 11.95

Frequentist confidence limit (Wilks'):

Residual radioactivity in Xe-LS

2331 series 0.14 0.09 T >2.0x10%°yr (90%C.L.)
232Th series 0.84 0.87
External (Radioactivity in IB) Frequentist Feldman-Cousins calculation result:
U daries 3.05 3.46 T8 5 2.3 % 10%yr (90%C . L.)
Th series 0.01 0.01 172
Neutrino interactions

8B solar v e~ ES 1 65 1 65 Apply KamNet to entire dataset result:

Spallation products TP > 2.7 % 10%yr (90%C .L.)
Long-lived 12.52 11.80 17z
=G 0.00 0.00
°He 0.22 0.21

137X e 0.34 0.34

Spencer N. Axani U



The results

Background Best-fit
Frequentist Bayesian
136Xe 20883 11.98 11.95
Residual radioactivity in Xe-LS
2387J series 0.14 0.09
*32Th series 0.84 0.87
External (Radioactivity in IB)
3% series 3.05 3.46
?32Th series 0.01 0.01
Neutrino interactions
°B solar v e~ ES 1.65 1.65
Spallation products
Long-lived 12.52 11.80
e 0.00 0.00
6 1o 0.29 0.21 Frequentist combined result (KL Z400 + K| Z800):
oL 0.54 0.4 T > 2.3 x 10%yr (90 % C . L.)

1/2
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What limits our sensitivity 7

2v33 energy tail

: 5
:\r/]ke)\?::tgglr: IQE nt & _ Long Lived Spallation 20+ 8K r4-4K
19 eventslgbl " [B/External RI L6Xe 2068
10 Solar v ES4+CC ——— Total (Ov53 Best Fit)
I S Internal RI == PXe 0vps (90% C.L.)
103- Carbon Spallation + ¥7Xe ¢ Data
"
LO 102?
- E
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N
g 78
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l |
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What limits our sensitivity?

2V[33 energy tail

: N
:\rqg\?:tglglr: Igsgt & b Long Lived Spallation 2B Kr+K
e Ty, IB/External RI e 16X 20813
~ 12 events/ROI 104 -~ Solar v ES+CC = Total (Ov383 Best Fit)
e e Internal RI -_- 136¥a 0”65 (90% C.L.)
103 Carbon Spallation + ¥7Xe ¢ Data
102;

vents/0.05MeV
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What limits our sensitivity?

2V[33 energy tail

: N
:\r/]lg\?lttgglren Igl?gt & b Long Lived Spallation 20+ 8K r+-40K
- —— IB/External RI e 16X e 21813
~ 12 events/ROI 104 Solar v ES+CC = Total (Ov383 Best Fit)
L e Internal RI - = 130Xe 0vB8 (90% C.L.
1 03 Carbon Spallation + ¥7Xe ¢ Data
102;

vents/0.05MeV
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What limits our sensitivity?

2V[33 energy tail

: N
:\I’/]Ig\?;[tgglren Il;r)]l?g;t & oes: Long Lived Spallation 2WBi+3Kr+4K
- —— IB/External RI e 16X e 21813
~ 12 events/ROI 104 — Solar v ES+CC Total (Ov55 Best Fit)
L e Internal RI - = 130Xe 0vB8 (90% C.L.
1 03 Carbon Spallation + ¥7Xe ¢ Data
102;

vents/0.05MeV

neutrino
Background

CHESS (2017)
FlatDot (2018)
NuDot (2023)
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Connecting the limit on the half-life to fundamental physics

The effective Majorana mass

The observable

Made up of Standard Model
\ / fundamental numbers
P mmmmm - (The particle physics)
Ovn—1 1~ 0v Ov (2 2
(7)) =67 | M™ ] s

Spencer N. Axani IMir
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Connecting the limit on the half-life to fundamental physics

The observable

N

(T?/I/z)—l GOI/ ‘ MOI/ ‘

Phase space factor (for 136Xe):

G%" =144 x 107>y~!

Kinematics of outgoing electrons in
the coulomb field of the daughter
nucleus.

Small uncertainty.

(The atomic physics)

/

The effective Majorana mass

Made up of Standard Model
fundamental numbers

(The particle physics)

Spencer N. Axani
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Connecting the limit on the half-life to fundamental physics

The observable

\ ______

The effective Majorana mass
Made up of Standard Model
/ fundamental numbers

(The particle physics)

0 0
1/2 GU‘MU‘

AN

Phase space factor (for 136Xe):

G%" =144 x 107>y~!

Kinematics of outgoing electrons in
the coulomb field of the daughter
nucleus.

Small uncertainty.

(The atomic physics)

Nuclear Matrix Element (for 136Xe):

IM%Y | =1.5-4.5

Nuclear structure effects.
Large uncertainty.

(The nuclear physics)

Spencer N. Axani
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Connecting the limit on the half-life to fundamental physics

Calculable constants with ~3x The effective Majorana mass

The observable uncertainty Made up of Standard Model
\ } / fundamental numbers
............. (The particle physics)

2
Mg

Spencer N. Axani IMir
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Connecting the limit on the half-life to fundamental physics

Calculable constants with ~3x The effective Majorana mass

The observable uncertainty

Made up of Standard Model
\ i / fundamental numbers
------------- (The particle physics)
Ov\—1 Ov Ov |2
(155)" G | M \

Spencer N. Axani IMir
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Connecting the limit on the half-life to fundamental physics

Calculable constants with ~3x : :
The observable uncertainty The effective Majorana mass

Made up of Standard Model
\ i / fundamental numbers
------------- (The particle physics)
| Ov Ov |2
(T G M \

Reactor neutrino ‘meff‘ = ‘Z i‘
measurements \
2 ol 102 2 2 2 -
‘mﬂﬂ‘ o ‘ Clzcl3ml+S 6136 m2+S136 m3 ‘ Cij = COS (61])9 Sij — Slnz(eij)a

Solar neutrino
measurements
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Connecting the limit on the half-life to fundamental physics

Calculable constants with ~3x : :
The observable uncertainty The effective Majorana mass

Made up of Standard Model
\ i / fundamental numbers
------------- (The particle physics)
| Ov Ov |2
(T G | M P

Reactor neutrino ‘meff‘ — ‘Z i‘

measurements \
2 .2 1o

_ 2 ol

Solar neutrino
measurements

\meffl = 10.68m, + 0.30e"*'m, + 0.02¢"*mj |

Spencer N. Axani U 23



Connecting the limit on the half-life to fundamental physics

Calculable constants with ~3x : :
The observable uncertainty The effective Majorana mass

Made up of Standard Model
\ i / fundamental numbers
------------- (The particle physics)
| Ov Ov |2
(T G M \

Reactor neutrino ‘meff‘ = ‘Z i‘
measurements \
2 ol 102 2 2 2 . D
‘mﬂﬁ‘ — ‘612C13m1+5 6‘136 m2+S13€ ms | c;j = cos?(6y), s = s (),
Solar neutrino
measurements
\meff | = 10.68m, + 0.30e“m, + 0.02e“m; |
A X A
+/-2°/o +/'20/° +/-1 .5%
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Connecting the limit on the half-life to fundamental physics

Calculable constants with ~3x The effective Majorana mass
The observable uncertainty

Made up of Standard Model
\ i / fundamental numbers
------------- (The particle physics)
| Ov Ov |2
(T G | M P

Reactor neutrino ‘meff‘ — ‘Z i‘

measurements \

Solar neutrino [0,211] [0,211]
measurements / /
\meffl = 10.68m, + 0.30e“'m, + 0. O2el“2m3 |
A X A
+/-2°/o +/'20/° +/-1 .5%
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Placing limits on the Majorana nature of the neutrino

)
-
O

> - KamLAND-Zen upper limits Te
> Ge
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Placing limits on the Majorana nature of the neutrino

T > 2.3 x10% yr, (my;) <36 — 156 meV
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Placing limits on the Majorana nature of the neutrino

T > 2.3 x10% yr, (my;) <36 — 156 meV
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S
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g y | . ‘
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Lightest neutrino mass (meV)
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Placing limits on the Majorana nature of the neutrino

T > 2.3 x10% yr, (my;) <36 — 156 meV

1/2

s
> 200 - KamLAND-Zen upper limits Te
S | . ORPA - Ge
~ f o SM T EDE | Xe
X150 T
S
~N
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o0
Cé ...............................................
et 100 -

Result dependent on - - -

individual NMEs g L L iy L

£ porem——— - IEnie ioxe %
2 50 A R .ZZZIZZZZI;I (a) (b) (c)
¢>) y T ‘

This is the first Ov(3[3 search .B - el pranzaast

that reaches the inverted ﬁ NO
ordering region! [ —
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Lightest neutrino mass (meV)
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Placing limits on the Majorana nature of the neutrino

T/ > 2.3 % 10% yr, (mg) < 36 — 156 meV

DO
-
O

ke This Xe Ov[3 search represents
Ge the worlds most stringent limit
on the effective Majorana mass

- KamLAND-Zen upper limits

(Ge) GERDA: Phys.Lett. 125 252502
(Te) CUORE: arXiv: 2104.06906v1

—
N
=

100 |

Result dependent on
individual NMEs

(a) (b) (c)

N
.

This is the first Ov[3[3 search
that reaches the inverted
ordering region!

Predictions

Effective Majorana mass (mgsz) (meV)

O Loondriidd Lol !
109 10! 107
Lightest neutrino mass (meV)
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Placing limits on the Majorana nature of the neutrino

T/ > 2.3 % 10% yr, (mg) < 36 — 156 meV

DO
-
O

ke This Xe Ov[3 search represents
Ge the worlds most stringent limit
on the effective Majorana mass

- KamLAND-Zen upper limits

(Ge) GERDA: Phys.Lett. 125 252502
(Te) CUORE: arXiv: 2104.06906v1

—
N
=

100 |

Result dependent on
individual NMEs

(a) (b) (c)

N
.

With this result, we are now
' starting to tests of theoretical
Predictions predictions.

This is the first Ov[3[3 search
that reaches the inverted
ordering region!

(a) Phys. Rev. D 86, 013002
(b) Phys. Lett.B 811 , 135956

U S O Lol R R R
100 10! 102 (c) Euro.Phys.J.C 80, 76
Lightest neutrino mass (meV)

Effective Majorana mass (mgsz) (meV)
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LUS

Major technical milestone for liquid scintillator technology:

» scalability at low cost

* machine learning algorithms (KamNet) and new background rejection techniques
Future plan:

- State-of-the-art electronics upgrade (MoGURAZ2)

» Improved light yield, improved light collection, and increased Xe loading Iin
scintillating balloon (KamLAND2-Zen)
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Major technical milestone for liquid scintillator technology:

» scalability at low cost

* machine learning algorithms (KamNet) and new background rejection techniques
Future plan:

- State-of-the-art electronics upgrade (MoGURAZ2)

» Improved light yield, improved light collection, and increased Xe loading Iin
scintillating balloon (KamLAND2-Zen)

With nearly a 1-ton-year exposure, we are now starting to search for the
Majorana neutrinos in the 10 region!

KLZ-400 + KLLZ-800 combined result (90% C.L.):

T/ > 2.3 % 10% yr, (my) < 36 — 156 meV
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MERCI POUR VOTRE ATTENTION!

SPENCER N. AXANI

SAXANI@MIT.EDU

STAY TUNED FOR THE PUBLICATION:
PHYSICAL REVIEW LETTERS:

"FIRST SEARCH FOR THE MAJORANA NATURE OF THE NEUTRINO IN THE INVERTED MASS
ORDERING REGION WITH KAMLAND-ZEN"

BIG THANKS:

| gl LINDLEY WINSLOW, CHRIS GRANT, BRUCE BERGER, AOBO LI, ZHENGHAO FU, JOE
"&Me gj{iﬂy SMOLSKY, HASUNG SONG, KATARZYNA FRANKIEWICZ, JITRAPON LERTPRASERTPONG,
hnglog v/ CARRIE LABOR-SMITH, & THE KAMLAND COLLABORATION
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Radioactive backgrounds: The uranium series: <14BiPo

238 J |s all around us.
The 214Bismuth — 214Polonium chain extends in the

energy region of interest (2.35 < E < 2.70 MeV).

238U | . [2MBi [ A [P1Po | e |210Pb
4.5by 19.9 m |qg:3.3mev| 164 1S |Qa7.8Mev| 22.3 y
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Radioactive backgrounds: The uranium series: <14BiPo

2.35 <E <2.70 MeV (Ovpp window)

0 s allaround us -

The 214Bismuth — #“Polonium chain extends in the
energy region of interest (2.35 < E < 2.70 MeV). i

. -
.......
........
. - - .
N e e, Te, fa, ey %
e .
'''''''''
.

..............
B e e, s, e O

|

. »
e .

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

238U 214B1 | p- |?14Po | _a  |210Pb S
4.5by 19.9 m [qg:3.3mev| 164 s |Qq7.8Mev| 22.3 ¥ i t; k Exte:jnal, =
) i ackground is | -

Vi . 1 ".negligible in ROl | —= 1

Bl e R%." '_: 1'“: ,glg..!, ll'.A Les j —

|
0 2 : 4 6

104t —— Total R IB/External RI
- <+ Data Internal RI

Events/Bin

100 E ' .
N e Y Fit includes full background modej

0.0 0.5 1.0 1.5 2.0
(Radius/1.90 m)°
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Radioactive backgrounds: The uranium series: <14BiPo

2.35 <E <2.70 MeV (Ovpp window)

& ..'-U ..... e X /é\
238 Is all around us. 2T o &
The 214Bismuth — 214Polonium chain extends in the e 5
| | o a
energy region of interest (2.35 < E < 2.70 MeV). R oS
2 & T =
E 0 R e . =
N | e A A V. | E 10 LE
e VIS m
238 214RB1 b- [214Po | @ 200Ph || 00 e e N

22 gl > REla AREEG .-..-::':‘....-,.-..:.:.'.'.'.;::1 | = 10 3
4°5b y 19'9 1m Qg:3.3MeV 164 HS Qq:7.8MeV 22.3 y . . ------ EXternal_ E 5
-2 ..... . -.t  backgroundis | - g
””” s e ‘_: l..ilelglig_jl?le .i?Aqu =L

0 2 : 4 6

X*+Y? (nt)
104;— — Total I == IB/External RI
. . - + Data Internal RI
Rejection efficiency: = ,
99.9% tagging efficiency in liquid scintillator 3102
~50% in the balloon material (IB absorbs a) 5
M
100
r'“: o | Y Fit includes full background modej
0.0 0.5 1.0 1.5 2.0
(Radius/1.90 m)?
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Radioactive backgrounds: The uranium series: <14BiPo

2.35 <E <2.70 MeV (Ovpp window)

g r ..... . X g
238 Is all around us. i, e Q
The 214Bismuth — 214Polonium chain extends in the SO 5
energy region of interest (2.35 < E < 2.70 MeV). R ! 2
................. 8
N | oS A A A | 210 2
s
238(J 214B1 | - B~ [214po | @ [210Ph TS i N
ZZ > > - -~ — .._..’.:-_'-,:-;_.,.::_:..,.-::_._:_:,:_._‘_.,_.._,.. . | = 10 9
4.5b Yy 19.9 m Qp:3.3MeV 164 LLS |Qq:7.8MeV 22.3 Yy e " ‘ External | = 2
) 1 _background is || - g
L o /Hotspot. . .- ".: ".negligibleinROlY| =1 Z
Delayed coincidence tag: 3- followed by a emission ; s S . L =, .'.A._L_.Jé.. =
X*+Y? (nt)
104F — Total I == IB/External RI
. - _ : + Data Internal RI
Rejection efficiency: = : :
99.9% tagging efficiency in liquid scintillator 3102
~50% in the balloon material (IB absorbs a) 5
&a
10°
, ,i“_,_: o | o Y Fit includes full background modej
0.0 0.5 1.0 1.5 2.0
(Radius/1.90 m)?
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Radioactive backgrounds: The thorium series: 212BiPo

232Thorium is all around us.
The 212Bismuth — 212Polonium pileup can extend into our

ROI (2.35 < E < 2.70 MeV).

22Th| . [212Bi | B- [212Po | @ |208Ph

14by 60.6 m |Qe:2.3MeV| 299ns |Qa:8.9MeV| Stable
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Radioactive backgrounds: The thorium series: 212BiPo

232Thorium is all around us.
The 212Bismuth — 22Polonium pileup can extend into our

ROI (2.35 < E < 2.70 MeV).

232Th . 212RB1 b-|212P¢ a - [208Ph Both decays may happen in a

SO > — ingle readout window (200
14by 60 6 m |as2.3vev| 20015 |aus.ovev| Stable single readout window (200ns)
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Radioactive backgrounds: The thorium series: 212BiPo

232Thorium is all around us.
The 212Bismuth — 212Polonium pileup can extend into our

ROI (2.35 < E < 2.70 MeV).

232Th
14by

)

(C

>

212B
60.6 m

IB-)

Qp:2.3MeV

212Pg
299ns

04
——  ——>

Qq:8.9MeV

208Ph
Stable

20

15

10

Charge/1ns [p.e.]

Bi
.}”
I h IILIHMH |||||||1H1|lll }

0 50

|

Po

|

100

Rejection efficiency:
97.7% tagging efficiency

i

time [ns]

Both decays may happen in a
single readout window (200ns)
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Radioactive backgrounds: The thorium series: 212BiPo

232Thorium is all around us.
The 212Bismuth — 212Polonium pileup can extend into our

ROI (2.35 < E < 2.70 MeV).

22Th| .. [212Bj b-|212Pg | - @« [208Pbh Both decays may happen in a
Cq— > — ¥ single readout window (200ns)
l4by 60.6 m [Qs:2.3MeV| 299ns |Qa:8.9MeV| Stable
= g Rejection efficiency: . | 212Po a-decay | . Pile-up
g 0 97.7% tagging efficiency = 2F 212B1 f-decay | events
2 F >
~ 15 e It v
< VF >
> S
8 10— Bi S k-
© E | Po 2
s Iy f ' 1 .
— ‘ LT e l | ||||| | l||1| 1! | LU T | :
0 50 100 yime Ins] 0y

Visible Energy(MeV)
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ok § Triple coincidence tag for carbon spallation

Rejection efficiency ~95%
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Cosmic-ray muon backgrounds: Carbon spallation

Carbon (scintillator) spallation products:
+ 6He, 8Li, 10C, 12B @ u %Cﬁ
Isotopes have short half-lives I

Mitigation strategy
- Triple coincidence:

@) muor

- A new likelihood method based on muon energy

deposition (dE/dx), and space/time correlations is used.

Rejection efficiency: 99.3% on 10C.
This is one of our largest reducible backgrounds.
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Cosmic-ray muon backgrounds: Carbon spallation

Carbon (scintillator) spallation products:
+ 6He, 8Li, 10C, 2B
|Isotopes have short half-lives

Mitigation strategy
- Triple coincidence:

neutron
@ muon @ capture

H (2.2MeV),
12C (4.9MeV),
136Xe (4.0MeV) — 137Xe decay

- A new likelihood method based on muon energy
deposition (dE/dx), and space/time correlations is used.

OF W1

7

N

N
2.2Mevp4§ﬁ§
oy !

T

Rejection efficiency: 99.3% on 10C.
This is one of our largest reducible backgrounds.
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Cosmic-ray muon backgrounds: Carbon spallation

Carbon (scintillator) spallation products:
+ 6He, 8Li, 10C, 2B
|Isotopes have short half-lives

Mitigation strategy
- Triple coincidence:

@ mMuon @ REHH oD @ Decay

H (2.2MeV),
120 (4. 9MeV)
136Xe (4.0MeV) — 137Xe decay

- A new likelihood method based on muon energy

deposition (dE/dx), and space/time correlations is used.

Rejection efficiency: 99.3% on 10C.
This is one of our largest reducible backgrounds.
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Cosmic-ray muon backgrounds: Xenon spallation

. FLUKA + Geant4
10 _ 82pp __88y —_9Nb %7, __9%pp
100p 104y 107, 108 1o
__109g 13gp __14gy, _ 15g 16g),
6
10 __18gp __124gp _ M5 M77q 119,
120, 122) 124 130, 182
e 134 185, 121y __126ng 128~

Events/0.05 MeV bin

Long-Lived 136Xe spallation backgrounds:
»  Dominant background in KLZ
» Possess half-lives of hours or days (hard to tag)
» Some of these isotopes extend into our RO Visible Energy (MeV)

Rejection efficiency = 42.0 + 8.0%
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KamNet: A Spatiotemporal Neural Network

The Essence of KamNet
Allow LS detector to perform PID based on tracking and topology
Coincidence-free, independent background tagging channel

The Power of KamNet
Reject 27% of XelLS backgrounds and 59% of film backgrounds
Leads to 17.7% exposure gain without hardware upgrade

Has potential to further improve the KamLAND-Zen 800 limit

Applicable to all spherical LS detectors! Source code available
soon.

KamNet paper submitted to Phys. Rev. C
Preprints available at arXiv:2203.01870

Spencer N. Axani IMir
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KamNet: A Spatiotemporal Neural Network

The Essence of KamNet
Allow LS detector to perform PID based on tracking and topology
Coincidence-free, independent background tagging channel

The Power of KamNet
Reject 27% of XelLS backgrounds and 59% of film backgrounds
Leads to 17.7% exposure gain without hardware upgrade

Has potential to further improve the KamLAND-Zen 800 limit

Applicable to all spherical LS detectors! Source code available
soon.

KamNet paper submitted to Phys. Rev. C
Preprints available at arXiv:2203.01870
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The combined frequentist result

The combined fit is performed In a frequentist framework.
Re-analyze the KamLAND-Zen 400 data with updated background rejection techniques and long-
lived spallation consideration.

— 10F ;
— - Zen400 Phasel
é 9 — Zen400 Phase2
e\ 85 Zen800 :
— Zen400 Phase2 + Zen800
e KamLAND-Zen all combined Combined limit (90% C.L):
°E : : 5 TP > 2.3 x 10%yr
S5H 1/2
4 5 5 Sensitivity :
B N NS 90% C.L.. TP > 1.5 x 10%0yr
= 5 5 1/2 '
2:_ ; : : ; : ;
1;— ----------- ------------ ------ f---- Result (assuming Wilks' at the 90% C.L.)
O: A R | L 1 1Y : [ l ——— VY l R R T— 1
0 0.5 1 1.5 2 2.5 3

Half-life [10°° year]
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KamLAND-Zen 800: the frequentist result

Maximum likelihood calculation with raster scan of LL spallation rate and 0v{3p rate.
Roughly 38 nuisance parameters included in the fit (floated, constrained, and fixed).

2ALLH

—50

>
ho
O

&
b

0.15

S, ¢ lo
90%

0.1 P
MC prediction
77770

40

30

20

>
-
O

10

LL-spallations rate [event/day/Xe-ton/ROI]

0 0

0 002 004 006 008 0.1 0.12 0.14 0.16
Ovpp rate [event/day/Xe-ton]

T/ > 2.0 % 10%yr 90 % C . L. (Wilks')

T2 > 2.3 % 10*°yr 90 % C . L. (Feldman — Cousins)
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KamLAND-Zen 800: the frequentist result

Maximum likelihood calculation with raster scan of LL spallation rate and 0v{3p rate.
Roughly 38 nuisance parameters included in the fit (floated, constrained, and fixed).
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MC prediction
7770

2ALLH

—50

40
lo I
90%

—130

10

002 004 006 008 0.1 0.12 0.14 0.16 ’

Ovpp rate [event/day/Xe-ton]
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KamLAND-Zen 800: the Bayesian result

N

. 90% upper limit
95% upper limit

B 99% upper limit

Best-fit result: 1.8

Ovpp rate = 0.0 event/day/kton

Decay rate upper limit (90% C.l.):
Ovpp rate < 1.2 event/day/kton

Half-life lower limit (90% C.1.):

TP > 2.1 % 10%yr (90 % C.. L)

1.6

Posterior Probability

« Asimov sensitivity (90% C.I.):

T/ > 2.0 x 10%yr (90 % C .. L)

I e

1.5 2 2.5
Ov[3p rate [events\day\ton]
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Which elements can undergo this process?

We want single [3-decay to be forbidden.

We want something stable. Commonly used 2vBB isotopes

Look for Even (P) - Even (N) nuclel.

|sotope aburlw\lda;gw[:ael (%) Qpp (MeV)
48Ca 0.187 4.263
76(3€ /.8 2.039
82Sa 8.7 2.998
g %7 2.8 3.348
= 100Mo 9.8 3.035
gﬂ 116Cd 75 2.813
'wg 130Te 34.08 2.02/(
o 136X e 3.9 2.459
150N d 5.0 3.371
Proton number - Observed for 14 elements.

- Capable in ~44 elements ~beta-stable isotopes.
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Nylon
corrugated tube

\ Guide ring
\ 12 strings

(Vectran)

The new Iinner balloon construction

A cleaner and larger inner balloon allows for higher sensitivity.

- Fabricated in class 1 clean room. I Connectior
- 25 um nylon film components are welded. (PEEK)

T straight part

12 suspending film

I / belts
i

R A7, Py v\ € Cone part
“‘i%x "\&' b . II,I ': ', 1 \‘\‘\‘

t 4 P
,l IJ~ -I- -L - r - -L -“‘ ’\ \
7, 1 S TR
(¥ ;v o T SR
& (7 Y] \

repalrlng A0 O 2 gores
KamLAND-Zen 400 KamLAND-Zen 800 (A BT R R
Radius [m] 1.54 1.90 Larger balloon and IR
significant reduction in W R B N
238 11 12 AU U I VA
U [g/g] 4.6x10 m 3x10 baCkgrOund “\‘\ \‘\ \“ |“ : : : ,': ’,:,I,

232Th [g/g] 3.4x10-10 3.8x10-1" contamination AR Y s
\ :\\\ Y T A ,"/" A horizontal
NS> ~2 belt
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Towards KamLANDZ2-Zen

KamLAND2-Zen aims to cover the Inverted Ordering region.

Spencer N. Axani IMir
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Towards KamLANDZ2-Zen

KamLAND2-Zen aims to cover the Inverted Ordering region.

Winston cone

1. Improved energy resolution
Purpose: further separate 2vf3f3 from the Ov33.

Light collection with Winston Cones (x1.8)
High light yield scintillator (x1.4)
High QE 20" PMTs (x1.9)

4% -» 2% energy resolution

x100 reduction in 2vf33 background rate.
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Towards KamLANDZ2-Zen

KamLAND2-Zen aims to cover the Inverted Ordering region.

Winston cone

1. Improved energy resolution
Purpose: further separate 2vf3f3 from the Ov33.

2. State-of-the-art electronics

Purpose: Improve background suppression. Tagging long
lived isotope from cosmic ray spallation.

Light collection with Winston Cones (x1.8)
High light yield scintillator (x1.4)
High QE 20" PMTs (x1.9)

4% -» 2% energy resolution

x100 reduction in 2vf33 background rate.
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Towards KamLANDZ2-Zen

KamLAND2-Zen aims to cover the Inverted Ordering region.

Winston cone

1. Improved energy resolution
Purpose: further separate 2vf3f3 from the Ov33.

2. State-of-the-art electronics

Purpose: Improve background suppression. Tagging long
lived isotope from cosmic ray spallation.

Light collection with Winston Cones (x1.8)
High light yield scintillator (x1.4)
High QE 20" PMTs (x1.9)

% 4% -+ 2% energy resolution
ol A,
-:-i:: x100 reduction in 2vBp background rate.
i
s, 4
-7
e '
v 3. Improved inner balloon
=i_—-= Purpose: reduce backgrounds originating from balloon.
!; 4 Mini-balloon film . B PEN 0 :
{ _ e : Oe :
Polyethylene
naphthalate
Tag 214Bi decays.
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What limits our sensitivity?

2V[33 energy tail
Most dominant &
inevitable bkg.

~ 12 events/ROlI

vents/0.05MeV

Livetime: 523 days, inner 157cm

——— Long Lived Spallation
—— [B/External RI

Solar v ES+CC

Internal RI S
Carbon Spallation + 7Xe ¢

12
(D
= ;I—_I- _|_.
. I
IJ I
I I el
od -
.............................. e e N L ) ) S N

20Bi+#Kr+4K

136X e 20313

Data

= Total (0v53 Best Fit)
B6Xe 0vB6 (90% C.L.

/7 > 2.0 x 10%yr (90 % CL)

CHESS (2017)
FlatDot (2018)
NuDot (2023)
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What limits our sensitivity? o |

2vBB energy tail Livetime: 523 days, inner 157cm [N '-'3._'-";

. 5 5 0 -0' .1.‘: gt I'.':'.
Most dominant & e
: : Long Lived Spallation 2B+ Kr+10K 1 L3
inevitable bkg. B s | o
' ——— [B/External RI e 36X 6 21813 B
~ 12 events/ROI 1041 N = L
| — Solar v ES+CC = Total (0v53 Best Fit) e
Internal RI - = B%Xe 0v88 (90% C.L.) -3 1"2 = T_
Carbon Spallation + 37Xe ¢ Data % y | T
Ta—=a 1 ——
V7 .
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ﬁ \‘\ \\\\\\\: g
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.0 Rt bRl
‘Iii; i = 1'.'3. o od e oo
E{: : jﬁ_'__._"-- —T_. E'J 11]_ Ovpp Signal
' | 1
o [, | I e
e s I [ T h
- o3 - L ¢
== e CIPCHCLICLERE S, - —————————————————————————————— 1 o 1L { Solar
ki 1.0 15 2.0 25 3.0 3.5 4.0 45 neutrino
;% i EUZS [MGV] ackgroun
e
T CHESS (2017)
L5 OV,B,B 26 ( ) FlatDot (2018)
1= T > 2.0 x 10%yr (90 % CL FlaiDot (201
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Event/0.05MeV

Singles and LL datasets

- Simultaneous fit the OvB spectrum and a long lived spectrum to constrain backgrounds.

OvpBB candidate data set (singles dataset) Long-lived product data set (LL dataset)

(dataset sensitive to Ov[3[3 rate) (used to constrain the LL rate)
106 = > 106 =
— = = |B/External Long Lived Spallation § — = = |B/External Long Lived Spallation
— = —
105 Solar v ES+CC Spallation g 105 —— Solar v ES+CC Spallation
e 18X 6 2 B3 219814 Kr+"°K % E e "X 2V BB OB Kr+ K
10" =T. - = 204 210 = = =+ ®*Thy4Pileup i 10* == - == 2 2Up - = =+ Z2ThyPileup
= Ov Bp(Best Fit) mm Total(Ov B Best Fit) — Ov Bp(Best Fit) = Total(Ov 3 Best Fit)
3 —_--l 3 =
10 = Ov BR(90% C.1.) = = Total(Ovpp 90% C.1.) 10 E Ov BB(90% C.1.) = = Total(Ovpp 90% C.1.)
— :_ @® Data
10° = 10° -
10 = 1057
1= 1= ' T
10 5 10 = -
— — 1
— — .
10—2 1 L= o - ﬁlﬁ L1l 10—2 B [ PR T R
0.5 1 1.5 2 2.5 3 3.5 4 4._5 0.5 _ _ _ 4.5
Evis[MeV] Evis[MeV]
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Event/0.05MeV

KamLAND-Zen 800, what did we see?

Time Bin 1

10°
— = = |B/External Long Lived Spallation
10° = Solar v ES+CC = Spallation
— s 'X & 2v B 21981 %Kr+ K
10° = = == 2l 200y = = = ®*ThiPileup
E Ov pp(Best Fit) == Total(Ov B Best Fit)
3
10 = 0vBp(90% C.1.) = = Total(Ovpp 90% C.l.)
— @® Data
10° = - —_ .
.: - _ - L .
wp I T
=L
£ -
107" = al t
— | L
_2 1 (I B PR dr
10 0.5 4 4.5
Evis[MeV]
35
22
R
== $14343
0.5 } I
0
-0.5 \
-5

Total Livetime: 166.3 days
02/05/2019 - 09/29/2019

Event/0.05MeV

Exposure: 970 kg-yr
Total Livetime: 523.4 days

Time Bin 2

10°
= = |B/External Long Lived Spallation
10° Solar v ES+CC = Spallation
136Xe oy [3|3 21OBi+85Kr+40K
10° = === 214p 210y = = = ®*Th+Pileup
Ov pBp(Best Fit) == Total(Ov Bf Best Fit)
3
100 & 0vpR(90% C.1.) = = Total(Ovpp 90% C.1.)
5 h @® Data
10 —_—
™
|~ = -
TR
10 - _ ®
r --l-i . IEE T ) I ] o e
1 1 a i r t i ;
i :
107! I . II —‘:' 1, ..-I'T-I-
------------------- 'L-.: r '. - '_': ' I_l
o ]
10—2 ! | [ [ . | L | _:-‘:: D] 1 JLI L
0.5 1 1.5 2 2.5 3 3.5 4 4.5
Evis[MeV]
4
3.5 @s3c
ELS [
1.5 i5f h I f H
1Ee00000000000000000000000000C 3, ¥} !
o AR LA AR
-0.5 . . . . . .
_6.5 1 1.5 2 2.5 3 3.5 4 4.5

Total LiveTime: 252.2 days
09/30/2019 - 10/20/2020

Event/0.05MeV

Time Bin 3

10°
= = |B/External Long Lived Spallation
10° Solar v ES+CC = Spallation
136Xe oy 66 21OBi+85Kr+40K
10* - == 204G 210, = = =+ ®*ThiPileup
Ov pBp(Best Fit) == Total(Ov Bf Best Fit)
3
10 = Ov BB(90% C.1.) = = Total(Ovpp 90% C.1.)
107 ;_ . @® Data
= LT
10 & rl et LT
E I-I ~a |.-
1 é_ |_ : 1 -L--' ‘ ;
- ’-. = i
107" == ] L . sl
— - ._---i'i ------------- i T =S "_:'l
> P B | | : I
10— 1 -3 (- (- 1 Qo o ] af
0.5 1 1.5 2 2.5 3 3.5 4 4.5
Evis[MeV]
4
3.5 0
22 g
18 J 3 I 1 H
{Eeececscccceccscscscstcocostsennan (3 I }{{ { {{ { { }I
o8 By pigitits 5l g
0.5
_6.5 1 1.5 2 2.5 3 3.5 4 4.5

Total LiveTime: 135.1 days
10/21/2020 - 05/08/2021
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events/bin

Energy calibration

Monoenergetic gamma peak from neutron capture.

%2 I ndf 72127 x2 [ ndf 3918 / 27
B Constant 1.982e+04 = 4.685e+01 - x18 Constant 1121+ 35
- Mean 247 = 0.00 . Sl e Mean 2467 + 0.003
D0C B Sigma 0.1176 = 0.0002 " Sigma 0.1341 + 0.0033
I 1
" 2 / naf 99.15/22 - 2 [ ndf 9.259 / 21
= Constant 4.49e+04 + 7.43e+01 100 Constant 205+16
30000 Mean 2222 +0.000 = Mean 2 295 + 0.008
Sigma 0.1121 = 0.0001 § . Sigma 0.1123 + 0.0074
i =
20000 — : I
- 50—
Xe-LS .
10000 —
B l : J 4 | l 1 1 =1 { 5 1 1 1 i e | 1 1 1 I 1 1
. > i ' 3 ¢ 2 25 3
Visible Energy(MeV) Visible Energy(MeV)

Gaussian shape for gammas, well reproduced by MC.

Beta decay spectrum from 214B. We monitor the
Nigh energy tail, with more statistics than the 2vBB
spectrum, to search of energy scaling issues. None
were observed. We'll reproduced with MC.

Results: The energy scaling uncertainty is <1%.

Event/0.05MeV

Simulation/Data of XelLs and KamLS good agreement throughout detector volume.
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Electronics upgrade

i

16-channel prototyge for KamLAND2-Zen

S m—

 INIEIRLAL

)

”' |

1 l |

w
L .. .
N § Primary Goals:
L k. 2 = 1. Digitize waveform during the chaotic period after a
C = S0y muon passes through the detector in order to record
= ] all neutrons, allowing us to reduce the Long-Lived
T spallation background.
= 2. Streaming data (deadtime free system), large data
e
g throughput.
(o '- 3. Large memory buffers.
o
r_ o H * _ o
E - 10 Gbps - Reductionin Mac.hme *50% cost 30-40% power
= PCB footorint learning on savings consumption
E Clock Input u P FPGA J savings
S |
, R L E et
s 05-80-MoGURA2~1. I . . 1. e i * . .
,;_ L TTL Input‘ B iz CEELL compared to standard RF signal chain
A —
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What to expect in the future

107 - Largest uncertainty
originates from the
lobcoronts / uncertainty in the nuclear
‘ structure of the isotope.
102 _
{Inverted Orderin
=
D
= 10t
© I Normal Ordering Discrepancy: would indicate other
= BSM physics.
10° -
10_1 o 0 ' 0 o 0 v' ' v
10! 100 10! 107 I 10°
mlightest [me\/]

Confirmation required from KATRIN;
ECHo, HOLMES, Project 8, cosmology
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What to expect in the future

103 5
102 _
{Inverted Ordering
— Observatior 3.20 favor for Normal
% : Ordering (but waining)
'é 10" 5 v
= ]Normal Ordering Mass ordering from T2K + NOVA;
= JUNO: PINGU, ORCA; T2HKK,
DUNE
109 5
10~1 10V 10! 102 107

Miightest [me\/] Allows us to place a limit on
the lightest neutrino mass and
sum of neutrino mass.
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What to expect in the future

102 -
102 -
{Inverted Orderin
>
E 101 _IObservation
_———————
%\ 1Normal Ordering :
10° -
10~ A

10! 10° 10! 10° 10°
M7 meV
lightest | | Measurement of Mass hierarchy

Measurement of neutrino mass scale
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Sterile neutrinos?

Interpreting a discovery of Ov[3[3 requires us to first solve another pressing
guestion in neutrino physics:

Are there additional neutrinos?

+1 Additional mass state

\meff | = | UZm+ U2 e my+ UZe " @my+ U e'my, |

103 5 10° 5

102 - 107 5
KamLAND-Zen 800 _ amLAND-Zen 800
= Inverted Ordering y 3+4+1 neutrinos = 7 s
) D)
F B E '
Q. Q.
Q. Q.
S S
Normal Ordering 1 Ord
10° - 10°
].0_1 R T oo TR oot 10_1 R
101 10° 101 102 103 1071 10° 10 102 10°
Miightest [me\/] Mijghtest [me\/]
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Fit configuration, detector uncertainties

5 E 5 ; . |Radius <250 cm
10 T A .7 |Rn-veto & r<157cm
' : . |Carbon spallation veto

Xenon amount: 745+3 kg

Xenon concentration: 313+0.01%

104 ...;........é...
« Systematic Uncertainty in KLZ80O: : :

= T ML |Long-lived spall

' ' : O B ke et T - « « « = o = + .
Fiducial volume: 2.8% 10° B ""’|can didates.

Enrichment: 0.14% : }QE;?;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;§;5;5;?;5;5;5;:;:;.,...
e e e e |

Xe amount: 0.4% R R S

Systematics introduced by energy response B hT

parameters during spectrum fitting j:j25252523252225;525;5;5252555;5;5252525;5;52522;5252555;52522252522;5;52525;3;52225;52525;5;5;:;;;:;:;:;:;:;:;: - U E {HE i‘%
3 4
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Allowable values of mgg

Table 9.4: Summary of the fit parameter handling Table 9.5: Summary of fitting results

The pre-fitting results with MIGRAD errors, best fit results, 90% C.L. results,

IB represents the inner-balloon, and Kam-LS is the KamLAND LS.

and constraints on the parameters are shown.

. - condition Paramet Pre-fitting Best fit 90% C.L. Constraint
Material source condition(pre-fit) — | — — —
(OV/B,B Scan) | Xe-LS [/day/kton]
136Xe 0v38 0(fix) 0.2 4.1 scanned
136X e Oy ﬂ ﬁ Xe-1.S non scanned 136Xe 20313 1055714338 105779 105901 free
238U 82 223438 222 222 222438
136X e 2080 Xe-LS floated floated oo 51 o149 N o f
ree
23817 S1 IB floated fixed 232} pileup tagged to 232Th S2 106 105 pre-fit+30%
, . 10K 139+179
“=S1T §2 Xe-LS constrained constrained 2105, 195174811
Kr 57963+£1553
IB,Kam-LS floated floated Solar v ES+CC 4.87-+0.80(fixed) o
10¢ 0.28(fixed 0.26 0.25 0.281
232Th S1 IB floated fixed B po oo ” el
232 6He 0.72(fixed)
Th S2 Xe-LS,IB,Kam-LS floated fixed i G Offxe)
. . . 12
212Bj-212P¢ pileup Xe-LS,IB floated constrained e o
40 & s 137X e 0.5(fxed) 0.49 0.49 0.5040.33
K Xe LS’IB’Kam LS ﬂoated ﬁxed Long-lived 10.04+4.0 8.04 2.50 18.2 + 9.0
210Bi Xe_LS ’IB’Kam_LS ﬂoated ﬁxed (Spectrum distortion) 0.15(0) 0.02 -0.007 0+1
85K | IB [/day/IB]
r Xe-LS,Kam-LS floated fixed
; 25811 81 5.5+£1.9
Solar (74 CC—I—NC CosImogenic ﬁxed ﬁxed 2387 82 (z <0, z >0) 4.840.7, 4.8+0.7 4.6, 4.7 4.5, 4.7 free
; : 232Th S1 233+ 15
10C spallation fixed constrained 282Th §2 (2 <0, z >0) |  23.3+1.1, 33.5+1.9
: . ; Pil <0,z >0 t d to:2%2Th S2 24.3, 31.4 24.4, 31.5 -fit+30%
e spallation constrained constrained g P <020 157410, 12249 -
6H . 210B; 2627 +24, 2591 + 23
C spallation fixed fixed
8T : y | Kam-LS [/day/kton]
Li spallation fixed fixed . Tt
“B spallation fixed fixed 232Th §2 13.4:£6.8
) ) ’ . 2 1501466
Long-lived spallation constrained constrained e B R
. . ) . r (z <0, z > :
(Spectrum distortion) constrained constrained Solar v ES 4.87(fixed) .
137y 136 X 9 0.28(fixed) 0.40 0.41 02872
e Xe n-capture fixed constrained 11Q 568-£28 561 561 463+93
: 6H 0.72(fixed
Ext. ~ PMT, acrylic panel... fixed fixed %ie A e
; : B 0.02(fixed
Energy scale(«) constrained constrained 5B 0.66(feed)
o« o Yo . . Ext. v (z <0, z >0) 0.28, 0.69(fixed)
NOnhnlahtY(kBa R) constrained constrained a, kg, Rc 0.991, 0.44,0.003 0.995, 0.32, 0.03  0.995, 0.31, 0.03
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Uranium and Thorium chains

Actinides

L Alkali Metals

Alkaline Earth Metals
Halogens

Metalloids

Noble Gases

Poor Metals
Transition Metals

“Ra

1602 Years

2

3.8 Days

“PO0

3.1 Minutes

8.1 Minutes

e\ |

4.2 Minutes

“PoO

138 Days

Uranium

Protactinium

Thorium

Actinium

Radium

Francium

Radon

Astatine

Polonium

Bismuth

Lead

Thallium

Mercury

“Th

1.41e+10
Years

%.?éc

Actinides
| | Alkali Metals
Alkaline Earth Metals
Halogens
Metalloids
Noble Gases
Poor Metals
Transition Metals

1.9 Years

3.6 Days

Seconds

61 Minutes

212
82

10.6
Minutes

o I
81

3.1 Minutes

Thorium

Actinium

Radium

Francium

Radon

Astatine

Polonium

Bismuth

Lead

Thallium
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Events/0.05MeV

KamLAND-Zen history

2011 2012 2012 2012 2013 2015 2019
Oct. Feb. Mar. Jun. Dec. Oct. 22 Jan.
KL-Zen < > < > << ) >« _ ]
DS-1 DS-2 Period-1 Period-2 IB construction
Started S P S e > < >
Phase-| Purification Phase-ll
< > >
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

Zen400 Phasel (r<1.35 m)

105§ (a) DS-1 + DS-2 TeSt Of a fak

0 discovery claim

s Ovpsp E
Iy (90% C.L.) =

0L S~ S
-/ :

10 = | :
13 ' LS and Xe

o Lt s distillation

Visible Energy (MeV)

10

ek
-
(oY)

ek
-
(\&]

[ IIIIIII| [ IIIIIII| [ llll!ll| TR III|

[
S

Zen400 Phase2 (r<I m)

(a) Period-2

Most strict limit
on <mgg>

........

2148

Zen 800 :

Aim at the higher
sensitivity

L -
- A = &
z R .
g R R - 1
] ] = | ] "] \ ] ] ] ik
A 3

/e =)

Z J

Visible Energy (MeV) o2

1 | | |
H I
Ui
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