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KamLAND-Zen Collaboration

KamLAND collaboration meetlng in October 2020
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Particle mass
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Neutrinoless Double-Beta Decay

Double-Beta Decay
Half-life O(1018-24) years (48Ca, 76Ge, 130Te, 136Xe etc. )
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Inner detector (ID)

Liquid scintillator (LS) ~1 kt

Decane ~ 80%
Pseudo-cumene ~20%
PPO 1.36 g/l

13 m-diameter outer
balloon

Non-scintillating
buffer oil 0

1325 B&L17-inch PMT :

554 SK(Kamiokande)
20-inch PMTs

18 m-diameter
stainless tank

KamLAND

~-—"Located underground near Kamioka in Japan ~1,000 m (2,700 m w.e.)

Kamioka Liquid Scintillator 9
Anti-Neutrino Detector
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KamLAND + Xe

o KamLAND Ultra-low BG detector
- Low radioactivity 238U ~ 5.0x10-18 g/g, 232Th~1.3x10-17 g/g
- Cosmic-ray muon ~ 0.2 Hz

- Active shielding

e Xenon
- Chemically stable noble gas
- Solubility: Xe-LS ~3 wt%
- Large mass&enrichment 745+3 kg of 136Xe ~91wt% enriched Xe
- High Q-value: 2.458MeV (Low BG in KamLAND )

~2.4 g/l sl - Slow 136Xe 2vBp decay -> less 2vpBp tail due to energy resolution
~3.1wt% BB
| ball (IB) e KamLAND-Zen
nner-balloon -
Zen 400 ~3.0 m-diameter V=16.7 m3 ) lareer - Scalability
Zen 800 ~3.8 m-diameter V=30.5 m3 aree - 136Xe On-off




Event reconstruction

o §< Events in Xe-LS (~2.45 MeV) Cosmic-ray muon
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Reconstructed single event Zen 800: 214Bi-214Po, (n,p)y 2.22 MeV

positions (1.0 MeV-3.0 MeV) 2vBp




History of KamLAND-Zen 400

2011 2011 2012 2012 2012 2013 2015
Sep. - Oct. Feb. Mar. Jun. Dec. Oct.
KL-Zen ~ ps-1 - DS-2 ~ Period-1  Period-2
Started gy " Burification ~+ Phase-Il (~380 kg Xe)
ase-1 (~320 kg Xe) Purification ase-ll ( g Xe)
Phys. Rev. Lett. 110, 062502 (2013)  136Xe 89.5 kg-yr Energy spectrum (R < 1m)
5
0 E@DS-T+DS2 - pua Rt 35 m 0l @Period?2 o pua o
~ — Total | 3 Total "'I-U +tl.'i.'-nl+',!':.Bi
10* iZVﬁB . &\ ----- Total +219P04+ UK K
} ' = 214Bi from inner balloon - 107 \,\ (OvBB U.L) -~ [B/External
5 10°E o Y CHE — "%e 2vBB -~ Spallation 1
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3 seres " ' L 90% U.L. _T[.. 4
- L OVBBULLY /4 % A e \IM Wl
G, O0RCL) v i e ot L : ‘ LN
10 1 2 3 4 ! 2 3 4
Visible Energy (MeV) Visible Bnergy MeV) - 110mA o BG reduction b
Lower limit for Ov3( in phase I OvpBp result (only Phase IT) LS angd Xe gas Y
LS and Xe gas T12>9.2x1025 yr . )
T12 > 1.9x10%5 yr (90% C.L.) purification purlﬁca’Flons. .
OvPBP result (Phase I+IT) Very stringent limit
Unexpected ''"Ag BG T12 > 1.07%x1026 yr

Phys- RevLett.117.082503 (August 2016) pp.1-6.



Target:

KamLAND-Zen 800 construction Doubling Xe amount

Reducing 214Bi from IB
2015 2015 2016 2016 2016 2018 2018 2019 2021
Oct. Dec. Apr. Aug. Nov. May. Nov. Jan. Feb.
< > < > < > < > ———> <« : >
Zen 400 Outer Detector  Failed New inner-balloonLS Xe Zen-physics
Xe extraction  refurbishment  Inner-balloon production purification  dissolving  data taking
ID tank inspection
2vPP event rate
- Leak found 1st Zen800 IB - TAUP2019 :
2nd Zen800 IB was installed in 2018. é: | [ Data set :
+ [} !
o Distillation circulation ‘ - Q- ; :
g1 gl * TR, . Decane for
fofaa i ' - 5 Purified Xe gas density control [
¢ & MR l 2019/1  2019/7  2020/1 2020/7
<. f('*J : | —lp '
LY = S
(v Installed Removed Th contamination in LS
¢ Extracted Xe & 5 30.5 m3 new LS by distillation circulation
< inner-balloon (IB) ;t @May 2018 to reduce “pileup” background




Ultra-low BG Inner-balloon(IB) Fabricated in class-1

25 pm-thick nylon film .
v Ll - -
3.8 m diameter inner-balloon 7,

Dust from workers 1s the main source of
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Zen 400 IB fabrication bricati ass 1{)0 Tiganroom Install with +0.4%
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Backgrounds (R<157 cm)

Source:

Radioactive impurities: Xe-LS, IB and outer-LS
Cosmogenic: muon-spallation Solar neutrino ES

2vpBp

(Gando @TAUP2019)
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Zen 800 ROI: 2.35 MeV <E <2.70 MeV,
OvBP efficiency ~90%

(Gando @TAUPZ2019)

2v[ tail due to energy resolution
Most dominant & inevitable BG
AE~4.5%@2.45 MeV ~ 5.1 events/ROI

214B1 from IB film
Vertex resolution ~15 cm/NE(MeV)

Limit sensitive region to Ovp[3 decay.
~ 0.9 events/ROI

12C spallation products

Significantly reduced by new analysis methods
~ 0.2 events/ROI

Solar neutrino electron scattering + C.C. (13¢Cs)
Inevitable BG
~ 0.4 events/ROI



Backgrounds (R<157 cm)

Source:

Radioactive impurities: Xe-LS, IB and outer-LS
Cosmogenic: muon-spallation Solar neutrino ES

2vpBp

(Gando @TAUP2019)
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Zen 800 ROI: 2.35 MeV <E <2.70 MeV,
OvBP efficiency ~90%

(Gando @TAUPZ2019)

2v[ tail due to energy resolution
Most dominant & inevitable BG
AE~4.5%@2.45 MeV ~ 5.1 events/ROI

214B1 from IB film
Vertex resolution ~15 cm/NE(MeV)

Limit sensitive region to Ovp[3 decay.
~ 0.9 events/ROI

12C spallation products
Significantly reduced by new analysis methods
~ 0.2 events/ROI

Solar neutrino electron scattering + C.C. (13¢Cs)
Inevitable BG

e i R A
. ~ 0.4 events/ROI
107! : 136X e spallation products
102 |1 . "f'*=3 - i Nuisance BG in Zen800
Visible Energy (MeV) Hard to reject because of their long-lives



Radioactive impurity (Xe-LS) * on s - hneesiairo

U and Th contamination in Xe-LS measured using 3 ¢ Th decay sories. = -
delayed coincidence (1.5 + 2.a) %’/ i‘; . §, 1‘0’ 5 Crdoeay Series
232Th daughters ~70% eff. = ol / RN R :
212Bj —» 212Pg —» 208Pp S g | amT) 2 N I 214Bj
p X Ti/2:299 ns g 1ROl 5 ROI
238J daughters > 99.9% eff. oo ’ : ° 1 : ’ :
214Bj —» | 214Po - 210Pp Visible Energy (MeV)
B ® Ti/2: 164 us |Pileup BG from Th daughters \
/ i g _
Trends of DC events S = N =
5"t 214Bj-214P¢ = <
g T —— BI_PO ............................................. E | § r
g f. 2‘281-212P0(P|leup) L T o W I
E o S BRI SEOIETIEUR] . M hit tis 7 )
B Solar v BG level- Pileup if dT <~10 nsec (~2%) Visible energy(MeV)
glo—l;g ..... I‘iT{TTI ....... T f ITTTTTTT ,”THTT TTTT ..... .
SSIUNEY i B e ) . | : ve i ity i i,
S0 I : ; Hf f 4 ; it BG from RI in Xe-LS is | izldloactlve 1ril7pur1ty in Xe-LS
§ 10—3_E ........................ t t' ...... - t .......... Tt ..... ' l ..... t ..................... T — negllglbly Small" U ~ O(IO- )g/g Xe-LS
il | . 232Th ~ 3x10-16 g/g Xe-LS
A 191812731 2019/07/02  2019/12/31 _ 2020/07/01



Radioactive impurity (IB film)

,ﬁ"mBi distributio

|

Bottom Hot Spot
210

e Bigg

K228,  "°%e ovpp

punrisN.Cs\ey
.
%
»

Zen 400 Phase-ll o | 10"

R Lo e L, o ; ‘ IOOE """" _~
< I B ‘ % — 102 \5
- 1 5
< ] >
10‘5 — _ m
g ) 1 B
5 (R =107
10 i E g
0 = J =
1 VE) 2 o o o o 0 ¢ 0O o oo 9 .Ugﬁ. """"""
1 B . . VVVVVV E 1
L' e, Ik 235270 MeV |
SenSlt|Ve reglon -3 R 1 - "2‘ L ‘3“ ““‘.‘ L “5“ “é‘ T ‘7 - ‘ll:'l: lll.!.lll 5. 1
<1.06mz<0 3 ole-u \ X2+Y(m?) Sinkine dusts? v e
- . : inking dusts’
r<1.26 m >0 P Sensitive region r<1.57 m . g .
Will be removed from analysis volume.
0v region (2.30 < E < 2.70 MeV) Qv reqion (2.35 < E < 2.70 MeV)
1w o e Spallanca o 1o £ (Very preliminary) — 2v BB i . R . . R
- - B - ""-\..': r 4
= Hﬁ,m s vE L - = Balloon | ggdloactlve n?zpurlty in IB
2 — Total T B = = Solar v U ~3x10- g/g IB
il FAPLERE = = Spallation 1232Th ~ 4x10-11 g/g IB
:....f ....... )‘I-Lﬁ.-' ................. E ] U,Thin gg

W02 07 U6 08 1 12 L4 16 i

R4 X :]/1 0 BG

(R/1.90m)?



Backgrounds from cosmic-ray muons

'?C spallation '3"Xe decay from neutron capture by "*°*Xe
| / - 3. 1C decay 2. N\eutkron capture
/ 12C oo Lo Q ~3.65 MeV ~ 0.5+0.2 events /day/ 1/120 by 136Xé“\
T~ 27.8 sec ¥ ",
. . tOH/ROI 1. muon @ @ 136X e |
L muon® @ H2. Neutron capture Long-life t~ 5.5 min ol ‘+ \K (4.03 MeV)
| Ti2<~30 sec Tagged by high energy vy b
Y (2.225 MGV)\_\ ~ Measurable with ~4 MeV 3.1 decay
ro .~ KamLAND LS Q~4.2MeV
Veto volume -~ ~8events/day/kton/ROI T~ 5.5 min

136X @ spallation @ Background rejection methods
e 2. Neutron captures | 1. After-muon full volume veto
/O, — 2.Muon-neutron tagging
More than 30 main nuclei - 13Xe n | _
Long-life T12 ~ O(hours) Az © 3.Muon-shower tagging (New)
. . . ‘ » @ . .
High neutron multiplicity A2x1) Achieved more than 90% 19C rejection
- 3. pxdecay Achi d 137 . s
Q >~2.45MeV chieve e reJect]on o
1. muon T > 180 sec Achieved ~40% 136Xe spallation rejection

with ~10% Ovpp inefficiency



12C-spallation

Simultaneous fit with energy and dT spectra
E-Range (MeV) :2-3
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. Energy spectra PMT hit timing after muon
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o DE_ 1000f p
+— 800ff
< o Neutron
107 L, A capture
o & ~80% tag eff.
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Visible Energy(MeV)
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8.1
10C
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After muon 150 ms veto
+ muon-neutron-spallation

Production rate T muon-shower-spallation

[/day/kton]
1542 Remaining
1243 ~<0.1 /day/kton/ROI
> 90% rejection
+
i(l)i; Less than solar v BGs

(~0.3 /day/kton/ROI)

Spallation veto with shower correlation
(dE/dx and dL)

b i

0 ]
(56, 773, 348)

dE/dx

(-435, 466, 563)

PMT waveform

(-369, 557, -528)

PMT coordinate
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EC/B*/By decay o130 10C
136Xe spallation

. E : : O-Ii
136Xe spallation products i RO Total g
rate [/day/kton] B 005 {
150 10 ~ L P i
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o Xe-LS tarc - g e ———
130 m i Effective Neutron multiplicity
120 102 Z |
110 : § N zk % 19F
100 ! 1 3 ol L ! Total AT from muon
A% F.n' - S et ° [136Xe spallation
80 i o e T e rAccidéntal
-0 .-y-". ) 1 2 3 4 L1
. .-: ; 10 Visit.ﬂe En.ergy MeV) = Yo spallation
o 2 : — OnpB (Point-like) (Spread) i N B
40 4 |Decays of daughter nuclei | e Y f
30 : simulated in GEANT4 ;* *\K I )T 1 UV A S UL SR
20 -_' (W / tuned ENSDF) C * }{ . time difference from muon [day]
‘°;"T" JI j Compton scattering | Neutron tag with
5 10 15 20 25 30 35 40 45 50 55 60 10 - . n-mu1t1p1101ty, dR, dT
7. Ortho-positronium |~40% rejection with ~10%
: ~509 i
Production rate was o 3/1(18 Ovpp ineft.
estimated by FLUKA. SN & ' PID by neural network
Y\*/ Under development




Prospects for Improvements and future plans

|

e ] KamLAND-Zen ~ 800 kg phase
- ,] with new larger and cleaner inner-balloon

« PMT AMP for better energy resolution
* New electronics to collect all neutron captures
* Source calibration

KamLAND2-Zen >1000 kg phase
yv_ith remodeled detector

* HQE PMT > x5 brighter ~
e LABLS : 2
e Mirror for PMT Ens:rgy resolution /Eg i
* Scintillating inner balloon ~2%@2.45 MeV =10 - Towards covering [H
e Imaging camera > x2 improvement - (mgp) ~ 20 meV
107°F NH ‘
Ongoing 10* 100 107 107

mlightest (CV)




Summary

« KamLAND-Zen 800 1s stably running with the goal of searching for Ov[3[3
within the IH region.
» We successfully characterized and reduced backgrounds.
- Constructed an ultra-low background IB
- Strongly reduced 12C-spallation by analysis

- Successfully characterized 136 Xe-spallation

» The latest results will be published very soon.




