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KamLAND-Zen Collaboration
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Observed in
various isotopes

Mono-energetic FS"ea,/k at Q value
(widen by the energy,,;,§,§olution)

It Ov B B decay observed :
0.0 0.2 0.4 0.6 0.8 . - :
Summed electron kinetic energy/Q-value ! IeptOn number VIOIatIOn
Observable - T{)/I/Z + heutrino is Majorana particle (v = o)
Ov \—1 __ ~0 411 700 (2 9 - gives effective Majorana mass, neutrino
(T1/]/2) =G (ga.et/9a)" |M77 " (mps) 0 :

mass hierarchy information

Since this is very rare decav L 78 > 1026 v for 136X o),

a large amount of target isotopes & ultra low BG environment are required



Mt. lkenoyama

Gifu Prefecture, Japan inverseaetaiE
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Osaka Tokyo

-In operation since 2002
______________ i -well known detector response
Box&Line > 4 iy \ AN | T — Ultra low BG liquid scintillator

17-inch PMTs & A \ M [N T el 5 B (1S g/g
(1325) Pure water .232Th ~ 1.3x10-17 g/g

. . A B 3.2 kton . . o
VenetianBlind {4 (ees=m=m===mmmm o -Many physics targets (Followings are recent publications)
/

20-inch PMTs A3 \ 497\ BN . Geo-neutrino : https://doi.org/10.1029/2022GL 099566

(554) D N L 20-inch PMTs

N4 ----.." 7 7

g \\\‘“""" ) i " : .
\\\\// (140) Astrophyélcal r.weutrlr.lo : |
- https://iopscience.iop.org/article/

Bufter oil

Stainless tank 10.384/7/1538-4357/acde/e
(18m o) Liquid scintillator (~1 kton) - https://doi.org/10.3847/1538-435/7/ac32¢c
- https://doi.org/10.3847/1538-4357/ac35d" 5
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KamLAND-Zen experiment

Zen . Zero neutrino double beta decay search
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136Xe enriched Xenon loaded LS (Xe-LS) into

KamLAND center within inner balloon

-utilize KamLAND ultra-low BG environment

racteristics :

y stable noble gas

-Dissolved into LS ;: ~3.1 wt%
-Enrichment ;: 90.8% 136Xe, 8.8% 134Xe

2.458 MeV, Low BG region in KamLAND

e U -Slow 136Xe 2 v B B decay (Ti2 = 2.2 x 1021 year, ~2600 events per in
iInner balloon per day) — less 2v B B tail due to energy resolution




History ot KamLAND-Zen experiment

2011 2012 2013 2014 2015 2016-2018 2019 2020 2021
4 KamLAND-Zen 800 (ong
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Phys. Rev. Lett. 117, 082503 + Diilration: 201 - 2015 - Data taking started Jan. 2019 74




Period-1 Period-2

. Observed event 2 -

+21Po+"Kr+"K _ Background  Bstimated Best-fit Estimated Best-fit ik
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Residual radioactivity in Xe-LS
214Bj (#3%U series) 0.23+0.04 0.25 0.028 + 0.005 0.03
298T1 (**Th series) - 0.001 - 0.001 ol _
110m 5 g : 8.5 : 0.0 2y |\
External (Radioactivity in IB) /
214Bi (*3®U series) - 2.56 - 2.45
2081 (*32Th series) - 0.02 - 0.03
110m A o - 0.003 - 0.002
Spallation products
19C 2.74+07 33 2.6 £0.7 2.8
°He 0.07+£0.18 0.08 0.07+0.18 0.08
12 0.15+0.04 0.16 0.144+0.04 0.15
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KamLAND-Zen 400:

.. Minibaloonradius =154

. Xenon mass = 320 ~ 380 kg
s es i about tactor. of.g

Xenon mass
Not only the mass scaling, but also hardware/software improvement are

achieved




Hardware improvement
Ultra-clean inner-balloon fabrication

Pattern of inner balloon film
Corrugated —_

tube Straight 2 Gore
tube | x24

x 1

«— otrings

1,500 mm

¥ String guide a
~_Nylon bel - 25 um thickness nylon film

Straight fube components are welded to
make 3.8 m diameter inner

L0\ Sphere made mm balloon
',' § by 24 gores 'R L

3,050 mm
<—>

/
[ 1]
| | .
[ ||
g4

\

Cone

5,416 mm
1,019 mm

Polar cap
and harness

1,920 mm

details can be found ; JINST 16, PO8023 (2021) and NOW 2018 presentation (Y. Gando) 9



Hardware improvement
Ultra-clean inner-ballon tabrication

. All fabrication work were
done In class 1 clean room
INn Sendal, Japan.




‘v . K =
7 X
~50 cm
L AL \

The contamination levels in the |
238 : (3= 1) x 1012 g/gFiim
232Th : (3.8 £ 0.2) x101! g/gFim

— factor of 10 reduction from KamLAND-Zen 400

Hardware improvement
Ultra-clean inner-ballon fabricatio
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(b)
----- IB/External RI

——= Carbon spallation +37Xe — Solar neutrino ES+CC

—— Xenon spallation products ~ —— Total
Internal RI

z—-ﬁﬂ = |

Events/Bin

— We set a fiducial volume cut of 1.57 m

n — — — — ] — — — — — — — ——

(Radius/1.90 m)?

details can be found : JINST 16, PO8023 (2021) and NOW 2018 presentation (Y. Gando) 11



Software improvement
Short life-time Rls rejection tool

2. Neutron

Tagged by 2.2 MeV

Expected energy spectra neutron capture y

(KamLAND
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3.5 4 4.5
visible energy [MeV]

- To remove carbon spallation & 137Xe (136Xe neutron capture)
. AT < 150 ms after passing through the LS

. Triple coincidence (Du, @n-capture r, @4R < 160 cm from neutron capture 7y -ray)
New!) a likelihood method based on muon energy deposition (dE/dX)

12



Software improvement
Short life-time Rls rejection tool

Products \

OO 200 400 800 | 1000 1200 1400 1600

u track length [cm]

- newly developed shower reconstruction tool to calculate light intensity profiles
along the u track based on the timing of all the photons.
. Rejection efficiencies for 19C, 6He and '37Xe are > 99.3%, (97.6+1.7)%, and (74+7%)

13



Long-lived Isotopes from xenon spallation

- many candidate Isotopes whose Iindividual yields are too small to be decomposed
- Total yield becomes one of the main BG

[—
-
(OV)

S
Production Rate [/day/kton]

2 5

[
-

_- .........................................................

s@a”aﬁpn

- half life : (~hours to ~days)

- Primary contributions :

132 130] 124| 122| 118Sp 110|n gnd 88Y

- Xe spallation :

- characterized by detecting multiple neutrons

Atomic Number



Long-lived Isotopes from xenon spallation

- Traced decay chain using Geant4
- Checked decay database consistency with ENSDF

+ Expected event rate : S
+ 0.082+0.006 event/day/Xe-ton/ROI %
- ~90% from major 32 nuclel %
- A new likelihood method is developed E
- Parameters : z

- AT from u

- 4R between Xe-spallation and neutron capture r
- heutron multiplicity

= . |

: - : e e =
- Data which is classified as long-lived background is also 2 i I!' = - i
used for simultaneous fitting visible energy [MeV]

42.0 £ 8.8% rejection efficiency

(8.6% signal sacrifice) 15



Radius <250 cm

(a) 235 <E <2.70 MeV

Analysis volume : R<2.5 m ' Bt SR Rn-veto & r < 157cm

Long-lived spall.
candidates.

- Energy spectrum fitting
" by each bin

Visible Energy [MeV] |

Evis [MeV]

- R < 2.5 m from the center and > 0.7 m from the bottom
e Al> 2. ms from. it
- Radioactive decays rejection
- (214B1-214Po, 212Bj-212Po by coincidence & double pulse veto, spallation veto)
v, event rejection by inverse [B-decay coincidence

- Poorly reconstructed event rejection

16



(a) 235 <E < 2.70 MeV 3 time bin’s shapes
Analysis volume : R <2.5 m

TT 2 T3 T 2 3 1E T2 T3
Free:

KL convections (Rls
In KamLS), E-scales

Constant: Decay:
QBB 21060 clc Rls in XelS, IB

if;e;gg;gfg"um fiting simultaneous fit :

3 time bins x 40 volume bins (20 equal-volume
bins in each upper/lower hemisphere) x 2 data
Il (singles data, long-lived data) x 86 energy bins (0.5
MRSV 4.3 MeV, 0.05 MeV bin)

Free parameters : Ov B8 B, 2v B B, 85Kr, 40K, 210Bj, 228Th-208Pp sub-chain, long-lived spallation products
Constraint : 222Rn-219Ppb sub-chain, short-lived spallation products, detector energy response model

17



Obtained spectrum

136 e 2vpp IB/External RI
g CO m bl ned energy S peCtra é —-—-— Carbon Spallatlon +137Xe Solar neutrino ES+CC

Internal 10 volume bins _— ﬁi?f;flfflnaﬁon products ~ — Total
3 time bins : 5
- KamLAND-Zen800 523 days livetime data set

49.3 days for long-lived product data set

Events/Bin
o
[\

[
-
-

(Radlus/ 1.90 m)°

Ovfp candidate data set Long-lived product data set

~(a) Singles Data Total B36Xe Oupp (90% C.L. U.L)) (b) Long-lived Total B36Xe Oupp (90% C.L. U.L))
= Total (Ovfp U.L.) —-— Carbon spallation + *"Xe Total (Ovfp U.L.) —-— Carbon spallation + *"Xe
136X e 2088 Xenon spallation products 136Xe 2upp Xenon spallation products
Internal RI Internal RI
—==- [B/External RI —==- [B/External RI
Solar neutrino ES+CC Solar neutrino ES+CC

—
-
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Ll IIIIII| I

Event/0.05 MeV
Event/0.05 MeV

[
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-

ek
-
=
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e N | |

hI..IIII |

i
2
Visible Energy (MeV) Visible Energy (MeV)

- Bestfitof Ov 88 rate: O
- Upper Iimit on 136Xe Ov B B < 7.9 events, < 15.b (ton - yr)-! in units of 36Xe exposure

— —




Zen - 400 and Zen - 800 combined

0.02

e Best Fit

--- 90%
--95%

0.06

Ov )b Rate (Events/(Day Xe-ton))

- Ov B B rate v.s. long-lived Rl rate scan

-LUKA prediction - 0.082
. Scanned result of Long-lived Rl tagging eff :40.

- Long-lived rate in 2.3b<E<2.7/0 MeV : 0.111 £ 0.019 events/day/Xe-ton

+ 0.006 events/day/Xe-ton

11:52 % : consistent with the estimation
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Limit on half-life

Zen400 Phasel

/.en400 Phase?2
Zen800

Zen400 Phase2 + Zen&800 5
KamILLAND-Zen all combined|:

Half-life [10°° year]

T2 90 10°C ¢

FLiZ 02501020 0

Plidasid b 020

20
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KamLAND-Zen upper limits
IBM

W
N
O

s = 2]
NME=1.11~4.77

(mgg) <36 — 156 meV

(a) (b) (c)
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First Ov B8 B search in the inverted
EREEEE Mass ordering region
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0
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Lightest neutrino mass (meV) Submited to PRL (arXiv : 2203.02139)

Prediction : Experiment :
(@) : Phys. Rev. D 86, 013002 (Ge) : GERDA, Phys. Lett. 125 252502

(b) : Phys. Lett. B 811, 135956 (1) : CUORE, Nature 604, 53
(c) : Euro. Phys. J C 80, 76
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Event/0.05 MeV
o

ek
-
-

(-
-

Ovpf candidate data set B+ XeLS BG
B-XelS BG

Ouvpp

2

1B 214Bj

(small contribution) |

Ovbp) U.L.
(90% C.L.)

Long-lived

‘. [ O O . . . O . .
AL spallatlon 2 /7% of XelLS BG and 59% IB BG rejection while 10% signal ineft.

—17.7/% exposure gain without hardware upgrade

>3
Visible Energy (MeV)

+ State-of-the-art - —
| electronics N
- mprove background suppression. =g .
PID w/ NN, new electronics Tagging long lived isotope from =L~

cosmic ray spallation.

by > wihy

to reduce BGs

' L =,
H

e SRR SRR SN Y

R
t

) i (4]
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Toward KamLANDZ2-Zen

 Scintillation inner balloon

Y. L Purpose: reduce backgrounds originating from balloon.
* High QE PMT, Winstone cone SR % AL ST S e
and LAB base brighter LS

Improve light collection efficiency (x1.9), NN T | S Polyethylene
photo coverage (x1.8), and photon yield (x1.4) WSS ::n 153 fratiss naphthalate
- i . - o % LT » |

v | https://doi.org/10.1093/ptep/ptz064
WAL https://doi.org/10.1088/1742-6596/1468/1/012136

Material screening using ultra-low BG HPGe
and ICP-MS

T T e

- Inside (organic sample)

microwave muffle
isSMSB on the HPGé furnace ashing system

Sample Stage
B UG - _
| == ' _», ‘ v - \ HNOssqution\ L
Performance check using =4 -
Prototype detector is ongoing. HPGe measurement ICP-MS measurement

(226228R3 etc.) (238U, 232Th etc.)

R & D are ongoing toward KamLANDZ2-Zen (Target : ~20 meV/5 yr) 23
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Summary

- The latest result of KamLAND-Zen Ov B B8 search :
- hardware improvement (cleaner inner balloon
. software improvement (spallation veto, understanding the long-lived
spallation products

> 2.3 x 1026 year (90% C.L., KL—Zen400, 800 combined analysis

DS g2 s 2SS el seatet D e Ve tiec 0SS QroeLied o0,







BG budget

TABLE I: Summary of the estimated and best-fit background

Ovpf candidate data set

contributions for the frequentist and Bayesian analyses in the E(a) Singles Data Total 136Xe 0vpBp (90% C.L. U.L.)
energy region 2.35 < £ < 2.70 MeV within the 1.57-m-radius = e Total (OuBp U.L.) —-— Carbon spallation + 137Xe
spherical volume. In total, 24 events were observed. > 104L 136Xe 2058 Xenon spallation products
O =
Background Estimated Best-fit 2 5, Et;’;nfl RII o
L ——— xterna
Frequentist  Bayesian 8 - R - Solar neutrino ES+CC
136Xe 20813 _ 11.98 11.95 o 10°: 5 s + Data
Residual radioactivity in Xe-LS g - [i e !-,1 L. +
2381J series 0.14 4+ 0.04 0.14 0.09 Q>) = | 'I- f +tr'__..___t.___' i
***Th series : 0.84 0.87 = 109 R #‘Jﬁ f " R g
External (Radioactivity in IB) = JLI_I L : | . -
2?’Slj series - 3.05 3.46 = 1, i I B B 2|’ | ']-L-T.'-S;""'h--s. L | 4-""‘1-.. T
232Th series - 0.01 0.01 .
Neutrino interactions Visible Energy (M@V)
°B solar v e~ ES 1.65 + 0.04 1.65 1.65
Spallation products : _
Long-lived TT5E057TT 12,52 11.80 solar v : 8B solar v elastic scattering &
10
C 0.00 & 0.05 0.00 0.00 CC ' : 7 136 136 :
interaction of ’‘Be + 136Xe — 136Cs is pro-
°He 0.20 +0.13 0.22 0.21 %
137X e 0.33 + 0.28 0.34 0.34 ducted, and 1its 5 decay.

I Estimation based on the spallation MC study. This event
rate constraint is not applied to the spectrum fit.
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