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KamLAND/KamLAND-Zen Collaboratlon

~50 physicists work on this project
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Neutrinoless Double beta decays

OvBP decay search is the direct test of > Access neutrino mass
1 — 7 Effective Majorana
II\\lgeadjecd) :)'? Soamigrgtsgetgrig t;eI:p))Iain the Half Iifel mass
Ovy " — ~0 Ov |2
matter dominant universe <T1/15> =GV |M™| <mﬁﬁ>

»  see-saw mechanism
» Leptogenesis Effective Majorana mass is one of

» Two dominant double beta decay mode the channels to access neutrino mass

¢
- Allowed region of (1)
. - by oscillation experimefits
s 107
/§ Inverted Hierarchy
nuclei nuclei 1072
2 1 /B ﬂ OV B /6 Normal Hierarchy
. . . 3L
Allowed in S.M. Forbidden in S.M. MRa .
Observed NOT observed 104 10° 102 10”

mlightest (eV)

Very long Ov3f decay half-life (> 1018 yr) = Ultra rare events
— Large amount of isotopes & low BG environment

2 IS needed.



Requirements for Experiments

> OvBB decays are extremely rare events requiring special experimental design

1. Large amount of targets Merit of KamLAND—Zen*

e Larger detector
e |sotopic enrichment

2. Super clean detector Merit of KamLAND-Zenf

e Environmental radioactivity (238U, 232Th) in
detector material should be reduced.

Lower energy

e Underground experiment to reduce cosmic muon resolution make overlap

rate

3. Energy resolution Demerit of KamLAND-Zen \f
e Observe total kinetic energy of 2 electrons.

e The larger overlap of 2nbb and Onbb makes 2nbb oousp

a serious background.
e Ge detector has excellent energy resolution

2vBB
3\ ovBp

OvBp




Ka m LAN D 'Ze n Xe-LS container

_ v thin(25um) nylon film balloon
Double beta decay isotope: 136Xe e @3m for KLZ400

* Q-value 2.458 MeV * @4m for KLZ800
 Enrichment ~90% » Xe is installed only within the
« Dissolved into LS ~3% by weight container

e Utilize cleanest volume of /i {|i i)
the large detector Lili i
= Ultra low BG is achieved

JINST 16 P08023 (202~\§1\:\}\5
~750 kg of Xenon

«Xe loaded liquid scintillator (Xe-LS)

KamLAND-Zen 400
320-380 kg of Xenon

Data taking in 2011 - 2015 DAQ started in 2019 |
T _h s . Water Cherenkov detector for active
—*———?T cosmic muon veto
liim i
SE e ) 3m Xe loaded liquid scintillator (Xe-LS)
o M o ;’ b 4m _ Liquid scintillator (no Xe)
*3‘—" i f—l# ( — —7\4

_—" Geo-neutrinos, solar-neutrinos etc..
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woNSi3myy o0 detector
& | upgrade

Event vertex and energy are reconstructed
from time and charge of 1879 PMTs

6.7 % /\/ E(MeV),13.7cm/y/ E(MeV)
KamLAND-Zen 800 completed DAQ on Jan. 11, 2024



https://iopscience.iop.org/article/10.1088/1748-0221/16/08/P08023

D o m i n a nt B a c kg ro u n d s Sensitive volumlze:tirl:'ejzi;d;y%r;

Xe-LS container

ROI 10°
2.35<E <2.70 (MeV)
(a) SD — Total —— B%Xe OVBB (90%C.L. U.L.) 2 4
1()5 T Total (Ovpp U.L.) Xenon spallation products SRR 10

Carbon spallation + BTXe
—— IB/External RI

Internal RI
Solar Neutrino ES + CC

— P%e 2vpBP
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Events / 0.05 MeV

Simulated 2'“Bi Rate (Events/Bin)

e

&

e e bt e
2 4 6
Hot spot (vetoed)  X2+Y? (m?)

e 238U, 232Th on the balloon (XeLS container) film

e The delayed coincidence, 214Bi([3)—214Po(a), does not effectively work on
the film due to a quenching of a decays (delayed signal).

e 2v(3B decays
e |nevitable background source
e Enhancing detector energy resolution will reduce 2v3f3 in ROL.
e Cosmic muon induced Xe spallation products (Long-lived products)

 Afew hours or a few days life-time isotopes are difficult to tag by the
delayed coincidence or simple volume cut. Phys. Rev. C 107, 054612 (2023)
§)

Visible Energy (MeV)



Event Selection, livetime

Within 2.5m radius
muon itself & 2msec veto

ROI

- Within sensitive volume (r<1.57m)
- (Veto 214Bi on the inner balloon)

214Bj-Po, 212Bj-Po veto (in Xe-LS)
(Delayed coincidence + Pileup veto)

Events[/0.05 MeV]

«—|Short lived spallation (10C, 6He, 12B)

1.5 2 2.5 3 35 4 4.5
136Xe Qpp = 2458 kev EnereylMeVl

1

Long lived spallation

_ Lvetime trend Likelihck\djélection

§ 1200:_ .......................................... resu t.\ ...........................................................................

\QE: 1000:_ .........................................................................

E . ‘ Untagged data Tagged data

= 800F
600} Singles data (SD) Long-lived data (LD)
4001~ (sensitive to Ov3p rate)  (constrain the LL rate)
20f simultaneous fit

0

19/12 20/12 21/12 22/12 23/12



136Xe OvBB decay Half-life limit oo

Singles data (SD) Long-lived product data (LD)
(sensitive to Ovpf rate) (used to constrain the LL rate)
Livetime = 1131 days Livetime = 111.0 days
(a) SD —— Total —— ®Xe OVBP (90%C.L. UL.) (b) LD —— Total —— ®%e OVBP (90%C.L. UL.)
10° Eonessssssee, - Total (Ovpp U.L.) Xenon spallation products (0 Total (Ovpp U.L.) Xenon spallation products
> — 13%%e 2vBp Carbon spallation + B37xe > — 13%%e 2vpBp Carbon spallation + B37xe
§ — IB/External RI § — IB/External RI
v 103 Internal RI " Internal RI
= Solar Neutrino ES + CC = Solar Neutrino ES + CC
£ 10 g
> >
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107!

L | | L L L L L h ) I I 1 I I i L ! I g 1 | S

Visible Energy (MeV) S 4 Visible Energy (MeV)
simultaneous fit

KamLAND-Zen 800 only result : 7% > 3.4 x 10 yr (90% C.L.)

» Combined analysis (KamLAND-Zen 400 + 800)

~, 10

5 3 I KLZ 400 only : 0.9 X 10%° yr
i KamLAND-Zen 500 Combined result (90% C.L.):
f? TP% > 3.8 X 10% yr
;: --------------------------------------------------------------- Sensitivity (90% C.L.)
s T =2.6x10% yr

Ovpp Half-life (x10°° yr)


https://arxiv.org/abs/2406.11438

Upper limits from Toy MC

To evaluate the validity of the fit results, the experimental sensitivity was assessed.
® Generated 1,500 ToyMC datasets assuming a Poisson distribution based on the
best-fit model.
e Calculated the 90% confidence level limit for each of the 1,500 MC datasets.
e Defined the median of the 1,500 trials as the experimental sensitivity (Median
Sensitivity).

40 2 %
= %
30 0 Sensitivity: 7Y% > 2.6 X 10%° yr (90% C.L.)
Result: 774 > 3.8 X 10%° yr (90% C.L.)
20
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Limit on the effective Majorana mass

Effective Majorana mass (m 88 ) (meV)
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Limit on the effective Majorana mass

Lower limit of half life

Ref. M (mgg) (meV) 70V > 3.8 % 1026 yr
[1] 2.28,2.45  59.4, 55.3 172
Shell model 2]  1.63, 1.76  83.1, 77.0 »
3, 4] 2.39 56.7 70V _ Qv 0V 2 5
(5] 1.55 87.4 ( 1/2) G “(my)
[6] 2.91 46.6
QRPA 7] 571 £0.0 NME(MOY):1.11=4.77
[8] 1.11, 1.18 122, 115 assuming gA~1.27
[9] 3.38 40.1
[10] 4.20 32.3 . .
EDF theory 1] e 28 4 Upper limit of Majorana mass
[12] 4.24 32.0
IBM [13] 3.25 41.7 (mBB) < 28-122 meV
[14] 3.40 39.9 _
VeSO (< 50 oy Most stringent test of the
NMES IO (<50 me) neutrino mass in the 10
Shell model QRPA Theoretical model
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Kam LAN Dz -Ze n » Dominant BG sources

(a) SD — Total 136Xe OVBB (90%C.L. U.L.)
----- Total (Ovpp U.L.) Xenon spallation products
— B%e 2vpp Carbon spallation + B37Xe
—— IB/External RI

Internal RI

Solar Neutrino ES + CC
—— Data.

Next generation detector R&D is now in progress . ©

10°

Film BG reduction

Scintillation balloon film
Enlarge sensitive volume by tagging .
214Bi(3)—214Po(a) sequential decay on the film. T S S

Visible Energy (MeV)

Events / 0.05 MeV
=

2V[3P decay
Enhance detector energy resolution (o(2.6MeV)4%—~2%)

High QE PMT & Light guide mirror

Improve light collection efficiency and photo coverage

Brighter LS
Higher light yield and transmittance

Cosmic muon induced Xe spalllation products
New Dead-time free electronics

Collect all the neutron information (multiplicity,
vertices) from the noisy period

1000 kg of Xe B
Increase isotope mass | Target <mgg> ~20 meV (5 yrs)




Plan of Detector Upgrades

2025 2026 2027

High QE PMT &

KamLAND & Mirror installation KamLAND? &
KamLAND-Zen KamLANDZ2-Zen

Donel! Cleaner
Xe & Inner Balloon Outer balloon
' Scintillation
EXtacHoN e High light yield
_ ere!! balloon
LS extraction LS
_ Xe LS
Super clean facility New electronics KamLAND2-Zen
Outer balloon & Calibration
PMT dismantling system

KamLAND Dismantling KamLANDZ2 construction

We started detector upgrades in this year
and plan to launch KamLAND2 in 2027!!

13



K E R N E L HEAEH R RS

Kamioka Extremely Rare phenomena and NEutrino research Lab

We are now constructing super clean
facility in Kamioka mine

Upgrade old F |
purification areal!
/S
/ changingroom ]
/\/,afr’éhower room | \'\l\
@Ultra-pure water generation- A = @pﬂ
degassing equipment : ' l
®Charcoal tower g Super-clean /
@Cable tray //\ ’@/@ JF room
//’/ /@—*\Q X \ \* —
// P4 \/®/\ N / exp er
AR )\ LA o
"\ T e - \;:\/,/’ @stairs or ramp
<_;\\\ “\acxg‘(\/,/”’ @Liquid Nitrogen Generator ®@loading crane
AN (0= @HPGe detectors |@Charcoal Tower2
(A ®Cryostat ) e
: \ \
. B i \
Inner balloon construction —— — |
. crystallization, detector construction etc. ﬁﬁ 1 Ll e || N
S E—_ o



Summary

KamLAND-Zen searches for neutrinoless double beta decay
with 136Xe loaded liquid scintillator.

» Combined result for KamLAND-Zen 400 + 800
T >3.8%x10%0yr,  (mys) < 28 — 122 meV

We started detector upgrade toward KamLAND2/KamLAND?2-
Zen.

- Expand sensitive volume (scintillation balloon)
- Enhanced energy resolution (HQEPMT, Light guide)
- Enhanced tagging efficiency of Xe spllation products (New electronics)

he target of KL2-Zen is {mgs) =20 meV

15



Backup



Cosmic muon induced backgrounds

Neutrons give us information
e Alot of neutrons are produced at the same time of
spallation products.
e Neutrons are immediately (207us) captured by H
emitting 2.2 MeV gamma in LS.
* High neutron multiplicity events are likely to be
accompanied by spallation products.

,
2 MeV

Likelihood selection based on,
* Neutron multiplicity
e Distance from neutron capture

-(88Y’ 1 24|, etC)E

. L 4

MCEEERLTERET Y A e Delta-time from muon injection
K E B +/', EC é 0.14;_ i Long-lived
Y / i 0.12 :— B Accidental
r 4—*
2.2 MeV p Long-lived
backgrounds
(hOur"'daYS) 0.04F
Decay of this long-lived spallation
products make serious background in s

KamLAND-Zen
17



Xenon spallation products (ong-ived products)

Individual yields are small but many candidates are produced
Total yield become one of the main background — new major background

~ FLUKA Energy spectra of products
5 Xe-LS (cylmder'geometry) + muon ~90% by major 32 nuclei
O 40_ ....................... ....................... ...................... ....................... ........... g c 10° crren
a 20 : : : : : ;102g §
~ 1 > | :
§ 00 Em% % ‘ :
80 =1 = o : |
- & bt
60 7 Hil |
- 10° skl ! =
40[- R T kY
- f : : : : é 107 itisich sl e e
20 s — — e _______________________ T o I ‘ZJ i__ T
= «carbon spallaton ) e e Tl
% 10 20 30 4 50 e " Jo-2 I EEHHBHP R I T T TR, B, P
. 0 05 1 15 2 25 3 35 4 45 5
Atomic number visible energy [MeV]

e Longer half-lives (~hours to ~days)

* Neutron multiplicity is higher than carbon’s Rejection eﬂ’iciency

. . : o)
A likelihood method is developed 42.0+8.8%
Parameters: Time difference from muon, distance between Xe- This rejected data-set is also used
spallation and neutron capture gamma, effective number of neutron for simultaneous fitting (next page)
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Scintillation inner balloon

- BG(214Bi) reduction from Xe-LS container = Tag this decay with scintillation inner balloon

PTEP. Volume 2019, Issue 7,073HO01, S. Obara et al.
- Current background level

2381 ~3%10-12 g/gfiim
ref. initial film (after washed) \
238U~2x10-12 g/gfim <(Almost same Ievel)

Difficult for further improvement

\ In water

- Current tagging efficiency
~50% due to 214Po alpha decay

Xe-LS container 800 mm diameter
& 50 um thickness

Xe-LS
ng ht @ 0 ®
emission Qj- MeV Oe

b 4 - —In
cf) Xe-LS tagging eff. 99.97% PolyEthylene Naphthalate (PEN)

19
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High QE PMT & light guide

20 inch PMT (R12860-03LXA)

i High quantum efficiency

—=— 20 inch HQE PMT

wi -
o 351

e +— 17 inch PMT

30— / \
25— // ) \
20 |/ ——— -
153— / 7““‘"’- \\
" ‘i\i\,\
800 350 ‘4(1)0A ‘45|0 5(;0 = 'ssl-cr‘:};:;)o
Wavelength [nm]
PMT spec: New 20" 177
Dynode Box & line Line-focus
Q. E. @400nm 31.9% 23% @390 nm
P/V ratio 3 3.4
Raise time [ns] 6
Time Transit Spread [ns] 24 3.5
Dark pulse rate (ave.) [kHZ] 8 221

20

PMT placed at rhombic triacontahedron
(Current KL: 1325 17 inch & 554 20 inch PMTs)

Event display

Fill in the gaps with light collecting mirror

4 hexagons + 10 pentagons + 2 squares
Photo coverage ~34% — ~100%



Prototype detector for KL2

Cleanlng is important work! % Inside of the detector |
w , | PMTs w/o light collection mirror

30L LS box
Pure installed
water = W dy
injection
—_—

30L LS bok




