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Neutrino Science with KamLAND

o KamLAND started taking data about 25 years ago!

® Circa 2002, the primary goal was to measure neutrino
OSCi||ationS using reactor antineutrinos, KamLAND, Phys.Rev.D 88 (2013) 3, 033001, arXiv:1303.4667
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&@ Direct observation of two full oscillation cycles
KamLAND determined that LMA-MSW was the

= Nuclear Reactor solution to the solar neutrino problem.
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Neutrino Science with KamLAND

Highly versatile KamLAND detector allows for a broad science program...

Geo and Reactor Neutrinos
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1000m rock = 2700 mwe

KamLAND(-Zen) detector Kamioka Mine in Japar

e 1 kton Liquid Scintillator Detector

® 06.5m radius balloon filled with:

o 20% Pseudocumene (scintillator)
e 80% Dodecane (oil)
e PPO

o 34% PMT coverage
e ~1300 177 fast PMTs
o ~550 20" large PMTs

W ¢

1800 m?

e \Vater Cherenkov veto Buffer Ol

e QOperational since 2002 " Water Cherenk
ater erenkov

Outer Detector

3200 m3
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KamLAND(-Zen) detector

Particles interact in the LS and deposit energy.
Energy is converted to light and detected by PMTs

Fvent Display

PMT Charge
Energy reconstruction Position reconstruction
6.7 % 13.7 cm
vV EMeV) vV EMeV)
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KamLAND-Zen 400 KamLAND-Zen 800

2011 - 2015 2019 - 2024

e |nner-balloon radius 1.90m
o 745kg 136Xe
e Exposure 2100 kg-yr

e |nner-balloon radius |.54m
e 320 - 380kg !36Xe
e Exposure 504 kg-yr

Full dataset

TVi2 > 1.1 x 1026 yr
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KamLAND-Zen Coll, Phys. Rev. Lett. 117, 082503 (2016); arXiv:1605.02889 . KamLAND-Zen Coll, Phys.Rev. Lett. 135, 262501 (2025); arXiv:2406.11438



Sighals and Backgrounds

® Expected signal: peak for 136Xe at Qg = 2.458 MeV
® Define Region of Interest (ROI) between 2.35-2.70 MeV

® Primary Backgrounds:

10°

10°

® Cosmic muon spallation 10!
: : : : : 2 10° EQBB
® Radioactive contamination, e.g. 2/4Bi =
g 107
® Solar neutrinos g
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KLZ 800 Inner-Ballon Backgrounds
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| 214Bi from radon-chain veto: 3 delayed coincidence a very effective veto in Xe-LS
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Xe-LS backgrounds:
238 ~ |.520.4 x 10-17 g/g
232Th ~ 3.0+£0.4 x |0-1¢ g/g

Balloon film backgrounds:
238 ~4 x 10-12 g/g

20Th ~2 x 10-11 g/g GEANT4 based MC with 2!4Bi 3+Yy cascade, particle tracking,

energy deposit, scintillation photon emission / propagation
10x reduction compared to KLZ 400 IB



Muon Spallation

Carbon-based liquid scintillator: 12C + 4 — spallation products

Spallation on 2C

- -
e %
(Arbitrary Units)

AL“‘ 0.5 1 1.5 2 25 3 3.5 4
AT Visible Energy (MeV)

(muon time — decay time)

Isotope T1(s) Eff (%)

Triple coincidence cut (muon, neutron capture, subsequent '°C decay) 10C 27.8 99.3

effective veto, tagging efficiency ~99%
SHe 1.2 97.6x1.7

Short-lived spallation products T < ~5 min 137Xe 330 74+7
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Muon Spallation

L + 136Xe spallation products from FLUKA simulation

Spallation on '3¢Xe
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KamLAND-Zen, Phys.Rev.C 107 (2023) 5, 054612, arXiv:2301.09307



Spallation on !36Xe

KamLAND-Zen, Phys.Rev.C 107 (2023) 5,

Muon Spallation

L + 136Xe spallation products from FLUKA simulation, spectrum after decay

ROI

(spectra in equilibrium)
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Long-lived spallation products in the ROI
Tin: several hours to weeks
Very low rate!
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Event Selection

(745 = 3)kg Xe, | | 31 day lifetime — 2100 kg-yr exposure

® Event selection cuts:

® Events < 2.5m from center
and > 0./m away from bottom

® Events > |50ms after muons

® Radioactive decays by coincidence cut rejected
® [, identified by coincidence cut rejected

® Poorly reconstructed events rejected

® Spallation cuts applied:

® Short-lived spallation (e.g. '9C) rejected

® Long-lived (LL) spallation: tagged and untagged sample

Pat /‘/C,é Dec oS ,é// /\/hé fref”

Events[/0.05 MeV]

6 ROI
10
R<25m
105 R<I1.57/m
Rn-veto

Short-lived spallation
LL-tagged (Xe-spall cand)
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Fitting the Data in Equal Volume Bins

Vertex distribution in the ROI overlaid on 2/4Bi MC
Beta-decay of 2!4Bi can also include a y at 2.448 MeV
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Fitting the Data in Equal Volume Bins

Vertex distribution in the ROI overlaid on 2/4Bi MC
Beta-decay of 2!4Bi can also include a y at 2.448 MeV
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Fitting the Data in Equal Volume Bins

Vertex distribution in the ROl overlaid on 214Bi MC

Beta-decay of 2!4Bi can also include a y at 2.448 MeV
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Simulated “'“Bi Rate (Events/Bin)

® Simultaneously fit 40 equal volume bins

inside of R < 2.5 m

® |nner region = more sensitive to OV2[3 decay

® Quter region — more sensitive to backgrounds
on inner-balloon film

® All parameters fitted simultaneously
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Fitting the Data in Equal Volume Bins

Vertex distribution in the ROl overlaid on 2!4Bi MC
Beta-decay of 2!4Bi can also include a y at 2.448 MeV
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Events / 0.05 MeV

New KamLAND-Zen 800 Results arXiv:2406.11438

Spectrum inside R<1.57m Fiducial Volume

— PXe 2vpp

Visible Energy (MeV)
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https://arxiv.org/abs/2406.11438

Events / 0.05 MeV

10

107!

New KamLAND-Zen 800 Results arXiv:2406.11438

Spectrum inside R<1.57m Fiducial Volume

BG-only

—— Total
—— Xenon spallation products
— D%%e 2vPRP —— Carbon spallation + BXe
—— [B/External RI
Internal RI

Solar Neutrino ES + CC

2 3 s

Visible Energy (MeV)
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https://arxiv.org/abs/2406.11438

Events / 0.05 MeV

10°

10°

New KamLAND-Zen 800 Results

arXiv:2406.11438

Spectrum inside R<1.57m Fiducial Volume
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New KamLAND-Zen 800 Results arXiv:2406.11438

Spectrum inside R<1.57m Fiducial Volume

; Uober Limit —— Total — 190X Ovpp (90%C.L. U.L.)
1()5 : PP ovee | Total (Ovpp U.L.) —— Xenon spallation products
> on Ov3B — Do%e 2vPRP —— Carbon spallation + B7xe
= = — IB/External RI
v 10° Internal RI
g = Solar Neutrino ES + CC
~ = L Data
z — P .
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> = 'Y *
10_1 é_ m—_

Visible Energy (MeV)

90% C.L. Upper Limit < [0.0 events = 12> 3.4 x 1026 yr
[Sensitivity T12> 2.3 x 1026 yr]

Combined with earlier KamLAND-Zen 400 results: T,/,2 > 3.8 x 1026 years
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Ov2[3 and tagged Long-lived spectrum
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The two spectra (0v2p and Xe-spallation) are fitted simultaneously to constrain the Xe-spallation BG



arXiv:2406.11438

Effective Majorana Mass

(T7Y/5) ™ = Gou(Q, Z)| Mo, |* (mpp)* (a) NO
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arXiv:2406.11438

Effective Majorana Mass

Exp. (1145 limits
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Transition to KamLAND?2-Zen In progress!
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KamLAND2-Zen

Design sensitivity of Ti2>2 x 1027 yrs and (mj;) ~ 20 meV

® |mproved energy resolution:Winston Cones (x1.8), High-QE PMTs (x1.9)

® 4% — 2% (x100 reduction in 2v[3[3 BG rate)

® Better tag long-lived spallation BG: State-of-the-art electronics

® Reduce BG on inner balloon: scintillating balloon
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KamLAND2-Zen

Design sensitivity of Ti2>2 x 1027 yrs and (mj;) ~ 20 meV

® |mproved energy resolution:Winston Cones (x1.8), High-QE PMTs (x1.9)

® 4% — 2% (x100 reduction in 2v[3[3 BG rate)

® Better tag long-lived spallation BG: State-of-the-art electronics

® Reduce BG on inner balloon: scintillating balloon
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KamLAND2-Zen

Design sensitivity of Ti2>2 x 1027 yrs and (mj;) ~ 20 meV

® |mproved energy resolution:Winston Cones (x1.8), High-QE PMTs (x1.9)

® 4% — 2% (x100 reduction in 2v[3[3 BG rate)

® Better tag long-lived spallation BG: State-of-the-art &lectronics

® Reduce BG on inner balloof: scintillating balloon
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—————

More photons collected:
- Mirrors: x1.8
- HQE PMTs: x1.9
- 1900 new PMTs
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Very similar to original KamLAND balloon:
- 6.5 m radius
- 125 pm five-layer EVOH-nylon film

Tests being done on original balloon:
— 25 years in LS!



Scintillating Inner Balloon

PEN (Polyethylene naphthalate) balloon

3000
2719.2
2698. 60

2010 83

— 2'4Po
a (164 ys) 7.8 MeV
— __ 2I0Ph

Detect delayed a with scintillating
PEN balloon film

In water, with UV light

25 Pm Obara, Gando, Ishidoshiro, PTEP 2019, 7, 073H01 (2019); arXiv:1903.10736



to KamLAND?2-Zen
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KamLAND-Zen Decomissioning

KamLAND2-Zen Construction
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Summary

® Neutrinoless double beta decay searches are the only practical method to
search for Majorana neutrinos in a model-independent way

e All KaimLAND-Zen data, 2.1 ton-year of exposure
® T,,0v>3.8x 102 yr (90% C.L.) = {mpp) <28 - 122 meV

® Currently best limit - starting to probe Inverted Ordering

® KamLAND-Zen 800 stopped operation, being dismantled

® — KamLAND?2 (end 2027) & KamLAND?2-Zen (end 2028)

® KamLAND?2-Zen will have sensitivity of 2 x 1027 years = {mgg) ~ 20 meV

Padrick Decowsk / Nikhet
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KamLAND-Zen uses Xe-doped LS

+Well-understood detector
+Highly pure, self-shielding environment

+Large [3[3 source mass, scalable
745 kg of 136Xe

dissolved in Liquid

-Relatively poor energy resolution >0
Scintillator

-No particle identification

y a | Mt
T > € 4\ G AR

Detector Mass,
Exposure, BG and
Energy Resolution
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KamLAND-Zen, 2.1 ton-yr exposure

Sensitivity

Given the background, what is the expected sensitivity?

40

20
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Sensitivity: T2 > 2.6 x 1026 years
Combined limit: T,,2 > 3.8 x 10%2¢ years



KLZ 800 Inner-Ballon Backgrounds

" Fiducial
Volume

Balloon film backgrounds:
238 ~ 3 x 10-12 g/g
232Th ~4 x |0 g/g

10x reduction compared to KLZ 400 IB
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