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Neutrinoless double beta decay (0.45) ?

Double beta decay:
* Rare nuclear transitions in even-even nuclides (35 nuclides in nature)

e 2uhp mode:
Within Standard Model, le/’jz ~ 1078 - 1024 years, observed in 11 nuclides, wide spread in [} spectrum

* Ovpp mode:
pp carries all the energy, leading to mono-energetic peak
Lepton number violating process, Beyond Standard Model

Schechter-Valle theorem: regardless of underlying mechanism, v — v transformation can be constructed !

JHEP 2011, 91 (2011)

Ve e e

Clear signature for Majorana nature of neutrinos
Leptogenesis / Baryon asymmetry of the Universe

* Exotic modes: Majorons / sterile neutrinos emission, Lorentz invariance violation ...
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Neutrinoless double beta decay (0.45) ?

Most popular mechanism for 0v44: light Majorana neutrino exchange
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Rev. Mod. Phys. 95, 025002 (2023)

(T~ = G™Q,72) | M™|?

Phase space factor T T

Nuclear matrix element (NME)
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Effective Majorana neutrino mass, my; = U m

Constraining neutrino mass !

Very rare event rate: 77 > 10°° years
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AMORE experiment

100Mo target material:
* Q-value = 3.034 MeV, natural abundance of 9.7%, relatively high rate

Cryogenic calorimeter with scintillating Mo-containing crystals

e Ca'®MoOQy4, Li2190Mo0O4 crystals with 95% enrichment of 100Mo
* Detecting energetic phonons and scintillation at ~10 mK

* Metallic magnetic calorimeter (MMC) : Fast response, excellent dynamic range and energy resolution
 Signal: AE -> AM (MMC) -> Al (SQUID) MMC sensor Light channel side

Cu supports Au wires
E—

input  Mis .

Scintillating
Molybdate particl
Crystal Interagtion
Phonon

Vikuiti film

A . reflector
” wire Au film .
h sensor pick-up coil Cu supports  =—g— Au wires
phono

phonon C‘”"ec"or Iy aye, 7/ > ey aeyayay MMGC sensor _
substrate 4 Heat channel side
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AMoRE experimental campaigns

AMOoRE-pilot (2015-2018) AMORE-I (2020-2023)

6 48derCaMoOs4 crystals:
1.9 (0.88) kg of CMO (190Mo)

13 CMOs + 5 Li2MoQOg4 crystals :
6.2 (3.0) kg of CMO + LMO (19%0Mo)
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* Live exposure ~ 4 kgmo-100-Vr.
- Background at ROI~0.025 ckky.

TPh > 2.9 X 10°* yrs (90% CL)

* Live exposure ~ 0.32 kgmo-100-Yr.
- Background at ROl ~0.5 cnts/keV/kg/year.

. TP > 3.2 X 10% yrs (90% CL)

- World best limit for Ovff of 100Mo.

Astropart. Phys. 162 102991 (2024) PRL 134 082501 (202
EPJC 79:791 (2019) 34 082501 (2025)
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counts/keV/kg/day

Continuing study with AMoRE-I data

Lowering E threshold with R-value trigger (Wootae Kim’s talk)
Improving the energy resolution based on optimal filtering & baseline-dependent drift correction ] (Bijaya Sharma’s talk)

Searching for Ov2EC (193 keV) with 2.5 keV FWHM
Background modeling with simulation (Binod Bhandari’s poster)
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AMORE-II (2025 -)
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* 85 kg of 190Mo
* In Yemilab, 1000 m depth.
« Exposure > 500 kgmo-100-Vr.
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» Aiming at ~ zero background event:
Less than 1cnts /157 kg / 5 year / 10 keV FWHM@ ROI
~ 10-4 cnts/kg/keV/year

- Aiming at T?/”z ~ 4 % 10?0 yrs




Crystal production

LioMoQ4 crystals (1Mo enrichment ~ 96%)

Intensive purification of raw materials

Cylindrical crystals with5cm (D) x 5cm (H) &6 cm x 6 cm
Manufactured by CUP & NIIC, several years of production
Low background verified

~ 260 crystals (~110 kg) in storage

Material Supplier 8¢ 228Th
(mBqg/kg) (mBg/kg)
Crystal Natural CMO (1902)* CUP 56 (4) < 55 < 53 < 39
Enriched CMO (SE#3)° CUP < 20 < 32 < 16 < 32
Natural LMO (1602)* CUP < 33 < 26 <15 29 (9)
Natural LMO (1801)® CUP < 12 < 32 < 13 < 14
Enriched LMO (1901)° CUP < 15 < 57 < 34 < 14
Enriched LMO (2005)° CUP < 35 < 4.1 < 36 < 14
Front. Phys. 12:1362209 (2024)




ensor production
MMC production at CUP & University of Heidelberg
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Detector module assembly in clean room
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Humidity: < 1000 ppm water contents
Rn level: < 0.1Bg/ms3
Dust level: class 100 10




AMOoORE-Il detector

Light absorber (wafer)

Phonon collectors
(light channel)

o
o

Teflon pieces
as spacers, clamps

Copper frame

Reflector film Phonon collectors (heat channel)

Stabilization heater

11

Massive crystals:
300 g & 520 ¢

Very hygroscopic crystal:
handling at < 10% RH at RT

Diffusive surfaces

Phonon collector:
gold w/ Mo adhesion

Ag:Er MMC + 2-stage SQUID
Non-thermal link (optional)
Si-wafer light detector
Si-wafer tightly secured:
vibrationless

closer to the crystal

Efficient stacking



AMOoORE-Il detector
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Massive crystals:
300 g & 520 ¢

Very hygroscopic crystal:
handling at < 10% RH at RT

Diffusive surfaces

Phonon collector:
gold w/ Mo adhesion

Ag:Er MMC + 2-stage SQUID
Non-thermal link (optional)
Si-wafer light detector
Si-wafer tightly secured:
vibrationless

closer to the crystal

Efficient stacking



)

.
o
N

Rise time (a.u.

AMORE-II detector é@
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Crystals with diffusive surface: ,/, """
Slower response, but more consistent behavior w
better energy resolution o /
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J. Low Temp. Phys. 218:83 (2024)
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Counts/keV

AMOoORE-Il detector

R&D detector performance

g leat channel: RT =2 - 5 ms, FWHM@2.6 MeV = 7.6 keV

_ight channel: RT = 370 - 460 us,

FWHM®@baseline, 5.9 keV =99, 198 eV
Fast timing useful for pile-up rejection
with larger crystal

Good performance in 10 - 30 mK
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W s \ \ 222 & 2}5 keV, Ag

11 5.9 &6.5keV, Fe light ch

/FWHM =198 eV @ 5.9 keV

l 17.5 & 19.6 keV, Mo

481 eV @ 17.5 keV

5 10 15 20 25 30
Energy [keV]

Eur. Phys. J. C. 85:172 (2025)



AMORE-Il detector

Particle identification

Crystal absorber

2.615 MeV ¥ (208Tl)
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Scinitllation collection = 0.79 - 0.96 keV/MeV
a guenching in scintillation signal ~ 0.25

0.50 1§

0.45
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Light absorber (Si)
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Scintillation events

Direct hit events (X-ray, u)

Direct hit + Scintillation events

1.00 1.25 150 1.75 2.00

Energy (a.u.)

Clear rejection of a background in the ROI (E = 3.034 MeV)

Overall, promising detector performance for AMoRE-II !!!
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AMoRE-Il cryostat

lk\  Yoa

- ki - % L
|

—

o f - Y : 1 >3
' : - 4\ - ,. 7 ] 3 -
- ol o T B . >3 .
o R ~ d 3 Al A iy ASS : 5
= o A 1 ‘ 3 Al ! A = =
4 B i ; . —_— P ; . N o »
S x : _ - ‘ B ! = E 3% A A - — = £.C LJy.;
- | | { - i \ e . )
! ‘ A | \ » e E R [ ESl K | 2
= X Ry e “ERUR [ e ! Al i ; /
) LS | b J g’ 3 b B ",v / ) L . | ,?
A | 3 S 1 - s 4 ! S/ ! ¥ 1z ‘ N >
7o §l § SR 0y T T 8 IS i | e | | )
y & TR T N ) & 1/ ( |
- - - # ¥ =5 5 = 4
\ 3 vyt | N 4 /i 5 &
~ : ¢ - |
' g = ¥ [ \
b \ Ly =\ X ~ L]

TR HCE
TR HCE

A

o R
e

= ) ~:- ;;__‘_—7 e
SRS —— e -
' — ¢ T v
s |
o
.. .
C
— = s
. y - - i

:

<5100

Q@@ S e

@@ m& e
@

9
o
=
®
B

" @@@

QUID electronics
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- Large cryogen-free dilution refrigerator with 3 pulse tube refrigerators, cooling power > 5yW@ 10 mK
 Cabling: ~ 8000 wires ( ~3000 wires installed for stage 1)
CuNi alloy30 (D=160xm) with NOMAX wire between top plate & MC
* 6.9 mK base temperature reached after 1st stage wiring installation
» Compact SQUID electronics (Magnicon) for large number of SQUID channels

- Accommodating 3.3 tons of setup : detector array + lead shield
15



Preparation of innermost shielding part
STS rods :

0, Cu

Kevlar strings

| Cu, Pb cleaning:

' Degreasing (Kerosene/IPA/Citranox’

~ Surface etching (Nitric acid)
Passivation (Oxalic acid)

Cryostat ve -"}*
~1.5 tonnes
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AMORE experiment in Yemilab

Mt. Yemi
(EL 9985

3. The

Yemilab:
e Jeongseon, South Korea

* 1000 m vertical depth

* Access via elevator & ramp way

* Underground lab for basic sciences
e Opened in Oct, 2022

e Total Area: 3,000 m?2

* Large area & sufficient utilities
 AMoRE-Il, COSINE, LSC, Radioassay ...

(See Jungho So’s talk)



AMoRE Hall in Yemilab

Water cherenkov muon de 'ec'tor Folded shield |
before closure'

g

L Water cheren kov,
muon detector -

Detector room|f| |
Electronics hut

> Boric-acid rubber
St Copper
—— Lead

Boric-acﬂ‘q{

-~

Radon reduction system:
Rn-less (~10Bg/ms3) / Rn-free (< 0.1Bg/m?) air

e

Clean room:
Class 100 for Detector & Preparation room 15
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Recent view of AMoRE Hall
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Recent view of AMoRE Hall
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Muon veto detectors in commissioning

Water Cherenkov muon detector

‘ T'yvelz

~60 ton of DI water including water door (electronics hut)

Tyvek reflector inner surface
Instrumented with 48 x PMTs ( 8 & 10 inch)
Efficient neutron shield

Trigger with 10 PMTs multiplicity:
9.2 x 10-8 muons/cmz2/sec
(79 muons/mz2/day)
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Muon veto detectors in commissioning

Plastic scintillator muon detector

Electronics
(variable
register)

Channel 4
[Top PS]

Electronics
(variable
register)

Channel 2
[Bottom PS]

Electronics
(variable
register)

Electronics
(variable
register)

Channel 3
[Top PS]

Channel 1
[Bottom PS]

(beside)
Top PS

——7

/ Bottom PS

Total 130 PSMDs

One PSMD:

2 extruded plastic scintillator panels

(30 x 167 x 1.5 cm?3)

Event spectrum
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8.6 x 10-8 muons/cm?2/sec

+ 32 wavelength-shifting fiber
+ 4 SiPMs, NIMA 1039 167123 (2022)



Muon angular distribution with PSMD

Position reconstruction from the signal asymmetry (preliminary)

Yemilab terrain

from National Geographic Information Institute
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1) ¢ dependence seems to follow the terrain map

Comparison with simulation underway (MUSIC/MUTE)
(See Jeewon Seo’s poster)
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Background control

- Target background level at ROI:

1 X 10~* cnts/keV/kg/year

* A lot of lessons from AMoRE-Pilot, AMoRE-I:
Already external source dominant

* Intensive selection/purification/cleaning of materials

» Enhanced radiation shielding:

Efficient design (neutron inelastic scattering) + pure material for innermost layer

Rn-less (~10Bg/m3) / Rn-free (< 0.1Bg/ms3) air in the experimental hall

Muon veto with water cherenkov detector + plastic scintillators
New 1000 m deep underground laboratory

10000 -

1000 -

100-:

nBa/kg

10-:

® raw powder

~ @ purified powder|

100MoO3 powder

Front. Phys. 11:1142136 (2023)

1
228Ac

1
228Th

1
226Ra

I
40K
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0.1

older surface
cleaning

' Th, ppt
® U, ppt

. .
Bulk NOSV-Cu Sensor plate

2021

cleaned

Post un

| ' |
cleaned Post cleaned

( See talks of
Olga Gileva, Eunkyung Lee)



Expected background from simulation

Decomposing background in the ROI

Heater adhesive (araldite)
Heater
Reflector (Vikuiti)
Clamps (PTFE)
Kapton PCB
Phonon frame (NOSV-Cu) A e
Photon frame (NOSV-Cu) - e
Post surface (NOSV-Cu) A —e—

Screws for module (Brass) e+

Sensor adhesive (stycast 1266)
SC lead shield (Lemer Pax) s,
Cu plate under inner lead < ]
Inner lead shield (1 cm) (2
Inner lead shield (25 cm) - |
Colling plate supporting rod (G11) Zss
OVC (STS 304) - —e—
Radon in residual air
Air balloon (Urethane)
Inner boric acid shield (Powder)
_____ L ga_d_s[\iglt_:l SS_c_m_)l lof
Lead shield (20 cm)
Boric acid shield (Rubber)
LMO (internal) lef
Gamma from rock r
Solar neutrino
Cosmic muon I ® i
Radiogenic neutron A —e—

Gl

G2

Total - - - N . ‘
107 10~ 105 1074 A

|

|

|

|

Post: clean machining Background level in ROI (count/keV/kg/yr)

Lead: survey of low background lead

2185 coincidence: inherent background (1 -2)x10~* cnts/keV/kg/year
24

Eur. Phys. J. C 85:9 (2025)



Expected background from simulation

New update:
» Cleaner post machining

» Some Pb layer => OFE Cu

* New measurement for
iInner lead layer

Background < 10~ ckky

seems to be reachable.

(See Eunju Jeon’s talk)

Heater adhesive (araldite)

Heater

Reflector (Vikuiti)

Clamps (PTFE)

Kapton PCB
Phonon frame (NOSV-Cu) -
Photon frame (NOSV-Cu) 1
Post surface (NOSV-Cu) -
Screws for module (Brass) -

e
e
e
ed

Sensor adhesive (stycast 1266)
Solder for PCB

Gl

SC lead shield - Lemer Pax {0y,

Cu plate under inner lead

Inner lead shield (1 cm) - Lemer Pax {iisssissssssss

Inner lead shield (25 cm) - Goslar -

Colling plate supporting rod (G11)
OVC (STS 316)

Radon in residual air

Air balloon (Urethane)

Inner boric acid shield (Powder)
Copper shield (5 cm) - OFE

Lead shield (20 cm) - Haekgwang
Boric acid shield (Rubber)

G2

LMO (internal)

Gamma from rock (s

Solar neutrino -
Cosmic muon A
Radiogenic neutron -

2VBB random coincidence

e
| *—
ag

Total -

10~

25
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Background level in ROl (count/keV/kg/yr)

(0.6 —1.3) x 107



Discovery sensitivity for
TyP(1°°Mo) at 30 CL (year)

Sensitivity of AMoRE-lI

1027 - 10° -

1026 - 101
S AMORE-II
L
3 1072 -
1025 -
_ AMORE-| .
1024 e T1p>2.9%10%* yrs (90% CL) 1077 5
AMORE-Pilot '
: T1>3.0x 10%3 yrs (90% CL)
10~1 10° 10t 107 10° 10~ 10~° 102 10~1 10°
Exposure (kgiso * yr) Miight (€V)

Aiming at 777, ~ 4 X 10°°yrs, (mg;) ~ 18 — 52 meV
20



AMoRE-Il is coming!

. AMoRE- achieved he world best limit for Ov//7 from 1%°Mo:
Tie >28 ¥ 1()24 rs %90% CL), PRL 134 082501 (2025)
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» Rapidly moving tgwards AMoRE-II phase
Shielding, Muon veto, DAQ room in place
Cryostat under commissioning
Installing damping system, inner shielding _

- AMoRE hall waiting for AMoRE-Il detectors:’
Detector preparation _room in eperation / -
Stage 1 installation by this FaIT"

- Startlng to probe the reglon of T?/Uz ~ 1026 —.10%" years
for 100Mo soon |
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AMoRE-Il cryostat settled in Yemilab

Vibration damper

&

. C ryo stat

Detector
Array

Vibration mitigation system:

» Cryostat soft contact with H-beam (anti-vibration pad)

» Soft PTR contact on the fridge (absorbing foam, Cu tapes)
* |Internal vibration damper between 4K and still stage

» Kevlar strings suspending detector array in IVC

30



Yemi Mountain profile
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