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Å COSINE contradicts DAMA

Å Low Mass Dark Matter Searches

Å ALP searches

Å Double beta decay experiments and AMoRE
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COSINE-100 experiment (2016~2023)

ÅYangYang underground laboratory 
ÅOctober/2016 ~ March/2023

ÅDecommissioning 
ÅMove to Yemilab
ÅUpgrade of detector for high light yield

106 kg NaI(Tl) 
crystals



3 Modulation fit

No modulation signal observed !!Ὑ ὸ ὃÃÏÓ
ς“ὸ ‰

Ὕ
ὅὩ Ȣ

Modulation signals 10 time-dependent components COSINE-100 full dataset

DRU = counts/kg/keV/day

ñCOSINE-100 Full Dataset Challenges the Annual Modulation Signal of DAMA/LIBRAò, N. Carlin et al., arXiv:2409.13226



4 COSINE-100 full dataset fits
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COSINE-100 full dataset disfavors DAMA/LIBRA in both electron recoil and nuclear recoil.



5 Recent ANAIS data

%
(keVee)

!(counts/day/kg/keVee) CL

ANAIS DAMA/LIBRA

ρͯ φ πȢππτπȢππσ πȢπρππȢππρ 4.0 ů

ςͯ φ πȢππρπȢππσ πȢπρππȢππρ 3.5 ů

6.7~20keVnr 0.000 0.0023 0.010  0.001 4.2 ů

ñTowards a robust model-independent test of the DAMA/LIBRA dark matter signal:ANAISï112 results with six years of dataò, Amare et al.,  arXiv:2502.01542

ÅDAMA/LIBRA group stopped data taking.  New Quenching factor measurement ?

ÅCOSINE-100U experiment will begin at Yemilab at low temperature ~ -30 degree. 

ÅCOSINE and SABRE group are working on new NaI(Tl) crystal development.

ÅSABRE North(Gran Sasso), South() will begin new runs.

ÅHopefully, new data have lower background and resolve the issue more clearly.  
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NEON experiment

The Wide World of CEvNS M. Green @ Magnificent 2024

Searches for coherent elastic neutrino-nucleus scattering. 
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CONUS+

ñFirst observation of reactor antineutrinos by coherent scatteringò, N. Ackermann et al., arXiv:2501.05206 

Total fiducial mass 3.73(2) kg  
Reactor On 327 kg day
                  Off 60 kg day

Signal    395 ρπφ
SM Expectation : 347 59

But, direct On-Off data is not provided may be due to  low 

statistics of Off data. 

If confirmed, it will be checked with BSM hypothesis. 
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Hanbit  nuclear power plant

ÅA good cooperation with company (positive for this project)
Å2.8 GW thermal power
ÅTendon gallery is ~23.7 m far from reactor core
ÅEnvironmental conditions were similar with NEOS experiment
Å> 10 m concrete or rock shield between reactor core and detector

site

Tendon gallery of Hanbit nuclear reactor unit-6
>10 m concrete (rock) from reactor core

ⱨꜚ

Ȣ  Ⱦ╬□Ⱦί



10 Photons in a reactor core 

23.7 m

Reactor is not only the stringent neutrino source but also 

the stringent  gamma source for O(MeV) energy

2.8 GW thermal power
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Detection of Axion-Like Particle (ALP)

(b
)

PRL 124, 211804 (2020)

Production Flight Detection

Axion-photon coupling

Axion-electron coupling

PRL 129, 011101 (2022)PRL 126, 201801 (2021)
Cosmological Triangle

PRL 124, 211804 (2020) & JHEP 03, 294 (2021) 



12 Expected energy spectra from ALP signals

Single-hit Multiple-hit



13 Background models for detector-6



14 Search for ALP (3 ï 3000 keV)

Å… fit to data with the expected time-dependent backgrounds and ALP 
signals

Detector-6 reactor on minus off data



15 Limit on Axion -photon coupling

ÅPreviously inaccessible parameter space are excluded. 

ñExploring the Cosmological Triangle in Search for Axion-Like Particles from a Reactorò, B.J. Park et al., arXiv:2406.06117
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Detection of dark photons with nuclear reactor

(b
)

Electron recoil 
signature

Assuming □═ □Ⱶ

NEON Detector

DM-e 
scattering

Shao-Feng Ge, JHEP 11 (2018) 066

Dark photon

ꜗ

…

…

═▼▼◊□▄ □═ □Ⱶ

ὃ

Dark Matter
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FIG. 1. The energy spectra for reactor-on (left) and reactor-off (right) periods, combining data from five NEON 

detector modules, are shown. The spectra cover the energy range from 1 to 60 keV. Both spectra were modeled 

simultaneously, incorporating expected background components to accurately reflect the experimental 

conditions. Differences in background rates between reactor-on and reactor-off conditions are primarily 

attributable to seasonal fluctuations in radon levels.

Background Modeling

ñFirst Direct Search for Light Dark Matter Using the NEON Experiment at a Nuclear Reactorò, J.J. Choi et al., PRL 134, 

021802 (2025)



18 Dark matter signal

ÅSignal generation for various dark matter masses (1keV-1MeV)

ÅEvent selection & detector responses were accounted through Geant4-based simulation

ÅAtomic ionization factors

Expected Signal (no detector response yet)

Assuming □╥ □Ⱶ
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Dark photon search extended low-mass regions with world best sensitivities from laboratory experiments.

Dark photon limits
90% CL upper limits

ά ά Ⱦσ
Dark matter mass and DM-electron cross section
Dark photon mass and kinetic mixing parameter



20 Solar reflection of dark matter

ñDark Matterò, Cirelli et al., arXiv:2406.01705

Boosted dark matter gives similar exclusion of 

parameter space, but strongly model dependent. 
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Neutrinoless Double Beta Decay( π’‍‍ Search

SignalÅ 1939, Furry suggested to search π’‍‍ to check ~ċŢŸƖċŰċќƚ theory.    
Furry PR56, 1184(1939)

Å In the limit of mĄ0, it is not possible to distinguish between Dirac 
and Majorana neutrinos. 

Double beta decay

Wï Wï

eï eï

Nuclear Process
Mother

Nucleus

Daughter

Nucleus

’ ’

ά

Ὁ

Helicity 

matching

condition

If π’‍‍ occurs, ’ Ӷ’ (Majorana neutrinos)

Why are the neutrino mass so small compared to other fermions ?

- Neutrinos may be Majorana particles and by seesaw mechanism.
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Decay rate of 0nbb 

ὝȾ ╖░▌░╜░ █░ ὭὲὸὩὶὪὩὶὩὲὧὩίȢ

(1) Phase space

╖ⱨᶿ╠

(2) Nuclear Matrix Element

▌═╜
ⱨ

▌═:axial vector coupling constant

With various Lepton # violation mechanism, π’‍‍ ÈÁÌÆ
ÌÉÆÅ ÃÁÎ ÂÅ ×ÒÉÔÔÅÎ ÇÅÎÅÒÁÌÌÙ Ƞ

For light neutrino exchange model ; 

where █░ ) : a dimensionless function encompassing BSM physics

□♫♫
▓

╤▄▓□▓

╬ ╬ ▄░Ɫ□ ╬ ▼ ▄░Ɫ□ ▼ ▄ ░♯□

(3) Effective π’‍‍ neutrino mass (For 

light neutrino exchange model) is ;

Uncertainties from phases

particle physics part

Í

Uncertainties from 

mixing angles

Uncertainties from

 mlightest
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How to detect 0nbb ? 

¸The electrons are ~ MeV and the energy resolution should be excellent. 

ĄThe active detector which contains the isotopes is the best way. 

ĄThe range of the electrons in the detector ~ mm ï cm.

ĄUltra -low backgrounds at Q-value. 

48Ca
76Ge
82Se
136Xe
100Mo
130Te

Similar techniques are used as direct dark matter experiments

Phonon

Ionization

Scintillation

GERDA

MAJORANA

LEGEND

KamLAND -Zen

SNO+

CANDLES

PANDAX-III
(n)EXO

NEXT

AMoRE

CUPID-Mo

CUPID-0

CUORE

+ _ _
_+

e-

e-

Absorber
with

Isotopes

Sensor

Signal

Gas, Liquid, Crystal
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Searches for 0nbb 

Å Types of 0nbb  experiments;

1. Doped Natural Isotopes ï SNO+, Theia-Te

2. Doped Enriched Isotopes ï Kamland-Zen

3. Enriched Isotopes ï LEGEND, nEXO, NEXT, CUPID, AMoRE

4. Natural Isotopes ï CUORE, XENON, PANDA, XLZD, Origin-X



25 Irreducible Background

 ̧2nbb + Pileup
 ̧Solar neutrino (8B) ï No dependence on depth
 ̧Cosmogenic in situ production ï Depends on depth

ÅSolar neutrino backgrounds are universal  ~ 2x10-7 

counts/keV/kg(detector)/year around 3 MeV region. 

Ąς ρπ ЎὉὯὩὠ  

/kg(isotope)/year

Element
(%)

Abund
(%)

DE
(keV)

Bkg
(/ton/y)

Doped Nat. (LS-TE) 3 34 240 5.9

Doped Enr. (KAMLAND) 3 90 120 1.1

Nat. Isotope (XLZD) 100 8.9 40 0.11

Enr. Isotope (AMoRE) 60 95 10 0.004
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Kamland-Zen

8B background 42.76 ton year

0.6 counts/50keV/(42.76 ton year)=2.8e-7 ckky

Åὄ Ḑ 8.5 ẗ 10ī5 cts / (keV kg yr)  ἢȾ Ȣ ◐►

Source # of events

2nbb 27.6

Radioactivity 8.1

Solar 3.6

Spallation 19.4

Total 58.7
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Ge, LEGEND-200, 1000

LEGEND-200

Å 200 kg of enrGe (Ĭ5 yr), in GERDA cryostat

Å Taking physics data since March 2023 with 142 kg of enrGe

Åὄ Ḑ 2 ẗ 10ī4 cts / (keV kg yr)  ἢȾ ◐►

¸
76Ge has a longest history for 0nbb search since HPGe detector is known to be 

excellent in energy resolution and very pure. 



28 Background vs exposure



29 Persepectives

ñToward the discovery of matter creation with neutrinoless ɓɓdecayò, Agostini et al., RMP95, 025002 (2023)

Å It will be a real challenge to go below the IO (18.4 meV) mass region. 

Å Ton scale detector with lower background level. 
χȢτρρπὩὠ
ψȢφ άὩὠ



30 To further
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AMoRE experiment

Å AMoRE experiment aim to search 0nbb of 100Mo isotopes utilizing scintillating molybdate crystal 
detectors coupled with low temperature magnetic sensors. 

Å ** Molybdate crystals : CaMoO4 (CMO), LiMoO4 (LMO), Na2Mo2O7 (NMO), PbMoO4(PMO)

target 

crystal

e-

e-

Phonon 
signal

S
ci

nt
ill

at
io

n 
si

gn
al

2.6MeV

¸ Alphas have less scintillation 
than electrons due to 
quenching effect. 

¸ For both phonon and scintillation 

signals, the thermometers are 

MMC sensor. 

¸ Surface alphas are continuous in 

energy and can be backgrounds. 

Can be rejected by scintillation 

signal measurement. 



32 AMoRE-I experiment

иRun @ Yangyang Underground Laboratory 
(Y2L)
и Cryogen-free dilution  refrigerator @12 mK

Å17 crystals excluding one LMO, 

ÅExposure = 3.88 kg100Mo yr

Å CMO has higher alpha backgrounds and rejection 

power is high.

Å LMO has lower alpha backgrounds and rejection 

power is low.
CMO LMO

Alpha rejection

Single hit

Å◕╔╕╦╗╜  ▓▄╥ ͽ ▓▄╥
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Live exposure Bkg. @ Qɓɓ/ ckky

Total (8.02kgXMoO4 yr) 0.025Ñ0.002

CMO (6.19kgXMoO4 yr) 0.026Ñ0.003

LMO (1.83kgXMoO4 yr) 0.021Ñ0.005

π’‍‍Half -life results

ÅROI=% 1 ςȢυz Ў%

ÅUnbinned likelihood for ɜ  for each crystal, with background 

rate constrained from sideband data, respectively.

ᴼ ╣Ⱦ
ⱨ Ȣ  ◐▄╪►▼

Cf.  Current best limit 1.8  ◐▄╪►▼ 
by CUPID-Mo

Accepted to PRL

Background Unit :
ckky counts/keV/kg/year.

Å ~ 3 Ĭ CUPID-Mo exposure (1.48 kgMo-100·yr).



34 AMoRE-II sensitivity & Collaboration

10 Countries, 25 Institutions, 110 members

 - Korea, Germany, USA, Ukraine, Russia, China, 

Thailand, Indonesia, India, Pakistan

We are about to run AMoRE-II experiment. Please join this exciting experiment!

Å 360  LMO(13CMO) crystals for 85 kg of 100Mo

Å ἏἐἥἒἙ ͯ  ἳἭἤ ͽ ἳἭἤ

Å Background <10-4 ckky

ÅĄ 4.5 x1026 years sensitivity

ÅWill begin in 2025 with 90 crystals.
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Current limits and perspectives for 0nbb 

Á In 2024, new data from KamLAND-Zen (136Xe), 

LEGEND-200 (76Ge) and AMoRE-I(100Mo)

Á For next decades, multi-ton scale experiments will 

be constructed.  
82Se

76Ge

100Mo

136Xe

130Te

KamLAND-Zen

CUORE

LEGEND-200

AMoRE-I

ά

(meV)

KamLAND2-Zen

LEGEND-200

AMoRE-II

SNO+

Expected with 5 

years run.

Not comprehensive. 



36 Persepectives near future

ÅDiscovery of relatively large theta_13 value is an example for future planning. 

ÅIt is appropriate to target ~ 10 meV mass range for next step. 

ÅTon scale of Mo-100, LEGEND-1000 Ą LEGEND-6000, nEXO, THEIA-Xe, 

Tens of tons of natural Xe could reach this mass.  

ÅA few experiments can be combined to have ton scale data.

ÅBarium tagging with large scale natural Xe could be ultimate exp.   
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Conclusion

ÅWe have strong contradiction to DAMA/LIBRA annual modulation with the 6.7 years 

of NaI(Tl) crystal data. 

ÅNEON experiment at a nuclear reactor shows interesting and sensitive limits to ALP 

and dark photon portal dark matter. 

ÅFor double beta decay, the solar neutrino and cosmogenic backgrounds would guide the 

future experiments. 

ÅEnriched cryogenic experiments will be less affected by these backgrounds and AMoRE 

experiments improved the limit of Mo-100

ÅAMoRE-II experiment will begin to improve further Mo-100 limit for next years. 





Backup Slides
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Å The hidden sector U(1) gauge group spontaneously breaks to give the dark photon 6 a mass. 

ÅὫ  is the gauge coupling.

Å Assume the mass hierarchy, ά ςά  so, the decay ὠᴼὢὢ is allowed. 

Å Then only annihilation mode of DM is ὢὢᴼ ӶὪὪ where f is one of EM charged particle of SM. In fact, current 

data is sufficiently strong to completely rule out s-wave annihilation for sub-GeV DM if its annihilation is 

dominated by EM-charged states.

Dark photon search at NEON



Simulation of ALP

ALP Production

ÅALP production in reactor core
ÅFlight of ALP to NEON detector

ÅDecay during flight
ÅInteraction (or decay) inside NEON 

detector 
ÅInside liquid scintillator

ÅDetector simulation
ÅGeant4-based simulation
ÅDetector responses

(b
)

ALP

▄ȟ♬



42 NEON shield

20 cm
2.5 cm

10 cm

~30 cm



Light yield of NEON upgrade

~7% low 
gain

~ 24 NPE/keV 

arXiv:2404.03691



44 Expected Dark Photon signals

ÅSignal generation for various dark matter masses (1keV-1MeV)

ÅEvent selection & detector responses were accounted through Geant4-based simulation

ÅAtomic ionization factors

Expected Signal (no detector response yet)
Iodine

Sodium

PRD 108, 083030 (2023)

Assuming □╥ □Ⱶ





Fig. 2: The plot on the left shows the background spectrum directly above the energy range in which the neutrino signal is 

expected. The data (black line) is shown for the reactor on period and is based on the measurement of the detector with the 

lowest background in the Conus+ analysis (C5). This data is compared to the background model (red line) and found to be in 

good agreement. The high energy channel up to few hundred keV is shown on the right.

Bkg level @ 1 keV ~ 70 dru
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NEON LDM paper

ɻ
Ç

τʌ
ḻɻצȢ

We used Ç ρ (ɻ πȢπψ) for interpretation of LDM search similarly to 

Shao-Feng Ge. In the DP interpretation, ɻ πȢρ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÔÏ Ç ρȢρȢ 

DP production

Scattered electron spectrum

Dark fine structure constant



48 ALP interaction





50 Expected ALP signals in the NEON experiment

ALP flux 

Expected energy deposition

1 keV
1 MeV

PRL 124, 211804 (2020) & JHEP 03, 294 (2021) 
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The hidden sector U(1) gauge group spontaneously breaks to give the dark photon 6 a mass. Then the relevant 

terms of the Lagrangian for DM interacting with a kinetically mixed photon are

flṓfl
ρ

τ
Ὂ Ὂ

ρ

ς
ά ὠ ὠ ‭Ὂ Ὂ

Where the DM portion of the Lagrangian is 

fl ὭὢὈὢ ά ὢὢ with Ὀ ḳ‬ ὭὫὠ being the covariant derivative and Ὣ  is the gauge coupling.

Assume the mass hierarchy, ά ςά  so, the decay ὠᴼὢὢ is allowed. Then only annihilation mode of DM is 

ὢὢᴼ ӶὪὪ where f is one of EM charged particle of SM.

In fact, current data is sufficiently strong to completely rule out s-wave annihilation for sub-GeV DM if its 

annihilation is dominated by EM-charged states.

Shao-Feng Ge (2018)
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Texono

With a typical thermal power of the order, P O(GW), around O(1021) of photons are produced at O(MeV) energies.

‎Ὡ ᴼὠὩ  
Then, the dark photon flux is a convolution of the prompt gamma flux and the differential cross section 

Note that the differential cross section is normalized by the total cross section tot of Compton process which 

dominates the interaction of prompt-rays inside the reactor. The cross section is proportional to ‭. 
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The annihilation to EM charged states as predicted in this setup, leads to strong constraints from CMB data [12]. In fact, 

current data is sufficiently strong to completely rule out s-wave annihilation for sub-GeV DM if its annihilation is 

dominated by EM-charged states. Two simple ways out of this conclusion, are to suppress CMB constraints either via

assuming (1) p-wave annihilating DM, or (2) to introduce a particle/antiparticle asymmetry for DM. While the CMB 

constraints are completely negligible for p-wave annihilation they can still be relevant at limiting the particle-to-

antiparticle ratio for asymmetric DM [13-15]. To obtain p-wave annihilation the photon portal model would have to 

invoke scalar DM, while the asymmetric DM case can accommodate either fermionic or scalar DM. For simplicity here 

we focus on fermionic DM, and expect the derived TEXONO and COHERENT bounds to be similar for scalar DM.
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TEXONO

FIG. 3. (a) Reactor ON-OFF residual spectrum of n-type PCGe with ACī ṧ CRī selection. The best-

fit 2ů region of possible ɢq interactions are shown as the yellow band, with an excluded scenario of 

reactor-associated ɢq at specified (mɢq=1 keV, ŭ=3x10ī6) is superimposed. (b) The total ACī ṧ CRī 

spectrum showing a flat background due to ambient high-energy ɔ-rays and the L-shell X-rays from 

internal radioactivity. Excluded scenarios of atmospheric and DM-ɢq at specified (ŭ =2.5x104, Iŭ=1x 

10ī2 cmī2 sī1 srī1) and (mɢq=1 keV, ŭ=1.06x10ī7), respectively, are superimposed.
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Now, Vô decay in to a pair of DM. Since the Vô - 8 coupling is much larger than the Vô - e coupling, the dark photon Vô 

mainly decays into a pair of X. Now the X flux is also proportional to ‭ and is ;

And the scattered electron spectrum at TEXONO is 

The scattering cross section has a dependence of ‭ὫȢ Here, ὔ  : # of electrons, T: run time. 

TEXONO experiment has beam on data, 3MeV< E < 8 MeV, No of events are 414 +/- 80(stat) +/- 61(sys) events. 

Fit the data with both SM and DM contributions. 
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Å. ȟ.ȟ. ȡ SM, DM, exp. event number inside i-

th bin.

ÅÆ , Æ are the normalization for the SM and DM 

contributions. 

ÅSince DM contribution always scales with ‭Ὣ , 

define Æḳ‭Ὣ  and . ḳ. ά ȟά ȟ‭Ὣ ρ.

Å If SM is complete description, Æ ρ ÁÎÄ Æ πȢ 
ÅDuring a single fit, we fix 4 DM sector parameters 

(ά ȟά ȟÆ , Æ)



ñSENSEI: First Direct-Detection Results on sub-GeV 

Dark Matter from SENSEI at SNOLABò, Adari et 

al., arXiv:2312.13342

It didnôt improve much from sensei@minos. 

FIG. 2. Top left: Solid (dashed) cyan and olive lines 

are the 90% C.L. constraints on Dm-e cross section, 

ůe, versus DM mass, mɢ, for light mediators from 

the hidden (hidden + commissioning) data. Cyan 

(olive) is for halo DM-e scattering (solar-reflected 

DM, assuming a dark photon mediator). Freezein 

line (orange) is from [3, 29ï31]. Other bounds are 

from SENSEI [13, 14] and [15, 32, 33]. Top right : 

As for top-left but for DM-e scattering through a 

heavy mediator; other bounds from [13ï15, 32ï35]. 

Benchmark targets from [1, 3, 29, 36ï 40] are in 

orange. Bottom left: Bounds on the DM-nucleon 

cross section, ůn, for a heavy mediator, using the 

Migdal effect [14, 41ï44], except for solid black 

lines, which assume elastic scattering [45, 46]. 

Bottom right : Bounds on the kinetic-mixing 

parameter, ⱦ, versus the dark-photon mass, mAǋ , for 

dark-photon-DM absorption. Others bounds are 

from [9, 12- 14, 47ï50].



58 Comparison with DAMA : Energy calibration

Linear calibration to 59.54 keV : keVee

EPJC 84, 484 (2024)

COSINE-100

NIMA 592, 297 (2008)

COSINE Na QF
PRC 110, 014614 (2024)

DAMA Na QF
PLB 389 (1996) 757

Signal region : 6.7-20 keVnr

DAMA/LIBRA : 2-6 keVee

COSINE-100 : 0.85-3.12 keVee

Nuclear-recoil energy calibration (keVnr)

Q
ue

nc
hi

ng
 F

ac
to

r (
%

)

Nuclear Recoil Energy (keVnr)

Quenching factor (QF)
Measured electron-equivalent energy/True nuclear recoil energy

DAMA/LIBRA


