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COSINE-100 experiment (2016~2023)

6 == Physics run data: 6.12 years (95.65%) e’b‘%*‘ e

I AYangYanginderground laboratory
ol AOctober/2016 ~ March/2023
ot - ADecommissioning

| AMove toYemilab
e AUpgrade of detector forhigh light yield
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No modulation signal observed !!
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COSINE-100 full dataset fits
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Recent ANAIS data
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A DAMA/LIBRA group stopped data taking. New Quenching factor measurement ?

A COSINE100U experiment will begin at Yemilab at low temperatur8G-degree.

A COSINE and SABRE group are working on new Nal(Tl) crystal development.

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

A Hopefully, new data have lower background and resolve the issue more clearly.



NEON experiment

Searches for coherent elastic neutimuzleus scattering

The Wide World of CEVNS M. Green @ Magnificent 2024
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NEON Collaboration AN

~ 20 collaborators (active members of COSINE-100 and/or NEOS)
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NEON (Neutrmo Elastic-scattering Observation with Nal)
Aim to observe CEvVNS from reactor v, using Nal(Tl) detector

Can take an advantage of COSINE-100 and NEOS experiences

Coherent Elastic Neutrino Nucleus Scattering (CEVNS)
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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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

RENO far

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

AA good cooperation with company (positive for this project)
A2.8 GW thermal power

ATendon galleryis ~23.7 m farfrom reactor core
AEnvironmental conditions were similar withNEOS experiment
A> 10 m concrete or rock shielcbetween reactor core and detector




Photons in a reactor core Ve

Reactoris not only the stringentneutrinosourcebut also
thestringent gammasourcefor O(MeV) energy
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Detection of AxionLike Particle (ALP)
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Expected energy spectra from ALP signals
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Background models for detectot6

A. Reactor-on
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Search for ALP (37 3000 keV)

\

Detector-6 reactor on minus off data
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Limit on Axion -photon coupling

AExpl oring the Cosmol ogicdl ker iPanglielies $eamc hh fRera cA xiraon, B.
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Detection of dark photons with nuclear reactor

ShaoFeng Ge, JHEP 11 (2018) 066
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Background Modeling

AFirst Direct Search for Light Dark Matter Using the NEON
021802 (2025)
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FIG. 1. The energy spectra for reaetor (left) and reacteoff (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 reaatand reacteoff conditions are primarily
attributable to seasonal fluctuations in radon levels.



Dark matter signal

A Signal generation for various dark matter masses (1hé&V)
AEvent selection & detector responses were accounted through Geaettsimulation

A Atomic ionization factors
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DM-electron Cross Section [ent]
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Solar reflection of dark matter
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Boosted dark matter gives similar exclusion of
parameter space, but strongly model dependent.



Neutrinoless Double Beta Decay( 1 | | Search

Why are the neutrino mass so small compared to other ferm|ons_?7 TTED\J‘SE :
- Neutrinos may be Majorana particles and by seesaw mechanlsrmz -

If T T Toccurs, ' [[(Majorananeutrinos)
e e
A Helicity
: —— -~ matching
condition
W W
Mother Daughter

vuer=—»  Nuclear Process

ucleus

A 1939, Furry suggested to searcht | tocheck~ ¢ T Y| thddwy.k |
Furry PR56, 1184(1939)

A In the limit of mA O, it is not possible to distinguish between Dirac
and Majorana neutrinos.

Q, 32023
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Decay rate of Onbb

Wlth various Lepton # violation mechanlsmn’ T EAl £

EABA A OE WAATA OA |
/2] z Gig;|IM; sz,(A) + interferences.

wherel;; ) . a dimensionless function encompassing BSM physics

particle physics part

For light neutrino exchange model ;

(1) Phase space  (2) Nuclear Matrix Element 1o
L _
100 I - " 3
| _ :axial vector coupling constant S o
= Uncertainties from
(3) Effective T T heutrino mass Eor 10! Miightest
light neutrino exchange model)s ; 7\ /
> Y /T e w
2
Mmpeppg = U, .my| = .
BB Z ek Uncertainties from Mg [€V]
=1 mixing angles Uncertainties from phases
L _IL i 1L y it - 0
T r B m



How to detectOnbb ?

. The electrons are ~ MeV and theergy resolution should be excellent.
A The active detector which contains the isotopes is the best way.

- nn 48
A The range of the electrons in the detector ~inmom. lonization 7682
A Ultra -low backgrounds at Qvalue. GERDA 8250
. : _ _ MAJORANA 136X @
Similar techniques are used as direct dark matter experiments LEGEND 100Mo

Absorber
with >
Isotopes Signal

Phonon Scintillation

amLAND -Zen

Gas, Liquid, Crystal

CANDLES



Searches foiOnbb

A Types ofOnbb experiments;
1. Doped Natural IsotopédsSNO+, Theiale
2. Doped Enriched Isotopé&sKamlandZen
3. Enriched Isotopes LEGEND, nEXO, NEXT, CUPID, AMoRE
4. Natural Isotopes CUORE, XENON, PANDA, XLZD, OrigiaX
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| A Solar neutrino backgrounds are universal ~ 2x10

counts/keV/kg(detector)/year around 3 MeV regio

Element | Abund B]= Bkg
(%) (%) (keV (/to n/y

Doped Nat. (LSTE)
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



Kamland-Zen
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Ge, LEGEND-200, 1000

. ’%Ge has a longest history fonbb search sinceélPGedetector is known to be

excellent in energy resolution and very pure.
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A 200 kg ofe"Ge (I 5 yr), in GERDA cryostat
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Background vs exposure
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Persepectives
AToward the di scover yeutarivlesebalil ¢ @€ aAgostini etalt, RMPA5, 025002H{2023)
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A It will be a real challenge to go below the 10 (18.4 meV) mass region./(x8 p p ™ Q)
A Ton scale detector with lower background level. UBHa 'Qw



To further
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AMORE experiment

A AMoREexperiment aim to searchOnbb of 1%°Mo isotopes utilizing scintillating molybdate crystal
detectors coupled with low temperature magnetic sensors.

MMC sensor Light channel side

Cu supports Au wires Alphas have less scintillation
mili A R
Light absorber Au film T than electrons due to
k=, guenching effect.
= 5 QS&” : , For both phonon and scintillation
Scintillating target 2| o ol signals, the thermometers are
Molybdlate erf crystal By 4 P MMC sensor.
rysta 0 (40 a7 & . ]
g e® ., Surface alphas are continuous in
g‘a:g't::m 7 Phonon energy and can be backgrounds.
Au film 26Mev  signal Can be rejected by scintillation
Cu supports  =—g— Au wires i
_ signal measurement.
Au wires
\ MMC sensor .
(Heat sink) Heat channel side

A ** Molybdate crystals : CaMo@Q(CMO), LiMoO, (LMO), NaMo,0, (NMO), PbMoQ(PMO)



AMORE - experiment

eeso Physics data ¢y Muon coincidence
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1w | Half-life results

A ~ 31 CUPID-Mo exposure (1.48 kgmo-100-YT). |
Background Unit :

+ Data - T=20x10%yr ckky counts/keV/kg/year.
701
—— Best fit Sensitivity (median+34% 0.8
%0 = Live exposure Bkg. @ Qp d ckky
> v ~
g 50 0.6 5 Total (8.02Kgxmooy YT) 0.025N0.0(
o < -
< 40 3 CMO (6.19Kgxmooy YT) 0.026M0.003
S % 0.4 1 LMO (1.83Kgxmooy Yr) 0.021K0.006
S 5
20 S
0.2
10
o445 8 ‘mF>V
] . .
97 28 29 30 31 32 33 34 35 387 Cf. Current best limit 1.8 ‘cmFrV
Energy /MeV by CUPID-Mo

AROI=[% 1 | c¢&z2Y%

A Unbinnedikelihoodfor 3  for eachcrystal,with background
rateconstrainedrom sidebandlata,respectively.

Accepted to PRL



AMORE -ll sensitivity & Collaboration

A 360 LMO(13CMO) crystals for85 kg of 1°Mo
A A8 B 1 "Hj [

A Background <104 ckky

A A 4.5x10%years sensitivity

A Will begin in 2025with 90 crystals.

6 x 1026

4% 10%%

Sensitivity for T{/2°(1°°Mo) at 90% C.L. (year)

2x10%

107 2 x 102 3x102  4x102  6x10°
Exposure(kgwoop, - yr)

We are about to run AMoRE-Il experiment.

10 Countries, 25 Institutions, 110 members

- Korea, Germany, USA, Ukraine, Russia, China,
Thailand, Indonesia, India, Pakistan

&

Il Lawrence Livermore
—d National Laborator

Please join this exciting experiment!



Current limits and perspectives forOnbb

\ In 2024, new data frordamLAND-Zen {38Xe),
LEGEND-200 (°Ge) andAMoRE-I(1°Mo)
10%— . \ For next decades, mulibn scale experiments will
- © 100M0 be constructed.
— AMoRE|
— 1000 °Ge 1Mo '°Te *3°Xe Allowed at 95% CL L
a | 130T . LEGENBG200 © Am3, >0 (NO) 1
(meV) &, AmZ, <0 (10)
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Persepectives near future

A Discovery of relatively large theta_13 value is an example for future planning.
A It is appropriate to target ~ 10 meV mass range for next step.
A Ton scale of Mel00, LEGEND1000A LEGEND-6000, nEXO, THEIAXe,
Tens of tons of natural Xe could reach this mass.
A A few experiments can be combined to have ton scale data.
A Barium tagging with large scale natural Xe could be ultimate exp.



Conclusion

A We have strong contradiction to DAMA/LIBRA annual modulation with the 6.7 years
of Nal(Tl) crystal data.

A NEON experiment at a nuclear reactor shows interesting and sensitive limits to ALP
and dark photon portal dark matter.

A For double beta decay, the solar neutrino and cosmogenic backgrounds would guide
future experiments.

A Enriched cryogenic experiments will be less affected by these backgrounds and AMo
experiments improved the limit of MbOO

A AMORE-II experiment will begin to improve further Mb0O limit for next years.






Backup Slides



Dark photon search at NEON

A The hidden sector U(1) gauge group spontaneously breaks to give the dark@oretoass.
A "Q is the gauge coupling.

A Assume the mass hierarclay, Ca so, the decagp © wis allowed.

data is sufficiently strong to completely rule otwave annihilation for sukbeV DM if its annihilation is
dominated by EMcharged states.



Simulation of ALP

NEON Detector

Borated Polyethylene
Polyethylene Castle

Calibration holes l

> Liquid Scintillator

Lead Castle Sodium lodine detector

Acrylic box

A ALP production in reactor core

A Flight of ALP to NEON detector
A Decay during flight

A Interaction (or decay) inside NEON
detector
A Inside liquid scintillator

A Detector simulation
A Geant4-based simulation
A Detector responses



NEON shield
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10 cm
Liquid Scintillator 4
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Light yleld of NEON upgrade
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Expected Dark Photon signals

A Signal generation for various dark matter masses (1k¢&V)

AEvent selection & detector responses were accounted through Geaettsimulation

A Atomic ionization factors

K(E.q)

102

11111

lodine

E =0.02 keV
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= 2. e
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m, = 2m, (dotted lines) and m, = 5m, (dashed lines)
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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.



NEON LDM paper

DP production

dNy _ [ dN, do . . (E,)
dEy | dE, o dEy

dE,, (2)
Scattered electron spectrum

dN, N,T [2dN,ds,(E,)
— IFn. + IF\dE,. (3
dE, 4nR2 [ dE, dE, UFna+ IF1)dE,, (3)

g%

Dark fine structure constant Op = — > o(ez.

41t

WeusedC p(4
ShaoeFeng Ge. In the DP interpretatign,

mat Pfor interpretation of LDM search similarly to
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ALP interaction

Y ¥ Y ¥
N [

N N € €
(a) (b)

Y e B
N p ©

N N =,

N,e - N,e

(c) (d)

Figure 1. SM photon scattering processes. Process (a) corresponds to elastic scattering (Rayleigh),
process (b) to inelastic scattering (Compton), process (c) to photo-electric absorption and process
(d) to electron-pair production in the field of the nucleus or electron. Photons produced at the
nuclear reactor core can undergo any of these processes when interacting with the reactor fuel.

Yt+e <a+e
8 a

Figure 2. ALPs production mechanisms at a nuclear reactor plant. Process (a) corresponds to
Primakoff photon-ALP conversion, process (b) to Compton-like scattering and process (¢) to nuclear
de-excitation. Depending on the type of SM-ALP coupling (goxx,X = 7,e,n, where n refers to
nucleons), in addition to the processes shown in figure 1, photons interacting with the reactor fuel

can be subject to these processes.

a+N —e +e +N

a+e‘+Z—>e_+Z N?'S Nne

(a) (b)

Figure 3. ALPs detection mechanisms, along with inverse Primakoff, inverse Compton-like and
nuclear excitation (inverse processes in figure 2). Process (a) corresponds to the axio-electric process
(photo-electric absorption equivalent, diagram (c) in figure 1), while process (b) to axion e-pair
production (e-pair production in the field of the nucleus or electron equivalent, diagram (d) in
figure 1). As in the production case, whether such detection mechanisms are operative depends on

the type of coupling the analysis is subject to. See table 2 for details.



Scattering processes

Table 2. ALPs production and detection mechanisms. Check marks (crosses) are used to identify
(exclude) production and/or detection processes. Color refers to processes that should be — in
principle — included in a self-contained one-parameter analysis. Note that decay to nucleon pairs
is forbidden by kinematic arguments. The color code refers to the different couplings that each

process 1s sensitive to.

Process Coupling | Prod | Det
Primakoff v+ N<a+ N e v v
Compton-like Y+e ate” Jace v v
Nuclear de-excitation | v+ N & N* - a+ N v v
Axio-electric at+e +24Z —e +Z2 Jace X v
e-pair productionin N | a4+ N —we¢ +e +N Jaee X v
e-pair productionine |a+e —e +e +e Gaee X v

Decay processes

Process Coupling | Prod | Det
~v-pair final state a—y+7y Gavy X v
e-pair final state a—e +eb Jace X v
n-pair final state a—n+n - X X




Expected ALP signals in the NEON experiment

PRL 124, 211804 (2020) & JHEP 03, 294 (2021 | b 1.,

(

lolTl_

9g,, —
eV ~ 1 MeV
r';; 1
3 RN
s P
100
S S
E B '
g F i
10°
0 —-— — :
E, [MeV]

Expected energy deposition
B

>

10

E Ma = 10 keWic® m, =1 MeVic® 10"'% ma = 10 keWic® m, = 1.2 MeVic®
n Primakoff (g, =1 10* [GeV"Y) Primakoff (g, = 1 10% [GeV']) = Compton (g, = 1x 10% [GeV]) = Complon (g,, = 1x 10° [GeV'Y)
- m— - ayylg, = 1 10% [GeVY) — = 2y (g, = 1x10° [GeV) - 10° 5=— - Aoelectric (g = 1x 104 [GeV) === as e’e’ (g, =1x 107 [GeV'Y)
@© 1= o = ~ o~ Axioelectric (g, =1x 10% [GeVY)
° = T 2 e
2 2 £y
—— A
S Ve '"“‘"---..HH S 10k
g 10 /--—'.L-- ~_ g 7
3] C -~ T - v 1
E _ / || — . -h“‘-""-- E -:‘_;l
2 el / T~ T 3 10k
21 — E-
U 10 E / , RH“" - e O §
_Irull' ] —
7/ | T~ 102
| - E
f H"-—-.__ E
10—3|r'|llll|llllhll||||||||||||||||"\L_||||||||| 10—3|lll|llll|llll||||||||||||||||||||||||
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000

Fnerav ka\/1 Fnerav ka\/1



Shao-Feng Ge (2018)

The hidden sector Uf gauge group spontaneously breaks to give the dark p&GommassThen the relevant
terms of thd_Lagrangiarfor DM interacting with a kinetically mixed photon are
fl & fl i—)"o O gd ww 00
Where the DM portion of theagrangians
fl "@Ow a wowithO k1 "M w being the covariant derivative aifd is the gauge coupling.

Assume the mass hierarclay, Ca so, the decagp © wis allowed. Then only annihilation mode of DM is
W © "dQwhere f is one of EM charged particle of SM.

In fact, current data is sufficiently strong to completely rule enéige annihilation for sukseV DM if its
annihilation is dominated by ElMdharged states.



Texono

dN’i" 21 H E’i"
“VY 058 x 102 [ L - .
dE, o (GW) =P ( 0.91 MeV

With a typical thermal power of the order, ®{GW), around O(19) of photons are produced at O(MeV) energies.
r'Q % wQ
Then, the dark photon flux is a convolution of the prompt gamma flux and the differential cross section

Note that the dierential cross section is normalized by the total cross section tot of Compton process which
dominates the interaction of promypays inside the reactor. The cross section is proportiohal to

dNV.F B f dN'f dg"f‘E_—}V"E_ (E.-f)

dEy: | dE,  oydEy dby .



The annihilation to EM charged states as predicted in this setup, leads to strong constraints from CMB bafadt,
current data is sufficiently strong to completely rule ewtase annihilation for suseV DM if its annihilation is

dominated by EMcharged states. Two simple ways out of this conclusion, are to suppress CMB constraints either via
assuming (1) pvave annihilating DM, or (2) to introduce a particle/antiparticle asymmetry for DM. While the CMB
constraints are completely negligible fenave annihilation they can still be relevant at limiting the particle

antiparticle ratio for asymmetric DMLB-15]. To obtain pwave 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 hel
we focus on fermionic DM, and expect the derived TEXONO and COHERENT bounds to be similar for scalar DM.
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FIG. 3. (a) Reactor ONDFF residual spectrum oftgpe PCGewith AC' § CRi selection. The best

fit 20 region of possibleq interactions are shown as the yellow band, with an excluded scenario of
reactorassociatedq at specified (wg=1 keV, U=3x10 °) is superimposed. (b) The total AG CH
spectrum showing flat background due to ambient highergyo-rays and the ishell X-rays from
internal radioactivity. Excluded scenarios of atmospheric anddd it specified =2.5x10%, [U=1x
102cmi 2si 1sn 1) and (neg=1 keV, U=1.06x10 ’), respectively, are superimposed.



Now, VO decay ISnnte -&cheupmb mg IDIM.muchl tauwupgkrnghatnhe]l
mainly decays into a pair of X. Now the X flux is also proportional tand is ;

dN _ / ANy dTy 1 (Ev)
dE, dEy,  TdE,

And the scattered electron spectrum at TEXONO is

dEv .

dN. N.T f?de doye——ye— (Ey) -
X

dE. 4mR? dE, dFEe
The scattering cross section has a dependefnce®@BHere,0 : # of electrons, T: run time.
TEXONO experiment has beam on data, 3MeV< E < 8 MeV, No of events are-B0{stAt) +/ 61(sys) events.

Fit the data with both SM and DM contributions.
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Dark Matter — Electron Cross Section [cm?]

Dark Matter — Nucleon Cross Section [cm?]

Fpy=(am,/q)* 1
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Comparison with DAMA : Energy calibration
Linear calibration t059.54 keV :keV_,

_aNE=-. | e e e ————— "4

Nuclear-recoll energy calibration keV,,)
Quenching factor (QF)

e\;o’ DAMA Na QF Measured electronequivalent energy/True nuclear recoil energy
S PLBss9 (1996) 757

© . : .

S = Signal region : 6.720 keV,,

E COSINE Na QF DAMA/LIBRA : 5 keV,,

= PRC 110, 014614 (2024) _

& COSINE100 : 0.853.12keV,,

Nuclear Recoil EnergelV/,)



