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Double-f3 decay

© 2vBB: (A, Z) = (A, Z+2)+2e"+2v  T,,>10%y
OVBB: (A, Z) = (A, Z+2) + 2e” T >10%y

» Key tool to study neutrinos: <
e Majorana or Dirac particles? q aL =2

(v =v?) e»

e Mass scale and mass ordering?

m“4 Normal hierarchy Inverted hierarchy 4 m

: : Mo | N N
(inverted vs. normal hierarchy) ]
. . . atmospheric: L
e CP violation in the lepton sector? ]Q.Se-a evi/c* I
m .2+ e Vp
> | I —

1 solar: 7.5e-5 eV¥c*
M| .

}?

Particle Data Group, Phys. Rev. D 110 (2024) 030001
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Double-f3 decay

Detection: Energy of 2 emitted electrons

* Monochromatic peak at Q-value of Qgg of the decay

* Smearing due to finite energy resolution } 2V

Observable: decay half-life T,/, of the isotope
Sensitivity:

aMet , background-free *g |
Sl/zcx Mt GJ \\ . : . !
ae ‘ > \region of interest,
\/ /bAE , with background b 1] ROl |
with Ov 3|3:,"
a: isotopic abundance of parent isotope f
€: signal-detection efficiency in ROI s
M: detector mass —
Energy Qpp

AE: energy resolution
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Double-f3 decay

Sensitivity:
aMet , background-free
T+ /mox
12 ﬂE\/Mt/bAE , with background b

2V

1

neutrino-mass
/ eigenstate

Ty = (GIM*(mpp)?)

Events

“ region of interest/
‘ (ROI)

with  (mag) = Z| 2mi] ovpp/
and phase-space factor G QISSB ,
O value Energy Qpp
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Double-f3 decay

Sensitivity:
aMet , background-free
T+
/2 ae\/Mt/bAE , with background b

2vB

Requirements for highly sensitive measurement:

e Good energy resolution AE
—protection from 2vpp background!

“ region of interest/
‘ (ROI)

Events

e Very low background level b Ov 3[3,,""
— underground location and shielding /
— radiopure materials
— analysis-rejection techniques Energy : Q: >
BB

e Large detector mass M & isotope abundance a
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Double-f3 decay detection with cryogenic
bolometers

e Measurement of temperature change AT = AE/C induced by
energy deposit AE in detector with heat capacity C

e Since Cl = ATT and CxT®: low temperature needed!

Typical: T~10mK Source = Detector
Heat Sink o LLLLLLLL L LLL, . TODDEL good efficiency:
Holder
Weak
Thermal il X A
Coupling .E good energy resolution!
< € example: AE/E ~0.1%
. Thermal AE =B @ MeV energies
Absorber > Sensor ol &
Crystal , C
high purity : J
achievable in >
! . \ "~ 3mm Time
crystal growth! Incident .
Ge thermistor

Radiation

(NTD)
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CUORE Experiment

* CUORE (Cryogenic Underground Observatory for Rare Events): experiment at
Gran Sasso National Laboraties (LNGS) Abruzzo, Italy, 1.4 km underground

e OVBP search in *°Te with 988 TeO, crystals
used as cryogenic calorimeters
(with ~206 kg **°Te)

e Successfully running since 2017,
2 tonne - years exposure so far
CUORE Coll., Science 390 1029-1032 (2025)
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CUORE Infrastructure

a . . S
- ()
300K 9€rat, 5 0
. . . 40K U
e Custom-made dry dilution cryostat with on orE
3 . 4K
1m® experimental volume & T ~ 10 mK
. . Still Inner shields
e External shielding: room-temperature lead  urx Cu OFE
shield + neutron shield MC s
. . . Pb R n
 Internal shielding: Modern + ancient ome
Roman lead on top, sides and bottom TSP ‘ TL
| Pb modern
EH::H EE Close parts
HHH 1_1“:5 Cu NOSV
Im = Crystals
T602

Cryogenics 102 9-21 (2019)
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CUPID cuore Upgrade with Particle IDentification

* CUORE sensitivity limited by background Cuore background contributions
level in region of interest of
~1072 counts/keV/kg/yr (ckky) Loide
C'rystals

CUORE Coll., Phys. Rev. D 110, 052003 (2024)

Close parts
Inner shields
ILS
ELS+TL
Outer shields

M All components
W /3 component

J

10~ T 10~ 102
BI [counts keV~! kg=! yr™]
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CUPID cuore Upgrade with Particle IDentification

e CUORE sensitivity limited by background
level in region of interest of

~1072 counts/keV/kg/yr (ckky) >
e CUPID: Sensitivity improvement by S’? )
background reduction to ~10™* ckky via E,w
e Particle identification =
* Muon veto gw*
* [sotope with increased Q value for °

reduced y/B background

CUORE Coll., Phys. Rev. D 110, 052003 (2024)

1074

Cuore background

Data

/3 component
CUORE

ROI |

CUPID}

ROI \
CUORE supplemental mate L.,L
1

X component

M compon ent

1000 2000 3000

4000
Energy (keV)

5000 6000

CUPID Goal: Factor 100 background reduction = Factor 5 improvement of exclusion sensitivity

to neutrino mass mgg = Fully probe ,Inverted Hierarchy“ region
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CUPID cuore Upgrade with Particle IDentification

e CUORE sensitivity limited by background
level in region of interest of
~107? counts/keV/kg/yr (ckky)

e CUPID: Sensitivity improvement by
background reduction to ~107* ckky via
e Particle identification
* Muon veto

 |sotope with increased Q value for 1
reduced y/p background 78—

T R T B
1 10 100
Mjightest (meV) CUPID Coll.,EPJC 85 737 (2025)

100

CUPID sensitivity =~ _

CUPID Goal: Factor 100 background reduction = Factor 5 improvement of exclusion sensitivity

to neutrino mass mgg = Fully probe ,Inverted Hierarchy“ region
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CUPID cuore Upgrade with Particle IDentification

Light Detector

Will be hosted in CUORE cryogenic infrastructure
— Profit from experience gained during

\

. Faghnt > Thermometers
CUORE operation .

Heat Sink G intillati
eatSink ___ Hzll)cli)frr i o’ scmFlllatlng
Weak Release calorimeters!
Thermal .

Coupling Li,MoOy4 «———Bolometer
Absorber NTD Ge Sensor _
Crystal _______ (Thermometer) 0v2p
(TeO,) ' region
- 2615 keV .
E Bly j% EVENTS
N 2 EVENTS d
nciden
Radiation é /
—
HEAT SIGNAL
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CUPID cuore Upgrade with Particle IDentification

Sensitivity: Sipxae /Mt/bAE

CUPID goal CUORE performance
|sotope enrichment a >95% 1°Mo ~34% 130Te
Isotope mass M 240kg 199Mo 206kg 139Te
Qg 3034 keV 2528 keV
Energy resolution AE at Qgz (FWHM) 5 keV 7.3 keV
Background index b <10~4 ckky 1.42x1072 ckky
Live time t 10y 8y
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CUPID Baseline Design

CUPID Coll., EPJC 85 737 (2025)

* (45x45x45) mm® Liy1®®Mo0O, crystals, 280g each |
e 1596 crystals on 57 towers
e 14 floors per tower, 2 crystals per floor

e Ge light detectors on
top + bottom of each crystal I—

Detector performance was successfully
tested in mid-scale CUPID demonstrators
like Cupid-0, Cupid-Mo

EPJC 78 428 (2018)

EPJC 80 44 (2020)
EPJC 85 935 (2025)
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CUPlD TeSt TOwerS K. Alfonso et al., Eur. Phys. J. C (2025) 85:935

July - October 2022: Test of 1 full prototype tower @ LNGS
e 28 LMO crystals

e 30 LDs

e copper/LMO ratio <20%

Results:
e Stable operation at 10mK + 0.5mK

e Light Yield (LD signal/heat signal): 0.36 keV/MeV
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): Test of 1 full prototype tower @ LNGS

Currently ongoing:
Test measurements of
refined test tower with improved LD holder

nal/heat signal): 0.36 keV/MeV

S S el Tl e =

it

> > L ._ > - . L J L J
T AT AL T

/‘1‘....
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Light Detection: Particle discrimination

e Particle discrimination capability with light detectors shown

in mid-scale demonstrator CuDId_MO Particle discrimination without amplification

E. Armengauf et al., EPJC 80 44 (2020) -
25T Lmo1, Physics data
B + Woely LY cut
’9 5 - © Withe/y LY cut
: T
. ‘ LD signal =
Light Yield = - 3
i o [
heat signal ot
2 L
o
| B ¢ ‘
s . - - a events
B/y events clearly distinguishable = Y
from a events by light yield h
0% —0 5000 6000

Heat signal (keV)
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Light Detection with signal amplification

* Light detectors (LDs) are covered with Al electrodes on one side
— bias voltage Vyr. applied (up to G(100V))

mmm) Signal-to-Noise ratio enhanced by Neganov-Trofimov-Luke (NTL) ampllflcatlon
extra heat by drift of e/h pairs in electric field

+V
-%?-/-----//V

XY A semiconductor Enti = Eo (1+e *VNTL T]/E)
efficiency / /
factor
energy for

e/h creation

A. Armatol et al JINST 21 P01035 (2026) Prototype LD with Al electrodes
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Light Detection with signal amplification

e |nvestigation of LD performance with/without amplification studied with 10 LDs
at CROSS facility (Canfranc underground laboratory, Spain)

A. Armatol et al JINST 21 P01035 (2026)

Impact of amplification on light yield
4000 \

« LD 11, OV NTL bias —

e Sensitivity enhancement by factor
4-10 achieved with NTL amplification

e Further improvements expected by
electrode-geometry adjustments

= LD 11, BOV NTL bias

+ LD, 80V NTL bias

a events

i,

M
e
.

>99.9% rejection of a-particles

5000 6000 7000 8000

in ROI expected Heat (keV)

22mkK, ?**Th calibration measurement
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Background Projection

Based on CUORE

background model +
GEANT4 simulations

Total — | 1.15-107
Neutrons | - 0.03:1074
PRELIMINARY
Muons - I 0.04-107*
Pi|eup +—t 04810—4
Cryostat and Shields | 0.10-10°%
Crystals - I 0.10-10*
Close Components 10.41-1074
10-6 103 ~ 10°
BI [ckky]
03/03/2026 Sonja Schneidewind 20




Background Projection

Total
Neutrons | £0.03:10%
| PRELIMINARY
o e Muons , 0.04-1074
coincidences of 2v[3f3 events -
suppressed by pulse-shape analysis < Pileup 048107
of NTL-amplified LDs Cryostat and Shields I 0.10-10*
'y
- EPJC 83 (2023) 5, 373 Crystals H | 0.10-107%
=
% Close Components 0.41-107%
'g' ROI . . [T T[]]I [ |]]}
S 4 10-° 10-5 10—4
gl Bl [ckky]
gl
IL

0 500 1000 1500 2000 2500 3000
Energy [keV]
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Background Projection

Total
Neutrons

. . Muons
coincidences of 2v[3f3 events -

suppressed by pulse-shape analysis <
of NTL-amplified LDs

reduced by using high-/

radiopurity materials

Pileup
Cryostat and Shields
Crystals

Close Components

10-°

| . 0.03-10-*

PRELIMINARY
| | 0.04-10-*
 0.48.10-*
|o.1o-1o-4

| 0.10-10~4

0.41-10°%

105 104

BI [ckky]
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Background Projection

mitigated by muon veto Total
+ neutron shielding \ {Neutrons | o030
I PRELIMINARY
coincidences of 2vBp events - Muons ot
suppressed by pulse-shape analysis < Pileup 048107
of NTL-amp“ﬁed LDs ’Eryostat and Shields I 0.10-107*

. Crystals = | 0.10-10°%
reduced by using high- / Close Components | 0.41.10-4
radiopurity materials - T [/ o

BI [ckky]

Background goal of 1x10™* counts/keV/kg/y

seems realistic
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Projected Sensitivity — aw2soases

Accepted by EPJC

Expected total CUPID background

A0 = T

s 0o o Q Total CUPID T | fcfiel s fakdng data
2 04 jl ________________ I e backareung = i 7.5 keV FWHM ---- Proposed
= i i i 9 " B 10 keV FWHM c
% s || R DN SO, T < . N
i 3 | : = o ~ Inverted ordering N
= : 1 aln 2 =
8 0.3Ht- c - o
(= > L. w 8 o E
3 0.250 = : $a|8 =2
O = i s& |2 !
-— 0] . M
0.15 . a1
c : CUPID g
0.1 9 40 : = Eo: il

) - : N :
0.05 = S
! ! i ! : ! 2 B
1 1 1 ' 1 1 1 1 I 1 1 L | 1 1 1 I 1 1 1 ; 1 1 1 B
2060 2980 3000 3020 3040 3060 3080 3100 L o e e

02 04 06 08 1 1.2 14

Energy [keV] B [x 10 counts/keV/kg/yr]
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Projected Sensitivity

6 {6\0
Parameters from NuFIT 6.0 o, & G %, &
mm 10:Bestfit o NO: Best fit OOO%%%% (;% %e*o‘?e
10: 30 band NO: 30 band O < ~p. %
% 20 % 0 0 D % D
103 ‘
102-
s |
&
- 101 (-
>y
3
10094 :
CUORE: Science (2025)
CUPID-0: PRL 129,111801 (2022) ——
CUPID-Mo: EPJC 82,1033 (2022) -@- "%Ge
AMORE-I: PRL 134,082501 (2025) 62g
i MJD: PRL 130,062501 (2022) v e
Upper Limits GERDAIII PRI, 125,252502 (2020) - @ 100\
L LEGEND-200: PRL 136,022701 (2 130
gt Katrin ! 4 | EX0-200: PRL 123,161802 (2019) = -=To) |
He JHEP12(2024)216 : KLZ-800: PRL 135,262501 (2025) @ %Xe
I T T ) T v
10+t 100 10! 102 101 10° 10! 102

Miightest (MeV) Miightest (MeV)




Timeline ™y,

Full detector data taking

(~240 kg 199Mo)

T Early data taking
Bl e (~80 kg 100Mo)

2025 2026 w 2027 2028 2029 2030 2031 2032 2033 24 2035

v
| | | | |

|
| I I I | ‘ I I | I

) Construction stage | Data stage |
: Data full
Construction stage || :
experiment
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Light Detector

Summary & Outlook N

Light

CUPID i (
Release *
e aims to measure OvBB in **°Mo using both B oometer
heat and scintillation-light signals

Thermometers

) \\
{ /
\/

 profits from well-established infrastructure of CUORE@LNGS

Projection:
* has a predicted background index of 1x10™* counts/(keV-kg-y) Bl AN CIS IS i)
: : : : (90% Cl)
to cover the full inverted-hierarchy neutrino-mass region Mes=(9.6-28)meV

T1,=(1.6+0.6-0.5)x10%" y

 preparations for CUPID Stage-l ongoing
- early data taking expected to start around 2030
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Backup




1.0-

D

0.8 <

= =

= =

= U = blue: LMO crystal
3 = . light d

R 4] red: light detector
é 0.150 0.175 0.200 0.225 0.250

2 0.2 Time [s]

&
o

0.0 0.2 0.4 0.6 0.8 1.0
CUPID Coll., EPJC 85 935 (2025)  Time [s]
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Sensitivity for various scenarios

B AE T\, mgp
[ckky] [keV] 10?7 [yr] [meV]
Bay. | Freq. Bay. Freq.
1.5 x107* ) 1.4 1.3 10-30 | 9.7-29

5 1.6 1.8 | 9.6-28 | 9.0-26
1.0 x10™4 75 1.4 1.5 10-30 | 9.7-29
10 1.2 1.3 11-32 | 10-31

-4
0.2 x1074 5 23 3.1 | 7.9-23 | 6.9-20 Accepted by EPJC
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Sensitivity for various scenarios

£ g S 220f
5, 8 ©, 200F
5000 =g -
= Z 2 180F
5 s 2 160F
4000 © : |
s B Frequ. S 140f |
o E = g
O 3000 He Sleth |
P 100 |
znr:u:::— %0 |
: 60E |
- 40F |
- :| i i i i id i i i i | I - Al i i i 1
D_ | 1 1 1 }‘:1 02? 00 Ohs 5 é EI-S é )
0 6 g 10 T, 90% Cl limit [yr]
arXiv:2504.14369
Accepted by EPJC
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Nuclear-Matrix Elements for mgg determination

Model NME Reference

pn-QRPA  3.90 [45] [45]: DOI 10.1103/PhysRevC.91.024613

pn-QRPA  5.868 [57] [57]: DOI 10.1103/PhysRevC.98.064325
IBM-2 5.077 [46] [46]: DOI 10.1103/PhysRevD.102.095016
EDF 6.588 [47] [47]: DOI 10.1103/PhysRevLett.111.142501
EDF 5.08 [58] [58]: DOI 10.1103/PhysRevLett.105.252503
EDF 6.48 [59] [59]: DOI 10.1103/PhysRevC.95.024305
Shell 2.24 [43] [43]: DOI 10.1103/PhysRevC.105.034312
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Outlook: Towards CUPIDAT

240kg Mo

CUORE cryostat
Background ~107“ ckky
T1/2 > 1e27 y

mgg~ (13-21) meV

1000kg Mo

New cryostat
Background ~107° ckky
T1/2 > 9e27y

meg~ (4-7) meV

White Paper: https://doi.org/10.48550/arXiv.2203.08386
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https://doi.org/10.48550/arXiv.2203.08386

Cryostat upgrade

e More detectors & factor 3 more readout channels —> increased heat
load —> increase of cooling power required

e Impact of vibrations on noise experienced during CUORE operation
—> Vibration cancellation required

e Installation of Muon-Veto: Plastic scintillators with SiPM readout on
sides, final design for top to be defined
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Q values of different 33 isotopes

End point of 238U End point of 232Th End point of 238U
y radioactivity v radioactivity P radioactivity
2448 keV 2615 keV 3270 keV

Compton edge of
2615 keV vy line / /
2382 keV \
! I !

KamLAND
EXO - nEXO
NEXT
PANDA-X-III

y free region | yand ???Rn free region

l/ P o B

|llJl‘lL
4000

Energy [keV]
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LD calibration @ CROSS facility

35

i i R X-ray

Counts / 0.25 keV

LD calibration with 232Th source at 17mK
X-rays induced by neighbouring crystals by y-rays

I[IIIIIIII|1II|I[III_

 —_— J | - Il 1l 4 |- d e et e —— | l |

5 10 15 20 25 30 35 40 45
Energy (keV)

8=-I-____'|III1'I'II|'I'I|III.'|IIII'—I_'

A. Armatol et al JINST 21 P01035 (2026)
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