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Scientific goal: search for Ov[33 decay

Double beta () decay is a very rare radioactive decay where the charge of 2 E‘;i%@:f >
the nucleus changes by two units: £
5 N, Z odd
VBB (A,7) > (A,Z+2)+2e™ + 27, 2| \.
Allowed in the Standard Model and already observed for even-even BB"  BPF
nuclei (B decay is forbidden) with T;, = 10'® — 10! yr
ovpp (4,2) » (A,Z + 2) + 2e~ o 2 Z s

Atomic number

Forbidden by the Standard Model (AL = 2) and, if exists, \
expected with T7), > 10% yr

W=
vy
jmi

Gateway to new physics and key tool to study T

heutrinos: Diagram of the OvBp process due ™ ..
. . to the exchange of massive v,
» Lepton number violation (AL=2) Majorana neutrinos (v,,) ) A
~ Majorana or Dirac nature (v=7vorv#7) ; A
d -

» Insights on neutrino mass scale and ordering
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Experimental search for OvpB[3 decay

~ Detection of the energy of the 2 emitted e~ 2vBB
~ 0vpBp signature: monochromatic peak at the Q-value of the decay (Qzp)

Not to scale

OvBp

» Observable: 1 ) Gy, Pphase space factor
[Tlo/vz = Gy, | M|? |mﬁ,8| M nuclear matrix element
mgp effective Majorana mass

Counts

» In the case of the 0vp} peak observation
Total e energy Qg
e T n. peak counts
_ e efficiency If TY, = 10%7yr
Tl/2 in2 (n )Nﬁﬁ T  data taking time vz
c , , Ngg = 10* moles
Ngg number of BB decaying nuclides 3
(M ~ 10° kg)

v

~ In the case of not null background, the sensitivity is defined as the maximum signal ~ 4 decays/yr
that can be hidden by a background fluctuation ng <« VB AE M T, scales as: I

M detector mass
n  isotopic abundance
eT Nggocn M- MT AE energy resolution
51/2 X e Ngp g 51/2 xXen B AE B background index
B - counts/(keV X kg X yr)
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Features of OvB[ detectors

» High efficiency (¢) SENSITIVITY CHOICE OF THE NUCLIDE
— Source = Detector

M T Q 5 Srrrryroereprtrtrprtrrrprrrrp it
S « ¢ — - #Ca ]
» Large detector mass (M) 1/2 U B AE LB E
—~ Present: tens to several hundreds of kg % IIIII E %Zr 150Nd EyMBi)=3.270 MeV_""
-~ Next generation experiments: ton scale to . 2 3F Sen .}_U:Mw(jd E,(%T)=2.615 MeV
cover the inverted ordering region M'T = exposure v N 1 L)' 3
. . < C 76 . o .
> Long data taking time (T) S F Ge e ]
35, - (n n] ]
-~ Steady state operation < % v g - o o % g .: o) ~
— 25 u D Og o .
» High isotopic abundance (n) < 20 0_||||I||E|J|d|||||:||||||I||||I||||‘
, , R - 0 50 100 150 200 250 300
—~ High natural n or enrichment g 15_ o © | — L Mass number
L
. 0& | | | | | | _| 11
» Good energy resolution (AE) %Ca 7Ge P%e %z WMo 1BCd e Dxe ONd @\ /
Isotope

> Extremely low background (B) Higher value of Qg implies:

—~ Underground location + shielding » Lower B/y background in the ROI

—> Selection of radio-pure materials for detector and shields ~ Higher Gy, (proportional to a 5t

— Background discrimination (analysis techniques, veto systems, ...) degree polynomial in Qgp)
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Cryogenic calorimeters

» Cryogenic calorimeters (also called bolometers) are
detectors capable to measure the energy deposited
by a single particle interaction:

AT £
“_
C

» Absorbers with very low thermal capacity (C) are needed

to get measurable AT signals.

» At low temperatures, C of dielectric and diamagnetic
crystals follows the Debye's law:

7\3 Very low temperature
C x (—) ) (of the order of 10 mK)
Tp is needed

» A thermometer is coupled to the absorber to
convert AT into an electrical signal.

Siena, ltaly - September 28, 2023
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TeO, cryogenic calorimeters

» Searched Ovpp decay: 139Te — 130Xe + 2e~ oS e s SO A
. . . 25
" Qpp = 2527.5keV > just below the endpoint of the main R s 1 Gonzo
natural y background Lom
.4: 1028 MiDBD ———
= High natural n = 34.2 % - no need for enrichment - ¢ L rytalainy
= 1022 — %334
=2
— 73g
~ Absorber: TeO, crystals 35 10
+~= @ 34dg
= Big crystals with low radioactive contaminations can be grown 10% pr |
107000~ "To95 2000 2005 2010 0I5 2020 2025

= Good mechanical properties
Running period

= Low heat capacity (dielectric and diamagnetic)

AT 0.1mK
E MeV

\
«  Thermometer: NTD Ge
thermistor

C=nJ]/KatT=10mK =)

* Absorber: TeO, crystal

» Thermometer: Neutron Transmutation Doped (NTD) 5% 5x5cm3

: : . * Heat sink: Cu structure
= Germanium crystal doped through neutron irradiation

* Si heater (reference pulses)

*  Thermal link: PTFE holders
and gold wires

= Electrical resistance dependent on temperature:

R(T) = Ry exp(/To/T) };3 - i ‘Kl
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The CUORE detector

Cryogenic Underground Observatory for Rare Events

» Largest bolometric detector ever built

» Closely packed modular array of 988 TeO, bolometers
arranged in 19 towers.

» Mass of TeO,: 742 kg (206 kg of 13°Te)
» 0OvBp containment efficiency: ¢ = 88.35(9)% (Monte Carlo)

DESIGN PARAMETERS
» Energy resolution: FWHM = 5keV at Qgp

> Low background: 1072 counts/(keV X kg X yr)

fatin ji 1 R
= Located at the Laboratori Nazionali del Gran Sasso 1 T T
(LNGS) in Italy, 1400 m of rock (~3600 m.w.e.) B L0 1 e

(Y
'/
J
- ‘

= Strict radiopurity controls —
= Passive shielding CUORE projected sensitivity e

» (5 years, 90% C.L.):

Ty, > 9 x 10%5yr
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The CUORE cryostat

ﬁ Pulse tubes
» Technological challenge and outstanding achievement Diluner yatt =7
» Primary goal: cool down ~1 ton of material @10 mK and keep *?E N
it stable in low noise environment for 5-10 years 00K >

DESIGN PARAMETERS 40K —>

4K —>

» Cryogen-free cryostat

» 5 pulse tubes cryocooler to 4 K HOM Mk

50mK —>

~ Dilution refrigerator to operating temperature ~10 mK

10mK —>

» Nominal cooling power: 4 yW @10 mK Modern

lead

~ System total mass including room temperature lead shield
~100 tons &

Detector

> Mass to be cooled < 4 K: ~15 tons 1m

» Mass to be cooled < 50 mK: ~3 tons (Pb, Cu and TeO,)
» Mechanical decoupling for low vibrations

~» Low background materials
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Signal processing (offline)

1 . DENOISING '*g 54600;—CU0RE Preliminary {— Original Waveform
. . & -s4e00[ : h — Denoised Waveform
Remove noise from the continuous data R a \
stream through decorrelation algorithms £ S ' R Average Palse
using data from auxiliary devices § p—" E; osE —— TFiltered Average Pulse
(accelerometers, antennae, microphones) Q £ ook
- ~55400 R -
: 04—
2. AMPLITUDE EVALUATION _55600:WW'WW'”§~ E
Digital filter that maximizes the signal- ° 2 ' : " limels]  °F
to-noise ratio to estimate the pulse 02F V
amplitude A(T,E) = G(T) B(E) L I E—
E2915:— & o Amplitude
g E S O Stab. Amplitude i
3. THERMAL GAIN STABILIZATION L -
o E 2905 f_ E E Final Th+Co calibration
Based on standardized heat (or energy) - E 3000 511 keV ——— Initial Th calibration
oy o . . - = L i
pulses to stabilize the amplitude against s ER-ESS ggg;f:fe';j;iev
temperature drifts of the detector 2890 S 3 2000 1332 keV
2885 - g 2 1500— 1173 keV
4. CALIBRATION woob "3 8§ F
-5800 -5600 -5400 -5200 _BSOOP P ° 10005
Determine B(FE) through dedicated runs 500~
1 232 60 H PR PR R b b s o s
WIth .Th and °°Co sources gt the oft
beginning/end of each physics dataset Reconstructed energy (keV)
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Data selection

» Anticoincidence (AC): reject background
events simultaneously triggering more than one
crystal

» Pulse Shape Discrimination (PSD): principal
component analysis to reject spurious pulses
(pile-up, non-physical shape, ...)

—_ — I Base cuts
;\ B I Base cuts + AC
&D 102 g_ Base cuts + AC + PSD
> =
]
a B 40
E 10 GOCO K
: i -
8 B | \
1 VL I
= ‘ ‘ 1226p4
: “ {238y v
L : |
107! = |
10—2 § 1 1 | 1 | | | | I I | | | | | |
1000 2000 3000 4000 5000
Energy (keV)
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CUORE data taking and performance

» Start of data taking in April 2017, followed by an

initial period of detector optimization 2200 - TAUP23 analyzed exposure
f: ZOGOi
» 99.5% active channels (984/988) ;\ 18005_
» ~90% duty cycle since 2019, with an average 2 16002—
exposure increase of ~ 50 kg X yr per month o 400
[ —
. = 1200 —
» ~1ton X yr last published data release ZRN | I1Y analyzed exposure
% - Nature 604, 53-58 (2022). -
» > 2ton X yr collected, new data release presented & *“fF ol
last month at the TAUP 2023 conference S ME
O 400 ..
= E CUORE preliminary
- 1 L I T I T I I T

10.4% 0 Dec-2022

1 1 1
Dec-2017 Dec-2018 Jan-2020 Dee-2020 Dec-2021

\ -
0
L

T AE (FWHM) (7.8 + 0.5) keV (7.3 + 0.5) keV
0T B at Qps (*) (1.49 4 0.04) x 1072 ckky 1.3 x 1072 ckky
[ Background [ Down

[ Calibration [ Setup Selection ¢ (924 +0.2)% 93.2%
(*) ckky = counts/(ke
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Latest results from CUORE

ROI: [2465 — 2575] keV

> No evidence for Ovpp decay E E 0Co sum Base cuts 4 AC + PSD
» We run an unbinned Bayesian fit with uniform non-negative 80 — Best fit
priors on background and decay rates to set a limit on Tlo/V2 2 - —— 90% CI limit on Ty,
: : 260 -
» The fit function has 3 components: ©or QBB
= aposited peak at the Qg of 3%Te 40 — e
= a peak to account for the %9Co sum gamma line A "
= a constant continuum background 20 = 2" TY‘ CUORE
In(2) C preliminary
= 0045 [, = —— I T SR S S R S
2 - 0
20,0405 — L (aturc2022) v, 077480 2500 2520 2540 2560
= - 27TY / Energy (keV)
50,0350 ——2TY (TAUP23)
§ 0.030F Combining the I, Posterior from the 2" ton X yr
o.ozsﬁ o « (TY) data analysis with that from the 15t ton X yr /
0.020F- CUORE preliminary (Nature 604, 53-58 (2022)) \
0.015F-
TV, > 3.3 x 102> yr (90% C.I.)
: 1/2
0.005:—
0000571 070" 80" Exposure: 2.023 ton X yr

Ty, (1077 yr-1)

Siena, Italy - September 28, 2023 Davide Chiesa - University and INFN of Milano Bicocca


https://doi.org/10.1038/s41586-022-04497-4

Beyond CUORE...

~ Next generation experiments aim at discovering the Ovpf mgg < 75 — 255 meV
decay if mgz > 10 meV, to fully explore the inverted

Current CUORE limit: ‘ , ‘
mgg = z Ugim;

10°E 3

ordering region. § E

» For this purpose, the background in the ROl must be - ]
reduced so that: 10°

CUORE sensitivity

B AE M T S 0(1) Inverted ordering

. CUPID baseline sensitivity
— no events are expected in the ROI 10

Mg, (meV)

— the sensitivity scales linearly with the exposure

Normal ordering

» CUPID aims at reaching this condition by lowering the
background index down to:

B ~ 107* counts/(keV X kg X yr)

II L L 1 L1 IIII
B 1 10 10
From the CUORE background model we know that: Mighios (MEV)

107

—
ol T TTTTIN

can significantly reduce

= a background ~ 1072 counts/(keV X kg X yr) - Particle ID }
the background index

=y background ~ 1073 counts/(keV x kg X yr) - Higher Qg
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Scintillating bolometers

» Particle identification through dual readout of heat/light signal in
scintillating crystals = full @ background rejection.

CUPID-0
Light Detector 5 : e —
T~10mK Sensor :
Light 5

Thermal
Sensor

L:

betas/gammas

Boo 2000 300040003000 60007000 0009000
Energy [keV]

| | Energy e | CUPID-MO
Li,Mo0, crystal Release Bl emmes '

W -

Thermal Bath

Light (keV)

In the last years, the precursor experiments:

» CUPID-0: 24 ZnSe crystals enriched in 82Se, LNGS-Italy g alphas

» CUPID-Mo: 20 Li,MoO, crystals enriched in 1®Mo, LSM-France “

have demonstrated the potential of this technology

0 2600 4000 6000 8000 10000
Heat (keV)
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CUPID

CUORE Upgrade with Particle IDentification

» Tonne-scale array of scintillating bolometers for the CUPID DESIGN PARAMETERS
search of the OvBp of Mo (Qpp = 3034 keV, above the
endpoint of main y background) » Detector mass: 450 kg (~240 kg of %Mo)
> Keep CUORE cryogenic infrastructure: cost-effective + » 1596 Li,M0o0, crystals 45 x 45 x 45 mm?
low risk enriched in %Mo to n > 95% (quite expensive,

but available at industrial scale)
» Rich R&D program with multiple cryogenic facilities

operational (ltaly, France, US) » Livetime: 10 yr

~ Energy resolution: 5 keV FWHM at Qgp

» Background index: 10™* counts/(keV X kg X yr)

Y

Ovpp sensitivity:

Total

Muons

Shields

Holders
Crystal U+Th

Pileup 2nbb u Tlo/vz > 1027 yr

1E-05 1E-04
[counts keV™ kg™ yr']

" Mgg <10 —-17 meV
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Conclusions

» CUORE is the first experiment to demonstrate stable operation of a tonne-
scale milli-kelvin cryogenic calorimeter

» CUORE has analyzed 2TY of data setting the most stringent limit on '30Te
Ovpp half life: T}, > 3.3 x 102> yr (90% C.1I.)

» Other physics searches:
= precise measurement of 2vp half-life
= 2vpp spectral shape studies for CPT violation, Majoron emissions, ...
= low-energy spectrum analysis for Dark Matter searches

~ CUORE is taking data stably, and aims at reaching 3TY TeO, (1TY '3%Te)
exposure

CUORE demonstrates the potential for large-scale bolometric detectors.
The same technology and infrastructure will be used for the CUPID
experiment.
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Thanks for your attention

-
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