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Isotope Isotopic abundance (%) Enrichment (%)

BCa 0.187 16

. 0Ge 7.8 92

In nature, only a subset of even-even nuclei could decay 525e 8.7 96
96

through double-p decay:. Zx 2.8 36

5 I% % 100Mo 9.8 99

: . o 116Cq 7.5 82

This can happen when the attractive nuclear pairing 130T 34.08 92
. . . . . . 136

interaction adds binding energy to nuclei with even Re 8.9 90

150Nd 5.6 91

numbers of protons and neutrons.
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Ca 4263 64707 (stat.) 12 (syst) x 1017 process not conserving the 76Ge > 1.8 x 102
76Ge 2.039 2.022 £ 0.018 (stat.) & 0.038 (syst.) x 102! - |
82Ge 2.998 8.69 + 0.05 (stat.) ) 0e (syst.) x 10'° B-L. symmetry Of the >M "Se > 4.6 x 10%
%7y 3.348 2.35 4 0.14 (stat.) + 0.16 (syst.) x 1017 2 Only practical way to probe 00Mo > 1.8 x10%
100Mo 3.035 7.07 4 0.02 (stat.) £ 0.11 (syst.) x 101® h . M . 116Cd ~ 29 x 1023
llecq 2.813 2.63 +0.01 (stat.) D13 (syst.) x 10'° that neutrinos are aJorana '
w257 8767009 (stat) 014 (syst) x 102 particles, validating the so PTe  >22x10%
136X 2459  2.165 + 0.016 (stat.) 4= 0.059 (syst.) x 10?! called “see-s aw” mechanism 136 X e ~ 2.3 x 10%6
150Nd 3.371 9.34 +0.22 (stat.) 05 (syst.) x 1018
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Nuclear Matrix Element
Phase Space Factor depends on nuclear models. Effective Majorana Mass,

Still a source of uncertainty the parameter of interest
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What about 2v3[3?
Can we use it to search for new physics?



Proton

Neutron

Electron

Anti-neutrino
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+ (,, is the Phase Space Factor (PSF) - o

% M,  is the Nuclear Matrix Element (NME)

~ — Single state dominance
34 SN Closure approximation
Assumptions on the energy of the intermediate 3
nuclear state: -
N
o, : . 2
% Single-state dominance (SSD)— 190Mo and = 1-
82Ge
0 . . . .
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+ Higher-state dominance (HSD) or Closure

. : Energy / Q
approximation (CA) "



Instead of approximating SSD or HSD, the 2vpp PSF is written as a sum of components
representing a Taylor expansion in terms of the lepton energies:
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g(szf) + &35t
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2v 2v :
;1 and &Z7 determine the shape of the spectrum

When 531, 521/ = (0 — HSD

Or 531 , cf * 0 — SSD (the values depend on the nucleus)

Instead of making assumptions, the values of

2U g2V
31> 657 can be measured

Phys.Rev.C 97 (2018) 3, 034315



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.97.034315

— Standard Model 2vBp — BBxo (n=2) BBxoxo(n=7) = vNBB (my = 0.5 MeV)
— Bpxo(n=1) — BBxoxo/BBxo(n=3) - LV2uBB e vNBB (my = 1.5 MeV)
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Majorons are massless bosons resulting from
the spontaneous B—L symmetry breaking in
the low-energy regime.

One (PPyxo) or two (PPxoxo) Majorons can be
emitted according to the different models

The parameter of interest is the neutrino-
Majoron coupling:
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The Standard Model Extension predict the
existence of Lorentz Violating (LV) fields.

In the neutrino sector it can modify the
decay rate of 2vp

c'l(;c) is the countershaded operator and

determines the strength of the Lorentz
violating effect.
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If the sterile neutrino N has a mass my < Oy,

it can be emitted instead of an antineutrinos in — Standard Model 2088 —— 0.8 MeV 1.2 MeV
the ZVBB (VNBB): —— 0.5MeV —— 09MeV 1.3 MeV
— 0.6 MeV — 1.0 MeV 1.4 MeV
— 0.7 MeV — 1.1 MeV 1.5 MeV
(A,Z) > (A, Z+2)+2e¢ +0U+N o

A

The effect on the total decay rate is:

W
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Plenty of experimental techniques

Xenon time projection chambers HPGe semiconductor detectors
136X e 76Ge
[EXO-200, nEXO, NEXT] [GERDA, Majorana Demonstrator, LEGEND]
Large liquide scintillators
136Xe Ovﬁﬁ

[KamLAND-Zen, SNO+] ¢—— . .
Cryogenic calorimeters
130Te, IOOMO, 82§ e

[CUORE, CUPID, AMoRE]

Tracking calorimeters
100Mo, 82Se + others

[NEMO-3, SuperNEMO] G S
+ many others |

S
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Highly sensitive calorimeters operated at cryogenic Heat bath T,
temperature (~10 mK)

Weak thermal

AE t C : G
T ( ;

From Debye law C « T

Absorber I NTD

@ thermistor
- 400 iy
> \%
g i C=10"°J/K
2 200 5
:‘U — mK .
S < T —C/G AT = 0.1 & 10mK C = heat capacity
0
0 > 4 6 g 10 G = thermal conductance



Performances

CUORE
< Excellent energy resolution (<1% at 3 MeV) experiment

< High detection efficiency, the emitting isotope
is embedded in the detector

< Possibility to study different Bp emitters (and
take those with higher Qgg)

% Radio-pure materials
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Degraded a-particles Copper Surfacs

N
- =
< A significant background come from degraded a-particles - 3
from contamination in passive material E 0
= o]
. L : S =
% Needs for a technique able to distinguish a-particles 0 <
from B/y radiation 7 >
< Further background reduction with high Q-value isotopes
Q — Experimental (M)
&D 10 §—=f130Te'il‘ ------------------ Model:occomponent
E | - : R_OI Modf:l: non-o. comlponent
ERNET T
S 107 s Sl il [
1072 ;— R oot R 1 | 5 e g e e e
= P S

2750 2800
Energy (keV)

2450 2500 2550 2600 2650 2700

17



< Absorber: scintillating crystals at cryogenic temperatures (ZnSe, LioMoOQs, etc...)

% Light Detector: thin Germanium wafer coupled to the absorber working as a cryogenic

calorimeter

< The particle identification can be done with by detecting the amount of light emitted (Light
Yield) or the pulse shape of light signals

Absorber Light: [ — 5 \
Detector g ng;gg;;(
/ — Thermal Sensors
“

(Ge)
2.8x2x0.5mms3

Weak Thermal Link (Ge-NTD thermistor)

(PTFE)
Thermal Sensors
2.8x3x1 mms3
(Ge-NTD thermistor)
Absorber  — T R
Scintillating Crystal Light Reflector
(ZnSe) “  (Vikuiti 3M®)

Light Yield [keV/MeV]

p—
(\9]

Th source

Baseline Configuration
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| ] ] ] I

4000 6000
Energy [keV]

Amplitude [A.U.]

1
_ light Bly
light o
107"
107 2
10—3m Lo N LR Ll
0 50 100 150
Time [ms]



R/ R/
0‘0 0‘0

R/
0‘0

R/
0‘0

R/
0‘0

From CUORE to CUPID

988 TeO> crystals
206 kg of 130Te
Largest cryogenic facility
in the world

BI ~ 1.5 X 102 ckky
No particle identification

CUPID-Mo

< 20 LiaMoO4 crystals

% 20 Ge light detectors
<+ 2.3 kg of 100Mo

<+ BI ~ 3.9%X10-3 ckky

—

CUPID-0

26 ZnSe crystals

31 Ge light detectors
5.2 kg of 82Se

BI ~ 4.0Xx10-3 ckky
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CUPID - next generation

K

1596 LioMoO4 crystals | 4P
1710 Ge light detectors ] |
240 kg of 100Mo

Target BI ~ 104 ckky
Re-use of CUORE cryogenic
facility
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The CUPID-0 detector

N/
%*

24 ZnSe crystals enriched at >95% of 82Se
+ two natural ones + 31 Ge Light detectors

Located at LNGS

Qpp(82Se) = ~2998 keV — low background
region

NTD-Ge thermistors as temperature sensors

Total mass: 10.5 kg ZnSe

21

In Jan 2019 the CUPID-0 collaboration has
made an upgrade of the detector, starting
the so-called “Phase II” of the experiment.

Phase 1 Phase 11
9.99 kg Xy 5.74 kgXy
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MONTE CARLO

EXPERIMENTAL SIMULATIONS OF

Analysis of background
source signatures BACKGROUND SOURCE

DATA SPECTRA

FIT OF THE SOURCE SPECTRA TO THE
EXPERIMENTAL DATA

Comprehension of the
background in the ROI

ACTIVITY OF BACKGROUND SOURCES

7\

Spectral shape analyses



\/

< Fundamental for the spectral shape reconstruction and identify dominant background sources

N/

% Further precision with the integration of Phase II data

[
o
[\®)

—— M, Experimental
— 2B
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—— Crystals (*°U)
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Eur. Phys. J. C 79, 583 (2019)



https://link.springer.com/article/10.1140/epjc/s10052-019-7078-8

Counts/(kev kg yr)

M1 jk’

Data selection based on time coincidences and particle

identification.
< da-contaminations have the same activity in phase-I and phase-II
N . . . . M2 j/\‘
< Higher alpha continuum from close component contaminations
(10 mK)
% 2vpp is dominant up to 3 MeV ' . — —
| M2 = single energy deposition — " |
o in both the crystals "
] phase—l M?/v _ phaS6-1 M(f U R 228Th %102 “ i . J ;102
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Background model - simulations

< A GEANT4 based software taking into

account the detector geometry generates

a series on Monte Carlo spectra Holder

< The simulations are processed with a
custom software to implement
experimental features on simulated data
(energy and time resolution,
coincidences, particle identification...)

Crystals &
Reflectors

The background sources included follows + PbExt
the material components and the geometry.

Degenerate spectra are grouped together Phase-I — Reflectors + Holders
in a single simulation

Phase-II — Holders + 10mK




< Long-living radioisotope (232Th, 238U, 235U, 40K) with the possible breaks of the chains —
Crystals, Holders and Cryostat

< Cosmogenic activation products of Copper and ZnSe (65Zn, 6°Co, 54Mn) — Crystals and
Holders

. 107
< Muons — Environment § data phase-1 M? ?26Ra - 219Pb Simulations

101_: — Crystals 10 nm

— Crystals 10 ym
| —— Cirystals bulk

10°-
{ — Reflectors 10 ym

Reflectors bulk

< 2V[pP using SSD approximation

Crystal contaminants are modeled
with different depth profiles e ™/

A = depth parameter assumed to

g of or 100 i

Counts phase-1 / (10 keV kg yr)
5

SRV, Ny i
et Tl Wlirilﬂ'ﬁ\ Vil T mﬁ.ﬂ i

3000 3500 4000 4500 5000 5500 6000 6500
Energy [keV]




Binned simultaneous Maximum Likelihood fit using a Bayesian framework with a Markov

Chain Monte Carlo (MCMC) approach.

NS
We model the spectra i and energy bin b as f; (Eb; ﬁ) = Z N;-f; (Eb)
j=1

0.025

N. - NMC
_ J
Mass[kg] x livetime[s]

i
Activity k_g

Y
=
a

0.010 -

0.005 +

From the Bayes theorem the joint posterior pdf is

0.000

Posterior <ﬁ\ data) X HPois (nl-,b | /. (Eb; ﬁ)) X Prior (ﬁ)
1,b

0.020

 0.015 -

—— Posterior p.d.f.
At
Prior




T R —— - Data - M1b_2
1 ““:.,\:‘ JAGS reconstruction
10 |
> ! L
Variable binning for low counts regions and peaks gw:
: B
107! E —
Constraints on all the long living isotopes to have |
the same activity between phase-I and phase-II
5 06 s
. . . A 041 1o
priors based on previous experiments results and 3 o2 e
measured muon flux 8§08
E e
300.0 800.0 1300.0 1800.0 Z]S(IJi).eOI‘g;S[Ol(().é)V]S?)OO.O 3800.0 4300.0 4800.0
Simultaneous fit on 8 experimental experimental .. ﬂ
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of them constrained 40- \
é 30 - i M
. . . . . O |
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parameters define the Reference fit 2 / -
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Fit systematics

Energy calibration: alternative energy scale
corrected for the 56Co calibration residuals

9OSr/9OY

Source location effects

Reduced list of sources: remove sources which

posterior p.d.f. is compatible with O

Others...

0.0&6 -

0.05 —]L
d

Fit

0.04 - l!] . .
| by At limit
2 003 1 '1] contribution
0.02 - "L'
b
0.01 - -HL..-.

uw
0.00 ' M

—— Posterior p.d.f.

T
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< Simulations can reproduce the background in

the OvPp ROI applying the same cuts used in Experimental phase-2 - —H
experimental data Experimental phase-1 - ——
: . . ‘ Total - :
% The higher background in phase II is explained )
as an over-fluctuation Muons - -
Crystals - 'H_'
Component ROI,., rate [10” counts/keV /kg/yr]
phase-I (only) phase-I (comb.) phase-II (comb.)  Cryostat and Shields -
Crystals 11.74+0.6 755 8.94+0.5 7 7.6+£04 757 . phase-1
+2.2 +1.1 40.6 2vB57 : phase-2
Near Components 2.14+£0.3 "7 3.6+£0.3 "7, 5.4+0.9 "5 i Dith
Cryostat & Shields 5.9+ 1.3 T12 8.0+ 1.5 57 6.8+ 1.0 753 Close components - . —  Syst.
Muons 15.3x1.3x25 154x0.7x25 15.3=x0.7x25 BN NS
10 10 10
2v0p 6.0+ 0.02 T555 5.93+0.03 Ty 5.31+0.03 5o Background index [10™% counts/(keV x kg x year)]
Total 4142 77 424+ 2 75 40 £2 75

Experimental 35 J_réo 39 i_glgo 99 fi?




Fit systematics combined with the 68% difference Published on PRL
between the Reference Phys.Rev.Lett. 131 (2023) 22

+Fit systematics (+1.0%)(—0.7%)

+ Stat. uncertainty (£0.6%) (including efficiency and Previous work -
enrichment uncertainty) - _
) . 1s work . —— .
+Theoretical uncertainty (=0.3%) (SSD vs. HSD)
L (_l_ 12%) (_09%) Calibration (-0.51%) 1 | i
Prior distributions (-0.07%) - , .
Final result: « identification (-0.01%) - : :
Reduced list (-0.02%) 1 : :
2 0.06 1 i - '
Tih = [8.69 = 0.05(stat.) ) 00(syst.)| X 10%yr Source location (-0.70%) i
Threshold (-0.41%) - =t
In terms of NME:; 8r/MY (+1.36%) - i —
Fixed step binning (-0.06%) - | | | 'I—1I—': . .
84 85 86 87 88 89
%eff 0.0760 i_ 88882 2v 33 Half Life [x 10 years|


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.222501

From BM to BSM studies

The background model serves as a starting point in the search for exotic double-p decays

LV 2vpp in CUPID-0 phase I Majoron emitting modes in CUPID-0 phase I

2vpp
: : : : OVBBXO n=1(90% C.l.)
102 ............. e ......... —_— OVBBXO n=2(90% C.l.)
: : : : — OVBBXO(XO) n=3(90% C.l.)
- OVBBXOXO n=7(90% C.l.)
Model - All sources
Data - 9.95 kg yr

ST —Average Residual = ( -0.1+1. Ky |

Residuals [o]

Counts / 50 keV

.I..l{.{.““ ..I..il..l.li.“ ...I..I.ll.{.l.

= = Other SOurces

2vBB LV, (90% C.1) 101 ke e BT SN SO e
ARt LR, ; : ; TR : : :
'_|¢-"-' - ] : : - :

10
1072

counts/(keV-kg-yr)

Residuals / 50 keV

- — 200 2000 2500 3500 S R NN NS NS M NS NN N SO

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

En ergy [keV] 1000 1500 2000 2500 3000 3500 4000 4500 5000
Energy [keV]

Phys. Rev. D 100, 092002 (2019) Phys. Rev. D 107, 032006 (2023)
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The CUPID-Mo experiment

% 20 Li2MoOg4 crystals enriched at >95% of 100Mo+ 20 Ge Light detectors
< Located at MODANE in EDELWEISS cryostat
< Qpp(190Mo) ~ 3034 keV

< NTD-Ge thermistors as temperature sensors

< Total exposure: 2.71 kg X yr

PTFE
Clamp

<+Si Heater

LMO ‘ Ge Wafer )

NTD

Cu Holder Cu Holder

34



Spectral shape studies - introduction

Type I: e.g. Majoron decays, where
the BSM decay is completely

Type II: e.g. Lorentz violation and Sterile neutrino emissions, where

unrelated to the SM 2vBp — the the BSM process is in competition with the SM 2vpp and tends to

lower the 2V decay rate, the
higher the sensitivity (136Xe)

decrease the decay rate — the higher the 2v[pp decay rate, the
higher the sensitivity (100Mo)

— Standard Model 2vBp — BBxo (n=2) BBxoxo(n=7) VNBP (my = 0.5 MeV)
— PBPxo(n=1) — BBxoxo/BBxo(m=3) - LV2vBB e vNBB (my = 1.5 MeV)
1.00 -

dG/dE [a.u.]
o O
Q1 N
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-
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0.00 . . —~ ' . . N fro” e
000 025 050 075 1.00 000 025 050 075 1.00 0.00 025 050 075 1.00
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1. Simulate the BSM spectra with GEANT4 Fixed 2vBp spectral Flucwatiln%lzvﬁﬁ
shape under the SSD asclzgiéﬂi St (?l:t)}ele
2. Add the BSM spectrum into the assumption improved dgescription

background model fit

3. Extract from the fit the marginalised Systematic effect
posterior p.d.f. over the parameter of The result can be never considered by
interest for each BSM process and compared with the any experiment
integrate it to get the limit other experiments before

4. Systematics: Binning, source location, ol packgonnd
2vBP bremsstrahlung (£10%), Energy s o b
scale (£1 keV), Minimal model, 90Sr/90Y g SOO_VM\__

° 5 .
100Mo 2v[p half-life L T e et e
7.07 £ 0.02(stat.) £ 0.1(syst.) X 10'8 R I

Energy [keV]

Phys.Rev.Lett. 131 (2023) 16, 162501



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.162501

Results: Majoron emitting decays

% The improved model has a large impact on the final limit

< SSD limits are a factor 2 — 5 less stringent than NEMO-3, despite
its exposure is 22 times higher than CUPID-Mo

Improved model

SSD

Improved model

SSD

50 100
[[x 1072y 1]

150

100 200
[[x 1072y 1]

300

37

T; 7 gM
Decay mode 1, 56D [y] limitIM[y]  limit SSD limit IM
this work
BBxo(n=1)  24x102?  16x102 (40-69)x10~° (5.0-8.5)x107°
BBxo (n =2) 5.8x 102! 2.7x 102! - -
BBxo (n = 3) 2.2x 104! 0.5x 102! 0.053 0.112
BBxoxo (n=3)  2.2x 10% 0.5x 102 2.1 3.1
BBxoxo (n=7)  22x 10% 2.0x 1020 2.2 2.3
NEMO-3 [57, 60]
BBxo (n=1) 4.4 x 10 (3.0 —5.1) x 1075
BBxo (n =2) 9.9 x 102! i
BBxo (n=23) 4.4 x 10% 0.023
BBxoxo (n=3) 4.4 x 10 1.42
BBxoxo (n=7) 1.2 x 10% 1.15




*

The countershaded operator can assume
negative values — negative fluctuations are
allowed in the fit

Strong anti correlation between the SM
and LV components, it get worse with the
improved model

Double-sided limit at 90% C.I.

1e6 Reference le6 improved
1.02 -
1.00 -
0.98 1
l--
e Q 0.96 - b
- _ ~ "
= N & 0.94 A .
= B HL
%i- C --EL-L
3 0.92 -
U ---
-l=--
0.90 1
0.88 1
0.86 -
—30000 —-20000  —10000 0 10000 —40000 —20000 O 20000 40000 60000 80000 100000

counts LV counts LV

NEMO-3 limit

—42.1077 < afj) <35-1077

CUPID-Mo SSD limit

—8.1-10°%< af}j} <22.10°6

CUPID-Mo improved model limit

—6.5-107% < c‘zf;} <25-107



< First limit on sterile neutrino mixing angles
from a bolometric experiment

+ The large (g of 100Mo allows to investigate a
larger range

\/

< The uncertainties on the 2vp]} shape affects
mostly the low values of my,

10_1?

Still far from

exploring the

not-excluded
region

—— GERDA
—— CUPID-Mo [IM]
—— CUPID-Mo [SSD]

B-decays and solar v

10_2?

sin? 0 limits at 90% C.I.
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Outline

Double-p3 decays

Scintillating cryogenic calorimeters

CUPID-0 combined background model

CUPID-Mo BSM studies

CUPID will be the

experiment with the largest e CUPID sensitivit
amount of 2vpp events ever y

collected

n Conclusion and outlook




CUPID sensitivity studies

Project the CUPID
background on toy spectra

Construction of the CUPID

Background Budget
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Most common radioactive sources:
< Long-living radioactive nuclei: 232Th, 238U and 40K

% Anthropogenic radioactive isotopes such as 87Rb and 99Sr

% Cosmogenic activation products in

hOIderS and CryStals —— CUPID mock data — Cryostat & Shields — Crystals (238U)
—— 100076 2088 Crystals (*>°Th) — Crystals (others)
Reference activities: — (losecomponents

< Preliminary CUORE background model
for cryostat and holders contaminants

p—

-
—
|

< Preliminary CUPID-Mo background
model for crystal contaminants

Counts/(keV kg yr)
5

o
3
(O]

J’L

oo ACTIVI A 0 500 1000 1500 2000 2500 3000

Energy [keV]
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Sensitivity: Majoron decays

450 kg-yr of 100Mo exposure (~2 years
of CUPID data taking)

With 450 kg-yr of 100Mo the CUPID
median exclusion sensitivity on the
neutrino-Majoron coupling will be

competitive with the limits set with

136Xe

BBxo (n=1)

@)\
I

N

Zee limit at 90% CL [x10~°]
W

»

Q < & &

=
1
1

=
-
1

Zee limit at 90% CL [x1073]

o
Q1
1

BBXxo (n =3)

Decay mode

CUPID exclusion sensitivity

NEMO-3 [46, 135]

Th/2 [yr] g Ty /2 [yr] oM
BBxo(n=1) 12x10* (0.6-1.0)x10"° 44x102 (3.0-5.1)x107°
BBxo(n=2) 2.0x10% . 9.9 x 10%! -
BBxo(n=3) 7.5x10% 0.0089 4.4 x 10*! 0.023
BBxoxo (n=3) 7.5 x10% 0.88 4.4 x 10?! 1.42
BBxoxo (n=7) 1.9 x 10% 0.73 1.2 x 102! 1.15

o

o

< & &

BBxoxo (n =3)
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-] N
I I

O
o

Qee limit at 90% CL
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-
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gee llmlt at 900/0 CL

BBxoxo (n=7)
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With 450 kg-yr of 100Mo we expect to reach the most stringent limit on the countershaded
operator among Ovpp experiments
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Upper limit on c‘zé‘? at 90% CL [x107° GeV]
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Isotope Limit on c’z(()‘;’f) |GeV]
76Ge (—27 < a}]) < 62) 10
8256 Ay <4110
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16Cq al) <4.0-1076
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Sensitivity: Sterile neutrino emission

CUPID median exclusion sensitivity with 450 kg-yr of 100Mo
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Scintillating cryogenic calorimeters

CUPID-0 combined background model
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The increasing interest in the search for OvPP leads experiments to reach higher and higher
exposures

The large statistic of 2vppP events collected by these experiments can be used to study the nuclear
properties of 2vPp and to search for exotic double-P decays

On this purpose, scintillating cryogenic calorimeters is a promising technology due to its excellent
resolution, high detection efficiency and particle identification that allow the accurate background
reconstruction

In CUPID-0 we measured the unprecedented sensitivity the half-life of 82Se 2vpp thanks to the
excellent data reconstruction provided by the combined background model

In CUPID-Mo we demonstrated the potential of LioMoO4 based detectors in the search for exotic
double-p decays, considering a systematic effect never considered before and paving the way for
the future experiments

The CUPID exclusion sensitivity demonstrates that we expect to set competitive limits on the
exotic double-p decays parameters



Thanks for the attention
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Ovpp is a nuclear process implying the

: — Standard Model 2v30
decay of two neutrons into protons and 0,003 - ovBE
electrons without the emission of 5
. . (V)
antineutrinos. — 0.002 -
N
O
9 S

< It would establish a total lepton
number violation (AL = 2) not

conserving the B-L symmetry of the SM 00007 0 0 e s ié
Energy / Qgg
% Only practical way to probe that B
neutrinos are Majorana particles, (A, 2) > (A, 2+ 2) + 2e =
validating the so called “see-saw” n—-m > P Isotope 177, 1y
mechanism \1—\w 5Ge > 1.8 x 10%
w— ! >— e 52Ge > 4.6 x 10%
< Its signature is a sharp peak at the Q- X Mo >1.8x10%
value of the decay W S 6cd  >22x10%
J/ 130T > 22 x 107
n > > P 136X e > 2.3 x 1026




Ovpp is a nuclear process implying the decay of
two neutrons into protons, electrons and
antineutrinos.

\/

< SM allowed second order weak process
which half-life spans the range 1018-1021
years

< It has been observed for several nuclei

A, Z)— A, Z+2)+2e +2v

dG/dE |a.u.]

—— Standard Modgl 2v B8

0.2 0.4 0.6 0.8
Energy / Qpg

Isotope  Qgg [MeV] T3, [yr]
8Ca 4.263 6.4707 (stat.) g5 (syst.) x 1017
76Ge 2.039 2.022 4-0.018 (stat.) + 0.038 (syst.) x 10%
82Ge 2.998 8.69 & 0.05 (stat.) 0 0e (syst.) x 10%°
%7y 3.348 2.35 4= 0.14 (stat.) 4= 0.16 (syst.) x 10"
100Mo 3.035 7.07 4 0.02 (stat.) &= 0.11 (syst.) x 108
e 2.813 2.63 +0.01 (stat.) 13 (syst.) x 10"
130T 2.527 8.7610% (stat.) Ty 15 (syst.) x 10%°
136X e 2.459 2.165 4- 0.016 (stat.) &= 0.059 (syst.) x 102!

150N d 3.371 9.34 £ 0.22 (stat.) 9% (syst.) x 108




OvBB experimental limits

% The uncertainties on the nuclear matrix f WO IH:Bestfit 0 NH: Bestfit | Tuomo
elements affects the limits on the - HH: S band N 57 band I I
. . 1
effective Majorana mass 10° . 5Ge e
I Excluded region

\/

% The lobster plot shows which regions are £
favoured assuming Inverted Hierarchy & 10
and Normal Hierarchy [

Next generation experiments

10V - .
] 76Ge: GERDA (2020)

{ 190Mo: CUPID-Mo (2021)

. ﬁZTe:. CUORE (2021)
ISOtOpe T{)}’z [y] mﬁﬁ [eV] ] Xe: KamLAND-Zen (2016)
%Ge  >18x10% < (0.079 — 0.180) 0 10" 10! 10 100 150
2Ge  >46x10% < (0263 — 0.545) Mightest (MeV) Atomic number
WMo >1.8x10* < (0.280 — 0.490)
6Ccd  >22x102 < (1.0-17) 3 , , ) ) i

—_— —_— l l
130Te  >22x105 < (0.090 — 0.305) gy = | 2, Um;| = ‘ ety + Ugpe iy + UgzeToms
=1

B6Xe  >23x10% < (0.036 — 0.156) !
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We are looking for an extremely rare decay whose signature is a sharp peak, the sensitivity is half-
life corresponding to the maximum signal that can be hidden by a background fluctuation:

—

N In2 Nyie Mt
Iyp(n,) = —— —
n A \ (BDAE

0]

Where it assumes Poissonian background fluctuations in the region of interest (ROI). The
dependence of the square root of the exposure (Mr) is the main limiting factor.

Nevertheless, if we assume zero-background in the ROI:

w Mi Zero background is the key ingredient to

Tn, > 1n2
Ov A ny boost the sensitivity!



N
%°

N/
%

Large exposure (Mt) necessary to reach high
sensitivities (enrichment required for most of the
candidate isotopes)

High Q-value, for larger PSF and reject most of
the environmental radioactivity

High detection efficiency (¢)

High energy resolution (AFE)

Formula with background:
—_—

0 In2 Nyie Mt
I'p(n,) =
n. A \ (BDAE

4500 E_4SCa
4000
— 3500 f—%gr 150 Limit of the y
% - 2 environmental
B c . o o
22,3000 sy radioactivity B
LZIS) 2500 124g o Xe o €
S u ®
g, 2000 o Ge
1500
1000 e
_I | | | I | | | | | | | | | I | | | | I | | | | l | | | | I | | | | | | |

0 5 10 15 20 25 30 35
Isotopic Abundance [atomic %]

% (BI) = background index

Formula without background:
xneN, Mt

Ty, > In2
A ny



NTD-Ge thermistors

» For macro-calorimeters the best temperature sensor is the Neutrons Transmutation Doped Ge
thermistor, Small Ge crystals with a extremely high and uniform distribution of impurities,
obtained exposing the the Ge-wafer to a neutron beam

R(T) = Ryexp (T,/T)’

» Each crystal is equipped with one NTD and one heater, used to
inject artificial pulses to characterize the sensor performances
and stabilize drifts in temperature

» Thermal and electric contact made with 50 um gold wires
thermally coupled to the thermal bath




NTD-Ge thermistors: read-out

R, /2 Tpot

v Working Point
VW . (WP)
¢ i Load Line
+
— Ihol %R(T) Vio1(D -
VBiAS v iInversion Point
R;/2 ? © | (IIP) )
\/\/\/\/\ VBIAS VbOl

56



NEMO-3 experiment

¢ Tracking calorimeters
Borated Water
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< Detection of both electrons emitted
separately — possibility to measure the
angle between the two electrons emitted
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Majoron emitting modes

One (PPyxo) or two (PPxoxo) Majorons can be
emitted according to the different models

The parameter of interest is the neutrino-
Majoron coupling:

12 1—1 my | 7" :
[TOI/M] — G()I/M <gee> |M()1/M|
model spectralindex Decay mode NGboson AL Ref.
IB No 0
IC 1 BBxo Yes 0 [121]
1B No -2
“bulk” 2 BBXo bulk field 0 [123
ITF Gauge boson -2 [122]
IIC 3 BPxo Yes 2 [121]
ID No 0
IE 3 BBxoxo Yes 0 [121]
11D No -1
IIE 7 BBxoxo Yes 2 [124]

decay mode Tiso [yr] G [x10¥yr] NME Zee lower limit
76Ge [133]
Bfxo(n=1) > 64x 10~ 4.2 (2.66-634) (3.0-7.1)x107®
BBxo(n=2) >29x10 - _ _
BBxo(n=3) >12x10% 0.073 0.381 1.7 x 1072
BBxoxo (n=3) > 12x10% 0.22 0.0026 1.21
BBxoxo (n=7) > 1.1x 105 0.420 0.0026 1.05
8266 [134]
BBxo(n=1) >12Xx 1022 361 (2.72-530) (2.9 —5.6) x 10~°
BBxo(n=2) >38x10 - ; _
BBxo(n=3) > 14x10% 1.22 0.305 1.6 x 102
BBxoxo (n=3) > 1.4 x 102 3.54 0.002 1.18
BBxoxo (n=7) > 22 x 102 26.9 0.002 1.13
100Mo [46, 135]
BBxo(n=1) > 44x10% 598 (3.84-6.59) (3.0-5.1)x107°
BBxo(n=2) >9.9x 10% - - .
BBxo(n=3) > 4.4 x10% 2.42 0.263 2.3 x 1072
BBxoxo (n=3) > 4.4 x 10% 6.15 0.0019 1.42
BBxoxo (n=7) > 1.2 x 10% 50.8 0.0019 1.15
16Cq [57]
Bfxo(n=1)  >82x10° 569 (3.105-5.43) (8.5—15) x 10~°
BBxo (n =2) >4.1x10 - - -
BBxo(n=3) > 2.6x 10 2.28 0.144 5.6 X 102
BBxoxo (n=3) > 2.6x10% 5.23 0.0009 2.37
BBxoxon=7) >89 x10% 33.9 0.0009 1.94
136X e [131, 132]
- > 2.6 x 10% (0.6 —2.8) x 107>
BBro(n=1) 57 mz 409 (11-477) (45 571) x 105
> 1.0 x 10 i
BPxo(n=2)  _ gg4 102 - - _
> 4.5 x 105 48 x 1073
BBXo(1=3) T (5 102 1.47 0.160 40 % 10-3
> 4.5 x 102 0.69
BBxoxo (n=3) > 63 x 102 3.05 0.0011 063
> 1.1 x 102 1.23
BBxoxo (n=7) 2 51 x 102 12.5 0.0011 984




SM is an effective quantum field theory that includes all possible operators that can be constructed with the
SM fields and that introduce Lorentz violation but preserve the SM gauge invariance. Experimental searches
for Lorentz violation are done in different sectors of physics, including matter, photon, neutrino, and
gravity. Four operators, called countershaded, equally change all neutrino energies and have no impact on
oscillations, therefore they are labeled as “oscillation free” (of ) and can be studied only through weak decays.

3 o (3) A
p=(E,p) —p=(Ep+al) —a,'p)

Lorentz violation does not affect the NME but (3)

: : . Isotope Limiton a'/ [GeV
appears as a kinematic effect modifying the phase P of 1V
space factor, thus the summed electron energy 76Ge (—2.7 < ag‘;’f) <6.2)-107°
distribution: 82Ga [1(?}) < 4.1-10"°

: 3Xe  —2.65-107% < ay;) <7610
AU g My, | dGsy  d(0GLy) 1164 c’z(()?}) < 4.0.10-6
dK dK dK 100 .(3) 5
Mo (—4.2 < dy) <35)-10

’H 4| <3.0-1078




Sterile neutrino emissions

— Standard Model 2v3p — 0.8 MeV
0.5 MeV
0.6 MeV
0.7 MeV

— 0.9 MeV
— 1.0 MeV
— 1.1 MeV

x 1071
If the sterile neutrino N has a mass my < Qpy, .
it can be emitted instead of an antineutrinos in B
the 2vBB (VNBP): L
= 2
A,Z) > (A, Z+2)+2e +0v+ N %1_
The effect on the total decay rate is: 0 4

' = cos*Ol,, + 2 cos*@sin” 0T,

Where sin” @ is called active-sterile mixing
strength

We can set limits where the actual boundaries
are relatively weak

0.2

0.4 0.6

Energy / Qpgp

— 1.2 MeV
1.3 MeV
1.4 MeV
1.5 MeV

0.8

CMB +BAO + H,

103
my |GeV]




In the hypothesis in which neutrinos
partly obey to the Bose-Einstein statistic,
the emission of two identical neutrinos
in 2vpP offers the opportunity to
investigate the Pauli's exclusion
principle.

155 = cos® L+ sin X1

Where sin® y represents the bosonic
fraction of the neutrino wave function,

while I -and I ,are the decay rates for

the pure fermionic and pure bosonic
neutrinos.

dG/dE [a.u.]

~~~~~~ \ — Standard Model 2vB

0.003 - SN Pure bosonic v

‘\
LS
N
LY
N~
\\
-

0.0 0.2 0.4 0.6 0.8 1.0
Energy / Q[;[;

Has to be calculated

ro =17 T  — from the theory and it

depends on the nuclear
model adopted

ro(190Mo) = 0.076

ro(76Ge) = 0.0014



Qu = 6207 keV
BR =359 %

Qp=2254keV  Qu =5617 keV Qp = 3272 keV
BR = 64.1 % BR =0.02 % BR =99.98 %

214Pg
Tin= 164 s

Qo = 8954 keV QB = 5489 keV Qu = 7833 keV
BR = 100 % = 100 % BR =100 %

208Ph
stable

Qg = 5001 keV
BR = 100 %
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Th-232
1.41 x 10"y
4.012 — 78.2%
3.947 - 21.7%
Y
Ra-228
5.75y
0.039 — 40% Y 13.5 - 1.6%
0.013 — 30%
0.027 — 20%
0.040 — 10%
\
Ac-228
6.15h
1.165 — 29.9% Y 911.2 - 25.8%
1.738 - 11.7% 969.0 — 15.8%
0.603 — 7.6% 338.3 — 11.3%
2.076 — 7.0% 964.8 — 5.0%
1.011 - 5.9% 463.0 — 4.4%
0.981 - 5.8% 794.9 — 4.3%
0.488 — 4.2% 209.3 — 3.9%
0.966 — 3.1% 270.2 — 3.5%
1.111 - 3.1% 1588.2 — 3.2%
0.491 — 3.0%
\
Th-228
1.912y
5.423 — 73.4% Y 844 -1.2%
5.340 — 26.0%
Ra-224
3.632d
5.685 — 94.2%
5.449 — 5.1%

a-f3 energy in MeV

v energy in keV

\

Rn-220
55.6s

o 6.288 — 99.9%

A\

Po-216
145 ms

a  6.778 - 100%

Y

Pb-212
10.64 h
B 0.335 - 83.1% 7 238.6 — 43.6%
0.590 — 11.9% 300.1 — 3.3%
0.155 — 5.1%
Bi-212
60.55 min
BR — 35.94% BR — 64.06%
B 2.252 — 55.4%
6.051 — 25.1% 1.525 — 4.5%
6.090 — 9.8% 0.631 — 1.9%
0.739 — 1.4%
39.9 - 1.1% Y7273 - 6.7%
1620.5 — 1.5%
785.4 — 1.1%
TI1-208 Po-212
3.053 min 299 ns
1.801 — 49.1%
1.291 — 24.2%
1.524 — 22.2%
1.038 — 3.2%

2614.5 — 99.8%

a  8.785 - 100%

583.2 — 85.0%
510.8 — 22.6%
860.6 — 12.5%
277.4 — 6.6%
763.1 — 1.8%
Pb-208
a.d. = 52.4%

U-238

4.47 x 10°y
4.198 — 79.0%
4.151 — 20.9%
Th-234
24.10d
0.199 — 78% 7 63.3-3.7%
0.107 — 14% 924 - 2.1%
0.106 — 6.4% 92.8 - 2.1%
0.086 — 1.5%
Pa-234m
1.159 min
2.290 — 99.6% 7 1001.0 - 0.84%
1.224 - 1.0%
U-234
2.455 x 10°y
4.775 — 71.4%
4.722 — 28.4%
Th-230
7.54 x 10*y
4.687 — 76.3%
4.621 — 23.4%
Ra-226
1600 y
4.784 — 93.8% 7 186.2 — 3.6%
4.601 - 6.2%
Rn-222
3.8235d
5.489 — 99.9%

a-f energy in MeV

v energy in keV

«

R Po-218
3.098 min
6.002 — 100%
Pb-214
27.06 min
0.670 — 45.9% Y 351.9 - 35.6%
0.724 — 40.2% 295.2 — 18.4%
1.030 — 11.0% 242.0 — 7.3%
0.180 — 2.8% 53.2 - 1.1%
0.485 — 1.0% 786.0 — 1.1%
Bi-214
19.9 min
3.275 - 19.1% Y 609.3 - 45.5%
1.540 - 17.6% 1764.5 — 15.3%
1.505 — 17.0% 1120.3 — 14.9%
1.423 - 8.1% 1238.1 - 5.8%
1.892 — 7.4% 2204.1 — 4.9%
1.066 — 5.6% 768.4 — 4.9%
1.151 — 4.3% 1377.7 - 4.0%
1.727 - 3.1% 934.1 - 3.1%
0.822 — 2.8% 1729.6 — 2.9%
1.253 — 2.5% 1408.0 — 2.4%
Po-214
164.3 pus
7.687 — 100%
Pb-210
22.20y
0.017 — 84% Y 46.5 - 4.3%
0.064 — 16%
Bi-210
5.012d
1.162 — 100%
Po-210
138.376d
5.304 — 100%
Pb-206 G
ai. = 24.1%




CUPID-0 calibration spectrum
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Almost all the a-peaks have the same
intensity in phase-I and phase-II

657n decayed in phase-II, while other
peaks appeared (from cosmogenic
activation of copper)

Higher a continuum from close
component contaminations (10 mK)

2VvPp is dominant up to 3 MeV
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From phase-| to phase-ll - M2 and M2sum

Multiplicity = 2 — events hitting two 15 e
crystals simultaneously = PN
0 "'ﬂm | 210Pg (Q-value)
7 109 T
é 101 h“\ o
S
M »= single energy deposition in both . l ‘ M "IMM‘L m
the crystals é , 1] |||M L 0 N‘ \ﬂ| \M
1000 2000 3000 4000 5000 6000

Energy [keV]

2.,= sum of the two energies deposited
(peak structures)
210Po (ot peak)

gl
il khl.Mmm MWMM
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Binned simultaneous Maximum Likelihood fit using a Bayesian framework with a Markov Chain
Monte Carlo (MCMC) approach.

m
: : : : exp\ _ . MC
Expectation value of the counts in the i-th bin <Cl.’ S > = Z N; <C,j,5 >
J=1

From the Bayes theorem the joint posterior pdf is defined as

Posterior (NJ <ClljvI 5C> | Cfgp , C}]v[ 5 ) = HPOiS (Cz‘?p <Ci?§p>> X HPrior <NJ>
i\

J
x T Pois (C}}f; <c}}f§>) x Prior (<c}}f§>>
Bq] - ]VjFit ] NMC 1/,0
kg - Mass[kg] x livetime[s]

Activity|
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Final result

Previous work -

T12/U2 — [8 69 + 0.05(stat. )+8 88(syst.)] X 1()19yr This work {- —_— .
, Calibration (-0.51%) - |
Using as Phase Space Factor the value - Calibration (-0.51%) ]
Prior distributions (-0.07%) - , :
U _18 « identification (-0.01%) - : :
- (1996 + 0028) X 10 Reduced list (-0.02%) - : :
he final 1 h 1 ol . Source location (-0.70%) - ——
The final result on the nuclear matrix element 1s: Threshold (-0.41%) - : i
0Sr/90Y (+1.36%) - - ———
eff + 0.0006 i
% = 0. 0760 — 0.0007 Fixed step binning (-0.06%) 1 'I—1I—':

8.4 8.5 8.0 8.7 8.8 8.9
2v 33 Half Life [x 10 years|
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CUPID-0 Fit reconstruction M1b
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CUPID-0 Fit reconstruction M2
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CUPID-0 crystal contaminations

Bulk Source phsal:;:fiﬁc Activity [Bp(il/]a(sge]-ll Constrained Prior [Bq/kg]
52Ge 2v BB (9.87 £+ 0.02)x10~* yes Uniform
657n (3.63 £ 0.06)x10~* (0.71 £ 0.06)x10~4 no Uniform
40K (6.0 +0.3)x107° yes Uniform
0Co (1.3 £ 0.3)x107> (1.3 £ 0.4)x107° no Uniform
1476m (1.3 £ 0.3)x10~7 yes Uniform
238U to #%°Ra (5.48 + 0.08)x10~° yes Uniform
226Ra to *1°Pb (1.47 £ 0.02)x10~> yes Uniform
210pp <14 x1077 yes Uniform
232Th to *®Ra (2.74 £ 0.08)x 10~ yes Uniform
228Ra (1.26 + 0.03)x10~° yes Uniform
235U to %1 Pa (6.2 +0.7)x10~7 yes Uniform

Specific Activity [Bq/cm?]

Surface Source Constrained Prior [Bq/cm?]

phase-I phase-II
226Ra to 219Pb (10nm) (2.8 +0.2)x1078 yes G(1.49,0.01)-Bulk
228Ra (10nm) (6.8 +1.1)x10~° yes G(4.190,0.008)-Bulk
226Ra to 219Pb (104m) <2.0 x107? yes Uniform
228Ra (10um) (2.8 £ 1.5)x1077 yes Uniform

210Pb (1nm) (3.39 £+ 0.08)x1078  (1.39 £ 0.03)x 10~/ no Uniform




CUPID-0 close components contaminations

Bulk source =~ Volume pShpazcei-fIic Activity [:l?a/:eg-]ll Constrained  Prior [Bq/kg]
%4Mn Holders (3.7 = 0.5)x10~* - - Uniform
>AMn 10mK - (6.3 £ 0.6)x107° - Uniform
BCo 10mK - (5.7 + 0.6) x10~° - Uniform
0Co 10mK - (4.5 +2.4)x107° - Uniform

Specific Activity [Bq/cm?]

Surface source Volume Constrained  Prior [Bq/cm?]

phase-I phase-II
22Th(10um)  Holders (5.2 4 0.2)x107° yes G(5.0,0.2) x 1077
28U(10um)  Holders (1.3 £0.2)x1078 yes G(14,02) x 107°
22Th(10um)  Reflectors < 7.7 x1071° - - Uniform
28U(10um)  Reflectors < 2.7 x107° - - Uniform
20Ph(10um)  Reflectors (1.9 & 0.5)x 108 - - Uniform
210Pb(10nm)  Reflectors (8.1 £ 0.3)x10~8 - - Uniform
232Th(10um) 10mK - <22 x1078 - Uniform
238U (10um) 10mK - (6.1 + 1.8)x1078 - Uniform
210Pb(10um) 10mK - (2.1 +1.2)x1077 - Uniform
210pp(10nm) 10mK - (5.5 £0.2)x10~7 - Uniform
210Pb(1 yum) 10mK - (1.7 £0.2)x1077 - Uniform
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CUPID-0 cryostat contaminations

Bulk source Volume PShPazZi-fIiC Activity [:l?a/:ég-]ll Constrained  Prior [Bq/kg]
232Th Cryolnt (4.5 +2.6)x10~* yes Uniform
238U Cryolnt (44 +2.1)x1074 yes Uniform

40K Cryolnt (27 £0.7)x1073 (4.1 £0.5)x1073 no Uniform
0Co Cryolnt (74 £1.4)x10™> (8.9 +5.6)x107> no Uniform
232Th CryoExt+ExtPb (3.8 £ 0.6)x10~* yes Uniform
238U CryoExt+ExtPb (4.6 +0.9)x10~* yes Uniform

WK CryoExt+ExtPb (3.8 £0.8)x10732 < 1.3 x1073 no Uniform
210pp ExtPb (8.0 £0.3) yes Uniform
%Co CryoExt (3.0 £0.8)x10™>  <6.5x107° no G(25,09) x 10>
232Th IntPb (3.2 +£2.2)x107° yes Uniform
28U IntPb < 3.7 x107° yes Uniform




Background model - reconstruction
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CUPID-Mo calibration spectrum
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CUPID-Mo particle identification
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10Y




CUPID-Mo simulations

CUPID-Mo detectors
Copper vessels

1K polyethylene

External polyethylene

Internal lead

300K electronics He reservoir
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< The model of the spectral shape has been
implemented in the background model fit and the

value of 5321” is kept as free parameter

< First measurement of the 5321’ parameter compatible

with the SSD prediction:
2 = 0.45 + 0.03(stat.) £ 0.05(syst.)

Systematic test

Uncert. T /5[ %]

Uncert. &3.1 [%]

Source location
900Gy 90y
Minimal model
Binning
Energy bias
Bremsstrahlung
MC statistics
Efficiency
Isotopic abundance

0.83
+1.0°
0.24
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+0.11
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7.7
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Exposure scan corresponding to 1 month, 6 months, 1 year and 2 years of data taking

(about 19, 112, 225, and 450 kg-yr of 100Mo)

With 450 kg-yr of 100Mo the CUPID median exclusion sensitivity on the neutrino-Majoron
coupling will be competitive with the limits obtained with 136Xe
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< Negative fluctuations produce a bias when the background sources do not have enough
statistic to be constrained in the fit.

< With 450 kg-yr of 100Mo we expect to reach the most stringent limit on the countershaded

operator among Ovpp experiments
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Sensitivity: Sterile neutrino emission
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dG/dE [a.u.]

Sensitivity: Bosonic neutrinos

L ps = cos* L+ sin® 4T, The actual limit from NEMO-3 is

. . . )
sin® y represents the bosonic fraction of the sin“ y < 0.27
neutrino wave function, I rand I, are

theoretically calculated (model dependent) The mean exclusion sensitivity of CUPID with

450 kg-yr of 100Mo is
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dG/dE [a.u

I s = cos® i+ sin X1

sin* ¥ represents the bosonic fraction of the
neutrino wave function, I yand I, are

theoretically calculated (model dependent)
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The actual limit from NEMO-3 is

sin y < 0.27 at 90% CL

The mean exclusion sensitivity of CUPID with
450 kg-yr of 100Mo is

sin?y < 0.11 at 90% CI



Total

Crystal

Reflectors

10mK sources

Cryostat & Shield

Pile-up

Background in the ROl for CUPID-Mo

< Radio purity of LiaMoO4 crystals sufficient to reach the goals of CUPID

< Higher contribution from cryostat copper components — Cryostat not optimised for Ovp]

searches

—— Data

—— Model

= 2vBp

[——] Crystal

[—] Reflectors

[-—] 10mK sources
[——] Cryostat & Shield

Bkg index [cts/keV/kg/yr]
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