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Neutrinoless double beta decay ﬁé

Double beta decay: second order nuclear process, alternative to beta decay Effective neutrino mass myg:

when forbidden by negative mass difference for some even-even nuclei - measures the intensity of the new-
physics involved in the process

- compares different isotopes

- _ 2nd order SM process, observed on nuclei
A Z)— (A, Z+2)+2e +20 '
(4.2) = (4, )+ 2 ¢ withT,, ~ 10'824 years

10°

(A, Z) > (A, Z+2) 4+ 2e — SM forbidden, lepton number violation .
- if observed, then neutrino is a Majorana | | o s

u - particle E .
o iy — underlying mechanism can give insight s i T
o into BSM physics: E 10 =+
B o light neutrino mass scale and 5 1
e hierarc hy Normal hierarchy 1
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Searching for Ovf3f ﬁé

Searching for a peak at the Q value of the decay

Sensitivity in presence of background:

Mass :
Efficiency slually w0
=
N | Mt =
Sov « age o QVBB
| / ?AE\ .
Isotopic E :
Ctrdan s Background Energy - 01/6,6

resolution

Sum of electrons energies\\ffi/

Resolution and background play an important role in sensitivity
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CUORE Experiment ﬁé

> 110 scientists
27 Institutions

4 countries

Virtual CUORE

collaboration meeting

8-10 November 2021
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Cryogenic Underground Observatory for Rare Events

Main goal: search for OvBp decay of *°Te
Design:
- closely packed modular array of 988 natural TeO, crystals arranged in 19 towers =

- Large mass: 742 kg of TeO, ,206 kg of "*°Te

- Low background goal: 10 cts/(keV kg yr)

L
=1

- high granularity

i

el 1=}

— deep underground location (LNGS, Italy) @3600 mwe

i

— strict radio-purity controls on materials and assembly

L
!
B

- passive shielding
- Energy resolution: Goal of 5 keV FWHM at QBB

i1

- High efficiency and duty cycle
Sensitivity:
T ,~9x10%yrs (90% C.L)in 5yrs

: . . L \
T [ ¢ 1=t 1t B [N} (=] Jomi,

mBB < 50-130 meV

Ischia, 17 May, 2022 Elena Ferri, 13" INTERNATIONAL SPRING SEMINAR ON NUCLEAR PHYSICS 5



Experimental technique: low temperature detectors

CUORE

Low temperature detectors:

Heat Sink — /W
- macroscopic (hundreds of grams) crystals instrumented with Weak Thermal .

thermistors operated @10 mK — low thermal capacity o | i

e
v

TD Ge Sensor
(Thermometer)

- energy deposition in absorber == source detected as temperature Absorber ; E
Val'iation Crystal ————p |

(TeO,) .
- large active mass and efficiency per unit cost Heater < | v

: ©)
Incident . Ill

- Fully active sensitive volume, no dead-layer — simple response Radiation
function — high energy resolution, clear signature

CUORE sample pulse

Each detector: 1;_
— Absorber: 5x5x5 cm? TeO, crystal - 0'8;_
- Sensor: Ge neutron transmutation doped (NTD) thermistor § 0'6;_
— Heater: Gain calibration :% 0'4;_Trise ~01s il ~ 18
02—
- Excellent energy resolution (~0.2% AE/E FWHM) Of —
- Detector response independent of particle type o2 e ‘Tirlne(;) O

- Flexibility in OvBB candidate choice
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Isotope choice D
CUORE

45005_48Ca
- 34 % natural isotopic abundance 4000
- Qg (2528 keV) 35003—“ Zr 19y i
= =
. . C 82 :
— Above most y natural radioactivity —i 30001 ll(msce o E
- Background from 2vBpB ~1/Qs o - R 130
-y = 2500 s R b &
- Isotope within the absorber = - e :
- - - 720001 o Ge
- Reproducible growth of high quality TeO, ¢y -
crystals with low contamination -
-
:l I 1 | I | I | | I | I I 1 1 1 1 | L1 1 1 I L1 1 l; I 11

5 10 15 20 25 30 35
Isotopic Abundance [atomic Yo]
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CUORE Cryostat

CUORE

- Ton-scale infrastructure cooled down by a custom built cryogen-free

LR, LB
structure: 5 pulse tubes + 3He/4He Dilution Refrigerator "3 e

- Almost 1.5 t of material cooled at operational T ~ 10 mK, stable over years

300 K

- Background level goal of 10 counts/(keV kg yr): s
— low-radioactivity materials choice, strict cleaning and assembling

protocols 600 mK

50 mK

— Roman ?"°Pb-depleted + modern lead shields ok

— Neutrons shield: external polyethylene layer with boric acid panels Top Lead

Shield

Side Lead

hield
- Energy resolution < 8 keV FWHM at "Te Q! i

Detector

— Minimization of vibrational noise: external support structure H

mechanically decouples the detectors from the cryostat

Bottom Lead
Shield
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Data Taking gé

. . . . . . ‘CUORE Run Time Breakdown
- Data taking organization: runs (physics, calibration, test,...)
66.6 %

- 1 Dataset (40 - 60 days) = initial calibration runs + physics runs + final calibration
runs

-2017 - beginning of 2019: mostly devoted to cryogenic interventions and detector \ = ’U e
10.9 %

optimizations
11.5 %

- After detector upgrades, continues data taking with low downtime [ Backeround I Calibration
[ ] Down Time [ ] NPulses
- 17 datasets completed, each dataset ~1 month long (> 1600 kg yr data collected) [ Setup ] Test

- 15 datasets analyzed (1038.4 kg.yr)

- Contlnue tO ta ke da ta ;1800; - Exposure Accunulation - May 2022 —250() ;
:E'; 1600:— - arXiv: 210406906 - Nature 604, 33-38 (2022) _2450 :‘5:
%1400;— —%400 g-
1200 El :42
™ . - —{300
Stability of operation for ton-scale 1000 |~ EN
cryogenic detector is a fundamental 800 EI
milestone for future generation 600 =
experiments (CUPID) = ER
400 — —{100
200 é

Dec-2017 Dec-2018 Jan-2020 Dec-2020 Dec-2021
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Event reconstruction

CUORE
. . . : > 800
1. Trigger of continuous data 2. A.mplltuc-ie evalt.latlon g E CUORLE
stream with Optimum Filter o 2 A =
P = Exposure: 1038 kg.yr 7. Blinding
70E -+ Analysis threshold g :—
6(); — OT wrigger thresholds Average PUIse 8 600;
) 0 Filtered pulse O 500
Ena E ,
L CUORE Preliminary 400F- — Blinded
O 305 F i =
2 i 300~ — Unblinded
10 E : : ‘ =
E e - . : 300 600 200
% 20 40 60 30 100 sample index E
Reconstructed Energy (keV) 100 :_
0 - f T T i S B
. ere_ae . 2500 2520 2540 2560 2580 2600 2620 2640
3. Thermal gain stabilization vs. baseline temperature Energy (keV)
3000 239 CUORE 4 >
- Phys. Rev. Lett. 120, 132501 (2018) o .
_2500F . . 5. Event multiplicity selection 6. Pulse shape cut
S 4. Energy calibration :
: 2000 j2 - :
2 F 911 2 e
1500 £
|2 - — kS
=k 969 1 N\ S
2 1000[ - :
3 2615 7™ , i [
F M2 - rejected background 5 - i T
500 and important information ; [\
C . . for bkg studies e e | & I\
ob— ‘S(I)O‘ * 1000 1;0(1; 20‘0(; 25'00 M1 - OvBR/2vBp signal like % o0 2000 lxmu LI, ;3
Reconstructed Energy (keV) i e e
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Spectrum: all datasets ﬁé

Nature 604 (2022) 7904

e I Base cuts

>~ E 8 Base cuts + AC

107 Base cuts + AC + PSD

> — —— Best fit

‘S_j = —— 90% CI limit on I';,

= = w0, ~ —— Background only fit 210p,
95] 60, :

= l g i
o I f
S

= 'E%gm |
i AA g ‘ 2]’;)Ra 24pg
— | V“ ! W‘R
107 | { N |
= na
10_2 _I 1 1 I 1 1 1 1 1 I 1 1 1 1 M
1000 5000 6000
Energy (keV)
Gamma background region | Alpha background region
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Detector response function ﬁé

Line shape response Function

- 2615 keV calibration gamma line is used to model the detector response to
monochromatic electron-like energy deposition

- Model = 3 gaussians (signal) + X-ray escape + flat background + multi-
compton shoulder

- Signal parameters are defined on channel/dataset basis

- Exposure-weighted average FWHM: 7.78(3) keV

Response scaling

i uE T
Ok & 15
5] =5 —_ =
2 2 E :
= 09F 2 ost Energy bias
&, = SE
2 08 - =
EE E (V]
2 07k =
o E -0.5
E oo c
E 1=
0.5 E
E -1.5
04F E 1 | | | 1
: lS(;Ol i, ‘10\00‘ e ‘15\00‘ ) ‘20\00‘ iy .25|00. e 2 0 T T o
Energy (keV) Energy (keV)

X-ray
escape peak

Counts/ (2 keV)

.............................................

i :Ebackground o
Bl
2

PR Tt T TP S TP L P T W S P TP
540 2560 2580 2600 262 2640 2660 2680 2700 2720
Reconstructed Energy (keV)

—_
o

- Signal parameters are scaled to ROI energy by fitting
peaks in the background spectrum - FWHM = 7.8(5) keV
- Signal parameters fixed in the final fit to ROI

- Uncertainty in the scaling included as nuisance
parameters in systematics fit

- Line shape also used to estimate energy scaling bias

(< 0.7 keV @Qg)
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Cuts efficiency gé

- trigger
Channel/run Reconstruction — energy reconstruction Heater pulses 96.418(2) %
- pile-up rejection

Probability of identifying 40K gamma line @1460

L o
Anti-coincidence singlesita event keV/ 99.3(1) %
Channel/dataset
s . Multiple gamma lines
Pulse-shape Probability of keeping a . o
discrimination physical event in background 96.4(2) %
spectrum
Total analysis 92.4(2) %
Containment &iggﬁggnand electrons MC 88.35(9) %
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Fit Details gé

- Unbinned Bayesian fit over all datasets Fit Parameters

- Bayesian Analysis Toolkit (BAT) - 0vpp decay rate @ 2527.518 keV
- Fit region [2490,2575] keV —50Co sum peak amplitude

- Systematics implented as nuisance parameters — Background index

= — Background slope

g;; 300 —_— Systematics:

ézso datgfgﬂﬁging - Analysis efficiencies

§ scheme

— Containment efficiency
200

- Energy resolution

150
- Energy scale

= Qy

100

50
— 130Te abundance

I||||l|||IIII|IIII|IIII|IIIN|IIII

0 llI|llII|IIIIIIIllIIIIlIlIIIIlIIIllIIIIl

2490 2500 2510 2520 2530 2540 2550 2560 2570
Energy [keV]
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EHOO 60Co sum

g 80F Nature 604 (2022) 7904
§ 60 Qs

% 40F 7 . ;I |

O 2500 2,520 2,540 2,560

Energy (keV)

- No evidence of Ovf3p

- Best fit rate: (0.9%£1.4)x102¢ yr’

- Background index =1.49(4)x102 cts/keV/kg/yr
- T°V1/2> 2.2 x10%* yr at 90% C.I

(numbers from Bayesian analysis)

Nature 604 (2022) 7904

90% CI1
interval

PR R T R
0.8 1
T, (107 yr)

C Nature 604 (2022) 7904
20

155—
]Of—
5:_
0 \J M‘)(W CL llmn

| IR |
0 02 03 04 05 06
T, (107 yr1)
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Sensitivity gé

2] _
= B
g 600__
'é 5005_ Nature 604 (2022) 7904
- Sensitivity calculated by generating 10k toy = n
i ts assuming no signal 4 ()_— —
experimen % 0 - =
— Toys generated using linear background and + B i
%Co components ”5 300 =
N b B o0
- Fit with signal + background L B .
" 200F .
- Median expected T, ,= 2.8 x 10 yr at 90% C.I = E -
- !
- Probability of getting a stronger limit is 72% = 100 8
0: . |2. [ ._¢X1024
0 20 40 60 30 100

90% CI Limit on T(1)72 (yr)
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Limit on effective neutrino mass ﬁé

10°E ]
-, > 2.2 X 1075 yr @90% C.I. S i Fole
- Assuming light neutrino exchange: . '_TT CUORE limit (Te) “_ _TE_T_—_
CUORE sensitivity (Te) - o
mBB <90-305 meV - Inverted hierarchy L ]
% — -
E 10 = E
- Range dominated by uncertainties in NME & T -
- Target sensitivity in 5 yr data taking: Y O EE T 1
1E = E
Mg, < 50 - 130 meV N T ]

10*1 I | | | I | | | | 1 ) I I | | Other iSOtopes

10™ 1 10 107

Miighest (MEV)
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3%Te 2vBp decay & CUORE background model &é

] —— CUORE data (300.7 kgy)
——— JAGS reconstruction

- 2vBP decay has a continuum spectrum from 0 keV to Qg

Counts/keV

- 2vBB contribution to the CUORE spectrum can be
disentangled through the Background Model fit

- CUORE background model: 60 radioactive contaminants +

M2, M2sum) of gamma region with 60+ components
(Geant4 simulated contaminations) including 2vBf3

muons + ZVBB % ] — Data/Model ratio
I [

- 2vBB rate extracted from MC multi dimensional fit (M1, g Mg
S q2p
a

i 1 I I i
500 1000 1500 2000 2500
Energy (keV)
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130Te 2vAp decay gé

=

2 “K | —— CUORE data, M, (300.7 kgey)

% 1307¢ 2vpp Fit reconstruction

S 10° B M, Fit reconstruction Most precise measurement of *°Te
2057, 2vpp decay half-life to date obtained

with of 300.7 kg-yr exposure dataset

214 -
Bi

10?

T3, = 7.712008 (stat) (| 3(syst) - 1020 yr

Phys. Rev. Lett., 126:171801,2021
10

1 I 1 | | 1
1500 2000 2500
Energy (keV)
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CUORE science program ﬁé

*  Other recently published high level analysis:
- 139Te Ov and 2v to excited states (10.1140/epjc/s10052-021-09317-7)

*  Upcoming papers (short term):
- 120Te Qv
- %TeOv
- Full-spectrum Background Model — input to CUPID background budget

* Longterm plan:

- Data taking to be continued until 3 ton*yr exposure is collected (expected end 2024)

- 130Te Ov with improved topological analysis (M1 + M2)

- 120Te Ov and 2v

- 128Te Ov and 2v

- 30Te Ov combined ground state and excited states, with topological analysis (final publication)
- High-multiplicity BSM processes (tri-nucleon decay, electron decay, etc...)

- Low energy:

. DM direct detection
. Axion searches

. Sensitivity to neutrino coherent scattering (galactic SN detection)
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Conclusion 6
CUORE

Experimental technique:
— Currently the largest solid state and low temperature detector for the search of Ovfp
— Array of 988 crystals of natural TeO, crystals for total active mass of 742 kg (206 kg of "Te)
— Operated in one of the largest DU-based cryostats in the world @10 mK
Operation and data taking:
— data-taking ongoing since 2017
— from January 2019 — 93% duty cycle
— 1 tonne-yr exposure collected and analysed
- stability of operation for ton-scale cryogenic detector: fundamental milestone for Future upgrades (CUPID)

Latest physics results:
— most sensitive search for OvBf in *°Te: T, , > 2.2x10% yr with median sensitivity 2.8x10% yr
— most accurate and precise measurement of '3°Te half life through 2vp

— many more results to come: updated 0vpp every new tonne-yr of exposure, decays to excited states, low energy
processes, fundamental symmetries violations, etc.
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