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Neutrino

c Neutral particle
o Massless in the Standard Model

o Neutrino oscillation

o Require massive neutrinos
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Double Beta Decay

°c (A,Z) > (A,Z+2)+ 2e” +2v, 2vBP

o Standard Model process

o Possible when single beta decay is not
energetically possible

o Observed for 9 isotopes
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From the Fermi theory of g-disintegration the probability of simultaneous emission of two
electrons (and two neutrinos) has been calculated. The result is that this process occurs suffi-
ciently rarely to allow a half-life of over 10" years for a nucleus, even if its isobar of atomic
number different by 2 were more stable by 20 times the electron mass.
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TEORIA SIMMETRICA DELL'ELETTRONE
E DEL POSITRONE

Neutrinoless Double Beta Decay

Nota di ETTORE MAJoRANA

—» > -
. Nuovo Cimento 14(1937)171-184
o Hypothetical decay
c €
— W' !
° (A,Z) » (A, Z+2)+ 2e 0v2p » \A
|
: : - U Sunto. - Si dimostra la possibilita di pervenire o una piena simmetrizza-
= A"
? Lepton number VIOIatlon AL 2 T " sione formale della teoria quantistica dell’eletirone e del positrone fa-
. . = cendo uso di um nuovo processo di quamiizzazione. Il significato delle
© |V|aJ0ra Na neutnno V=Y W- equazions di DIRAC ne risulla alguanto modificato e now vi & pit luogo
€ a parlare di stati di emergia megativa; nd o presumere per ogmi aliro
tipo di particelle, particolarmente neutre, Vesistenza di « antiparticelle »
— > corrispondents ai « vuoti» di energic megativa.
. . . P
Majorana neutrino is needed
in leptogenesis to explain the Space phase factor : Nuclear Matrix Element :
matter/antimatter asymmetry Known and calculated to good accuracy Differences between different nuclear models
2
m
=G,,g, M|
Uz OVgA
/ m,
. . Effective Majorana mass :
Weak axial-vector coupling strenght : :
Question of g, quenching under study Mg = | [Ugy 12y + €| Ugy |2 m, + €1 Ugg |2 |
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Searching for 0v2[

2v2[ :
(A,Z) > (A, Z+2)+2e™ +2v,
Continuum

2vp3 3

The shape of the two-electron sum-energy
spectrum enables to distinguish between
the Ov (new physics) and the 2v decay

modes 0v2p :
B (A,2) > (A,Z +2) + 2e”
8 Peak enlarged only by the
o Requires . LI>J detector energy resolution
° Low background in the ROI (around the Qpp) 0\/(5 [3
o Good energy resolution
>
Energy Qpp
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Experimental challenge

° Qg is an important factor for the
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Bolometric technique

Scintillating Bolometer Particle Identification
o Crystals cool down to ~ 10-20 mK
Light Detector Thermal 1 0v2pB
o Detector = source T region
> High detection efficiency 5 Light s |[E=then (L a
= o Bly EVENTS
= Thermal @ |EVENTS
:?\ie g Sensor L'j—_é \
_ = -
2 Energy
Source = Detector <AEntc Release HEAT SIGNAL
. %2500 Amplitudecxt Energy Release
> Good energy resolution £ 2000
§ 1500—
> Scintillating bolometers 1000
> Discriminations between 500
B/v and a particles oF
o Heat and Light signals L
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PTFE Clamp PTFE Clamp

CUPID-Mo
w2

Ge Wafer )
Demonstrator for the next generation ton scale experiment CUPID t NTD, 4/

Installed at Laboratoire Souterrain de Modane (LSM)
Cu Holder

100\io Qg = 3034 keV

20 Li,'°MoO, scintillating bolometers
* 0.2 kg Li,1®Mo0O, cylindrical crystals
100Mo enrichment ~ 97 %
Ge wafers as Light Detectors (LD)
NTD Ge thermistors
Copper holders, PTFE supports, Reflecting foils

World leading limit on 1°°Mo Ovff :

24
Ty/;>1.8 x 10%" years arXiv:2202.08716

° Mgy < (280 —490) meV Submitted to EPJC
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CUPID

Next bolometric ton scale experiment for Ov3f3
~1500 Li,Mo0O, scintillating crystals

a rejection using light signal

Background Index goal : 10% counts/keV/kg/yr

OvBp sensitivity goal
° Ty, ~ 1047 years
°Mgg ~ 12 - 20 meV

£ ‘ 1t iy 1 i
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CUPID-Mo Data production

Exposure : 2.71 kg.year acquired between March 2019 and June 2020
° Important Cuts

o Multiplicity : Number of events above our energy threshold Multiplicity 2 (M2) |
within a +/- 10 ms time window Not signal-like

! Multiplicity 1 (M1)
Signal-like

-
o
s

° |VIl,B/v
o Events in one detector identified as B/y

o QvpBp signal like
o MZ
o Coincidences between two crystals 10

y

Y
cts/ 2 keV

-
o
w

10°

o Constrains levels of external contaminations
o M
> M, events & Energy > 3 MeV

25

LMO 1, Physics data
- Woel/y LY cut
- Withe/y LY cut

v b by by by s 1y Lo o by vy
1.a 0 500 1000 1500 2000 2500 3000 3500 4000
’ Energy [keV]

o Constrain levels of contaminations for crystals and reflectors

Light signal (keV)

o Permits differentiation between bulk and surface events for crystals

o Light Detector

05

o Reject alpha particles

I 1 1
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Background model

Goal : Describe the experimental data by a linear combination of the MC spectra

o MIC simulations used as input for a global fit of the data

° Simultaneous fit of M 5/, M

M, ,spectra

2sum’
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CUPID-Mo simulations e T

o Geant 4 based program
o Decays are generated in : External PE

1K PE

Internal Pb

—

o Crystal bulk and surface
Surface component :

o Reflector bulk and surface Exponential density profile e/

—

—o Copper internal
> Springs \r ==
10mK | .X -
] ° Screws - -
sources Ry > |
o Kapton connector ‘ ‘
5
o Kapton cables !
- i 300K Electronics He Reservoir
© Copper screens i Geant4 Rendering of the Edelweiss set up
chOStat - Screen 300K ' ~ | with the CUPID-Mo detectors as
d h. | d-— implemented in the simulations
ana snie :
° Polyethylene internal Geant4 Rendering of the CUPID-Mo detectors
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=
2 - Experimental
I
% - Fit reconstruction
© = 3
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Re S u ‘ tS [1] : D. Poda [CUPID-Mo collaboration]. (Neutrino 2020), June 22-July 02 (2020)

_ g I H .
E oo g | B FitActvies | £ A Fit Actvites
g — - [1] g 25— N
g o5k < r ||
0.4 || - ] E
- L] 150
0.3; ;. |
02 — [ [] ] 1:
O-E 05
OI_‘ o SV — — — — 0:“"'""l‘\\\\‘\\\\‘\\\|\‘||||““““‘
’L’b’f\\\ 'L’L%’\\\ 1’5‘6\) ,L$0’\‘(\ ,ﬂg,?\’b ,f)»g\\\ ﬁcg\‘(\ ,igz,\) 1’50'\\(\ ,ﬂ%?@
Crystal Bulk Activities Crystal Surface Activities
Exponential density profile e/
A =10 nm

We derive the crystal bulk and surface activities from the fit
The crystal bulk contaminations from the 233U and %32Th chains are all below 1 uBqg/kg

These levels of contaminations are compatible with the CUPID background index goal
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—— Total Bkg Index

ReSU‘tS % o : —— Crystal

I AN, et

= N T ——— Cryostat & Shield
flj o y —— Pile-up 2vpp
10% = { i,

From the fit we derive the number of A \ "’vrr,l
counts in the region of interest that is e | ”MH
defined as 3034 +/- 15 keV ] ‘ ‘ M ‘ mﬂﬂ]‘\

0.001 0.002 0.003 0.004 0.005 0.00 0.007
Bkg index [cts/keV/kg/yr]

+0.7 -3 °
3. 0—0.6 x 10 counts / keV / kg / year Probability Density Function of the Background Index

We can extract the background index coming from the crystals :
8.4 x 10~ cts/keV/kg/yr

Extrapolation for CUPID :
~2 x 10~ cts/keV/kg/yr << CUPID Background Index Goal (10 cts/keV/kg/yr)

Contaminations of crystals are compatible with the CUPID background index goal

15
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Summary

> We have developped a full background model of the CUPID-Mo experiment

o A robust background model allows several further studies
o In particular the extraction of the 1Mo 2vpBp lifetime

> Background index of the CUPID-Mo experiment : 3.079:Z x 1073 cts/keV/kg/yr

o Low crystal bulk and surface activities
> Compatible with the CUPID background index goal
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Neutrinoless Double Beta Decay

(¢]

Hypothetical decay
A,7Z2) > (A Z+2)+2e O0v2B
Lepton number violation AL = 2

(e}

o

o Majorana neutrino v = v

Dirac mass
LOYYIL;N;p=MJv;N;

Small Yukawa coupling :

|
I
‘J\N\-'\'\'\r\\e
n P

Majorana neutrino is needed
in leptogenesis to explain the

TEORIA SIMMETRICA DELL'ELETTRONE
E DEL POSITRONE

Nota di ETTORE MAJoRANA

Nuovo Cimento 14(1937)171-184

= \\\

Sunto. -~ Si dimostra la possibilitda di pervenire a una piens simmetrizza-
sione formale della teoria quantistica dell’eletirone e del positrone fa-
cendo uso di um nuovo processo di quamiizzazione. Il significato delle
equazions di DIRAC ne risulla alguanto modificato e now vi & pit luogo
a parlare di stati di emergia megativa; nd o presumere per ogmi aliro
tipo di particelle, particolarmente neutre, Vesistenza di « antiparticelle »
corrispondents ai « vuoti» di energic negativa.

matter/antimatter asymmetry

—12
my, /[Apw < 10 Majorana mass
fermion masses . . . Hoop ,
i i am M
dhaia e LD YHL;N;¢+ MIN;N; M, — ( e ME;)
ue Ce te 17 1]
— M3 u;N; + M N;N;
Vl .—“.V2 .‘Va ce p o Te -D 2 3 M 7 J
T N T T A e Diagonalisation with M >> Mj: See-saw type 1
meV eV keV MeV GeV TeV
(H) (H) . M2 |
~ s iy 2. mainly active SU(2), doublet
yV x<H) +\\ ,/+ v v+ 0vg My = Mg states with light masses
v ——"R | > Vv A
.—-Ii _‘__, —-l: V A T o mainly sterile singlet states
(H)):< YV VL Vi N~vp+6 ‘UE my ~ My, with heavy masses
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Light Majorana neutrino exchange ‘e =
7 REDF w —
n P - QRPAJy % AA =
. > 6 - QRPATu I A ]
2 - QRPACH + Lv I v v
W- e m SE BvM2 m gk V A =
=gy gt L LER L
*VM 1/2 - 0 VgA = FSMstmTk @ | I. X _ n N
: ' me ‘Ev ® » . be . m 1
jfﬂ\e 5 :_ A < B A _:
- . I ]
— - n ® + * _
n P 1 E 2 Rep. Prog. Phys. 80 (2017) 046301 E
o b1 ] L] L -
Space phase factor : 48 7682 96100 116124130136 150
Known and calculated to good accuracy A
il | PiTe BiXey, TS Nuclear Matrix Element :
_ “ afse 2 AS e » » Differences between different nuclear models
T; 204 0 e 8}
| T Weak axial-vector coupling strenght :
& 3 >
Q(Dc

¢ * Question of g4 quenching under study
Sm

Effective Majorana mass :

Phys. Rev. C 85, 034316 (2012)

b or _ 2 ic 2 o 2
0 6 80 100 120 14°Al6° 180 200 20 240 mBB—||UE1| m; + €% | Ug, | > m, + e'%|Ugl| mal
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Best current limits :
Where we are
KamLAND-Zen on 13%Xe : GERDA on 7%Ge :

normal hierarchy (NH) inverted hierarchy (IH) o T1/2 > 1.07 X 1026 yr o T1/2 > 1.8 X 1026 yr

m2 A A m2
B s - V2 ° mﬁﬁ <61 —165meV - mﬂﬁ <79 — 180 meV
g = arXiv:1605.02889 arXiv:2009.06079
gt A2 PRL 117, 082503 (2016) PRL 125, 252502 (2020)
1 T b0 Cire Present (3021) |l
1 T s KamLanD-  CUORE '#2Se ‘00yo 71,2>10%24-10%6 yr Near future
P U B | Zen  GERDA 1307 (in ~5 years):
. %G
0.1 136y e 72> 1026—1027 yr
%
2 Um? Far future
= (in ~10-15 years):
0.001} T3;2>1027-1028 yr
:\ Phys. Rev. D 90 (2014) 033005 | APPEC Commitbee Report:
-4 b e e arXiv:1910.04688
10-4 0.001 0.01 0.1 |
M jighiest [€V]

IMBERT LEONARD 22




CUPID-Mo Data production

Exposure : 2.71 kg.year acquired between March 2019 and June 2020

Trigger (Optimal trigger) [t I  Amplitude from optimal filter d Thermal gain stabilization from
S8ET VP &8 (maximises SNR) 208T| (2615 keV)

Cuts

Calibration
Total efficiency after cuts 2! e Light Detector

Crystal : Th/U source
(88.43 +/- 1.80) % e Coincidences LD : 89Co source producing Mo X-

e Pulse Shape [ElE

[1] : CUORE Phys. Rev. Lett. 124.122501
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Limit on 7,7 F of 1Mo

Blinding performed by masking events in an energy range of +/- 50 keV around Qg

(¢]

(¢]

Exposure : 2.71 kgxyear of data (1.47 kgxyear for 19°Mo)

R . . . . = 103 —
After application of all cuts : 0 events in the ROI s F = Do
a [ — Blinded Region
o Bayesian counting analysis in ROl and sidebands leads to : §102 ----- Mean ROI
3102
Ty, >1.8x10*y (90% Cl)
10
Mg, < (280 - 490) meV
arXiv:2202.08716 1
Submitted to EPJC ||
10—1 ] I [ 4 ] | | ] f | | | ] |
2600 2800 3000 3200 3400

Energy [keV]
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https://arxiv.org/abs/2202.08716

Light Detector Cut

Goal : Apply a unique cut on all the data to remove a particles
1. Extraction of the 2 Light Detectors signals

2. Normalize each signal in the Light Detector by :
a) The Energy (light is proportional to heat)
b) The Light Detector (each one has its own performances)
c) The Dataset (acquisition conditions can affect performances)

3. Apply the cut

25

LMO 1, Physics data
- Woe/y LY cut
- Withefy LY cut

Light signal (keV)

05

1 1 1 1 ‘
4000

1 1 1 I
5000

I 1 1
6000

1 1 1 I
2000

3000

o_ll\llIIIIIIIII|IIII|IIII|I

1000

Normalization

—_

Heat signal (keV)
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Select

~

Q, = 5490 keV

Delayed coincidences

Uranium chain :

Goal : remove B decay of 214Bi
from the crystals

Novel analysis is possible due to
the low CUPID-Mo radioactivity

Thorium chain :

Goal : remove B decays of 208T|

from the crystals Veto events

within 231 min

= 6114 keV
/V Qa

Select

Select
T Q, = 6207 keV

Veto events

within 227 min
Veto events

within 31 min
QB = 5001 keV QB - 3272 keV

208Pb

stable
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Detector response model

o Detector effects convolved into Monte-Carlo spectra

© Energy rESOIUtiOn Light to Heat comparison channel 39 Light to Heat comparison channel 15
o Efficiency _ o § gt
" % 1508
107 F =, :
T [
< 14
s
107k 'go 0.5
> We compute :
o Multiplicit 10+

1 Il Il Il Il 7o 1 1 1 1 1 1 1 1 | 1 1 1 1
1.2 1.4 1.6 1.8 2 0 500 1000 1500 3000

? DeIaVEd coincidences S Light/Heat Energy [keV/MeV] Energy [keV]
o Light Detector signal

o For each deposited energy in the crystal we generate randomly a scintillation light

o This scintillation light is generated according to the light distribution in the data
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Final reference fit

o Fit performed with a Bayesian analysis using Just Another Gibbs Sampler (JAGS)

o Parameters of the model tell us the radioactive contamination of the various components
o A robust background model allows for several further physics studies

Counts / keV

— Original Parameters :
—— Rebinned

o Variable binning

} o Peaks are fully contained in one bin
. ° Ml;B/V
. > Interval : [100 ; 4000] keV
| ‘ i ° Masum
u| J L it “ *r' e ] l > Interval : [400 ; 4000] keV
W w,. ww " Ly Pl 5

. lH . 555 .. | ki i||”\ Ml,a

.;;;;5;5;;55;-;;;;;:;;5;55;5;5;55;5;5;55;5;5;55;55555§§'§55§§5§55§§5§55§§5§5§5§§5§5§f§5§55z§§5§5§5§§55@5@@55@5@@55@5@555555?515555555;5;;.-- - o Interval : [3000; 10 000] keV
200 400 600 800 1000 1200 1 400
Energy (keV)
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Priors : Final Reference Fit

7000

% - — Pileup
Excited state 2B2v 07 : S
° Ty, =(6.7 +/-0.5) 10 years Barabash, A. S. AIP Conference Proceedings. 5000~
. Vol. 2165. No. 1. AIP Publishing LLC, 2019. -
Pile-up : -
o Spectrum is generated by random selection of 2 events in the 22v spectrum 3000{—
time resolution 2o
F il (06 FZ- X At G E
pileup ™ single = “eff of the detector 1000F~
T v v b Py ETE BERT R EAT A IR
° In calibration data : At.rr < 7ms (90% C.1.) %750 1000 1500 2000 2500 3000 o
Accidentals :
° Spectrum is generated by random selection of 2 events in the M, 5, spectrum CRES ~ Accidentals
% 10° i M1
2 . . § T
N, gngom & N2, X At time wm_do.vY of 8
the multiplicity
10
° Nyccidentais = 620 £ 25 events
Activities of Springs : 0
o 40K : 3600 +/- 400 mBq/kg 1
0226Ra:11+/-3mBq/kg TEC b b e b T e L I
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

o 228Th: 21 +/- 5 mBq/kg

Energy [keV]
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Background components : M, ,

................... ek ...i. . |===Data

—— Model

: : ‘ : : — Crystal bulk
s ¥ ® 4 .
. " w “ .

10 +++++++++++++++++++ 3 ll++ll++ll++ll++ll++ll++: llllllllllllllll E lllllllllllllllllllllll :-5- lllllllllllllllllllllll FEessens E t:rystal Su'face
s ¥ ® 4 .
. " w “ .

—— Reflectors bulk

10° ==

Counts/ keV

: : : : : ] Reflectors surface
1 --..----..----..----..----..lé -------------- RN o B R ;-------------------..----.é‘- ----------------------- é -------- [ ] Closesaurces

10-1 1. -..- .......................

1072
103

-4
10 3000 4000 5000 6000 7000 8000 9000 10000

Energy (keV)

LEONARD IMBERT 30



Backgrounds of CUPID-Mo / CUPID

CUPID-Mo CUPID - Next bolometric ton scale experiment for Ovpf3

Laboratoire souterrain de Modane (LSM) Laboratori Nazionali del Gran Sasso (LNGS)

Edelweiss cryostat CUORE cryostat

20 Li,MoO, crystals ~ 1500 Li,®®Mo0O, crystals

Closed structure Open structure

B Background Index Goal = 10 ckky

Total

Total

Cryostat & Shield Muons

10mK sources

Shields

Reflectors

Holders

Crystal

Crystals U+Th

Pile-up 2vBp

. 17177717777 : /171177177714 , L 2vp pilewp | Due to 1%°Mo fast 2v23 decay i 5
5 L L L L : 1 : . . . L 1 L L L [ | | 1 T | 1 1 | 1 I i 4 i I :l

10 10 107 Bygindex [cts/keVikalyr] 107 107 107

BI [counts/keV/kg/yr]
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Determination of the *®*“Mo 2vBB half life

Thanks to the robust background model one can extract the le;;ﬁﬁ
Previous measurements : Uncertainty = +2.9% 949 arXiv:1912.07272

Blinded analysis : From our reference fit we extract the normalization coefficient (that we don’t translate in terms of half life)

Statistical uncertainty = +/- 0.3 %
900

We estimate the systematic uncertainties induced by : 2 - — Data
1.  TheMj,, range:Syst=0.3 % ‘g *500;l 1 Model
> [200;4000] © oo |
o [500 ; 4000] ¥ | : ] Total Background
2. The choice of binning : Syst = 0.4 % 600 — ‘ — 2By
o 1 keV fixed binning 500 H / ;
° 2 keV fixed binning ﬁU‘ / %
o 20 keV fixed binning 00 \“\ v .
3. Statistical fluctuations in the MC : Syst =0.1 % 300 — .~
4.  Choice of sources : Syst =0.2 % 200 2
= | || o,
B et | S
= o e e, SO S N i, SO |
0 500 1000 1500 2000 2500

Energy (keV)

We have to estimate the uncertainty coming from efficiency that is expected to be ~ 1%
With such errors we could achieve the most precise measurements of 1°°Mo 2vBp half life up to date
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Decay process of 1Mo 2v[B

>

100 . . 010° By —— Experimental
The process of 1“Mo 2vB is not established %1 . = H‘“’“‘\ﬁ_ JAGS reconstruction
R 100, + [ %
SSD Intermediate state : Te—1 §10 = \\ f
190 1o + = T
o Ground state of 100T¢  M*———° = IIL
o~ 47 1362 1e L
. \ o ! =
HSD Intermediate state : BB \x T2 1227 107" £
i T o = }
> Include higher states \ - Or 1130 102 .
100 N\ = |
of *Tc 3034 \ 27 540 e R e T
m 500 1000 1500 2000 2500 3000 3500 4000
. Energy [keV]
‘JUURu 0
Models can be distinguished by the shape of 1°°“Mo %1'25 ” . iDaianOde'
2V = VE to
BB S14E I 20
. . §1_3f ________ KRS
The two models were parameterized according to S TE [
Jenni Kotila 811'215 §
The HSD model is clearly disfavoured from the fit = : '
0.9E B \
Experimentally we favoured the SSD model 0.8 o
— ) ) ) ) ) ) ) ) ) ) ) ) ) . ) ) ) ) |
This is in agreement with observations of other experiments >00 1000 1500 2000 2500 3000 E3,?§ng [keV]
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