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Double Beta Decay

Two neutrino 23 decay
Allowed by SM:

\l

2vBB
(A,Z) > (A, Z+2)+2e + 2v,

Neutrinoless 23 decay
Beyond the SM:

.
®-@

Ovpp
(A,Z) - (A Z+2)+2e

If observed:

The rarest observed nuclear decay °
Information about nuclear matrix °
elements - test the theoretical .
description

T,/ (2v2B) ~ 10'8-10% years

Majorana nature of neutrino
Lepton number violation: AL=2
Absolute neutrino mass scale
determination and information
about the mass hierarchy

T,/2 (0v2PB) > 1024 -10%¢ years
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Experimental signature
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In case of zero-bkg: T1/22 xa-e-M-t
«Zero-background» ton-scale experiment

with high energy resolution (~ 0.2%):
b <104 c¢/(keVxkgxy)

_____________________________________________________________________________________________________
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Isotope selection: why 1°“Mo?
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*The most sensitive study of %Mo Ov2B decay was performed by NEMO-3 using tracking-calorimetric approach 6



Scintillating bolometers
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- Source is embedded ina | | Typical signal: 0.1 mK / MeV,
crystal BN High detection converted to 0.1-0.5 mV / MeV
efficiency (~100%)

* 0.1-0.5 kg typical crystal . -
mass: possible to achieve g =
large masses through arrays gl """""""""" ’ §

: : E N %

* The deposited energy is measured as 2 2 J,—E

a temperature increase in a crystal,

detectors operated at ~10 mK T | Copper holder Light detector
80
- High energy resolution: o ooy
5-10 keV (~0.2%) in the ROI 2 0v2 region
Y(B) events

» Scintillator >Particle discrimination
using light: >99.9 a background
rejection

o events

Heat signal 7~



CUPID (CUORE Upgrade w

300 K J

Particle IDentification) “
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5 years of LUMINEU R&D

* Protocol of Li,'MoO, production
was developed:

* Mo purification / crystallization protocols
 Successful program to control 4°K content 1
(< 5 mBqg/kg) Li,1°Mo0, 0.6 kg

* Efficient use of existing 10 kg of 1Mo

 Batch of 20 Li,'"°MoO, crystals of
0.2 kg each was produced:

« high optical quality
* high crystal yield (~ 80-85%)

| Li, 1°°Meo elements
+ low irrecoverable losses of 19Mo (~3%) 0. 2 kg each




LSM underground laboratory

Laboratoire Souterrain de Modane
(LSM):

*  Frejus tunnel W | oomwe/
1.7 km rock overburden (~4.8 km w.e.) s om0 b
e cosmic p reduction= 1078(1/m?2h)

« Deradonized air flow (~30 mBg/m?3)

EDELWEISS set-up:

« Clean room

* Copper cryostat

* Low radioactivity lead (min. 20 cm)
 Polyethylene (min. 50 cm)

* Monitoring of u/ n/Ra

* Muon veto




Li,'%%Mo0O, scintillating bolometers
performance

Multiple tests with natural and enriched crystals were performed in
2014-2017 with excellent results:

* uniform performance, good reproducibility
* high energy resolution: 4-6 keV FWHM in ROI (~0.2%)

LMO1b Ge LD

TE ’-—‘SW'.“" =
W vk AR .

* rejection of a's at the level of >9¢

* high radiopurity: 232Th, 238U <6 uBq/kg;
40K< 1.3 mBq/kg




Energy resolution

Test on array of four enriched detectors, m =4x0.2 kg, LSM
(EDELWEISS setup)

Li,'*Mo0,, **Th, 5.4 kg.d, Run311, LSM
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- < >96 a rejection with >99 % B
a reJ eCtlon acceptance (LY ~ 0.4-0.7 keV/MeV)

Li,'Mo0, (LMO1t, 186 g), Bkg, ra—rb data (624 h), LSM Li,'""Mo0Q, (LMQO2t, 213 g), Bkg, ra—rb data (666 h), LSM
—~ 15 —~ =
> >
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Internal activity is compatible with b ~ 104 c/(keV kg y)
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Investigation of 2v2( in Mo

: * Exposure = 29 kgxd
1 Signal/Bkg ~ 10
::"I._;__{. | in 1.5'2.6 MeVA e EffPSD :976
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One of the most precise
100Mo 2v2p half-life
values

1000 2000 3000

2v2 Exposure

LUMINEU  6.92+0.06(stat)+0.36(syst) 0.04 kgxy AIP CP 1894, 020017 (2017)
LUMINEU  6.90+0.15(stat)+0.37(syst) 0.02 kgxy EPJC 77, 785 (2017)
LUCIFER (ZMO) 7.15+0.37(stat)£0.66(syst) 0.08 kgxy  JPG 41075204 (2014)

NEMO-3 7.111£0.02(stat)+0.54(syst) 7.37 kgxy PRL 95,182302 (2005)
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Search for Ov2f in 1Mo

« ROI = 10 keV window

>

g 71, 2614.5 keV + effy,5= 73 % ROI

= o Effocp =97%

‘§ ‘ * Exposure = 39 kgxd

S 10 4 « b=0.06(3) c/(keV kg y)
f * |limS=2.49 counts

100

Opg of Mo, 3034.4 keV Origin of the background:
« 208T| coincidences from close
l Th contamination
1 *  Muon-induced events (muon
i ”H H H H H veto data not yet used)
2500 2750 3000 3350 3500  These issues will be solved in

Energy (keV) the next run

lim T(l);’zzﬁ (y) Exposure | (mgy) (eV) Reference
of 1Mo

LUMINEU 0.7 x 10%3 0.11 kgxy  =(1.4-2.4) AIP CP 1894, 020017 (2017)
NEMO-3 1.1 x 104 343 kgxy  <(0.3-0.6) PRD 92, 072011 (2015)
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CUPID-Mo experiment

LUMINEU R&D successfully finished

CUPID-Mo 0v2B experiment with = 5 kg of
190Mo is in preparation

Phase I: 20 Li,'°Mo0O, (2.34 kg of "Mo)
+20 Ge light detectors in the EDELWEISS
set-up (LSM, France)

Start of the data taking: February 2018

/

A

- The fi_fh\'f» _alreajd under test

e S SEE—




Sensitivity of CUPID-Mo

The goal for 6 months run:

«  Confirm the reproducibility of the Li,'"MoO, technology
on the larger scale

*  0-background in ROI

*  Physics case: limits on 0v2p half-life:

Projected CUPID-Mo performance and sensitivity (90% C.L.):
*b = 1x103 counts/(keV kg y)

* 10 keV energy window

* 70% efficiency

. . Exposure .

20x0.5 crystalxy 1.2 1.3 x 1024 330 - 560
20x1.5 crystalxy 3.5 4.0 x 104 190 - 320
40x3.0 crystalxy 14 1.5 x 10%° 100 - 170
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Possible configurations of a
Mo-based final CUPID experiment

Fill all the CUORE cryostat volume with enriched LMO crystals

Number of Number of
Single element Isotope mass (kg)
elements 100Mo nuclei

@50><50 mm — 300 g 1260

60x40 mm —350 g 1092 213 1.2x10%/
45x45x55 mm —-340g 1110

If pulse-shape discrimination works for a/surface background
rejection, a configuration without light detectors can be envisaged.

If light detectors are kept, the available volume for the source will be
reduced by ~10%.

Number of o o
Background Count limit | Half life limit
(c/(keV kg y)) PES ColnE (90% c.l.) | (90% c.l.) (mgg) (meV)
(8 keV, 10 y) - -

1 x 10 4 3 4.4 1.4 x 10%7 7.3-21
2 x 10 5 0.6 2.9 2.2 x 10%7 59-17
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CROSS: new advancement
opportunity

ERC advanced grant CROSS (start 1/1/2018) erc

Cryogenic Rare-event Observatory with Surface Sensitivity

CROSS is a pilot bolometric experiment to search for On-DBD

» Core of the project (high risk / high gain)
Surface background rejection through pulse shape discrimination

= Surface sensitivity through superconductive Al film coating 7 Technologies
e p s mastered by
= Fast NbSi high-impedance TES to replace / complement NTDs CSNSM

> get rid of light detectors

» Complete crystallization of available 1Mo (10 kg) in Li,Mo00Q,

elements
» Purchase / crystallize 13°Te (up to 15 kg) in TeO, elements

» Run demonstrator in a dedicated cryostat (LSC — Spain) -



Main CUPID R&D in France

caymene R

Li,MoQ, crystals in France

SSS 65, 41 (2017)
CUPID-Mom) scintillating bolometgs/

Favored isotope: 1Mo CYGNUS .
EPIC, 77, 785 (2017) / Paris Sud chair

Keep technology ready for 116¢d /¢ 76 487(2016)

CUPID-Te » High-performance light detectors

= Luke effect
PLB 767, 321 (2017), arXiv:1710.07988

CUPID-CROSS » Surface sensitivity erc

(both in TeO, and Li,Mo00O,)
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Conclusions

» LUMINEU R&D successfully developed mature technology
of Li,1°Mo0O, scintillating bolometers with high
performance: a few keV energy resolution, full o/p
separation, radiopurity of less than few uBqg/kg U/Th.

» One of the most precise half-life measurement for the 2v2p
decay of '%"Mo was performed with four crystals and
reasonably high sensitivity to the 0v2f3 decay have been
achieved even with considerably low statistics: 0.1 kgxy.

» CUPID-Mo: measurement with 20 crystals will start in
February 2018 - demonstration of the applicability of
Li,'°Mo0O, technology for CUPID, a ton-scale 0v2f
experiment.

» Several CUPID R&D activities are ongoing in France.
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CUPID development

* Enriched materials

 Reduce/control background from materials and from muon
/neutrons

 Improve detector technology to get rid of a/surface background

Al Film Sensitivity
ST / — to surface
effects | [Scintillating alphas / betas
ROI foil
< 2615 keV
TeO, Luke effect
/ / TES
Cherenkov
N miap
CUPID
MMC
ZnSe
: Sensitivity to
bulk / surface
NO TeO, | ZEL\:&%‘! Scintillation alphas
|
ROI
4’[ cdwo
> 2615 keV ®
| Enrichment
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(Mgg) [eV]

=]
J

CUPID

1073

g, = 1.269 (no quenching)

1074
1074

107! 1
M lightest [eV]
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Neutron calibration

Discrimination power: 9-14 6

Li,"*MoO, LMO1t, AmBe, re—data (290 h), Run311, LSM Li,"Mo0, LMO1t, AmBe, rc—data (290 h), Run311, LSM

l ¢
' *Li(n,t)er, Q = 4783.8 keV

o
oo

FWHM = 7.9(1) keV

it
(@)Y
Counts / 10 keV

zloPo, ext/ int

Light yield (keV / MeV)

<
I~

Li(n.t)o
resonance

0.2

nuclear recoils

0 2000 4000 6000 3000 10000 4600 4800 5000 5200 5400 5600 5800 6000
Heat (keV) Energy (keV)

Li,"%°Mo0O, contains 7.6% of 6Li which allows to detect neutrons

capture on Li: world record resolution of thermal n capture on °Li
(FWHM = 6-11 keV at 4783 keV)

26



Enrichment and crystallization:
cost and time lines

Enrichment

Present knowledge about cost and production rate (AMoRE collaboration):

Cost: 80 € /g

Production rate: ~40 kg/y — Krasnoyarsk (Russia) - http://www.ecp.ru/eng/
Total cost: 17 M€

Total time: 5.6 y

Crystal growth

Estimation from NIIC-Novosibirsk

Preparation of ~ 10 set-ups (1 year, 250 k€ in advance)
Growth of ~ 1300 elements: 2 years

Cost: 3 k€/crystal

Total cost: 4.15 M€

Total time: 3 y — Diversify crystal production plants

(CLYMENE, CUPID-China...)
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