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Double—-Beta Decay

It 1s a very rare nuclear decay:
(A, Z) - (A, Z+t2)+2e + (2Ve)

Second order SM weak process
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Rarest decay ever observed: Ty ~10!° -10%% y
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Not allowed by the Standard Model (AL=2)

Decay never observed: Ty >10%% -10%° vy

Possible only 1f neutrinos are Majorana particles
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Indirect neutrino mass
measurement

Decay rate:
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observation of 0OVRp:

proof of the Majorana nature of
neutrinos

constraints on neutrino mass
hierarchy

neutrino mass scale

infer information about Majorana

phases
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LxXperimental signature

Measurement of the kinetic energy of the
decay products (~MeV).

It 1s a monochromatic peak at the Q-value
of the nuclear transition.

COUNTS

Source = Detector Calorimetrvy

Solid-state device Bolometer Gas Detector

SUM ENERGY OF ELECTRONS Q

* High efficiency
@~ * Good energy resolution
* Large mass source

- R

Source # Detector | Scintillation & Tracking
Liquid scintillator TPC

* LLarge mass source
€ * Particle identification




LxXperimental signature

Measurement of the kinetic energy of the
decay products (~MeV).

It 1s a monochromatic peak at the Q-value
of the nuclear transition.

COUNTS

SUM ENERGY OF ELECTRONS Q

Source = Detector 3Calorimetrv
Solid-state device Bolometer Gas Detector

High efficiency

Good energy resolution

Large mass source

Wide range of absorber materials

Source # Detector | Scintillation & Tracking
Liquid scintillator TPC

* LLarge mass source
€ * Particle identification
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: Smﬁ half llfe correspondlng to the minimum number of detectable
signals above background at a given C.L.
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Stable over long time (~yD

Large mass array

M: detector| |E: measuringJ
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( a. sotopic mass time
abundance

4 high natural
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candidates é; .
Ol/ CL.Z.
B . AE\ [AE: energy

\ Or enrichment y
resolution

(_ B: background)

- Deep underground location
- Material selection
- High granularity

Bolometric
approach

Q-value: 2995 keV Q-value: 2528 keV J
Material: 7ZnSe Material: TeO; g
Enriched a.i.: 95% Natural a.i.: 34% g
Source Mass: ~10 kg of Se-82 Source Mass: 206 kg Te-130
Projected Bkg: ~0.001 c/keV/kg/y Projected Bkg: ~0.01 c/keV/kg/y
Resolution: ~ 10 keV @ ROI Resolution: ~ 5 keV @ ROT
Sensitivity Ti/2: ~10%26 y in 5 y Sensitivity Ti,2: ~10%26 y in 5 y

F Alessandria et al., arXiv:1109.0494


http://arxiv.org/abs/1109.0494
http://arxiv.org/abs/1109.0494

'he bolometric

fully-active detector

cechnilque

Almost all the deposited energy 1is - _ E
converted into phonons which induce a - A AT -
measurable temperature rise gm ! C
Q I
L 500 |
(0
® s00f
The heat capacity of the crystal must 3 !
be very small © 300 |
(-> low Temperature ~10 mK) @ | \
200 !
g : \
100}
v
Absorber Sensor L -
- A b d el ad P SRV S S T
- M ~ 0.45 kg - R = Rp exp[(To/T) /2] 0 1 2 3 4 5
- C ~ 1071% g/K _ R ~ 100 MO Time (s)
- AT/AE ~ 500uK/MeV - AR/AE ~ 3 MQ/MeV
[ Heat-sink:
Copper <+
Thermal
conductance (G):
(G) Thermometer:

PTFE & gold wires Ge-NTD

Absorber

k




Ov3@ candidate 1sotopes

-> the "“best-isotope” must have:

* high Q-val g . M-t
19 -value oy X a.1.
B-AF
* high a.1i.
Environmental radioactivity
energy spectrum (%3?Th & 2380) 4500 .
<10° t '
= y-band o-band 40001
S 10| — 3500 7Zr  lng
£ S 3000E 1 S
010 'ﬁa . Cd e
) - 136 |}4ch
¢ 52500 g, e X .
> - o Ge
02000:
10
1500}
1 1000+ o
MeV TP NI T I PP P
0 5 10 15 20 25 30 35
requirements: I[sotopic Abundance [atomic %]

- high Q-value -> better if > 3 MeV

- high a.i. -> the highest possible but...

- easy/cheap enrichment -> reduce radioactive contaminations
- solid -> bolometers have crystal structures



Ov3@ candidate 1sotopes

-> the "“best-isotope” must have:

M -1
B-AFE

* high Q-value Soy X a.1.

* high a.1i.

Environmental radioactivity
energy spectrum (232Th & 2380)
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- high Q-value -> better if > 3 MeV

- high a.i. -> the highest possible but...

- easy/cheap enrichment -> reduce radioactive contaminations

- solid -> bolometers have crystal structures



Bkg sources 1n bolometric
DBD experiments

Since bolometers are fully-active detectors and are sensitive to all
radiation types, various sources can limit the experimental sensitivity

/r N . — - neutron activation: (n,y) reactions ‘\
cutrons = * appropriate shields are needed

- energy deposit in the ROI

Maons => underground installation & granularity & veto

- natural radioactivity (23%U & <3Th)
1sotope choice and material selection

- as coming out from detector surfaces
* surface cleaning and particle discrimination

. _/

degraded oas =>




CUORICINO experiment

Cuorilcilno: ® first large array (62 bolometers = ~41 kg) for DBD
e high statistics (exposure: 19.75 kg (Te!30) xy )
® energy resolution @ DBDOv: 6.3x2.5 keV

E. Andreotti et al., Astropart. Phys. 34, 822 (2011)

?baCkgroundh@hDBDOv”;
1 ,0.17 c/keV/kg/Y}

10

fDegraded o struggllngﬂ
1 from TeO, and Cu}
surface §
contaminations §
(232Th I 238U)

Rate [counts / (keV*kg*y)]
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High energy R/vs background

Background can be induced by contaminations
of 238U & “3°Th decay products.
Elements with Qvalue ~ Qpbap:

Near contaminations

— 214pj -214pg 3.27 MeV

Qvalue

_ 21OT1_21OPO
_ 208Tl_208pb

Qvalue 5 o 4 9 MeV

Qvalue 5 . O O Mev

Far contaminations (external)

238 ¢

A 4

4B 1=199m
a .02% b+g 99.98%
Q=5617 keV| Q= 3272 keV
v v
2mTl t=13m 214py ¢ 0.163 ms
b+g 100% a 100%
Q= 5489 keV Q= 7833 keV
v
*9po 1 nﬁy\
v

are dangerous

(crystal or Cu structure):

=> rejection because of pile-up
with 4'%Po and slow thermal signal

=> delayed coincidence with “2“Bi o
=> delayed coincidence with ?°Bi o

=> proper shields & material

selection
2321
— \ 4
g 1 =60.6 mJ
a 36% b*g 64%
Q= 6207 keV Q= 2254 keV
4 4
2081 ¢ = 305m 2py =299 s
b+g 100% a 100%
Q= 5001 keV Q= 8954 keV
, v
208 Po stable



o Surrace

o decays may occur on surfaces of

Cu structure or on the detectors

due to possible re-contaminations
of radio-pure materials.

N.B. bolometers are
fully-active detectors

Etot = Ea + Erecoil
~MeV = ~MeV + ~10-100 keV

Cu structure

Detector Detector

My i )
ECmEe

M. Clemenza et al., Eur. Phys. J. C 71, 1805 (2011)

COIlTa

mina-

2[© o
a
3
O
O
0 enerqgy
410
2
a
]
O
O
Erecoil
enerqgy

L,

<
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Scintillating bolometers

iWhen a bolometer is an efficient scintillator at low|
' temperature, a small but significant fraction of the depositedf
lenergy 1is converted into scintillation photons while the;
fremaining dominant part is detected through the heat channel. }

The simultaneous read-out of light and thermal signals allows to discriminate
the o background thanks to the scintillation yield different from B particles.

12615 keV | @ aQF<1
Scintillating . . .
crystal Reflecting foil Light
— L/ — absorbel'
- — A
\ }% ‘
O Ov2f3 X
v : .
— 1 region o
pe A
© By 7 EVENTS
- EVENTS
D oaQF>1

HEAT SIGNAL

QF: is defined as the ratio of the
signal amplitudes induced by an o and
an RB/y of the same energy.



Light detectors (LD)

Light signal:

Light detector:

=> few keV/MeV (depending on the crystal)
=> 1s 1sotropic

=>

| PMT § Bolometer |

quantum efficiency X 4

extremely good energy resolution X v/

intrinsic radio-purity X v

must work @ low T X 4

enerqgy threshold v X
Ge-LD Heater NTD

PTFE

PTFE NTD Reflecting
16 ZnMoO, Foil



- HP-Ge disk

Rolometric LD

(3-5 cm diameter,

0.1-1 mm thick)

- S102 coating for darkening the surface => reduce light reflections
- Calibration with °°Fe X-rays @ 5.9 keV and 6.5 keV

- Energy resolution:
— Energy threshold:

Cu holder

Au wires

~100 eV

~10 eV

Heater

NTD

PTFE clamps

counts /003

Detector FWHMpyseiine FWHMssg,
[keV] [keV]
LD 0.0684+0.001 0.26240.002
140
120
100
80
60

40

20

05752 54 56 S8 6 62 64 66 68 7 72

Energy [keV]




- Istituto Nazionale
di Fisica Nucleare

LUCIFER GOES

LUCIFER

Low-background Underground Cryogenics
Installation For Elusive Rates

scintillating bolometers

UNDERGROUND

Useful
material

Q-value
[keV]

LYg/y

[keV/MeV] QF«

CdWO,

2809 32% 17.6 0.19

Furopean Research Councll
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Advanced Grant ERC:

— LUCIFER will search DBDOv 1in:
Znt?Se or 7Znl%MoO4 or °CdWO, crystals

- Total 1sotope mass: ~10 kg,

LUCIFER is funded by an
3.3M€

- First prototype array of enriched

~30 detectors

— Light Detectors: HPGe bolometers
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INFN LUCIFER

L/- Istituto Nazionale
di Fisica Nucleare .
Low—-background Underground Cryogenics

|

LUCIFER is funded by an

Installation For Elusive Rates Advanced Grant ZRC: 3. 3Me

- First prototype array of enriched
scintillating bolometers

— LUCIFER will search DBDOv 1in:
Znt?Se or 7Znl%MoO4 or °CdWO, crystals

- Total 1isotope mass: ~10 kg, ~36 detectors

LUCIFERGOES - Light Detectors: HPGe bolometers
UNDERGROUND

Q-value Useful LYs/y

[keV] material | [keV/MeV] QF«

13Cd:
{ - high neutron XS

(n-inelastic scattering, ''3Cd(n,Y), ...)
- natural beta emitter

19 (Q-value: 316 keV)




facility
underground fac
T

a1 .
M =y | Laboratgy;
" a1 (i L :i/ . .
i I\ Na21onall de]
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INFN/ Italy

10N ;
Experimental locati

~ 3650 m w.e.
depth 2
. Averaii X ~ 2.6x1078 p/sécm/s/cm2
u —_
et s < 10 MeV: 4*10 r;
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/NMoQy

Candidate: 190Mo

LY [KeV/MeV] sy

Thermistors

SFe-source

m=330 g

P\ Reflecting
sheet

- Excellent particle discrimination'i
using Light vs. Heat 3

1.6

0.8

0.2

14
125788

060" . °
04F

Calibrations o & v
Background 520 h

DBD

ROI

smeared 238U o-source

S S e -'_- . .o .

N '.' R ,:. o o el Dy
3';..4.., R R R B ,-a. .*n'f.r ,-'a-;‘,"{{é“ﬁt.?’: Tl
_1'.1 |- | I° | |- r | | 21 °l | | 1 |- | 1 | |- r 11 1 1 | | | |- | | I I |

500 1000 1500 2000 2500 3000 3500 4000

Energy [keV]

Q-value
[keV]

Useful
material

LYg/y

[keV/MeV]

QF«

90

£ 3 Lo 0.004£0.012
A AN ISR sran ey, S G4 0.124£0.009
. . ‘ = ~2.16+0.014
ImpreSSlVe parthle 60 zgo_osoio.on
discrimination | o
. . S
using just Heat § .
3 JEEE : L .
S 4 jﬁ %3 K 05 0 0.5
a2 . ' + TVR[au]
> 2 ' .-T
H 1 . Py -
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4
-6 [
-8
-10|=
-12
- | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000
Energy [keV]
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J. Beeman et al., Eur. Phys. J. C (2012) 72:2142




/nMoQO4 performance

By means of the good energy resolution and the excellent background

discrimination,

FWHM @ 2615 keV:

Internal contaminations:

>
~ | 210
o) - Po
~
3
=107
=) -
o -
O r

B Ol — source

L 222

Rn
10 26
a 218
Po
214 . 214
Bi—= Po
| }\MMMIM Il il
IC Ll IIIIIIIIIIIIIM_HLXIOS
1 2 3 4 5 6 7 8 9 10

Energy [keV]

0.3 keV

ZnMoO4 crystals are suited for DBD search

T0F

60
50
40
30
20
10

0

FWHM= 6.3 keV

E 1 == Il L L 1
2590 2600 2610 2620 2630 264

> oF
2 90—
2 80 f—
= C
g 70
60 ;—
50 ;—
40 ;—
30F-
20F-
10 f
0 500
Chain Nuclide Activity
[MBa/kg]
22Th  *2Th <8
228Th <6
2387y 238y <6
24y <11
230Th <6
22°Ra 2746
210po 700 + 30

22

1000

1500 2000 2500
Energy [keV]

CUORE TeO; crystals
ready—-to-use:

238U < 3.7 uBg/kg
232Th < 3.7 uBg/kg

C. Arnaboldi et al., J. Cryst. Growth 312 (2010) 2999



/nNnMoQ,s: exercilse

Fxercise: - Array of 40 Znl°®MoO; bolometers enriched @ 90% level

- 60 mm x 60 mm crystals

- Background source: U & Th 1in Cu structure and 1n crystals
DBD2v half-life of '%Mo: 7.1x10'® y (~5 mHz per crystal)

A. Barabash et al., Phys. Rev. C 81 (2011)

Assumptions: - Neutrons in ROI < 107 c/keV/kg/y
- Muons (anti-coincidence) < 107% c/keV/kg/y
- Pile-up window: 5.5 ms (conservative)

Source Position Background [c/(keV kg y)]
U chain Crystals bulk <1.16 £0.1-10°°

Th chain Crystals bulk <2.18+0.04-10*
2vDBD pile-up Crystals bulk 1.96+0.36 - 103

U + Th chains Cu frame bulk* <2.40+0.04-107*

U + Th chains Cu shield bulk <1.40+0.05-10~*

Ultimate background: pile-up with DBD2v decay

* G. Heusser et al., Radioactivity in the 232Th: 19 uBg/kg
Environment, vol. 8, Elsevier, 2006, p. 495. 238U: 16 uBg/kg

e 2 £ O Bater TSN S e Rraviac Sanic~oh O Eniteeio s i s i Bt i d e IE iR S g = T o g
P 5 el = A el - = oty Aos o gigiiie sl o il £ SR i B g i =

. For next generation experiments need faster signal development 3

J.W. Beeman et al., Astrop. Phys.35 (2012) 813 3



/nse

8ZSe
Q-value Useful LYp/y OF
[keV] material | [keV/MeV] *
m=430 g
Calibrations o & n & Vv 3
. X
Background 524 h _ , 1aw: os have hlgher iiécts
Birks thus saturation - e
than B/YS, Centers arisc.

on the luminescence

Detected Light [keV]

— 180 7 N
> s N K . as produce more
2160, .0 RO light than B/vs
(% ¢ ‘e ;
- Yes 1 Y4 :;’ 4 '. e AP PG e I
G405 - S - O
;: Hle I " * . ‘ ® v E l l ' l
- . 1 4 s *
S 1200 . R :ﬁ‘ . 1 Ixce. ent partlcle
Q ' . s 'ii;'. v oo, . discrimlination using
LA 5 3 .« *® 4 .
2100 : ! R '; JOSELIE ' Light vs. Heat
) 1e)e ¢ . . e i
Q 80 (Re e o : . " "' - . .
;‘ . . P ’ LA
I ] .
60:-'2 ’ - —.‘ -="
"_".. 4 "—"‘ . g'. s S I
40 ¢583”'° .- fvs from n-source |
=" i surface and bulk as!
. BNttt | L | N 1 | rrnen ;,: :,""‘:‘”:;"r;‘:"7"""“;:"*“f;"if‘;%}5-""".“'5:'.1?.%?::‘;'T;%f-.""',‘\
s A ""f°£"'o fecoAilAs * 2000 4000 6000 8900 idirect ionization in LD :

Energy [keVee) 24



wilith ZnSe

Excellent particle discrimination:

using Heat signal shape
even @ low energy

Calibration with o, B/v
sources

using Light signal shape

Calibration with o, B/v
sources

25

Particle discrimination

crvyvstals

y—time [a.u.]

Heat deca

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
(LoégOO 2000 2500 3000 3500 4000 4500
Energy [keVee]

0.35

S
98}

o B/y events

o events

‘et o YLga 0 APpraifdont w0 0 00 o o0

)
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Illllg’blllllll

Light decay—time [a.u]
)
7

oo by b b b by
(lngO 2000 2500 3000 3500 4000 4500
Energy [keVee]



/nse pbackground

Background measurement performed with Roman Lead

shields inside the cryostat 200¢ _
'&0800} 10 keV/bin
524 h background %700
—200¢ = F
% - E600L] "Se
180} =S
~3 S 500
— - v -
_: 160’_‘.'. P . L
S0 | }i?{ - 400E
— 140p r i 300[
B 120 : 2 R A 2001}
Q o 3! ¢ o - “Zn 4
2100} B/y events 100t K 2087
8 T.. ' - SeleCtion Oillll Y VI R R R R R
801 0 1000 2000 3000 4000
60k ' . e Energy [keVee]
40? : a events » 35 —
- - s eV/bin
20:‘: TR . selection 2 b sy
O%. 2 aal | > T ! ! 1 * 3 L J E E 230 226Ra
0 2000 | 4000 6000 8000 T 250 T
= r
pBD ROI  Energy [keVee] 2 o m 2104 inlext
S 20r
| o 15-
- Cosmogenic activation 7°Se and °°Zn ;
- Natural radioactivity 49K, 232Th & 238U (~20 uBqg/kQg) 10~

- 1 B/y event @ ~3.5 MeV: coincidence with other
detectors (muon)

IR

480 5000 6000 7000 8000
J W Beeman er al 2013 JINST 8 P05021 26 Energy [keVee]




/nse background

Internal contaminations
Chain  Nuclide Activity bkg in the ROI

[MBq/kg] if we use delayed coincidences we have:
22Th  2®Th 1724+46 | - 2.5%x1073 c/keV/kg/y (??Bi) X < - x3 less bkg

228Th 111+37 - 10% dead time
238y 238y 246+55 | - 3x10°4 c/keV/kg/y (210T1) ¢/

234y 178 £33

230Th 246 +55

“Ra 178 +33 5900
2 800 10 keV/bin 2

20py < 90.9 +10.6 ool
> 5 20
£ 700t DBD ROI
7SSe

B/y events selection

IS5

' ' : -
Not a primary {Ssue for a bkg S 500k o u
level of ~107° c/keV/kg/y :

=
~

Zg([l AA A3()(l) ] A35(K)L 4000
Exercise: - 0 counts in 1.3 MeV region [2.7,4.0] MeV 200}
- mass = 0.43 kg 100k
-t =0.06 vy ! 2087
0 A a1
0 3000 4000

=> < 0.07 c/keV/kg/y Energy [keVee]

1 crystal, 3 weeks live time

27



ﬂ Furopean Research Councl! Semeel

— b d l l ...'."..':{: ::.
F | - H,

Istituto Nazionale =

di Fisica Nucleare

Low-background Underground Cryogenics

' ' LUCIFER is funded by an
Installation For Elusive Rates Adonreed Goant Bne: 3 e

Q-value Useful LYg/y
Winner: [keV] material | [keV/MeV]
- no DBD2v bkg
- more useful material
- high LY

QFq

82Se (0.924£0.07)x10"{20} vy
100Mo (7.140.4)x10"{18} vy

A. Barabash et al., Phys. Rev. C 81 (2011)

* Inner shield:
. . - 1cm Roman Pb
* Bolometric Light Detector | (m— T— A (29Pb) < 4 mBag/Kg
' Ge crystal R I ] .
2 » External shield:
. Zn*Se crystal | e - 20cm Pb
- (@=45mm, h= 55 mm) ;
5 W=483 g » (I - 10 cm Borated
\ - — l e polyethylene
ng Foi
S ' (I * Nitrogen flushing to
PTFE su e avoid Rn contamination.

28



LUC

82Se prod. (15 kQ)

Enriched crystals
production

Array assembly

]

LR rough S

29
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LUCIFER R&D

We tested our LD with
some 1nteresting
compounds:

POWQO4
TeOs
L1oMoQOq

30



PoWQOy4

WHY :

PWO crystals

. -> Small LY (~ 20 ph/MeV @ 300K)
-> Intrinsic radiopurity (low 238U and 43°Th internal
contaminations, but high 2%Pb and !8%W)
-> can be grown with large size

-> 204Pp is considered to be the heaviest stable isotope
(study of Pb 1sotopes stability)

-> sci-bolo is the only possible way to study o decay of
204pb, which has a rather small Q-value (< 2.6 MeV)

-> previous measurement with nuclear emulsions (1958)

-> good target for Heavy WIMPS interaction (Pb and W)'!

' » . ’ S . —
. ) : J didlei® s
( y N K 0 L 4
] ' b, v 3
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PWO measurement

inghly pure Lead (“!%Pb free)g

Reflecting
foil

Cooled down at ~15 mK:

- a 3x3x6 cm?® PWO crystal (m= 454 qg)

- a 36 mm x 1 mm HPGe LD

- PWO surrounded on 5 faces by reflecting
fo1l (VM2002)

Live Time : 586 h Energy [keV ]
0 1000 2000 3000 4000 5000 6000 7000
_8....I....I....I....I.....I....I....I..
5 F
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- Highly contamilinated

Detected Light [keV]

PWO results

(also 1in 419Pb)

FWHM heat channel 15 keV @ 2.6 MeV
- FWHM light channel 379 eV @ 6 keV

ROI ROI ROI ROI
207 208 206 204

ITTTTTTTTTTTTTTTITTTTTITI
el LT |

i
ACNEN
33

AT
I'.. - | 1 ‘; I L1 I L1 1 | 11 1 I 11 1 | 11 1 I L1 1 | 11 1 | 11 1 I 11 1 | 1 I

B/y-band

0 2

00 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Energy [keVa]

J. Beeman et al. Eur. Phys. J. A (2013) 49: 50

(87
1/2

(8
1/2

«

1/2

«

1/2

33

counts / 5 keV

10*

10?

10

210Po

234 u/ 226Ra

230
Th
2821

_.
3
=

S

5
()
3

2500 3000 3500 4000 4500 5000 5500 6000
Energy [keVa]

Improved the limit of 3
orders of magnitude!!!!

(2% Pb) > 1.4-10%° y at 90% C.L.

(2% Pp) > 2.5-10%' y at 90% C.L.
2"Pp) > 1.9-10* y at 90% C.L.

(2% Pp) > 2.6-10*' y at 90% C.L.



TeO, Cerenkov

TeO, CUORE crystals do not scintillate but:
Bs with energy greater than 50 keV can produce Cerenkov light,

unlike as. T. Tabarelli de Fatis Eur. Phys. J. C 65 (2010) 359
— 04
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- Better understanding of the light production/collection is needed
— particle discrimination 1s not optimized (need more light)

— R&D on next generation LD 1s on going: KID and Neganov-Luke effect

J. Beeman et al., Astropart.Phys. 35 (2012) 558-562 34



Conclusions

* Scintillating bolometers are the next generation
detectors for rare events searches (DBD, rare
decays, ...)

* The scintillation light 1s not the only channel for
particle discrimination

=> PSA on Heat channel allows us to reduce the background
without increasing the # of detectors

* 7ZnSe 1s a promising compound for DBD and DM searches,
nevertheless R&D of LDs 1s needed

* ZnSe (and zZnMoO4) allows to reach a background level of
~1073 c¢/keV/kg/y (at least)

* A bright future 1s ahead...
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