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Present knowledge in v Physics

 From Oscillation experiments:
— Neutrinos are massive fermions (massless in SM!)

e There are 3 active neutrino flavors v,

e Neutrino Flavor states
— Are *not™ mass eigenstates
— Are mixture of mass eigenstates v,
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Open question in v Physics

1. Mass of the lightest v, <= Absolute mass scale: i.e.
2. Hierarchy (m; « m, < m;or my« m; <m,) or degeneracy (m,; =m,=m,,
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Forthcoming Neutrino Oscillation Experiment (Daya Bay Il, JUNO, Reno I, T2K, Nova, LBNO,

LBNE, Pingu,ORCA), cannot address point 1, but can solve point 2.
3
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DECAY Modes of 33 decay

— = 2V[PB; Allowed in SM; Observed
1.(AZ)=(AZ2+2)+ 2e” + 2V in 12 Nuclei ; T, 101°-10%y

2 {ﬂ E:} - '[.ﬂ 7 4 2} + 2@- 0ov[33; NOT Allowed in SM; Not observed

apart 1 discussed claim ; T,,>10% vy

3.(AZ) = (AZ+2)+ 26 +x oo Malorontmission: NOT

observed;T, ,>10% y
[ Process 2. and 3. would imply new physics
beyond SM
1 Very sensitive to new physics as Phase
Space factor very favorable especially for 2.
1 2vBP proposed by Goeppert-Meyer in
1935
O 0vpP proposed by Racah in 1937
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OvBB : the mass mechanism

(4,2)=(A4,Z +2)+ 2e” Proposed by Majorana (and Racah) in 1937:
e A RH anti—v (L=1) is emitted at one vertex (1st n)

u
d > / © . A LH Vv (L=-1) is absorbed at second vertex (2nd n)

Y It is a forbidden process in SM and requires

d \}\Y e Lepton number violation by two units AL =2

e Majorana v of finite mass V, :1_/e <m,>=%#0

» IF neutrinos are massive DIRAC particles:

Helicity flip can be ac.cor.nmodated by the finite mass, Ov DBD is

BUT Lepton number is rigorously conserved = .
forbidden

> IF neutrinos are massive MAJORANA particles: =) Ov DBD is
Helicity flip can be accommodated by the finite mass,
AND Lepton number is not relevant

allowed
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‘L Experimental Survey of 2v[3p3 half-lives

Isotope T 1)
(10+y)

Two neutrons convert 48Ca 4.4 + O.5(stat) + O.4(syst)
to two protons and four leptons.
_ 7Ge 178 +7
R
First dir b ion b
Moe. Ellot, and Holn sGe 184 +9 (stat) +11(syst)
in %Mo (1988)

82Ge 9.6+0.1(stat) +1.0(syst)
%Zr 2.35 + 0.14 (stat) £ 0.16 (syst)

No Direct Implications for

neutrino physics, but useful
for checking the Nuclear 116Cd 2.88 + 0.04 (stat) + 0.16 (syst)
Matrix Element Calculations

1Mo 0.716 £ 0.001 (stat) + 0.054 (syst)

1307e 76 £ 15 *(stat) 8 (syst)
136X 217.2 + 1.7 (stat) £ 6 (syst)
150Nd 0.92 + 0.025 (stat) £ 0.063 (syst)
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OvB[ rate and the effective neutrino mass

DBD can address, although in a Nuclear Model Dependent way
1. Absolute mass scale: i.e. mass of the lightest v
2. Hierarchy (m; « m, < m; or my« m; < m,) or degeneracy (m; =m,=m,,

0v[p rate ~ (effective Majorana neutrino mass )2

OvpB (T, ™)1~ Fy, (Q.2) Mg, [* < m>2 m2
half-life
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N.B. m,, could be < any m,due to possible Majorana inverted
Phases cancellation

001
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* Plotting m_, vs. the lightest neutrino
eigenstates & constraining by oscillation
experiments data, one gets 3 allowed bands
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The Nuclear Matrix Element

| Ge ® IBM-2
sE B QRPA-Ti |
IBM: Interacting Boson Model, - §’¢ s * ISM
Phys.Rev. Lett. 1055(2010) 252503 a0 . Mo b d
. . —_ ' | [ P‘:I SH. )ﬁe C‘
QRPA-Tu: Quasiparticle Random 2 | | ¢ =
Phase Approach = - 1}@3“
ISM: Shell Model of @ *e .‘.IN Pt
m i
1| S
‘I 1 |
(T, ™y~ Foy (Q2) Mo P<me> m2 - §5~ "3 %o R0 100 120
_ Neutron number
Conclusions:

» NME vary by factor 2-3 for a given nucleus depending on the model
»NME depends on g, quenching value (1.269, 1.0, ....)

» Calculation discrepancies are one of the largest source of
uncertainties in the OV half-life computation

>'Nd&'sUper element from NME ~° Fatadon AR 20



Does it exist a OvB[3 Super-Element to investigate?
-

» Anticorrelation between Phase Space Factors and NME? pointed out by
Robertson Mod.Phys.Lett. A28 (2013) 1350021

* No DBD Super-Element

Phase-space factor evaluated at gA=1
vs Geometric mean of the squared
matrix element range and the. The
points in order of increasing abscissa
value are: 48Ca, 1°°Nd, 136Xe, %Zr,
116Cd’ 124Sn’ 130Te’ 8289, 76Ge, 1OOMO,
and 10Pd.

Specific Phase Space, Mg_1y_1ev
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BB: Experimental Signatures

. . . Elect t
e Minimal signature: = on ShECTH
Sum energy spectrum of the
two e

— OV[3P exhibits a peak at Qg
— 2vPP exhibit a continuum T
spectrum

e Additional signatures: :
NEMO-3

— Single electron spectrum
— Angular correlation between the

¥

N,

two e
— |dentification of Daughter
nuclear species

-

50cm
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Backgrounds to OvB[3

> 2vPB depending on 2v decay rate
and on setup Energy Resolution,
and event topology discrimination

41°Mo: 7.2 E+18y |
Mg Tigz 136Xe: 2.2 E+21 yo.5-

E_ m,, rov
B 7Q8°T% ?Q@ o -
» Natural radioactivity of source
itself and construction materials v,
B, o, n emitters
» Fallout Radioisotopes
(137Cs, 110Ag)
» Long living Cosmogenic isotopes
(68Ge,60C0)
» Spallation n
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Experimental sensitivity

Lifetime corresponding to

=|n2

the minimum detectable n.

of events (N /,ﬂ) over bkg at
a given CL

€= detection efficiency
A= Atomic weight
i.a.= isotopic abundance

N gz 2 /Bl - AE - M - T,

M = mass of detector [kg]

T = data taking time [y]

Bl = background index
[cts/(keV kg y)]

AE = FWHM @ Qg [keV]

26/11/2013

Bck free
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A
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Choosing the technique:

Liquid Scintillators:

Kamland-Zen, SNO+

) Scintillating Crystals: Candles
PRO: High Masses possible
CONS: Limited En. Res. -2 Limited
Bckgd discrimination

Scintillating Bolometers;

Cerenkov Bolometers TPC: EXO, NEXT
LUCIFER GERDA Il
LUMINEAU

CUORE:

PRO: Good En. Res. = Good Bckgd zz?g:-n&fjt(g;;?\:z”meters
discrimination <« !

CONS: Difficult and Costly to scale Tracking Calorimeters

Paris 14-18/07/2014 C.M.Cattadori — DBD-Invisible 14 SuperNEMO: DCBA 13
up Masses P !




GERDA - | lf;f\
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with internal
Cu shield

IR

water plant &
M radon muit

rt of p-veto detectur

Paris 14-188



& n T

T

[

<
=
o
L
O
o)
r

L, .
o .
e WAl
-
z -
o v
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GERDA Cuts:

Events accepted by the analysis cut

10* T T T T All E
uality Cuts —
Pulser to check Quality —
10° .. —
3 stability QC+AC+Muon Veto e
=
= 102 .
8 .“]1 _E
10° | 1| L
1000 2000 3000 4000 5000 §000 7000
energy [keV]
5 [ [ I [
ALL  s—
QC
T QC+AC mmmm -
= QC+ACHNN s
E —
£
3 _
3}

1950 2000 2050 2100 2150

enargy [I{Eﬁ

Very high
quality:

emore than 90%
of events
accepted

Thanks to
superior setup
eUltra- low
background
eLow Electronic
noise
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events [ keV
=

10

GERDA BI
vs. HdM
(both no

PSA)

Bl Reduction
factor ~ 10

NuMass - Milan 4-8 Feb 2013
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The Ov[33 observation claim

Klapdor-Eleingrothaus et al.
NIM A 522 (2004)

PLE 586 (2004)
20F m
g'lﬂ

10 EACRRNRARAA BY | 1

IR

fioo 2010 2020 2030 a0 50
Enerngy, kel

=

o]

Klapdor-Kleingrothaus et al., NIM A 522
(2004), PLB 586 (2004):

*  71.7 kg year - Bgd 0.17 / (kg yr keV)
= 28.75+ 6.87 events (bgd:~60)

= (Claim: 4.20 evidence for OvBp

= reported T;,% =1.19 x10% yr

N.B. Half-life T,,,™ =223 x1025 yr T, after PSD
analysis (Mod. Phys. Lett. A 21, 1547 (2006).) IS not
considered because:

» reported half-ife can be reconstructed only
(Ref. 1) with £,.4 = 1 (previous similar analysis
Epeq = 0.6)

*  Ep = 1(alsoin NIM A 522, PLB 586 (2004)
(GERDA value for same detectors: g, = 0.9)

(1) B. Schwingenheuer in Ann. Phys. 525, 269 (2013):
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events/(30 keV)

events/(30 keV)

data/model ratio

500 . i o
2. ﬁffj;]me"fi*'_?_"g[?ﬂ‘g"’““"“m Z ( GERDA Result on 2v[3p D
e N K 8 | T4 = (1.84*332 (star) *R1L (sys0)
- g . arXiv:1212.4067;
300 — 1.1_1‘1 \_ J. Phys. G: NPP 40 (2013) 035110 J
— I_L'--. L
200 '"'-—._L'L’h]
- i j",l% - * 6 independent models for the 6
1001 Tl . detectors (5 x 6=30 detector

parameters)
T2¥,,, common in 6 detectors

Background from 3 sources:
42K, 40K 214Bj (y-lines used for
normalization)

— “2K: homogeneusly distributed
— 40K & 214Bi: close sources

2.5 . éja.tﬁ."mudel
20 [ &8% ®

' [ 95% H
15 [ 999% * Detectors active masses and
0 enr. factors are nuisance
ula parameters in the fit.

600 800 1000 1200 1400 1600 1800 _ _

energy (keV) e T2V, , pdf is quasi-gaussan

BB spectrum: 8796 events:
del of th

ass lan 4

e residual background: 80% 2v[33, 14%

42K

C. Catta

3.8% 214Bj, 2% 40K, -
21



energy spectra:

events falling in £20 keV around Qg not reconstructe

= enriched coaxials, 16.70 kg = yr GERDAIMS o
30t L
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o ™ 10F 3.06+0.31 keV 1 =2
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From unblinded counts to T, ,°

PRL111(2013)122503

n2-N
o - W2 Na
Menr * N
€ — . - £ - £ In 230 keV In ROl  Expected
J1o oo Eeg - Epud g)QBB : +5key bckgd only
 J \
/ I
data set  Ekg-yr] (€) bkg BI') cts
without Pulse Shape Discrimination 4.5%
golden 17.9  0.688 + 0.031 76 18+2 5 51
silver 1.3 0.688 £0.031 19 63+ 1
BEGe 2.4  0720+0018 23 42" 1
with Pulse Shape Discrimination 71%
golden 17.0  0.61970025 45 1142 2
silver 1.3 0.619+004 9 30ttt 1 23
BEGe 24 0.663 =022 3 513 0
™) in units of 1077 cts/(keV-kg-yr). Bl Rej pep, €% ~ 43%

H BEGe ~ o
26/11/2013 23 BI Re] PSD C§Zt{80ri - CPAN 2013



T,,° from GERDA data sets

Performed Profile Likelihood fit of the 3 data sets
e B+S: described by constant term + Gaus(QBB,GE)
* 4 free parameters in the fit By, By, Bgeges 1/ T1/2""
e Systematics folded in

Frequentist approach

Best fit: NV =0

N < 3.5 cts @ 90% C.L.

N T,,% >2.1x10% yr @ 90% CL

GERDA 13-07|

w

counts/keV

[ T
2040

2025 2030 72035 72045 2050 2055 2060 0 . I
’>‘*8_ ;;f”"””"f;"backgroundinterpolation—f;v: - ayesSian approaCll
(O ) ) D! ©)
x| | X x| = x| = i Oov
SR 2| z |z | Flatpriorforl/T,),
— I~ N o ™~ .
S v |z | Bestfit: N%=0
o 3

(3]

T,,% > 1.9x10% yr @ 90% CI
| T LI o L | | . e
0 1900 1950 2000 2050 2100 2150 ene?égo [keV] Med|an SenS|t|V|ty:

T.,% >2.1x10% yr
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GERDA (all data sets) vs KK (2004) claim

- PR111(2015)i22505

ForT,,,% =1.19 x 10 yr
Expected Signal (after PSD): 5.9 £ 1.4 ctsin £20
Expected Bckgd (after PSD): 2.0 + 0.3 cts in £20
Observed: 3.0 (Oin+l10)

3 1O T AT From profile likelihood
2 2i- ~—— Assuming H1,
g P (NOV=0 for H1)=1%
1:_ I |
- Comparing
R SR B R N 1= S H1: Claimed signal

———————————————— background interpolation---# []

HO: Background only
Bayes factor
P(H1)/P(H0)=0.024

(uncertainties on claim included)

2039 keV
Q
2190 keV

214Bj 2204 keV

1900 1950 2000 2050 2100 2150 2200

energy VI Claim poorly credible
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Combining GERDA, HdM, IGEX & Xe

PRL111(2013)122503
H1:signal with T, ,,% =1.19x10%° yr

HO: background only

i T T 'GERDA 1307
a4
, //5%////
T ANV %
= i 1. S
P / s P4
é—" | Ge combined / _/ ——Z%/-i/-’f __________
3y GERDA Phase | / VY AV a
a
/ :
claim{ZUD/ V. // ;
1025 :_63/ 9 S // // / i
L& / / / / :
&7 S i
4 o
I8, ST
G A o 2 %
S |15 &
. ) E ol
& ]IS
102 L =
1024 10%°
i et
NME from
P.S. Bhupal DeV et
al (2103),
arXiV:1305.0056
19/07/2013

Isotope | P(H,)/ | Comment
P(H,)

GERDA 6Ge 0.024 Model independent
GERDA °Ge 0.0002 | Model independent
+HdM+IGEX
KamLAND- 136y e 0.40 Model dependent: NME,
Zen* leading term
EXO-200* 136)e 0.23 Model dependent: NME,

leading term
GERDA+KLZ* | °Ge + | 0.002 Model dependent: NME,
+EXO* 136xe leading term

*:with conservative NME ratio M, (13°Xe)/M,,(’°Ge) ~0.4 from:

Combining GERDA, HdM,IGEX
3 GERDA Data sets, 1 HdM, 1 IGEX

Profile likelihood function w. 5 independent bckgds

T,/,% >3.0x10% yr @ 90% CL

C.Cattadori - EPS 2013
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* Liguid Xe Time Projection
Chamber (TPC)

* Enriched 136Xe to 80.6%
e (Q-value 2458 keV

e Located at Waste Isolation
Pilot Plant (WIPP) in
Carlsbad, NM, USA

* 1585 meters water equivalent

Avalanche Photo
M.G. Marino Diodes 2 6 June 2014, Nu 2014
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EXO-200 detector: JINST 7 (2012) PO5010
ar%ter‘ization of APDs: NIM A608 68-75 (2009)

Mate

Is screening: NIM A591, 490-509 (2008)




The EXO Operating principle

X and Y grids
/ drift direction

The principle:
Simultaneous readout of
charge and scintillation in
a large and homogeneous
Liquid Xe TPC
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Recent results (Run 2) «
nature T TS

(12 June 2014, online 4 June)
doi:10.1038/nature13432

B Golden
I Not Golden

Accumulation of “Golden” data
447.60 = 0.01 days livetime
(100 kg-yr, 736 mol-yr 135Xe

exposure)
(6 Oct 2011- 1 Sep 2013)

6 June 2014, Nu 2014




Tracking:

an essential tool to identify and suppress backgrounds

Low background

228Th calibration

data

Counts 7 20 ke

source

Counts [ 20 keV
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NSAC subcommittee, Washington 24 Feb 2014
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Tum

Energy measurement «

Combination of charge and light

L

35001 ~ -
[ - > 5 . :
- i £ 4500 2%Th source data, Single Site
30001 -
= f = 4000 [[77] Scintillation: 5.7%
%Eﬁﬂﬂi 1";’ 3500 [[7] Ionization: 3.5%
@ n = 3000 1] Rotated: 1.4%
3 2000 2500
§= =
R 2000
1"E' 1500 1 5040 ;i lI
@ _ 1000
1000F 5005
000 | ol -
il EVSE AT EVRRTIIN TR IR 1000 1500 2000 2500 3000 3500

Sﬂ Il 4--.-'; i
E{ID 1000 1:'3{][1‘ 2000 2500 3000 3500 Energy (keV)
Tonization energy (ke'V)

‘Rotation angle’ determined weekly using 2286Th source data, defined as angle
which gives best ‘rotated’ resolution

Energy resolution is dominated by APD noise (more on this later)

M.G. Marino 10 6 June 2014, Nu 2014



Slgn Ifl Ca nt I M P ROVE M E NTS 4 I2DET| relsolutionlr:with dtle—noisinlg} | | |
4 208T]| resolution (without de-noising)
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Scintillation absolute resolution, (photon statistics + noise) [keV] 33



log,, (Counts par 14 kel

log,, (Counts par 14 ke

EXO Total Spectrum: 234|NATURE|VoI510] 12 june 2014
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.[ §5: 2nDBD prominent (11:1) 6 4 ]
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2 T = e pEN R, L e S R
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N Energy keV) i
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"‘ e
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0 5 “Ill.ll lllEggis I 4
™ P - — S R SO A H | i E
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1,000

2,600 3,000 3,500 4,000

Enengy (keV)

Jne.__lnmm

*Energy bins: 14 keV
*Exposure (GOLDEN):
100. kgy

39 cts found in £ 26 ROI

= 2.5 E-2 cts/kky

(o) |Bnp sey

(o) [enpjsay

2vBpB

232Th
137Xe
238U
other

Tot
expec
ted

0.017+/-
0.002

16
7
8.1

31.1+
1.8 (stat)
3.3 (syst)



EXO results on OVBB: 234 | NATURE | VoI510| 12 june 2014

40 T T — T T T 171

GERDA limit

P

E
g s ~
= KamlLAMND-Zen limit
. " EXO-200 limit
*From PL 9.9 cts = consistent at 1.2 £ . |
with null Hypothesys (bkgd only) Eﬁ' z |
A E
& 8 1
*T,, %>1.1x10%y @ 90% C.L. 2 B
eye e E
*Sensitivity: 1.9 x 10y 2 g
.”l-'fq.m* 1 1 1 1 1 1 I-Ilﬁ5 1 1 1 1 1 1 I-III:P::m
* 190 meV < m_, < 450 meV Tua e b
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Kamioka Liquid Scintillator Anti-Neutrino Detector
Kam LAN D_Zen Zero Neutrino Double Beta

KamLAND-Zen
Phase |

Advantage of KamLAND

- running detector : start quickly with relatively low cost
- big and pure : no BG from external gamma-rays

- purification of LS, replacement of mini-balloon are possible

—p [igh scalability (a few ton of Xe)

Xenon loaded LS (Xe-LS)

decane 82%
pseudo-cumene 18%
PPO 2.7 glliter
xenon 2.44 wt'

oe(2.5MeV) = 4%

realize double beta-decay search with low background
Phase 1 89.5kg*yr PRL, 110, 062502 (2013)

10°E ) D51+ D52 D SO Series
_ Toml | - BITh Series
10* 2v I; Ii — yavpp @ ——'Bi
“ ——Total _._:Egi
: OvepUL) 7
2 10 e vgE
E \ Az
% SR 0%CLUL) __ooohpe
s 1W0e ST ‘l1£irnAg — - Spallation
s F LN *“ﬁ*t
i 10F a vy M
L ovpp \o,
1:51 [EIUmCL} “--«
1l .I..'.--I i g P | .‘w L .
10 1 7 I
Visible Energy (ll.de‘ﬂ

TV > 1.9 x 1022 yr (90% C.L.)




Construction in 2011

Class 1 cleanroom

B

heat welding of halluun ﬁlm balloon went thraugh the black sheet

Clas 10-5 160 pi‘egn n!pm

A 1, S add ] ; .. VR L . inner balloon
| : -ﬂ:’" ‘ ' S i boundary
.i" Cd f . .._ 54 "
g 4 . b k

o 'IP
inner balfoon deployment inside view




Improvement Efforts after Phase 1

1. Remove radioactive impurities by Xe-LS purification
candidates of ~2.6 MeV peak
—> only 4 nuclei 119MAg (250 d), 298Bi (3.68x10° yr), 88Y (107 d), 6°Co (5.27 yr)

lifetime longer than 30 days ™ detected in Fukushima fallout
Two possible sources: Phase 1 (first 110.3 days)
(1) contamination by Fukushima-| reactor fallout g g
F —Tow
(2) cosmogenic Xe spallation while above ground | B remove
Z 2f — " 7
" H " = ey
primary” background source (!'°"Ag) g spt.aff ﬂ& /
o E B w1100
can be removed by Xe-LS purification E m;]L Ag
),
5 O N
2. Increase amount of Xenon 21.-;I:|R+1uc i*ll 1B .{UIHXH
phase 1 phase 2 05 _ ey -'--{5'3"' B
Xe concentration (2.44 % 0.01) wt% — (2.96 £ 0.01) wt% JAT N
: | | | spallation cut vulume
~1.2 Xe- d ph a fut t .
increase of S/N =~ 1.2 Xe-pressurized phase is a future option selection

3. Spallation cut after muon
muon-neutron-'°C (t = 27.8 s) triple coincidence — 19C background rejection

4. Optimization of volume selection
fiducial volume limitation by 24Bi (U) on the balloon film — multi-volume selection



110mAg Background Reduction

Phase 1 (first 112.3 days) Phase 2 (first 114.8 days)
22<E<30MeV,R<1m 22<E<30MeV.R<1m

n_s_—

_+_ —+—_+_

0 5cta0Il  Nov20ll  Dec 201l Tan 2012 Hompg BG Dec 7013 Jan 2018 Feb W14 Mar 01 Apr 2014
reduction to Date

<1/10 ﬂTﬁﬁ

l EventsTay

prehmmar}r
o
= 107 L 1.5 10%
= 0 = - . 8
2 : @ % :
> w3 : i
= film) 2 e 10
0.5 o -
} I .-I n 1
1 2 3 4
Visible Energy (MEV) Visible Energy (MeV)

Primary B& : #'“Bi (U) at balloon / spallation '°C / remaining ''°"Ag?




Events/0.1MeV

Event Reduction

Phase 2 114.8 days
BB isotope 13¢Xe 90.77% enriched

348 kg "**Xe in all volume Dec. 11, 2013 - May 1, 2014 (2 3<E<27 MEV)

ROI

B —

Qgg = 2458 keV number of event

in ROI

Dec. 11,2013 - May. 1, 2014

13iCs

10°

10*
10°

10
10

134Cg

1 2 3
Visible Energy (MeV)

Volume selection and spallation cut distinguish backgrounds

preliminary
R<2.0m
R < 1.0 m (Xe-LS)
delayed coin. cut
spallation cut

2087

4

around mini-balloon
(R=2.0m)
&

muon veto
3756 events

volume cut
R<10m 2/%o0f

(V=42 m3 Whole

413 eventd?lloon Vol

delayed coincidence cut
(*14Bi-Po, 12Bi-Po, anti-v)

10 events

Spallation cut

6 events
5 (Livetime 114.8 days)

Exposure: 29.6 kgy



Fit to Energy Spectrum for 2vp(3

DAMA (2002) viquid Xe scintilator KamLAND-Zen (2014) xe loaded liquid scintillator

S0} Phase 2 Internal (R< 1.0 m)
"g I."IFE:E"- b _ .I-__:__I,_.."_::m_"-"_' " E g :
| =
ﬁ“: m - N 1 N N N N 1 N N N N 1 N N N N 1 N N N
I E
J: . o preliminary
-“5 | | - 2%[;'1
v B (VMeV) = ff:__z,;Bi Spallation
T%12> 1.0 x102 yr at 90% C.L. % 10 1K
- AT film BG
Liquid Xe TPC 5 il
EXO-200 (2013) " scintiator & rr - ]L ,‘f
- R . . S S _— 1 :: It
EII}:; ! T’Q\'\-.’ SS :.j;u lﬂ-l -I- | T I. |- ' I’Hﬁl:l. |
; 1n1l'-._. o -\:i"n " © Owrtow Visible Enerey (MeV)

Y | *:‘ﬁ ;ﬁl Lo T2 = 2.32 + 0.05(stat) + 0.08(syst) x1021 yr
e 1'| o '1_ consistent with KamLAND-Zen Phase 1
ity [ 1 1 L Lrlﬂ_th"linb_‘ M ‘L

fanad b e 5 ""”E”Hm, [ke?'{?]}j T2v42 = 2.30 + 0.02(stat) + 0.12(syst) <1021 yr

T?12= 2.165 + 0.016(stat) £ 0.059(syst) x 10%! yrl«— consistent with EX0O-200




Residual (o)

Events05MeY

Eventa 0005keV

e DD

10°

10

Fit to Energy Spectra for Ovf[3

nal (R<1.0 m)

Inter

il
ey

L

brefr’ﬁ?fﬁarly

film BG

T4

' | L
26

28 3

Visible Energy (MeV) ™._

—_

1 Total (Ovfifi upper limit) prefiininary

6 ctsin

Wisible Energy (MeV)

Foesidual (o)
S T=T

Events0.053MeY
5 S,

(=]

2

External (1.0< R <2.0 m)
= i [mTaY
-E _i! Tl
E preliminary
= — T
B
E |
_E |
22 4 26 .

Visible Energy (MeV)

Fit to Energy-Volume 2D spectra
Limits on Ovf}f} at 90% C.L.

< 17.0 events/day/kton-LS

TVi2> 1.3 x 1025 yr




Upper Limits from Toy MC

distribution of Ovpp limits from Toy MC

= preliminary
: WH MC condition

S 4‘ no Ovpp signal
i; i «H best-fit BG rate
£ <z
£ i S &
£ 2F I
i S5i|=2
|3
- E;E: E
N w! |2
D 1 1 1 I 1 1 1 | 1 1 1 1 I 1 1 1 I_I 1 1 1 |
0 10 20 30 40 50

Limit at 90% C.L. (events/day/kton-LS)

< 17 events/day/kton-LS 52% of the time
< 16 events/day/kton-LS 50% of the time

Sensitivity is checked by MC assuming best-fit BG rate



156Xe Ovpp Decay Half-life

combined result (Phase 1 + 2)

10
> L T e i
> | ,orehmmary Half-life limit at 90% C.L.
8_— iE -+ KamLAND-Zen Phase 1 KamLAND-Zen
-k — = KamLAND-Zen Phase 2
i | == KamLAND-Zen Combined | Phase 1 TWq2 > 1.9 x 102 yr
6_— L\ — EXO-200(2014)
' il Phase 2  T%42>1.3 x 102 yr
4 ‘1"‘-3 Combined T%q5 > 2.6 x 102° yr
L 90% l
Ly QRPA NME model
~[ J. Phys. G 39 124006 (2012)
: 10 (mes) < 0.14-0.28 eV
0_ R e R TT_T_'I_-|'—|—T—-|-—F—|——|—-:_—
0 2 4 6 g 10
TT, (107 yr)

Limits on ***Xe half-life and effective neutrino mass are improved




Present Sensitivity

on m,, according to

the Ge+Xe

combined limit for
— different

guenching
scenarios for g,)

— NME from QRPA.
No error on
relative ratio of
NMEXe/NMEGe

Bands from phase
space & NME
uncertainties

Paris 14-18/07/2014

Con

0.500

0.100 -

Z

0.010}

0.005

clusion on Ge+Xe

0.85 + 0.08 meV

----- Xe+Ge (gquark)

— Xe+Ge (gmll:leml)

Te =6.8x10 27 —0.07 £ 0.01 meV

T to

Se — Q

10 2° y=0.07 £ 0.01 meV

0.1 1

0.01

Mijghtest [€V]

From Dell’Oro, Marcocci,Vissani, hep-ph/1404.2616v1
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Status of experimental searches

Isotope T ™ ) <mgg>
(10+y) (10*y) (meV)

48C3 4.4 + 0.5(stat) + 0.4(syst) >0.058 3515-14133
76Ge 1.78 4007 22.3+44 400
76Ge 184 +90 (stat) +11(syst) >21.0 201-638

> 30 GERDA&IGEX&HdM
825e 9.6+0.1(stat) +1.0(syst) >0.32 884-2631
9%67r 2.35 +0.14 (stat) £ 0.16 (syst) >0.0092 4207-15139
1000 0.716 + 0.001 (stat) + 0.054 (syst) >1.0 334-946
116Cd 2.88 +0.04 (stat) + 0.16 (syst) >0.17 1300-2440
130Te 70 £ 9 %(stat) 11 (syst) >2.8 296 - 773
136X e 217.2 + 1.7 (stat) £ 6 (syst) >26 140-280
150Nd 0.911 £ 0.025 (stat) £ 0.063 (syst) >0.018 2622-5678
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3'Te BBOV search with TeO, bolometers

CUORE-0 CUORE
Cuoricino 10.9 kg “'Te ~206 kg *'Te
11.3 kg "'Te .

1997-2001

T > 21 x10% g
(90%C.L.)

2003-2009

2013--2015 2015.-

T s 2.8 x 107y
[1] C. Amaboldi et al., Phys. Lett. B557 (2003) 167
(90%C.L.) [2] E. Andreotti at al., Astrop. Phys. 34 (2011) 822

Monica Sisti — ICHEP 2014, Valencia (Spain), 3 ful 2014 5



TeO, cryogenic detectors or bolometers

electro-thermal| Properties of bolometers

, §™
link G +high energy resolution: (k,CT?* = ﬂz%
thermometer  ¢large choice of absorber materials .. |
AT = AV | etrue calorimeters R
'—
particle absorber TeO, Absorbers T ~ 10 mK
E— AT ° : e AT/AE ~ 0.1 mK/MeV
low specific heat AV/AE ~ 0.3 mV /MeV

¢ large crystals available |[:=C/G~1s

+ radiopure C~2x10"J/K

¢ 5x5x5 cm’ crystals have high detection
efficiency for BB0v events: ~87%

*Te as BP0V candidate

* high natural isotopic abundance: 3¢

* transition energy: Q = 2528 keV
* encouraging nuclear matrix element calculations

Monica Sisti — ICHEP 2014, Valencia (Spain), 3 ful 2014 4



Tower assembly
——7 ing .
¥ ||'I ]
'rfl

Wire bonding

-
1
[

&




1 CUORE tower
« 52 TeOz 5x5x5 cm? bolometers

» 13 floors of 4 crystals each ~
« total mass: 39 kg (11 kg of 130Te) |

* All detector components manufactured, cleaned and stored |
with same protocols defined for CUORE ]
+ Assembled with the same procedures of CUORE:
- dedicated class 1000 clean room (underground building)
- all steps of the assembly (crystal gluing, mounting,
cabling, bonding) performed under nitrogen inside
special glove boxes.
« Operated inside the 25-year-old Cuoricino cryostat at
LNGS.

* Low temperature roman lead shield

Goals:
* Proof of concept of CUORE detector in all stages
= Test and debug of the CUORE tower assembly line
« Test of the CUORE DAQ and analysis framework
» Operating as independent experiment while CUORE
is under construction
= Demonstrate potential for DM detection



CUORE-0 data taking

* August 2012: base T reached

... problems with old Cuoricino cryostat

Calibmason Problems

March 2013: start data taking (Phase I)

September 2013: first results are released (— arXiv:1402.0922)

Accidental Warmup

October 2013- long maintenance stop

November 2013: background data taking restarted (Phase Il)

» improved conditions

Longer system lifetime (no warm-up required so far)

Crvostat Maintenance

Better noise conditions

+ Improved energy resolution

Trap Cleaning
+ Moise Optimization

Lower Threshold

Data analysis tools optimization

Accdental
Warmup

Stable background values

Trap

Cleaning

(=]

Exposure [kgar]

Fun Time Efficiency: 68%
Live Time Efficiency: 43%

Laa
. iy
[zavtope Exposure [B%Te kegyrl

[ B

Fam Time Efficisncy:
Live Time Efficiency: &

F"|'"|"'|"'|“'|"'|"'|'"|"'|"'

i
'

P FE— —
13 Ang-13

g

Time

- Background measurements




CUORE-0 Preliminary

LA

FWHM [keV

Energy resolution
@ 2615 keV
208T] vy line

CUORE-0 energy resolution: phase I

10

Effective FWHM: 5.1 keV

Harmonic mean of the single
channel resolufions

CUQRE-0 Prelimmary
Phase IT ‘

L I Ll .l I Ll 1l I L - Ll 1 I L
14 16 13 20 22

Energy [keV]

Cuoricino large crystals
FWHM =6.3 £ 2.5 keV

(T

13 0 i3 40
FWHM,, ., (keV)



CUORE-0 background

S B}y region

> %

a region >

| o . |

_ B CUORE-0 Preliminary 210P — Cuoricino

% 10 o | Exposure: 18.1 kg - yi / B CUUORE-0

:{ 180t .

e V4

== St

z

s

o 10

Z

S B

—— I :

0 |
MBI L0
7000

1000

2000
» Cuoricino background model confirmed:

4000
Energy [keV]

- environmental gamma’s from material bulk

contaminations

- surface radioactive contaminations of close

materials

Cuoricino

« Evident reduction with respect to Cuoricino

- factor of 6 for surface contaminations

- factor ~2.5 in the ROI

CUORE-0

5000

0.153 + 0.006

0.063 £ 0.006

0.110 £ 0.001

0.020 £ 0.001 [



CUORE-0: R0V ROl

CUORE-0 Preliminary
Salted Peak
NOT Ov DED

:

Events [/2keV |

| S I N . >

2520 2530 2540 2550 2560 257
Energy [keV]

2490 2500 251

Background consistent with Cuoricino model:
« dominated by 228Ac y’s from the
environmental materials (mainly cryostat).

Unblinding: early 2015

0.5

0.4

0.3

CUORE-0 Hlustration of Data Salting

ate [counts/keV/kgly |

/

=
L
I_.-‘"
A

Illllllflll.lllll

A 1 N S B—
=

=
=

2540 pEI] 2580 b 2620
Encrzy (ke'')

Our blinding procedure
produces an artificial peak
in the ROI:

a small (blinded) fraction of the
events within £10 keV of the 2615
kel peak [rom 2971 s exchanged
with the events within £10 keV of
the Q-value




CUORE-0

Yy

90% C.L. Sensitivity

[v]

T

[sotope Exposure [kg y]

CUORE-0 expected to
surpass Cuoricino
sensitivity with ~1
year of livetime.

0 2 4 6 8 10
! ! 1 El ! ! 1 | ! : 1 | ! 1 1 | 1 1 1 | ! 1
- = i .
» 1o = CUORE-0 Preliminary
- i i
e iz
| ::.I"_'I :£ ]
== :
= :
= -8 :
2 a
10 : i = CUORE-0 Projected
a L : : Cuoricino limit
i E 1 I 1 EI 1 I 1 1 1 I 1 1 1 I 1
0 0.2 0.4 0.6 0.8 1

Live time [y]

Energy resolution:

AE ~ 5.2 keV FWHM @ 2615 keV
Background index (in the Bp ROI):

b =0.063 £ 0.006 cnts/(keV-kg-yr)

* Improvements to noise still in progress
* Pulse shape cuts are still being optimized

» CUORE-0 sensitivity may still improve
in the future.




Coming soon
- _____00_____00_000000__]

e GERDAII
* Majorana Demonstrator
* CUORE
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| Cryogenic Underground Observatory for Rare Events
CUORE detector

- 988 TeO2 crystals run as a bolometer array
- oxoxo cm? crystal, 750 g each

» 19 Towers; 13 floors:; 4 modules per floor
- 741 kg total - 206 kg 130Te
- 1027 130Te nuclei

« Excellent energy resolution of bolometers
- Radio-pure material and clean assembly to achieve low
background at ROI

strict radiopunty control protocol to limit bulk and surface
contaminations in crystal production

transportation at sea level to LNGS

bolometnic test to check performances and radio-purity
TECM protocol (Tumbling, Electropolishing, Chemical etching,
and Magnetron plasma etching) for copper surface cleaning
limited exposure to cosmic rays: underground storage of the
copper parts in between production and cleaning

X cryogenic set-up

Comple

Fully cryogen-free system:

- custom cryostat

- 5 pulse tubes

- a powerful dilution refngerator and

~10 mK operating temperature

Independent suspension of the detector array
An embedded detector calibration system
Radio-pure materials

Heavy low temperature shield

VR A e [T



CUORE sensitivity

— g :
- 5 . B
LE Cucricing exclusion 80% C.L. - LA
E_ GERDA sxolusion90%C.L
KamLAND-Z&n :|||1:| EXO-200 @xcl
10

107

Design goal:
¢ bkg: 0.01 counts/(keV-kg-y)
¢ AE: 5 keV FWHM

* tmEﬂS: 5 years

 d

* Sensitivity 5"(t,):

1.6x10%y (lo)
9.5x10%y (90% C.L.)

* effective Majorana mass:

mg, : 51 -133 meV (90% C.L.)

AE FWHM resolution

107 : ;
107 10~ 10~ 10 ,
[11I'.-_=_I:|I='n [ET‘]
£ detector efficiency
- .' i 360V i M total active mass
oy i a. M rmeﬁ bk 0 ia. Ppov I150tu:rpe abundance ctive
STy, ) oc € N{ g+=VY||A atomic mass t__ measuring time
A AE b kg bkg background @ ROl in counts/keV /kg/y

Monica Sisti — ICHEP 2014, Valencia (Spain), 3 ful 2014




GERDA Phase |l

Phase Il: 18 kg of ®""Ge COAX Detectors
Phase I: 13 kg of enrGe COAX Detectors 3¢ 1 kg of "Ge BEGe Detectors
3 kg of enrBEGe Detectors &

w. enhanced PSD
w. enhanced PSD _
15/07/2014 GERDA CdS MiB 30/06/2014 59



{ | = single site event SSE

1
Increase ¢""Ge mass (40 kg in 08 {
I' - ;
type with enhanced PSD to T A

pinpoint 33 events (Single Site) .

total) 21 kg in form of Ge-BEGe zos » | | I/

— multi site event MSE

vs residual y events (Multi Site)

0.0

Reduce radioactivity of Ge holders and
mechanical structures

New Ge readout electronics with closer FE
devices in die for improved FWHM

Transparent Shroud (instead of Cu opaque
MS) surrounding each Ge detector string to
mitigate “?Ar bkgd.

Paris 14-18/07/2014 C.M.Cattadori — DBD-Invisible 14




| hybrid LAr veto system
top plate with

9 PMTs

PMTs and SIPMs & fibers are
deployed together with detector array
Cu shroud 1, h~ 60 cm through Phase Il lock w/o LAr drainage

@49 cm central window, h~100 cm,
covered by dense curtain of 1x1 mm?
scintillating fibers on radius of 23.25 cm;
readout by KETEK SIPMs 3x3 arrays

i flange

Cushroud 2 @49 ecm, h~60cm, t=0.1mm
coated with tetratex & WLS (TPB)

bottom plate with 7 PMTs

GERDA CdS MiB 30/06/2014 61




3A€sumed E resolution: AE = 4 keV

== NO background

= 10* counts/(kg keV- y)
= 10" counts/(kg: keV- y)
=== 102 counts/(kg- keV-y)
= Claim

N
a

N
o

=
a
1 II 1 1

phase Il

90% prob. lower limit T [10%°y]

10f e TR
5| el
{ -~ £f 18k "Ge
0 [ | . , , L U . |
0 0 100 150 200

Exposure [kgyears]

Paris 14-18/07/2014 C.M.Cattadori —

0.1

Expected GERDA 11 Iower limit range: 100 meV

>
=,
0.011
% ¥
s
0.001;
W T T T T m e
Mijghtest [€V]
From Dell'Oro, Marcocci,Vissani, hep-ph/1404.2616v1
DBD-Invisible 14 62



- 5 tonnes of ¢ Xe: entirely cover inverted

hierarchy (more later)

- LXe TPC “as similar to EXO-200 as possible”
- Provide access ports for a possible later
upgrade to Ba tagging

=2 A unigue combination of
conservative and aggressive
design with important
upgrade paths as desirable
for a large experiment

130cm

1 I IWHHII I II\IIHI

T TTTTI

EX0200, 2012

107 EXO0200, Ultimate
£ | .

nEXO NSAC subcommittee, Washington 24 Feb 2014 \L

a-tagging

lth Ba-tagging

Paris 14-18/07/2014 C.M.Cattadori — DBD-Invisible 14 10° 10% ey 10

nEXO NSAC subcommittee, Washington 24 Feb 2014

1



TY), Sensitivity at 90% C.L. (yr)

KAMLAND-ZEN: Perspectives of Ov[3[3 Searches

] I high energy.resclution
now KamLAND2-Zen prassurtiéd Xa
(1,000 kg Xe) KamLANDZ2-Zen |
102‘]' high energy resolution .
ettt P f“"z‘*“ Xe test of inverted
muep:eu_nr: f:?gﬁmpﬂnh, ...................................... neutrino mass
— Fmo-Eag-BG [ pure or ;
{me) = 50 mev (60.0-kg-Xe ) scintiating balloon film hierarchy
10%° f M*"'"—-—————- target <mgg; ~ 20 meV
PRase Loy &
B RN DA f -
Conibined qXe Eu:’mng..hesl fL.BG KamLAND-Zen T
| next phase - '
pure or n:Inl:iIIatlng
P ~ balloon film
1025 = o = HT t o -
comversion-fromSaehalf—iife with-various-MME calculations .Y :
1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 | 1 1 1 1 ,;lﬁ"; Euu kg x -;,a *Tuuf BDD :lg )(e
0 1 2 3 kN > if possible
1 el T g
Year elo o od = ol g

—— Future sensitivity
.+« KamLAND-Zen Phase 1

S 383 kg.)(:el ?’

KamLAND-Zen

— = KamLAND-Zen Phase 2 :

m—— KamLAND-Zen Combined

1. Detector improvements are planned in the near future

el 1 T e

rﬂ.r.tr.u ik Iu:-,'\u' AF | AF e

Phase 2

64




Projects in R&D Stage
- 0001

e MAJORANA Demonstrator: 30kg €""Ge + 10kg "'Ge
in form of BEGe detectors. Sanford Udgd. Lab

e NEXT: Advanced; 10 kg of high pressure gas ¢""Xe
TPC prototype almost ready to go at Canfranc Udgd.
Lab

e Lucifer/Lumineau (still R&D)
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NEXT: High Pressure Xe TPC at Canfranc
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Events Topology in NEXT

eHigher energy deposition clearty visible at
electron track end-point.

NEXT R&D: detector performance achievements Fécks reconstructed using SIPMS + PMIS

51T kel Gammas in NEXT-

£ T NEXT Coll, mrsmraﬂ%u
1.8% PWHM energy resolution for g:“’? E|
511 keV electrons ower Iarge fiducial E
valume

e Extrapolates 10 0.75% FWHM at i _
Qge energy of 138Xe decay 1 ) 1 O )
Sk 10
Enengy (keV)

«The DBDM prototype at LBNL
extrapolates to 0.5 % FWHM at Qg
using 660 Cs-137 electrons

R&D BR2v BEOv (100 meV)|  [BPOv (20 meV)
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Current activity on new regular-shape natural  Assembly of a 313 g natural ZMO detector
crystals and enriched crystals

New ZnMoO, LUMINEU crystals have been
grown in NIIC (Russia) by using LTG Cz

* Improved ZnMoQ, (2 x 338 g) were produced.
A boule was grown, melted and then crystallized
again. Molybdenum was purified by using
double recrystallization from solutions [1]

F13 g crystal grown at NIIC [Mowosibrisk, Russia)
fiziEmbly adapbed to EDELWEISS holder structine

* First Zn'"®MoO, boule was developed from
deeply purified '"®°Mo and two samples (64 and
61 g) were produced [2]

New bolometers based on
two improved ZnMoO, and

first Zn'®“MoQ, crystals . -

will be tested soon at the LSM A et Lpsidrteny

i PTFE supperirgg sSemesin

. (%] Twe HTD tharmisizrs (H1 & HZ)
arXiv:1405.6937v1 [physics.ins-det] l 081 Tvie T bl sata
5 LUMINEU
: FWHMS= 6 keV, LY~1.5 keV/MeV,QF~0.17
: summary
é Entries 36069
ot

Luminescent Underground Molybdenum Investigation for NEUtrino mass and nature

e (PR i e e 4

Funded by Agence Mationale de la Recherche (France)

Collaboration: France (Orsay, S5aclay, ICMCE Bordeaux), Ukraine (KINR Kiev), Russia

=
s R TR 500 1000 1500 2000
Emergy [keVee]

2500 3000
Energy [keV] . , - "
s First measurement of 2v 1Mo decay published J. Phys. G: Nucl. Part. Phys. 41 075204. (NIIC Novosibirsk), Germany (Heidelberg) ; about 40 physicists - engineers

» MOU between INFN, IN2P3, ITEP: common interest for an experiment based on ~10
kg of ZnMoO4 with 95% enriched '*Mo. Aim: Set the bases for a next-generation neutrinoless double-beta decay experiment

) for the study of the isotope ™Mo embedded in ZnMo0O, scintillating bolometers
Paris 14-18/07/2014



Future Perspectives
- _____00_____00_000000__]

e Each project aims to Increase Mass to O(1 ton)
— nEXO
— Kamland-Zen
— Cuore
— GERDA — Majorana (joint project)
 |Improve event tagging to reach the 0-bckgd condition.
Intense R&D on

— Bolometer = Scintillating/Cerenkov Bolometers (LUCIFER,
LUMINEAU, CANDLES)

— Solid State Detectors: PSD

e EVERYBODY: Reduce background, aiming to Bckgd free
regime.

— Improve setups, de-Rn atmospheres in clean rooms........
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Expected sensitivities from sensitivities stated by

Expected GERDA Il lower lig

Eyvne
=8

data taking (2019)
ge: 5 y data taking (2021)

0.1k

Expected Xe lower limit.rg

0.01
' 20 disfavored

region from
Cosmology
Planck+BAO+GC
(N=3.2)

0.001 |

10_‘t |4 1 1 T T N T B B 1 T 1 1 T T N T N B 1 T TR N T N B
10 0.001 0.01 0.1 1

Miightest [€V]

From Dell’Oro, Marcocci,Vissani, hep-ph/1404.2616v1
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Conclusions
-]

* |n the next 3-5 years experiments will reach the
“top” of the IH region (70 meV)

* What if OvB[3 is not found?

— Neutrinos are Dirac particles

— Neutrinos are Majorana Particles but Majorana
Phases Cancellations (or else) make m_, very small
and so OV is very suppressed or absent

— The Majorana mass mechanism is not the leading one.
Other possible mechanisms are
e Left-Right symetric models
* Heavy Right Handed Neutrinos
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CUORE Collaboration

Mational Laboratory
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GERDA collaboration

—
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& JINT INSTTTUTE
= TECHMISCHE FOR NUCLEAR RESEARCH
L) UNIVERSITAT
MaX-FLamCE-INSTITUT l “__¢ DRESDEM
J-:":\ FUR KERNPHYSIE e ’

-ng HEIDELBERS

EBER HARD: KARLS

UNIVERSITAT
TUBINGEN

% Universitat
Sgpey Zurich™

INFN HJ;} 16 institutions
(o i O ~100 members

= —- F



Experiments and techniques

Calorimeters: Solid State, Bolometers

* Intermediate mass possible (O(50 kg) done), O(100 kg) ready to go, O(1 t) proposed)
 High En. Res (FWHM:0.15% for Ge diodes & Bolometers)

« High Efficiency ( ~ 1)

 BKG can be reduced (done)

* Limited particle ID

* Non monolithic volumes

Calorimeters: Liquid Scintillators - Gas Detectors

* (Large masses feasible O(100 kg) done),O(1 t) proposed)

* Intermediate En. Res (FWHM: O(3-10%))-> bkg from 2v

« High Efficiency

* Monolithic volumes (self shielding, definition of fiducial volume)

External-source detectors: gas TPC/DC, magnetic field and TOF
« Difficult to scale up masses

* Intermediate efficiency

e Low energy res

» Event topology—> handle to abate bkgd, but 2v[33

* Address different isotopes
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...since the start of EXO-200 data taking in Jun 2011...

|
Discovery of 2v mode [PRL 107, 212501 (2011)]

EXO-200 (2011) _—— |
Confirmation by KamLAND-Zen

[PRC 85, 045504 (2012)]
EX0-200 (ths work) - T2 = (2.165+0.016™ +0.059%)-10” yr
[Phys'. Rev. C 89 (2014) 015502]

KamLAND-Zen (2012)

1 15 2 2.5 3
2vBR T (x10°"yr)
Nuclide T?:,'g'ﬁ + stat £+ sys rel. uncert. (32 A= rel. uncert. Experiment (year)
[v] [%] (107 y '] [MeV] (%]

2.165 + 0.018 + 0.050 - 107! +2.83 1433 0.0218 +1.4 EXO0-200 (this work)
1840 et o - 107 i 4817 0.129 e GERDA [39] (2013)
T0+004+1.1-10% +720.3 1520 0.0371 +10.2 NEMO-3 [40] (2011)
28+014+03. 10 +11.3 2764 0.138 +5.7 NEMO-3 [41] (2010}
44708+ 0.4 10 U 15550 0.0464 e NEMO-3 [41] (2010)

2.35 +0.14 + 0.16 - 10 +0.1 BR16 0.0050 +4.5 NEMO-3 [42)(2010)
0.1170 2% £ 0.63. 10'° e 36430 0.0665 el NEMO-3 [43](2008)
TA1+0.02+0.54- 10" +7.6 3308 0.250 +3.8 NEMO-3 [44]{2005)

o N .
nexo 96+03+1.0-10° nsacEDmmittee, waR8ton 24 FH9B50 +5.4 NEMO-3 [44](2005)
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Fit to R3 Spectra for Ovﬁﬁ
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LUCIFER
-]
» ERC Advanced Grant n. 247115

» Budget: 3.2 M€

» Project duration: 01.03.2010-01.03.2015

» Goal: demonstrator of an experiment with bkg.~1ctsfton/y/keV with sensitivity
comparable to next generation experiment.

» Scintillating bolometers technique

» Alfa background rejection thanks to the scintillation light

» Crystals:
» Primary choice: ZnSe with enriched Se at 95% in #2Se (Q=2997 keV, i.a.=8.7%)

» Secondary choice: Z/nMo0O4 (Q=3034 keV, i.a.=9.6%)
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Synthesis & Crystal growth

" cylinder @=45mm, h=55mm, w=460.7g(nat Se),

Smilab Lid(Ukraine): only supplier able to perform synthesis and crystal growth

Crystals growth is difficult: 10
D‘ O

. ZnSe synthesis I

» High melting point(1525°C) & total vapor pressure(~2Bar)
deviation from stoichiometry

(@2 cortication |
» Very difficult control of local temperature Znse crystal |3
detets ? o
mhnnital ] j j
» Required efficiency of growth and processing > 65% processing

» Smilab not able to reach such efficiency: TFY ~22%

» Alternative supplier ISMA Kharkov is being tested.
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/nSe
e

» 430 g ZnSe crystal JINST 1305 (2013) P05021

o LY ~6.5 keV/MeV for Bfy, QFa ~4, poor light collectiond pulse shape discrimination on
light detector
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