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Nuclear matrix element

neutrino mass:

3
Effective Majorana g5 = E Ue27; m;
1=1

* |f observed: learn neutrinos are Majorana fermions, lepton number violation;
maybe the mass hierarchy, constraints on absolute mass scale

e If not observed: stringent limits help make the most of future neutrino data, maybe

show neutrinos are not Majorana




Double-Beta Decay Signature
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Assumes BR 0v/2v = 1% and detector energy resolution is 2%

a isotopic abundance of source

€ detection efficiency

M Total detector mass

b | bkg rate per unit mass per unit energy
t exposure time

OE energy resolution




Double Beta Decay - Searches

Candidate Isotope Experiment
48Ca Candles
76Ge Gerda/Majorana
82Se SuperNemo
|00Mo Moon
| 16Cd Cobra
130Te CUORE-0/CUORE/SNO+
|36 Xe EXO, KamLAND-Zen




CUORICINO
CUORE Program (OVBp of '3°Te) B4  CUORE-0
T CUORE




The CUORE Collaboration
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A word about bolometer technique -

Heat bath ~ 10 mK Thermistor
(copper) (NTD-Ge)
)
Absorber
(TeO,)

[ *

Thermal coupling
(PTFE) Energy release

Energy deposit in absorber results in temperature
rise

For TeOz crystals configured for CUORE at
~10mK, AT ~ 0.1mK per MeV

Temperature change read out with Ge-NTD

Energy response can be calibrated with sources

8

Sample Particle Pulse from NTD

plitude [mV]
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CUORICINO (2003 - 2008)

« 62 crystal TeO2 bolometer array operated at Gran Sasso Lab, Italy

« 1307e isotopic abundance: ~34%

e 130Te Q-value: ~2528 keV

e Final results

T, > 2.8 x 10% yr (90% C.L)
<m55> < 0.3—-0.7¢V

- M.t ('30Te): 19.75 kg.yr
- dE: 6.3 +/- 2.5 keV FWHM (mean +/- RmMS)
b: 0.169 +/- 0.006 c/keV/kg/yr

Final Spectrum of CUORICINO
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CUORICINO

Background mainly from:
- 232Th gammas from cryostat materials (a.k.a far sources)

- degraded a’s and B’s from crystals & Cu surfaces (a.k.a near sources)
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CUORICINO mmsmd» CUORE

* M: Scale up mass of 130Te (~20x)
- 988, 5x5x5 cm3 natTeOy crystals
- 741 kg of "atTeO2 or 206 kg of 130Te

- Assembled into 19 towers, 13 floors per tower,
4 crystals per floor

* 1. Cryogen-free dilution refrigerator

= |mproves detector duty cycle
= |mproves stability

e OE: Resolution
- Resolution of TeO2 bolometers is excellent,
5keV @2615keV is demonstrated

* b: Background

half-life sensitivity

M -t

X Q- € —b5E

- Goal 0.01 counts/keV/ky/yr (~20x lower than CUORICINO )
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Path to lower background (Far Sources) -

* Improve shielding and radio-purity of cryostat materials

- ) Neutron shield : -
. g / (18 cm PET + 2cm of H3zBO3) h"'-l r-Flll

External lead shield TN ard
__— (thickness >35 cm)

, Jii L

Low-radioactivity copper for

— cryostat vessels and flanges .I 'I .-I

SEUEY —
REEERES ™ |nternal lead shield
SERSED (low-radioactivity/ancient lead) IR EE -

y Lateral Lead

R YEYEY
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Path to lower background (Near Sources) -

Ultra-pure TeO2 crystal array A
Bulk activity 90% C.L. upper limits:
8.4-107 Bg/kg (332Th), 6.7 - 107 Bg/kg (238U), 3.3 - 106 Bg/kg (21°Po)
Surface activity 90% C.L. upper limits:
2-10° Bg/cm2 (232Th), 1 - 10-8 Bg/cm? (238U), 1 - 106 Bg/cm?2 (210P0)
J

* Crystal holder design optimized to reduce passive surfaces
(Cu) facing the crystals

» Developed ultra-cleaning process for all Cu components:
- Tumbling

Electropolishing

Chemical etching

- Magnetron plasma etching

T1 T2

 Benchmarked in dedicated bolometer run at LNGS
- Residual 232Th / 238U surface contamination of Cu: <7 - 10-8 Bg/cm?

* All parts stored underground, under nitrogen after cleaning

14



Path to lower background (Near Sources)

Need to make sure parts remain clean
and do not get ‘recontaminated’ !




8 CUORE Assembly Line

Class 1000 Clean Room for Detector Assembly and Storage \

® All parts cleaned/screened according
to CUORE protocol

e Stored underground at LNGS

Assembly +|W|re bonding

® Assembly in underground clean room
iIn N2 flushed glove boxes

16



Storage

. Wire bonding
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3 CUORE-0

A CUORE-style tower assembled between Fall 2011
- Spring 2012

e 4 crystals per floor, 13 floors

Optimized Copper frames

PTFE Spacers

e 39 kg TeO2 => 10.9 kg 130Te




CUORE-0

-I\ Modern lead

Aluminium HM

Brass Plate

\

Stainless
steel spring

/

Roman lead
< 4 mBqg/Kg

T

Roman lead
< 4 mBqg/Kg

LN

. | 7150 Bg/Kg

:

Damper

Piexiglass

\

Borated PET

)

Mixing Chamber

\

Roman lead
< 4 mBq/Kg

\

Modern Lead
(150+£20) Bq/Kg

\

Modern Lead
(16x4) Bg/Kg

\

e
ove
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Uses the old CUORICINO cryostat

Electronics from CUORICINO

Shielding from CUORICINO

Cooled to base T (~10 mK) Mar
2013

Collected about 20 datasets so far
51 readable bolometers

= 1000 bolometer-datasets
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E » Exposure weighted sum of
s F the line-shapes of each
- bolometer-dataset overlaid
2 TE on 2615 keV calibration
S 10 %_ —e— Summed calibration data data

- Projected fit t F
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e (Characteristic value of the FWHMSs of the bolometers = 4.9 keV
v Inline with CUORE goal of 5 keV

e RMS of the FWHMSs of the bolometers = 2.9 keV
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Event Rate [counts/keV/kg/y]
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CUORE-0: Background measurement -

<+— [3/y-dominated —> < a-dominated >

e 210Pg —— Cuoricino

|
s >

................................................................. o g! ” I

.......................... S (|

Energy [keV]
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CUORE-0: Background measurement -

<+— [3/y-dominated > < a-dominated >
% . 210Pg — Cuoricino
g 2087 \ ~ CUORE-0
% / 190Pt
5 B /
=
=
o)
'2‘ .....
3 10] % e S
52 { CUORE-0 [ R R
- = Preliminary S e e
= e e e e e e e e, e e e e e e E
S w0E i e Al e e e
m 1 QBB=2528 kev ................................................................
1000 2000 3000 4000 5000 6000 7000
Energy [keV]

e Use continuum in region 2700-3900 keV
excluding (190Pt ) to benchmark
background from degraded alphas
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CUORE-0: Background measurement -

<+— [3/y-dominated > < a-dominated >

210Pg — Cuoricino

i 208T] \
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Event Rate [counts/keV/kg/y]

1000 2000 3000 4000 5000 6000 7000
Energy [keV

Ovf region 2700-3900 keV *
(c/keV/kg/yr) (c/keV/kglyr)

CUORICINO

e - 839 0.169 +/- 0.006 0.110 +/- 0.001

CUORE-0

e =81% 0.058 +/- 0.004 0.016 +/- 0.001
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- In CUORE we expect 232Th background from cryostat
to be negligible

- The degraded alpha background measured with
CUORE-0 is within a factor of 2 of CUORE goal

2700-3900 keV *
(c/keV/kglyr)

0.110 +/- 0.001

0.016 +/- 0.001

24



CUORE: Self Shielding

e CUORE-O : All bolometers face 10 mk shield

« CUORE: Only outermost crystals face

25



CUORE-0: Ovp3 Search
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Event Rate

Events / ( 2keV )
>
(counts / (keV - kg -yr))

» After all cuts: 233 events in 9.8 kg x yr exposure of 130Te in ROI [2470-2570 keV]

o, OvBB decay rate  0.01 0.12 (stat.) &= 0.01 (syst.) x 10724 yr—1

'  Background rate 0.058 +£0.004 (stat.) + 0.002 (syst.) counts/(keV - kg - yr)

= Bayesian lower limit T0% > 2.7x10* yr  90% C.L.
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« The 90% C.L. (Bayesian) lower limit
based on the combined profile function

Tlo/V2 > 4.0 x 10%* yr

e This is the most stringent limit to date on
this half-life !

mgg) <270 — 650 meV
pp

1) IBM-2 (PRC 91, 034304 (2015))
2) QRPA (PRC 87, 045501 (2013))
3) pnQRPA (PRC 024613 (2015)
4) ISM (NPA 818, 139 (2009))

5) EDF (PRL 105, 252503 (2010))




The next ~5 years: CUORE Sensitivity
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Assumptions:
Exou0 988 bolometers
. ND-Zam) 5 years of lifetime
SE =5 keV FWHM at 2615 keV
e b =0.01counts/(keV - kg - yr)

My, [eV]

107 F

T7/y > 9.25 x 10% yr (90% C.L.)

I0-3 :

mas < (50 — 130 meV)

CUORE-0
Preliminary

l()-—l 1 2 a4 4 4 2 ) : " A _ 2 2 2.,
10 107 107 10"
lnhgh!cs! [CV]

 May start to explore the inverted-hierarchy (depending on the NME)

* To improve sensitivity beyond CUORE needs active background
suppression ( e.g CUPID ... CUORE Upgrade with Particle ID )
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Status of CUORE

[ Assembly of all 19 towers now complete

[4 Cryogenic system is in the final stages of commissioning

[ Expect to deploy the array in the cryostat later this year and begin
operations

29



KLZ Phase |

KamLAND-Zen(0VBf of '3¢Xe) Y KLZ Phase 2

KLZ Phase 3

/ |
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KamLAND-Zen

e Hosted in the KamLAND detector

e 3 m diameter mini-balloon at the center

¢ | oaded with 13 tons of Xe-loaded LS
= ~2.5% by weight Xe
= 90% 136 Xe (300 kg )
= (Q-value = 2458 keV

e KamLAND LS, 5m thick ultra-pure active shield

e KamLAND mineral oil buffer (2m thick)

e 3.2 kt water Cherenkov muon veto

e Scintillation light detected by array of ~2000 PMTs

e Energy resolution: oe/E =6.6 %NVE or 100 keV @ Q-value

32



Events/0.05MeV

KamLAND-Zen: Phase 1 Result

e Phase 1: Sept 2011-June 2012, 89.5 kgxyr exposure of 136Xe

Candidate spectrum + Best-fit model

10°
10*
10°
10?

10

107!

= (a) DS-1 + DS-2 —— Data 2% Series
- — Total e #2Th Series
L "Xe2vpp B

X Total zofr.

: OVBpUL) " 88;31

S A N\ Xe Ovpp om0

(90% CL.UL) g . =~ oo

— - Spallation

[T IIIIII|
—

E A ', o
. .3
I |'. ': = w7 Fl
| L | [T | 15 | S bl

! 2 3 4
Visible Energy (MeV)

PRL 110 062502 (2013)
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e TWO neutrino mode:

TT}, = 2.30 £ 0.02(stat) & 0.12(syst) x 10*'yr

 Neutrinoless mode:




Events/0.05MeV

KamLAND-Zen: Phase 1 -> Phase 2

10°

104§

10°

10?

10

10-1 L1y

Close up of OvBB region

ST (Data - known background)
SXeovpp o B
---=-Total Kr
B OvBpUL) " z:i?i 40
- (9£ OC\./EFU.L.) Tgf E (b)
E TN - 2081y
= // . 35E Data B1
= \'\ - — Total By 4
b 30 e Total HomA g y :’“\ B
ri > - (Ovpp U.L)) / LY
N Visible Energy (MeV) § 25 e oXe Ovpp ) / -
18 20 :_ (90% C.L. UL)
= - |
2 15
g —
> 10
- =
5]
O :u.n u‘.l.-.‘-".%.—.g—— === T
_5 __ | | | | | | | | | | | | | | |
2.2 24 2.6 2.8 3

Visible Energy (MeV)
Attributed to 119mAg ... possibly fallout from the Fukushima nuclear
accident
At the end of Phase 1, the Xe and Xe-LS were purified to try to reduce the
background
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KamLAND-Zen: Phase 2

Phasel: First | 12 days Phase 2: First | 14 days
22<E<3.0MeV.R<1m _ 22<E<30MeV.R<1m
- ~10x reduction r
1~ 1=
§ 0.5 * \ .
84| : > -
: | | | |
0 Oct 2011 Nov 2011 Dec 2011 Jan 2012 0 Dec 2013 Jan 2014 Feb 2014 Mar2014 Apr2014
Date Date

« ~27 Kgxyr exposure of 136Xe

Candidates remaining after:
R<2.0m + 2ms post M veto

R<I.0m (Xe-LS) cut

Events/0.1MeV

Spallation cut

1 2 3 4 5

in Ov RO
Visible Energy (MeV) 35 6 events in Ov



KamLAND Zen Phase 2 Fit

- / 2v88 preliminary
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B limit
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KamLAND-Zen

~ , 10
B> KLZ Ph2
8_— é ...... KLZ Ph1
i \‘ —— KLZ Ph1+ Ph2
oL i . KLZ Phase 1
B EXO-200 :
Bt o TP, > 1.9 x 10%° yr
|: 1/2
B preliminary
4=y
: _________ \ y __________________________________________________________
20
O_ |
0

(my) < 180 — 300 meV

QRPA NME Model
J. Phys. G 39 124006 (2012)
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KamLAND-Zen Plans

e Plan to continue Phase 2 until late 2015

« About 350 days lifetime accumulate already

« Preparations for next phase underway
» About 600 kg of 136Xe has been prepared
* New inner balloon is being prepared this summer
 Goal to remove 110mAg
- Goal to reduce 214Bi contamination in balloon 10x
» Expect to install at the end of this year

* Begin Phase 2 operations in early 2016
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Sensitivity at 90% C.L. (yr)
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KamLAND-Zen Plans
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Summary

e Data from CUORE-O verifies the new assembly line, materials selection,
and ultra-cleaning protocols reduce pernicious surface backgrounds

« CUORE-0 combined with CUORICINO provides the most stringent limit to

130 http://arxiv.org/abs/1504.02454
date on Ov[3f3 decay of 130Te Qip:larx!.org/ab

Tl% > 4.0 x 10%* yr (90% C.L.) (myp) <270 — 650 meV

« KamLAND-Zen capitalized on existing infrastructure to quickly realize
competitive double beta decay search

* Preliminary results from Phase 1+ 2 of KamLAND-Zen

TV > 2.6 x 10® yr  (90%C.L) (mygg) < 180 — 300 meV

 Both KLZ Phase 3 and CUORE expect to approach IH in the next few years
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