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- neutrinoless double beta decay
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- common threads and challenges
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f%.ﬁ - experiments
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(2o, "] o2 - current status
N\ , 3 - near and far future
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double beta decay

- second order weak process
- predicted in 1935 by Goppert-Meyer
after Wigner’s suggestion (~10'” years!)

- - 36 py
L A=136 BJT 7
% i -.
§ - s [3 decay
:E"*_wd energetically forbidden
23
o
T2
Z.
— 1
(MeV) Atomic number (Z)
possibility of non-standard Ovp[3 process = =
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measured quantity: decay rate

| | nuclear matrix element
directly measured quantity (calculated within particular nuclear models)

(7?72)_1 = GOV(Qﬁﬁaz)‘MOV‘2<mIBIB>2‘

calculable phase space factor / (incaseof a light
neutrino exchange)

Majorana neutrino mass 2 ’

(coherent superposition, (M gg) = Z (U ,; \2 L gy (all m; > 0)
can be zero with unlucky

cancellations)

In kinematic searches of neutrino mass in [3-decay:

<m3>2 = 2 ‘ U,; \2mf >0 (a positive definite quantity)
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neutrino masses

from oscillation experiments:

- solar neutrinos

- 5
+ KamLAND Anif 8(;(;0 /e
(LMA-MSW): I = L

- atmospheric neutrinos  Am?2,; ~ 3x10-3 eV2
+ K2K/MINOS: sin220,3>0.9

- Chooz / Palo Verde: sin?2013 < 0.2

- only mass ditferences are measured

- at least one neutrino has a mass

of ~50 meV

Andrea Pocar - TIPP, Chicago -

13 June 2011

Normal hierarchy or Inverted hierarchy
p _— M52 (possible only if m;2 = Am?,,,)
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[P. Vogel, arXiv:0807.2457]




Ovpp and neutrino masses

\

~ 10 kg experiments

~ 100 kg experiments (now!) :

~ ton experiments

Im,, | ineV

1073 :

mefr ~ 50 meV: ~ 1027 years
(1027 nuclei ~ 103 moles ~ 100 kg)

104
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from neutrino oscillations:

ol

1072 g

" 99% CL (1
104 L.

yr <

10" 1
lightest neutrino mass in eV

[Strumia and Vissani, hep-ph/0606054]



so, why study 0vpp decay?

its observation is directly associated with the
discovery of:

- lepton number violation

- Majorana particles (neutrinos)

and enables us to:
- measure the absolute mass scale of neutrinos

- shed light on the matter/antimatter asymmetry (?)
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how is Ovpf measured in the laboratory?

- very rare events: need to suppress
non-Pf background with low
radioactivity detectors (y’s in particular)

- large mass: large source, 1sotope
enrichment

- energy resolution: separate Ovp[
mono-energetic peak in the 2-electron
energy spectrum and fewer non-f33
background events in the peak
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- tracking: 1dentify individual electron tracks to discriminate between single- and
2-electron events (discrimination of 3 and 'y background radiation)

- multi-1sotope: measure different isotopes with the same detector to cross-check
results and reduce systematic and theoretical uncertainties

- decay product identification: unambiguously from [Bf3 events

Andrea Pocar - TIPP, Chicago - 13 June 2011

[P. Vogel, arXiv:hep-ph/0611243]



PP decay candidate isotopes

Candidate Q Isot. ab. Tip? T120v (mv) D.etection technique
(MeV) (%) (10¢y) (10%1y) (eV) (active exposure to date)
48Ca—48T1 4271 0.19 0.043 > 14 <7.2-44.7 Ge counting / crystal scintillator
6Ge—76Se 2.039 7.8 1.74 > 19000 * | <0.33-1.35 enriched HPGe (72 kg y)
82Se—82Kr 2.995 9.2 0.96 > 210 <1.2-32 plastic scintillator, foil source (1 kg y)
%67 r—%Mo 3.350 2.8 0.21 >1.0 plastic scintillator, foil source
100Mo—100Ru | 3.034 9.6 0.07 > 580 <0.6-2.7 plastic scintillator, foil source (7 kg y)
16Cd—116Sn | 2.802 7.5 0.29 > 170 <1.7 crystal scintillator
128Te—128Xe | 0.868 31.7 > 7700 <1.1-1.5 geochemical
130Te—130Xe | 2.529 33.8 0.61 > 3000 <0.41-0.98 bolometers, crystals (11 kg y)
134Xe—134Ba | (0.838 104 > 58 [LXe scintillator (1.1 kg y)
136Xe—136Ba | 2.458 8.9 > 10 > 450 <0.8-5.6 LXe scintillator (4.5 kg y)
I50Nd—19Sm | 3.367 5.6 0.0097 > 18 <4.0-6.3 plastic scintillator, foil source
160Gd—=10Dy | 0.858 219 >1.3 crystal scintillator
[Avignone, Elliott, Engel, Rev. Mod. Phys. 80 (2008) 481; arXiv:0810.0248; s ,
PDG 2006, J. Phys. G, 33 (2006) 1, Table of isotopes, http://ie.Ibl.gov] possibility of looking for
decays to excited states and
" positive claim for OvP[3 detection [Phys. Lett. B, 586(2004)198] double positron/capture decays
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PP isotope
shopping

1. 1sotopic
abundance

2. magnitude of
nuclear matrix
element
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discovery of Ovpp?
[PLB 586(2004)198]
EVIDENCE FOR NEUTRINOLESS DOUBLE BETA DECAY 161
[Mod. Phys. Lett. A27(2001)2409] 141 ~
HV. KLAPDOR-KLEINGROTHAUS!®, = 1ol
A. DIETZ!, H.L. HARNEY!, [.V. KRIVOSHEINA®? L
t Moz- Planck-Tnstitut fir Kernphysik, Postfoch 10 89 80, D-6%9029 Heidelberg, g 10 I
German; i ] Ti
? Radiophysical- Research Instétute,yN'ishmé-N ovgoroed, Russia E at m ]
¥ Spokesman of the GENIUS and HEIDELBERG-MOSCOW Collaborations, i 5-._.
6| HE T H (4 ]
TI/ZOVBB — 2.23+0'44_0.31 1025 years 4 }'; k
” 8
m,*=0.32::0.03 eV | }1
2%0 2050 2060
- enriched (86%) 7°Ge crystals .
- excellent energy resolution P s1eg
if limit: Tip> 1.9x10%5 3
- 11 111mit. > 1.9X ~ -
bz Y 9 120 “m(sE)
-
D 0 100 g, g
controversial 1ssue: ® g
C.A.Aalseth Mod. Phys. Lett. A17 (2002) 1475 - A
F.Feruglio et al. Nucl.Phys. B637 (2002) 345 60— / \
Addendum-ibid. B659 (2003) 359 - /
Yu.Zdesenko et al. Phys.Lett. B 546 (2002) 206 40—
H.L.Harney Mod.Phys.Lett. A16 (2001) 2409
A .M.Bakalyarov et al. hep-ex/0309016 20—
H.V.Klapdor-Kleingrouthaus et al. Phys. Lett. B 586 (2004) 198 0
H.V.Klapdor-Kleingrouthaus et al. Mod. Phys. Lett. 21 (2006) 1547

2000 2050 2100 2150 2200 2260 2300 2350 2400
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current/future experiments (personal view)

Isotope Experiment Main principle Fid mass Lab
. Eres, 2 site tag
.}. €So +
Majorana ultra low bg Cu shield 30+30kg Homestake
76Ge Gerda® EXS; zlfiletle dt/ilfi to 18—40 kg Gran Sasso
Homestake?
MaGe/GeMa see above ~1ton
Gran Sasso?
1S0Nd SNO+ size+shielding 56 kg SNOlab
, Canfranc
IS0Nd or 3?Se | SuperNEMO* Tracking 100-200 kg ,
Krejus
130 e” CUORE E Res. 204 kg Gran Sasso
WIPP/
EXO tracking / size+shielding 150 kg Canfranc/
136X e NEXT Kamioka
KamLAND-Zen : Homestake/
Ba tag, tracking 1-10ton Snol.ab?

Andrea Pocar - TIPP, Chicago -

# Many other ideas for the future are omitted in the interest of time
* No isotopic enrichment in baseline design
T Plan to merge efforts for ton-scale experiment

13 June 2011

¥ Non-homogeneous detector
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germanium crystals

v proven technology (currently holds best sensitivity)
v know how to purify (0.1-0.2 counts/kg/y/keV so far)
v fantastic energy resolution (FWHM ~0.1-0.2%)

v possibly relatively compact

v source = detector, high detection efficiency

* expensive to enrich (but proven)

* suffers from cosmogenic activation (timing 1s critical in
all stages of crystal production, testing and deployment)

* few reliable manufacturers worldwide

Andrea Pocar - TIPP, Chicago - 13 June 2011 13



ton-scale germanium experiments

N\ = ._ .
\\\

* MAJORANA £ ==

L)

=

Ll
.'.""‘1,-‘1
\\‘Ll‘d\lﬂlﬁ“”“‘il

e Modules of ¢""Ge housed in high-purity ¢ ‘Bare’ ®"'Ge array in liquid argon
electroformed copper cryostat e Shield: high-purity liquid Argon / H,0

* Shield: electroformed copper / lead e Phase | (2011): ~18 kg (HdM/IGEX diodes)

e Initial phase: R&D demonstrator module: Total e Phase Il (2012): add ~20 kg new detectors - Total ~40
~40 kg (up to 30 kg enr.) kg

Joint Cooperative Agreement:
o Open exchange of knowledge & technologies (e.g. MaGe, R&D)
e |Intention is to merge for 1 ton exp. Select best techniques developed and tested in
GERDA and MAJORANA

courtesy of Steve Elliott

Andrea Pocar - TIPP, Chicago - 13 June 2011 14



GERmanium Detector Array - GERDA

Deep underground site for suppression of cosmic ray muons
Graded shielding against ambient radiation
Rigorous material selection

Signal Analysis
High-purity liquid ,
e GERDA Experiment at I_NGS Italy N '
Water tank: v, n shield, ity e 3400 mMw.e 0 L a9
Cherenkov madium Option: active veto \ L o -

for pveto
Clean room
Steel cryostat Ge-diodes
with internal -
Cushield

rom Chris O’Shaughnessy @ SLAC 2011 15
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GERDA @ Gran Sasso

* Nov/Dec.’09: Liguid
argon fill

* Jan "10: Commissioning
of cryogenic system

* Apr/iMai '10: emergency
drainage tests of water tank

* Apr/Mai '10: Installation
c-lock

* May '10: 1st deployment
. of FE&detector mock-up
(27 pF) - pulser resolution
1.4 keV (FWHM); first
deployment of non-
enriched detector

* June “10: Start of
commissioning run with
"i'Ge detector string

* Soon: start of Phase |
physics data taking

nat-Ge crystals from Genius test facility

Andrea Pocar - TIPP, Chicago - 13 June 2011 from Chris O’'Shaughnessy @ SLAC 2011 16




GERDA @ Gran Sasso

Glove-box for Ge-detector handling‘" S‘ﬁ'&: mounting into
issioning lock under N, atmosphere installed in clean room

from Chris O’Shaughnessy @ SLAC 2011

Andrea Pocar - TIPP, Chicago - 13 June 2011
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performance
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» Bgd rate significantly lower than previous
experiments (HdMo, IGEX), but still higher
than Phase | bgd goal
(0.01 cnts/(kg - yr - keV))

» Possible cosmogenic bgd contribution due
to exposure history of diodes

» Run 13: "Field-free” (n+ outer contact
@0V) & removal of mini-shroud

» Deployment of 3 enriched detectors with
known low activation history

Andrea Pocar - TIPP, Chicago - 13 June 2011

Run12. Exposure: 0.587 kg x year
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GERDA sensitivity
Phasell

» 35 kg 6N enriched Ge Metal
» 18 kg Detector slices

expected for BEGe diode
production
Phase | » |IKZ Crystal pulling R&D for

| t

n-type segmented detectors

» 3 IGEX & 5 HdMo Detectors
17.9 kg |
» (6 non-enriched Genius-TF v pulse shape analysis for
for reference) background ID
Phase I |l
Exposure [kg-yr] 15 100

Bg [counts/kg-yr-keV] 102 103
Upper limit mggleV] 023039 0.09-0.15

Andrea Pocar - TIPP, Chicago - 13 June 2011 from Chris O’'Shaughnessy @ SLAC 2011 20




The MAJORANA DEMONSTRATOR Module

76Ge offers an excellent combination of capabilities & sensitivities.

(Excellent energy resolution, intrinsically clean detectors,
commercial technologies, best 0v3p sensitivity to date)

* 40-kg of Ge detectors

— Up to 30-kg of 86% enriched 7®Ge crystals required
for science and background goals

— Examine detector technology options \
focus on point-contact detectors for DEMONSTRATOR

- Technical goal: Demonstrate background low enough to justify building a tonne
scale Ge experiment.

- Science goal: build a prototype module to test the recent claim of an observation
of OvPp. This goal is a litmus test of any proposed technology.

®* Agreement to locate at 4850’ level at Sanford Lab

*Background Goal in the Ovpp peak ROI(4 keV at 2039 keV)
~ 4 count/ROI/t-y (after analysis cuts) (scales to 1 count/ROI/t-y for tonne expt.)

courtesy of Steve Elliott 21
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Point Contact Detectors

Barbeau et al., JCAP 09 (2007) 009; Luke et al.,

IEEE trans. Nucl. Sci. 36, 926(1989)
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MJD Implementation
* Three Phases

—Prototype cryostat (3 strings, "'Ge) (oc. 2012)

—Cryostat 1 (3 strings ®""Ge & 4 strings "'Ge) (Mar. 2013)

—Cryostat 2 (up to 7 strings ""'Ge) (sept. 2014)

23
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Ma-Ge:

the tonne-scale

— ek =k o N
N A OO 00O O
11 |II I|I II| I |II I|I II| 111 |II I|I II| I

T,, sensitivity (90% CL) [10*" years]
o

N B OO O

Zero background
— = (.1 counts/ROI//y

- = = = 1 count/ROI/Yy 112

— = 4 counts/ROI/t/y
- = = = 40 counts/ROI/tYy

-
——

\
[Aow] ("w)

-
-
-
——
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Andrea Pocar - TIPP, Chicago -

1 2 3

13 June 2011

4 5 6 7 8 9 10
Exposure [tonne years]

courtesy of Steve Elliott
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TeO, Bolometers

TeO, Bolometer: Source = Detector

ForE=1MeV: AT=E/C=0.1mK
Signal size: 1 mV

voltage signal &< energy deposited

Time constant: t=C/G=0.5s
Energy resolution: ~ 5-10 keV at 2.5 MeV

v excellent energy resolution

* no particle 1D

Andrea Pocar - TIPP, Chicago - 13 June 2011

*

Heat sink:
Cu structure (8-10 mK)

Thermal coupling:
Teflon (G = 4 pW/mK)
Thermometer:

NTD Ge-thermistor

|

(dR/dT = 100 kQ/uK)

deposited energy ~Absorber:

TeO, crystal

Amplitude (a.u.)

4000

00

(=]
o

courtesy of Karsten Heeger

Single pulse example

B34

C = 1211 Nk T3

1000 2000 3000 4000

Time (ms)




CUORICINO @ LNGS

CE 3 ) ] , Q =2528 keV

4

10 2 2

2
2
MM (

uJu.,.;‘ h']
TeO, bolometers d l"

500 1000 1500 2000 2500
Energy [keV]

Rate [counts / (keV*kg*y)]

_I |IIIIIII| ||IIIII|| IIIIIIII| |

BKG@ROI = 0.169 = 0.005 cts / (keV kg yr)
19.75 kg (13%Te) yrs of exposure

2v mode: T,,(2v) ~=0.9£0.15 - 102" yr

A. S. Barabash, Czech. J. Phys. 52, 567-573 (2002)

anticoincidence spectrum

OvDBD

Ov mode: T1/2(0v) > 2.8- 1024 yr @ 90% C.L.

]]]]]]]]]]]]]

v 130Te 1s >349% abundant ey eV

adapted from Tom Bloxham @ PHENO 2011 26



CUORE Double Beta Decay Experiment

CUORE: Cryogenic Underground Observatory for
Rare Events will be a tightly packed array of 988
bolometers with mass of ~ 200 kg of 130Te

_______________________________________________________

A
NN

355555408

~= " = Operated at Gran Sasso laboratory
L _ ' * Special cryostat built w/ selected materials
19 Cuoricino-like towers with 13 planes » Cryogen-free dilution refrigerator operated at ~ 10mK

of 4 crystals each - Shielded by several lead shields

Andrea Pocar - TIPP, Chicago - 13 June 2011 courtesy of Karsten Heeger




CUORE Backgrounds

.
)

Illlli l IIIIIII

f

2087

i

Energy (keV)

counts/keV/kg/y

—

I LTI IIIIIII’|

10"

- data spectrum
— 232Th calibration spectrum (normalized)

l l A A A A l

102 A A A A l A A A A A
500 1000 1500 2000

» There are three main sources of background in the region of interest (2430-2630 keV):

" (~40%) Compton events from 2615 keV peak of 208T|, from 232Th cryostat contamination
" (~50%) Degraded alphas from 228U and 232Th on copper surfaces

" (~10%) Degraded alphas from 238U and 232Th on crystal surfaces

» The 2506 keV %0Co peak is likely due to cosmic-ray activation of the copper

® expected backgrounds in the ROI of 10-2 ~ 10-3 counts/kg keV
(x20 better thn Cuoricino)

Andrea Pocar - TIPP, Chicago - 13 June 2011 courtesy of Karsten Heeger



CUORE Sensitivity

z‘ ----- = T S T T T R TNy USRI TRTY FETTRTRTERISTTI
= —{ ——— Cuoricino 1o result
= - CUORE-0 - bkg: 0.05 CIS/(KEV g §) [--rrrrrribresesssssssssssefrseeeeeeeeemasaioesssssssseeeeees
= . CUORE - bke: 0.01 cts/(keV ks ¥) | , -
@# 107 :::::::"":......::::; """"""
2 --------------------------- e A}
5 I . A N R—
> g 250 _ I | N T
C[D—' 107 ez it S50 e S ——— e
llllllllllllillllllllllllllllllll
-1 0 1 2 3 4 5 6 7
Live time [y]
CUORE-0
- is the first tower of CUORE. It will be constructed with
the tools being build to construct CUORE 2012 start of CUORE-0
- as a stand alone experiment is very competitive with <mpg> < 170-350 me (10)

the present generation of Ov3[3 experiments.
2014 start of CUORE

<mgpp> < 47-87 meV (10) -

Andrea Pocar - TIPP, Chicago - 13 June 2011 courtesy of Karsten Heeger



Beyond CUORE - Future Opportunities

Advanced Bolometers

- active background rejection (surface sensitive detector or scintillating bolometers)
- enriched bolometric detectors

- other isotopes

surface sensitive T —
bolometers o °f | fast surface events
— e ‘ (2: 00 | B
Ty o T - slow bulk events -
(a T oof T , .
6Ge é %;L
82'\'0 g 200 - .:.'::;_}
967 .. % wol i IR s
100 o LR | |
116;\ 'l((l) | O i pulég amgiitudoemon 'I:(;nOz B
ﬁ; other isotopes | | | o
136\,'0 Tested bolometrically, Isotopic enrlchme_n_t of 139Te
150‘\. ) as good as TeO, - up to 3x more sensitive
: CaF,, Ge, PbMoO,, CdWO, - no change to CUORE cryostat

Andrea Pocar - TIPP, Chicago - 13 June 2011 courtesy of Karsten Heeger



scintillating bolometers

Thanks to the simultaneous detection of Heat signal
and Light signal a particles can be discriminated

The light detector is very
sensitive “dark’” bolometer

e LD

PTFE _
Thermistor Heater

N\
_—-__,

| —\‘J \

& CaWO, crysu * a particles produce
180 - N
2615 >
s a background
140 - . .
e ; continuum in 33
= 100 - '
2 energy range
60 -
* no particle ID Reflecting
20 - IR SN o ring
. | | | R | | | | ‘ |
0 1000 2000 “see—@00 5000 G000 7000 8000 9000 =
Energy [keV]
C.Arnaboldi et al.,Astropart. Phys. 34 (2010) 143. 7
_ 1.6 PTFE Reflector Crystal
53 214B1-214Pg 14 ’ . i
| : o4
3 12 g,
e ‘
] =' g A‘ A a ) “. A A, .4
215-90 2600 2610 2620 2630 ‘A‘ ﬁ 1 :. .; :A f.A ’ ‘A‘ ' ‘“:Aﬂ‘ ‘A*AA*““‘ A““; :ﬁA g . . . .
: 25 e i Particle identification
210 999 R - B ‘:_1;‘1‘ ..‘ i ~. :
PO\ T 28pg . ot 0.6 Al ! Lot WITHOUT
H t a A“‘ . o A . .
T~ ,A“i/ o " ZnMoO, Light detection
N S | T " 0.2 . . 1 . .
" K Oy 'y = 200 1200 2200 3200 4200 5200 6200
\mi‘, s, { ‘ .\ Energy [keV]

0 2000

4000
Energy [keV]

L. Gironi et al., 2010 JINST 5 P11007

6000

courtesy of Stefano Pirro
Andrea Pocar - TIPP, Chicago - 13 June 2011

Some scintillating Mo and Se based bolometers permit o discrimination

due to different thermal pulse development, without Light detection
C.Arnaboldi et al.,Astropart. Phys. 34 (2011) 797




European Research Council

the Lucifer project

The Lucifer Project is an EU Advanced Grant aiming to the construction of a
Scintillating bolometer experiment.

(=]

C.Arnaboldi et al..Astrobart. Phys. 34 (201 |) 344.

— Shape of the light signal :E,;
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- Lucifer will consist of an array of enriched ZnSe crystals with a total
82Se mass of ~ 10 kg

- ZnSe is a “puzzling” promising scintillating crystal, being the only
scintillator with an “inverse” Scintillating QF (=4)

- The enriched 82Se production (Urenco) is starting and the
delivery of the 10 kg is foreseen for end 2013

- The expected background in the ROI (2995 keV) dominated by
environmental 2'“Bi is expected to be < 0.006 c/keV/kg/y

- Lucifer will be hosted in the CUORICINO cryostat (LNGS),
once the CUORE-0 tower will finish data taking (2014-2015)

Andrea Pocar - TIPP, Chicago - 13 June 2011 courtesy of Stefano Pirro




tracking: NEMO3

Energy sum of the electrons

;:4; NEMO3 "Nd e Data(939 days)
* thin [ foils inside gas tracker + calorimeter ‘%‘:
* magnetic field ;:
* measured 2vp[ lifetimes with excellent S/B ) w
ratio (Nd-150, Se-82, Te-130, ...) ;.
v tracking: excellent 1 vs 2 electron

N
g

discrimination [ TNEMO 3 "ONd e Data (939 days)

v multiple 1sotopes at once (all solid ones, 1n
principle)

Number of events
E

.
T TV

* relatively poor energy resolution ol

* small amounts of 1sotope (~kg) , large detector =i

.llllljl]lll]lnnll.nlnnnlnnllllllllllll..l-
4 08 06 04 02 0 02 04 06 08 1

0

Andrea Pocar - TIPP, Chicago - 13 June 2011 -



slides from Ladislav Vala, NOW 2008

From NEMO 3 to SuperNEMO

NEMO 3 SuperNEMO
100010 isotope 150Nd or 3%Se
7 kg iIsotope mass M 100 — 200 kg
8 % efficiency ¢ ~30%

A(%98Tl): < 20 uBqg/kg
A(?14Bi): < 300 uBg/kg

internal contamination
208T| and 2!4Bi in the Bp foil

A(%°8TI) < 2 uBqg/kg
if 82Se: A(*'*Bi) < 10 uBg/kg

8% @ 3 MeV

energy resolution (FWHM)

4% @ 3 MeV

T1/2(0vBP) > 2 x 10%y
(m,) < (0.3-0.6) eV

Andrea Pocar - TIPP, Chicago - 13 June 2011

T1/2(0vpP) > 2 x 10%y
(m,) < (50 — 100) meV



liguid scintillators

* dissolve DBD isotope 1n a large, unsegmented volume
(100-1000 tonnes) of liquid scintillator

* relatively old 1dea from Raju Raghavan, then CAMEO
v 1sotope can be dissolved at ~2-3% (100’s of kg!)

v possibility of switching isotope
(but some 1sotopes are hard to dissolve)

v wondertful radiation shielding
v proven purification from radioactivity

* relatively poor energy resolution, but high statistics

Andrea Pocar - TIPP, Chicago - 13 June 2011 35



SNO+ Double Beta Decay 5

 SNO+ with Nd-loaded liquid scintillator
* 0.1% Nd in 1000 tons of scintillator

— with natural Nd corresponds to 56 kg of °°Nd isotope
 sensitivity below 100 meV with natural Nd

* meters of ultra-low background self-shielding against gammas
and neutrons

— leads to well-defined background model
* liquid detector allows for additional in-situ purification
* (possibility to enrich Nd)

slides from Mark Chen36

Andrea Pocar - TIPP, Chicago - 13 June 2011



SNO+

1000 t D20 will be replaced by
Nd loaded LS

0.1 wt?% = 780 kg Nd(natura
= 44 kg Nd-150

9500 PMTs
Energy res = 5 %@ | MeV

7000 t pure water shield

Hold down ropes will be installed
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KamLAND-Zen

Zero Neutrino
double beta decay search

L D

C ,,,,, D

C 4 Y D

9 =
L1400 kg '**Xe loaded :
¢ SREEEEIl 2y d I
d D

d D

A~ AR~ AN~ AR~ AN~ AN\~ AT A~ A ™ 4

Merit of using Xe

® isotopic enrichment, purification established

® soluble to LS more than 3 wt%, easily extracted
® slow 2v2p (Ti2>10%2 years) requires modest
energy resolution

Merit of using KamLAND

® ultra low radioactivity environment based on ultra
pure LS and 9m radius active shield

U: <3.5x1018g/g, Th: <56.2x1017 g/g

® no modification to the detector is necessary
® high sensitivity with low cost (Ist phase budget
secured, 290 kg in hand, | 30kg to be delivered in June)

~60 meV in 2 years
® reactor and geo- antineutrino observations continue

® high scalability (2nd phase)
1000 kg '3¢Xe, improvement of energy resolution
with light concentrators and brighter LS (~30M$)

~20 meV in b years

Events/10keV/year

107}

10'40
courtesy of K. Inoue Visible Energy[MeV] 41
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Preparation Status
® Xenon loaded LS with the same density, luminosity, transparency

done KacrI]::jAecNaEeLS 80% Xecrlfcr;lzaded - 82%
pseudo-cumene  20% pseudo-cumene  18%
PPO .36 g/liter PPO 2.7 glliter
Xenon 3 wt%

® 3.16 m ¢ Mini-balloon (target: thin,@&dlow radioactivity, 10-'2 g/g U/Th)

make these-possible

3.053m

Mini-balloon fabrication with

25pum Nylon film Mini-balloon

suspension 3.8mH
structure .
Rehearsal of the deployment L 3.60mW
courtesy of K. Inoue and inflation Class | super clean room for the mini-

balloon fabrication to start in May 43



e Xenon handling system (mixing, extraction) etc

~ v
iy

TS
A S .
bo i * L P ek

Xe

,.

Xe mixing line

e Cosmogenic background rejection with dead-time free electronics

M R=21.1 /kton-day " ] = OPe rati ng ' T
(cf. Qpp=2.48 MeV) |
@ I:>® t=27.8 sec i ‘ »_:' \ ;<
@ t=207 Msec s TR

Neutron signal
seen after large
muon signal

Baseline 1GHz FADC + Trigger module

factor 20 reduction with neutron tagging | restorerand 4 range 200 MHz FADC

1500[}

signal splitter ¢, o 2ch channel

1000

//

500/

x10°

07”

KamLAND-Zen planned to start in August

courtesy of K. Inoue
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Expected sensitivity of KamLAND-Zen

—
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w

<my,> sensitivity (90%C.L.) [meV]
o

2010
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i
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.- inverted hi

erarchy -

KamLAN IjZ-Zen (parétially funded)

2011

Scintillator

BRRERE KamLAND ("*°Xe, 1000kg)

SNO+ ("*°Nd), 56kg

CANDLES IlI (**Ca 300g)

CANDLES IV (*®Ca 3kg)

NEMO-3 ('®Mo 7kg)

SuperNEMO ("*°Nd or #Se 100-200)

2012

2013

light concentrator
brighter LS
(pressurized Xenon)

2014

2015

Semi-Conductor

2016 2017
fiscal Year

GERDA phasel("®Ge:17.66kg)
GERDA phasell("°Ge:37.5kg)

GERDA phaselll + MAJORANA("°Ge:~80kg)

Bolometer

e e e s s s s s s s E s e s S RS S RS SR = =
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s EX0-200 (**Xe 200kg)
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(TP _
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AN
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N
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5
1 L1l III

o

10> 10

10

10
Muin / €V

courtesy of K. Inoue
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xXenon experiments

v known purification technology (both pure or in scintillator)
v can be re-purified and transterred between detectors

v simplest enrichment (proven at the 100’s kg scale)

v scalable technology (dark matter experiments help!)

v source = detector, high detection efficiency

v allows for particle ID

v standard 2v[33 mode not observed yet

(current limit: TOV;» > 1 x 10* y) [R. Bernabei et al., Phys. Lett. B 546 (2002) 23]

* energy resolution: GXe > LLXe > scintillator

Andrea Pocar - TIPP, Chicago - 13 June 2011 45
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Anti-correlated ionization and scintillation
improves the energy resolution in LXe

Ionization alone:

o(E)/E = 3.8% @ 570 keV
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1 100

207B1 source

S 1060 keV

b 570 keV

P

200 400 600 800 1000 1200

7

200 400 600 800 1000 1200
PMT charge

13 June 2011

12

Resolution [ ¢ %]
(¢} ] (o) 3

E =N

Ionization + Scintillation:
o(E)E =3.0% @ 570 keV

|

Compilation o Aprile
of Xe resolution o Aprile
results » Barabash
o Lindblad
¢ Mel

= |onization Signal

»  Correlated Signal

[E. Conti et al., Phys. Rev. B: 68 (2003) 054201 ]
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Plane A

HPGXE
(15 BAR)

& oS

R P

.- . -
¥ it bW .

SIPMS COATED WITH TPB ENERGY PLANE (PMTS) ENRICHED XENON AT LSC

Andrea Pocar - TIPP, Chicago - 13 June 2011 Courtesy of JJ Gomez Cadenas
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v 1 vs 2 electrons!

¥

| I | | l 1 1

Y / p [photons ¢lectron

TPB-coated SiPMT

v good energy resolution

v 2x107 bg rejection
v 2x10“+cts/keV/y/kg

* Depleted Xenon run in 2014

Andrea Pocar - TIPP, Chicago - 13 June 2011

courtesy of JJ Gomez Cadenas
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the EXO program

“EXO 1s a program aimed at building a xenon double beta
decay experiment with a one or more ton 13°Xe source, with
the particular ability to detect the two electrons emitted in the decay in
coincidence with the positive identification of the 13°Ba daughter via
optical spectroscopy for unprecedentedly low background”™

EXO-200 1s a large LXe TPC with scintillation
light readout. It uses a source of 200 kg of

EX 0'2 00 enriched xenon (80% '*°Xe).
— EX0-200 has no “°Ba* identification <—

- look for OvVBP decay of '*°Xe with competitive sensitivity (current limit: TV > 1.2 x 10* )

- measure the standard ZVBB decay of 136Xe [R. Bernabei et al., Phys. Lett. B 546 (2002) 23]

- test backgrounds of large LXe detector at ~2000 m.w.e. depth

- test LXe technology and enrichment on a large scale

- test TPC components, light readout (~500 LAAPDs), and radioactivity
of materials, xenon handling and purification, energy resolution

Andrea Pocar - TIPP, Chicago - 13 June 2011 49



B o, EX0-200 @ wirr puu )R

Andrea Pocar - TIPP, Chicago - 13 June 2011



EXO-200 engineering run (Dec 2010)

One of the two TPC modules
v natural xenon

v test stability of LXe/GXe systems
v measure Xe purity

v generally test detector performance
v test source calibration system

v test Xe emergency recovery

* no front Pb shield

* no Rn-suppressed enclosure

* no Rn trap in Xe system

* nO muon veto

Cathode

a muon event:

U and V wires

140 1200 %
120 e . — v - g
o Q£

" - / )

; — cathode

i Vv
e
200 oS
£

1100 1150 1200
Time

1000 1050
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the total Kr concentration 1n the "tXe
was measured to be, using a special
technique involving mass-
spectroscopic analysis in the gas
phase,

(42.6£5.7)-107° g/g

[A. Dobi et al., arXiv:1103.2714v1]

—> consistent with Mass Spec result assuming standard 3°Kr/Kr concentration of ~10-!!

lonization

Scintillation

Andrea Pocar - TIPP, Chicago - 13 June 2011

ion/scint [a.u.]

ion/scint vs reconstructed energy

10'15—

- - aphes
il 222Rn, via 24Bi-Po

: fast coincidences

. PRELIMINARY
100 =550 000 1500 2000 2500

ionization [a.u.]
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status of
EXO-200

Veto counter installed
and commissioned

now running with
enriched xenon!

refer to Russell Neilson’s
talk for more details

Andrea Pocar - TIPP, Chicago - 13 June 2011



EXO-200 sensitivity

Case |Mass | Eff. Run oe/E @ Radioactive T, Majorana mass
(ton) | (%) | Time | 25MeV | Background |(yr, 90%CL) (meV)
(yr) (%) (events) QRPA!"  NSM?
EXO-200| 0.2 70 2 1.6 40 6.4x102° 109 135

"O(E)/E = 1.4% obtained in EXO R&D, Conti et al., Phys. Rev. B 68 (2003) 054201
I Simkovic et al. Phys. Rev. C79, 055501(2009) [use RQRPA and g,= 1.25]
2 Menendez et al., Nucl. Phys. A818, 139(2009), use UCOM results

improves sensitivity for 136Xe Ov[3[3 by one order of magnitude
should detect 2vp[3 of 136Xe (~50 events/day at current limit)

(reference: 102> years lifetime => 440 events/year/ton of 130Xe)

discovery claim in 7°Ge: T;, =2.237044,;, x10%y

46/170 (QRPA/NSM) events above 40 bg: confirm or rule out at 5/11.7 ¢

Andrea Pocar - TIPP, Chicago - 13 June 2011



a ton-scale EXO

xenon admits a novel coincidence technique:
drastic background reduction by Ba daughter tagging!

detect the 2 electrons

(1onization + scintillation 1n xenon detector) §§
i{)w

136Xe — 136Ba* +(2¢) (+ 2Ve)

[M. Moe, Phys. Rev. C 44 (1991) R931] .

Andrea Pocar - TIPP, Chicago - 13 June 2011



a ton-scale EXO

xenon admits a novel coincidence technique:
drastic background reduction by Ba daughter tagging!

detect the 2 electrons
(1onization + scintﬂl%l in xenon detector)

136X e e +(2e) (+ 2ve)
|

positively identify daughter via
optical spectroscopy of Ba*

other Bat identification strategies are being
investigated within the EXO collaboration

CCD observe single 1on

[M. Moe, Phys. Rev. C 44 (1991) R931] .

Andrea Pocar - TIPP, Chicago - 13 June 2011



‘full’ EXO R&D

* Full EXO ™~ ton scale gas or liquid TPC Full EXO OvBB detection
* “Tagging” of OvpBB daughter nucleus ***Ba ion for (
background rejection — R&D underway Io‘nization | Scintillation
* lon extraction from a TPC ——2e %\
* lon trapping ? : '
* lon identification with —
* Laser Induced Fluorescence (LIF) = K
. 2 s e <+ ®e-
Resonant ionization spectroscopy (RIS) \ .. 133 jon extraction
* Single ion RIS K for single-ion ID/
* Others...
* GXe TPC R&D underway “Tagging” 3¢Ba ion in real time may
* 10 bar GXe TPC under construction allow for rejection of all backgrounds
» Test tracking, ionization+scintillation readout, _except 2v3p.

(see Karl Twelker’s talk for more details)

Andrea Pocar - TIPP, Chicago - 13 June 2011 56



sensitivity of ton-scale EXO with barium tagging

Assumpfions:

1. 80% enrichment in 136
2. Intrinsic low background + Ba tagging eliminate all radioactive background
3. Energy resolution only used to separate the Ov from 2v modes:
4. Select Ov events in a +20 interval centered around the 2.458 MeV endpoint
5. Use for 2v BB T,,,>1-10%yr (Bernabei et al.)
Case Mass | Eff. |Run Time| o0./E @ 2v BB T,,.°" Majorana mass
(fon) (%) (y) 2.5MeV Background (y) (meV)
o 1 2
(%) (events) (90% CL) QRPA" NSM
large 1 70 5 1.6 0.5 (use 1) 2*10%7 19 24
lver'y 10 70 10 1t 0.7 (use 1) 4.1*1028 4.3 5.3
arge

" o(E)/E = 1.6% obtained in EXO R&D, Conti et al Phys Rev B68 (2003) 054201
' 6(E)/E = 1.0% considered as an aggressive but realistic guess with large light collection area

I Simkovic et al., Phys. Rev. €79 055501 (2009) [use RQRPA with ga=1.25]
2 Menendez et al., Nucl. Phys. A818 139 (2009) [use UCOM results]

Andrea Pocar - TIPP, Chicago - 13 June 2011 57




outlook N

v the quest for for neutrino-less double beta
decay (Ov[3p), started half a century ago,
should reach the inverted neutrino mass
hierarchy 1n the next 5-10 years

v Ovp[ would represent new physics and
decree neutrinos as Majorana fermions,
possibly indicating the way towards
understanding the origin of neutrino mass
and the matter/antimatter asymmetry

Mass Limit (meV)

v the required rare-event detector technology ~ 10°

is now entering the phase of Ov[33 ; ;

: , .. | | | | |
experlments at the 100’s kg Scale, sensitive 1940 1960 1980 2000 2020
to neutrino masses of ~100 meV or less Year

v many competing efforts are under way; a firm detection of this process
will require 1ts observation in more than one 1sotope in order to validate
the theoretical understanding of the fundamental nuclear process

Andrea Pocar - TIPP, Chicago - 13 June 2011 58



choose wisely, and ...
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CANDLES

CAlcium fluoride for studies of Neutrino and Dark matrters
by Low Energy Spectrometer

Liquid Scintillator
: 0 o etofounterh o
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Large PMT

+ CaF,(Pure)

200kg, 300kg, 3t,30t(2%)
48Ca (200g, 300¢, 3kg, 300kg)
s Liquid Scintillator
Wave Length Shifter
4 it Active Shield
Passive shield
+ Photomultiplier
energy resolution

v 48Ca has highest Q = 4.3 MeV
* 0.2% 1sotopic abundance

* difficult enrichment

from T. Kishimoto



Milestones

)vBRWingdow

:OBTl

ELEGANT VI

— running with new BG rejection (2v)

CANDLES [, Il

ELEGANT IV

2

3000 3250 3500 3750 4000 4250 4500 4750 5000
Energy(kel’)

10

(m,}<3.5~21.7eV (90% C.L)

CANDLES Il

— 10cm3 cube (100 crystals) ~0.5 eV 10cm3x 56 CaF,

— BG of CaF, ~30 uBag/kg (<100 uBqg/kg ) Achieved (Osaka)
CANDLES llII(UG) Kamioka
CANDLES IV

— 10cm? cube (1000 crystals) 3.2t
— BG of CaF, ~10 uBq/kg for 0.2 eV

— Kamioka

—CANDLES V to sense ~10 meV region

~ O .
— ~30 ton CaF, and 2% enrichment from T. Kishimoto



