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US participation in many 0νββ searches

• EXO

• CUORE

• Majorana

• SNO+

• NEXT

• KamLAND ZEN

• NEMO

• COBRA

2

Engineering$

Challenge is in scaling up the bolometric apparatus: 

►  Mass production of 988 ultra-radiopure crystal 
    detectors 

►  Instrumentation of 988 detectors in close-packed, 
    13-tower array 

►  Complex, nested cryostat 

►  Multiple interconnected systems sharing tight  
    space under very cold conditions 

►  Long cooldown time (~ 1 month) necessitates  
    careful planning and robust systems 

29 

The MAJORANA DEMONSTRATOR 
• 40kg of detectors, up to 30kg enriched to >86% 76Ge 
• 2 cryostats made of copper electroformed 

underground, 7 strings of 5 detectors per cryostat 
• “Conventional” shielding (EfCu, Cu, Pb, poly),4S 

active muon veto, Rn exclusion box 

6 Ryan Martin, The Majorana Demonstrator 

 

Many great experiments with US 
collaboration, but concentrating on 

these today

Cuoricino/CUORE$program$

Cuoricino CUORE CUORE-O 
2003—2008 2012—2014 2013—2018 
11 kg 130Te 11 kg 130Te 206 kg 130Te 

►  CUORE: Cryogenic Undergound Observatory for Rare Events 

►  All cryogenic bolometer experiments searching for 0νββ decay in 130Te 
9 

EXO

Majorana

CUORE
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EXO, CUORE, MAJORANA
• EXO (Enriched Xenon Observatory)

• EXO-200: ~150 kg liquid 136Xe TPC, operational spring 2011, located at 
WIPP (1600 mwe), 4e-3 c/keV/kg/yr demonstrated, recently observed 2νββ 
(PRL 107, 212501, 2011)

• Full-EXO: 2-10 ton liquid or gas 136Xe TPC with final state nucleus tag for 
radioactive background reduction/elimination

• CUORE

• CUORICINO: 11.3 kg 130Te bolometric measurement, located at LNGS 
(3050 mwe), 0.17 c/keV/kg/yr demonstrated, 2003-2008

• CUORE0: 11 kg 130Te, new cryostat, 2012-2014

• CUORE: 206 kg 130Te, goal 1e-2 c/keV/kg/yr, 2014-?

• MAJORANA

• DEMONSTRATOR: 30 kg enrGe (86%) + 10 kg Ge PPCs, goal 2.5e-4 c/keV/
kg/yr = 1 c/keV/tonne/yr, 2013-? underground at SURF (4850’, 4300 mwe)

• Future ton-scale effort in collaboration with GERDA, depending on 
performance of GERDA and DEMONSTRATOR

3
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Reach of current and next generation 0νββ experiments

4

13. Neutrino mixing 45

additive lepton number, e.g., the total lepton charge L = Le + Lµ + Lτ . If no lepton
charge is conserved, νj will be Majorana fermions (see e.g., Ref. 29). The massive
neutrinos are predicted to be of Majorana nature by the see-saw mechanism of neutrino
mass generation [3]. The observed patterns of neutrino mixing and of neutrino mass
squared differences can be related to Majorana massive neutrinos and the existence of an
approximate symmetry in the lepton sector corresponding, e.g., to the conservation of the
lepton charge L′ = Le −Lµ − Lτ [123]. Determining the nature of massive neutrinos νj
is one of the fundamental and most challenging problems in the future studies of neutrino
mixing.

1e-05 0.0001 0.001 0.01 0.1 1
mMIN   [eV]

0.001

0.01

0.1

1

|<
m

>|
   

[e
V

]

NH

IH

QD

Figure 13.11: The effective Majorana mass |<m>| (including a 2σ uncertainty)
as a function of min(mj). The figure is obtained using the best fit values and 1σ
errors of ∆m2

21, sin2 θ12, and |∆m2
31| ∼= |∆m2

32| from Ref. 112, fixed sin2 θ13 = 0.01
and δ = 0. The phases α21,31 are varied in the interval [0,π]. The predictions for
the NH, IH and QD spectra are indicated. The black lines determine the ranges
of values of |<m>| for the different pairs of CP conserving values of α21,31:
(α21, α31)=(0, 0) solid, (0, π) long dashed, (π, 0) dash-dotted, (π, π) short dashed,
lines. The red regions correspond to at least one of the phases α21,31 and (α31−α21)
having a CP violating value. (Update by S. Pascoli of a figure from the last article
quoted in Ref. 127.) See full-color version on color pages at end of book.

The Majorana nature of massive neutrinos νj manifests itself in the existence of
processes in which the total lepton charge L changes by two units: K+ → π− + µ+ + µ+,

July 30, 2010 14:36
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~100 kg class 0νββ 
experiments

(~ 100 meV sensitivity)

Ton-class 0νββ 
experiments

(~ 5 meV sensitivity)

Assumes Majorana 
neutrinos

Inverted hierarchyNormal hierarchy

KKDC claim, MPLA 21 (2006)

Figure courtesy PDG 2010
Discovery potential bands added by hand from survey of latest projections, and not meant to be exact.
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T1/20ν(130Te) > 1.6e26 y (68% CL)
mββ < 41-95 meV

T1/20ν(130Te) > 9.5e25 y (90% CL)
mββ < 52-120  meV

CUORE goals
5 keV FWHM resolution
0.01 c/keV/kg/yr bkgnd

5 yr livetime

Cuoricino → CUORE-0 → CUORE

〈mββ〉< 300-710 meV *

19.75 kg-yr exposure
Cuoricino$results$(2010)$

Background: 

Lower limit, half-life: 

Upper limit, Majorana ν mass: 

0.169 ± 0.006 counts/keV/kg/y 

         (130Te) ≥  2.8 × 1024 y (90% C.L.) 

�mββ� < 300 – 710 meV 

19.75 kg-yr 130Te exposure (2003—2008)  

€ 

T1 2
0νββ

Q=2527.5 keV 

E. Andreotti et al. (CUORICINO Collaboration), Astropart. Phys. 34: 822–831 (2011) [arXiv:nucl-ex/1012.3266]. 22 

* E. Andreotti et al. (CUORICINO collaboration), 
Astropart. Phys. 34: 822-831 (2011)
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CUORE hardware status (LNGS)

7
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R&D of CUORE collaborators for future bolometric searches

• Te enrichment methods 

• Active background discrimination methods (current 
thermal signal collection time ~ sec)

• Cerenkov light (cone, fast ~ ps) emission from 
2νββ, discriminate between α, β/γ, ββ

• Scintillating bolometers (other crystal types)

8
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• Phase 1: above-ground test, natGe, mechanical and MC 
testing, summer 2012

• Phase 2: underground electroformed Cu, 3 strings 
enrGe, 4 strings natGe, spring 2013

• Phase 3: 7 strings enrGe, 2 crysotats, “conventional” 
shielding, active μ-veto, Rn box, test KKDC ~ 1 yr data (T1/2 
> 4.5e25 y), starting fall 2014

• Will also test:

• low background components & electronics

• Cu electroforming underground at SURF and PNNL

• Pulse shape analysis (PSA) for gamma background 
rejection

• Monte Carlo

Majorana Demonstrator: First phase of the Majorana experiment

9

The MAJORANA DEMONSTRATOR 
• 40kg of detectors, up to 30kg enriched to >86% 76Ge 
• 2 cryostats made of copper electroformed 

underground, 7 strings of 5 detectors per cryostat 
• “Conventional” shielding (EfCu, Cu, Pb, poly),4S 

active muon veto, Rn exclusion box 

6 Ryan Martin, The Majorana Demonstrator 

 

Electroformed copper 

• Deployed 10 baths in 
underground clean room 
(4850ft) [also: 6 baths at 
PNNL (100ft), Sept.2010] 

• Started underground 
electroforming 21 July 2011 

15 Ryan Martin, The Majorana Demonstrator 

Backgrounds and mitigation 

•Detailed MC simulations to 
understand background contributions 
•Intensive assay campaign to identify 
clean materials 
•Clean handling 
•Special processes (electroforming) 
•Analysis cuts (“PSA”, “granularity”) 

• Natural radioactivity: 
– in components (U, Th) 
– surface contaminants (D��

E) 

• Cosmogenic: 
– Activation (68Ge, 60Co) 
– Muons, fast neutrons 

• Irreducible: 
– 2QEE decay 
– Neutrino scattering 

(reactor, solar, atm., geo, 
SN…) 

 
9 Ryan Martin, The Majorana Demonstrator 

Detector mount and Geant4 geometry: 

 

Low background front-end 
electronics 

Low Mass Front End (LMFE): 
• Fused silica substrate 
• Au-Cr traces 
• Amorphous-Ge resistor 
• Low background 
• Low noise 

fused silica substrate 

Contact pad 

FET 

Pulser capacitively 
coupled 

R (aGe) 

1.5cm 

24 Ryan Martin, The Majorana Demonstrator 

Det. 

LMFE Cable Preamp 

 

Low background cable 

• Parylene coated copper 
• Tested signal cable with a detector 
• Components assayed clean, need to confirm for 

assembled cable 
• Investigating commercial options in parallel 

25 Ryan Martin, The Majorana Demonstrator 

 

Readout chain performance – 
Pulse shape analysis 

Ryan Martin, The Majorana Demonstrator 29 

232Th calibration data from prototype shows that with pulse shape analysis 
cut: 
•Remove 93% of multi-site events (full energy peaks), background-like 
•Retain 90% of single-site events (208Tl double escape peak), 0QEE-like 

Energy/channel 
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Majorana Demonstrator: PPCs

• PPCs (P-type point contact HPGe), ~ 0.6 kg/diode

• Small capacitance (0.5-1.5 pF) → low noise

• Excellent energy resolution (goal 4 keV FWHM at 
Q = 2039 keV, or ~ 0.2%)

• Pulse shape discrimination for discriminating multi/
single site interactions (demonstrated 98% 
retainment of DEP, 1% contamination of SEP, see 
spectrum in last slide)

• Most backgrounds at ~2 MeV are multi-site

• Developed and improved in US by multiple 
groups, incorporated by GERDA

10

“PPC” detectors 
• P-type Point Contact 

HPGe detectors 
• “Novel” technology 
• Small point contact to 

readout charge, low 
capacitance 

• Thick outer contact 
(n+, lithium diffused), 
strongly attenuates 
alphas 

Semi coaxial detector 

Point contact detector 
18 Ryan Martin, The Majorana Demonstrator 

Weighting 
potential 

•P. N. Luke, F. S. Goulding, N. W. Madden, R. H. Pehl, 
IEEE T. Nucl. Sci. 36 (1989) 926 
•P. S. Barbeau, J. I. Collar, O. Tench, J. Cosmol. 
Astropart. Phys. 0709 (2007) 009. 
•E. Aguayo et al. [The Majorana Collaboration], 
http://arxiv.org/abs/1109.6913 (2011) 
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Coaxial HPGe

Point contact detector (PPC)

Properties of PPCs 

•Sharp weighting potential 
allows multi-site events to be 
identified 
•Most backgrounds at 2MeV are 
multi-site 

•Small capacitance results 
in low noise and excellent 
performance at low 
energies 

19 Ryan Martin, The Majorana Demonstrator 

1332 keV 
multi-site 
event from 
PPC 
detector 

PRL 101 251301 (2008) 

Properties of PPCs 

•Sharp weighting potential 
allows multi-site events to be 
identified 
•Most backgrounds at 2MeV are 
multi-site 

•Small capacitance results 
in low noise and excellent 
performance at low 
energies 

19 Ryan Martin, The Majorana Demonstrator 

1332 keV 
multi-site 
event from 
PPC 
detector 

PRL 101 251301 (2008) 
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Ton-scale enrGe detector outlook

• Technology will be based on outcome 
of R&D and results from Majorana 
Demonstrator and GERDA

• Backgrounds

• 4 c/ton/yr/ROI Demonstrator 
goal (4 keV ROI)

• 1 c/ton/yr/ROI ton-scale goal (4 
keV ROI)

• Component performance

• Performance at depth

• Pulse shape analysis with PPCs

• Shielding (active LAr vs. active water 
vs. Pb)

• ~ 2016 est. convergence of 
Demonstrator and GERDA phase II 
results (~ 100 kg yr)*

11

* Taken from slide by R. Martin, DBD 2011, Osaka

MJD Sensitivity 

7 

With 30kg of enriched germanium detectors, ~1 yr to test 
KKDC claim at 90% 

Ryan Martin, The Majorana Demonstrator 

30 kg y 

Source: arXiv::1109.6913v1

KKDC claim
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EXO-200

12

• ~150 kg liquid 136Xe (81%) TPC, low background construction

• Detect ionization + scintillation 

• Full 3D event reconstruction, 3D single/multi site discrimination 

• Low activity Pb, ultra-clean liquid shielding

• Active μ-veto

• Taking data, Spring 2011

• First observation of 2νββ in 136Xe, 31d data, PRL 107, 
212501, 2011

• 4e-3 c/kev/kg/yr demonstrated

• 10 ms e- lifetime (110 μs drift time → charge losses 
negligible)

Cryostats

HFE 
(liquid 
shielding) TPC

1.5 m
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• !31!live(days!of!data!
• !63!kg!ac4ve!mass!!
• !Signal!/!Background!ra4o!10:1!

(as!good!as!40:1!for!some!extreme!fiducial!volume!cuts!

zoomed!in!

single!(!cluster! mul4ple!(!cluster!

T1/2!=!2.11G1021!yr!(±!0.04!stat)!yr!(±!0.21!sys)![arXiv:1108.4193]0

720!720!

720!

Recent observation of 2νββ in 136Xe with EXO-200

13

2νββ signal

Signal + bknd. 
PDFs

Data

PRL 107, 212501 (2011)

136Xe 2νββ

Backgrounds
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“Ba tagging” in Full EXO

• Identify 0νββ via final state 
nucleus spectroscopy (M. Moe, 
PRC44, 1991, 931)

• 136Xe → 136Ba++ +2e-

• ~ 2% efficiency obtained in lab 
with setup shown here

• More R&D required to assess 
viability

• DOE timeframe ~ 3 yrs

14

6s2 1S0

553.5nm

389.7nm

Ba+ 6s

Ba+ 5d

6s6p 1P1

5d8d 1P1

~2% Ba tagging efficiency obtained in the lab.
Plenty of R&D still left to do to demonstrated 

if the technique is viable

Re
so

na
nt

 i
on

iz
at

io
n 

sc
he

m
e

XeXe possibly offers an extra tool against background:possibly offers an extra tool against background:
136136Xe       Xe       136136BaBa++++ ee-- ee-- final state can be identified final state can be identified 

using optical spectroscopyusing optical spectroscopy ((M.MoeM.Moe PRC44 (1991) 931)PRC44 (1991) 931)

Si target

Ba+ source

6s2 1S0

553.5nm

389.7nm

Ba+ 6s

Ba+ 5d

6s6p 1P1

5d8d 1P1

~2% Ba tagging efficiency obtained in the lab.
Plenty of R&D still left to do to demonstrated 

if the technique is viable
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136136Xe       Xe       136136BaBa++++ ee-- ee-- final state can be identified final state can be identified 

using optical spectroscopyusing optical spectroscopy ((M.MoeM.Moe PRC44 (1991) 931)PRC44 (1991) 931)

CEMTOF spectrometer

Desorption + ionization 
pulse (RIS)

Δt

Δt
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Full-EXO (2-10 ton)
• Conceptual design phase

• Current emphasis on Monte Carlo for background 
estimation and shielding planning

• Water or Pb shielding considered

• General 136Ba tagging system interface

• Modular TPC design, max drift distance 25 cm

• 2-ton, 5-yr sensitivity 2.8e27 yr (90% CL)

• 10-ton, 10-yr sensitivity 3.4e28 yr (90% 
CL)

15

3x 3-ton modules
50 cm x 150 cm x 160 cm

15.5 m

Assumptions: Assumptions: 
1)1) 80% enrichment in 13680% enrichment in 136
2)2) 68% overall efficiency: 68% overall efficiency: 

95% energy cut * 80% tracking 95% energy cut * 80% tracking efficeffic * 90% lifetime fraction* 90% lifetime fraction
from EXOfrom EXO--200 analysis200 analysis

3)3) Intrinsic low background + Intrinsic low background + BaBa tagging eliminate all radioactive backgroundtagging eliminate all radioactive background
4)4) Energy res only used to separate the 0Energy res only used to separate the 0�� from 2from 2�� modes: modes: 

Select 0Select 0�� events in a events in a ±±22�� interval centered around the 2457.8 interval centered around the 2457.8 keVkeV endpointendpoint
5)5) Use for 2Use for 2������ TT1/21/2=2.11=2.11··10102121yr (Ackerman et al. arXiv:1108.4193, 21 Aug 11)yr (Ackerman et al. arXiv:1108.4193, 21 Aug 11)

** ��(E)/E = 1.4% obtained in EXO R&D, Conti et al Phys Rev B (E)/E = 1.4% obtained in EXO R&D, Conti et al Phys Rev B 68 (2003) 05420168 (2003) 054201
^̂ ��(E)/E = 1.0% considered as an aggressive but realistic guess wit(E)/E = 1.0% considered as an aggressive but realistic guess with large lighth large light

collection areacollection area
__ F.F.Simkovic et al., Phys. Rev. C79, 055501 (2009)
# # Menendez et al., Nucl. Phys. A818, 139 (2009)

Updated EXO neutrino effective mass sensitivityUpdated EXO neutrino effective mass sensitivity

Aggressi
ve

Conserva
tive

Case

5.8

20

4.7

16

Majorana mass
(meV)

QRPA_ NSM#

3.4

5.0

2���
Background
(events)

3.4*10281^106810

2.8*10271.6*5682

T1/2
0�

(yr, 
90%CL)

�E/E @ 
2.5MeV

(%)

Run 
Time
(yr)

Eff.
(%)

Mass
(ton)
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A 0νββ roadmap

16

DBD11 - Osaka, Nov 14-17, 2011 ...a difficult experiment 33

Not quite a linear path: we have to be flexible

Does one of the 100kg-scale
experiments see 0ǈǀǀ decay?

Build ton-scale
experiments

Do others 
see it too?

Yes!No

No Yes!
Build low density

tracking detectors
to investigate 

mechanism

• Multiple isotopes and detector technologies required
• Innovative techniques needed to improve our 
discovery potential
• We have to be flexible with our future roadmap
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CUORE$CollaboraJon$

46 
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BACKUP AND REFERENCE

20
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Tonne-scale schedule 

47 

•Technology selection will be based on outcome of R&D 
and results from MJD and GERDA 

Ryan Martin, The Majorana Demonstrator 

Slide courtesy Tom 
Banks, DBD 2011, 

Osaka
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MJD Background Model 

31 

Radioactivity 

Cosmogenic 
activation 

Environmental 

P-induced 

• Detailed background 
model produced 

• Based on previous 
assays and 
reasonable 
expectations 

• Expect 4c/t/y/ROI in 
MJD 

• Translates to 
1c/t/y/ROI for tonne-
scale experiment: 
– More self-shielding 
– Longer cooldown 

for 68Ge 
– Deeper (or 

improved 
shielding) 

 
 

Ryan Martin, The Majorana Demonstrator 

Slide courtesy R. 
Martin, DBD 2011, 

Osaka
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Q values, abundances, and matrix elements
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130Te$as$0νββ$candidate$

►  High natural abundance (~ 34%), so enrichment isn’t necessary 

►  Good Q-value @ 2528 keV: (1) above natural γ energies, (2) large phase space 

10 
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��0� discovery claim - 2004

Fit model:
6 gaussians + linear background.

Mean, width and intensity of 
each gaussian floats in the fit.

Total of 20 free parameters.

Fit intensity @ Q�� = 28.75 6.86.

Authors claim significance of 4.2 �.

Mean value of ��0� candidate line
displaced from Q���by 2.1 �. 

214Bi intensity from fit is 2 – 2.5 �
larger than MC prediction.

Q value

???

214Bi

214Bi


