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Double Beta Decay
• a 2nd order process, detectable only if single beta decay (1st order) is

energetically forbidden, or ∆J large

2νββ : (A, Z ) → (A, Z + 2) + 2e− + 2νe
• a rare process, measured in 11 nuclei
- T1/2 ∼ 1019 − 1021yr
- ∆L = 0

for 76Ge : T1/2 ∼ 1021yr

0νββ : (A, Z ) → (A, Z + 2) + 2e−

• still hunted process
- T1/2 > 1025yr
- ∆L = 2 → physics beyond the Standard Model

Typical example

76
34Se
0+

76
32Ge
0+

76
33As
2−

β−EC < 0.02%

Q
β− = 2362

QEC = 923.3

Nuclear Matrix

(A,Z) (A,Z+2)

W− W−
ν

e− e− e−

νe

e−

νe = νe

e−
A. Garfagnini (PD) FCPC 2014 May 29, 2014 2 / 38



Neutrinoless Double Beta Decay
• In the limit of light Majorana neutrinos exchanges (1305.0056v2 [hep-ph])
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FIG. 1. The predicted half-life of 0νββ in 76Ge (left) and 136Xe (right) due to light neutrino exchange. The light shaded
regions include the uncertainties due to all the NMEs listed in Table I, whereas the dark shaded regions correspond to the
NMEs in [14]. The grey regions are excluded from 0νββ and Planck results (see text for details).

v, �∆L(R)� = vL(R). The heavy neutrino masses ∼ MR

are related to the RH gauge boson mass MWR = gvR.

There are several diagrams leading to double beta de-
cay in LRSM (see [1] and references therein). In this work
we consider the appealing case of type-II dominance [24].
Also, the scalar triplet contribution is expected to be
small due to constraints from lepton flavor violation,
which typically require MN/M∆

<∼ 0.1 [24]. Hence, we
focus only on the diagram with purely RH currents, me-
diated by the heavy neutrinos which adds coherently to
the purely left-handed light neutrino contribution dis-
cussed earlier:
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Here �p2� = −mempMN/Mν denotes the virtuality of
the exchanged neutrino, mp is the mass of the proton
and MN is the NME corresponding to the RH neutrino
exchange. Note that Eq. (6) is valid only in the heavy
neutrino limit: M2

j � |�p2�| which is assumed hereafter.
Using the values forMν andMN from [14], we get �p2� =
−(157 - 185 MeV)2 for 136Xe and −(153 - 184 MeV)2

for 76Ge. The unitary matrix V in Eq. (6) diagonalizes
MR with mass eigenvalues Mj . We further assume the
discrete LR symmetry to be parity, under which fL = fR

and U = V . Our conclusions remain unchanged for the
other possibility viz. charge conjugation: fL = f∗

R and
U = V ∗.

In the type-II limit, Mν � mL = (vL/vR)MR and
mi ∝ Mi. Hence, for the normal ordering we have
M1 < M2 � M3 as well, and the RH neutrino masses can
be expressed in terms of the heaviest one as M1/M3 =
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In Fig. 2, we show the half-life predictions for 76Ge and
136Xe using Eq. (5), and including the light and heavy
neutrino NME ranges given in [14] (corresponding to
gA = 1.25). Here we have chosen MWR = 3 TeV and
the heaviest neutrino mass, MN>= 1 TeV, keeping in
mind the current LHC exclusion limits [29] and its fu-
ture accessible range. Note that for this choice of MN> ,
and for the range of the lightest neutrino mass shown in
Fig. 2, the lightest RH neutrino mass is MN< > 490 MeV,
which justifies the validity of Eq. (6). Several important
conclusions can be drawn from this illustrative plot: (i)
the purely RH contribution via exchange of heavy neu-
trinos, when added to the standard light neutrino contri-
bution, can saturate the current experimental limit (or
satisfy the claim) even for hierarchical neutrinos; (ii) for
the heavy neutrino contribution saturating the bound on
T 0ν

1/2, there exists an absolute lower bound on the light-

est neutrino mass both for orderings: (2 - 4) meV for
NH and (0.07 - 0.2) meV for IH. The range is due to
the combined effect of the NME uncertainties and the 3σ
range of the oscillation parameters used here. Needless to
mention, the lower bound will become stronger with im-
proved experimental bounds on 0νββ in future. (iii) the
KK claim can be reached for the lightest neutrino mass
in the range of (1 - 3) meV for NH and (0.03 - 0.1) meV
for IH. These values are well within the most stringent
Planck limit of 77 meV; (iv) for the heavy neutrino con-
tribution, the compatibility between the KK claim and
KLZ+EXO bound can be examined using Eq. (3), with
the NMEs for light neutrinos replaced by those for heavy
neutrinos [14]. It predicts the half-life for 136Xe in the
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Experimental signatures

• Event topology: two electrons at the decay vertex

• measure the electrons sum energy spectrum (and angular distributions)

• energy distribution sensitive to the underlying process (2νββ, 0νββ with
Majorons)

• 0νββ decay has a peak at Qββ = Ee1 − Ee2 − 2me
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Experimental signature

=

(A,Z) ! (A,Z+2)++ + 2 e-
! A new (ionised) isotope 
! Two electrons

Minimal information: 
• two e- energy sum spectrum

0νββ exhibits a peak at Q over 2νββ tail
(and background contributions)

Additional signatures:
• Single electron energy spectrum
• Angular correlation between the two electrons
• Daughter nuclear species

Track and event topology
Time Of Flight
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.. and sensitivities
• In the unlikely case of zero background experiment:

T 0ν
1/2 ∝ ε · a

A
·M t

• the sensitivity with background
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A
·
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b∆E

detector
efficiency

isotopic
fraction exposure [kg·yr]

atomic
mass

background
index
[(keV·kg·yr)−1]

energy resolution [keV]

A. Garfagnini (PD) FCPC 2014 May 29, 2014 5 / 38



!"#$%&'()*+),*-'

•  !"#$%.'/000'12'(3'456*+7+(456'
89*:5';<:8*'

•  &%%'.'=>00'?'@2A1B'C*9(-'
;4+3:8*'
–  =000'1D-D*D'
–  EF0'14(5;G6:H'

•  ()%"*.'I9:;;J2000'89*:5J+((1',5'
:'-(+A,57'1,5*'

••
••

• •

•

Double Beta Decay Experiments around the World
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LNGS
Depth: 3650 m.w.e

Three large experimental halls.
Environmental rates:

muons: 2.58× 10−8/(cm2 s)

gammas: 0.73/(cm2 s)

neutrons: 4× 10−6/(cm2 s)

Double Beta Decay Experiments:
GERDA, CUORE, COBRA and
Lucifer R&D
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The GERDA experiment: Eur. Phys. J. C 73 (2013) 2330

• Onion like shielding against environmental radiation
• Rigorous material selection (screening)
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High Purity water (590 m3) :
n moderator, Cherenkov µ veto
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GERDA detectors

• Phase I: p-type semi-coaxial

• Phase II: p-type, Broad Energy Germanium
(BEGe)

• Signal structure allows to discriminate
between Single-Site-Events (SSE) and
Multiple-Site-Events (MSE)
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The measured energy spectra in GERDA
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GERDA BKG Model: Eur. Phys. J. C 74 (2014) 2764

• Background in the 0νββ ROI is consistent with a flat background in the
1930 keV - 2190 keV energy region

• Background index, extrapolated into
the region of interest (before PDS)

Coaxial:
(1.75+0.26

−0.24 · 10−2counts/(kev kg yr)
BEGe:
(3.6+1.3

−1.0 · 10−2counts/(kev kg yr)

• Linear fit with flat background in
1930 keV - 2190 keV, excluding
peaks at 2104 keV and 2119 keV
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GERDA 0νββ : Phys. Rev. Lett. 111 (2013) 122503

• Data divided into three data sets (Golden, Silver, BEGe)
• Profile Likelihood Fit performed separately to the three sets
• Signal+Bck described by constant term + Gaussian(Qββ,σE )
• Systematics folded in the fit

Frequentist Approach

• Best Fit: N0ν = 0
• T 0ν

1/2 > 2.1 · 1025yr (90% CL)

Bayesian Approach

• Flat Prior assumed
• Best Fit: N0ν = 0
• T 0ν

1/2 > 1.9 · 1025yr (90% CL)
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GERDA 0νββ vs. KK (2004) claim
• Assuming T 0ν

1/2 = 1.19 · 1025 yr

• Expected Signal: 5.9± 1.4 counts in ±2σ
• Expected Background: 2.0± 0.3 counts in ±2σ

• Observed: 3.0 counts (0 counts in ±1σ)
From profile likelihood:

• Assuming H1,
P(N0ν = 0) = 0.01

Comparing

• H1: Claimed signal
• H0: Background only

Bayes Factor

• P(H1)/P(H0) = 0.024
(uncertainties on claim included)

2025 2030 2035 2040 2045 2050 2055 2060

co
un

ts
/k

eV
 

0

1

2

3 GERDA 13-07

energy  [keV] 
1900 1950 2000 2050 2100 2150 2200

co
un

ts
/(

2 
ke

V
) 

 

0

2

4

6

8
B

i  
 2

20
4 

ke
V

21
4

  

19
30

 k
eV

21
90

 k
eV

20
39

 k
eV

ββ
Q

background interpolation

� No PDS � After PSD cut

Claim poorly credible

A. Garfagnini (PD) FCPC 2014 May 29, 2014 13 / 38



GERDA Phase II: improve the sensitivity
• Reduce the background (goal: 0.001 counts/(keV·kg·yr))
• Increase the exposure (goal: 100 kg yr)

Strategy
• new detectors (20 kg) with enhanced bck recongnition eff
• LAr instr: bkg rejection by detection of LAr scintillation light
• two options:

1. PMTs on top and bottom of detector array
2. SiPMs with fiber curtain
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CUORE
• Technique: natTeO2 bolometers operated at 10-15 mK
• Cryogenics: custom pulse tube diluition refrigerator and cryostat.
• Challenge: 1 ton of detectors operated at 10 mK

• demanding radioactivity constraint on materials
(accurate screening), very clean assembly

• independent suspension of the detector array from
the diluition unit

• Detectors: 988 TeO2 bolometers
• Mass: 741 kg (TeO2), 206 kg (130Te)
• Background goal: 0.01 counts/(keV·kg·yr)
• Energy resolution: 5 keV (FWHM)
• Livetime: 5 yr
• Half-life sensitivity: 5.9×1025 yr (90% CL)

CUORE: main challenges
Cryostat: !
‣ Custom pulse tube dilution refrigerator and 

cryostat. Technologically challenging: ~1 
ton of detectors at 10 mK (~20 tons at 
various low temperature stages)!

‣ Stringent radioactivity constraints on 
materials and clean assembly!

‣ Independent suspension of the detector 
array from the dilution unit!

Cleaning!

‣ Strict radio-purity control protocol to limit 
bulk and surface contaminations in crystal 
production !

‣ TECM (Tumbling, Electropolishing, 
Chemical etching, and Magnetron plasma 
etching) cleaning for copper surfaces 

�5

988 TeO2 bolometers!
130Te mass: 206 kg!
  TeO2 mass: 741 kg

Bolometric technique in CUORE
!

!

!

0.75 Kg natTeO2 crystals:!

‣  C~10-9 J/K →ΔT/ΔE~100μK/MeV!

NTD-Ge thermistor: R=R0exp(T0/T)1/2!

‣ R~ 100 MΩ →ΔR/ΔE~3MΩ/MeV!

Resolution @0!"" energy (2528 keV): ΔEFWHM = 5-7 keV 
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Operation of CUORE0, the 1st CUORE tower
• The 1st CUORE tower has been assembled and run to test the assembly and

commission CUORE techniques (data taking/analysis).

Detector:

• 25 bolometers (750 g each)
• active mass: TeO2 39 kg, (Te130 11 kg)

Setup:

• using the Cuoricino cryostat with
• inner shield: 1 mm Roman Pb (210Pb < 4

mBq/kg)
• external shield: 20 cm Pb, 10 cm borated

polyethylene
• N2 flushing to reduce Rn contamination

taking data since March 2013

CUORE-0

�7

A single CUORE-like tower to test the cleaning and assembly techniques of CUORE

Active mass:!

• TeO2: 39 kg!

• 130Te: 11 kg

Size similar to 
CUORICINO:!

• 52x750g bolometers!

• 13 floor of 
4 crystals each

Cryostat:!

• Inner shield: 
1cm Roman Pb  
A (210Pb) < 4 mBq/Kg!

• External Shield: 
20 cm Pb  
10 cm Borated 
polyethylene!

• Nitrogen flushing to 
avoid Rn 
contamination.

Same cryostat as CUORICINO:  
! background (232Th) not expected to change   ⇒   test the " background

Data Taking 
started on March 
2013
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First CUORE0 results, and future plans
Data presented taken between Mar-Sep
2013. Exposure: 2 kg yr in 13Te

• From calibration: FWHM 5.7 keV at
2615 keV (208Tl)

• Background lower than previous
CUORICINO experiment: surface
contaminations ×6 lower

Bkg [counts/(keV·kg·yr)]
0νββ region 2700-3900 keV

CUORICINO 0.153±0.006 0.110±0.001
CUORE0 0.071±0.011 0.019±0.002

• CUORICINO sensitivity reached in 1 year time
• Detector assembly completed by June 2014
• Cryostat commissioning completed by fall 2014
• Detector towers installation and commissioning: end 2014

• Start of data taking: 2015

CUORE-0 vs CUORICINO

�12

Avg. flat bkg. [counts/keV/kg/y]  signal eff. [%] 
(detector+cuts)0!"" region 2700-3900 keV

CUORICINO 0.153 ± 0.006 0.110 ± 0.001 82.8±1.1
CUORE-0 0.071 ± 0.011 0.019 ± 0.002 80.4±1.9

0!
""

‣ 238U # lines reduced by a 
factor 2 (better radon 
control) !

‣ 232Th # lines not reduced 
(originate from the 
cryostat)!

‣ 238U/232Th $ lines reduced 
(new detector surface 
treatment)

CUORE-0 preliminary
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Lucifer
• Techniques: scintillating bolometers operated at 10 mK
• Location: LNGS (Italy), R&D program
• Source: enriched crystals, various options 82Se, 100Mo, 116Cd, etc.
• Status: R&D program on material enrichment and crystal production

ongoing
• Timeline: R&D with significant mass in 2014-2015
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EXO-200: JINST 7 (2012) P05010
• Technique: liquid enriched Xenon TPC
• Location: EXO-200 WIPP (New Mexico, USA)
• Source: 200 kg Xe (80% enriched in 136Xe)
• Status: first phase completed. Expect 3 more yrs of data with improved hardware.
• charge and light readout allows to distinguish SSE (signal) from MSE (background)!"#$%&'()*+#)&,#-./+-&012&3!44 5#6*7&
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EXO-200 : 0νββ limit result

!"#$
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KAMLand-Zen: [arXiv/1205.6372]

• Technique: enriched Xenon dissolved in LS
• Location: Kamioka (Japan)
• Source: 136Xe (91% enr.)

- 300 kg (130 kg fiducial)
• Status: working on improving the bkgKamLAND-Zen

3

1200 m3 LS+1800m3 BO
1325 17”PMTs + 554 20”PMTs
σEnergy = 6.6 % / √E
σPosition = 15 cm / √E
238U: 3.5×10-18 g/g 232Th: 5.2×10-17 g/g

Water Cherenkov Outer Detector
225 20” PMTs

Calibration access

20
m

20m

136Xe loaded LS in mini-balloon
320 kg (2.4 % by weight)
90 % enriched
238U: 1.3×10-16 g/g 232Th: 1.8×10-15 g/g

3.1m

2700 mwe

3rd result on 0νββ

impurities in the Xe-LS; those from muon-induced spalla-
tion products; and those external to the Xe-LS, mainly
from the IB material. The U and Th contaminations in
the Xe-LS can be investigated by the delayed coincidence
detection of 214Bi-214Po and 212Bi-212Po. Assuming secular
equilibrium, the 238U and 232Th concentrations are esti-
mated to be ð1:3" 0:2Þ $ 10%16 g=g and ð1:8" 0:1Þ $
10%15 g=g, respectively. The 238U level reported in
Ref. [2] was overestimated due to slight contamination of
222Rn in early data, which can be removed. To allow for the
possibility of decay chain nonequilibrium, however, the
Bi-Po measurements are used to constrain only the rates for
the 222Rn-210Pb subchain of the 238U series and the
228Th-208Pb subchain of the 232Th series, while other back-
ground rates in both series as well as a contribution from
85Kr are left unconstrained.

Spallation neutrons are captured mainly on protons
(2.225 MeV) and 12C (4.946 MeV) in organic scintillator
components, and only rarely on 136Xe (4.026 MeV) and
134Xe (6.364 MeV), with fractions of the total captures,
9:5$ 10%4 and 9:4$ 10%5, respectively, for the latter
two. The neutron capture product 137Xe (!%, " ¼
5:5 min , Q ¼ 4:17 MeV) is a potential background,
but its expected rate is negligible in the current 0#!!
search. For carbon spallation products, we expect event
rates of 1:11" 0:28 ðton ' dayÞ%1 and ð2:11" 0:44Þ $
10%2 ðton ' dayÞ%1 from 11C (!þ, " ¼ 29:4 min , Q ¼
1:98 MeV) and 10C (!þ, " ¼ 27:8 s, Q ¼ 3:65 MeV),
respectively. There are no past experimental data for
muon spallation of Xe, but background from short-lived
products of Xe with lifetimes of less than 100 s is con-
strained from the study of muon time-correlated events [2].

By looking at events near the IB radius, we found that
the IB, which was fabricated 100 km from the Fukushima-I
reactor, was contaminated by fallout from the Fukushima
nuclear accident in March 2011 [2]. The dominant activ-
ities from this fallout are 134Cs (!þ $’s) and 137Cs
(0.662 MeV $), but they do not generate background in
the energy region 2:2<E< 3:0 MeV relevant to the 136Xe
0#!! decay search (i.e., the 0#!! window). In this
region, the dominant IB contaminant is 214Bi (!þ $’s)
from the U decay chain. The Cs and U are not distributed
uniformly on the IB film. Rather, their activity appears to
increase proportionally with the area of the film welding
lines. This indicates that the dominant IB backgrounds may
have been introduced during the welding process from dust
containing both natural U and Fukushima fallout contam-
inants. The activity of the 214Bi on the IB drives the
spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can also
be observed in the IB backgrounds located in the 0#!!
window on top of the 214Bi contribution, similar in energy
to the peak found within the fiducial volume. To explore
this activity we performed two-dimensional fits in R and
energy, assuming that the only contributions on the IB are

from 214Bi and 110mAg. Floating the rates from background
sources uniformly distributed in the Xe-LS, the fit results
for the 214Bi and 110mAg event rates on the IB are
19:0" 1:8 day%1 and 3:3" 0:4 day%1, respectively, for
DS-1, and 15:2" 2:3 day%1 and 2:2" 0:4 day%1 for
DS-2. The 214Bi rates are consistent between DS-1 and
DS-2 given the different fiducial volume selection, while
the 110mAg rates are consistent with the decay time of
this isotope. The rejection efficiencies of the FV cut
R< 1:35 m against 214Bi and 110mAg on the IB are
(96:8" 0:3) and (93:8" 0:7)%, respectively, where the
uncertainties include the uncertainty in the IB position.
The energy spectra of selected candidate events for DS-1

and DS-2 are shown in Fig. 1. The !! decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The
background rates described above are floated but con-
strained by their estimated values, as are the detector
energy response model parameters. As discussed in
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FIG. 1 (color). (a) Energy spectrum of selected candidate
events together with the best-fit backgrounds and 2#!! decays,
and the 90% C.L. upper limit for 0#!! decays, for the combined
data from DS-1 and DS-2; the fit range is 0:5<E< 4:8 MeV.
(b) Closeup of (a) for 2:2<E< 3:0 MeV after subtracting
known background contributions.
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Ref. [2], contributions from 110mAg (!! decay, " ¼
360 day, Q ¼ 3:01 MeV), 88Y (EC decay, " ¼ 154 day,
Q ¼ 3:62 MeV), 208Bi (EC decay, " ¼ 5:31# 105 yr,
Q ¼ 2:88 MeV), and 60Co (!! decay, " ¼ 7:61 yr, Q ¼
2:82 MeV) are considered as potential background sources
in the 0#!! region of interest. The increased exposure
time of this data set allows for improved constraints on the
identity of the background due to the different lifetimes of
the considered isotopes. Figure 2 shows the event rate time
variation in the energy range 2:2<E< 3:0 MeV, which
exhibits a strong preference for the lifetime of 110mAg, if the
filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the esti-
mated removal efficiency of 110mAg is (1$ 19)%, indicat-
ing that the Xe-LS filtration was not effective in reducing
the background. In the fit to extract the 0#!! limit we
include all candidate sources in the Xe-LS, considering
the possibility of composite contributions and allowing for
independent background rates before and after the filtration.

The best-fit event rate of 136Xe 2#!! decays is
82:9$ 1:1ðstatÞ $ 3:4ðsystÞ ðton ' dayÞ!1 for DS-1, and
80:2$ 1:8ðstatÞ $ 3:3ðsystÞ ðton ' dayÞ!1 for DS-2. 82%
of the 2#!! spectrum falls within the analysis visible
energy window (0:5<E< 4:8 MeV). These results are
consistent within the uncertainties, and both data sets
indicate a uniform distribution of the Xe throughout the
Xe-LS. They are also consistent with EXO-200 [3] and that
obtained with a smaller exposure [4], which requires the
FV cut R< 1:2 m to avoid the large 134Cs backgrounds on
the IB, more appropriate for the 2#!! analysis.

The best-fit 110mAg rates in the Xe-LS are 0:19$ 0:02
and 0:14$ 0:03 ðton ' dayÞ!1 for DS-1 and DS-2,

respectively, indicating a dominant contribution of
110mAg in the 0#!! region. The next largest background
is 214Bi on the IB remaining after the FV cut, while 208Bi,
88Y, and 60Co have at most minor contributions. The
90% C.L. upper limits on the number of 136Xe 0#!!
decays are <16 events and <8:7 events for DS-1 and
DS-2, respectively. Combining the results, we obtain a
90% C.L., upper limit of <0:16 ðkg ' yrÞ!1 in units of
136Xe exposure, or T0#

1=2 > 1:9# 1025 yr (90% C.L.). This

corresponds to a factor of 3.3 improvement over the first
KamLAND-Zen result [2]. The hypothesis that back-
grounds from 88Y, 208Bi, and 60Co are absent marginally
increases the limit to T0#

1=2 > 2:0# 1025 yr (90% C.L.). A

Monte Carlo simulation of an ensemble of experiments
based on the best-fit background spectrum indicates a
sensitivity [7] of 1:0# 1025 yr. The chance of obtaining
a limit equal to or stronger than that reported here is 12%.
A combination of the limits from KamLAND-Zen and

EXO-200, constructed by a $2 test tuned to reproduce the
result in Ref. [3], gives T0#

1=2 > 3:4# 1025 yr (90% C.L.).

The combined measurement has a sensitivity of 1:6#
1025 yr, and the probability of obtaining a stronger limit
is 7%. From the combined half-life limit, we obtain a
90% C.L. upper limit of hm!!i< ð120–250Þ meV consid-
ering various NME calculations [8–11]. The constraint
from this combined result on the detection claim in
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FIG. 2 (color). Event rate variation in the energy region
2:2<E< 3:0 MeV (136Xe 0#!! window) after subtracting
known background contributions. The three fitted curves corre-
spond to the hypotheses that all events in the 0#!! window are
from 110mAg (dashed line), 208Bi (dotted line), or 88Y (double-dot-
dashed line). The gray band indicates the Xe-LS filtration period;
no reduction in the fitted isotope is assumed for the$2 calculation.
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FIG. 3 (color). Experimental results on 0#!! decay half-life
(T0#

1=2) in
76Ge and 136Xe. The 68% C.L. limit from the claim in

Ref. [1] is indicated by the gray band. The limits for KamLAND-
Zen (this work), EXO-200 [3], and their combination are shown
at 90% C.L. The correlation between the 76Ge and 136Xe half-
lives predicted by various NME calculations [8–11] is drawn as
diagonal lines together with the hm!!i ðeVÞ scale. The band for
QRPA and RQRPA represents the range of these NME calcu-
lations under the variation of model parameters.
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impurities in the Xe-LS; those from muon-induced spalla-
tion products; and those external to the Xe-LS, mainly
from the IB material. The U and Th contaminations in
the Xe-LS can be investigated by the delayed coincidence
detection of 214Bi-214Po and 212Bi-212Po. Assuming secular
equilibrium, the 238U and 232Th concentrations are esti-
mated to be ð1:3" 0:2Þ $ 10%16 g=g and ð1:8" 0:1Þ $
10%15 g=g, respectively. The 238U level reported in
Ref. [2] was overestimated due to slight contamination of
222Rn in early data, which can be removed. To allow for the
possibility of decay chain nonequilibrium, however, the
Bi-Po measurements are used to constrain only the rates for
the 222Rn-210Pb subchain of the 238U series and the
228Th-208Pb subchain of the 232Th series, while other back-
ground rates in both series as well as a contribution from
85Kr are left unconstrained.

Spallation neutrons are captured mainly on protons
(2.225 MeV) and 12C (4.946 MeV) in organic scintillator
components, and only rarely on 136Xe (4.026 MeV) and
134Xe (6.364 MeV), with fractions of the total captures,
9:5$ 10%4 and 9:4$ 10%5, respectively, for the latter
two. The neutron capture product 137Xe (!%, " ¼
5:5 min , Q ¼ 4:17 MeV) is a potential background,
but its expected rate is negligible in the current 0#!!
search. For carbon spallation products, we expect event
rates of 1:11" 0:28 ðton ' dayÞ%1 and ð2:11" 0:44Þ $
10%2 ðton ' dayÞ%1 from 11C (!þ, " ¼ 29:4 min , Q ¼
1:98 MeV) and 10C (!þ, " ¼ 27:8 s, Q ¼ 3:65 MeV),
respectively. There are no past experimental data for
muon spallation of Xe, but background from short-lived
products of Xe with lifetimes of less than 100 s is con-
strained from the study of muon time-correlated events [2].

By looking at events near the IB radius, we found that
the IB, which was fabricated 100 km from the Fukushima-I
reactor, was contaminated by fallout from the Fukushima
nuclear accident in March 2011 [2]. The dominant activ-
ities from this fallout are 134Cs (!þ $’s) and 137Cs
(0.662 MeV $), but they do not generate background in
the energy region 2:2<E< 3:0 MeV relevant to the 136Xe
0#!! decay search (i.e., the 0#!! window). In this
region, the dominant IB contaminant is 214Bi (!þ $’s)
from the U decay chain. The Cs and U are not distributed
uniformly on the IB film. Rather, their activity appears to
increase proportionally with the area of the film welding
lines. This indicates that the dominant IB backgrounds may
have been introduced during the welding process from dust
containing both natural U and Fukushima fallout contam-
inants. The activity of the 214Bi on the IB drives the
spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can also
be observed in the IB backgrounds located in the 0#!!
window on top of the 214Bi contribution, similar in energy
to the peak found within the fiducial volume. To explore
this activity we performed two-dimensional fits in R and
energy, assuming that the only contributions on the IB are

from 214Bi and 110mAg. Floating the rates from background
sources uniformly distributed in the Xe-LS, the fit results
for the 214Bi and 110mAg event rates on the IB are
19:0" 1:8 day%1 and 3:3" 0:4 day%1, respectively, for
DS-1, and 15:2" 2:3 day%1 and 2:2" 0:4 day%1 for
DS-2. The 214Bi rates are consistent between DS-1 and
DS-2 given the different fiducial volume selection, while
the 110mAg rates are consistent with the decay time of
this isotope. The rejection efficiencies of the FV cut
R< 1:35 m against 214Bi and 110mAg on the IB are
(96:8" 0:3) and (93:8" 0:7)%, respectively, where the
uncertainties include the uncertainty in the IB position.
The energy spectra of selected candidate events for DS-1

and DS-2 are shown in Fig. 1. The !! decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The
background rates described above are floated but con-
strained by their estimated values, as are the detector
energy response model parameters. As discussed in
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FIG. 1 (color). (a) Energy spectrum of selected candidate
events together with the best-fit backgrounds and 2#!! decays,
and the 90% C.L. upper limit for 0#!! decays, for the combined
data from DS-1 and DS-2; the fit range is 0:5<E< 4:8 MeV.
(b) Closeup of (a) for 2:2<E< 3:0 MeV after subtracting
known background contributions.
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KAMLand-Zen Evolution and Timeline
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Ongoing R & D  
• Light collector
• LS replacement
•γ/β discrimination
•Open KamLAND
• New photo senser
•   
•
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Proposed experiments  
• 144Ce anti-ν source at L ~ 1 m
• NaI deployment 
• CdWO4 deployment
•  
•  

We are looking forward to

There exists 
~800 kg136Xe in the KamLAND site.

1"8&,C1C?+;;>>1'D33&E)&!$%!"

We are here.

We will start this summer.

We have experience of miniBalloon fabrication.
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Super-Nemo Demonstrator
• Technique: tracker/calorimeter (20 modules) with source foil
• Location: Modane (France)
• Source: 82Se (5 kg, Demonstrator - 100 kg, full)
• Timeline: Demonstrator, start-up in 2013, Full detector data taking 2015

• a modular successor of NEMO-3. Lower background (×0.1 will be proven by
demonstrator, 1 module)

• knowledge of full event topology (calorimetry, tracking and PID) allows to
disentangle decay mechanisms

c o l l a b o r a t i o n

s  u  p  e  r  n  e  m  o

From NEMO-3 to SuperNEMO 
•  Planar, modular successor of NEMO-3 

–  More than an order of magnitude lower backgrounds 
•  Demonstrator module under construction, data taking from 2015 

–  Prove that zero background is achievable 
–  A further 19 modules to be made later 

•  Extremely low background environment needed also in construction 

EPS HEP 2013 Latest results from NEMO-3 & Status of SuperNEMO - P Guzowski 10 

NEMO-3 SuperNEMO 

100Mo, 82Se (150Nd, 130Te, 
116Cd, 96Zr, 48Ca) Isotopes 82Se (150Nd, 48Ca) 

10 Mass (kg) 100—200 (demo: 7) 

208Tl: ~100 
214Bi: <300 

Source contamination 
(µBq/kg) 

208Tl: <2 
214Bi: <10 

5 Radon level (mBq/m3) <0.15 

8% Energy resolution 
(FWHM at 3MeV) 4% 

1 T1/2 sensitivity (1024 y) 100 (demo: 6.6) 

300—900 <m!> sensitivity (meV) 40—100 
(demo: 200—400) 

x 20 
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From NEMO-3 to SuperNEMO 
•  Planar, modular successor of NEMO-3 

–  More than an order of magnitude lower backgrounds 
•  Demonstrator module under construction, data taking from 2015 

–  Prove that zero background is achievable 
–  A further 19 modules to be made later 

•  Extremely low background environment needed also in construction 

EPS HEP 2013 Latest results from NEMO-3 & Status of SuperNEMO - P Guzowski 10 

NEMO-3 SuperNEMO 

100Mo, 82Se (150Nd, 130Te, 
116Cd, 96Zr, 48Ca) Isotopes 82Se (150Nd, 48Ca) 

10 Mass (kg) 100—200 (demo: 7) 

208Tl: ~100 
214Bi: <300 

Source contamination 
(µBq/kg) 

208Tl: <2 
214Bi: <10 

5 Radon level (mBq/m3) <0.15 

8% Energy resolution 
(FWHM at 3MeV) 4% 

1 T1/2 sensitivity (1024 y) 100 (demo: 6.6) 

300—900 <m!> sensitivity (meV) 40—100 
(demo: 200—400) 

x 20 
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SNO+
• Double Beta decay is a high priority in SNO+ rich physics program (solar

neutrinos, Geo neutrinos, reactor and supernova neutrinos)
• Techniques: Deploy DBD isotope in LAB Liquid Scintillator
• Location: Sudbury (Canada)
• Source: 130Te (natural abundance), 800 kg (160 kg in fiducial volume)
• Timeline: 2013 water fill, 2014 scintillator fill, end 2014-2015 (istotope deploy)
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Next-100
• Techniques: High Pressure asymmetric (10-15 bar) Xe-TPC
• Location: Canfranc (Spain)
• Source: 136Xe enriched at 90%, about 100 kg
• Status: demonstrator under study (radiopurity

an important issue for background rejection)
• Timeline: physics runs expected for 2015

The NEXT-100 detector: general ideas 
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The Majorana Demonstrator 

•  Located underground at 4850’ Sanford Underground Research Facility 
•  Background Goal in the 0!"" peak region of interest (4 keV at 2039 keV)   

    3 counts/ROI/t/y (after analysis cuts) 
    scales to 1 count/ROI/t/y for a tonne experiment 

•  40-kg of Ge detectors (KPP of at at least 30-kg) 
–  At least 15-kg of 86% enriched 76Ge crystals & 

  up to 15-kg of natGe 
–  Detector Technology: P-type, point-contact. 

•  2 independent cryostats 
–  ultra-clean, electroformed Cu 
–  20 kg of detectors per cryostat 
–  naturally scalable 

•  Compact Shield 
–  low-background passive Cu and Pb 

shield with active muon veto 

51 21 August 2013 D. Radford, Majorana 
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Future DBD Projects

• Several R&D projects to study/develop new techniques for DBD detection
• Examples:

• combine scintillation light in xtals (to reject backgound events)
• build larger (×5− 10) detectors with consolidated technology

Experiment Isotope Technique Mass

CARVEL 48Ca 48 CaWO4 scint. xtals ∼ tonne
LUCIFER 82Se ZnSe scint. bolometer 18 kg
AMoRE 100Mo CaMoO4 sint. bolometer 50 kg
COBRA 116Cd CdZnTe pixel detector 10 kg/183 kg

SuperNEMO 82Se Foils with tracking 100 kg
DCBA 150Nd Nd foils and tracking chamb. 20 kg

nEXO 136Xe Xe liquid TPC ∼ tonne

1ton Ge (GERDA+MJ) 76Ge Point-Contact GE in LAr ∼ tonne

Large scale production chain not yet proven for some project

Construction costs for large detectors can be an issue (R&D needed)

Scintillating xtals principle
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GERDA/Majorana joint efforts towards 1 tonne Ge
experiment

MAJORANA DEMONSTRATOR and GERDA 

•  76Ge array submersed in LAr 
•  Water Cherenkov µ veto 
•  Phase I: ~18 kg (H-M/IGEX xtals) 
•  Phase II: +20 kg segmented xtals 

•  76Ge modules in electroformed Cu 
cryostat, Cu / Pb passive shield 

•  4! plastic scintillator µ veto 
•  DEMONSTRATOR: 30 kg 76Ge and 

 10 kg natGe PPC xtals 

Joint Cooperative Agreement: 
 Open exchange of knowledge & technologies (e.g. MaGe, R&D) 

 Intention to merge for larger scale 1-tonne exp.  
 Select best techniques developed and tested in GERDA and MAJORANA 

21 August 2013 D. Radford, Majorana 27 
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0νββ combined limit (76Ge and 136Xe)

Data Set Isotope P(H1)/P(H◦) Comment

GERDA 76Ge 0.024 Model Indep.
GERDA+HdM+IGEX 76Ge 0.0002 Model Indep.

KamLAND-Zen 136Xe 0.40 Model Dep†

EXO-200 136Xe 0.23 Model Dep†

GERDA+EXO+KZen 76Ge, 136Xe 0.002 Model Dep†

† Model dependent on NME and leading terms

• Assuming conservative NME ratio
M0ν(136Xe)/M0ν(76Ge) = 0.4

• Profile likelihood function with 5 independent backgrounds

⇒ T 0ν
1/2 > 3.0 · 1025yr (90% CL)
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Conclusions:
• 0νββ observation would be a major discovery:

• observe Lepton Number Violation
• unveil the Majorana nature of neutrinos

• GERDA has completed its Phase I and scrutinized the KK claim with 1.5
years of data taking (21.6 kg yr exposure)

• no excess of counts above background found

• a combination of GERDA and previous experiments sets a limit for
T 0ν

1/2 > 3× 1025 yr (90% CL)

• Several experiments are or will be running in few years at (several) 100 kg
mass scale with different isotopes and complementary experimental
techniques (i.e. CUORE and GERDA Phase II)

• The exploration of the inverted hierarchy (as predicted by theory) will be
possible and results are foreseen in the next few years
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Isotopes and Nuclear Matrix Elements

Isotope Abundance Qββ[Mev ] G0ν

[%] [MeV] [10−14yr−1]
48Ca 0.19 4.274 6.35
76Ge 7.8 2.039 0.62
82Se 9.2 2.996 2.70
96Zr 2.8 3.348 5.63

100Mo 9.6 3.035 4.36
116Cd 7.6 2.809 4.62
130Te 34.5 2.530 4.09
136Xe 8.9 2.462 4.31
150Nd 5.6 3.367 19.2

• Nuclear Matrix Elements (NME) are calculated using various models: QRPA
(RQRPA, SQRPA) Shell Model, IBM2, . . .

• calculation discrepancies are still one of the largest uncertainties

• none of the isotopes is favorite (from NME point of view)

• High Qββ are preferrable (reduce environmental background due to γ lines)

• Isotopic abundance is an issue ⇒ material enrichment for higher sensitivities
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Figure 2: NMEs calculated in different frameworks. We have scaled the cited values to
r0 = 1.2 fm and gA = 1.25 (see Eq. (11)) to make them directly comparable. The exact
values are given in Table 4.

The phase space factor is through convention proportional to g4
A/R2

A [9],

G0ν ∝
g4

A

R2
A

, (10)

with RA = r0A1/3 being the nuclear radius and 1 ! gA ! 1.25 the axial-vector coupling.
The dependence on RA stems from the desire to make the NMEs dimensionless. Therefore
in the definition of the NMEs there is a factor of RA which is compensated for by the factor
1/R2

A in G0ν . To resolve the issue of comparing matrix elements calculated using different
values of gA, some – but not all – authors define

M ′0ν =
( gA

1.25

)2
M0ν , (11)

thereby carrying the gA dependence from G0ν to M ′0ν , i.e.,

G0ν(M0ν)2 = G0ν
1.25(M

′0ν)2, (12)

with G0ν
1.25 = G0ν(gA = 1.25). This means that these NMEs share a common G0ν factor –

that of gA = 1.25. Still one has to be careful when comparing NMEs from different groups,
since different authors take different values for r0, usually r0 = 1.1 fm (e.g. Ref. [35,36]) or

8
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Two Neutrino Double Beta Decay

! !
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T2ν
1/2 = (1.84+0.14

−0.10) · 1021 yr

Probability
2νββ < 0.02%
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TAUP 2013 GERDA result 16 

entire data set1,2: 71.7            (active mass) 
               28.75 ± 6.86 signal events 

a) 2004 publications:  1NIM A522 371  & 2Phys Lett B586  198  

71.7  

data for PSD analysis1,2:  51.4  
                19.58 ± 5.41 signal events 

PSD survival fractions1 

with PSD: 12.36 ± 3.72 evt 
Without efficiency correction 

DEP survival fraction1 ~ 62% 

No efficiency correction is  
applied in any publication! 

with given eff.         after PSD 
agrees with the one without    

DEP 

      What value of Klapdor-Kleingrothaus to compare with? 

0.2 

0.6 

0.8 
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nEXO: the future evolution of EXO-200
• Technique: same as for the EXO-200 TPC (×5 mass)
• Location: SNOlab, Sudbury (Canada)
• Source: 136Xe (5 tonne)
• Timeline: ?

• R&D program to improve HV, lower the background, and study application of SiPM
readout (instead of APDs) and alternative charge collection scheme

!"#$%&'()*+#,%-%./+0%.1#"%*%2)3#43(#5678 9!: 85

!"#$ %!&'()&*+$,-. /0123%'

!"#$%&'()*+#,%-%./+0%.1#"%*%2)3#43(#5678 9!: 8;

!"#$%&&'()*')!"# +,-./01/*'2/)23134313/2
567/'8()*2'(,/'9:;<='>,-?
-20366(13-)'/@+/,3?/)12'>-,'
AB)4/,1/*C'()*'AD-,?(6C'
E3/,(,0FG

HF/'!"#$%&&'AI,/2/)1'63?31C
32'1F/'J&;<='/)4/6-+/'->'
=3?312'K>-,'*3>>/,/)1'DL!2M'
>,-?'IN='O&J'K%&O%M'&P%Q&Q

HF/'!"#HF/'!"#$$%&&'AR613?(1/C'%&&'AR613?(1/C'
2/)2313431GS'J&;<='>-,')-'23T)(62/)2313431GS'J&;<='>-,')-'23T)(6
3)'U'G,2'3)'U'G,2'634/13?/634/13?/ V31F'V31F'
)/V'()(6G232'W')/V'()(6G232'W'N)N) ,/?-4(6,/?-4(6

HF/'AB)313(6')!"#C'8()*',/>/,2
1-'('*/1/01-,'*3,/016G'20(6/*
>,-?'!"#$%&&X'3)067*3)T'312
?/(27,/*'8(0YT,-7)*'()*'
O&G,'634/13?/Z

HF/'A[3)(6')!"#C'8()*',/>/,2
1-'1F/'2(?/'*/1/01-,'()*')-'
8(0YT,-7)*'-1F/,'1F()'%A. Garfagnini (PD) FCPC 2014 May 29, 2014 35 / 38



1 tonne Ge, possible detector configurationsBaseline Experimental Configurations 

Compact 
Two shields, each with 8 
EFCu vacuum cryostats 

Cryogenic Vessel 
   Diameter of water tank: 

•  ~11 m for LAr, 
•  ~15 m for LN (shown) 

21 August 2013 D. Radford, Majorana 30 
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1TGe Projected Timeline 

44 21 August 2013 D. Radford, Majorana 

•  Technology down-select will be based on 1TGe R&D, GERDA Phase II, 
and MJD. Currently working with GERDA to define the process. 

•  1TGe management will be defined based on participating institutions 

MAJORANA DEMONSTRATOR 0!"" DOE ONP Comparative Review
June 25, 2013

!Technology down select will be based on 1TGe R&D, GERDA Phases I and II, and MJD.  

1TGe Projected Timeline
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1TGe Preliminary Cost Estimate 

55 21 August 2013 D. Radford, Majorana 

•  Parametric estimate based on actual costs for MJD and GERDA 
experiments, with MJD the primary source 

•  Procurement costs generally scaled in linear fashion, except where cost 
reductions can be expected 

•  30% contingency on MJD-based estimates, 50% on all others 
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