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The neutr ino- less  double beta decay 

2
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• Light Majorana neutrino exchange

• Right-handed current (V+A), SUSY, 1 Majoron, etc.

Different event topology in the final state

0νββ decay:

• process forbidden in the SM 
 

(A,Z) ! (A,Z + 2) + 2e�

2νββ decay:

• 2nd order process allowed in the SM 

(A,Z) ! (A,Z + 2) + 2e� + 2⌫̄e
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Fig. 9. – The standard mechanism for ββ0ν decay, based on light Majorana neutrino exchange.

In other words, the value of the effective neutrino Majorana mass mββ in eq. (27) can
be inferred from a non-zero ββ0ν rate measurement, albeit with some nuclear physics
uncertainties. Conversely, if a given experiment does not observe the ββ0ν process, the
result can be interpreted in terms of an upper bound on mββ.

If light Majorana neutrino exchange is the dominant mechanism for ββ0ν, it is clear
from eq. (27) that ββ0ν is in this case directly connected to neutrino oscillations phe-
nomenology, and that it also provides direct information on the absolute neutrino mass
scale, as cosmology and β decay experiments do (see sect. 2.1). The relationship between
mββ and the actual neutrino masses mi is affected by:

1. the uncertainties in the measured oscillation parameters;

2. the unknown neutrino mass ordering (normal or inverted);

3. the unknown phases in the neutrino mixing matrix (both Dirac and Majorana).

For example, the relationship between mββ and the lightest neutrino mass mlight

(which is equal to m1 or m3 in the normal and inverted mass ordering cases, respectively)
is illustrated in fig. 10. This graphical representation was first proposed in [58]. The width
of the two bands is due to items 1 and 3 above, where the uncertainties in the measured
oscillation parameters (item 1) are taken as 3σ ranges from a recent global oscillation fit
[3]. Figure 10 also shows an upper bound on mlight from cosmology (mlight < 0.43 eV),
also shown in fig. 2, and an upper bound on mββ from current ββ0ν data (mββ <
0.32 eV), which we will discuss in sect. 3.5. As can be seen from fig. 10, current ββ0ν
data provide a constraint on the absolute mass scale mlight that is almost as competitive
as the cosmological one.

In figs. 2 and 10, we have shown only upper bounds on various neutrino mass combi-
nations, coming from current data. The detection of positive results for absolute neutrino
mass scale observables would open up the possibility to further explore neutrino prop-
erties and lepton number violating processes. We give three examples in the following.
First, the successful determination of both mβ in eq. (3) and mββ in eq. (27) via β

Interesting implication for particle physics:
• Lepton number violation must occur
• GUT, Leptogenesis model, See-Saw mechanism 
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Sens i t iv i ty  on neutr ino mass sca le
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8 The majorana neutrino and the neutrinoless double beta decay

Figure 1.3: Black-box diagram equivalent to the ��0⌫ diagram.

We should also note that there are similar processes called neutrinoless double beta+

decay (0⌫�+
�

+), or �

+-decay electron capture (0⌫�+
EC), or double electron capture

(0⌫EC EC) of bound state electrons e�
b

, which can also be searched for :

(A,Z) ! (A,Z � 2) + 2e+ (0⌫�+
�

+)

e

�
b

+ (A,Z) ! (A,Z � 2) + e

+ (0⌫�+
EC)

2e�
b

+ (A,Z) ! (A,Z � 2)⇤ (0⌫EC EC)

Observation of one of those processes would also imply the non-conservation of the lepton
number. However the creation of one or two positrons reduces the phase space factor.
Therefore the (0⌫�+

�

+) or (0⌫�+
EC) decay rates are strongly reduced. It is also the

case for (0⌫EC EC) although the 152Gd-152Sm transition has recently been identified as a
possible interesting candidate [10]. We will focus in this review on the ��0⌫-decay.

1.2 Constraints from neutrino oscillations

If we assume that the dominant lepton number violation mechanism at low energies is
the light Majorana neutrino exchange, the half-life of ��0⌫-decay can be written as :
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, Z) is the phase space factor. It contains the kinematic information about
the final state particles, and is exactly calculable to the precision of the input parameters
(see Table 1.2). |M0⌫ | is the nuclear matrix element, m
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hm
ee

i =

�����
X

i

U

2
ei

m

i

�����

where m
i

are the neutrino mass eigenstates and U

ei

are the elements of the neutrino mixing
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix U .
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Related to neutrino mixing matrix

Effective mass term:

Sensitive to the neutrino mass scale (mlight)
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What ’s  the s tatus?
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1993 - 2000: 
• HdM (~11 kg) & IGEX (~2 kg), 76Ge

• T0ν1/2 > 1.9 1025 y @ 90% C.L.
• HdM claim: ⟨mee⟩ = 0.32 +/- 0.03 eV 

2000 - 2010:
• Cuoricino:  TeO2 bolometric detector

• ~11 kg  130Te:  T0ν1/2 > 2.8 1024 y @ 90% C.L.
• NEMO3:  Tracko-Calo, 7 different isotopes 

• ~7 kg 100Mo:  T0ν1/2 > 1.1 1024 y @ 90% C.L.

Since 2011: new generation 
10 - 100 kg, R&D for future scaling

• EXO200 (136Xe): Liquid TPC
• Kamland-ZEN (136Xe): Liquid Scintillator
• GERDA Phase 1 (76Ge): Ge diodes

0.2
2  -

 0.6
4 e

V 

0.3
0  -

 0.7
1 e

V 

0.3
0  -

 0.8
0 e

V 

0.1
4  -

 0.3
8 e

V 

0.3
0  -

 0.6
0 e

V 

0.2
0  -

 0.4
0 e

V 

Ar
X

iv:
11

09
.55

15

Friday, 21 February 14



Future pro jects
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5 years time scale:

• M ~ 10 - 50 kg of ββ isotope
• Background level 10-3 cts. /(keV kg y)
• Explore quasi-degenerate region

10 years time scale:

• M ~ 100 kg - 1t of ββ isotope
• Background level 10-4 cts. /(keV kg y)
• Approach Inverse Hierarchy region

• Multi-phase approach: demonstrate scalability 
to higher mass and background reduction

CUORE, Gerda, Majorana, Lucifer, AMORE, 
NEXT, COBRA, EXO, SNO+, KamLAND-Zen, 
Candels, SuperNEMO, MOON, DCBA, ... 
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TODAY
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NEMO3 and the t r acko-ca lo techn ique
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Running @ LSM 2003 - 2011

Detector ≠ ββ source

• Multiple isotopes at the same times 

• 7 isotopes in NEMO-3

Full reconstruction of 2e- kinematics → unique!

• Individual e- energy, arrival time, track curvature in 
magnetic field, emission vertex and tracks angle

Excellent background rejection 

• Identification e-, e+, ɣ, α

Low energy resolution: [14 - 17] % / Sqrt(E)

Equivalent to best calorimetric experiment

Discrimination of physics mechanism beyond ββ0ν!

PMTs

Wire chamber

ββ source

Plastic scint.
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Backgrounds
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γ

γ’

External background: Radio-impurities in material, 
γ from (n,γ) and μ bremstrahlung

Internal background: ββ2ν tail, 214Bi (from 238U) 
and 208Tl (from 232Th) contamination in foil source

Radon background: 214Bi from Rn decay in tracker volume

Direct measurement of background in different channel combining calo + tracker infos
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Latest  NEMO-3 resu l t s
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(ArXiv:1311.5695)

• Full 100Mo exposure 7 kg, 5 y

• T0ν1/2 > 1.1 1024 y @ 90% C.L.

• Background level ~ 0.02 cts. / (keV kg y) @ Qββ

• No background event > 3.2 MeV

Potential background free technique for high energy Qββ isotopes (48Ca, 150Nd, 96Zr)

Friday, 21 February 14



The next  s tep : SuperNEMO
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The SuperNEMO Experiment 

- Source foil: 
5-7 kg of 82Se (or 150Nd/48Ca) 

- Tracker: 
Drift chamber (2000 cells) 

- Calorimeter: 
500 PMTs & plastic scintillator 

2 

• SuperNEMO is a next-generation 0vββ experiment. 

Source 

Tracker 

Calorimeter Calorimeter 

• Phase 1: Demonstrator Module (7 kg of 82Se) 

• Phase 2: Up to 20 identical modules (100 kg of source) 

CalorimeterTrackerCalorimeter

ββ source

NEMO-3 SuperNEMO

Efficiency

Isotope

Exposure

Energy res.

208Tl (source)

214Bi (source)

Rn (in tracker)

T1/2

⟨mee⟩

18% ~30%

7 kg 100Mo ~100 kg 82Se (150Nd, 48Ca)

35 kg y ~500 kg y

8% @ 3 MeV 4% @ 3 MeV

~100 µBq/kg < 2 µBq/kg

~ 300 µBq/kg < 10 µBq/kg

5 mBq/m3 0.15 mBq/m3

1024 y 1026 y

0.31 - 0.79 eV 0.04 - 0.1 eV

Extrapolate a well known technique:

• 100 kg of ββ emitter in 20 detection module 

• Approach IH region

• A challenge under many aspects

• Extended R&D program in the past years

• Almost completed!

• Next step → Demonstrator module 
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The demonstr ator  module
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ArXiv:1109.5515

ArXiv:1109.5515

One SuperNEMO module → 7 kg 82Se running ~2.5 y

• To be installed @ LSM (replacing NEMO-3)

Match SuperNEMO requirements

• Background level ~ 10-4 cts./(keV kg y)

• Background free at high energy (150Nd)

Reach NEMO-3 (100Mo) sensitivity in 4.5 months

• Sensitivity:  ⟨mee⟩ ~ 0.20 - 0.40 eV 

• Test HdM claim with 82Se

Schedule:

• Calorimeter and tracker under production

• Installation & commissioning beginning 2015

• First physics data in 2015!
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Develop ing the fo i l  source @ LAPP
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Similar to NEMO-3:

• Enriched Se powder:  > 99 % 82Se

• PVA glue: 5 % - 10 % of Se mass

• Mechanical support…

• Three solutions under consideration

• 36 strips 3 m long, ~200 um thick (50 mg/cm2)

• Strong material radio-purity constrain:

208Tl < 2 µBq/kg

214Bi < 10 µBq/kg

LAPP recently join the collaboration and start R&D activity on the foil source (March 2013)
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Develop ing the fo i l  source @ LAPP
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R&D with PVA glue (July - September 2013)

• Defining and training thin foil production technique

Radio-purity measurement

• HGe (LSM): ~1.5 kg PVA powder 

• BiPo (LSC): 20 thin foil → 30x30 cm 200 μm thick

M [g] T [d] A(208Tl) 
[μBq/kg]

A(214Bi) 
[μBq/kg]

Ge

BiPo

Limit

1485 26 < 120 <350

210 71 < 32 no yet

5 (10) % 
MSe

— 40 (20) 200 (100)

PVA radio-purity is good enough!
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Develop ing the fo i l  source @ LAPP
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R&D with Se powder (October 2013)

Defining working procedure with Se, approach main problematics
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Develop ing the fo i l  source @ LAPP
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R&D for mechanical support (November 2013 - January 2014)

• Fine mesh fabric (Tulle) as central backbone

• New idea proposed by LAPP:

• Flexible and resistant foil

• Small support mass ~ 1 % of Se mass

• High level of radio-purity is expected

• Preparing samples for radio-purity measurement

0.8 mmTulle

Se + PVA

Derlin support

Tulle tensioning bars

Se + Tulle foil 
(30 cm x 12 cm)

Friday, 21 February 14



Alternat ive so lut ion under cons ider at ion
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Full scale source-strip

Slide from Bratislava NEMO meeting (1-4 October, 2013)

Mylar film

Se + PVA

Mylar backing film

• Solution adopted in NEMO-3

• Resistant and flexible foil 

• Higher support mass ~ 10 % of Se mass

• Issue with radio-purity [A(208Tl) ~7 μBq/kg]

Nylon mesh

• Used for screen printing and liquid filtering

• Similar to Tulle but more dense

• Higher support mass ~ 50 % of Se mass

• Preparing for radio-purity measurement 

Nylon mesh

Se + PVA

1.0 mm

Final decision will depend from radio-purity, feasibility and performances

Friday, 21 February 14
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ββ0ν  Sens i t iv i ty  s tudy

16

• Study ββ0ν sensitivity w.r.t. foil design

• Check the foil design doesn’t alter physics 
performance and results

• Generating signal and background

• Simple event selection: 2 calo hit associated 
to 2 negative tracks + Vertex on foil

 0.20 ns±t  = 1.88 
 0.03 MeV±E = 1.03 

 0.15 ns±t  = 1.22 
 0.05 MeV±E = 1.86 

__b
-ea+eothers

Calo hits Vertex on foil

reco'ed e- tracks

SuperNEMO 
event 
display

 [keV]calib. E1,2Y
2000 2200 2400 2600 2800 3000 3200

dN
/d

E 
[A

.U
.]

-210

-110

1

10

210

310

Exposure: 7 kg x 2.5 y
ββ0ν (T1/2 ~ 4.5 1024 y)
ββ2ν (T1/2 = 9 1019 y)
214Bi (A = 10 uBq/kg)
208Tl (A = 2 uBq/kg)

SuperNEMO MC 
(preliminary)

SuperNEMO MC 
(preliminary)
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ββ0ν  Sens i t iv i ty  s tudy
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• Consider 0ν and 2ν only for the moment

• Study performed as function of Ecut

There is a slight preference for the “tulle" design…

 [keV]calib. E1,2Y
2000 2500 3000

 [y
]

i
1/

2,
0 

T

0

1000

2000

3000

4000

5000
2110× Ideal

Tulle
Mylar

T1/2
[1024 y]

Ideal 4.83 (1)

Tulle 4.68 (0.969)

Mylar 4.57 (0.946)

In hypothesis there is no signal, which 
the best limit on ββ0ν half-life?

T 0⌫
1/2 >

log 2NA

W
⇥ ✏0⌫

M ⇥ T

N
EXC.

Exposure: 7 kg x 2.5 y

SuperNEMO 
MC 
(preliminary)

Friday, 21 February 14



What next ?
Foil R&D @ LAPP:

• Measure radio-purity of tulle → Is it good enough?

• Finalise production protocols → start testing on final dimensions (3 m)

• Test radio-purity on final foil design in BiPo (natural & enriched Se)

Foil design optimisation studies:

• Account for internal backgrounds and material radio-purity level 

• Setup a complete sensitivity study → Master 2 project from March

• Provide the best foil design choice w.r.t. detector performance

18
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Prospect ives

• Wide interest on 0νββ searches → answer a fundamental question

• SuperNEMO aims to IH region with a Tracko-Calo detector → Unique!

• The Demonstrator module is the first step → Match SuperNEMO requirements

• Sensitivity of ~ 0.20 - 0.40 eV in 2 years

• Tracker & Calorimeter under production 

• Installation & commissioning in early 2015

• Data analysis shortly after → Results in 2017

19
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Backup 
s l ides
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Search ing for  0νββ  process
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Measure the 2 e- energy spectrum
• 2νββ signature → Broad spectrum
• 0νββ signal signature → Peak @ Qββ

If no signal → set a limit on half life

Excluded events 
at a given C.L.

Atomic mass

Detection efficiency
Exposure time

ββ emitter mass

Bkg. index E res. @ Qββ

T 0⌫
1/2 >

NA ln 2
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Choos ing the ββ  i sotopes
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Isotope Qββ 
[keV]

Nat. abund. 
(enrich.) [%]

G0ν 
[10-14 y-1](*)

T2ν1/2 
[1019 y] Experiment

48Ca 4270 0.187 (73) 6 4.2+2.1-1.0 NEMO3

76Ge 2039 7.8 (86) 1 150±10 HM

82Se 2995 8.7 (97) 3 9.0±0.7 NEMO3

96Zr 3350 2.8 (57) 6 2.0±0.3 NEMO3

100Mo 3034 9.6 (99) 4 0.71±0.04 NEMO3

116Cd 2802 7.5 (93) 5 3.0±0.2 NEMO3

130Te 2527 34.5 (90) 4 70±10 NEMO3

136Xe 2480 8.9 (80) 4 238±14 KamlandZEN

150Nd 3367 5.6 (91) 19 0.78±0.7 NEMO3Iso
to
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Nuclear  Matr ix  E lement
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• Many approximation methods
• Variation up to factor ~10
• Different among isotopes
• Up to factor 10 on required 

mass! (150Nd, 100Mo w.r.t. 76Ge)

Main limitation in interpreting result & comparing among different isotopes

Required T0ν1/2  sensibility for ⟨mee⟩ ~ 0.05 eV (IH)

PR
D

 8
3, 

11
30

10
 (2

01
1)

Contain nuclear structure effects → only approximative theoretical calculation
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Radio-pur i ty  measurement wi th B iPo
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212
Bi

������!
60.5mn

212
Po

↵����!
300 ns

208
Pb

214
Bi

������!
19.9mn

214
Po

↵����!
164µs

210
Pb

208Tl 214Bi

• HGe sensitivity is not enough for SuperNEMO

• ~ 1 mBq/kg in 1 month measurement

• Dedicated detector measuring the Bi-Po chain

• Up and running since July 2012 in Canfranc

• ~ 10 uBq/kg in 2 months measurement (208Tl)
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SuperNEMO demonstr ator : s tatus
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Most R&D completed
Radio purity measurements of materials ongoing

• HPGe, Radon emanation chamber, BiPo
Calorimeter : main wall under construction

• Scintillator block under production
• 8’’ Hamamatsu PMT by February 2014
• Electronic (FE digitiser & trigger board) under production

Tracker:  Under construction. 
• Commissioning begin 2014 (surface), end 2014 (underground)

�E

E
=

7.2%p
E

FWHM
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LSM Extens ion : DOMUS
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From F. Piquemal (TAUP2013)

• Project accepted by Ministery of Research and 
programmed by CNRS

• Cost estimated by project supervisor of safety galery :

• 7 M€ including 20% hazards

• Funding secured from CNRS, Rhône-Alpes region, Savoie 
department, FEDER

• Technical studies completed

• Negociations with the civil work company in October

• Digging Spring 2014 or end 2015 depending of the 
company schedule

• 6 months for excavation, 10 months for outfittings

• Extension in operation 2016 -2017
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Develop ing the fo i l  source (2)
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Setting up a test area in ISO 5-6 clean room (May - June 2013)
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KamLAND-Zen & EXO resu l t s

29

4

if the filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the estimated
removal efficiency of 110mAg is (1±19)%, indicating that the
Xe-LS filtration was not effective in reducing the background.
In the fit to extract the 0νββ 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 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton day)−1for DS-1, and 80.2 ±
1.8(stat)± 3.3(syst) (ton day)−1for DS-2. 82% of the 2νββ
spectrum falls within the analysis visible energy window
(0.5 < E < 4.8MeV). These results are consistent within
the uncertainties, and both data sets indicate a uniform distri-
bution of the Xe throughout the Xe-LS. They are also consis-
tent with EXO-200 [3] and that obtained with a smaller expo-
sure [4], which requires the FV cut R < 1.2m to avoid the
large 134Cs backgrounds on the IB, more appropriate for the
2νββ analysis.

The best-fit 110mAg rates in the Xe-LS are 0.19± 0.02 (ton
day)−1and 0.14 ± 0.03 (ton day)−1for DS-1 and DS-2, re-
spectively, indicating a dominant contribution of 110mAg in
the 0νββ 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 0νββ 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 (kg
yr)−1in units of 136Xe exposure, or T 0ν

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
backgrounds from 88Y, 208Bi, and 60Co are absent marginally
increases the limit to T 0ν

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 χ2 test tuned to reproduce the re-
sult in Ref. [3], gives T 0ν

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
⟨mββ⟩ < (120− 250)meV considering various NME calcu-
lations [8–11]. The constraint from this combined result on
the detection claim in Ref. [1] is shown in Fig. 3 for different
NME estimates. We find that the combined result for 136Xe
refutes the 0νββ detection claim in 76Ge at >97.5% C.L. for
all NME considered assuming that 0νββ decay proceeds via
light Majorana neutrino exchange. While the statistical treat-
ment of the NME uncertainties is not straightforward, even
if we apply the uncertainties and correlations in Ref. [12],
which assumes a statistical distribution of the NME for var-
ious (R)QRPA models and does not include a tuning of the
parameter gpp for 136Xe based on its measured 2νββ half-life,
we find the rejection significance is still 95.6% C.L.

The KamLAND-Zen result is still limited by the back-
ground from 110mAg. The two leading hypotheses to explain
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FIG. 3: Experimental results on 0νββ decay half-life (T 0ν
1/2) in 76Ge

and 136Xe. The 68% C.L. limit from the claim in Ref. [1] is indi-
cated by the gray band. The limits for KamLAND-Zen (this work),
EXO-200 [3], and their combination are shown at 90% C.L. The cor-
relation between the 76Ge and 136Xe half-lives predicted by various
NME calculations [8–11] is drawn as diagonal lines together with the
⟨mββ⟩ (eV) scale. The band for QRPA and RQRPA represents the
range of these NME under the variation of model parameters.

its presence in the Xe-LS are (i) IB contamination during
fabrication by Fukushima-I fallout and (ii) cosmogenic pro-
duction by Xe spallation [2]. While the distribution of Cs
isotopes is consistent with IB contamination during fabrica-
tion, hypothesis of the adsorption of cosmogenically produced
110mAg onto the IB still cannot be rejected. Improved statis-
tics on the distribution of 110mAg on the IB may help reveal
the source of the contamination. In the meantime, we have re-
moved the Xe from the Xe-LS by vacuum extraction and veri-
fied that the 110mAg rate in the LS remains at its present level.
We are proceeding to distill the LS to remove the 110mAg,
while we also pursue options for IB replacement and further
detector upgrades.

In summary, we have performed the most stringent test
to date on the claimed observation of 0νββ decay in
76Ge [1]. Combining the limits on 136Xe 0νββ decay by
KamLAND-Zen and EXO-200, we find that the Majorana
mass range expected from the claimed 76Ge 0νββ decay half-
life is excluded at >97.5% C.L. for a representative range
of nuclear matrix element estimations. KamLAND-Zen and
EXO-200 demonstrate that we have arrived at an exciting
new era in the field, and that the technology needed to judge
the claimed 76Ge 0νββ decay with other nuclei has been
achieved.

The KamLAND-Zen experiment is supported by the
Grant-in-Aid for Specially Promoted Research under grant
21000001 of the Japanese Ministry of Education, Culture,
Sports, Science and Technology; the World Premier Inter-

EXO-200
T1/2,0ν > 1.6x1025 y
〈mββ〉< 0.14 – 0.38 eV  (90% C.L.)

KamLAND-Zen
T1/2,0ν > 1.9x1025 y

Combined
T1/2,0ν > 3.4·1025 yr

〈mββ〉< 0.12 – 0.25 eV  (90% C.L.)

Excluded region
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background counts. No excess of events beyond the
expected background is observed in any of the three data
sets. This interpretation is strengthened by the pulse shape
analysis. Of the six events from the semicoaxial detectors,
three are classified as SSE by ANN, consistent with the
expectation. Five of the six events have the same classifi-
cation by at least one other PSD method. The event in the
BEGe data set is rejected by the A=E cut. No events remain
within Q!! ! "E after PSD. All results quoted in the

following are obtained with PSD.
To derive the signal strengthN0# and a frequentist cover-

age interval, a profile likelihood fit of the three data sets is
performed. The fitted function consists of a constant term
for the background and a Gaussian peak for the signal with
mean at Q!! and standard deviation "E. The fit has four

free parameters: the backgrounds of the three data sets and
1=T0#

1=2, which relates to the peak integral by Eq. (1). The

likelihood ratio is only evaluated for the physically allowed
region T0#

1=2 > 0. It was verified that the method has always

sufficient coverage. The systematic uncertainties due to the
detector parameters, selection efficiency, energy resolu-
tion, and energy scale are folded in with a Monte Carlo
approach, which takes correlations into account. The best
fit value is N0# ¼ 0, namely no excess of signal events
above the background. The limit on the half-life is

T0#
1=2 > 2:1# 1025 yr ð90%C:L:Þ; (3)

including the systematic uncertainty. The limit on the half-
life corresponds to N0# < 3:5 counts. The systematic
uncertainties weaken the limit by about 1.5%. Given the
background levels and the efficiencies of Table I, the
median sensitivity for the 90% C.L. limit is 2:4# 1025 yr.
A Bayesian calculation [24] was also performed with the

same fit described above. A flat prior distribution is taken
for 1=T0#

1=2 between 0 and 10
&24 yr&1. The toolkit BAT [25]

is used to perform the combined analysis on the data sets
and to extract the posterior distribution for T0#

1=2 after

marginalization over all nuisance parameters. The best fit
is again N0# ¼ 0 and the 90% credible interval is T0#

1=2 >

1:9# 1025 yr (with folded systematic uncertainties). The
corresponding median sensitivity is T0#

1=2 > 2:0# 1025 yr.

Discussion.—The GERDA data show no indication of a
peak at Q!!, i.e., the claim for the observation of 0#!!
decay in 76Ge is not supported. Taking T0#

1=2 from Ref. [11]

at its face value, 5:9! 1:4 decays are expected (see the
note in Ref. [26]) in !E ¼ !2"E and 2:0! 0:3 back-
ground events after the PSD cuts, as shown in Fig. 1.
This can be compared with three events detected, none
of them within Q!! ! "E. The model (H1), which
includes the 0#!! signal calculated above, gives in
fact a worse fit to the data than the background-only
model (H0): the Bayes factor, namely the ratio of the
probabilities of the two models, is PðH1Þ=PðH0Þ ¼
0:024. Assuming the model H1, the probability to obtain
N0# ¼ 0 as the best fit from the profile likelihood analysis
is PðN0# ¼ 0jH1Þ ¼ 0:01.

TABLE II. List of all events within Q!! ! 5 keV.

Data
set Detector

Energy
(keV) Date PSD passed

Golden ANG 5 2041.8 18 Nov 2011 22:52 no
Silver ANG 5 2036.9 23 Jun 2012 23:02 yes
Golden RG 2 2041.3 16 Dec 2012 00:09 yes
BEGe GD32B 2036.6 28 Dec 2012 09:50 no
Golden RG 1 2035.5 29 Jan 2013 03:35 yes
Golden ANG 3 2037.4 02 Mar 2013 08:08 no
Golden RG 1 2041.7 27 Apr 2013 22:21 no
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FIG. 1 (color online). The combined energy spectrum from all
enrGe detectors without (with) PSD is shown by the open (filled)
histogram. The lower panel shows the region used for the
background interpolation. In the upper panel, the spectrum
zoomed to Q!! is superimposed with the expectations (with
PSD selection) based on the central value of Ref. [11] T0#

1=2 ¼
1:19# 1025 yr (red dashed) and with the 90% upper limit derived
in this work, corresponding to T0#

1=2 ¼ 2:1# 1025 yr (blue solid).

TABLE I. Parameters for the three data sets with and without
the pulse shape discrimination (PSD). ‘‘Background’’ (bkg) is
the number of events in the 230 keV window and BI is the
respective background index, calculated as bkg=ðE # 230 keVÞ.
‘‘Counts’’ refers to the observed number of events in the interval
Q!! ! 5 keV.

Data set E (kg yr) h$i Background BIa Counts

Without PSD

Golden 17.9 0:688! 0:031 76 18! 2 5

Silver 1.3 0:688! 0:031 19 63þ16
&14 1

BEGe 2.4 0:720! 0:018 23 42þ10
&8 1

With PSD

Golden 17.9 0:619þ0:044
&0:070 45 11! 2 2

Silver 1.3 0:619þ0:044
&0:070 9 30þ11

&9 1

BEGe 2.4 0:663! 0:022 3 5þ4
&3 0

aIn units of 10&3 counts=ðkeV kg yrÞ.
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The GERDA result is consistent with the limits by HDM
and IGEX. The profile likelihood fit is extended to include
the energy spectra from HDM (interval 2000–2080 keV;
Fig. 4 of Ref. [8]) and IGEX (interval 2020–2060 keV;
Table II of Ref. [9]). Constant backgrounds for each of the
five data sets and Gaussian peaks for the signal with
common 1=T0!

1=2 are assumed. Experimental parameters

(exposure, energy resolution, efficiency factors) are
obtained from the original references or, when not avail-
able, extrapolated from the values used in GERDA. The
best fit yields N0! ¼ 0 and a limit of

T0!
1=2 > 3:0" 1025 yr ð90%C:L:Þ: (4)

The Bayes factor isPðH1Þ=PðH0Þ ¼ 2" 10%4; the claim is
hence strongly disfavored.

Whereas only 76Ge experiments can test the claimed
signal in a model-independent way, NME calculations can
be used to compare the present 76Ge result to the recent
limits on the 136Xe half-life from KamLAND-Zen [14] and
EXO-200 [15]. Figure 2 shows the experimental results, the
claimed signal [labeled ‘‘claim (2004)’’], and the correla-
tions for different predictions, assuming that the exchange
of light Majorana neutrinos is the leading mechanism.
Within this assumption, the present result can be also
combined with the 136Xe experiments to scrutinize
Ref. [11]. The most conservative exclusion is obtained by
taking the smallest ratio M0!ð136XeÞ=M0!ð76GeÞ ’ 0:4
[27,28] of the calculations listed in Ref. [29]. This leads

to an expected signal count of 23:6& 5:6 (3:6& 0:9) for
KamLAND-Zen (EXO-200). The comparison with the cor-
responding background-only models [30] yields a Bayes
factor PðH1Þ=PðH0Þ of 0.40 for KamLAND-Zen and 0.23
for EXO-200. Including the GERDA result, the Bayes
factor becomes 0.0022. Also in this case the claim is
strongly excluded; for a larger ratio of NMEs the exclusion
becomes even stronger. Note, however, that other theoreti-
cal approximations might lead to even smaller ratios and
thus weaker exclusions.
The range for the upper limit on the effective electron

neutrino mass m"" is 0.2–0.4 eV. This limit is obtained by
using the combined 76Ge limit of Eq. (4), the recently
reevaluated phase space factors of Ref. [32], and the
NME calculations mentioned above [27,28,33–37].
Scaling due to different parameters gA and rA for NME
is obeyed as discussed in Ref. [38].
In conclusion, due to the unprecedented low background

counting rate and the good energy resolution intrinsic to
HPGe detectors, GERDA establishes after only a 21.6 kg yr
exposure the most stringent 0!"" half-life limit for 76Ge.
The long-standing claim for a 0!"" signal in 76Ge is
strongly disfavored, which calls for a further exploration
of the degenerate Majorana neutrino mass scale. This will
be pursued by GERDA phase II aiming for a sensitivity
increased by a factor of about 10.
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