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Neutrinos and masses of elementary particles

• Neutrinos: much lighter than other known particles

➡Why is their mass so small?

➡What is their absolute mass scale?
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Double beta decay

• The decay with emission of 2 neutrinos was observed in more than 10 different nuclei: 48Ca, 76Ge, 
82Se, 96Zr, 100Mo, 116Cd, 128Te, 130Te, 136Xe, 150Nd, 238U

• The observed energy spectrum of the two electrons is continuous, up to the Q-value
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Neutrinoless double beta decay

• More interesting: the decay mode without emission of neutrinos (“forbidden” in the SM, since ΔL =2)
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“peak” at the Q-value of the decay
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Phase space

�0⌫ =
1

T 0⌫
1/2

= G0⌫(Q,Z)|M0⌫ |2 |m�� |2

m2
e

Transition G [10-14 yr-1] Q [keV]

48Ca →48Ti 6.35 4373.7

76Ge →76Se 0.63 2039.1

82Se →82Kr 2.70 2995.5

100Mo →100Ru 4.36 3035

116Cd →116Sn 4.62 2809

130Te →130Xe 4.09 2530.3

136Xe →136Ba 4.31 2461.9

150Nd →150Sm 19.2 3367.3
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Dueck%et%al.%Phys,.%Rev.%D%83%113010(2011)%%

G0⌫(Q,Z) / (Z,Q5)

F. Piquemal, Neutrino2012, Kyoto



Matrix elements

9

48
Ca

76
Ge

82
Se

94
Zr

96
Zr

98
Mo

100
Mo

104
Ru

110
Pd
116
Cd

124
Sn

128
Te

130
Te
136
Xe

150
Nd
154
Sm

0

2

4

6

8

M
0
ν

(R)QRPA (Tü)

SM
IBM-2
PHFB (PQQHH)

FIG. 7: (Color online) Neutrinoless double beta decay transition matrix elements for the different approaches: QRPA [5, 6],
the SM [8–10], the projected HFB method [14] and the IBM [15]. The error bars for the QRPA are calculated as the highest
and the lowest values for three different single nucleon basis sets, two different axial charges gA = 1.25 and the quenched value
gA = 1.00 and two different treatments of short range correlations (Jastrow-like [25] and the Unitary Correlator Operator
Method (UCOM) [26]). The radius parameter is as in this whole work r0 = 1.2 fm.

figure 3). But the SM results show also that the seniority 6 and 10 configurations, which are not contained in the
QRPA ground state, contribute just a little to the total neutrinoless double beta decay matrix element (see figure 3).
The angular momentum projected Hartee-Fock-Bogoliubov (HFB) method [12] is restricted in its scope. With a

real Bogoliubov transformation without parity mixing (12) one can only describe neutron pairs with angular momenta
and parity 0+, 2+, 4+, 6+, . . . changing into two protons for ground state-to-ground state transitions. The restriction
for the Interacting Boson Model (IBM) [15] is even more severe: one is restricted to 0+ and 2+ neutron pairs changing
into two protons.
A comparison of the 0νββ transition matrix elements for the different many body methods: QRPA, SM, HFB and

IBM are shown in Fig. 7.
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Fig. 3. Values of the NME calculated with the methods in Tab. 2 74.

the effective Majorana mass one must calculate the nuclear matrix elements (NMEs)
of 0νββ-decay, which is a complicated nuclear many-body problem. Five different
methods are used at present. In this short review we do not describe these methods
and we do not discuss the advantages and disadvantages of each of them. We only
present the references to the original papers in Tab. 2 and the latest results in Fig. 3.

From Fig. 3 we reach the following conclusions:

(1) The LSSM value of each NME is typically smaller than the corresponding one
calculated with other approaches. Moreover, the LSSM value of each NME
depends weakly on the nucleus, except for the double-magic nucleus 48Ca. If
0νββ-decay of different nuclei will be observed in future experiments, this char-
acteristic feature of the LSSM can be checked, because the LSSM predicts the
following ratio of half-lives of different nuclei:

T 0ν
1/2(Z1, A1)

T 0ν
1/2(Z2, A2)

!
G0ν(Q2, Z2)

G0ν(Q1, Z1)
(68)

Table 2. Methods of calculation of nuclear matrix elements of 0νββ-decay.

Method References

Quasi-particle Random Phase Approximation (QRPA) 61,62,63,64

Energy Density Functional method (EDF) 65,66

Projected Hartree-Fock-Bogoliubov approach (PHFB) 67,68

Interacting Boson Model-2 (IBM-2) 69,70,71

Large-Scale Shell Model (LSSM) 72,73

Matrix elements: vary by a factor of 2- 3 for a given A

Bilenky, Giunti: arXiv:1203.5250v2

http://xxx.lanl.gov/abs/1203.5250v2
http://xxx.lanl.gov/abs/1203.5250v2


T1/2 ⇠ 1027 yr

T1/2 ⇠ 1029 yr

Effective Majorana neutrino mass

•             is a mixture of m1, m2, m3, proportional to the Uei2, where Uei are complex entries

• where U = neutrino mixing matrix, cij = cosθij, sij = sinθij, α1,α2 = Majorana phases

|m�� | = |m1|Ue1|2 +m2|Ue2|2ei(↵1�↵2) +m3|Ue3|2ei(�↵1�2�)|

|m�� |
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measurements of neutrino mass if the neutrino is Majorana. The interpretation of
cosmology results would be greatly enhanced by a laboratory neutrino mass result
with which to constrain models.

An open question in neutrino physics is whether or not the lightest neutrino
mass eigenstate is the dominant component of the electron neutrino. If so, we refer
to the neutrino mass spectrum as being normal. If not, we refer to it as inverted.
Figure 1 shows the e↵ective Majorana neutrino mass as a function of the lightest
neutrino mass for these 2 possibilities using the neutrino oscillation parameters from
Ref. 13.

3. Cancellation E↵ects of CP Phases

Figure 1 seems to indicate that a large fraction of the potential parameter space
within the normal hierarchy can result in a negligible hm��i even if neutrinos are
Majorana particles. This is a bit misleading because for the expression in Eqn. 2
to result in a small hm��i, specific values of the mixing elements, mass eigenstates
and phases must conspire to cancel. Barring some symmetry that requires such
a cancellation, this would be a unnatural coincidence. In fact the fraction of the
parameter space that would result in a cancellation is rather small if the parameter
values are random. In Fig. 2 one sees that for a given value of m1 in the region
of parameter space that can potentially su↵er such cancelations, about 5% of the
�1-�2 space results in hm��i less than 1 meV.

θ12 = 33.580
   δ

θ13 = 00         
   δ

θ12 = 33.58   δ

θ13 = 8.33   δ

Fig. 1. The e↵ective Majorana neutrino mass as a function of the lightest neutrino mass. In the
left panel, ✓13 was taken to be zero, whereas in the right panel it is set to the best fit value in
recent global fits.

4. Nuclear Physics and ��

The observation of 0⌫�� would have profound qualitative physics conclusions. How-
ever, the interpretation of those results quantitatively requires knowledge of M0⌫ .
Furthermore, an accurate knowledge of M0⌫ has benefits for experimental design.
Most nuclear matrix element calculations involve either the quasiparticle random

�m2
31 > 0

�m2
31 < 0

S. Elliott, http://arxiv.org/pdf/1203.1070v1.pdf

current sensitivities

Remark: here the exchange of a 
light neutrinos is considered; 
many other contributions are 
possible (Majoron, heavy Majorana 
neutrino exchange, right-handed 
currents, SUSY, etc)

For a recent review, see:
http://xxx.lanl.gov/pdf/ 1205.0649.pdf

http://arxiv.org/pdf/1203.1070v1.pdf
http://arxiv.org/pdf/1203.1070v1.pdf
http://xxx.lanl.gov/pdf/1205.0649.pdf
http://xxx.lanl.gov/pdf/1205.0649.pdf


N0⌫
�� =

a ·M ·NA

A

ln 2

T 0⌫
1/2

· ✏ · t

Nbg = M · t ·B ·�E

T 0⌫
1/2(n�) =

NA ln 2p
2n�

a · ✏
A

r
M · t
B ·�E

Experimental sensitivity

• Experiments observe:

• with a non-zero number of background events:

• The experimental sensitivity is thus:

a = enrichment
ε = detector efficiency 
M = total mass
t = measuring time
∆E = energy resolution 
B = background index
nsigma= confidence level in units of 
sigma



T 0⌫
1/2 / a · ✏ ·

r
M · t
B ·�E

hm��i /
1q
T 0⌫
1/2

Experimental requirements

• Experiments thus measure the half life of the decay, T1/2

Minimal requirements:

large detector masses
enriched materials
ultra-low background noise
excellent energy resolution

     Additional tools to distinguish signal 
from background:

angular distribution
decay to excited states (gamma-rays)
identification of daugther nucleus



Backgrounds for double beta experiments
☢ primordial radionuclides (238U, 232Th, 40K) in the detector materials, in the  shielding and 
the concrete/rock (alpha, beta, gamma and neutrons)

☢ cosmic activation of detector materials (60Co, 54Mn, 65Zn,...)

☢ cosmic rays - muons - and secondary particles

☢ radon in air, radon emanation of materials,....

☢ anthropogens (85Kr, 137Cs, 207Bi,...)

2νββ-events: irreducible background
an excellent energy resolution of the 
detector is crucial

Why#so#many#experiments#and#projects#
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Other#sources#of#background:#
#
"  #Muons#(underground#labs)#
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"   α emihers#from#bulk#or#surface#

contaminaNons#for#calorimeters#
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208Tl#(2.6#MeV#γ#)#

214Bi#(and#radon)#

#208Tl#(and#thoron)%

E#(MeV)#

40K,#60Co,…#

Different%strategies%are%possible%to%minimize%the%background%

TransisNon#energy#Qββ (

Background#origins#
Natural#radioacNvity#

F. Piquemal, Neutrino2012, Kyoto



Experiments: Main Approaches
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Source ≠ Detector Source = Detector (calorimeters)

Source as thin foil
Electrons detected with: scintillator, TPC, drift 
chamber, semiconductor detectors
Event topology
Low energy resolution and detection efficiency

The sum of the energy of the two electrons is measured
Signature: peak at the Q-value of the decay
Scintillators, semiconductors, bolometers
High resolution + detection efficiency
No event topology (unless pixellized)

Source = Detector = Tracker 
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Figure 1. Monte-Carlo simulation of a 136Xe bb0n event in xenon gas at 10 bar: the ionization track, about
30 cm long, is tortuous because of multiple scattering, and has larger depositions or blobs in both ends.

recorded primarily by the array of PMTs located at the TPC cathode. It also produces ionization
electrons which drift to the TPC anode and generate EL light (or secondary scintillation), when
entering the region of intense field (E/P � 3 kV/cm.bar) between the transparent EL grids. This
light is recorded by an array of silicon photomultipliers (SiPM) located right behind the EL grids
and used for tracking measurement. It is also recorded in the PMT plane behind the cathode for
energy measurement. The primary scintillation recorded by PMTs gives the start-of-event time t0.
The EL scintillation recorded by SiPMs, provides the transversal coordinates (x,y) of the track’s
trajectory and the longitudinal coordinate (z) from the time t of the signal.

Figure 1. The Separated Optimized Functions (SOFT) concept in NEXT TPC. EL light generated at the
anode is recorded in the photosensor plane right behind it and used for tracking. It is also recorded in the
photosensor plane behind the transparent cathode and used for a precise energy measurement.

Several NEXT prototypes with up to 1 kg of pure gaseous xenon at 10-15 bar, were recently
built. In the NEXT-DBDM prototype [2], the energy of the events from EL signals was measured
with a near 1% FWHM resolution from the 662 keV gamma rays of 137Cs, using an array of UV
sensitive PMTs. The SiPM tracking plane first developed for the NEXT-DEMO prototype [1],[3],
will allow to reconstruct the tracks of these gamma ray events and demonstrate that a large-mass
gaseous xenon TPC, enriched with 136Xe and EL readout, would provide a possible pathway for a
robust double-beta decay experiment.

SiPMs or Multi Pixel Photon Counters (MPPC) have been chosen in NEXT for their many
outstanding features for tracking purposes. SiPMs offer comparable detection capabilities as stan-
dard small PMTs and APDs with the additional advantages of ruggedness, radio-purity and cost-
effectiveness, essential for a large-scale radiopure detector. Their main drawback however is their
poor sensitivity in the emission range of the xenon scintillation (peak at 175 nm, see reference [5]).
This makes necessary the use of a wavelength-shifter (WLS) to convert the UV light into visible
light, where these sensors have their optimal photon detection efficiency (PDE).

– 2 –

Figure 2. The Separate, Optimized Functions (SOFT) concept in the NEXT experiment: EL light generated
at the anode is recorded in the photosensor plane right behind it and used for tracking; it is also recorded in
the photosensor plane behind the transparent cathode and used for a precise energy measurement.

cm pitch, of 1-mm2 MPPCs (the tracking plane).

3.1 Development of the NEXT project: R&D and prototypes

During the last three years, the NEXT R&D program has focused in the construction, commissioning
and operation of three prototypes:

– 5 –

Source is - for example - the (high-pressure) gas of a TPC
Charge and light detected with electron multipliers and/or photosensors  
Good energy and position resolution, high efficiency
Event topology very helpful in reducing the background and in identifying 
the potential signal



Existing experimental limits on T1/2 and the effective 
Majorana neutrino mass

S. Elliott, http://arxiv.org/pdf/1203.1070v1.pdf

March 7, 2012 1:28 WSPC/INSTRUCTION FILE Elliott-mpla

4 Steven R. Elliott

Fig. 2. Contour plots of hm��i as a function of the CP violating phases. The mixing angle values
were chosen as in recent global analyses. In the left panel m1 was chosen to be 4.5 meV as that
resides near the center of the normal hierarchy branch of the hm��i region that can be subject to
significant cancellations for specific parameter values. In the right panel, m1 was chosen to be 20
meV, where no cancelation is anticipated.

Table 1. A list of recent 0⌫�� experiments and their 90% confidence level (except as noted) limits
on T 0⌫

1/2. The hm��i limits are those quoted by the authors using the M0⌫ of their choice.

Isotope Technique T 0⌫
1/2 hm��i (eV) Reference

48Ca CaF2 scint. crystals > 1.4⇥ 1022 y <7.2-44.7 14
76Ge enrGe det. > 1.9⇥ 1025 y < 0.35 15
76Ge enrGe det. (1.19+2.99

�0.50)⇥ 1025 y (3�) 0.24-0.58 16
76Ge enrGe det. > 1.57⇥ 1025 y <(0.33-1.35) 17
82Se Thin metal foils and tracking > 3.6⇥ 1023 y <(0.89-2.54) 18
96Zr Thin metal foils and tracking > 9.2⇥ 1021 y <(7.2-19.5) 19

100Mo Thin metal foils and tracking > 1.1⇥ 1024 y <(0.45-0.93) 18
116Cd 116CdWO4 scint. crystals > 1.7⇥ 1023 y <1.7 20
128Te geochemical > 7.7⇥ 1024 y <(1.1-1.5) 21
130Te TeO2 bolometers > 2.8⇥ 1024 y <(0.3-0.7) 22
136Xe Xe disolved in liq. scint. > 5.7⇥ 1024 y <(0.3-0.6) 23
150Ne Thin metal foil within TPC > 1.8⇥ 1022 y N.A. 24

phase approximate (QRPA) technique or the nuclear shell model (NSM). Although
the two methods have a similar starting point (a Slater determinant of indepen-
dent particles), they are complementary in their treatment of correlations. QRPA
uses a large number of active nucleons in a large space but with a specific type
of correlation suited for collective motion. NSM uses a small number of nucleons
within a limited space but with arbitrary correlations. Three additional techniques
have recently been used to estimate M0⌫ . These include the interacting boson model
(IBM-2)25, the projected Hartree-Fock-Bogolyubov (PHFB)26, and the Energy Den-
sity Functional (EDF)27 techniques.

Recent publications28,29,30,31,32,33,34 have elucidated the causes of the historical
disparity of results from QRPA calculations of M0⌫ . As a result, the technique now
provides a uniform result and Ref. 34 summarizes the values for several isotopes.

Current best sensitivities are around a few 100 meV

http://arxiv.org/pdf/1203.1070v1.pdf
http://arxiv.org/pdf/1203.1070v1.pdf


Current, near-future, future experiments
%%%%%Use%large%amount%of%%CdZnTe%Semiconductor%Detectors%

K. Zuber, Phys. Lett. B 519,1 (2001)  

• %Source%=%detector%

• %Semiconductor%(Good%energy%
%%resoluZon,%clean)%

• %Tracking/PixelisaZon%
%(„Solid%state%TPC�)%

• %Modular%design%(Coincidences)%

•%Focus%on%116Cd%
%
%

• %Room%temperature%

COBRA#

Inside View 
of Water Tank 

Inside Modules 
(CaF2 Scintillators) 

CANDLES III  

3m�

4m
�

•  CANDLES%III%at%Kamioka%Lab.%%%%
–  96%CaF2:%305kg%%(300%g%of%48Ca)%+%liquid%scinZllator%
–  Measurement%started%in%June%2011.%

at Kamioka Lab. 

CaF2�

Liquid%ScinZllator�

Water�

PMTs�

CANDLES#III#

Normal data taking has been started on September 24th, 2011.
only two years from the first budgets in FY2009

6

•  Acrylic%Vessel%Hold%Down%
Net%installed%

•  New%SNO+%Electronics%
and%DAQ%being%tested%
(e.g.%air%fill%runs)%

•  Water%fill%and%detector%
commissioning%starZng%
midU2012%

•  ScinZllator%purificaZon%
and%process%systems%
installed:%end%of%2012%

•  ScinZllator%fill%in%early%
2013%and%data%taking%

•  addiZon%of%Nd%to%the%
scinZllator%soon%
thereaser%

photo#of#SNO+#AV#Hold#Down#Net#installed#

SNO+#

%%%%%Three%Phases%
–  Prototype%cryostat%(2%strings,%natGe)%%(End#2012)#
######1st%order%of%enrGe%(20%kg)%on%hand.%2nd%order%in%process.%Refinement/
processing%facility%in%Oak%Ridge%(via%NSF)%has%completed%tesZng%with%natGe.#
–  Cryostat%1%(3%strings%enrGe%&%4%strings%natGe)%(Fall#2013)#
–  Cryostat%2%(up%to%7%strings%enrGe)%(Fall#2014)#

MAJORANA#
SuperNEMO#

A module 20 modules 

Demonstrator 
module 

20 Modules 

Source : 82Se 7 kg 100 kg 

Drift chambers for tracking 2 0000 40 000 

Electron calorimeter  500  10 000 

γ veto (up and down) 100 2 000 

T1/2 sensitivity 6.6 1024 y 
(No background) 

1. 1026  y 
 

<mν> sensitivity 200 – 400 meV 40 – 100 meV 

Located#in#LSM#extension#

NEXT-100 Pressure Vessel Detector Overall Cross Section

Main Cylindrical Vessel
Torispheric Heads

Energy Plane, PMTs
Cu Shield

PMT FTs

Vac. Manifold

HV/Press. relief/Flow/Vac. Ports
HV Cable Cu Shield Bars

F.C. Insulator
Field Cage Rings

Reflectors

Shielding, External, Cu on Pb

EL mesh planes

EL HV F.T.
Cathode Tracking Plane, SiPM

Cu Shield

D. Shuman (LBNL) NEXT-100 Pressure Vessel, Nov. 1, 2011 November 2, 2011 13 / 20

R&D funded (3.3 M€)  by ERC, in the form of  an advanced GRANT (03/2010$03/2015) 

Scintillating bolometers to recognize the α-induced background thanks to  
the readout of the scintillation light 
  

Array of  36÷44 enriched (95%)  Zn82Se crystals. 

  Expected background in the ROI (2995 keV) is ∼ 3÷6 10-3 c/keV/kg/y  

Zn82Se crystal  
(Ø=45mm, h= 55 mm)  

W=483 g  

Reflecting Foil 

PTFE supports 

Bolometric Light Detector 
Ge crystal 

Energy resolution ∼10 keV FWHM 

LUCIFER#

Ø4cm x 4cm crystal 

MMC Phonon  
sensor   

1st stage : room temperature 
     6kg 40Ca100MoO4 , 5% FWHM 
     3 years, 6.0 x 1024 y (90% CL) 

214Bi 

208Tl 

2ν ββ of 100Mo 

0ν ββ of 100Mo 

AMoRE#
Collaboration (Korea, Russia, Ukraine, China, 11 institutions) 

2nd stage : Cryogenic technique 
     5 years, 100 kg 40Ca100MoO4   
     15 keV FWHM, Eff = 0.8 
     3 x 1026 years ~ 50 meV 

(Advanced Mo-based Rare process Experiment) 

CaMoO4%scinZllators%or%bolometers%
Enriched%in%100Mo%and%depleted%in%48Ca%

TAUP 2011, Munich Schwingenheuer, Double Beta Decay 20

Exo 200

-75kV-75kV

-1.4kV-1.4kV

GroundGround

e-
e-

e-
e-

e-
e-
e-

e-
e-

e-
e-
e-
e-

200 kg200 kg

LiquidLiquid
136136XeXe

259 APDs259 APDs

per sideper side

ScintillationScintillation

IonizationIonization

AmpAmp

engineering run Dec 2010, 140 kg 136Xe filled in spring,

cathode at -8 kV,  s = 4.5% at 2.6 MeV using ionization,

design:  s=1.6% using ionization+scintilation 

0nbb T
1/2

 sensitivity 6.4x1025 y (90% CL), testing Hd-Ms

40 cmTAUP 2011, Munich Schwingenheuer, Double Beta Decay 33

DCBA
foil in drift chamber with uniform B

Mo foil

DCBA T2 9 cm x 26 cm x 26 cm
FWHM @ 3 MeV = 6.2%

21 2nbb candicates

measured at KEK !!
powerful bkg rejection !!

T2 chamber in T3 magnet (>2 kG)

next step:
FWHM<5%?

the future



SNOLab
SNO+

WIPP
EXO-200

SURF (Homestake)
Majorana

EXO

Modane ext.
SuperNEMO

Canfranc
NEXT

Gran Sasso
GERDA
CUORE
COBRA

LUCIFER

YangYang
AMoRE

Kamioka
KamLAND-Zen

CANDLES
DCBA

Current, near-future, future experiments



Existing and proposed experiments
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Table 2. A summary list of the 0⌫�� proposals and experiments.

Experiment Isotope Mass Technique Present Status Location

AMoRE89,90 100Mo 50 kg CaMoO4 scint. bolometer crystals Development Yangyang
CANDLES91 48Ca 0.35 kg CaF2 scint. crystals Prototype Kamioka
CARVEL92 48Ca 1 ton CaF2 scint. crystals Development Solotvina
COBRA93 116Cd 183 kg enrCd CZT semicond. det. Prototype Gran Sasso
CUORE-069 130Te 11 kg TeO2 bolometers Construction - 2012 Gran Sasso
CUORE69 130Te 203 kg TeO2 bolometers Construction - 2013 Gran Sasso
DCBA94 150Ne 20 kg enrNd foils and tracking Development Kamioka

EXO-20057 136Xe 160 kg Liq. enrXe TPC/scint. Operating - 2011 WIPP
EXO70 136Xe 1-10 t Liq. enrXe TPC/scint. Proposal SURF

GERDA71 76Ge ⇡35 kg enrGe semicond. det. Operating - 2011 Gran Sasso
GSO95 160Gd 2 ton Gd2SiO5:Ce crys. scint. in liq. scint. Development

KamLAND-Zen96 136Xe 400 kg enrXe disolved in liq. scint. Operating - 2011 Kamioka
LUCIFER97,98 82Se 18 kg ZnSe scint. bolometer crystals Development Gran Sasso

Majorana

77,78,79 76Ge 26 kg enrGe semicond. det. Construction - 2013 SURF
MOON 99 100Mo 1 t enrMofoils/scint. Development

SuperNEMO-Dem87 82Se 7 kg enrSe foils/tracking Construction - 2014 Fréjus
SuperNEMO87 82Se 100 kg enrSe foils/tracking Proposal - 2019 Fréjus
NEXT 82,83 136Xe 100 kg gas TPC Development - 2014 Canfranc
SNO+84,85 150Nd 55 kg Nd loaded liq. scint. Construction - 2013 SNOLab

handed currents (RHC), and exchange mechanisms that arise from R-Parity violat-
ing supersymmetry (RPV SUSY) models.

In contrast to Eqn. 1, the 0⌫�� rate can be written more generally:

[T 0⌫
1/2]

�1 = G0⌫ |M0⌫⌘|2 (5)

where ⌘ is a general lepton number violating parameter (LNVP) that was previously
given by hm��i. The LNVP ⌘ contains all of the information about lepton number
violation.

The LNVP takes on di↵erent forms for di↵erent 0⌫�� mechanisms. In addition,
M0⌫ may also depend on the mechanism. The heavy-particle models represent a
large class of theories that involve the exchange of high-mass (>1 TeV) particles.
For example, leptoquarks101 have very similar M0⌫ to RPV SUSY102. Left-right
symmetric models can lead to right-handed current models103 or heavy neutrino
exchange models101. Scalar bilinears104 might also mediate the decay but explicit
matrix elements have not been calculated yet. For SUSY and left-right symmetric
models, e↵ective field theory105 has been used to determine the form of the e↵ective
hadronic operators from the symmetries of the 0⌫��-decay operators in a given
theory. In all of these cases the estimates of M0⌫ are not as advanced as that for
light neutrino exchange and more work is needed.

A number of authors38,39,106,107,108,109 have tried to estimate the number of
measurements required to discern the underlying physics. The assumption that
is critical to these arguments is that the spread in M0⌫ due to di↵erent models
reflects the true variation, which is clearly speculative given the uncertainties still

Steve Elliott: http://arxiv.org/pdf/1203.1070v1.pdf
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EXO-200

• Liquid xenon TPC: 175 kg LXe, 80.6% enriched in 136Xe

• Charge and light readout (triplet wire channels and large area avalanche photodiodes)

• Drift field: 376 V/cm 

3

The EXO-200 TPC

• Field shaping rings: copper

• Supports: acrylic

• Light reflectors/diffusers: Teflon

• APD support plane: copper; Au (Al) coated 
for contact (light reflection)

• Central cathode, U+V wires: photo-etched 
phosphor bronze

• Flex cables for bias/readout: copper on 
kapton, no glue

Comprehensive material screening program

Goal: 40 cnts/2y in 0νββ ±2σ ROI, 140 kg LXe 

• 38 U triplet wire channels (charge)

• 38 V triplet wire channels, crossed at 60o (induction)

• 234 large area avalanche photodiodes (APDs, light in 
groups of 7)

• Wire pitch 3 mm (9 mm per channel)

• Wire planes 6 mm apart and 6 mm from APD plane

• All signals digitized at 1 MS/s, ±1024S around trigger

• Drift field 376 V/cm

40 cm40 cm

Two almost identical halves reading 
ionization and 178 nm scintillation, each with:

x

z

y

Copper vessel 1.37 mm thick
175 kg LXe, 80.6% enr. in 136Xe
Copper conduits (6) for:
• APD bias and readout cables
• U+V wires bias and readout
• LXe supply and return
Epoxy feedthroughs at cold and 
warm doors
Dedicated HV bias line

4

EXO-200 detector:             JINST 7 (2012) P05010
Characterization of APDs:   NIM  A608 68-75 (2009)
Materials screening:            NIM  A591, 490-509 (2008)



EXO-200

• So far, 2 data taking phases

• First measurement of 136Xe 2-neutrino half life; limit on the 0-neutrino mode

Sep 2011 – Hardware upgrades
• APD gain increase by factor 2
• improved U-wire shaping 
• added outer lead shield

Purity

Xenon gas is forced through heated 
Zr getter by custom ultraclean 
pump.
Electron lifetime τe is determined 
by measuring the attenuation of the 
ionization signal as a function of 
drift time for the full-absorption 
peak of gamma ray sources
For this analysis, the recirculation 
rate was increased to 14 slpm, 
leading to long electron lifetimes in 
the TPC

At τe = 3 ms:
• max. drift time ~110 µs
• loss of charge is 3.6% at full 

drift length

Data taking phases and Xenon Purity

Run I
~250 μs

This analysis This analysis

7

Ultraclean pump: 
   Rev Sci Instrum. 82(10):105114 
Xenon purity with mas spectroscopy: 
   NIM A675 (2012) 40-46
Gas purity monitors: 
   NIM A659 (2011) 215-228

Run I Run 2 (this analysis)

Period May 21, 11 – Jul 9, 11 Sep 22, 11 – Apr 15,12

Live Time 752.7 hr 2,896.6 hr

Exposure (136Xe) 4.4 kg-yr 26.3 kg-yr

Publ. PRL 107 (2011) 212501 arXiv:1205:5608

2011-07-12 2011-09-01 2011-11-01 2011-12-31 2011-03-01

Sep 2011 – Hardware upgrades
• APD gain increase by factor 2
• improved U-wire shaping 
• added outer lead shield

Purity

Xenon gas is forced through heated 
Zr getter by custom ultraclean 
pump.
Electron lifetime τe is determined 
by measuring the attenuation of the 
ionization signal as a function of 
drift time for the full-absorption 
peak of gamma ray sources
For this analysis, the recirculation 
rate was increased to 14 slpm, 
leading to long electron lifetimes in 
the TPC

At τe = 3 ms:
• max. drift time ~110 µs
• loss of charge is 3.6% at full 

drift length

Data taking phases and Xenon Purity

Run I
~250 μs

This analysis This analysis

7

Ultraclean pump: 
   Rev Sci Instrum. 82(10):105114 
Xenon purity with mas spectroscopy: 
   NIM A675 (2012) 40-46
Gas purity monitors: 
   NIM A659 (2011) 215-228

Run I Run 2 (this analysis)

Period May 21, 11 – Jul 9, 11 Sep 22, 11 – Apr 15,12

Live Time 752.7 hr 2,896.6 hr

Exposure (136Xe) 4.4 kg-yr 26.3 kg-yr

Publ. PRL 107 (2011) 212501 arXiv:1205:5608

2011-07-12 2011-09-01 2011-11-01 2011-12-31 2011-03-01

Run I Results:

T1/2
2νββ (136Xe) = (2.11 ± 0.04 stat ± 0.21 sys)·1021 yr

In disagreement with previously reported limits by

R. Bernabei et al. Phys. Lett. B 546 (2002) 23, and
Yu. M. Gavriljuk et al. , Phys. Atom Nucl. 69 (2006)

This was also a measurement of a nuclear matrix element 
of 0.019 MeV-1, the smallest measured among the 2νββ emitters

4
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FIG. 3: Top: fractional residuals between the energy calibra-
tion points and the linear model discussed in the text. The
single- (solid line) and multi-cluster (dotted line) uncertainty
bands are systematic, stemming from the finite accuracy of
the position reconstruction and the τe correction. The thick
dashed line represents the central value of the shift predicted
by the simulation for point-like energy depositions. Bottom:
measured energy resolution (points) along with a parameter-
ization (line).

an α-spectroscopy analysis performed using only scin-
tillation signals, consistent with β–α and α–α time co-
incidence analyses. Similarly, 220Rn is constrained to
< 0.04 µBq kg−1 (90% CL). In the data set 72 β–α co-
incidences are removed. The implementation of this cut
introduces a 6.3% dead time due to spurious ionization or
scintillation signals. Events are then classified as single-
or multi-cluster and energy spectra are obtained for these
two classes, as shown in Figure 4. The spectra are simul-
taneously fit to PDFs for the 2νββ decay signal (65% of
which is above threshold) and various backgrounds using
an un-binned maximum likelihood method. The 2νββ
PDF is produced using the Fermi function calculation
given in [20]. The detector simulation predicts a small
fraction of the 2νββ decay signal to be classified as the
multi-cluster type because of brehmmstrahlung as well as
charge collection effects. Background models are devel-
oped for various components of the detector, inspired by
screening of materials performed at the time of the de-
tector’s construction and by estimated cosmogenic acti-
vation. As Figure 4 illustrates, the backgrounds involving
γ rays are readily identified by their clear multi-cluster
signature, while the single-cluster spectrum is dominated
by a large structure with a shape consistent with the
2νββ decay of 136Xe. The simultaneous likelihood fit to
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FIG. 4: Energy distributions from 752.66 hrs of EXO-200
single-cluster events (main panel) and multi-cluster events
(inset). The result of a likelihood fit to a model including
the 2νββ decay and several backgrounds is shown (solid line)
along with the 2νββ component (shaded region) and some
prominent background components at the radius of the TPC
vessel (232Th, long dash; 40K, dash; 60Co, dash-dot; 54Mn,
thin dash; 65Zn, thin solid; 238U chain in equilibrium, dash
double-dot). Other background components fitting to negligi-
ble amounts are not shown, for clarity. The energy scale used
for the main panel is consistent with that of single-cluster,
β-like events while the scale of the inset is consistent with the
multi-cluster events it represents. The combined χ2/ degrees
of freedom between the model and the data for the two binned
distributions shown here is 85/90.

the single and multi-cluster spectra reports a strong sig-
nal from the 2νββ decay (3886 events) and a dominant
contamination from 40K at the location of the TPC ves-
sel (385 events). Other contributions account for a total
of less than 650 events, each with a very low significance
in the fit. These levels of contamination are consistent
with the material screening measurements [12]. Taking
only the single-cluster events into account the single-to-
background ratio is 9.4 to 1.

The α-spectroscopy analysis is used to bound any 238U
contamination in the bulk LXe. This is important be-
cause 238U decays are followed (with an average delay of
∼ 35 d) by 234mPa decays, producing βs with a Q-value
of 2195 keV. The α scintillation spectrum is calibrated
using the lines observed from the 222Rn chain, obtaining
a limit for 238U (and 234mPa) of < 10 counts for the data
set shown in Figure 4. In addition, a study of the pro-
duction of fast neutrons resulting in recoils and captures
in the LXe as well as thermal neutrons resulting in cap-

2νββ



EXO-200: resolution and calibration

• Good energy resolution by linear combination of  scintillation and charge signals

Combining Ionization and Scintillation

E. Conti et al. Phys. Rev. B 68 (2003) 054201

cutting this region 
removes α particles and 
events with imperfect 
charge collection

228Th source
SS

Qββ
Rotation angle chosen to optimize 
energy resolution at 2615 keV

Properties of xenon cause 
increased scintillation to be 
associated with decreased 
ionization (and vice-versa)

Scintillation:" 6.8%
Ionization:" 3.4%
Rotated:" 1.6%
(at 2615 keV gamma line)

Use projection onto a rotated 
axis to determine event energyQββ

10

Calibrations

12

Using quadratic model for 
energy calibration, single- 
and multi-site 
residual are < 0.1%

Energy resolution model:

Resolution dominated by 
constant (noise) term p1

At Qββ (2458 keV):
σ/Ε = 1.67 % (SS)
σ/Ε = 1.84 % (MS)

σ2

Tot = p2

0E + p2

1 + p2

2E
2

MS

SS



EXO-200: low-background spectrum

• Observed 22‘000 2-neutrino events in 32.5 kg yr exposure

• Background PDFs fitted along with 2-neutrino and 0-neutrino PDFs
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Low Background Spectrum
Maximum likelihood fit

 Trigger fully efficient
above 700 keV

 Low background
run livetime:
120.7 days

 Active mass: 
98.5 kg LXe

(79.4 kg 136LXe) 

 Exposure 32.5 kg.yr

 Total dead time from 
vetos: 8.6%

 Various background 
PDFs fitted along with 
2νββ and 0νββ PDFs

�2��
 (90% CL Limit)�0��

K LXe Vessel40

Mn LXe Vessel54

Co LXe Vessel60

Zn LXe Vessel65

Th LXe Vessel232

U LXe Vessel238

Xe Active LXe135

Rn Active LXe222

Rn Inactive LXe222

Bi Cathode Surface214

Rn Air Gap222

Data
Total

Overflow bin

No events in
overflow bin

~22,000 2νββ events !
Also populate MS 

spectrum, partly due to 
bremsstrahlung

MC predicts that 
82.5% of 2νββ are SS
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Low Background Spectrum
Maximum likelihood fit

 Trigger fully efficient
above 700 keV

 Low background
run livetime:
120.7 days

 Active mass: 
98.5 kg LXe

(79.4 kg 136LXe) 

 Exposure 32.5 kg.yr

 Total dead time from 
vetos: 8.6%

 Various background 
PDFs fitted along with 
2νββ and 0νββ PDFs

�2��
 (90% CL Limit)�0��

K LXe Vessel40

Mn LXe Vessel54

Co LXe Vessel60

Zn LXe Vessel65

Th LXe Vessel232

U LXe Vessel238

Xe Active LXe135

Rn Active LXe222

Rn Inactive LXe222

Bi Cathode Surface214

Rn Air Gap222

Data
Total

Overflow bin

No events in
overflow bin

~22,000 2νββ events !
Also populate MS 

spectrum, partly due to 
bremsstrahlung

MC predicts that 
82.5% of 2νββ are SS
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Low Background Spectrum
Maximum likelihood fit

 Trigger fully efficient
above 700 keV

 Low background
run livetime:
120.7 days

 Active mass: 
98.5 kg LXe

(79.4 kg 136LXe) 

 Exposure 32.5 kg.yr

 Total dead time from 
vetos: 8.6%

 Various background 
PDFs fitted along with 
2νββ and 0νββ PDFs

�2��
 (90% CL Limit)�0��

K LXe Vessel40

Mn LXe Vessel54

Co LXe Vessel60

Zn LXe Vessel65

Th LXe Vessel232

U LXe Vessel238

Xe Active LXe135

Rn Active LXe222

Rn Inactive LXe222

Bi Cathode Surface214

Rn Air Gap222

Data
Total

Overflow bin

No events in
overflow bin

T1/2
2νββ (136Xe) = (2.23 ± 0.017 stat ± 0.22 sys)·1021 yr

In agreement with previously reported value by

EXO-200  Phys.Rev.Lett. 107 (2011) 212501

and

KamLAND-ZEN Phys.Rev.C85:045504,2012) 



EXO-200: low-background spectrum

• No 0-neutrino signal observed => lower limit on T1/2
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Zoomed around 0νββ region of interest (ROI) 
Low Background Spectrum �2��

 (90% CL Limit)�0��
K LXe Vessel40

Mn LXe Vessel54

Co LXe Vessel60

Zn LXe Vessel65

Th LXe Vessel232

U LXe Vessel238

Xe Active LXe135

Rn Active LXe222

Rn Inactive LXe222

Bi Cathode Surface214

Rn Air Gap222

Data
Total

Constraints:
• SS to MS ratio 

within ±8.5% of 
values predicted 
by MC (set by 
largest variations 
in source data)

• other systematic 
uncertainties

Profile likelihood fit 
to entire SS and MS 
spectra to extract 
limits for T1/20νββ 

No 0ν signal 
observed

Background counts in ±1,2 σ ROI

17

Expected events from fitExpected events from fitExpected events from fitExpected events from fit

±1 σ±1 σ ±2 σ±2 σ
222Rn in cryostat air-gap 1.9 ±0.2 2.9 ±0.3
238U in LXe Vessel 0.9 ±0.2 1.3 ±0.3
232Th in LXe Vessel 0.9 ±0.1 2.9 ±0.3
214Bi on Cathode 0.2 ±0.01 0.3 ±0.02

All Others ~0.2 ~0.2

Total 4.1 ±0.3 7.5 ±0.5

Observed 11 55

Background index b (kg-1yr-1keV-1) 1.5·10-3 ± 0.11.5·10-3 ± 0.1 1.4·10-3 ± 0.11.4·10-3 ± 0.1
RO

I

�2��
 (90% CL Limit)�0��

K LXe Vessel40

Mn LXe Vessel54

Co LXe Vessel60

Zn LXe Vessel65

Th LXe Vessel232

U LXe Vessel238

Xe Active LXe135

Rn Active LXe222

Rn Inactive LXe222

Bi Cathode Surface214

Rn Air Gap222

Data
Total

EXO-200 goal (slide 3):

40 cnts/2y in ±2σ ROI, 
140 kg LXe 

In this data 120 days, 98.5 
kg, this would be:  4.6

Expected from the fit: 7.5

Observed: 5
Background within 

expectation

18

Limits on T1/2
0νββ and〈mββ〉

From profile likelihood:

T1/2
0νββ > 1.6·1025 yr

〈mββ〉< 140–380 meV  .

(90% C.L.)

arXiv:1205.5608 – Subm. to PRL

H.V. Klapdor-Kleingrothaus and I.V. Krivosheina, 
Mod. Phys. Lett.,  A21 (2006) 1547.

A. Gando et al. Phys. Rev. C 85 (2012) 045504
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Interpret as lepton number 
violating process with effective 

Marojana mass〈mββ〉: 
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Background counts in ±1,2 σ ROI
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KAMLAND-Zen

• Scintillator loaded with xenon

• 320 kg 90% enriched 136Xe so far (more 
than 600 kg in the Kamioka mine)

• Advantages: huge and clean (U: 
3.5e-18 g/g, Th: 5.2e-17 g/g) running 
detector

• Xe-LS can be purified, and is highly 
scalable

• No escape or invisible energy from 
gammas and beta: good background 
identification

• Disadvantage: relatively poor energy 
resolution

• no beta/gamma discrimination

• limited LS composition

Good features of using KamLAND
 ● running detector 
　　→ relatively low cost and quick start

 ● huge and clean (1200m3, U: 3.5x10-18 g/g, Th: 5.2x10-17)
　　→ negligible external gamma

　　(Xe and mini-balloon need to be clean)

 ● Xe-LS can be purified, mini-balloon replaceable
    if necessary, with relatively low cost
　　→ highly scalable (up to several tons of Xe)

 ● No escape or invisible energy from β, γ
　　→ BG identification relatively easy

 ● anti-neutrino observation continues
　　→ geo-neutrino w/o japanese reactors

enrXe loaded LS in 
a mini-balloon

Disadvantages toward an ultimate sensitivity
 × relatively poor energy resolution
           tolerable thanks to slow 2ν2β and low BG

 × no β/γ discrimination so far
 × delicate balloon film
 × limited LS composition (for density matching)

KamLAND
Zero Neutrino 

double beta decay search

~320kg 90% enriched 136Xe installed so far
total 600+ kg in the mine

production reaches 700kg in this year

9m

6.5m

1.5m

idea to load Xe into LS is from Raju PRL72,1411(1994)

3

-Zen
Kunio Inoue

RCNS, Tohoku University
(KamLAND-Zen collaboration)

Neutrino2012, 6 June 2012, Kyoto

Results from KamLAND-Zen

Enlightenment is 
found in nothing.

1

↓
Truth is found in 

0ν2β.



KamLAND-Zen: installation

Kunio Inoue
RCNS, Tohoku University

(KamLAND-Zen collaboration)

Neutrino2012, 6 June 2012, Kyoto

Results from KamLAND-Zen

Enlightenment is 
found in nothing.

1

↓
Truth is found in 

0ν2β.

balloon and corrugated tube deployment balloon went through the black sheet

installation completed

mini-balloon inflated with dummy LS and then 
replaced with Xe-loaded LS

density tuning finished and tubes to be extracted

mini-balloon surface

welding lines

LS supply tube

Installation in a class 10~100 clean room 
built at the top of KamLAND

5



KamLAND-Zen



KamLAND-Zen: energy calibration and low-
background spectrum

• Resolution at 2.6 MeV: sigma ~ 4.1% 
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Energy Calibration

σ= (6.6±0.3)%/√E[MeV]

208Tl decay 
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T2ν1/2=2.38±0.02(stat)±0.14(syst) ×1021 years

KamLAND-Zen (2012)
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Phys.Rev.C85,045504(2012)

KamLAND-Zen agrees with EXO-200.

T2ν1/2=2.11±0.04(stat)±0.21(syst) ×1021 years

EXO-200 (2011)

T2ν1/2> 1.0 ×1022 years at 90% CL

DAMA (2002)
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update
arXiv:1205.6372

T2ν1/2=2.30±0.02(stat)±0.12(syst) ×1021 years

T2ν1/2=2.23±0.017(stat)±0.22(syst) ×1021 years
arXiv:1205.5608

update

Measurement of the 2ν2β half life

factor 5 contradiction
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KamLAND-Zen: low-background spectrum

• Peak around the Q-value; however, peak position is different
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GERDA

• HPGe detectors in liquid argon (U/Th in LAr < 7x10-4 µBq/kg)

• Physics run started on November 9, 2011
3 

GERDA – LNGS SC meeting, April 17/18, 2012  

October 2011: All enriched Phase I detectors 
deployed in GERDA 
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9. Nov 2011:  
Start of physics data taking of GERDA Phase I 
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•  Data in this report from 9.11.2011 until 16.2.2012:  3.80 kg year (enriched)  and 
1.97 kg year (natural)  

•  Live time until today: > 90%  
•  Since 11.1.2012: Events with energy between 2019 and 2059 keV are filtered out 

from the tier1 files (“blind analysis”) 
•  Exposure until April 16:  5.63(+1.34*) kg years (enriched) and 1.74(+0.88*) kg y 

(natural) *: Run 31 had unstable pulser/gain (correlated with clean room temperature) - fraction 
of useful data needs to be evaluated 



GERDA Calibration

• Energy resolution: ~ 4.5 - 5 keV (FWHM) at 2.6 MeV
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GERDA low-background spectrum

• Background goal of ~ 10-2 events/(kg yr keV) was reached
• Phase II (BEGe) detectors in production and testing
• LAr instrumentation (PMTs or SiPM & scintillating fibers) in development
• End of phase I and start of phase II: spring 2013

8 
GERDA – LNGS SC meeting, April 17/18, 2012  

Energy spectrum  

 
(data from 9 Nov. 2011 until 16 Feb. 2012 
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Background comparison 
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GERDA low-background spectrum

• Analysis of 2-neutrino decay mode is in progress

6.6.2012 Kyoto, Neutrino Peter Grabmayr

 Physikalisches Institut,     Kepler Center for Astro  and Particle Physics

exposure :   6.1 kg yr

 

summed electron energy spectrum in GERDA 

prelim
inary !

39Ar
 (1.01 Bq/kg) 
NIM A 574 (2007) 83

40K

2nbb

42K

214Bi

228Th *

our result:

T1/2
2n (76Ge)= (1.88 ± 0.10 )  10 21 yr



Summary 

• Two-neutrino decay mode was measured for the first time in 136Xe

• Xenon experiments provide competitive limits to germanium for the neutrinoless mode

• Several experiments are taking data, new results are expected soon

• Experiments under construction (or phase II of existing experiments) should achieve a 
sensitivity of 50 - 100 meV

• To go beyond, much lower backgrounds and larger masses are needed

• Tracking will be important to confirm a potential signal 
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Let us hope that...

• this prediction is true - it could be probed with future double beta experiments!

June 11, 2012 2:18 WSPC/INSTRUCTION FILE bb0-hep
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Fig. 2. Value of the effective Majorana mass |mββ | as a function of the lightest neutrino mass
in the normal (NS, with mmin = m1) and inverted (IS, with mmin = m3) neutrino mass spectra
before and after the Daya Bay14 measurement of ϑ13 in Eq. (13). The current upper bound on
|mββ | (see Eqs. (70), (72) and (74)) and the cosmological bound (see Ref.55) on

∑
i mi ! 3mmin

in the quasi-degenerate region are indicated.

Figure 2 shows the value of the effective Majorana mass |mββ| as a function of
the lightest neutrino mass in the normal and inverted neutrino mass spectra before
and after the Daya Bay14 measurement of ϑ13 in Eq. (13). We used the values of the
neutrino oscillation parameters obtained in the global analysis presented in Ref.56:

∆m2
12 = 7.59+(0.20,0.40,0.60)

−(0.18,0.35,0.50) × 10−5 eV2, sin2 ϑ12 = 0.312+(0.017,0.038,0.058)
−(0.015,0.032,0.042), (51)

and in the NS

∆m2
13 = 2.50+(0.09,0.18,0.26)

−(0.16,0.25,0.36) × 10−3 eV2, sin2 ϑ13 = 0.013+(0.007,0.015,0.022)
−(0.005,0.009,0.012), (52)

whereas in the IS

−∆m2
13 = 2.40+(0.08,0.18,0.27)

−(0.09,0.17,0.27) × 10−3 eV2, sin2 ϑ13 = 0.016+(0.008,0.015,0.023)
−(0.006,0.011,0.015). (53)

The three levels of uncertainties correspond to (1σ, 2σ, 3σ). In the “After Daya Bay”
plot in Fig 2 we replaced the value of ϑ13 in Eqs. (52) and (53) with that measured
by the Daya Bay Collaboration in Eq. (13). The uncertainties for |mββ| have been
calculated using the standard method of propagation of uncorrelated errors, taking
into account the asymmetric uncertainties in Eqs. (51)–(53).

In the following we discuss the predictions for the effective Majorana mass in
three cases with characteristic neutrino mass spectra:

(1) Hierarchy of neutrino massesd:

m1 # m2 # m3. (54)

dQuarks and charged leptons have this type of mass spectrum.
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Double beta decay

• If simple β- or β+-decay is forbidden on energetic grounds                                                                               
a nucleus can decay through a double beta mode:

• The probability for a decay is very small, the mean lifetime 
of a nucleus is much larger than the age of the universe   
(τU ~ 1.4×1010 a)

• This is indeed a very rare process (as for instance proton 
decay, which was not yet observed)

• Nonetheless - if one uses a large amount of nuclei, the 
process can be observed experimentally
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