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Mysterious Messengers from Outer Space

• February 23, 7:35 universal time, 1987: a hoard of billions upon billions of extragalactic 
messengers sweep through the Earth

• Only a few of them were stopped. In fact, 11 left a signal in a large, multi-ton water 
detector deep in the Kamioka mine in Japan

• Three hours later, the light from a Supernova explosion in a nearby galaxy reached the 
Earth; it was the closest Supernova since the invention of the telescope

The Super-Kamiokande detector in Japan SN1978A



What had happened?

• A star, 20 times the mass of our Sun, had exploded about 168’000 years ago

(this Supernova explosion took place in the Large Magellanic Cloud, one of the 11 dwarf 
galaxies that orbit the Milky Way)

• The messengers to reach the Earth first were particles called neutrinos, they had 
witnessed the death of the star as they zoomed out of the collapsing core

• It took the photons a few extra hours to reach the surface of the exploding star

The Large Magellanic Cloud, 168’000 light years away The Supernova remnant



Neutrinos?
• Particles in the Standard Model of particle physics

• It deals with the composition of matter on its smallest scales, with symmetries and 
interactions between the matter constituents

Atoms Nuclei Protons, Neutrons

Forces: particles called bosons 
mediate the interactions  

νe νμ ντ



Neutrinos?
• Neutrinos are electrically 

neutral and interact only via 
the weak force

Forces between fermions 
are mediated by gauge 
bosons, with spin 1

We know 3 families 
of quarks and 
leptons: these are 
fermions, spin 1/2



First, some history....

• Zürich, December 4, 1930: Wolfgang Pauli, a 30 years old professor at the ETH, writes 
perhaps one of the most famous letters in modern physics: “Dear radioactive ladies and 
gentlemen...”

• The letter was addressed mainly to Lise Meitner, who had been working on radioactivity since 
1907 and was attending a meeting in Tübingen (Pauli could not attend, because “a ball which takes 
place in Zürich the night of the sixth to sevenths of December makes my presence here indispensable”) 

• Pauli was suggesting “a desperate way 
out” of some paradox that had arisen in 
the nascent field of nuclear physics

• He was proposing “a terrible thing” - a 
new subatomic particle, the neutrino, a 
particle “which can not be detected”

• In 1930, only the electron, the proton and 
the photon were known, and Pauli’s idea  
was quite radical!



• It had been observed (by hard working experimental physicists), that some nuclei are not 
stable, but decay under the emission of “beta rays” (electrons)

• The energy of the emitted electrons could be measured - the spectrum was continuous
• This seemed to violate a well respected law in physics: the conservation of energy!

And the Paradox was... the Energy Crisis

Measured energy 
spectrum Expected energy 

of the electron

electronNucleus (A, Z) Nucleus (A, Z+1)

mc2 = E: the mass difference of the two nuclei is converted into the energy of the electron

+ e-



• A new particle: the neutrino. It would share the energy with the electron, but would not 
be observed because of its incredible weak interaction with matter 

• Niels Bohr, 1934: “I must confess that I don’t really feel fully convinced of the physical 
existence of the neutrino”

• Arthur Eddington, 1939: “I am not much impressed by the neutrino theory.... Dare I say that 
physicists will not have sufficient ingenuity to make neutrinos?”

• Thus, while the idea was considered by most as a very useful hypothesis, few believed it is 
a real particle, until...

Only One Reasonable Way Out...

+
Nucleus (A, Z) Nucleus (A, Z+1)

+

electron (anti)neutrino

e- νe



Neutrinos Galore

• Some 30 years later (1956), when Clyde Cowan and Fred Reines started the “Project 
Poltergeist” and finally detected (anti)neutrinos at the Savannah River Reactor in South 
Carolina  

ν

e+e-p
n

Cd e+ H2O+Cd

scintillator

511 keV

511 keV

Detector: 400 l water + 
CdCl2 seen by 90 
photodetectors

p n
+ +

⌫̄e e+

Detection via delayed 
(a few µs) coincidence 
reaction:

prompt:

delayed:

e+ + e� ! � + �

n+ Cd ! �0s And this was only the beginning of the big adventure...



Neutrino Sources

Big Bang
(Today ~ 330 ν/cm3)
           Indirect evidence

Extraterrestrial neutrinos
       Recently observed!



Particle accelerators

Earth atmosphere
(from cosmic rays)



Sun 

Supernovae
(collapsing stars)

SN 1987A 

Earth crust
 (from natural 
radioactivity)



Reactors

and people!



Neutrinos dominate our Universe

• The world around us (people, trees, stones, buildings, polenta, the Earth...) is made of 
electrons, protons and neutrons

• Is the whole Universe made of electrons, protons and neutrons?

• These are RARITIES; for every one of them, the Universe contains a billion of neutrinos!

• Moreover, our Universe is made of matter, and not of anti-matter

• To understand the Universe, we must understand neutrinos!

Neutrinos Get Under Your Skin
 

Dr. Boris  Kayser, Fermilab (KITP  Public Lecture 4/30/03) 3
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Our home planet—
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Neutrinos from the Big Bang

• As with photons of the 3 Kelvin Cosmic Microwave Background Radiation (measured 
very precisely with the WMAP and now with the Planck Satellite)...

• the Universe is filled with a sea of neutrinos, that decoupled from the rest of the particles 
about 10 seconds after the Big Bang

Inner space / Outer spaceInner space / Outer spaceInner space / Outer space

Every cubic meter of space contains 
about 300 million neutrinos

Could they make up the DARK 
MATTER in the Universe?

Their mass is much too small!

NO



Neutrinos - too light for the dark matter

Dark energy 68.3%
(cosmological constant)

 Neutrinos
 ~ 0.1−2%

Dark
matter 26.8%

Normal matter ~4.9%
(only ca. 10%
 shines) 

Neutrinos are too light, but...



Neutrino, the Sun and Us

• Regardless, neutrinos are vital for our life! 

• No neutrinos would mean:

➡ no energy to keep us warm 

➡ no atoms more complicated than hydrogen 

➡ no carbon, no oxygen, no water

➡ no Earth, no moon, no us

NO neutrinos would be very bad news indeed
The Universe would be a boring place



• Our Sun is a gigantic fusion reactor, it shines by converting protons into helium nuclei 

• These reactions are governed by the weak force, hence the Sun shines for a very long time

• The neutrino flux on Earth is 65 billion solar neutrinos pro cm2 and second!

Solar Neutrinos

+4 2 + 2 
Protons               He-nucleus      Positrons       Neutrinos

Almost all of these neutrinos are zipping 
through the Earth and through us, and do 
NOTHING AT ALL

The probability that a particular solar neutrinos 
will interact as it zips through one of you is
1/10’000’000’000’000’000’000

Nonetheless... Tcore = 15‘000‘000 Kelvin



Gigantic Detectors for Solar Neutrinos

• We see the Sun in neutrinos!
• In fact, solar neutrinos are now routinely detected in gigantic experiments operated in 

deep underground laboratories around the world
• From such observations, we learn about the Sun interior 
• and about the elusive particles themselves!

The Chlorine 
experiment in the US

The SNO experiment 
in Canada

The BOREXINO 
experiment in Italy



Physics Nobel Prize in 2002 for Neutrino-Astronomy

Ray Davis Jr.
(1914−2006)

Masatoshi Koshiba
(*1926)

„for pioneering work in astrophysics, in particular 
for the detection of cosmic neutrinos ”



• They come in 

three flavours:

What do we know about neutrinos?

νe νμ ντ
electron         muon             tau 

Neutrino-Source
Detector

Neutrino-Source
Detector

νe e-

νμ μ-

Neutrino-Source
Detector

ντ τ-

The 3 neutrino flavours 
participate in charged current 
(CC) weak interactions together 
with the corresponding charged 
lepton

These are of (V-A) type: 
neutrinos are LH, anti-neutrinos 
are RH 

In the Standard Model, the 
flavour lepton numbers are 
conserved, and neutrinos are 
exactly massless



What do we know about neutrinos?

• However, when neutrinos propagate over macroscopic distances, they oscillate between 
flavours:

• This is a well studied effect in quantum mechanics

• It means that flavour is not conserved over macroscopic distances, for instance:

ν-Source

long journey
Detector

ντ

τ-

νμ

μ-
maybe (νμ)
maybe (ντ)

P (⌫e ! ⌫e) < 1

P (⌫µ ! ⌫µ) < 1

P (⌫⌧ ! ⌫⌧ ) < 1



What do we know about neutrinos?

• A compelling explanation of all the available data comes from the assumption that:

➡ neutrino states with different flavours        mix with neutrino states with different masses 

• The mixing is introduced “a la CKM” in the left-handed fields of the CC interaction 
Lagrangian: 

⌫↵ ⌫i

⌫↵ =
3X

i=1

U↵i⌫i

unitary neutrino mixing matrix (PMNS matrix)

quantum fields 
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• P: flavor transition probability in the case of CP invariance (U = U*)
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Neutrino mixing
• For 3 neutrino flavours, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix can also be parameterized: 

Data from 
atmospheric ν’s 
and accelerators
θ23 ≈ 45 deg

Data from 
reactors and 
accelerators
θ13 ≈ 9 deg

Data from solar 
and reactor 
neutrinos
θ12 ≈ 34 deg

In general, we have 3 mixing angles, 1 CP violating phase, 3 different Δm2 (only 2 being independent) 

=> no information about the absolute ν-mass scale



• What is the absolute value of the neutrino mass?

• From experiments that measure the endpoint of the Tritium beta-decay to 3He:

• the neutrino mass < 2.1 eV 
• BUT HOW SMALL?

One Open Question: The Mass of Neutrinos

The KATRIN 
experiment 
on its long
journey to 
Karlsruhe

� ⌃
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⌃imi < 230� 600meV

One Open Question: The Mass of Neutrinos

• Neutrinos: much lighter than other known particles

➡Why is their mass so small?

➡What is their absolute mass scale?

τ

1. family 2. family 3. family

the heaviest neutrinos

e

µ

t
b

s
c

u
d

GeV

100

10-4

10-8

10-12

m2=0

mlightest
2 = ? from cosmology:



• An ultra-rare nuclear decay, with a half-live > 10 billion times larger than the age of the 
Universe

• 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 Double Beta decay

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

+2 2 ⌫̄e

Energy [keV]

ar
bi

tra
ry

 u
nit

s 2νββ 100Mo

Background 
subtracted

2β2ν 
Monte Carlo

NEMO Experiment in Modane/Frejus

e-



Neutrinoless double beta decay

• More interesting: the decay mode without emission of neutrinos (“forbidden” in the Standard Model 
of particle physics, since the lepton number is violated: ΔL = 2)

2n→ 2p + 2e−

2p→ 2n + 2e+
L = 2L = 0

Energy [keV]

ar
bi

tra
ry

 u
nit

s expected: 
sharp “peak” at the Q-value of the 
decay

Q = Ee1 + Ee2 − 2me



Neutrinoless double beta decay

• A virtual neutrino is exchanged:

➡  the neutron decays under emission of a right handed ‘anti-neutrino’

➡  the             has to be absorbed at the second vertex as left handed ‘neutrino‘             

➡  neutrinos and anti-neutrinos must be identical: Majorana particles

➡ for the helicity to change, we must have mν > 0 

u
d
d

d
d
u

e-

e-

W-

W-

u
d
u

u
d
u

νR
C

νR
C

νL

x⌫M

Ettore Majorana



Neutrinoless double beta decay

• The decay rate is:

• with the effective Majorana neutrino mass:

➡ a mixture of m1, m2, m3, proportional to the Uei2, cij = cosθij, sij = sinθij, α1,α2 = Majorana phases

• Uei = matrix elements of the PMNS-Matrix, mi = eigenvalues of the neutrino mass matrix

νe = Uei ν i
i
∑ Eigenstates of the mass operatorFlavor eigenstates

�0⌫ =
1

T 0⌫
1/2

= G0⌫(Q,Z)|M0⌫ |2 |m�� |2

m2
e

can be calculated

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



• Effective neutrino mass as a function of the smallest neutrino mass for the neutrino mass scenarios: 
“normal” and “inverted” hierarchy, and “degenerate”

Effective Majorana neutrino mass

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

March 7, 2012 5:0 WSPC/INSTRUCTION FILE Elliott-mpla

Double Beta Decay 3

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

T1/2 ⇠ 1027 yr

T1/2 ⇠ 1029 yr

current sensitivities

neutrino mass hierarchy normal inverted

100-1000 counts/(y t)

0.5 - 5 counts/(y t)

0.1-1 counts/(y 100 t)



T 0⌫
1/2 / a · ✏ ·

r
M · t
B ·�E

hm��i /
1q
T 0⌫
1/2

Experimental requirements

• Experiments 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 daughter nucleus



Experiments: Main Approaches

β1

β2

β1

β2

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

Source = Detector = Tracker 

X (mm)
0 50 100 150 200

Y
 (

m
m

)

-300

-250

-200

-150

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 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



Double Beta Isotopes and Techniques

End-point of 
natural γ 
radioactivity

End-point of 
222Rn-induced 
radioactivity

Figure from A. Giuliani

Phase space factor G ~ Q5



Double Beta Isotopes and Techniques
76Ge:  HPGe 
diodes (GERDA, 
MAJORANA)

130Te:  bolometers, 
TeO2 crystals 
(CUORE) and Te 
dissolved in large 
liquid scintillator 
(SNO+)

136Xe: xenon TPCs 
(EXO, NEXT) and Xe 
dissolved in large LS 
(KamLAND-Zen)

Gamma and beta background, also degraded alphas

Nonetheless, best current sensitivities!

Figure from A. Giuliani

Figure 7: Top left: EXO detector concept (figure from D. Auty presentation at 48th
Rencontres de Moriond, year 2013). Right: EXO-200 results, SS and MS fits with a zoom
(bottom right) of the SS fit in the ��(0⌫) region (figure from [99])

31



Double Beta Isotopes and Techniques

Scintillating 
bolometers: ZnSe, 
ZnMoO4, CdWO4 
(LUCIFER, LUMINEU, 
AMORE)

No gamma background, but degraded alphas

Figure from A. Giuliani

Figure 11: Design of the Majorana experiment with the strings of
germanium detectors placed at the center of the shield .

4.2. MAJORANA

The Majorana experiment [8] is based on the use of
Ge semi-detectors to look for neutrinoless double beta
decay of 76Ge. The main avantage is the very good
energy resolution and the e!ciency of these detectors.
Compared to the GERDA experiment, the Majorana
collaboration strategy is keep the conventional method
to run Ge semi-conductor diodes by improving the ra-
diopurity of the materials used in the detector, the pas-
sive shielding and the pulse shape discrimination. The
Ge diodes will be installed in the cryostats as strings of
4 detectors. The copper used will be electroformed in
underground conditions to avoid activation of cosmo-
genics. The compact shielding will be optimised with
an active muon veto. The detector 11 will be located
at Sanford Laboratory (USA). The objective is to reach
a background of 3 cts ct.keV!1.ton!1.y!1 in the region
of interest and to reach a sensitivity of " 0.1 eV in 2.5
years of data taking.

This projects has three phases. The first one is a cryo-
stat prototype with 2 strings of natGe and will finish end
of 2012. The second phase will be to install in a first
cryostat 3 strings of enrGe and 4 strings of natGe in fall
2013. The last one, will be the installation of 7 string of
enrGe in a second cryostat. This phase is scheduled for
fall 2014.

4.3. LUCIFER

The Lucifer experiment [9] is based on bolometers of
Zn82Se (12). With Zn82Se bolometers, it is possible to
measure both heat and scintillation light. By compar-
ison, in CUORE bolometric experiment, only the heat
of is measured in the TeO2 bolometers. This double

Zn82Se crystal  
(Ø=45mm, h= 55 mm)  

W=483 g  

Reflecting Foil 

PTFE supports 

Bolometric Light Detector 
Ge crystal 

Figure 12: Bolometers of Zn82Se.

signature allows to reduce the background by discim-
inating surface events from ! decay from double beta
decay bulk events. The energy resolution is " 10 keV
(FWHM). The detector have a mass of " 500 g and it is
planed to use in a first phase between 36 and 44 crys-
tals. The expected background is 3-6 ct.keV!1.kg!1.y!1

in the Region Of Interest (around 2995 keV). The Lu-
cifer experiment will be installed in the croystat of the
Cuoricino experiment when the test of CUORE-0 will
be finished in 2015.

A production of 15 kg of enriched 82Se will be done
in 2013. In parallel, the crystal growth will be per-
formed. The detector could be assembly for end of
2015.

An R&D is also in progress with bolometers of
ZnMoO4 in which the scintillation light yield is higher
than for Se based bolometers.

4.4. SNO+
The SNO+ detector [10] consists in a large volume

of liquid scintillator in a very low background environ-
ment. It is dedicated to the study of solar neutrinos but
it can be also used to look for neutrinoless double beta
decay of 150Nd by dissolving natNd or enrNd in the liq-
uid scintillator. The possibility to add up to 0.3 % of
Nd keeping good properties for the scintillator allows to
measure a large amount of Nd. In a first phase, around
2014, it is planed to add " 800 kg natNd corresponding
to 44 kg of 150Nd. The expected sensitivity on the ef-
fective neutrino mass is around 100 meV for 4 years of
data taking.

4.5. Other R&D
There are also other R&D on scintillating crystals

like the AMoRe project (Korea) which want to develop
CaMoO4 crystals with enriched 100Mo and depleted
48Ca. The energy resolution is 5 % FWHM in the ROI
and a half-life sensitivity of 6.0 1024 y (90 % CL) is
expected. The avantage of such crystals is also the pos-
sibility to use them as bolometers to improve the energy
resolution (15 keV FWHM). In this case with 100 kg of

F. Piquemal / Nuclear Physics B (Proc. Suppl.) 235–236 (2013) 273–280 279



Double Beta Isotopes and Techniques

But low isotopic 
abundance, 
difficult to enrich

Zr, Nd: Tracking 
calorimeters with 
thin foils 
(SuperNEMO)

CaF2 scintillators 
(CANDLES)

Almost background-free

Figure from A. Giuliani

Figure 5: The figure shows how a ��(0⌫) decay candidate event would appear in the
NEMO3 detector [65].

can be a concern (e.g. for germanium or copper), underground fabrication and/or stor-
age of the detector components is essential. Electromagnetic showers and �-rays from
radioactive decays produced in the rock surrounding the underground halls can produce
background. Detectors need therefore to be surrounded by heavy shields to reduce the
e↵ects of this radiation. To this end, layers of increasing radio-purity are used as the
innermost parts of the detector are approached. Shields against neutrons are also usually
implemented with layers of a moderating (hydrogenous) material followed by materials
with a high cross-section for neutron capture. Finally, even solar neutrinos can be an ir-
reducible source of background when very massive detectors (e.g. huge liquid-scintillator
calorimeters) are used.

In most cases, detectors are designed to measure only the total energy released in the
��(0⌫) decay (sum of the electron kinetic energies). Additional information (e.g. topo-
logical reconstruction) can be extremely helpful in identifying background contributions.
Actually the lowest background rate so far was achieved by the NEMO3 experiment [65],
a calorimeter with tracking capabilities (Fig. 5).

Given the rarity of ��(0⌫) decays, a high detection e�ciency is another important
requirement, as Eqs. (9) and (10) clearly indicate. In general, simple calorimeters have
the highest detection e�ciency.

Even if not appearing explicitly in Eq. (9), the choice of the �� isotope is particularly
important since it influences all the relevant factors that characterize the design of an
experiment:

• the isotopic abundance

• the nuclear details of the decay (i.e. the nuclear factor of merit)

• the Q-value (Q
��

)

19



Double beta detectors, world wide

SNOLab
SNO+

nEXO-5t 
(proposed)

WIPP
EXO-200

Homestake
Majorana

Modane
LUMINEU 

SuperNEMO 
demo

Canfranc
NEXT
BiPo

Gran Sasso
CUORE
GERDA
COBRA

LUCIFER

YangYang
AMoRE

Kamioka
Kamland-ZEN

CANDLES
DCBA

Here only very recent results: 
GERDA, EXO, KamLAND-Zen



The GERDA experiment at Gran Sasso

1400 m of rock

Gran Sasso laboratory

The LAr cryostat during its installation in Gran Sasso

• HPGe detectors, enriched to ~86% in 76Ge, directly submersed in LAr, which is 
shielded by ~ 10 m x 10 m of water



The GERDA experiment at LNGS

➡ LAr as cooling medium and shielding (U/Th 
in LAr < 7x10-4 µBq/kg)

➡ a minimal amount of surrounding materials

• Phase I (Nov 2011 - May 2013)
➡  ~18 kg enriched 76Ge detectors
• Phase II (early 2014)
➡  additional 20 kg Ge detectors
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Fig. 6 Cross section of the LAr cryostat inside the water tank (right
part cut away). The following components are indicated: skirt (1), ac-
cess hole (2), Torlon support pads (3), radon shroud (4), internal copper
shield (5), lower and upper heat exchanger (6), bellow in neck of in-
ner vessel (7), balcony (8), DN200 ports (9), manifold (10), bellow
between cryostat and lock (11) and DN630 shutter (12). The skirt pro-
vides 6 mounts for PMTs (13)

resides in the clean room above the manifold (see Sect. 4.4).
Relative movements between manifold and lock are decou-
pled from each other with a flexible bellow of 600 mm di-
ameter (item 11). A DN630 UHV shutter (item 12) on top of
the bellow allows the stand-alone operation of the cryostat
without lock.

The internal copper shield (item 5) consists of sixty 3 cm
thick overlapping plates of high purity oxygen free radiop-
ure (OFRP) copper with a total mass of 16 t. They are
mounted on a support ring achieving a copper thickness of
6 cm for the central 2 m high ring (centered at 4 m height)
and of 3 cm thickness in a range of 40 cm above and below.

Radon can emanate from the vessel walls and may be
transported by convection close to the Ge diodes. To prevent
this a central volume of about 3 m height and 750 mm diam-
eter is separated from the rest by a cylinder (item 4) made
out of 30 µm thick copper foil. This cylinder is called the
radon shroud.

During production and after its deployment at LNGS the
cryostat has been subjected to several acceptance and per-

formance tests. Both the inner and the outer vessel passed
the pressure vessel tests according to the European pressure
vessel code PED 97/23/EC. Helium leak tests for the in-
ner and the outer vessel showed no leak at the 10!5 (Pa!)/s
range. Evaporation tests with LN2 established the specified
thermal loss of <300 W both at the factory and after deliv-
ery. The 222Rn emanation rate of the inner volume of the
cryostat has been measured at room temperature at several
stages with the MoREx system [77] (for details see Table 4
in Sect. 6.2). After iterated cleaning the empty cryostat ex-
hibited the excellent value of (14 ± 4) mBq which increased
after the mounting of the Cu shield and the cryogenic in-
strumentation by about 20 mBq at each step, leading to a
final value of (54.7 ± 3.5) mBq. A uniform distribution of
this amount of 222Rn in the LAr would correspond to a
BI " 7 · 10!4 cts/(keV kg yr). Depending on its tightness,
the radon shroud is expected to reduce this contribution by
up to a factor of seven.

4.1.2 Cryogenic system

The cryogenic infrastructure consists of storage tanks,
super-insulated piping, and the systems for vacuum insu-
lation, active cooling, process control, and exhaust gas heat-
ing. The power for the entire system is taken from a ded-
icated line which is backed-up by the LNGS diesel rotary
uninterruptible power supply.

The storage tanks for LN2 and LAr, about 6 m3 each, are
located at about 30 m distance. To minimize argon losses
they are connected by a triaxial super-insulated pipe (LAr,
LN2 and vacuum super-insulation from inside to outside) to
the cryostat. The LAr tank has been selected for low radon
emanation. The tank has been used for the filling of the cryo-
stat and will be used further for optional refillings. The LAr
passes through a LN2-cooled filter filled with synthetic char-
coal [78] to retain radon as well as through two PTFE filters
with 50 nm pore size to retain particles. For the first filling
the charcoal filter was bypassed.

The insulation vacuum has to be maintained in a vol-
ume of about 8 m3. Out-gassing materials in this volume
include about 75 m2 of multilayer insulation and 50 m2 of
additional thermal insulation (Makrolon [79] of 6 mm thick-
ness). A pressure of 10!3 Pa was reached after two months
of pumping with a turbo pump of 550 !/s pumping speed
and intermediate purging with dry nitrogen. After cool down
the pressure dropped to about 2 · 10!6 Pa. At a residual out-
gassing rate in the range of 10!5 (Pa!)/s, the turbo pump is
kept running continuously.

The active cooling system uses LN2 as cooling medium.
It has been designed [80] to subcool the main LAr vol-
ume in order to minimize microphonic noise in the cryostat
while maintaining a constant (adjustable) working pressure
without evaporation losses. This is accomplished by two
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Abstract The GERDA collaboration is performing a search
for neutrinoless double beta decay of 76Ge with the epony-
mous detector. The experiment has been installed and com-
missioned at the Laboratori Nazionali del Gran Sasso and
has started operation in November 2011. The design, con-
struction and first operational results are described, along
with detailed information from the R&D phase.

1 Introduction

The GERDA experiment (GERmanium Detector Array [1])
is a search for the neutrinoless double beta (0!"") decay
of 76Ge. The observation of such a decay would prove that
lepton number is not conserved, and that the neutrino has a
Majorana component [2]. A discovery of 0!"" decay would
have significant implications on particle physics and other
fields, including cosmology [3]. The importance of the topic
has stimulated the development of several experimental ap-
proaches to the search for 0!"" decay on a number of iso-
topes which undergo double beta decay. For recent reviews
on the state of knowledge concerning double beta decay and
on running or planned experiments, see Refs. [4–8].

The experimental signature for 0!"" decay is a line in
the summed electron energy spectrum appearing at the Q-
value for the reaction, Q"" . The experimental result is a
measurement of, or a limit on, the half life, T1/2, for the
process. Within the three neutrino model and assuming the
existence of a significant Majorana component a positive ob-
servation of 0!"" decay would possibly give access to the
neutrino mass hierarchy as well as information on the abso-
lute values of the neutrino masses. The latter is only possi-
ble with knowledge of the nuclear matrix elements, M0! , as
discussed in Ref. [9–16]. The statements on the mass also re-
quire an understanding of whether the 0!"" process is solely
due to the Majorana nature of the neutrino, or whether ad-
ditional new physics processes beyond the Standard Model
contribute. A recent review of the particle physics implica-
tions of a discovery of 0!"" decay was given in Ref. [17].

Nuclides that are potentially 0!"" emitters will decay
via the Standard Model allowed 2!"" decay. Both reactions

a e-mail: grabmayr@uni-tuebingen.de
bDeceased
cNow in private business

are second order weak interactions, and therefore have ex-
tremely long half lives. Values have been directly measured
for 2!"" decay in about ten cases and these are in the range
1019–1021 yr [5]. The half lives for 0!"" decay, assuming
the process exists, are expected to be substantially longer.
Consequently, 0!"" decay experiments must be sensitive to
just a few events per year for a source with a mass of tens
to hundreds of kilograms. Backgrounds must typically be
reduced to the level of one event per year in the region of
interest (ROI), an energy interval of the order of the energy
resolution around Q"" .

Experiments looking for 0!"" decay of 76Ge operate
germanium diodes normally made from enriched material,
i.e. the number of 76Ge nuclei, the isotopic fraction f76,
is enlarged from 7.8 % to 86 % or higher. In these type
of experiments, the source is equal to the detector which
yields high detection efficiency. Additional advantages of
this technique are the superior energy resolution of 0.2 %
at Q"" = 2039 keV compared to other searches with differ-
ent isotopes and the high radiopurity of the crystal growing
procedure. Disadvantages are the relatively low Q"" value
since backgrounds typically fall with energy and the rela-
tive difficulty to scale to larger mass compared to e.g. ex-
periments using liquids and gases. There is a considerable
history to the use of 76Ge for the search for 0!"" decay.
After initial experiments [18–28], the Heidelberg–Moscow
(HDM) collaboration [29] and IGEX [30–33] were the driv-
ing forces in this field setting the most stringent limits. In
2004 a subgroup of the HDM collaboration [34] claimed
a 4# significance for the observation of 0!"" decay with
a best value of T1/2 = 1.19 · 1025 yr; the quoted 3# range
is (0.69–4.19) · 1025 yr. To scrutinize this result, and to
push the sensitivity to much higher levels, two new 76Ge
experiments have been initiated: MAJORANA [35, 36] and
GERDA [1]. The latter has been built in the INFN Lab-
oratori Nazionali del Gran Sasso (LNGS) at a depth of
3500 m w.e. (water equivalent). Whereas MAJORANA fur-
ther refines the background reduction techniques in the tra-
ditional approach of operating germanium detectors in vac-
uum, GERDA submerses bare high-purity germanium de-
tectors enriched in 76Ge into liquid argon (LAr) following
a suggestion by Ref. [37]; LAr serves simultaneously as a
shield against external radioactivity and as cooling medium.
Phase I of the experiment is currently taking data and will
continue until a sensitivity is reached which corresponds to
an exposure of 15 kg yr with a background index (BI) of
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24 Author to whom any correspondence should be addressed
25 Present Address: Robert Bosch GmbH, Reutlingen, Germany

0954-3899/13/035110+13$33.00 © 2013 IOP Publishing Ltd Printed in the UK & the USA 1

J. Phys. G: Nucl. Part. Phys. 40 (2013) 035110 The GERDA Collaboration

Table 2. Summary table of the systematic uncertainties on T 2!
1/2 which are taken into account for

this work and which are not included in the fitting procedure.

Uncertainty on T 2!
1/2

Item (%)

Non-identified background components +5.3
Energy spectra from 42K, 40K and 214Bi ±2.1
Shape of the 2!"" decay spectrum ±1

Subtotal fit model +5.8
!2.3

Precision of the Monte Carlo geometry model ±1
Accuracy of the Monte Carlo tracking ±2

Subtotal Monte Carlo ±2.2

Data acquisition and selection ±0.5

Grand total +6.2
!3.3

Additional background components that are not accounted for in the fit model might be
present in the GERDA spectrum (see [10] for a list of the # -ray lines detected in the GERDA
spectrum and of the corresponding intensities). Due to the large signal-to-background ratio
and the limited exposure these background components cannot be identified unambiguously.
The uncertainty arising from such possible contributions is estimated to be +5.3%. Since any
further background component would lead to a longer T 2!

1/2, this uncertainty is asymmetric. It
is estimated by performing a fit with the contributions from 60Co, 228Ac, and a flat background
added to the model. These additional components are treated in the same way as the ‘standard’
background components (42K, 40K, and 214Bi). The spectra from 60Co and 228Ac are simulated
by Monte Carlo assuming close sources and one additional parameter for each detector and
each additional background contribution is included in the fit. Also for the flat background
an individual contribution is considered for each detector. The flat component describes the
contribution coming from 208Tl decays from the 232Th chain: given the small number of events
expected in the analysis energy window, this contribution can be roughly approximated to be
constant. To a first approximation, also other possible non-identified background components
can be accounted by the constant contribution to the model.

The systematic uncertainty on T 2!
1/2 due to the uncertainties in the spectra of the standard

background components (42K, 40K, and 214Bi) is estimated to be 2.1%. It is evaluated by
repeating the analysis with different assumptions on the position and distribution of the sources
and with artificial variations (e.g. via a scaling factor) of the ratio between the full-energy peaks
and the Compton continua.

The primary spectrum of the 2!"" decay which is fed into the Monte Carlo simulation
is generated by the code DECAY0. DECAY0 implements the algorithm described in [3], which is
based on [27, 28]. The 2!"" decay distributions of [3] are in principle more precise than those
based on the Primakoff–Rosen approximation [29]. They have been cross-checked against the
high-statistics data of the NEMO experiment for several nuclei: 82Se, 96Zn and 150Nd [30]. The
2!"" spectrum derived by the Primakoff–Rosen approximation was used in earlier works
with 76Ge, like [31]. When the present analysis is re-run by using the formula of [31], the T 2!

1/2
result is stable within 1%.

The uncertainty related to the MAGE Monte Carlo simulation arises from two sources: (1)
the implementation of the experimental geometry into the code (dimensions, displacements,
materials); and (2) the interaction of radiation with matter (cross sections, final state
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T 2⌫
1/2 =

�
1.84+0.09

�0.08
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⇥ 1021 yr



The neutrinoless decay mode: no signal

• Observed and predicted number of 
background events in the energy region 
Qßß ± 5 keV

4

TABLE I. Parameters for the three data sets with and with-
out the pulse shape discrimination (PSD). “bkg” is the num-
ber of events in the 230 keV window and BI the respective
background index, calculated as bkg/(E · 230 keV). “cts” is
the observed number of events in the interval Q��±5 keV.

data set E [kg·yr] h✏i bkg BI †) cts
without PSD
golden 17.9 0.688± 0.031 76 18±2 5
silver 1.3 0.688± 0.031 19 63+16

�14 1
BEGe 2.4 0.720± 0.018 23 42+10

�8 1
with PSD
golden 17.9 0.619+0.044

�0.070 45 11±2 2
silver 1.3 0.619+0.044

�0.070 9 30+11
�9 1

BEGe 2.4 0.663± 0.022 3 5+4
�3 0

†) in units of 10�3 cts/(keV·kg·yr).

Seven events are observed in the range Q�� ± 5 keV272

before the PSD, to be compared to 5.1 ± 0.5 expected273

background counts. No excess of events beyond the ex-274

pected background is observed in any of the three data275

sets. This interpretation is strengthened by the pulse276

shape analysis. Of the six events from the semi-coaxial277

detectors, three are classified as SSE by ANN, consis-278

tently with the expectation. Five of the six events have279

the same classification by at least one other PSD method.280

The event in the BEGe data set is rejected by the A/E281

cut. No events remain within Q�� ± �E after PSD. All282

results quoted in the following are obtained with PSD.283

To derive the signal strength N0⌫ and a frequentist284

coverage interval, a profile likelihood fit of the three data285

sets is performed. The fitted function consists of a con-286

stant term for the background and a Gaussian peak for287

the signal with mean at Q�� and standard deviation �E288

according to the expected resolution. The fit has four289

free parameters: the backgrounds of the three data sets290

and 1/T 0⌫
1/2, which relates to the peak integral by Eq. 1.291

The likelihood ratio is only evaluated for the physically292

allowed region T 0⌫
1/2 > 0. It was verified that the method293

has always su�cient coverage. The systematic uncertain-294

ties due to the detector parameters, selection e�ciency,295

energy resolution and energy scale are folded in with a296

Monte Carlo approach which takes correlations into ac-297

TABLE II. List of all events within Q�� ± 5 keV

data set detector energy date PSD
[keV] 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. The combined energy spectrum from all enrGe de-
tectors 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
the PSD selection) based on the central value of Ref. [11],
T 0⌫
1/2 = 1.19 · 1025 yr (red dashed), and with the 90% upper

limit derived in this work, T 0⌫
1/2 = 2.1 · 1025 yr (blue solid).

count. The best fit value is N0⌫ = 0, namely no excess298

of signal events above the background. The limit on the299

half-life is300

T 0⌫
1/2 > 2.1 · 1025 yr (90% C.L.) (3)301

including the systematic uncertainty. The limit on the302

half-life corresponds to N0⌫ < 3.5 counts. The system-303

atic uncertainties weaken the limit by about 1.5%. Given304

the background levels and the e�ciencies of Table I, the305

median sensitivity for the 90%C.L. limit is 2.4 · 1025 yr.306

A Bayesian calculation [24] was also performed with307

the same fit described above. A flat prior distribution is308

taken for 1/T 0⌫
1/2 between 0 and 10�24 yr�1. The toolkit309

BAT [25] is used to perform the combined analysis on310

the data sets and to extract the posterior distribution311

for T 0⌫
1/2 after marginalization over all nuisance parame-312

ters. The best fit is again N0⌫ = 0 and the 90% credible313

interval is T 0⌫
1/2 > 1.9 · 1025 yr (with folded systematic314

uncertainties). The corresponding median sensitivity is315

T 0⌫
1/2 > 2.0 · 1025 yr.316

DISCUSSION317

The Gerda data show no indication of a peak at Q�� ,318

i.e. the claim for the observation of 0⌫�� decay in 76Ge319

is not supported. Taking T 0⌫
1/2 from Ref. [11], 5.9 ± 1.4320

decays are expected (see note [26]) in �E = ±2�E and321

2.0±0.3 background events after the PSD cuts, as shown322

in Fig. 1. This can be compared with three events de-323

tected, none of them within Q�� ± �E . The model (H1),324

“Claim”, PLB586 (2004)

GERDA lower limit from PL fit of the 3 data sets,
with constant term for background (3 parameters 
for the 3 data sets) and Gaussian term for signal: 
best fit is Nsignal = 0

T 0⌫
1/2 > 2.1⇥ 1025 yr (90%C.L.)

Observed Predicted  
background

No PSD 7 5.1

PSD 3 2.5

• 5.9 ± 1.4 events are expected for 
“claim”, and 2.0±0.3 signal events

Claim of evidence for 0νbb-decay:
signal: 28.8 ± 6.9 events
BG level: 0.11 counts/(keV kg yr)
HVKK et al., PLB 586 (2004) 198-212- the limit on the half life corresponds to Nsignal < 3.5 counts

T 0⌫
1/2 = 1.19⇥ 1025 yr

PRL 111, 122503, 2013



EXO-200 at WIPP (Carlsbad, USA)

• 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)



Half life of the 2-neutrino decay mode
• The first observation of this decay for 136Xe

• The T1/2 corresponds to a matrix element of M = 0.0218±0.0003 MeV-1, the smallest among the 
isotopes measured so far
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FIG. 26. (Color online) Fit results. Data and PDFs for SS energy spectra shown in linear (a), log (b), with residuals (c). The
residuals have been normalized by the bin error. To improve visualization of the fit results, the energy bin widths in the plot
are 20 keV instead of the 14 keV bin size used during fitting. SS stando↵ distribution is also shown (inset). Backgrounds have
been grouped together according to Rn components and components in or near the TPC vessel. The best-fit counts and errors
for each PDF are given in table VII. There are fewer events in the 0⌫�� region-of-interest than in [8] because of the stricter
fiducial volume cut.

repeated for each time bin. The results were found to be
consistent with a constant rate. In addition, an energy-
only (without SD) fit was performed, producing a best-
fit 2⌫�� counts value 3.0% less than the reported result.
As expected, since the stando↵ distance dimension im-
proves the estimates of the backgrounds, the correspond-
ing contribution from the backgrounds on the total error
increased slightly from 1.3% (table VIII) to 1.35% for the
energy-only fit.

In addition to the studies performed in section IXC4,
further investigations were undertaken to test the pos-
sibility that an unknown or unconsidered background is
a↵ecting the results of the fit. It is important to note
that the measured goodness-of-fit is already an indica-
tion that the chosen fit model describes the data well.
This suggests that, for an unknown background to af-
fect the 2⌫�� measurement, it would need to exhibit an
energy spectrum and stando↵ distance distribution sim-
ilar to 2⌫�� decay. As in [3] we consider two candidates
satisfying these requirements, 90Y and 188Re, supported

by 90Sr and 188W, which have half-lives of 28.90 yr and
69.78 d, respectively. It is important to note that the
presence of these isotopes in the LXe is considered a

priori unlikely as no indication of more common con-
taminants (e.g. metallic components from the U and Th
chains) has been seen and the LXe is being continuously
purified.
A ML fit to the Run 2a dataset with an added time

dimension was performed, including a PDF from 188Re
with an exponentially decaying time component corre-
sponding to the 188W half-life. The results of this fit
found the number of counts of 188Re to be consistent
with zero and produced a best-fit value of 2⌫�� within
0.8% of the quoted value. To investigate any e↵ect due to
90Y, a ML fit was performed by adding a 90Y PDF to the
standard set of PDFs. The results of this fit produced a
best-fit value of 2⌫�� within 3% of the quoted value.
A final cross-check consisted in performing the fit with

increasing energy thresholds. The purpose of this cross-
check is to investigate the possible presence of other unex-
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PDF Type Counts

Cu vessel backgrounds
60Co 560 ± 70
40K 1430 ± 70

232Th 590 ± 50
238U 90 ± 100
65Zn 110 ± 50

Rn backgrounds

TPC Cathode
214Bi 18 ± 1

Active LXe
222Rn 63 ± 4

Air Gap
214Bi 1100 ± 200

Inactive LXe
222Rn 44 ± 3

TABLE VII. Summary of fit results for counts of the compo-
nent PDFs in the fit model. Counts are the total integrated
number above 700 keV across both the SS and MS spectra.
The errors quoted are estimated from MIGRAD and are not
produced using profile-likelihood scans. 54Mn in the Cu ves-
sel, 0⌫�� and 135Xe are omitted from this table as their best
fit values are consistent with 0. The division of background
components is as given in figs. 26 and 27.

for SS events projected onto the energy axes. The pro-
jection onto the SD axis is provided in the inset. The
corresponding spectra for MS events are shown in fig. 27.

The best-fit value for 2⌫�� corresponds to 19042 events
above 700 keV. The total error on this value is esti-
mated by performing a profile likelihood scan, yielding
a 1� error of 538 events, which incorporates the system-
atic errors from table VI. The total exposure of 136Xe is
23.14 kg·year and the overall detection e�ciency (includ-
ing the energy spectral cut) for 2⌫�� events is 57.88%.
This with the molar mass of 135.514 g/mol translates
into a 2⌫�� half-life of

T2⌫��

1/2

= 2.165± 0.016(stat)± 0.059(sys) · 1021 years

The best fit values and associated errors for the
counts of the component PDFs are listed in table VII 1.
The breakdown of the contributions from various error
sources on the total error on the 2⌫�� measurement
is given in table VIII. Finally, this result is compared
to other measurements of the 2⌫�� half-life of 136Xe in
fig. 28.

The cumulative �2 for the projected energy and stand-
o↵ distance distributions shown in figs. 26 and 27 are,
respectively, 100.1 and 22.8 (94.0 and 23.2) for SS (MS)

1 We plan to present a full study of the background contributions
in an upcoming publication.

Component Error (%)

Systematic errors from table VI 2.60

SS/(SS+MS) Fraction 0.77

Backgrounds 1.3

Statistical 0.76

Total 2.83

TABLE VIII. Summary of estimates of contributions to the
final total error on 2⌫�� due to various components. Note
that this includes errors explicitly included in the normaliza-
tion term (from table VI) in addition to errors arising from
other nuisance parameters (e.g. single-site fraction). The to-
tal error is taken from the profile-likelihood scan (PLL) and
is not a simple sum in quadrature as the components are cor-
related. To estimate the statistical error, all nuisance param-
eters except the 2⌫�� counts are fixed to their best-fit values
and the PLL rerun. To estimate the error component due to
other sets of nuisance parameters, the following procedure is
followed: after the best-fit parameters are found, the PLL is
regenerated after fixing the relevant nuisance parameters to
their best-fit values. The reduction of width in the resulting
PLL from the original PLL yields the estimate on the error
due to the particular component(s).

events. Since the best-fit parameters were determined
using a ML fit, it is not possible to directly calculate the
degrees of freedom (NDF) from the number of parame-
ters and bins (see e.g. [38]). Instead, the NDFs for each
of the 4 projection distributions were estimated using toy
Monte Carlo simulations, performed by generating a toy
data set from the best-fit parameters and rerunning the
fit 5000 times. This study estimates the NDF for energy
and stando↵ distributions to be, respectively, 113.7 and
17.2 (106.8 and 13.6) for SS and MS events, yielding a
reduced �2 of 0.88 and 1.33 (0.88 and 1.70).
A typical quantity to compare results between experi-

ments is the observed signal-to-background ratio (SBR).
Because the ML fit is performed with 2 observables (en-
ergy and stando↵ distance) and across 2 classes of events
(single-site and multi-site), it is di�cult to define one
number quantifying this ratio. However, the 2⌫�� signal
is observed to be 95% SS, consistent within the estimated
systematic errors with the 98% SS predicted by the EXO-
200 simulation, and so we may consider the SBR quantity
purely in this class of events. The average SBR over the
SS spectra is roughly 11. This quantity increases to 16
(19) as one selects the inner 60% (40%) of the fiducial
volume, demonstrating the self-shielding of the xenon in
addition to the power of fitting over the stando↵ distance
observable.

E. Final cross-checks

A series of cross-checks were performed on the fit re-
sult. The rate of 2⌫�� was binned versus time and the fit

PRL 107, 2011 and arXiv:1306.6106, Oct 2013



T 0⌫��
1/2 > 1.6⇥ 1025 yr (90%C.L.)

The neutrinoless decay mode: no signal

• 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

Exposure: 32.5 kg yr, background: ~ 1.5 x 10-3 kg-1yr-1keV-1

PRL 109, 2012



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 + liquid scintillator 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 scintillator 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



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



T 0⌫��
1/2 > 1.9⇥ 1025 yr (90%C.L.)

The 2-neutrino and 0-neutrino decay modes

• Resolution at 2.6 MeV: sigma ~ 4.1%; background dominated

• No evidence for a 0-neutrino signal

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 !1:3" 0:2# $ 10%16 g=g and !1:8" 0:1# $
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 (!%, " &
5:5 min , Q & 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 !ton ' day#%1 and !2:11" 0:44# $
10%2 !ton ' day#%1 from 11C (!(, " & 29:4 min , Q &
1:98 MeV) and 10C (!(, " & 27:8 s, Q & 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 (!( $’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 (!( $’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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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 !1:3" 0:2# $ 10%16 g=g and !1:8" 0:1# $
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 (!%, " &
5:5 min , Q & 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 !ton ' day#%1 and !2:11" 0:44# $
10%2 !ton ' day#%1 from 11C (!(, " & 29:4 min , Q &
1:98 MeV) and 10C (!(, " & 27:8 s, Q & 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 (!( $’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 (!( $’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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FIG. 4. (Color) (a) Energy spectrum of selected !! decay
candidates together with the best-fit backgrounds and 2"!! decays,
and the 90% C.L. upper limit for 0"!! decays; the fit range is
0.5 < E < 4.8 MeV. The coincident !/# events from 208Tl give
the main contribution from 3 to 5 MeV. (b) Closeup of (a) for
2.2 < E < 3.0 MeV. (c)–(e) Closeups for 2.2 < E < 3.0 MeV with
different background assumptions around the 0"!! peak: (c) only
0"!!, (d) 110Agm + 0"!!, (e) 208Bi + 0"!!, for comparison. $ 2

are from the data in this energy range.

The relative contributions of 0"!! window backgrounds are
additionally constrained by the time variation of the event rate
in the energy range 2.2 < E < 3.0 MeV.

Figure 4(a) shows the resulting best-fit spectral decomposi-
tion. The $2/d.o.f. comparing the binned data and the best-fit

expectation is 99.7/87. 2"!! decay is the dominant spectral
feature in the low-energy region. The best-fit number of 136Xe
2"!! decays is (3.55 ± 0.03) ! 104, corresponding to an
event rate of 80.9 ± 0.7 (ton day)"1. We found no systematic
variations due to the choice of the data period and volume
within the 1.2-m-radius FV. The dominant backgrounds at
low-energy are from 85Kr and 210Bi, with best-fit rates of
196 ± 8 (ton day)"1 and 103 ± 3 (ton day)"1, respectively.
The fit yields the following 90% C.L. upper limits on other
background rates (per ton day) in the Xe-LS: 40K < 9.6,
234Pa < 1.5, 134Cs < 0.4, 228Ac < 0.7, 90Y < 0.8, and 137Cs <
1.1; other fallout isotopes are negligible.

Around the 0"!! energy, a strong peak appears, but the
peak is centered significantly above the Q value of the decay
[Fig. 4(c)]; the hypothesis that the peak can be described by
0"!! decay alone is rejected by a $2 test at more than 5%
C.L., including the systematic uncertainties on the energy
scale model. The best-fit combined background rate around
the 0"!! energy allowing for contributions from 110Agm,
88Y, 208Bi, and 60Co is 0.22 ± 0.04 (ton day)"1. Figures 4(d)
and 4(e) show the distribution if only 208Bi or 110Agm,
respectively, contribute as background to the 0"!! peak. We
conclude that the data in the 0"!! region is contaminated
by the candidate backgrounds (but mainly due to 208Bi or
110Agm), and the 0"!! limit is extracted by floating those
contributions [Fig. 4(b)]. The 90% C.L upper limit on the
number of 136Xe 0"!! decays is <15 events, an event rate of
<0.034 (ton day)"1.

The measured 2"!! decay half-life of 136Xe is
T 2"

1/2 = 2.38 ± 0.02(stat) ± 0.14(syst) ! 1021 yr. This
is consistent with the result obtained by EXO-200,
T 2"

1/2 = 2.11 ± 0.04(stat) ± 0.21(syst) ! 1021 yr [6]. For
0"!! decay, the data give a lower limit of T 0"

1/2 > 5.7 !
1024 yr (90% C.L.), which corresponds to almost a fivefold
improvement over previous limits [7]. From the limit on
the 136Xe 0"!! decay half-life we obtain a 90% C.L. upper
limit of #m!!$ < (0.3 " 0.6) eV using recent QRPA (CCM
SRC) [16] and shell model [17] nuclear matrix elements
calculated prior to the EXO-200 measurement.

VII. CONCLUSION

In summary, KamLAND-Zen provides an improved mea-
surement of the 136Xe 2"!! decay half-life. The result is
consistent with that of EXO-200 and supports the conclusion
that the directly measured half-life is significantly less than
the lower limits reported by earlier experiments. Our analysis
includes a search for 0"!! decay of 136Xe and yields an
improved lower limit on its half-life. Removal of contaminants
in the Xe-LS is an important task to improve the 0"!! decay
search sensitivity. In the future, systematic uncertainties will
also be reduced by performing source calibrations in the
Xe-LS.
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The search continues...

• Ton-scale experiments are needed to explore the inverted mass hierarchy scale

• Several technologies are moving towards this scale with ultra-low backgrounds

• It remains to be seen which ones can be upgraded to 10-100 ton scale and explore the normal 
hierarchy

100-1000 counts/(y ton)

0.5-5 counts/(y ton)
20 meV

0.1-1 counts/(y 100 ton)
1 meV

current reach

normal hierarchy

inverted hierarchy



Current and future double beta 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



Summary

• Neutrinos are different!

• Strong evidence for non-zero neutrino masses and non-trivial mixing from oscillation 
experiments

• Nonetheless, many questions remain unanswered:

➡absolute mass scale and hierarchy?

➡Majorana- versus Dirac particles?

➡ is there CP-violation in the neutrino-sector?

➡what is the origin of small neutrino masses?

➡what is the origin of the large neutrino mixing?

• The observation of the neutrinoless double beta decay could help in answering some of 
these questions



End



Matrix elements
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FIG. 7: (Color online) Neutrinoless double beta decay transition matrix elements for the di!erent 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 di!erent single nucleon basis sets, two di!erent axial charges gA = 1.25 and the quenched value
gA = 1.00 and two di!erent 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 0!"" transition matrix elements for the di!erent 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 e!ective Majorana mass one must calculate the nuclear matrix elements (NMEs)
of 0!""-decay, which is a complicated nuclear many-body problem. Five di!erent
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
0!""-decay of di!erent 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 di!erent nuclei:

T 0!
1/2(Z1, A1)

T 0!
1/2(Z2, A2)

!
G0!(Q2, Z2)

G0!(Q1, Z1)
(68)

Table 2. Methods of calculation of nuclear matrix elements of 0!""-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


Phase space
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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

G0ν ∝ (Qββ
5 ,Z )
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Dueck%et%al.%Phys,.%Rev.%D%83%113010(2011)%%

G0⌫(Q,Z) / (Z,Q5)

F. Piquemal, Neutrino2012, Kyoto



Neutrino masses
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