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Motivation

Oscillation experiments
measure mass-squared
differences and mixing
angles

Figure from S. King Presentation at UKNF
(May 2005). Available:
http://hepunx.rl.ac.uk/uknf/2005-05-04/uknf-
sfk-pheno.ppt

Open questions
I What is the absolute neutrino

mass scale?
I What is the mass hierarchy?
I Are neutrinos ‘Majorana’

particles? ( ν = ν̄ )
I Do neutrinos play a role in

leptogenesis?
Neutrinoless double-beta decay
(0νββ) experiments can address
these questions.
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0νββ

2νββ-decay
Allowed for even-even nuclei stable against β-decay.

(e.g. 48Ca, 76Ge, 82Se, 96Zr 100Mo, 116Cd, 128Te, 130Te, 136Xe, 150Nd)76Ge
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0νββ

2νββ
I (A,Z )→

(A,Z + 2) + e− + e− + ν̄ + ν̄

I Allowed, seen in several nuclei
I T 2ν

1/2 ∼ 1020y
Energy spectrum of emitted electrons:

dramatic progress in our ability to compensate for high-
momentumphysicsthat iscut out �see, e.g., Bogner et al.
�2003��, but reliably correctingfor low energy excitations
such as core polarization is a longstandingproblem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, ishelpful but apparently not
foolproof.

In the long term these issues will be solved. A s al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei asheavy as 40Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle 76Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. A nd the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion isthat theuncertainty in thenuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theoristsare
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak �see Fig. 5� upon a continuum of background.
Observing this small peak and demonstrating that it is
truly ␤␤�0 � is a challenging experimental design task.
The characteristics that make an ideal ␤␤�0 � experi-
ment have been discussed �Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003�. A lthough no detector design
has been able to incorporate all desired characteristics,
each includes many of them. �Section VII.C describes
the various experiments.� Here we list the desirable fea-
tures:

• The detector massshould initially be large enough to
cover thedegeneratemassregion �100–200 kgof iso-

tope� and be scalable to reach the inverted-hierarchy
scale region �� 1 ton of isotope�.

• The ␤␤�0 � source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of ␤␤.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source isalso the detector. A lternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a �usually� much smaller detector.

• Good energy resolution is required to prevent the
tail of the ␤␤�2 � spectrum from extending into the
␤␤�0 � region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel �2002�.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q␤␤ usually leads to a fast ␤␤�0 � rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow ␤␤�2 � rate also helps control this
background.

• Identifying the daughter in coincidence with the ␤␤
decay energy eliminates most potential backgrounds
except ␤␤�2 �.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of ␤␤�0 � events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most ␤␤ experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered ␥rays, ␤ rays �sometimes in coinci-
dence with internal conversion electrons�, and ␣par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the ␤␤�0 � signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-

FIG. 5. The distribution of the sum of electron energies for
␤␤�2 � �dotted curve� and ␤␤�0 � �solid curve�. The curves
were drawn assuming that �0 is 1% of �2 and for a 1−
energy resolution of 2%.

496 Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and�

Rev. Mod. Phys., Vol. 80, No. 2, April–June2008

Rev. Mod. Phys. 80 (2008) 481

ν̄

e−ν̄

e−

(A,Z )
Nucl. phys.

(A,Z + 2)

Alexis Schubert MAJORANA 5/14



Introduction 0νββ overview The MAJORANA experiment Summary

0νββ

0νββ
I (A,Z )→ (A,Z + 2) + e− + e−

I Not yet seen, but limits exist:
I For 76Ge: T 0ν

1/2 > 1.6× 1025y

Phys. Rev. Lett. 83 (1991) 41
Energy spectrum of emitted electrons:

dramatic progress in our ability to compensate for high-
momentumphysicsthat iscut out �see, e.g., Bogner et al.
�2003��, but reliably correctingfor low energy excitations
such as core polarization is a longstandingproblem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, ishelpful but apparently not
foolproof.
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ready mentioned, the coupled-cluster approximation, an
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realized. A nd the pace of theoretical work will increase
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than one isotope will only make things better. Our opin-
ion isthat theuncertainty in thenuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theoristsare
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak �see Fig. 5� upon a continuum of background.
Observing this small peak and demonstrating that it is
truly ␤␤�0 � is a challenging experimental design task.
The characteristics that make an ideal ␤␤�0 � experi-
ment have been discussed �Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003�. A lthough no detector design
has been able to incorporate all desired characteristics,
each includes many of them. �Section VII.C describes
the various experiments.� Here we list the desirable fea-
tures:

• The detector massshould initially be large enough to
cover thedegeneratemassregion �100–200 kgof iso-

tope� and be scalable to reach the inverted-hierarchy
scale region �� 1 ton of isotope�.

• The ␤␤�0 � source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of ␤␤.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source isalso the detector. A lternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a �usually� much smaller detector.

• Good energy resolution is required to prevent the
tail of the ␤␤�2 � spectrum from extending into the
␤␤�0 � region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel �2002�.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q␤␤ usually leads to a fast ␤␤�0 � rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow ␤␤�2 � rate also helps control this
background.

• Identifying the daughter in coincidence with the ␤␤
decay energy eliminates most potential backgrounds
except ␤␤�2 �.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of ␤␤�0 � events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most ␤␤ experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered ␥rays, ␤ rays �sometimes in coinci-
dence with internal conversion electrons�, and ␣par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the ␤␤�0 � signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
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FIG. 5. The distribution of the sum of electron energies for
␤␤�2 � �dotted curve� and ␤␤�0 � �solid curve�. The curves
were drawn assuming that �0 is 1% of �2 and for a 1−
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0νββ

If 0νββ is seen:

I Violates lepton number: ∆L=2
I ν = ν̄ The neutrino is a Majorana particle
I We can determine effective neutrino mass from 0νββ

decay rate:

(
T 0ν

1/2

)−1
=G0ν |M0ν |2〈mνββ 〉

2

〈mνββ 〉 =
∣∣∣∑miU2

ei

∣∣∣
= |Ue1|2 m1 + |Ue2|2 m2eiφ2 + |Ue3|2 m3eiφ3
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0νββ

Relating the effective mass to kinematic mass:
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normal inverted

〈mνββ 〉 = |Ue1|2 m1 + |Ue2|2 m2eiφ2 + |Ue3|2 m3eiφ3

Alexis Schubert MAJORANA 7/14



Introduction 0νββ overview The MAJORANA experiment Summary

The MAJORANA Experiment

MAJORANA: 0νββ in 76Ge
Experiments with multiple isotopes are needed because of
uncertainty in matrix element calculations.

Advantages of germanium

I High-purity Ge detectors = source
I collect charge from ionization

I Q-value above many backgrounds:
2039 keV

I High resolution ( ∼0.16% at 2039 keV)
I Background rejection (pulse-shape analysis,

segmentation)
I Established 76Ge enrichment technique

76Ge
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The MAJORANA Experiment

The MAJORANA Experiment: Demonstrator Module

I 60 kg of Ge
I 30 kg enriched in 76Ge
I Analyze detector technologies: n- and

p-type, segmented, point-contact,
monolithic

I Detectors deployed in array of strings
I DOE and NSF support

Alexis Schubert MAJORANA 9/14



Introduction 0νββ overview The MAJORANA experiment Summary

The MAJORANA Experiment

The MAJORANA Experiment: Demonstrator Module

Low Background Design

I Electro-formed copper cryostat
I Passive and active shielding
I Located underground (4850’

Sanford Lab (DUSEL))

Goal: Demonstrate backgrounds low
enough to scale to 1-tonne
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The MAJORANA Experiment

MAJORANA Demonstrator Sensitivity
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The MAJORANA Experiment

Future one-tonne experiment

MAJORANA will collaborate with GERDA

I The Germanium Detector Array
(GERDA) experiment

I Also using 76Ge for 0νββ search
I Ge submerged in liquid Ar

I Sensitivity to effective neutrino mass
after 10 years: ∼ 10s of meV
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Summary

I 0νββ allows us to probe ν mass and nature
I MAJORANA will look for 0νββ in 76Ge
I MAJORANA Demonstrator will test background goal
I GERDA and MAJORANA will collaborate for tonne-scale

experiment

Detectors and backgrounds: Mike Marino∗

∗I used his slides.
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