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three-flavor analysis of the KamLAND and solar data described in Chapter 7 provides
an upper bound on sin2 θ13 which is consistent with existing limits. This unknown
parameter is currently under investigation at next generation short-baseline reactor
experiments and at accelerator neutrino experiments searching for electron-neutrino
appearance in νµ-beams [37, 38].
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Figure 1.12: Neutrino mass spectra allowed by neutrino oscillation data, the left
spectrum is called normal hierarchy, the right is called inverted hierarchy. This figure
reproduced from at www.hitoshi.berkeley.edu/neutrino.

ν-oscillations tell us the mass splittings #
solar matter effects tell us sign of dm221  

• Absolute offset from Zero 

• Sign of dm223 (Hierarchy) 

Normal Inverted ?
Hierarchy

?
Mass Scale 

Neutrino Mass: Some open questions

NH IH



���5

Double Beta Decay
14

!
"

"

n

n p

p

e

e

!

W

W

(a)

!"

n

n p

p

e

e
W

W

x

(b)

Figure 2.3: Feynman diagrams for (a) two-neutrino double beta decay and (b)
neutrinoless double beta decay mediated by light neutrino exchange. Figure from
Ref. [25].

double beta decay was first considered by Raccah in 1937 [27] soon after Majo-
rana put forward his symmetric theory of particles and antiparticles. The first
calculations of the rate for 0⇥�� decay, performed by Furry [28], yielded a much
faster rate than for 2⇥�� decay, which prompted initial interest in experimental
detection of 0⇥�� decay. However, at that time the chiral nature of the weak
interaction was not yet known so a severe suppression of the 0⇥�� rate, discussed
below, was not incorporated in the calculations.

Neutrinoless double beta decay is forbidden in the Standard Model since it
manifestly breaks lepton number conservation (and B � L). Of course lepton
number conservation is broken anyway if neutrinos are Majorana particles. Feyn-
man diagrams for 2⇥�� and 0⇥�� decay are shown in Fig. 2.3. The 2⇥�� diagram
contains only Standard Model interactions. The 0⇥�� diagram requires only the
known V � A interactions in addition to a massive Majorana neutrino. One can
think of the virtual neutrino in the diagram as being produced as an antineutrino
(equal to a neutrino since it is Majorana) at one vertex and absorbed as a neu-
trino at the other vertex. In addition to the Majorana equivalence of neutrino
and antineutrino, a nonzero neutrino mass is required to flip the helicity since
antineutrinos are right-handed and neutrinos are left-handed. The helicity flip
and the smallness of the neutrino mass cause the rate of 0⇥�� decay, if it occurs
at all, to be much lower than the rate of 2⇥�� decay.

The rate of 0⇥�� decay driven by the exchange of light Majorana neutrinos is
given to a good approximation by [25]

1

T 0⇥��
1/2

= G0⇥(Q, Z)|M0⇥ |2 m2
��, (2.1)

where G0⇥(Q, Z) is a phase space factor proportional to Q5, M0⇥ is a nuclear

state is always Iπ = 0+. The ββ decay rate is a steep function of the energy carried by the outgoing leptons
(i.e. of the decay Q-value). Hence, transitions with larger Q-value are easier to observe. For this reason
in Table 1 I list all candidate nuclei with Q values larger than 2 MeV that are particularly well suited for
the study of the ββ decay.

There has been a significant progress recently in the accuracy of the atomic mass determination using
various trap arrangements. In many cases the Q-values are determined with accuracy better than 1 keV,
making the search for the all important 0νββ decay mode easier; in Table 1 these more recent Q-value
determinations are shown, together with the corresponding references.

In both modes of the ββ decay the rate can be expressed as a product of independent factors that
depend on the atomic physics (the so called phase-space factors G0ν and G2ν) that include also the Q-value
dependence as well as the fundamental physics constants, nuclear structure (the nuclear matrix elements
M0ν and M2ν), and for the 0νββ mode the possible particle physics parameters (the effective neutrino
mass ⟨mββ⟩ in the simplest case). Thus

1

T 0ν
1/2

= G0ν |M0ν |2|⟨mββ⟩|2 ;
1

T 2ν
1/2

= G2ν |M2ν |2 . (2)

Table 1: Candidate nuclei for ββ decay with Q > 2 MeV

Transition Q-value Ref. (G2ν)−1 (G0ν)−1

(keV) (y × MeV−2) (y × eV2)
48
20Ca → 48

22Ti 4273.6± 4 7) 9.7 ×1016 4.1×1024

76
32Ge → 76

34Se 2039.006 ± 0.050 8) 2.9×1019 4.1×1025

82
34Se → 76

36Kr 2995.50 ± 1.87 7) 8.8×1017 9.3×1024

96
40Zr → 96

42Mo 3347.7 ± 2.2 7) 2.0×1017 4.5×1024

100
42 Mo → 96

44Ru 3034.40 ± 0.17 9) 4.1×1017 5.7×1024

110
46 Pd → 96

48Cd 2017.85 ± 0.64 10) 9.6×1018 5.7×1025

116
48 Cd → 116

50 Sn 2813.50 ± 0.13 11) 4.8×1017 5.3×1024

124
50 Sn → 124

52 Te 2287.80 ± 1.52 7) 2.3×1018 9.5×1024

130
52 Te → 130

54 Xe 2527.01 ± 0.32 12) 8.0×1017 5.9×1024

136
54 Xe → 136

56 Ba 2458.7 ± 0.6 13) 7.9×1017 5.5×1024

150
60 Nd → 150

62 Sm 3371.38 ± 0.20 14) 3.2×1016 1.3×1024

The values of G0ν and G2ν are also listed in Table 1. The entries there are taken from Ref. 6), and
are not corrected for the small changes in Q and gA since that time. Also, since by convention the nuclear
matrix elements M0ν are dimensionless, the nuclear radius appears in them as a multiplicative factor. To
compensate for it, the phase-space factor G0ν is proportional to R−2, where R = r0 × A1/3 is the nuclear
radius. In Table 1 the value r0 = 1.2 fm was used. (Note that, obviously, the values of the phase-space
factors depend on the convention used for r0 and gA. One has to keep that issue in mind when using the
Eq. (2) to relate the half-lifes and nuclear matrix elements (see e.g. 15,?)).)

Double beta transitions are possible and potentially observable because nuclei with even Z and N are
more bound than the odd-odd nuclei with the same A = N + Z. A typical example is shown in Fig. 1.
With one exception, all nuclei in Table 1 have an analogous mass pattern. The one exception is 48Ca
where the intermediate nucleus 48Sc can be in principle reached by the β− decay of 48Ca with Q= 278
keV. However, the ground state of 48Sc is 6+ and the first excited state at 131 keV is 5+. β decays with a
large nuclear spin change are heavily suppressed; in this particular case the β− decay of 48Ca has not been
observed as yet, while the 2νββ decay has been observed.

The two-neutrino mode (2νββ) is just an ordinary beta decay of two bound neutrons occurring simul-
taneously since the sequential decays are forbidden by the energy conservation law. For this mode, clearly,

2

Phase space factor

Nuclear matrix element

half-life

 half lives ~1019-1021 years ! 
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the outgoing electrons. The 0νββ amplitude is then a sum over the contributions of the
different νi. It is assumed that the interactions at the two leptonic W vertices are those
of the SM.

Figure 13.6: The dominant mechanism for 0νββ. The diagram does not exist
unless νi = νi.

Since the exchanged νi is created together with an e−, the left-handed SM current that
creates it gives it the helicity we associate, in common parlance, with an “antineutrino.”
That is, the νi is almost totally right-handed, but has a small left-handed-helicity
component, whose amplitude is of order mi/E, where E is the νi energy. At the vertex
where this νi is absorbed, the absorbing left-handed SM current can absorb only its
small left-handed-helicity component without further suppression. Consequently, the
νi-exchange contribution to the 0νββ amplitude is proportional to mi. From Fig. 13.6,
we see that this contribution is also proportional to U2

ei. Thus, summing over the
contributions of all the νi, we conclude that the amplitude for 0νββ is proportional to the
quantity

∣∣∣∣∣
∑

i

mi U2
ei

∣∣∣∣∣ ≡ | < mββ > | , (13.33)

commonly referred to as the “effective Majorana mass for neutrinoless double-beta
decay” [42].

To how small an | < mββ > | should a 0νββ search be sensitive? In answering this
question, it makes sense to assume there are only three neutrino mass eigenstates — if
there are more, | < mββ > | might be larger. Suppose that there are just three mass
eigenstates, and that the solar pair, ν1 and ν2, is at the top of the spectrum, so that we
have an inverted spectrum. If the various νi are not much heavier than demanded by the
observed splittings ∆m2

atm and ∆m2
⊙, then in | < mββ > |, Eq. (13.33), the contribution

of ν3 may be neglected, because both m3 and |U2
e3| = s2

13 are small. From Eqs. (13.33)
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matrix element, and m⇥⇥ is the e⇥ective Majorana mass defined as

m⇥⇥ �

�����

3⇥

i=1

U2
ei mi

����� . (2.2)

The particle physics information is contained in m⇥⇥. The phase space factor,
G0⌅(Q, Z), is calculable. Calculation of the nuclear matrix element, M0⌅ , is a
challenging problem in nuclear theory (discussed further in Sect. 2.1). Experi-
ments attempt to measure T 0⌅⇥⇥

1/2 , and in the absence of a signal, they set a lower
limit. Combining the measurement and the calculations, the value of m⇥⇥ is de-
duced or an upper limit is set.

If neutrinos are Majorana particles, measuring or constraining the e⇥ective
Majorana mass provides information on the neutrino mass scale and hierarchy.
This is possible because there is a relationship between the e⇥ective Majorana
mass and the mass of the lightest neutrino. The relationship depends on whether
the hierarchy is normal or inverted because which neutrino mass eigenstate is the
lightest depends on which hierarchy is realized in nature, as indicated in Fig. 1.3.
For the normal hierarchy, m1 is the lightest and therefore

m⇥⇥ � |U2
e1m1 + U2

e2m2 + U3
e3m3|

=

����U
2
e1m1 + U2

e2

⇤
�m2

12 + m2
1 + U2

e3

⇤
|�m2

13| + m2
1

����

=

����cos2 ⇥12 cos2 ⇥13e
i�1m1 + sin2 ⇥12 cos2 ⇥13e

i�2

⇤
�m2

12 + m2
1

+ sin2 ⇥13e
�2i⇤

⇤
|�m2

13| + m2
1

���� .

(2.3)

A similar expression is easily derived for the inverted hierarchy in which m3 is the
lightest mass eigenvalue. Plugging in the measured values of the neutrino mixing
angles and mass-squared di⇥erences from Table 1.1, a value for m⇥⇥ is obtained
for each value of the lightest neutrino mass, m1 for the normal hierarchy or m3

for the inverted hierarchy, and for a given set of values for the phases. Figure 2.4
shows the range of allowed values for m⇥⇥ for each value of the lightest neutrino
mass, obtained by allowing the unknown phases to vary over their possible values
from 0 to 2⌅. There are distinct bands of allowed m⇥⇥ depending on the hierar-
chy, though the bands overlap in the quasi-degenerate mass regime. Neutrinoless
double beta decay experiments set upper limits on m⇥⇥ and therefore exclude a
region from the top of Fig. 2.4. In this way, 0⇤�� decay experiments can rule
out the quasi-degenerate mass regime under the assumption that neutrinos are
Majorana particles. Future 0⇤�� decay experiments may have the sensitivity to
rule out the inverted hierarchy.

Direct counting experiments search for double beta decay by measuring the
sum of the electron energies and, in some experiments, the energy of the nuclear

Sum of electrons energy 
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state is always Iπ = 0+. The ββ decay rate is a steep function of the energy carried by the outgoing leptons
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in Table 1 I list all candidate nuclei with Q values larger than 2 MeV that are particularly well suited for
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matrix elements M0ν are dimensionless, the nuclear radius appears in them as a multiplicative factor. To
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radius. In Table 1 the value r0 = 1.2 fm was used. (Note that, obviously, the values of the phase-space
factors depend on the convention used for r0 and gA. One has to keep that issue in mind when using the
Eq. (2) to relate the half-lifes and nuclear matrix elements (see e.g. 15,?)).)

Double beta transitions are possible and potentially observable because nuclei with even Z and N are
more bound than the odd-odd nuclei with the same A = N + Z. A typical example is shown in Fig. 1.
With one exception, all nuclei in Table 1 have an analogous mass pattern. The one exception is 48Ca
where the intermediate nucleus 48Sc can be in principle reached by the β− decay of 48Ca with Q= 278
keV. However, the ground state of 48Sc is 6+ and the first excited state at 131 keV is 5+. β decays with a
large nuclear spin change are heavily suppressed; in this particular case the β− decay of 48Ca has not been
observed as yet, while the 2νββ decay has been observed.

The two-neutrino mode (2νββ) is just an ordinary beta decay of two bound neutrons occurring simul-
taneously since the sequential decays are forbidden by the energy conservation law. For this mode, clearly,
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three-flavor analysis of the KamLAND and solar data described in Chapter 7 provides
an upper bound on sin2 θ13 which is consistent with existing limits. This unknown
parameter is currently under investigation at next generation short-baseline reactor
experiments and at accelerator neutrino experiments searching for electron-neutrino
appearance in νµ-beams [37, 38].
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Figure 1.12: Neutrino mass spectra allowed by neutrino oscillation data, the left
spectrum is called normal hierarchy, the right is called inverted hierarchy. This figure
reproduced from at www.hitoshi.berkeley.edu/neutrino.

NH IH

Figure 1. m
��

as a function of the lightest neutrino mass in logarithmic scale, both in cases
of NH (�m2 > 0) and IH (�m2 < 0). The shaded areas correspond to the 3�
regions due to error propagation.

Figure 2. m
��

as a function of the lightest neutrino mass in linear scale. The shaded regions
correspond to the 3� regions due to error propagation.

although we wish to remark that the evidence for non-zero neutrino masses is not strong and
the possibility of unexpected systematics cannot be excluded.

3. Predictions from oscillations

3.1. Constraints on Majorana e↵ective mass from oscillations. Thanks to the knowl-
edge of the oscillation parameters from the di↵erent experiments, it is possible to put constraints
on the values of m

��

. However, being the values of the complex phases unknown, it remains
necessary to let these parameters vary freely, in order to outline the allowed regions for m

��

.
The resulting extremes are known and their expression is given in App. A.

The representation of m
��

, introduced in [15] and refined in Refs. [28, 12], can be used. This
consists in plotting m

��

as a function of the mass of the lightest neutrino, i. e. m
1

in the case
of NH and m

3

in the one of IH. The result is shown in Fig. 1.
6



dramatic progress in our ability to compensate for high-
momentum physics that is cut out !see, e.g., Bogner et al.
"2003#$, but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy 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. And 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 is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
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#. Although 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 mass should initially be large enough to
cover the degenerate mass region "100–200 kg of 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 is also the detector. Alternatively, 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%.
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the outgoing electrons. The 0νββ amplitude is then a sum over the contributions of the
different νi. It is assumed that the interactions at the two leptonic W vertices are those
of the SM.

Figure 13.6: The dominant mechanism for 0νββ. The diagram does not exist
unless νi = νi.

Since the exchanged νi is created together with an e−, the left-handed SM current that
creates it gives it the helicity we associate, in common parlance, with an “antineutrino.”
That is, the νi is almost totally right-handed, but has a small left-handed-helicity
component, whose amplitude is of order mi/E, where E is the νi energy. At the vertex
where this νi is absorbed, the absorbing left-handed SM current can absorb only its
small left-handed-helicity component without further suppression. Consequently, the
νi-exchange contribution to the 0νββ amplitude is proportional to mi. From Fig. 13.6,
we see that this contribution is also proportional to U2

ei. Thus, summing over the
contributions of all the νi, we conclude that the amplitude for 0νββ is proportional to the
quantity

∣∣∣∣∣
∑

i

mi U2
ei

∣∣∣∣∣ ≡ | < mββ > | , (13.33)

commonly referred to as the “effective Majorana mass for neutrinoless double-beta
decay” [42].

To how small an | < mββ > | should a 0νββ search be sensitive? In answering this
question, it makes sense to assume there are only three neutrino mass eigenstates — if
there are more, | < mββ > | might be larger. Suppose that there are just three mass
eigenstates, and that the solar pair, ν1 and ν2, is at the top of the spectrum, so that we
have an inverted spectrum. If the various νi are not much heavier than demanded by the
observed splittings ∆m2

atm and ∆m2
⊙, then in | < mββ > |, Eq. (13.33), the contribution

of ν3 may be neglected, because both m3 and |U2
e3| = s2

13 are small. From Eqs. (13.33)
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Figure 2.3: Feynman diagrams for (a) two-neutrino double beta decay and (b)
neutrinoless double beta decay mediated by light neutrino exchange. Figure from
Ref. [25].

double beta decay was first considered by Raccah in 1937 [27] soon after Majo-
rana put forward his symmetric theory of particles and antiparticles. The first
calculations of the rate for 0⇥�� decay, performed by Furry [28], yielded a much
faster rate than for 2⇥�� decay, which prompted initial interest in experimental
detection of 0⇥�� decay. However, at that time the chiral nature of the weak
interaction was not yet known so a severe suppression of the 0⇥�� rate, discussed
below, was not incorporated in the calculations.

Neutrinoless double beta decay is forbidden in the Standard Model since it
manifestly breaks lepton number conservation (and B � L). Of course lepton
number conservation is broken anyway if neutrinos are Majorana particles. Feyn-
man diagrams for 2⇥�� and 0⇥�� decay are shown in Fig. 2.3. The 2⇥�� diagram
contains only Standard Model interactions. The 0⇥�� diagram requires only the
known V � A interactions in addition to a massive Majorana neutrino. One can
think of the virtual neutrino in the diagram as being produced as an antineutrino
(equal to a neutrino since it is Majorana) at one vertex and absorbed as a neu-
trino at the other vertex. In addition to the Majorana equivalence of neutrino
and antineutrino, a nonzero neutrino mass is required to flip the helicity since
antineutrinos are right-handed and neutrinos are left-handed. The helicity flip
and the smallness of the neutrino mass cause the rate of 0⇥�� decay, if it occurs
at all, to be much lower than the rate of 2⇥�� decay.

The rate of 0⇥�� decay driven by the exchange of light Majorana neutrinos is
given to a good approximation by [25]

1

T 0⇥��
1/2

= G0⇥(Q, Z)|M0⇥ |2 m2
��, (2.1)

where G0⇥(Q, Z) is a phase space factor proportional to Q5, M0⇥ is a nuclear



ββ Decay of 130Te
• Fairly high Q value: ~2528 keV

0νββ

60Co γ+γ%
~ 3 FWHM 

from 0νββ Q-value

• State of the art from CUORICINO using 
TeO2 bolometers:#

- Exposure (130Te): 19.75 kg.yr #
- Energy resolution: 6.3 +/- 2.5 keV FWHM#
- Background index: 0.169 +/- 0.006 c/keV/kg/yr

• The next step is CUORE

Decay Scheme of 130 Te

• High natural abundance: 34.2% 

T 0ν
1/2 > 3.4 × 1025 yr (90% C.L) (4)

⟨mββ⟩ < (120 − 250) meV (5)

a isotopic abundance

ϵ detection efficiency

M total detector mass

b background index (e.g cnts/keV · kg · yr)

δE energy resolution

t exposure time

1 Candles

a 0.187%

ϵ > 50%

M ∼ 305 kg

b [ cnts
keV·kg·yr ] ∼ 1 × 10−4

δE ∼ 4% at Q-value

T 0ν
1/2 > 5.8 × 1022 yr (90% C.L) (6)

2 CUORE

2

T 0ν
1/2 > 2.8 × 1024 yr (90% C.L) (7)

4

⇥m��⇤ < 0.3 � 0.7 eV

• Final limit from CUORICINO:

• Background mainly from:#
-  232Th γ from cryostat#
- degraded α’s and β’s from 

crystal and Cu surfaces 

���8



A word about bolometer technique

Sample Particle Pulse from NTD• Energy deposit in absorber results in temperature 
rise 

• For TeO2 crystals configured for CUORE at 
~10mK, ΔT ~ 0.1mK per MeV  

• Temperature change read out with Ge-NTD

• Energy response can be calibrated with sources

Energy release

!9



• M: Scale up mass of 130Te (~20x) #
- 988, 5x5x5 cm3  natTeO2 crystals#

- 741 kg of natTeO2#

- 206 kg of 130Te#
- Efficient absorber#

- Assembled into 19 towers,                                                                 
13 floors per tower, 4 crystals per floor#

• b: Reduce background (~20x) #
#

• t: Cryogen free dilution refrigerator#
- Improves detector duty cycle#
- Improves stability #

#
• δE: Resolution of TeO2 bolometers is excellent, 

5keV @2616keV is demonstrated

���10

⇥ a · ⇥

�
M · t

b · �E

half-life sensitivity 

CUORICINO                   CUORE



Average depth ~ 3650 m.w.e.  
#
μ flux: (2.58 ± 0.3)·10-8 m/s/cm2  

n flux <10 MeV: 4·10-6 n/s/cm2  

γ flux < 3 MeV: 0.73 g/s/cm2  

• CUORE will run in Hall A of Gran Sasso National Lab in Italy 

!11
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Complex cryogenic and detector shield system

Class 1000 Clean Room for Detector Assembly and Storage
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8 Advances in High Energy Physics

Suspension

Dilution
unit

Pulse
tubes

Roman
lead

~6 tons

CUORE

300K

40K

4K

600mK

50mK

10mK

(a)

300K

40K

4K

0.6K

50mK

10mK

Motion boxes

Lead shield

Lead shield

Detector
support

plate

Bolometers
@ ~10mK

Guide
tubes

(b)

Figure 7: (a) CUORE cryostat, with major components highlighted. (b) Detector calibration system (DCS).

the overall detector energy resolution in the noncalibration
data to be 5.7 keV, based on the FWHM of the 2615 keV peak
in the energy spectrum created by summing the data for all
active channels.

At present, the CUORE-0 data in the ROI for 0]!!
decay of 130Te is blinded while we accumulate more statistics
and work on optimizing event selection. To perform the
blinding, we exchange a random fraction of events within±10 keV of the decay’s "-value with events within ±10 keV
of the 2615 keV # peak; the number and identity of the
exchanged events are kept secret from the analyzers. Since
the number of events in the # peak is significantly larger
than that in any possible 0]!! peak, this blinding procedure
generates an artificial peak centered at the "-value which
hides any 0]!! decay signal. The ±10 keV exchange width
was chosen because it is approximately twice the FWHM
energy resolution of the detectors. Figure 5 shows the so-
called “salted peak” and the nearby 60Co # peak.

To find the average background rate in the ROI, we use
an unbinned maximum likelihood fit in which the likelihood
function includes two Gaussians (for the 60Co and 0]!!
decay peaks) and a constant continuum which incorporates
the$ and # backgrounds.Thefitted background rate is 0.072±0.011 counts/keV/kg/y. The main background contributions
in the ROI are # rays from decay of 208Tl coming from 232Th
in the cryostat and $ particles from radioactive decays on the

surface of the detectormaterials.The former is expected to be
similar to the # background measured in Cuoricino at 0.05-
0.06 counts/keV/kg/y, while the latter can be extrapolated
from the measured background rate at higher energies in the
range 2.7–3.9MeV. Any deviation from a constant (i.e., flat)
continuum background is contained in the systematic error
of the fitted background rate.

The $ continuum from 2.7–3.9MeV (excluding the peak
in the range 3.1–3.4MeV from decay of 190Pt in the
crystals) is above all naturally occurring # lines, so the
background in that region mainly comes from $ particles
whose energy has been degraded. In Figure 6, we com-
pare CUORE-0 with Cuoricino in the $ continuum region
and find that the CUORE-0 background rate is 0.019 ±0.002 counts/keV/kg/y, a factor of six less than in Cuoricino,0.110 ± 0.001 counts/keV/kg/y.
3.3. Projected Sensitivity. CUORE-0 data taking is ongoing
and expected to continue until CUORE comes online in
early 2015. With its improved background compared to the
previous generation of bolometer experiments, CUORE-0
has the potential to make a significant improvement on the
limit for 0]!! of 130Te. With roughly one year of live time,
CUORE-0 should surpass the half-life limit on 0]!! decay of130Te established by Cuoricino at 2.8×1024 y (90%C.L.) [24].



CUORE: Path to lower background

!14

Neutron shield 
(18 cm PET + 2cm of H3BO3) 

External lead shield 
(thickness >35 cm) 

Low-radioactivity copper for 
cryostat vessels and flanges

Internal lead shield  
(low-radioacivity/ancient lead)

• Improved shielding



CUORE: Path to lower background

!15

Ultra-pure TeO2 crystal array
Bulk activity  90% C.L. upper limits:#
8.4·10-7 Bq/kg (232Th), 6.7·10-7 Bq/kg (238U), 3.3·10-6 Bq/kg (210Po)  %
Surface activity 90% C.L. upper limits:  #
2·10-9 Bq/cm2 (232Th), 1·10-8 Bq/cm2 (238U), 1·10-6 Bq/cm2 (210Po)

• Crystal holder design optimized to reduce passive surfaces 
(Cu) facing the crystals 

• Developed ultra-cleaning process for all Cu components:#
- Tumbling#
- Electropolishing#
- Chemical etching#
- Magnetron plasma etching#

• Benchmarked in dedicated bolometer run at LNGS#
- Residual 232Th / 238U surface contamination of Cu: < 7·10-8 Bq/cm2#

• All parts stored underground, under nitrogen after cleaning#



CUORE: Tower Assembly Steps

!16

Instrumenting a tower – wire bonding 

Wire bond thermistors and heaters to 
tower cabling 

17 
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Assembly of all 19 towers is complete

!17



CUORE: Cryogenic system commissioning

!18

Cryostat assembled, passed 4K commissioning test

Dilution unit delivered to LNGS, able to maintain ~5mK in 
commissioning tests 

Full integration of DU in cryostat ongoing #
first integration run already reached 14mK base T  

Outermost shield

Cryostat Vessel Flanges DU Test Stand

DU Installed in cryostat



CUORE-0
• A single CUORE-like tower  ~11 kg of 130Te#
• Assembly followed the new procedures and protocols for CUORE #
• Currently deployed in the old CUORICINO cryostat in HallA of LNGS

!19

• Importance experience for CUORE collaboration#
• Competitive 0νββ search in its own right



CUORE-0 Background Measurement
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0νββ region#
[c/keV/kg/yr]

2700-3900 keV *#
[c/keV/kg/yr]

CUORICINO%
ε=83% 0.153 +/- 0.006 0.110 +/- 0.001

CUORE-0%
ε =78% 0.063 +/- 0.006 0.020 +/- 0.001

α-dominatedβ/γ-dominated

190Pt

210Po

208Tl

• ~6-fold reduction α-dominated bkg #
Ultra-cleaning of CUORE-0 Cu surfaces#

• ~2.5 fold reduction of bkg in ROI#
Better radon control in COURE-0 #

• β/γ bkg from cryostat 232Th remains the same#
• Consistent with the Cuoricino bkg model

* excluding the 190 Pt peak region

Qββ=2528 keV



CUORE-0 Energy Resolution
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• Two thoriated strings are deployed just 
outside OVC of cryostat #
With improved running conditions of phase 2 
CUORE target ~5keV energy resolution near 
the ROI is demonstrated

Te x-ray escape



CUORE-0 Sensitivity
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Assumptions:%
• δE = 5.2 keV FWHM at 2615 keV#
• b = 0.063±0.006 counts/(keV·kg·yr)

• CUORE-0 is the most sensitive 130Te 0νββ expt running#

• Expect to surpass CUORICINO with ~ 1yr lifetime



Projection to CUORE Bkg

!23

• CUORE-0 provides benchmark of bkg remaining after the new assembly and Cu 
ultra-cleaning protocols#

• Using measurements and limits from materials screening campaign we project bkg to 
CUORE using full geometry simulation

• Conservatively extrapolate measured α-region bkg from CUORE-0 assuming all 
bkg is from 238U/232Th/210Po individually



CUORE Sensitivity 
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#
• Interpretation of 130Te 0νββ half-life limit in 

terms of mββ 

 

• CUORE will start to explore the inverted-
hierarchy (depending on the NME)

Assumptions:%
• δE = 5 keV FWHM at 2615 keV#
• b = 0.01 counts/(keV·kg·yr)

T 0⌫
1/2 > 9.5⇥ 1025yr(90%C.L)

m�� < (50� 130meV)



WIMP Dark Matter with CUORE ? 
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• Requires low threshold ~10keV  ( not typically interesting domain for 0νββ searches)#

• Requires low background

What would  WIMP recoil modulation signal look like in CUORE (TeO2) ?

20 GeV

10 GeV

5 GeV

50 GeV

100 GeV

Max-min modulated rate vs recoil energy for σSI/nucleon =10-41cm2
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• Cuore Crystal Validation Run 2 (CCVR2)

• Achieved a threshold of ~3keV with 3 out of 4 
crystals

• Improved analysis techniques achieved lower 
threshold:

Can threshold of CUORE-style modules be lowered ? 

• 4 CUORE crystals operated in test run for QA 

Summed spectrum of the 3 low-theshold crystalsTrigger threshold Scan 

“Standard” Cuoricino 
technique

Improved 
technique
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Sensitivity to annual modulation in CUORE-0 and CUORE

140819012201
LUX (2013) 90% U.L.
XENON 100 Results from 225 live days of data presented at IDM
SuperCDMS Soudan LT (2014), 90% C.L.
CRESST-II (2011), 1-Sigma allowed region, 730kg-days data
DAMA/LIBRA 2008 5sigma, no ion channeling
CUORE (5yr) 3.7 Ton-y Te02, Expected Sensitivity
CDMS-II Soudan (2013), R125-128, 68% C.L. contour, Si
CUORE0 (3yr) 117 kg-y Te02 Expected Sensitivity
CDMSlite Soudan, Run 1 (2013)
CoGeNT Annual Modulation Search, PRL 107 (2011), Region of
DATA listed top to bottom on plot

CDMSlite Soudan, Run 1 (2013)
CoGeNT Annual Modulation Search, PRL 107 (2011)  ROI

CUORE0 (3yr) 117 kg-y Te02 Expected Sensitivity
CDMS-II Soudan (2013), R125-128, 68% C.L. contour, Si
CUORE (5yr) 3.7 Ton-y Te02, Expected Sensitivity

LUX (2013) 90% U.L.

DAMA/LIBRA 2008 5sigma, no ion channeling

CRESST-II (2011), 1-Sigma allowed region, 730kg-days data
SuperCDMS Soudan LT (2014), 90% C.L.
XENON 100 Results from 225 live days of data presented at IDM
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Assumptions:%
• Energy threshold: 3keV#
• Background: sampled from CCVR2#
• Halo model: Isothermal sphere, pw=0.3GeV/cm3, 

v0=220km/s, vesc =600 km/s#
• QNR/e-R   =1

• CUORE-0 is now taking data, low-threshold analysis is ongoing

• For sure, CUORE is not as sensitive as dedicated DM experiments but may 
provide constraints in an interesting region of parameter space



Conclusion

• The CUORE program has made a lot of progress in the last decade

• Lessons learned from CUORICINO have guided the CUORE design 

• Data from CUORE-0 verifies that the assembly line, materials selection, 
and ultra-cleaning protocols are effective in reducing the leading 
background#

!28

• CUORE detector array is now ready and cryogenic system 
commissioning is advancing

• Expect array to be deployed in cryostat in 2015

• Large mass and low-background array has potential for other rare event 
searches unrelated to 0νββ



Extra Material
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CUORE-0 Blinding Procedure

!30

• Produce an artificial peak in the ROI#
A small blinded fraction of events within ±10keV of 2615keV peak are exchanged 
with events within ±10 keV of Q-value#

• Plan to unblind when CUORE-0 sensitivity exceeds CUORICINO#
#



Improvements for lowering threshold
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• Pulse-shape analysis to distinguish physical and 
non-physical pulses
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• Offline filter of continuously 
sampled raw data with offline 
trigger



4.7 keV peak in CCVR2
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• This peak was also confirmed in a re-
analysis of CUORICINO data 

• CCVR2#
• CUORICINO

• Was only possible for the last 2 months of 
data-taking

• Only 4 channels reached threshold below 
4.7keV

• Origin of the peak is not understood#
• 4.7 keV coincides with L1  atomic shell of 

antimony (Sb)#
• Data are not consistent with known decays 

to Sb#
• 121mTe, 121Te EC to 121Sb (T1/2 =154 

d  and 17 d) but the intensity of the 
L1/K  lines are inconsistent with our 
data#

• Other EC metastable Te isotopes 
have half-lives < 4.7 days. Peak 
rate is constant over 20 days. 
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Figure 6. Best fits at the 4.7 keV line on the three bolometers with low threshold. On the bottom
right, the combined profile negative log-likelihood projected over the number of signal events.

Bolometer Energy FWHM Nsig N121

[keV] [keV] [counts] [counts]

B2 4.75± 0.28 0.57± 0.11 191+41
−31 6.1± 1.3

B3 4.66± 0.28 0.87± 0.10 255+51
−35 13.5± 1.6

B4 4.76± 0.38 0.75± 0.12 205+45
−34 7.5± 1.4

Table 2. Best fit results for the 4.7 keV line and estimated peaking background from 121Te. The
error on the energy includes the systematic due to the calibration.
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Figure 7. Rate of the 4.7 keV peak versus time in all three CCVR2 bolometers summed together.
No variation is appreciable.
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