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• If observed: learn neutrinos are Majorana fermions, lepton number violation; 
maybe the mass hierarchy, constraints on absolute mass scale!

���3

• If not observed: stringent limits help make the most of future neutrino data, maybe 
show neutrinos are not Majorana

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

What might we learn from 0νββ??
13. Neutrino mixing 17

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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Double beta decay 

•  Neutrinoless double beta decay  
–  The nature of neutrinos, Dirac or Majorana 
–  lepton number violation 

•  Extremely rare events T > 1024 year. 
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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 

Ke Han, Berkeley Lab 

Phase space factor

Nuclear matrix element

half-life

Effective Majorana 
neutrino mass:

0νββ

• If mββ = 50 meV,   T1/2 ~ 1025 - 1027 years !

N60
Co

=?? (34)

↵(60Co) = 1.05 (35)

⇠ M · t
�

(36)

b = {1, 2, · · · , 51} (37)

d = {1, 2, · · · , 20}

1

T 0⌫
1/2

= G0⌫ |M0⌫ |2
m2

��

m2

e

� =
µ0

µ
(40)

�
0⌫ 0⌫�� decay rate

N60
Co

Number of 60Co events

�µ(60Co) 60Co energy o↵set

�B Background rate

�
0⌫ 0⌫�� decay rate 0.01 ±0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1

�µ(60Co) 60Co energy o↵set 1.9 ±0.7 keV

�B Background rate 0.058 ±0.004 (stat.)± 0.002 (syst.) counts/(keV · kg · yr)
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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%.

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

Rev. Mod. Phys., Vol. 80, No. 2, April–June 2008

2νββ

0νββ

Assumes BR 0ν/2ν = 1% and detector energy resolution is 2%

Summed-energy spectrum of final state electrons 
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a isotopic abundance of source

ε detection efficiency 

M Total detector mass

b bkg rate per unit mass per unit energy 

t exposure time

δE energy resolution 
⇥ a · ⇥

�
M · t

b · �E
T0ν1/2 sensitivity 

Rule of thumb

13. Neutrino mixing 17

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

Double-Beta Decay Signature
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���5

Candidate Isotope Experiment

48Ca Candles

76Ge Gerda/Majorana

82Se SuperNemo

100Mo Moon

116Cd Cobra

130Te CUORE-0/CUORE/SNO+

136Xe EXO, KamLAND-Zen
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KLZ Phase 2



The CUORE Collaboration



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

!8



60Co

0𝛎ββ upper limit

Final Spectrum of CUORICINO

CUORICINO (2003 - 2008)
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• 62 crystal TeO2 bolometer array operated at Gran Sasso Lab, Italy!

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 results  
 
 
!
- M.t (130Te): 19.75 kg.yr !
- dE: 6.3 +/- 2.5 keV FWHM (mean +/- RMS)!
- b: 0.169 +/- 0.006 c/keV/kg/yr 
 
 
 
 
 
 
 
 
 
 

• 130Te isotopic abundance: ~34% !
• 130Te Q-value: ~2528 keV



60Co

0𝛎ββ upper limit

Final Spectrum of CUORICINO

CUORICINO (2003 - 2008)
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• 62 crystal TeO2 bolometer array operated at Gran Sasso Lab, Italy!

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 results  
 
 
!
- M.t (130Te): 19.75 kg.yr !
- dE: 6.3 +/- 2.5 keV FWHM (mean +/- RMS)!
- b: 0.169 +/- 0.006 c/keV/kg/yr 
 
 
 
 
 
 
 
 
 
 

• 130Te isotopic abundance: ~34% !
• 130Te Q-value: ~2528 keV

CUORICINO!
Background mainly from:!

-  232Th  gammas from cryostat materials (a.k.a far sources)!

- degraded α’s and β’s from crystals & Cu surfaces (a.k.a near sources)
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• 62 crystal TeO2 bolometer array operated at Gran Sasso Lab, Italy!

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 results  
 
 
!
- M.t (130Te): 19.75 kg.yr !
- dE: 6.3 +/- 2.5 keV FWHM (mean +/- RMS)!
- b: 0.169 +/- 0.006 c/keV/kg/yr 
 
 
 
 
 
 
 
 
 
 

• 130Te isotopic abundance: ~34% !
• 130Te Q-value: ~2528 keV

CUORICINO!
Background mainly from:!

-  232Th  gammas from cryostat materials (a.k.a far sources)!

- degraded α’s and β’s from crystals & Cu surfaces (a.k.a near sources)



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

- 741 kg of natTeO2 or 206 kg of 130Te!
- Assembled into 19 towers, 13 floors per tower, 

4 crystals per floor!

• b: Background!
- Goal  0.01 counts/keV/ky/yr (~20x lower than CUORICINO ) !

!

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

!

• δE: Resolution !
- Resolution of TeO2 bolometers is excellent, 

5keV @2615keV is demonstrated

���12

⇥ a · ⇥

�
M · t

b · �E

half-life sensitivity 

CUORICINO                   CUORE



 Path to lower background (Far Sources)
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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-radioactivity/ancient lead)

• Improve shielding and radio-purity of cryostat materials 
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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!

 Path to lower background (Near Sources)
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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!

!

Need to make sure parts remain clean 
and do not get ‘recontaminated’ !!

 Path to lower background (Near Sources)



CUORE Assembly Line
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Class 1000 Clean Room for Detector Assembly and Storage

Gluing

Assembly + Wire bonding

Storage

CUORE Cryostat• All parts cleaned/screened according 
to CUORE protocol!

• Stored underground at LNGS!

• Assembly in underground clean room 
in N2 flushed glove boxes
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Instrumenting a tower – wire bonding 

Wire bond thermistors and heaters to 
tower cabling 
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• A CUORE-style tower assembled between Fall 2011 
- Spring 2012  

• 4 crystals per floor, 13 floors!
 

!
!
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Optimized Copper frames

PTFE Spacers

• 39 kg TeO2 => 10.9 kg 130Te



CUORE-0
• Uses the old CUORICINO cryostat !
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• Shielding from CUORICINO

• Cooled to base T (~10 mK) Mar 
2013

• Electronics from CUORICINO

• Collected about 20 datasets so far

• 51 readable bolometers

➡~1000 bolometer-datasets
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FIG. 2. Bottom: Calibration data in the region around
the 2615 keV 208Tl �-ray line, integrated over all bolometer-
datasets. The solid blue line is the projection of the UEML
fit described in the main text. In addition to a double-
gaussian lineshape for each bolometer-dataset, the fit function
includes terms to model a multiscatter Compton continuum, a
⇠ 30 keV Te X-ray escape peak, and a continuum background.
Top: Normalized residuals of the data and the best-fit model.

(88.4± 0.09)% using a Geant4 simulation [26, 27], while
the latter we determine to be (99.64 ± 0.10)% using the
1461 keV �-ray line from 40K . The total selection e�-
ciency is (81.3± 0.6)%.

We use the high-statistics 2615 keV 208Tl line in cali-
bration data to establish the detector response to a mo-
noenergetic deposit (lineshape) near the ROI. The data
exhibit a non-gaussian lineshape characterized by a pri-
mary peak and a secondary peak whose mean is lower
in energy by ⇠0.3% and whose amplitude is typically
⇠5% of the primary peak. The physical origin of this
structure is still under investigation. We studied several
lineshapes, including double- and triple-gaussian models;
while the latter perform well at the 208Tl line, we adopt
the double-gaussian lineshape as it is the simplest model
that reproduces the detector response over the broad-
est range of energies. We quantify the systematic uncer-
tainty associated with this choice below.

We parametrize the lineshape ⇢ for each bolometer-
dataset (b, d) as: ⇢b,d = ⇢(µb,d,�b,d, �b,d, ⌘b,d). For each
(b, d) pair, µb,d is the mean of the primary peak, �b,d
is the ratio of the means of the secondary and primary
peaks, �b,d is the common gaussian width of both peaks,
and ⌘b,d is the fractional intensity of the secondary peak.
We estimate these parameter values with a simultane-
ous, unbinned extended maximum likelihood (UEML) fit
to calibration data. Fig. 2 shows the fit result. In what
follows we denote the best-fit lineshape parameters of the
208Tl calibration line as µ̂b,d, �̂b,d, �̂b,d, and ⌘̂b,d; we char-
acterize these parameters in the context of the physics
data below.

We apply this lineshape in a series of UEML fits
to peaks of well-known energy between 511 keV and
2615 keV in the physics data (Fig.1). For a peak of
known energy E, µb,d(E) is allowed to vary around the

expected calibrated energy via a global free parameter
�µ(E). To account for energy dependence of the reso-
lution and a possible systematic di↵erence in resolution
between calibration vs. physics data we vary the �b,d rel-
ative to �̂b,d via a global scaling parameter ↵�(E). For

the �b,d we scale the corresponding �̂b,d by the ratio of E
to 2615 keV; we fix the ⌘b,d to the corresponding ⌘̂b,d.

The energy residual parameter, �µ(E), at each peak
is plotted in Fig. 1. A prominent outlier is the peak
attributed to 60Co double-gamma events which recon-
structs at 2507.6 ± 0.7 keV, 1.9 ± 0.7 keV higher than
the established value [28]; a shift of 0.84 ± 0.22 keV is
also observed for the single escape peak of the 208Tl
2615 keV gamma at 2104 keV. Calibration data taken
with a 60Co source confirm the double-gamma events re-
construct at higher energy, in agreement with our physics
data. Monte Carlo simulations show the double-gamma
energy deposit in a bolometer is significantly less local-
ized than the other single-gamma lines studied. We aim
to clarify if this could be responsible for the shift in re-
sponse with further studies. We note that the double
escape peak of the 208Tl 2615 keV line (E ' 1593 keV)
reconstructs within 0.13±0.30 keV of the expected value.
Since the interaction topology of the e+e� pair is simi-
lar to that expected from 0⌫�� decay we assume that
0⌫�� decay events would reconstruct according to the
calibrated energy scale.

We determine the calibration o↵set at Q�� from a
parabolic fit to the physics-peak residuals in Fig. 1, ex-
cluding the 60Co double-gamma and 208Tl single-escape
lines as outliers . We adopt the standard deviation of the
parabolic fit residuals as a systematic uncertainty. The
result is �µ(Q��) = 0.05± 0.05(stat.)± 0.12(syst.) keV.
Similarly, fitting the resolution-scaling parameter data
with a linear function we find ↵�(Q��) = 1.05 ± 0.05.
As a characteristic value of the detector resolution for
physics data in the ROI we quote the exposure-weighted
harmonic mean of the FWHM values of the ⇢b,d evalu-
ated with �b,d(Q��) = 1.05 ⇥ �̂b,d : 5.1 ± 0.3 keV. The
RMS of the exposure-weighted FWHM values is 2.9 keV.

After unblinding the ROI by removing the artificial
peak, we determine the yield of 0⌫�� decay events
from a simultaneous UEML fit [29] in the energy region
2470–2570 keV (Fig. 3). The fit has three components:
a posited signal peak at Q�� , a peak at ⇠ 2507 keV
from 60Co double-gammas, and a smooth continuum
background attributed to multiscatter Compton events
from 208Tl and surface decays [30]. We model both
peaks using the established lineshape. For 0⌫�� decay,
the µb,d(Q��) are fixed at the expected position (i.e.,
87.00 keV + �µ(Q��) below µ̂b,d, where 87.00 keV is
the nominal energy di↵erence between Q�� and the 208Tl
line), the �b,d are fixed to be 1.05 ⇥ �̂b,d, the �b,d and
⌘d,b are fixed to their best-fit calibration values, and the
0⌫�� decay rate (�0⌫) is treated as a global free param-
eter. The 60Co peak is treated in a similar way except
that a global free parameter is added to the expected

• Characteristic value of the FWHMs of the bolometers = 4.9 keV  !
✓ Inline with CUORE goal of 5 keV

• RMS of the FWHMs of the bolometers = 2.9 keV

• Exposure weighted sum of 
the line-shapes of each 
bolometer-dataset overlaid 
on 2615 keV calibration 
data

Calibration Data
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α-dominatedβ/γ-dominated

190Pt

210Po
208Tl

Qββ=2528 keV

CUORE-0: Background measurement

CUORE-0 
Preliminary
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α-dominatedβ/γ-dominated

190Pt

210Po
208Tl

Qββ=2528 keV

CUORE-0: Background measurement

• Use continuum in region 2700-3900 keV 
excluding (190Pt ) to benchmark 
background from degraded alphas

CUORE-0 
Preliminary
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α-dominatedβ/γ-dominated

190Pt

210Po
208Tl

Qββ=2528 keV

CUORE-0: Background measurement

0νββ region!
(c/keV/kg/yr)

2700-3900 keV *!
(c/keV/kg/yr)

CUORICINO!
ε = 83% 0.169 +/- 0.006 0.110 +/- 0.001

CUORE-0!
ε = 81% 0.058 +/- 0.004 0.016 +/- 0.001

CUORE-0 
Preliminary
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α-dominatedβ/γ-dominated

190Pt

210Po
208Tl

Qββ=2528 keV

CUORE-0: Background measurement

0νββ region!
(c/keV/kg/yr)

2700-3900 keV *!
(c/keV/kg/yr)

CUORICINO!
ε = 83% 0.169 +/- 0.006 0.110 +/- 0.001

CUORE-0!
ε = 81% 0.058 +/- 0.004 0.016 +/- 0.001

CUORE-0 
Preliminary

• In CUORE we expect 232Th background from cryostat 
to be negligible  
!

• The degraded alpha background measured with 
CUORE-0 is within a factor of 2 of CUORE goal 



CUORE: Self Shielding 
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• CUORE-0 : All bolometers face 10 mk shield

• CUORE: Only outermost crystals face 
10mk shield



CUORE-0: 0𝛎ββ Search
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 Qββ  @ 2527.5 keV 

N60
Co

=?? (34)

↵(60Co) = 1.05 (35)

⇠ M · t
�

(36)

b = {1, 2, · · · , 51} (37)

d = {1, 2, · · · , 20}

� =
µ0

µ
(39)

�
0⌫ 0⌫�� decay rate

N60
Co

Number of 60Co events

�µ(60Co) 60Co energy o↵set

�B Background rate

�
0⌫ 0⌫�� decay rate 0.01 ±0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1

�µ(60Co) 60Co energy o↵set 1.9 ±0.7 keV

�B Background rate 0.058 ±0.004 (stat.)± 0.002 (syst.) counts/(keV · kg · yr)

�
0⌫ 0⌫�� decay rate 0.01 ±0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1

�B Background rate 0.058 ±0.004 (stat.)± 0.002 (syst.) counts/(keV · kg · yr)

5

• After all cuts: 233 events in 9.8 kg × yr exposure of 130Te in ROI [2470-2570 keV]
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FIG. 3. Bottom: Energy spectrum of 0⌫�� decay candidates
in CUORE-0 (data points) and the best-fit model from the
UEML analysis (solid blue line). The peak at ⇠2507 keV is
attributed to 60Co; the dotted black line shows the continuum
background component of the best-fit model. Top: The nor-
malized residuals of the best-fit model and the binned data.
The vertical dot-dashed black line indicates the position of
Q�� .

µb,d to accomodate the anomalous double-gamma recon-
struction. Furthermore, the 60Co yield, although a free
parameter, is constrained to follow the 60Co half-life [28]
since 60Co was cosmogenically produced above ground
but is not replenished under ground at LNGS. Within
the limited statistics the continuum background can be
modeled using a simple slowly-varying function. We use
a zeroth-order polynomial as the default choice but also
consider first- and second-order functions.

The ROI contains 233 candidate events from a to-
tal TeO2 exposure of 35.2 kg·yr, or 9.8 kg·yr of
130Te considering the natural isotopic abundance of
34.167% [31]. The result of the UEML fit is shown in
Fig. 3. The best-fit value of the 0⌫�� decay rate is
�0⌫ = 0.01± 0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1 and
the profile likelihood for �0⌫ is shown in Fig. 4. The
best-fit value of the background index in the ROI is
0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).

We evaluate the goodness-of-fit by comparing the value
of the binned �2 in Fig. 3 (43.9 for 46 d.o.f.) with the
distribution from a large set of pseudo-experiments with
233 Poisson-distributed events in each, and generated
with the best-fit values of all parameters. We find that
90% of such experiments return a value of �2 > 43.9.
The data are also compatible with this set of pseudo-
experiments according to the Kolmogorov-Smirnov met-
ric. Finally, for each of the positive and negative fluctua-
tions about the best-fit function we evaluated the signifi-
cance by comparing the likelihood of our best-fit model to
the likelihood from an UEML fit in which the fluctuation
was modeled with a signal peak. For one d.o.f, the most
negative (positive) fluctuation has a probability of 0.5%
(3%). The probability to realize the largest observed fluc-
tuation anywhere in the 100-keV ROI is ⇠ 10%.

We find no evidence for 0⌫�� of 130Te and set a 90%
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FIG. 4. Profile negative log-likelihood (NLL) curves for
CUORE-0, Cuoricino [16–18], and their combination.

C.L. Bayesian upper limit on the decay rate using a uni-
form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at
�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7 ⇥ 1024 yr (sta-

tistical uncertainties only). The median 90% C.L. lower-
limit sensitivity for T 0⌫

1/2 is 2.9 ⇥ 1024 yr. The proba-
bility to obtain a more stringent limit than the one re-
ported above is 54.7%. Including the systematic uncer-
tainties which are described below, the 90% C.L. limits
are �0⌫ < 0.25⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7⇥ 1024 yr.
To estimate systematic uncertainties we perform a

large number of pseudo-experiments with zero and non-
zero signal. We find that our UEML analysis has neg-
ligible bias on �0⌫ . To estimate the systematic er-
ror from the lineshape choice we repeat the analysis of
each pseudo-experiment with single-gaussian and triple-
gaussian lineshapes and study the deviation of the best-
fit decay rate from the posited decay rate as a function
of posited decay rate. We also propagate the 5% uncer-
tainty on ↵�(Q��), the 0.12 keV energy scale uncertainty
and the choice of zeroth-, first-, or second-order polyno-
mial for the continuum background using this technique.
The resultant systematic uncertainties are summarized
in Table I.

TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Selection e�ciency 0.7%

We combine our data with an existing 19.75 kg·yr
exposure of 130Te from the Cuoricino experiment [18].
The exposure-weighted mean and RMS FWHM energy

CUORE-0 
Preliminary

CUORE-0 
Preliminary
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FIG. 3. Bottom: Energy spectrum of 0⌫�� decay candidates
in CUORE-0 (data points) and the best-fit model from the
UEML analysis (solid blue line). The peak at ⇠2507 keV is
attributed to 60Co; the dotted black line shows the continuum
background component of the best-fit model. Top: The nor-
malized residuals of the best-fit model and the binned data.
The vertical dot-dashed black line indicates the position of
Q�� .

µb,d to accomodate the anomalous double-gamma recon-
struction. Furthermore, the 60Co yield, although a free
parameter, is constrained to follow the 60Co half-life [28]
since 60Co was cosmogenically produced above ground
but is not replenished under ground at LNGS. Within
the limited statistics the continuum background can be
modeled using a simple slowly-varying function. We use
a zeroth-order polynomial as the default choice but also
consider first- and second-order functions.

The ROI contains 233 candidate events from a to-
tal TeO2 exposure of 35.2 kg·yr, or 9.8 kg·yr of
130Te considering the natural isotopic abundance of
34.167% [31]. The result of the UEML fit is shown in
Fig. 3. The best-fit value of the 0⌫�� decay rate is
�0⌫ = 0.01± 0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1 and
the profile likelihood for �0⌫ is shown in Fig. 4. The
best-fit value of the background index in the ROI is
0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).

We evaluate the goodness-of-fit by comparing the value
of the binned �2 in Fig. 3 (43.9 for 46 d.o.f.) with the
distribution from a large set of pseudo-experiments with
233 Poisson-distributed events in each, and generated
with the best-fit values of all parameters. We find that
90% of such experiments return a value of �2 > 43.9.
The data are also compatible with this set of pseudo-
experiments according to the Kolmogorov-Smirnov met-
ric. Finally, for each of the positive and negative fluctua-
tions about the best-fit function we evaluated the signifi-
cance by comparing the likelihood of our best-fit model to
the likelihood from an UEML fit in which the fluctuation
was modeled with a signal peak. For one d.o.f, the most
negative (positive) fluctuation has a probability of 0.5%
(3%). The probability to realize the largest observed fluc-
tuation anywhere in the 100-keV ROI is ⇠ 10%.

We find no evidence for 0⌫�� of 130Te and set a 90%
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FIG. 4. Profile negative log-likelihood (NLL) curves for
CUORE-0, Cuoricino [16–18], and their combination.

C.L. Bayesian upper limit on the decay rate using a uni-
form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at
�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7 ⇥ 1024 yr (sta-

tistical uncertainties only). The median 90% C.L. lower-
limit sensitivity for T 0⌫

1/2 is 2.9 ⇥ 1024 yr. The proba-
bility to obtain a more stringent limit than the one re-
ported above is 54.7%. Including the systematic uncer-
tainties which are described below, the 90% C.L. limits
are �0⌫ < 0.25⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7⇥ 1024 yr.
To estimate systematic uncertainties we perform a

large number of pseudo-experiments with zero and non-
zero signal. We find that our UEML analysis has neg-
ligible bias on �0⌫ . To estimate the systematic er-
ror from the lineshape choice we repeat the analysis of
each pseudo-experiment with single-gaussian and triple-
gaussian lineshapes and study the deviation of the best-
fit decay rate from the posited decay rate as a function
of posited decay rate. We also propagate the 5% uncer-
tainty on ↵�(Q��), the 0.12 keV energy scale uncertainty
and the choice of zeroth-, first-, or second-order polyno-
mial for the continuum background using this technique.
The resultant systematic uncertainties are summarized
in Table I.

TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Selection e�ciency 0.7%

We combine our data with an existing 19.75 kg·yr
exposure of 130Te from the Cuoricino experiment [18].
The exposure-weighted mean and RMS FWHM energy

➡ Bayesian lower limit 

60Co
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〈mββ〉 < 270 – 650 meV
 1) IBM-2 (PRC 91, 034304 (2015)) 
 2) QRPA (PRC 87, 045501 (2013)) 
 3) pnQRPA (PRC 024613 (2015) 
 4) ISM (NPA 818, 139 (2009)) 
 5) EDF (PRL 105, 252503 (2010))

CUORE-0 
Preliminary

CUORE-0: Combination with CUORICINO
6

resolution of the Cuoricino detectors was 6.9 keV and
2.9 keV, respectively, and the ROI background index was
0.169 ± 0.006 counts/(keV·kg·yr). We report the profile
likelihoods in Fig. 4. The combined Bayesian 90% C.L.
limit is T 0⌫

1/2 > 4.0⇥ 1024 yr which is the most stringent
limit to date on this quantity. For comparison, the
90%C.L. frequentist limits [32] are T 0⌫

1/2 > 2.8 ⇥ 1024 yr

for CUORE-0 only, and T 0⌫
1/2 > 4.1⇥ 1024 yr for the com-

bination with Cuoricino.

We interpret our Bayesian combined limit in the con-
text of models for 0⌫�� decay mediated by light Ma-
jorana neutrino exchange using the phase space factors
from Ref. [33], the most recent nuclear matrix element
(NME) calculations for a broad range of models avail-
able in the literature [34–38], and adopting the value of
gA ' 1.27 for the axial coupling constant. The resulting
range for the 90% C.L upper limit on the e↵ective Majo-
rana mass is m�� < 270 – 650 meV; for ease of compari-
son with limits reported for other isotopes in the field this
range excludes Ref. [39]. If we include the latter NME
calculation the range extends to m�� < 270 – 760 meV.

In summary, CUORE-0 finds no evidence for 0⌫��
decay of 130Te and, when combined with the Cuori-
cino exposure, provides the most stringent limit to date

on this important process. Benefiting in particular
from lower background, improved energy resolution, and
higher data-taking e�ciency, the experiment has sur-
passed the sensitivity of Cuoricino in approximately half
the runtime.
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• The 90% C.L. (Bayesian) lower limit 
based on the combined profile function

• This is the most stringent limit to date on 
this half-life !
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N60
Co

Number of 60Co events

�µ(60Co) 60Co energy o↵set

�B Background rate

�
0⌫ 0⌫�� decay rate 0.01 ±0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1

�µ(60Co) 60Co energy o↵set 1.9 ±0.7 keV

�B Background rate 0.058 ±0.004 (stat.)± 0.002 (syst.) counts/(keV · kg · yr)

5



The next ~5 years: CUORE Sensitivity 

!28

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

Assumptions:!
• 988 bolometers!
• 5 years of lifetime!
• δE = 5 keV FWHM at 2615 keV!
• b = 0.01 counts/(keV·kg·yr)!

m�� < (50� 130meV)CUORE-0 
Preliminary
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• To improve sensitivity beyond CUORE needs active background 
suppression ( e.g CUPID … CUORE Upgrade with Particle ID )



Assembly of all 19 towers now complete
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Cryogenic system is in the final stages of commissioning

Status of CUORE

Expect to deploy the array in the cryostat later this year and begin 
operations



CUORE 
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CUORICINO

CUORE-0CUORE Program (0νββ of 130Te) 

0νββ: why do we care ? 
Outline

KamLAND-Zen(0νββ of 136Xe) 

KLZ Phase I

KLZ Phase 2

KLZ Phase 3
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• Hosted in the KamLAND detector
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free electronics with 1 GHz flash ADC is used for 

tagging muon-neutron-10C coincidence where 10C 

backgrounds accompany neutrons at more than 

90% when created from 12C by muon spallation.
The project is designed to cover the degenerated 

hierarchy first and later modified to cover the 

inverted hierarchy. In order to cover the degenerated 

hierarchy in two years, it turned out by a simulation 

study that about 400 kg of 136Xe is necessary but 

light yield of KamLAND is good enough. At the 

time of the design stage, 2!2" half life was known 

to be very long, more than 1022 years, and only 

moderate energy resolution was required. It was 

rather shocking when the EXO-200 experiment 

in the United States reported that the 2!2" half 

life is 2.11×1021 years (factor five contradiction!). 
Luckily the impact was not very big. For covering 

the degenerated hierarchy, 3 to 4 years of data 

accumulation is necessary or the sensitivity with two 

years became about 80 meV. Anyway, demand for 

the better energy resolution became stronger.
We named the project as KamLAND-Zen. Zen 

primarily stands for Zero neutrino double beta decay 

search. It also contains the sound and meaning 

of “then” and “Xenon.” And searching for a truth 

of the universe (0!2") at nothingness (ultra-low 

background environment) just matches with the 

word Zen (see Fig.4). The experiment started in 

September with about 330 kg of Xenon and we are 

expecting to publish a result shortly.

Better sensitivity requires more light-yields. But 

replacement of the KamLAND LS is a big and costly 

effort. So, we are going to attach light concentrators 

to PMTs at the same time (see Fig. 5). We expect 2.5 

times more light combining with the LS replacement, 
and 2!2" will be suppressed by a factor of more 

than 10. The upper entrance will also be enlarged 

to deploy various instruments. Once 0!2" is found, 
measurements with higher statistics and different 

nuclei become important for reducing uncertainty 

from a theoretical calculation of the nuclear matrix 

element and for identification of underlying physics 

mechanisms. Also, a direct search for dark matter 

Figure 4.  The logo of the KamLAND-Zen project. A kanji, logographic 
Chinese character, indicating ‘Zen’ is surrounded by 
alphabetical characters.

Future plans

KamLAND-Zen

• 3 m diameter mini-balloon at the center

• KamLAND LS, 5m thick ultra-pure active shield

• KamLAND mineral oil buffer (2m thick)

• 3.2 kt water Cherenkov muon veto

• Scintillation light detected by array of ~2000 PMTs 

• Loaded with 13 tons of Xe-loaded LS!
➡ ~2.5% by weight Xe!
➡ 90% 136 Xe (300 kg )!
➡ Q-value = 2458 keV

• Energy resolution:    σE/E = 6.6 %/√E    or   100 keV  @ Q-value
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FIG. 1: (a) Energy spectrum of selected candidate events together

with the best-fit backgrounds and 2νββ decays, and the 90% C.L.

upper limit for 0νββ decays, for the combined data from DS-1 and

DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for

2.2 < E < 3.0MeV after subtracting known background contribu-

tions.

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 contaminants. 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 0νββ
window on top of the 214Bi contribution, similar in en-

ergy to the peak found within the fiducial volume. To ex-

plore 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 back-

ground 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−1and 3.3± 0.4 day−1, respectively, for DS-1,

and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-

tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, 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 ββ 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 back-

ground rates described above are floated but constrained by

their estimated values, as are the detector energy response

model parameters. As discussed in Ref. [2], contributions

from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y

(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-

cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-

cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential

background sources in the 0νββ region of interest. The in-

creased exposure time of this data set allows for improved

constraints on the identity of the background due to the differ-

ent lifetimes of the considered isotopes. Fig. 2 shows the event

rate time variation in the energy range 2.2 < E < 3.0MeV,

which exhibits a strong preference for the lifetime of 110mAg,

if the filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the estimated

removal efficiency of 110mAg is (1±19)%, indicating that the

Xe-LS filtration was not effective in reducing the background.

In the fit to extract the 0νββ limit we include all candidate

sources in the Xe-LS, considering the possibility of composite

contributions and allowing for independent background rates

before and after the filtration.

The best-fit event rate of 136Xe 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. These results are

consistent within the uncertainties, and both data sets indicate

a uniform distribution of the Xe throughout the Xe-LS. They

are also consistent with EXO-200 [3] and that obtained with a

smaller exposure [4], which requires the FV cut R < 1.2m to

avoid the large 134Cs backgrounds on the IB, more appropri-
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FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-

ground contributions. The three fitted curves correspond to the

hypotheses that all events in the 0νββ window are from 110mAg

(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the

Xe-LS filtration period; no reduction in the fitted isotope is assumed

for the χ2 calculation.

Candidate spectrum + Best-fit model

PRL 110 062502 (2013)
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• Two neutrino mode: 

Notes on KLZ

T. O’Donnell

January 22, 2013

Table 1: KamLAND Liquid scintillator composition.

Component Chemical formula Fraction

Dodecane C12H26 80.2%(by volume)

Pseudocumene C9H12 19.8%(by volume)

PPO C15H11NO 1.35 g/l

Table 2: KamLAND-Zen Liquid scintillator composition.

Component Chemical formula Fraction

Decane C10H26 82%(by volume)

Pseudocumene C9H12 18%(by volume)

PPO C15H11NO 2.7 g/l

Dissolved Xe
90.93±0.05% 136Xe

2.5% by weight
8.89±0.01% 136Xe

Ēvis

Ereal

= A ×

(

1

1 + R
·

1

1 + kB(dE/dx)
+

R

1 + R
·
dNCh

dE

)

(1)

T 2ν
1/2 = 2.30 ± 0.03 (stat) ± 0.07 (syst) × 1021 yr (2)

T 0ν
1/2 > 1.9 × 1025 yr (90% C.L) (3)

1

• Neutrinoless mode:

T 2⌫
1/2 = 2.30± 0.02(stat)± 0.12(syst)⇥ 1021yr
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free electronics with 1 GHz flash ADC is used for 

tagging muon-neutron-10C coincidence where 10C 

backgrounds accompany neutrons at more than 

90% when created from 12C by muon spallation.
The project is designed to cover the degenerated 

hierarchy first and later modified to cover the 

inverted hierarchy. In order to cover the degenerated 

hierarchy in two years, it turned out by a simulation 

study that about 400 kg of 136Xe is necessary but 

light yield of KamLAND is good enough. At the 

time of the design stage, 2!2" half life was known 

to be very long, more than 1022 years, and only 

moderate energy resolution was required. It was 

rather shocking when the EXO-200 experiment 

in the United States reported that the 2!2" half 

life is 2.11×1021 years (factor five contradiction!). 
Luckily the impact was not very big. For covering 

the degenerated hierarchy, 3 to 4 years of data 

accumulation is necessary or the sensitivity with two 

years became about 80 meV. Anyway, demand for 

the better energy resolution became stronger.
We named the project as KamLAND-Zen. Zen 

primarily stands for Zero neutrino double beta decay 

search. It also contains the sound and meaning 

of “then” and “Xenon.” And searching for a truth 

of the universe (0!2") at nothingness (ultra-low 

background environment) just matches with the 

word Zen (see Fig.4). The experiment started in 

September with about 330 kg of Xenon and we are 

expecting to publish a result shortly.

Better sensitivity requires more light-yields. But 

replacement of the KamLAND LS is a big and costly 

effort. So, we are going to attach light concentrators 

to PMTs at the same time (see Fig. 5). We expect 2.5 

times more light combining with the LS replacement, 
and 2!2" will be suppressed by a factor of more 

than 10. The upper entrance will also be enlarged 

to deploy various instruments. Once 0!2" is found, 
measurements with higher statistics and different 

nuclei become important for reducing uncertainty 

from a theoretical calculation of the nuclear matrix 

element and for identification of underlying physics 

mechanisms. Also, a direct search for dark matter 

Figure 4.  The logo of the KamLAND-Zen project. A kanji, logographic 
Chinese character, indicating ‘Zen’ is surrounded by 
alphabetical characters.

Future plans

KamLAND-Zen: Phase 1 Result 

• Phase 1:  Sept 2011-June 2012, 89.5 kg×yr exposure of 136Xe
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FIG. 1: (a) Energy spectrum of selected candidate events together

with the best-fit backgrounds and 2νββ decays, and the 90% C.L.

upper limit for 0νββ decays, for the combined data from DS-1 and

DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for

2.2 < E < 3.0MeV after subtracting known background contribu-

tions.

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 contaminants. 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 0νββ
window on top of the 214Bi contribution, similar in en-

ergy to the peak found within the fiducial volume. To ex-

plore 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 back-

ground 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−1and 3.3± 0.4 day−1, respectively, for DS-1,

and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-

tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, 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 ββ 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 back-

ground rates described above are floated but constrained by

their estimated values, as are the detector energy response

model parameters. As discussed in Ref. [2], contributions

from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y

(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-

cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-

cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential

background sources in the 0νββ region of interest. The in-

creased exposure time of this data set allows for improved

constraints on the identity of the background due to the differ-

ent lifetimes of the considered isotopes. Fig. 2 shows the event

rate time variation in the energy range 2.2 < E < 3.0MeV,

which exhibits a strong preference for the lifetime of 110mAg,

if the filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the estimated

removal efficiency of 110mAg is (1±19)%, indicating that the

Xe-LS filtration was not effective in reducing the background.

In the fit to extract the 0νββ limit we include all candidate

sources in the Xe-LS, considering the possibility of composite

contributions and allowing for independent background rates

before and after the filtration.

The best-fit event rate of 136Xe 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. These results are

consistent within the uncertainties, and both data sets indicate

a uniform distribution of the Xe throughout the Xe-LS. They

are also consistent with EXO-200 [3] and that obtained with a

smaller exposure [4], which requires the FV cut R < 1.2m to

avoid the large 134Cs backgrounds on the IB, more appropri-
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FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-

ground contributions. The three fitted curves correspond to the

hypotheses that all events in the 0νββ window are from 110mAg

(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the

Xe-LS filtration period; no reduction in the fitted isotope is assumed

for the χ2 calculation.
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• Attributed to 110mAg … possibly fallout from the Fukushima nuclear 
accident !

• At the end of Phase 1, the Xe and Xe-LS were purified to try to reduce the 
background 
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free electronics with 1 GHz flash ADC is used for 

tagging muon-neutron-10C coincidence where 10C 

backgrounds accompany neutrons at more than 

90% when created from 12C by muon spallation.
The project is designed to cover the degenerated 

hierarchy first and later modified to cover the 

inverted hierarchy. In order to cover the degenerated 

hierarchy in two years, it turned out by a simulation 

study that about 400 kg of 136Xe is necessary but 

light yield of KamLAND is good enough. At the 

time of the design stage, 2!2" half life was known 

to be very long, more than 1022 years, and only 

moderate energy resolution was required. It was 

rather shocking when the EXO-200 experiment 

in the United States reported that the 2!2" half 

life is 2.11×1021 years (factor five contradiction!). 
Luckily the impact was not very big. For covering 

the degenerated hierarchy, 3 to 4 years of data 

accumulation is necessary or the sensitivity with two 

years became about 80 meV. Anyway, demand for 

the better energy resolution became stronger.
We named the project as KamLAND-Zen. Zen 

primarily stands for Zero neutrino double beta decay 

search. It also contains the sound and meaning 

of “then” and “Xenon.” And searching for a truth 

of the universe (0!2") at nothingness (ultra-low 

background environment) just matches with the 

word Zen (see Fig.4). The experiment started in 

September with about 330 kg of Xenon and we are 

expecting to publish a result shortly.

Better sensitivity requires more light-yields. But 

replacement of the KamLAND LS is a big and costly 

effort. So, we are going to attach light concentrators 

to PMTs at the same time (see Fig. 5). We expect 2.5 

times more light combining with the LS replacement, 
and 2!2" will be suppressed by a factor of more 

than 10. The upper entrance will also be enlarged 

to deploy various instruments. Once 0!2" is found, 
measurements with higher statistics and different 

nuclei become important for reducing uncertainty 

from a theoretical calculation of the nuclear matrix 

element and for identification of underlying physics 

mechanisms. Also, a direct search for dark matter 

Figure 4.  The logo of the KamLAND-Zen project. A kanji, logographic 
Chinese character, indicating ‘Zen’ is surrounded by 
alphabetical characters.

Future plans

KamLAND-Zen: Phase 1 -> Phase 2 
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FIG. 1: (a) Energy spectrum of selected candidate events together

with the best-fit backgrounds and 2νββ decays, and the 90% C.L.

upper limit for 0νββ decays, for the combined data from DS-1 and

DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for

2.2 < E < 3.0MeV after subtracting known background contribu-

tions.

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 contaminants. 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 0νββ
window on top of the 214Bi contribution, similar in en-

ergy to the peak found within the fiducial volume. To ex-

plore 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 back-

ground 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−1and 3.3± 0.4 day−1, respectively, for DS-1,

and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-

tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, 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 ββ 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 back-

ground rates described above are floated but constrained by

their estimated values, as are the detector energy response

model parameters. As discussed in Ref. [2], contributions

from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y

(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-

cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-

cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential

background sources in the 0νββ region of interest. The in-

creased exposure time of this data set allows for improved

constraints on the identity of the background due to the differ-

ent lifetimes of the considered isotopes. Fig. 2 shows the event

rate time variation in the energy range 2.2 < E < 3.0MeV,

which exhibits a strong preference for the lifetime of 110mAg,

if the filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the estimated

removal efficiency of 110mAg is (1±19)%, indicating that the

Xe-LS filtration was not effective in reducing the background.

In the fit to extract the 0νββ limit we include all candidate

sources in the Xe-LS, considering the possibility of composite

contributions and allowing for independent background rates

before and after the filtration.

The best-fit event rate of 136Xe 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. These results are

consistent within the uncertainties, and both data sets indicate

a uniform distribution of the Xe throughout the Xe-LS. They

are also consistent with EXO-200 [3] and that obtained with a

smaller exposure [4], which requires the FV cut R < 1.2m to

avoid the large 134Cs backgrounds on the IB, more appropri-
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FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-

ground contributions. The three fitted curves correspond to the

hypotheses that all events in the 0νββ window are from 110mAg

(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the

Xe-LS filtration period; no reduction in the fitted isotope is assumed
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free electronics with 1 GHz flash ADC is used for 

tagging muon-neutron-10C coincidence where 10C 

backgrounds accompany neutrons at more than 

90% when created from 12C by muon spallation.
The project is designed to cover the degenerated 

hierarchy first and later modified to cover the 

inverted hierarchy. In order to cover the degenerated 

hierarchy in two years, it turned out by a simulation 

study that about 400 kg of 136Xe is necessary but 

light yield of KamLAND is good enough. At the 

time of the design stage, 2!2" half life was known 

to be very long, more than 1022 years, and only 

moderate energy resolution was required. It was 

rather shocking when the EXO-200 experiment 

in the United States reported that the 2!2" half 

life is 2.11×1021 years (factor five contradiction!). 
Luckily the impact was not very big. For covering 

the degenerated hierarchy, 3 to 4 years of data 

accumulation is necessary or the sensitivity with two 

years became about 80 meV. Anyway, demand for 

the better energy resolution became stronger.
We named the project as KamLAND-Zen. Zen 

primarily stands for Zero neutrino double beta decay 

search. It also contains the sound and meaning 

of “then” and “Xenon.” And searching for a truth 

of the universe (0!2") at nothingness (ultra-low 

background environment) just matches with the 

word Zen (see Fig.4). The experiment started in 

September with about 330 kg of Xenon and we are 

expecting to publish a result shortly.

Better sensitivity requires more light-yields. But 

replacement of the KamLAND LS is a big and costly 

effort. So, we are going to attach light concentrators 

to PMTs at the same time (see Fig. 5). We expect 2.5 

times more light combining with the LS replacement, 
and 2!2" will be suppressed by a factor of more 

than 10. The upper entrance will also be enlarged 

to deploy various instruments. Once 0!2" is found, 
measurements with higher statistics and different 

nuclei become important for reducing uncertainty 

from a theoretical calculation of the nuclear matrix 

element and for identification of underlying physics 

mechanisms. Also, a direct search for dark matter 

Figure 4.  The logo of the KamLAND-Zen project. A kanji, logographic 
Chinese character, indicating ‘Zen’ is surrounded by 
alphabetical characters.

Future plans

KamLAND-Zen: Phase 2

0ν ROI: 2.3 MeV < E < 2.7 MeV

6 events in 0v ROI

R<2.0m + 2ms post μ veto

R<1.0m (Xe-LS) cut

Delayed Coincidence cut

Spallation cut

Candidates remaining after:

• 383 kg of 136Xe loaded in Xe-LS!
• ~27 kg×yr exposure of 136Xe

~10x reduction
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free electronics with 1 GHz flash ADC is used for 

tagging muon-neutron-10C coincidence where 10C 

backgrounds accompany neutrons at more than 

90% when created from 12C by muon spallation.
The project is designed to cover the degenerated 

hierarchy first and later modified to cover the 

inverted hierarchy. In order to cover the degenerated 

hierarchy in two years, it turned out by a simulation 

study that about 400 kg of 136Xe is necessary but 

light yield of KamLAND is good enough. At the 

time of the design stage, 2!2" half life was known 

to be very long, more than 1022 years, and only 

moderate energy resolution was required. It was 

rather shocking when the EXO-200 experiment 

in the United States reported that the 2!2" half 

life is 2.11×1021 years (factor five contradiction!). 
Luckily the impact was not very big. For covering 

the degenerated hierarchy, 3 to 4 years of data 

accumulation is necessary or the sensitivity with two 

years became about 80 meV. Anyway, demand for 

the better energy resolution became stronger.
We named the project as KamLAND-Zen. Zen 

primarily stands for Zero neutrino double beta decay 

search. It also contains the sound and meaning 

of “then” and “Xenon.” And searching for a truth 

of the universe (0!2") at nothingness (ultra-low 

background environment) just matches with the 

word Zen (see Fig.4). The experiment started in 

September with about 330 kg of Xenon and we are 

expecting to publish a result shortly.

Better sensitivity requires more light-yields. But 

replacement of the KamLAND LS is a big and costly 

effort. So, we are going to attach light concentrators 

to PMTs at the same time (see Fig. 5). We expect 2.5 

times more light combining with the LS replacement, 
and 2!2" will be suppressed by a factor of more 

than 10. The upper entrance will also be enlarged 

to deploy various instruments. Once 0!2" is found, 
measurements with higher statistics and different 

nuclei become important for reducing uncertainty 

from a theoretical calculation of the nuclear matrix 

element and for identification of underlying physics 

mechanisms. Also, a direct search for dark matter 

Figure 4.  The logo of the KamLAND-Zen project. A kanji, logographic 
Chinese character, indicating ‘Zen’ is surrounded by 
alphabetical characters.

Future plans
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free electronics with 1 GHz flash ADC is used for 

tagging muon-neutron-10C coincidence where 10C 

backgrounds accompany neutrons at more than 

90% when created from 12C by muon spallation.
The project is designed to cover the degenerated 

hierarchy first and later modified to cover the 

inverted hierarchy. In order to cover the degenerated 

hierarchy in two years, it turned out by a simulation 

study that about 400 kg of 136Xe is necessary but 

light yield of KamLAND is good enough. At the 

time of the design stage, 2!2" half life was known 

to be very long, more than 1022 years, and only 

moderate energy resolution was required. It was 

rather shocking when the EXO-200 experiment 

in the United States reported that the 2!2" half 

life is 2.11×1021 years (factor five contradiction!). 
Luckily the impact was not very big. For covering 

the degenerated hierarchy, 3 to 4 years of data 

accumulation is necessary or the sensitivity with two 

years became about 80 meV. Anyway, demand for 

the better energy resolution became stronger.
We named the project as KamLAND-Zen. Zen 

primarily stands for Zero neutrino double beta decay 

search. It also contains the sound and meaning 

of “then” and “Xenon.” And searching for a truth 

of the universe (0!2") at nothingness (ultra-low 

background environment) just matches with the 

word Zen (see Fig.4). The experiment started in 

September with about 330 kg of Xenon and we are 

expecting to publish a result shortly.

Better sensitivity requires more light-yields. But 

replacement of the KamLAND LS is a big and costly 

effort. So, we are going to attach light concentrators 

to PMTs at the same time (see Fig. 5). We expect 2.5 

times more light combining with the LS replacement, 
and 2!2" will be suppressed by a factor of more 

than 10. The upper entrance will also be enlarged 

to deploy various instruments. Once 0!2" is found, 
measurements with higher statistics and different 

nuclei become important for reducing uncertainty 

from a theoretical calculation of the nuclear matrix 

element and for identification of underlying physics 

mechanisms. Also, a direct search for dark matter 

Figure 4.  The logo of the KamLAND-Zen project. A kanji, logographic 
Chinese character, indicating ‘Zen’ is surrounded by 
alphabetical characters.
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KamLAND-Zen Plans

• Plan to continue Phase 2 until late 2015!

• About 350 days lifetime accumulate already 
 !

•  Preparations for next phase underway!

• About 600 kg of 136Xe has been prepared !

• New inner balloon is being prepared this summer !

• Goal to remove 110mAg  !

• Goal to reduce 214Bi contamination in balloon 10x!

• Expect to install at the end of this year!

• Begin Phase 2 operations in early 2016   
!38
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free electronics with 1 GHz flash ADC is used for 

tagging muon-neutron-10C coincidence where 10C 

backgrounds accompany neutrons at more than 

90% when created from 12C by muon spallation.
The project is designed to cover the degenerated 

hierarchy first and later modified to cover the 

inverted hierarchy. In order to cover the degenerated 

hierarchy in two years, it turned out by a simulation 

study that about 400 kg of 136Xe is necessary but 

light yield of KamLAND is good enough. At the 

time of the design stage, 2!2" half life was known 

to be very long, more than 1022 years, and only 

moderate energy resolution was required. It was 

rather shocking when the EXO-200 experiment 

in the United States reported that the 2!2" half 

life is 2.11×1021 years (factor five contradiction!). 
Luckily the impact was not very big. For covering 

the degenerated hierarchy, 3 to 4 years of data 

accumulation is necessary or the sensitivity with two 

years became about 80 meV. Anyway, demand for 

the better energy resolution became stronger.
We named the project as KamLAND-Zen. Zen 

primarily stands for Zero neutrino double beta decay 

search. It also contains the sound and meaning 

of “then” and “Xenon.” And searching for a truth 

of the universe (0!2") at nothingness (ultra-low 

background environment) just matches with the 

word Zen (see Fig.4). The experiment started in 

September with about 330 kg of Xenon and we are 

expecting to publish a result shortly.

Better sensitivity requires more light-yields. But 

replacement of the KamLAND LS is a big and costly 

effort. So, we are going to attach light concentrators 

to PMTs at the same time (see Fig. 5). We expect 2.5 

times more light combining with the LS replacement, 
and 2!2" will be suppressed by a factor of more 

than 10. The upper entrance will also be enlarged 

to deploy various instruments. Once 0!2" is found, 
measurements with higher statistics and different 

nuclei become important for reducing uncertainty 

from a theoretical calculation of the nuclear matrix 

element and for identification of underlying physics 

mechanisms. Also, a direct search for dark matter 

Figure 4.  The logo of the KamLAND-Zen project. A kanji, logographic 
Chinese character, indicating ‘Zen’ is surrounded by 
alphabetical characters.

Future plans

KamLAND-Zen Plans

KamLAND2-Zen



Summary
• Data from CUORE-0 verifies the new assembly line, materials selection, 

and ultra-cleaning protocols reduce pernicious surface backgrounds!

!40

• CUORE-0 combined with CUORICINO provides the most stringent limit to 
date on 0𝛎ββ decay of 130Te

6

resolution of the Cuoricino detectors was 6.9 keV and
2.9 keV, respectively, and the ROI background index was
0.169 ± 0.006 counts/(keV·kg·yr). We report the profile
likelihoods in Fig. 4. The combined Bayesian 90% C.L.
limit is T 0⌫

1/2 > 4.0⇥ 1024 yr which is the most stringent
limit to date on this quantity. For comparison, the
90%C.L. frequentist limits [32] are T 0⌫

1/2 > 2.8 ⇥ 1024 yr

for CUORE-0 only, and T 0⌫
1/2 > 4.1⇥ 1024 yr for the com-

bination with Cuoricino.

We interpret our Bayesian combined limit in the con-
text of models for 0⌫�� decay mediated by light Ma-
jorana neutrino exchange using the phase space factors
from Ref. [33], the most recent nuclear matrix element
(NME) calculations for a broad range of models avail-
able in the literature [34–38], and adopting the value of
gA ' 1.27 for the axial coupling constant. The resulting
range for the 90% C.L upper limit on the e↵ective Majo-
rana mass is m�� < 270 – 650 meV; for ease of compari-
son with limits reported for other isotopes in the field this
range excludes Ref. [39]. If we include the latter NME
calculation the range extends to m�� < 270 – 760 meV.

In summary, CUORE-0 finds no evidence for 0⌫��
decay of 130Te and, when combined with the Cuori-
cino exposure, provides the most stringent limit to date

on this important process. Benefiting in particular
from lower background, improved energy resolution, and
higher data-taking e�ciency, the experiment has sur-
passed the sensitivity of Cuoricino in approximately half
the runtime.
The CUORE Collaboration thanks the directors and

sta↵ of the Laboratori Nazionali del Gran Sasso and our
technical sta↵ for their valuable contribution to building
and operating the detector. This work was supported by
the Istituto Nazionale di Fisica Nucleare (INFN); the Na-
tional Science Foundation under Grant Nos. NSF-PHY-
0605119, NSF-PHY-0500337, NSF-PHY-0855314, NSF-
PHY-0902171, NSF-PHY-0969852, NSF-PHY-1307204,
and NSF-PHY-1404205; the Alfred P. Sloan Founda-
tion; the University of Wisconsin Foundation; and Yale
University. This material is also based upon work sup-
ported by the US Department of Energy (DOE) O�ce
of Science under Contract Nos. DE-AC02-05CH11231
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(90% C.L.) 〈mββ〉 < 270 – 650 meV
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• KamLAND-Zen capitalized on existing infrastructure to quickly realize 
competitive double beta decay search

• Preliminary results from Phase 1+ 2 of KamLAND-Zen 

〈mββ〉 < 180 – 300 meV
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free electronics with 1 GHz flash ADC is used for 

tagging muon-neutron-10C coincidence where 10C 

backgrounds accompany neutrons at more than 

90% when created from 12C by muon spallation.
The project is designed to cover the degenerated 

hierarchy first and later modified to cover the 

inverted hierarchy. In order to cover the degenerated 

hierarchy in two years, it turned out by a simulation 

study that about 400 kg of 136Xe is necessary but 

light yield of KamLAND is good enough. At the 

time of the design stage, 2!2" half life was known 

to be very long, more than 1022 years, and only 

moderate energy resolution was required. It was 

rather shocking when the EXO-200 experiment 

in the United States reported that the 2!2" half 

life is 2.11×1021 years (factor five contradiction!). 
Luckily the impact was not very big. For covering 

the degenerated hierarchy, 3 to 4 years of data 

accumulation is necessary or the sensitivity with two 

years became about 80 meV. Anyway, demand for 

the better energy resolution became stronger.
We named the project as KamLAND-Zen. Zen 

primarily stands for Zero neutrino double beta decay 

search. It also contains the sound and meaning 

of “then” and “Xenon.” And searching for a truth 

of the universe (0!2") at nothingness (ultra-low 

background environment) just matches with the 

word Zen (see Fig.4). The experiment started in 

September with about 330 kg of Xenon and we are 

expecting to publish a result shortly.

Better sensitivity requires more light-yields. But 

replacement of the KamLAND LS is a big and costly 

effort. So, we are going to attach light concentrators 

to PMTs at the same time (see Fig. 5). We expect 2.5 

times more light combining with the LS replacement, 
and 2!2" will be suppressed by a factor of more 

than 10. The upper entrance will also be enlarged 

to deploy various instruments. Once 0!2" is found, 
measurements with higher statistics and different 

nuclei become important for reducing uncertainty 

from a theoretical calculation of the nuclear matrix 

element and for identification of underlying physics 

mechanisms. Also, a direct search for dark matter 

Figure 4.  The logo of the KamLAND-Zen project. A kanji, logographic 
Chinese character, indicating ‘Zen’ is surrounded by 
alphabetical characters.

Future plans

T 0⌫
1/2 > 2.6⇥ 1025 yr (90% C.L.)

• Both KLZ Phase 3 and CUORE expect to approach IH in the next few years
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