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Modo de decaimiento hipotético que es permitido si los neutrinos son partículas 
Majorana, es decir, 

Neutrinoless double beta decay

4th ANDES workshop                                                                                                                                                                                        Raul Hennings Yeomans

�̄i � �i

ν mass from double beta decay INT Workshop Feb. 2010
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>> Nuclear 
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Requires:
• neutrino to have non-zero mass

• “wrong-handed” helicity admixture ~ mi/Eνi

Any process that allows 0νββ to occur requires 
Majorana neutrinos with non-zero mass. 
Schechter and Valle, 1982

• Lepton number violation
• No experimental evidence that Lepton 
number must be conserved
 (i.e. general SM principles, such as electroweak-
isospin conservation and renormalizability)

If 0νββ decay is observed ⇒ neutrinos are Majorana particles

                                lepton number is violated  

Monday, February 8, 2010

Sólo puede ser observado si el típico decaimiento beta es energéticamente prohibido, 
lo cual ocurre para algunos núcleos con número par de protones y neutrones cuyo 
estado base energético es más bajo que el de sus núcleos vecinos impar-impar.

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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2νββ

0νββ

Aunque no necesariamente el 0νββ puede ser mediado por neutrinos ligeros, en caso 
de ser observado implicaría que los neutrinos son partículas Majorana y el número 
leptónico no es conservado por dos unidades.

T1/2=1019-1021 años

0νββ T1/2=105-106 años > que 2νββ Τ1/2



35 isótopos pueden en principio hacer 0νββ pero sólo 9 tienen un valor de 
Q > 2 MeV y tienen abundancia isotópica que se puede trabajar (exp)

September 19, 2011 14:3 WSPC/143-IJMPE S0218301311020186
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2. Experimental Aspects

Neutrino-less double beta decay can only be observed if the usual beta decay is
energetically forbidden. This is the case for some even–even nuclei (i.e. even proton
and neutron numbers), whose ground states are energetically lower than their odd–
odd neighbors. If the nucleus with atomic number higher by one unit has a smaller
binding energy (preventing beta decay from occurring), and the nucleus with atomic
number higher by two units has a larger binding energy, the double beta decay
process is allowed. In principle 35 nuclei can undergo 0νββ, though realistically only
nine emerge as interesting candidates and are under investigation in competitive
experiments, namely 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 130Te, 136Xe, 150Nd.
There is no “super isotope,” one has to find compromises between the natural
abundance, reasonably priced enrichment, the association with a well controlled
experimental technique or the Q-value, because the decay rate for 0νββ goes with
Q5 (except for Majoron emission, see Subsec. 5.5). Table 1 and Fig. 2 give the
relevant parameters of all 11 isotopes with a Q-value above 2 MeV, including the
nine most studied isotopes given above. The experimental signal is the sum of
energy of the two emitted electrons, which should equal the known Q-value. The
neutrino-less mode has to be distinguished from 2 neutrino double beta decay17

(A,Z) → (A,Z + 2) + 2e− + 2ν̄e (2νββ) , (3)

which experimentally can be an irreducible background for the neutrino-less mode.
The half-life of 2νββ is typically around 1019–1021 yrs (it is important to note that
the process is allowed in the SM), and has been observed for a number of isotopes
already, see Ref. 11 for a list of results. Obviously, the countless peaks arising from
natural radioactivity, cosmic ray reactions, etc. need to be understood and/or the

Table 1. Q-value, natural abundance and phase space factor
G (standard mechanism) for all isotopes with Q ≥ 2 MeV
using r0 = 1.2 fm. Values taken from Table 6 of Ref. 6 and
scaled to gA = 1.25. Note that there is a misprint in Ref. 6,
which quotes G0ν for 100Mo as 11.3 × 10−14 yrs−1.

Isotope G [10−14 yrs−1] Q [keV] Nat. Abund. [%]

48Ca 6.35 4273.7 0.187
76Ge 0.623 2039.1 7.8
82Se 2.70 2995.5 9.2
96Zr 5.63 3347.7 2.8

100Mo 4.36 3035.0 9.6
110Pd 1.40 2004.0 11.8
116Cd 4.62 2809.1 7.6
124Sn 2.55 2287.7 5.6
130Te 4.09 2530.3 34.5
136Xe 4.31 2461.9 8.9
150Nd 19.2 3367.3 5.6
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Candidate isotopes with a large Q-value
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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
(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

Nuclear matrix element

Asumiendo que el mecanismo de violación de número leptónico que genera el 0νββ 
es mediado por neutrinos ligeros Majorana, entonces tendríamos

ν mass from double beta decay INT Workshop Feb. 2010

0νββ Decay Sensitivity to <mββ> 
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Assuming LNV mechanism is light Majorana neutrino exchange and SM interactions (W)
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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 

Effective Majorana ν mass:

Lifetime and the Effective Majorana Mass
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A quick note about extracting the mass

(a) Se requeriría calcular de forma confiable y precisa a los NME 

(b) También saber cual es el mecanismo que da origen a la violación del 
número leptónico (actualmente se asume un modelo) 

(c) Aún en el modelo más “sencillo”, <mββ> depende de la Jerarquía de 
Masas, valores de mezcla y fases de Majorana que admite el caso de que 
si la Jerarquía es Normal, es posible que el 0νββ no sea observable

that of Majorana neutrinos even though a variety of exotic models can account for it. So
far, no convincing experimental evidence of this decay has been found.

When mediated by the exchange of a light virtual neutrino, the ��(0⌫) rate is ex-
pressed as:

[T 0⌫
1/2]

�1 = G0⌫ |M0⌫ |2 |hm
⌫

i|2/m2
e (5)

where G0⌫ is the phase space integral (exactly calculable, but a↵ected by the uncertainties
on the axial coupling constant, as discussed in the next section), |M0⌫ |2 is the nuclear
matrix element and me is the electron mass. Finally, hm

⌫

i – introduced in the previous
section – is the so called Majorana mass of the neutrino that can be expressed in terms
of the PNMS matrix elements as:

hm
⌫

i = c212c
2
13m1 + s212c

2
13e

i↵1m2 + s213e
i↵2m3 (6)

As evident from Fig. 1 oscillation results constrain |hm
⌫

i| to be between 20 and 50 meV
in the case of inverted hierarchy (above ⇠50 meV the bands representing the two hierar-
chies merge in the same degenerate band). This is more or less the sensitivity range of
forthcoming ��(0⌫) experiments. If these would not observe any decay (and assuming
that neutrinos are Majorana particles) the inverse ordering could finally be excluded thus
fixing the problem of the neutrino absolute mass scale [10, 29]. If, on the other hand, other
experiments would demonstrate that neutrino mass ordering is inverted, then ��(0⌫) non
observation would demonstrate that neutrinos are Dirac particles.

|hm
⌫

i| is the only experimental observable presently studied where Majorana phases
appear explicitly, these phases measure CP violation for Majorana neutrinos (if CP is
conserved they are integer multiples of ⇡). Their presence implies that cancellations are
possible (see Fig. 1). In principle Majorana phases can have measurable consequences
even if in practice their determination is very di�cult. Many authors have examined
the potential to combine ��(0⌫) measurements with single beta and cosmology results
to determine their value [17, 18, 30, 31]. The general conclusion is that at least two
experiments that depend on the phases are required to unambiguously determine both.
Moreover, a significant improvement in the precision of nuclear matrix elements (Sec. 3.1)
is also required.

|hm
⌫

i| is also the only ��(0⌫) measurable parameter containing direct information
on the neutrino mass scale. Unfortunately its derivation from the experimental results
on ��(0⌫) half-lifetimes requires a precise knowledge of the transition nuclear matrix
elements M0⌫ appearing in Eq. (5). Many evaluations are available in the literature, but
they are often in considerable disagreement, leading to large uncertainty ranges for |hm

⌫

i|.
This has been recognized as a critical problem by the �� community.

Neutrinoless double beta decay is presently the only practical way to discover if the
neutrino is its own anti-particle. Its observation would have dramatic consequences for
nuclear and particle physics as well as for astrophysics and cosmology. Indeed, one of
the most intriguing problem in accommodating massive neutrinos in a Standard Model
extension is to be able to explain the smallness of neutrino masses. The see-saw mecha-
nism – which predicts the existence of Majorana neutrinos – is a very attractive solution

7

<mββ> = 
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Karsten Heeger, Univ. of Wisconsin SNOLAB, May 16, 2012 
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Ventajas: 
topología del evento, reducción del ruido, 
utilización de variedad de isótopos. 
Desventajas:  
masa del detector, su resolución, y la 
eficiencia geométrica de detección. 
Tecnología:  
detectores de ‘tracks’ de partículas

Fuente externa al detector 

Técnica capaz de distinguir entre los 
modelos del 0νββ

eg. Nemo eg. MAJORANA, EXO, CUORE,  
SNO+, Kamland-Zen, etc.

Cabling 

Texas A&M Seminar, Jan 31, 2013 38 Ke Han, Berkeley Lab 

MJD status and technologies 

• Underground lab 

• Electroformed copper 

• Thermal tests 

• Prototype cryostat fabrication 

• MJD detectors and status 

• Low noise/low background electronics 

• Detector integration tests 

• Detailed model and simulations 

• Calibration 

 

 12 Ryan Martin, The Majorana Demonstrator 

Nov 2011 

Majorana CUORE

Experimental methods
Fuente esta diluida en el detector 

Ventajas: 
masa del detector, su resolución, la 
eficiencia geométrica  
Desventajas:  
topología del evento, reducción del ruido  
Tecnología:  
calorímetros como bolómetros, diodos de 
Ge, centelleadores, detectores de neutrinos 

Objetivo principal es establecer la observación 
del 0νββ

NEXT es un caso híbrido

X (mm)
0 50 100 150 200

Y
 (

m
m

)

-300

-250

-200

-150

Figure 1.4: The topological signature in NEXT is a “spaghetti with two meat balls”,
that is, a track that ends in two “blobs” of energy, corresponding to ranging-out elec-
trons. The trajectory of electrons contains no information, being dominated by multiple
scattering in the dense gaseous xenon.

17

Tecnología:  
TPC presurizada  
(10-16 atm)
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Double beta decay experiments (Incomplete list)  

Texas A&M Seminar, Jan 31, 2013 Ke Han, Berkeley Lab 11 

  Isotope Q 
(keV) I. A. Detector 

mass (kg) Efficiency FWHM 
(keV) 

BKG rate (c/
keV/kg/y) 

Run time 
(year) 

Half-life 
sensitivit
y (year) 

Mββ sensitivity 
(meV) Location Status 

CUORE 130Te 2527 33.80% 741 83% 5 0.01 5 1.60E+26 47 - 100 LNGS Construction, 
2014 

AMoRE 100Mo 3034 96% 100   15 0.001 5 7.00E+26 20 - 70 YangYang R&D 

Lucifer 82Se 2995 95% 17.6 (ISO)   ~10 0.003-6  5 2.30E+26 35 - 94 LNGS R&D 

Majorana 
Demonstrator 

76Ge 2039 7.4%, 86% 10, 30   5 0.00075 5 9.00E+25 106 -295 Sanford Construction, 
2014 

Gerda I 76Ge 2039 7.4%, 86% 22.2* 97.2 4.5 0.02 1 2.50E+25   LNGS Started 2011 

Gerda II 76Ge 2039 7.4%, 86% 40 97.2 4.5 0.001 5 1.90E+26 73 - 203 LNGS Construction, 
2013 

COBRA 116Cd 2805 7.5 0.1 61 100~250 100 173 days 9.40E+19   LNGS Running* 

KamLAND-ZEN 136Xe 2458 91 320 ~80 240 ~5E-4 1   ~80 Kamioka Running 

SNO+ 150Nd 3370 5.6 43.7 (ISO)   215   5 7.70E+24 172 - 180 SNOLab Construction, 
2014 

CANDLES 48Ca 4271 0.187 305     3   ~400 Kamioka Running 

EXO-200 136Xe 2458 81 98.5 71 100 1.50E-03 4   ~100 WIPP Running 

NEXT 136Xe 2458 90 90   ~25 8.00E-04 5 5.90E+25 <100 Canfranc R&D, 2014 

SuperNEMO 82Se 2995 90 100 >30 120   5 1.20E+26 40-105 Modane R&D, 2014 

An incomplete list of experiments
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Karsten Heeger, Univ. of Wisconsin SNOLAB, May 16, 2012 

For E = 1 MeV: ΔT = E/C ≅ 0.1 mK
 Signal size: 1 mV

Time constant:  τ = C/G = 0.5 s 
Energy resolution: ~ 5 keV at 2.5 MeV

 TeO2 Bolometers

Single pulse example
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5 cm

790g per crystal deposited energy 
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CUORE-0 status 

•  The detector was cooled down to base temperature <10 mK, but not stable. 
–  NTD resistance between 500 MΩ to 2GΩ ( ~ 9mK ) 

•  We have been working on detector commissioning.  
–  Some calibration runs have been taken. 
–  The detector array works fine, but we are experiencing a lot of problem with the 

aging dilution refrigerator.  

Texas A&M Seminar, Jan 31, 2013 Ke Han, Berkeley Lab 41 

The (first) cool down started in August. 
 
We worked until the middle of September on the verticalization system to 
find the correct position of the tower (that has not to touch the 50 mk shied).  

The first cool down 
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Tdet ~ 14 mK 
(CUORE-0)
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Time [sec] 

Bolómetros de TeO2 (fuente = detector) 

Para E = 1 MeV: 

Cte. de tiempo: 

δE: 

ΔT = E/C ~ 0.1mK 
Tamaño de la señal ~ 1 mV 

τ = C/G = 0.5 sec 

~5 keV a 2.5 MeV 

Abundancia isotópica natural de 34.2%
valor de Q = 2528 keV

5

00νββνββ research with TeO research with TeO22

high natural i.a. (34.2 %) -- NO enrichment is needed 

reasonably high Q-value (Q~2528 keV) -- high G(Q,Z) and low background

 130Te is a good 0nbb  candidate ( 130Te → 130Xe + 2 e-)

MiDBD
1.8 kg  130Te

1997-2001

Cuoricino
11.3 kg 130Te

2003-2009 2012...2014

CUORE-0
11 kg 130Te

CUORE
206 kg 130Te

2014...

T1/2
0ν > 2.8 x 1024 y [5] T1/2

0ν > 2.1 x 1023 y [21]

   Silvia Capelli            Rencontres de Moriond 2013         5

Energía depositada 

Disipador de calor: 
Estructura de Cu (8-10mK) 

Acoplamiento térmico: 
Teflón (G=4pW/mK) 

Termómetro: 
NTD Termistor de Ge 
(dR/dT ~ 100kΩ/μK) 

Absorbedor de particulas: 
Cristal de TeO2 

The search with 130Te - CUORE (y SNO+)
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CUORE @ LNGS

4

120 km from Rome

3650 m.w.e. deep

μs: 2.58x10-8/(s cm2)

γs: ~0.73/(s cm2)

neutrons: 4x10-6 n/(s cm2)

- A 120km de Roma, Italia. 

- 3650 mwe de profundidad 

- 2.58x10-8/seg/cm2 

- rayos-γ: ~0.73/seg/cm2 

- rayos-γ: ~4x10-6n/seg/cm2

Karsten Heeger, Univ. of Wisconsin SNOLAB, May 16, 2012 

CUORE at LNGS, Italy

A

1.4-km avg. rock overburden
    = 3100 m.w.e. flat overburden  

factor 106 reduction in muon 
    flux to ~ 3×10—8 µ/(s cm2) 

CUORE

Cuoricino

12
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CUORICINO results

7

The past: Cuoricino

! !

12
S. Di Domizio
ICHEP 2012

The past: CUORICINO
! 62 TeO2 bolometers
! 40.7 kg (11.3 kg in 130Te)
! Data taking: 2003-2008

! Internal and external lead shield
! Borated polyethylene shield
! Anti-Rn box

!"#$%&'$#()*+,"()-.)/01223)40054-2

!
""#
$# $ #%&%"$#' " #($)$%

&&& ' $%*$ ( $%+"'( range due to different NME calculations

! Statistics: 19.75 kg x yr in 130Te
! Avg resolution: 6.3 keV FWHM
! Bkg in ROI: 0.17 counts/(keV kg yr)

62 TeO2 crystals 
TeO2: 40.7 kg

Astropart. Phys. (2011),
doi:10.1016/j.astropartphys.2011.02.002

�E = (6.3± 2.5) keV FWHM

Statistics:

Average resolution:

M · t = 19.75kg(130Te) · y

m�� < 0.3÷ 0.7eV
T1/2 > 2.8 · 1024y

0⌫DBD

60
Co � + �

Background @ Q-value 0νββ:  
0.17 c/(keV· kg· y)

Degraded α from TeO2 and 
Cu surface contaminations 
(232Th and 238U)

External high energy 
γ (232Th) 

65%

35%
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62 cristales de TeO2

40.7kg de TeO2
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Best Fit
68% C.L.
90% C.L.

60Co γ+γ

Qββ

Ruido observado @ Qββ

0.17 c/kev-kg-y

Causante del ruido:
(a)Un 65% de partículas α 

de los cristales y de la 
superficie del Cobre 
debido a la 
contaminación de U/Th 

(b)Un 35% de rayos 
gamma externos de la 
cadena del 232Th

Resultado de CUORICINO:
T1/2 > 2.8 x 1024 años 

mββ < 0.3-0.7 eV
Astroparticle Physics, Vol. 34, 
Issue 11, June 2011, p 822-831
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CUORE-0 recent result
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CUORE-0 Preliminary

CUORE-0 Background Spectrum

- Lineas γ espectrales del U-238 reducidas a 1/2 
(debido a mejor control del radón)  

- Líneas γ espectrales del Th-232 no fueron 
reducidas (provienen del crióstato) 

- Líneas α espectrales del U-238 y Th-232 
reducidas (mejor tratamiento de las superficies) 

El ruido de fondo proveniente de la 
contaminación de las superficies en 
CUORE-0 es 6x más pequeño que el 
de CUORICINO.

pero con ensamblado “limpio” y con el cableado que utilizarán las 19 torres (CUORE)
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CUORE - 206 kg of 130Te inside 988 bolometers 

- 988 cristales de TeO2 operados como 
un arreglo bolométrico 

- Cristales de 5x5x5 cm3, 750 g c/u 

- 19 Torres con 13 pisos y 4 
módulos/piso 

- Un total de 741 kg; 206 kg de 
130Te 

- Resolución en Energía demostrada de 
~0.2% en Qββ, 

- Refrigerador nuevo y crióstato nuevo 

- Utilización de materiales radio-puros 
y ensamblado “limpio” para lograr un 
ruido de fondo bajo dentro de la 
ventana de energía de interés 

- Sistema de calibración único en el 
campo de experimentos de bajo ruido.

x19
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CUORE
Construction



CUORE
988 Teo2 cristales en un 
arreglo de 19 torres (los 
cristales ya fueron 
producidos y adquiridos) 

741kg en total 

206 kg the Te-130 

Crióstato y refrigerador 
nuevos están siendo 
probados en LNGS

Construction



CUORE collaboration
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The CUORE collaboration



Things CUORE is considering beyond CUORE
Enriquecimiento del Te-130 es relativamente 
barato  comparado con Ge-76

Medir la luz y calor generados en cada evento

Utilizar luz Cherenkov o de Centelleo para 
distinguir partículas α de las β/γ!

 30TeO2, Zn82Se, 116CdWO4, Zn100MoO4
      

Sensitivity to the Majorana 
mass mββ goes as:

]
-1

 [y
NF

-1410

-1310

-1210

-1110

Ca48 Ge76 Se82 Zr96 Mo100 Cd116 Sn124 Te128 Te130 Xe136 Nd150

IBM
QRPA-T
QRPA-J
ISM
PHFB
GCM

�� Decay Reaction

Isotopic Abundance Q-value

[atomic %] [keV]

48
Ca!48

Ti 0.2 4274

76
Ge!76

Se 7.6 2039

82
Se!82

Kr 8.7 2996

96
Zr!96

Mo 2.8 3348

100
Mo!100

Ru 9.6 3034

116
Cd!116

Sn 7.5 2814

124
Sn!124

Te 5.8 2288

128
Te!128

Xe 31.8 866

130
Te!130

Xe 34.2 2528

136
Xe!136

Ba 8.9 2458

150
Nd!150

Sm 5.6 3368M. Vignati 2

130Te 76Ge 100Mo 
116Cd 

82Se 

136Xe

environmental γ bkg.

J. Beeman, et al., Astropart. Phys. 35 (2012) 558. 
C. Arnaboldi, et al., Astropart. Phys. 34 (2010) 143. 

Mejorar los sensores utilizando 
superconductores:  

(a) TES (Transition Edge Sensors) en USA 
(b) MKIDS (Mutual Kinetic Inductance 
Detectors) en ITALIA
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R&D at UC Berkeley



achieve the required sensitivity, we have taken the ap-
proach suggested by Niinikoski of using arrays of small
Si bolometers. We chose, however, to follow the approach
in [26] and use transition-edge sensors (TES) as the tem-
perature readout. We took these ideas and optimized the
design for this sterile neutrino search.

B. Detector design and expected performance

This section focuses on the details of our design choices
for this experiment. For more background material on low-
temperature detectors, we suggest the following: a com-
prehensive overview of the applications can be found in
[34]; specifics on operation and capabilities are reviewed in
[35], and details of TES physics are reviewed in [36].

The threshold for a bolometer is a function of its base-
line energy resolution. A dimensionless measure of the
sensitivity of a resistive thermometer at a temperature T
and resistance R is the quantity !, defined as ! ! T

R
dR
dT .

The energy resolution of a TES bolometer is approxi-
mately [37]

!Erms ¼ "E #

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBT

2Ctot

!

ffiffiffiffiffiffiffiffiffiffiffiffiffi
#þ 1

2

svuut
; (7)

where kB is the Boltzmann constant, Ctot is the total heat
capacity of the bolometer, and # is the exponent of the
temperature dependence of the thermal conductivity be-
tween the bolometer and the refrigerator. To unambigu-
ously detect events above the noise from the detector, we
set the experimental threshold to 7:5"E. For a 10 eV
threshold, we then need a detector with "E < 1:33 eV, or
expressed in terms of the full width at half maximum,
!EFWHM ¼ 2

ffiffiffiffiffiffiffiffiffiffi
2 ln2

p
"E < 3:14 eV.

Assuming a conduction path to the cold bath of the
refrigerator dominated by Kapitza resistance, # ¼ 4, and
with a temperature T ¼ 15 mK, a 10 eV threshold could be
attained with a heat capacity Ctot % 200 pJ=K. However,
this model is not complete, as it assumes a perfectly
isothermal bolometer. In practice, the various internal
heat capacity systems of the bolometer are decoupled
from each other through internal conductances, and ther-
malization times of each separate heat capacity must also
be taken into account. These internal decouplings intro-
duce various sources of noise, degrading the energy reso-
lution of the bolometer and consequently requiring a
smaller heat capacity to attain the desired threshold.

Figure 1 shows a schematic of the model. The bolometer
is connected to the cold bath at temperature Tb through a
weak thermal conductanceGpb. The total heat capacity can
be described by Ctot ¼ CSi þ CTES þ Cexcess, where CSi /
T3 is the theoretical heat capacity of Si given by Debye
theory, CTES / T is the TES heat capacity dominated by
the metal electron system, and Cexcess is the heat capacity
of impurity bands and two-level systems in the crystal.

The TES phonon system is assumed to be at the same
temperature as the silicon phonon system, since the sub-
micron thickness of the TES makes it incapable of sustain-
ing its own thermal phonon population. The TES electron
system is coupled to the phonon system through its
electron-phonon coupling conductance Gep.
There are two reasons for choosing a TES as the

thermometer for this design. First, in order to get the
high-energy resolution, the thermometer must be very
well-coupled to the absorber. The use of a Mo/Au TES
uses the high electron-phonon coupling in Au to achieve
this (Gep in Fig. 1). Second, we want very good control of

the heat capacity of the bolometer. In a TES, the heat
capacity is dominated by the electron system and is orders
of magnitude above the TES phonon system’s heat ca-
pacity. This makes the purity requirements on the TES
from a heat capacity perspective fairly relaxed. Indeed,
heat capacity measurements in TES devices routinely fall
within expectations calculated from bulk elemental prop-
erties [38].
Impurities and defects in the Si substrate can lead to

impurity bands and two-level systems in the crystal
which add to the total heat capacity of the system. The
size of this excess heat capacity and its equilibration time
with the phonon system depends on the specific mecha-
nism involved [39]. Si and Ge crystals can be acquired
with impurity levels of &1015 and 1010 atoms=cm3 [40],
respectively. At these levels the heat capacity Cexcess and/
or the thermal conductance Gexcess could be low enough
to render them negligible for our purposes. Ge clearly
holds a large advantage in this regard, but its lower
maximum recoil energy for coherent neutrino scatters

FIG. 1 (color online). Schematic of bolometer model.
The refrigerator acts as a cold bath at temperature Tb. The Si
heat capacity is connected by a thermal conductance Gpb to the

bath. The TES is connected by the electron-phonon conductance
Gep to the Si. A potential excess heat capacity with its coupling

are shown in dashed outlines. For this study we have assumed
Cexcess and/or Gexcess can be made small enough to become
negligible.

FORMAGGIO, FIGUEROA-FELICIANO, AND ANDERSON PHYSICAL REVIEW D 85, 013009 (2012)

013009-4

K.D. Irwin, Appl. Phys. Lett. Vol. 66, 1998 (1995)

β: determinado por la conductividad térmica 
entre el TES y el absorbedor/baño de calor

Ctot = Cbolo (~T3) + CTES (~T) + "
Cother (e.g. causado por impurezas en el cristal)

J Low Temp Phys (2008) 151: 82–93 83

schemes to resolve the position and energy within a single pixel containing several
readouts [9].

There are several excellent reviews about TES physics in the literature [10] and
references therein, and in particular Transition Edge Sensors by Irwin and Hilton [11],
which include detailed discussions on fundamental noise issues and what is known
about “excess” noise terms. In this summary we will introduce the basic concepts,
and compare the fundamental resolution limits between TESs and STJs (also KIDs).
Then we will summarize the design constraints for distributed TES to avoid phase
separation, as well as noise contributions from phase separation degrees of freedom.
Throughout we will use as examples the tungsten TES systems developed at Stanford.

2 TES Operation

The readout scheme for TESs is shown in Fig. 1 (left). The shunt resistor Rs is much
smaller than the TES resistance RW at bias and carries most of the constant bias
current, so that the device is effectively voltage biased. At Stanford, the TESs are
made from 40 nm thick thin-films of tungsten deposited on silicon or germanium
substrates. These films have a sharp superconducting to normal transition in the range
between 70 mK and 130 mK with a transition width of less than 1 mK. We developed
a technique for tuning the Tc downward using the implantation of magnetic atoms in
carefully controlled dosages [12], which allows optimizing the performance of the de-
tectors with a Tc near the target of 70 mK, while !Tc remains less than 1 mK wide.

Fig. 1 (Color online) Left: Schematic of electrical circuit using a SQUID array to readout the tung-
sten electrothermal feedback transition-edge sensor (W ETF-TES). Right: Range of applications from
IR-optical-UV (top), through x-ray (middle) to gamma and WIMP searches (bottom)
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achieve the required sensitivity, we have taken the ap-
proach suggested by Niinikoski of using arrays of small
Si bolometers. We chose, however, to follow the approach
in [26] and use transition-edge sensors (TES) as the tem-
perature readout. We took these ideas and optimized the
design for this sterile neutrino search.

B. Detector design and expected performance

This section focuses on the details of our design choices
for this experiment. For more background material on low-
temperature detectors, we suggest the following: a com-
prehensive overview of the applications can be found in
[34]; specifics on operation and capabilities are reviewed in
[35], and details of TES physics are reviewed in [36].

The threshold for a bolometer is a function of its base-
line energy resolution. A dimensionless measure of the
sensitivity of a resistive thermometer at a temperature T
and resistance R is the quantity !, defined as ! ! T

R
dR
dT .

The energy resolution of a TES bolometer is approxi-
mately [37]

!Erms ¼ "E #
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where kB is the Boltzmann constant, Ctot is the total heat
capacity of the bolometer, and # is the exponent of the
temperature dependence of the thermal conductivity be-
tween the bolometer and the refrigerator. To unambigu-
ously detect events above the noise from the detector, we
set the experimental threshold to 7:5"E. For a 10 eV
threshold, we then need a detector with "E < 1:33 eV, or
expressed in terms of the full width at half maximum,
!EFWHM ¼ 2

ffiffiffiffiffiffiffiffiffiffi
2 ln2

p
"E < 3:14 eV.

Assuming a conduction path to the cold bath of the
refrigerator dominated by Kapitza resistance, # ¼ 4, and
with a temperature T ¼ 15 mK, a 10 eV threshold could be
attained with a heat capacity Ctot % 200 pJ=K. However,
this model is not complete, as it assumes a perfectly
isothermal bolometer. In practice, the various internal
heat capacity systems of the bolometer are decoupled
from each other through internal conductances, and ther-
malization times of each separate heat capacity must also
be taken into account. These internal decouplings intro-
duce various sources of noise, degrading the energy reso-
lution of the bolometer and consequently requiring a
smaller heat capacity to attain the desired threshold.

Figure 1 shows a schematic of the model. The bolometer
is connected to the cold bath at temperature Tb through a
weak thermal conductanceGpb. The total heat capacity can
be described by Ctot ¼ CSi þ CTES þ Cexcess, where CSi /
T3 is the theoretical heat capacity of Si given by Debye
theory, CTES / T is the TES heat capacity dominated by
the metal electron system, and Cexcess is the heat capacity
of impurity bands and two-level systems in the crystal.

The TES phonon system is assumed to be at the same
temperature as the silicon phonon system, since the sub-
micron thickness of the TES makes it incapable of sustain-
ing its own thermal phonon population. The TES electron
system is coupled to the phonon system through its
electron-phonon coupling conductance Gep.
There are two reasons for choosing a TES as the

thermometer for this design. First, in order to get the
high-energy resolution, the thermometer must be very
well-coupled to the absorber. The use of a Mo/Au TES
uses the high electron-phonon coupling in Au to achieve
this (Gep in Fig. 1). Second, we want very good control of

the heat capacity of the bolometer. In a TES, the heat
capacity is dominated by the electron system and is orders
of magnitude above the TES phonon system’s heat ca-
pacity. This makes the purity requirements on the TES
from a heat capacity perspective fairly relaxed. Indeed,
heat capacity measurements in TES devices routinely fall
within expectations calculated from bulk elemental prop-
erties [38].
Impurities and defects in the Si substrate can lead to

impurity bands and two-level systems in the crystal
which add to the total heat capacity of the system. The
size of this excess heat capacity and its equilibration time
with the phonon system depends on the specific mecha-
nism involved [39]. Si and Ge crystals can be acquired
with impurity levels of &1015 and 1010 atoms=cm3 [40],
respectively. At these levels the heat capacity Cexcess and/
or the thermal conductance Gexcess could be low enough
to render them negligible for our purposes. Ge clearly
holds a large advantage in this regard, but its lower
maximum recoil energy for coherent neutrino scatters

FIG. 1 (color online). Schematic of bolometer model.
The refrigerator acts as a cold bath at temperature Tb. The Si
heat capacity is connected by a thermal conductance Gpb to the

bath. The TES is connected by the electron-phonon conductance
Gep to the Si. A potential excess heat capacity with its coupling

are shown in dashed outlines. For this study we have assumed
Cexcess and/or Gexcess can be made small enough to become
negligible.

FORMAGGIO, FIGUEROA-FELICIANO, AND ANDERSON PHYSICAL REVIEW D 85, 013009 (2012)

013009-4

Figure 1: The transition of a superconducting film (a Mo/Cu proximity bilayer) from the normal to the
superconducting state near 96 mK. The sharp phase transition suggests its use as a sensitive thermometer.

TES by the current can lead to thermal runaway, and small fluctuations in bath temperature significantly
degrade performance. Furthermore, variations in the transition temperature between multiple devices in an
array of TES detectors can make it impossible to bias them all at the same bath temperature. As will be
explained in Sect. 2.5, when the TES is instead voltage-biased and read out with a current amplifier, the
devices can easily be stably biased and they self-regulate in temperature within the transition with much
less sensitivity to fluctuations in the bath temperature [13]. The introduction of voltage-biased operation
with SQUID current readout has led to an explosive growth in the development of TES detectors in the past
decade.

The potential of TES detectors is now being realized. TES detectors are being developed for measure-
ments across the electromagnetic spectrum from millimeter [14, 15, 16] through gamma rays [17, 18] as well
as with weakly interacting particles [19] and biomolecules [20, 21, 22]. They have contributed to the study
of dark matter and supersymmetry [23, 24], the chemical composition of materials [25], and the new field
of quantum information [26]. They have extended the usefulness of the single-photon calorimeter all the
way to the near infrared [27], with possible extension to the far infrared. They are being used in the first
multiplexed submillimeter, millimeter-wave, and x-ray detectors for spectroscopy and astronomical imaging
[28, 29, 15, 16, 30].

2 Superconducting transition-edge sensor theory

We now describe the theory of a superconducting transition-edge sensor. We describe the physics of the
superconducting transition (2.1), summarize the equations for TES small-signal theory (2.2), and analyze
the bias circuit for a TES and its electrical and thermal response (2.3), the conditions for the stability of a TES
(2.4), the consequences of negative electrothermal feedback (2.5), thermodynamic noise (2.6), unexplained
noise (2.7), and the effects of operation outside of the small-signal limit (2.8). Particular implementations
of both TES single pixels and arrays, including performance results, will be described in Sects. 3 and 4.

2.1 The superconducting transition

In this work, we discuss sensors based on traditional “low-Tc” superconductors (often those with transition
temperatures below 1K). Other classes of superconductors, including the cuprates such as yttrium-barium-
copper-oxide, are also used in thermal detectors. Transition-edge sensors based on these “high-Tc” materials
have much lower sensitivity and much higher saturation levels than those that are discussed here.

3

Topics Appl. Phys. 99, 63-149 (2005)

Transition Edge Sensors (TES)
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Josephson Effect to the rescue: amplification by SQUIDs 
SQUIDs

Superconducting Quantum Interface Devices
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Comparison of Energy ResolutionTES calorimeters can provide a unique combination of very high 
spectral resolution and efficiency

240Pu239Pu

energy-
dispersive
gamma-ray
detectorsTES  

High energy advantage: calorimeters



CDMS-II

Implantación de 56Fe+

CRESST

Scalability and low Tc for good δE

Producción en grandes cantidades (cientos) 

- Minimizar el #TES 

- Simplifical el acoplamiento con el cristal 

- Podría el TES estar en el baño térmico? 

- Los amplificadores SQUID actualmente 
pueden estar en arreglos de hasta 10,000

Fabricación de TES de baja Tc 

- El caso de CDMS y la implantación de 
iones 

- La fase alpha del W y CRESST 

- Utilizar bi-capas de películas delgadas 
de material Superconductor/Νormal 
(Proximity Effect)

Empezamos a colaborar con CDMS (probamos sus muestras de W) y con Argonne National Laboratory 
a donde voy y hago muestras con bicapas de superconductores basados en Iridio.
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R&D at UC Berkeley
Fabricación de TES de baja Tc

SQUIDs (Superconducting 
Quantum Interference 
Devices)

In collaboration with CDMS 
at UC Berkeley

CDMS

Ir/Au, Ir/Pd, …

In collaboration with ANL

Cobalt-60 thermometry and 
a dry dilution refrigerator 

Tc~26mK

4th ANDES workshop                                                                                                                                                                                        Raul Hennings Yeomans



Bandwidth increase

- TES when voltage biased in negative feedback mode, it increases the bandwidth (MHz 
can be achieved, if that is the optimal signal/noise).

- This may allow to observe pulse shape differences between surface and bulk events 
due to differences in phonon down-conversion. 

- The use of superconducting films as means to identify surface vs. bulk events, here, 
for example, Schnagl et al. NIMA 444 (2000)245-248  and Nones et al. J. Low Temp. Phys (2012) 
167:1029-1034

Schnagl et al. NIMA 444 
(2000)245-248
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(dashed red line) and phase (solid red line) that rolls off to
the equilibrium value around 8 kHz.

The difference in noise levels is equal to the difference
in responsivity: rA=r! ! 0:23 ("13 dB), measured for this
sample. In addition, we estimate, based on 20 pW optical
power absorbed by the resonator, a phase noise level of
"94 dBc=Hz due to photon shot noise, which is close to
the observed value. Thus we conclude that the excess noise
is due to variations in f#E$ induced by the photon flux. In
order to eliminate the system and resonator noise, we
calculate the phase-amplitude cross-power spectral density
(solid green line). We find that its spectrum is real, indicat-
ing that variations in f#E$ appear as fluctuations in the
amplitude and phase without relative time delay and that
the data follow a Lorentzian spectrum with a single time.
The time measured in the pulse response (23:0% 0:5 "s)
agrees with the one determined from the noise spectrum
(21:7% 0:3 "s). We have checked at several bath tempera-
tures and found, also for aluminum samples, only a single
time. We conclude that the relaxation time is the single
dominant time in the recovery of equilibrium.

The measured relaxation times for temperatures down to
50 mK are displayed in Fig. 3. The data shown are repre-
sentative for the relaxation times found in all samples of
different films. In the high temperature regime (T=Tc *
0:175), the relaxation times increase for decreasing bath
temperature in a similar manner for both tantalum and
aluminum samples until a new regime is entered around
T=Tc & 0:15. The tantalum samples clearly show a non-
monotonic temperature dependence, exhibiting a maxi-

mum near T=Tc & 0:15. Two aluminum films show a less
pronounced nonmonotonic temperature dependence. We
do not see a nonmonotonic temperature dependence in
samples of aluminum with the lowest level of disorder
(highest RRR). Below T=Tc & 0:1, the relaxation times
become temperature-independent at a plateau value of
25–35 "s for Ta, 390 "s for 100 nm thick Al on Si,
600 "s for 250 nm thick Al on Si, and 860 "s for
250 nm thick Al on sapphire.

The relaxation times for aluminum are measured in half-
wavelength resonators where the central line is isolated
from the ground plane. For the directly connected quarter-
wavelength resonators, a length dependence was found.
For tantalum, the values are found to be length-
independent in both cases. Consequently, the data shown
are not influenced by quasiparticle outdiffusion. Also, the
relaxation times remain unchanged when, instead of an
optical pulse, a microwave pulse at frequency !0 is used.
In this method, only quasiparticle excitations near the gap
energy are created by the pair-breaking current. This ob-
servation leads us to believe that the observed decay is due
to recombination of quasiparticles with energies near the
gap.

The exponential temperature dependence for T=Tc *
0:175 is consistent with the theory of recombination by
electron-phonon interaction [4]. The dotted lines in Fig. 3
follow the expression for the recombination time
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with #0 a material-specific electron-phonon scattering
time. We find for 150 nm Ta on Si #0 ! 42% 2 ns and
for 250 nm Al on Si #0 ! 687% 6 ns. The deviation from
the exponential rise and the low temperature behavior is
incompatible with the established theory for electron-

FIG. 3. The relaxation times as a function of reduced bath
temperature for 150 nm Ta on Si (!, "), 100 nm Al on Si (4),
250 nm Al on Si (5), and 250 nm Al on sapphire (#) samples.
The inset shows the same data on a linear scale. The dotted lines
are fits to the data using Eq. (4).

FIG. 2 (color online). The power spectral density of phase
(solid line) and amplitude (dashed line) in equilibrium (blue)
and under a continuous photon flux (red) at a bath temperature of
310 mK. The cross-power spectral density (solid green) under a
continuous photon flux follows a single pole Lorentzian spec-
trum S / '1( #2$f#$2)"1, with a characteristic time of 21:7%
0:3 "s (solid black). The response time of the resonator is
0:5 "s.

PRL 100, 257002 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
27 JUNE 2008

257002-3

(dashed red line) and phase (solid red line) that rolls off to
the equilibrium value around 8 kHz.

The difference in noise levels is equal to the difference
in responsivity: rA=r! ! 0:23 ("13 dB), measured for this
sample. In addition, we estimate, based on 20 pW optical
power absorbed by the resonator, a phase noise level of
"94 dBc=Hz due to photon shot noise, which is close to
the observed value. Thus we conclude that the excess noise
is due to variations in f#E$ induced by the photon flux. In
order to eliminate the system and resonator noise, we
calculate the phase-amplitude cross-power spectral density
(solid green line). We find that its spectrum is real, indicat-
ing that variations in f#E$ appear as fluctuations in the
amplitude and phase without relative time delay and that
the data follow a Lorentzian spectrum with a single time.
The time measured in the pulse response (23:0% 0:5 "s)
agrees with the one determined from the noise spectrum
(21:7% 0:3 "s). We have checked at several bath tempera-
tures and found, also for aluminum samples, only a single
time. We conclude that the relaxation time is the single
dominant time in the recovery of equilibrium.

The measured relaxation times for temperatures down to
50 mK are displayed in Fig. 3. The data shown are repre-
sentative for the relaxation times found in all samples of
different films. In the high temperature regime (T=Tc *
0:175), the relaxation times increase for decreasing bath
temperature in a similar manner for both tantalum and
aluminum samples until a new regime is entered around
T=Tc & 0:15. The tantalum samples clearly show a non-
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mum near T=Tc & 0:15. Two aluminum films show a less
pronounced nonmonotonic temperature dependence. We
do not see a nonmonotonic temperature dependence in
samples of aluminum with the lowest level of disorder
(highest RRR). Below T=Tc & 0:1, the relaxation times
become temperature-independent at a plateau value of
25–35 "s for Ta, 390 "s for 100 nm thick Al on Si,
600 "s for 250 nm thick Al on Si, and 860 "s for
250 nm thick Al on sapphire.

The relaxation times for aluminum are measured in half-
wavelength resonators where the central line is isolated
from the ground plane. For the directly connected quarter-
wavelength resonators, a length dependence was found.
For tantalum, the values are found to be length-
independent in both cases. Consequently, the data shown
are not influenced by quasiparticle outdiffusion. Also, the
relaxation times remain unchanged when, instead of an
optical pulse, a microwave pulse at frequency !0 is used.
In this method, only quasiparticle excitations near the gap
energy are created by the pair-breaking current. This ob-
servation leads us to believe that the observed decay is due
to recombination of quasiparticles with energies near the
gap.

The exponential temperature dependence for T=Tc *
0:175 is consistent with the theory of recombination by
electron-phonon interaction [4]. The dotted lines in Fig. 3
follow the expression for the recombination time
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FIG. 2 (color online). The power spectral density of phase
(solid line) and amplitude (dashed line) in equilibrium (blue)
and under a continuous photon flux (red) at a bath temperature of
310 mK. The cross-power spectral density (solid green) under a
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Film 
(substrate)

Thickness 
[nm]

τR 
[μsec]

Al(Si)* 100 390

Al(Si)* 250 600

Al(Al2O3)* 250 860

Al(Al2O3)** 1000 1530 +/- 
350

τR ~  √(thickness)
τR  independent of Temp 
for T/Tc < 0.1
τR  depends on substrate

* R. Barends et al. PRL 100, 257002(2008)
** J. Schnagl NIMA 444 (2000)245-248
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Efforts outside CUORE with bolometers



LUCIFER

Lucifer consists of a 32-36 enriched (95%) crystals of 
Zn82Se  

- Single detector mass of 480 g 

- Energy resolution expected to be 10-15 keV 
FWHM

Low-background Underground Cryogenic Installation For Elusive Rates

4 Advances in High Energy Physics

When a particle traverses the scintillating crystal, a large
fraction of the deposited energy is converted into heat (thus
inducing a temperature rise), while the remaining small
fraction is spent to produce scintillation light.

The interesting feature of scintillating bolometers is that
the ratio between the two signals (light/heat) depends on
the particle mass and charge. Particles like !’s and "’s have
the same light emission (conventionally referred to as the
light yield (LY), i.e., the fraction of particle energy emitted in
photons) which is typically different from the light emission
of # particles or neutrons. Consequently, the simultaneous
readout of the heat and light signals allows particle discrimi-
nation.

If the scintillating crystal contains a DBD candidate, the
0]-DBD signal (i.e., the energy deposition produced by the
two electrons emitted after the decay) can be distinguished
from an # signal, and only !’s and "’s can give a sizable
contribution to the background that limits the experimental
sensitivity. The feasibility of this technique is today widely
proven. Scintillating bolometers containing Ca, Mo, Cd,
and Se have been successfully tested, coupled to a thin Ge
wafer operating as bolometer for the light readout [27–30].
Presently, those that look most promising for a 0]-DBD large
scale experiment are ZnSe and ZnMoO4.
3. The LUCIFER Layout

The LUCIFER setup will consist of an array of individual
single module detectors, arranged in a tower-like structure,
as schematized in Figure 1.The single module (see Section 6)
will consist of a cylindrical crystal of 45mm diameter and
55mm height, equipped with a Ge-crystal light detector (see
Section 5).The crystal is fastened by means of four S-shaped
Teflon pieces fixed to the two cylindrical Cu frames. The
frames are held together through twoCu columns.The crystal
is surrounded (without being in thermal contact) with a
reflecting plastic foil (3M VM2002) in order to increase the
light collection. Individual single modules allow us to test
in advance each single detector before assembling the entire
tower experiment.

The tower will be installed in the same dilution cryostat
that hosted the Cuoricino experiment. The cryogenic layout
and the readout electronics (see Section 4) are based on the
experience gained in the Cuoricino experiment and imple-
mented in the CUORE project.

The key point of the experiment will be the crystal
growthmadewith enriched isotope, as discussed in Section 7.
With the enriched material being extremely expensive, the
losses during the various stages of the production have to
be minimized. This R&D is still ongoing and could slightly
change some parameter of the layout (number of crystals and
their final dimensions).

The evaluation of the background and of the sensitivity
foreseen for this layout, as explained in Section 9, takes
advantage of the Cuoricino experiment that was able to char-
acterize and simulate the various dangerous contaminants
present in the cryogenic facility. As explained in Section 1,
the main source of background arises from 226Ra that will
produce 214Bi whose rare, but high, energies "s can travel

Light detector

Thermometer

Copper holder

Scintillating crystal

PTFE

Reflecting foil

Figure 1: LUCIFER layout. Left: single module detector consisting
of the scintillating bolometer and the light detector. Right: 9-floor
tower constituted by 36 single modules.

enough to reach the tower. With respect to 228Th, producing
the 208Tl whose decay represents the real “nightmare” for all
the DBD experiments, the situation is rather different. Even
if the $-value of the 208Tl !-decay is the highest among the
natural radioactive chains, in order to produce background
above 2615 keV, the contamination must be present in the
proximity of the detectors, so that summing effects can take
place. For the LUCIFER project, all thematerials (Cu holders,
and thermal shields of the cryostat) within the first 5 cm from
the detectors will be replaced with new ones that will be
produced with already selected and tested Cu, whose 228Tl
activity is found to be negligible.

4. The Electronic System

The thermometers used in LUCIFER are thermistors (see
Section 8). These devices show a resistivity that changes
exponentially with the temperature being below 100mK.
The readout scheme is, in principle, very simple; the ther-
mistor is polarized by a simple bias circuit, consisting of
a voltage generator closed on two load resistors; when a
particle releases energy in the absorber, the temperature rises
and the resistance of the thermistors changes, thus producing
a measurable voltage drop. Given that the study of rare
events such as 0]-DBD is performed over a long period of
time, the overall stability of the readout system plays a crucial
role.

To fully exploit this stringent requirement and to match
the DAQ dynamic range, a dedicated system has been
developed, as schematized in Figure 2; the bolometer, Bol, is
coupled with the thermistor, %!. It is inside the fridge, at a
temperature between 10 and 20mK.

Signals from bolometers (depending on their mass) show
a signal bandwidth froma few tens ofHz up to a fewhundreds
of Hz. In case of relatively fast detector response (e.g., light
detectors; see next section), a unity gain buffer and the load
resistors are located inside the fridge [31–34], at a larger tem-
perature this time, 120K. This is the box Option in Figure 2,
which is close to the detectors (a few tens of cm in terms of
signal wire), to minimize parasitic capacitance. The box

Lucifer 
Lucifer will be composed by an array of  32÷36 enriched (95%)  Zn82Se crystals. 
The total 82Se nuclei will be   (6.7÷8.0) 1025 

The expected background in the ROI (2995 keV) is of the order of 1÷2 10-3 c/keV/kg/y  
The energy resolution of the single detector is expected to be  ∼ 10÷15 keV FWHM 

The mass of the single detector will be 460 g 

LUCIFER

Environmental “underground” HPGE Background: 
238U and 232Th trace contaminations 

Motivations 

          CUORICINO α Background  

130Te 
76Ge 

100Mo 
116Cd 

The aim is double… Reduce alpha background and choose a DBD emitter with 
Qββ > 2615 keV. 

γ-region α-region 

82Se 

SP et al. Phys Atom Nucl 69 (2006):2109 

136Xe 
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•Claim to be able to measure few/1000 diferences  
between alpha and gamma events based on pulse 
shape (Heat) alone 

•alpha pulses have slower raise time and faster 
decay time 

•To remove shape dependence on Energy, variables 
were linearized in the 2300-3200keV range

2 J. W. Beeman et al.: Performances of a large mass ZnMoO4 scintillating bolometer

able natural isotopic abundance δ = 9.67%. Several in-
organic scintillators containing molybdenum were devel-
oped in the last years. Among them, ZnMoO4 was re-
cently grown [14] and the first cryogenic detector gave
very promising results [15]. Some scintillating crystals, the
molybdates in particular, show a very peculiar feature: the
thermal pulse induced by an α particle shows a slightly
faster decay time with respect to the one induced by γ
interactions [16]. This feature seems to be explained [17]
by the relatively long scintillation decay time (of the or-
der of hundreds of µs) observed in some scintillating crys-
tals. This long decay, combined with a high percentage
of non-radiative de-excitation of the scintillation channel,
will transfer phonons (i.e. heat) to the crystal. This ex-
tremely tiny, but measurable, time dependent phonon re-
lease has a different absolute value for isoenergetic α and
β/γ particles due to their different scintillation yield.

It was very recently measured that the α vs γ sepa-
ration on a 29 g ZnMoO4 crystal can reach an extremely
high efficiency [19] using the pulse shape discrimination
(PSD) alone, while the separation based on the scintilla-
tion light, even on smaller crystals (5 g), shows a smaller
efficiency [20].

A next generation experiment, nonetheless, will need
to run detectors with a considerably larger mass (of the
order of few hundreds of grams each). It is not straightfor-
ward to foresee the performance of the particle discrimi-
nation method over a significantly larger sample. This is
due to the fact that the PSD is sensitive to the signal to
noise ratio, and a larger mass of the absorber crystal leads
to a smaller signal amplitude (∝ (detector mass)−1). The
same holds (in principle) for the discrimination based on
the scintillation light: usually (especially in the case of non
transparent crystals) the larger the crystal, the smaller the
light output. Moreover one has to consider that this com-
pound is characterized by an extremely tiny Light Yield
(LY): 1÷2 keV/MeV.

The purpose of this work is to study the most im-
portant parameters (energy resolution, α vs γ discrimina-
tion, internal radiopurity) on a crystal whose size (330 g)
matches very closely the requirement of a next generation
0νDBD experiment.

2 Experimental set-up

The 330 g ZnMoO4 crystal studied in this work was grown
in the Nikolaev Institute of Inorganic Chemistry (NIIC,
Novosibirsk, Russia). Starting material for the crystal gro-
wth were high purity ZnO (produced by Umicore) and
MoO3, synthesized by NIIC.

Crystals are grown by the low-thermal-gradient Czo-
chralski technique (LTG Cz) [18] from a melt contained in
a 80 mm diameter platinum crucible. The sample was cut
from one of the first large-size crystals grown by the LTG
Cz. The development of the growth process of ZnMoO4

is at the very beginning, and the shape of the crystal is
non-optimal. The final form of the crystal was chosen as
a compromise between a large crystal size and the mini-
mization of visible defects. The shape of the crystal sample

ZnMoO4

-Source

55Fe-sourceThermistors

PTFE

Reflecting
sheet

Fig. 1. Set-up of the detectors. The ball-bonded Au wires
are crimped into “male” Cu tubes (pins) and inserted into
ground-insulated “female” Cu tubes. Custom wires from de-
tectors towards cryostat are not drawn. A section of the light
detector and of the reflecting sheet is not drawn for a better
understanding.

used in the current work is an irregular polyhedron with
5 sides whose cross section can be roughly assimilated to
a 45×45 mm2 square. The only parallel faces are the top
and bottom ones. All the surfaces are matted, except the
one faced to the light detector, that was polished. Unlike
previous small samples [19,20] that were colorless, this
crystal shows an uniform orange tint.

The ZnMoO4 crystal is held by means of four S-shaped
PTFE supports fixed to cylindrical Cu columns: two on
the top and two on the bottom. The crystal is surrounded
laterally and on the bottom part (with no direct thermal
contact) by a plastic reflecting sheet (3M VM2002). The
temperature sensors are 3x3x1 mm3 Neutron Transmuta-
tion Doped (NTD) germanium thermistors, the same used
in the Cuoricino experiment. For redundancy we decided
to use two thermistors. Each of them is thermally coupled
to the crystal via 9 glue spots of ≈ 0.6 mm diameter and
≈ 50 µm height.

At the working temperature of our bolometers (10÷30
mK), no “standard” light detectors can work properly.
The best way to overcome this problem is to use a second
-very sensitive- “dark” bolometer that absorbs the scin-
tillation light giving rise to a measurable increase of its
temperature [21]. Our Light Detector (LD) consists of a
50 mm diameter, 260 µm thick pure Ge crystal absorber
facing the polished surface of the crystal. A schematic view
of our set-up is presented in Fig. 1.

The detectors were operated deep underground in the
Gran Sasso National Laboratories in the CUORE R&D
test cryostat. The details of the electronics and the cryo-
genic facility can be found elsewhere [22,23,24].
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Figure 3: Comparison of the �/� and ↵ pulse shape. Top figure: thermal pulse
obtained by averaging events in the 2615 keV � peak (blue line) and events
belonging to the ↵ band with an equivalent energy (red line): their di↵erence is
not appreciable. Bottom figure: percentage di↵erence s(t)↵-s(t)�/�. Di↵erences
at a level of a few per mille are visible both in the rise and decay of the thermal
pulse.

To fully exploit this feature several shape variables have been
studied: ⌧R, ⌧D, TVL, TVR, �2

OT. The Test Value Left (TVL)
and Right (TVR) are defined as:

TVL =
1

A · wl

vut iMX

i=iM�wl

(yi � A si)2; (1)

TVR =
1

A · wr

vutiM+wrX

i=iM

(yi � A si)2. (2)

All quantities in the above equations refer to the optimum
filtered pulses: yi is the pulse, A and iM its amplitude and max-
imum position, si the ideal signal pulse scaled to unitary ampli-
tude and aligned to yi, wl(r) the left(right) width at half maxi-
mum of si. The maximum of the ideal pulse is aligned with the
maximum of the filtered pulse, fractional delays are handled
with a linear interpolation of the data samples.

Finally, �2
OT was computed as the sum of the squared fit resid-

uals normalized to the noise RMS, using si as a fit function of
the central part of the pulse. This algorithm is described in de-
tail in [31].

Bolometers are nonlinear detectors [32], i.e. the shape of the
signal slightly depends on the amount of released energy. This
implies that also the shape parameters (evaluated with respect to
an energy independent pulse, si) will show such a dependence.
To remove such a dependency variables were linearized in the
2300-3200 keV energy range.
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Figure 4: Top Figure: TVR as a function of the energy. The upper band is
populated by ↵ particles (events in the 2300-3200 keV energy range are shown
in red) while �/�’s contribute to the lower band (events in the 2300-3200 keV
energy range are shown in black). Bottom Figure: TVR histogram for the ↵
sample in red and for the �/� in black. The mean values and the standard
deviations, as estimated from a Gaussian fit, are reported. Using Eq. 3 a dis-
crimination power of ⇡ 20 is obtained.

This procedure, moreover, allowed to enlarge the data sample
on which the pulse shape analysis was performed.

Fig. 4 shows the TVR variable as a function of the energy. As
for the case of Fig.2, �/� and ↵ events are distinctly separated.
Events in the linearized energy region and belonging to the up-
per (↵) band are shown in red while events, in the same energy
interval, belonging to the lower (�/�) band are shown in black.
The discrimination power (DP) between the two distributions
is usually quantified as the di↵erence between the average val-
ues of the two distributions normalized to the square root of the
quadratic sum of their widths:

DP =
µ�/� � µ↵q
�2
�/� + �

2
↵

. (3)

The above definition does not imply any probabilistic meaning,
it was used for the sake of comparison with similar quantities
reported in published papers [14, 15].
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pulse.

To fully exploit this feature several shape variables have been
studied: ⌧R, ⌧D, TVL, TVR, �2

OT. The Test Value Left (TVL)
and Right (TVR) are defined as:

TVL =
1

A · wl

vut iMX

i=iM�wl

(yi � A si)2; (1)

TVR =
1

A · wr

vutiM+wrX

i=iM

(yi � A si)2. (2)

All quantities in the above equations refer to the optimum
filtered pulses: yi is the pulse, A and iM its amplitude and max-
imum position, si the ideal signal pulse scaled to unitary ampli-
tude and aligned to yi, wl(r) the left(right) width at half maxi-
mum of si. The maximum of the ideal pulse is aligned with the
maximum of the filtered pulse, fractional delays are handled
with a linear interpolation of the data samples.

Finally, �2
OT was computed as the sum of the squared fit resid-

uals normalized to the noise RMS, using si as a fit function of
the central part of the pulse. This algorithm is described in de-
tail in [31].

Bolometers are nonlinear detectors [32], i.e. the shape of the
signal slightly depends on the amount of released energy. This
implies that also the shape parameters (evaluated with respect to
an energy independent pulse, si) will show such a dependence.
To remove such a dependency variables were linearized in the
2300-3200 keV energy range.
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Figure 4: Top Figure: TVR as a function of the energy. The upper band is
populated by ↵ particles (events in the 2300-3200 keV energy range are shown
in red) while �/�’s contribute to the lower band (events in the 2300-3200 keV
energy range are shown in black). Bottom Figure: TVR histogram for the ↵
sample in red and for the �/� in black. The mean values and the standard
deviations, as estimated from a Gaussian fit, are reported. Using Eq. 3 a dis-
crimination power of ⇡ 20 is obtained.

This procedure, moreover, allowed to enlarge the data sample
on which the pulse shape analysis was performed.

Fig. 4 shows the TVR variable as a function of the energy. As
for the case of Fig.2, �/� and ↵ events are distinctly separated.
Events in the linearized energy region and belonging to the up-
per (↵) band are shown in red while events, in the same energy
interval, belonging to the lower (�/�) band are shown in black.
The discrimination power (DP) between the two distributions
is usually quantified as the di↵erence between the average val-
ues of the two distributions normalized to the square root of the
quadratic sum of their widths:

DP =
µ�/� � µ↵q
�2
�/� + �

2
↵

. (3)

The above definition does not imply any probabilistic meaning,
it was used for the sake of comparison with similar quantities
reported in published papers [14, 15].
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Also LUMINEU lead by A. Giuliani will use ZnMoO4 crystals and NbSi as phonon sensors
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A search for neutrino less double beta decay of 
100Mo isotope with 40Ca100MoO4 cryogenic 
scintillator detector

Set-up of 2012 

• 2cm diameter, 200nm thickness gold 
film is evaporated on the center of the 
crystal top surface. 

• Meander chip is placed on the brass 
support and it is connected to the 
gold film by ~10 gold wires of 25um 
diameter. 
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