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CUORE Science
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• Rich physics program
✓ Neutrinoless double-beta decay 
✓ Two-neutrino double-beta decay
✓ Exotic searches at high energies (Majoron etc)
✓ Exotic searches at low energies (axions, dark matter)
✓ Detailed background model: setting up for the future

CUORE
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6.2 WIMP sensitivity of CUORE

The sensitivity of CUORE-0 to annual modulation of
WIMPs is limited by its relatively small exposure. However,
we can use results of CUORE-0 to estimate the CUORE
sensitivity assuming the same background rate and energy
thresholds. This is a conservative hypothesis since a sig-
nificant background reduction is expected to be achieved
in CUORE thanks to its close-packed detector configura-
tion and the careful selection of radio-pure detector mate-
rials [25].

TeO2 is an interesting DM target, as it combines a heavy
nucleus (tellurium), which provides a large scattering ampli-
tude (assuming coherent interaction, that scales as A2) and
a light one (oxygen) to enhance sensitivity in the low-mass
WIMP region. To calculate the expected WIMP rate in the
detectors, we follow the commonly used analysis framework
for WIMP direct detection [26, 27]. We consider only the
spin-independent (SI) contribution since the spin-dependent
contribution is comparatively reduced in TeO2; the main
isotopes with non-zero nuclear spin are 125Te and 123Te,
with isotopic abundance 7.1% and 0.9%, respectively. We
assume coherent isospin-invariant coupling and the Helm
model [28] for the nuclear form factors. Under these as-
sumptions, the generic WIMP is completely determined by
its mass mW and SI WIMP-nucleon cross section sSI. For
the velocity distribution of dark matter, we use the standard
halo model (SHM) [29] commonly adopted for comparisons
of direct detection experiments. Consequently, the annually
modulating WIMP recoil rate due to the motion of the Earth
around the Sun can be approximated using a constant term
S0 plus a cosine-modulated term Sm, as given by

dRW

dE
(E, t) = S0(E)+Sm(E)cos[w(t � t0)] (2)

where w = 2p/yr and t0 is around June 1.
To obtain the sensitivity to annual modulation of

WIMPs, we scan over the WIMP parameter space (mW, sSI)
looking for the region at which a WIMP interaction would
produce an annual modulation in the detection rate over the
measured background at a certain confidence level (C.L.).
For each (mW, sSI) we generate 100 toy MC simulations
and for each MC spectrum, we perform a maximum likeli-
hood (ML) analysis for both the annual-modulation (AM)
and the absence of modulation (null) hypotheses. We quote
the significance of the modulation as the log-likelihood ratio
of the best fits c2=2log(LAM/Lnull). The likelihood LAM is
calculated using the probability distribution function (PDF)

f =
dRW

dE
(E, t;mW ,sSI)MdeteBoDs(E, t)+fb(E;ai)eBoDs(E, t)

(3)

where Mdet is the target mass, eBoDs(E, t) is the BoDs-
dependent detection efficiency, and fb is the background
PDF, which we model with a Chebychev polynomial with
coefficients ai and for which we do not consider any tempo-
ral dependence. The likelihood Lnull is calculated from fb
alone.

We choose the ROI to perform the analysis as 10 �
28keV, which excludes the peak-like structures above
30keV shown in Fig. 5. Given that the differential rate
of WIMPs quasi-exponentially falls as a function of en-
ergy, most of the signal is contained at the low energy
and the expected contribution to the WIMP sensitivity from
30�60keV is negligible compared to that from 10�28keV.
We consider a target mass of 742kg and the scheduled 5
years of data-taking with 75% duty cycle, accounting for the
calibration time. Based on the CUORE-0 energy threshold,
we use 10keV but we also show the sensitivity that could be
attained under the more optimistic hypothesis that we reach
a 3keV threshold as demonstrated in the CCVR experiment
with a linear extrapolation of the CUORE-0 background to
lower energies.
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Fig. 6 (color online) 90% sensitivities on the SI elastic WIMP-nucleon
cross section as a function of WIMP mass of CUORE, assuming 5
years of data-taking with 75% of duty cycle and 10keV threshold
(red), as well as 3keV threshold (blue). Uncertainty on the energy
scale dominated by the nuclear quenching factor is taken into ac-
count. DAMA/LIBRA positive signal reported in [30] is shown as yel-
low/dark yellow/orange islands. The results from CRESST-II (dashed
green) [31], CDMS Lite (dashed red) [32], XMASS (dashed vio-
let) [33], and LUX (black solid) [34] are also shown.

Fig. 6 shows CUORE sensitivity requiring a 90% C.L.
in 90% of the toy-MC experiments. The results are con-
sistent with those obtained with a pure statistical calcula-
tion following [35]. This figure assumes a WIMP local den-
sity rc = 0.3GeV/c2, local circular velocity v0 = 220km/s,
galactic escape velocity vesc = 650km/s, and orbital veloc-
ity of the Earth around the Sun vorb = 29.8km/s. Uncer-
tainty on the energy scale dominated by the nuclear quench-
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Exploring the Unexplored
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CUORE

5 years of 
CUORE data

1−10 1 10 210
 (meV)lightestm

1−10

1

10

210

310

 (m
eV

)
ββ

m

(Preliminary)
Cuoricino + CUORE-0 + CUORE limit (Te)

CUORE sensitivity (Te)

CUPID sensitivity (Te)

Normal hierarchy

Inverted hierarchy

0 0.2 0.4 0.6 0.8 1

1−10

1

10

210

310

Other isotopes

Mo

Ge

Xe

Next-generation



 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 201523

0νββ signals & sensitivity
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Experimental Sensitivity

Experimental challenge: 
ü Increase Mass (200-1000 kg for current experiments): $$, R&D
ü Increase Isotopic Abundance: $$ 
ü Decrease Bkg (ultimately to 2νββ limit): radiopurity, active rejection 
ü Decrease 𝛥E: technology choice
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Sensitivity scaling:

CUORE

CUPID 
goal 



10–6 10–5 10–4 0.001 0.01 0.1
counts/(keV kg yr)

90% CL Limit
Value

TeO2: natural radioactivity

NOSV Cu: natural radioactivity

NOSV Cu: cosmogenic activation

TeO2: cosmogenic activation

OFE Cu: natural radioactivity

Roman Pb: natural radioactivity

Modern Pb: natural radioactivity

Superinsulation: natural radioactivity

Stainless steel: natural radioactivity

Environmental neutrons

Environmental gammas

Environmental muons

CUORE goal: 
0.01 counts/(keV kg y)

CUORE-0 bkg model
Cosmogenic activation of Te
Radioassays (HPGe, NAA, ICPMS)
Measured 𝜇, 𝛾, n fluxes at LNGS

Eur.Phys.J. C77, 543 (2017)

CUPID Background Goal
7
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CUPID goal 

CUORE results consistent with the background model
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F = GF2Φ(Q,Z)|M0ν|2 me2  [y-1]
F 

[y
-1

]

82Se 100Mo 116Cd 130Te 136Xe 150Nd76Ge

0νββ Isotopes: Figure of Merit 
(Want as high as possible)
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Diverse, Vibrant Program
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 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

0νββ decay Experiments - Efforts Underway
NLDBD Sub Committee Report to NSAC

29

Assembly of all 19 towers is complete

!17

Construction
Operation

(2014)

now

J.F. Wilkerson
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Figure 3: Operating principle of a scintillating bolometer. The release of energy inside a
scintillating crystal follows two channels: light production and thermal excitation.

3. The isotopic abundance can be maximized through enrichment (except for268

48Ca with present technology);269

4. As discussed later in this paper, the background can be minimized with a270

choice of the isotope and by employing active rejection techniques.271

The CUORE experiment represents the most advanced stage in the use of272

bolometers for 0⌅⇥⇥ searches. CUORE will consist in an array of �1000 crystals273

for a total mass of �1 ton of TeO2 and �200 kg of 130Te. It is expected to274

be taking data at Laboratori Nazionali del Gran Sasso (LNGS) in 2015. The275

sensitivity of CUORE will depend on the background level, but will likely be276

near 50 meV [44]. In the future CUORE may lead the way toward a few-ton277

scale experiment capable of either exploring the entire IH region, or making a278

precision measurement of T 0�
1/2.279

3.1. Scintillating bolometers280

In the previous section we enumerated the many advantages of using bolome-281

ters for 0⌅⇥⇥ searches. Among those, we mentioned the possibility to actively282

reject radioactive background via particle identification; this is possible employ-283

ing scintillating bolometers.284

Scintillating bolometers, used in recent years both for 0⌅⇥⇥ [45, 46] and for285

dark matter [47, 48] searches, provide a mechanism to distinguish � interactions286

(which are part of the background only) from ⇥/⇤ interactions (which can be a287

part of both the background and signal).288
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CUORE Upgrade with Particle ID (CUPID)

• Next-generation bolometric tonne-scale 
experiment

• CUORE design, proven CUORE cryogenics
• 988 enriched (90%) crystals, 𝛼 rejection by 

detecting light (Cherenkov, scintillation)
q Goal: nearly zero background 

measurement: background goal < 0.1 
events / (ROI ton*year)

10

CUORE
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R. Artusa et al., Eur.Phys.J. C74, 3096 (2014)
White papers: arXiv:1504.03599 & arXiv:1504.03612

Subject of focused R&D effort, 
pilot experiments in next 1-2 years

Demonstrated 5 keV energy resolution 

•  < 5 keV resolution routinely achieved in our R&D runs.  

•  Obvious temperature dependence.  

•  CUORE’s new cryostat 
–  10 mK base temperature ! higher signal 

–  Independent suspension of the detector array from the 
dilution unit. ! smaller noise 

!"

#"

$"

%"

&"

'!"

!()" '()" #()" *()" $()" )()" %()" +()" &()" ,()"

N
r. 

of
 C

ry
st

al
s/

ke
V 

Resolution (KeV) at 5.4 MeV 

" T(Work) >15mK" 

" T(Work) < 15mK" 

R&D Runs: CCVR CUORE baseline 

TAUP Asilomar, Sept 11 2013 4 Ke Han (Berkeley Lab) for CUORE 
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Lawrence Livermore National Laboratory, Livermore, CA 94550 - USA 
Department of Nuclear Engineering, University of California, Berkeley, CA 94720 - USA 
INFN - Sezione di Padova, Padova I-35131 - Italy 
Dipartimento di Fisica, Università di Firenze, Firenze I-50125 - Italy 
INFN - Sezione di Firenze, Firenze I-50125 - Italy 
SUPA, Institute for Astronomy, University of Edinburgh, Blackford Hill, Edinburgh EH9 3HJ - UK 
Dipartimento di Fisica e Astronomia, Alma Mater Studiorum - Universita ̀ di Bologna, Bologna I-40127 
– Italy 
 
CUORE-IHE Interest Group: 
 
High Energy Physics Division, Argonne National Laboratory, Argonne, IL, USA  
Materials Science Division, Argonne National Laboratory, Argonne, IL, USA ! 
INFN - Laboratori Nazionali del Gran Sasso, Assergi (AQ), Italy 
!Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA  
Department of Nuclear Engineering, University of California, Berkeley, CA, USA  
Department of Physics, University of California, Berkeley, USA 
Università di Bologna and INFN Bologna, Bologna, Italy 
Massachusetts Institute of Technology, Cambridge, MA, USA 
Department of Physics and Astronomy, University of South Carolina, Columbia, SC, USA 
Technische Universität München, Physik-Department E15, Garching, Germany 
Dipartimento di Fisica, Università di Genova and INFN - Sezione di Genova, Genova, Italy 
Institute for Nuclear Research, Kyiv, Ukraine 
INFN - Laboratori Nazionali di Legnaro, Legnaro, Italy 
Lawrence Livermore National Laboratory, Livermore, CA, USA 
Department of Physics and Astronomy, University of California, Los Angeles, CA, USA 
INFN sez. di Milano Bicocca and Dipartimento di Fisica, Università di Milano Bicocca, Italy 
State Scientific Center of the Russian Federation - Institute of Theoretical and Experimental Physics 
(ITEP), Moscow, Russia 
Max-Planck-Institut für Physik, D-80805 München, Germany 
Nikolaev Institute of Inorganic Chemistry, SB RAS, Novosibirsk, Russia 
Sobolev Institute of Geology and Mineralogy, SB RAS, Novosibirsk, Russia 
Centre de Sciences Nuclèaires et de Sciences de la Matière (CSNSM), CNRS/IN2P3, Orsay, France 
INFN - Sezione di Padova, Padova, Italy 
Institut de Chimie de la Matière Condensè de Bordeaux (ICMCB), CNRS, 87, Pessac, France 
Dipartimento di Fisica, Università di Roma “La Sapienza” and INFN - Sezione di Roma, Roma, Italy 
IFN-CNR, Via Cineto Romano, I-00156 Roma, Italy ! 
Service de Physique des Particules, DSM/IRFU, CEA-Saclay, France 
!Physics Department, California Polytechnic State University, San Luis Obispo, CA, USA  
Shanghai Institute of Applied Physics (SINAP), China 
Institut de Physique Nuclèaire de Lyon, Universitè Claude Bernard, Lyon 1, Villeurbanne, France 
Wright Laboratory, Department of Physics, Yale University, New Haven, CT, USA ! 
Laboratorio de Fisica Nuclear y Astropartculas, Universidad de Zaragoza, Zaragoza, Spain 
 

b. Number'of'present'collaborators:!126!
c. Number'of'collaborators'needed:!CUORE(IHE!is!open!to!expression!interest!from!experienced!

collaborators!
!
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Cherenkov Detection in TeO2
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CUOREThe Cherenkov light detection TES-Light detector  

130 eV @2615 keV 

D 

β/J Results obtained with collaboration of  
Max-Plank Munich and lucifer, using 
a 4 cm dia, 4 cm height 285 g TeO2 crystals 

Transition Edge Sensors (TES) (CRESST) 

¾ ΔE  <  20  eV  

¾ Complicated readout:  

¾ SQUID amplifiers. 

¾ scaling needs R&D 

K. Schäffner et al., Astrop. Phys. 69 (2015) 30 

The Cherenkov light detection TES-Light detector  

130 eV @2615 keV 

D 

β/J Results obtained with collaboration of  
Max-Plank Munich and lucifer, using 
a 4 cm dia, 4 cm height 285 g TeO2 crystals 

Transition Edge Sensors (TES) (CRESST) 

¾ ΔE  <  20  eV  

¾ Complicated readout:  

¾ SQUID amplifiers. 

¾ scaling needs R&D 

K. Schäffner et al., Astrop. Phys. 69 (2015) 30 

The Cherenkov light detection TES-Light detector  

130 eV @2615 keV 

D 

β/J Results obtained with collaboration of  
Max-Plank Munich and lucifer, using 
a 4 cm dia, 4 cm height 285 g TeO2 crystals 

Transition Edge Sensors (TES) (CRESST) 

¾ ΔE  <  20  eV  

¾ Complicated readout:  

¾ SQUID amplifiers. 

¾ scaling needs R&D 

K. Schäffner et al., Astrop. Phys. 69 (2015) 30 K. Schaeffner et al, Astrop. Phys. 69, 30 (2015)

Event-by-event 𝛼/𝛽  discrimination 
requires light detectors with ~15-20 eV 
resolution
TES-based light detectors:
- CRESST/LUCIFER: W-based detectors
- US (Berkeley/Argonne): bilayer TES 
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R&D: Superconducting Sensors
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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 #

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: determined by thermal conductivity 
between the TES and absorber/heat-bath

Ctot = Cbolo (~T3) + CTES (~T) + 
Cother (e.g. caused by impurities in the crystal)
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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.
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TES

Low Tc TES fabrication: 
- W-TES may be possible through ion implantation  
- Grow W-alpha phase for Low Tc 
- Or we can utilize superconducting bilayers as TES (proximity effect) 
- Minimize # TES and SQUIDs on detector 
- SQUIDs can be readout in arrays al large as up to 10,000
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Transition-Edge Sensors (TES)
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‣ Tc consistent with that obtained with films 
‣ AC current bias using Magnicon squid with 

a local Nb can on squid 
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of Gep and testing of Ir/Pt towards using 
lower Tc recipes found on films already
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‣ We found 2 recipe solutions for fabrication 
of Low Tc TES 

‣ Films fabricated at and in collaboration 
with Argonne National Lab. 

‣ Sputtering at room temperature allows for 
a scalable solution
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High sensitive light detector with KIDs sensors

CALDER R&D 
Kinetic Inductance Detectors (KIDs)

Cooper pairs (cp) in a superconductor 
act as an inductance (L). 

Photons or phonons can break cp and change L.  

High quality factor (Q) resonating 
circuit biased with a microwave (GHz):
signal from amplitude and phase shift.

L C

Day et al., Nature 425 (2003) 817

✓ Multiplexing: different resonators can be coupled to 
the same feedline. 

✓ A single cryogenic amplifier can be used to read up 
to 1000 detectors.

✓ High reproducibility and ease of fabrication.
✓ Insensitive to microphonic noise, week temperature 

dependence.

Ezio Previtali – 103° Congresso Nazionale SIF – Trento 15-9-17

Kinetic Inductance Detectors (KID)

New KIDs made with AlTiAl multilayer

Ezio Previtali – 103° Congresso Nazionale SIF – Trento 15-9-17

See also:
E.S. Battistelli, et al, EPJ C75 (2015) 353
L. Cardani et al, APL 110 (2017) 033504

CALDER: ERC Advanced Grant

New KIDs made with AlTiAl multilayer

Ezio Previtali – 103° Congresso Nazionale SIF – Trento 15-9-17

See also:
E.S. Battistelli, et al, EPJ C75 (2015) 353
L. Cardani et al, APL 110 (2017) 033504



Discrimination of alpha particles in TeO2

Cerenkov light measured 
with Si-Luke light detector 
on small (1x1x1 cm3) TeO2
crystal

Cerenkov light measured 
with Ge-Luke light 
detector on CUORE like 
(5x5x5 cm3) TeO2 crystal

Ezio Previtali – 103° Congresso Nazionale SIF – Trento 15-9-17

L. Gironi et al, Phys. Rev. C 94, 
054608 (2016)

D.Artusa et al, Physics
Letters B 767 (2017) 321
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with Si-Luke light detector 
on small (1x1x1 cm3) TeO2
crystal

Cerenkov light measured 
with Ge-Luke light 
detector on CUORE like 
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Signal amplification with Neganov Luke effect
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Scintillating Bolometer Pilot Experiments
15

CUORE
Zn82Se : Lucifer (first CUPID demonstrator) 

Low-­‐‑background Underground Cryogenics Installation For Elusive Rates 

Goal: to reach a decay of few 1025 y and demonstrator for a background free experiment 

Lucifer will be composed by an array of  32 enriched (95%)  Zn82Se crystals. Total 82Se nuclei will be   |4.3)1025 

The expected background in the ROI (2995 keV) is of the order of 1y2 10-3 c/keV/kg/y  

The energy resolution of the single detector is expected to be  a10÷20  keV FWHM 

JW Beeman et al.,  Advan. in High Energy Phys 2013,  237973 

CUPID-0/Se @ LNGS: Zn82Se: 2017

EDELWEISS	Cryostat

CUPID-0/Mo @ Modane: Li2100MoO4: early 2018

1.5 kg · y EXPOSURE - ↵ REMOVED

I M1 + PSA on HEAT signal (removes pile-up, noisy events ...)

I ... + ↵ removed (PSA on LIGHT)
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CUORE

The measurable quantity is the half life:
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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 #

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.
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β: determined by thermal conductivity 
between the TES and absorber/heat-bath

Ctot = Cbolo (~T3) + CTES (~T) + 
Cother (e.g. caused by impurities in the crystal)

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
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ffiffiffiffiffiffiffiffiffiffiffiffiffi
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svuut
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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.
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TES

Low Tc TES fabrication: 
- W-TES may be possible through ion implantation  
- Grow W-alpha phase for Low Tc 
- Or we can utilize superconducting bilayers as TES (proximity effect) 
- Minimize # TES and SQUIDs on detector 
- SQUIDs can be readout in arrays al large as up to 10,000

17
R. Hennings-Yeomans
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Kinetic Inductance Detectors
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CUOREHigh sensitive light detector with KIDs sensors

CALDER R&D 
Kinetic Inductance Detectors (KIDs)

Cooper pairs (cp) in a superconductor 
act as an inductance (L). 

Photons or phonons can break cp and change L.  

High quality factor (Q) resonating 
circuit biased with a microwave (GHz):
signal from amplitude and phase shift.

L C

Day et al., Nature 425 (2003) 817

✓ Multiplexing: different resonators can be coupled to 
the same feedline. 

✓ A single cryogenic amplifier can be used to read up 
to 1000 detectors.

✓ High reproducibility and ease of fabrication.
✓ Insensitive to microphonic noise, week temperature 

dependence.

Ezio Previtali – 103° Congresso Nazionale SIF – Trento 15-9-17



Luke-Neganov Amplification
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CUORE

Yury Kolomensky: CUORE Future 10/23/2017

Signal amplification with Neganov Luke effect

Amplification Factor

0 V

240 V

Ezio Previtali – 103° Congresso Nazionale SIF – Trento 15-9-17
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𝛼 Discrimination in LN Detectors
21

CUORE
Discrimination of alpha particles in TeO2

Cerenkov light measured 
with Si-Luke light detector 
on small (1x1x1 cm3) TeO2
crystal

Cerenkov light measured 
with Ge-Luke light 
detector on CUORE like 
(5x5x5 cm3) TeO2 crystal

Ezio Previtali – 103° Congresso Nazionale SIF – Trento 15-9-17

L. Gironi et al, Phys. Rev. C 94, 
054608 (2016)

D.Artusa et al, Physics
Letters B 767 (2017) 321
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CUPID-0/Se
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CUOREThe Detectors

24 Zn82Se CRYSTALS

Mass = 9.65 kg
Se enrichment in 82Se at 96%
82Se Mass = 5.17 kg N�� = 3.8 1025

2 ZnSe CRYSTALS

Mass = 0.85 kg
Se natural 82Se at 8.7%

31 Ge LIGHT DETECTORS

hyperpure Ge wafers
diameter = 44.5 mm (' ZnSe crystals)
thickness = 0.17 mm

M. Pavan
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CUPID-0/Se
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CUOREPerformances: HEAT Signale 232Th calibration

sum calibration spectrum

Energy [keV]
0 500 1000 1500 2000 2500 3000

E 
FW

H
M

 [k
eV

]
∆

0

5

10

15

20

25

30

35

 / ndf 2χ  1.404 / 3
    0E  0.6025± 4.322 

a         0.001048± 0.006394 
b         0.0193± 1.467 

 / ndf 2χ  1.404 / 3
    0E  0.6025± 4.322 

a         0.001048± 0.006394 
b         0.0193± 1.467 

b+a E2
0EE = ∆

<FWHM>

noise ! ⇠ 0.4 keV
2615 keV ! ⇠ 25 keV

major contribution from
crystal quality
placeholder placeholder
placeholder
at 82Se Q�� = 2998 keV
resolution is extrapolated

<FWHM> at Q��

SR1 ! 29.2 ± 2.0 keV
SR2 ! 27.0 ± 1.0 keV

M. Pavan



CUPID-0/Se
24

CUORE

Yury Kolomensky: CUORE Future 10/23/2017

1.5 kg · y EXPOSURE

I M1 (only single hit events) + PSA on HEAT

I ��2⌫ spectrum normalized to NEMO 1

1NEMO measurement of 82Se ��2⌫ half-life ( arXiv:1105.2435 [hep-ex] )

M. Pavan



ALL CUTS + DELAYED COINCIDENCES - ROI

only 3 events survive !!!
(the ROI is ' 13 FWHM)

CUTS summary

M1 (single hit cut)
PSA on HEAT
PSA on LIGHT (remove ↵)
Delayed Coinc.

ROI = [2800, 3200] keV

N. of Events = 3
[2.2-8.6]·10�3c/(keV y kg)
✏
0⌫�� ⇠ 80%
✏cuts > 85%

CUPID-0/Se
25

CUORE

Yury Kolomensky: CUORE Future 10/23/2017

Residual background

sizable �/� residual rate
likely due to 232Th ZnSe crystal
contaminations
! can be reduced applying a
Delayed Coincidence cut

M. Pavan



➢ Core	of	the	project	(high	risk	/	high	gain)	
					Background	rejection	through	pulse	shape	discrimination	

▪ Surface	sensitivity	through	superconductive	Al	film	coating

▪ Fast	NbSi	high-impedance	TES	to	replace	/	complement	NTDs	

➢ Complete	crystallization	of	available	100Mo	(10	kg)	in	Li2MoO4	
elements

➢ Purchase	/	crystallize	130Te	(up	to	15	kg)	in	TeO2	elements

➢ Run	demonstrator	in	a	dedicated	cryostat		(LSC	–	Spain)	

get	rid	of	light	detectors

CROSS	is	a	bolometric	experiment	to	search	for	0ν-DBD

ERC	advanced	grant	CROSS	(start	1/1/2018)
Cryogenic	Rare-event	Observatory	with	Surface	Sensitivity

Surface-Sensitive Bolometers

A. Giuliani


