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Cryogenic Underground Observatory for Rare 

Events 

•  988 TeO2 crystals run as a bolometer array 

–  5x5x5 cm3 crystal, 750 g each 

–  19 Towers; 13 floors; 4 modules per floor 

–  741 kg total; 206 kg 130Te 

–  1027 130Te nuclei 

•  Excellent energy resolution of bolometers 

•  New pulse tube dilution refrigerator and 

cryostat  

•  Radio-pure material and clean assembly to 

achieve low background at ROI  
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Cryogenic Calorimeters
Convert energy in temperature: ΔT ~ ΔE/C

To obtain sizable ΔT we need a small C

Crystals cooled at 10 mK: C ~ T3

ΔT converted into electrical signals 
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988 TeO2 crystals (~1 ton) + other 2 tons of copper at 10 mK 

~20 tons at different T stages

CUORE

CUORE

13

Detector Closure

10 mK shield Roman Pb radiation shield (4K)

Thermal shields,
radiation shields,
and electronics
installed
Sep – Nov, 2016

Jan 2017: base T reached

Now taking data at LNGS

Cryogenic Underground Observatory for Rare 
Events 
•  988 TeO2 crystals run as a bolometer array 

–  5x5x5 cm3 crystal, 750 g each 
–  19 Towers; 13 floors; 4 modules per floor 
–  741 kg total; 206 kg 130Te 
–  1027 130Te nuclei 

•  Excellent energy resolution of bolometers 
•  New pulse tube dilution refrigerator and 

cryostat  
•  Radio-pure material and clean assembly to 

achieve low background at ROI  
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Physics Motivation

Forbidden by SM: it violates L (actually B-L) conservation

Can occur only if ν is a Majorana particle 

It creates matter (no anti-matter balancing)

Majorana phases: other sources of CPV?

CUORE

2

Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

Main goal: search for 0νββ: hypothesized, never observed, nuclear transition
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Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

Main goal: search for 0νββ: hypothesized, never observed, nuclear transition

Annual modulation of nuclear recoils induced by 
WIMPs (tens of keV for ~100 GeV WIMPs)

Solar axions by inverse Primakoff effect: M1 transition 
of 57Fe, expected at 14.4 keV 

But large mass, low threshold, low background and Quenching~1:10
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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 [31] is shown as yel-
low/dark yellow/orange islands. The results from CRESST-II (dashed
green) [32], CDMS Lite (dashed red) [33], XMASS (dashed vio-
let) [34], and LUX (black solid) [35] are also shown.

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-
ing factor is taken into account. For comparison, we also
show the 5s , 3s and 90% C.L. regions resulting from a ML
analysis reported in [31] on the DAMA/LIBRA annual mod-
ulation positive result [37, 38] using the same parameters for
the SHM. Thanks to the 741kg of target mass of CUORE,
we expect to achieve the sensitivity required to fully explore
the parameter region implied by the DAMA/LIBRA posi-
tive annual modulation signal with 5 years of data-taking.
Other recent experimental results from CRESST-II, CDMS
Lite, XMASS and LUX [32–35] are also shown. The re-
sults from CRESST-II, CDMS, and LUX were obtained us-
ing vesc = 544km/s. The impact of using vesc = 544km/s
instead of vesc = 650km/s for CUORE sensitivity is found
to be less than 10�5pb at 6GeV. Also for the other exper-
iments only a minor impact of the escape velocity on the
exclusion limit is expected.

7 Summary

We have presented the analysis techniques developed for
low energy rare event searches with CUORE and their val-
idation using the data acquired with the CUORE-0 exper-
iment. We have optimized the software trigger developed
in previous CUORE prototypes, removing an intrinsic dead
time that prevented the algorithm from reaching 100% effi-
ciency, and designed a protocol to periodically monitor the
efficiency by injecting low energy reference pulses at the

end of every dataset. With the new trigger, we have reduced
the CUORE-0 trigger thresholds from several tens of keV to
values between 4 and 12keV.

We have also demonstrated that a pulse shape analy-
sis can efficiently select legitimate physics events in TeO2
bolometers against spurious ones at energies below 100keV.
In addition, we have developed a technique, scalable to an
experiment with one thousand bolometers, to independently
establish the analysis threshold of each bolometer in each
dataset. In CUORE-0 the analysis thresholds range between
8 and 35keV. Using characteristic X-rays from Te, we have
found the energy scale shift to be 0.18±0.13keV upward at
⇠ 27keV.

After the data and event selection, the CUORE-0
background rate ranges from 1.7counts/(kg ·keV ·day) at
10keV to 0.05counts/(kg ·keV ·day) at 50keV, two times
less than that attained with the best Cuoricino bolometers.
Nevertheless, the low energy spectrum requires further in-
vestigation including the explanation of the peak-like struc-
tures between 30 and 40keV. We use the nuclear quenching
factors of TeO2 obtained by tagging the recoiling daughter
nuclei of a decays in the CUORE-0 data to estimate the un-
certainty of the WIMP energy scale. We incorporate it to
report the CUORE sensitivity to WIMP annual modulation.

CUORE will search for low energy rare events such as
solar axions, WIMP dark matter in the galactic halo, or co-
herent scattering of galactic supernova neutrinos using the
analysis techniques presented in this paper. In particular, we
expect to reach a sensitivity to annual modulation of WIMPs
sufficient to fully explore the parameter region indicated by
the positive annual modulation signal of the DAMA/LIBRA
experiment with 5 years of CUORE data-taking.
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The Nightmare: Radio-Activity
In CUORE (but not only) the external background can be effectively suppressed

The detector itself becomes the main problem!

Challenge: such small contamination levels required, that no screening techniques 
available!

ACTIVE MATERIALS

Can often be used as detectors to assess 
their own contaminations

PASSIVE MATERIALS

Can be more problematic, especially when 
dealing with surface contaminations
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Crystals
• Used by many experiments as calorimeters, 

scintillators… 

• CUORE (TeO2), CUPID (ZnSe and LiMoO4), 
AMoRE (40Ca100MoO4), GERDA and Majorana 
(Ge)…

• CRESST (CaWO4), Edelweiss, CoGeNT (Ge)…

• NaI (DAMA, SABRE, ANAIS, DM-Ice..)

…and many others



• Contaminations from 40K, 238U, 232Th 
and daughters

• Cosmogenic activation of materials

• Selection and monitoring of all 
materials, tools and facilities for crystal 
growth

• Selection of equipment for chemical and 
mechanical processing, storage
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• NaI (DAMA, SABRE, ANAIS, DM-Ice..)

…and many others



• Must be <3x10-13 g/g in 238U, 232Th

• Contribution of I.Dafinei (INFN Roma)

• Strict protocol for each step of crystal 
production

5 

measurement sensitivity. The same protocols for sample preparation and measurement were applied in all laboratories 
for cross-check measurements. In the following, some experimental details are given for the ICP-MS measurements 
at LNGS, where a quadrupole mass spectrometer from Agilent Technologies, model 7500a (2001), was used. A 
dedicated tuning of the machine was made in order to have high sensitivity, stable signals and reliable results 
concerning matrix effects. A Babington-type nebulizer was used, which supports a high concentration of dissolved 
solid without any clogging. For each sample, a group of three replicates were measured using an integration time of 
1s for each point and taking 3 points/mass. The measurements were performed in semi-quantitative mode using a 
single standard solution containing 10 ppb of Li, Y, Ce and Tl. These elements cover a broad range of atomic masses 
and the ICP-MS device calculates the sensitivity for other elements as a function of their response. This operating 
mode is fully satisfactory for the present work, where contamination levels in the samples are typically at or below 
the detection limit. The use of a better calibration curve would possibly improve the quality of data but eventually 
would cause an increase of the background, reducing the obtainable sensitivity. Nevertheless, the instrumentation 
response has been checked directly on the elements to be measured by adding a low concentration spike (about ten 
times higher than the expected detection limit) to the final measurement solution. On the other side it was 
fundamental to check the efficiency of samples treatment procedure measuring the recovery on spiked of K, Th and U 
added directly to the sample (Te metal or TeO2) before the chemical etching. All tests carried out for this purpose 

 
Fig. 2 Radio-purity certification protocol applied for TeO2 crystals. 
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An excellent result: TeO2



Each stage of production is monitored accurately:

• ICP-MS for contaminations in 232Th and 238U  in 
Te, TeO2 and consumables and in all other 
reagents. Sensitivity of 10-12 g/g achievable.

• HPGe to be sensitive also to broken chains and 
40K. For our purposes, 10-10 g/g on Th and U was 
enough, but 10-12 g/g achievable (long run)

• SBD for surface contaminations of specific 
materials ad monitoring of selected components 
(in particular for lapping cloths, packaging…)
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Cryogenic test

 Bulk: <1.8x10-14 g/g in 238U and <5.5x10-14 g/g in 232Th

Screening Technologies
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Passive Materials: Copper
Good mechanical/thermal properties, radio-pure —> structural parts of many detectors

1st problem: how to make it more radio-pure

2nd problem: how to check the purity level



• When electro-plating copper from a solution onto 
cathodes, most of the contaminants do not follow copper 
(different electrochemical value)

• Electrodeposition OFHC copper on stainless steel forms

• Everything done underground (reduce activation)

• Outstanding purity: 0.3 μBq/kg for 232Th and 238U

 

Page 12 of 15 
 

The presence of several very large grains shown in Figure 3.10 could be biasing the results 
which indicate a strong texture is present4.  Future work will include further EBSD analyses.  
After a statistically significant number of grain orientation maps are generated, any predominant 
orientation should be apparent. 

3.5.1 Nodule Analysis 

The formation of nodules has been a continuous issue in some electroplating baths.  Figure 3.12 
below shows a comparison of two electroplating baths from the Majorana Temporary Clean 
Room (TCR) located at the 4850’ level at Sanford Underground Lab (SUL) in Lead, South 
Dakota.  The figure located on the left shows a normal electroplate while the figure on the right 
shows nodule formation.  From research bath experimentation, filtration has been linked to a 
significant reduction in nodule formation, for these reasons it was hypothesized that the nodule 
formation was due to particulate present in the bath solution.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.12 Nodular growth seen in TCR Bath #1. 
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Electro-formed Copper

• Originally proposed at PNLL

• Now CES (Copper Electroforming Process) at CANFRANC

• Not (yet) able to clean surface of the materials but efficient for 
the purification in many materials

S.Borjabad LRT 2017



OFHC copper converted into powder and used via 3D-printers in controlled environment

Radio-purity measured at LNGS

Improvement of surface roughness at LNL

Characterization at low temperatures at Roma (N.Casali)
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3D-Printed Copper



Neutron Activation Analysis and HPGe 
spectroscopy showed no traces for 

contaminations

μBq/kg g/g

232Th <2 <0.5x10-12

238U <70 <6x10-12
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Radio-Assay
Study of surface contaminations is difficult

Figure 3: Photograph of the Three Towers Test detector with copper box (a) and
picture of the detector without copper coverage (b). From top to bottom: the
polyethylene tower (T1), the LNGS tower (T2), and the Legnaro tower (T3).

T1 T2 T3

Figure 4: Photographs of the three 12-crystal arrays (the three towers ) without
their cylindrical shields: (a) the polyethylene tower (T1), (b) the LNGS tower
(T2), and (c) the Legnaro tower (T3).

• T1: For the first or top tower, all the copper pieces were
simply cleaned with soap, treated with a mixture of H2O2,
H2O and citric acid, and then wrapped with a few layers,
⇠70 µm thick on average, of polyethylene film. Given that
the range of ↵ particles in polyethylene is about 20 µm,
this is su�ciently thick to stop any ↵ emission from the
copper surface. Commercial polyethylene film was cho-
sen because it is relatively easy to handle; measurements
of samples showed good radiopurity, <100 ppt of 238U and
<700 ppt of 232Th; and the procedure achieved good re-
sults in previous tests.

• T2: For the second or middle tower, a purely chemical pro-
cess with ultra-pure reagents was used. The first step was
simple cleaning with soap and water. The copper pieces
were then subjected to electroerosion with 85% phospho-
ric acid, 5% butanol, and 10% water, followed by chemical
etching with hyper-pure nitric acid. Finally a passivation

Erba [32]; H2O - obtained with Milli-Q system [33], 18.2 M⌦*cm at 25oC;
solid citric acid - 99%, Sigma Aldrich [31]; nitric acid - 67-69% RS hyper-
pure distilled with DuoPur purification system from Milestone, Carlo Erba [32];
Butanol - RPE analytical grade, Carlo Erba [32].

step with H2O2, H2O and citric acid was performed. The
procedure was developed at LNGS on the basis of [30].

• T3: For the third or bottom tower, the LNL cleaning pro-
cedure was modified to include: Tumbling, Electropol-
ishing, Chemical etching and Magnetron plasma etch-
ing (TECM). Final extraction and the following storage
of parts was performed in a clean room to avoid re-
contamination of the magnetron treated surfaces. Ultra
clean reagents were not employed since the expense of
supplying such a large TECM plant was deemed unsus-
tainable and the procedure is designed for zero-deposition
of foreign material on the treated piece.

The TTT apparatus was installed in the cryostat used for
Cuoricino [18], the setup was identical to Cuoricino with re-
spect to cryogenics, shields and front-end electronics, see ref-
erences [18] and [19]. The data acquisition system (DAQ) de-
signed for CUORE was used. The DAQ digitizes pulses from
each bolometer front-end channel with an 18-bit ADC sampling
at 125 Hz. The system acquires 626 samples, corresponding to
5.008 s, for each triggered pulse. Data were collected in two
campaigns: data-set 1 (Ds1) which ran from September to Oc-
tober 2009 and data-set 2 (Ds2) which ran from October 2009
to mid January 2010. During Ds1 a 40K source was present to
validate parts of the o✏ine analysis, this source was removed
for Ds2. The detector was operated at a higher energy thresh-
old during Ds1 to reduce the trigger rate from the 40K source to
an acceptable level.

Unfortunately not all the electrical connections survived the
apparatus cool down, ultimately 12, 7, and 7 crystals were read-
able in T1, T2 and T3 respectively. The readable detectors
performed quite well, the average FWHM resolution measured
from the total spectrum (i.e. no multiplicity cuts applied) in
each tower is shown in Table 1 for both data sets. Three en-
ergy regions are considered: (i) low energy, i.e. the 352 keV
214Pb peak; (ii) an intermediate region near the ROI, i.e. the
2614.5 keV 208Tl peak; and (iii) the ↵ region, i.e. the 5407 keV
210Po peak. The first region was below threshold for Ds1. The
poorer average resolution which is evident at higher energy, the
↵ region, is not due to the resolution of the individual bolome-
ters but rather to the inter-bolometer calibration within a sin-
gle tower. The highest available calibration peak is in fact
2614.5 keV, beyond this point the calibration must be extrap-
olated.

5.1. Data analysis

Data from the TTT were analysed using the software frame-
work developed for CUORE and already successfully used for
Cuoricino [19]. The o↵-line analysis identifies and rejects oc-
casional periods with excess noise, applies pulse-shape analy-
sis to identify and remove spurious pulses, and evaluates pulse
height. Pulse height is a proxy for energy, the precise relation-
ship between pulse height and energy is fixed using calibration
sources. The o↵-line analysis also identifies time coincidences
between events for multiplicity analysis. Ultimately the multi-
plicity analysis was only e↵ective for T1 during Ds2 because

5

Large arrays provide sensitivities of tens of nBq/cm2

For next generation detectors, we must ensure an even better purity (~ a factor of 10)

This becomes a problem also for assay

doi:10.1016/j.astropartphys.2013.02.005
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What is ICPMS? 

Plasma 

A sample is prepared by being made into liquid and sprayed into an extremely hot 
plasma where it is ionized and introduced into the mass spectrometer separating the ions 
based on their mass to charge ratio 
 
For isotope dilution tracers are added prior to sample preparation 
For example 229Th is added for analysis of 232Th, 233U added for 238U analysis 3 

• ICP-MS with pre-concentration of contaminants

• Current goal: automation and 40K assay

Improving Sensitivity: Bulk

Material Th,	U	Detec/on	Limits
µBq/kg ppt

Copper	(Electroformed	or	commercial	OFHC) <0.1 <0.01

Lead <1 <0.1

Titanium <1 <0.1

Stainless	Steel <1 <0.1

Polymers	(PTFE,	PVDF,	Acrylic,	Bioabsorbables,	etc.) <1 <0.1

Linear	Alkyl	Benzene	(LAB) <0.1 <0.01

Quartz,	Fused	Silica <1 <0.1

Electronic	Components:	FETs,	resistors,	thermocouples,	etc <0.1	pg/component

Solu/ons <0.01 <0.001



Scintillating bolometers allow to achieve an extremely high sensitivity on surface contaminations 
in a few weeks of measurements.

L.Cardani
Advantages:

• Simultaneously α and γ spectroscopy

• Wide active surface (hundreds of cm2)

• No dead layers

• Excellent energy resolution (< %)

• Low intrinsic background

with these features, we can achieve a ~tens of nBq/
cm2 in a few weeks 

http://stacks.iop.org/1748-0221/7/i=10/a=P10022
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Figure 6. Simulations of energy spectra that can be obtained with a surface contamination in 232Th (on the
top) and 238U (in the bottom) with an exponential density profile and a depth l of 5 micron by a Si surface
barrier detector (green), an array of four TeO2 crystals (blue) and an array of four BGO crystals. For the last,
thanks to the possibility to identify the interacting particle, the beta/gamma region (orange) and the alpha
region (red) are reported separately.

As can be seen in the figures, the main advantage of the BGO detector is the possibility to per-
form separately a and b/g spectroscopy. This feature allows to study with a very high sensitivity
low energy a’s, that in the case of TeO2 and Si detector would be overwhelmed by the g natural
radioactivity. At the same time, with the BGO detector it is possible to access rare g’s and b events
in the energy region dominated by the a background (above 2.6 MeV).

Another important advantage of the BGO detector is the very low intrinsic background, which
is about two orders of magnitude lower with respect to the count rate of a standard Si detector (0.05
counts/h/cm2 between 3 and 8 MeV [19]). This leads to a much better signal to noise ratio and,
therefore, to a much larger sensitivity on surface contaminations.

Finally it must be stressed that, unlike Si detectors, bolometers can easily achieve large ac-
tive surfaces and do not have dead layers. Moreover, the excellent energy resolution provided by
bolometers (⇠5 keV FWHM energy resolution with a TeO2 bolometer [21] with respect to 25–

– 8 –

Improving Sensitivity: Surface

2012 JINST 7 P10022

Table 1. Background obtained with the 5⇥5⇥5 cm3 BGO crystal in three different regions. The values are
evaluated with Feldman-Cousins at 68.27% C.L. The results were obtained by assuming that all the a events
were due to surface contaminations.

Band Energy Background
[MeV] [c/keV/kg/y] [nBq/cm2/MeV]

b 3.0 - 4.0 0.01 - 0.07 —
a 2.0 - 3.0 0.03 - 0.14 6.32 - 30.45
a 3.5 - 4.0 0.04 - 0.22 8.50 - 48.84

Figure 5. Simulated array of four 5⇥5⇥5 cm3 BGO crystals faced to a slab of material positioned under the
crystals.

number of generated particles on the surface facing the detectors. For this purpose, the simulations
were performed generating a decays on the surface of the material (no depth).

In addition, different simulations were performed with a particles with energy between 3 and
6 MeV to study the dependence of the geometric efficiency on the particle energy. The simulations
confirmed our expectations, showing that the energy dependence is less than 1% (limit given by
the simulation statistics).

The geometric efficiency for the detection of surface contaminations of a circular/square slab
with a diameter/side of 12.4/11 cm faced to the BGO crystal array at a distance of 5 mm was
evaluated to be e ⇠ 35%. For a measurements of 1 month with a sample of 121 cm2 faced to the
crystals this allows to achieve sensitivity of 21 nBq/cm2. The obtained sensitivity decreases with
increasing depth of the contamination because of the worsening of the detection efficiency.

In order to compare the sensitivity that could be reached with BGO crystals with respect to a
standard a detector (i.e. Si surface barrier detector) and pure thermal bolometers (TeO2 bolome-
ters), several simulations were performed. The geometry of the simulation of the TeO2 crystals
was the same used for the simulation of the BGO. For what concerns surface barrier detector, we
simulated a 4 cm diameter Si disk [20] faced to the same slab of material to be analyzed.

– 7 –

http://stacks.iop.org/1748-0221/7/i=10/a=P10022


Conclusions

• A long R&D on materials allowed to reach a very low background with CUORE

• The development of pure material is crucial for many experiments in different fields

• Most of the purity levels are extremely difficult to assess with conventional 

techniques

• New, versatile technologies have been proposed
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Fig. 4 (color online) CUORE-0 summed energy spectra of events with
double-crystal coincidence in calibration (top) and physics (bottom)
data, along with fits to an eight-Gaussian line shape plus linear back-
ground (red solid lines).
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Fig. 5 Efficiency-corrected energy spectrum of CUORE-0 from 10 to
60keV corresponding to an exposure ranging from 1.6kg ·yr at 10keV
up to 18.56kg ·yr at 35keV, as shown in the inset.

The most noticeable feature in the spectrum is a peak-
like structure around 31 and 37keV. Given that this struc-
ture is observed in all the bolometers and it was also present
in the Cuoricino background, its origin is likely physical.
The current background prediction based on our MC simu-

lation [25] does not fully account for the low energy spec-
trum including this peak-like structure, and further investi-
gation is on-going under the hypothesis that the contami-
nation is due to materials facing the detectors (e.g. copper
shielding...). We expect to have better insights on this peak-
like structure with CUORE data, where inner bolometers
mostly face other bolometers and not the copper shielding.
Through the comparison between the innermost and outer-
most bolometers, we may be able to attribute the origin of
this peak-like structure to a certain process.

6 CUORE sensitivity to WIMP annual modulation

In this section we present the sensitivity of CUORE to the
annual modulation in the detection rate induced by dark mat-
ter in the galactic halo. We restrict our analysis to WIMPs
interacting with the target nuclei in the detector via elastic
scattering off nuclei; for this reason, we present a study of
the nuclear quenching factor of TeO2 obtained in CUORE-0.

6.1 TeO2 nuclear quenching factor

One of the prerequisites to perform a WIMP dark matter
search is a good understanding on the low energy response
of the detector for both nuclear recoils (NRs), produced
by WIMPs or background neutrons, and electronic recoils
(ERs), produced by electromagnetic backgrounds. The nu-
clear quenching factor is defined as the ratio of the measured
signal generated by a NR to that generated by an ER de-
positing the same energy in the detector, and depends on the
energy and recoiling nucleus. Given that any energy conver-
sion in the TeO2 bolometers finally produces signal through
phonons, the nuclear quenching factor in the bolometers is
expected to be close to one. The nuclear quenching fac-
tors of several recoiling nuclei in TeO2 have been mea-
sured previously using the daughter nuclei of the a decays
from 224Ra, 220Rn, 216Po, 212Po, and 212Bi in the energy
range between 100 and 170keV. The result was found to be
1.025± 0.01(stat)± 0.02(syst) [26]. We exploit the same
technique and estimate the nuclear quenching factors using
the daughter nuclei of some a emitters at energies around
100keV.

Specifically, we measure the recoiling energy of the
daughter nuclei following a decays of 210Po, 222Rn, 224Ra,
and 218Po present in the CUORE-0 crystal surfaces where
either the a particle or the daughter nucleus escapes and
is detected in an adjacent crystal. We tag these events by
requiring coincidence in two crystals with a total energy
within some tens of keV of the Q-value of the decay. Then
we fit the spectrum of the recoiling nuclei with an asymmet-
rical Gaussian function with a smooth power-law tail rela-
tive to the mean to obtain the peak position. Table 3 sum-
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Fig. 4 (color online) CUORE-0 summed energy spectra of events with
double-crystal coincidence in calibration (top) and physics (bottom)
data, along with fits to an eight-Gaussian line shape plus linear back-
ground (red solid lines).
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Fig. 5 Efficiency-corrected energy spectrum of CUORE-0 from 10 to
60keV corresponding to an exposure ranging from 1.6kg ·yr at 10keV
up to 18.56kg ·yr at 35keV, as shown in the inset.

The most noticeable feature in the spectrum is a peak-
like structure around 31 and 37keV. Given that this struc-
ture is observed in all the bolometers and it was also present
in the Cuoricino background, its origin is likely physical.
The current background prediction based on our MC simu-

lation [25] does not fully account for the low energy spec-
trum including this peak-like structure, and further investi-
gation is on-going under the hypothesis that the contami-
nation is due to materials facing the detectors (e.g. copper
shielding...). We expect to have better insights on this peak-
like structure with CUORE data, where inner bolometers
mostly face other bolometers and not the copper shielding.
Through the comparison between the innermost and outer-
most bolometers, we may be able to attribute the origin of
this peak-like structure to a certain process.

6 CUORE sensitivity to WIMP annual modulation

In this section we present the sensitivity of CUORE to the
annual modulation in the detection rate induced by dark mat-
ter in the galactic halo. We restrict our analysis to WIMPs
interacting with the target nuclei in the detector via elastic
scattering off nuclei; for this reason, we present a study of
the nuclear quenching factor of TeO2 obtained in CUORE-0.

6.1 TeO2 nuclear quenching factor

One of the prerequisites to perform a WIMP dark matter
search is a good understanding on the low energy response
of the detector for both nuclear recoils (NRs), produced
by WIMPs or background neutrons, and electronic recoils
(ERs), produced by electromagnetic backgrounds. The nu-
clear quenching factor is defined as the ratio of the measured
signal generated by a NR to that generated by an ER de-
positing the same energy in the detector, and depends on the
energy and recoiling nucleus. Given that any energy conver-
sion in the TeO2 bolometers finally produces signal through
phonons, the nuclear quenching factor in the bolometers is
expected to be close to one. The nuclear quenching fac-
tors of several recoiling nuclei in TeO2 have been mea-
sured previously using the daughter nuclei of the a decays
from 224Ra, 220Rn, 216Po, 212Po, and 212Bi in the energy
range between 100 and 170keV. The result was found to be
1.025± 0.01(stat)± 0.02(syst) [26]. We exploit the same
technique and estimate the nuclear quenching factors using
the daughter nuclei of some a emitters at energies around
100keV.

Specifically, we measure the recoiling energy of the
daughter nuclei following a decays of 210Po, 222Rn, 224Ra,
and 218Po present in the CUORE-0 crystal surfaces where
either the a particle or the daughter nucleus escapes and
is detected in an adjacent crystal. We tag these events by
requiring coincidence in two crystals with a total energy
within some tens of keV of the Q-value of the decay. Then
we fit the spectrum of the recoiling nuclei with an asymmet-
rical Gaussian function with a smooth power-law tail rela-
tive to the mean to obtain the peak position. Table 3 sum-
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• Assuming coherent scattering (A2) TeO2 is interesting both for high and low masses 
• Only spin-independent 
• Coherent isospin-invariant coupling and the Helm model for nuclear form factors 
• For WIMP velocity, standard halo model (SHM) 
• WIMP local density 0.3 GeV/c2, local circular velocity 220 km/s, galactic escape velocity 650 km/h, orbital 

velocity of Earth around the Sun 29.8 km/s, 

• For each (mW, σSI) we generate 100 toy MC simulations 
• For each MC spectrum, maximum likelihood analysis for annual modulation and no modulation hypothesis 
• Significance of modulation quoted as log-likelihood ratio of the best fits 
• The likelihood is calculated using a PDF containing the target mass, the detection efficiency (BoD) and the 

background pdf (no temporal dependency) 
• ROI: 10-28 keV to exclude peaking background (most of the signal expected at low energy) 
• Uncertainty on energy scale dominated by QF (consevatively 7%) 
• Sensitivity computed requiring a 90% CL in 90% of the toy experiments


