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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 
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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 

CUORE and CUPID
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CUORE: Array of 988 TeO2 crystals

! 19 towers suspended in a cylindrical structure
! 13 levels, 4 crystals each 
! Operating now to ~2024 at LNGS

CUPID: next-generation upgrade 

! Array of 1596 crystals, dual readout of heat and 
light (3306 channels in total)

Low event rates (~3 mHz/channel)
! Operating 24x7 for ~10 years

! Would still expect O(109) events when all is 
said and done

Bayesian analysis by default

• E.g. 0𝜈𝛽𝛽 and background model

• LOTS of nuisance parameters 
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FIG. 4. ROI spectrum with the best-fit curve (solid red) and
the best fit-curve with the 0⌫�� decay component fixed to
the 90% CI limit (dashed blue).
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FIG. 5. Posterior on �0⌫ with all systematics included for the
fit on the physical range (�0⌫> 0) and on the full range. The
90% CI is shown in blue.

and flat background components, and divided into 7
datasets with the same exposure and BI of the ac-
tual datasets as obtained from fitting the data with the
background-only model. We fit each pseudo-experiment
with the standard signal-plus-background model and ob-
tain a median 90% CI exclusion sensitivity of 1.7 ·1025 yr.
The probability of obtaining a stronger limit than 3.2 ·

1025 yr is 3%.
We consider the following systematic e↵ects. The dom-

inant one is the systematic error on the PSA e�ciency.
Subdominant e↵ects are induced by the uncertainties on
the energy scale, energy resolution, analysis and contain-
ment e�ciencies, the value of Q�� , and the 130Te natural
isotopic abundance. We implement all systematics as ad-
ditional nuisance parameters in the fit, which can be acti-
vated independently, with the priors reported in Tab. II.
We evaluate the bias induced by each nuisance parame-
ter by looking at the e↵ect on �0⌫ at the posterior global
mode, �̂0⌫ ; for this, we artificially release the �0⌫� 0 con-
straint, allowing �0⌫ to be negative. The best fit with the

artificially extended range is �̂0⌫=(�3.5+2.2
�1.1)·10

�26 yr�1,
with a ⇠ 1.6� background under-fluctuation compatible
with the p-value quoted above. The inclusion of the ad-
ditional nuisance parameters a↵ects the global mode on
�0⌫ by  0.04% (see also Tab. II), and yields a 0.4%
weaker limit.
Assuming 0⌫�� decay is mediated by light neutrino ex-

change, and using the phase space factor from Ref. [56],
the result above corresponds to a set of upper limits
on the e↵ective Majorana mass ranging between 75 and
350meV, where the spread reflects the di↵erent nuclear
matrix element calculations available in literature [57–
67]. The results reported in this paper represent the
most stringent limit on 0⌫�� decay in 130Te, and our
limit on m�� is competitive with the leading ones in the
field [15–19].

TABLE II. Systematics a↵ecting the 0⌫�� decay analysis. To-
tal analysis e�ciency I corresponds to the product of all e�-
ciency terms reported in Tab I, while total analysis e�ciency
II corresponds to the additional systematic on the PSA ef-
ficiency. We report the systematic on the �0⌫ global mode
obtained leaving �0⌫ free to assume negative (nonphysical)
values.

Fit parameter systematics

Systematic Prior E↵ect on �̂0⌫

Total analysis e�ciency I Gaussian 0.01%
Total analysis e�ciency II Uniform 0.04%

Containment e�ciency Gaussian 0.01%
Energy and resolution scaling Multivariate 0.02%

Q�� Gaussian 0.02%
Isotopic fraction Gaussian 0.02%

After a period of detector maintenance and opti-
mization, CUORE is stably collecting data at a rate
of 50 kg·yr/month. The experiment is a proof of the
power and scalability of the bolometric technique to the
ton scale. Recent developments in scintillating crystals
demonstrate the technology for a future zero-background
search [19, 53, 54, 68, 69]. These advances will be ex-
ploited in the next generation bolometric experiment,
CUPID [69], which will reuse the CUORE cryostat and
infrastructure.
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• Total exposure in TeO2: 372.5 kg*y
• Bayesian Analysis (BAT)
• Likelihood model: flat continuum (BI),  posited 

peak for 0νββ (rate), peak for 60Co (rate + position)
• Unbinned fit on physical range (rates non-negative), 

uniform prior on 𝝘0v

• Systematics: repeat fits with nuisance parameters, 
allow negative rates (<0.4% impact on limit)

• Nuisance parameters for each channel-dataset (>104)

CUORE ROI Spectrum

Example: CUORE: 0νββ Search
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FIG. 4. ROI spectrum with the best-fit curve (solid red) and
the best fit-curve with the 0⌫�� decay component fixed to
the 90% CI limit (dashed blue).
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FIG. 5. Posterior on �0⌫ with all systematics included for the
fit on the physical range (�0⌫> 0) and on the full range. The
90% CI is shown in blue.

and flat background components, and divided into 7
datasets with the same exposure and BI of the ac-
tual datasets as obtained from fitting the data with the
background-only model. We fit each pseudo-experiment
with the standard signal-plus-background model and ob-
tain a median 90% CI exclusion sensitivity of 1.7 ·1025 yr.
The probability of obtaining a stronger limit than 3.2 ·

1025 yr is 3%.
We consider the following systematic e↵ects. The dom-

inant one is the systematic error on the PSA e�ciency.
Subdominant e↵ects are induced by the uncertainties on
the energy scale, energy resolution, analysis and contain-
ment e�ciencies, the value of Q�� , and the 130Te natural
isotopic abundance. We implement all systematics as ad-
ditional nuisance parameters in the fit, which can be acti-
vated independently, with the priors reported in Tab. II.
We evaluate the bias induced by each nuisance parame-
ter by looking at the e↵ect on �0⌫ at the posterior global
mode, �̂0⌫ ; for this, we artificially release the �0⌫� 0 con-
straint, allowing �0⌫ to be negative. The best fit with the

artificially extended range is �̂0⌫=(�3.5+2.2
�1.1)·10

�26 yr�1,
with a ⇠ 1.6� background under-fluctuation compatible
with the p-value quoted above. The inclusion of the ad-
ditional nuisance parameters a↵ects the global mode on
�0⌫ by  0.04% (see also Tab. II), and yields a 0.4%
weaker limit.
Assuming 0⌫�� decay is mediated by light neutrino ex-

change, and using the phase space factor from Ref. [56],
the result above corresponds to a set of upper limits
on the e↵ective Majorana mass ranging between 75 and
350meV, where the spread reflects the di↵erent nuclear
matrix element calculations available in literature [57–
67]. The results reported in this paper represent the
most stringent limit on 0⌫�� decay in 130Te, and our
limit on m�� is competitive with the leading ones in the
field [15–19].

TABLE II. Systematics a↵ecting the 0⌫�� decay analysis. To-
tal analysis e�ciency I corresponds to the product of all e�-
ciency terms reported in Tab I, while total analysis e�ciency
II corresponds to the additional systematic on the PSA ef-
ficiency. We report the systematic on the �0⌫ global mode
obtained leaving �0⌫ free to assume negative (nonphysical)
values.

Fit parameter systematics

Systematic Prior E↵ect on �̂0⌫

Total analysis e�ciency I Gaussian 0.01%
Total analysis e�ciency II Uniform 0.04%

Containment e�ciency Gaussian 0.01%
Energy and resolution scaling Multivariate 0.02%

Q�� Gaussian 0.02%
Isotopic fraction Gaussian 0.02%

After a period of detector maintenance and opti-
mization, CUORE is stably collecting data at a rate
of 50 kg·yr/month. The experiment is a proof of the
power and scalability of the bolometric technique to the
ton scale. Recent developments in scintillating crystals
demonstrate the technology for a future zero-background
search [19, 53, 54, 68, 69]. These advances will be ex-
ploited in the next generation bolometric experiment,
CUPID [69], which will reuse the CUORE cryostat and
infrastructure.

ACKNOWLEDGMENTS

The CUORE Collaboration thanks the directors and
sta↵ of the Laboratori Nazionali del Gran Sasso and
the technical sta↵ of our laboratories. This work
was supported by the Istituto Nazionale di Fisica
Nucleare (INFN); the National Science Foundation
under Grant Nos. NSF-PHY-0605119, NSF-PHY-
0500337, NSF-PHY-0855314, NSF-PHY-0902171, NSF-
PHY-0969852, NSF-PHY-1307204, NSF-PHY-1314881,
NSF-PHY-1401832, and NSF-PHY-1404205; the Alfred

Posterior for 𝛤0v

Phys. Rev. Lett. 124, 122501 (2020) 

• No evidence for 0νββ decay

• Interpretation in context 
of light Majorana 
neutrino exchange

T 0⌫
1/2 > 3.2⇥ 1025 yr (90%C.I.)
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m�� < 75� 350meV
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Background Index
(1.38± 0.07)⇥ 10�2cnts/(keV · kg · yr)
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Characteristic FWHM 𝛥E at Qββ

7.0± 0.3 keV
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Detector Performance Parameters



58 5.1 Monte Carlo simulations

FIG. 5.1: Model of the CUORE detector array, internal shielding and part of the surrounding
support and cryogenic infrastructure as implemented in the Monte Carlo simulation software [52]

umes in discrete steps, and energy releases in the active detector components are stored. An
optimization between accuracy and required computing time is required and was performed
tuning differently the range of production cuts in different materials. Some eletromagnetic
processes (e.g. in Bremsstrahlung or �-ray production) involve infrared divergences. Pro-
duction cuts limit the generation of particles below threshold (i.e. particles that have
a range below a user-defined and material dependent range cut), treating the remaining
divergent part as a continuous effect.

The particle generation and propagation in the CUORE setup is performed by the
qshields software. Possible simulated background sources differ by the generated particle
types, rates, and their geometry. Particles that can be simulated are

• single particles, either monochromatic or with a given energy spectrum (e.g. de-
excitation gammas);

• singular nuclear decays;

• decay chains, possibly accounting for breaks of secular equilibrium;

• double beta decays, where different calculations in literature [53] [54] [55] [56] are im-
plemented to generate the shape of the sum energy spectrum of the emitted electrons
in the 2⌫�� decay mode.

Other than different sources of radiation and their expected energy spectrum, their geo-
metrical distribution can be set. Contaminations in the detector materials can be either
uniformly distributed in any of the available volumes (bulk contaminations) or distributed
with an exponentially decaying density profile on the surface of materials. This is the case
of surface contaminations of ↵ emitters both in the TeO2 crystals and in the inner copper
shields of the cryostat. Building reliable Monte Carlo simulations crucially depends on the
physics list (included processes) and on the production cuts in each material. Further dis-

2νββ decays, Background Model
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60 5.2 Background model

FIG. 5.2: Side (left) and top (right) view of the CUORE detector array. In green (cyan) is
highlighted the inner (outer) layer.

5.2 Background model

The most common background sources for low-counting underground experiments are
long lived radioactive contaminants of the detector and surrounding materials, radioac-
tive isotopes coming from cosmogenic activation of materials, environmental radiation and
cosmic muons. With the exception of the radiation entering the experimental setup from
outside the external shielding, all the other components are modeled specifying the fol-
lowing parameters: contaminated physical volume, contaminant, geometrical distribution
(bulk or surface). Bulk contaminations are distributed uniformely within the physical vol-
ume, surface contaminations have an exponentially decaying density profile with depth of
0.1 µm, 1 µm or 10 µm. This is mostly important for contaminations of ↵ emitters, due to
their short range. For this reason all contaminations located outside the 10 mK vessel are
simulated as bulk only. 40K, 238U and 232Th are present in all volumes, 60Co is present
both in TeO2 and Cu materials due to cosmogenic activation. Concerning cosmic muons
and environmental � and neutron fluxes they are modeled according to known experimental
distributions [58] [59].

Once the background sources are identified, the problem of building a background model
can be expressed as the one of finding the activity of each included source able to describe
the observed counts in the CUORE detector. This task is performed taking advantage from
the granularity of the detector to disentagle and constrain different contaminations. Two
layers are defined, namely inner (L0) and outer layer (L1), as depicted in Fig. 5.2. A si-
multaneous fit on single-site (Multiplicity = 1, M1) and double-site (Multiplicity = 2,
M2) events is performed in order to extract the activity of each contamination. More
specifically, the following binned spectra are produced

• M1L0, energy of the single site events in the inner layer;

• M1L1, energy of the single site events in the outer layer;

• M2, energy of the double site events in any layer (both coincident channels included);

• Reconstruct CUORE continuum background 

• GEANT4 simulation + measured detector 
response function to produce expected spectra

• 62 sources considered, Bayesian fit with flat priors 
(JAGS) 

• Exploit coincidences & detector self-shielding to 
constrain location of sources

• Data selection:
• geometric splitting, time 

splitting, fit range  
• Choice of 2νββ spectrum 

(single state vs. higher state 
dominance*)

• Unconstrained fallout products 
(90Sr )

Systematic Uncertainties

60 5.2 Background model

FIG. 5.2: Side (left) and top (right) view of the CUORE detector array. In green (cyan) is
highlighted the inner (outer) layer.

5.2 Background model

The most common background sources for low-counting underground experiments are
long lived radioactive contaminants of the detector and surrounding materials, radioac-
tive isotopes coming from cosmogenic activation of materials, environmental radiation and
cosmic muons. With the exception of the radiation entering the experimental setup from
outside the external shielding, all the other components are modeled specifying the fol-
lowing parameters: contaminated physical volume, contaminant, geometrical distribution
(bulk or surface). Bulk contaminations are distributed uniformely within the physical vol-
ume, surface contaminations have an exponentially decaying density profile with depth of
0.1 µm, 1 µm or 10 µm. This is mostly important for contaminations of ↵ emitters, due to
their short range. For this reason all contaminations located outside the 10 mK vessel are
simulated as bulk only. 40K, 238U and 232Th are present in all volumes, 60Co is present
both in TeO2 and Cu materials due to cosmogenic activation. Concerning cosmic muons
and environmental � and neutron fluxes they are modeled according to known experimental
distributions [58] [59].

Once the background sources are identified, the problem of building a background model
can be expressed as the one of finding the activity of each included source able to describe
the observed counts in the CUORE detector. This task is performed taking advantage from
the granularity of the detector to disentagle and constrain different contaminations. Two
layers are defined, namely inner (L0) and outer layer (L1), as depicted in Fig. 5.2. A si-
multaneous fit on single-site (Multiplicity = 1, M1) and double-site (Multiplicity = 2,
M2) events is performed in order to extract the activity of each contamination. More
specifically, the following binned spectra are produced

• M1L0, energy of the single site events in the inner layer;

• M1L1, energy of the single site events in the outer layer;

• M2, energy of the double site events in any layer (both coincident channels included);

CUORE Preliminary 

T 2⌫
1/2 = [7.71+0.08

�0.06(stat.)
+0.17
�0.15(syst.)]⇥ 1020 yr
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�-only fit: M1
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* Phys. Rev. C. 85, 034316 (2012) 



CUORE/CUPID Issues
• In full glory, O(109) events, perhaps O(106) 

nuisance parameters
" Bayesian analysis is most natural here

• Fully Bayesian fits, with the full evaluation of 
systematic errors due to the uncertainties of the 
nuisance parameters quickly become untenable 
" Would be interested in optimization of MCMC, but 

clearly need a qualitative change in how these fits 
are done

" Would also be interested in development of common 
tools and frameworks for applications for NP
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