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Double beta decay in experiments

• Extremely rare events T1/2 > 1024 year.

• Experimentally try to search for a peak on 
the spectrum of total energy of electrons.

• 130Te: isotopically abundant and favorable 
in terms of half-life requirement 
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Large mass bolometer
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Bolometer: measure the energy via 
temperature change

CUORE:	TeO2 crystal
5✕5✕5	cm3,	750	g
ΔT	=	0.1	mK/MeV	at	10	mK base	temperature
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Arrays of TeO2 bolometers
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• Search for 0νββ of 130Te and other rare 
events

• 988 TeO2 crystals run as a bolometer 
array
– 19 Towers

– 13 floors 

– 4 modules per floor

– 741 kg total; 206 kg 130Te

– 1027 130Te nuclei

• 10 mK base tempearture in a custom 
dilution refridgrator

• Gran Sasso underground lab (LNGS), 
Italy

CUORE (Cryogenic Underground Observatory for Rare Events)
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CUORE-0

• The first CUORE tower assembled with 

CUORE standards

– Cleaning components

– Assembly procedure

• Tower Properties

– 52 crystals, total mass 39 kg

– Total 130Te mass 11 kg

• CUORE-0 tower was installed in the 

original Cuoricino cryostat. 

• Data taking: March 2013 to Aug 2015.

• 9.8 kg · yr of 130Te exposure

• Reached CUORE goal of 5 keV FWHM 

around Q-value
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Detector performance: CUORE-0 vs. Cuoricino
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• Channel and dataset independent fit
• The	5	keV CUORE	goal	has	been	reached



CUORE-0 results

• We find no evidence for 0νββ decay of 130Te: T1/2> 2.7 × 1024 yr (90% C.L.)
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Fitted background:

Best-fit decay rate:

0.058	± 0.004	(stat.)	± 0.002	(syst.)	counts/keV/kg/yr

Γ0νββ	(130Te)	=	0.007	± 0.123	(stat.)	± 0.012	(syst.)	× 10–24 yr–1

Phys.	Rev.	Lett.	115,	102502

60Co



Combining CUORE-0 and Cuoricino

• Combination of the CUORE-0 result 
with the existing 19.75 kg · yr of 130Te 
exposure from Cuoricino

• The combined half-life limit is 

T1/2 > 4.0 × 1024 yr (90% CL)
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Building CUORE: Detector array assembly

• All 19 ultraclean towers 
assembled by summer 2014. 

• From ~10000  components

• Inside 5 glove boxes

• 988/988 thermistors

• 988/988 heaters
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Cryogenic system commissioning phase 1: individual systems test

• Outer/Inner vacuum chamber 
• Cryostat

– 32 K at the 40K stage
– 3.3 K at the 4K stage

• Dilution Unit
– Lowest temperature: 4.95 mK
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PT	heads
Plates

Flanges	of	
CUORE	cryostat

DU	in	a	test	
cryostat



Cryogenic system commissioning phase 2: system integration
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Cryostat	+
Dilution	Unit Wiring

Top	Pb	shield	
Calibration	System	
Towers	support	plate
Fast	Cooling	System

Attaching	a	
mini-tower

Side	roman	
Pb shield

More	from	Jeremy	
Cushman:	FD.00006	:	
Calibration	of	CUORE-0	
and	CUORE



Cryogenics milestones
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Summary and outlook

• CUORE-0 reached energy resolution and 
background rate requirement.
• Null 0νββ result published in PRL.
• 2νββ analysis, instrumentation, and dark 

matter search papers in the pipeline.  

• CUORE, with 206 kg of 130Te and 5 keV
resolution, is able to reach 50-130 meV
effective Majorana mass. 
• All detectors were assembled successfully.
• CUORE cryostat reached base temperature 

of ~ 6 mK.
• CUORE operation expected in early 2016.

• CUPID, CUORE upgrade with particle ID 
will cover the inverted hiearchy band. 
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The CUORE Collaboration
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Background	fluctuations
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9.8 kg-yr 130Te exposure (2013–2015) 

60Co

►We evaluated the statistical likelihood of observed excess and deficits in data

► Kolmogorov-Smirnov test shows data are consistent with zero-rate hypothesis

► None of the positive or negative fluctuations have signal significance > 3σ

▶ Probability to observe a fluctuation anywhere in the ROI as big as largest is ~ 10% 
(i.e., accounting for trials factor)

2527.5	keV CUORE-0
Preliminary
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peak, we determine the yield of 0⌫�� decay events316

from a simultaneous UEML fit [30] in the energy region317

2470–2570 keV (Fig. 3). The fit has three components:318

a posited signal peak at Q��, a peak at ⇠ 2507 keV319

from 60Co double-gammas, and a smooth continuum320

background attributed to multiscatter Compton events321

from 208Tl and surface decays [31]. We model both322

peaks using the established lineshape. For 0⌫�� decay,323

the µb,d(Q��) are fixed at the expected position (i.e.,324

87.015 keV+�µ(Q��) below the µ̂b,d, where 87.015 keV325

is the nominal energy di↵erence between Q�� and the326

208Tl line); the �b,d are fixed to be 1.05 ⇥ �̂b,d; the �b,d327

and ⌘d,b are fixed to their best-fit calibration values; the328

0⌫�� decay rate is treated as a global free parameter.329

The 60Co peak is treated in an similar way except that a330

global free parameter is added to the expected µb,d to ac-331

comodate the anomalous double-gamma reconstruction.332

Furthermore the 60Co yield, although a free parameter,333

is constrained to follow the 60Co half-life [29] since 60Co334

was cosmogenically produced at sea level and is not re-335

plenished underground. Within the limited statistics the336

continuum background can be modeled using a simple337

slowly-varying function. We use a zeroth-order polyno-338

mial as the default choice but also consider first- and339

second-order functions.340

The ROI contains 233 candidate events from341

a total 130Te exposure of 9.8 kg·yr. The re-342

sult of the UEML fit is shown in Fig. 3.343

The best-fit value for the 0⌫�� decay rate is344

�0⌫ = 0.007± 0.123 (stat.)± 0.012 (syst.)⇥ 10�24yr�1,345

the background index in the ROI is346

0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).347

We evaluate the goodness-of-fit by comparing the value348

of the binned �2 in Fig. 3 (43.8 for 46 d.o.f.) with the349

distribution from a large set of pseudo-experiments with350

233 Poisson-distributed events in each, and generated351

with the best-fit values of all parameters. We find that352

90% of such experiments return a value of �2 > 43.8.353

The data are also compatible with this set of pseudo-354

experiments according to the Kolmogorov-Smirnov355

metric. Finally, we observe that none of the positive and356

negative fluctuations about the best-fit function have357

significance greater than 3�, and that the probability358

to observe the largest such fluctuation anywhere in the359

100-keV ROI is ⇠ 10%.360

We find no evidence for 0⌫�� of 130Te and set a 90%361

C.L. Bayesian upper limit on the decay rate using a uni-362

form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at363

�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 1/2
0⌫ >2.8 ⇥ 1024 yr (statis-364

tical uncertainties only). The median 90% C.L. lower-365

limit sensitivity for T 1/2
0⌫ is 2.9 ⇥ 1024 yr. The proba-366

bility to obtain a more stringent limit than the one re-367

ported above is 54.7%. Including the systematic uncer-368

tainties which are described below, the 90% C.L. limits369

are �0⌫ < 0.25⇥ 10�24 yr�1 or T 1/2
0⌫ > 2.7⇥ 1024 yr.370

To estimate systematic uncertainties we perform a371

large number of pseudo-experiments with both zero and372
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FIG. 4. Profile negative log-likelihood curves for CUORE-0,
Cuoricino [16–18], and their combination.

non-zero signal. We find that our UEML analysis has373

negligible bias on �0⌫ . To estimate the systematic er-374

ror from the lineshape choice we repeat the analysis of375

each pseudo-experiment with single-gaussian and triple-376

gaussian lineshapes and study deviation of the best-fit377

decay rate from the positied decay rate as a function378

of posited decay rate. We also propagate the 5% un-379

certainty on ↵�(Q��) and the 0.12 keV energy scale un-380

certainty using this approach. Following [32], we treat381

the choice of zeroth-, first-, or second-order polynomial382

for the continuum background as a discrete nuisance pa-383

rameter in the analysis of each psuedo-experiment. The384

resultant systematic uncertainties are summarized in Ta-385

ble I.386387

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

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

388

389

We combine our data with an existing 19.75 kg·yr ex-390

posure of 130Te from Cuoricino [18]; the ROI background391

was 0.169 ± 0.006 counts/(keV · kg · y), and the mean392

and RMS FWHM energy resolution of the detectors were393

6.9 keV and 2.9 keV, respectively. The profile likelihoods394

are shown in Fig. 4. The combined 90% C.L. limit is395

T 0⌫
1/2 > 4.1⇥ 1024 yr which is the most stringent limit to396

date on this quantity. For comparison, the 90%C.L. fre-397

quentist limits [33] are 2.9 ⇥ 1024 yr for CUORE-0 only398

and 4.3⇥ 1024 yr for the combination with Cuoricino.399

Using [34–49], we interpret our combined Bayesian400

half-life result as a limit on the e↵ective Majorana neu-401

Systematics

► For each systematic, we run toy MC expts to evaluate bias on fitted 0νββ	decay rate

► Bias is parameterized as p0	+	p1×Γ, where p0=“additive” and p1=“scaling”

► Signal lineshape: Used variety of different lineshapes to model signal

► Energy resolution:  Apply 1.05±0.05 correction to calibration-derived resolution

► Fit bias: Effect of using unbinned extended ML fit to extract values

► Energy scale: Assign 0.12 keV uncertainty derived from peak residuals in physics spectrum

► Bkg function: Treated choice of 0-, 1-, 2-order polynomial as discrete nuisance parameter



Systematics

Γ0νββ	(130Te)	<	0.25	× 10–24 yr–1 (90%	C.L.,	stat.+syst.)

(130Te)	>	2.7	× 1024 yr	(90%	C.L.,	stat.	+	syst.)

€ 

T1 2
0νββ

After accounting for systematic uncertainties we report the Bayesian limits: 
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Background reduction: from CUORE-0 to CUORE

TeO2 TeO2 

γ 

α α 
α 

α 

Copper frame and shielding ! 

" 

# 

CUORE	background	in	ROI
1. New	cryostat	with	radio-pure	materials	

à negligible	gamma	contributions
2. More	effective	self-shielding

à Copper	surface	background	can	be	
reduced	below	background	 goal.

3. More	effective	anti-coincidence	
à negligible	 surface	alpha	from	crystals.
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Detection channels
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