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The early days

• Becquerel discovers that uranium randomly 
emits lots of particles. Curie & Curie investigate 
and coin the term "radioactivity."

• Rutherford notices that there are two types of 
emissions, one of which penetrates matter much 
better than the other; he calls them "alpha" and 
"beta" particles

• Becquerel measures the mass-to-charge ratio of 
the beta particles, and it exactly matches that of 
the electron (discovered only 3 years earlier)

3

• Soddy & Fajans establish that beta decay 
transforms an element into the one to the right of 
it in the periodic table

• Everyone thinks that beta particles should have 
specific energies, but Meitner & Hahn show that 
beta particles are actually emitted in an energy 
continuum

• Nearly Everyone: Is the law of conservation of 
energy in trouble?
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The early days

• After 20 years of debate, Pauli proposes the idea 
of the neutrino to conserve energy and 
momentum in beta decays

• Fermi creates a formal theory of beta decay 
incorporating the neutrino

• Goeppert-Mayer postulates double beta decay: if 
particles can decay by emitting an electron and a 
neutrino, they should also be able to emit 2 
electrons and 2 neutrinos
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• Majorana proposes that the neutrino and 
antineutrino may be the same particle; this 
would not have a noticeable effect on beta decay

• Furry postulates that if neutrinos are their own 
antiparticles, then atoms should be able to decay 
by emitting just 2 electrons and no neutrinos
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Double beta decays
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Ordinary (2νββ)
Observed in several isotopes

Neutrinoless (0νββ)
Hypothesized, if neutrinos are Majorana fermions
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Can we see it?

• Double beta decay is a second-order process 
(highly suppressed)

• We have no chance of seeing it directly in 
isotopes for which single beta decay is allowed

• We need to look for cases where double beta 
decay is allowed and single beta decay is 
forbidden
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Detecting 0νββ decay
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Ordinary (2νββ):
Some energy goes into electrons.

Some energy escapes with neutrinos.

Neutrinoless (0νββ):
Summed energy of electrons is always equal to Q-value.

No energy escapes.

Observation of 0νββ decay would be the first evidence of lepton number 
violation and unambiguously establish the Majorana nature of the neutrino

Goal: Measure the summed energy of both electrons released in the decay



Jeremy Cushman, YaleDissertation Defense, 12/15/17

How rare?
• Most measured half-lives for 2νββ decay are on the order of 1021 years

• Compare to lifetime of the universe: 1010 years

• Compare to Avogadro’s number: 6 × 1023

• A mole of the isotope will produce ~1 decay/day

• If it exists, the half-lives of 0νββ decay would be much longer

• 130Te 0νββ decay limit is > 1024 years

• A mole of 130Te produces < 1 neutrinoless decay/year

• A half-life of 1026 years requires 32 kg of 130Te to see 1 decay/year

8
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Half-lives

• Shorter half-lives are easier to measure, 
so choose an isotope with a high phase 
space factor (high Q-value) and high 
nuclear matrix element

• Nuclear matrix element is calculated 
theoretically, with different models 
differing by factors of ~2

• Effective Majorana neutrino mass gives 
hints about absolute neutrino mass
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T0n
1/2 = 0nbb half-life

G0n(Q, Z) = phase space factor (µ Q5)

M0n = nuclear matrix element
hmbbi = effective bb neutrino mass

me = electron mass

(T0n
1/2)

�1 = G0n(Q, Z)|M0n|2
|hmbbi|2

me2
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Neutrino masses

• Calculated assuming model of 
light Majorana neutrino exchange

• Requires theoretical models of 
nucleus (nuclear matrix elements) 
and assumptions on value of axial-
vector coupling constant gA
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Figure 2.2: Masses and flavor composition of the neutrino mass eigenstates. Oscilla-
tion parameters, which determine flavor composition, are from the PDG [59].

archy, in which m2 is the heaviest. And as it turns out, the solar mass splitting
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2

32
| = (2.51 ±

0.06) ⇥ 10�3 eV2 (inverted hierarchy) [59]. These mass splittings set a lower bound

of 50 meV on the mass of the heaviest neutrino mass eigenstate (
p

�m
2

21
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32
in

the normal hierarchy and
p

��m
2

32
in the inverted hierarchy, in the limit where the

lightest eigenstate is massless). The results of neutrino oscillation experiments are

summarized in Figure 2.2.

A second approach to measuring the neutrino masses is to use cosmological mea-

surements. These measurements are insensitive to neutrino flavor and thus measure

the quantity mtot =
P

mi, where the sum is over the light neutrinos. The neutrino

masses appear in a variety of cosmological quantities, a↵ecting anisotropies in the

cosmic microwave background (CMB) and the formation of large-scale structure in

the universe, among other things [62]. Depending on the combination of data used,

experiments produce various (model-dependent) limits on mtot. The best claimed and

widely accepted is by the Planck Collaboration, mtot < 0.23 eV [58], a combination
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of Planck measurements of the CMB temperature, WMAP CMB polarization data,

data from various high-resolution CMB measurements, and measurements of baryon

acoustic oscillations. This measurement also relies on the accuracy of the standard

⇤CDM model; that is, an expanding Universe that obeys the laws of General Rel-

ativity and is dominated by cold dark matter (CDM) and a cosmological constant

(⇤). Other recent work has suggested that correlation lengths in galaxy clusters ex-

ceed that predicted by the ⇤CDM model, a result that could be explained by free

streaming of light neutrinos with mtot = (0.11 ± 0.03) eV [63].

A third approach to neutrino mass measurement is by extremely precise observa-

tions of �-decay spectra near its endpoint, just below the Q-value of the decay. In

particular, a nonzero neutrino mass means that the emitted electron cannot carry

away the full Q-value in energy, as some of the energy is used to create the neutrino.

These experiments measure an e↵ective electron neutrino mass of

m� =

sX

i

|Uei|2 m2

i . (2.10)

The world-leading limit in this area comes from the Troitsk and Mainz searches in

tritium � decay: m� < 2.1 eV (95% C.L.) from Troitsk [64] and m� < 2.3 eV

(95% C.L.) from Mainz [65]. Results from oscillation experiments indicate that m�

could be as low as 9 meV (normal hierarchy) or 49 meV (inverted hierarchy), so a

significant increase in sensitivity will be necessary for a definite discovery.

Finally, we come to 0⌫�� decay. Under the assumption of light Majorana neutrino

exchange as the dominant method for this decay, we can deduce a value for the

e↵ective Majorana neutrino mass

m�� =

�����
X

i

U
2

eimi

����� . (2.11)

The value of m�� is highly dependent on the nuclear matrix elements of the decay, on
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Detector sensitivity

• Choose a source with a high isotopic 
abundance of the 0νββ decay emitter

• Create a detector with a high detection 
efficiency and good energy resolution in a 
low-background environment

• Run experiment for a long exposure time 
with a large total mass of the source isotope

11

T0n
1/2 sensitivity µ a · e

r
M · t
b · dE

a = source isotopic abundance
e = detection efficiency

M = total mass
t = exposure time
b = background rate at 0nbb energy

dE = energy resolution
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0νββ decay detection techniques
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2011 - 2014

CUORE

2013 - 2018

Andrea Giachero (Andrea.Giachero@mib.infn.it) The status of the CUORE experiment NPA5 2011 , April 5th, 2011 8 / 22

•Bolometer-based searches: 
Cuoricino/CUORE-0/CUORE

•Loaded organic scintillator: SNO+
•T1/2 > 4.0 × 1024 y with CUORE-0

•Xe scintillation: KamLAND-Zen
•Liquid TPC & scintillation:  

EXO-200, nEXO
•Gas TPC: NEXT-100, PandaX-III
•T1/2 > 1.1 × 1026 y

•High-purity germanium 
detectors: GERDA/
MAJORANA

•T1/2 > 5.3 × 1025 y

•Source foils with 
tracking and calorimetry

•Half-lives for 48Ca, 82Se, 
96Zr, 100Mo, …
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A world of experiments
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Present and future 
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Experiment Isotope Detector technology Half-life limit Iso. exposure
GERDA 76Ge Ionization > 5.3 ⇥ 1025 yr 34 kg·yr
NEMO-3 100Mo Tracker, calorimeter > 1.1 ⇥ 1024 yr 35 kg·yr
CUORE-0 130Te Bolometers > 4.0 ⇥ 1024 yr 30 kg·yr
EXO-200 136Xe Liquid TPC > 1.1 ⇥ 1025 yr 100 kg·yr

KamLAND-Zen 136Xe Scintillation > 1.1 ⇥ 1026 yr 504 kg·yr

Table 2.1: Recent results from selected 0⌫�� experiments. Half-life limits are shown
at 90% C.L. Exposure shown is the isotopic mass exposure.

Experiment Isotope Detector technology Sensitivity Iso. mass Start
GERDA (Phase II) 76Ge Ionization 1 ⇥ 1026 yr 30 kg 2016
Majorana Demo.

76Ge Ionization 2 ⇥ 1026 yr 26 kg 2016
SuperNEMO 82Se Tracker, calorimeter 1 ⇥ 1026 yr 100 kg 2020?
CUORE 130Te Bolometers 9 ⇥ 1025 yr 206 kg 2017
SNO+ 130Te Scintillation 9 ⇥ 1025 yr 800 kg 2018?

EXO-200 (Phase II) 136Xe Liquid TPC 6 ⇥ 1025 yr 76 kg 2016
NEXT-100 136Xe Gas TPC 6 ⇥ 1025 yr 90 kg 2018?
PandaX-III 136Xe Gas TPC 1 ⇥ 1026 yr 180 kg 2019?

KamLAND-Zen 136Xe Scintillation 2 ⇥ 1026 yr 600 kg 2016

Table 2.2: Final projected (3-, 4-, or 5-year) sensitivity at 90% C.L. of current and
upcoming 0⌫�� decay experiments, as reported by each experiment. Mass shown is
the mass of the 0⌫�� candidate isotope. Start dates in the future are necessarily
estimates and are indicated by a question mark.

2.3.1 Current e↵orts

There are several active experiments in the field investigating a variety of isotopes

with several di↵erent detection techniques. Table 2.1 contains a summary of recent

0⌫�� decay search results, and Table 2.2 shows the projected sensitivity of current

and upcoming 0⌫�� decay searches.

One area of active research is the use of germanium semiconductor detectors to

measure the energy of electrons released inside the detectors by the 0⌫�� decay of

76Ge. The GERDA collaboration uses high-purity germanium detectors enriched

to 86% in 76Ge and immersed in a large volume of liquid argon, which is used for

shielding and cooling. GERDA has the current best limit on the 76Ge half-life,

T
0⌫��
1/2 > 5.3 ⇥ 1025 yr (90% C.L.), with an exposure of 34 kg·yr [80]. Another
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Current and future experiments:
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Advantages of CUORE
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Isotopic Abundance [atomic %]
0 5 10 15 20 25 30 35

Q
-v

al
ue

 [k
eV

]

1000

1500

2000

2500

3000

3500

4000

4500
Ca48

Ge76

Se82

Zr96

Mo100

Cd116

Sn124

Te128

Te130
Xe136

Nd150

 =
 5

0 
m

eV
ββ

 fo
r m

1/
2

Ex
pe

ct
ed

 T

2610

2710

2810

Ca48 Ge76 Se82 Zr96 Mo100 Cd116 Sn124 Te128 Te130 Xe136 Nd150

IBM
QRPA-T
QRPA-J
ISM
PHFB
GCM

• Excellent energy resolution of TeO2 bolometers (~0.2% FWHM resolution at 2615 keV)

• 130Te: High natural abundance (no enrichment required), good Q-value (above 
Compton edge of 2615 keV line), relatively accessible 0νββ decay half-life

(T0n
1/2)

�1 = G0n(Q, Z)|M0n|2
|hmbbi|2
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Outline
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CUORE

17
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CUORE

18

• The Cryogenic Underground Observatory for Rare 
Events (CUORE) searches for 0νββ decay in 130Te

• Located deep underground at the Laboratori 
Nazionali del Gran Sasso (LNGS) in Assergi, Italy

• Composed of 988 TeO2 crystals (total mass of 
742 kg, with 206 kg of 130Te)

• 19 times the mass of the predecessor experiment 
CUORE-0

• Runs in a new custom-built cryostat with much 
lower backgrounds than CUORE-0

T0n
1/2 sensitivity µ a · e

r
M · t
b · dE
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History
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Projected:
T1/20νββ  > 9 x 1025 yr (90% C.L.)
mββ < 50 – 130 meV

T1/20νββ > 4.0 × 1024 y (90% C.L.)
Phys. Rev. Lett. 115, 102502 (2015)
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Bolometric detection
• Bolometers are operated at ~15 mK, so that 

single particle energy deposits cause a 
measurable spike in temperature

• Temperature is measured by measuring 
voltage across temperature-dependent 
resistors (thermistors)

• Each TeO2 bolometer crystal is instrumented 
with a resistive heater and a neutron 
transmutation doped germanium (NTD-Ge) 
thermistor
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Cryostat and shielding

21

Detector
Towers

Top Lead
Shield

Side Lead
Shield

300 K

40 K

4 K

600 mK
50 mK

10 mK

Bo�om Lead
Shield

• Bolometers are assembled into 
towers and cooled by pulse-tube-
assisted dilution refrigerator

• Detector towers are surrounded 
by copper and lead shields at 
successively colder temperatures

• Cryostat is surrounded by large 
lead shield and borated 
polyethylene neutron shield

• Side lead and bottom lead shields 
are ancient Roman lead

External
Shields
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Ancient Roman lead

• Radioactive shielding can harm experiment as much as it helps

• All lead contains radioactive 210Pb from the 238U decay chain 
(210Pb half-life = 22 years) when mined

• Ancient Roman lead recovered from shipwreck is used for CUORE

22

http://www.nature.com/news/2010/100415/full/news.2010.186.html
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Projected backgrounds

23

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

Goal

Detectors

Cryostat

Environment
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Building the detector towers

24
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Building and commissioning the cryostat

25
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Installing the detectors
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Wiring and electronics
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• History and background

• CUORE detector and cryostat

• Detector calibration system

• First physics results
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Calibration
• Voltage signals from the thermistors must be 

calibrated to determine the energy of each event

• CUORE only measures energy, so precise 
energy calibration is crucial

• A two-step calibration process is used:

1. The thermistor gain is stabilized over time

2. Thermistor readings are calibrated to 
absolute energies
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Calibration hardware

• Bolometers require independent in situ energy calibration
• Bolometers must be calibrated at their operating temperature 
• Moving sources into position must not affect bolometer temperature

• We need to preserve ultraclean conditions for physics data taking 
• Calibration sources must be visible to detectors only during calibration
• Background contribution of calibration hardware must be low

• Procedure must be stable over expected 5-year lifetime of the experiment

30
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Calibration hardware
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• Only one tower
• Sources can be placed outside 

cryostat but inside shielding
• Sources can be positioned by hand

Detector
Towers

Top Lead
Shield

Side Lead
Shield

300 K

40 K

4 K

600 mK
50 mK

10 mK

Bo�om Lead
Shield

CUORE

• Outer towers shield inner towers
• Sources must be cold and placed among 

towers inside cryostat
• Source deployment must be automated
• J. S. Cushman et al. NIM A 844, 32-44 (2017)

CUORE-0

Calibration
source paths
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Calibration strings

• Twelve source strings are lowered into 
the cryostat during calibration periods

• Cooled from 300 K to the bolometer 
operating temperature of ~15 mK

Each source string contains:
• 25 or 26 source capsules of thoriated 

tungsten wire (containing 232Th)
• 8 weight capsules
• 1 PTFE guide ball

32

Figure 4: The simulated average event rate of the bolometers in each
column of 13 crystals due to the inner strings alone (red) and outer
strings alone (blue). The total event rate is less than the sum of that
from the inner strings and the outer strings due to pileup rejection
cuts.

fects. Calibration sources cannot be deployed below the
bottom of the bolometer towers due to the 10 mK cryo-
stat vessel around the towers. Above the towers, there
is lead shielding that blocks the gamma rays from these
low-activity calibration sources.

The calibration sources are contained inside small cop-
per capsules that are crimped onto a continuous Kevlar
string. This structure is flexible as it passes through the
bends of the guide tubes in the cryostat, while the use of
a continuous Kevlar string minimizes the risk of capsules
detaching from the string inside the croystat. Each cop-
per source capsule (8.0 mm length, 1.6 mm diameter) is
crimped onto the source string at both ends and holds a
small amount of active source wire. The copper capsules
are then surrounded by PTFE heat-shrink tubing in order
to reduce friction as the source strings are deployed into
and extracted from the cryostat. The PTFE tubing also
covers the sharp edges left behind on the copper capsules
from the crimp tool. For the continuous string, we choose
Kevlar coated in PTFE [11] for its high tensile strength
and low resistance. The string has a diameter of 0.25 mm
and a rated tensile strength of 9.3 kg. A schematic and
photograph of the source carriers is shown in Figure 6.

The source strings are lowered into the cryostat un-
der their own weight as they are deployed from the top
of the cryostat. To this end, several heavier copper cap-
sules (6.4 mm length, 3.2 mm diameter) are located at

Figure 5: A simulated CUORE calibration spectrum, summed over
all channels. The spectrum from the inner strings and outer strings
are separated and overlaid, and the energies of important lines for
calibration are shown in keV. The outer strings have a lower peak-
height-to-background ratio, particularly at lower energies, due to the
copper vessels between the sources and the detectors.

Kevlar string

Thoriated tungsten
(calibration source)

Copper capsule

PTFE heat
shrink tubing

~9
.2

 m
m

8 
m

m

(a) (b)

Figure 6: (a) Schematic and photograph of an assembled source
capsule. (b) Photograph of five heavier bottom capsules and PTFE
ball at the bottom of a source string.

4
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String production
Sources produced at 

UW-Madison and Yale

33
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Calibration source deployment
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6 inner source strings
• 3.5 Bq each
• Guided between the bolometer 

towers to illuminate the inner 
detectors

6 outer source strings
• 19.4 Bq each
• Guided to outside of 50 mK vessel 

to illuminate outer detectors

Strings are lowered under their own 
weight through a series of guide tubes

300 K

4 K
Lead

Inner string Outer string 4 TeO2 crystals
in copper frameCopper shield
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4-K Thermalization

35

• Source capsules are fully thermalized at 4 K 
before being lowered further into the cryostat

• 4 K stage is cooled by pulse tube cryocoolers 
and thus has significant cooling power

Rotary feedthrough

Hanging
mass

Linear
actuator

Thermalizer

Pulley
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Cryostat temperature

36
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Thermalizer squeezes

• Deployment of a single inner string takes about 6 hours

• Staggered deployment of all 12 strings takes about 24 hours
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Integration

37
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Control electronics

38

Computer

Temperature
Monitor 2

PXI Chassis

Vacuum Gauge
Controller

Temperature
Monitor 1

Rack
Breakout Box

Control
Box 1

Control
Box 2

Control
Box 3

Control
Box 4

Cryostat
Wiring Port

Linear 
Actuators

Motion
Box 1

Motion
Box 2

Motion
Box 3

Motion
Box 4

Temperature signals
Motion Box signals and control

Vacuum signals
Thermalizer signals and control

• All system control and readout is 
done through a rack near the 
cryostat

• Signal and power cables connect 
the rack to the motion hardware on 
the cryostat
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Motion control boxes

39

• Majority of the motion control electronics are contained inside 
4 boxes

• 3 strings + 4-K thermalizer controlled by each box

• Contain power supplies, motor controllers, custom PCBs, 
relays, and more

• All designed, built, and tested at Yale and installed at LNGS
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Software control

40

• Wrote software that controls and monitors every 
aspect of the calibration system during operation

• Allows for full, automated, and remote operation 
of the calibration system

• Clear visual overview allows operator to see 
current status and next steps

• Monitors string position, string tension, guide 
tube temperatures, vacuum pressure, and other 
parameters during deployments to ensure safe 
operation

• Saves and records all parameters for future 
review and analysis

• Successfully used in first deployments of 
calibration sources for CUORE
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Outline

41

• History and background

• CUORE detector and cryostat

• Detector calibration system

• First physics results
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Data processing overview

42

Raw voltage 
acquisition Online triggering Average pulses and 

noise power spectra

Pulse filteringThermal gain 
stabilization

Energy calibration

Pulse shape analysis Coincidence analysis Energy spectrum
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Acquiring data

43

• 984/988 (99.6%) of detectors are operational; 
90% are used in this analysis

• We acquire data continuously from operating 
detectors at a rate of 1 kHz

• We trigger on a channel and save a 10-second 
waveform when the slope of the signal is above 
a channel-dependent threshold

• Acquired in runs (~1 day) and grouped into 
datasets (~1 month), which begin and end with a 
calibration

• We compute an average pulse shape and 
average noise power spectrum for each channel 
and use this to filter the waveforms
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Thermal gain stabilization

44

• Heat capacity of the TeO2 crystals (C∝T3) 
and resistance of the NTD Ge thermistors 
are strongly temperature dependent

• Therefore, our pulse amplitude for a given 
energy deposition is strongly dependent on 
temperature (which fluctuates slightly 
while taking data)

• To correct for this, we periodically (every 
~300 s) inject fixed amounts of energy with 
Si heaters attached to the crystals

Heater
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Thermal gain stabilization

45

• Baseline voltage of the pulse is an 
(uncalibrated) measure of bolometer 
temperature

• Fit a curve to determine the estimated heater 
pulse amplitude at any baseline

5.2.3 Thermal gain stabilization

Because the thermistor resistance and crystal heat capacity are strongly temperature-

dependent (see Section 3.1), the signal amplitude at a given energy (i.e., the gain), is

also temperature-dependent. To correct for this, we need to create a mapping from

detector temperature (i.e., the baseline voltage) to gain.

The most straightforward way to create this mapping is by using the heater pulses.

These pulses, which occur on each channel every 300 seconds, remain constant in

energy despite the changing baseline. They are also automatically flagged as heater

pulses by Apollo, making it simple to pick them out of the data. We plot the pulse

amplitude vs baseline voltage for all of the heater events in the dataset in a particular

channel and perform a linear fit to the scatter plot. This linear fit is then a mapping

from pulse baseline to heater pulse amplitude. We then calculate a unitless stabilized

amplitude for each non-heater signal event, with

Pulse stabilized amplitude

5000
=

Pulse raw amplitude

Heater amplitude at pulse baseline
. (5.4)

In essence, since we do not know the true heater energy, we arbitrarily fix the heater

pulses to be 5000 stabilized amplitude units and scale the other pulses accordingly.

An alternate method of gain stabilization is with the 2615 keV events from the

calibration data instead of with the heater pulses. This is necessary for channels

in which the heater has failed and optional elsewhere. The concept is similar to

the heater stabilization, except we must now search for the 2615 keV events in the

calibration data, as they are not flagged automatically.

5.2.4 Calibration

We now have a gain-stabilized amplitude for each event, but no indication of the

event’s true energy. For this, we need to use the known energy of lines in the calibra-
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• Each event is assigned an arbitrary-unit 
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Monthly calibration
• We still need to convert stabilized amplitudes to real-world energies

• After deploying the 232Th sources, we acquire several days of calibration data

• Provides several strong peaks in the energy spectrum

46

Entries 20620

Stabilized amplitude [arb. units]
0 1000 2000 3000 4000 5000

C
ou

nt
s

0

100

200

300

400

500
Entries 20620

2615
969
911

239

338 583

Stabilized amplitude [arb. units]
0 1000 2000 3000 4000 5000

En
er

gy
 [k

eV
]

0

500

1000

1500

2000

2500

3000

Calibration function, ds3018, ch108

• We use these lines to create a channel-by-channel map from stabilized amplitude to true energy

Calibration spectrum in 1 channel Example calibration function



Jeremy Cushman, YaleDissertation Defense, 12/15/17

Event selection

47

• Several pulse shape parameters are 
measured, and limits are set on:

• Baseline slope

• Rise time and shape

• Decay time and shape

• In order to select candidate 0νββ decay events, we apply a variety of cuts to the data

• We also only accept events that are not 
simultaneous with events in other crystals

• Gammas often Compton scatter in multiple 
crystals

• Muons almost always deposit energy in 
multiple crystals
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There is only one contributing tree-level diagram:

We write down the amplitude using the Feynman rules of QED and following

fermion lines backwards. Order of lines themselves is unimportant.
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Exercise 14 Draw Feynman diagram(s) and write down the amplitude for Comp-

ton scattering �e�
!

�e�.
6.1 Summing over polarizations

If we knew momenta and polarizations of all external particles, we could calculate

M explicitly. However, experiments are often done with unpolarized particles so

we have to sum over the polarizations (spins) of the final particles and average

over the polarizations (spins) of the initial ones:
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2
1

2
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| {z }
avg. over initial pol.

sum over final pol.
z}|{X
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(57)

Factors 1/2 are due to the fact that each initial fermion has two polarization

(spin) states.
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We write down the amplitude using the Feynman rules of QED and following

fermion lines backwards. Order of lines themselves is unimportant.
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Exercise 14 Draw Feynman diagram(s) and write down the amplitude for Comp-

ton scattering �e�
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6.1 Summing over polarizations

If we knew momenta and polarizations of all external particles, we could calculate

M explicitly. However, experiments are often done with unpolarized particles so

we have to sum over the polarizations (spins) of the final particles and average

over the polarizations (spins) of the initial ones:
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Physics spectrum

48

• Calibrated physics spectrum from our first two datasets, after event selection

• 83.6 kg yr of TeO2 exposure, from Dataset 1 (May – June) and Dataset 2 (August – September)

• Factor of 4 reduction in background rate in 0νββ decay region of interest compared to 
CUORE-0, thanks to new cryostat
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Selection efficiency

49

• We need to evaluate the overall selection efficiency: 
probability of us observing a 0νββ decay event 
given that one has occurred

• Evaluate efficiency on gamma lines in the physics 
spectrum (from 40K and 208Tl)

• Overall, our efficiency on gamma lines is 
(90.5 ± 1.9)% in Dataset 1 and (92.7 ± 1.4)% in 
Dataset 2

• 0νββ decay events are entirely contained in 1 crystal 
88.3% of the time (estimated from simulation)

• Together, we estimate that we would see 
(79.9 ± 1.9)% of 0νββ decays in Dataset 1 and 
(81.9 ± 1.4)% in Dataset 2

Source
Selection e�ciency (%)
Dataset 1 Dataset 2

Pile-up cut 97.6 ± 1.1 96.7 ± 1.0
Pulse shape cut 93.9 ± 1.6 96.8 ± 1.0
Anti-coincidence 99.8 ± 0.1 100. ± 0.1

Trigger and reconstruction 99.0 ± 0.1 99.0 ± 0.1
Total excluding containment 90.5 ± 1.9 92.7 ± 1.4

Containment 88.3 ± 0.1 88.3 ± 0.1

Table 6.2: The selection e�ciencies for the cuts used in the 0⌫�� analysis.

that each event is coincident with no other energy deposits in nearby crystals. To

evaluate the e�ciency of this anti-coincidence cut with respect to accidental coinci-

dences between detectors, we examine the 1461 keV line from 40K decay instead of

the 2615 keV line. Unlike the 2615 keV � ray, which is always emitted along with

one or more other � rays as the 208Pb nucleus deexcites, the 1461 keV � ray is always

emitted alone; that is, 40K electron capture always populates the same excited state

of the 40Ar nucleus, which always decays directly to the ground state. This makes

the 1461 keV line ideal for evaluating whether a single event, like 0⌫�� decay, would

be in random, accidental coincidence with a background event in another crystal. We

evaluate the anti-coincidence selection e�ciency to be (99.8± 0.1)% in Dataset 1 and

(100.± 0.1)% in Dataset 2. This very high e�ciency is in line with our expectations,

due to the extremely low event rate in the detectors.

All of the selection e�ciencies discussed above are based on triggered events, but

we need to consider two other e↵ects as well. The first is the fraction of real events

that actually generate a trigger. We call this our trigger e�ciency, and we evaluate

it with our periodic heater pulses.3 Specifically, we look at all of the heater pulses

flagged as such by the data acquisition system, and we count how many also passed

3. The trigger e�ciency is energy-dependent, as it relies on picking out pulses, whose heights
depend on energy, from background fluctuations. However, this is a significant e↵ect only near the
energy threshold, which is orders of magnitude below the Q�� and the energy of the heater pulses.

135
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Line shape
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• We need to know what a 0νββ decay signal might look like

• For this, we use the 2615 keV calibration line
• Close in energy to Qββ = 2528 keV
• Sufficient channel-by-channel statistics to estimate line shape
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Calibration resolution

51

• We use the 2615 keV line to estimate our calibration resolution

• Physics-exposure-weighted harmonic mean resolution = 8.3 keV 
(in calibration data at 2615 keV)
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Full spectrum analysis

52

• Using the 2615 keV calibration line shape, we perform fits to other visible 
lines in the physics spectrum

• Allows us to estimate our resolution and energy bias in the physics data
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Resolution and energy bias
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• Extrapolating to Qββ = 2528 keV, we find a 
physics resolution of:

• (8.2 ± 0.4) keV in Dataset 1
• (7.1 ± 0.7) keV in Dataset 2 

• Working hard to achieve resolution goal of 
5.0 keV

• We see no evidence of an energy bias, and 
conservatively set a systematic uncertainty of 
±0.5 keV on Qββ
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Blinded spectrum

54

• The spectrum is blinded during data analysis by inserting a fake peak at Qββ

• Events are swapped between the region around Qββ and 2615 keV
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Blinded spectrum

55
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• The spectrum is blinded during data analysis by inserting a fake peak at Qββ

• Events are swapped between the region around Qββ and 2615 keV
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Region of interest

56

• Unbinned extended maximum likelihood fit in the region of interest

• Using the line shapes in each channel obtained from calibration data

• Floating parameters: 0νββ decay rate, background rate, 60Co location, and 60Co rate
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Systematic uncertainties

57

• We account for several systematic uncertainties:

Absolute uncertainty Relative uncertainty
[yr�25] [%]

Resolution — 1.5
Energy reconstruction — 0.2

Line shape 0.02 2.4
Background shape 0.05 0.8

E�ciency — 1.8

Table 6.4: The systematic uncertainties used in the 0⌫�� decay analysis.

with the best-fit linear background from the data to see how our fitted signal

rate is a↵ected.

Finally, there is is a several-percent uncertainty in our e�ciency due to the low

statistics in the physics spectrum lines that we use for the e�ciency calculations.

For this, we do not generate pseudo-experiments, and we simply assign the fractional

uncertainty in the e�ciency as a relative systematic uncertainty. The systematic

errors used in this analysis are shown in Table 6.412.

Our general approach for incorporating systematic uncertainties into the limit-

setting procedure is to modify the NLL curve to account for these uncertainties before

integrating. We do this by first considering the NLL to be a �
2 statistic, a consequence

of Wilks’ Theorem [146]. That is, we define

�
2

stat
= �2 (NLL � NLL0), (6.13)

where the NLL of the best fit, NLL0, is subtracted away. In reality, this test statistic

is not a perfect �
2 distribution with one degree of freedom, because there are too

few events in the ROI for Gaussian approximations to apply, but it is a reasonable

approximation of one. Next, we calculate a �
2

syst
value for our systematic uncertainty,

12. Systematic errors were evaluated by C. Davis.
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• Line shape (perhaps the 0νββ decay peak does not 
have the 3-Gaussian structure)

• Resolution (there is uncertainty in the resolution 
evaluation due to low background statistics)

• Efficiency (there is uncertainty in our efficiency for 
the same reason)

• Background shape (it could be slightly not flat)

• For each, we evaluate an absolute and relative bias using Monte Carlo simulations and adjust the 
negative log-likelihood curve appropriately
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Half-life limit

58

• Integrate the negative log-likelihood in the physical region (decay rate > 0) 
to obtain a 90%-C.L. limit on 0νββ decay

1− 0.5− 0 0.5 1 1.5 2 2.5 3
)-1 yr-25Decay Rate (10

0
2
4
6
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12
14
16
18
20

N
LL

CUORE
CUORE-0
Cuoricino
CUORE + CUORE-0 + Cuoricino

Strongest limit on 0νββ decay in 130Te to date

CUORE half-life limit (90% CL):
T 0⌫
1/2 > 1.4⇥ 1025 yr

T 0⌫
1/2 > 1.5⇥ 1025 yr

CUORE + CUORE-0 + Cuoricino:
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Sensitivity

59

• We perform 20,000 toy Monte Carlo experiments to evaluate median half-life 
limit given the background rate we observe

0 2 4 6 8 10 12 14 16 18 20
90% C.L. Half-Life Limit (yr)

1

10

210

Ex
pe

rim
en

ts

• Sensitivity of our search (dashed red line):
7.5 × 1024 y

• Probability of observing a more stringent 
limit than the one we observe (solid red 
line): 2.6%
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Effective Majorana mass

60

• We can interpret these results as an effective Majorana neutrino mass assuming:

• 0νββ decay is mediated by light neutrino exchange

• gA = 1.27 (free space value)

• We obtain mββ < 140 – 390 meV (depending on nuclear matrix elements)
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Nuclear matrix elements:
•Phys. Rev. C 91, 034304 (2015)
•Phys. Rev. C 87, 045501 (2013)
•Phys. Rev. C 91, 024613 (2015)
•Nucl. Phys. A 818, 139 (2009)
•Phys. Rev. Lett. 105, 252503 (2010)

Half-life limits:
•130Te: 1.5 × 1025 yr from this analysis
•76Ge: 5.3 × 1025 yr from Nature 544, 47–52 

(2017)
•136Xe: 1.1 × 1026 yr from Phys. Rev. Lett. 117, 

082503 (2016)
•100Mo: 1.1 × 1024 yr from Phys. Rev. D 89, 

111101 (2014)
•CUORE sensitivity: 9.0 × 1025 yr
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Summary
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• We have collected almost 100 kg yr of exposure 
with CUORE

• CUORE has set a world-leading limit on 130Te 0νββ 
decay, greater than 1025 years: arXiv:1710.07988

• The CUORE cryostat, a huge engineering feat, has 
been operating smoothly and reliably in these first 
datasets

• With 5 years of live time, the sensitivity of CUORE 
will improve by over an order of magnitude from 
its current value

• Thanks to the DOE Office of Science, Nuclear 
Physics, and Yale University for funding this 
research

• More physics results are on the way!
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Thanks
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Thank you to all current and former members of the Yale CUORE group!
Karsten Heeger, Reina Maruyama, Tom Wise, Ke Han, Kyungeun Lim, Danielle Speller, Christopher Davis, 

Surya Dutta, Byron Daniel, Katie Melbourne, Ivy Wanta, Nikita Dutta, Basil Smitham
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Backup
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Cryostat support structure
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Calibration integration
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Line fitting strategy
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• Perform a simultaneous unbinned extended maximum likelihood fit over 
all channels, with a separate fit for each line in the background spectrum

• Fit parameters:

• Fixed, and split by channel:
• Exposure (some channels were not live in some datasets)
• Reference width (each channel has a different resolution)

• Floating, and split into two layers (inner and outer detectors):
• Peak rate (counts/kg yr)
• Background rate (counts/keV kg yr)

• Floating, and common to all channels:
• Peak mean (floating in order to evaluate our energy reconstruction)
• Overall scaling of resolution (the resolution is energy-dependent)
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Line fit results

67

Energy Signal rate Background rate FWHM resolution Bias
[keV] [counts/(kg·yr)] [counts/(keV·kg·yr)] [keV] [keV]

2614.511
2.04 ± 0.33 (inner) 0.011 ± 0.002 (inner) 8.40 ± 0.64 (DS 1)

0.02 ± 0.18
6.07 ± 0.34 (outer) 0.015 ± 0.002 (outer) 7.18 ± 0.43 (DS 2)

1460.822
44.0 ± 1.5 (inner) 0.418 ± 0.073 (inner) 5.54 ± 0.13 (DS 1) �0.02 ± 0.07
64.1 ± 1.2 (outer) 0.453 ± 0.099 (outer) 5.58 ± 0.11 (DS 2)

1332.492
14.0 ± 1.0 (inner) 0.561 ± 0.018 (inner) 5.23 ± 0.15 (DS 1) �0.12 ± 0.05
47.2 ± 1.0 (outer) 0.581 ± 0.022 (outer) 5.68 ± 0.16 (DS 2)

1173.228
13.6 ± 1.0 (inner) 0.790 ± 0.022 (inner) 4.90 ± 0.18 (DS 1) �0.08 ± 0.05
44.4 ± 1.0 (outer) 0.981 ± 0.037 (outer) 4.88 ± 0.14 (DS 2)

911.204
3.64 ± 0.78 (inner) 1.18 ± 0.03 (inner) 3.74 ± 0.50 (DS 1)

0.06 ± 0.16
7.88 ± 0.67 (outer) 1.56 ± 0.03 (outer) 4.45 ± 0.51 (DS 2)

834.848
4.87 ± 0.87 (inner) 1.29 ± 0.03 (inner) 4.12 ± 0.27 (DS 1)

0.12 ± 0.11
18.3 ± 0.8 (outer) 1.77 ± 0.05 (outer) 4.68 ± 0.23 (DS 2)

Table 6.3: Fit results for the prominent � background lines. The e↵ective resolution
is the exposure-weighted harmonic mean FWHM of the peak in all of the channels.
The bias is the fit result minus the nominal energy of the peak.

The function used to fit the ROI is thus given by

f(E) = ⇠C⇠�"R�� [N (���µ, ⌘�;E) + LN (✏L���µ, ⌘�;E) + RN (✏R���µ, ⌘�;E)]

+ ⇠�"RCoe
�t/⌧Co [N (�Coµ, ⌘�;E) + LN (✏L�Coµ, ⌘�;E) + RN (✏R�Coµ, ⌘�;E)]

+ "b�E.

(6.4)

There are only five free parameters in this fit: R��, the 0⌫�� decay signal rate

(in counts/(kg·yr)); RCo, the 60Co decay signal rate in the first dataset (also in

counts/(kg·yr)); b, the dataset-dependent background rate (in counts/(keV·kg·yr)),

counting as two free parameters; and �Co, the energy ratio between the 60Co sum line

(nominally at 2505.7 keV) and the 2615 keV line. The energy of the 60Co sum line is

allowed to float due to a non-unity quenching factor for coincident � rays on the same

crystal11. Conversely, the energy ratio ��� is fixed to (2527.515 keV)/(2614.511 keV),

because it is not believed to have a di↵erent quenching factor from the single-� lines

used to set the energy scale. The other parameters of the fit are all fixed. These are

⇠C , the 0⌫�� decay full containment probability; ⇠�, the dataset-dependent selection

11. This e↵ect was seen in Cuoricino and in CUORE-0, and was verified with a dedicated 60Co
calibration with CUORE-0 [126].
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ROI fit

68
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Figure 6.6: Energy resolution and energy bias of the 6 prominent lines in the physics
spectrum, along with a quadratic fit and uncertainty, used to evaluate the resolution
at bias at Q��.

e�ciency evaluated on � lines; ", the channel- and dataset-dependent exposure; µ

and �, the channel- and dataset-dependent Gaussian line shape parameters from

the 2615 keV calibration line fit; ⌘, the dataset-dependent resolution scaling factor

determined with Equation 6.3; t, the start time of the dataset relative to the start time

of the first dataset; ⌧Co, the known half-life of 60Co; L, R, ✏L, and ✏R, the secondary

and tertiary Gaussian parameters determined from the 2615 keV calibration line, and

�E, the width of the the ROI, used to normalize the background rate b.

We perform an unbinned extended maximum likelihood fit to the data to find the

best-fit values for the five floating parameters. The results of this fit are shown in

Figure 6.7. We observe a downward fluctuation in the data around Q�� and obtain

the best-fit values

R̂�� = (�0.13 ± 0.04) counts/(kg·yr) (6.5)

R̂Co = (0.23 ± 0.08) counts/(kg·yr) (6.6)

b̂1 = (0.016 ± 0.002) counts/(keV·kg·yr) (6.7)

b̂2 = (0.015 ± 0.002) counts/(keV·kg·yr). (6.8)

The best-fit energy for the 60Co sum peak is (2506.3 ± 1.1) keV, compared to the
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Figure 6.7: The 0⌫�� decay region of interest, along with the best-fit line under the
signal hypothesis (solid line) and no-signal hypothesis (dashed line).

nominal value of 2505.7 keV. In the null hypothesis fit, with the signal rate fixed to

zero, we obtain a background rate of (0.014 ± 0.002) counts/(keV·kg·yr).

We then convert the signal rate R�� into a decay rate �0⌫ with

�0⌫ = R�� ⇥ MTeO2

aNA
= R�� ⇥ 159.6 g mol�1

(0.3417)(6.022 ⇥ 1023 mol�1)
, (6.9)

where MTeO2 is the molar mass of TeO2, a is the 130Te isotopic abundance, and NA

is Avogadro’s number. In other words, we compute that there are 1.3 ⇥ 1024 atoms

of 130Te in 1 kg of TeO2, and therefore express the best-fit decay rate as

�̂0⌫ = (�0.99+0.37

�0.27
) ⇥ 10�25 yr�1

, (6.10)

including only statistical uncertainty for now.

6.3.1 Statistical limits

With a negative fluctuation at Q��, it is clear that we have seen no evidence of 0⌫��

decay in these first two datasets. Therefore, the next step is to set a lower limit on

the decay rate based on this data.
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Figure 6.7: The 0⌫�� decay region of interest, along with the best-fit line under the
signal hypothesis (solid line) and no-signal hypothesis (dashed line).

nominal value of 2505.7 keV. In the null hypothesis fit, with the signal rate fixed to

zero, we obtain a background rate of (0.014 ± 0.002) counts/(keV·kg·yr).

We then convert the signal rate R�� into a decay rate �0⌫ with

�0⌫ = R�� ⇥ MTeO2

aNA
= R�� ⇥ 159.6 g mol�1

(0.3417)(6.022 ⇥ 1023 mol�1)
, (6.9)

where MTeO2 is the molar mass of TeO2, a is the 130Te isotopic abundance, and NA

is Avogadro’s number. In other words, we compute that there are 1.3 ⇥ 1024 atoms

of 130Te in 1 kg of TeO2, and therefore express the best-fit decay rate as

�̂0⌫ = (�0.99+0.37

�0.27
) ⇥ 10�25 yr�1

, (6.10)

including only statistical uncertainty for now.

6.3.1 Statistical limits

With a negative fluctuation at Q��, it is clear that we have seen no evidence of 0⌫��

decay in these first two datasets. Therefore, the next step is to set a lower limit on

the decay rate based on this data.
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Energy Signal rate Background rate FWHM resolution Bias
[keV] [counts/(kg·yr)] [counts/(keV·kg·yr)] [keV] [keV]

2614.511
2.04 ± 0.33 (inner) 0.011 ± 0.002 (inner) 8.40 ± 0.64 (DS 1)

0.02 ± 0.18
6.07 ± 0.34 (outer) 0.015 ± 0.002 (outer) 7.18 ± 0.43 (DS 2)

1460.822
44.0 ± 1.5 (inner) 0.418 ± 0.073 (inner) 5.54 ± 0.13 (DS 1) �0.02 ± 0.07
64.1 ± 1.2 (outer) 0.453 ± 0.099 (outer) 5.58 ± 0.11 (DS 2)

1332.492
14.0 ± 1.0 (inner) 0.561 ± 0.018 (inner) 5.23 ± 0.15 (DS 1) �0.12 ± 0.05
47.2 ± 1.0 (outer) 0.581 ± 0.022 (outer) 5.68 ± 0.16 (DS 2)

1173.228
13.6 ± 1.0 (inner) 0.790 ± 0.022 (inner) 4.90 ± 0.18 (DS 1) �0.08 ± 0.05
44.4 ± 1.0 (outer) 0.981 ± 0.037 (outer) 4.88 ± 0.14 (DS 2)

911.204
3.64 ± 0.78 (inner) 1.18 ± 0.03 (inner) 3.74 ± 0.50 (DS 1)

0.06 ± 0.16
7.88 ± 0.67 (outer) 1.56 ± 0.03 (outer) 4.45 ± 0.51 (DS 2)

834.848
4.87 ± 0.87 (inner) 1.29 ± 0.03 (inner) 4.12 ± 0.27 (DS 1)

0.12 ± 0.11
18.3 ± 0.8 (outer) 1.77 ± 0.05 (outer) 4.68 ± 0.23 (DS 2)

Table 6.3: Fit results for the prominent � background lines. The e↵ective resolution
is the exposure-weighted harmonic mean FWHM of the peak in all of the channels.
The bias is the fit result minus the nominal energy of the peak.

The function used to fit the ROI is thus given by

f(E) = ⇠C⇠�"R�� [N (���µ, ⌘�;E) + LN (✏L���µ, ⌘�;E) + RN (✏R���µ, ⌘�;E)]

+ ⇠�"RCoe
�t/⌧Co [N (�Coµ, ⌘�;E) + LN (✏L�Coµ, ⌘�;E) + RN (✏R�Coµ, ⌘�;E)]

+ "b�E.

(6.4)

There are only five free parameters in this fit: R��, the 0⌫�� decay signal rate

(in counts/(kg·yr)); RCo, the 60Co decay signal rate in the first dataset (also in

counts/(kg·yr)); b, the dataset-dependent background rate (in counts/(keV·kg·yr)),

counting as two free parameters; and �Co, the energy ratio between the 60Co sum line

(nominally at 2505.7 keV) and the 2615 keV line. The energy of the 60Co sum line is

allowed to float due to a non-unity quenching factor for coincident � rays on the same

crystal11. Conversely, the energy ratio ��� is fixed to (2527.515 keV)/(2614.511 keV),

because it is not believed to have a di↵erent quenching factor from the single-� lines

used to set the energy scale. The other parameters of the fit are all fixed. These are

⇠C , the 0⌫�� decay full containment probability; ⇠�, the dataset-dependent selection

11. This e↵ect was seen in Cuoricino and in CUORE-0, and was verified with a dedicated 60Co
calibration with CUORE-0 [126].
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Pulse shape cuts
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Figure 5.7: Example of a pulse shape parameter (in this case, the peak delay) de-
pendence on energy for a single channel in CUORE-0. The median of the parameter
is evaluated in each energy bin, and a fit to these points determines the mapping
between the median and the event energy. Figure from S. Pozzi.

normalized pulse shape parameters in good signal events. For this, we look at events

in the strongest lines in the background spectrum, those from 40K (1461 keV) and

60Co (1173 and 1332 keV). This undoubtedly includes some background events, but

these regions are dominated by good signal events. From these events, we obtain

a mean µi for each normalized pulse shape parameter and a covariance matrix S

relating all of the parameters.

With the means and covariance matrix, we can determine how much of an outlier

any given event is from the standard distribution of good signal events. For this, we

use the Mahalanobis distance, which is essentially determining how much of an outlier

the parameter set is by computing the number of standard deviations it is from the

mean, in multiple dimensions [144]. For an observation ~x, the Mahalanobis distance

is defined as

DM(~x) =
p

(~x � ~µ)TS�1(~x � ~µ), (5.12)

where ~µ is the vector of parameter means and S is the covariance matrix. By setting

an upper limit on this distance, we can e↵ectively remove outlier events from our

spectrum. We return to a discussion of choosing this upper limit in Section 6.1.
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Run time breakdown
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155 ROI pulses
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Systematics

72

Absolute uncertainty Relative uncertainty
[yr�25] [%]

Resolution — 1.5
Energy reconstruction — 0.2

Line shape 0.02 2.4
Background shape 0.05 0.8

E�ciency — 1.8

Table 6.4: The systematic uncertainties used in the 0⌫�� decay analysis.

with the best-fit linear background from the data to see how our fitted signal

rate is a↵ected.

Finally, there is is a several-percent uncertainty in our e�ciency due to the low

statistics in the physics spectrum lines that we use for the e�ciency calculations.

For this, we do not generate pseudo-experiments, and we simply assign the fractional

uncertainty in the e�ciency as a relative systematic uncertainty. The systematic

errors used in this analysis are shown in Table 6.412.

Our general approach for incorporating systematic uncertainties into the limit-

setting procedure is to modify the NLL curve to account for these uncertainties before

integrating. We do this by first considering the NLL to be a �
2 statistic, a consequence

of Wilks’ Theorem [146]. That is, we define

�
2

stat
= �2 (NLL � NLL0), (6.13)

where the NLL of the best fit, NLL0, is subtracted away. In reality, this test statistic

is not a perfect �
2 distribution with one degree of freedom, because there are too

few events in the ROI for Gaussian approximations to apply, but it is a reasonable

approximation of one. Next, we calculate a �
2

syst
value for our systematic uncertainty,

12. Systematic errors were evaluated by C. Davis.
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Figure 6.10: (a) NLL as a function of signal rate for the best-fit model in the CUORE
ROI, including systematic uncertainties. (b) NLL curves from CUORE, CUORE-0,
and Cuoricino, and their sum.
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We combine these two as
1

�
2
tot

=
1

�
2
stat

+
1

�
2
syst

, (6.15)

which is e↵ectively combining the statistical and systematic uncertainties in quadra-

ture in the approximation of Gaussian-distributed uncertainties and a small system-

atic uncertainty [79]. If we then calculate a new NLL curve with

NLL = �1

2
�

2

tot
, (6.16)

we see that this NLL curve is almost identical to the statistical one, but is slightly

broadened to account for the systematic uncertainty. The original and modified NLL

curves are shown in Figure 6.10a.
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Figure 6.10: (a) NLL as a function of signal rate for the best-fit model in the CUORE
ROI, including systematic uncertainties. (b) NLL curves from CUORE, CUORE-0,
and Cuoricino, and their sum.
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we see that this NLL curve is almost identical to the statistical one, but is slightly

broadened to account for the systematic uncertainty. The original and modified NLL

curves are shown in Figure 6.10a.
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ROI, including systematic uncertainties. (b) NLL curves from CUORE, CUORE-0,
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• Interacting Shell Model (ISM)

• Nucleus is a collection of fermions that obey the Pauli 
Exclusion Principle

• Basis states are harmonic oscillator states with perturbations

• Includes all possible shell configurations, sums over a small 
number of state energies (computational limitations)

• Quasi-Random Phase Approximation (QRPA)

• Uses particle–hole pair and quasiparticle dynamics to 
include a larger number of energy states, but in fewer shell 
configurations

• Interacting Boson Model (IBM)

• Considers pairs of protons or neutrons as bosons

• Useful for even-even nuclei

2.2.2 Nuclear matrix elements

The nuclear matrix elements (NMEs) are significantly harder to calculate than the

phase space factors and are highly model-dependent. The NME for the decay A
ZXN !

A
Z+2

YN�2 + 2e� is

M0⌫ = hAX; 0+

1
|H|AY; JF i, (2.16)

where H is the weak interaction Hamiltonian and JF is the angular momentum of

the final state. This can be broken up into three components,

M0⌫ = g
2

A

"
M

(0⌫)

GT �
✓
gV

gA

◆2

M
(0⌫)

F + M
(0⌫)

T

#
, (2.17)

which represent the Gamow-Teller, Fermi, and tensor contributions. For 0⌫�� decay,

the ratio of the first to second terms varies by element and by nuclear model, but

the Gamow-Teller term is generally larger by a factor of 2–5. There is disagreement

between models on the size of the tensor contribution, but it is generally evaluated

to be similar than the Fermi term.

A variety of nuclear structure models are used to estimate the NMEs. One model

for evaluating the NMEs is the Interacting Shell Model (ISM) [69]. In the ISM, the

nucleus is constructed as a collection of fermions that obey the Pauli Exclusion Prin-

ciple. The basis states are those of the harmonic oscillator with perturbations, and

the many-body wave function is composed of a large number of Slater Determinants.

This is in contrast to the Interacting Boson Model (IBM) [70]. The IBM, which is

useful for even-even nuclei like the 0⌫�� decay candidates, considers pairs of pro-

tons or neutrons as bosons instead of as individual fermions. A di↵erent approach

for evaluating NMEs is the Quasi-Random Phase Approximation (QRPA) [71]. Al-

though the ISM includes all possible shell configurations, it sums over a small number

of state energies, due the intense computational requirements. The QRPA, however,

uses particle-hole pair and quasiparticle dynamics to to include a much larger number
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EB = aV A� aSA
2/3 � aC

Z(Z � 1)

A1/3
� aA

(A� 2Z)2

A
+ �(A,Z)
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+�0 Z,N even (A even)

0 A odd

��0 Z,N odd (A even)



Jeremy Cushman, YaleDissertation Defense, 12/15/17

Neutrino mass

75

of Planck measurements of the CMB temperature, WMAP CMB polarization data,

data from various high-resolution CMB measurements, and measurements of baryon

acoustic oscillations. This measurement also relies on the accuracy of the standard

⇤CDM model; that is, an expanding Universe that obeys the laws of General Rel-

ativity and is dominated by cold dark matter (CDM) and a cosmological constant

(⇤). Other recent work has suggested that correlation lengths in galaxy clusters ex-

ceed that predicted by the ⇤CDM model, a result that could be explained by free

streaming of light neutrinos with mtot = (0.11 ± 0.03) eV [63].

A third approach to neutrino mass measurement is by extremely precise observa-

tions of �-decay spectra near its endpoint, just below the Q-value of the decay. In

particular, a nonzero neutrino mass means that the emitted electron cannot carry

away the full Q-value in energy, as some of the energy is used to create the neutrino.

These experiments measure an e↵ective electron neutrino mass of

m� =

sX

i

|Uei|2 m2

k. (2.10)

The world-leading limit in this area comes from the Troitsk and Mainz searches in

tritium � decay: m� < 2.1 eV (95% C.L.) from Troitsk [64] and m� < 2.3 eV

(95% C.L.) from Mainz [65]. Results from oscillation experiments indicate that m�

could be as low as 9 meV (normal hierarchy) or 49 meV (inverted hierarchy), so a

significant increase in sensitivity will be necessary for a definite discovery.

Finally, we come to 0⌫�� decay. Under the assumption of light Majorana neutrino

exchange as the dominant method for this decay, we can deduce a value for the

e↵ective Majorana neutrino mass

m�� =

�����
X

i

U
2

eimi

����� . (2.11)

The value of m�� is highly dependent on the nuclear matrix elements of the decay, on
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Single beta decay

Double beta decay
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