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Overview

• What are neutrinos?

• How do we know neutrinos have mass?  What is that mass?

• Are neutrinos their own antiparticle?

• Why are these questions important?

• How can measuring an exotic nuclear decay help us?

• How do you use calorimetry to measure this decay?

• What experiment uses this method?

• How students can get involved and at what level?
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Beta Decay
Beta decay seems to violate energy-momentum conservation

Chapter 3—Radioactivity

3-4

Fig. 3-4. Upper end of the Chart of the Nuclides

In the alpha decay of a nucleus, the change in binding energy appears as the kinetic

energy of the alpha particle and the daughter nucleus. Because this energy must be shared

between these two particles, and because the alpha particle and daughter nucleus must have

equal and opposite momenta, the emitted alpha particle and recoiling nucleus will each have

a well-defined energy after the decay. Because of its smaller mass, most of the kinetic

energy goes to the alpha particle.

Beta Decay

a)

b)

Fig. 3-5. Beta decays. a) Beta-minus decay. b) Beta-plus decay.

Beta particles are electrons or positrons (electrons with positive electric charge, or

antielectrons). Beta decay occurs when, in a nucleus with too many protons or too many

neutrons, one of the protons or neutrons is transformed into the other. In beta minus decay,

Liebe Radioaktive 
Damen und Herren

1930
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The New Beta Decay

Chapter 3—Radioactivity
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Fig. 3-4. Upper end of the Chart of the Nuclides

In the alpha decay of a nucleus, the change in binding energy appears as the kinetic

energy of the alpha particle and the daughter nucleus. Because this energy must be shared

between these two particles, and because the alpha particle and daughter nucleus must have

equal and opposite momenta, the emitted alpha particle and recoiling nucleus will each have

a well-defined energy after the decay. Because of its smaller mass, most of the kinetic

energy goes to the alpha particle.

Beta Decay

a)

b)

Fig. 3-5. Beta decays. a) Beta-minus decay. b) Beta-plus decay.

Beta particles are electrons or positrons (electrons with positive electric charge, or

antielectrons). Beta decay occurs when, in a nucleus with too many protons or too many

neutrons, one of the protons or neutrons is transformed into the other. In beta minus decay,

A neutron is converted to a proton via a weak force interaction

A three body final state that includes a 
massless fermion naturally explains
the continuum of electron energies
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Neutrinos Interact 
Weakly

They are often called “ghost particles” because they only interact weakly; 
they are notoriously difficult to measure

1 light year of solid lead
1/2 neutrinos 

from the sun still 
get through

~1011 solar neutrinos per 
second pass through your 

thumb

The sun produces 
copious electron 

neutrinos

5

Despite being difficult to 
measure, it was eventually 

discovered in 1956
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The Solar Neutrino 
Problem

Careful measurements of electron neutrinos from the sun showed a 
substantial deficit compared to otherwise established solar models

Only ~1/3 of the electron neutrinos predicted 
by Bahcall’s model were measured by Davis

1964: Davis and Bahcall
at Homestake

6
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The Standard Model
In the Standard Model, the neutrino is a massless neutral 

fermion with several important properties

Comes in 3 different flavors

The flavors (“electron”, 
“muon”, “tau”) are regarded 

as fundamental quantum 
numbers in their own right

+Antiparticles
7
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Problem Solved
When all flavors are accounted for (~35 years later!), the number of total 

neutrinos from the sun matches Bahcall’s model

The SNO experiment accounted for all 
neutrino flavors;  electron neutrinos must 

be transforming into other kinds of 
neutrinos mid-flight

8

νe νµ + νe + ντ

How can this be?
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Neutrinos have mass but we don’t know what it is

Flavor Oscillations
The neutrinos we measure in reactions are not energy eigenstates

Normal Inverse

Neutrinos of definite mass (energy) 
don’t change in time

We measure neutrinos of definite 
FLAVOR in the lab

The absolute mass scale and ordering is 
unknown

9

Flavors are made of different mass 
states so do change in time
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The Antineutrino
Can we really tell neutrinos apart from their antiparticles?
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Chapter 3—Radioactivity
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Fig. 3-5. Beta decays. a) Beta-minus decay. b) Beta-plus decay.

Beta particles are electrons or positrons (electrons with positive electric charge, or

antielectrons). Beta decay occurs when, in a nucleus with too many protons or too many

neutrons, one of the protons or neutrons is transformed into the other. In beta minus decay,

In contrast to other fermions, the neutrino has 
no electric charge or internal structure, so the 

distinction between  a “particle” and 
“antiparticle” is subtle

The classification is by the type of 
reactions observed and then by 

following a convention

The neutrino could be it’s own antiparticle



T.D. GutierrezCal Poly Feb 2006

Why is it important?
Knowing the neutrino’s mass and if it is distinct from its antiparticle may 

have profound implications for cosmology

Knowing the neutrino mass will provide the 
neutrino contribution to dark matter

Knowing the nature will help understand the matter/
antimatter asymmetry in the universe

May provide footholds into other Beyond 
Standard Model physics

11
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Review and Onward

Experiments have shown:
•Neutrinos undergo flavor-changing oscillations

– This implies neutrinos have finite masses
– Only sensitive to mass difference squared 

Important open questions in ν physics

• What is absolute mass?
• What is correct mass ordering?
• Are they their own antiparticles?

Amazingly, there is a single 
measurement that can address these 

12

Normal Inverse
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Allowed by the Standard Model
τ ≥ 1018 y

Measured in real systems 
(NEMO, geochemical, etc.)

ββ2ν: Double Beta Decay

13

Time scale reminder:
NASA’s WMAP mission 
(2003) sets the age of the 

universe at 
13.7 ± 0.2 x 109 years
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W

W

(A,Z) → (A,Z+2) + 2e- + 2νe
Really is just two simultaneous beta decays: very unlikely
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(A,Z) → (A,Z+2) + 2e-
open discussion on its 

observation
τ ≥ 1025 y

ββ0ν: Neutrinoless Double Beta Decay
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νL• � Rate of decay sets ν mass scale 
and reveals hierarchy

• � Process only occurs if neutrinos 
are their own anti-particles

Observation of ββ0ν implies Physics 
beyond the Standard Model

A long lifetime means you need more moles 
(thus mass) of source material to measure the 

decay in a reasonable time

Te

Xe
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ββ0ν: The measurement

15

Smearing from 
energy resolution;

introduces background

Each candidate isotope has a 
predicted Q value for the reaction

This is the maximum kinetic 
energy available to the 

electron pair

Measure the two electron sum energy:
The two neutrino mode will be a continuum
The zero neutrino mode will be a peak

(A,Z) → (A,Z+2) + 2e-

(A,Z) → (A,Z+2) + 2e- + 2νe
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1/τ = G(Q,Z) |Mnucl|2 <mββ>2

0ν-DBD 
rate

 Phase 
space ∝ 

Q5
Nuclear 

matrix element
Effective 

neutrino mass

high Q candidates preferred

large phase space low background

238U  γ end at 2400 keV
232Th γ end at 2600 keV

[2039 keV (76Ge) ⇔ 4271 keV (48Ca)]
                         

ββ0ν Rate and Neutrino Mass

16

Many possible 
candidates with various 

Q values

Measured

Calculated

Extracted

Calculated
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2. What are the future prospects for increasing the sensitivity of the technique to be able to

explore the region of the inverted mass hierarchy 〈mββ〉 ≥ 10 − 20 meV? Is an experiment
with one metric ton of source isotope realistic?

3. Is there any prospect for a future experiment guided by present R&D support to be able to

explore the region of the normal mass hierarchy 〈mββ〉 ≤ 10− 20 meV?

Beyond the scientific potential of the experiments, NuSAG was charged to look at the timeli-

ness of the scientific output, the likely costs to the U.S. and the broad international context. The

development of cost and schedule information varies greatly among the experiments. NuSAG

worked with the best estimates provided by the experiments.

4.2 Recommendations for a United States Program

The Neutrino Scientific Assessment Group recommendation below provides guidance for both the

near-term activities in neutrino-less double beta decay and for the mid-term goals of the discipline.

The panel finds that it is important for the program in neutrino-less double beta decay to develop

detector technology to explore the inverted neutrino mass hierarchy region. At the present time,

the most promising isotope and technology for a detector at the one ton scale cannot be identified.

Recommendation: The Neutrino Scientific Assessment Group recommends that the highest

priority for the first phase of a neutrino-less double beta decay program is to support re-

search in two or more neutrino-less double beta decay experiments to explore the region of

degenerate neutrino masses (〈mββ〉 > 100meV). The knowledge gained and the technology
developed in the first phase should then be used in a second phase to extend the exploration

into the inverted hierarchy region of neutrino masses (〈mββ〉 > 10 − 20meV) with a single
experiment.

For the region of degenerate neutrino masses, NuSAG recommends the following implementa-

tion strategy for the specific experiments. The following three experiments, listed in alphabetical

order, have the highest priority for funding.

• CUORE: The CUORE 130Te experiment has potential for good energy resolution and low

background, provided the technology develops as planned. The high natural abundance of
130Te results in a relatively low cost for a detector sensitive to the degenerate neutrino mass

region. The cost of enriched 130Te needed to extend the sensitivity is lower than for some

other isotopes. The schedule presented by CUORE is timely. The panel is concerned that

the requested budget share is not commensurate with the U.S. involvement in the project.

• EXO: The EXO-200 136Xe experiment is presently under construction and should continue

to be supported. R&D for barium tagging is a priority as a step to a one ton scale 0νββ
experiment. If barium tagging is successful, EXO may offer a unique and cost effective

approach to a one ton or larger experiment.

• Majorana: The excellent background rejection achieved from superior energy resolution in
past 76Ge experiments must be extended using new techniques. The panel notes with in-

terest the communication between the Majorana and GERDA 76Ge experiments which are

23

NuSAG report to Nuclear 
Science Advisory 

Committee
(2005)

ββ0ν Scientific Context
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APS Neutrino Study (2004)

help us solve it. We describe an experimental program to map out the connections between
the neutrino and the cosmos.

While the questions to be answered are clear, the best strategy demands thoughtful planning.
Developing the strategy is made more challenging by the fact that the field spans the studies of
particle physics, nuclear physics, astrophysics, and particle beams. Drawing on the wide-ranging
expertise of members of the neutrino community in these areas, we report the results of our study
on the future of neutrino physics, organized by four Divisions of the American Physical Society. A
central purpose of this report is to communicate to U.S. decision-makers the consensus that has
emerged among our group on three recommendations:

We recommend, as a high priority, a phased program of sensitive searches for
neutrinoless nuclear double beta decay. In this rare process, one atomic nucleus turns
into another by emitting two electrons. Searching for it is very challenging, but the question
of whether the neutrino is its own antiparticle can only be addressed via this technique. The
answer to this question is of central importance, not only to our understanding of neutrinos,
but also to our understanding of the origin of mass.

We recommend, as a high priority, a comprehensive U.S. program to complete
our understanding of neutrino mixing, to determine the character of the neutrino
mass spectrum and to search for CP violation among neutrinos. This comprehensive
program would have several components: an experiment built a few kilometers from a nuclear
reactor, a beam of accelerator-generated neutrinos aimed towards a detector hundreds of kilo-
meters away, and, in the future, a neutrino ‘superbeam’ program utilizing a megawatt-class
proton accelerator. The interplay of the components makes possible a decisive separation of
neutrino physics features that would otherwise be commingled and ambiguous. This program
is also valuable for the tools it will provide to the larger community. For example, the proton
accelerator makes possible a wide range of research beyond neutrino physics.

The development of new technologies will be essential for further advances in neutrino physics.
On the horizon is the promise of a neutrino factory, which will produce extraordinarily pure,
well-defined neutrino beams. Similarly challenging are the ideas for massive new detectors
that will yield the largest and most precise samples of neutrino data ever recorded. These
multipurpose detectors can also be used for fundamental and vitally important studies beyond
the field of neutrino physics, such as the search for proton decay.

We recommend development of an experiment to make precise measurements of
the low-energy neutrinos from the sun. So far, only the solar neutrinos with relatively
high energy, a small fraction of the total, have been studied in detail. A precise measurement of
the low-energy neutrino spectrum would test our understanding of how solar neutrinos change
flavor, probe the fundamental question of whether the sun shines only through nuclear fusion,
and allow us to predict how bright the sun will be tens of thousands of years from now.

These recommendations are made in the context of certain assumptions about the groundwork for

iv

!
"#$%& "#$%&!!!!""''##

$ !"#$%&'()"*&"+&,)+-)#.&/00/1!"#$%&'(!")*+,'&-.#/01231)-1#"41.)$($.567687982&3"%4&)&$%)%"$%"'$&56&
77&89&.&)+:&)&/;/<=;>&$%)%"$%"')(&$"9+"6"')+'?

$ '()"*&'5+6"#*?:&"+&/00@&3"%4&%4?&)::"%"5+&56&)&$"9+"6"')+%&1A>B@2&+?3&$%)%"$%"'$

C4?&'()"*&4)$&:#)3+&'#"%"'"$*&)+:&4)$&D??+&#?6-%?:&D.&5%4?#&*?*D?#$&56&%4?&EF&'5((;
G $"9+)(&"$&$%"((&6)"+%&6)"+%&1@&%2&%5&D?&!"#$%"&&)''?H%?:&)$&-+I-?$%"5+)D(?&?J":?+'?
G $%"((&$5*?&3?)8&H5"+%$&"+&%4?&H-D("$4?:&)+)(.$"$K
G H#?$?+'?&56&+5%&-+:?#$%55:&H?)8$+5%&-+:?#$%55:&H?)8$&)#5-+:&%4?&$"9+)(&1'()*+,+!"-&$"9+"6"')+'?2&
G "*H5$$"D"("%.&%5&'4?'8&)+&?+?#9.&3"+:53&()#9?#?+?#9.&3"+:53&()#9?#&%4)+&%4?&H-D("$4?:&5+?&
G :"$)9#??*?+%&5+&%4?&?J)(-)%?:&$"9+"6"')+'?&(?J?(

&
$)((&6-%-#?&?LH?#"*?+%&3"((&'?#%)"+(.&4)J?&%5&'5H?&3"%4&%4"$&#?$-(%)((&6-%-#?&?LH?#"*?+%&3"((&'?#%)"+(.&4)J?&%5&'5H?&3"%4&%4"$&#?$-(%

()*)+,-./012+,3&451067-89:!"#$%);:<7=9):>366):%:?@A:B"''$C:#D@

!""#$%$&##'$()*)+$),,$-$(.*./*012!""#$%$&##'$()*)+$),,$-$(.*./*012

.340251.$6$7!87$9:.340251.$6$7!87$9:&&;;

''
<<

####$6$!8&$6$!8&&&!#!#&-&-$;.)12$;.)12

((!!
##
)*)*6$#8==$.>6$#8==$.>

2)*%)":)',5;&0<&=>12)*%)":)',5;&0<&=>1?@?@A)16A)16!!(BCB1)D*%)+<)(BCB1)D*%)+<)

The gauntlet is down:
There is an existing 
ββ0ν claim in 76Ge

“KKDC”
Klapdor et al., Phys. Lett B 586 (2004) 198
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Strategies and Tactics

• ββ0ν is one of the top priorities in neutrino physics
• Near term:

– KKDC claim must be addressed
• Different isotopes
• Different methods

– If necessary:
• Build bigger experiments to gain more sensitivity

– more mass means more decays in a fixed 
amount of time
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The massive tellurium 
cryogenic bolometers

Cuoricino and CUORE 
are prepared to play their 
role this grand neutrino 

adventure

May 13, 2004Steve Elliott, LANL 1

The Majorana Project

Steve Elliott

Los Alamos National Laboratory

for

The Majorana Collaboration
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Why Tellurium?

130Te

• Cost effective: Enrichment not required
– Natural abundance 33.87%

• Reasonable Q = 2528.8 keV
– Large phase space
– Low gamma background: Q sits between the 

Compton edge (2360 keV) and full 208Tl 
energy (2615 keV)

•  ββ2ν observed with geochemical techniques = 
potential neutrinoless double beta decay candidate

Isotopic Abundance (%) Transition Energy (MeV)

130Te

130Te

http://www.chemsoc.org/viselements/

Discovered : by Baron Franz 
Muller von Reichenstein in 

1783
Isolated in Sibiu, Romania

Origin : The name is derived 
from the Latin ‘tellus’, 

meaning Earth.

130Te TeO2 crystals used 
today in very high end 

opto-acoustic laser 
printers for lithography

“Its compounds are to be 
avoided because not only 

are they poisonous but 
contact with even the 

tiniest amounts leads to 
unpleasant body odors!”

19

Half-life (y)  for mee=0.1eV 
with matrix element spread
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• What is a Bolometer?
– A detector that measures the energy of a particle through calorimetry

Treat a particle’s 
deposited kinetic energy 

as a heat exchange
between the particle and 

some material

20

Did someone say Bolometer?

Q = mc∆T

Measure the 
temperature change of 

the material

To get any measurable temperature 
rise, the specific heat capacity will 

have to be insanely small:  this 
means you have to cool things 

down
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Source = Detector Bolometry

We want to measure the total electron energy of some material undergoing neutrinoless double beta 
decay:  why not build the entire bolometer out of the material that is decaying?

Great energy resolution
Amazing efficiency

Tex
t

This is exactly what we have done using 
Tellurium as the source and the detector
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Massive Cryogenic Bolometers

• Dielectric diamagnetic materials
• Low temperatures (~10mK)
• Low heat capacity ~T3

– C~2 nJ/K = 1 MeV / 0.1 mK

5cm

   Heat sink
Cu Frame

Crystal absorber
Te02

22

Event 
(deposited energy)

       1000           2000          3000          4000

A
m

pl
itu

de
 (a

.u
.)

Signal: ΔT = E/C ~ 0.1mK
Time constant  = C/G

Time (ms)

Single pulse example

Thermal coupling
Teflon

Teflon

G = 4 pW/mK

Thermometer

NTD Ge

NTD Ge

1 mV/1 MeV
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“Moore’s Law” Scaling of TeO2 Bolometry Experiments 

1985 1990       1995       2000       2005       2010       2015

CUORE

0.01

0.10

1.00

10.00

100.00

1000.00

10000.00

Year

M
as

s (
kg

) Cuoricino

MiDBD

4 detector array340 g

73 g
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Two dilution refrigerators
1. Hall A (Cuoricino) ⇒ 

Running!

Gran Sasso National Laboratory (LNGS)

Cuoricino is currently the largest operating 
bolometer and double beta decay 

experiment in the world

A

C

Site for proposed CUORE 
project approved in Hall A

2. Hall C (R&D final tests for CUORE)

24

Underground to reduce cosmic rays
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Life at the LNGS: External Lab

25

World Class Research Facility

Beautiful Italian countrysides

2 hours East of Rome in the 
Gran Sasso Range
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LNGS: Into the Underground

26
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LNGS: Underground

27

Many experiments running and/or 
preparing to run
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Total detector mass: 40.7 kg TeO2 ⇒ 11.34 kg 130Te

Cuoricino, the “little heart” of Gran Sasso

11 modules, 4 detector each,
crystal dimension: 5x5x5 cm3

crystal mass: 790 g
44 x 0.79 = 34.76 kg of TeO2

2 modules x 9 crystals each
crystal dimension: 3x3x6 cm3

crystal mass: 330 g
18 x 0.33 = 5.94 kg of TeO2

Encased in a cryostat, lead shield, nitrogen box, neutron shield, and Faraday cage

28

Cooled to 10mK with a powerful dilution refrigerator
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Cuoricino Results from Runs 1&2: No Peak

Exposure 
= 10.85 kg y 

Resolution: 
FWHM at 2615 keV 

= 9.2 ± 0.5 keV 

Background: 
In the ββ0ν region 

= 0.18 ± 0.01 counts /(keV kg y)

3

of 10 cm minimum thickness. The refrigerator operates
inside a Plexiglass anti-radon box flushed with clean N2,
and inside a Faraday cage to reduce electromagnetic in-
terference.

Thermal pulses are recorded by means of Neutron
Transmutation Doped (NTD) Ge thermistors thermally
coupled to each crystal. Stabilization is performed by
means of voltage pulses developed across heater resistors
attached to each bolometer. The voltage pulses are gen-
erated by high stability pulse generators, designed and
developed on purpose [42]. A tagging of these stabilizing
signals is made by the acquisition system. The detec-
tor baseline is stabilized with a dedicated circuit with a
precision of better than about 0.5 KeV/day on the aver-
age [43] between the successive refilling of liquid helium
of the main reservoir.

The front-end electronics for all the 3×3×6 cm3 and
for 20 of the 5×5×5 cm3 detectors are mantained at room
temperature. In the so called cold electronics , applied to
the remaining 24 crystals, the preamplifier is located in
a box at ∼100 K near the detector to reduce the noise
due to microphonics [44], which would be very dangerous
when searching for WIMPS. More details on read-out
electronics and DAQ are reported in [40].

CUORICINO is operated at a temperature of ∼8 mK
with a spread of ∼1 mK. A routine energy calibration
is performed before and after each sub-run, which lasts
about two weeks, by exposing the array to two thoriated
tungsten wires inserted in immediate contact with the
refrigerator. All data, in which the average difference
between the initial and final calibration is larger than the
experimental error in the evaluation of the peak position
were discarded.

During the first cool down, 12 of the 5×5×5 cm3 and
one of the 3×3×6 cm3 crystals were lost, due to the
disconnections at the level of the thermalisation stages
which allow the transmission of the electric signals from
the detectors to room temperature [40]. Since the active
mass was of ∼30 kg, and the energy resolution was ex-
cellent, data collection was continued for a few months
before warming up the array. The problem has now been
fully solved and the detector was cooled down with only
2 of the 13 detectors still disconnected. The data pre-
sented here come from the first run and about 3 months
of the second run. The total statistics corresponds to an
effective exposure of 10.85 kg ×year.

The sum of the spectra of the 5×5×5 cm3 and 3×3×6
cm3 crystals in the region of the neutrinoless DBD is
shown in Fig. 2. One can clearly see the peaks at 2447
and 2615 keV from the decays of 214Bi and 208Tl, plus a
small peak at 2505 keV due to the sum of the two γ lines
of 60Co. The background at the energy of neutrinoless
DBD is of 0.18 ± 0.01 counts kg−1 keV−1 y−1.

No evidence is found for a peak at 2529 keV, the en-
ergy expected for neutrinoless DBD of 130Te. By apply-
ing a maximum likelihood procedure [45, 46], we obtain
a 90% C.L. lower limit of 1.8 ×1024 years on the lifetime
for this decay. The unified approach of G.I.Feldman and
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FIG. 2: Spectrum of the sum of the two electron energies in
the region of neutrinoless DBD

R.D.Cousins [47, 48] leads to a similar result. The upper
bounds on the effective mass of the electron neutrino that
can be extracted from our result depend strongly on the
values adopted for the nuclear matrix elements. As in our
previous paper [40] we considered all theoretical calcula-
tions [23, 24, 26, 27] apart from those based on the shell
model which is not considered as valid for heavy nuclei
[49], in particular for DBD of 130Te [27]. We have also not
considered the calculation by Rodin et al [50] based on
the evaluation of the particle-particle interaction strenght
from the corresponding two neutrino DBD lifetime. The
evaluation based on single beta decay, which could be
preferable [27, 51] is not available for 130Te. The rates
for two neutrino DBD of this nucleus based on geochem-
ical experiments are however uncertaint [24, 26, 27]. We
have therefore adopted [50] those based on a direct ex-
periment [52].

Taking into account the above mentioned uncertain-
ties, our lower limit leads to a constraint on the effective
mass of the electron neutrino ranging from 0.2 to 1.1 eV,
and partially covers the mass range of 0.1 to 0.9 eV in-
dicated by H.V. Klapdor-Kleingrothaus et al. [33].

CUORICINO is a first step towards the realization of
CUORE (Cryogenic Underground Observatory for Rare
Events). It would be an array made by 19 towers, each
similar to CUORICINO, with 988 cubic crystals of TeO2 ,
5 cm on a side, and a total active mass of 741 kg. The
expected sensitivity on |〈mν〉| of this experiment is of
the order of 30 meV, just below the above cited value
of 45 meV favoured by current oscillation experiments
for the inverted hierarchy. CUORE has already been
approved by the Gran Sasso Scientific Committee and
by the National Institute of Nuclear Physics (INFN).

Thanks are due to the Director and Staff of the Labo-
ratori Nazionali del Gran Sasso and to the technical staffs
of our Laboratories. This experiment has been partially
supported by the Commission of European Communities
under contract HPRN-CT-2002-00322 , by the US De-
partment of Energy under contract number DE-AC03-76
SF 98 and by the National Science Foundation.

No peak found
τ0ν1/2 > 1.8 x 1024 y at 90% C.L.

mν < 0.2 – 1.1 eV

• Anticoincidence spectrum

• ε~85%

• Maximum Likelihood + Flat + 60Co (2505 keV)

– energy region: 2480-2650 keV

• ~5% systematic error upon parameter variation

• N-Gaussian response function with individual FWHM 
detector resolution @ 2615 keV

C. Arnaboldi et al. hep-ex/0501034
Phys.Rev.Lett.95:142501,2005
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Spread is due to a range of published matrix elements
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CUORE: Cryogenic Underground Observatory for Rare Events

Approved by the Science Counsel of Gran Sasso Laboratory and by INFN

750 kg TeO2  =>  200 kg 130Te
Acts as a single, 

highly segmented, 
detector

•Array of 988 TeO2 crystals
•19 Cuoricino-like towers suspended in a 

cylindrical structure
•13 levels of 4 5x5x5 cm3 crystals (750g each) 
•130Te: 33.8% isotope abundance
•Time of construction: 4 years
•Total cost: 14-17M USD (depends on Euro…)
•1st Data target: Jan 1, 2010

30
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LBNL and LLNL Efforts in CUORE and Cuoricino

31

- Thermisor Production
- Crystals
- Data Analysis
- Background Studies
- Construction
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My Analysis Efforts at LBL

• Independently understand and examine current 
Cuoricino analysis chain starting from the raw data

• Develop an analysis framework that facilitates local 
research projects 

• Contribute collaboratively to ongoing CUORE data 
analysis development and standards

32



Spectra
Analysis

Single-Channel
Spectra

Multi-Channel 
Processing

Results

Multi-Run Processing Calibration Runs

Raw 
data

Pulse
Selection

Amplitude
Extraction

Temperature
Stabilization

Energy
Calibration

Single-Channel,Single-Run Spectra

Channel-Summed SpectraMulti-Channel Cuts

Schematic Analysis ChainRun and Channel Pre-selection
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Berkeley Analysis Output

34
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• Calibration Data
• Independent “first 

principles” 
spectra from raw 
data

- Work with the raw data
- Understand nuclear process and backgrounds
- Understand the detector
- Lots of fun programming (C++ etc.)

Many possible
fun senior projects
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Potential Local Student 
Projects
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Cuoricino and CUORE
Data Analysis (my focus)

Perhaps eventually set up a small
dilution refrigerator?

Background analysis

Thermistor and Misc R&D

Crystals
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Shifts at Gran Sasso for Cuoricino

36

Spend several weeks 
in Gran Sasso 

during the summer 
working on 
Cuoricino

The work will be “on 
the job training” for 
physics students at 

all levels
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Remote Student 
Projects

In the coming years there will 
be plenty of exciting work at 

Gran Sasso to be done in 
preparing for CUORE

The work will be hands-on 
“on the job training” for 

physics students at all levels

37

Many potential
fun hands-on
senior projects



T.D. GutierrezCal Poly Feb 2006

Summary

• Neutrinoless Double Beta Decay can help determine 
neutrino’s mass and nature

• CUORE and Cuoricino are cutting edge calorimetry 
experiments poised to measure this process

• Plenty of room for student involvement on many 
levels

• Exciting time for neutrino physics!

38
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The CUORE Collaboration 
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Further Reading and 
Viewing

• The Neutrino Matrix physics/0411216

• CUORE proposal hep-ex/0501010

• CUORE website http://crio.mi.infn.it/wig/, http://cuore.lbl.gov/

• The Ghost Particle (NOVA) http://www.pbs.org/wgbh/nova/neutrino/

• Particle data group http://pdg.lbl.gov/

40



T.D. GutierrezCal Poly Feb 2006

Backup

41
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The Antineutrino
Can we really tell neutrinos apart from their antiparticles?

42

The weak force, when interacting with neutrinos, only 
seems to interact with particles we call

“left-handed neutrinos” or “right-handed antineutrinos”

!S

!P
!Λ

ν̄R
!S

!P
!Λ

νL

If the neutrino is massless it is moving at the speed of light; this categorization works well because 
the handedness is fixed;  we simply accept that “other” particles don’t exist for some reason

“Handedness” is then regarded as 
the projection of the spin along the 

momentum vector
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The Antineutrino
Can we really tell neutrinos apart from their antiparticles?

43

If the neutrino has mass we should be able to convert it into particles 
we thought didn’t exist just by changing reference frames!

!S

!P
!Λ

ν̄R

What if the objects we called the “neutrino” and “antineutrino” were 
just different spin projections of the same kind of particle all along?

!Λ

!S

!P

ν̄L

In our frame: 
moving slower than the 

antineutrino

Same particle in the frame of the little purple running dude:
moving faster than the antineutrino
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ν̄R

ν̄L

νL

νR

The Antineutrino
Can we really tell neutrinos apart from their antiparticles?

44

νL

νR

Dirac Majorana

Four particles only two are observed
Two particles, both are observed;
regarded as “more natural” for

massive neutrinos

I will now refer to this issue as a question of the neutrino’s “nature”
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ββ0ν: a powerful observational tool

45
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Figure 7: Predictions for |mee| assuming a hierarchical (fig. 7a) and inverted (fig. 7b) neutrino spec-
trum. In fig. 7c we update the upper bound on the mass of quasi-degenerate neutrinos implied by 0ν2β
searches. The factor h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect.
2.1). In fig. 7d we plot the 99% CL range for mee as function of the lightest neutrino mass, thereby
covering all spectra. The darker regions show how the mee range would shrink if the present best-fit
values of oscillation parameters were confirmed with negligible error.
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 A. Strumia and F. Vissani, hep-ph/0503246

Degenerate

Inverse

Normal

InverseNormal

1/τ = G(Q,Z) |Mnucl|2 <mββ>2

The rate depends on the number of 
moles of active material available
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CUORE Sensitivity
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Five year sensitivity based on 
detector resolution, background, and matrix 

element spread
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Figure 7: Predictions for |mee| assuming a hierarchical (fig. 7a) and inverted (fig. 7b) neutrino spec-
trum. In fig. 7c we update the upper bound on the mass of quasi-degenerate neutrinos implied by 0ν2β
searches. The factor h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect.
2.1). In fig. 7d we plot the 99% CL range for mee as function of the lightest neutrino mass, thereby
covering all spectra. The darker regions show how the mee range would shrink if the present best-fit
values of oscillation parameters were confirmed with negligible error.

15

 A. Strumia and F. Vissani, hep-ph/0503246

More optimistic but plausible case: 
eliminate degenerate hierarchy and 

continue excavation deeper into 
inverse hierarchy 

10 years from now, with input from 
different isotopes, the theoretical 

mass spread will hopefully be 
smaller

Fantasy: 99% enriched CUORE after 
10 years with 5 keV resolution and 0.001 c/keV/kg/y



3 pulses scaled to unit height to highlight shape
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Pulse Selection and pattern 
recognition software: Simple Example
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Cij = P̂i · P̂j

3 is different than 1 and 2
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“High energy” HPs “Low Energy” HP


