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Chapter 1: 

Neutrinos and the flavour puzzle
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Neutrinos in the Standard Model

• Standard Model neutrinos: 3 types, only weakly interacting, massless
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Late ‘90s: cracks in the Standard Model
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Nobel Prize in Physics 2015: 
to Takaaki Kajita (Super-Kamiokande) and Arthur B. McDonald (SNO) 

“for the discovery of neutrino oscillations, which shows that neutrinos have mass”



Neutrino oscillations

2-neutrino mixing example, for νμ beam with energy E
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• Neutrinos change flavour as they propagate following oscillatory pattern 
• Neutrino oscillation implies massive neutrinos and neutrino mixing
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• Neutrinos change flavour as they propagate following oscillatory pattern 
• Neutrino oscillation implies massive neutrinos and neutrino mixing
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• Neutrino mass:  
non-zero and small 

• 3ν flavour mixing:  
large

Neutrinos and the flavour puzzle

14 Neutrinos: DRAFT

will be discussed in Sec. 1.7. Possible surprises include new, gauge singlet fermion states that manifest437

themselves only by mixing with the known neutrinos, and new weaker-than-weak interactions.438

Another issue of fundamental importance is the investigation of the status of CP invariance in leptonic439

processes. Currently, all observed CP-violating phenomena are governed by the single physical CP-odd440

phase parameter in the quark mixing matrix. Searches for other sources of CP violation, including the so-441

called strong CP-phase ⇤QCD, have, so far, failed. The picture currently emerging from neutrino-oscillation442

data allows for a completely new, independent source of CP violation. The CP-odd parameter �, if di�erent443

from zero or ⇧, implies that neutrino oscillation probabilities violate CP-invariance, i.e., the values of the444

probabilities for neutrinos to oscillate are di�erent from those of antineutrinos! We describe this phenomenon445

in more detail in Secs. 1.2.1, 1.3.446

It should be noted that, if neutrinos are Majorana fermions, the CP-odd phases ⌅ and ⇥ also mediate CP-447

violating phenomena [22] (alas, we don’t yet really know how to study these in practice). In summary,448

if neutrinos are Majorana fermions, the majority of CP-odd parameters in particle physics — even in the449

absence of other new physics — belong to the lepton sector. These are completely unknown and can “only”450

be studied in neutrino experiments. Neutrino oscillations provide a unique opportunity to revolutionize our451

understanding of CP violation, with potentially deep ramifications for both particle physics and cosmology.452

An important point is that all modifications to the standard model that lead to massive neutrinos change it453

qualitatively. For a more detailed discussion of this point see, e.g., [23].454

Neutrino masses, while nonzero, are tiny when compared to all other known fundamental fermion masses in455

the standard model, as depicted in Fig. 1-3. Two features readily stand out: (i) neutrino masses are at least456

six orders of magnitude smaller than the electron mass, and (ii) there is a “gap” between the largest allowed457

neutrino mass and the electron mass. We don’t know why neutrino masses are so small or why there is such458

a large gap between the neutrino and the charged fermion masses. We suspect, however, that this may be459

Nature’s way of telling us that neutrino masses are “di�erent.”
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Figure 1-3. Standard model fermion masses. For the neutrino masses, the normal mass hierarchy was
assumed, and a loose upper bound mi < 1 eV, for all i = 1, 2, 3 was imposed.

460

This suspicion is only magnified by the possibility that massive neutrinos, unlike all other fermions in the461

standard model, may be Majorana fermions. The reason is simple: neutrinos are the only electrically-neutral462

fundamental fermions and hence need not be distinct from their antiparticles. Determining the nature of463

the neutrino – Majorana or Dirac – would not only help to guide theoretical work related to uncovering the464

origin of neutrino masses, but could also reveal that the conservation of lepton number is not a fundamental465

law of Nature. The most promising avenue for learning the fate of lepton number, as will be discussed466

in Sec. 1.4, is to look for neutrinoless double-beta decay, a lepton-number violating nuclear process. The467

observation of a nonzero rate for this hypothetical process would easily rival, as far as its implications for our468

Snowmass Proceedings

(normal mass ordering assumed)

• Why three generations? 
• Why hierarchical masses? 
• Origin of mixing pattern?

• Flavour puzzle: {



Chapter 2: 

The baryogenesis puzzle
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The building blocks of matter
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• Ordinary matter requires both baryons and leptons

molecules

atoms

nuclei

baryons 
(eg, protons, neutrons)mesons

quarks leptons 
(eg, electrons)



The first matter in the Universe
• Early Universe dominated by high-energy radiation 

• Photons with enough energy to produce particle-antiparticle pairs 

• Matter and antimatter thought to be equally abundant at first

9



• Early Universe dominated by high-energy radiation 

• Photons with enough energy to produce particle-antiparticle pairs 

• Matter and antimatter thought to be equally abundant at first
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The first matter in the Universe



The current matter in the Universe

• No convincing evidence to date for complex antimatter in space 

• Search for anti-nuclei with AMS experiment: Anti-He / He ≲ 10-8
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In fact, why do we see matter at all?

1,000,000,000 1,000,000,000

MATTER ANTIMATTER
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In fact, why do we see matter at all?

1,000,000,001 1,000,000,000

MATTER ANTIMATTER

• Some physics process slightly 
changed matter/antimatter 
equilibrium in favor of matter, 
shortly after Big Bang
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• All antimatter annihilated with 
matter, leaving only matter: 
birth of baryons



Baryon asymmetry in the early Universe 
Experimental evidence

• The baryon asymmetry per unit volume, normalised to the photon number 
density, has not changed since a few secs after Big Bang 

• It has been accurately measured via multiple probes:

14

(nB-nB)̅/nγ = 6×10-10 

D
3He

7Li
BBN (t ≃ min):

CMB (t ≃ Myr):



Baryon asymmetry in the early Universe 
Experimental evidence

• The baryon asymmetry per unit volume, normalised to the photon number 
density, has not changed since a few secs after Big Bang 

• It has been accurately measured via multiple probes:

What process caused this baryon/antibaryon asymmetry?
14

(nB-nB)̅/nγ = 6×10-10 

D
3He

7Li
BBN (t ≃ min):

CMB (t ≃ Myr):



Chapter 3: 

Majorana neutrinos to the rescue
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Is a neutrino its own antiparticle?

• Both possibilities exist for the neutrino 

• A Majorana neutrino would be unlike any other fundamental fermion: a 
new form of matter
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YES
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Dirac

Neutrino



Difference between Dirac and Majorana neutrinos 
Idealised neutrino scattering experiment
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Dirac: 
•4 states 
•ν ≠ ν̅
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Difference between Dirac and Majorana neutrinos 
Idealised neutrino scattering experiment

17

Helicity
Conserved 

Lepton 
Number

Lepton 
production 

rate

Anti-lepton 
production 

rate

-1/2 none 1 (m/E)2<<1
+1/2 none (m/E)2<<1 1
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Majorana: 
•2 states 
•ν = ν̅

Dirac: 
•4 states 
•ν ≠ ν̅
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A prime candidate for small neutrino mass 
The see-saw mechanism

18

• Majorana terms induce ｜ΔL｜= 2 lepton 
number violating processes and imply ν = ν ̅

• M: a new physics scale

• Neutrino mass matrix, with both 
Majorana (M) and Dirac (mD) terms:



A prime candidate for small neutrino mass 
The see-saw mechanism

18

• Majorana terms induce ｜ΔL｜= 2 lepton 
number violating processes and imply ν = ν ̅

• M: a new physics scale

The see-saw mechanism
Include both Dirac and Majorana mass 
terms.

Terms in neutrino mass matrix:

mD: Dirac mass term, of order of 
charged lepton and quark masses.

M: Majorana mass term, can be very 
large.

Mass eigenvalues (both Majorana particles):

mD2/M: light neutrino we are familiar with

M: heavy right-handed neutrino

✓
0 mD

mD M

◆

M

m2
D/M

• ”See-saw” limit mD << M explains small 
neutrino masses, which indirectly probe 
new physics scale

• Neutrino mass matrix, with both 
Majorana (M) and Dirac (mD) terms:



A prime candidate for the baryon asymmetry 

19

• Baryon asymmetry possibly induced by a lepton asymmetry: leptogenesis 

• Decay of heavy Majorana neutrinos ideal for leptogenesis, if CP is violated

Rate(N1 ➝ lα ϕ)  
≠  

Rate(N1 ➝  lα̅ ϕ̅)
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A prime candidate for the baryon asymmetry 

19

• Baryon asymmetry possibly induced by a lepton asymmetry: leptogenesis 

• Decay of heavy Majorana neutrinos ideal for leptogenesis, if CP is violated

Rate(N1 ➝ lα ϕ)  
≠  

Rate(N1 ➝  lα̅ ϕ̅)

N1

φ

ℓα

N1

ℓβ

φ

N2,3

φ

ℓα

+

• Unequal number of leptons and antileptons  is later transferred to baryons:

baryon asymmetry



How to find out if neutrinos are Majorana?

Play…

20



Chapter 4: 

Searching for Majorana neutrinos with ββ0ν
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Nuclear double beta decay

22 CHAPTER 2. NEUTRINOLESS DOUBLE BETA DECAY AND MAJORANA NEUTRINOS
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Figure �.�. Atomic masses of isotopes with A = ��� given as di�erences with respect
to the most bound isotope, ���Ba. �e red levels indicate odd-odd nuclides, whereas
the green indicate even-even ones. �e arrows show the type of nuclear transition
connecting the levels. Double beta (either plus or minus) transitions are possible
because the intermediate state (∆Z = ±�) is less bound, forbidding the beta decay.

Phase-space considerations alone would give preference to the �νββ mode
over the �νββ one, but the decay rate of the former is suppressed by the
very small neutrino masses (§ �.�). Both transition modes involve the �+
ground state of the initial nucleus and, in almost all cases, the �+ ground
state of the �nal nucleus. For some isotopes, it is also energetically possible
to have a transition to an excited �+ or �+ �nal state, even though these are
suppressed because of the smaller phase space available. In both decay modes
the emitted leptons carry essentially all the available energy and the nuclear
recoil is negligible. �erefore, in the �νββ mode, the spectrum for the sum of
the kinetic energies of the emitted electrons (see Figure �.�) is amono-energetic
line at Qββ , the Q value for the reaction, de�ned as themass di�erence between
the parent and daughter nuclides:

Qββ ≡ M(A, Z) −M(A, Z + �). (�.�)

In the case of the �νββ mode, the spectrum is continuous, extending from �

• Nuclear (Z,A)→(Z+2,A) transition with emission of two electrons. Second 
order process mediated by the weak interaction 

• This process exists in 35 nuclides due to nuclear pairing interaction 

→ favours energetically the even-even isobars over the odd-odd ones.

22



Double beta decay modes
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n1 n2

e-

e-

ν̅

ν̅

ββ2ν n1 n2

e- e-

νββ0ν ν

• Two basic decay modes:

Two neutrino mode 
• Observed in several nuclei 
• 1019-1021 yr half-lives 
• Standard Model allowed 
• Conserves lepton number

Neutrinoless mode 
• Not observed yet in Nature 
• >1026 yr half-lives 
• Would signal BSM physics 
• Violates L by two units



ββ0ν and Majorana neutrinos
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• ββ0ν evidence would imply that neutrinos are massive, Majorana, particles

1

2



ββ0ν and Majorana neutrinos

24

• ββ0ν evidence would imply that neutrinos are massive, Majorana, particles

1

2

Emitted in    , in association with 
electron, with almost total positive 
helicity 

1

⌫



ββ0ν and Majorana neutrinos

24

• ββ0ν evidence would imply that neutrinos are massive, Majorana, particles

1

2

Emitted in    , in association with 
electron, with almost total positive 
helicity 

1

⌫

Only its small, 𝒪(m/E), negative 
helicity component absorbed 
in    , producing another electron2

⌫



ββ0ν and neutrino mass
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Majorana ν mass:  
mββ ≡ ｜∑i mi Uei2｜

(Rate)ββ0ν ∝ mββ2

eState with

mass mi

μ
τ

|Uei|2
• ββ0ν rate constrains neutrino mass:
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ββ0ν and neutrino mass
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Majorana ν mass:  
mββ ≡ ｜∑i mi Uei2｜

(Rate)ββ0ν ∝ mββ2

eState with

mass mi

μ
τ

|Uei|2
• ββ0ν rate constrains neutrino mass:
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ββ0ν: most sensitive probe for Majorana neutrinos → low mββ reach!



Chapter 5: 

Experimental challenges in ββ0ν searches

26



Facts of life of the double beta decay experimentalist

27

• Total number of ββ0ν decays that can be observed in a detector is:

THE SEARCH FOR NEUTRINOLESS DOUBLE BETA DECAY 33

tend to overestimate them [72, 94].
With these considerations in mind, physics-motivated ranges (PMR) of theoretical

values for 76Ge, 82Se, 130Te, 136Xe and 150Nd NMEs have been proposed in [92]. In
quantifying the uncertainties, the results of the major nuclear structure approaches which
share the following common ingredients were considered: (a) nucleon form factors of
dipole shape, see eq. (34); (b) soft short-range correlations computed with the UCOM
method; (c) unquenched axial coupling constant gA = 1.25; (d) higher order corrections
to the nuclear current [77] accounted for; and (e) nuclear radius R = r0 A1/3, with
r0 = 1.2 fm [95]. Therefore, the remaining discrepancies between the diverse approaches
are solely due to the different nuclear wavefunctions that they employ. The uncertainties
in NME calculations for 76Ge, 82Se, 130Te, 136Xe and 150Nd are shown as grey bands in
fig. 16, and are in the 20–30% range.

5. – Ingredients for the ultimate ββ0ν experiment

The discovery of ββ0ν would represent a substantial breakthrough in particle physics.
A single, unequivocal observation of the decay would prove the Majorana nature of
neutrinos and the violation of lepton number. Alas, that is not, by any means, an easy
task. The design of a detector capable of identifying efficiently and unambiguously such
a rare signal represents a major experimental problem.

To start with, one needs a large mass of the scarce ββ isotope in order to probe in
a reasonable time the extremely long lifetimes expected. For instance, for a Majorana
neutrino mass of 50 meV, it can be estimated using eq. (28) and a sound assumption
for the NMEs that half-lives in the range of 1026–1027 years must be explored (i.e., 17
orders of magnitude longer than the age of the universe!). A better sense of what such
extremely long half-lives mean can be grasped with a simple calculation. Consider the
radioactive decay law in the approximation T1/2 ≫ t, where t is the exposure time; in
that case, the expected number of ββ0ν events is given by

(47) Nββ0ν = log 2 · Mββ ·NA

Wββ
· ε · t

T 0ν
1/2

,

where Mββ is the mass of the ββ emitting isotope, NA is the Avogadro constant, Wββ

is the molar mass of the ββ isotope, and ε is the signal detection efficiency.
It follows from eq. (47) that, in order to observe (assuming perfect detection efficiency

and no disturbing background) as little as one decay per year and assuming a Majorana
neutrino mass of 50 meV (T 0ν

1/2 ∼ 1026–1027 years), “macroscopic” masses of ββ isotope
of the order of 100 kg are needed.

The situation becomes even more desperate when considering real experimental condi-
tions. The background processes that can mimic a ββ0ν signal in a detector are copious.
In the first place, the experiments have to deal with an intrinsic background, the ββ2ν,
that can only be distinguished by measuring the energy of the emitted electrons, since the
neutrinos escape the detector undetected (see fig. 7). Good energy resolution is therefore
essential to prevent the ββ2ν spectrum tail from spreading over the ββ0ν peak. Never-
theless, this energy signature could not be enough per se: a continuous spectrum arising
from natural radioactivity can easily overwhelm the signal peak. Other signatures, like
particle identification or the observation of the daughter nucleus, are a bonus to provide
a robust result.

mass of ββ isotope Avogadro’s constant

Molar mass of ββ isotope Efficiency

Exposure time

ββ0ν half-life



Facts of life of the double beta decay experimentalist
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• Total number of ββ0ν decays that can be observed in a detector is:
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tend to overestimate them [72, 94].
With these considerations in mind, physics-motivated ranges (PMR) of theoretical

values for 76Ge, 82Se, 130Te, 136Xe and 150Nd NMEs have been proposed in [92]. In
quantifying the uncertainties, the results of the major nuclear structure approaches which
share the following common ingredients were considered: (a) nucleon form factors of
dipole shape, see eq. (34); (b) soft short-range correlations computed with the UCOM
method; (c) unquenched axial coupling constant gA = 1.25; (d) higher order corrections
to the nuclear current [77] accounted for; and (e) nuclear radius R = r0 A1/3, with
r0 = 1.2 fm [95]. Therefore, the remaining discrepancies between the diverse approaches
are solely due to the different nuclear wavefunctions that they employ. The uncertainties
in NME calculations for 76Ge, 82Se, 130Te, 136Xe and 150Nd are shown as grey bands in
fig. 16, and are in the 20–30% range.

5. – Ingredients for the ultimate ββ0ν experiment

The discovery of ββ0ν would represent a substantial breakthrough in particle physics.
A single, unequivocal observation of the decay would prove the Majorana nature of
neutrinos and the violation of lepton number. Alas, that is not, by any means, an easy
task. The design of a detector capable of identifying efficiently and unambiguously such
a rare signal represents a major experimental problem.

To start with, one needs a large mass of the scarce ββ isotope in order to probe in
a reasonable time the extremely long lifetimes expected. For instance, for a Majorana
neutrino mass of 50 meV, it can be estimated using eq. (28) and a sound assumption
for the NMEs that half-lives in the range of 1026–1027 years must be explored (i.e., 17
orders of magnitude longer than the age of the universe!). A better sense of what such
extremely long half-lives mean can be grasped with a simple calculation. Consider the
radioactive decay law in the approximation T1/2 ≫ t, where t is the exposure time; in
that case, the expected number of ββ0ν events is given by

(47) Nββ0ν = log 2 · Mββ ·NA

Wββ
· ε · t

T 0ν
1/2

,

where Mββ is the mass of the ββ emitting isotope, NA is the Avogadro constant, Wββ

is the molar mass of the ββ isotope, and ε is the signal detection efficiency.
It follows from eq. (47) that, in order to observe (assuming perfect detection efficiency

and no disturbing background) as little as one decay per year and assuming a Majorana
neutrino mass of 50 meV (T 0ν

1/2 ∼ 1026–1027 years), “macroscopic” masses of ββ isotope
of the order of 100 kg are needed.

The situation becomes even more desperate when considering real experimental condi-
tions. The background processes that can mimic a ββ0ν signal in a detector are copious.
In the first place, the experiments have to deal with an intrinsic background, the ββ2ν,
that can only be distinguished by measuring the energy of the emitted electrons, since the
neutrinos escape the detector undetected (see fig. 7). Good energy resolution is therefore
essential to prevent the ββ2ν spectrum tail from spreading over the ββ0ν peak. Never-
theless, this energy signature could not be enough per se: a continuous spectrum arising
from natural radioactivity can easily overwhelm the signal peak. Other signatures, like
particle identification or the observation of the daughter nucleus, are a bonus to provide
a robust result.

mass of ββ isotope Avogadro’s constant

Molar mass of ββ isotope Efficiency

Exposure time

ββ0ν half-life

• For 136Xe experiment with 100% efficiency and 1 year exposure time, 
what is the mass Mββ required to observe only one ββ0ν decay?  
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tend to overestimate them [72, 94].
With these considerations in mind, physics-motivated ranges (PMR) of theoretical

values for 76Ge, 82Se, 130Te, 136Xe and 150Nd NMEs have been proposed in [92]. In
quantifying the uncertainties, the results of the major nuclear structure approaches which
share the following common ingredients were considered: (a) nucleon form factors of
dipole shape, see eq. (34); (b) soft short-range correlations computed with the UCOM
method; (c) unquenched axial coupling constant gA = 1.25; (d) higher order corrections
to the nuclear current [77] accounted for; and (e) nuclear radius R = r0 A1/3, with
r0 = 1.2 fm [95]. Therefore, the remaining discrepancies between the diverse approaches
are solely due to the different nuclear wavefunctions that they employ. The uncertainties
in NME calculations for 76Ge, 82Se, 130Te, 136Xe and 150Nd are shown as grey bands in
fig. 16, and are in the 20–30% range.

5. – Ingredients for the ultimate ββ0ν experiment

The discovery of ββ0ν would represent a substantial breakthrough in particle physics.
A single, unequivocal observation of the decay would prove the Majorana nature of
neutrinos and the violation of lepton number. Alas, that is not, by any means, an easy
task. The design of a detector capable of identifying efficiently and unambiguously such
a rare signal represents a major experimental problem.

To start with, one needs a large mass of the scarce ββ isotope in order to probe in
a reasonable time the extremely long lifetimes expected. For instance, for a Majorana
neutrino mass of 50 meV, it can be estimated using eq. (28) and a sound assumption
for the NMEs that half-lives in the range of 1026–1027 years must be explored (i.e., 17
orders of magnitude longer than the age of the universe!). A better sense of what such
extremely long half-lives mean can be grasped with a simple calculation. Consider the
radioactive decay law in the approximation T1/2 ≫ t, where t is the exposure time; in
that case, the expected number of ββ0ν events is given by

(47) Nββ0ν = log 2 · Mββ ·NA

Wββ
· ε · t

T 0ν
1/2

,

where Mββ is the mass of the ββ emitting isotope, NA is the Avogadro constant, Wββ

is the molar mass of the ββ isotope, and ε is the signal detection efficiency.
It follows from eq. (47) that, in order to observe (assuming perfect detection efficiency

and no disturbing background) as little as one decay per year and assuming a Majorana
neutrino mass of 50 meV (T 0ν

1/2 ∼ 1026–1027 years), “macroscopic” masses of ββ isotope
of the order of 100 kg are needed.

The situation becomes even more desperate when considering real experimental condi-
tions. The background processes that can mimic a ββ0ν signal in a detector are copious.
In the first place, the experiments have to deal with an intrinsic background, the ββ2ν,
that can only be distinguished by measuring the energy of the emitted electrons, since the
neutrinos escape the detector undetected (see fig. 7). Good energy resolution is therefore
essential to prevent the ββ2ν spectrum tail from spreading over the ββ0ν peak. Never-
theless, this energy signature could not be enough per se: a continuous spectrum arising
from natural radioactivity can easily overwhelm the signal peak. Other signatures, like
particle identification or the observation of the daughter nucleus, are a bonus to provide
a robust result.

mass of ββ isotope Avogadro’s constant

Molar mass of ββ isotope Efficiency

Exposure time

ββ0ν half-life

• For 136Xe experiment with 100% efficiency and 1 year exposure time, 
what is the mass Mββ required to observe only one ββ0ν decay?  

• If 136Xe ββ0ν half-life is T1/2 = 1027 years, get: Mββ = 326 kg!
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tend to overestimate them [72, 94].
With these considerations in mind, physics-motivated ranges (PMR) of theoretical

values for 76Ge, 82Se, 130Te, 136Xe and 150Nd NMEs have been proposed in [92]. In
quantifying the uncertainties, the results of the major nuclear structure approaches which
share the following common ingredients were considered: (a) nucleon form factors of
dipole shape, see eq. (34); (b) soft short-range correlations computed with the UCOM
method; (c) unquenched axial coupling constant gA = 1.25; (d) higher order corrections
to the nuclear current [77] accounted for; and (e) nuclear radius R = r0 A1/3, with
r0 = 1.2 fm [95]. Therefore, the remaining discrepancies between the diverse approaches
are solely due to the different nuclear wavefunctions that they employ. The uncertainties
in NME calculations for 76Ge, 82Se, 130Te, 136Xe and 150Nd are shown as grey bands in
fig. 16, and are in the 20–30% range.

5. – Ingredients for the ultimate ββ0ν experiment

The discovery of ββ0ν would represent a substantial breakthrough in particle physics.
A single, unequivocal observation of the decay would prove the Majorana nature of
neutrinos and the violation of lepton number. Alas, that is not, by any means, an easy
task. The design of a detector capable of identifying efficiently and unambiguously such
a rare signal represents a major experimental problem.

To start with, one needs a large mass of the scarce ββ isotope in order to probe in
a reasonable time the extremely long lifetimes expected. For instance, for a Majorana
neutrino mass of 50 meV, it can be estimated using eq. (28) and a sound assumption
for the NMEs that half-lives in the range of 1026–1027 years must be explored (i.e., 17
orders of magnitude longer than the age of the universe!). A better sense of what such
extremely long half-lives mean can be grasped with a simple calculation. Consider the
radioactive decay law in the approximation T1/2 ≫ t, where t is the exposure time; in
that case, the expected number of ββ0ν events is given by

(47) Nββ0ν = log 2 · Mββ ·NA

Wββ
· ε · t

T 0ν
1/2

,

where Mββ is the mass of the ββ emitting isotope, NA is the Avogadro constant, Wββ

is the molar mass of the ββ isotope, and ε is the signal detection efficiency.
It follows from eq. (47) that, in order to observe (assuming perfect detection efficiency

and no disturbing background) as little as one decay per year and assuming a Majorana
neutrino mass of 50 meV (T 0ν

1/2 ∼ 1026–1027 years), “macroscopic” masses of ββ isotope
of the order of 100 kg are needed.

The situation becomes even more desperate when considering real experimental condi-
tions. The background processes that can mimic a ββ0ν signal in a detector are copious.
In the first place, the experiments have to deal with an intrinsic background, the ββ2ν,
that can only be distinguished by measuring the energy of the emitted electrons, since the
neutrinos escape the detector undetected (see fig. 7). Good energy resolution is therefore
essential to prevent the ββ2ν spectrum tail from spreading over the ββ0ν peak. Never-
theless, this energy signature could not be enough per se: a continuous spectrum arising
from natural radioactivity can easily overwhelm the signal peak. Other signatures, like
particle identification or the observation of the daughter nucleus, are a bonus to provide
a robust result.

mass of ββ isotope Avogadro’s constant

Molar mass of ββ isotope Efficiency

Exposure time

ββ0ν half-life

• For 136Xe experiment with 100% efficiency and 1 year exposure time, 
what is the mass Mββ required to observe only one ββ0ν decay?  

• If 136Xe ββ0ν half-life is T1/2 = 1027 years, get: Mββ = 326 kg!

• Life is harder than this: non-perfect efficiencies and backgrounds



Experimental sensitivity to ββ0ν 
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• Experiment with no background:
detector efficiency

exposure

(mass×time)



Experimental sensitivity to ββ0ν 
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1/2 / " ·M�� · t

• Experiment with no background:
detector efficiency

exposure

(mass×time)

T 0⌫
1/2 / " ·

r
M�� · t
c ·�E

• Experiment with background:

detector efficiency exposure

(mass×time)

background rate (per unit energy, mass and time)

energy resolution



ββ0ν experimental signature 
Rare process to be isolated in radio-pure detector underground 

29

1.Calorimetry (A MUST): 
• 2ν mode: continuous spectrum for 

sum electron kinetic energy T1+T2 

• 0ν mode: mono-energetic line at Qββ  
for T1+T2 spectrum
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Rare process to be isolated in radio-pure detector underground 
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2.Topology of decay electrons  
(AN ADDITIONAL HANDLE): 
• Two electrons from common vertex

1.Calorimetry (A MUST): 
• 2ν mode: continuous spectrum for 

sum electron kinetic energy T1+T2 

• 0ν mode: mono-energetic line at Qββ  
for T1+T2 spectrum



ββ0ν experimental signature 
Rare process to be isolated in radio-pure detector underground 

29

2.Topology of decay electrons  
(AN ADDITIONAL HANDLE): 
• Two electrons from common vertex

3.Daughter ion tagging  
(A DREAM): 
• Observe ion produced in the decay

1.Calorimetry (A MUST): 
• 2ν mode: continuous spectrum for 

sum electron kinetic energy T1+T2 

• 0ν mode: mono-energetic line at Qββ  
for T1+T2 spectrum



How can we uncover the Qββ peak in the energy spectrum?

• Typical situation for current-generation detector performance, assuming 
T1/20ν = 1026 yr:

30
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Improvement no.1: 
larger detector
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• M = 1,000 kg 
• t = 3 yr 
• T1/2 = 1026 yr 
• ε = 100%  
• ΔE = 10% FWHM 
• c = 5⋅10-4 /(keV⋅kg*yr)

• More events! Also: signal ∝ volume, background ∝ surface → S/B ➚ 

• Mass scalability depends on chosen ββ isotope



Comparison of ββ isotopes
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Isotope Q-value 
(MeV)

Phase space 
G0ν (yr-1 eV-2)

Matrix element 
|M0ν|

Isotopic 
abundance (%)

Cost (normalized  
to 76Ge)

Current 
experiments

76Ge 2.04 3.0×10-26 ≈4.1 7.8 1 GERDA, Majorana

130Te 2.53 2.1×10-25 ≈3.6 33.8 0.2 CUORE, SNO+

136Xe 2.46 2.3×10-25 ≈2.8 8.9 0.1 EXO, KamLAND-
Zen, NEXT

1/T1/20ν = G0ν⋅｜M0ν｜2⋅ mββ2

The higher, the better The lower, the better

atomic, nuclear, particle physics

• ββ isotope choice also affects relationship (ββ0ν rate ↔ Majorana mass):



Improvement no.2: 
better energy resolution
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• M = 1,000 kg 
• t = 3 yr 
• T1/2 = 1026 yr 
• ε = 100%  
• ΔE = 1% FWHM 
• c = 5⋅10-4 /(keV⋅kg*yr)

• Experiments define energy Region Of Interest near Qββ. ROI width 
depends on energy resolution (1 FWHM typical) 

• The better the resolution, the lower the background within the ROI!

ROI



Energy resolution versus background type
ββ0ν backgrounds unrelated to ββ source: contamination of detector 
components, cosmogenics, etc. 

• Can be eliminated in experiment with average energy resolution, provided 
perfect shielding (c∼0) available

34
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ββ0ν backgrounds related to ββ source: ββ2ν! 

• Irreducible background unless resolution is excellent
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Improvement no.3: 
lower background rate
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• M = 1,000 kg 
• t = 3 yr 
• T1/2 = 1026 yr 
• ε = 100%  
• ΔE = 1% FWHM 
• c = 10-3 /(keV⋅kg*yr)

• Go underground and radiopure 
• Electron tracking 
• Daughter ion tagging?

How to lower background rate? {



Underground detectors
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• Some backgrounds originated outside detector by cosmic-ray interactions 

• All ββ0ν experiments located deep underground, using rock as shield
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Laboratori Nazionali del Gran Sasso



Radiopure detectors
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• Minimise contamination from natural radioactivity in all detector components

KamLAND-Zen experiment

CUORE experiment



Tracking detectors

39

• Observe the two stopping electron tracks emitted from common vertex!

e1

e2

NEMO3 experiment 
(drift Geiger cells, He gas at 1 bar)

NEXT experiment 
(time projection chamber, Xe gas at 7-15 bar)



Is daughter ion tagging possible?

• Active R&D in 136Xe experiments (liquid and gas) to detect 136Ba++ ion:

40

136Xe 136Ba++ e- e-➠ + +

• Calorimetry 
• Double-electron topology{



Is daughter ion tagging possible?

• Active R&D in 136Xe experiments (liquid and gas) to detect 136Ba++ ion:

40

136Xe 136Ba++ e- e-➠ + +

• Calorimetry 
• Double-electron topology

• Ba tagging

• If successful, one would be left with ββ2ν background only!

{
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Putting it all together: 
Qββ peak uncovered!
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Chapter 6: 

The present of ββ0ν searches
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ββ0ν experimental status

43

a nextXe54
136Ge32

76 Te52
130Main experiments, 

current generation:

6 Adapted from C. Hall  - Lepton Photon,  June 2013  

m
ββ

 (e
V

)

GERDA

KamLAND-Zen

• No convincing evidence for ββ0ν 

• Best limits: 

Experiment T1/20ν limit 
(yr)

mββ limit 
(meV)

KamLAND-
Zen > 1.07×1026 < 61-165

GERDA > 5.3×1025 < 150-330



GERDA experiment 

44

• High-purity germanium diodes enriched in 76Ge immersed in LAr 

• Advantages: energy resolution, radiopurity → background-free!



GERDA experiment 
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• High-purity germanium diodes enriched in 76Ge immersed in LAr 

• Advantages: energy resolution, radiopurity → background-free!



GERDA experiment 
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Dipartimento di Fisica e Sezione INFN di Torino

Giovedì 1 Giugno 2017, ore 14:30, Sala Wataghin

Riccardo Brugnera

(Università di Padova)

Neutrinoless double  -  beta decay searches with   76  Ge  

The search for neutrinoless double-beta decay might be the only window  to
observe  lepton  number  violation  and  is  therefore  considered  to  be  of
highest relevance. The isotope  76Ge has historically been most important
for  this  search  and  the  ongoing  experiment  GERDA  has  the  lowest
background of all experiments in the field. The talk reviews the motivation,
the current status of GERDA experiment and future programs.



CUORE experiment

47

• Towers of Te02 crystals. ββ energy measured as temperature increase 

• Advantages: energy resolution, mass scalability



CUORE experiment
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• Towers of Te02 crystals. ββ energy measured as temperature increase 

• Advantages: energy resolution, mass scalability
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KamLAND-Zen experiment

49

• Liquid scintillator with 300-750 kg of 136Xe gas dissolved in it 

• Advantages: mass scalability, radiopure, veto region → leading the field

mini-balloon with 136Xe



KamLAND-Zen experiment
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• Liquid scintillator with 300-750 kg of 136Xe gas dissolved in it 

• Advantages: mass scalability, radiopure, veto region → leading the field
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EXO experiment
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• Cryogenic time projection chamber filled with 80 kg (fiducial) liquid xenon 

• Advantages: mass scalability, some electron topology



EXO experiment
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• Cryogenic time projection chamber filled with 80 kg (fiducial) liquid xenon 

• Advantages: mass scalability, some electron topology



NEXT experiment
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a nextLSC
Laboratorio Subterráneo de Canfranc

• Time projection chamber filled with high-pressure (10-15 bar) 136Xe gas 

• Advantages: energy resolution, image electron tracks



NEXT phases
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Prototypes (~1 kg) 
[2009 - 2014]

NEXT-NEW (~5 kg) 
[2015 - 2018]

NEXT-100 (~100 kg) 
[2018 - 2020’s]

NEXT-tonne (~1000 kg) 
[future generation]

Demonstration of 
detector concept

Underground and radio-pure 
operations, background, ββ2ν

Neutrinoless double 
beta decay search

a next
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NEXT-NEW construction a next



NEXT-NEW installation at the LSC

56

a next



NEXT-NEW first results
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a next

• Energy resolution from low-energy xenon X-rays:

29.7 keV

33.8 keV



NEXT-NEW first results
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a next

Date
17-03-30 17-04-06 17-04-13 17-04-20 17-04-27 17-05-04 17-05-11
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Hot getter

Cold getter Hot getter

• Alpha production rate from radon (→ ββ0ν background!):

6 mHz 

(low)

(222Rn source)

T1/2 = 3.9 d from 222Rn



Chapter 7: 

The future of ββ0ν searches
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How to move forward?

60

• Strong support to build 2-3 next-generation experiments. Which ones?



Goal for next-generation experiments  
15 meV Majorana neutrino mass sensitivity

61

Guaranteed ββ0ν discovery if 
neutrinos are Majorana and 

have “inverted” mass ordering
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Recipe for next-generation experiments
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Favour ββ isotopes that can be extrapolated to large masses (~ton)  

Favour low background rate experimental techniques

+



The problem of backgrounds
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Current-generation detector performance:

Experiment c (counts / 
(keV⋅kg⋅yr) ) ΔE (keV) Notes

GERDA (0.7-3.5)×10-3 3.5 Measured

CUORE 6×10-2 5 CUORE-0

KamLAND-Zen 1.6×10-4 250 Measured

EXO 1.7×10-3 75 Measured

NEXT 4×10-4 17.5 Prediction

Ton-scale  extrapolation:

Background 
(counts / (ton⋅yr) )

2-12

300

40

130

7

• Today, no technique extrapolates to background-free regime at ton-scale 

background rate (per unit 
energy, mass and time)

energy resolution



Ton-scale detector and need for background R&D

 years)⋅Exposure (ton 

-110 1 10

 (
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)

β
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Inverted  
ordering, 
mlight∼0

10 bgr counts/(ton⋅yr)

1

0.1
bgr free

A good current-generation exp

Goal:  
15 meV

• Ton-scale detector necessary but 
not sufficient requirement 

• Need at least 1-2 orders of 
magnitude background reduction 
with respect to current-generation 

• R&D on active background 
reduction techniques
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Background reduction R&D
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Technology R&D Current experiments Ton-scale proposal

Ge detectors
Larger Ge detectors, 
improved LAr scint. 

detection
GERDA, MAJORANA LEGEND (200 kg)

Bolometers Scintillating bolometers, 
isotopic enrichment CUORE CUPID

Liquid scintillators
High yield LS, light 

concentrators, high QE 
PMTs, enrichment

KamLAND-Zen, SNO+ KamLAND2-Zen

LXe-TPCs
Xe scint. readout with 

SiPMs, cold electronics, 
Ba tagging

EXO-200 nEXO

HPXe-TPCs
Low diffusion gas 

mixtures, finer tracking 
readout, Ba tagging

NEXT-NEW NEXT-ton



Appendices: 

Thinking outside the box
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The standard story I just told you

67

Small neutrino mass Baryogenesis

Majorana neutrinos and  
lepton number violation

Neutrinoless double beta decay search



Possible variations

68

Small neutrino mass Baryogenesis

Majorana neutrinos and  
lepton number violation

Neutrinoless double beta decay search

No connection? No connection?

ββ0ν non-optimal probe?



Other lepton number violating processes? 

• ｜∆L｜= 2 process mediated by:                                   , α,β = e,μ,τ 

➔ can probe different neutrino mass matrix elements mαβ

69

W- W- → lα- lβ- 



Other lepton number violating processes? 

• ｜∆L｜= 2 process mediated by:                                   , α,β = e,μ,τ 

➔ can probe different neutrino mass matrix elements mαβ
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W- W- → lα- lβ- 

Flavors Exp. technique Mass bound (eV)

(e,e) ββ0ν mee < 1×10-1

(e,μ) μ-→e+ conversion meμ < 2×107

(e,τ) Rare τ- decays meτ < 3×1012

(μ,μ) Rare K+ decays mμμ < 3×108

(μ,τ) Rare τ- decays mμτ < 2×1012

(τ,τ) None None

➔ best constraint by far on (e,e) element and from ββ0ν, currently



Example: neutrinoless double Electron Capture 
Inverse of neutrinoless double beta decay!

70

136Xe 136Ba e- e-➠ + +ββ0ν:

124Xe 124Tee- e- ➠+ +ECEC0ν:

Observables: 

• Two X-rays  

• Gamma-rays



What if ν mass is not connected to Majorana neutrinos?

• Possible: Dirac neutrinos!
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What if ν mass is not connected to Majorana neutrinos?

• Possible: Dirac neutrinos!

71

• How can we prove that neutrinos are Dirac particles? Difficult! 

• Best bet: neutrino mass measured with cosmology, not in ββ0ν 
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What if baryogenesis is not connected to Majorana neutrinos?

• Possible: alternatives to leptogenesis-induced baryogenesis!

72

GUT models

Heavy Majorana
neutrino

Electroweak
sphaleron
phase transition

B−L=0
B+L≠0

∆B=1; B−L=0

BAU
washed out

∆L=2;         B−L≠0

Proton decay

BAU
generated

Leptogenesis

Electroweak
Baryogenesis

Almost
excluded
in MSSM

Post-Sphaleron
Baryogenesis
∆B=2;  B–L≠0

← Proton decay is not a 
prediction of baryogenesis.  

← Leptogenesis model 
is very difficult or  
impossible to test

More effective 
for lighter Higgs 

Existing N-Nbar will erase preexisting B
Testable: predicts 

observable N-Nbar
and new scalars 

at LHC

Babu et al,  PRD 87 (2013) 115019

5



Epilogue: 

Final thoughts
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Double beta decay experiments are challenging
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A variety of double beta decay experiments
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• Non-trivial detector optimisation process, relatively inexpensive → diversity

Ge detectors

HPXe-TPCs

Liquid scintillators

Scint. bolometers

Cryogenic bolometers

CZT detectors

Scint. crystalsFoils + tracking

HPXe-TPCsU
LT

IM
AT

E 
ββ

0ν
 E

XP
.
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Small neutrino mass Baryogenesis

Majorana neutrinos and  
lepton number violation

Neutrinoless double beta decay search

The theory-experiment connection is essential



Think outside the box!
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Small neutrino mass Baryogenesis

Majorana neutrinos and  
lepton number violation

Neutrinoless double beta decay search

No connection? No connection?

ββ0ν non-optimal probe?



The End.
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Backups
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The discovery of neutrino oscillations 
With atmospheric neutrinos

80

Atmospheric 
Neutrinos

• The absolute flux uncertainty is fairly high, 
so people use other useful properties of 
the atmospheric neutrino flux:

1. !#:!e ratio:  This ratio is fixed from 
the pion/muon cascade.

2. Zenith variation:  Allows one to 
probe neutrinos at very different 
production distances (essential for 
oscillation signatures).

3. Compare cosmic muon flux

• Disappearance of atmospheric νμ’s and νμ̅’s 
• First conclusive evidence for oscillations: zenith angle-dependent deficit
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The discovery of neutrino oscillations 
With solar neutrinos

• Disappearance of solar νe’s, appearance into other “active” flavours (μ, τ) 
• Energy dependence of νe suppression also measured
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3-Neutrino mixing parametrisation{Atmospheric Oscillations

Solar OscillationsInterference {c23 = cos �23 etc...
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ν1

ν2

ν3

Δm221

Δm231

• 2 mass splittings, 3 mixing 
angles,1 CPV phase 

• Describe all convincing 
evidence for neutrino 
oscillations



Neutrino oscillation experimental status 
3-neutrino mixing parametrisation

Mass splittings and mixing angles measured with 10% precision or better

• θ12 and Δm221: solar and reactor experiments 
• θ23 and |Δm231|: atmospheric and accelerator experiments 
• θ13: reactor and accelerator experiments 
• δCP phase compatible with any value at 3σ, sgn(Δm231) unknown

ν1

ν2

ν3

m
as

s

μ τe

sin2ϑ13 = 0.022±0.001

sin2ϑ23 = 0.452±0.052

sin2ϑ12 = 0.304±0.013
Δm221 = 


(7.50±0.19)⋅10-5 eV2

|Δm231| = 

(2.46±0.05)⋅10-3 eV2

NuFIT 2.0 (2014)
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Current-generation

84



Ingredients for ββ0ν experiments 
Current-generation

84

Typical

>2 MeV•Isotope with large Qββ value 

•Larger phase space and less backgrounds



Ingredients for ββ0ν experiments 
Current-generation

84

Typical

>2 MeV•Isotope with large Qββ value 

•Larger phase space and less backgrounds

>0.25•High detection efficiency



Ingredients for ββ0ν experiments 
Current-generation

84

Typical

>2 MeV•Isotope with large Qββ value 

•Larger phase space and less backgrounds

>0.25•High detection efficiency

100 kg
Current 

goal

•Large ββ isotope mass  
•Only way to probe 1026 yr half-lives!



Ingredients for ββ0ν experiments 
Current-generation

84

•Low backgrounds in energy region of interest 
•Excellent energy resolution and/or very low background rates 
(per unit energy) near Qββ

1 cts/(100 kg⋅yr)

Typical

>2 MeV•Isotope with large Qββ value 

•Larger phase space and less backgrounds

>0.25•High detection efficiency

100 kg
Current 

goal

•Large ββ isotope mass  
•Only way to probe 1026 yr half-lives!



ββ0ν experiments comparison: mass, background
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[From O. Cremonesi, M. Pavan, arXiv:1310.4692]
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