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Plan for these lectures
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•Yesterday: neutrino oscillation experiments

•How to measure neutrino oscillation parameters
•Neutrino sources
•Neutrino interactions with matter
•Neutrino detector technologies
•A selection of current and future experiments

•Today: other neutrino experiments

•Neutrinoless double beta decay experiments
•Direct neutrino mass measurements
•Neutrino cosmology



How to experimentally address neutrino questions
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Identity

Mass scale

Mass ordering

Mixing

Species

Neutrinoless double beta decay

Direct neutrino mass measurements, neutrino 
cosmology, neutrinoless double beta decay

Neutrino oscillations, neutrino cosmology

Neutrino oscillations

Neutrino oscillations, neutrino cosmology



Neutrino question 1: Identity
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Helicity
Conserved 

Lepton 
Number

Lepton 
production

rate

Anti-lepton 
production

rate

-1/2 +1 1 0

+1/2 +1 (m/E)2<<1 0

-1/2 -1 0 (m/E)2<<1

+1/2 -1 0 1

ν

ν̅

ν

ν̅

Helicity
Conserved 

Lepton 
Number

Lepton 
production

rate

Anti-lepton 
production

rate

-1/2 none 1 0

+1/2 none 0 1

ν = ν̅

ν = ν̅

Dirac or Majorana 
fermion?

Dirac:

•4 states
•ν ≠ ν̅

Majorana:

•2 states
•ν = ν̅



Neutrino question 2: Mass scale

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 θQCD, 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 δ, if different443

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

probabilities for neutrinos to oscillate are different 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 ξ and ζ 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 “different.”
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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
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•Neutrino mass could be anywhere between 0 and ∼1 eV

➩ how different from quarks and charged leptons?

What is the neutrino mass value?We know it is non-zero, but...



Neutrino question 3:

OR

ν1

ν2 μ
τ e

ν3

NORMAL

ν1

ν2

ν3

μ
τ e

INVERTED

?

Mass ordering
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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 θQCD, 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 δ, if different443

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

probabilities for neutrinos to oscillate are different 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 ξ and ζ 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 “different.”
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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 ordering
assumed here

•If ν1 taken as most electron-rich state, m1 < m2 from solar neutrinos

•Normal mass ordering: mlight = m1 ➩ similar to quarks and charged leptons

•Inverted mass ordering: mlight = m3 ➩ “opposite” to quarks and charged leptons

atm

sol

sol

atm



Neutrino question 4:{Atmospheric Oscillations

Solar OscillationsInterference

{c23 = cos θ23 etc...




νe

νµ

ντ



 =




1 0 0
0 c23 s23

0 −s23 c23








c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13








c12 s12 0
−s12 c12 0

0 0 1








ν1

ν2

ν3





Mixing
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Possible source of CP violation in neutrino sector that can 

be measured with oscillations: Dirac CP-odd phase δ

Is CP symmetry violated in the neutrino sector?

δ ≠ 0, π ⇔ oscillation probabilities violate CP invariance: 

different probabilities for neutrinos and antineutrinos!



Neutrino question 5: Species
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ν1

ν2

ν3

μ τe

ν4 sterile
ν5 sterile

...

m
as

s

{3 mostly active 
states

{N mostly sterile 
states, some 

active content

•LEP: three neutrino flavors 
participating in the weak interactions 
and with mass <mZ/2. But...

...are there light “sterile” neutrino states, 
in addition to the three “active” ones?

Anomaly
Baseline 

(m)
Energy 
(MeV)

Oscillation 
interpretation

Significance 
(σ)

LSND 30 50 ν̅μ➝ν̅e 3.8

MiniBooNE ν 500 600 νμ➝νe 3.4

MiniBooNE ν̅ 500 600 ν̅μ➝ν̅e 2.8

Gallium 2 1 νe➝νs 2.8

Reactor 20 5 ν̅e➝ν̅s 2.9

•Hinted by anomalous results at short baselines:



Neutrinoless double beta decay
Generalities
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Double beta decay
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n1
n2

e-

e-

ν̅

ν̅

ββ2ν n1
n2

e- e-

νββ0ν ν

•Rare (Z,A)→(Z+2,A) nuclear transition, with emission of two electrons

•Two basic decay modes

Two neutrino mode

•Observed in several nuclei

•1019-1021 yr half-lives

•Standard Model allowed

Neutrinoless mode

•Not observed yet in Nature

•>1025 yr half-lives

•Would signal Beyond-SM physics



Neutrinoless double beta decay 
and the neutrino questions
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Lepton number violating process 
implying massive Majorana neutrinos

Identity

Mass scale

Mass ordering

Mixing

Species

dL uL

W

W

e−L

e−L

dL uL

ν

 (eV)lightm

-410 -310 -210 -110 1

 (e
V)

m

-310

-210

-110

1

Inverted ordering

Normal ordering

ν1

ν2

ν3

ν1

ν2

ν3

Majorana ν mass: mββ ≡ ｜∑i mi Uei2｜

(Rate)ββ0ν = 1/T1/2 = G0ν⋅|M0ν|2⋅mββ2

eState with
mass mi

μ
τ

|Uei|2

Measure mββ 
⇔

constrain mlight

e- e-



Comparison of ββ isotopes
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Isotope
Q-value
(MeV)

Phase space
G0ν (yr-1 eV-2)

Matrix element
|M0ν|

Isotopic 
abundance (%)

Indicative 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



Facts life of the double beta decay experimentalist
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Facts life of the double beta decay experimentalist
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•Total number of ββ0ν decays that can be observed in a detector is (exercise: derive!)

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
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•Total number of ββ0ν decays that can be observed in a detector is (exercise: derive!)
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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

•Question: for a 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

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

•Assuming that the (unknown) ββ0ν half-life of 136Xe 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

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

•Assuming that the (unknown) ββ0ν half-life of 136Xe is T1/2 = 1027 years, get:

Mββ = 326 kg!

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



Experimental signature
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Rare signature to be isolated in radio-pure detector underground:
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Rare signature to be isolated in radio-pure detector underground:

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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2.Topology of decay electrons (AN ADDITIONAL HANDLE):
•Observe two electrons emitted from a common vertex
•Nothing else

Rare signature to be isolated in radio-pure detector underground:

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



Experimental signature
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2.Topology of decay electrons (AN ADDITIONAL HANDLE):
•Observe two electrons emitted from a common vertex
•Nothing else

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

Rare signature to be isolated in radio-pure detector underground:

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



Underground physics
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•Not only internal backgrounds from 
radioactive impurities in detector components

•Also external backgrounds originated 
outside detector by cosmic ray interactions

•All ββ0ν experiments located underground, 
using rock as shield against cosmics

•Share infrastructures with direct dark matter 
detection experiments
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INFN Gran Sasso National Laboratory
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Ingredients for ββ0ν experiments
Current-generation
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•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!



Existing experimental results on ββ0ν searches
No convincing evidence to date
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6 Adapted from C. Hall  - Lepton Photon,  June 2013  

GERDA

EXO,
K-ZenKlapdor

m
ββ

 (
e

V
)

L. Yang, NuFact 2013

Null results

•Best constraints: mββ∼200 meV 

•136Xe: EXO, KamLAND-Zen

•76Ge: GERDA-1 

Positive result 

•Controversial claim by part of 
Heidelberg-Moscow Collaboration

•T1/2(76Ge)= (2.23+0.44-0.31)⋅1025 yr

•Large tension with null results 

Mod. Phys. Lett., A 21, 1547 (2006) 

After pulse shape analysis (PSA), 
background in ROI dropped from 0.17 
cnts/(keV kg yr) to 0.015 cnts/(keV kg yr)  

Fit intensity @ Q!!= 11.32 ± 1.75 

Authors claim significance of 6.5 ". 

T1/2
0# = 2.23-0.31

+0.44 x 1025 yr. 

Total exposure: 71.7 kg!yr 76Ge 

Fit intensity @ Q!!= 28.75 ± 6.86 

Authors claim significance of 4.2 ". 

T1/2
0# = 1.19-0.23

+0.37 x 1025 yr 

Bi-214 
Bi-214 Q value 

??? 

Spectrum near ROI 

HV. Klapdor-Kleingrothaus, et. al,  
Nucl. Instrum, and Meth, A 522 (2004) 371-406 

Spectrum near ROI,  after pulse shape analysis 

Q value 

12 
H.V. Klapdor-Kleingrothaus, I.V. Krivosheina, Mod.Phys.Lett. A21 (2006)



Neutrinoless double beta decay
A selection of experiments

19



GERDA experiment 
Started in 2011

20

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

•Advantages: energy resolution, radiopurity

•No evidence for ββ0ν of 76Ge. Next step: pulse shape discrimination (GERDA-2)



KamLAND-Zen experiment
Started in 2011
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FIG. 1: (a) Energy spectrum of selected candidate events together
with the best-fit backgrounds and 2νββ decays, and the 90% C.L.
upper limit for 0νββ decays, for the combined data from DS-1 and
DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for
2.2 < E < 3.0MeV after subtracting known background contribu-
tions.

their activity appears to increase proportionally with the area
of the film welding lines. This indicates that the dominant IB
backgrounds may have been introduced during the welding
process from dust containing both natural U and Fukushima
fallout contaminants. The activity of the 214Bi on the IB drives
the spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can
also be observed in the IB backgrounds located in the 0νββ
window on top of the 214Bi contribution, similar in en-
ergy to the peak found within the fiducial volume. To ex-
plore this activity we performed two-dimensional fits in R
and energy, assuming that the only contributions on the IB
are from 214Bi and 110mAg. Floating the rates from back-
ground sources uniformly distributed in the Xe-LS, the fit
results for the 214Bi and 110mAg event rates on the IB are
19.0± 1.8 day−1and 3.3± 0.4 day−1, respectively, for DS-1,
and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-
tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, where the uncertainties include the uncertainty in
the IB position.

The energy spectra of selected candidate events for DS-1
and DS-2 are shown in Fig. 1. The ββ decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The back-
ground rates described above are floated but constrained by
their estimated values, as are the detector energy response
model parameters. As discussed in Ref. [2], contributions
from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y
(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-
cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-
cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential
background sources in the 0νββ region of interest. The in-
creased exposure time of this data set allows for improved
constraints on the identity of the background due to the differ-
ent lifetimes of the considered isotopes. Fig. 2 shows the event
rate time variation in the energy range 2.2 < E < 3.0MeV,
which exhibits a strong preference for the lifetime of 110mAg,
if the filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the estimated
removal efficiency of 110mAg is (1±19)%, indicating that the
Xe-LS filtration was not effective in reducing the background.
In the fit to extract the 0νββ limit we include all candidate
sources in the Xe-LS, considering the possibility of composite
contributions and allowing for independent background rates
before and after the filtration.

The best-fit event rate of 136Xe 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. These results are
consistent within the uncertainties, and both data sets indicate
a uniform distribution of the Xe throughout the Xe-LS. They
are also consistent with EXO-200 [3] and that obtained with a
smaller exposure [4], which requires the FV cut R < 1.2m to
avoid the large 134Cs backgrounds on the IB, more appropri-
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FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-
ground contributions. The three fitted curves correspond to the
hypotheses that all events in the 0νββ window are from 110mAg
(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the
Xe-LS filtration period; no reduction in the fitted isotope is assumed
for the χ2 calculation.

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

•Advantages: mass scalability, buffer region

•No evidence for ββ0ν of 136Xe

•Next steps: purification campaign, more xenon mass, better energy resolution



EXO experiment
Started in 2011
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•Cryogenic TPC filled with 80 kg (fiducial) liquid xenon

•Advantages: mass scalability, some topology

•No evidence for ββ0ν of 136Xe

•Next: nEXO (5 tons!) and tagging of barium daughters?



CUORE experiment
Started in 2013
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•Towers of Te02 crystals. ββ decay energy measurable as temperature increase

•Advantages: energy resolution, mass scalability

•CUORE-0 results expected soon

•Next step: full CUORE, scintillating bolometers (heat plus scintillation readout)



NEXT experiment
Starting in 2015
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•Electroluminescent TPC with 100 kg of high-pressure
 136Xe gas

•Advantages: energy resolution, image electron tracks

•2008-2013: R&D phase with 1 kg-scale prototypes

•2014-2016: 10 kg detector at LSC

•2016-2020: full 100 kg detector at LSC

a nextLSC
Laboratorio Subterráneo de Canfranc
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ββ0ν experiments comparison: mass, background
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[From O. Cremonesi, M. Pavan, arXiv:1310.4692]
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ββ0ν experiments comparison: sensitivity
Current-generation experiments should reach mββ ~100 meV

[From J.J. Gomez-Cadenas et al., Riv.Nuovo Cim. 35 (2012)]

Inverted ordering,
mlight ~ 0



Discovery potential
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Possible, but unlikely, that current-
generation experiments will discover ββ0ν
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Goal for next-generation (2020+) experiments 
15 meV Majorana neutrino mass sensitivity

28

Guaranteed ββ0ν discovery if 
neutrinos are Majorana and 

have “inverted” mass ordering
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•Ton-scale detector necessary but not 
sufficient requirement to reach 15 meV
→ R&D



Direct neutrino mass measurements

29



30

Radioactive decays
A reminder

•β- decay: (Z,A) → (Z+1,A) + e- + ν̅e

•β+ decay: (Z,A) → (Z-1,A) + e+ + νe

•Electron Capture (EC): (Z,A) + e- → (Z-1,A)∗ + νe 
→ (Z-1,A) + γ/e- + νe

•Three types of (1st order) nuclear transitions 
producing neutrinos or antineutrinos:

•Information on neutrino mass from 
kinematics of emitted electrons (and photons)



Beta-decay energy spectrum
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3

Tritium beta decay and neutrino 
mass

KATRIN Task: 
Investigate Tritium endpoint  with sub-eV precision

KATRIN Aim:
Improve m! sensitivity 10 x (2eV  ! 0.2eV )

Requirements:
• Strong source
• Excellent energy resolution 
• Small endpoint energy E0

• Long term stability
• Low background rate

Decay Rate:

|�3
He + e

− + ν̄|T |3H�|2 ∼ pE(E0 − E)
�

k |Uek|2
�

(E0 − E)2 − m
2
k
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Tritium beta decay and neutrino 
mass

KATRIN Task: 
Investigate Tritium endpoint  with sub-eV precision

KATRIN Aim:
Improve m! sensitivity 10 x (2eV  ! 0.2eV )

Requirements:
• Strong source
• Excellent energy resolution 
• Small endpoint energy E0

• Long term stability
• Low background rate

•Phase space determines electron energy spectrum 

•Massive neutrinos distort the end-point spectrum:

dN/dKe ∝ F(Ke,Z)⋅pe⋅(Ke+me)⋅(E0-Ke)⋅[(E0-Ke)2-mβ2]1/2

Observable: β decay neutrino mass
Endpoint energy (Q-value): E0 = Ke + Eν

mβ = (∑i |Uei
2|⋅mi

2)1/2



Experimental requirements
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dN/dKe ∝ F(Ke,Z)⋅pe⋅(Ke+me)⋅(E0-Ke)⋅[(E0-Ke)2-mβ2]1/2



Experimental requirements
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dN/dKe ∝ F(Ke,Z)⋅pe⋅(Ke+me)⋅(E0-Ke)⋅[(E0-Ke)2-mβ2]1/2

•Low endpoint energy E0 → 3H, 187Re, 163Ho

Isotope Qβ-value (keV)
3H 18.6

163Ho 2.3-2.8
187Re 2.5



Experimental requirements
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dN/dKe ∝ F(Ke,Z)⋅pe⋅(Ke+me)⋅(E0-Ke)⋅[(E0-Ke)2-mβ2]1/2

•Low endpoint energy E0 → 3H, 187Re, 163Ho

Isotope Qβ-value (keV)
3H 18.6

163Ho 2.3-2.8
187Re 2.5

•High energy resolution

•High luminosity

•Low background
MAC-E-Filters or Bolometers→}



MAC-E-Filter technique
Magnetic Adiabatic Collimation combined with an Electrostatic Filter
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1.Electrons emitted isotropically at T2 source
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3.Adiabatic transformation of cyclotron motion 
into longitudinal motion 
→ Broad beam almost parallel to B field lines
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4.Beam running against electrostatic potential 
formed by cylindrical electrodes
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1.Electrons emitted isotropically at T2 source

1
2 2.Guided magnetically on a cyclotron motion

3

3.Adiabatic transformation of cyclotron motion 
into longitudinal motion 
→ Broad beam almost parallel to B field lines

4

4.Beam running against electrostatic potential 
formed by cylindrical electrodes

5

5.Electrons with enough energy to pass 
electrostatic barrier are reaccelerated and 
collimated onto a detector
→ Integrating high-energy pass filter



MAC-E-Filter technique
Magnetic Adiabatic Collimation combined with an Electrostatic Filter
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Measure β spectrum endpoint by varying electrostatic potential close to Q-value

1.Electrons emitted isotropically at T2 source

1
2 2.Guided magnetically on a cyclotron motion

3

3.Adiabatic transformation of cyclotron motion 
into longitudinal motion 
→ Broad beam almost parallel to B field lines

4

4.Beam running against electrostatic potential 
formed by cylindrical electrodes

5

5.Electrons with enough energy to pass 
electrostatic barrier are reaccelerated and 
collimated onto a detector
→ Integrating high-energy pass filter



Mainz and Troitsk experiments
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Troitsk

No evidence for non-zero neutrino mass from β decay experiments

Mainz

mβ2 = -2.3 ± 2.5 ± 2.0 eV2 mβ2 = -0.6 ± 2.2 ± 2.1 eV2

mβ < 2.1 eV (95% CL) mβ < 2.3 eV (95% CL)

dN/dKe ∝ F(Ke,Z)⋅pe⋅(Ke+me)⋅(E0-Ke)⋅[(E0-Ke)2-mβ2]1/2



KATRIN experiment
Starting in 2017?
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•Electron energy analysis + detection
•MAC-E-Filter technique with largest spectrometer to date!

•Tritium source
•Low end-point (18.6 keV), intense (1011 β decays/sec))

Tritium source
Electron transport +

tritium retention
Energy analysis + detection

70 m
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Inverted ordering

Normal ordering

KATRIN sensitivity

KATRIN design sensitivity
Assuming 3 years exposure
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•Sensitivity down to mβ = 0.2 eV at 90% CL

•One order of magnitude improvement over 
Mainz and Troitsk

•Discovery potential:

•3.5σ if mβ = 0.3 eV

•5σ if mβ = 0.35 eV

90% CL

•Sensitive to ~ mass-degenerate neutrinos only
(no sensitivity to mass ordering)



Cryogenic bolometers
Electron capture of 163Ho or β decay of 187Re: ECHo, HOLMES, MARE
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•Detectors with small heat capacity Ctot 
→ operate at ultra-low temperatures: T < 100 mK

•Small deposited energy ΔE results in large 
temperature increase: ΔT = ΔE/Ctot 

•Only detectors capable of measuring <3 keV 
energy with high precision

Christian Weinheimer !Mass, Milano, February 2013 9

Measures temperature rise by
"-decay in an absorber

! all energy except that
of the neutrino is measured

! „single final state experiment“,
no problems with inelastic 
scattering, backscattering, …

Disadvantage: 
measure whole spectrum at once
! pile-up problem

! need many detector pixels

Cryogenic bolometers, e.g. with 187Re

#T = #E / C
Debye: 
    C ! T3    
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Thermalization 
lead
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FIG. 18: a) Schematic of a MMC detector chip for the 163Ho implantation experiment. The four double-meander
pick up coils are located in the center of the chip. b) The magnified region shows a detailed picture of one detector.

Only one side of the two double-meander pick-up coil is equipped with sensor and absorber. c) A simplified
three-dimensional picture of one detector is shown. In red is indicated the position where the 163Ho ions are

implanted. Reprinted from [7]

for MMCs, is a dilute alloy of erbium in gold, Au:Er. The concentration of erbium ions in the sensor can be chosen to
optimize the detector performance and usually varies between 200 ppm and 800 ppm. The spectral resolving power of
a state of the art MMCs for soft x-rays is above 2000. For completely micro-structured detectors, an energy resolution
of∆EFWHM = 2 eV at 6 keV and a signal rise-time τr = 0.09µs [4] have been achieved. Moreover the read-out scheme
for MMCs is compatible with several multiplexing techniques developed for low temperature micro-calorimeters, in
particular with the microwave multiplexing as will be discussed in the following. The achieved performance suggests
that MMCs are suitable detectors for measuring the high precision and high statistics EC spectrum of 163Ho.

A first test experiment to investigate the behavior of a MMC detector with 163Ho ion-implanted in the absorber
has been successfully performed [5]. The 163Ho was produced at ISOLDE-CERN [6] by irradiating with a proton
beam a Ta-W target. After surface ionization, a mass-selected beam with ions having mass 163 u was directed onto
the detector chip and collimated on a surface having the diameter of about 2mm. Fig. 18a) shows the layout of
the first prototype of detector chip for the measurement of the 163Ho EC spectrum. The chip is equipped with four
detectors. The detectors are based on the niobium double-meander pick-up coil geometry [3]. The details of the single
detector are shown in the magnification, Fig. 18b). In particular only one side of the double-meander pick-up coil has
been equipped with Au:Er sensor and absorber to better characterize the thermo-dynamical properties of sensor and
absorber materials. The description of the chip design and fabrication is given in [5]. A schematic cross-section of the
detector is shown in Fig. 18c). The absorber is composed of two gold layers, each of dimensions 190 × 190 × 5µm3.
On top of the first gold layer, indicated as ”absorber bottom”, the area where the 163Ho is implanted is indicated
in red and has dimensions 160 × 160µm2. This area is smaller than the absorber area in order to avoid loss of
energy through the side walls of the absorber and therefore to achieve the complete quantum efficiency. During the
implantation process, the complete chip besides the four 160× 160µm2 squares was protected with photo-resist. The
163Ho activity in each pixel was approximately 10−2 Bq, corresponding to about 1010 implanted ions. A few tests
have been performed with these detectors showing that the implantation process did not degrade the performance of
the MMC [5]. With this first measurements, the presently most precise calorimetric measurement of the 163Ho EC
spectrum was obtained. Fig. 19 shows the measured spectrum. The largest background is due to the EC of 144Pm
that was mass-selected and implanted as PmF+ together with the 163Ho ions. Presently many efforts are dedicated
to the production of high purity 163Ho sources as will be discussed in the next section. The detailed description of
this 163Ho EC spectrum is discussed in [7]. The measured energy resolution was ∆E � 12 eV and the rise-time
τr � 100 ns. The position of the energy peaks was defined within few eV and the obtained best estimati on of the
total energy available to the 163Ho decay was QEC = (2.80 ± 0.08) keV.

The results achieved with the first prototype of MMC featuring an absorber with implanted 163Ho ions and the
possibility to improve the energy resolution of the detectors, as discussed in [5] indicate that MMCs meet all the
requirements to be used for the high precision measurement of the 163Ho EC spectrum to investigate the electron
neutrino mass. The aim of the ECHo collaboration is to develop MMCs with 1011 − 1013 163Ho ion in each absorber,
corresponding to an activity per pixel of 1 to 100 Bq, having an energy resolution below 3 eV and a pulse rise-time
below 100 ns. A very important aspect of the optimization of the MMCs is the production of the absorber containing
the 163Ho ions. In particular different materials with different concentrations of 163Ho will be tested as well as different
methods to insert the 163Ho ions in the energy absorbers of MMCs will be investigated as for example ion-implantation
and thermo-reduction of the 163Ho source followed by the preparation of an alloy.

In order to reach the 163Ho activity to perform the experiment the total number of detectors ranges from 104 to
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•Detectors with small heat capacity Ctot 
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FIG. 18: a) Schematic of a MMC detector chip for the 163Ho implantation experiment. The four double-meander
pick up coils are located in the center of the chip. b) The magnified region shows a detailed picture of one detector.

Only one side of the two double-meander pick-up coil is equipped with sensor and absorber. c) A simplified
three-dimensional picture of one detector is shown. In red is indicated the position where the 163Ho ions are

implanted. Reprinted from [7]

for MMCs, is a dilute alloy of erbium in gold, Au:Er. The concentration of erbium ions in the sensor can be chosen to
optimize the detector performance and usually varies between 200 ppm and 800 ppm. The spectral resolving power of
a state of the art MMCs for soft x-rays is above 2000. For completely micro-structured detectors, an energy resolution
of∆EFWHM = 2 eV at 6 keV and a signal rise-time τr = 0.09µs [4] have been achieved. Moreover the read-out scheme
for MMCs is compatible with several multiplexing techniques developed for low temperature micro-calorimeters, in
particular with the microwave multiplexing as will be discussed in the following. The achieved performance suggests
that MMCs are suitable detectors for measuring the high precision and high statistics EC spectrum of 163Ho.

A first test experiment to investigate the behavior of a MMC detector with 163Ho ion-implanted in the absorber
has been successfully performed [5]. The 163Ho was produced at ISOLDE-CERN [6] by irradiating with a proton
beam a Ta-W target. After surface ionization, a mass-selected beam with ions having mass 163 u was directed onto
the detector chip and collimated on a surface having the diameter of about 2mm. Fig. 18a) shows the layout of
the first prototype of detector chip for the measurement of the 163Ho EC spectrum. The chip is equipped with four
detectors. The detectors are based on the niobium double-meander pick-up coil geometry [3]. The details of the single
detector are shown in the magnification, Fig. 18b). In particular only one side of the double-meander pick-up coil has
been equipped with Au:Er sensor and absorber to better characterize the thermo-dynamical properties of sensor and
absorber materials. The description of the chip design and fabrication is given in [5]. A schematic cross-section of the
detector is shown in Fig. 18c). The absorber is composed of two gold layers, each of dimensions 190 × 190 × 5µm3.
On top of the first gold layer, indicated as ”absorber bottom”, the area where the 163Ho is implanted is indicated
in red and has dimensions 160 × 160µm2. This area is smaller than the absorber area in order to avoid loss of
energy through the side walls of the absorber and therefore to achieve the complete quantum efficiency. During the
implantation process, the complete chip besides the four 160× 160µm2 squares was protected with photo-resist. The
163Ho activity in each pixel was approximately 10−2 Bq, corresponding to about 1010 implanted ions. A few tests
have been performed with these detectors showing that the implantation process did not degrade the performance of
the MMC [5]. With this first measurements, the presently most precise calorimetric measurement of the 163Ho EC
spectrum was obtained. Fig. 19 shows the measured spectrum. The largest background is due to the EC of 144Pm
that was mass-selected and implanted as PmF+ together with the 163Ho ions. Presently many efforts are dedicated
to the production of high purity 163Ho sources as will be discussed in the next section. The detailed description of
this 163Ho EC spectrum is discussed in [7]. The measured energy resolution was ∆E � 12 eV and the rise-time
τr � 100 ns. The position of the energy peaks was defined within few eV and the obtained best estimati on of the
total energy available to the 163Ho decay was QEC = (2.80 ± 0.08) keV.

The results achieved with the first prototype of MMC featuring an absorber with implanted 163Ho ions and the
possibility to improve the energy resolution of the detectors, as discussed in [5] indicate that MMCs meet all the
requirements to be used for the high precision measurement of the 163Ho EC spectrum to investigate the electron
neutrino mass. The aim of the ECHo collaboration is to develop MMCs with 1011 − 1013 163Ho ion in each absorber,
corresponding to an activity per pixel of 1 to 100 Bq, having an energy resolution below 3 eV and a pulse rise-time
below 100 ns. A very important aspect of the optimization of the MMCs is the production of the absorber containing
the 163Ho ions. In particular different materials with different concentrations of 163Ho will be tested as well as different
methods to insert the 163Ho ions in the energy absorbers of MMCs will be investigated as for example ion-implantation
and thermo-reduction of the 163Ho source followed by the preparation of an alloy.

In order to reach the 163Ho activity to perform the experiment the total number of detectors ranges from 104 to
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for MMCs, is a dilute alloy of erbium in gold, Au:Er. The concentration of erbium ions in the sensor can be chosen to
optimize the detector performance and usually varies between 200 ppm and 800 ppm. The spectral resolving power of
a state of the art MMCs for soft x-rays is above 2000. For completely micro-structured detectors, an energy resolution
of∆EFWHM = 2 eV at 6 keV and a signal rise-time τr = 0.09µs [4] have been achieved. Moreover the read-out scheme
for MMCs is compatible with several multiplexing techniques developed for low temperature micro-calorimeters, in
particular with the microwave multiplexing as will be discussed in the following. The achieved performance suggests
that MMCs are suitable detectors for measuring the high precision and high statistics EC spectrum of 163Ho.

A first test experiment to investigate the behavior of a MMC detector with 163Ho ion-implanted in the absorber
has been successfully performed [5]. The 163Ho was produced at ISOLDE-CERN [6] by irradiating with a proton
beam a Ta-W target. After surface ionization, a mass-selected beam with ions having mass 163 u was directed onto
the detector chip and collimated on a surface having the diameter of about 2mm. Fig. 18a) shows the layout of
the first prototype of detector chip for the measurement of the 163Ho EC spectrum. The chip is equipped with four
detectors. The detectors are based on the niobium double-meander pick-up coil geometry [3]. The details of the single
detector are shown in the magnification, Fig. 18b). In particular only one side of the double-meander pick-up coil has
been equipped with Au:Er sensor and absorber to better characterize the thermo-dynamical properties of sensor and
absorber materials. The description of the chip design and fabrication is given in [5]. A schematic cross-section of the
detector is shown in Fig. 18c). The absorber is composed of two gold layers, each of dimensions 190 × 190 × 5µm3.
On top of the first gold layer, indicated as ”absorber bottom”, the area where the 163Ho is implanted is indicated
in red and has dimensions 160 × 160µm2. This area is smaller than the absorber area in order to avoid loss of
energy through the side walls of the absorber and therefore to achieve the complete quantum efficiency. During the
implantation process, the complete chip besides the four 160× 160µm2 squares was protected with photo-resist. The
163Ho activity in each pixel was approximately 10−2 Bq, corresponding to about 1010 implanted ions. A few tests
have been performed with these detectors showing that the implantation process did not degrade the performance of
the MMC [5]. With this first measurements, the presently most precise calorimetric measurement of the 163Ho EC
spectrum was obtained. Fig. 19 shows the measured spectrum. The largest background is due to the EC of 144Pm
that was mass-selected and implanted as PmF+ together with the 163Ho ions. Presently many efforts are dedicated
to the production of high purity 163Ho sources as will be discussed in the next section. The detailed description of
this 163Ho EC spectrum is discussed in [7]. The measured energy resolution was ∆E � 12 eV and the rise-time
τr � 100 ns. The position of the energy peaks was defined within few eV and the obtained best estimati on of the
total energy available to the 163Ho decay was QEC = (2.80 ± 0.08) keV.

The results achieved with the first prototype of MMC featuring an absorber with implanted 163Ho ions and the
possibility to improve the energy resolution of the detectors, as discussed in [5] indicate that MMCs meet all the
requirements to be used for the high precision measurement of the 163Ho EC spectrum to investigate the electron
neutrino mass. The aim of the ECHo collaboration is to develop MMCs with 1011 − 1013 163Ho ion in each absorber,
corresponding to an activity per pixel of 1 to 100 Bq, having an energy resolution below 3 eV and a pulse rise-time
below 100 ns. A very important aspect of the optimization of the MMCs is the production of the absorber containing
the 163Ho ions. In particular different materials with different concentrations of 163Ho will be tested as well as different
methods to insert the 163Ho ions in the energy absorbers of MMCs will be investigated as for example ion-implantation
and thermo-reduction of the 163Ho source followed by the preparation of an alloy.

In order to reach the 163Ho activity to perform the experiment the total number of detectors ranges from 104 to
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•Measures all released energy except that of the 
neutrino, no final atomic/molecular states involved
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FIG. 18: a) Schematic of a MMC detector chip for the 163Ho implantation experiment. The four double-meander
pick up coils are located in the center of the chip. b) The magnified region shows a detailed picture of one detector.

Only one side of the two double-meander pick-up coil is equipped with sensor and absorber. c) A simplified
three-dimensional picture of one detector is shown. In red is indicated the position where the 163Ho ions are
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for MMCs, is a dilute alloy of erbium in gold, Au:Er. The concentration of erbium ions in the sensor can be chosen to
optimize the detector performance and usually varies between 200 ppm and 800 ppm. The spectral resolving power of
a state of the art MMCs for soft x-rays is above 2000. For completely micro-structured detectors, an energy resolution
of∆EFWHM = 2 eV at 6 keV and a signal rise-time τr = 0.09µs [4] have been achieved. Moreover the read-out scheme
for MMCs is compatible with several multiplexing techniques developed for low temperature micro-calorimeters, in
particular with the microwave multiplexing as will be discussed in the following. The achieved performance suggests
that MMCs are suitable detectors for measuring the high precision and high statistics EC spectrum of 163Ho.

A first test experiment to investigate the behavior of a MMC detector with 163Ho ion-implanted in the absorber
has been successfully performed [5]. The 163Ho was produced at ISOLDE-CERN [6] by irradiating with a proton
beam a Ta-W target. After surface ionization, a mass-selected beam with ions having mass 163 u was directed onto
the detector chip and collimated on a surface having the diameter of about 2mm. Fig. 18a) shows the layout of
the first prototype of detector chip for the measurement of the 163Ho EC spectrum. The chip is equipped with four
detectors. The detectors are based on the niobium double-meander pick-up coil geometry [3]. The details of the single
detector are shown in the magnification, Fig. 18b). In particular only one side of the double-meander pick-up coil has
been equipped with Au:Er sensor and absorber to better characterize the thermo-dynamical properties of sensor and
absorber materials. The description of the chip design and fabrication is given in [5]. A schematic cross-section of the
detector is shown in Fig. 18c). The absorber is composed of two gold layers, each of dimensions 190 × 190 × 5µm3.
On top of the first gold layer, indicated as ”absorber bottom”, the area where the 163Ho is implanted is indicated
in red and has dimensions 160 × 160µm2. This area is smaller than the absorber area in order to avoid loss of
energy through the side walls of the absorber and therefore to achieve the complete quantum efficiency. During the
implantation process, the complete chip besides the four 160× 160µm2 squares was protected with photo-resist. The
163Ho activity in each pixel was approximately 10−2 Bq, corresponding to about 1010 implanted ions. A few tests
have been performed with these detectors showing that the implantation process did not degrade the performance of
the MMC [5]. With this first measurements, the presently most precise calorimetric measurement of the 163Ho EC
spectrum was obtained. Fig. 19 shows the measured spectrum. The largest background is due to the EC of 144Pm
that was mass-selected and implanted as PmF+ together with the 163Ho ions. Presently many efforts are dedicated
to the production of high purity 163Ho sources as will be discussed in the next section. The detailed description of
this 163Ho EC spectrum is discussed in [7]. The measured energy resolution was ∆E � 12 eV and the rise-time
τr � 100 ns. The position of the energy peaks was defined within few eV and the obtained best estimati on of the
total energy available to the 163Ho decay was QEC = (2.80 ± 0.08) keV.

The results achieved with the first prototype of MMC featuring an absorber with implanted 163Ho ions and the
possibility to improve the energy resolution of the detectors, as discussed in [5] indicate that MMCs meet all the
requirements to be used for the high precision measurement of the 163Ho EC spectrum to investigate the electron
neutrino mass. The aim of the ECHo collaboration is to develop MMCs with 1011 − 1013 163Ho ion in each absorber,
corresponding to an activity per pixel of 1 to 100 Bq, having an energy resolution below 3 eV and a pulse rise-time
below 100 ns. A very important aspect of the optimization of the MMCs is the production of the absorber containing
the 163Ho ions. In particular different materials with different concentrations of 163Ho will be tested as well as different
methods to insert the 163Ho ions in the energy absorbers of MMCs will be investigated as for example ion-implantation
and thermo-reduction of the 163Ho source followed by the preparation of an alloy.

In order to reach the 163Ho activity to perform the experiment the total number of detectors ranges from 104 to

Advantage:
•Measures all released energy except that of the 
neutrino, no final atomic/molecular states involved

•Sub-eV neutrino mass sensitivity within reach?



Neutrino cosmology
Constraints on neutrino mass

40



Neutrinos from the Big Bang
See W. Percival’s lectures

41

!"#$%&'()*'"%+,)-"./
0123 0423 2 423 123 523 623 2323 2423 2123 2523 2623

7
%(
88
09
":
$&(
')
-;
</

0=223

04623

04>23

04423

02?23

02523

02=23

02323

0@23

0123

0223

A&+)AB'+

9(CB%
D"%%"8$%&BC

E"B:$(%
F$;(8GH"%&:

F::"C"%B$(%

IBCB:$&:

!"#$!%&#$

'()%*$

+,-./01$

$$

2334)4*%5(*$

'674*89$$
!(*4:"&($
$';-<$
./;'$$

=>74*89$

'674*;(?%$

9%@.2;A$
A(6B)4$CD((E$
A%>%$!%>$
$FG;-$
H/;-$

H/;-8IJ$$
HKC-C=/,$
A2;''$

+H-'+/C,$
',/H/-$

'674*89$
0K;-'<$
K34C6B4$$
+K;LG$$
.!;/$

K;-MKC2.$
=>74*89$
.2LG;2$

'674*89$$
!(*4:"&($$
9%@.2;A$

.NA$
K34C6B4M+K;LG$$

=>74*89$
.!;/$
';-<$

.2LG;2$
O2,C=02;$

25@(P7D4*"3$

H4%35(*$

C(P@"3$

K34C6B4M+K;LG$
2;,2H/'$
2;K,2$

2H2M2HK2;;2$
90Q;/,$
/N2$

0K;-'<$
,R9$
;-?2$

=>74*89$
.!;-$
H2A2H$
C="+'$
.!;/$

0K;/H?2$
0"3*(!((;/$
0"&"!((;/<$
KC2HG'M;/''"/$
.2*ST$'3";-?2$
A2/!2.G'$
C'KT$C/;;'$

C2+,2K;T$-P3';'$
"',-H0$
;602U$

$

C*
(P
P$'

43
V(

&$
W$"

4$4
$!

$"
4$4

$"&
$@

BX
$

;465*"&($/&4*#>$W4NX$

,4**4P5*"%)$



Neutrinos from the Big Bang
See W. Percival’s lectures

41

!"#$%&'()*'"%+,)-"./
0123 0423 2 423 123 523 623 2323 2423 2123 2523 2623

7
%(
88
09
":
$&(
')
-;
</

0=223

04623

04>23

04423

02?23

02523

02=23

02323

0@23

0123

0223

A&+)AB'+

9(CB%
D"%%"8$%&BC

E"B:$(%
F$;(8GH"%&:

F::"C"%B$(%

IBCB:$&:

!"#$!%&#$

'()%*$

+,-./01$

$$

2334)4*%5(*$

'674*89$$
!(*4:"&($
$';-<$
./;'$$

=>74*89$

'674*;(?%$

9%@.2;A$
A(6B)4$CD((E$
A%>%$!%>$
$FG;-$
H/;-$

H/;-8IJ$$
HKC-C=/,$
A2;''$

+H-'+/C,$
',/H/-$

'674*89$
0K;-'<$
K34C6B4$$
+K;LG$$
.!;/$

K;-MKC2.$
=>74*89$
.2LG;2$

'674*89$$
!(*4:"&($$
9%@.2;A$

.NA$
K34C6B4M+K;LG$$

=>74*89$
.!;/$
';-<$

.2LG;2$
O2,C=02;$

25@(P7D4*"3$

H4%35(*$

C(P@"3$

K34C6B4M+K;LG$
2;,2H/'$
2;K,2$

2H2M2HK2;;2$
90Q;/,$
/N2$

0K;-'<$
,R9$
;-?2$

=>74*89$
.!;-$
H2A2H$
C="+'$
.!;/$

0K;/H?2$
0"3*(!((;/$
0"&"!((;/<$
KC2HG'M;/''"/$
.2*ST$'3";-?2$
A2/!2.G'$
C'KT$C/;;'$

C2+,2K;T$-P3';'$
"',-H0$
;602U$

$

C*
(P
P$'

43
V(

&$
W$"

4$4
$!

$"
4$4

$"&
$@

BX
$

;465*"&($/&4*#>$W4NX$

,4**4P5*"%)$

•As the Universe expands (cools), neutrinos transition from a state where they are in 
thermal equilibrium with electrons, to one where they are decoupled from them
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•Neutrino decoupling occurs when

ν+ν̅ annihilation rate: 

Γ = nν σν v ∝ T5

Expansion rate: 

H(t) ∝ T2= T ≈ 1 MeV

•As the Universe expands (cools), neutrinos transition from a state where they are in 
thermal equilibrium with electrons, to one where they are decoupled from them
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•Neutrino decoupling occurs when

ν+ν̅ annihilation rate: 

Γ = nν σν v ∝ T5

Expansion rate: 

H(t) ∝ T2= T ≈ 1 MeV

•Neutrino decoupling occurs just before e+e- annihilations, so they take no share of 
released energy in this process and they are colder than CMB photons:

Tν0 =
(

4
11

)1/3
T0 = 1.945 K ! 1.697× 10−4 eV

≡ nνi
(Tν0) ≈ 56 cm−3

•Tν0: temperature of neutrinos today

•T0: temperature of photons today

•As the Universe expands (cools), neutrinos transition from a state where they are in 
thermal equilibrium with electrons, to one where they are decoupled from them
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•What is the contribution of massive neutrinos to the energy density today?
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•What is the contribution of massive neutrinos to the energy density today?

, then the energy density per flavour is ρν = mνnν , or, equivalently,Ωνh
2 =

�
mν

93 eV

•Since mν >> Tν0, neutrinos are non-relativistic and contribute to the matter density today:



Massive neutrinos from the Big Bang
See W. Percival’s lectures

42

•Neutrino dark matter is hot, with a large velocity dispersion:

•Galaxy velocity dispersions ≈ 100 km/s or less

• Sub-eV neutrinos have too much thermal energy to be packed into galaxy-sized 
self-gravitating systems

•Neutrinos cannot be the dominant galactic dark matter

�vthermal� � 81(1 + z)
�
eV

mν

�
km s−1

.
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•What is the contribution of massive neutrinos to the energy density today?

, then the energy density per flavour is ρν = mνnν , or, equivalently,Ωνh
2 =

�
mν

93 eV

•Since mν >> Tν0, neutrinos are non-relativistic and contribute to the matter density today:
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Early Integrated Sachs Wolfe (ISW) effect:

•Sub-eV neutrinos contributed to the radiation energy density at early times
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•The transition from relativistic to non-relativistic neutrinos occurred close in time to 
photon decoupling period (redshift: z=1100)
→effect imprinted in CMB anisotropies, especially around the first peak of the CMB 
temperature power spectrum

Early Integrated Sachs Wolfe (ISW) effect:

•Sub-eV neutrinos contributed to the radiation energy density at early times
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•The transition from relativistic to non-relativistic neutrinos occurred close in time to 
photon decoupling period (redshift: z=1100)
→effect imprinted in CMB anisotropies, especially around the first peak of the CMB 
temperature power spectrum

Sub-eV massive neutrinos cosmological signatures...

ISW

(K.Ichikawa’08)!

@ CMB: Early Integrated Sachs Wolfe effect (ISW).!
          Shift in the angular position of the peaks.
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Figure 1. (a) Effects of massive neutrinos on the CMB TT power spectrum. (b) ∆χ2 of WMAP
data as functions of the neutrino mass mν . ∆χ2 = 4 roughly corresponds to 95% C.L. limit.
The blue dashed line uses the WMAP1 (TT+TE) [3] and the red solid line uses the full WMAP3
including temperature and polarization.

ωc is CDM density (Caution that many literatures define ωm ≡ ωb+ωc+ων to include the massive
neutrino in the matter density). ων is related to neutrino masses by ων =

∑
mν/(94.1 eV) and

we assume three mass degenerate generations of neutrinos so that ων = mν/(31.4 eV).

2. WMAP alone limit
We begin with showing how CMB power spectrum is modified by increasing neutrino mass in
Fig. 1 (a). The other cosmological parameters are fixed here. In this figure, we see horizontal
shift and suppression around the first peak. The horizontal shift comes from the fact that
the larger mν (more non-relativistic particles at present epoch) implies that the distance to
the last scattering surface is shorter and the peaks move to smaller #. However, this shift is
easily cancelled by the shift in h. Therefore this does not produce a neutrino mass signal.
The suppression of the 1st peak takes place only when mν

>
∼ 0.6 eV. This corresponds to 0.3 eV

in terms of photon temperature Tγ . Meanwhile, the recombination takes place at z ≈ 1088
or Tγ ≈ 0.3 eV. In other words, massive neutrinos become non-relativistic before the epoch of
recombination if they are heavier than 0.6 eV. Therefore, only in this case, the neutrino mass can
significantly imprint a characteristic signal in acoustic peaks (specifically, the matter-radiation
equality occurs earlier due to less relativistic degrees of freedom and the enhancement of the 1st
peak by the early-integrated Sachs-Wolfe effect is smaller).

This signal, however, could be accidentally mimicked by some combination of other
cosmological parameters. So we searched a large cosmological parameter space in order to
find the degree of degeneracy between mν and the other cosmological parameters. For each
value of mν , we varied 6 other ΛCDM cosmological parameters to find minimum χ2. The results
are shown in Fig. 1 (b) [7]. The WMAP1 result [3] is also shown. We obtained the upper bound
of 0.63 eV from WMAP3 alone1 and notice that the WMAP3 constraint is not improved much
from the WMAP1 limit. This is reasonable because the neutrino mass (larger than 0.6 eV)
characteristically modifies the acoustic peaks around 1st and 2nd peaks in the temperature
power spectrum and these regions are already well measured by the WMAP1.

1 There is small difference from the limit reported in [7] (0.68 eV) because we here report the one obtained with
the updated likelihood code (ver. Nov. 2006) by the WMAP team. Our new limit here is consistent with that of
published version of the WMAP 3-year paper [8], mν < 0.60 eV.
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the larger mν (more non-relativistic particles at present epoch) implies that the distance to
the last scattering surface is shorter and the peaks move to smaller #. However, this shift is
easily cancelled by the shift in h. Therefore this does not produce a neutrino mass signal.
The suppression of the 1st peak takes place only when mν
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∼ 0.6 eV. This corresponds to 0.3 eV

in terms of photon temperature Tγ . Meanwhile, the recombination takes place at z ≈ 1088
or Tγ ≈ 0.3 eV. In other words, massive neutrinos become non-relativistic before the epoch of
recombination if they are heavier than 0.6 eV. Therefore, only in this case, the neutrino mass can
significantly imprint a characteristic signal in acoustic peaks (specifically, the matter-radiation
equality occurs earlier due to less relativistic degrees of freedom and the enhancement of the 1st
peak by the early-integrated Sachs-Wolfe effect is smaller).

This signal, however, could be accidentally mimicked by some combination of other
cosmological parameters. So we searched a large cosmological parameter space in order to
find the degree of degeneracy between mν and the other cosmological parameters. For each
value of mν , we varied 6 other ΛCDM cosmological parameters to find minimum χ2. The results
are shown in Fig. 1 (b) [7]. The WMAP1 result [3] is also shown. We obtained the upper bound
of 0.63 eV from WMAP3 alone1 and notice that the WMAP3 constraint is not improved much
from the WMAP1 limit. This is reasonable because the neutrino mass (larger than 0.6 eV)
characteristically modifies the acoustic peaks around 1st and 2nd peaks in the temperature
power spectrum and these regions are already well measured by the WMAP1.

1 There is small difference from the limit reported in [7] (0.68 eV) because we here report the one obtained with
the updated likelihood code (ver. Nov. 2006) by the WMAP team. Our new limit here is consistent with that of
published version of the WMAP 3-year paper [8], mν < 0.60 eV.
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•Sensitive to sum of neutrino masses

Early Integrated Sachs Wolfe (ISW) effect:

•Sub-eV neutrinos contributed to the radiation energy density at early times
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mν=0

mν=7 eV

•Suppression of structure formation on scales smaller than 
free streaming scale when neutrinos turn non-relativistic
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mν=0

mν=7 eV

•Suppression of structure formation on scales smaller than 
free streaming scale when neutrinos turn non-relativistic

•Imprint on galaxy clustering observables: suppression of 
power at small scales (large k) in matter power spectrum

•Also sensitive to sum of neutrino masses
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Post-Planck state-of-the-art on neutrino mass

46

•No cosmological evidence for neutrino mass

•95% CL upper limits for several dataset combinations:

Post-Planck state of the art of neutrino mass 95%CL bounds!
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(Ade et al, 1303.5076)!

No cosmological evidence for neutrino masses.

6

Inverted ordering

Normal ordering
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ββ0ν decayβ decay Cosmology
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ββ0ν decayβ decay Cosmology

mββ ≡ ｜∑i mi Uei2｜mβ2 ≡ ∑i mi2 ｜Uei｜2 mcosmo ≡ ∑i mi
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Neutrino cosmology
Constraints on Neff
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Number of effective neutrino species
aka Neff

•Number of relativistic species in thermal equilibrium is usually parametrized in terms of 
Neff, the number of effective neutrino species (at early times, when neutrinos contributed 
to radiation):

!
Ωrh2 =
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1 + 7
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Number of effective neutrino species
aka Neff

•Number of relativistic species in thermal equilibrium is usually parametrized in terms of 
Neff, the number of effective neutrino species (at early times, when neutrinos contributed 
to radiation):

!
Ωrh2 =

�
1 + 7

8

�
4
11

�4/3
Neff

�
Ωγh2

Three possibilities:

•Neff = 3.046 - standard scenario: three neutrino species (deviation from 3 accounting 
for small corrections)

•Neff < 3.046 - less neutrinos: non-standard neutrino couplings, neutrino decays, 
extremely low reheating temperature models

•Neff > 3.046 - more neutrinos: sterile neutrino species, other radiation-like degrees of 
freedom



Neff cosmological signatures
On Big Bang Nucleosynthesis (BBN)
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•BBN theory predicts primordial abundances of D, 3He, 4He and 7Li, fixed by t ~ 180 s

•Chemical abundances inferred at late times from spectroscopic methods 
→ Best to study low metallicity sites with little evolution

•Neff has an impact on the freeze out temperature of weak interactions, set by:changes the freeze out temperature of weak interactions:
Γn↔p ∼ H
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•BBN theory predicts primordial abundances of D, 3He, 4He and 7Li, fixed by t ~ 180 s

•Chemical abundances inferred at late times from spectroscopic methods 
→ Best to study low metallicity sites with little evolution

•Neff has an impact on the freeze out temperature of weak interactions, set by:changes the freeze out temperature of weak interactions:
Γn↔p ∼ H

Neff ➚ → expansion rate H ➚ → freeze out temperature Tfreeze ➚ → 4He fraction Yp ➚ 

Yp =
2(n/p)

1 + n/p

Higher expansion rate, higher freeze out temperature, higher 

n/p � e
−mn−mp

Tfreeze
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BBN and Neff

 Neff changes the freeze out temperature of weak interactions:

Yp =
2(n/p)

1 + n/p

Γn↔p ∼ H

Ωrh2 =
�
1 + 7

8

�
4
11

�4/3
Neff

�
Ωγh2

Higher expansion rate, higher freeze out temperature, higher 4He fraction:

n/p � e
−mn−mp

Tfreeze

Neutrino Physics Neutrinos And Big Bang Nucleosynthesis

Figure 3: Contours of constant values of ∆Nν (red) and η10 (blue) in the YP−yDP plane. From bottom

to top the red curves correspond to ∆Nν = 0, 1, 2. From left to right the blue curves correspond to

η10 = 7.0, 6.5, 6.0, 5.5. Also shown (filled circle and error bars) are the adopted primordial abundances

of D and
4
He and their 1σ uncertainties.

0.4.3 BBN Constraints On The Baryon Density (η10) And Lepton Asymmetry (ξ)

If it is assumed that there is no dark radiation (∆Nν = 0), the observationally-inferred abundances of

D and
4
He may be used to constrain the baryon density and any lepton asymmetry.

145ξ = ηD − ηHe = −5.54± 3.78, (30)

116η10 = 115ηD + ηHe = 697± 32. (31)

In Fig. 5 are shown contours of constant values of η10 and ξ in the YP − yDP plane, along with the

adopted values of yDP and YP and their 1σ error bars. Measurements of yDP and YP constrain

η10 and ξ. From BBN using the adopted primordial D and
4
He abundances it is found in this case

that η10 = 6.01 ± 0.28 (ΩBh2 = 0.0219 ± 0.0010) and ξ = −0.038 ± 0.026. The latter result is

consistent with ξ = 0 at ∼ 1.5σ. At 2σ, this result provides an upper bound to the magnitude of

the neutrino degeneracy parameter (|ξ| <∼ 0.090) which can be used to constrain the contribution to

∆Nν resulting from the presence of the “extra” energy density associated with an excess of neutrinos

13

(G. Steigman’12)!

∆
N

eff
=

0,
1,
2

η10 = 7.0, 6.5, 6.0, 5, 5

Planck Collaboration: Cosmological parameters

Fig. 32. 2D joint posterior distribution for Neff and YP with both
parameters varying freely, determined from Planck+WP+highL
data. Samples are colour-coded by the value of the angular ra-
tio θD/θ∗, which is constant along the degeneracy direction. The
Neff–YP relation from BBN theory is shown by the dashed curve.
The vertical line shows the standard value Neff = 3.046. The
region with YP > 0.294 is highlighted in grey, delineating the re-
gion that exceeds the 2σ upper limit of the recent measurement
of initial Solar helium abundance (Serenelli & Basu 2010), and
the blue horizontal region is the 68% confidence region from
the Aver et al. (2012) compilation of 4He measurements.

observationally-relevant angular ratio θD/θ∗ ∝ (kDr∗)−1. The
main constraint on Neff and YP comes from the precise measure-
ment of this ratio by the CMB, leaving the degeneracy along the
constant θD/θ∗ direction. The relation between Neff and YP from
BBN theory is shown in the figure by the dashed curve37. The
standard BBN prediction with Neff = 3.046 is contained within
the 68% confidence region. The grey region is for YP > 0.294
and is the 2σ conservative upper bound on the primordial he-
lium abundance from Serenelli & Basu (2010). Most of the sam-
ples are consistent with this bound. The inferred estimates of Neff
and YP from the Planck+WP+highL data are

Neff = 3.33+0.59
−0.83 (68%; Planck+WP+highL), (90a)

YP = 0.254+0.041
−0.033 (68%; Planck+WP+highL). (90b)

With YP allowed to vary, Neff is no longer tightly constrained
by the value of θD/θ∗. Instead, it is constrained, at least in part,
by the impact that varying Neff has on the phase shifts of the
acoustic oscillations. As discussed in Hou et al. (2012), this ef-
fect explains the observed correlation between Neff and θ∗, which
is shown in Fig. 33. The correlation in the ΛCDM+Neff model
is also plotted in the figure showing that the Neff–YP degeneracy
combines with the phase shifts to generate a larger dispersion in
θ∗ in such models.

6.5. Dark energy

A major challenge for cosmology is to elucidate the nature of the
dark energy driving the accelerated expansion of the Universe.
Perhaps the most straightforward explanation is that dark en-
ergy is a cosmological constant. An alternative is dynamical dark

37For constant Neff , the variation due to the uncertainty in the baryon
density is too small to be visible, given the thickness of the curve.

Fig. 33. 2D joint posterior distribution between Neff and θ∗ for
ΛCDM models with variable Neff (blue) and variable Neff and YP
(red). Both cases are for Planck+WP+highL data.

energy (Wetterich 1988; Ratra & Peebles 1988; Caldwell et al.
1998), usually based on a scalar field. In the simplest models,
the field is very light, has a canonical kinetic energy term and
is minimally coupled to gravity. In such models the dark energy
sound speed equals the speed of light and it has zero anisotropic
stress. It thus contributes very little to clustering. We shall only
consider such models in this subsection.

A cosmological constant has an equation of state w ≡ p/ρ =
−1, while scalar field models typically have time varying w with
w ≥ −1. The analysis performed here is based on the “parameter-
ized post-Friedmann” (PPF) framework of Hu & Sawicki (2007)
and Hu (2008) as implemented in camb (Fang et al. 2008b,a) and
discussed earlier in Sect. 2. This allows us to investigate both re-
gions of parameter space in which w < −1 (sometimes referred
to as the “phantom” domain) and models in which w changes
with time.

Figure 34 shows the marginalized posterior distributions for
w for an extension of the baseΛCDM cosmology to models with
constant w. We present results for Planck+WP and in combi-
nation with SNe or BAO data. (Note that adding in the high-�
data from ACT and SPT results in little change to the posteriors
shown in Fig. 34.) As expected, the CMB alone does not strongly
constrain w, due to the two-dimensional geometric degeneracy
in these models. We can break this degeneracy by combining
the CMB data with lower redshift distance measures. Adding in
BAO data tightens the constraints substantially, giving

w = −1.13+0.24
−0.25 (95%; Planck+WP+BAO), (91)

in good agreement with a cosmological constant (w = −1).
Using supernovae data leads to the constraints

w = −1.09 ± 0.17 (95%; Planck+WP+Union2.1), (92a)
w = −1.13+0.13

−0.14 (95%; Planck+WP+SNLS), (92b)

The combination with SNLS data favours the phantom domain
(w < −1) at 2σ, while the Union2.1 compilation is more consis-
tent with a cosmological constant.

If instead we combine Planck+WP with the Riess et al.
(2011) measurement of H0, we find

w = −1.24+0.18
−0.19 (95%; Planck+WP+H0), (93)
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(Ade et al, 1303.5076)!

(Steigman, Schramm & Gunn PLB’77)!

9

Baryon-to-photon ratio (10-10)

•Recent BBN observations point to high Yp values, marginally preferring more neutrinos 
(ΔNeff > 0) than standard value of 3.046:
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•This has not always been the case...

•Reported Yp values have increased over time! (syst. uncertainties affecting measurements)

•Extracted BBN value for ΔNeff mirrors this increase in Yp 

BBN and Neff

Neutrino Physics Neutrinos And Big Bang Nucleosynthesis

Figure 8: The left panel shows a history of the primordial helium mass fraction (YP) determinations

as a function of time. The same symbols/colors correspond to determinations from collaborations

involving many of the same participants and/or the same observational data. The right panel shows

the corresponding chronology of BBN-determined values of ∆Nν . The dashed line shows the SM

result, ∆Nν = 0.

0.5.2 Constraints On ∆Nν From BBN D And The CMB-Inferred Baryon Density

The extreme sensitivity of the BBN-inferred estimates of ∆Nν to the adopted helium abundance (and

its large errors), is responsible for the relatively large error in the BBN-inferred value of ∆Nν . An

alternate approach avoiding
4
He has been suggested by Nollett and Holder (2011) [4] (see, also, Pettini

& Cooke (2012) [27]).

In the best of all worlds the BBN-inferred parameter values should be compared with those in-

ferred, independently, from the CMB, complemented when necessary to break degeneracies among the

parameters by other astrophysical data from, e.g., large scale structure, supernovae, and the Hubble

constant. In the presence of possible new physics, this would enable a probe of the constancy (or

not) of these parameters in the early Universe epochs from BBN until recombination. However, if

it is assumed that ∆Nν and η10 are unchanged from BBN to recombination, the information pro-

vided by BBN using the helium abundance may be replaced with that from the CMB-determined

baryon density: η10(CMB) = 6.190 ± 0.115 [36]. Using this value in combination with deuterium,

ηD = η10 − 6(S − 1) = 5.96 ± 0.28 (for ξ = 0), leads to a smaller estimate of ∆Nν but, with a

larger uncertainty resulting from the much weaker dependence of ηD on ∆Nν : ∆Nν = 0.48+0.66
−0.63

18

(G. Steigman’12)!

Chronology, over the past 20 years, of the published observational determinations of YP.!
Nearly monotonic increase of YP with time!!
The extracted BBN-value of Neff  mirrors the increase in YP!!
!

10
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Diffusion damping:

•Photons diffuse from hot to cold regions, damping 
temperature anisotropies at high multipoles
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Diffusion damping:

•Photons diffuse from hot to cold regions, damping 
temperature anisotropies at high multipoles

•Amount of damping depends on expansion rate H 

•Since H ∼ Neff, damping sensitive to Neff

•Since helium recombines with free eletrons, effect degenerate with helium fraction Yp:

Yp ➚ → free electrons ➘ → photon diffusion ➚ → damping ➚ 

dam
ping tail

SPT

ACT

WMAP



High-resolution, microwave-wavelength telescopes
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South Pole Telescope (SPT)

Atacama Cosmology Telescope (ACT)
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•Post-Planck results:

Post-Planck state of the art of Neff

(Ade et al, 1303.5076)!
Planck Collaboration: Cosmological parameters

which favour higher values. Increasing the neutrino mass will
only make this tension worse and drive us to artificially tight
constraints on

�
mν. If we relax spatial flatness, the CMB ge-

ometric degeneracy becomes three-dimensional in models with
massive neutrinos and the constraints on

�
mν weaken consider-

ably to

�
mν <




0.98 eV (95%; Planck+WP+highL)
0.32 eV (95%; Planck+WP+highL+BAO).

(73)

6.3.2. Constraints on Neff

As discussed in Sect. 2, the density of radiation in the Universe
(besides photons) is usually parameterized by the effective neu-
trino number Neff . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Neff = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Neff > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Neff from Planck in scenarios where the
extra relativistic degrees of freedom are effectively massless.

The physics of how Neff is constrained by CMB anisotropies
is explained in Bashinsky & Seljak (2004), Hou et al. (2011)
and Lesgourgues et al. (2013). The main effect is that increasing
the radiation density at fixed θ∗ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
recombination and reduces the age of the Universe at recombi-
nation. Since the diffusion length scales approximately as the
square root of the age, while the sound horizon varies propor-
tionately with the age, the angular scale of the photon diffusion
length, θD, increases, thereby reducing power in the damping tail
at a given multipole. Combining Planck, WMAP polarization and
the high-� experiments gives

Neff = 3.36+0.68
−0.64 (95%; Planck+WP+highL). (74)

The marginalized posterior distribution is given in Fig. 27 (black
curve).

Increasing Neff at fixed θ∗ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Neff partly cancel. With the BAO
data of Sect. 5.2, the Neff constraint is tightened to

Neff = 3.30+0.54
−0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Neff = 3.046 at the 1σ level, giving
no evidence for extra relativistic degrees of freedom.

Since Neff is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
ΛCDM model (Sect. 5.3) can be reduced at the expense of high
Neff . The marginalized constraint is

Neff = 3.62+0.50
−0.48 (95%; Planck+WP+highL+H0). (76)
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Fig. 27. Marginalized posterior distribution of Neff for
Planck+WP+highL (black) and additionally BAO (blue),
the H0 measurement (red), and both BAO and H0 (green).

For this data combination, the χ2 for the best-fitting model al-
lowing Neff to vary is lower by 5.0 than for the base Neff = 3.046
model. The H0 fit is much better, with ∆χ2 = −4.0, but there
is no strong preference either way from the CMB. The low-�
temperature power spectrum does mildly favour the high Neff
model (∆χ2 = −1.6) since Neff is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (∆χ2 = −0.5),
while the high-� experiments mildly disfavour high Neff in our
fits (∆χ2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5σ (see Fig. 27):

Neff = 3.52+0.48
−0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The χ2 at the best-fit for this data combination (Neff = 3.37)
is lower by 3.6 than the best-fitting Neff = 3.046 model. While
the high Neff best-fit is preferred by Planck+WP (∆χ2 = −3.3)
and the H0 data (∆χ2 = −2.8 giving an acceptable χ2 = 2.4
for this data point), it is disfavoured by the high-� CMB data
(∆χ2 = 2.0) and slightly by BAO (∆χ2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ΛCDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Neff consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a different sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
data (Archidiacono et al. 2013), but are not investigated in this
paper.

6.3.3. Simultaneous constraints on Neff and either
�

mν or
m

eff
ν, sterile

It is interesting to investigate simultaneous contraints on Neff and�
mν, since extra relics could coexist with neutrinos of size-

able mass, or could themselves have a mass in the eV range.
Joint constraints on Neff and

�
mν have been explored sev-

eral times in the literature. These two parameters are known
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Neff = 3.62+0.50
−0.48

Neff = 3.52+0.48
−0.45

Neff = 3.36+0.68
−0.64

Neff = 3.30+0.54
−0.51

Interestingly, Neff >3.046 alleviates the 2.5 tension between the Planck and HST H0’s:!
!

Yp degenerate with Neff (CMB damping tail). If both free parameters, Planck+WP+ highL:

H0 = 73.8± 2.4H0,Neff = 72.1± 3.7H0 = 68.6+2.3
−2.1

95%CL

Neff = 3.33+1.18
−1.66 (95%CL)
11
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(besides photons) is usually parameterized by the effective neu-
trino number Neff . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Neff = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Neff > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Neff from Planck in scenarios where the
extra relativistic degrees of freedom are effectively massless.

The physics of how Neff is constrained by CMB anisotropies
is explained in Bashinsky & Seljak (2004), Hou et al. (2011)
and Lesgourgues et al. (2013). The main effect is that increasing
the radiation density at fixed θ∗ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
recombination and reduces the age of the Universe at recombi-
nation. Since the diffusion length scales approximately as the
square root of the age, while the sound horizon varies propor-
tionately with the age, the angular scale of the photon diffusion
length, θD, increases, thereby reducing power in the damping tail
at a given multipole. Combining Planck, WMAP polarization and
the high-� experiments gives

Neff = 3.36+0.68
−0.64 (95%; Planck+WP+highL). (74)

The marginalized posterior distribution is given in Fig. 27 (black
curve).

Increasing Neff at fixed θ∗ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Neff partly cancel. With the BAO
data of Sect. 5.2, the Neff constraint is tightened to

Neff = 3.30+0.54
−0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Neff = 3.046 at the 1σ level, giving
no evidence for extra relativistic degrees of freedom.

Since Neff is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
ΛCDM model (Sect. 5.3) can be reduced at the expense of high
Neff . The marginalized constraint is

Neff = 3.62+0.50
−0.48 (95%; Planck+WP+highL+H0). (76)
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Fig. 27. Marginalized posterior distribution of Neff for
Planck+WP+highL (black) and additionally BAO (blue),
the H0 measurement (red), and both BAO and H0 (green).

For this data combination, the χ2 for the best-fitting model al-
lowing Neff to vary is lower by 5.0 than for the base Neff = 3.046
model. The H0 fit is much better, with ∆χ2 = −4.0, but there
is no strong preference either way from the CMB. The low-�
temperature power spectrum does mildly favour the high Neff
model (∆χ2 = −1.6) since Neff is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (∆χ2 = −0.5),
while the high-� experiments mildly disfavour high Neff in our
fits (∆χ2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5σ (see Fig. 27):

Neff = 3.52+0.48
−0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The χ2 at the best-fit for this data combination (Neff = 3.37)
is lower by 3.6 than the best-fitting Neff = 3.046 model. While
the high Neff best-fit is preferred by Planck+WP (∆χ2 = −3.3)
and the H0 data (∆χ2 = −2.8 giving an acceptable χ2 = 2.4
for this data point), it is disfavoured by the high-� CMB data
(∆χ2 = 2.0) and slightly by BAO (∆χ2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ΛCDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Neff consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a different sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
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As discussed in Sect. 2, the density of radiation in the Universe
(besides photons) is usually parameterized by the effective neu-
trino number Neff . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Neff = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Neff > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Neff from Planck in scenarios where the
extra relativistic degrees of freedom are effectively massless.

The physics of how Neff is constrained by CMB anisotropies
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and Lesgourgues et al. (2013). The main effect is that increasing
the radiation density at fixed θ∗ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
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nation. Since the diffusion length scales approximately as the
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at a given multipole. Combining Planck, WMAP polarization and
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curve).

Increasing Neff at fixed θ∗ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Neff partly cancel. With the BAO
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−0.51 (95%; Planck+WP+highL+BAO). (75)
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ble with the standard value Neff = 3.046 at the 1σ level, giving
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Since Neff is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
ΛCDM model (Sect. 5.3) can be reduced at the expense of high
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For this data combination, the χ2 for the best-fitting model al-
lowing Neff to vary is lower by 5.0 than for the base Neff = 3.046
model. The H0 fit is much better, with ∆χ2 = −4.0, but there
is no strong preference either way from the CMB. The low-�
temperature power spectrum does mildly favour the high Neff
model (∆χ2 = −1.6) since Neff is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (∆χ2 = −0.5),
while the high-� experiments mildly disfavour high Neff in our
fits (∆χ2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5σ (see Fig. 27):
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is lower by 3.6 than the best-fitting Neff = 3.046 model. While
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and the H0 data (∆χ2 = −2.8 giving an acceptable χ2 = 2.4
for this data point), it is disfavoured by the high-� CMB data
(∆χ2 = 2.0) and slightly by BAO (∆χ2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ΛCDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Neff consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a different sound speed or viscosity parame-
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•Sterile neutrinos?
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A wealth of neutrino experiments!
Abstracts about neutrino experiments submitted to ICHEP 2014 Conference 
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Concluding remarks
The life of a neutrino experimentalist

•Build powerful neutrino sources...

•and massive neutrino detectors...

•in a low-background environment...

•to answer known neutrino questions 
and be prepared for the unexpected!
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