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Monday: neutrino experiments basics


• Neutrino open questions ✓ 
• How to measure neutrino oscillation parameters ✓ 
• Neutrino sources ✓ 
• Neutrino interactions with matter ✓ 
• Neutrino detector technologies ✓

Today: neutrino experiments specifics


• Selected current and future ν oscillation experiments 
• Neutrinoless double beta decay experiments 
• Experiments for direct neutrino mass measurements



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



Selected current and future ν osc. experiments 
Short-baseline
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MicroBooNE 
Started in 2015
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27
February 22, 2014


TPC installation into the Cryostat


December 20

2013


R&D goals toward DUNE: 
• Long drift (2.5 m) 
• Cold electronics (preamplifiers in liquid) 
• Purity without evacuation

• 170 ton LAr TPC in Booster Neutrino Beamline at Fermilab

Physics goals:

• MiniBooNE low-energy excess: electrons (oscillation signal) or gammas (background)? 
• Neutrino cross sections on argon
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MiniBooNE oscillation analysis: 
oscillation sample E! distributions 

Combined analysis: 
240.3 +/- 62.9  3.8" 

-Requires multiple sterile ! for satisfactory fit. 
-Excess at low-energy where NC"  and NC#0   

  dominate, should examine these carefully!  

Phys. Rev. Lett. 110, 161801 (2013)
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MiniBooNE



DANSS 
Started in 2016

• Highly segmented 1 m3 plastic scintillator detector near 3.1 GW reactor in Russia 
• Signal: delayed e+-n coincidence from νe̅ + p → e+ + n  
• Suppression of high backgrounds: shielding, detector segmentation 
• Unique feature: movable! Distance to reactor core: 10.7 - 12.7 m
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Prospects to discover light sterile neutrinos
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• Reactor-based (and source-based) proposals 
sensitive to reactor+gallium anomaly:

3+1 Neutrino Model

new �m
2
SBL ∆ 4 neutrinos!

‹4 with m4 ƒ 1 eV,
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(�‰2 & 14, 3.4‡)

S. Gariazzo “What cosmology can say about neutrino mass ordering and additional neutrinos” Granada, 28–30/05/2018 4/25

[SG et al., PLB 782 (2018) 13]

arXiv:1503.01520

• Accelerator-based proposals sensitive to 
LSND+MiniBooNE anomaly:

arXiv:1801.06467



Selected current and future ν osc. experiments 
Medium- and long-baseline
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Daya Bay 
Started in 2011
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• Liquid scintillators measuring reactor νe̅ disappearance over km-long baselines 
• Most precise measurement of sin22ϑ13 to date 
• Consistent results from RENO and Double Chooz

EH1

EH2

EH3



Super-Kamiokande atmospheric 
Started in 1996
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− expected without oscillations

− expected with oscillations

✛  observed


cosϑ = +1 ⇔ travel length ~ 20 km

cosϑ = -1 ⇔ travel length ~ 13000 km

Atmospheric 
Neutrinos

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

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

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

3. Compare cosmic muon flux

• Water Cherenkov detector measuring atmospheric neutrinos (both νμ and νe) 
• First conclusive evidence for oscillations, from zenith angle-dependent deficit of νμ’s! 
• Same detector also sensitive to solar neutrino interactions



T2K 
Started in 2010
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295 km

Super-K Detector
J-PARC Accelerator and 

Near Detectors (ND280, INGRID)

ν

• Super-K also sees JPARC off-axis neutrino beam 

• T2K has conclusively shown that νμ transform into νe 
• T2K + reactors prefer maximal CP violation (δ=-π/2)! 

• Data until 2026, up to 3σ significance to CP violation 



NOvA 
Started in 2014
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• As T2K, long-baseline and off-axis  
• Separately measure νμ➝νe and νμ̅➝νe̅ to extract  

CP violation and mass hierarchy 
• Compared to T2K: 

• Longer baseline (810 km), better for hierarchy 
• Segmented tracker rather than water Cherenkov



Hyper-Kamiokande (T2HK) 
Starting in 2026?
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• Same concept as T2K (and NOvA): separately measure νμ➝νe and νμ̅➝νe̅ off-axis, but: 
• More powerful beam: 1-2 MW! (x2 T2K) 
• More massive detector: 1 Mton! (x20 Super-Kamiokande) 

• Mostly “counting” experiment at low (< 1 GeV) energies → water Cherenkov detector 
• Mass hierarchy from atmospheric neutrinos



DUNE  
Starting in 2024?
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• Other next-generation long-baseline (1300 km) oscillation experiment 
• On-axis 0.5-6 GeV ν + ν ̅beam covering 1st and 2nd oscillation maximum to 

disentangle mass ordering and CP effects 
• Requires detector for high-energy neutrinos → LAr TPC as Far Detector (FD)

1st max

2nd 
max



DUNE  
Starting in 2024?
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• Other next-generation long-baseline (1300 km) oscillation experiment 
• On-axis 0.5-6 GeV ν + ν ̅beam covering 1st and 2nd oscillation maximum to 

disentangle mass ordering and CP effects 
• Requires detector for high-energy neutrinos → LAr TPC as Far Detector (FD)



Prospects to measure the 
neutrino mass ordering
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• The neutrino mass ordering will be measured in the next few years!

upcoming experiments

Mass Hierarchy - 
ORCA     JUNO     DUNE

CP-violation       -  DUNE

Precision oscillation parameter measurements to
test 3nu paradigm  -       JUNO     DUNE

Sterile neutrinos     -       Borexino/SOX 

Open Questions (not exhaustive) 

θ23 ~45 degrees  - Octant? 

Mass hierarchy

CP violation δcp 

Tests of 3nu paradigm

Sterile?



Prospects to measure leptonic CP 
violating phase δCP ≠ 0, π
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• Unambiguous CPV measurement by late 2020’s, provided CPV close to maximal 
• Hints already here! Maximal CPV at δCP = -π/2 favoured by current data! (M. Tortola)
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Figure 6: The sensitivity to CP violation for DUNE and T2HK in isolation and combined

as a function of delta (left) and the fraction of � parameter space for which greater than 5�

CPV discovery is expected (right). We consider a range of true ✓23 spanning both octant

solutions. The lower edge of the shaded regions corresponds to ✓23 > 45� due to a decrease

in sensitivity arising from the relative suppression of the CP sensitive terms in Eq. (2.1).

The left (right) plot assumes the “fixed run time” (“variable run time”) configurations in

Table 1 and the true oscillation parameters, apart from ✓23, specified in Table 2.

either in isolation, and expects a greater than 5� measurement for more than 50% of the

parameter space after between 1.5 and 2.5 years of parallel data-taking.

4.3 Sensitivity to maximal CP violation

Although the search for any non-zero CPV is the principle goal of the next LBL experi-

ments, understanding the value of � is also highly relevant. Current global fits [46, 79, 80]

point towards maximal values of �, � = ±⇡/2. Of course, these should be treated with

some scepticism: no single experiment can claim evidence for this at an appreciable level.

However, determining if a maximal CP violating phase exists will remain a high priority

for the next generation of long-baseline experiments. If established, it could be seen as an

“unnatural” value advocated as evidence against anarchic PMNS matrices. Indeed, it is

also one of the most common predictions in flavour models with generalised CP symme-

tries, and is often associated with close to maximal values of ✓23 in models with residual

flavor symmetries. For more discussion, see e.g. Ref. [64, 65].

We have studied this question in Fig. 7 where we have defined the quantity

��2

MCP = min
�2{�⇡

2 ,
⇡
2 }

��2(�). (4.3)

This is analogous to ��2

CP
defined earlier, and gives us a measure of the compatibility

of the data with the hypothesis of maximal CP violation. On the left panel, we see the

ability to exclude maximal CPV as a function of the true value of �. There is a similar

sensitivity for both facilities. DUNE has the best performance for most cases, but T2HK

still achieves the highest significance exclusions for �3⇡/4 < � < �⇡/2 and 0 < � < ⇡/2;

– 22 –



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 
• >1026 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
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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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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 backgrounds



Experimental sensitivity to ββ0ν 
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• Experiment with background:

detector efficiency exposure

(mass×time)

background rate (per unit energy, mass and time)

energy resolution



ββ0ν experimental signature 
Rare process to be isolated in radio-pure detector underground 
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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): 
• Two electrons from common vertex

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

sum electron kinetic energy T1+T2 

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



ββ0ν experimental signature 
Rare process to be isolated in radio-pure detector underground 
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2.Topology of decay electrons  
(AN ADDITIONAL HANDLE): 
• Two electrons from common vertex

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

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

sum electron kinetic energy T1+T2 

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



Comparison of ββ isotopes
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Isotope Q-value 
(MeV)

Phase space 
G0ν (yr-1 eV-2)

Matrix element 
|M0ν|

Isotopic 
abundance (%)

Cost (normalized  
to 76Ge)

Current 
experiments

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

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

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

1/T1/20ν = G0ν⋅｜M0ν｜2⋅ mββ2

The higher, the better The lower, the better

atomic, nuclear, particle physics

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



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

• All ββ0ν experiments located deep underground, using rock as shield



Laboratorio Subterraneo de Canfranc
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Radiopure detectors
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• Minimise contamination from natural radioactivity in all detector components

KamLAND-Zen experiment

CUORE experiment



ββ0ν experimental status
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a nextXe54
136Ge32

76 Te52
130Main experiments, 

current generation:

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

m
ββ

 (e
V

)

GERDA

KamLAND-Zen

• No convincing evidence for ββ0ν 

• Best limits: 

Experiment T1/20ν limit 
(yr)

mββ limit 
(meV)

KamLAND-
Zen

> 1.07×1026 < 61-165

GERDA > 5.3×1025 < 150-330



Neutrinoless double beta decay 
A selection of experiments
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GERDA experiment  
Started in 2011

�30

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

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



GERDA experiment  
Started in 2011
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• High-purity germanium diodes enriched in 76Ge immersed in LAr 

• Advantages: energy resolution, radiopurity → background-free!
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CUORE experiment 
Started in 2013

�32

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

• Advantages: energy resolution, mass scalability



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

• Advantages: energy resolution, mass scalability
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KamLAND-Zen experiment 
Started in 2011
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• Liquid scintillator with 300-750 kg of 136Xe gas dissolved in it 

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

mini-balloon with 136Xe



KamLAND-Zen experiment 
Started in 2011
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• Liquid scintillator with 300-750 kg of 136Xe gas dissolved in it 

• Advantages: mass scalability, radiopure, veto region → leading the field
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NEXT experiment 
Started in 2016
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a nextLSC
Laboratorio Subterráneo de Canfranc

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

• Advantages: energy resolution, image electron tracks



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

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

NEXT-100 (~100 kg) 
[2018 - 2020’s]

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

Demonstration of 
detector concept

Underground and radio-pure 
operations, background, ββ2ν

Neutrinoless double 
beta decay search

a next
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NEXT-White construction a next



NEXT-White installation at the LSC
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a next



How to move forward?
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• Support to build 2-3 next-generation ββ0ν experiments. Which ones?



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

�41

Guaranteed ββ0ν discovery if 
neutrinos are Majorana and 

have “inverted” mass ordering

ββ0ν limit 
(EXO KamLAND-Zen, GERDA)
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Recipe for next-generation experiments
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Favour ββ isotopes that can be extrapolated to large masses (~ton)  

Favour low background rate experimental techniques

+



Ton-scale detector and need for background R&D

 years)⋅Exposure (ton 

-110 1 10

 (
m

eV
)

β
β

m

10

210

Inverted  
ordering, 
mlight∼0

10 bgr counts/(ton⋅yr)

1

0.1
bgr free

A good current-generation exp

Goal:  
15 meV

• Ton-scale detector necessary but 
not sufficient requirement 

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

• R&D on active background 
reduction techniques

�43



Direct neutrino mass measurements
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Radioactive decays 
A reminder

• β- decay: (Z,A) → (Z+1,A) + e- + νe̅ 

• 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:

|⇤3He + e� + �̄|T |3H⌅|2 ⇥ pE(E0 � E)
�

k |Uek|2
⇥

(E0 � E)2 � m2
k

if �’s quasi-degenerate: m1 � m2 � m3

|⇤3He + e� + �̄|T |3H⌅|2 ⇥ pE(E0 � E)
⇥

(E0 � E)2 � m2
�
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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

• 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 |Uei2|⋅mi2)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

�47

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

1



MAC-E-Filter technique 
Magnetic Adiabatic Collimation combined with an Electrostatic Filter

�48

1.Electrons emitted isotropically at T2 source

1
2

2.Guided magnetically on a cyclotron motion
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3.Transform cyclotron motion into long. motion  
→ Broad beam almost parallel to B field lines
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3.Transform cyclotron motion into long. motion  
→ Broad beam almost parallel to B field lines
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4.Beam running against electrostatic potential 
formed by cylindrical electrodes



MAC-E-Filter technique 
Magnetic Adiabatic Collimation combined with an Electrostatic Filter
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1.Electrons emitted isotropically at T2 source

1
2

2.Guided magnetically on a cyclotron motion
3

3.Transform cyclotron motion into long. motion  
→ Broad beam almost parallel to B field lines

4

4.Beam running against electrostatic potential 
formed by cylindrical electrodes

5

5.Detect electrons with enough energy to pass 
electrostatic barrier 
→ Integrating high-energy pass filter



MAC-E-Filter technique 
Magnetic Adiabatic Collimation combined with an Electrostatic Filter

�48

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.Transform cyclotron motion into long. motion  
→ Broad beam almost parallel to B field lines

4

4.Beam running against electrostatic potential 
formed by cylindrical electrodes

5

5.Detect electrons with enough energy to pass 
electrostatic barrier 
→ Integrating high-energy pass filter



Mainz and Troitsk experiments
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21 | K. Eitel | ISAPP 2008 Valencia | 17.-25.7.2008

Troitsk Troitsk MainzMainz
windowless gaseous T2 source                      quench condensed solid T2 source

Mainz & Troitsk Mainz & Troitsk havehave reachedreached theirtheir intrinsicintrinsic limitlimit of of sensitivitysensitivity

analysis 1994 to 1999, 2001                           analysis 1998/99, 2001/02

bothboth experimentsexperiments nownow performperform systematicsystematic investigationsinvestigations forfor KATRINKATRIN
C. Kraus, Eur. Phys. J. C 40, 447M468 (2005) 

previous 3H experiments with MAC-E-filters

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 2018
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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) 

• KATRIN inauguration: June 11th, 2018!



Cryogenic bolometers 
Electron capture of 163Ho: ECHo, HOLMES
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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    

28

Field and heater
bondpads

SQUID-
bondpads

current leads

Persistent current
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Meander shaped
pick-up coil

Au:Er sensor and
Au absorber

Thermalization 
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Absorber top

Ho implanted area

Absorber bottom

Au:Er sensorHeatsink

a) b) c)

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 ⇥r = 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 e⌅ciency. 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 e⇥orts 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
⇥r ⌅ 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 di⇥erent materials with di⇥erent concentrations of 163Ho will be tested as well as di⇥erent
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 ⇥r = 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 e⌅ciency. 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 e⇥orts 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
⇥r ⌅ 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 di⇥erent materials with di⇥erent concentrations of 163Ho will be tested as well as di⇥erent
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
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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 
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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 ⇥r = 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 e⌅ciency. 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 e⇥orts 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
⇥r ⌅ 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 di⇥erent materials with di⇥erent concentrations of 163Ho will be tested as well as di⇥erent
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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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 ⇥r = 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 e⌅ciency. 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 e⇥orts 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
⇥r ⌅ 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 di⇥erent materials with di⇥erent concentrations of 163Ho will be tested as well as di⇥erent
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?
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A wealth of neutrino experiments! 
Experiments to be presented at Neutrino 2018 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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