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Figure 24: 31 AgReO4 crystal glued on the first XRS2 array of MARE-1. The 16 usable pixels give
Δ" ≈ 47 eV at 2.6 keV, $! ≈ 1ms (a).

Spectrum measured with the best pixel (b).

Indeed, also the other experimental efforts of M
ARE-1

encountered seve
ral difficulties [132]. For e

xample, the setting

up of arrays of AgReO4 crystals turned out to be more

troublesome than expected (Figure 24).The freshly polished

surfaces of AgRe
O4 crystals shaped to cuboids resulted

to

be incompatible with the sensor coupling methods used

successfully inMIBETAwith as-grown sm
all crystals.Despi

te

the use of a micromachined array of silicon implanted ther-

mistors, the perform
ance of the pixels

was irreproducibl
e and,

while gradually p
opulating and testing the XRS2 array with

AgReO4 crystals, the performance of the instru
mented pixels

started to degrade. This made the array finally unusable.

Given the sorts of the M
ARE project, also this branch of the

MARE-1 program was thus dropped
in 2013.

6.7. Future of Rhe
nium Experiments. From the MARE expe-

rience, it is clear t
hat a large scale n

eutrino mass experiment

based on
187Re beta decay is not foreseeable in the near future.

It would require a major step forward in the understandin
g

of the superconductivity
of rhenium, but, after more than

20 years of efforts, t
his is not anymore in the priorities of

the LTD scientific community. Besides the
intrinsic problem

s

of metallic rhenium, there are other considerations which

make rhenium microcalorimeters not quite an appealing

choice for high statistics measurements. Because of t
he large

half-life of
187Re, the specific activity of metallic rhenium is

too low to design pixels with both high performance and

high intensity beta sou
rces. 187Re activity required by a high

statistics experiment must be therefore distributed over a

large number of pixels—of the order of 105—while the diffi-

culties inherent w
ith the production of high quality metallic

rhenium absorbers contras
t with the full microfabrication of

the arrays. MARE-1 also demonstrated that AgReO4 is not a
viable alternative

to metallic rhenium. For these reason
s, the

new hope for a calorim
etric neutrino mass experiment with

LTDs is
163Ho.

7. Current Experiments

7.1. Calorimetric Absorption S
pectrum of 163Ho EC. DeR

újula

introduced the idea of a calo
rimetric measurement of

163Ho
EC decay already in

1981 [30], but it w
as only one year

later

that this idea was fully exploited in the paper written by

Lusignoli [43].Th
e EC decay163Ho + %− &→ 163Dy + ]# (50)

has the lowest kn
own ( value, around 2.5 keV, and its half-

life of about 4750
years is much shorter than

187Re one. In
[43], the authors c

ompute the calorimetric spectrum and give

also an estimate of the statisti
cal sensitivity to the neutrino

mass at the spectrum end-point, includ
ing the presence

of the pile-up background. Unf
ortunately, at tha

t time, the

experimental measurements of the ( value were scattered

between 2 keV and 3 keV causing large uncertaintie
s on the

achievable statisti
cal sensitivity.

A calorimetric EC experiment records all the
deexcitation

energy and therefore it measures the escaping neutrino

energy "]; see (17). The deexcitation energy "$ is the energy
released by all the atomic radiations emitted in the process

of filling the vacancy left by the EC decay, mostly electrons

with energies up to about 2 keV (the fluorescence yield is

less than 10−3) [32]. The calorimetric spectrum has lines at

the ionization energies "% of the captured electrons. These

lines have a natural width Γ% of a few eV; therefore, th
e

actual spectrum
is a continuum with marked peaks with

Breit-Wigner shapes (Figure 25). The spectral end-point

is shaped by the same neutrino phase space factor (( −
")√(( − ")2 − ,2]! that appears in a beta decay spectrum,
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Arthur B. McDonald 
(Sudbury Neutrino Observatory)

Takaaki Kajita 
(Super-Kamiokande)

Super-Kam
iokande

Super-Kamiokande The Sudbury Neutrino Observatory

SNO

A myriad of experiments 
demonstrated that 
neutrinos transmute 
flavor (oscillations). 

There are predictions 
that stem from alteration 
of the Standard Model. 

However, oscillation 
experiments cannot 

reveal the neutrino mass 
scale.



So… how do we access what is the scale 
of neutrino masses?



Nat. Commun. 6:6935 doi: 10.1038/ncomms7935 (2015) 
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Neutrino 
Oscillations

Neutrinoless 
double beta decay

Cosmology

Method Observable As mentioned, neutrino oscillations 
provide our most accurate measurement 
of neutrino masses, but are only sensitive 
to mass differences. 

However, they simplify the problem:  
measuring one mass scale yields all the 
neutrino masses. 

The ordering (IMO or NMO) can also be 
uncovered, if matter effects are at play.

Super-Kam
iokande

Super-Kamiokande
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Neutrino 
Oscillations

Neutrinoless 
double beta decay

Cosmology

Method Observable

Credit: Facility for Rare Isotope Beams

These are really our most powerful 
probes for lepton number conservation 
(ΔL = 2). 

If Majorana-neutrino exchange is the 
dominant contribution to 0νββ, the rate 
for 0νββ is a function of the neutrino 
masses. 
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Neutrino 
Oscillations

Neutrinoless 
double beta decay

Cosmology

Method Observable
(Z,A) ! (Z + 2, A) + e� + e�
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CUORE

Large uncertainties in the determination 
of the matrix elements that govern the 
measured decay rate. 

No guarantee that neutrino mechanism is 
dominant (or that neutrinos are Majorana 
particles). 

Inverted ordering in reach for next 
generation of experiments.
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Neutrino 
Oscillations

Neutrinoless 
double beta decay

Cosmology

Method Observable

Neutrinos are also remnants of the Big 
Bang; their masses contributing to the 
matter density of the observable universe. 

The neutrino energy density can be 
constrained by observations of the CMB, 
the distribution of clusters of galaxies, 
and the Lyman-alpha forest.

PLANCK’s image of the microwave sky
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Neutrino 
Oscillations

Neutrinoless 
double beta decay

Cosmology

Method Observable

Measured as part of a full fit to ΛCDM 
model.  This introduces dependencies on 
other cosmological parameters.  

Limits on the neutrino mass scale from 
cosmology are affected by model 
extensions (such as additional 
parameters) or new physics (neutrino self-
interaction or dark matter interactions).

Zyla et al. Prog Theor. Exp. Phys 083C01 (2020).

Current Limits ~ 0.2 eV 

Projected Limits ~ 0.05 eV!!



All these methods indirectly access the 
neutrino mass scale (usually under some 
underlying model assumption).

A direct method must rely on kinematics 
to determine the neutrino mass.



First suggested by Francis Perrin in 1933 

“On peut essayer de d ́eduire de la forme des 
spectres continus d’ ́emission une indication sur 
la valeur de cette masse inconnue...”  

[One could attempt to deduce from the shape of 
the continuous emission spectra an indication of 
the value of this unknown mass... ] 

Enrico Fermi independently came to the same conclusion in his 
seminal 1934 paper on weak decay. 

“Arriviamo cosi a concludere che l a massa del neutrino e 
uguale a zero o, in ogni caso, piccola in confronto della  
massa dell'elettrone (~) ...”  

[We thus conclude that the mass of the neutrino is equal to zero 
or, in any case, small enough in comparison to the mass of the 
electron.] 



In his paper, Fermi already sketches out how one can use 
the weak decay to explore the neutrino mass scale.



3H � 3He+ + e� + �̄e

Tritium beta decay

163Ho
163Dy*

νe

Holmium electron capture

163
Ho + e� ! 163

Dy
⇤
+ ⌫e

For both beta decay (left) and electron capture (right), the 
information about the neutrino mass comes from the phase space 

dependence on the neutrino momentum.



For both beta decay (left) and electron capture (right), the 
information about the neutrino mass comes from the phase space 

dependence on the neutrino momentum.

Tritium beta decay Holmium electron capture
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Ṅ / p⌫E⌫

In both cases, 

differential spectrum 

depends on the 

neutrino momentum.



We define mβ as the incoherent weighted sum of the neutrino mass eigenvalues 
associated with the electron.  

The neutrino mass effect is most pronounced at the end of the beta or electron 
capture portion of the decay spectrum.

Tritium beta decay Holmium electron capture
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3H2  

18.5 keV 

𝛕1/2 12.3 yrs

163Ho  

2.83 keV 

𝛕1/2 4570 yrs

187Re  

2.5 keV 

𝛕1/2 4.5 Gyrs

115In  

155 eV 

𝛕1/2 4.4x1014 yrs

First,  
pick a source…

135Cs  

440 eV 

𝛕1/2 1.5x106 yrs



135Cs and 115In look attractive for their low endpoint and because 
decays can be tagged.  But they suffer from minuscule branching 

ratios. 

Issues with 187Re make it impractical. 

That mainly leaves tritium and holmium. 

Amount needed 
to see 1 event per 

day in last eV



Electron transfers all of its energy to 
the absorbing medium. 

Calorimetric 
(Cryogenic Bolometers)

Electromagnetic filtering of electrons of 
selected energy. 

Electromagnetic Collimation 
(MAC-E Filter)

Use photon spontaneous emission from 
electron in magnetic field. 

Frequency-Based 
(Cyclotron Radiation Emission Spectroscopy)



Electron transfers all of its energy to 
the absorbing medium. 

Calorimetric 
(Cryogenic Bolometers)



Calorimetric approaches convert 
the total deposited energy of the 
decay into heat (phonons). 

Usually very small detectors 
operated at extremely low         
(< 100 mK) temperatures.  

Small detectors 
(small heat 

capacitance) 

Cryogenic 
temperatues 

Highly sensitive 
thermal detectors

Sensitivity of the detectors governed by the total 
heat capacitance (Ctot) of the detector and the 

thermal coupling (G) to the thermal bath.

Superconductors  
and semi-conductors Metals

<latexit sha1_base64="Gzev73CC15RLtPv0JPjj5tNUfdM="></latexit>
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This opened up the possibility of using 163Ho as a 

source for calorimetric detectors.

In 1981, DeRujula proposed an alternate method for measuring 

the neutrino mass. 

Make use of the internal bremsstrahlung in electron capture 

(IBEC), with a spectrum analogous to beta decay. 
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Micro calorimeters which are sensitive to changes in temperature 

(energy deposition). 

Contain the full decay energy.

Modern Calorimetric Experiments



163Ho is implanted onto gold absorbers and cooled to cryogenic temperatures 

for energy readout. 

Need very high energy resolution (for spectrum) and fast timing resolution (to 

avoid pile-up of events).

Modern Calorimetric Experiments MMC response 
(ECHO)

TES Resolution 
(HOLMES)



Modern Calorimetric Experiments

Upcoming generation of ECHo & HOLMES aim at the eV neutrino mass scale. 

Sub-eV sensitivity is within reach for next-generation large array of detectors.

Aim of 1st gen. 
ECHo & HOLMES

See L. Gastaldo’s talk 
(Friday)



Electromagnetic filtering of electrons of 
selected energy. 

Electromagnetic Collimation 
(MAC-E Filter)



Electrostatic 
potential (U)

Magnetic Adiabatic Collimation 
 with 

Electrostatic Filtering 

(only electrons with enough energy can overcome potential barrier)

High Magnetic 
Field (Bs)

High Magnetic  
Field (Bs)

Low Field 
BA



High Magnetic 
Field (Bs)

High Magnetic  
Field (Bs)

Low Field 
BA

1011 e- / second 1 e- / second

μe μeμe μeμe



High Magnetic 
Field (Bs)

High Magnetic  
Field (Bs)

Low Field 
BA

1011 e- / second 1 e- / second

μe μeμe μeμe



  Predecessors: Mainz & Troitsk  (Limit mβ < 2 eV)

The Mainz Neutrino Mass Experiment 
Phase 2: 1997-2001

After all critical systematics measured by own experiment
(inelastic scattering, self-charging, neighbor excitation):

m2() = -0.6 ± 2.2 ± 2.1 eV2   m()< 2.3 eV  (95% C.L.)

C. Kraus et al., Eur. Phys. J. C 40 (2005) 447

⇓
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The Spectrometers 
&  

Detector

The 
KATRIN 
Experiment

e-

e-

e-

The 
Tritium Source 

&  
Gas retention 

system
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KATRIN’s 1st Results++

Results from first measurement 
campaign yielded an eV scale limit

m�  1.1 eV (90% C.L.)

<latexit sha1_base64="uhA3cdLSHTf6HZIIp/hLB7rkOHA="></latexit>

Phys.Rev.D 104 (2021) 1, 012005



KATRIN’s 2nd Results

Results from first measurement 
campaign yielded an eV scale limit

m�  1.1 eV (90% C.L.)

<latexit sha1_base64="uhA3cdLSHTf6HZIIp/hLB7rkOHA="></latexit>

Recently, a statistically improved limit 
was also released…

<latexit sha1_base64="cRgcZJusJCvCOjbJIilKb6JXm/Y="></latexit>

m�  0.8 eV (90% C.L.)

Phys.Rev.D 104 (2021) 1, 012005

e-Print: 2105.08533 [hep-ex]See A. Lokhov’s talk 
(Friday)

https://arxiv.org/abs/2105.08533


KATRIN Outlook

Increased statistics Background mitigation Assessment of  
plasma effects

KATRIN continues to collect data.  

Comprehensive campaign to reduce and mitigate 

backgrounds, including radon and Rydberg events. 

Better measurement/control of plasma instabilities in source.

Target Sensitivity:

200 meV (90% C.L.)



Use photon spontaneous emission from 
electron in magnetic field. 

Frequency-Based 
(Cyclotron Radiation Emission Spectroscopy)



Cyclotron Radiation 
Emission 

Spectroscopy 
(CRES) 

Frequency Approach
3H � 3He+ + e� + �̄e

“Never 
measure 

anything but 
frequency.”

•Source transparent to 
microwave radiation 

•No e- transport from 
source to detector  

•Leverages precision 
inherent in frequency 
techniques

B. Monreal and JAF, Phys. Rev D80:051301

M.	Fertl Washington	D.C.,	1/30/2017
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Project 8: Cyclotron radiation emission spectroscopy of T2

3

Novel	approach:	J.	Formaggio	and	B.	Monreal,	Phys.	Rev	D	80:051301	(2009)

• Cyclotron	radiation	from	single	electrons
• Source	transparent	to	microwave	radiation
• No	e-	transport	from	source	to	detector
• Highly	precise	frequency	measurement
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P (17.8 keV, 90�, 1T) = 1 fW

P (30.2 keV, 90�, 1T) = 1.7 fW

Small	but	readily	detectable	with	
state	of	the	art	detectors

A. L. Schawlow O. Heaviside

Use frequency measurement of cyclotron 
radiation from single electrons:
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Project 8: Cyclotron radiation emission spectroscopy of T2

3

Novel	approach:	J.	Formaggio	and	B.	Monreal,	Phys.	Rev	D	80:051301	(2009)

• Cyclotron	radiation	from	single	electrons
• Source	transparent	to	microwave	radiation
• No	e-	transport	from	source	to	detector
• Highly	precise	frequency	measurement
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P (30.2 keV, 90�, 1T) = 1.7 fW

Small	but	readily	detectable	with	
state	of	the	art	detectors

• Narrow band region of interest (@26 GHz). 

• Small, but detectable power emitted.

Frequency Approach
3H � 3He+ + e� + �̄e

Cyclotron Radiation 
Emission 

Spectroscopy 
(CRES) 

fc,0 = 27.992 491 10(6) GHz T
�1
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sudden	onset	of	power

Radiative	energy	loss

energy	changing	gas	collisions

A “typical” event  
(actually, this was our first event)

En
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V

)

! =
eB

�me
=
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me +K/c2
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Trapping coils 
arranged to provide 
deep and shallow 
traps. 

Commissioned using 
krypton gas, but 
optimized for tritium 
gas flow.

Electrons are magnetically trapped inside a circular waveguide to allow 

enough time to reconstruct event. 

Microwave photons from electron provide energy reconstruction.

Project 8 Phase II 



First CRES Tritium Measurement

Model
Data

16

Linearity with 83mKr Spectroscopy

• “Shallow trap” configuration

• System is extremely linear:
!2/ndf = 0.3

• 32-keV " energy: 32153.6 ± 2.4 eV
§ Vénos, et al: 32151.7 ± 0.5 eV

Appl. Radiat. Isot. 63 323-7 (2005)

June 22, 2020Noah S. Oblath -- XXIX International Conference on Neutrino Physics and Astrophysics

Plots by A. AshtariEsfahani

PRELIMINARY

See poster by C. Claessens and Y.-H. Sun 
(session 4, #400)

ESR magnetometers

trap coils calibration port

waveguide terminator

gas inlet

B ~ 1T

Phase II Insert High resolution

Low background

Phase II CRES instrument provides 1mm3 
inside waveguide 

Permits measurements of 83mKr and T2 

Shallow trap configurations sacrifice 
efficiency for instrumental resolution, as 
good as 2.0 ± 0.1 eV (83mKr, above) 

First endpoint CRES measurement 
conducted with no observed background. 



ESR magnetometers

trap coils calibration port

waveguide terminator

gas inlet

B ~ 1T

Phase II Insert

Low background

Phase II CRES instrument provides 1mm3 
inside waveguide 

Permits measurements of 83mKr and T2 

Shallow trap configurations sacrifice 
efficiency for instrumental resolution, as 
good as 2.0 ± 0.1 eV (83mKr, above) 

First endpoint CRES measurement 
conducted with no observed background. 

20

Preliminary Measurement of the 
T2 Endpoint

T2 endpoint result: 
+! = -.//0. 1"#$.&'#$.( eV

Background rate:
≤ 3×-5")!eV"*s"* (90% C.I.)

June 22, 2020Noah S. Oblath -- XXIX International Conference on Neutrino Physics and Astrophysics

Plot by T. W
eiss

Plot by T. W
eiss

PRELIMINARY

PRELIMINARY

Energy spectrum and posterior fit

Posterior distribution

Final analysis will be completed this summer
Bodine, et al.: Phys. Rev. C 91 (2015)

Preliminary

First CRES Tritium Measurement



CRES must be scaled to much larger volumes 1 mm3 → 1 m3 

Must leave waveguide for free space observed with antennas 

Active signal processing techniques focus and reconstruct source volume: 

Permits simultaneous electron events 
Confines B-field uniformity requirement to single voxels 

An Open Antenna Array  
(Phase III)



CRES must be scaled to much larger volumes 1 mm3 → 1 m3 

Must leave waveguide for free space observed with antennas 

Active signal processing techniques focus and reconstruct source volume: 

Permits simultaneous electron events 
Confines B-field uniformity requirement to single voxels 

An Open Antenna Array  
(Phase III)



Any experiment with a 
molecular tritium (T2) source 
will have a systematic penalty 
associated with uncertainty in 
the width of rotational and 
vibrational states of the 
daughter 3He+T populated in 
the decay. 

In order to push to the next 
target mass scale (IO), one 
will need to switch to an 
atomic tritium source. 

 

T + T 

3He + T  

T2 

3He+ + T + e- 

3HeT+ + e-  

3He + T+ + e- 

Q(T) 

Q(T2) 

Eioniz(3He) 
24.59 eV 

QA 
18591.3(10) eV 

Edissoc(3HeT+) 
1.897 eV 

Edissoc(T2) 
4.590 eV 

Eioniz(T) 
13.60 eV 

3HeT2+ + e- + e-  

Eioniz(3HeT+) 
45.16 eV 

rotation and vibration of 
molecular 3HeT+ daughter 

Doss et al., Phys. 
Rev. C 73 (2006)

Bodine, Parno and Robertson, 
Phys. Rev. C 91 (2015).

Comparison of T2 and 
T decay schemes
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Any experiment with a 
molecular tritium (T2) source 
will have a systematic penalty 
associated with uncertainty in 
the width of rotational and 
vibrational states of the 
daughter 3He+T populated in 
the decay. 

In order to push to the next 
target mass scale (IO), one 
will need to switch to an 
atomic tritium source. 

 

Molecular sensitivity

Atomic sensitivity



Known as Phase IV, Project 8 hopes to break through 
the degeneracy scale toward the inverted (40 meV)

Target Mass 
Sensitivity

mβ < 40 meV

A large scale atomic experiment to reach the inverted scale. 



Current experiments have broken the eV scale…
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… and a future atomic T experiment could  
break the inverted scale.
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Figure 24: 31 AgReO4 crystal glued on the first XRS2 array of MARE-1. The 16 usable pixels give
Δ" ≈ 47 eV at 2.6 keV, $! ≈ 1ms (a).

Spectrum measured with the best pixel (b).

Indeed, also the other experimental efforts of M
ARE-1

encountered seve
ral difficulties [132]. For e

xample, the setting

up of arrays of AgReO4 crystals turned out to be more

troublesome than expected (Figure 24).The freshly polished

surfaces of AgRe
O4 crystals shaped to cuboids resulted

to

be incompatible with the sensor coupling methods used

successfully inMIBETAwith as-grown sm
all crystals.Despi

te

the use of a micromachined array of silicon implanted ther-

mistors, the perform
ance of the pixels

was irreproducibl
e and,

while gradually p
opulating and testing the XRS2 array with

AgReO4 crystals, the performance of the instru
mented pixels

started to degrade. This made the array finally unusable.

Given the sorts of the M
ARE project, also this branch of the

MARE-1 program was thus dropped
in 2013.

6.7. Future of Rhe
nium Experiments. From the MARE expe-

rience, it is clear t
hat a large scale n

eutrino mass experiment

based on
187Re beta decay is not foreseeable in the near future.

It would require a major step forward in the understandin
g

of the superconductivity
of rhenium, but, after more than

20 years of efforts, t
his is not anymore in the priorities of

the LTD scientific community. Besides the
intrinsic problem

s

of metallic rhenium, there are other considerations which

make rhenium microcalorimeters not quite an appealing

choice for high statistics measurements. Because of t
he large

half-life of
187Re, the specific activity of metallic rhenium is

too low to design pixels with both high performance and

high intensity beta sou
rces. 187Re activity required by a high

statistics experiment must be therefore distributed over a

large number of pixels—of the order of 105—while the diffi-

culties inherent w
ith the production of high quality metallic

rhenium absorbers contras
t with the full microfabrication of

the arrays. MARE-1 also demonstrated that AgReO4 is not a
viable alternative

to metallic rhenium. For these reason
s, the

new hope for a calorim
etric neutrino mass experiment with

LTDs is
163Ho.

7. Current Experiments

7.1. Calorimetric Absorption S
pectrum of 163Ho EC. DeR

újula

introduced the idea of a calo
rimetric measurement of

163Ho
EC decay already in

1981 [30], but it w
as only one year

later

that this idea was fully exploited in the paper written by

Lusignoli [43].Th
e EC decay163Ho + %− &→ 163Dy + ]# (50)

has the lowest kn
own ( value, around 2.5 keV, and its half-

life of about 4750
years is much shorter than

187Re one. In
[43], the authors c

ompute the calorimetric spectrum and give

also an estimate of the statisti
cal sensitivity to the neutrino

mass at the spectrum end-point, includ
ing the presence

of the pile-up background. Unf
ortunately, at tha

t time, the

experimental measurements of the ( value were scattered

between 2 keV and 3 keV causing large uncertaintie
s on the

achievable statisti
cal sensitivity.

A calorimetric EC experiment records all the
deexcitation

energy and therefore it measures the escaping neutrino

energy "]; see (17). The deexcitation energy "$ is the energy
released by all the atomic radiations emitted in the process

of filling the vacancy left by the EC decay, mostly electrons

with energies up to about 2 keV (the fluorescence yield is

less than 10−3) [32]. The calorimetric spectrum has lines at

the ionization energies "% of the captured electrons. These

lines have a natural width Γ% of a few eV; therefore, th
e

actual spectrum
is a continuum with marked peaks with

Breit-Wigner shapes (Figure 25). The spectral end-point

is shaped by the same neutrino phase space factor (( −
")√(( − ")2 − ,2]! that appears in a beta decay spectrum,

This is a good decade 
for direct neutrino mass 

measurements, with 
several experiments 

reaching for the sub-eV 
scale and beyond. 

KATRIN, Project 8, 
ECHo and HOLMES all 

ramping  and taking 
data in the near future.
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life of about 4750
years is much shorter than

187Re one. In
[43], the authors c

ompute the calorimetric spectrum and give

also an estimate of the statisti
cal sensitivity to the neutrino

mass at the spectrum end-point, includ
ing the presence

of the pile-up background. Unf
ortunately, at tha

t time, the

experimental measurements of the ( value were scattered

between 2 keV and 3 keV causing large uncertaintie
s on the
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cal sensitivity.
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deexcitation
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energy "]; see (17). The deexcitation energy "$ is the energy
released by all the atomic radiations emitted in the process

of filling the vacancy left by the EC decay, mostly electrons
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less than 10−3) [32]. The calorimetric spectrum has lines at
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Thanks for  your 
attention!
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Event reconstruction is a bit more 
complex



Combining all the approaches provides a more 
complete picture of the neutrino mass scale
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