
Cr
ed

it: 
L. 

Th
or

ne

Neutrino mass measurement:
Current and future

Larisa Thorne
Johannes Gutenberg University Mainz

FPCP 2024 (Bangkok, Thailand) — 27 May 2024



Larisa Thorne (Johannes Gutenberg University Mainz) 2

NEUTRINO  MASS:  WHY?
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Talk by M. Schmidt
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OUTLINE

• Neutrinos and their properties

• Neutrino mass measurement methods

• Current experiments

‣ Special focus: KATRIN, Project 8

• The future

4
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• Neutrino oscillation:

• Neutrino sector has many other interesting features:
‣ Mass ordering: normal vs. inverted
‣ Type: Majorana vs. Dirac
‣ Absolute mass scale

A  PRIMER  ON  NEUTRINOS

Flavor eigenstates
|νl >

Mass eigenstates
|νi >

PMNS mixing matrix

!

5

Pii′￼
∝

(m2
i − m2

i′￼
)L

E

Probability upon detection:

n → p + e− + ν̄e

Example decay:
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NEUTRINO  MASS:  HOW?
• 4 approaches to absolute neutrino mass measurement:

1. Cosmology

2. Supernova time-of-flight

3. Search for neutrinoless double beta decay

4. Kinematic methods (beta decay)

6
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COSMOLOGY
• Technique: fit various models to cosmological data (CMB, BAO, 

BBN)

• Neutrino mass: see table

• Advantages: data from varied, complimentary data sets

• Challenges: model-dependent

• Recent DESI results: if include  and , can resolve some 
long-standing tensions (Yeung 2024: )

Mν ξ3
Mν = 0.58+0.17

−0.13 eV
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https://arxiv.org/pdf/2403.11499
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SUPERNOVA
• Supernova 1987a

• Technique: time-of-flight analysis on ~25 neutrinos

• Neutrino mass:  (Loredo 2001)

• Advantages:

• Multiple detectors

• Information on mass hierarchy (MSW: 1-3 mixing), stellar structure, 
and equation of state

• Challenges:

• Low statistics

• Best signal (from ) is not main detection channel

mν̄e
≤ 5.7 eV@95 % C.L.

p + e− → n + νe
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NEUTRINO-LESS DOUBLE BETA DECAY

• Technique: measurement of decay rate

• Neutrino mass:  (Mei 2024)

• Advantages:

• Many candidate isotopes, detectors, techniques

• Addresses “is the neutrino its own antiparticle?” 
(Majorana vs. Dirac nature)

• Challenges:

• Backgrounds

• Precision of nuclear matrix element calculations

• Unknown phase parameters, sign of 

mββ ≤ 36 − 156 meV
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Talk by A. Mazumdar
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NEUTRINO-LESS DOUBLE BETA DECAY

• Technique: measurement of decay rate

• Neutrino mass:  (Mei 2024)

• Advantages:

• Many candidate isotopes, detectors, techniques

• Addresses “is the neutrino its own antiparticle?” 
(Majorana vs. Dirac nature)

• Challenges:

• Backgrounds

• Precision of nuclear matrix element calculations

• Unknown phase parameters, sign of 

mββ ≤ 36 − 156 meV
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Time projection 
chambers: 
EXO-200, nEXO, 
NEXT, PANDA-X, 
LZ, Darwin

Cryogenic 
calorimeter : 
CUPID-Mo, 
CROSS, CUPID/0, 
AMoRE-II, CUORE

Liquid 
scintillator : 
Kamland-
Zen, SNO+

HPGe: GERDA, 
MAJORANA, 
LEGEND

Tracking 
calorimeter : 
NEMO-3, 
SUPERNEMO

https://arxiv.org/pdf/2404.19624
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BETA DECAY

• Various isotopes for beta decay

• Technique: measurement of beta particle energy

• Neutrino mass:  (KATRIN 
2022)

• Advantages:

• Cross checks to other experiments (Q values, 
isotopes)

• Challenges:

• Statistics

• Systematics (molecular final states, backgrounds)

mν,e ≤ 0.8 eV@90 % C.L.

m2
β

=
3

∑
i=1

|Ue,i|
2 m2

i

https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1
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BETA DECAY

Tritium: 

• Endpoint: 18.6 keV

• Half-life: 12.3 yr

• Experiments: KATRIN, 
Project 8, PTOLEMY

3H →3 He+ + e− + ν̄e
• Various isotopes for beta decay

• Technique: measurement of beta particle energy

• Neutrino mass:  (KATRIN 
2022)

• Advantages:

• Cross checks to other experiments (Q values, 
isotopes)

• Challenges:

• Statistics

• Systematics (molecular final states, backgrounds)

mν,e ≤ 0.8 eV@90 % C.L.
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version to 200MS/s in three independently-tunable DAQ
frequency windows. The data are streamed to a compute
node that applies trigger logic, selecting periods with
high power in frequency space to write time-series data
to disk.

The Fourier-transformed data form a two-dimensional
spectrogram of power as a function of frequency and time
(Fig. 2). A tunable point-clustering algorithm is used to
identify bins with a high signal-to-noise ratio (SNR) that
belong to electron signals and to group these into con-
tiguous “tracks.” Tracks are always “chirped”—positive-
sloped in frequency—due to radiated cyclotron power
(Eq. 2). Inelastic collisions between electrons and gas
molecules cause energy loss and therefore sudden jumps
in cyclotron frequency, so tracks in close time sequence
are designated as being a single electron “event.” An
electron’s energy at the time of decay is extracted from
the initial frequency of the earliest track in an event. The
on-axis detector geometry introduces a Doppler shift,
shunting power from the main carrier into sidebands and
thereby limiting the SNR and e↵ective volume. All tracks
in the spectrogram in Fig. 2 are the main carrier signal;
sideband tracks due to modulation are present at fre-
quencies above and below the main carrier but are too
low-power to be detected in this apparatus [37].

CRES is inherently an extremely low-background tech-
nique, with RF noise fluctuations as the dominant back-
ground. By precisely characterizing the RF background,
true events can be sensitively distinguished from noise.
In the event selection, the decision to keep or remove
an event is based on the number of tracks it contains
and properties of its first track: the number of high-
power bins it contains (roughly corresponding to its du-
ration) and its average SNR. The parameters for this
cut were chosen before tritium data acquisition at a level
expected to allow less than one RF-noise-induced back-
ground event in the tritium data set with 90% probabil-
ity.
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FIG. 2. Spectrogram of the first CRES event detected from a
tritium beta decay electron. Raw time-series data are Fourier-
transformed in time bins of 40.96µs, yielding 24.41 kHz fre-
quency bins.

Analysis is performed on binned cyclotron frequency
(fc) data [34]. The predicted spectral shape (N ) as de-
tected in a CRES apparatus is

N / E

0

@Y ⇤

X

j=0

Aj

�
I ⇤ L

⇤j�
1

A , (3)

where all variables can be expressed as functions of
fc, and consequently Ekin and B (Eq. 2). Convolu-
tion is denoted by ⇤, with superscript ⇤j representing
self-convolution j times. The detection e�ciency (E)
uniquely has explicit physical dependence on both fc

and Ekin. The true underlying spectrum (Y) includes
all source e↵ects. The summation term characterizes the
broadening elements of the detector response, primarily
from scattering and the inhomogeneity of the magnetic
trapping field. Scattering before an electron’s detection
gives rise to a low-energy tail populated by events with
undetected true first tracks. Scatter peak amplitudes
(Aj) are the probabilities that an electron is first de-
tected after j scatters. They are determined by a phe-
nomenological model. The electron’s energy-loss distri-
bution after j scatters (L⇤j) depends on the di↵erential
cross sections, the fractions �i of each gas species i, and
the loss to cyclotron radiation. The intrinsic instrumen-
tal resolution (I) arises from variation in the average
magnetic fields sampled by electrons with di↵erent kine-
matic parameters [37]. It is modeled using simulations
of monoenergetic electrons in the trap’s magnetic field
profile [38].
Near-monoenergetic conversion electrons from 83mKr

are a powerful tool for characterizing the detector re-
sponse near the tritium endpoint. The underlying spec-
trum of the 83mKr K-line at 17.8 keV (YKr) comprises
a narrow main peak and secondary low-energy peaks
from shakeup and shakeo↵ [39]. 83mKr calibration data
(Fig. 3) are taken in the shallow and deep trap config-
urations to verify the validity of the detector response
model across di↵erent trap depths and scattering envi-
ronments. Poisson-likelihood �

2 fits [40] are performed
on these data, with goodness-of-fit tested using Monte
Carlo methods. The scattering parameters in Aj and
the magnetic field B are free fit parameters, and no back-
ground is observed.
In the shallow trap configuration, resolution is opti-

mized by minimizing the magnetic field variation experi-
enced by trapped electrons. The observed primary peak
width is 4.03 eV (FWHM); the K-line natural linewidth
is 2.774 eV [41], yielding an instrumental resolution I

of 1.66±0.16 eV. The low-energy satellite peak com-
prises overlapping contributions from scattering (52%
of satellite peak counts) and shakeup/shakeo↵ compo-
nents. Across the full shallow-trap 83mKr spectrum, 69%
of events are detected before scattering.
The event rate is approximately 40 times higher in the

deep trap configuration than in the shallow trap, at the

start

scattering

radiation

https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1
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BETA  DECAY:  KATRIN
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Design sensitivity: 0.3 eV

Current result:
mν,e ≤ 0.8 eV@90 % C.L.
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• Goal: absolute neutrino mass measurement

• Technique: measure cyclotron radiation from trapped atomic tritium beta 
decay electrons (“CRES”: cyclotron radiation emission spectroscopy)

• Design sensitivity: 40meV at 90% C.L.

15

https://www.project8.org

BETA  DECAY:  PROJECT 8

https://www.project8.org
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PROJECT 8:  MEASUREMENT  TECHNIQUE

Tritium isotope has attractive beta decay properties: 
decay is super-allowed, practical half-life (~12.3yr), 

fairly low endpoint energy (~18.6keV)

CRES: cyclotron radiation emission spectroscopy

1. Trap decay electrons from tritium 
source gas within local minimum of a 
homogeneous B field

2. Beta decay electron undergoes 
cyclotron motion with frequency fcyc

3. Radiation detected

3H → 3He+ + e− + ν̄e
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PROJECT 8:  MEASUREMENT  TECHNIQUE

Tritium isotope has attractive beta decay properties: 
decay is super-allowed, practical half-life (~12.3yr), 

fairly low endpoint energy (~18.6keV)

CRES: cyclotron radiation emission spectroscopy

1. Trap decay electrons from tritium 
source gas within local minimum of a 
homogeneous B field

2. Beta decay electron undergoes 
cyclotron motion with frequency fcyc

3. Radiation detected

3H → 3He+ + e− + ν̄e

53

FSD is the same for both HT and TT, the close agreement is confirmation of the FSD for both

isotopologues.

The FSD for molecular tritium is now very robust and no longer contributes significantly to the

systematic uncertainty budget even in the KATRIN experiment. Nevertheless the broadening of

the response function caused by the FSD exacts a statistical penalty and makes it more di�cult

to reach small neutrino masses. The appeal of a source of atomic tritium is illustrated in Fig. 21.

The atomic line is very narrow, broadened only by thermal motion, and the first excited state is
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FIG. 21: The ground-state manifold of molecular tritium compared to the ground state of atomic tritium.

The atomic line is here placed on the same scale as the molecular binding energy of Fig. 19. The ground-

state Q-values di↵er by 8.29 eV. Because of recoil e↵ects, the ground-state extrapolated endpoint values

(�00 � me in [109]) di↵er by 9.99 eV, but the molecular rotational and vibrational excitations that broaden

the molecular peak make the endpoint energy for the atomic decay e↵ectively about 8 eV smaller than the

molecule. Translational Doppler broadening corresponding to a temperature of 1 K is included in the atomic

line. The molecular line is from [154].

at -49 eV on this scale. The FSD for atomic tritium in the sudden approximation is simply the

squared overlap of the radial wavefunction Rnl(r, Z) of the hydrogen ground state and the radial

wavefunctions of the ns-states of He+, which are analytic functions. For example, the ground-state
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CRES: cyclotron radiation emission spectroscopy

1. Trap decay electrons from tritium 
source gas within local minimum of a 
homogeneous B field

2. Beta decay electron undergoes 
cyclotron motion with frequency fcyc

3. Radiation detected

18

PROJECT 8:  MEASUREMENT  TECHNIQUE CRES Electron Motion

• Electron trapped in magnetic field 
• Three superimposed motions: 

• Cyclotron motion with frequency 
 
 
 

• Axial motion with frequency  that 
depends on trap design and 
electron’s pitch angle 

• Grad-B motion  from magnetic 
trapping field gradient

fa

f∇B

6

grad-B 
motion

cyclotron 
motion

axial 
motion average magnetic field  

along electron trajectory

fcyc ∝
q⟨B⟩

me + Ekin
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CRES: cyclotron radiation emission spectroscopy

1. Trap decay electrons from tritium 
source gas within local minimum of a 
homogeneous B field

2. Beta decay electron undergoes 
cyclotron motion with frequency fcyc

3. Radiation detected

19

PROJECT 8:  MEASUREMENT  TECHNIQUE CRES Electron Motion

• Electron trapped in magnetic field 
• Three superimposed motions: 

• Cyclotron motion with frequency 
 
 
 

• Axial motion with frequency  that 
depends on trap design and 
electron’s pitch angle 

• Grad-B motion  from magnetic 
trapping field gradient

fa

f∇B

6

grad-B 
motion

cyclotron 
motion

axial 
motion average magnetic field  

along electron trajectory

fcyc ∝
q⟨B⟩

me + Ekin
~18.6 keV

~1 GHz
~0.1 T
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PROJECT 8:  MEASUREMENT  TECHNIQUE

 Reconstruct differential spectrum:

Ekin

Γ(
E k

in
;m

β)

CRES: cyclotron radiation emission spectroscopy

1. Trap decay electrons from tritium 
source gas within local minimum of a 
homogeneous B field

2. Beta decay electron undergoes 
cyclotron motion with frequency fcyc

3. Radiation detected

fcyc ∝
q⟨B⟩

me + Ekin
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PROJECT 8:  MEASUREMENT  TECHNIQUE

Arina B. Telles Lake Louise 2023

• Mass limit: 170 eV (Bayesian)  
180 eV (Frequentist)

• Count rate: 3770 events over 82 
days. T2 at 10-6 mbar

• Resolution: 54.3 eV (FWHM)
• Effective volume: 1.20 ± 0.09 mm3

Phase II: CRES in a waveguide

7

85mT

arXiv: 2212.05048, to be submitted to PRL

~2cm

1.4mT

Sample (tritium) CRES event:

3

version to 200MS/s in three independently-tunable DAQ
frequency windows. The data are streamed to a compute
node that applies trigger logic, selecting periods with
high power in frequency space to write time-series data
to disk.

The Fourier-transformed data form a two-dimensional
spectrogram of power as a function of frequency and time
(Fig. 2). A tunable point-clustering algorithm is used to
identify bins with a high signal-to-noise ratio (SNR) that
belong to electron signals and to group these into con-
tiguous “tracks.” Tracks are always “chirped”—positive-
sloped in frequency—due to radiated cyclotron power
(Eq. 2). Inelastic collisions between electrons and gas
molecules cause energy loss and therefore sudden jumps
in cyclotron frequency, so tracks in close time sequence
are designated as being a single electron “event.” An
electron’s energy at the time of decay is extracted from
the initial frequency of the earliest track in an event. The
on-axis detector geometry introduces a Doppler shift,
shunting power from the main carrier into sidebands and
thereby limiting the SNR and e↵ective volume. All tracks
in the spectrogram in Fig. 2 are the main carrier signal;
sideband tracks due to modulation are present at fre-
quencies above and below the main carrier but are too
low-power to be detected in this apparatus [37].

CRES is inherently an extremely low-background tech-
nique, with RF noise fluctuations as the dominant back-
ground. By precisely characterizing the RF background,
true events can be sensitively distinguished from noise.
In the event selection, the decision to keep or remove
an event is based on the number of tracks it contains
and properties of its first track: the number of high-
power bins it contains (roughly corresponding to its du-
ration) and its average SNR. The parameters for this
cut were chosen before tritium data acquisition at a level
expected to allow less than one RF-noise-induced back-
ground event in the tritium data set with 90% probabil-
ity.
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FIG. 2. Spectrogram of the first CRES event detected from a
tritium beta decay electron. Raw time-series data are Fourier-
transformed in time bins of 40.96µs, yielding 24.41 kHz fre-
quency bins.

Analysis is performed on binned cyclotron frequency
(fc) data [34]. The predicted spectral shape (N ) as de-
tected in a CRES apparatus is

N / E
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j=0
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�
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where all variables can be expressed as functions of
fc, and consequently Ekin and B (Eq. 2). Convolu-
tion is denoted by ⇤, with superscript ⇤j representing
self-convolution j times. The detection e�ciency (E)
uniquely has explicit physical dependence on both fc

and Ekin. The true underlying spectrum (Y) includes
all source e↵ects. The summation term characterizes the
broadening elements of the detector response, primarily
from scattering and the inhomogeneity of the magnetic
trapping field. Scattering before an electron’s detection
gives rise to a low-energy tail populated by events with
undetected true first tracks. Scatter peak amplitudes
(Aj) are the probabilities that an electron is first de-
tected after j scatters. They are determined by a phe-
nomenological model. The electron’s energy-loss distri-
bution after j scatters (L⇤j) depends on the di↵erential
cross sections, the fractions �i of each gas species i, and
the loss to cyclotron radiation. The intrinsic instrumen-
tal resolution (I) arises from variation in the average
magnetic fields sampled by electrons with di↵erent kine-
matic parameters [37]. It is modeled using simulations
of monoenergetic electrons in the trap’s magnetic field
profile [38].
Near-monoenergetic conversion electrons from 83mKr

are a powerful tool for characterizing the detector re-
sponse near the tritium endpoint. The underlying spec-
trum of the 83mKr K-line at 17.8 keV (YKr) comprises
a narrow main peak and secondary low-energy peaks
from shakeup and shakeo↵ [39]. 83mKr calibration data
(Fig. 3) are taken in the shallow and deep trap config-
urations to verify the validity of the detector response
model across di↵erent trap depths and scattering envi-
ronments. Poisson-likelihood �

2 fits [40] are performed
on these data, with goodness-of-fit tested using Monte
Carlo methods. The scattering parameters in Aj and
the magnetic field B are free fit parameters, and no back-
ground is observed.
In the shallow trap configuration, resolution is opti-

mized by minimizing the magnetic field variation experi-
enced by trapped electrons. The observed primary peak
width is 4.03 eV (FWHM); the K-line natural linewidth
is 2.774 eV [41], yielding an instrumental resolution I

of 1.66±0.16 eV. The low-energy satellite peak com-
prises overlapping contributions from scattering (52%
of satellite peak counts) and shakeup/shakeo↵ compo-
nents. Across the full shallow-trap 83mKr spectrum, 69%
of events are detected before scattering.
The event rate is approximately 40 times higher in the

deep trap configuration than in the shallow trap, at the

• First detection of single 83mKr 
electrons using CRES:  Phys. Rev. Lett. 
114, 1162501 (2015) 

• First results with tritium (T2), both 
Frequentist and Bayesian: Phys. Rev. 
Lett.131.102502 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102502
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version to 200MS/s in three independently-tunable DAQ
frequency windows. The data are streamed to a compute
node that applies trigger logic, selecting periods with
high power in frequency space to write time-series data
to disk.

The Fourier-transformed data form a two-dimensional
spectrogram of power as a function of frequency and time
(Fig. 2). A tunable point-clustering algorithm is used to
identify bins with a high signal-to-noise ratio (SNR) that
belong to electron signals and to group these into con-
tiguous “tracks.” Tracks are always “chirped”—positive-
sloped in frequency—due to radiated cyclotron power
(Eq. 2). Inelastic collisions between electrons and gas
molecules cause energy loss and therefore sudden jumps
in cyclotron frequency, so tracks in close time sequence
are designated as being a single electron “event.” An
electron’s energy at the time of decay is extracted from
the initial frequency of the earliest track in an event. The
on-axis detector geometry introduces a Doppler shift,
shunting power from the main carrier into sidebands and
thereby limiting the SNR and e↵ective volume. All tracks
in the spectrogram in Fig. 2 are the main carrier signal;
sideband tracks due to modulation are present at fre-
quencies above and below the main carrier but are too
low-power to be detected in this apparatus [37].

CRES is inherently an extremely low-background tech-
nique, with RF noise fluctuations as the dominant back-
ground. By precisely characterizing the RF background,
true events can be sensitively distinguished from noise.
In the event selection, the decision to keep or remove
an event is based on the number of tracks it contains
and properties of its first track: the number of high-
power bins it contains (roughly corresponding to its du-
ration) and its average SNR. The parameters for this
cut were chosen before tritium data acquisition at a level
expected to allow less than one RF-noise-induced back-
ground event in the tritium data set with 90% probabil-
ity.
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FIG. 2. Spectrogram of the first CRES event detected from a
tritium beta decay electron. Raw time-series data are Fourier-
transformed in time bins of 40.96µs, yielding 24.41 kHz fre-
quency bins.

Analysis is performed on binned cyclotron frequency
(fc) data [34]. The predicted spectral shape (N ) as de-
tected in a CRES apparatus is

N / E
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�
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where all variables can be expressed as functions of
fc, and consequently Ekin and B (Eq. 2). Convolu-
tion is denoted by ⇤, with superscript ⇤j representing
self-convolution j times. The detection e�ciency (E)
uniquely has explicit physical dependence on both fc

and Ekin. The true underlying spectrum (Y) includes
all source e↵ects. The summation term characterizes the
broadening elements of the detector response, primarily
from scattering and the inhomogeneity of the magnetic
trapping field. Scattering before an electron’s detection
gives rise to a low-energy tail populated by events with
undetected true first tracks. Scatter peak amplitudes
(Aj) are the probabilities that an electron is first de-
tected after j scatters. They are determined by a phe-
nomenological model. The electron’s energy-loss distri-
bution after j scatters (L⇤j) depends on the di↵erential
cross sections, the fractions �i of each gas species i, and
the loss to cyclotron radiation. The intrinsic instrumen-
tal resolution (I) arises from variation in the average
magnetic fields sampled by electrons with di↵erent kine-
matic parameters [37]. It is modeled using simulations
of monoenergetic electrons in the trap’s magnetic field
profile [38].
Near-monoenergetic conversion electrons from 83mKr

are a powerful tool for characterizing the detector re-
sponse near the tritium endpoint. The underlying spec-
trum of the 83mKr K-line at 17.8 keV (YKr) comprises
a narrow main peak and secondary low-energy peaks
from shakeup and shakeo↵ [39]. 83mKr calibration data
(Fig. 3) are taken in the shallow and deep trap config-
urations to verify the validity of the detector response
model across di↵erent trap depths and scattering envi-
ronments. Poisson-likelihood �

2 fits [40] are performed
on these data, with goodness-of-fit tested using Monte
Carlo methods. The scattering parameters in Aj and
the magnetic field B are free fit parameters, and no back-
ground is observed.
In the shallow trap configuration, resolution is opti-

mized by minimizing the magnetic field variation experi-
enced by trapped electrons. The observed primary peak
width is 4.03 eV (FWHM); the K-line natural linewidth
is 2.774 eV [41], yielding an instrumental resolution I

of 1.66±0.16 eV. The low-energy satellite peak com-
prises overlapping contributions from scattering (52%
of satellite peak counts) and shakeup/shakeo↵ compo-
nents. Across the full shallow-trap 83mKr spectrum, 69%
of events are detected before scattering.
The event rate is approximately 40 times higher in the

deep trap configuration than in the shallow trap, at the

start

scattering

radiation

• First detection of single 83mKr 
electrons using CRES:  Phys. Rev. Lett. 
114, 1162501 (2015) 

• First results with tritium (T2), both 
Frequentist and Bayesian: Phys. Rev. 
Lett.131.102502 

Arina B. Telles Lake Louise 2023

• Mass limit: 170 eV (Bayesian)  
180 eV (Frequentist)

• Count rate: 3770 events over 82 
days. T2 at 10-6 mbar

• Resolution: 54.3 eV (FWHM)
• Effective volume: 1.20 ± 0.09 mm3

Phase II: CRES in a waveguide

7

85mT

arXiv: 2212.05048, to be submitted to PRL

~2cm

1.4mT

Sample (tritium) CRES event:

fcyc ∝
q⟨B⟩

me + Ekin

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102502
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FIG. 5. Measured tritium endpoint spectrum with Bayesian
and frequentist fits. (Inset) Frequentist neutrino mass and
endpoint contours.

TABLE I. Extracted tritium endpoint values with 1-� uncer-
tainty and neutrino mass 90% credible/confidence intervals.
The literature value is E0 = 18574.01±0.07 eV [22, 24, 44].

Endpoint [eV] m� limit [eV/c2]

Bayesian 18552± 20 <170

Frequentist 18548± 19 <180

the full decomposition of the detector response. Energy-
and frequency-dependent e↵ects are measured and con-
trolled to allow analysis across a multi-keV continuous
spectrum. The dominant background is RF noise fluctu-
ations, consistent with expectation, which is character-
ized and rejected to achieve a zero-background measure-
ment. These characteristics combine to enable the first
tritium endpoint measurement and direct neutrino mass
limit with the novel CRES technique.

These measurements demonstrate significant advances
for CRES and suggest avenues for improving its sensi-
tivity to m� . The analysis is statistics-limited, moti-
vating pursuit of a large-volume CRES apparatus [33].
The planned cavity-based detection geometry will benefit
from increased signal power due to enhanced spontaneous
emission on resonance [42, 43] while also reducing the
Doppler shift, thus simplifying event morphology. Paired
with reduced noise, potentially from the use of quantum
amplifiers, the SNR and thus detection e�ciency can be
significantly enhanced. More sophisticated reconstruc-
tion techniques, including matched filtering and/or ma-
chine learning [50], have the potential to further increase
reconstruction e�ciency and enable the identification of
sidebands, providing input for kinematic corrections to
improve resolution [37]. Novel calibration with a tunable
monoenergetic electron source will be required to further

TABLE II. Contributions to endpoint uncertainty �(E0) in
the frequentist analysis. Individual systematic uncertainty
contributions were computed via the method of Asimov
sets [49]; they therefore do not sum in quadrature to the total
systematic uncertainty, which takes into account correlations.

Uncertainty Parameters �(E0) [eV]

Magnetic field B 4
Magnetic field broadening � 4
Scattering �H2 , Aj 6
E�ciency variation E 4
Other freq. dependence Aj(fc) 6

Systematics total 9

Statistical 17

improve detector response characterization, as the CRES
resolution has already surpassed the natural linewidth of
83mKr and atomic shakeup/shakeo↵ satellites contribute
significantly to the 83mKr lineshape [39]. Project 8 aims
to combine these advances with an atomic tritium source
to bypass the molecular final state broadening and un-
certainties. This sets the stage for a next-generation neu-
trino mass experiment probing the full range of m� al-
lowed by the inverted neutrino mass ordering.
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Tritium beta decay endpoint (90% C.L.):
• Frequentist:  eV
• Bayesian:  eV

Neutrino mass (90% C.L.):
• Frequentist:  eV/c2

• Bayesian:  eV/c2

Background count rate (90% C.L.):
• No events above endpoint!
• cps/eV

Resolution: 
•  eV (FWHM)

Effective volume:
•  eV

Statistics-limited (3 months’ worth of data)

18548+19
−19

18553+18
−19

≤ 152
≤ 155

≤ 3 × 10−10

54.3

1.20 ± 0.09 mm3
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Holmium: 

• Endpoint: 2.8 keV

• Half-life: 4570 yr

• Experiments: ECHo, Holmes, 
NuMECS

163Ho + e− → (163Dy* →163 Dy + Ec) + νe

The Electron Capture in 163Ho

The ECHo experiment

N. Kovac, L. Gastaldo, F. Ahrens, A. Barth, E. Bruer, C. Enss, A. Fleischmann, M. Griedel, R. Hammann, D. Hengstler, M. Herbst, W. Holzmann, F. Mantegazzini, D. Richter, A. Reifenberger, C. Velte, T. Wieckenhäuser, 
Kirchhoff Institute for Physics, Heidelberg University; M. Brass, M. Haverkort, Institute for theoretical physics, Heidelberg University; K. Blaum, S. Eliseev, M. Door, P. Filianin, K. Kromer, R. Schüssler, C. Schweiger, 
Max-Planck-Institut für Kernphysik; Y. Novikov Petersburg Nuclear Physics Institute, Gatchina; S. Kempf, M. Wegner, Institute of Micro- and Nanoelectronic Systems, Karlsruhe Institute of Technology, Karlsruhe, Germany; 
J. Jochum, A. Göggelmann, Physikalisches Institut, Eberhard Karls Universität Tübingen;  C. Düllmann, H. Dorrer, Department of Chemistry - TRIGA Site, Johannes Gutenberg University Mainz, Mainz, Germany; 
T. Kieck , N. Kneip, K. Wendt, Institute of Physics, Johannes Gutenberg-Universität Mainz; K. Johnston, B. Marsh, S. Rothe, T. Stora CERN, Physics Department, 1211 Geneva 23, Switzerland; 
U. Köster Institut Laue-Langevin, Grenoble, France; N. Karcher, O. Sander, M. Weber, Institut für Prozessdatenverarbeitung und Elektronik, Karlsruher Institut für Technologie

Background
• Use of Monte Carlo simulations for background studies
• Material screening for natural radioactivity
• Muon veto used to remove muon related events  [14]

ECHo experimental phases
– ECHo-1k phase
• 32 detector channels, each with 2 pixels
• Activity per pixel ~ 1Bq
• Read-out: parallel two-stage SQUID

• Status: 
 – Data acquisition completed
 – Data analysis in progress 

•Goal of 108  Ho events 
   was reached

• Achievable sensitivity: 

  
   m(νe) < 20 eV

– ECHo-100k phase
• New detector design with compact absorber geometry
• Single pixel optimization: 163Ho activity per pixel ~ 10 Bq 
• Suitable for paraller and multiplexed read-out

• Status: 
 – ECHo-100k chips have been sucessfully fabricated 
    and characterised  [12]
 – Production of ECHo-100k chips and implantation on a 
    wafer scale on going 

•Goal: reach 1013 events 
   in three years

• Achievable sensitivity:

 m(νe) < 2 eV

  

Excellent energy resolution!ECHo-100k chip

rf-SQUIDsResonators

Read-out
• Microwave multiplexed read-out of MMC arrays  [13]
• Single HEMT amplifier and two coaxes: possibility to read-out
   100 - 1000 detectors simultaneously

Microwave SQUID
multiplexer

• Operational temperature ~ 20mK
• Achieved energy resolution: below 3 eV FWHM 
• Reliable operation for several months at a time 

Metallic Magnetic Calorimeters (MMCs) with implanted 163Ho  [3]

Detector technology

Implanted pixel Non-implanted pixel

One detector channel

• Sensor material: Ag:Er
• Absorber: made of gold with
   4π coverage

• Future goal: 1 eV precision, PENTATRAP @MPIK, Heidelberg  [5, 6] 

QEC-value of Holmium-163

In perfect agreement with the value obtained 
from calorimetric measurements!

Penning trap mass spectroscopy using high purity 163Ho samples

QEC  =  (2.833 ±  0.030stat ±  0.015syst) keV  [4]

• Measurement does not depend on  electron capture process

Theoretical description of the 163Ho spectrum 

• Ab-initio calculations of the spectrum  [7,8]:

 — Spectrum dominated by resonances due to the local 
          atomic multiplet states with core holes
 — Many body Coulomb interactions → Auger decays
 — Only input to the theoretical calculation is the QEC value

• Decay rate:

 — Coulomb Interactions + the Weak Interaction
 —  

Outlook
• ECHo-1k phase has been successfully completed 
   with the acquisition of more than 108 
    163Ho events: 

 – data analysis is currently ongoing 
 – aiming at sensitivity below 20 eV

• New ECHo-100k detector has been successfully 
   fabricated:

 – characterisation showed desired detector 
          performance
 – production of ~200 ECHo-100k chips started 
 – preparation for wafer scale ion-implantation
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+

• τ½         �  4570 years (2 x 1011 atoms for 1 Bq)
• QEC   = (2838 ± 14) eV (calorimetric measurement)  [2]

Calorimetric 
measurements  [1]

• X - rays

• Auger Electrons

• Coster-Kronig transitions

Shape of the end-point depends 
on the electron neutrino mass

– Reaching sub-eV sensitivity

• Nev > 1014  →   A ~ 1 MBq
• ΔEFWHM  <  3 eV
• B < 10-6 events/eV/det/day
• fpu < 10-6

• Less than 1 eV uncertainty 
   in the end-point region

Electron capture spectrum of 163Ho

• Excelent chemical separation ~ 95%
• 2 x 1018 atoms of 163Ho (10 MBq)  
  available for the ECHo experiment 

Holmium-163 source
– 163Ho high purity source production

Neutron irradiation (n, γ)-reaction on 162Er at ILL Grenoble, France  [9,15]

– Mass separation and 163Ho ion implantation

• Resonant laser ion source efficiency: 

        (69 ± 5stat ± 4syst) % 

• Reduction of 166mHo in MMC: 

   166mHo/163Ho < 4(2) x 10-19

 • Optimization of the beam focalisation 

RISIKO @ Institute of Physics, Mainz University  [10,11,12]
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New Q value to be 
published in Nature!

• Various isotopes for beta decay

• Technique: measurement of beta particle energy

• Neutrino mass:  (KATRIN 
2022)

• Advantages:

• Cross checks to other experiments (Q values, 
isotopes)

• Challenges:

• Statistics

• Systematics (molecular final states, backgrounds)

mν,e ≤ 0.8 eV@90 % C.L.

Source:%20Velte%202019
Source:%20Velte%202019
Source:%20Velte%202019
https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1
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Plutonium: 

• Endpoint: 20.8 keV

• Half-life: 14.3 yr

• Experiment: MAGNETO-

241Pu →241 Am+ + e− + ν̄e

ν

• Various isotopes for beta decay

• Technique: measurement of beta particle energy

• Neutrino mass:  (KATRIN 
2022)

• Advantages:

• Cross checks to other experiments (Q values, 
isotopes)

• Challenges:

• Statistics

• Systematics (molecular final states, backgrounds)

mν,e ≤ 0.8 eV@90 % C.L.

https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1
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HOW  TO  COMPARE  RESULTS?
( m1 < m2 < m3 ) ( m3 < m1 < m2 )
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• Increase statistics

• Understand systematics

• Develop new techniques

• Combined analysis

• Complimentary searches
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THE  FUTURE

53

FSD is the same for both HT and TT, the close agreement is confirmation of the FSD for both

isotopologues.

The FSD for molecular tritium is now very robust and no longer contributes significantly to the

systematic uncertainty budget even in the KATRIN experiment. Nevertheless the broadening of

the response function caused by the FSD exacts a statistical penalty and makes it more di�cult

to reach small neutrino masses. The appeal of a source of atomic tritium is illustrated in Fig. 21.

The atomic line is very narrow, broadened only by thermal motion, and the first excited state is
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FIG. 21: The ground-state manifold of molecular tritium compared to the ground state of atomic tritium.

The atomic line is here placed on the same scale as the molecular binding energy of Fig. 19. The ground-

state Q-values di↵er by 8.29 eV. Because of recoil e↵ects, the ground-state extrapolated endpoint values

(�00 � me in [109]) di↵er by 9.99 eV, but the molecular rotational and vibrational excitations that broaden

the molecular peak make the endpoint energy for the atomic decay e↵ectively about 8 eV smaller than the

molecule. Translational Doppler broadening corresponding to a temperature of 1 K is included in the atomic

line. The molecular line is from [154].

at -49 eV on this scale. The FSD for atomic tritium in the sudden approximation is simply the

squared overlap of the radial wavefunction Rnl(r, Z) of the hydrogen ground state and the radial

wavefunctions of the ns-states of He+, which are analytic functions. For example, the ground-state
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TABLE II. Breakdown of uncertainties of the neutrino-mass-squared best fit, sorted by size. The uncertainties of the individual
systematic effects are quoted in the main text.

Effect 68.2% CL uncertainty on m2
⌫ (eV2)

Statistical 0.29

Non-Poissonian background 0.11
Source-potential variations 0.09
Scan-step-duration-dependent background 0.07
qU -dependent background 0.06
Magnetic fields 0.04
Molecular final-state distribution 0.02
Column density ⇥ inelastic scat. cross-section 0.01
Activity fluctuations 0.01
Energy-loss function < 0.01
Detector efficiency < 0.01
Theoretical corrections < 0.01
High voltage stability and reproducibility < 0.01

Total uncertainty 0.34

FIG. 4. Comparison of best-fit values and uncertainties with
previous neutrino mass experiments. References: Los Alamos
91 [53], Tokyo 91 [54], Zürich 92 [55], Mainz 93 [56], Beijing 93
[57], Livermore 95 [58], Troitsk 95 [59], Mainz 99 [60], Troitsk
99 [61], Mainz 05 [62], Troitsk 11 [63], KATRIN 19 [14, 15],
KATRIN 21: this work, KATRIN combined: KATRIN 19
combined with KATRIN 21.

VI. CONCLUSION AND OUTLOOK

The second neutrino-mass measurement campaign of
KATRIN, presented here, is the first direct neutrino-
mass measurement reaching sub-eV sensitivity (0.7 eV at
90% CL). Combined with the first campaign we set an
improved upper limit of m⌫ < 0.8 eV (90% CL). We
therefore have narrowed down the allowed range of quasi-
degenerate neutrino-mass models and we have provided
model-independent information about the neutrino mass,
which allows the testing of non-standard cosmological
models [64, 65]. Fig. 4 displays the evolution of best-fit
m2

⌫ results from historical neutrino-mass measurements
up to the present day.

Compared to its previous measurement campaign, the
KATRIN experiment has decreased the statistical and
systematic uncertainties by about a factor of three and
two, respectively. With the total planned measurement
time of 1000 days, the total statistics of KATRIN will
be increased by another factor of 50. A reduction of
the background rate by a factor of two will be achieved
by an optimised electromagnetic field design of the spec-
trometer section. Moreover, by eliminating the radon-
and Penning-trap-induced background, the background-
related systematic effects are expected to be significantly
reduced. Together with a new high-rate krypton calibra-
tion scheme and a new method to improve the determina-
tion of the magnetic fields we will minimise the dominant
systematic uncertainties to reach the target sensitivity of
m2

⌫ in the vicinity of 0.2 eV.
High-precision �-spectroscopy with the KATRIN ex-

periment has proven to be a powerful means to probe
the neutrino mass with unprecedented sensitivity and to
explore physics beyond the Standard Model, such as ster-
ile neutrinos [66]. Together with cosmological probes and
searches for neutrinoless double �-decay[67], the upcom-
ing KATRIN data will play a key role in measuring the
neutrino mass parameters.
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PROJECT 8:  DESIGN  PRINCIPLE

Select tritium because its beta decay is super-allowed, has 
appropriate half-life (~12.3yr), endpoint energy fairly low 

(~18.6keV)

Via Fermi’s Golden Rule:
d2N
dEdt

=
GF |Vud |2

2π3
|Mnucl |

2 F(Z, E)pe(E + me)

⋅ ∑
f

Gf Pfϵf ϵ2
f − m2

β Θ(ϵf − mβ)

m2
β,eff =

3

∑
i=1

|Ue,i |
2 m2

i

≈ m2
β

3H → 3He+ + e− + ν̄e
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PROJECT 8:  SPECTRUM  ANALYSIS
4

FIG. 3. Data and fits of the 17.8 keV 83mKr conversion
electron K-line, as measured in the shallow (high-resolution)
and the deep (high-statistics) electron trapping configura-
tions. The shallow trap exhibits an instrumental resolution of
1.66±0.16 eV (FWHM), while the deep trap provides direct
calibration of the tritium data-taking conditions.

expense of a broader peak width of 54.3 eV (FWHM).
This deep-trap configuration is also used for data acquisi-
tion with tritium, making these 83mKr extracted param-
eters inputs for the tritium analysis: B=0.9578104(13)T
is used directly, while Aj requires corrections for small
di↵erences in scattering environment between data sets.

The 83mKr data are also used to measure the frequency
variation of e�ciency E and detector response elements
I and Aj . By varying the background magnetic field in
steps of 0.07mT over a range of ±3.2mT using the field-
shifting solenoid, deep trap 83mKr 17.8-keV data (Fig. 4)
are produced at a range of frequencies in the region of in-
terest. The “notch” in detection e�ciency at 25.93GHz
arises from electron interactions with the TM01 cavity
mode due to reflections from waveguide elements. Elec-
trons in resonance with this mode lose energy to cy-
clotron radiation faster than in free space [42, 43], which
increases frequency chirp (track slope) of the CRES sig-
nal and reduces the e�ciency of the event reconstruc-
tion procedure, which has been optimized for the non-
enhanced slopes. In addition to the frequency-dependent
e↵ects described above, the e�ciency E for tritium data
also includes an analytic term that directly depends on
electron energy, in order to account for the radiated
power [37]. Detection e�ciencies are determined with
uncertainties of 2–6%. The e�ciency E and the depen-
dence of Aj on frequency, which are derived from these
field-shifted 83mKr data, are passed as inputs to the tri-
tium data analysis, while variations in I were found to
have negligible impact.

The electron spectrum from tritium beta decay extends
out to its endpoint of E0 = 18574.01±0.07 eV [22, 24, 44].
All three DAQ frequency windows were used simulta-
neously to record around the endpoint, with the com-
bined analysis window spanning 16.2–19.8 keV (25.81–

FIG. 4. The 17.8 keV 83mKr conversion electron line recorded
in the deep trap with varying magnetic background fields (red
to blue). The gray curve shows the e�ciency response to
frequency variation, extrapolated from single trap data. The
green curve is corrected for energy dependence and shows the
relative e�ciency predicted for tritium data.

25.99GHz). Over the 82-live-day data-taking period, us-
ing the high-statistics deep trap configuration, 3770 dis-
tinct tritium events were recorded.
The tritium analysis follows Eq. 3, where the under-

lying spectrum Ytritium [45] here is an approximated �

spectrum [46] convolved with the final state distribution
of the 3HeT+ decay product [23]. A flat background
component is included as a free fit parameter. Approx-
imations are made to the instrumental resolution I and
energy-loss L to reduce computing time, to account for
di↵erences in scattering environment, and to include an
explicit parameter � describing instrumental resolution
width. The approximate model produces correct cover-
ages and no biases for ensembles of Monte Carlo data
generated with an un-approximated model.
The endpoint and neutrino mass limit are determined

using both Bayesian and frequentist analyses validated
with Monte Carlo studies. Separate fits were performed
to measure E0 (with m� constrained near 0 eV) and con-
strain m� (with E0 floating). The frequentist analysis
best-fit interval for m2

� was constructed using the proce-
dure in [47], and was converted to the m� limit using the
Lokhov-Tkachov method [48].
Fig. 5 shows the measured tritium spectrum and fits,

with results summarized in Tab. I. The endpoint and
mass values are consistent with each other and with lit-
erature values. No counts were detected above the end-
point, setting a stringent upper limit on backgrounds of
3⇥ 10�10 counts/eV/s. The endpoint uncertainty con-
tributions are listed in Tab. II. Statistical uncertainty
dominates the uncertainty budget, with determination
of systematic e↵ects also statistics-limited.
These results highlight the capabilities of the

frequency-based CRES technique. Krypton calibration
data demonstrate its inherently high resolution, enabling
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tinct tritium events were recorded.
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spectrum [46] convolved with the final state distribution
of the 3HeT+ decay product [23]. A flat background
component is included as a free fit parameter. Approx-
imations are made to the instrumental resolution I and
energy-loss L to reduce computing time, to account for
di↵erences in scattering environment, and to include an
explicit parameter � describing instrumental resolution
width. The approximate model produces correct cover-
ages and no biases for ensembles of Monte Carlo data
generated with an un-approximated model.
The endpoint and neutrino mass limit are determined

using both Bayesian and frequentist analyses validated
with Monte Carlo studies. Separate fits were performed
to measure E0 (with m� constrained near 0 eV) and con-
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with results summarized in Tab. I. The endpoint and
mass values are consistent with each other and with lit-
erature values. No counts were detected above the end-
point, setting a stringent upper limit on backgrounds of
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tributions are listed in Tab. II. Statistical uncertainty
dominates the uncertainty budget, with determination
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These results highlight the capabilities of the
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* Notch in 
efficiency is caused 
by the interaction 
with TM01 mode 
of detection cavity 

* Use 17.8 keV Kr 
line and sweep 
magnetic field 

(0.07mT steps, over 
a ±3.2mT range)

* Took data in “shallow trap” (two 
coils with depth ∼0.08mT) to 

demonstrate high-res CRES, and 
“deep trap” (four coils with depth 

∼1.4mT) to increase effective volume; 
also has 40x event rate.

Resolution: 
Δf
f

≈
ΔE
me
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STERILE  NEUTRINOS
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