
www.kit.eduKIT – The Research University in the Helmholtz Association 

Direct probes of neutrino mass 
Tritium β-decay and EC of 163Ho

KATHRIN VALERIUS | KIT-IKP (Institute for Nuclear Physics)

11th International Neutrino Summer School 
Waldthausen/Mainz 

May 21 - June 1, 2018



K. Valerius  |  Neutrino mass measurements"2

 Cosmology  Search for 0νββ  β-decay  
 & electron capture

 Observable

 Present upper limit  ~0.15 – 0.6 eV  ~0.1 – 0.4 eV   2 eV

 Potential: near-term    
 (long-term)

  60 meV 
 (15 meV)

  50 – 200 meV 
  (20 – 40 meV)

  200 meV 
 (40 – 100 meV)

 Model dependence  Multi-parameter     
 cosmological model

- Majorana nature of ν, 
lepton number violation 

- BSM contributions 
other than m(ν)? 

- Nuclear matrix elements

 Direct, only kinematics;   
 no cancellations in  
 incoherent sum
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➜ this lecture

Complementary paths to the ν	mass scale

➜ S. Schönert➜ Y. Wong
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A detailed look at how direct neutrino mass 
experiment works (continued)

Background sources

Systematic uncertainties
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Systematic uncertainties

Complex beamline setup with many sub-components 
➜ many sources of systematics need to be considered 
    by modelling & dedicated measurements

complex  
EM	fields

HV	stability	 
&	calibration

beta	
spectrum

source	gas	
dynamics

detector  
effects

spectrometer 
background

plasma	
potential

energy	loss  
(scattering)

charged	ions

Ongoing: evaluation of systematics with commissioning data
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• σstat :10 mcps reference 
background level 

• Balance of σsyst and total σstat 
after 3 years of data 

• Re-evaluation of individual 
systematics ongoing during 
system characterisation

Statistical 
Final-state spectrum 

T– ions in T2 gas 
Unfolding energy loss 
Column density fluct. 

Background slope 
HV fluctuations 

Source (plasma) potential 
Source B-field variation 

Elast. scattering in T2 gas

σ(mν
2)

σ(mν
2)stat= 0.018 eV2

σ(mν
2)syst= 0.017 eV2

KATRIN’s uncertainty budget (design sensitivity, ~2004):

"5

Statistical & systematic uncertainties
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Example 1: High voltage and magnetic fields

Field homogeneity across  
⌀10 m analysing plane

➜  Sophisticated numerical model 
     KEMField code, New J. Phys. 19 (2017) 053012 
➜  Measurements with precision      
     electron source (e-gun)

6.2 Ripple suppression 97

(a) Ripple with active post regulation
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(b) Comparison between measurements

Figure 6.5: Measurements with the post regulation actively smoothening the high voltage
of the spectrometer vessel. (a) The active PR reduces the ripple to ‡ = 16 mV. Frequencies
greater than 100 kHz remain as noise. What appears as slight drift is actually the impact of
the lower frequent part. (b) Comparison between measurements with active and inactive PR.
The timescale is of the order of seconds.

potential and fields inside the spectrometer, see section 6.3. As the reference point of the
post regulation can be manipulated by application of an external voltage one can shift
its output and therefore the vessel potential correspondingly. Square wave signals are
most fitting for this, because they provide sharply defined flanks as reference in time. An
illustration showing these measurements is shown in fig. 6.6. The utilized square wave,
shown in green, incorporates a comparatively large electrical stroke of 2 V, in order to
amplify the e�ect. After a negligible reaction time the vessel potential begins to increase
with an equally steep slope. With the transition to zero gradient not manageable for the
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Figure 6.6: Measurement for investigating the time scale of the voltage to settle after a new
voltage set value has been entered. Because of its sharply defined flanks a square wave is
utilized as input for the post regulations base point. Even without exact numbers the process
is evident to take place on small timescales.

➜  DC component: sub-ppm long-term stability 
monitored with precision HV divider 
➜  AC component: active compensation reduces 
500 mVpp noise to σ < 20 mV (~1 ppm)

Precision high-voltage monitoring  
and active regulation

— without post-regulation 
— with post-regulation
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Example 2: Beta-spectrum model

State-of-the-art nuclear & molecular theory 3d gas-dynamics modelling

Reference 
spectrum 
generator
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excitation energy Vf in eV

 T2

 DT

- electronic & ro-vib. excitations, 
radiative corrections, Doppler effect 

- minor: relativistic Fermi function & recoil, 
screening, finite nuclear extension, …
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1.002
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 n/n0

y 
/ m

- longitudinal and radial pressure, density, 
temperature profiles 

- plasma potential 
- magnetic field model

excitation	energy	in	eV

pr
ob

ab
ili
ty

n/n0

45 mm
Connection to extensive sensor network 

Online gas composition monitoring 

via laser Raman (LARA) system 

Precision quantum-chemical calculations 

of final-state distribution
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Example 3: Energy loss function

precision electron source 
- pulsed 
- narrow-band (< 200 meV) 
- angular selectivity

gaseous T2 source  
ρd = 5 × 1017 cm-2

towards 
spectrometer & 

detector

~ 18 keV e-

(1) measurement of 
electron transmission 
at different gas 
column densities ρd

[V. Hannen et al., Astropart. Phys. 89 (2017) 30]

(2) determine energy loss function 
through deconvolution 
 
(here: singular value decomposition, SVD)

elastic

excitation

dissociation

ionisation
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3.3 Applications of 83mKr for energy scale calibration and monitoring 43
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Figure 3.5: The conversion electron spectrum of 83mKr [McC15]. Shown are the summed inten-
sities per 83mKr decay of conversion electrons which are of the same nuclear transition and
from the same electron shell. The Auger electrons with the energies of 1.5 keV and 10.8 keV,
which are also emitted in the decay, are not shown.

described by the Lorentzian function

I(E) =
1

⇡

�i/2

(E � Ei)2 + �2
i
/4

, (3.42)

where �i is the full width at half maximum (FWHM) which is related to the mean lifetime
of the vacancy ⌧i through the “energy-time uncertainty relation” �i⌧i = ~. The values
�i range from a few tens of meV for the outer shell electrons (longer lifetime) to a few
eV for the inner shell electrons (shorter lifetime) [Cam01]. The FWHM of the K-32
line is �K = 2.7 eV. Fig. 3.6 shows the di↵erential K-32 line shape I(E) as described
by Eq. (3.42) with5

EK = 17 824.3 eV. In the same figure the integral spectrum S(qU),
Eq. (2.9), of the conversion line is shown as observed by the MAC-E filter with the
transmission function in Eq. (2.8) and the KATRIN magnetic field configuration.

3.3 Applications of 83mKr for energy scale calibration
and monitoring

As described in detail in Section 2.2 the electrostatic barrier facing the electrons in the
MAC-E filter is created by a set of retarding electrodes at high negative potential. Thus,
fluctuations of the retarding field caused by instability of the high-voltage system are a
potential source of energy scale distortions. Similarly, variations of the electrical potential

5 The binding energy for a free krypton atom is Bvac
K = 14 327.26(4) eV [Dra04] and the gamma photon

energy is taken from Eq. (3.48a).
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83mKr 83Rb

    EC:  
T1/2 = 86 d41.6 keV

9.4 keV

IC, 𝛄 
T1/2 = 1.8 h

IC, 𝛄; 𝞃 = 150 nsstable

narrow (< 2 eV) CE lines at 7 … 32 keV

83
36

tritium E0  
at 18.6 keV

"9

KATRIN milestone:  
gearing up for tritium with 83mKr

➜ A versatile calibration tool, widely used in neutrino & DM experiments!  
Two-week KATRIN krypton campaign (July 2017):

System characterization:  
sharp transmission of MAC-E filter, 
detector properties, system 
alignment, absolute energy scale 
calibration, …

Hardware readiness  
from source to detector 
with 83mKr as short-lived 
“tracer”

Data chain 
from raw data & slow 
control to high-level 
analysis tools
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9 eV window 
around  

32140 eV line

scan duration ~2 hrs  
(low intensity of N-32 lines)

A krypton line scan with the integrating 
spectrometer: real data
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Example: L3-32 line (30.5 keV, Γ ~1.4 eV)

✓ Sharp resolution (~2 eV at 30 keV)  
and excellent linearity of energy scale 

✓ New calibration method of HV meas.  
(< 5 ppm) based on relative line positions

stability	goal	for	2-month	run	

✓ Highly stable overall system from 
source to detector

"11

Krypton demonstrates performance of overall 
KATRIN system

Arenz et al. (KATRIN Collab.), 
JINST 13 (2018) P04020 
and EPJ C78 (2018) 368 
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May 2018: KATRIN’s very first tritium!

First spectrum scans recorded on May 19th

- Nominal gas column in the source beam 
tube, but D2 instead of T2 for now 

- Starting with mixing in only small amount 
of tritium (~ 1% of nominal activity) 

- Stay tuned for NEUTRINO 2018!

First tritium circulation on May 18th

Operation and analysis crew in the control room

- Looking forward to the KATRIN 
inauguration on June 11, 2018
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Next steps for KATRIN

Calibration & monitoring systems: major importance for systematics control

Kerstin SchönungWork function studies of Rear Wall candidates using a 
Kelvin Probe

06/18/20153

Rear Wall determines the WGTS plasma 
potential

e

Rear wall

The potential of the source plasma and 
the spectrometer must be equally 
extremely stable

If Rear Wall is positively biased, its 
work function determines the plasma 
potential of WGTS

Careful testing of the Rear Wall is 
required…

EVac

FS

eS

EVac

FS

eS

Rear Wall: Au surface creates 
stable and homogeneous 
electrostatic potential (~10-20 mV) 
in the source plasma∅ 150 mm

Precision e- source:  
regular column density monitoring 
+ determination of energy loss function (scattering)

“Rear Section”: 
under  

construction
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IV.  Novel approaches
Complementarity
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ongoing experim
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new
 ideas
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How to further improve ν-mass sensitivity?

MAC-E 
technique does not 

scale further

∅100 m spectrometer ???
- energy resolution 
- source luminosity

Problems:
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MAC-E 
technique does not 

scale further

∅100 m spectrometer ???
- energy resolution 
- source luminosity
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Figure 5. Integrated b -spectrum at KATRIN. The upper right part shows the expected count rates at
KATRIN with nominal source strength and expected background rate of 10�2 cps. The influence of a non-
vanishing neutrino mass is only visible close to the endpoint energy E0. Nevertheless, the maximal range
of measurements is extended to [E0 �30eV,E0 +5eV] to accumulate statistics, determine the general shape
and especially gain information on E0 that is a free fit parameter. The lower part of the graphics shows
the influence of two major systematic effects at KATRIN: The ro-vibrational final states (see section 3.1)
lie a few eV below the endpoint energy and therefore influence the measurement at every point. Higher
excitations as well as energy losses due to inelastic scattering (section 3.2) only occur below 10 eV below
E0 and have to be considered for low spectrometer retarding energies qU .

potential is based on the transmission characteristics of the experimental setup, which is parame-
terized together with energy losses of electrons by the response function R(E,qU). In addition to
the signal electrons, a background rate ṄBG is expected.

The desired neutrino mass square m2(ne) is then obtained by fitting (4.1) with E0 and m2(ne)240

as free fit parameters to measured count rates [8].

5. Source simulations and spectral influences

The developed software package "Source Spectrum Calculation" SSC comprises the description of
the differential and integrated b -spectrum as discussed in sections 3 and 4. In addition, SSC unites
various models that are needed to describe the tritium source itself: The magnetic field strength, the245

density distribution and the temperature profile that were already presented in section 2. To con-
sider small inhomogeneities of source parameters, the main concept of SSC is to virtually divide the
source into small volumina where local physical parameters like density or temperature are nearly

– 11 –

Integrated β 
spectrum: loss of 

information

Problems:

How to further improve ν-mass sensitivity?
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5. Source simulations and spectral influences

The developed software package "Source Spectrum Calculation" SSC comprises the description of
the differential and integrated b -spectrum as discussed in sections 3 and 4. In addition, SSC unites
various models that are needed to describe the tritium source itself: The magnetic field strength, the245

density distribution and the temperature profile that were already presented in section 2. To con-
sider small inhomogeneities of source parameters, the main concept of SSC is to virtually divide the
source into small volumina where local physical parameters like density or temperature are nearly
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Integrated β 
spectrum: loss of 

information

Final state 
uncertainty in 
molecular T2

How to further improve ν-mass sensitivity?

Problems:
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Novel developments

CRES technique Micro-calorimeters

ToF spectro
scopy

ECHo, 
HOLMES

Project 8

KATRIN

Several avenues 
towards improvement:



K. Valerius  |  Neutrino mass measurements"19

Time-of-flight 
spectroscopy

MAC-E-Filter Time-Of-Flight Techniques

ECT* Workshop: Determination of the absolute (anti-)neutrino mass 
26-30. March 2018, Villa Tambosi, Trento 

Nicholas Steinbrink

SUPER-

[credit: Nicho Steinbrink]

1st avenue
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Measuring a differential β spectrum
Idea: Upgrade to MAC-E-TOF spectrometer

Spectrometer as 24 m long “delay line” 
➜ very sensitive to small differences in 
surplus energy 
(especially at low surplus energies 
above the retardation potential)

7

Figure 3. Response function of the KATRIN experiment for isotropically emitted
electrons [18]. The function is given as a convolution of the transmission function
T (6) with a function describing the inelastic energy losses in the source [18].
The inset shows the rise of the response functions at small surplus energies
E � qU governed by the fraction of electrons of approximately 41% that have
undergone no inelastic scattering process. Therefore this rise corresponds to the
shape of the transmission function T .
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Figure 4. TOF for different starting angles (top) and first derivative for ✓ = 0�

(bottom) as a function of the surplus energy Esurp = E � qU for a central detector
pixel. The starting angle is limited to 50.77� due to the KATRIN field design.
The first derivative reflects the sensitivity on energy differences and is especially
large close to the retarding energy qU .

TOF for each decay electron. Thus a full TOF spectrum, sensitive to m2
⌫e

, is obtained for each
retarding energy. For suitable measurement conditions, this gain of information improves the
statistics.

New Journal of Physics 15 (2013) 113020 (http://www.njp.org/)
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~ few µs/eV

[Bonn et al. 1999, Steinbrink et al. 2013 & 2018]
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Measuring a differential β spectrum
Idea: Upgrade to MAC-E-TOF spectrometer

TOF spectrum records full β spectrum 
➜ save meas. time by using only few 
voltage settings of MAC-E filter 

Coincidence requirement 
➜ background suppression 

Technical realization? 
(a) pre-spectrometer as gated filter 
(b) radio frequency electron tagger

diff. spectrum at fixed 
retardation energy 
qUret = E0 - 4 eV

ToFmin no clear  
ToFmax

[Bonn et al. 1999, Steinbrink et al. 2013 & 2018]
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Frequency-based 
approach

2nd avenue

“Never measure anything but frequency.” — Arthur L. Schawlow
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Non-destructive measurement of 
electron energy via cyclotron 
frequency:

"23 [Monreal & Formaggio, PRD 80 (2009) 051301]

UW Seattle, MIT, UCSB, 
Pacific NW, CfA, Yale, 

Livermore, KIT, U Mainz

Novel Technique: CRES

3H-3H
B⃗

• Enclosed 
volume

• Fill with 
tritium gas

• Add a 
magnetic 
field

• Decay 
electrons 
spiral 
around 
field lines

• Add 
antennas 
to detect 
the 
cyclotron 
radiation

e-

Cyclotron Radiation Emission Spectroscopy

B. Monreal and J. Formaggio, Phys. Rev. D80 051301 (2009) 5

low-pressure 
gas cell 

uniform B-field, 
magnetic trap 

antenna array

Cyclotron Radiation Emission Spectroscopy  
(CRES)

• Energy resolution: 
ΔE/E ~ Δf/f ~ ppm 

• Frequency resolution: 
Δf ~ 1/Δt  
Δt ~20 µs → 1400 m at 18 keV 
need multiple passes in a trap

The challenge:

f(�) =
1

2⇡

fc
�

=
eB

me + Ekin
<latexit sha1_base64="UaGlLS6UxS/DbiSY/1XpSy8cJk0="></latexit><latexit sha1_base64="UaGlLS6UxS/DbiSY/1XpSy8cJk0="></latexit><latexit sha1_base64="UaGlLS6UxS/DbiSY/1XpSy8cJk0="></latexit><latexit sha1_base64="e5amymDOeKtxKhW41q+AyK3w6Bw="></latexit>

Project8 —

R E S O L U T I O N

Energy resolution 
• ΔE/E ~ Δf/f ~ ppm 
→ easy! 

 

Frequency resolution 
    Δf ~ 1/Δt 

• observation time Δt = 20μs ~ 1400m @ 18keV  
→ hard! 

Need to store electrons in magnetic trap!

3
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UW Seattle, MIT, UCSB, 
Pacific NW, CfA, Yale, 

Livermore, KIT, U Mainz

Novel Technique: CRES

3H-3H
B⃗

• Enclosed 
volume

• Fill with 
tritium gas

• Add a 
magnetic 
field

• Decay 
electrons 
spiral 
around 
field lines

• Add 
antennas 
to detect 
the 
cyclotron 
radiation

e-

Cyclotron Radiation Emission Spectroscopy

B. Monreal and J. Formaggio, Phys. Rev. D80 051301 (2009) 5

low-pressure 
gas cell 

uniform B-field, 
magnetic trap 

antenna array

M.	Fertl Trento	4/7/2016

Review of the phase 1 insert

4

52	mm

From theoretical idea to experimental 
reality within 5 years

➜ Proof of principle of CRES technique

Cyclotron Radiation Emission Spectroscopy  
(CRES)

[Monreal & Formaggio, PRD 80 (2009) 051301]

Non-destructive measurement of 
electron energy via cyclotron 
frequency:

f(�) =
1

2⇡

fc
�

=
eB

me + Ekin
<latexit sha1_base64="UaGlLS6UxS/DbiSY/1XpSy8cJk0="></latexit><latexit sha1_base64="UaGlLS6UxS/DbiSY/1XpSy8cJk0="></latexit><latexit sha1_base64="UaGlLS6UxS/DbiSY/1XpSy8cJk0="></latexit><latexit sha1_base64="e5amymDOeKtxKhW41q+AyK3w6Bw="></latexit>
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Towards tritium β spectroscopy with CRES

Project8 —

F R E Q U E N C Y  S C A L E

magnetic field of 1T → cyclotron frequency in K-Band 

83mKr provides electrons close to tritium endpoint
5

~ 1 T magnetic field:  
cyclotron frequency 
in K band (IEEE)

83mKrypton has 
monoenergetic 
conversion electrons 
close to tritium endpoint

Some practical points: frequency range
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Towards tritium β spectroscopy with CRES

Some practical points: radiated power

Larmor formula

pitch angle θ

B field

pe

➜  Need low-noise cryogenic RF system

Emitted power: 

• 1.7 fW for 30.4 keV at θ = 90° 

• 1.1 fW for 18 keV at θ = 90°

Project8 —

P H A S E - I  R E A D O U T  S C H E M E

• Primary background 
→ thermal noise from waveguide and amplifiers

9

Noise temperature: Teff = 150K fine Swedish 
 amplifier

from S. Böser
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residual gas

Project 8: phase I results

First spectrogram of cyclotron radiation from single keV electrons (83mKr)

[Asner et al., PRL 114 (2015) 162501]
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Project 8: phase I results

Project8 —

F I R S T  E N E R G Y  S P E C T R U M

 83mK lines: 
17.8, 30, 32 keV  
→ clearly seen 

Resolution 
• FWHM: 140 eV

14

Phys. Rev. Lett. 114, 162501 (2015) 
[Asner et al., PRL 114 (2015) 162501; Ashtari E. et al., J. Phys. G 44 (2017) 054004]

III. Data analysis procedure

VI. References

I. What is CRES?

Results from the Project 8 Phase 1 Cyclotron 
Radiation Emission Spectroscopy Detector

Pr
oj
ec
t 
8

II. The Phase 1 System

IV. Improved Resolution V. Sidebands

f = fc
γ

= 1
2π
i

eB
K / c2 +me

fc = 27 992.49110(6)MHz T
−1

The cyclotron frequency for a charged particle is inversely proportional to its 
Lorentz factor. Therefore, measuring the frequency of an electron’s cyclotron 
radiation, combined with knowledge of the magnetic field, provides an in situ 
measurement of the electron’s energy. This technique was proposed for use in 
tritium beta decay spectroscopy in 2009 [1] and has subsequently been 
demonstrated using internal conversion electrons from Kr-83m [2].

[1] B. Montreal and J.A. Formaggio, “Relativistic cyclotron radiation detection of tritium decay 
electrons as a new technique for measuring the neutrino mass,” Phys. Rev. D 80, 051301 (2009)
[2] D.M. Asner, et al. (Project 8 collaboration), “Single-electron detection and spectroscopy via 
relativistic cyclotron radiation,” Phys. Rev. Lett. 114, 162501 (2015)
[3] Figure modified from here: http://wswww.physik.uni-mainz.de/werth/g_fak/penning.htm

For each 30 microsecond time window, a power 
spectrum is computed and each frequency bin is 
compared to a threshold defined as a fixed power 
above the RMS noise power for that bin

Density-based scanning of all points above 
threshold is used to find line segments of 
continuous excess power

Individual tracks from individual electrons are 
grouped across discrete frequency jumps 
corresponding to the electron scattering.

dN
dE

= GF
2

2π 3 cos
2 θC( ) M 2 F Z,E( ) p E +mec

2( ) E0 − E( ) E0 − E( )2 −mν
2 Θ E0 − E −mν( )

Counterclockwise from left:
• Photo of the entire phase 1 system
• Photo of the source section of the 

waveguide insert
• Illustrated cross-section of the 

source section
• Illustration of the motion of a 

confined electron
• Block diagram of analog signal 

path
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Prior to data collection in 2015 several changes were made. The 
analog mixing stages were rebuilt using higher quality components, 
reducing the noise floor. Also, a two higher-field trap configuration 
was adopted which reduced axial frequency, allowing sidebands to 
be observed simultaneously with the fundamental.

0.9459 T magnetic field

83mKr conversion electrons

T endpoint
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[3]

Data collected in 2015 using a pair of 
trapping coils to create a pair of high 
field regions which are coaxial but 
offset along the main field. Here the 
observed FWHM is 3.3 eV.

Spectrum of data collected in 2014 [2] 
using a single trapping coil to generate a 
central low field region. This first 
demonstration of CRES achieved a 
FWHM of 140 eV at 30.4 keV in the full 
spectrum, and 15 eV in a configuration 
with a more uniform magnetic field.

A. Ashtray Esfahani, S. Böser, C. Claessens, L. de Viveiros, P.J. Doe, S. Doeleman, M. Fertl, E.C. Finn,
J.A. Formaggio, M. Guigue, K.M. Heeger, A.M. Jones, K. Kazkaz, B.H. LaRoque, E. Machado, B. Monreal,
J. Nikkel, N.S. Oblath, R.G.H. Robertson, L.J. Rosenberg, G. Rybka, L. Saldaña, P. Slocum, J.R. Tedeschi,
T. Thümmler, B.A. Vandevender, M. Wachtendonk, J. Weintroub, A. Young, E. Zayas

L-lines at improved resolution 
ΔE = 3.3 eV (FWHM)

83mKr lines at 17.8, 30.4, 32 keV clearly seen 
at ΔE = 140 eV (FWHM)

K-32

L-32

M-32, 
N-32
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Project 8: phased approach

Phase II set-up

• Phase I (2010-2016): proof of principle  
Single-electron CRES demonstrated with conversion electron lines from 83mKr 

• Phase II  (2015-2018): tritium demonstrator 
- Improved waveguide, read-out, energy resolution, systematics studies 
- Continuous T2 β-spectrum, m(νe) ~ 100 …10 eV

T2 data coming 
up soon!
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Project 8: phased approach

• Phase III (2016-2020): large volume demonstrator 
- Open-bore MRI magnet: cryostat moved in on rails 
- Phased-array read-out, digital beam-forming 
- 105 Bq in 200 cm3 volume (10-20 cm3 effective) 
- Tritium data competitive with m(νe) ~ 2 eV (1 yr) 
- Ongoing design for trap, cryo-system, antenna array

Project8 —

P H A S E  I I I  -  L A R G E  V O L U M E

• Open bore MRI magnent 
→ cryostat inserted on rails 

• Phased array volumetric readout 
• Trap-, cryo- and antenna design started

33

from S. Böser
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• Phase IV (2017+): atomic tritium source 
- goal: sub-eV sensitivity at inverted hierarchy scale 
- R&D for large-volume magnetic trap for atomic tritium (< 50 mK) 
- 1018 atoms (~109 Bq activity) in fiducial volume of 10+ m3

Multipole trap based on Ioffe-Pritchard 
concept (cf. ALPHA antihydrogen trap)

11
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Project 8: phased approach

from A. Lindman
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Phase IV

30 mK Tritium Atoms 

4 K

Supplies (hot) 
tritium atoms 
to cooling 

stages

Cools atoms 
by collisions 
to about 5 K

Rejects all T2 and 
hot T atoms

• 1018 atoms in the fiducial volume (109 Bq decay rate) 

• Atom density: 1012 cm-3 

24

Continuous trap 
loading via opening 
in magnetic wall

from A. Lindman

• Phase IV (2017+): atomic tritium source 
- goal: sub-eV sensitivity at inverted hierarchy scale 
- 1018 atoms in fiducial volume (~109 Bq activity) 
- R&D for large-volume (> 10 m3) atomic tritium trap (< 1 K)

Project 8: phased approach
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26

Mainz Test Stand

"33

from A. Lindman

Test stand in Mainz Lab

26

Hydrogen Gas Supply,  
Mass Flow Controller,  

and Leak Valve

Main Turbopump

Thermal Cracker

Pivot Mechanism

Skimmer

Mass Spec

Differential Turbopump 
(not shown)

Mass Flow 
Controller

Thermal 
Cracker

A
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m
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ator

Skimmer 1 
(future)

Skimmer 2

Speed  
Filter 

(future)

Mass  
Spectrometer

Turbo 2

Pivot 
  

Mechanism

Turbo 1⇓
 

Shadow of Mass Spec

Mainz Test Stand
• Phase IV (2017+): atomic tritium source

Project 8: phased approach
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Calorimetric 
approach  

using 163Ho

3rd avenue
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ν-mass from 163Ho electron capture

eν

Electron Capture: 163Ho
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X-ray photons

                  

163Ho → 163Dy* + νe 

Low QEC ~2.8 keV and T1/2 ~ 4570 years
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ν-mass from 163Ho electron capture

Challenges (experiment): 
• Production & purification of isotope 163Ho 

• Incorporation of 163Ho into high-resolution 
detectors (2·1011 atoms for 1 Bq) 

• Operation & readout of large arrays

RISIKO at Mainz

Challenges (theory & spectral shape): 
• Understanding of calorimetric spectrum 

(nuclear & atomic physics + detector 
response) 

• Independent determination of QEC by 
Penning-trap mass spectrometry
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excitations on  
163Ho EC spectrum
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Temperature sensors — technologies

Resistance	of	highly	doped	semiconductors

R

T

R

T

Resistance	at	superconducting	transition,	TES

Magnetization	of	paramagnetic	material,	MMC

M	

T

B

[Cryogenic Particle Detection, (ed. C. Enss), Topics Appl. Phys. 99 (Springer, 2005)] 

India Slovakia 
Hungary Russia

CERN

NuMECS
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TES technology:

2017 JINST 12 C02046

Energy Distribution - Mn K�1/K�2 Rise Time Distribution

Figure 6. Obtained energy (left) and time (right) resolutions for one class of the produced TESs by using a
55Fe X-ray source.

demodulated signal sampling rate. The measured TESs were previously characterized at NIST with
standard techniques. When operated at a bias point that is 20% of the normal state resistance Rn

(9 m⌦) they showed a sensitivity to temperature ↵ of 60, a current sensitivity � of 1.8, and a noise
parameter M of 1.5. The C and G thermal parameters resulted around 0.8 pJ/K and 600 pW/K,
respectively. Results obtained with the two-channel system developed in Milano showed a 55Mn
K↵1/K↵2 peak separation with an energy resolution of about 6 eV (figure 6, left) and a noise level
of about 5 eV. The same detector at NIST was measured with a more standard Time Domain
Multiplexer and showed an energy resolution of 4 eV. Work is in progress to further improve the
cryogenic set-up and match the TDM results.

The fast data acquisition system combined with the large-bandwidth resonators allowed to read
out TES signals with 16 µs of exponential rise time constant (' 35 µs 10% to 90%) (figure 6,
right). This value is higher than the one needed for HOLMES but it was limited only by the Nyquist
inductor LN , in series to the TES, and not by the TES itself. Preliminary results from measurements
currently in progress show that reducing the LN from 64 nH (8 turns) to 50 nH (6 turns) a rise time
constant of 9 µs (' 20 µs 10% to 90%) is achievable, fulfilling the HOLMES requirement.

In its final configuration HOLMES will realize a SDR multiplexed read-out exploiting the
Reconfigurable Open Architecture Computing Hardware (ROACH2) board with a Xilinx Virtex6
FPGA. The complete system is composed of a digital signal processing board (ROACH2), a DAC
(for comb generation) and ADC (512 MS/s, 12 bit, 2 channels) boards, an IF board (for signal up-
and down-conversion), and SFP+ GbE interfaces optically decoupled for fast data transfer. Software,
firmware and set-up are developed in collaboration with NIST. Tests with a preliminary version of
the firmware for the multiplexing of 4 channels showed encouraging results. An expanded version
for 32 channels is in development and it will be ready in 2017. To read out the full 1024 pixel array
a total of 32 ROACH2-based systems are required.

– 8 –

[A. Giachero et al., JINST 12 (2017) C02046]

2017 JINST 12 C02046
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Figure 2. The HOLMES custom ion implanter: from right to left, the Penning sputter ion source, the steering
magnet, the mass analyzing magnet, and the evaporation chamber.

thereby eliminating other trace contaminants not removed by chemical methods at PSI. One such
contaminant is 166mHo, which could be produced during neutron irradiation. 166mHo is a � decaying
isotope with a half life of about 1132 years [12], and decay events below 5 keV, close to the region
of interest. Therefore, removal of this isotope is potentially critical for avoiding extra background.

The metallic cathode for the ion source will be made out of a metallic holmium pellet containing
the 163Ho produced in the reduction and distillation process. The implanter is integrated with a
vacuum chamber (the target chamber) which also allows a simultaneous gold evaporation to control
the 163Ho concentration and to deposit the final gold layer to complete the 163Ho embedding.
Simulations are in progress to design a beam focusing stage with the purpose of decreasing the
beam size on the target, thereby improving the geometrical e�ciency of the implantation process.

The setting up of the laboratory in Genova where the embedding system will be hosted, is in
progress. The ion source and the magnet have been delivered by the end of 2016. The system
commissioning will start in 2017. Preliminary tests will be performed by using stable holmium or
166mHo. This initial phase will allow to assess the e�ciency of the entire process, from the neutron
irradiated Er2O3 powder to the detector absorber embedding. The target chamber is being set-up in
Milano-Bicocca and it will be initially used to tune the detector gold absorber fabrication process
without holmium implantation. It will be finally integrated with the implanter.

4 TES sensors optimization

HOLMES will use TES based microcalorimeters adapted from use in high-resolution soft X-ray
spectroscopy to this specific application. The single pixel will be Molybdenum-Copper bilayer
TES on SiN membrane with 2 µm-thick gold absorbers, which ensures a 99.99998% (99.9277%)
probability of stopping the electrons (photons) coming from the decay of 163Ho. Development of the
single TES pixel design may continue, but a suitable protype has already been identified and proven.

– 4 –

Custom mass-separator ion implanter at GenovaMn Kα1,2 lines at ~5 eV resolution, 𝝉rise~ few µs

[M. de Gerone, TAUP 2017]

A. Nucciotti, ECT*, Trento (Italy), April 4A. Nucciotti, ECT*, Trento (Italy), April 4thth-8-8thth, 2016, 2016 1919

HOLMES pixel designHOLMES pixel design
● optimize design for speed and resolution  → J.Hays-Wehle

▷  specs @2.5keV :  ΔE
FWHM

 ≈ 1eV,  τ
rise

 ≈ 10μs, τ
decay 

≈ 100μs (* exponential time constants)

● 2 2 μμmm Au Au  thickness for full electron and photon absorption
▷ GEANT4 simulation: 99.99998% / 99.927% full stopping for 2 keV electrons / photons

● side-car design to avoid TES proximitation and G engineering for τ
decay

 control 

● deRne process for 163Ho implantation vs. excess heat capacity 

● tests at NIST are in progress

▷ preliminary measurements agree with model predictions: 

▷ ΔE
FWHM

 ≲ 4 eV,  τ
rise

 ≈ 6 μs (with L=38nH → to be slowed), τ
decay 

≈ 130 μs (tunable)

→ J.Hays-Wehle

163Ho

163Ho

A. Nucciotti, ECT*, Trento (Italy), April 4A. Nucciotti, ECT*, Trento (Italy), April 4thth-8-8thth, 2016, 2016 2727

TES with rf-SQUID TES with rf-SQUID μμwave read-out testingwave read-out testing

TES

μmux

Tests in Milano-Bicocca 

with Bismuth TES coupled to 

μwave mux (from NIST) → A. Giachero poster

HOLMES design & timeline:

• 6.5 x 1013 nuclei 163Ho (~300 Bq) per pixel  

• ΔE ~ 1 eV, 𝝉rise~ 1 µs;  
1000-pix array (1 eV goal) expected for 2018 

• TES array + DAQ ready, first implant. coming up 
• Spectrum measurements in preparation 

• 32 pixels for 1 month → mν sensitivity ~10 eV
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Metallic Magnetic Calorimeters (MMC) with paramagnetic Au:Er sensor 
read out by SQUID

δT in absorber from EC-decay  
⇨ change in magnetization M of sensor

signal: E
CT

M
T

T
M

tot
S δδ ⋅⋅

∂

∂
Δ⋅

∂

∂
Φ

1~~

thermal link

SQUID

[A. Fleischmann et al.,  AIP Conf. Proc. 1185, 571, (2009)] [Gastaldo et al. (2014)]

SQUID

paramagnetic  
sensor (Au:Er)

absorber source

• Fast rise time (~130 ns) and excellent 
linearity & resolution (ΔEFWHM < 5 eV) 

• Multiplexed readout of MMC arrays

MMC technology:
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Precision 163Ho spectrum  
first calorimetric measurement of OI-line

cryogenic platform 64-pix detectors 
optimized for 
implantation 

microwave 
SQUID 
multiplexing 
readout

Ranitzsch et al., 
PRL 119 (2017) 
122501

MMC technology:
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: Timeline

3’’ wafer with 64 ECHo-1k chips

• ECHo-1k (2015-2018, taking data now) 
- prove scalability with medium-sized array: 100 detectors x 10 Bq 
- 1 yr meas. time for Nevent~1010:  
  ➜ m(νe) < 10 eV  

• Next step: ECHo-1M  
- large-scale experiment for sub-eV sensitivity 
  100 arrays of 1000 detectors, at 10 Bq each

1014 events [c
ou

rte
sy

 L
. G

as
ta

ld
o]

[The ECHo Collaboration,  
EPJ-ST 226 8 (2017) 1623]
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Devise large-scale experiment 
to tackle m(ν) and CνB

R&D for atomic source concept, 
MAC-E + calorimeter

PTOLEMY

"42

Direct ν-mass determination: status and outlook

current achievements next goals

Start of T2 data in 2018 after 
extensive commissioning program

Long-term data-taking (5 yrs) for 
full sensitivity (0.2 eV)

KATRIN

Develop CRES for 10 → 2 eV, 
and towards IH (atomic source)

CRES proof of principle with 83mKr, 
testing new cell for T2

Project 8 

• Advanced detector development 
(MMC and TES technologies) 

• Test of scalable arrays, readout 
• High-purity 163Ho production  

and implantation

• Operate medium-size arrays 
(~1010 counts) for 10 eV sens. 

• Prepare large arrays 
(~1014 counts) for sub-eV sens.

ECHo 
HOLMES
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3 H
-b
as
ed
	

ex
pe
rim

en
t

163Ho-based	

experim
ent

Theory

νe

Direct ν-mass determination: 
strong activities in experiment and theory!

Workshop at ECT*, Trento, March 2018
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Summary / Take-away
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How many neutrino states 
are there?

"45

More physics questions for direct kinematic  
experiments

Examples:

Ist there a fourth 
(sterile) neutrino?

mass

Do neutrinos participate in novel 
(exotic) forms of interaction?

left-right 
symmetric 

model

right-handed 
charged currents

non- V—A interactions
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d Ṅ
d E

= cos2θs
d Ṅ
d E

(ma
2) + sin2θs

d Ṅ
d E

(ms
2)

"46

Imprint of sterile neutrinos on β spectrum

Shape modification below E0 by active (ma)2 and sterile (ms)2 neutrinos:

additional kink in β spectrum 
at E = E0 – ms

light sterile ν,	ms = 3 eV keV sterile ν,	ms = 10 keV
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Can we detect heavy neutrino states in a  
direct mass measurement?

8

CL confidence level in the sin2 2#ee–�m2
41 plane using

the relation:

�2
j (sin

2 2#ee,�m2
41)  (�2

j )min +��2(CL), (19)

where (�2
j )min is the minimum of �2

j (sin
2 2#ee,�m2

41)
and ��2(CL) = 4.61, 6.18, 11.83 for CL =
90%, 95.45%, 99.73%, respectively. We calculate
the region of sensitivity in the sin2 2#ee–�m2

41 plane as
the set of points which are not allowed by the inequality
(19) in at least 50% of the simulations (see the discussion
on the definition of sensitivity in Section IV).

The results are presented in Fig. 6, where we plot-
ted the sensitivity curves for Nev = 1014, 1016, 1017 and
1018, considering Q = 2.833 keV, �EFWHM = 2 eV and
fpp = 10�6. From Fig. 6 one can see that the sensitiv-
ity to �m2

41 worsens decreasing sin2 2#ee. Indeed, for
small values of sin2 2#ee we have |Ue4|2 ' sin2 2#ee/4
and the contribution of m2

4 ' �m2
41 to the spectrum

(18) is suppressed. On the other hand, the sensitivity
to m2

4 ' �m2
41 for sin2 2#ee = 1 is only slightly worse

of that for m2
⌫ in the three-neutrino mixing case dis-

cussed in Section IV, because sin2 2#ee = 1 corresponds
to |Ue4|2 = 1/2.

In Fig. 6 we also depicted the region allowed at 95.45%
C.L. by a global fit of short-baseline neutrino oscillation
data [18, 126] and the 95.45% C.L. allowed regions ob-
tained by restricting the analysis to the data of ⌫e and ⌫̄e
disappearance experiments [13, 130], taking into account
the Mainz [131] and Troitsk [132, 133] bounds. These
last regions are interesting because it is possible that the
disappearance of ⌫e and ⌫̄e indicated by the reactor and
Gallium anomalies will be confirmed by the future exper-
iments whereas the LSND anomaly will not.

From Fig. 6 one can see that the ⌫e and ⌫̄e disap-
pearance region is wider than the globally allowed re-
gion and extends to values of �m2

41 as large as about 80
eV2. Hence, it can be partially explored by the ECHo-
1M experiment, which is expected to have a statistics of
Nev ' 1014.

Figure 6 shows that in order to explore the region
which is allowed by the global fit of short-baseline neu-
trino oscillation data it will be necessary to make a 163Ho
experiment with a statistics Nev & 1016. One can also see
that an 163Ho experiment with this statistics will be com-
petitive with the KATRIN experiment [89], a result that
is consistent with that for the sensitivity on m⌫ in the
standard framework of three-neutrino mixing discussed
at the end of Section IV.

Figure 6 also shows that the exploration of the small-
�m2

41 regions allowed by the ⌫e and ⌫̄e disappearance
data will require a statistics as high as Nev ⇡ 1018.

VI. CONCLUSIONS

In this paper we presented the results of an analy-
sis of the sensitivity of 163Ho experiments to neutrino

FIG. 6. Estimated sensitivity curves at 90% C.L. (red),
95.45% C.L. (dashed blue) and 99.73% C.L. (dash-dotted
green) in the sin2 2#ee–�m2

41 plane in the case of 3+1 neu-
trino mixing for Nev = 1014, 1016, 1017 and 1018. We used
Nsim = 100 simulations generated with Q = 2.833 keV,
�EFWHM = 2 eV, fpp = 10�6 and B = 0. The black curve
encloses the region allowed at 95.45% C.L. by a global fit of
short-baseline neutrino oscillation data [18, 126]. The gray
curves enclose the 95.45% C.L. allowed regions obtained by
restricting the analysis to the data of ⌫e and ⌫̄e disappearance
experiments [13, 130], taking into account the Mainz [131] and
Troitsk [132, 133] bounds. Also shown is the expected 95%
C.L. sensitivity of the KATRIN experiment [89].

masses considering first the e↵ective neutrino mass m⌫

in the standard framework of three-neutrino mixing (see
Eq. (7)) and then an additional mass m4 at the eV scale
in the framework of 3+1 neutrino mixing with a sterile
neutrino. We considered the experimental setups corre-
sponding to the two planned stages of the ECHo project,
ECHo-1k and ECHo-1M [94, 95].
We found that the ECHo-1k experiment can reach a

sensitivity tom⌫ of about 6.5 eV at 2� with a total statis-
tics of Nev ' 1010, an energy resolution�EFWHM ' 5 eV
and a pileup fraction fpp ' 10�6. Although this sensitiv-
ity is still not competitive with that of tritium-decay ex-
periments, it will represent an improvement of more than
one order of magnitude with respect to the current limit
m⌫ < 225 eV at 2� [108] obtained with a 163Ho electron
capture experiment. We also found that the ECHo-1k
experiment will not allow to put more stringent limits on
the mass and mixing of ⌫4 than those already obtained
in the Mainz [131] and Troitsk [132, 133] experiments.

According to our estimation, the second stage of the
ECHo project, ECHo-1M, can reach a sensitivity to m⌫

of about 0.7 eV at 2� with Nev ' 1014, �EFWHM ' 2 eV
and fpp ' 10�6. This result will narrow the gap between
the sensitivities of tritium-decay experiments and 163Ho
electron capture experiments. Indeed, 0.7 eV is smaller
than the current upper limit of about 2 eV at 2� obtained
in the Mainz [103] and Troitsk [104] experiments and it

[L. Gastaldo et al., JHEP 06 (2016) 061]

ECHo

reactor anomaly 
combined fit  

90% CL

KATRIN 
90% CL

[M. Kleesiek, PhD thesis, KIT, 2014]

Tritium: KATRIN Holmium: ECHo

Prelim
inary

• … close to the spectral endpoint E0: light sterile neutrinos
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Can we detect heavy neutrino states in a  
direct mass measurement?

• … close to the spectral endpoint E0: light sterile neutrinos 

+ novel interactions
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Figure 7. Marginalized posterior distributions for MCMC run with fixed sterile neutrino mass
mh = 4 eV, e↵ective mixing angle sin2 ✓e↵ = 0.1 and left-right interference strength cLR = 0 for
all combinations of the free fit parameters used. Contours are 0.5, 1, 1.5 and 2 �, respectively.
The blue lines show the fiducial values. The correlation between e↵ective left right interference
strength cLR and �-decay endpoint E0 becomes slightly weaker. The correlations between cLR
and the sterile neutrino parameters sin2 ✓e↵ and mh as well as the light neutrino mass ml become
more distinct. However, with all correlated parameters the uncertainty decreases. The Gelman
Rubin statistic R is well below 1.01 for all parameters.

signature.

Second, there is a strong linear correlation between the endpoint and the left-
right interference strength. This correlation is weakened in the case of mh = 4 eV and

– 15 –

�10 �8 �6 �4 �2 0
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0(
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cLR = �0.4

cLR = �0.2

cLR = 0

cLR = 0.2

Figure 1. �-spectrum ratio w(E)/w0(E) near the endpoint for di↵erent left-right interference
strengths cLR for e↵ective mixing angle sin2 ✓e↵ = 0.2, sterile neutrino mass mh = 2 eV and light
neutrino mass ml = 0.2 eV. For simplicity, only the Vj = 0 component of the �-spectrum has
been used.

2.3 Discussion of shape and parameter dependencies

Since we are interested in the e↵ective shape of the spectrum with right-handed currents
(2.10) in relation to the standard �-spectrum (2.1), we study the expression w(E)/w0(E),
where w0(E) is the �-spectrum (2.10) with zero neutrino masses ml = mh = 0. For
simplicity, only the electronic ground state Vi = 0 in (2.1) has been taken into consider-
ation. It is plotted as a function of the energy for di↵erent e↵ective left-right interference
strengths cLR in fig. 1. In case of cLR = 0, no contribution from left-right interference
is present and the spectrum is purely a superposition of two �-spectra with neutrino
masses, ml and mh, respectively, according to eq. (2.10). The exemplary contribution
of the sterile mass state mh = 2 eV with a strength of sin2 ✓ = 0.2 in the plot leads to
the well-known step-like feature at E0 � mh [4, 5]. A non-vanishing cLR leads either to
a boost or a suppression in the regions just below E0 � ml and E0 � mh, respectively,
spanning a few eV at maximum and depending on the sign of cLR. Due to the di↵erent
sign of active and sterile interference terms (2.10), a positive cLR causes a boost below
E0 � mh, due to the term proportional to mh/(E0 � E), together with a suppression
below E0 �ml, due to the term proportional to ml/(E0 �E), and vice versa for negative
cLR. The e↵ect is slightly more pronounced below E0 �mh than below E0 �ml because
of the proportionality to mh and ml, respectively. To demonstrate the mass-dependency,
the same expression is plotted in fig. 2 for a fixed cLR = 0.5 as a function of the sterile

– 6 –

[Steinbrink et al., JCAP 06 (2017) 015]

Spectral shape distortion close to E0  
due to interference term in left-right 
symmetric model
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Search for keV-scale sterile ν with TRISTAN at KATRIN

A. KATRIN Phase-0 
 (low statistics)

B. TRISTAN detector 90% CL statistical limit

Lab limits

Sterile neutrino mass (keV)

- High count rates at ~few keV below endpoint 

- Tiny sterile admixture sin2(θs) expected 
- Best sensitivity for differential measurement 

at resolution ~300 eV

[Mertens et al., PRD (2014) & JCAP (2015); “White Paper”: Adhikari et al., JCAP (2016)]

A.  KATRIN Phase-0

148 pixels 
KATRIN 2018

B.  TRISTAN project

7-pixel SDD prototype 
(MPP/HLL Munich)

~ 3500 pixels 
KATRIN ca. 2024

initial ramp-up phase 
of KATRIN at reduced  
source strength

~2
0 c

m

detector upgrade after completion 
of 5-year KATRIN running

~1
0 c

m

test run at Troitsk 
summer 2017

+ further technology 
options developed  

at KIT-IPE
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3.5 keV line?

• … further away from E0:  
 search for keV-scale sterile ν as WDM candidates

7-pixel prototype  
HLL, Munich

)θ(2sin
-910 -810 -710 -610 -510 -410 -310 -210

 (k
eV

)
s

m

1

10
Post, differential
Post, integral
Pre, differential
Pre, integral

Tremaine-Gunn
X-ray
DM overproduction
Laboratory

Figure 40. 90% statistical
exclusion limit of a Pre- and
Post-KATRIN-like experiment.
The Post-KATRIN measurement
is based on a 3-years measurement
with the full KATRIN source
strength. The Pre-KATRIN
measurement assumes a factor 105

reduction of count rate and a mea-
surement time of 7 days. The gray
lines represent the current labora-
tory limits [556] and the parameter
space excluded by astrophysical
observations [554, 874].

One of the most dangerous systematic effects will be related to backscattering of electrons
from the detector surface. To mitigate this effect the detector location needs to be optimized.
By placing the detector at a distance from the maximal magnetic field at the exit of the
main spectrometer, most of the backscattered electrons are reflected back to the detector in
short time intervals of less than a few hundreds of nanosecond. Since the magnetic flux area
is increased at lower magnetic field, the detector area needs to be increased accordingly. A
minimal detector radius is rdet > 100 mm. Furthermore, the energy threshold needs to be low
enough (a few hundreds of eV) in order to detect backscattered electrons, which deposit only
a small fraction of their energy in the detector. This in turn, requires a very thin deadlayer
of the order of 10 nm.

To allow for a differential measurement of the tritium �-decay spectrum, a good energy
resolution of 300 eV at 20 keV is necessary. This requires a thin deadlayer, low capacity
and low leakage current. To combine the requirement of large pixel size with low capacity, a
design with small (point-like) read-out contact and steering electrodes is being considered.

Currently, detector prototyping in collaboration with the Max-Planck Semiconductor
Laboratory in Munich, Commissariat a l’énergie atomique et aux énergies alternatives (CEA),
Lawrence Berkeley National Laboratory (LBNL), Oak Ridge National Laboratory, and Karl-
sruhe Institute of Technology is ongoing.

Time-of-Flight (TOF) mode An alternative to an upgrade of the detector system might
be the introduction of a TOF mode. In a similar fashion to a novel detector, a TOF mode also
changes the measurement strategy towards obtaining a differential spectrum. However, this
approach is based on using the existing detector/DAQ infrastructure while applying minor
modifications in the spectrometer section.

The principal sensitivity enhancement of such a strategy has already been shown in the
context of light neutrino mass measurements in [550]. The basic idea is to measure and fit
the TOF distribution of the electrons rather than the integrated energy spectrum. Since the
TOF is dominantly a function of the electron surplus energy relative to the retarding poten-
tial as well as the polar emission angle of the electron, the measurement contains important
information about the energy distribution closely to the retarding potential besides the raw
count-rate (see figure 41). Having this supplementary information is statistically equivalent
to a differential energy spectrum, thus enabling all the benefits of a differential measure-

– 150 –

novel concepts 
required

first tritium data at reduced 
source strength of KATRIN

KeV sterile neutrino white paper 
[Adhikari et al., JCAP 01 (2017) 025]

see: recent result of  
Troitsk nu-mass exp. 
[Abdurashitov et al.,  
JETP Lett. 105 (2017) 753]

Can we detect heavy neutrino states in a  
direct mass measurement?
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Right-handed heavy neutrino states
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Figure 5: The required values of m2
D in order to obtain a physical light neutrino mass of m⌫ = 10�10 GeV as a function

of the RH neutrino mass MR. The left panel shows a large range of masses MR, ranging from 1 eV up to the GUT scale.
The right panel zooms in on the values of m2

D identified with the quark and charged lepton mass squared values, leading
to TeV-GUT scale sterile neutrino masses which is what we focus on in this review. In constructing the plots we used the
more accurate eigenvalue formula of the seesaw matrix (ignoring phases): m2

D = m⌫MR + m2
⌫ , with m⌫ = 10�10 GeV,

but the usual seesaw formula m2
D ⇡ m⌫MR (fixing m⌫ = 0.1 eV) is a good approximation over the ranges shown.

4.2 The type I seesaw mechanism with two RH neutrinos

The type I see-saw neutrino model involving just two RH neutrinos was introduced in [24]. This is the
minimal case su�cient to account for all neutrino oscillation data, and makes the prediction that the
lightest neutrino mass is zero since the resulting light neutrino mass matrix m⌫ is rank two [24]. In this
case the neutrino masses are hierarchical (since the lightest mass is zero) and we can alternatively refer
to normal ordered (NO) mass squareds as a normal hierarchy (NH) and inverted ordered (IO) mass
squareds as an inverted hierarchy (IH).

Assuming the charged lepton mass matrix is diagonal, the two RH neutrinos ⌫sol
R

and ⌫atm
R

have
Yukawa couplings [24],

L
Y uk = (Hu/vu)(aLe + bLµ + cL⌧ )⌫

sol
R

+ (Hu/vu)(dLe + eLµ + fL⌧ )⌫
atm
R

+ H.c., (39)

where Le,µ,⌧ are the lepton doublets containing the eL, µL, ⌧L mass eigenstates, and vu the VEV of the
Hu Higgs doublet. The Majorana Lagrangian is,

L
R

⌫
= Msol⌫sol

R
(⌫sol

R
)c + Matm⌫atm

R
(⌫atm

R
)c + H.c.. (40)

In the convention that the rows are (⌫eL, ⌫µL, ⌫⌧L) and the columns are ⌫atm
R

, ⌫sol
R

, we find the Dirac
mass matrix,

mD =

0

@
d a
e b
f c

1

A , (mD)T =

✓
d e f
a b c

◆
(41)

The RH neutrino Majorana mass matrix MR with rows (⌫atm
R

, ⌫sol
R

)T and columns (⌫atm
R

, ⌫sol
R

) is,

MR =

✓
Matm 0

0 Msol

◆
, M�1

R
=

✓
M�1

atm 0
0 M�1

sol

◆
(42)
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[S. F. King, 2017]

Required values of          to obtain small  
neutrino masses         ~ 10-10 GeV via seesaw mechanism:m⌫

m2
D

m⌫ ⇡ m2
D

MR

Well motivated extension of SM


