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What is a neutrino?

Sterile neutrinos as dark matter candidate and the TRISTAN project

3 flavor, spin ½, neutral, left handed, σ(1 MeV)≈10-44 cm2
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What is a neutrino?

Sterile neutrinos as dark matter candidate and the TRISTAN project

3 flavor, spin ½, neutral, left handed, σ(1 MeV)≈10-44 cm2

Lightest particle in the standard model: 0.04 eV < m < 2 eV

Leptonic mixing & neutrino oscillations

Atmospheric Cross-Mixing Solar

δ dirac CP phase

𝜃12   : “solar’’ angle𝜃23 :  “atm.’’ angle 𝜃13   

Majorana CP phases

(L violating processes)
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What is a neutrino?

Sterile neutrinos as dark matter candidate and the TRISTAN project

3 flavor, spin ½, neutral, left handed, σ(1 MeV)≈10-44 cm2

Lightest particle in the standard model: 0.04 eV < m < 2 eV

Leptonic mixing & neutrino oscillations

Open questions:

Masses of the mass eigenstates i?

Normal or inverted hierarchy?

Lepton Number conservation (Dirac or Majorana)?

Is CP violated in the neutrino sector?

Are there additional (sterile) neutrino states
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What is a sterile neutrino?

Sterile neutrinos as dark matter candidate and the TRISTAN project

Z0 decay width is consistent with only three light active 

neutrinos



KATRIN Collaboration

TRISTAN Group
7

What is a sterile neutrino?

Sterile neutrinos as dark matter candidate and the TRISTAN project

Z0 decay width is consistent with only three light active 

neutrinos

A sterile neutrino is a lepton with no ordinary electroweak 

interaction except those induced by mixing
(JCAP 2017, 10.1088/1475-7516/2017/01/025)

𝜈𝑠
𝜈4

3+1 scenario
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What is a sterile neutrino?

Sterile neutrinos as dark matter candidate and the TRISTAN project

Z0 decay width is consistent with only three light active 

neutrinos

A sterile neutrino is a lepton with no ordinary electroweak 

interaction except those induced by mixing
(JCAP 2017, 10.1088/1475-7516/2017/01/025)

3+3 scenario
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Sterile neutrinos mass ranges

Sterile neutrinos as dark matter candidate and the TRISTAN project

ν1
ν2
ν3

Heavy sterile neutrinos (> GeV)

Matter-antimatter asymmetry through Leptogenesis, lightness of active neutrinos

νs
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Sterile neutrinos mass ranges

Sterile neutrinos as dark matter candidate and the TRISTAN project

ν1
ν2
ν3

Heavy sterile neutrinos (> GeV)

Matter-antimatter asymmetry through Leptogenesis, lightness of active neutrinos

Light sterile neutrinos (~ 1 eV)

Not understood set of experimental data accumulated for 20 years

νs νs
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LSND anomaly

Short baseline ν-beam experiment in Los-Alamos, New Mexico, 1993-1998

Baseline = 30m, E = 20-50 MeV  L/E ≈ 1 m/MeV

Sterile neutrinos as dark matter candidate and the TRISTAN project

Scintillation

Cherenkov N-capture

LSND observed a 3.8 σ excess 

in electron-antineutrinos
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Sterile neutrinos mass ranges

Sterile neutrinos as dark matter candidate and the TRISTAN project

ν1
ν2
ν3

Heavy sterile neutrinos (> GeV)

Matter-antimatter asymmetry through Leptogenesis, lightness of active neutrinos

Light sterile neutrinos (~ 1 eV)

Not understood set of experimental data accumulated for 20 years

νs νs
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Sterile neutrinos mass ranges

Sterile neutrinos as dark matter candidate and the TRISTAN project

ν1
ν2
ν3

Heavy sterile neutrinos (> GeV)

Matter-antimatter asymmetry through Leptogenesis, lightness of active neutrinos

Light sterile neutrinos (~ 1 eV)

Not understood set of experimental data accumulated for 20 years

keV-scale sterile neutrinos (~ 1 - 50 keV)

Suitable dark matter candidate
νs νsνs
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Sterile neutrinos mass ranges

Sterile neutrinos as dark matter candidate and the TRISTAN project

ν1
ν2
ν3

Heavy sterile neutrinos (> GeV)

Matter-antimatter asymmetry through Leptogenesis, lightness of active neutrinos

Light sterile neutrinos (~ 1 eV)

Not understood set of experimental data accumulated for 20 years

keV-scale sterile neutrinos (~ 1 - 50 keV)

Suitable dark matter candidate
νs νsνs

Only one sterile neutrino 

can not solve all open 

questions at once
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Only one sterile neutrino 

can not solve all open 

questions at once

Sterile neutrinos mass ranges

Sterile neutrinos as dark matter candidate and the TRISTAN project

ν1
ν2
ν3

Heavy sterile neutrinos (> GeV)

Matter-antimatter asymmetry through Leptogenesis, lightness of active neutrinos

Light sterile neutrinos (~ 1 eV)

Not understood set of experimental data accumulated for 20 years

keV-scale sterile neutrinos (~ 1 - 50 keV)

Suitable dark matter candidate
νs νsνs
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First: KATRIN

Sterile neutrinos as dark matter candidate and the TRISTAN project

Karlsruhe Tritium Neutrino Experiment

Inauguration: June 11th 2018

KATRIN measures the neutrino mass

in a model-independent way

via ultrahigh precision measurements of the 

kinematics of electrons from beta-decay
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Imprint of ‘s on tritium ß-spectrum

Sterile neutrinos as dark matter candidate and the TRISTAN project

Electron energy spectrum

dΓ

d𝐸
∝ 𝐶 𝐹 𝑍, 𝐸 𝑝(𝐸 +𝑚𝑒)(𝐸0 − 𝐸) (𝐸0 − 𝐸)2−𝑚β

2(𝑣𝑒)
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Imprint of ‘s on tritium ß-spectrum

Sterile neutrinos as dark matter candidate and the TRISTAN project

dΓ

d𝐸
∝ 𝐶 𝐹 𝑍, 𝐸 𝑝(𝐸 +𝑚𝑒)(𝐸0 − 𝐸) (𝐸0 − 𝐸)2−𝑚β

2(𝑣𝑒)

Electron energy spectrum
neutrino
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KATRIN‘s first results

Model input parameters directly taken 

from experimental “slow control” data

No further tuning

No official 𝑚ν-fit yet

Very good agreement of 

model with data

(shape and absolute rate)

Preliminary
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Imprint of sterile ‘s on ß-spectrum

Sterile neutrinos as dark matter candidate and the TRISTAN project

𝑑𝛤
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Imprint of sterile ‘s on ß-spectrum

Characteristic

spectral distortion 

and kink-like 

signature

𝑑𝛤
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= cos2(𝜃)

𝑑𝛤

𝑑𝐸
(𝑚𝛽) + sin2 𝜃

𝑑𝛤

𝑑𝐸
(𝑚𝑠)

Active-to-sterile mixing 

amplitude

Mass of sterile neutrino KATRIN tritium source, 3 years
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Imprint of sterile ‘s on ß-spectrum

Characteristic

spectral distortion 

and kink-like 

signature

𝑑𝛤

𝑑𝐸
= cos2(𝜃)

𝑑𝛤

𝑑𝐸
(𝑚𝛽) + sin2 𝜃

𝑑𝛤

𝑑𝐸
(𝑚𝑠)

Active-to-sterile mixing 

amplitude

Mass of sterile neutrino KATRIN tritium source, 3 years

Let‘s do it!
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The challenge for TRISTAN

Sterile neutrinos as dark matter candidate and the TRISTAN project

Windowless Gaseous 

Tritium Source



KATRIN Collaboration

TRISTAN Group
24

The challenge for TRISTAN

Sterile neutrinos as dark matter candidate and the TRISTAN project

Windowless Gaseous 

Tritium Source

Transport and 

Pumping Section
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The challenge for TRISTAN

Sterile neutrinos as dark matter candidate and the TRISTAN project

Windowless Gaseous 

Tritium Source

Transport and 

Pumping Section

Spectrometer and 

Detector Section
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The challenge for TRISTAN

E(eV)

Signature of 

neutrino mass

18597            18598              18599           18600      

E(keV)

Signature of 

sterile neutrino
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The challenge for TRISTAN

E(eV)

Signature of 

neutrino mass

18597            18598              18599           18600      

E(keV)

Signature of 

sterile neutrino

0     2      4      6      8      10    12   14    16    18    
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New detector 

system needed !
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Handling of high rates (>109 Hz)

 ~ 3500 pixels

Good energy resolution (300 eV @ 20 keV), 

low threshold (1 keV)

 Thin dead layer (< 100 nm)

Large area coverage (20 cm diameter), 

small capacitance (low noise)

 Silicon drift detector (SDD) design

Sterile neutrinos as dark matter candidate and the TRISTAN project

Detector requirements

Not to scale

Prototype 

detector
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General performance on x-rays

Fe-55 line

139 eV (FWHM) 

@ 5.9 keV

20 Co

- 30 Co

2mm

1mm

Homogenous behavior 

of all pixels

Different pixels

Excellent 

energy 

resolution

Sterile neutrinos as dark matter candidate and the TRISTAN project

Low noise at high rates

FWHM @ 500 ns: 150 eV
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General performance on x-rays

Fe-55 line

139 eV (FWHM) 

@ 5.9 keV

20 Co

- 30 Co

2mm

1mm

Homogenous behavior 

of all pixels

Different pixels

Excellent 

energy 

resolution

Sterile neutrinos as dark matter candidate and the TRISTAN project

Low noise at high rates

FWHM @ 500 ns: 150 eV
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Characterization with electrons

Evaporated Krypton sourceElectron microscope
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Evaporated Krypton sourceElectron microscope

Sterile neutrinos as dark matter candidate and the TRISTAN project

Characterization with electrons

Evaporated Kr source

result plot

Main peak

Pile-up

Detection

threshold

Noise
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TRISTAN in Troitsk

Sterile neutrinos as dark matter candidate and the TRISTAN project

Application of the TRISTAN detector 

at Troitsk nu-mass experiment 
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TRISTAN in Troitsk

Sterile neutrinos as dark matter candidate and the TRISTAN project

Successful operation of two TRISTAN prototype detector systems in „real experimental conditions“

Good progress in analysis strategy development

Theory Measurement

HV @ 13 kV HV @ 13 kV

Preliminary

c
o

u
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ts
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Towards the final system

Sterile neutrinos as dark matter candidate and the TRISTAN project

To be used at 

KATRIN after 

nu-mass

To be used 

in Troitsk

Pixel design: 

SDD with integrated nJFET

Pixel size: ~ 3 mm diameter

Module design:

166 pixels

Module size: ~ 4x4 cm2

Completion: Feb 2019

Final detector design:

21 modules → 3500 pixels

Detector size: ~ 20 cm diameter

Completion: 2023

Full detector

Detector module

ASIC test setup

Detector with 

holding structure
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Summary

Neutrinos are key to unraveling some of the most compelling mysteries of the universe

They are the only particles that show clear evidence for BSM physics

Sterile neutrinos are a natural extension of the SM

Controversial experimental results, no clear evidence yet

TRISTAN aims at detecting a sterile neutrino in tritium beta decay with KATRIN

A new detector system is being developed in order to handle the high rates

Sterile neutrinos as dark matter candidate and the TRISTAN project

𝜈𝑠
𝜈4
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Thank you for your attention!


