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Outline of the talk

>  Motivation: 
    Massive neutrinos in particle and astrophysics 

>  Method: 
    How direct neutrino-mass measurement works 

>  KATRIN experiment:  
    First-year results and ongoing measurements 

>  Outlook:  
    New physics opportunities beyond the neutrino mass
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Mass generation: 
new concepts
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The role of massive neutrinos

astro- 
physics

cosmo- 
logy 

particle 
physics

astro- 
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mν = 0     

Massive neutrinos as  
“cosmic architects”

mν > 0     

336 ν / cm3 in the Universe today ν as probes of fusion in the sun

Understanding 
astrophysical processes
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 Cosmology  Search for 0νββ  Kinematics of weak   
 decays

 Method  Structure of Universe at  
 early and evolved stages

 ββ-decay of 76Ge,    
 130Te, 136Xe, …

 β-decay of 3H, 
 EC of 163Ho

 Observable

 Model assumptions
 Multi-parameter     
 cosmological model 
 (ΛCDM)

- Majorana nature of 
neutrinos? 

- No BSM contributions 
other than m(ν)?

 Only kinematics;   
 “direct” measurement
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1.2. Die experimentelle Suche nach Neutrinos 3

Emission erzeugt. Er vereint damit die Hypothese Paulis von der Neutrinoemission beim β-

Zerfall mit Heisenbergs Vorstellung, dass der Atomkern nur aus “massiven“ Teilchen, nämlich

Protonen und Neutronen, besteht. Fermis Theorie lieferte eine erfolgreiche Beschreibung der

Lebensdauer und der Form des kontinuierlichen β-Spektrums und bildet die Grundlage der

heutigen Theorie der schwachen Wechselwirkung.

Mittels seiner Formel für den Verlauf des Spektrums war Fermi in der Lage, eine Methode

anzugeben, mit der sich aus der Kinematik des β-Zerfalls Informationen über die Ruhemasse

des Neutrinos extrahieren lassen6. Das Prinzip dieses Verfahrens wird noch heute in aktu-

ellen Experimenten zur Bestimmung der Neutrinoruhemasse verwendet (siehe Abschn. 2.1).

Abbildung 1.1: Von Fermi berechne-

ter Einfluss der Neutrinoruhemasse

auf die Form des β-Spektrums (Quel-
le: [Fer34], S. 171). Gezeigt sind die drei

Fälle einer großen, kleinen bzw. verschwin-
denden Neutrinomasse µ.

Fermi leitete einen Ausdruck für eine
”
Energiever-

teilungskurve“ der Elektronen aus dem β-Zerfall

her, deren Form insbesondere nahe der Grenzenergie

E0 der Elektronen stark von der Ruhemasse µ des

Neutrinos abhängt. Abb. 1.1 zeigt den Verlauf des

Endbereichs der Verteilungsfunktion für verschieden

große Neutrinomassen. Aus einem Vergleich mit den

damals verfügbaren experimentellen Daten schloss

Fermi, dass
”
die Ruhemasse des Neutrinos entwe-

der Null oder jedenfalls sehr klein in bezug auf die

Masse des Elektrons ist“ [Fer34]. In der Folgezeit

wurde eine Vielzahl von Experimenten mit dem Ziel

durchgeführt, diese Aussage zu präzisieren. Über ein

modernes Experiment dieser Art, das KATRIN Ex-

periment, wird im Rahmen dieser Arbeit berichtet

werden.

1.2 Die experimentelle Suche nach Neutrinos

Die Ideen Paulis und Fermis markieren den Beginn der Neutrinophysik – zumindest von der

theoretischen Seite. Doch schon in seinem bereits zitierten Brief stellte Wolfgang Pauli den

”
radioaktiven Damen und Herren“ die bange Frage,

”
wie es um den experimentellen Nachweis

eines solchen [Neutrinos] stände“ [Pau30]. Entscheidend für die Möglichkeit dieses Nachweises

ist das Durchdringungsvermögen, oder besser gesagt die Wechselwirkungswahrscheinlichkeit

des Neutrinos mit Materie. Ausgehend von Fermis Theorie und der Überlegung, dass das

Vorhandensein eines Prozesses zur Erzeugung von Neutrinos im Gegenzug auch die Existenz

eines Annihilationsprozesses impliziert, schätzten Hans Bethe und Rudolf Peierls [Bet34] den

Wirkungsquerschnitt σ für eine Reaktion ab, welche prinzipiell den Nachweis von Neutrinos

ermöglichen sollte. Sie betrachteten den Prozess, in dem ein Neutrino beim Auftreffen auf

einen Atomkern unter Emission eines Elektrons oder Positrons vernichtet wird, so dass sich

die Kernladungszahl um eins verändert. Ihre einfache Abschätzung ergab σ ≈ 10−44 cm2 (für

typische Energien Eβ ≈ 2 − 3 MeV, entsprechend einer Durchdringungstiefe von 1016 km in

dichter Materie) – ein Wert, der verglichen mit den bis dahin bekannten Wechselwirkungsme-

chanismen so unglaublich gering ist, dass Bethe und Peierls daraus schlossen, es sei praktisch

unmöglich, Prozesse dieser Art experimentell zu beobachten [Bet34]. Dass der direkte Nach-

weis von Neutrinos schließlich doch gelang, ist vor allem zwei Umständen zu verdanken: zum

6Gleichzeitig und unabhängig von Fermi hat auch F. Perrin [Perr33] auf den Zusammenhang zwischen der

Form des β-Spektrums und der Neutrinomasse hingewiesen. Bezüglich der Größe dieser Masse kam er zu der

gleichen Schlussfolgerung wie Fermi.

re
l. 

ra
te

electron kinetic energy

© 1948 Nature Publishing Group

Experiment: Tritium identified early on 
as most suitable β-emitter

Theory: Starting from Fermi’s seminal 
“attempt at a theory of β-rays”

Curran et al., 1948

Neutrino mass from β-decay kinematics

Fermi, Z. Phys., 1934
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Spectral distortion measures  
“effective” mass square:
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Key requirements: 
• Low endpoint energy: 

E0 = 18.6 keV for 3H 

• High-activity source: 
t/2 = 12.3 yr for 3H 

• Energy resolution ~ 1 eV

d�

dE
= K · F (Z,E) · p|{z}

pe

·Etot|{z}
Ee

· (E0 � E)| {z }
E⌫

·
X

i
|Uei|2

q
(E0 � E)2 �m2

i
| {z }

p⌫

6

Neutrino mass from β-decay kinematics

Fermi’s phase space for β-decay Modern twist: mass eigenstates  
and neutrino mixing matrix U

<latexit sha1_base64="sqDrU+XUbBFFfuy7gSPN+XdPMo0="></latexit>mi
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High-resolution spectrometer: MAC-E filter

Magnetic Adiabatic Collimation & Electrostatic Filter 
➜  Integrating electrostatic filter (Ekin > qU0) 
➜  Narrow filter width ΔE ~1 eV combined with large angular acceptance

solenoid

source detector

electrode

analysing plane

solenoid

(momentum transformation  
without E-field)

�E
E

=
Bmin

Bmax

<latexit sha1_base64="DxhIU+RmigOFq/CnRKt4ujVwjAI="></latexit>

Beamson et al. 1980; Kruit & Read 1983; Lobashev 1985; Picard et al. 1992
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The Karlsruhe Tritium Neutrino Experiment

• Experimental site: 
Karlsruhe Institute of Technology (KIT) 

• International collaboration: 
~150 members from 20 institutions 
in 6 countries (D, US, CZ, RU, F, ES) 

• Goal: Improve sensitivity on m(νe)  
from 2 eV (previous experiments) to  0.2 eV (90% CL) within 2019-2024

katrin.kit.edu 

CERN Recognized 
Experiment (RE14) 

since 2007

http://katrin.kit.edu
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Working principle of KATRIN
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windowless 
gaseous T2 source 

1011 e- / s

counting detector 
< 1 e- / s

tritium pumping 
& e- transport 

T2 flow reduction >1014

high-pass energy filters 
MAC-E filter

pre-filter 
~103 e- / s

main filter 
U = -18.6 kV 
ΔE ~1 eV 148 pixels 

“dartboard" layout

70 m beamline Main challenges: 
- Stability of tritium source (0.1% level) 
- Stability of energy scale (ppm level) 
- Low background level (< 0.1 cps)

Full system description & commissioning paper: 2103.04755

https://arxiv.org/abs/2103.04755
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Working principle of KATRIN

10

windowless 
gaseous T2 source 

1011 e- / s

counting detector 
< 1 e- / s

tritium pumping 
& e- transport 

T2 flow reduction >1014

high-pass energy filters 
MAC-E filter

pre-filter 
~103 e- / s

main filter 
U = -18.6 kV 
ΔE ~1 eV 148 pixels 

“dartboard" layout

70 m beamline Connections to CERN: 
- Magnet operation/safety and UHV 
- Prod. of calibration sources (ISOLDE) 
- KATRIN precision HV divider @ISOLDE

Full system description & commissioning paper: 2103.04755

https://arxiv.org/abs/2103.04755
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- Ca. 30 high-voltage 
steps in each scan 

- Different regions for 
four fit parameters:  
m2(ν), endpoint E0, 
norm. A, background B 

- Distribution optimized 
for m2(ν) sensitivity 

- Ca. 25% of time 
spent on background

Several measurement campaigns per year: 
each 2-3 months long, separated by calibration and maintenance breaks 

Several hundred scans of the β-decay spectrum in each campaign: 
each ~2.5 hours long, alternating in up/down direction

m2(ν) 
region

tritium 
endpoint E0

tritium signal 
-40 eV below E0

background region 
+50 eV above E0

Spectrum measurement: modus operandi
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Backgrounds in KATRIN
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Backgrounds from charged particles effectively suppressed through  
magnetic shielding, inner electrode system, and “trap swiper” in high-field region 

   ➜ muon-induced bg [1805.12173], gamma-induced bg [1903.00563], high-field regions [1911.09633] 

Dominant background from neutrals traveling freely through the spectrometer and 
undergoing decay and secondary ionization in the volume (219Rn from getter pumps) 
being ionized in the volume (Rydberg atoms liberated by surface contaminants)

Overall background rate ~200 mcps 
Decay statistics + electron trapping:  

overdispersion of background rate 
(non-Poisson statistics) 
potential qU-dependent slope 
potential time slope

KIT-KCETA33 Sept. 13, 2019

systematics breakdown

� well-understood systematics budget Vsyst (with Vsyst < Vstat) 

- total systematic uncertainty budget Vsyst = 0.32 eV2

1-V uncertainty on mQ
2 (eV2) 

final state distribution
energy loss distribution

HV „stacking“
B-field values
background slope
non-Poisson bg. part

inelastic scattering

- total  statistical uncertainty budget Vstat = 0.97 eV2

0.00             0.05             0.10             0.15             0.20            0.25             0.30

G. Drexlin – direct neutrino mass measurement

➜ Background overview: 
2011.05107

0

50

100

150

200

Rydberg Bg
Intrinsic Detector Bg
Radon Bg

➜ Improve stat. and syst. uncertainties 
by improving on backgrounds!

Rate (mcps)
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Susanne'Mertens

3Bfold)bias)free)analysis)

EFG

Freeze)analysis)on)fake)data
• Generate'MC2copy'of'each'scan
• Use'slow'control'data'as'input

Blinded)model
• Modified'molecular'final'state'dist.
• Affects'only'neutrino'mass

Two)independent)analysis)strategies
• Covariance'matrix
• Monte'Carlo'propagation

true'data MC'copy

Systematics overview

13

Three complementary strategies to include systematics in the fit: 
(a) covariance matrix, (b) Monte-Carlo propagation, (c) pull-term method

Fit model is informed by theoretical and experimental inputs,  
with systematic uncertainties determined by dedicated measurements.

Activity fluctuations 
- column density 
- tritium (T2, DT, HT) 

concentration

[Sensors 20 (2020) 4827]

Molecular final states 
- quantum-chemical 

computations

Energy loss by scattering

[EPJ C81 (2021) 579]

Magnetic fields 
- source 
- spectrometer 
- detector

Source electric potential 
- plasma properties 
- surface conditions

Detection 
efficiency

Systematics overview

C. Karl, S. Mertens for the KATRIN Collaboration Analysis of New KATRIN Neutrino Mass Data March 15, 2021 7

Background 
- dependence on retarding potential 
- time structure due to trapped 

electrons

[arXiv:2011.05107]
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KATRIN data-taking so far

tritium 
commissioning 

EPJ C80 (2020)

1st ν-mass 
campaign 

PRL 123 (2019) 
PRL 126 (2021) 

arXiv:2101.05253

System 
optimization 
& calibration

3rd and 4th 

ν-mass campaigns 
2020 data: 

Analysis in progress

2nd ν-mass 
campaign

➜ This talk

5th ν-mass campaign 
2021 data: 

Reached 40 million 
electrons in ROI 
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Recap: First neutrino mass result
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Four-week campaign at reduced 
source strength (“burn-in phase”) 

9 days of nominal KATRIN only 

Improvement over prev. experiments: 
σstat = 0.97 eV2    ➜ factor 2 

σsyst = 0.32 eV2  ➜ factor 6 

Best-fit value: 
 

Upper limit: mν < 1.1 eV (90% CL)

m2
⌫ =

�
�1.0+0.9

�1.1

�
eV2

<latexit sha1_base64="G08RrXlW8QMYgMMJhPOP35lBm6Y="></latexit>

Spectrum data available on KATRIN web page

New PDG reference!

PRL 123 (2019) 221802 + detailed analysis PRD 104 (2021) 012005
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Recap: First neutrino mass result
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Four-week campaign at reduced 
source strength (“burn-in phase”) 

9 days of nominal KATRIN only 

Improvement over prev. experiments: 
σstat = 0.97 eV2    ➜ factor 2 

σsyst = 0.32 eV2  ➜ factor 6 

Best-fit value: 
 

Upper limit: mν < 1.1 eV (90% CL)

m2
⌫ =

�
�1.0+0.9

�1.1

�
eV2
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Spectrum data available on KATRIN web page

PRL 123 (2019) 221802 + detailed analysis PRD 104 (2021) 012005

Jan. 2020
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KATRIN data-taking: 2019 in numbers

17

1st campaign 
PRL 123 (2019)

2nd campaign 
This talk

Campaign date April-May 2019 Sept-Nov 2019

Total scan time 522 h  (274 scans) 744 h  (361 scans)

Background 290 mcps 220 mcps 

Source activity 25 GBq 98 GBq

Tritium purity 97.6% 98.7%

Electrons in RoI 2 Mio 4.3 Mio
stats doubled

reduction -25%

nominal activity

raised purity
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Data from the 2nd campaign

18

- Improved ratio of source activity to background 
from 1st campaign to 2nd campaign 

- Overall improvement of statistics

preliminary

Figure 2. a): Individual fits to both KATRIN measurement campaigns (KNM1 & KNM2). Here the 12 detector rings are

combined to a single detector area (uniform fit). The graph illustrates the improvements in lower background rate, higher signal

strength and overall better statistics (as indicated by smaller error bars). b) Normalised residuals for fit of the KNM2 data set. c)

Simultaneous fit of the rates measured with 12 detector rings at 28 retarding energies in the KNM2 measurement campaign (see

main text). d) Measurement time distribution for KNM1 & KNM2. 5/31

Figure 2. a): Individual fits to both KATRIN measurement campaigns (KNM1 & KNM2). Here the 12 detector rings are

combined to a single detector area (uniform fit). The graph illustrates the improvements in lower background rate, higher signal

strength and overall better statistics (as indicated by smaller error bars). b) Normalised residuals for fit of the KNM2 data set. c)

Simultaneous fit of the rates measured with 12 detector rings at 28 retarding energies in the KNM2 measurement campaign (see

main text). d) Measurement time distribution for KNM1 & KNM2. 5/31

preliminary

- High quality of 12 ring-wise spectra 
and excellent agreement with model

2nd camp.

[arXiv:2105.08533]

https://arxiv.org/abs/2105.08533
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Ring-wise fit with common m2(ν), 12 x ring-dependent E0, background, normalization 

Best-fit value (stat. and syst.):        m2(ν) = 0.26 ± 0.34 eV2

Wrapping up
! Second KATRIN neutrino mass campaign

successfully analysed

! Sensitivity: mν < 0.7 eV (90 % CL)

! Best fit: m2
ν = 0.26 ± 0.34 eV2

! Limit: mν < 0.9 eV (90 % CL)

! Limit combined with first campaign:
mν < 0.8 eV (90 % CL)

! Publication upcoming

! Still only about 1
50

th
of the final statistics, stay tuned! :)

Thanks to everyone involved! Thank you for your attention!

C. Karl, S. Mertens for the KATRIN Collaboration Analysis of New KATRIN Neutrino Mass Data March 15, 2021 16

preliminary

MC propagation technique, O(104) fits

19

Neutrino-mass result for 2nd campaign

Comparison with expectation for m
2
ν

= 0 eV2

! Generate randomized datasets including
statistical and systematical uncertainty
with m2

ν = 0 eV2

! Compare our best-fit of 0.26 eV2 with the
resulting distribution

! 23 % probability to have a value “as high”
as ours

⇒ Fully compatible with expectation for
m2

ν = 0 eV2

C. Karl, S. Mertens for the KATRIN Collaboration Analysis of New KATRIN Neutrino Mass Data March 15, 2021 12

preliminary

Fully compatible with expectation for m2(ν) = 0

Best-fit effective endpoint  E0 = 18573.69 ± 0.03 eV  consistent with mass difference 
ΔM(3He-3H) from precision Penning traps ➜ independent check of energy scale
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Two frequentist limit construction techniques (Lokhov-Tkachov* and Feldman-Cousins**) 
to obtain upper limit:  m(ν) < 0.9 eV  (90% CL)  

Sensitivity of 2nd campaign: 0.7 eV (90% CL) 

 
 
 
 
 
 
 
 
 
 

20

Neutrino-mass result for 2nd campaign

First direct m⌫ experiment to reach sub-eV sensitivity

Multi-ring fit including all systematics leads to a fit result of

m2
⌫ = 0.26 +0.34

�0.34 eV2

Estimation of the upper limit with
Lokhov-Tkachov belt construction
Feldman-Cousings belt construction

Both methods lead to an upper limit of

) m⌫  0.9 eV (90% CL)

Preliminary

KATRIN Tritium model Second measurement campaign Data analysis Combined analysis

9/13 16.03.2021 Leonard Köllenberger: KATRIN neutrino mass results Institute for Astroparticle Physics (IAP), KIT

Result of the second campaign

First direct m⌫ experiment to reach sub-eV sensitivity

Multi-ring fit including all systematics leads to a fit result of

m2
⌫ = 0.26 +0.34

�0.34 eV2

Estimation of the upper limit with
Lokhov-Tkachov belt construction
Feldman-Cousings belt construction

Both methods lead to an upper limit of

) m⌫  0.9 eV (90% CL)

Preliminary

KATRIN Tritium model Second measurement campaign Data analysis Combined analysis

9/13 16.03.2021 Leonard Köllenberger: KATRIN neutrino mass results Institute for Astroparticle Physics (IAP), KIT

Result of the second campaign

preliminary

* )   Lokhov & Tkachov,  
     Phys. Part. Nucl. 46 (2015) 347 

**) Feldman & Cousins,  
        Phys. Rev. D57 (1998) 3873 

[arXiv:2105.08533]

https://arxiv.org/abs/2105.08533
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Neutrino-mass result for 2nd campaign

Alternative analysis approach: Bayesian inference  

Using flat positive prior on 

Bayesian bound obtained by integrating posterior distribution from 0 to  
gives  m(ν) < 0.85 eV  for a 90% credible interval

<latexit sha1_base64="hXPmMX1OLpoVu3gme6ldxhJTipg="></latexit>

m2
⌫,limit

(Note: 
different interpretation of 
bounds in frequentist vs. 
Bayesian approach)

Figure 8. Bayesian bound on the neutrino mass by using a flat positive prior on m2
n .

25/31

preliminary

<latexit sha1_base64="BCe6N7YbJu/150uOiuPgxXgHfAQ="></latexit>

m2
⌫,limit

90% C.I.

<latexit sha1_base64="ebjr9jMVwWZIJQlyPftOYf0K+4U="></latexit>

m2
⌫

[arXiv:2105.08533]

https://arxiv.org/abs/2105.08533
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Experiment (year)

30-year retrospective on tritium experiments

Instrument development 
+ dedicated systematics experiments 
+ theoretical model

Scale-up & further development  
of MAC-E technique 
with gaseous source

[arXiv:2105.08533]

https://arxiv.org/abs/2105.08533
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Experiment (year)

KATRIN (2021):  first direct neutrino-mass 
experiment to reach sub-eV sensitivity

Instrument development 
+ dedicated systematics experiments 
+ theoretical model

Scale-up & further development  
of MAC-E technique 
with gaseous source

30-year retrospective on tritium experiments

Combined result: 
Combined limit: mν < 0.8 eV (90% CL)

[arXiv:2105.08533]

<latexit sha1_base64="PpiuoRhHwJRgYjj1ht0SE1KO9Gg="></latexit>

m2
⌫ = (0.1± 0.3) eV2

https://arxiv.org/abs/2105.08533
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Uncertainty breakdown

C. Karl, S. Mertens for the KATRIN Collaboration Analysis of New KATRIN Neutrino Mass Data March 15, 2021 11

Where do we go from here?

24

Breakdown of uncertainties for 2nd campaign (status: first out of 5 years of operations)

Gain more statistics  
& suppress background

Dedicated measures to improve  
dominant background- and 
source-related systematics

Many “small” improvements
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➜ Further improvements already from 3rd campaign onwards.

[arXiv:2105.08533]

https://arxiv.org/abs/2105.08533
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Outlook: Progress of data-taking

25

5th neutrino-mass campaign* (March-May 2021), 
followed by krypton calibration campaign (ongoing) 

*) Third consecutive measurement campaign since beginning 
of the pandemic, performed under all necessary precautions.

Big Thanks 
to all operators!
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β-spectrum of 
high statistics 
and precision

Physics “beyond the neutrino mass” 
with KATRIN

26

Search for Lorentz 
invariance violation 

(sidereal modulation)

Search for exotic 
weak interactions 
(spectrum shape)

Is there a fourth 
(sterile) neutrino?

Constrain local overdensity 
of cosmic relic neutrinos 

(line search)

Neutrino mixing:  
“Kink” search in  

normal β-spectrum (eV scale)  
or deep β-spectrum (keV scale)

Snowmass LoI: “Searches for BSM physics with KATRIN” 
Snowmass LoI: “Prospects for keV sterile neutrino searches with KATRIN”

“Spaceship KATRIN”

symmetrymagazine.org

http://symmetrymagazine.org
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Neutrinos mix: generate “kink” in β spectrum at E = E0 – ms

eV … keV scale 
separation?

mass

light sterile ν, ms ~ few eV 
motivated by oscillation anomalies

Susanne	Mertens

Signature	of	light	sterile	neutrino

Characteristic	distortion	
of	the	spectrum	

Sterile	branch

Active	
branch

m4=	10	eV

sin2 \

+

!] !^

24

→ See	Reactor	and	Geo	n session	on	25	June
→ See	sterile	n session	on	2	July

example: m4 = 10 eV

2

FIG. 1. Imprint of a heavy, mostly sterile, neutrino with a
mass of ms = 10 keV and an unphysical large mixing angle of
sin2 ⇥ = 0.2 on the tritium b-decay spectrum.

decay spectrum
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dE
= cos2 ⇥
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�
m2
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�
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would be a superposition of the standard spectrum, with
the endpoint governed by the e↵ective electron neutrino
mass m� , and a spectrum with a significantly reduced
endpoint corresponding to the decay into a sterile neu-
trino of mass ms. The amplitude of the additional decay
branch would be governed by the active-sterile mixing
amplitude sin2 ⇥. Hence, sterile neutrinos would mani-
fest themselves as a local kink-like feature and a broad
spectral distortion below Ekink = E0 �ms, see figure 1.

With an endpoint of E0 = 18.6 keV the super-allowed
b-decay of tritium is well suited for a keV-scale ster-
ile neutrino search. Due to the short-half life of 12.3
years, high decay rates can be achieved with reasonable
amounts of tritium. Furthermore, a kink-like sterile neu-
trino signature would be a distinct feature in the fully
smooth tritium � decay spectrum [15].

II. THE TRISTAN PROJECT

The idea of the TRISTAN project is to utilize the un-
precedented tritium source luminosity of the KATRIN
experiment for a high-precision keV-scale sterile neutrino
search. TRISTAN is designed to achieve a sensitivity of
sin2 ⇥ < 10�6, see figure 3.

KATRIN’s prime goal is a direct probe of the abso-
lute neutrino mass scale via a precise measurement of
the tritium beta decay spectrum close to its endpoint,
where the imprint of the neutrino mass is maximal. For
this purpose, KATRIN combines a high-activity (1011

decays per second) gaseous tritium source with a high-
resolution (�E ⇠ 1 eV) spectrometer, see figure 2. The
electrons are guided along magnetic field lines from the

so-called Windowless Gaseous Tritium Source (WGTS)
to the spectrometer. The latter is operated as a Mag-
netic Adiabatic Collimation and Electrostatic (MAC-E)
filter [23, 24], which transmits electrons with kinetic
energies larger than the spectrometer’s retarding po-
tential. By observing the number of transmitted elec-
trons for di↵erent filter voltages U in a range of about
E0 � 60 eV < qU < E0 + 5 eV (where q is the elec-
tron charge) the integral tritium b-decay spectrum is ob-
tained. The rate of electrons is detected with a 148-pixel
focal plane detector [19, 25] situated at the exit of the
KATRIN spectrometer. The detector system is equipped
with a post-acceleration electrode (PAE), that increases
the kinetic energy of all electrons by a fixed amount of
up to 20 keV [19].

Operating KATRIN to search for keV-scale sterile neu-
trinos requires extending the measurement interval to
cover the entire tritium b-decay spectrum, i.e. to set the
filter voltage to values much lower than in standard op-
eration [15]. In this new mode of operation the number
of transmitted electrons will be a few orders of magni-
tudes higher than in normal KATRIN operation mode.
The current silicon focal plane detector is not designed
to handle such high count rates. Accordingly, the main
objective of the TRISTAN project is to develop a new
detector and read-out system, capable of revealing very
small spectrum distortions, and handling rates of up to
108 counts per second (cps).

The main challenge of a keV-scale sterile neutrino
search is the precise understanding of the entire spec-
trum on the parts-per-million (ppm) level, in order to
be able to start probing sterile-active mixing angles of
cosmological interest. In order to reduce systematic un-
certainties and avoid false-positive signals, a combina-
tion of an integral and a di↵erential measurement mode
is planned: The integral mode makes use of the high-
resolution spectrometer and a counting detector (analo-
gous to the normal KATRIN measurement mode). This
mode requires an extremely stable counting rate. In the
di↵erential mode, the spectrometer is operated at low
filter voltage continuously and the detector itself deter-
mines the energy of each electron. This mode requires
an excellent energy resolution and a precise understand-
ing of the detector response even at high counting rates.
The two measurement modes are prone to di↵erent sys-
tematic uncertainties and hence allow to cross check each
other.

TRISTAN is currently an R&D e↵ort for an experi-
ment to take place after completion of the neutrino mass
measurement of KATRIN, prospectively in 2025. In this
paper we 1) discuss the requirements of the new detector
and read-out system and 2) present the first characteri-
zation measurements of a 7-pixel prototype silicon drift
detector, see figure 5a, produced at the Semiconductor
Laboratory of the Max Planck Society (HLL) [26] and
equipped with a read-out ASIC developed at the XGLab
company [27].

example: m4 = 10 keV

heavy sterile ν, ms ~ few keV 
motivated as DM candidate

Physics reach of KATRIN:  
search for extra neutrino states
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5

maximum sensitivity for m2
4 ' 400 eV2. For smaller m2

4
the sensitivity decreases due to the reduction of statis-
tics and vanishes for m2

4 ' 2 eV2. For larger m2
4 the

sensitivity rapidly drops due to the narrow interval in
which a sterile neutrino could influence the experimen-
tal �-spectrum. Case I allows a direct comparison with
previous and similar experiments. This work supersedes
the Mainz exclusion limit [36] for m2

4 . 1000 eV2 and
improves the Troitsk bounds [37] for m2

4 . 30 eV2, as
displayed in figure 3.

10-2 10-1

|U
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|2
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101
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m
42  (
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2 )

Mainz 95% C.L. :  m2 = 0 eV2

Troitsk 95% C.L. :  m2 = 0 eV2

KATRIN sensitivity 95% C.L. :  m2 = 0 eV2

KATRIN 95% C.L. :  m2 = 0 eV2

KATRIN 95% C.L. :  m2 free

KATRIN 95% C.L. :  m2 free , (m2 ) = 1 eV2

FIG. 3. 95% confidence level exclusion curves in the
(|Ue4|2, m2

4) plane obtained from the analysis of KATRIN
data including statistical and systematic uncertainties. The
two solid lines show the expected sensitivity (light grey)
and the associated exclusion (blue) for fixed m2

⌫ = 0 eV2

(case I). The dotted line in dark blue illustrates the exclu-
sion curve obtained with a free m2

⌫ (case II). Lastly, the
dot-dashed line in turquoise displays the intermediate exclu-
sion curve with a free m2

⌫ constrained with an uncertainty
�(m2

⌫) = 1 eV2 (case III). First KATRIN results supersede
the Mainz exclusion limit [36] and improve Troitsk bounds [37]
for m2

4 < 30 eV2.

In a second analysis, called case II, we consider a more
generic scenario where m2

⌫ is treated as a free and and
unconstrained parameter in the fit. Figure 3 shows the
resulting 95% confidence level exclusion curves in the
(|Ue4|

2, m2
4) plane, only deviating from the upper limit of

case I for m2
4 < 60 eV2. For low mixing, |Ue4|

2 . 0.3, and
small m2

4 < 10 eV2, the m2
⌫ fitted values are in excellent

agreement with our standard neutrino mass analysis [12].
As complementary information, called case III, we dis-

play in figure 3 the intermediate exclusion curve that is
obtained when m2

⌫ is treated as a nuisance parameter in
the fit, using a Gaussian pull term with the expectation
m2

⌫ = 0 eV2 and a Gaussian uncertainty �(m2
⌫) = 1 eV2.

Comparison with neutrino oscillation experiments.- At
this stage it is interesting to compare our results (case I)
with short baseline neutrino oscillation experiments mea-

FIG. 4. 95% confidence level exclusion curves in the
(sin2(2✓ee),�m2

41) plane obtained from the analysis of KA-
TRIN data with fixed m⌫ = 0. The green contour delim-
its the 3+1 neutrino oscillations allowed at 95% confidence
level by the reactor and gallium anomalies [2]. KATRIN data
improve the exclusion of the high �m2

41 values with respect
to DANSS, PROSPECT, and Stéréo reactor spectral ratio
measurements [28–30]. Mainz [36] and Troitsk [37] exclusion
curves [38] are also displayed for comparison. An estimation
of KATRIN’s final sensitivity (1000 days at nominal column
density) is represented by the dotted line. The light (dark)
gray bands delimit the exclusions from 0⌫�� experiments, for
the case of inverted and normal hierarchies (the extension of
the bands reflects the uncertainties of the parameters of the
PMNS matrix [1]).

suring the electron (anti-)neutrino survival probability
P (�m2

41, sin
2(2✓ee)) [7]. To relate the obtained re-

sults to KATRIN, the mass splitting can be written as
�m2

41 ' m2
4 � m2

⌫ . According to the measured neu-
trino oscillation parameters, this approximation is valid
within 2 · 10�4 eV2, the main di↵erence being due to the
unknown mass hierarchy and the amplitude of the mixing
between active and sterile neutrinos [16]. For the analy-
sis case I we simply have �m2

41 ' m2
4. Furthermore KA-

TRIN is directly sensitive to |Ue4|
2 whereas oscillation

experiments measure sin2(2✓ee) = 4|Ue4|
2(1 � |Ue4|

2).
These first KATRIN data exclude the high�m2

41 solution
of the reactor and gallium anomalies, for�m2

41 values be-
tween 100 and 1000 eV2, as depicted in figure 4. Our data
also improve the exclusion of DANSS, PROSPECT, and
Stéréo reactor spectral ratio measurements [28–30] for
�m2

41 & 10 eV2. The Neutrino-4 hint of large active-
sterile mixing [39] is at the edge of our current 95% con-

Region of high Δm2: 
- Improve exclusion with respect to 

DANSS, PROSPECT, STÉRÉO 
- Exclude large Δm2 solution preferred 

by reactor and gallium anomalies

Region of low Δm2: 
- Improve limits by Mainz and Troitsk

Future prospects:  
eV-scale anomalies will be probed with 
full KATRIN data set

[KATRIN Collab., PRL 126 (2021) 091803]
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- High count rates at ~few keV below endpoint 

- Search for tiny sterile admixture sin2(θs) 

- Best sensitivity for differential measurement, 
need energy resolution ~300 eV or better

3

FIG. 2. The left-hand side of the figure depicts the KATRIN apparatus: a) Rear section, b) windowless gaseous tritium source
(WGTS), c) di↵erential pumping section, d) cryogenic pumping section, e) pre-spectrometer, f) main spectrometer, g) detector
section. For a detailed overview of KATRIN see reference [17]. For the TRISTAN project the 148-pixel Si-PIN focal plane
detector [19] would be replaced by a ⇡3500-pixel silicon drift detector system, displayed enlarged on the right-hand side of the
figure. The baseline design comprises 21 so-called detector modules, each with 166 pixels and a side length of 4 cm. Each pixel
has a hexagonal shape and a diameter of 3 mm. The total detector diameter is about 20 cm.

FIG. 3. This figure shows the 95% C.L. sensitivity of 1) what
could be achieved with KATRIN as it is at the moment (red
dashed curve), 2) the design sensitivity of TRISTAN (red),
and 3) the statistical limit that could be reached after a three
years data-taking phase with the full source strength of the
KATRIN experiment. For the TRISTAN measurement we as-
sume a 3-years measurement period, with a 100 fold reduced
tritium column density in order to reduce systematic e↵ects
related to scattering of electrons with gas molecules and pile-
up e↵ects. Furthermore, we assume a constant energy reso-
lution of 300 eV FWHM. The grey dashed area depicts the
current laboratory-based limit [20–22].

III. REQUIREMENTS ON THE DETECTOR
SYSTEM

The current baseline design of the TRISTAN detec-
tor is a 3500-pixel Silicon Drift Detector (SDD) of about
20 cm diameter. SDDs are optimized for an excellent en-
ergy resolution (close to the Fano-limit for silicon) at high
count rates and large-area coverage [28], which makes
them ideally suited for a keV-scale sterile neutrino search
with KATRIN. In the following we detail the require-
ments and corresponding design choices with respect to
pixel number, pixel size, energy resolution, and read-out
electronics.

a. Number of pixels

The final TRISTAN detector is designed with the goal
of at least achieving a sensitivity to active-sterile mixing
angles in the < ppm-level, see figure 3. Correspondingly,
the systematic uncertainties have to be on the same order
of magnitude. From a purely statistical point of view, a
ppm sensitivity can be reached with a total statistics of
1016 electrons. Assuming a data taking period of 3 years,
this leads to a count rate of ntot = 108 cps on the entire
detector. To minimize the pile-up probability a count
rate per pixel of maximally 100 kcps is foreseen. This
leads to a minimal pixel number of 1000 pixels. The total
number of pixels is limited to keep the complexity and
cost at a manageable level. This is especially true as a
sophisticated front- and back-end readout electronics will
be needed to ensure low noise, good energy resolution,
high linearity, and the ability to tag charge sharing, and
backscattering.

b. Pixel and detector size

In order to maximize statistics and avoid unused pixels,
the detector size should be close to the size of the elec-
tron beam. The magnetic flux � = B ·A, where B is the
magnetic field and A is the beam area, is conserved along
the entire KATRIN beamline. Hence, the electron beam
area at the detector position is determined by the corre-
sponding magnetic field Bdet. This field can be adjusted
rather easily, which in turn allows for variable detector
diameters.
The optimization of the pixel and detector size is

driven by the aim of minimizing both charge-sharing be-
tween neighboring detector pixels and backscattering of
electrons from the detector surface.
Minimal charge-sharing is obtained by choosing the

largest pixel area that does not compromise the energy
resolution and the charge collection time of the detector.
The backscattering e↵ect impacts the choice of pixel and
detector size in multiple ways:

• To minimize the backscattering probability the
pitch angle (angle between electron’s momentum
vector and magnetic field vector) at the detector

current detector

goal of  
TRISTAN detector

present lab limits

[J. Phys. G46 (2019) 065203 & G48 (2020) 1]

stat. only, 1016 electrons

TRISTAN detector for KATRIN:  
Silicon Drift Detector (SDD) arrays developed 
at MPP / HLL Munich

7-pix prototype in use 
as KATRIN beam monitor

47-pix module 
testing at monitor 
spectrometer now

aim: replace KATRIN 
focal-plane detector 
in 2025

SDD pixel
SDD module

full array

KATRIN with 
TRISTAN det.
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KATRIN search for keV sterile neutrinos 
● TRISTAN project in KATRIN:

– novel multi-pixel Silicon Drift Detector array 

– large count rates

– excellent energy resolution

– Prototypes installed as monitoring devices @ KATRIN

– Target sensitivity: 

segmented Si-PIN wafer

S. Mertens et al., J.Phys.G 46 (2019) 6, 065203; T. Brunst et al.,JINST 14 (2019) 11, P11013, T. Houdy et al.,J. Phys.:C.Ser. 1468 (2020) 012177 

sin
2θ<10−6

KATRIN with 
TRISTAN

2018 KATRIN data (1.6 keV range)
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Summary and Outlook

Since 90 years, the absolute neutrino mass scale is a fundamental 
open question with implications from particle physics to cosmology 

The last decade has seen tremendous progress from three angles:  
observational cosmology, search for 0νββ, and direct kinematics 

First sub-eV result from KATRIN:  
                m(ν) < 0.8 eV (90% CL) from just few months of data

m! < 0.01 mp

W. Pauli, 1930
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FIG. 6: ⌃ as a function of m� , for both the normal (blue,solid) and inverted (red,dashed) mass orderings.

We use the current best-fit values of the oscillation parameters from [29]. The, horizontal band corresponds

to the range of 95% CL upper bounds on ⌃ discussed in [60]. Di↵erent upper bounds correspond to di↵erent

ingredients added to the Standard Model of cosmology. The vertical line corresponds to the current 90%

upper bound on m� [56].

A. Beta spectrum

As discussed in Sec. II, the fact that the three eigenmasses m1, m2, and m3 are linked by

neutrino-oscillation data has simplified the experimental task of determining the mass scale because

it is now possible to work with beta decay alone; separate determinations involving µ and ⌧

leptons are no longer needed. The most sensitive direct searches for m� to date are based on the

investigation of the electron spectrum of tritium �-decay. The electron energy spectrum of �-decay

for a neutrino with component masses m1, m2, and m3 is the incoherent sum of the contributions

from each mass eigenstate:

d�

dE
=

G
2
F
|Vud|

2

2⇡3
(G2

V + 3G
2
A)F (Z, �)�(E + me)

2(E0 � E)

⇥

X

i=1,3

|Uei|
2
⇥
(E0 � E)2 � m

2
i

⇤ 1
2 ⇥(E0 � E � mi), (IV.1)

where GF is the Fermi coupling constant, Vud is an element of the CKM matrix [28], E (�) denotes

the electron’s kinetic energy (velocity), E0, the ‘endpoint energy,’ corresponds to the maximum

kinetic energy in the absence of neutrino mass, F (Z, �) is the Fermi function, taking into account
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Formaggio, de Gouvea, Robertson, 
Physics Reports 914 (2021) 1 [2102.00594]

Exciting times 
ahead!

Five-year target sensitivity: 0.2 eV (90% CL) 

Precision β-kinematics: great perspectives  
for new physics “beyond the neutrino mass”,  
e.g. eV- and keV-scale sterile neutrinos, 
Lorentz invariance, relic ν overdensities,  
exotic weak interactions, …


