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I. Introduction  
Why measure the ν mass scale? 

II. Overview  
Methods: How can we access the ν mass scale? 

III. Main  
Direct kinematic neutrino mass measurement using weak decays: 
Reach of current experiments and prospects for the future 

IV. Extra  
Other interesting physics  
in precision weak decays
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I. Motivation
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Why is the neutrino mass scale important?

http://symmetrymagazine.org
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Mass generation: 
new concepts

ν

SM

Mass generation: 
new concepts
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The role of massive neutrinos

astro- 
physics

cosmo- 
logy 

particle 
physics

astro- 
particle 
physics

mν	= 0     

Massive neutrinos as  
“cosmic architects”

mν	> 0     

336 ν / cm3 in the Universe today Neutrino burst from SN 1987a

Understanding 
astrophysical processes

Truck scale 
~ 30 000 kg

Mass measurement: 
new concepts

Toy car ~ 0,012 kg
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- 3 mixing angles: θ12, θ23, θ13,  

- 1 Dirac phase: δ, possibly 2 Majorana phases α1,2

- 2 independent “splittings” Δm2 and lightest mass m0

Three-flavour neutrino oscillations

3 x 3 unitary mixing matrix 
analogous to CKM: 
“Pontecorvo Maki 
Nakagawa Sakata” 

(PMNS)

➜ Several lectures 

at this School
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• Large neutrino mixing and  
tiny neutrino masses m(νi) ≠ 0: 

• Non-zero θ13 measured 

• Hints for non-maximal θ23 ≠ 𝛑/4 

• Expectation of CP-violating phase δ 

• Majorana vs Dirac nature of neutrinos? 

• Absolute mass scale cannot be 
determined from oscillations 

• Expect mν > 10 meV for normal ordering, 
mν > 50 meV for inverted ordering

3 K. Valerius  |  Status of the KATRIN Experiment  |  PPC 2015

● Neutrino mixing & m(ν
i
) ≠ 0 established

● Oscillaton experiments: tny mass splitngs

● Which mass ordering (normal, inverted)?

● What is the absolute ν mass scale?

Wealth of ν oscillaton data:

So far: only upper (< 2 eV) and lower bounds (>0.01    resp.    >0.05 eV)
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Neutrino masses: overview
“Neutrino Fest”, session V:

L. Everet, Neutrino theory

P. Coloma, Oscillaton phen.

R. Volkas, Neutrino massNew! 
BSM physics!

➜ Several lectures 

at this School
The big picture:  
What have we learned from oscillation data?
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II.  How can we measure  
neutrino masses?

Indirect (model-dependent) probes: 

• Observational cosmology 

• Search for 0νββ

Direct (less model-dep.) probes: 

• Supernova ν time-of-flight 

• Kinematics of weak decays 
(3H β-decay, 163Ho electron capture)

➜ A. Giuliani, 

J. Menendez

➜ R. Battye

➜ this lecture
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Overview: Neutrino mass observables

T. Schwetz @ Heraeus Seminar, July 2019!28

Absolute neutrino mass observables
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NuFIT 4.0 (2018)

Trivial comment: oscillations tell us the ORDERING (no mass scale)
Even if oscillations point to NO: keep going with β / 0νββ decay!
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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.
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electron kinetic energy

© 1948 Nature Publishing Group

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

Neutrino mass from β-decay kinematics

Theory: Starting from Fermi's 
seminal paper (Z. Phys., 1934)

Curran et al.
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tritium (3H) 
β spectroscopy

rhenium (187Re) 
β calorimetry
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ITEP, 1980
Curran  
et al., 1948

present limits (2 eV)
ν not dominant DM

Mainz (2005, final result) 
m(νe) < 2.3 eV (95% CL) 
Kraus et al., EPJ C40:447

Troitsk (2011, re-analysis) 
m(νe) < 2.05 eV (95% CL) 
Aseev et al., PRD 84:112003

upcoming (KATRIN: 0.2 eV)
degeneracy scale

future approaches
hierarchy scale

Neutrino mass from β-decay kinematics
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Spectral distortion measures  
“effective” mass square:
m2(⌫e) :=

P
i |Uei|2 m2
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Key requirements & technologies 
• Low-endpoint β/EC nuclide: 

E0 = 18.6 keV for 3H 
• High-activity source: 

T1/2 = 12.3 yr for 3H 
• Excellent energy resolution

Kinematic measurement can probe for 
heavier neutrino states  
➜ eV-scale and keV-scale sterile ν
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Neutrino mass from β-decay kinematics
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III.  Experimental techniques 
for direct ν-mass measurement
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High-resolution spectroscopy with electric and 
magnetic fields

eU0

µ =
E?
B

= const.

E? �! Ek �E

E
=

Bmin

Bmax

high-pass filter for EII > eU0

Source: isotropic 
emission of β-electrons

Transport: magn. guiding  
and adiabatic collimation

Spectrometer: variable 
electrostatic filter

Detector:  
electron counter
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Magnetic Adiabatic Collimation & Electrostatic Filter 
➜  integrating electrostatic filter (Ekin > eU0) 
➜  “clean” analytic response function 
➜  ΔE < 1 eV at 18.6 keV

solenoid

source detector

electrode

analysing plane

solenoid

[Beamson et al. 1980; Kruit & Read 1983; Lobashev 1985; Picard et al. 1992]

8  Direct ν-mass experiments        K. Valerius (KIT)        30.09.2014 

Spectroscopic technique for tritium β-decay

MAC-E filter technique

Magnetic Adiabatic Collimation with Electrostatic filter
Picard et al., NIM B63 (1992) 345

Sharp high-pass filter:

μ =
E⊥

B
= const.

Combination of high luminosity

and high energy resolution: 

ΔE
E

=
Bmin

Bmax
=

1

20000

(at KATRIN)

ΔE energy

tr
a

n
s
m

is
s
io

n

Steps of filter potential

→ integrated β spectrum

detector

�E

E
=

Bmin

Bmax

(momentum transformation  
without E-field)

"14

MAC-E filter technique



K. Valerius  |  Neutrino mass measurements"15

windowless  
gaseous T2 source  

1011 e- / s

counting detector  
< 1 e- / s

tritium pumping  
& e- transport 

T2 flow reduction >1014

high-pass energy filters

pre-filter 
~103 e- / s

main filter 
ΔE ~1 eV

Sensitivity goal: 2 eV ➜ 0.2 eV 
‣ Improvement x100 in statistics and systematics 
‣ Background comparable to predecessors 
‣ Scaled-up dimensions; 70 m total beam line

The Karlsruhe Tritium Neutrino Experiment: 
working principle
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Looks simple on paper, but …
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KATRIN’s epic voyage
Danube 

Jochenstein Lock

Rhine

Mediterranean

Pontecorvo  
School 2019
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Direct shape measurement 
of integrated β spectrum 
Four fit parameters:
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Measurement principle of KATRIN

squared 
mass m2

ν    

spectrum 
norm. N

spectrum 
endpoint E0

background 
rate B 

N
B
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Windowless gaseous tritium source

KIT – The Research University in the Helmholtz Association

tritium 
injection

30 Kelvin

3.6 Tesla

e-

tritium
pumping

tritium
pumping

longitudinal source profile (approx.)

T
2
 m

o
le

c
u

le
s

Thermodynamic properties of the KATRIN 
Windowless Gaseous Tritium Source
Moritz Hackenjos, Institute of Technical Physics (ITEP), for the KATRIN Collaboration, moritz.hackenjos@kit.edu

The KATRIN Windowless Gaseous Tritium Source (WGTS)

Tasks
• Achieve a source activity of 1011 Bq

(0.1% stability) 
• Guide adiabatically the decay electrons

Closed tritium cycle

in

out

Superconducting magnets 3.6 T

DPS1-R DPS1-FWGTS

D
en

si
ty

out

out

out

Temperature requirements
• Temporal stability: ΔTt ≤ 30 mK
• Homogeneity: ΔTh ≤ 30 mK

Source activity function of
• Tritium gas purity (> 95%)
• Column density( 1 – 5 ∗1017 cm-2)

Doppler effects dominate T > 33 K 

Cluster effects dominate T < 27 K 

Column density function of
• Tritium inlet pressure
• Beam tube temperature
• Pumping performance

The beam tube cooling 27 – 30 K

Neon 
gas 

supply

Vapour pressure 
sensor

P
t500

1.7·1011 Bq

Stand alone commissioning

• Test of beam tube 2-phase neon cooling system
• Pt500 in-situ calibration with vapour pressure sensor
• Measurement of temperature homogeneity

Length of beam tube

𝑒−

𝑒−

2-Phase 
neon 
pipes

Cold beam tube

Gaseous neon

Liquid neon

Helium 
gas in

Helium 
gas out

Thermo
siphon T2
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 (K
)

9

Superconducting coil

Insulation vacuum 
chamber < 105 mbar

Outer shield LN2 77 K

Inner shield He ~30 K

LHe vessel 4.2 K

Beam tube ~30 K

The KATRIN experiment

𝑒−

T2

T-cluster

𝑒−

WGTS Transport section Main spectrometer𝑒−

stability 0.1%

Sensitivity: 200 meV (90% C.L.)

Length of beam tube

30 K

Gaseous molecular tritium (T2) source:  
• high activity (~100 GBq) 
• high isotopic purity (εT  > 95%) 
Challenge: gas column stability (0.1%)  
n ~ εT · p · V / (R · T)

25-ton cryostatTritium Laboratory 
Karlsruhe (TLK)

➜ Posters by M. Aker, A. Marsteller

precision “electron gun” 
to measure scattering 
of electrons in source

activity monitoring (BIXS)
gas composition  
(laser Raman spec.)
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KATRIN main spectrometer

Inner electrode system: 
background suppression & potential shaping

Two large air coil systems: 
background suppression & B-field shaping

2016 JINST 11 P04011
Figure 3. Left: arrival of the KATRIN Main Spectrometer vacuum vessel at the Karlsruhe Institute of
Technology. One of the 50-cm-long DN200 ports is indicated. Right: location of the main vacuum pumps
in one of the three pump ports.

that are formed from titanium sheet metal are maintained at the vessel potential. These so-called
anti-Penning electrodes act as shielding in the high-field region to prevent deep Penning traps from
forming.

The wire-electrode system consists of 23,440 individually insulated wires (see figure 4). It
is used for fine-tuning the electrostatic field, preventing Penning traps, and providing the axial
symmetry of the field [25]. With the wires being at a potential that is 100 V lower than the vessel,
the system is also responsible for the electrostatic rejection of electrons created by cosmic muons
or radioactive decays at the wall of the vessel. The wires are strung on 248 stainless steel frames
(“modules”). In most of these electrode modules the wires are strung in two layers. In addition the
electrode system is subdivided both in the axial direction and in the vertical direction into several
sections. This allows for a gradual adjustment of the electric potential in the axial direction, and
for applying short dipole pulses regularly to remove magnetically trapped electrons from the MS.
Modules belonging to the same section share the same voltages for their wire layers. Each section
contains between 4 and 50 modules.

The high voltage vacuum feedthroughs are mounted at DN200 ports above the di�erent sections.
Inside the vacuum volume, the feedthroughs are connected with 1.5-mm diameter stainless steel
(Inconel®) wires to the insulated connectors at the distribution panels that are attached to the
frames of the electrode modules underneath the respective ports. Copper-beryllium (CuBe) rods
with a diameter of 3 mm distribute the voltages from the distribution panels to the corners of the
first module of a section, where further distributions to neighboring modules are achieved via
spring-loaded contacts and short wires.

Short circuits between wire layers would reduce the e�ciency of background rejection, while
a broken wire, which may electrically short to the vessel, would render both the fine tuning of
the field and the rejection of backgrounds ine�ective. Special care and extensive quality control
measures were taken to build a robust wire-electrode system, in particular with regard to the stress
on the numerous wires and interconnects during the bake-out of the vacuum system.

– 6 –

UHV system for  
spectrometer 

(~1240 m3 )

Giant spectrometer: 
high energy resolution & acceptance

Large NEG pumps to reach p~10-11mbar 
and LN2-cooled baffles for radon trapping
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Institute for Nuclear Physics (IKP) 6 23.02.2016 

Overview background processes 

Florian Fränkle, “Background processes in MAC-E filter” 

XLVII Arbeitstreffen Kernphysik 2016, Schleching, Germany 
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Background sources in KATRIN

Actively eliminated 7 out of 8 known sources of background. 
Remaining backgrounds predominantly originate from main spectrometer: 
stored particles from radon decays, ionisation of Rydberg states. 
Currently investigating how to mitigate these further (e.g. field configuration).
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Commissioning of the system with traces of tritium, 
but nominal loops operation: D2 (99%) + DT (1%) 
Demonstrate 0.1% global system stability 
Obtain high-quality beta spectra with good statistics  
(~500 MBq), large energy window (few 100 eV) 
Study systematic effects, verify analysis tools & 
model

2018 milestone: First Tritium campaign

"22

14 days 
of stable, 

reliable operation

First tritium injection 
Friday, May 18th,  

7:48 UTC 
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Analysis of the first tritium beta spectra

"23

	ν-mass	in	here

preliminary

72 runs = 5.3 days preliminary

Excellent match of model expectation 
and data in rate and spectral shape. 
Endpoint is stable and agrees with 
expectation within errors.

➜ “First Tritium” paper in preparation

Shown: single run (3 h), single pixel 
Extended energy range out to 400 eV 
Three-parameter fit: m2(ν) = 0 fixed 
Here: only statistical uncertainty
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Detector 
calibration  

break

β-decays provided by the source

β-decays provided during m(ν) scans 
reduced by scan efficiency

March 4th: Start of 
tritium circulation

Gradual ramp-up 
to source strength 
50x “First Tritium” 

April 10 - May 13: 
spectrum scans at 
~2⋅1010 β-decays/sec

Ca. 300 spectrum 
scans recorded

2019 milestone: 
Start of ν-mass data-taking of KATRIN
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Analysis of First KATRIN Neutrino Mass Data
Christian Karl, Martin Slezák and Susanne Mertens for the KATRIN Collaboration

Max Planck Institute for Physics

First Neutrino Mass Data

! KATRIN is designed to determine the effective
electron anti-neutrino mass mν = (

∑

i |Uei|2 ·m2
i )

1
2

by investigating the energy spectrum of tritium
β-decay electrons near the endpoint

! First neutrino mass data was taken between
April 10 and May 13 this year

! Around 2million counts were detected in the region
of interest

! The sensitivity to mν is 1.13 eV (90% C.L.)

! The effective endpoint is observed to be stable in
time and over pixels

Fit to one scan corresponding to ≈ 2 h of measurement time E0,eff over the pixels of the KATRIN detector

Fit Function and Maximum Likelihood

KATRIN measures an integrated tritium β-spectrum:

N(qU ;θ) = A ·

∫ E0,eff

qU

D(E ;m2
ν,E0,eff) · R(qU ,E ) dE + Nbkg

Free parameters θ

m2
ν Effective electron anti-neutrino mass

E0,eff Effective endpoint of the β-spectrum

A Signal amplitude

Nbkg Constant background
Profile likelihood of m2

ν on Asimov Monte Carlo

! Likelihood L(data|model)
=

∏

i Pi(di|Ni)

! Poisson distribution assumed for P

! Maximize likelihood with respect to θ

! Equivalent to minimizing −2 lnL

= 2
∑

i Ni(θ)− di + di ln
(

di
Ni(θ)

)

Systematics Treatment: Monte Carlo (MC) Propagation of Uncertainty [1, 2]

1. Retrieve initial model from a stat. only fit to the data

2. Vary model parameters according to systematic uncertainties

3. Fit varied model to MC spectrum to retrieve parameter values

4. Fit varied model to data to retrieve the likelihood value used as
“weight”

5. Repeat often (≈ 104-times) to retrieve the distribution of model
parameters

6. Infer best-fit (mode) and uncertainties (central confidence interval)
from the parameter distributions m2

ν-distribution from MC propagation m2
ν-E0,eff-distribution from MC propagation

Systematics Breakdown on Asimov Monte Carlo

Contribution of the individual systematic effects to the uncertainty on m2
ν

! Background rate and shape (Non-Poisson bkg. and
Background slope)

! Uncertainty on magnetic field values (B-fields)

! Activity fluctuations and high-voltage reproducibility
(Stacking)

! Final states distribution (FSD)

! Gas density and source scattering effects (ρdσ, ELoss)

Retrieving the Confidence Interval: Frequentist Belt Construction

Feldman-Cousins belt [3] Lokhov-Tkachov belt [4]
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First release of 
results coming up 

at TAUP 2019!
What to expect from this first science run?

➜ Poster by Ch. Karl

Analysis of First KATRIN Neutrino Mass Data
Christian Karl, Martin Slezák and Susanne Mertens for the KATRIN Collaboration

Max Planck Institute for Physics

First Neutrino Mass Data

! KATRIN is designed to determine the effective
electron anti-neutrino mass mν = (

∑

i |Uei|2 ·m2
i )

1
2

by investigating the energy spectrum of tritium
β-decay electrons near the endpoint

! First neutrino mass data was taken between
April 10 and May 13 this year

! Around 2million counts were detected in the region
of interest

! The sensitivity to mν is 1.13 eV (90% C.L.)

! The effective endpoint is observed to be stable in
time and over pixels

Fit to one scan corresponding to ≈ 2 h of measurement time E0,eff over the pixels of the KATRIN detector

Fit Function and Maximum Likelihood

KATRIN measures an integrated tritium β-spectrum:

N(qU ;θ) = A ·

∫ E0,eff

qU

D(E ;m2
ν,E0,eff) · R(qU ,E ) dE + Nbkg

Free parameters θ

m2
ν Effective electron anti-neutrino mass

E0,eff Effective endpoint of the β-spectrum

A Signal amplitude

Nbkg Constant background
Profile likelihood of m2

ν on Asimov Monte Carlo

! Likelihood L(data|model)
=

∏

i Pi(di|Ni)

! Poisson distribution assumed for P

! Maximize likelihood with respect to θ

! Equivalent to minimizing −2 lnL

= 2
∑

i Ni(θ)− di + di ln
(

di
Ni(θ)

)

Systematics Treatment: Monte Carlo (MC) Propagation of Uncertainty [1, 2]

1. Retrieve initial model from a stat. only fit to the data

2. Vary model parameters according to systematic uncertainties

3. Fit varied model to MC spectrum to retrieve parameter values

4. Fit varied model to data to retrieve the likelihood value used as
“weight”

5. Repeat often (≈ 104-times) to retrieve the distribution of model
parameters

6. Infer best-fit (mode) and uncertainties (central confidence interval)
from the parameter distributions m2

ν-distribution from MC propagation m2
ν-E0,eff-distribution from MC propagation

Systematics Breakdown on Asimov Monte Carlo

Contribution of the individual systematic effects to the uncertainty on m2
ν

! Background rate and shape (Non-Poisson bkg. and
Background slope)

! Uncertainty on magnetic field values (B-fields)

! Activity fluctuations and high-voltage reproducibility
(Stacking)

! Final states distribution (FSD)

! Gas density and source scattering effects (ρdσ, ELoss)

Retrieving the Confidence Interval: Frequentist Belt Construction

Feldman-Cousins belt [3] Lokhov-Tkachov belt [4]
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Breakdown of systematics for first 
science run based on Monte Carlo

- preliminary -

Excellent quality of data: Endpoint value 
observed to be stable in time and over pixels. 
About 2 million counts in region of interest 
close to endpoint E0  ➜  stat. error dominates. 
Expected mν sensitivity including systematics 
estimate: ~1.13 eV (90% C.L.)



K. Valerius  |  Neutrino mass measurements

Analysis of First KATRIN Neutrino Mass Data
Christian Karl, Martin Slezák and Susanne Mertens for the KATRIN Collaboration

Max Planck Institute for Physics

First Neutrino Mass Data

! KATRIN is designed to determine the effective
electron anti-neutrino mass mν = (

∑

i |Uei|2 ·m2
i )

1
2

by investigating the energy spectrum of tritium
β-decay electrons near the endpoint

! First neutrino mass data was taken between
April 10 and May 13 this year

! Around 2million counts were detected in the region
of interest

! The sensitivity to mν is 1.13 eV (90% C.L.)

! The effective endpoint is observed to be stable in
time and over pixels

Fit to one scan corresponding to ≈ 2 h of measurement time E0,eff over the pixels of the KATRIN detector

Fit Function and Maximum Likelihood

KATRIN measures an integrated tritium β-spectrum:

N(qU ;θ) = A ·

∫ E0,eff

qU

D(E ;m2
ν,E0,eff) · R(qU ,E ) dE + Nbkg

Free parameters θ

m2
ν Effective electron anti-neutrino mass

E0,eff Effective endpoint of the β-spectrum

A Signal amplitude

Nbkg Constant background
Profile likelihood of m2

ν on Asimov Monte Carlo

! Likelihood L(data|model)
=

∏

i Pi(di|Ni)

! Poisson distribution assumed for P

! Maximize likelihood with respect to θ

! Equivalent to minimizing −2 lnL

= 2
∑

i Ni(θ)− di + di ln
(

di
Ni(θ)

)

Systematics Treatment: Monte Carlo (MC) Propagation of Uncertainty [1, 2]

1. Retrieve initial model from a stat. only fit to the data

2. Vary model parameters according to systematic uncertainties

3. Fit varied model to MC spectrum to retrieve parameter values

4. Fit varied model to data to retrieve the likelihood value used as
“weight”

5. Repeat often (≈ 104-times) to retrieve the distribution of model
parameters

6. Infer best-fit (mode) and uncertainties (central confidence interval)
from the parameter distributions m2

ν-distribution from MC propagation m2
ν-E0,eff-distribution from MC propagation

Systematics Breakdown on Asimov Monte Carlo

Contribution of the individual systematic effects to the uncertainty on m2
ν

! Background rate and shape (Non-Poisson bkg. and
Background slope)

! Uncertainty on magnetic field values (B-fields)

! Activity fluctuations and high-voltage reproducibility
(Stacking)

! Final states distribution (FSD)

! Gas density and source scattering effects (ρdσ, ELoss)

Retrieving the Confidence Interval: Frequentist Belt Construction

Feldman-Cousins belt [3] Lokhov-Tkachov belt [4]
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What to expect from this first science run?

Excellent quality of data: Endpoint value 
observed to be stable in time and over pixels. 
About 2 million counts in region of interest 
close to endpoint E0  ➜  stat. error dominates. 
Expected mν sensitivity including systematics 
estimate: ~1.13 eV (90% C.L.)

Next ν-mass run (at full source strength) coming this Fall. 

Expect to be running until 2024 for target mν sensitivity of 200 meV. 

Outlook:

β-spectrum 
scans

60 days

cryotrap 
regeneration, 
calibration, 
background

β-spectrum 
scans

60 days

cryotrap 
regeneration, 
calibration, 
background

β-spectrum 
scans

60 days
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First release of 
results coming up 

at TAUP 2019!
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III b.  Novel approaches
Complementarity
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0‹—— : Ge: GERDA + HDM + IGEX, Xe: KamLAND-Zen + EXO
ranges due to NME compilation from Dev et al., 1305.0056
cosmology: Planck Dec. 2014

T. Schwetz 69

current direct lim
it:   2 eV

ongoing experim
ents

new
 ideas

Challenges for further improvement: 
• Upscaling requires much larger 

dimensions (resolution, source opacity) 
• MAC-E filter measures integral spectrum 
• Molecular final state excitations (vib: 

~100 meV) as ultimate limitation for T2
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Energy 
measurement 

through cyclotron 
radiation

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

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

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

magnetic trap

antenna array

Cyclotron Radiation Emission Spectroscopy  
(CRES)

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>

Appeal of the method: 

Source transparent to microwaves 

No e- transport from source to detector 

Precision inherent in frequency techniques

Challenges of the method: 

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

UW Seattle, MIT,  
Case Western Reserve, Pacific 

NW, CfA, Yale, Penn State, 
Livermore, U Mainz, KIT
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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

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]

UW Seattle, MIT,  
Case Western Reserve, Pacific 

NW, CfA, Yale, Penn State, 
Livermore, U Mainz, KIT

magnetic trap

antenna array

low-pressure 
gas cell

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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Larmor formula gives emitted power:

pitch angle θ

B field

pe

➜  Need low-noise cryogenic RF system

Realistic case: 

• 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

P (�, ✓) =
1

4⇡"0

2

3

q4B2

m2
e

�
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�
sin2 ✓

<latexit sha1_base64="nPwgzloxQnqa8IUunYZ5N+6KQ5o="></latexit><latexit sha1_base64="nPwgzloxQnqa8IUunYZ5N+6KQ5o="></latexit><latexit sha1_base64="nPwgzloxQnqa8IUunYZ5N+6KQ5o="></latexit><latexit sha1_base64="OEKG12M5jbODGSS4GKrJQ+vkHUc="></latexit>

Cyclotron Radiation Emission Spectroscopy  
— some practical points
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Project 8: phased approach

Phase I (2010-2016): proof of principle  
Single-electron CRES demonstrated with conversion electron lines from 83mKr
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initial trapping 
of ~ 30 keV 
83mKr electron

steady energy 
decrease by 
cyclotron emission
~1 fW radiation loss

collisions with 
residual gas

[Asner et al., PRL 114 (2015) 162501]
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Project 8: phased approach

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

Phase II  (2015-2019): tritium demonstrator 
- Improved waveguide, read-out, energy resolution, systematics studies 

- Continuous T2 β-spectrum, m(νe) ~ 100 …10 eV

Phase II set-up T2 data-taking started in fall 2018
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First tritium CRES events observed in October 2018 

Spectrum describes the data well; no events recorded above endpoint E0 

Currently taking another 100-day run to complete phase II

"34

Project 8: phase II results
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Project 8: next steps

Phase III (2016-2020): large volume demonstrator 

- 105 Bq in 200 cm3 volume (10-20 cm3 effective)  ➜ 1 yr for m(νe) ~ 2 eV 

- Open-bore MRI magnet: cryostat moved in on rails 
- Phased-array read-out, digital beam-forming 
- 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

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

Project 8: towards atomic tritium

26

Mainz Test Stand
test stand (U Mainz)Phase IV (2017+): development of source concepts 

- 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
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Calorimetric 
approach  

using 163Ho
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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

Auger electrons

MI
MII

NINII

2.826 2.828 2.830 2.832 2.834
Energy / keV

0

200

400

600

800

C
ou
nt
s
/0
.1
eV

m(ve)= 0 eV/c2

m(ve)= 2 eV/c2

m(ve)= 5 eV/c2

calorimetric 
measurement

[L. Gastaldo]

7

Electron capture in 163Ho
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Proposed by de Rujula & Lusignoli (1982) 
Present limit: m(νe) < 225 eV (90% C.L.)
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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): 
• Precise understanding of calorimetric 

spectrum (nuclear/atomic physics + 
detector response) 

• Independent determination of QEC by 
Penning-trap mass spectrometry

[A
. F

ae
ss

le
r e

t a
l.,

  
P

R
C

 9
1 

(2
01

5)
 0

45
50

5,
 0

64
30

2]

Impact of higher-order 
excitations on  
163Ho EC spectrum

ILL at Grenoble
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R

T

Resistance R at superconducting transition: 
Transition Edge Sensors (TES)

Magnetization of paramagnetic material  
Metallic Magnetic Calorimeters (MMC)

M	

T

B

approach: approach:

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

Two experiments to address sub-eV neutrino masses by calorimetric spectrum 

Two different techniques for temperature sensing

ν-mass from 163Ho electron capture: technologies
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TES technology:

[B. Alpert et al., EPJ C79 (2019) 304] 

2017 JINST 12 C02046

Evaporation 
Chamber

Sputter Ion
Source

90° Magnet

Faraday 
Cup

Sputter Target 
(163Ho)

-5 50
x [mm]

A = 163

A = 162

4 mm 

FWHM
Slit

Mass number
selection

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 GenovaDetector design & fabrication at Milano

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 (FWHM), 𝝉rise~ 1 µs;  
1000-pix array for 1 eV goal 

• TES array + DAQ ready, first implant. coming up 

• 32 pixels for 1 month ➜ mν sensitivity ~10 eV

304 Page 6 of 8 Eur. Phys. J. C (2019) 79 :304

Fig. 4 The empirical second order calibration curve used to convert
the output units of the SQUID (φ0) into energy units for the detector a:
E [keV] = 0.11927φ2

0+2.7345φ0+0.041166. The errors are compatible
with the dimensions of the points. It is possible to appreciate how the
wide energy range considered for the calibration introduces an non-
negligible error in evaluating the energies. This systematic error, though,
will be reduced by great margin in the analysis of actual HOLMES data,
because of the narrower energy range considered

Fig. 5 Separation of the Kα1 and Kα2 of the Mn, obtained with detector
(a). The FWHM resolution achieved in this energy range is (4.5 ± 0.1)
eV

the signal [30] by means of a moving average. After evaluat-
ing the amplitude of every pulse an energy calibration of each
detector is performed. The calibration function is a second
order polynomial determined empirically, see Fig. 4.

To evaluate the energy resolutions properly, each charac-
teristic X-ray line was fitted keeping into account its intrin-
sic width with a procedure which is described in Ferri et al.
[31]. The Mn Kα lines (Fig. 5), instead, were fitted keep-
ing into account their complex intrinsic structure [32]. With
these analysis procedures we obtained the energy resolutions
reported in Table 2, while in Fig. 6 it is possible to appreciate
the full energy spectra of the four detectors under study in
raw units.

Table 2 Energy resolution FWHM expressed in eV obtained with the
four designs reported in Fig. 2. For the Manganese the line considered
is the Kα ; in the case of detector (c) it was not possible to estimate
the energy resolution relative to this line because at this energy the
slew rate required exceeded the available one which is limited at 0.5
φ0 per sample (0.25 φ0/µs). The detectors (a) and (b) were measured
simultaneously for a total live time of 45 h, while the geometries (c)
and (d), still acquired simultaneously, were measured for 21 h

det #EAl #ECl #ECa #EMn

(a) 4.5 ± 0.3 5.0 ± 0.5 5.0 ± 0.2 4.5 ± 0.1

(b) 8.6 ± 0.3 8.8 ± 0.7 7.8 ± 0.2 8.3 ± 0.3

(c) 4.3 ± 0.3 4.5 ± 0.3 4.6 ± 0.3

(d) 6 ± 1 6.0 ± 0.4 6.4 ± 0.4 6.2 ± 0.4

Fig. 6 Full energy range spectra obtained with the 4 designs in flux
quanta units: due to the inductive coupling in our design, 1 φ0 is equal
to ∼ 11 µA of current flowing in the TES. From the left to the right,
the energy peaks are due characteristic X-ray of aluminum, chlorine,
calcium and manganese. In the case of detectors (c) the manganese
peak is not present because of limited dynamic range of this particular
detector operated at this working point. The smaller pulse height of
the detector (d) is due to the larger heat capacity respect to the other
geometries, while for detector (b) the different design of the sensor
might affect the conversion of heat into current signal

The contribution to the energy resolution due to the elec-
trical noise (Fig. 7) was evaluated with the following process.
The noise is calculated applying the optimum filter to empty
data samples; the RMS value of these records is then con-
verted into energy units with the same calibration curve used
to convert the amplitude of the peaks into energy. The SQUID
contribution to the total noise is limited by the noise temper-
ature of the HEMT amplifier noise. The contribution to the
energy resolution purely due to the noise for the investigated
detectors are: (a) 3.3 eV; (b) 4.1 eV; (c) 4.1 eV; (d) 6.2 eV.
With respect to the others, the design (b) appears to perform
poorly in terms of peak energy resolution (Table 2) compared
to its noise limit for unknown reasons. The performance of
detector design (d) is limited by the smaller signal amplitude

123

• ΔEFWHM ~ 5 eV 

• 𝝉rise~ 3 µs
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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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m(νe) < 10 eV 90% C.L.

ECHo-1k – revised (2015 – 2018) ECHo-100k (2018 – 2021)

A ≈ 300 Bq 
t =  1 y

A ≈ 100 kBq 
t =  3 y

Activity per pixel: 5 Bq  
Number of detectors: 60 
Readout: parallel two-stage SQUID

Activity per pixel: 10 Bq 
Number of detectors: 12000 
Readout: microwave SQUID multiplexing

m(νe) < 1.5 eV 90% C.L.

: timeline
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20
17

]

Improved neutrino mass limit 
from ECHO-1k is under way!
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Direct ν-mass experiments: status and outlook

current achievements next goals

First ν-mass result from 2019 
science run about to be released!

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 in 2014, 
T2 operation started in fall 2018

Project 8 

• Advanced detector development 
(MMC and TES technologies) 

• Test of scalable arrays, readout 
• First ν-mass result from ECHo-1k 

is coming up

• 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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IV.  Extra course
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How many neutrino states 
are there?

"47

More physics questions for direct kinematic  
experiments

Can kinematic experiments 
probe novel forms of interaction?

left-right 
symmetric 

model
right-handed 

charged currents

non- V-A 
interactions

Pontecorvo School logo by M. Bilenky
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heavy sterile ν,	ms ~ few keV 
motivated as DM candidate

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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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].

d�

dE
= cos2(✓s)

d�

dE
(m2

�) + sin2(✓s)
d�

dE
(m2

s)

Mixing: sterile ν generates “kink” in β spectrum at E = E0 – ms

Ist there a fourth 
(sterile) neutrino?

mass

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

mβ = 0.2 eV
ms = 3.0 eV

Imprint of sterile neutrinos on β spectrum
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… close to the spectral endpoint E0: light sterile neutrinos

Figure 31: Prospective sensitivity of tritium and holmium-based direct neutrino mass ex-
periments to light sterile neutrino. In dashed blue the sensitivity of a 3-year KATRIN mea-
surement is shown, based on the design parameters [185]. The small decrease in sensitivity
at sin

2
(2✓) = 5 · 10

�2 stems from the specific choice of the measurement time distribution
assumed for this study. A future atomic tritium experiment with increased statistics (1019
beta decays), and with a differential energy measurement with a resolution of 1 eV (Full-
Width-Half-Maximum) could, from a statistical point-of-view, reach the sensitivity depicted
with the yellow dashed line. The green solid line depicts the sensitivity the ECHo-1M could
reach. A possible upgrade to higher statistics (1018 decays) would increase the sensitivity
accordingly (red line) [189].

(WGTS) which contains about 30µg of tritium, providing an ultra-high and stable decay
rate of 1011 decays/s. The WGTS beam tube is situated in a magnetic field, which is oriented
in beam direction. All �-electrons that are emitted in the forward direction are guided along
the field lines out of the WGTS and towards the spectrometers. The spectrometers work as
MAC-E filters allowing only those electrons with enough kinetic energy to be transmitted. By
counting the transmitted electrons as a function of the filter potential, the integral tritium
spectrum is determined. The MAC-E Filter technology allows to combine high angular
acceptance with ultra-sharp energy filtering.

A first tritium measurement campaign in 2018, demonstrated the integrity of the entire
beamline, the stability of the system and a good understanding of the obtained tritium
spectra. The first tritium data was also successfully used to perform a first sterile neutrino
search in a mass range of 100–1,000 eV. Based on a 14-day data set, a sensitivity to the
mixing angle of sin2

(2✓14) < 10
�2 could be reached (details of this preliminary result, will

be subject of a different publication).
Figure 31 shows the sensitivity, KATRIN could reach with a 3-years data taking phase,

based on the design parameters [185]. Recent studies have shown that an elevated back-
ground can strongly affect the KATRIN sensitivity. KATRIN successfully applied methods

52

[compilation: Böser et al., arXiv:1906.01739]

Reactor anti-nu anomaly

ECHo-1M experiment

KATRIN experiment

future 163Ho experiment

future atomic tritium exp.

Imprint of sterile neutrinos on β spectrum
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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
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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

Imprint of sterile neutrinos on β spectrum

… close to the spectral endpoint E0:
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Final&system

Major#open#questions:
• Detector'chamber
• Electrical'and'mechanical'integration
• Vacuum'compatibility'(work'started)
• DAQ'system

• XGLab→ disfavored
• CAEN'→ being'tested
• KIT'→ being'developed
!Characterization'ongoing

DT5810B'by'CAEN

Outgassing'Tests

DAQ'characterization

Work'by'Martin'Descher

See'talk'by'Martin'D.
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Search for keV-scale sterile ν with TRISTAN at KATRIN

- High count rates at ~few keV below endpoint 

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

need energy resolution ~300 eV or better

A.  KATRIN Phase-0

148 pixels 
KATRIN 2018/19

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

~20 cm

detector upgrade after completion 
of 5-year KATRIN running

~10 cm

166-pix module test 
at KATRIN in 2019

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

A. KATRIN as-is

B. TRISTAN detector

present lab limits

Concept paper: 
Mertens et al., J. 
Phys. G 46 
(2019) 065203

➜ Poster by M. Lebert
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The absolute neutrino mass scale is one of the big open questions 
in astroparticle physics. 

Complementary sources of information: cosmology, 0νββ search, 
direct kinematic experiments (3H,163Ho). 

Several experiments have just started 
and are delivering first results! 

Much larger data sets and refined analyses are expected during the 
next years. In parallel, new technologies are being developed. 

Bonus: Precision β/EC spectra give access to a broad range of 
physics topics, e.g. heavy neutrinos at eV and keV scales, exotic 
weak interactions, …  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Summary

➜ Stay tuned and/or join us!


