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28.02.2019 Fitrium analysis strategy 4

Detector segmentation
• single-pixel fits to check pixel map (combine runs to get statistics)
• combined analysis: multi-pixel fit (spectra from all pixels in single likelihood)

– common 𝑬૙ and 𝒎ࣇ
૛͕ free norm͘ and backgr͘  per piǆel ї 2 ȉ 2𝑁୮୧୶ free parameters

single-pixel fits 
using 10 runs



K. Valerius | Probing the ν-mass scale with KATRIN | May 20, 20202

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)

ν
e

ν
μ

ν
τm2

0
normal inverted

m3
2

m2
2

m1
2

m3
2

m2
2

m1
2

Δmatm
2

Δmsol
2

Δmatm
2

Δmsol
2

? ?

Δmatm

2 = (2.32−0.08
+0.12)×10−3

eV
2

Δmsol

2 = (7.5±0.2)×10−5
eV

2

Neutrino masses: overview
“Neutrino Fest”, session V:

L. Everet, Neutrino theory

P. Coloma, Oscillaton phen.

R. Volkas, Neutrino mass

➜ 3 flavour states and 3 mass states 
linked by unitary mixing matrix 
(analogous to CKM) 

➜ 3 mixing angles θij,  
1 CP phase δ,  
2 independent Δm2 scales 

• Large neutrino mixing and tiny neutrino 
masses m(νi) ≠ 0 established 

• Which mass ordering? CP violation? 

• What is the absolute ν mass scale?

Physics Nobel Prize 2015

T. Kajita A.B. McDonald

“for the discovery of neutrino 
oscillations, which show that 

neutrinos have mass”

~10-3 eV2

~10-5 eV2

Neutrino masses & flavour oscillations
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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 ν as probes of fusion in the sun

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

 Methods  CMBR, GRS, 
 lensing, …

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

 β-decay of 3H, 
 EC of 163Ho

 Observable

 Model dependence  Multi-parameter     
 cosmological model

- Majorana nature of ν, 
lepton number violation 

- BSM contributions 
other than m(ν)? 

- Nuclear matrix elements

 Direct, only kinematics;   
 no cancellations in  
 incoherent sum
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Complementary paths to the ν	mass scale
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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.

Neutrino mass from β-decay kinematics

Fermi, Z. Phys., 1934
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Spectral distortion measures  
“effective” mass square:

m2(⌫e) :=
P

i |Uei|2 m2
i

Key requirements: 
• Low endpoint energy: 

E0 = 18.6 keV for 3H 

• High-activity source: 
T1/2 = 12.3 yr for 3H 

• Energy resolution ~ 1 eV

Kinematic measurement can probe for heavier ν states  ➜  eV- and keV-scale sterile ν
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Neutrino mass from β-decay kinematics
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tritium (3H) 
β spectroscopy

rhenium (187Re) 
β calorimetryITEP, 1980

Curran 
et al., 1948

previous 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

ongoing exp. (KATRIN: 0.2 eV)
degeneracy scale

future approaches
hierarchy scale

Neutrino mass from β-decay kinematics

courtesy JF Wilkerson
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Magnetic Adiabatic Collimation & Electrostatic Filter 
➜  integrating electrostatic filter (Ekin > eU0) 
➜  “clean” (analytic) response function

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
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is
s
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Steps of filter potential

→ integrated β spectrum

detector

�E

E
=

Bmin

Bmax

(momentum transformation  
without E-field)

High-resolution spectrometer: MAC-E filter

8
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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 (present) 
to  0.2 eV (90% C.L.) within 2019-2024

katrin.kit.edu 

http://katrin.kit.edu
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KATRIN timeline: the first 18 years

2001 2004 2006 2016 2018 20192017

Letter of Intent

Design Report

Report NPI ASCR Řež, EXP-01/2005

FZKA Scientific Report 7090

MS-KP-0501

KATRIN Design Report 2004

J. Angriki, T. Armbrusth, A. Beglarian
e, U. Besserer

g , J. Blümerd,h, J. Bonni, R. Carri,

B. Bornscheing , L. Bornscheinh, T. Burrittm, M. Charltonn, A.J. Daviesn, C. Dayf ,

P.J. Doem, L. Dörrg , O. Dragounl, G. Drexlind,h, F. Eichelhardth, K. Eiteld, K. Essiga,

A. Feldend, B. Flatti, J. Formaggiom, B. Freudigerd, R. Gehringf , H. Gemmekee,

E. Geraskinj , F. Glückd, M. Gluglag , S. Grohmannd, R. Gumbsheimerd, F. Habermehlh,

G. Harperm, G. Hellriegel
g , J. Herbertp, T. Höhnd, M. Howem, H. Huckerd, O.V. Ivanovj ,

K.-P. Jüngstf , J. Kašparl, O. Kazachenkog,j , N. Kernertd, P. Komarekf , A. Kovaĺıkl,

C. Krausi§, H. Kraused, M. Leberm, R. Lewisn, V. Lobashevj , X. Luod, K. Maiera,

O. Malyshevp, M. Markd, I. Meshkovo, K. Müllerd, S. Muttererd, G.R. Mynenir ,

M. Neubergerc, H. Neumannf , M. Noef , H.W. Ortjohannk , S. Osipovj , A. Osipowiczb,

B. Ostricka,k , E.W. Otteni, P. Plischked, A. Povtschinikk , M. Pralla,k , R. Reidp,

K. Rielagem, R.G.H. Robertson
m, M. Ryšavýl, P. Schäferg , K. Schlösserd, U. Schmittd,

F. Schwammd, P. Schwinzeri, D. Sevilla Sanchezi, F. Sharipovq , A. Skasyrskaya
j ,

A. Špalekl, M. Steidld, M. Süßerd, E. Syresino, H.H. Tellen, T. Thümmlera,k , N. Titovj,k ,

V. Usanovj , K. Valeriusa,k , T. VanWechelm, D. Vénosl, R. Viandena, C. Weinheimerk ,

A. Weissc, J. Wendelg , J.F. Wilkerson
m, J. Wolfh, S. Wüstlinge, S. Zadoroghnyj ,

M. Zbořill

The KATRIN Collaboration:

a Rheinische Friedrich-Wilhelms-Universität Bonn, Helmholtz - Institut für Strahlen- und Kernphysik,

Nussallee 14-16, 53115 Bonn, Germany

b Fachhochschule Fulda, Fachbereich Elektrotechnik und Informationstechnik, Marquardtstr. 35, 36039

Fulda, Germany

c Forschungszentrum Karlsruhe, Commercial Project Execution/Contracting, Postfach 3640, 76021

Karlsruhe, Germany

d Forschungszentrum Karlsruhe, Institut für Kernphysik, Postfach 3640, 76021 Karlsruhe, Germany

e Forschungszentrum Karlsruhe, Institut für Prozessdatenverarbeitung und Elektronik, Postfach 3640,

76021 Karlsruhe, Germany

f Forschungszentrum Karlsruhe, Institut für Technische Physik, Postfach 3640, 76021 Karlsruhe,

Germany

First Light

Main spectrometer Calibration 
& systematics

First Tritium

First neutrino mass
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Working principle of KATRIN

11

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
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Direct shape measurement 
of integrated β spectrum 
Four fit parameters:
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Measurement principle of KATRIN
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squared 
mass m2

ν    

spectrum 
norm. N

spectrum 
endpoint E0

background 
rate B 

N
B

~10-9 of all β-decays in scan 
region ~40 eV below endpoint
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Sept. 2015Tritium Laboratory 
Karlsruhe (TLK)

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

𝑒ି

𝑒ି

2-Phase 
neon 
pipes

Cold beam tube

Gaseous neon

Liquid neon

Helium 
gas in

Helium 
gas out

Thermo
siphon T2
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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

𝑒ି

T2

T-cluster

𝑒ି

WGTS Transport section Main spectrometer𝑒ି

stability 0.1%

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

Gaseous molecular tritium source of 
• high activity (~100 GBq) 
• high isotopic purity (εT  > 95%) 
• high gas column stability (0.1%) 

n ~ εT · p · V / (R · T)

High-intensity tritium source

Length of beam tube

• closed tritium loops: ~100 m of piping 
• instrumentation: > 800 sensors and valves

today
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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  
large recipient 

(~1240 m3 )

Giant spectrometer: 
high energy resolution & acceptance

Large NEG pumps to reach p~10-11mbar 
and LN2-cooled baffles for radon trapping

High-resolution spectrometer

14 [JINST 11 (2016) P04011]
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Key challenges of KATRIN

15

… how can we test these unique properties?

low  
background

resolution and stability 
of energy scale

ultra-stable and pure 
gaseous source

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

H9 Ästacking³
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

Susanne'Mertens

• High>intensity)electron)gun
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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: charged particles
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High-field region: fine-shaping of electrodes, 
active countermeasures (“wipers”)

- Beck et al., EPJ A44 (2010) 499 
- Fränkle et al., JINST 9 (2014) P07028 
- KATRIN Coll., arXiv:1911.09633

Charged particles from the surface:  
effective magnetic and electrostatic shielding 

- muon-induced:  
KATRIN Coll., Astropart. Phys. 108 (2019) 40 

- gamma-induced: 
KATRIN Coll., EPJ C79 (2019) 807

observed 
background 
rate: 0 cps
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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: neutral particles
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Effective reduction of radon-induced background 
via nitrogen-cooled baffle system

- Görhardt et al., JINST 13 (2018) T10004 
- Mertens et al., Astropart. Phys. 41 (2013) 52 
- Wandkowsky et al., J. Phys. G 40 (2013) 085102

Rydberg atoms 
- neutrals liberated from walls 

after recoil from α-decay of 210Po 
- ionised by black-body radiation (291 K) 
- mitigation by improving surface cond. (baking) 

and fiducialization of flux tube volume

current 
background 
rate: 0.2 cps
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Precision calibration sources (1): Krypton

83mKr 83Rb

    EC: 
T1/2 = 86 d41.6 keV

9.4 keV

IC, ! 
T1/2 = 1.8 h

IC, !; " = 150 nsstable

83
36 tritium E0 

at 18.6 keV

Nuclear/atomic standard widely used in neutrino and dark matter experiments 
Short half-life eliminates risk of contamination 
Mono-energetic (< 3 eV) conversion electrons, isotropic angular distribution 
Convenient range of line energies

System characterisation: transmission of MAC-E filter, detector properties, system 
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Figure 5.1.: Conversion electron spectrum of 83mKr. The plot shows the full
conversion electron spectrum of 83mKr. The lines cover a wide energy interval from 7 keV
to 32 keV. The intensities sum up to 100 % for the 9.4 keV and 32 keV transition individually
(see figure 5.3). The properties of the conversion electron lines are listed in table 5.2.

gaseous source operation, one for the condensed source operation. Since the setup and
the handling of both sources is not trivial, the main motivation was to get a first test of
the final setups of the 83mKr sources with the entire KATRIN beam line and to test their
performance. For the gaseous source, the main goal was to demonstrate its capability to
measure the potential inside the WGTS as described in section 4.2.13. Since no tritium
would be in the source during the proposed measurement campaign and therefore also
no plasma potential created, it should be demonstrated that a conversion line position
can be measured with meV precision, which is one important prerequisite for the poten-
tial determination. Moreover, during the preparation of the measurements, it became
more and more obvious that the 83mKr campaign would have benefits for several more
aspects of the KATRIN commissioning: the gaseous 83mKr in the WGTS would be the
first possibility to test the KATRIN analysis chain from raw data to a high-level analysis
with uniformly distributed electrons of isotropic angular emission, just as in the tritium
case. Furthermore, it gave the first opportunity to train the control of the full KATRIN
beam line including the operation of all superconducting magnets at once at standard
field settings and the operation of the main spectrometer for voltages from 0 kV to ≠35 kV.
Finally, there was the opportunity to characterise important properties of KATRIN, for in-
stance the linearity of the overall energy scale, the system alignment and detector properties.

Thus, this two-weeks measurement campaign became one of the major milestones of the
KATRIN experiment. As the next sections show, the findings of the 83mKr measurements
in summer 2017 were the basis for the first tritium operation of KATRIN in 2018.

5.1.2. Setup and Measurement Goals

Running the source cryostat in 83mKr mode requires important changes to the WGTS
operation, since the beam tube temperature has to be raised from 30 K to 100 K (see also
sections 3.2.1 and 6.2.1). However, as the loops were not in operation during the gaseous
83mKr measurements presented here, also other KATRIN components were not operated
under the standard conditions described in chapter 3. The following list gives a short

[JINST 13 (2018) T02012 & P04018, and further works]
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✓ Spectrometer resolution of ~1 eV at 18 keV    

✓ Excellent linearity of the energy scale             [JINST 13 (2018) P04018; arXiv:1903.066452] 

✓ HV calibration on the ppm level based on relative line positions   [EPJ C 78 (2018) 368] 

✓ 83mKr in empty beam tube, in D2 and in T2 to characterise gaseous source

(a) (b)

Figure 1: The integral spectra of an active inner pixel and fit results of the (a) K-32 and (b) L3-32 lines. A negative shift
corresponding to the potential o↵set in the analyzing plane �qU was added to the retarding energy qU . The solid curve
represents the integral spectrum model in Eq. (6) with the line shape parameters as obtained from the maximum likelihood
analysis. The dashed curve is the corresponding di↵erential Lorentzian shape of the electron line, Eq. (4). The lower plots
show the residuals of the fit normalized to the statistical uncertainty.

(a) (b)

Figure 2: (a) The integral spectrum of an operating pixel and the fit results of the N2,3-32 doublet. The di↵erential shape of
both lines, for which zero natural width was assumed, is expressed by a d-function which is depicted here by an arrow. The
arrow height corresponds to the normalization factor obtained from the fit. (b) A comparison of the e↵ective and the expected
line positions for the K-32, L3-32, and N3-32 lines and a straight line fit to the data points assuming a fixed slope of one. The
uncertainties shown in the residual plot take into account contributions from both the expected and the e↵ective line positions.
The common o↵set due to the gamma-ray energy uncertainty and the di↵erence of work functions was left as a free parameter.
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arrow height corresponds to the normalization factor obtained from the fit. (b) A comparison of the e↵ective and the expected
line positions for the K-32, L3-32, and N3-32 lines and a straight line fit to the data points assuming a fixed slope of one. The
uncertainties shown in the residual plot take into account contributions from both the expected and the e↵ective line positions.
The common o↵set due to the gamma-ray energy uncertainty and the di↵erence of work functions was left as a free parameter.
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L3-32 line: 
E = 30.5 keV,  
Γ ~1.4 eV

K-32 L3-32 N3-32
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Tunable energy and narrow spread 

Tunable emission angle ➜ ratio ElI/Ecyc   

x/y beam steering over indiv. pixels 

Pulsed emission for time of flight

Requirements

[NJP 11 (2009) 063018;  PPNP 64 (2010) 288;  JINST 6 (2011) P01002;  EPJ C77 (2017) 410]

Custom-made solution

UV optics for photoelectron creation 

Beam forming in staged E & B fields 

Timing by pulsed UV laser
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● low endpoint energy
● high source luminosity
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→ MAC-E filter concept
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(modified by final states, recoil corrections, 

radiative corrections, ...)

Magnetic Adiabatic Collimation with Electrostatic Filter

A. Picard et al., NIM B 63 (1992)

Kinematic determination of m(ν
e
) MAC-E filter concept KATRIN experiment at KIT

statistical uncertainty for m2(ν
e
):

σ
stat

    ≈ 0.018 eV²

planned systematic uncertainty for m2(ν
e
):

 σ
sys,tot

 ≈ 0.017 eV²

 

→ sensitivity for m(ν
e
) upper limit: 

0.2 eV (90% C.L.)
 
→ observable with 5σ:

 m(ν
e
) = 0.35 eV

KATRIN design  

sensitivity: 

 

5 year 

measurement 

(eff. 3 y of data)

Integral beta spectrum   KATRIN response function
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● Fermi theory
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● Radiative corrections
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1) MAC-E-Filter transmission condition

2) Scattering energy losses

3) Scattering probabilities
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stage to select one 
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Rotate here to select angle 
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- continuous wave
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Eloss measurement with different 
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Black curve shows 
transmission function 
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Colorful curves show  
transmission with 
energy loss at 
different column 
densities of 
deuterium gas.

The column density 
is estimated from the 
inlet pressure.

Each curve takes 
12 h measurement 
time with an egun 
rate of 8 kcps.

Idea: Use Time of Flight (ToF) to measure a differential Eloss spectrum
- synchronize e-gun and detector
- Use pulsed Laser with  20 kHz (1/f = 50 μs).
- Plot ToF: arrival time mod 50 μs.
- select electrons with flight times of 30 - 50 μs.

Why is it ‘differential’ ?
Spectrometer is a high pass filter.
The time of flight cut rejects electrons with high surplus energy
→ select particular energy

Differential time of flight (ToF) Spectrum 

A new energy loss model based on our measurements

Fit model:
- 3 Gauss curves to describe the excitation peak (1a+1b).
- BED Model1 to describe the ionization tail.
- Use ionization energy as transition point to BED Model.
- scale amplitude of tail to make it a steady function.

1Kim, Rudd ‘94 Phys. Rev. A 50, 3954; https://doi.org/10.1103/PhysRevA.50.3954 
2Aseev, V., Belesev, A., Berlev, A. et al. Eur. Phys. J. D (2000) 10: 39. https://doi.org/10.1007/s100530050525
3Abdurashitov, D.N., Belesev, A.I., Chernov, V.G. et al. Phys. Part. Nuclei Lett. (2017) 14: 892. https://doi.org/10.1134/S1547477117060024
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flight method. 
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poissonian probability:
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● To achieve the KATRIN sensitivity we have measured the 

energy loss function of electron inelastic scattering on 
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and the ToF method allowed for building a new energy loss 

model based on this measurement.

● The energy loss function in tritium has been measured 

recently. A new parameter set based on  this data will be 

available soon.
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● Radiative corrections
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Why is it ‘differential’ ?
Spectrometer is a high pass filter.
The time of flight cut rejects electrons with high surplus energy
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Fit model:
- 3 Gauss curves to describe the excitation peak (1a+1b).
- BED Model1 to describe the ionization tail.
- Use ionization energy as transition point to BED Model.
- scale amplitude of tail to make it a steady function.

1Kim, Rudd ‘94 Phys. Rev. A 50, 3954; https://doi.org/10.1103/PhysRevA.50.3954 
2Aseev, V., Belesev, A., Berlev, A. et al. Eur. Phys. J. D (2000) 10: 39. https://doi.org/10.1007/s100530050525
3Abdurashitov, D.N., Belesev, A.I., Chernov, V.G. et al. Phys. Part. Nuclei Lett. (2017) 14: 892. https://doi.org/10.1134/S1547477117060024
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Summary & Outlook
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Adiabatic transport → μ = E⊥/ B = const.
 

B drops by 2·104 from solenoid to analyzing plane → E  ⊥ → EII    
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 ≈ 1 eV

Characterization of potential
inhomogeneities using
electrons of well defined
energy and angle from
suitable calibration sources
→ e-gun, CKrS, GKrS

ToF signal from pulsed e-gun (70 ns at 20 kHz):  
High-pass filter turned into narrow band-pass ➜ recover “differential” spectrum.

[“MAC-E-ToF” idea by J. Bonn et al., NIM A421 (1999) 256; see also Steinbrink et al. NJP 15 (2013) 113020]
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May 2018: First Tritium campaign

14 days of stable,  
reliable operation

First tritium injection 
Friday, May 18th, 7:48 UTC 

blue marker: systematic uncertainty

Commissioning with nominal gas flow, 
but with D2 (99%) + DT (1%)   
Demonstration of global system stability 
Test of analysis strategies 
First high-quality beta spectra with good 
statistics (activity ~500 MBq)

red band: ± 0.1% reference



K. Valerius | Probing the ν-mass scale with KATRIN | May 20, 2020

First tritium β-spectra

24

Good agreement of model with with data even over extended 
range of 400 eV 
No relevant statistical sensitivity to m2(ν) ➜ fixed to zero 
Parameter of interest E0 ➜ no radial or time dependence
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Fig. 7 Fit of the golden data selection in three selected fit ranges using the covariance matrix approach. The error bars are increased by a factor of
50 to make them visible. The residuals are normalized to the total uncertainty. The light-blue area indicates the statistical and the dark-blue area
the systematic contribution to the total uncertainty. In this display of the systematic uncertainty band, only the diagonal entries of the covariance
matrix are shown. a) Nominal fit range of qUi � E0 �100eV, c2 = 7.9 (11 dof). b) Mid-extended range to qUi � E0 �200eV, c2 = 12.7 (15 dof).
c) Large-extended range to qUi � E0 �400eV, c2 = 13.8 (17 dof).
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Fig. 10 Fitted endpoint Efit
0 for each pixel. All golden scans were

stacked and the spectrum of each pixel was fitted in the nominal fit
range. Within the uncertainty, no spatial dependence is visible. The
white pixels indicate pixels which were excluded from the analysis due
to alignment issues or malfunctions, as described in section 4.5.
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P.J. Doem, L. Dörrg , O. Dragounl, G. Drexlind,h, F. Eichelhardth, K. Eiteld, K. Essiga,

A. Feldend, B. Flatti, J. Formaggiom, B. Freudigerd, R. Gehringf , H. Gemmekee,

E. Geraskinj , F. Glückd, M. Gluglag , S. Grohmannd, R. Gumbsheimerd, F. Habermehlh,

G. Harperm, G. Hellriegel
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C. Krausi§, H. Kraused, M. Leberm, R. Lewisn, V. Lobashevj , X. Luod, K. Maiera,

O. Malyshevp, M. Markd, I. Meshkovo, K. Müllerd, S. Muttererd, G.R. Mynenir ,
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KATRIN’s first Science Run
March 4, 2019:  
First ever large-scale throughput of high-purity tritium in closed loop

4.9 g / day

column density ρd (1017 mol.cm-2) 
re

l. 
fre

qu
en

cy

± 2.4 %

- 22% of nominal column density (activity ~50 x “First Tritium”) 
➜ limits effects due to radiochemical reactions of T2 (initial „burn in“ effect)  

- high isotopic tritium purity 
➜ T2 (95.3 %), HT (3.5 %), DT (1.1 %)
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KATRIN’s first Science Run

- After quality selection: 
274 β-scans x 2.5 hrs 

- Alternating up/down scans 

- 27 HV set-points per scan 

- Event sample: 2.03 · 106

March 4, 2019:  
First ever large-scale throughput of high-purity tritium in closed loops 

April 10 - May 13, 2019: four weeks (780 hrs) of β-scans at 24.5 GBq 
➜ equivalent to few days out of 1000 planned days at nominal activity (100 GBq)

m2(ν) 
region

tritium 
endpoint E0

tritium signal 
-40 eV below E0

background region 
+50 eV above endpoint

27
4 
β-

sc
an

s
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Data combination strategy

Segmented Si-PIN detector: 
- 117 out of 148 pixels used (79%) 
- high, uniform detection efficiency (> 90%) 

with negligible dependence on retarding potential 
- one β-spectrum per pixel = 117 spectra

Sequence of 274 scans: 
- 117 x 274 = 32,058 spectra for one m2(ν)!  

- high system stability allows  
- stacking of data for each HV point 
- uniform fit across detector 

- other data combination strategies:  
multi-ring/multi-pixel fit, appended runs, …

first-campaign 
approach

more resource-
demanding

117 pixels combined
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Stability of spectral scans

29

std. deviation 
σ = 0.255 eV 

Fit of 274 individual scans 
(with m2(ν) = 0 fixed): 

➜ β-spectrum endpoint 
shows excellent stability 
over entire 4-week period

retarding energy -18574 (eV) 



Ingredients for an unbiased ν-mass analysis
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3. Complementarity 
Two independent methods for treatment of systematics 
- Covariance matrix approach (chi^2 estimator) 
- Monte-Carlo propagation (likelihood estimator)

1. Bias protection by Monte Carlo 
- Use slow-control input to generate “MC twin” 

of each scan 
- Freeze analysis on MC before turning to real data

2. Model-based blinding scheme 
- Molecular final states distribution with artificial 

smearing unknown to analysts 
- Hides true m2(ν), but leaves other parameters 

unaltered

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

Susanne'Mertens

Two)independent)analysis)approaches

Covariance)matrix

• U- = ! − 8⃗ XYZ#Z[\ ! − 8⃗
• Systematic:'Spectrum'computed'105 times

MC)propagation
• −2 log ℒ = 2∑ !( − 8( + 8( log 8(/!(�

(
• Systematics:'Fit'performed'105 times



Statistical and systematic uncertainties
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Current dataset is strongly statistics-dominated (5 days nominal KATRIN only …). 
Total statistics budget: 

Systematic uncertainties are well understood. 
Total systematics budget:

σstat = 0.97 eV2

σsyst = 0.32 eV2

Susanne'Mertens

Budget)of)uncertainties

we'are'largely'statistics'dominated'!!!

Non-Poissonian background part

Background slope

Column density fluctuations

Magnetic fields

HV stacking

Molecular final states spectrum

Energy loss distribution

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

H9 Ästacking³
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

Systematics breakdown for first Science Run:

improves on  
Mainz &Troitsk by

factor 2

factor 6



First neutrino mass result
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2 million events in total 

4 free parameters, shape-only fit 
m2(ν), E0, background, signal normalisation 

Excellent goodness-of-fit: 
 

Best-fit value: 

New upper limit:  
mν < 1.1 eV  
(90% CL, Lokhov-Tkachev*) 

mν < 0.8 eV (0.9 eV) at 90% (95%) 
CL (Feldman-Cousins) 

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

m2
⌫ =

�
�1.0+0.9

�1.1

�
eV2

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

�2 = 21.4 for 23 d.o.f. (p = 0.56)
<latexit sha1_base64="P1hZ5OHKvmMs6lg3bOSemw4sqJA="></latexit>



First neutrino mass result

33 * Myers et al., PRL 114 (2015) 013003

eff. Q-value from fit: (18575.2 ± 0.5) eV;     from* ΔM(3H,3He): (18575.72 ± 0.07) eV   

1σ
2σ

Strong correlation of E0 and m2(ν) from 
105 pseudo-experiments, as expected 

 Agreement with 3H-3He mass difference  
➜ consistency check of energy scale
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Ongoing work and next plans

34

2nd Science Run (fall 2019) 
Improved stability (HV, gas density) 
83% of nominal column density

Full data set :1000 days 
Collect data over 5 years 
(3 campaigns per calendar year)  
Sensitivity m(νe) = 0.2 eV (90% C.L.) 

β-scans 

first ν-mass

β-
sc

an
s 

int
en

sit
y x

 3
.8

5

Increasing signal/bgd ratio

3rd Science Run (spring 2020) 
Reduction of backgrounds 
through flux-tube fiducialization 
Very promising first tests: 
200 mcps → 100 mcps

Fiducialization of main spectrometer flux tube
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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

d�

dE
= cos2 ⇥
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dE

�
m2

�

�
+ sin2 ⇥

d�

dE

�
m2

s

�
(1)

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)

neutrinos mix: generate “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
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- 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

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

TRISTAN detector, 
stat. & syst.

present lab limits

[Mertens et al., J. Phys. G 46 (2019) 065203]

stat. only, 1016 electrons

TRISTAN detector for KATRIN: SDD layout

Goal: search for sterile neutrinos and other BSM 
physics deeper in the tritium β-spectrum

prototype (HLL, MPP)

SDD pixel
SDD module

full array

by 2025
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Neutrino mass scale: fundamental relevance from cosmology to particle physics 

KATRIN: direct, kinematic neutrino-mass search 
complementary to cosmology and 0νββ 

Successful first science run in spring 2019, 
yielding new limit: m(ν) < 1.1 eV (90% C.L.) 

Analysis of science run 2 (higher statistics) in progress, 
just launching science run 3 (lower background) in May 2020 

Sensitivity goal: m(ν) < 0.2 eV (90% C.L.) for 5 years of data 

Promising BSM physics avenues: eV and keV sterile ν (with future detector 
upgrade TRISTAN), non-standard weak interactions, LIV, … 

Beyond KATRIN:  

Electron capture: 163Ho micro-calorimeters (ECHo, HOLMES, …)  

Beta spectroscopy: Time-of-flight upgrade? New ideas, like Project 8, …

Stay 
tuned!
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Fit of the golden data selection in the mid-extended ! t range of qUi ≥ E0 − 200 eV, χ2 = 12.7 (15 dof ) 

using the covariance matrix approach. The error bars are increased by a factor of 50 to make them visible.

The residuals are normalized to the total uncertainty. The light-blue area indicates the statistical and the dark-blue area the 

systematic contribution to the total uncertainty. In this display of the systematic uncertainty band, only 

the diagonal entries of the covariance matrix are shown.  
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