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I. Why study massive neutrinos? 

II. How does neutrino mass measurement with 
KATRIN work? 

III. What are current steps to prepare the start of 
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I. Motivation:  
Massive neutrinos
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Complementary paths towards ν masses

 Tool  Cosmology 
 CMB + LSS + ...

 Neutrinoless double    
 β-decay

 β-decay endpoint  
 and EC

 Observable

 Present upper limit  0.2 – 1 eV  0.2 – 0.4 eV  2 eV

 Potential  20 – 50 meV  20 – 50 meV  200 meV

 Model dependence  Multi-parameter     
 cosmological model

- Majorana vs. Dirac 
- nucl. matrix elements

- Direct, only kinematics; 
- agnostic to Dirac/

Majorana nature
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II. Method:  
Direct neutrino mass measurement 

in the laboratory

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

E. Fermi, 1934



K. Valerius | KATRIN8

Direct neutrino mass measurement

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

Direct neutrino mass measurement

Imprint of m
ν
 on endpoint region of β spectrum (similar for EC):

d N

d E
= C⋅F (Z ,E )⋅p⋅(E+me)⋅(E0−E)⋅√(E0−E )2−m2(νe)

m
2(νe) = ∑∣U ei∣

2
mi
2

observable: effective  squared mass

Key requirements

● Source isotope:

● Low spectral endpoint Q

● Large decay rate (short T1/2)

● Instrument:

● Excellent energy resolution

● Very low background
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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

9

Spectroscopic technique for β decay
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Letter of Intent

KATRIN: A next generation tritium beta decay experiment
with sub-eV sensitivity for the electron neutrino mass

A. Osipowicza, H. Blümerb,f , G. Drexlinb, K. Eitelb, G. Meiselb, P. Plischkeb, F. Schwammb,
M. Steidlb, H. Gemmekec, C. Dayd, R. Gehringd, R. Hellerd, K.-P. Jüngstd, P. Komarekd,
W. Lehmannd, A. Mackd, H. Neumannd, M. Noed, T. Schneiderd, L. Dörre, M. Gluglae,

R. Lässere, T. Kepcijaf , J. Wolff , J. Bonng, B. Bornscheing, L. Bornscheing, B. Flattg, C. Krausg,
B. Müllerg, E.W. Otteng, J.-P. Schallg, T. Thümmlerg, C. Weinheimerg, V. Aseevh, A. Belesevh,
A. Berlevh, E. Geraskinh, A. Golubevh, O. Kazachenkoh, V. Lobashevh, N. Titovh, V. Usanovh,

S. Zadoroghnyh, O. Dragouni, A. Kovaĺıki, M. Ryšavýi, A. Špaleki, P.J. Doej , S.R. Elliottj ,
R.G.H. Robertsonj , J.F. Wilkersonj

a University of Applied Sciences (FH) Fulda, Marquardtstr. 35, 36039 Fulda, Germany

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

c Forschungszentrum Karlsruhe, Institut für Prozessdatenverarbeitung und Elektronik, Postfach
3640, 76021 Karlsruhe, Germany

d Forschungszentrum Karlsruhe, Institut für Technische Physik, Postfach 3640, 76021 Karlsruhe,
Germany

e Forschungszentrum Karlsruhe, Tritium-Labor Karlsruhe, Postfach 3640, 76021 Karlsruhe,
Germany

f Universität Karlsruhe (TH), Institut für Experimentelle Kernphysik, Gaedestr. 1, 76128
Karlsruhe, Germany

gJohannes Gutenberg-Universität Mainz, Institut für Physik, 55099 Mainz, Germany

hAcademy of Sciences of Russia, Institute for Nuclear Research, 60th October Anniversary
Prospect 7a, 117312 Moscow, Russia

iAcademy of Sciences of the Czech Republic, Nuclear Physics Institute, CZ-250 68 Řež near
Prague, Czech Republic

j Center for Experimental Nuclear Physics and Astrophysics, and Department of Physics,
University of Washington, Seattle, WA 98195, USA
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W. Lehmannd, A. Mackd, H. Neumannd, M. Noed, T. Schneiderd, L. Dörre, M. Gluglae,

R. Lässere, T. Kepcijaf , J. Wolff , J. Bonng, B. Bornscheing, L. Bornscheing, B. Flattg, C. Krausg,
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Sensitivity on m(νe):  
2 eV   ➜   0.2 eV    (90% CL, 3 net years) 

➜  Requires x100 improvement on m2(νe) 

➜  Use expertise and infrastructure at KIT 
     (Tritium Laboratory Karlsruhe, TLK) 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R.G.H. Robertsonj , J.F. Wilkersonj

a University of Applied Sciences (FH) Fulda, Marquardtstr. 35, 36039 Fulda, Germany

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

c Forschungszentrum Karlsruhe, Institut für Prozessdatenverarbeitung und Elektronik, Postfach
3640, 76021 Karlsruhe, Germany

d Forschungszentrum Karlsruhe, Institut für Technische Physik, Postfach 3640, 76021 Karlsruhe,
Germany

e Forschungszentrum Karlsruhe, Tritium-Labor Karlsruhe, Postfach 3640, 76021 Karlsruhe,
Germany

f Universität Karlsruhe (TH), Institut für Experimentelle Kernphysik, Gaedestr. 1, 76128
Karlsruhe, Germany

gJohannes Gutenberg-Universität Mainz, Institut für Physik, 55099 Mainz, Germany

hAcademy of Sciences of Russia, Institute for Nuclear Research, 60th October Anniversary
Prospect 7a, 117312 Moscow, Russia

iAcademy of Sciences of the Czech Republic, Nuclear Physics Institute, CZ-250 68 Řež near
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W. Lehmannd, A. Mackd, H. Neumannd, M. Noed, T. Schneiderd, L. Dörre, M. Gluglae,

R. Lässere, T. Kepcijaf , J. Wolff , J. Bonng, B. Bornscheing, L. Bornscheing, B. Flattg, C. Krausg,
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KATRIN: spectral fit & ν-mass sensitivity

• 4 fit parameters: 
m2
ν      , E0 , AS , RBg 

• After 3 yrs of data (~5 cal. yrs): 
balance of statistics and 
systematics  
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Relative shape measurement of integrated β spectrum: 

[figure c. M. Kleesiek]
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KATRIN overview: 70 m beamline

Tritium source Tritium pumping

1010 e- /s

e-

3He

Pre spectrometer

103 e- /s

e-
e- e-

Spectrometer

< 1 e- /s

e-

Detector

ΔE = 0.93 eV

3H

E > 18.3 keV

≈ 70 m

1011 e- /s

e-

3H

β decay

€ 

ve

3He

10 m
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Factor of 10 in sensitivity 

seems easy on paper, but …
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Eggenstein near Karlsruhe, 
Nov. 25, 2006

13

Factor of 10 in sensitivity 

seems easy on paper, but …
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Experimental challenges

Source and Transport Section  
• Windowless gaseous tritium source 

• Intensity (1011 decays/s) 
• Stability (10-3 h-1) 
• Isotopic purity (> 95%) 

• Tritium retention (factor > 1014) 
• Adiabatic transport of electrons

Spectrometer and Detector Section 
• Spectrometer UHV (p < 10-11 mbar) 
• Energy resolution (<1 eV at 18.6 keV) 
• High voltage stability (sub-ppm/month) 
• High detection efficiency (10-3-103 cps) 
• Low background rate (10-2 cps)
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Experimental challenges … and solutions

Source demonstrator: ΔT/T ~ 10-4 HV post-regulation: ΔU ~ 1 ppm 

specification

specification

[S. Grohmann et al., Cryogenics 55–56 (2013) 5]

AG  
Weinheimer 

inside

preli
minary
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III. Status of KATRIN  
& route towards start of measurements
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System integration and commissioning

vacuum system 
• 1250 m3 vacuum recipient 
• TMPs + 3 km getter strips  

(+ LN2-cooled baffles)

magnetic fields 
• s.c. magnets 
• field-shaping  

air coil systems

electron gun 
well-defined 
energy and angle

148-pix detector 
spatial & timing info

precision high voltage 
vessel + wire  
electrodes

Spectrometer & detector:  
successful commissioning 

2013-2015

AG  
Weinheimer 

inside AG  
Weinheimer 

inside
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Characterisation of spectrometer transmission 
using precision electron source: 
energy- & angle-selective, point-like

prelim
inary

prelim
inary

Transmission characteristics of main spec.  
as expected (limited by e-gun systematics ...)

Radial dependence of retardation potential 
as expected (precision mapping by e-gun)

energy spread 
σ ~ 200 meV 

at 18.6 keV

Spectrometer & detector commissioning

AG  
Weinheimer 

inside
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Spectrometer & detector commissioning

• Very efficient magnetic & electrostatic shielding, 
but only for charged particles (e- and H-) 

• Neutral, unstable atoms (219, 220Rn, H*) can  
penetrate into inner flux tube 
→ further measures required, e.g. passive shielding 
against Rn-induced secondaries

Characterisation of backgrounds
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Spectrometer & detector commissioning

NEG strips

LN2-cooled baffles
preliminary

477 ± 3 mcps background level achievedprelim
inary

• Very efficient magnetic & electrostatic shielding, 
but only for charged particles (e- and H-) 

• Neutral, unstable atoms (219, 220Rn, H*) can  
penetrate into inner flux tube 
→ further measures required, e.g. passive shielding 
against Rn-induced secondaries

Characterisation of backgrounds
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System integration and commissioning
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System integration and commissioning

cryo 
    pumping 

                 section
July 30, 2015
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System integration and commissioning

windowless gaseous               
             tritium source

Sept 10, 2015

cryo 
    pumping 

                 section
July 30, 2015
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System integration and commissioning

windowless gaseous               
             tritium source

Sept 10, 2015

cryo 
    pumping 

                 section
July 30, 2015

Summer 2015: 
Arrival of last two major system components on site
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Sept. 2015: Major milestone achieved 
full Source and Transport Section in place

   differential          
              pumping   

windowless gaseous               
             tritium source

cryo 
    pumping 

                 section

System integration and commissioning
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KATRIN’s systematic uncertainty “budget”

σ(mν
2) 0 0.01 eV2

visualization courtesy R.G.H. Robertson

Total systematics  
Final-state spectrum 

Ions in T2 gas 
Unfolding energy loss 

Column density 
Background slope 

HV variation 
Potential variation in source 

B-field variation in source 
Elastic scattering in T2 gas

• Careful, conservative evaluation in KATRIN Design Report (2004) 
• Dominant contributions by source-related effects

σ(mν
2)syst= 0.017 eV2

Statistics σ(mν
2)syst= 0.017 eV2
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KATRIN’s systematic uncertainty “budget”

σ(mν
2) 0 0.01 eV2

visualization courtesy R.G.H. Robertson

Total systematics  
Final-state spectrum 

Ions in T2 gas 
Unfolding energy loss 

Column density 
Background slope 

HV variation 
Potential variation in source 

B-field variation in source 
Elastic scattering in T2 gas

• Careful, conservative evaluation in KATRIN Design Report (2004) 
• Dominant contributions by source-related effects

• Are the numbers up to date? 
• Is the list comprehensive? 
• Which items are relevant 

for an early physics goal?

σ(mν
2)syst= 0.017 eV2

Statistics σ(mν
2)syst= 0.017 eV2



K. Valerius | KATRIN23

Helmholtz-University Young Investigators Group (est. 2014): 

“Analysis of KATRIN data to measure the neutrino mass  
and search for New Physics”

M. Babutzka 
postdoc

R. Combe 
Master’s student

J. Antoni 
Diploma student

Former group members

K. Valerius 
group leader

M. Kleesiek 
postdoc

L. Kuckert 
PhD student

Group members
H. Seitz-Moskaliuk 
PhD student

F. Heizmann 
PhD student

M. Klein 
PhD student

M. Machatschek 
Master’s student

RTG 1694: Elementary particle physics 
at highest energy and precision 
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Example: Energy loss function

[C. Kranz, Dipl. thesis, Münster, 2011]

elastic scattering

excitation

dissociation

ionisation

18.6 keV electrons undergo energy 
loss when scattering in gaseous T2 
source

[Aseev++ 2000, figure from M. Kleesiek]



K. Valerius | KATRIN24

Example: Energy loss function

[C. Kranz, Dipl. thesis, Münster, 2011]

elastic scattering

excitation

dissociation

ionisation

18.6 keV electrons undergo energy 
loss when scattering in gaseous T2 
source

[Aseev++ 2000, figure from M. Kleesiek]

model based on H2/D2 data  
➜ improved measurement for T2 
necessary

102 5 Beta Spectrum Calculation

A functional form was fitted to the energy loss function

f(Á) =

8
<

:
A1 e
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⇣
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1
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2

for Á < Á
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2
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w

2

2

+4(Á≠Á

2

)2

for Á Ø Á
c

(5.26)

with the parameters A1 = 0.204 ± 0.001, w1 = 1.85 ± 0.02, A2 = 0.0556 ± 0.0003, w2 =
12.5 ± 0.1 and Á2 = 14.30 ± 0.02, using Á1 = 12.6 fixed. The factor Á

c

= 14.09 was chosen to
obtain a continuous function. The Gaussian part of this parameterized form f(Á) describes
the energy loss due to excitation, the Lorentzian part accounts for ionization.

For the envisaged sensitivity of KATRIN, the energy loss function is required to be known
to the 10≠3 level. A dedicated calibration measurement is planned, using the rear section
electron gun (see section 2.7.1), to measure the response function at di�erent column
density configurations of the WGTS. With an elaborate deconvolution procedure applied
to the gathered data, the energy loss function can then be untangled from the scattering
probabilities and the transmission function [Kra11; Zie13].

Elastic Scattering and Synchrotron Radiation

Elastic scattering o� T2 molecules and emission of synchrotron radiation due to the
gyrational motion in the high magnetic field of the source and transport section are further
sources of energy loss for � electrons. In general however, these losses are comparatively
small.

(a) Response function R(E)
(b) Energy loss function f(Á)

Figure 5.9: Response function R(E) (left) and energy loss function f(Á) (right). Since
ionization of gaseous tritium implies energy loss not below 10 eV, the response function forms
a plateau between 0.93 eV (the upper end of the transmission function) and about 10 eV. Only
electrons, which have not scattered (probability P

0

= 0.41), fall into this region.

parameterization, 
Troitsk meas., 2000
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Energy loss function: measurement

Egun
4 column densities:  

[0, 0.5, 3.0, 6.0] 
*1017cm-2 

Keloss 
software 
package

Energy loss 
function C

. K
ra

nz
, D

ip
lo

m
a 

th
es

is
 2

01
1

R
el

. i
nt

en
si

ty

ΔE

[V. Hannen++, in prep.]

• Work (with V. Hannen) on setting up detailed measurement proposal 
• Deconvolution technique accurate enough for KATRIN 
• Remaining uncertainties (e.g. column density setting) to be evaluated 
• First test with D2 suggested to train procedures
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Example: Column density model

16 m cryostat, 
~22 tons

> 500 sensors 
(T, p, B, …)

• Temperature, pressure, tritium 
purity to be stabilized at 10-3 level 

• Small variations of op. parameters 
lead to fluctuations of column 
density ➜ syst. influence on m2(ν)

[L. Kuckert, F. Heizmann, M. Hötzel, KV++, in prep.] [M. Kleesiek, L. Kuckert, KV++, in prep.]
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Example: Column density model

16 m cryostat, 
~22 tons

> 500 sensors 
(T, p, B, …)

• Temperature, pressure, tritium 
purity to be stabilized at 10-3 level 

• Small variations of op. parameters 
lead to fluctuations of column 
density ➜ syst. influence on m2(ν)

Column density monitoring: 
• Small detector in forward direction 
• Regular control meas. with e-Gun

[L. Kuckert, F. Heizmann, M. Hötzel, KV++, in prep.] [M. Kleesiek, L. Kuckert, KV++, in prep.]
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Example: Column density model

16 m cryostat, 
~22 tons

> 500 sensors 
(T, p, B, …)

• Temperature, pressure, tritium 
purity to be stabilized at 10-3 level 

• Small variations of op. parameters 
lead to fluctuations of column 
density ➜ syst. influence on m2(ν)

Column density monitoring: 
• Small detector in forward direction 
• Regular control meas. with e-Gun

[L. Kuckert, F. Heizmann, M. Hötzel, KV++, in prep.] [M. Kleesiek, L. Kuckert, KV++, in prep.]

M. Hötzel

Gas dynamical model: 
longitudinal profile + 2d slices 
➜ pseudo-3d model

• Detailed modeling of gas 
dynamics and resulting spectrum 

• Temporal and spatial variations of 
operational parameters ➜ sensors

+
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measuring �me distribu�ons for 1st month

27

Example: Sensitivity and background level

preli
minary

Development of 
MC-based tools for 
sensitivity estimates and 
meas. time optimization

[M. Kleesiek, in prep.]

m
ea
su
ri
ng
	ti
m
e	
[d
ay
s]

Illustration: proposal for first month 
of running KATRIN

preli
minary
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Marco Kleesiek (marco.kleesiek@kit.edu)29th KATRIN Collabora�on Mee�ng, October 6th

Neutrino Mass Sensi�vity
early data and high-sta�s�cs data

σ
(m

ν2
)

t

?

se
n

si
�

vi
ty

28

Further projects

Source-related systematics 

• Descriptions of el. potential in source 
• Plasma effects? 
• Efficient retention of tritium ions? 

Space charges and el. potential 
inhomogeneities probed by dispersing 
83mKr in tritium gas 
➜ simulation study ongoing

Technical/Analysis 

• Development of high- and medium-
level analysis tools 

• Planning of commissioning tests 
during system integration 

• … towards first physics runs with 
KATRIN!
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Extra: 
Exploring KATRIN’s physics potential  

beyond neutrino masses
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KATRIN: ν-mass sensitivity … and more:

Explore physics potential 

• close to the spectral endpoint E0: 

 
 
 
 
 
 
 
 
 
 

• and further away from E0:  
 search for keV-mass scale sterile ν as WDM candidates 
 Mertens et al. (2015); Steinbrink et al. (2014)

Constraining local CνB 
e.g. Kaboth & Formaggio (2010), 
Fässler et al. (2013)

capture of 
relic ν on  
β-instable 
nuclei

E
0 +m

ν

RH currents  
Bonn et al. (2011), 
Barry, Heek, Rodejohann (2014) 
Violation of Lorentz symmetry  
e.g. Diaz, Kostelecky & Lehnert (2013) 

Search for eV-scale sterile ν 
e.g. Formaggio & Barrett (2011)

?? ?

~1 eV2

standard operation 

mode for KATRIN

non-standard 

operation, novel 

detector concepts
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Imprint of sterile neutrinos on β spectrum

d Ṅ
d E

= cos2θs
d Ṅ
d E

(ma
2) + sin2θs

d Ṅ
d E

(ms
2)

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

additional kink in β spectrum 
at E = E0 – ms

example: 
light sterile ν 
ms = 3 eV
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Search for eV-scale sterile	ν	with KATRIN

Reactor anomaly (90% CL) 
G. Mention et al., PRD 83 (2011) 073006

KATRIN exclusion 
(3 net years, 90% CL)

• “Reactor antineutrino anomaly”:  

• Favoured parameter space can be probed by KATRIN: 

See also 
Formaggio & Barrett, PL B706 (2011) 68;  
Sejersen Riis & Hannestad, JCAP02 (2011) 011; 
Esmaili & Peres, PR D85 (2012) 117301

1σ

3σ
5σ

M. Kleesiek, PhD thesis, 2014
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Summary & Outlook

• KATRIN sensitivity on m(νe): 200 meV  (90% CL, 3 yrs of data)  

• ultimate MAC-E type experiment with molecular T2 

• will cover degenerate ν mass regime 

• Rich physics potential in addition to light neutrino mass 
• Probe for RH currents, LIV, constraints on CνB 
• Search for eV- and keV-scale sterile ν
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• KATRIN is moving forward at fast pace towards 
start of data-taking in 2016:
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Thank you!
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Thank you!
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Supplementing slides
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[J. Bonn et al., Phys. Lett. B 703 (2011) 310]

Imprint on integrated spectrum: 

• Only small sensitivity on b’ if endpoint 
E0 left free in fit 
➜ good for determination of m2(νe) 

• Improvement of present bounds on b’ 
with KATRIN for small m(νe) if  

- external E0 value with accuracy  
< 50 meV as input* 

- absolute energy scale in KATRIN 
Uspec - Usource known to same 
accuracy of < 50 meV

Fierz-like parameter b’  
enters differential rate

Figure: M. Kleesiek *) 70 meV accuracy: 
E. G. Myers et al., PRL 114 (2015) 013003

Effect of RH current contributions
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Standard Model Extension (SME) 
framework:
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]

Neutrinos satisfy Dirac-like equation

Experimental searches: 
• Neutrino oscillations 
• Neutrino velocity (ToF) 
• Weak decays

(i�↵@↵ �M) = 0

with 𝚪, M including momentum-
dependent coefficients

probe oscillation-free 
parameters

Probing Lorentz invariance in β decay
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Neutrinos satisfy Dirac-like equation

Experimental searches: 
• Neutrino oscillations 
• Neutrino velocity (ToF) 
• Weak decays

(i�↵@↵ �M) = 0

with 𝚪, M including momentum-
dependent coefficients

probe oscillation-free 
parameters

Tritium β decay:
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]

Lorentz-violating neutrinos in tritium decay
JSD, Kostelecký & Lehnert, arXiv:1305.4636

E↵ective dimension-three coe�cient (a
(3)
of

)

Lorentz & CPT violation

shift of the endpoint energy

�(T ) = CR

h

�

hT
e↵

i � T
�3 � 3

2 m2
i

hT
e↵

i = T0 + ha(3)
C i+ ha(3)

As
i sin!�T�

+ ha(3)
Ac
i cos !�T�

limit from Mainz+Troitsk: |(a(3)
of

)| . 3⇥ 10

�8
GeV

oscillation and time-of-flight experiments are insensitive to (a
(3)
of )

Jorge S. Diaz (Indiana University) Lorentz and CPT violation in the neutrino sector June 18, 2013 24 / 28

• Modified energy dependence of decay rate 

• Spectral shape dependent on sidereal time 
and experiment orientation 

• Effective dim-3 coefficient: 
osc. shift of endpoint T0,eff with ωsidereal 

• Effective dim-2 coefficient: 
osc. of m2 parameter (can mimic tachyonic ν) 

Probing Lorentz invariance in β decay



K. Valerius | KATRIN39 [F. Heizmann, Master’s thesis (2015); see also: Kaboth & Formaggio (2010), Fässler et al. (2013)]

About	every	neutrino	physicist	goes	through	a	phase	in	his	or	her	career	and	asks 
‘There’s	got	to	be	a	way	to	measure	the	relic	neutrino	background’	—	Peter	Fisher	

5.4. Sensitivity of KATRIN for measuring the cosmic neutrino background 81
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Figure 5.10.: Upper limit on the relic neutrino overdensity depending on
background and neutrino mass

method, several e↵ects on the sensitivity of KATRIN for measuring the C⌫B are
investigated in the next sections. First, the limit on the C⌫B overdensity is derived
for several hypothetical neutrino masses and di↵erent background rates (sec. 5.4.1).
Then the e↵ect of using measuring time distributions6 (MTD) di↵erent from the ones
described in the KATRIN design report [KAT05] and sinusoidal high voltage fluc-
tuations as potential systematic uncertainties for the relic neutrino overdensity are
investigated. The section closes with a discussion of the found results in sec. 5.4.4.

5.4.1. Sensitivity for the cosmic neutrino background over-
density

This section shows the limits KATRIN can set on the C⌫B overdensity after three
full years of measurement by using the profile likelihood method. First the e↵ect of
di↵erent neutrino masses and background rates is studied, before the optimization of
the sensitivity by changing the measuring time distribution (MTD) is investigated.

Neutrino mass and background

As stated in sec. 2.4, yet only upper limits (about 2 eV) on the neutrino mass exist.
Therefore, the relic neutrino overdensity sensitivity is estimated for several assumed
neutrino mass values, in the range from 0.1 eV to 2 eV. The corresponding upper
limit KATRIN can set at 90 % C.L. is shown in fig. 5.10a (for the KATRIN design
report [KAT05] anticipated background rate of 10�2 cps). From the signature of
the relic neutrinos in the KATRIN spectrum, one expects stronger limits for larger
neutrino masses: the larger the neutrino mass, the longer the shoulder of the relic
neutrino signal. This is confirmed in fig. 5.10a: the limit is strongest for the largest
neutrino mass of 2 eV, namely ⌘ = 2.1 · 1010 at 90 % C.L. after three years of data
taking. Furthermore, the limit gets stronger with measurement time, being the
result of increased statistics.
The background rate at KATRIN has the largest investigated impact on the limit

6A measuring time distribution is a set of measurement configurations, defining the amount of
e↵ective measuring time invested at a specific retarding potential qU .
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Figure 5.9.: Relic neutrino capture spectra on top of the tritium �-decay
spectrum - Spectra are created with the convolved FSD implementa-
tion and assuming a neutrino mass of m⌫e

= 1 eV.

convolved with the Doppler e↵ect function (see sec. 5.2.2). After this convolution
process, the broadened C⌫B signal is integrated in the same way as the �-decay
spectrum. Since the di↵erential spectrum contains the C⌫B signal as a Gaussian
like peak, it is obvious to expect the C⌫B signal to show up as a shoulder in the
integral spectrum. Indeed, as can be seen in fig. 5.9, for overdensity values larger
than 1010, the integral spectrum contains a distortion at the end of the �-decay
spectrum that does look like a shoulder.
Since the width of the relic neutrino capture signal �

C⌫B

is kept fixed at 1 meV
from now on, the only parameter left describing the C⌫B signal is the overdensity ⌘.
Taking 1 meV as the width of the relic neutrino capture signal is quite a reason-
able choice, supported by the energy distribution of the relic neutrinos shown at the
very beginning of this chapter (see fig. 5.1). Consequently, in the following analysis
section 5.4, we will be dealing with five parameter optimizations which still are far
more complicated to fit than the standard four parameter neutrino mass fit.

5.4. Sensitivity of KATRIN for measuring the cos-
mic neutrino background

The motivation for implementing the FSD as a Gaussian is the usage of the profile
likelihood method to estimate the sensitivity of KATRIN for measuring the C⌫B: in
contrast to Formaggio et al. [KFM10] who use ensemble tests, the estimation of the
sensitivity in this thesis is based on the profile likelihood method. The implemen-
tation MINOS minimizes ⌘ with respect to all other nuisance parameters (neutrino
mass, background, amplitude and endpoint energy) and scans the log likelihood for
those values of eta where �LL = 0.5, in order to construct a confidence interval. To
estimate this minimum, MINOS has to calculate the Hesse matrix of the log likeli-
hood. This is where the convolved FSD implementation is needed: the functional
shape of the log likelihood using the summed FSD implementation is not smooth
enough to perform this kind of analysis.
The sensitivity is estimated as a factor times the upper MINOS error (compare
eq. (5.51)), which is the value of ⌘ resulting in a log likelihood of 0.5. With this

80

 
Threshold-free, but tiny 
cross section O(10-45 cm2)

KATRIN reference setup 
only sensitive to 
local overdensity:

⌘ =
n⌫

hn⌫i

5.1. Theory of the cosmic neutrino background 67

A B

Figure 5.4.: Torsion oscillator - The detector to directly measure the C⌫B would
consist of two hemicylindrical masses (A, B) of similar density but
di↵erent neutrino cross sections which are hooked magnetically. The
“neutrino wind” through elastic scattering would cause a torque to the
masses. Figure adopted from [Hag99].

rect measurement of the C⌫B leaving the possibility of other e↵ects to explain the
behavior of the UHECR spectrum.

Mechanical detection

A quite optimistic detection method for the relic neutrinos is the one suggested by
Hagmann [Hag99]: he proposes a detector which uses the “neutrino wind” caused by
the Earth moving through the C⌫B. A sketch of the detector is shown in fig. 5.4: it
consists basically of two hemicylindrical masses with similar densities but di↵erent
neutrino cross sections [Hag99] which are magnetically hooked. As the Earth travels
through the C⌫B, the “neutrino wind”, according to Hagmann, exerts a torque to
the masses through elastic scattering. However, Hagmann uses a quite optimistic
neutrino mass of 10 eV for his proposal, which is in contradiction to current neutrino
mass limits (see sec. 2.4). Nevertheless, this would in principle constitute a direct
measurement of the relic neutrinos of the C⌫B as is the last discussed method,
namely the induced �-decay.

Induced �-decay

In the context of this thesis, the most interesting C⌫B detection method is the
induced �-decay since the KATRIN experiment is dealing with �-decaying tritium.
The induced �-decay reaction has the advantage of lacking any threshold due to the
radioactivity of tritium which is necessary to detect the low-energy C⌫B. Induced
�-decay is a neutrino capture process, first proposed by Weinberg in 1962 [Wei62],
of the form

A

Z

N + ⌫
e

! A

Z+1

N 0 + e� and A

Z

N + ⌫̄
e

! A

Z�1

N 0 + e+. (5.34)

The di↵erential capture rate for this process (for the normalization of one incoming
neutrino per volume V ) is given by [FHKŠ11]:

d�⌫ =
X 1

V
|hf | T | ii|2 2⇡�(E

e

+ E
f

� E
i

� E⌫)
dp

e

(2⇡)3

. (5.35)

67

ν capture on β-instable nuclei:

E
0 +m

ν

Constraining local CνB density with KATRIN
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Electron 
emission

Trapping of electrons  
& production 
of secondaries

Fränkle et al. 2011 
Mertens et al. 2012 
Wandkowsky et al. 2013

Radon-induced background
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2015: 
2nd phase of commissioning measurements completed 

> Spectrometer works as MAC-E filter 

> LN2-cooled baffles eliminate    
   Radon-induced background with     
   efficiency of (97 ± 2)% 

> Remaining background 
   still under investigation

Btotal = SRn + CRn + R 

SRn = α·CRn

Btotal =(α+1)·CRn+ R  

Btotal : Total background rate 
SRn :   Radon-induced single event rate 
CRn :   Event rate in Radon-induced clusters 
R :      Non-Radon-induced bg rateSusanne Mertens 

KATRIN Spectrometer Status 

2015: 2nd measurement phase completed 
"  Spectrometer works as MAC-E Filter 
"  Liquid nitrogen cooled baffles  

eliminate Radon-induced background  
with an efficiency of ε = (97± 2)% 

"  Remaining background is still 
under investigation 

Radon-induced background 
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Neutrino mixing and mass scheme 

Wealth of ν oscillation data:

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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R. Volkas, Neutrino mass
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WGTS gas flow regimes

Transition 
 flow

Transition 
 flow

Continuum

Pressure

Flow 
Regime

Navier 
Stokes 
equation

Boltzmann 
equation

Monte 
Carlo

Model 
equation

Molecular 
flow

pumpspumps
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Pseudo 3D density profile
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84 6. Spectrum analysis

 / ndf 2χ   72.4 / 77
Constant  2.6±   133 
Mean      0.00025± -0.00749 
Sigma     0.0002± 0.0158 

)2 (eV2
νm
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150  / ndf 2χ   72.4 / 77
Constant  2.6±   133 
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Figure 6.5: Exemplary distribution of best-fit values m̂2
⌫

in 4000 KATRIN
simulations. Input value was m2,sim

⌫

= 0.0 eV, the simulated measurement time
was 3 years. The fit results m̂2

⌫

are Gaussian distributed with mean m2
⌫

and width
�stat. The systematic shift is obtained by the di↵erence between mean and input
�m2

⌫

= m2
⌫

� m2,sim
⌫

. Here, the shift was induced on purpose by using a di↵erent
column density ⇢d for the spectrum generation than for the analysis.
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Example: Energy loss function

[C. Kranz, Dipl. thesis, Münster, 2011] [M. Kleesiek]

18.6 keV electrons undergo scattering & energy loss 
when traversing the gaseous T2 source: Sca-ering Probabili�es

an uncertainty on ρd·σ 
introduces an energy-
dependent systema�c 
error on m

ν

2

no scattering

1-fold

2-fold

elastic scattering

excitation

dissociation

ionisation
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Troitsk & Mainz experiments

Troitsk experiment

■ windowless gaseous tritium source
22 )68.189.167.0()( eVm e ±±−=ν

eVm e 05.2)( <ν

V.N. Aseev et al., Phys. Rev. D 84 (2011) 112003

Mainz experiment
■ quench condensed tritium source 

22 )1.22.26.0()( eVm e ±±−=ν

eVm e 3.2)( <ν

C. Kraus et al., Eur. Phys. J. C 40 (2005) 447
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required: source fluctuation: ΔT/T < 10-3 required: HV-fluctuations: ΔU < 60 mV

Experimental challenges … and solutions
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Statistics

0.01 eV2

σ(mν
2)total= 0.025 eV2

mν< 200 meV (90% CL)

KATRIN sensitivity in a nutshell
A simple sensitivity estimate from combining (conservative) systematics budget 
with statistical uncertainty (3 net years of data):

visualization courtesy R.G.H. Robertson

σ(mν
2) 0

σ(mν
2)stat= 0.018 eV2

σ(mν
2)syst= 0.017 eV2

adding in 
quadrature

unified approach 
Feldman & Cousins, 1998

L(90% CL) = √1.64*σ(mν
2)total

Systematics
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The challenge: 
- High count rates at ~few keV below endpoint 
- Tiny sterile admixture sin2(θs) expected 
- Best sensitivity for differential measurement (energy or ToF) 
➡ Development of new techniques necessary!

Search for keV-scale sterile	ν	with KATRIN
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➡ Development of new techniques necessary!

Search for keV-scale sterile	ν	with KATRIN

ToF option:  
electron tagger required

Susanne Mertens 

Technical Realization 

53 

1010 cps 

1.  Energy resolving detector 
→ Differential measurement 

2.  Counting detector 
→ Integral measurement 

3.  Time of Flight  
→ Differential measurement 
in small energy window 

[Steinbrink et al. (2013), Robertson et al. (in prep.)]
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The challenge: 
- High count rates at ~few keV below endpoint 
- Tiny sterile admixture sin2(θs) expected 
- Best sensitivity for differential measurement (energy or ToF) 
➡ Development of new techniques necessary!

Search for keV-scale sterile	ν	with KATRIN

Differential detection option:  
novel detector required 
TRISTAN* design study: 
• 108 cps (> 10 000 pixels) 
• FWHM 300 eV @ 20 keV 
• > 20 cm diameter

[Mertens et al. (2015)]

ToF option:  
electron tagger required

Susanne Mertens 

Technical Realization 

53 

1010 cps 

1.  Energy resolving detector 
→ Differential measurement 

2.  Counting detector 
→ Integral measurement 

3.  Time of Flight  
→ Differential measurement 
in small energy window 

[Steinbrink et al. (2013), Robertson et al. (in prep.)]



K. Valerius | KATRIN52

Search for keV-scale sterile	ν	with KATRIN
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TRISTAN prototype (10/2015): 
characterize pile-up, backscattering, 

charge-sharing, etc.
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•  First measurements with 
KATRIN “as is” at reduced 
source strength 

•  Sensitivity studies and 
detector development 

•  High sensitivity sterile 
neutrino search after the 
neutrino mass measurement 
with new detector system 

courtesy S. Mertens  

TRISTAN prototype (10/2015): 
characterize pile-up, backscattering, 

charge-sharing, etc.
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•  First measurements with 
KATRIN “as is” at reduced 
source strength 

•  Sensitivity studies and 
detector development 

•  High sensitivity sterile 
neutrino search after the 
neutrino mass measurement 
with new detector system 

courtesy S. Mertens

➜ High-sensitivity keV sterile	ν	search probing cosmologically allowed      
     parameter space after the ν-mass measurement with KATRIN

  

TRISTAN prototype (10/2015): 
characterize pile-up, backscattering, 

charge-sharing, etc.

Collaboration with 
HLL Munich 
and LBNL
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Rear Section – design and assembly 

Major importance for systematics: 

• Precision e- source:  
column density monitoring 
and determination of energy loss 
function (scattering)
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Rear Section – design and assembly 

Major importance for systematics: 

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

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

06/18/20153

Rear Wall determines the WGTS plasma 
potential

e

Rear wall

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

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

Careful testing of the Rear Wall is 
required…

EVac

FS

eS

EVac

FS

eS

First Rear Wall candidate after bake out I

VII VIII

IX X

XI

Absolute value of CPD is smaller at the 
edge of the sample

• Rear Wall: 
stable and homogeneous 
electrostatic potential in the 
source plasma

K. Schönung, KIT

∅15 cm gold surface 
for homogeneity

work function test 
of smaller sample
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Closed-loop processing of molecular T2: 
-  isotopic purity > 90%  
-  1011 β decays / s 
-  40% no-loss electrons 
-  stability at level 10-3 

-  extensive control of systematics

54

WGTS – windowless gaseous source

10 m long beam tritium tube (Ø = 90 mm)

# 
m

ol
ec

ul
es

in

out

out

~1s

ρd = 5 · 1017 mol/cm2

closed tritium loop
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WGTS – windowless gaseous source
novel 2-phase neon cooling concept

[S. Grohmann et al., Cryogenics 55–56 (2013) 5]

T2 injection

T2 pumping

T2 pumping

16 m long  
complex cryostat

B = 3.6 T

Closed-loop processing of molecular T2: 
-  isotopic purity > 90%  
-  1011 β decays / s 
-  40% no-loss electrons 
-  stability at level 10-3 

-  extensive control of systematics
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WGTS – windowless gaseous source
novel 2-phase neon cooling concept

[S. Grohmann et al., Cryogenics 55–56 (2013) 5]

T2 injection

T2 pumping

T2 pumping

16 m long  
complex cryostat

B = 3.6 T

Closed-loop processing of molecular T2: 
-  isotopic purity > 90%  
-  1011 β decays / s 
-  40% no-loss electrons 
-  stability at level 10-3 

-  extensive control of systematics

KIT, September 2015
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CPS

Two large cryostat systems for overall tritium retention factor > 1014  

DPS

tritium free 

■ Differential Pumping Section DPS 
    active pumping by TMPs

■ Cryogenic Pumping Section CPS 
    cryosorption on Ar-frost at 3-4 K 

T2

Ar

Units for tritium pumping



K. Valerius | KATRIN57

Two large cryostat systems for overall tritium retention factor > 1014  

tritium free 

■ Differential Pumping Section DPS ■ Cryogenic Pumping Section CPS 
  

DPS site acceptance tests at 
KIT almost completed

5	T 5	T 5	T

Delivered to KIT 07/2015 
Installation started

Genoa, April 2015

Units for tritium pumping
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EMCS 
earth field compensation

2011: fully commissioned large Helmholtz coil system

Ø = 12.7 m

LFCS 
low-field fine-tuning 
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January 2012: 
Inner electrode system 
(24.000 wires in 2 layers!)  
completely mounted 
(precision: 200 µm)
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Bake-out at 300 (200)°C 
to achieve UHV conditions 
p < 10-11 mbar
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January 2012: 
Inner electrode system 
(24.000 wires in 2 layers!)  
completely mounted 
(precision: 200 µm)

Bake-out at 300 (200)°C 
to achieve UHV conditions 
p < 10-11 mbar

Trivia question: 
UHV recipient  — LHC vs. KATRIN?
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Detector system

• detection of β-electrons (mHz to kHz) 
• high efficiency (> 90%) 
• low background (< 1 mHz)  
➜  passive and active shielding 
➜  post-acceleration (10-30 kV) 

• good energy resolution (~1 keV)

• 90 mm Ø Si PIN diode 
• thin entry window (50 nm) 
• segmented wafer (148 pixels) 
➜ compensate field inhomogeneities 
➜ radial-dependent background 
➜ investigate systematic effects 

• detector magnet 3 - 6 T

Requirements:

Characteristics:
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1st avenue: exploit differential β spectrum

Idea: Upgrade to MAC-E-TOF spectrometer

Spectrometer as 24 m long “delay line” 
➜ very sensitive to small differences in 
surplus energy 

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

Coincidence requirement 
➜ add. background suppression 

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

[Bonn et al. (1999), Steinbrink et al. (2013), Robertson et al. (in prep.)]



K. Valerius | KATRIN63

2nd avenue: alternative spectroscopic technique
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2nd avenue: alternative spectroscopic technique

Energy measured via cyclotron frequency 
of single electrons in B field
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Figure 60. Allowed regions in the sin2(2✓new)–�m2
new plane from the combination of reactor neutrino

experiments, the Gallex and Sage calibration sources experiments, and the ILL and Bugey-3-energy spectra.
The data are well fitted by the 3+1 neutrino hypothesis, while the no-oscillation hypothesis is disfavored at
99.97% C.L (3.6 �).

I. Limit on Disappearance Derived from KARMEN and LSND ⌫e-Carbon
Cross Sections

The ⌫e-carbon cross section data from the KARMEN [482, 483] and LSND [484] experiments
have been interpreted within the context of electron neutrino oscillations at high �m2, leading to
the most stringent limit on electron-flavor disappearance relevant to sterile neutrinos [485]. Both
experiments measured the cross-section for the 2-body interaction ⌫e +

12 C !12 Ngs + e�. The
neutrino energy can be reconstructed by measuring the outgoing visible energy of the electron and
accounting for the 17.3 MeV Q-value, allowing a measurement of the cross section versus neutrino
energy. KARMEN and LSND were located at 17.7 m and 29.8 m respectively from the neutrino
source. The neutrino flux normalization is known to 10% [388, 486]. Thus, the consistency of
the two cross section measurements, as a function of antineutrino energy, sets strong limits on ⌫e
oscillations.

Fig. 61 shows the KARMEN and LSND energy-dependent ⌫e +
12 C !12 Ngs + e� cross sec-

tions [482–484]. Table XXII reports the corresponding flux-averaged cross sections measured by
KARMEN, LSND and the LANL E225 experiment [487], which was located 9 m from a decay-at-
rest source. Unfortunately, E225 did not publish energy-binned cross section measurements, and
so is not included in this analysis. The agreement between all three experiments is excellent.

Predictions for the cross section, also shown in Fig. 61, come from Fukugita, et al. [488] and by
Kolbe et al. [489]. Models follow a (E⌫ � Q)2 form, where Q = 17.3 MeV because the interaction

118

[G. Mention et al. (2011), updated in White Paper (2014)]
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rest source. Unfortunately, E225 did not publish energy-binned cross section measurements, and
so is not included in this analysis. The agreement between all three experiments is excellent.
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Both scales accessible in 

tritium β decay


