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Drei Fragen für diesen Vortrag:

[www.nobel.se]

Nobelpreis in Physik 2015  
für die Entdeckung, 
dass Neutrinos eine 

Masse besitzen

Welche besondere 
Bedeutung hat die 
Neutrinomasse?2

Art McDonald u. Takaaki Kajita

Wie will KATRIN der 
Neutrinomasse auf 
die Spur kommen? 3Was sind überhaupt 

Neutrinos?1

νe νµ ντ
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?

?

??
70% Dunkle Energie

? ?25%  
Dunkle Materie

In jedem cm3 des Universums  
sind 336 Neutrinos aus dem Urknall!

Das unsichtbare Universum
5% Materie

3

http://www.weltmaschine.de
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Neutrinos passieren Materie (fast) ungehindert!

Unfassbare Neutrinos

Von der Sonne 
erreichen uns in 
jeder Sekunde  
65 Milliarden 
Neutrinos pro cm2 !

Reaktor-ν 
bis zu 108 pro (s·cm2) 

(1 km Abstand)

Geo-ν 
~106 pro (s·cm2)

“Bio”-ν 
~4000 pro  
(s·Person) 

40K-Zerfall im 
Körper
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Was wissen wir über Neutrino-Eigenschaften?

Neutrinos im Standardmodell 
der Elementarteilchenphysik: 

3 Neutrinosorten (“Flavors”): 
νe , νµ und ν𝞃   + Antineutrinos 

Keine elektrische Ladung 

Nehmen nur an der schwachen 
Wechselwirkung teil  
(z.B. radioaktiver Zerfall) 

Als masselos angenommen
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Rätselhafte Neutrinos

Nachweis von Sonnen-Neutrinos in 
380 000 Litern Perchlorethylen

Homestake-Goldmine in South Dakota

Mr. Davis

Weniger als 1/3 der erwarteten Neutrinos detektiert! 
• Sonnenmodell falsch? Experiment fehlerhaft? 
• Neutrino-Eigenschaften?

Nobelpreis 2002 Nobelpreis 2015

Entdeckung der Neutrino-Oszillation löst nach 30 Jahren 
das solare Neutrinorätsel und bringt den Nachweis, dass 
Neutrinos eine Masse haben!

SNO, Kanada Super-Kamiokande, Japan
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Gemischte Neutrinos

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

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

● Oscillaton experiments: tny mass splitngs

● Which mass ordering (normal, inverted)?

● What is the absolute ν mass scale?

Wealth of ν oscillaton data:

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

L. Everet, Neutrino theory

P. Coloma, Oscillaton phen.

R. Volkas, Neutrino mass

~10-3 eV2

~10-5 eV2

➜ Neutrino-“Flavors” νe , νµ , ν𝞃  
werden aus Massenzuständen  
ν1 , ν2 , ν3  “gemischt” (wie Quarks) 

➜ 2 verschiedene Massenskalen Δm2 

➜ Absolute Skala = “offset” aus 
Oszillationen nicht messbar 

➜ Anordnung bestimmt kleinste 
erlaubte Neutrinomasse 

normale 
Anordnung

invertierte 
Anordnung ?oder→ Vortrag Michael Kobel
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Die Rolle der Neutrinomasse

Astro-
physik

Kosmo-
logie

Teilchen-
physik

Astro- 
Teilchen-

physik

Universum ohne      … mit Neutrinomasse

Kosmische 
Architekten

e–

H

Schlüssel zur Erzeugung von Masse 
➜ Rolle der Higgs-Teilchen?

Schlüssel zu astro-
physikalischen Ereignissen

Supernova 1987A

Neutrinos masselos im 
Standardmodell 
der Elementarteilchen
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   Neutrinomasse 

+ Elektronenmasse 

+ Bewegungsenergie

Zerfallsenergie = {

Beta-Zerfall: 
Fehlende Energie des Elektrons 
verrät uns die Neutrinomasse!!

Prinzip der Neutrinomassenmessung
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Halbwertszeit:   12,3 Jahre                 Zerfallsenergie: gesamt 18 600 eV

➜ Starke β-Quelle 
➜ Hochauflösendes Spektrometer

Bisher:   m(νe) < 2 eV 

Ziel KATRIN-Experiment: 
Verbesserung um Faktor 10 

Tritium-Betazerfall und die Neutrinomasse



K. Valerius | Das KATRIN-Experiment11

Kollaboration 2001 gegründet 
Heute: ~150 Mitglieder 
aus 20 Standorten in 6 Nationen

KATRIN: ein internationales Großforschungsprojekt
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0,000 000 000 000 000 000 000 000 000 000 000 000 1 kg

Tritiumquelle: 
100 Milliarden β-Zerfälle 
pro Sekunde

5·1010 e- / s
1000 e- / s

Spektrometer 
24 m Länge und 
10 m Durchmesser

< 1 e- / s

Detektor 
zählt Elektronen

Hochspanungs-Hindernis
-18600 V

Die genaueste Waage der Welt

12
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Schwache Magnetfelder: 
Erdfeld-Kompensation 
Spulen Ø ≈ 13 m

Ultrahochvakuum

Starke Magnetfelder

Tritium-Pumpen 
Fluss-Reduktion um 14 
Größenordnungen

Die genaueste Waage der Welt

→ Labortour mit Manuel Klein
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Donau 

Jochenstein-Schleuse           
      

Rhein

Mittelmeer

Eine unglaubliche Reise
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Die letzten 7 km 
… mit 30 000 Begleitern
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Innenleben des Spektrometers
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Karlsruher Institut für Technologie,  
Campus Nord

Wie kam KATRIN nach Karlsruhe?

Tritiumlabor Karlsruhe: 
europaweit einzigartig!→ Labortour mit Manuel Klein
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Erste β-Elektronen auf dem Detektor

Sa, 19. Mai 2018 Wissenschaftler und Studierende bei KATRIN
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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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… und erste β-Spektren analysiert:

Sehr gute Übereinstimmung in Rate und Form des Spektrums!

N
eu
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no

m
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se

Viel Arbeit für die Analysegruppe …
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Die Jagd nach der Neutrinomasse hat begonnen

13.09.19, Toyama/Japan

2015: Beamline komplett (~70 m) 

2016-2018: Inbetriebnahme 

2019: Erstes Neutrinomassen-Ergebnis 

Wenige Wochen Daten (von insgesamt  
5 Jahren) bringen schon weltbeste 
Empfindlichkeit:  
m(ν) < 1.1 eV ! 

Nächste Datennahme 
beginnt am Montag! 
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Zusammenfassung und Ausblick

Die Torte ist 
angeschnitten …

… aber der Kuchen 
noch lange nicht 
gegessen!
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Ergänzungsmaterial
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Neutrinomasse zum Nachlesen

Physik in Unserer Zeit, Mai 2020 → link

Den kosmischen 
Leichtgewichten auf der Spur
Neutrinomassen‐Experiment KATRIN liefert 
erste Ergebnisse

https://onlinelibrary.wiley.com/doi/full/10.1002/piuz.202001576
https://onlinelibrary.wiley.com/doi/full/10.1002/piuz.202001576
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tief im antarktischen Eisim Inneren der Sonne … und der Erde in Minenschächten

Neutrinos … 

… geben uns 90 Jahre nach ihrer „Erfindung“ noch immer Rätsel auf 

… sind schwer zu fassen — aber sie sind überall! 
 
 
 
 
 
 

… können sich im Flug in andere Neutrino-Arten umwandeln 

… haben bisher das Geheimnis ihrer Masse nicht preisgegeben!

24
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Ultrahoch- Vakuum

Präzisions- Hochspannung

Kryotechnik Supraleitende 
Magnete

Computer- simulationen

Tritium- 

Technologie

Schon erste Daten liefern weltbeste Eingrenzung der Neutrinomasse!

KATRIN: der Neutrinomasse auf der Spur
Die genaueste Teilchenwaage der Welt hat im Frühjahr 2019 ihren Betrieb aufgenommen:
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Gemischte Neutrinos

[www.particlezoo.net]

… und 3 Neutrino-Massen:

ν1 ν3

ν2

Propagation von Neutrinos

Neutrinos können “im Fluge” ihre 
Identität wechseln!

3 Neutrino-Sorten

Elektron- 
Neutrino 

νe

Myon- 
Neutrino 

νµ

Tau- 
Neutrino 

ν𝛕

Erzeugung und Detektion von Neutrinos

Massenzustände ν1, ν2, ν3 haben unterschiedliche 
“Ausbreitungsgeschwindigkeit”

Quantenmechanische  
Zustands-Mischung
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en the reappearance of the original
pe of neutrino. The interference can

ccur only if the two matter waves have
fferent masses. Thus, the mechanics
 oscillation start from the assumption
at the lepton weak and mass states 
e not the same and that one set is

omposed of mixtures of the other set
 a manner entirely analogous to 
e descriptions of the quark weak and
ass states in Figure 8. In other words,
ere must be mixing among the leptons
 there is among the quarks.

In the examples of quark mixing 
described earlier, the quarks within the
composite particles (proton, neutron,
lambda) start and end as pure mass
states, and the fact that they are mix-
tures of weak states shows up through
the action of the weak force. When a
neutron decays through the weak force
and the d quark transforms into a u,
only a measurement of the decay rate
reflects the degree to which a d quark is
composed of the weak state d′. In 
contrast, in neutrino oscillation experi-

ments, the neutrinos always start and
end as pure weak states. They are 
typically created through weak-force
processes of pion decay and muon
decay, and they are typically detected
through inverse beta decay and inverse
muon decay, weak processes in which
the neutrinos are transmuted back to
their charged lepton partners. Between
the point of creation and the point of
detection, they propagate freely, and if
they oscillate into a weak state from a
different family, it is not through the

The Oscillating Neutrino

Number 25  1997  Los Alamos Science  0 Los Alamos Science Number 25  1997
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action of the weak force, but rather
through the pattern of interference that
develops as the different mass states
composing the original neutrino state
evolve in time.

To see how the oscillation depends
on the masses of the different neutrino
mass states as well as the mixing angles
between the lepton families, we limit
the discussion to the first two families
and assign the mixing to the electron
neutrino and the muon neutrino (the
halves of the lepton weak doublets with
I3

w 5 1/2, as shown in Figure 5). 
Instead of expressing the mass states in
terms of the weak states, as was done
in Equation (3), we can use the alter-
nate point of view and express the 
neutrino weak states |nel and |nml as
linear combinations of the neutrino
mass states |n1l and |n2l with masses m1
and m2, respectively (where we have 
assumed that m1 and m2 are not equal). 
Figure 14(a) illustrates this point of
view. It shows how the weak states and
mass states are like alternate sets of
unit vectors in a plane that are related
to each other by a rotation through an
angle u. The rotation, or mixing, yields 
the following relationships: 

|nel 5 cosu|n1l 1 sinu|n2l ;
(7)

|nml 5 2sinu|n1l 1 cosu|n2l .

The mixing angle u is the lepton
analog of the Cabibbo mixing angle for
the quarks. If u is small, then cosu is
close to 1, and the electron neutrino is
mostly made of the state with mass m1,
whereas the muon neutrino is mostly
made of the state with mass m2. If the
mixing angle is maximal (that is, u 5
p/4, so that cosu 5 sin u 5 1/œ2w ),
each weak state has equal amounts of
the two mass states. 

To see how oscillations can occur,
we must describe the time evolution 
of a free neutrino. Consider a muon
neutrino produced by the weak force at 
t 5 0. It is a linear combination of two
mass states, or matter waves, that are,
by the convention in Equation (7) 
exactly 180 degrees out of phase with

one another. In quantum mechanics, the
time evolution of a state is determined
by its energy, and the energies of the
mass states are simply given by 

Ek 5 œpw2cw2w1w mwk
2wc4w  , (8)

where p is the momentum of the 
neutrinos and mk (k = 1, 2) is the mass
of the states n1 and n2, respectively.
Note that, if the particle is at rest, this
is just the famous energy relation of
Einstein’s special relativity, E 5 mc2.
In quantum mechanics, the time evolu-
tion of each mass component nk is 
obtained by multiplying that component
by the phase factor exp[2i(Ek/h–)t], 
and thus the time evolution of the muon
neutrino is given by 

|nm(t)l 5 2sin u exp[2i(E1/h–)t]|n1l 
1cos u exp[2i(E2/h–)t]|n2l (9)

as discussed in the box “Derivation of
Neutrino Oscillations” on the next page.
Because the two states |n1l and |n2l
have different masses, they also have
different energies (E1 is not equal 
to E2), and the two components evolve
with different phases.

Figure 14(b) plots the wavelike 
behavior of each of the mass compo-
nents (red and yellow) and shows how
the relative phase of the two 
components varies periodically in time.
At t 5 0, the two components add up 
to a pure muon neutrino (a pure weak
state), and their relative phase is p. As
their relative phase advances in time, the
mass components add up to some linear
combination of a muon neutrino |nml
and an electron neutrino |nel, and when
the relative phase has advanced by 2p,
the components add back up to a muon
neutrino. The relative phase oscillates
with a definite period, or wavelength,
that depends on the difference in the 
energies of the two mass components, 
or equivalently, the squared mass 
differences, Dm2 5 m1

2 2 m2
2. 

In quantum mechanics, observations
pick out the particle rather than the
wave aspects of matter, and in the case
of neutrinos, they pick out the weak-

interaction properties as opposed to the
free-propagation characteristics of mass
and momentum. So, in an individual
measurement of an event, there are only
two possibilities: to detect the muon
neutrino or the electron neutrino, but
not some linear combination. Thus,
what is relevant for an experiment is
the probability that the muon neutrino
remains a muon neutrino at a distance x
from its origin, P(nm → nm), or the proba-
bility that the muon neutrino has trans-
formed into an electron neutrino, 
P(nm → ne). The box “Derivation of Neu-
trino Oscillations” on the next page
shows how to calculate these probabili-
ties from the time-evolved state. 
The results are

P(nm→nm) 5 12sin22u sin2(}
l
p

o

x
sc
})  (10)

and 

P(nm→ne) 5 sin22u sin2(}
l
p

o

x
sc
})  ,   (11)

where u is the mixing angle defined
above, x is measured in meters, and
losc is the oscillation length given in
meters. The oscillation length (the dis-
tance between two probability maxima
or two probability minima) varies with
the energy of the neutrino En (in
million electron volts), and it also 
depends on the squared mass difference
(in electron volts squared):

losc5 2.5En /Dm2  , (12)

The two probabilities in Equations (10)
and (11) oscillate with distance x from
the source, as shown in Figure 14(c). 

To summarize, a muon neutrino pro-
duced at t 5 0 travels through space at
almost the speed of light c. As time
passes, the probability of finding the
muon neutrino P(nm → nm) decreases
below unity to a minimum value of 
1 2 sin22u and then increases back to
unity. This variation has a periodicity
over a characteristic length losc > cT,
where T is the period of neutrino oscil-
lation. The oscillation length varies 
inversely with Dm2. The probability 
of finding an electron neutrino in place

igure 14. Neutrino Oscillations in
he Two-Family Context
a) Neutrino mass states and weak states.
he weak states ne and nm are shown as
olor mixtures of the mass states n1 (yellow)
nd n2 (red), and the mixing matrix that 
otates n1 and n2 into ne and nm is shown
elow the weak states. Each set of states is
so represented as a set of unit vectors in a
ane. The two sets are rotated by an angle
relative to each other. 

b) Time evolution of the muon neutrino.
he nm is produced at t 5 0 as a specific 
near combination of mass states: 

m 5 2sinu n1 1 cosu n2. The amplitude of
ach mass state is shown oscillating in time
ith a frequency determined by the energy
 that mass state. The energies of the two
ates are different because their masses
re different, m1 fi m2. Each time the two
ass states return to the original phase 

elationship at t 5 0, they compose a pure

m. At other times, the two mass states have
 different phase relationship and can be
ought of as a mixture of nm and ne. 

c) Neutrino oscillation. Because the two
ass components interfere with each other,
e probability of finding a muon neutrino

purple) oscillates with distance from 
e source. The probability of finding an
ectron neutrino in its place also oscillates,
nd in the two-family approximation, the 
um of the probabilities is always 1. The
avelength of this oscillation losc increases
s the masses of the two neutrinos get 
oser in value.

The Oscillating Neutrino
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Kosmische Chamäleons

νe νµν𝛕 νe νµν𝛕

νe können im  
Homestake-Experiment 
nachgewiesen werden

… νµ und ν
𝛕
 aber nicht!

Mr. Davis

Flugstrecke
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