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4 Nobel Prizes for Neutrino Physics
19881995

“Herr Auge”
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4 Nobel Prizes for Neutrino Physics
2002

Homestake KamiokaNDE

2015

Super-KamiokaNDE SNO

Why are neutrino 

masses so important?
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mass generation: 
new concepts

ν

SM
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Σ mν  =   0 eV                         6.9 eV

massive neutrinos as  
“cosmic architects”

Neutrino burst from SN 1987a

understanding 
astrophysical processes

Matter effects in the sun

The role of massive neutrinos
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Introduction:  

Neutrino masses & mixing 

Methods to measure neutrino masses 

Neutrino mass searches using kinematics: 

Beta decay of Tritium (3H) 

Electron capture in Holmium (163Ho) 

Summary & outlook

6

What’s on the menu today?

Tagungsstätte Neckarzimmern

B-Workshop
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- 3 mixing angles: θ12, θ23, θ13,  

- 1 CP-violating phase: δ
- 2 independent Δm2 scales:

Three-flavour neutrino mixing

2
23

2
12

2
13 mmm Δ+Δ=Δ

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

(PMNS)
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1. & 2. Generation2. & 3. generation 1. & 3. generation 1. & 2. generation
Δm23

2 = 2.5 × 10-3 eV2 Δm13
2 = 2.5 × 10-3 eV2 Δm12

2 = 7.6 × 10-5 eV2

± 6% ± 6% ± 7%

θ23 ≈ 45° (maximal) θ13 ≈ 8.5° (small) θ23 ≈ 34° (large)

± 16% ± 5%  ± 7%
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Three-flavour neutrino mixing 
— present experimental values

NuFIT 3.0   [Esteban et al., JHEP 01 (2017) 087]

3σ uncertainty, 
including ordering

3σ uncertainty, 
including ordering
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Figure 3. Dependence of the global ∆χ2 function on the Jarlskog invariant. The red (blue) curves
are for NO (IO).

leptonic mixing matrix:

|U | =

⎛

⎜⎝
0.800 → 0.844 0.515 → 0.581 0.139 → 0.155

0.229 → 0.516 0.438 → 0.699 0.614 → 0.790

0.249 → 0.528 0.462 → 0.715 0.595 → 0.776

⎞

⎟⎠ . (2.1)

Note that there are strong correlations between the elements due to the unitary constraint.

The present status of the determination of leptonic CP violation is illustrated in fig-

ure 3. In the left panel we show the dependence of∆χ2 of the global analysis on the Jarlskog

invariant which gives a convention-independent measure of CP violation [57], defined as

usual by:

Im
[
UαiU

∗
αjU

∗
βiUβj

]
≡ Jmax

CP sin δ = cos θ12 sin θ12 cos θ23 sin θ23 cos
2 θ13 sin θ13 sin δ (2.2)

where we have used the parametrization in eq. (1.1). Thus the determination of the mixing

angles yields at present a maximum allowed CP violation

Jmax
CP = 0.0329± 0.0007 (+0.0021

−0.0024) (2.3)

at 1σ (3σ) for both orderings. The preference of the present data for non-zero δCP implies

a best fit value Jbest
CP = −0.033, which is favored over CP conservation with ∆χ2 = 1.7.

These numbers can be compared with the size of the Jarlskog invariant in the quark sector,

which is determined to be Jquarks
CP = (3.04+0.21

−0.20)× 10−5 [58].

In figure 4 we recast the allowed regions for the leptonic mixing matrix in terms of

one leptonic unitarity triangle. Since in the analysis U is unitary by construction, any

given pair of rows or columns can be used to define a triangle in the complex plane.

In the figure we show the triangle corresponding to the unitarity conditions on the first

and third columns which is the equivalent to the one usually shown for the quark sector.

– 7 –

➜ Structure of leptonic mixing matrix very different from CKM matrix:
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How do we know all this?

➜ collected “world data” from many different experiments

2. & 3. generation 1. & 3. generation 1. & 2. generation
Δm23

2 = 2.5 × 10-3 eV2 Δm13
2 = 2.5 × 10-3 eV2 Δm12

2 = 7.6 × 10-5 eV2

θ23 ≈ 45° (maximal)
 θ13 ≈ 8.5° 

θ13 ≈ 8.5° (small) θ23 ≈ 34° (large)

solar 
& reactor exp.

MeV, νe (νe)−

SNO KamLAND

atmospheric  
& long-baseline 
accelerator exp.

GeV, νµ (νµ)−

Tokai - Kamioka (T2K)

reactor & 
long-baseline 
accelerator exp.

Double Chooz

GeV, νµ (νµ)−
MeV, νe−
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• Large neutrino mixing and tiny neutrino masses m(νi) ≠ 0 established 
 
 
 
 
 
 
 

 

• Which mass ordering (normal, inverted)? 

• What is the absolute ν mass scale?

10

Results of ν-oscillation experiments

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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2 = (2.32−0.08
+0.12)×10−3
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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

[symmetrymagazine.org]

New! 

BSM physics!

So far: only upper (< 2 eV) and lower bounds (>0.01    resp.    >0.05 eV)So far: only upper (< 2 eV) and lower bounds (>0.01    resp.    >0.05 eV)
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Well, then, 
    how to determine the neutrino mass scale?

Astrophysicist’s answer: Use astrophysical data!

➡ Estimate ν mass from energy-dependent time of flight. Current limit: m(νe) < 5.7 eV. 
➡ Purely kinematical. Main difficulties: (a) rare! (b) emission model!

Core-collapse SN 1987a in LMC

today 24. Feb. 1987

[Loredo et al., 2005]
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Well, then, 
    how to determine the neutrino mass scale?

Cosmologist’s answer: Use cosmological data!

Ade et al. (Planck Coll.), arXiv:1502.01589



K. Valerius | Neutrino mass measurements13

http://icc.dur.ac.uk/Images/2df_slice_black_big.gif

Σ mν  =    0 eV                      6.9 eV *
[T. Haugbølle, Univ. of Aarhus]

Neutrino mass from cosmology

CMBR

Large scale structure 
(2dF, SDSS, …)

cold dark matter 
+ 

relic neutrino 
density: 

336 ν /cm3
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 Tool  Cosmology 
 CMB + LSS + ...

 Neutrinoless double    
 β-decay

 β-decay endpoint  
 and EC

 Observable

 Present upper limit  0.15 – 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 
- phase cancellations   

possible 
- nucl. matrix elements

 Direct, only kinematics;   
 no cancellations in  
 incoherent sum

hm��i =

������

3X

j=1

|Uej |2 mj e
i↵j

������
m2

� =
3X

i=1

|U2
ei|m2

i

X
m⌫ =

3X

i=1

mi

Well, then, 
    how to determine the neutrino mass scale?
Experimentalist’s  
answer: 
3 complementary 
paths!
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Kinematics of weak decays: 
“direct” ν mass search
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The Missing Energy and the
Neutrino Hypothesis

During the early decades of this 
entury, when radioactivity was first
eing explored and the structure of the
tomic nucleus unraveled, nuclear beta
ecay was observed to cause the trans-

mutation of one element into another.
n that process, a radioactive nucleus
mits an electron (or a beta ray) and 
ncreases its positive charge by one 
nit to become the nucleus of another
lement. A familiar example is the beta
ecay of tritium, the heaviest isotope 
f hydrogen. When it undergoes beta
ecay, tritium emits an electron and
urns into helium-3. 

The process of beta decay was 
udied intensely. In particular, 

cientists measured the energy of the
mitted electron. They knew that a 
efinite amount of nuclear energy was
eleased in each decay reaction and
hat, by the law of energy conservation,
he released energy had to be shared by 
he recoil nucleus and the electron. 

The requirements of energy conser-
ation, combined with those of momen-
um conservation, implied that the 
lectron should always carry away the
ame amount of energy (see the box
Beta Decay and the Missing Energy”
n the facing page). That expectation
eemed to be borne out in some experi-

ments, but in 1914, to the great conster-
ation of many, James Chadwick
howed definitively that the electrons
mitted in beta decay did not have one
nergy or even a discrete set of ener-
ies. Instead, they had a continuous
pectrum of energies. Whenever the
lectron energy was at the maximum
bserved, the total energy before and
fter the reaction was the same, that is,
nergy was conserved. But in all other
ases, some of the energy released in
he decay process appeared to be lost. 

In late 1930, Wolfgang Pauli 
ndeavored to save the time-honored
aw of energy conservation by propos-
ng what he himself considered a 
desperate remedy” (see the box “The

Desperate Remedy” on this page)—

4 December 1930
Gloriastr.

Zürich
Physical Institute of the
Federal Institute of Technology (ETH)
Zürich
Dear radioactive ladies and gentlemen,
As the bearer of these lines, to whom I ask you to listen

graciously, will explain more exactly, considering the
‘false’ statistics of N-14 and Li-6 nuclei, as well as the
continuous b-spectrum, I have hit upon a desperate remedy 
to save the “exchange theorem”* of statistics and the energy
theorem. Namely [there is] the possibility that there could
exist in the nuclei electrically neutral particles that I
wish to call neutrons,** which have spin 1/2 and obey the
exclusion principle, and additionally differ from light quan-
ta in that they do not travel with the velocity of light:
The mass of the neutron must be of the same order of magni-
tude as the electron mass and, in any case, not larger than
0.01 proton mass. The continuous b-spectrum would then become
understandable by the assumption that in b decay a neutron
is emitted together with the electron, in such a way that
the sum of the energies of neutron and electron is constant.

Now, the next question is what forces act upon the neu-
trons. The most likely model for the neutron seems to me to
be, on wave mechanical grounds (more details are known by
the bearer of these lines), that the neutron at rest is a
magnetic dipole of a certain moment m. Experiment probably
required that the ionizing effect of such a neutron should
not be larger than that of a g ray, and thus m should prob-
ably not be larger than e.10-13 cm.

But I don’t feel secure enough to publish anything 
about this idea, so I first turn confidently to you, dear 
radioactives, with a question as to the situation concerning
experimental proof of such a neutron, if it has something
like about 10 times the penetrating capacity of a g ray.

I admit that my remedy may appear to have a small a
priori probability because neutrons, if they exist, would
probably have long ago been seen. However, only those who
wager can win, and the seriousness of the situation of the
continuous b-spectrum can be made clear by the saying of my
honored predecessor in office, Mr. Debye, who told me a short
while ago in Brussels, “One does best not to think about
that at all, like the new taxes.” Thus one should earnestly
discuss every way of salvation.—So, dear radioactives, put 
it to test and set it right.—Unfortunately, I cannot 
personally appear in Tübingen, since I am indispensable here
on account of a ball taking place in Zürich in the night
from 6 to 7 of December.—With many greetings to you, also to
Mr. Back, your devoted servant,

W. Pauli

*In the 1957 lecture, Pauli explains, “This reads: exclusion
principle (Fermi statistics) and half-integer spin for an odd
number of particles; Bose statistics and integer spin for an
even number of particles.”

This letter, with the footnote above, was printed in the September 1978 issue of 
Physics Today.

**Pauli originally called the new particle the neutron (or the “neutral one”). Later, Fermi 
renamed it the neutrino (or the “little neutral one”). 

Number 25  1997  Los Alamos Science  

The Reines-Cowan Experiments

Beta Decay and the Missing Energy

In all types of radioactive decay, a radioactive nucleus does not only emit alpha, beta, or gamma radiation, but it also converts
mass into energy as it goes from one state of definite energy (or equivalent rest mass M1) to a state of lower energy (or smaller
rest mass M2). To satisfy the law of energy conservation, the total energy before and after the reaction must remain constant, so
the mass difference must appear as its energy equivalent (kinetic energy plus rest mass energy) among the reaction products. 

Early observations of beta decay suggested that a nucleus 
decays from one state to a state with one additional unit of
positive charge by emitting a single electron (a beta ray). 
The amount of energy released is typically several million
electron volts (MeV), much greater than the rest mass energy
of the electron (0.51 MeV). Now, if a nucleus at rest decays
into two bodies—the final nucleus and the electron—the law 
of momentum conservation implies that the two must separate
with equal and opposite momentum (see top illustration).
Thus, conservation of energy and momentum implied that the
electron from a given beta-decay process would be emitted
with a constant energy.

Moreover, since a nucleus is thousands of times heavier than
an electron, its recoil velocity would be negligible compared with
that of the electron, and the constant electron energy would
carry off just about all the energy released by the decay.

The graph (center) shows the unexpected results obtained
from experiment. The electrons from beta decay were not
emitted with a constant energy. Instead, they were emitted
with a continuous spectrum of energies up to the expected
value. In most instances, some of the energy released in the
decay appeared to be lost. Scientists of the time wondered
whether to abandon the law of energy conservation when 
considering nuclear processes.

Three-Body Decay and the Neutrino Hypothesis. 
Pauli’s solution to the energy crisis was to propose that the
nucleus underwent beta decay and was transformed into three
bodies: the final nucleus, the electron, and a new type of 
particle that was electrically neutral, at least as light as the
electron, and very difficult to detect (see bottom illustration).
Thus, the constant energy expected for the electron alone was
really being shared between these two light particles, and the
electron was being emitted with the observed spectrum of 
energies without violating the energy conservation law. 

Pauli made his hypothesis in 1930, two years before Chadwick
discovered the neutron, and he originally called the new parti-
cle the neutral one (or neutron). Later, when Fermi proposed his famous theory of beta decay (see the box “Fermi’s Theory of
Beta Decay and Neutrino Processes” on the next page), he renamed it the neutrino, which in Italian means the “little neutral one.” 

Two-Body Final State

Three-Body Final State

Energy
Endpoint of
spectrum

Expected 
electron
energy

Nu
m

be
r o

f e
le

ct
ro

ns

Electron and 
neutrino share 
the available 
energy.

Tritium (2, 1)

Helium-3 (1, 2)

e–

(N, Z)       (N − 1, Z + 1) + e– ,  

Electron Antineutrino

(N, Z)       (N − 1, Z + 1) + e– + ν  .

where N = number of neutrons, and
Z = number of protons.

Observed
   spectrum of
      energies

Tritium (2, 1)

Helium-3 (1, 2)

Recoil nucleus and 
electron separate 
with equal and 
opposite momentum.

he Reines-Cowan Experiments

Los Alamos Science Number 25  1997

The Desperate Remedy

16

1930: Wolfgang Pauli’s “desperate remedy” to solve the problem 
of apparent violation of energy & momentum conservation in β decay 
postulation of new particle: neutral, spin ½, weak interaction

β decay and neutrino mass



K. Valerius | Neutrino mass measurements17

β decay and neutrino mass

• Model independent neutrino mass measurement: 
based solely on kinematic variables (E0, Ee, pe, me) and energy conservation 

• Elusive neutrino escapes undetected, only electron energy is measured

E. Fermi, 1934

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

p e-

νe
—

n
1934: Fermi 4-point int.

n

p e-

νe
W-

—

1938 (Yukawa, Klein et al.): 
boson-mediated weak int.
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Direct kinematic determination of m(νe)
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1x10-13
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-2 -1 0
0

5x10-21
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E0 = 18575

β 
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electron energy E in eV

 m
ν
 = 0000 meV

 m
ν
 = 1000 meV

 

E - E0 in eV

d�
dE = C F (Z,E) p (E +me) (E0 � E)

P
i |Uei|2

p
(E0 � E)2 �m2(⌫i)

spectral distortion measures  
“effective” mass square:
m2(⌫e) :=

P
i |Uei|2 m2

i

Key requirements: 
• high-activity source 
• low-endpoint β emitter (3H)  

or EC isotope (163Ho) 
• excellent energy resolution 

(MAC-E filter or calorimeter)

kinematic measurement can  
probe for heavier neutrino states  
➜ eV-scale and keV-scale sterile ν
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Moore’s Law of direct neutrino mass searches

Courtesy J.F. Wilkerson/R.G.H. Robertson

tritium (3H) 
β spectroscopy

rhenium (187Re) 
β calorimetry

upcoming (KATRIN: 200 meV)
degeneracy scale

future approaches
hierarchy scale

present limits (2 eV)
ν ruled out as DM

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

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

magnetic

source

detector

Principle: magnetic guiding, momentum analysis
Δp/p = 7 × 10-4 

δΩ small

electrostatic U

Principle: magnetic guiding, transformation cycl. → long. energy, 
energy analysis by retardation potential

ΔE/E = 1 × 10-5 

δΩ ~ 2π

MAC-E-Filter

source detector
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MAC-E principle: Mainz, Troitsk, KATRIN 

isotropic emission of e-

magnetic guiding  
& adiabatic collimation

electrostatic filtering

counting

eU0

adapted from T. Thümmler

µ =

E?
B

= const.

E? �! Ek

�E

E
=

B
min

B
max

low-pass filter for EII > eU0 
filter width ΔE:
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The Karlsruhe Tritium Neutrino Experiment
Sensitivity: 2 eV ➜ 0.2 eV 
‣ Improvement x100 in statistics and systematics 
‣ Background comparable to predecessors 
‣ Scaled-up dimensions; 70 m total beam line

windowless  
gaseous T2 source  

1011 e- / s

tritium pumping  
& e- transport 

gas flow reduction by 1014

high-resolution electron 
spectrometer 

ΔE < 1 eV @ 18 keV 
long-term stable E scale 

low background

electron 
detector  
< 1 e- / s
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Looks good on paper, but …
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Status of the KATRIN source

Gaseous molecular tritium source of 
• high activity (~170 GBq) 
• high isotopic purity (εT  > 95%) 
• high stability (0.1%) 

Extensive control of systematics 
Gas column: 40% no-loss electrons

Sept. 2015 June 2016

✓  Mechanical and cryo-   
     infrastructure complete 
✓  Test of 800 sensors & valves

KIT – The Research University in the Helmholtz Association
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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
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ty
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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

Pt500

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
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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

𝑒−
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Source: Beam-tube cooling performance

Novel 2-phase neon  
beam tube cooling system 
successfully tested 
(Nov. 2016)

Stability of beam tube temperature 
surpassing specifications

[A. Marsteller, H. Seitz-Moskaliuk]

Axial temperature profile along 10 m beam tube

measured: ± 10 mK / 48 h
specified:   ± 30 mK / h
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‣ fully adiabatic, lossless electron transport in 5.6 T magnetic field 
‣ reduction of T2 flow rate towards spectrometers by factor >1014  

by magnetic chicane with differential and cryo-pumping 
‣ blocking of ion flux by electrostatic barrier

Status of transport & pumping sections

active differential pumping with TMPs  
status: magnets, beam tubes installed & tested,  
next: instrumentation (FT-ICR)

T2

Ar

passive cryo-pumping with Ar frost at 3-4 K  
status: cool-down to 3.5 K successful, s.c. 
magnets operational; next: Ar operation tests

July 2015
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KATRIN spectrometer status

Inner electrode system

Large Helmholtz coil system

solenoid

electrode
analysing plane

solenoid

Magnetic Adiabatic Collimation and Electrostatic Filter

�E

E
=

B
min

B
max

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.
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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
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UHV system for ~1500 m3 spectrometer 
p ~ 10-11 mbar
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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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energy spread 
σ ~ 200 meV 

at 18.6 keV
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specification

energy filter works 
as expected 
(limited by e-gun)

HV stability 
(post-regulation): 
ΔU/U ~ 1 ppm 

2013-2015

KATRIN spectrometer: filter characteristics
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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 

219Rn 
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40K, …   external radioactivity 
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γ 
BBR 

Penning 
discharge 

field 
emission 

internal 
radioactivity 

UV 

FPD 

H+ 

cosmic 
muons 

H- 

insulator 
processes 

NR 

• 8 sources of background investigated and understood 
• 7 out of 8 avoided or actively eliminated by  

-  fine-shaping of special electrodes 
-  symmetric magnetic fields 
-  LN2-cooled baffles (cold traps) 
-  wire electrode grids

• 1 out of 8 remaining:  
caused by 210Pb on spectrometer 
walls (neutral H* atoms ionised by 
black-body radiation in 
spectrometer)

(✓)

Background mitigation in MAC-E filters
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• Relative shape measurement of 
integrated β spectrum 

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

• After 3 yrs of data (~5 cal. yrs): 
balance of statistics and 
systematics  

full	beam	time	[months]

s
e
n
s
it
iv
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y
	9
0
%
	C
L
	[
m
e
V
]

200	meV:	90%	CL	
350	meV:	5σ
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KATRIN: ν-mass sensitivity
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KATRIN milestone: “First Light”

technical inauguration 
of KATRIN  

with photoelectrons 
October 14, 2016
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Major importance for systematics: 
• precision determination of overall 

transmission function  
(requirements: ~few degree angular selectivity 
and ~100 meV energy resolution) 

• determination of energy loss function 
• in-line column density monitoring

Installation of precision electron source (“e-gun”)

KATRIN: Next steps

[K. Valerius et al., JINST 6 (2011) P01002; 
J. Behrens et al., arXiv:1703.05272]

tritium 
source

21.03.2017
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KATRIN: Next steps
Connection & testing of tritium gas circuits 
integration with existing infrastructure from TLK fusion research

DPS2 CPS

p-	&	T-	
controlled	
buffer		
vessel

Buffer		
vessel

Buffer		
vessel

6x 8x

HeliumArgon

Outer Loop  
@ CMS

Outer Loop  
@ DPS

Outer Loop  
@ CPS

Inner Loop  
@ WGTS

Inner Loop @ ISS 
(stabilised tritium 

injection)

CMS

Tritium	recovery	&	isotope	separation
Central	Tritium	
Retention	System

1,8 mbarℓ/s <10-2 mbarℓ/s <10-7 mbarℓ/s <10-14 mbarℓ/s

Tritium	source	(WGTS) Transport	sectionCMS

Laser  
Raman

WGTS  
tube

DPS1-R DPS1-F
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KATRIN: Next steps
Connection & testing of tritium gas circuits 
integration with existing infrastructure from TLK fusion research

DPS2 CPS

p-	&	T-	
controlled	
buffer		
vessel

Buffer		
vessel

Buffer		
vessel

6x 8x

HeliumArgon

Outer Loop  
@ CMS

Outer Loop  
@ DPS

Outer Loop  
@ CPS

Inner Loop  
@ WGTS

Inner Loop @ ISS 
(stabilised tritium 

injection)

CMS

Tritium	recovery	&	isotope	separation
Central	Tritium	
Retention	System

1,8 mbarℓ/s <10-2 mbarℓ/s <10-7 mbarℓ/s <10-14 mbarℓ/s

Tritium	source	(WGTS) Transport	sectionCMS

Laser  
Raman

WGTS  
tube

DPS1-R DPS1-F
• Comprehensive commissioning 

programme to characterize full integrated 
system during summer - fall 2017 

• gas circulation & purification tests 
• verification of pumping efficiencies 
• calibration & monitoring systems  

(e-gun, activity monitors, …) 
• determination of energy loss function 
• conversion electron lines from 83mKr 

• First tritium operation in spring 2018
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• Direct neutrino mass determination 
using kinematics (3H β decay) 

 
 

• KATRIN experiment in final 
commissioning phase 
➜ start data-taking in spring 2018

37

• Discovery of non-zero neutrino 
masses ➜ incompleteness of the 
Standard Model 
 
 
  

• Mass scale & pattern remain to be 
uncovered! 

• Increasingly stringent bounds from 
cosmology ➜ ΛCDM paradigm

ν

SM

Intermediate summary

Stay tuned!
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MAC-E 
technique does not 

scale further

∅100 m spectrometer ???
- energy resolution 
- source luminosity
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Figure 5. Integrated b -spectrum at KATRIN. The upper right part shows the expected count rates at
KATRIN with nominal source strength and expected background rate of 10�2 cps. The influence of a non-
vanishing neutrino mass is only visible close to the endpoint energy E0. Nevertheless, the maximal range
of measurements is extended to [E0 �30eV,E0 +5eV] to accumulate statistics, determine the general shape
and especially gain information on E0 that is a free fit parameter. The lower part of the graphics shows
the influence of two major systematic effects at KATRIN: The ro-vibrational final states (see section 3.1)
lie a few eV below the endpoint energy and therefore influence the measurement at every point. Higher
excitations as well as energy losses due to inelastic scattering (section 3.2) only occur below 10 eV below
E0 and have to be considered for low spectrometer retarding energies qU .

potential is based on the transmission characteristics of the experimental setup, which is parame-
terized together with energy losses of electrons by the response function R(E,qU). In addition to
the signal electrons, a background rate ṄBG is expected.

The desired neutrino mass square m2(ne) is then obtained by fitting (4.1) with E0 and m2(ne)240

as free fit parameters to measured count rates [8].

5. Source simulations and spectral influences

The developed software package "Source Spectrum Calculation" SSC comprises the description of
the differential and integrated b -spectrum as discussed in sections 3 and 4. In addition, SSC unites
various models that are needed to describe the tritium source itself: The magnetic field strength, the245

density distribution and the temperature profile that were already presented in section 2. To con-
sider small inhomogeneities of source parameters, the main concept of SSC is to virtually divide the
source into small volumina where local physical parameters like density or temperature are nearly

– 11 –

Integrated β 
spectrum: loss of 

information

Final state 
uncertainty in 
molecular T2

How to further improve ν-mass sensitivity?

Problems:
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Several avenues 
towards improvement:

New developments

CRES technique Micro-calorimeters

ToF spectro
scopy
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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.)]
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Non-destructive measurement of 
electron energy via cyclotron 
frequency:

!(�) =
!c

�
=

eB

Ekin +me

UW Seattle, MIT, UCSB, 
Pacific NW, CfA, Yale, 

Livermore, KIT, U Mainz

Novel Technique: CRES

3H-3H
B⃗

• Enclosed 
volume

• Fill with 
tritium gas

• Add a 
magnetic 
field

• Decay 
electrons 
spiral 
around 
field lines

• Add 
antennas 
to detect 
the 
cyclotron 
radiation

e-

Cyclotron Radiation Emission Spectroscopy

B. Monreal and J. Formaggio, Phys. Rev. D80 051301 (2009) 5

low-pressure 
gas cell 

uniform B-field, 
magnetic trap 

antenna array M.	Fertl Trento	4/7/2016

Review of the phase 1 insert

4

52	mm

Phase I system

➜ Proof of principle of CRES technique

2nd avenue: alternative spectroscopic technique
Idea: Cyclotron Radiation Emission Spectroscopy (CRES)
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Project 8 – phase I results

[Asner et al., PRL 114 (2015) 162501]

First observation of cyclotron radiation from single electrons

Ekin ~1/ωγ 

steady energy 
decrease by 
cyclotron emission

~1 fW radiation loss

initial trapping:  
sudden onset 
of narrow-band 
emission

collisions with 
residual gas

scatter out 
of trap
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Project 8 – next goals

• Phase I (2010-2016) 
- Demonstration of CRES method 
- Conversion electron lines from 83mKr

• Phase II  (2015-2017) 
- Spectroscopy of continuous T2 spectrum 
- Systematics, energy resolution 
 
 
 
 
 

• Phase III (2016-2020) 
10-20 cm3 eff. source volume (1 yr) 
phased-array antenna 
sensitivity goal: 2 eV (90% CL) 

• Phase IV 
Large-scale exp., with atomic tritium source, 
for sub-eV sensitivity (hierarchy scale)

The next stage is to apply the CRES technique to a gaseous beta decay 
source (tritium, of course). 

Our cell is constructed and a first tritium run planned to start this year. 

See M. Fertl’s talk later this week for more details. 

The Phase II Tritium Cell

 R
&

D

First result 
FWHM ~ 140 eV

Steadily Improving...

Energy resolution of krypton lines has been 
steadily improving since our first signal.

First result 2014: 
140 eV (FWHM)

III. Data analysis procedure

VI. References

I. What is CRES?

Results from the Project 8 Phase 1 Cyclotron 
Radiation Emission Spectroscopy Detector

Pr
oj
ec
t 
8

II. The Phase 1 System

IV. Improved Resolution V. Sidebands

f = fc
γ

= 1
2π
i

eB
K / c2 +me

fc = 27 992.49110(6)MHz T
−1

The cyclotron frequency for a charged particle is inversely proportional to its 
Lorentz factor. Therefore, measuring the frequency of an electron’s cyclotron 
radiation, combined with knowledge of the magnetic field, provides an in situ 
measurement of the electron’s energy. This technique was proposed for use in 
tritium beta decay spectroscopy in 2009 [1] and has subsequently been 
demonstrated using internal conversion electrons from Kr-83m [2].

[1] B. Montreal and J.A. Formaggio, “Relativistic cyclotron radiation detection of tritium decay 
electrons as a new technique for measuring the neutrino mass,” Phys. Rev. D 80, 051301 (2009)
[2] D.M. Asner, et al. (Project 8 collaboration), “Single-electron detection and spectroscopy via 
relativistic cyclotron radiation,” Phys. Rev. Lett. 114, 162501 (2015)
[3] Figure modified from here: http://wswww.physik.uni-mainz.de/werth/g_fak/penning.htm

For each 30 microsecond time window, a power 
spectrum is computed and each frequency bin is 
compared to a threshold defined as a fixed power 
above the RMS noise power for that bin

Density-based scanning of all points above 
threshold is used to find line segments of 
continuous excess power

Individual tracks from individual electrons are 
grouped across discrete frequency jumps 
corresponding to the electron scattering.

dN
dE

= GF
2

2π 3 cos
2 θC( ) M 2 F Z,E( ) p E +mec

2( ) E0 − E( ) E0 − E( )2 −mν
2 Θ E0 − E −mν( )

Counterclockwise from left:
• Photo of the entire phase 1 system
• Photo of the source section of the 

waveguide insert
• Illustrated cross-section of the 

source section
• Illustration of the motion of a 

confined electron
• Block diagram of analog signal 
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Prior to data collection in 2015 several changes were made. The 
analog mixing stages were rebuilt using higher quality components, 
reducing the noise floor. Also, a two higher-field trap configuration 
was adopted which reduced axial frequency, allowing sidebands to 
be observed simultaneously with the fundamental.
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[3]

Data collected in 2015 using a pair of 
trapping coils to create a pair of high 
field regions which are coaxial but 
offset along the main field. Here the 
observed FWHM is 3.3 eV.

Spectrum of data collected in 2014 [2] 
using a single trapping coil to generate a 
central low field region. This first 
demonstration of CRES achieved a 
FWHM of 140 eV at 30.4 keV in the full 
spectrum, and 15 eV in a configuration 
with a more uniform magnetic field.

A. Ashtray Esfahani, S. Böser, C. Claessens, L. de Viveiros, P.J. Doe, S. Doeleman, M. Fertl, E.C. Finn,
J.A. Formaggio, M. Guigue, K.M. Heeger, A.M. Jones, K. Kazkaz, B.H. LaRoque, E. Machado, B. Monreal,
J. Nikkel, N.S. Oblath, R.G.H. Robertson, L.J. Rosenberg, G. Rybka, L. Saldaña, P. Slocum, J.R. Tedeschi,
T. Thümmler, B.A. Vandevender, M. Wachtendonk, J. Weintroub, A. Young, E. Zayas

2016: improved to 
3.3 eV (FWHM)
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3rd avenue: calorimetric measurement with 163Ho

eν

Electron Capture: 163Ho
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Low QEC ~2.8 keV and T1/2 ~ 4570 years
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Calorimeters to measure 163Dy* atomic de-excitation

MMC: metallic magnetic calorimeters  
with paramagnetic sensor Au:Er 

δT in absorber from EC-decay  
change in magnetization M of sensor

signal: E
CT

M
T

T
M

tot
S δδ ⋅⋅

∂

∂
Δ⋅

∂

∂
Φ

1~~

thermal link

SQUID

thermal micro-calorimeters   
with transition edge sensor (TES)

δT in absorber from EC-decay  
change in temperature T and 

resistance R of thermistor

ΔR

s.c. n.c.

ΔT

TES SQUID

signal: current change measured by 
            SQUID array 
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TES technology: NuMECS and 
J Low Temp Phys

Fig. 3 Transition-edge sensors developed for 163Ho electron-capture spectroscopy use a silicon beam
thermal isolation to enable varied absorber attachments. Each die (left) contains eight independent TESs.
Gold absorbers with embedded 163Ho are attached to the end of the beam (Color figure online)

Fig. 4 Measurements with encapsulated 55Fe enabled detector development, while 163Ho was being pro-
duced. (Left) Energy peaks corresponding to the K, L, and M electron-binding energies of the Mn daughter
atom span the energy range of interest. (Right) The best measured energy resolution was 7.5 ± 0.2 eV
FWHM at 6539 eV (Color figure online)

to the electron-binding energies of the Mn daughter atom (Fig. 4, left). This allowed
characterization of the detector response in the energy range of interest. A solution
of 55Fe, where 55Fe represented 15 % of the total iron mass on May 23, 2012, was
prepared at Los Alamos National Laboratory. This solution contained a much lower
fraction of stable isotopes than commercially available 55Fe solutions. The55Fe was
electroplated onto a gold foil with activity of approximately 500 Bq in a 1 mm2 area.
Small portions of this gold foil with electroplated 55Fe were cut with a typical size of
approximately 50 × 100 × 15 µm, folded in half, and diffusion welded on a hot plate
in a nitrogen atmosphere at 400 ◦C for 1 h to encapsulate the radioactive material. The
absorbers were attached to the TESs with either a low-temperature (150 ◦C) diffusion
bond or an indium bump bond. Both absorber attachment methods provided similar
detector performance, but the indium bump bond method proved to be more reliable.
The best energy resolution from this type of detector, given by the Gaussian component
of a Bortels function fit, was 7.5 ± 0.2 eV FWHM at 6539 eV with a tail factor of
10 eV (Fig. 4, right) [13].
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crystals on the surface of the nanoporous gold as well, which lead to reduced energy
resolution. Because of the foil backing, small sections could be cut to form absorbers
of desired heat capacity. A 30 µm diameter glass capillary was used to deposit F2C1
163Ho product in 0.1M HCl solution into the nanoporous gold layer of ∼50×100 µm
sections of the foil. The foils were folded in half and pressed to encapsulate the
deposits, then attached to transition-edge sensors.

The composition of the deposits was characterized by energy-dispersive X-ray spec-
troscopy (EDS) in a scanning electron microscope, which indicated the presence of
significant amounts of Na, Cl, and organic compounds (introduced during separation
and purification of 163Ho). We have demonstrated that the majority of these contam-
inants can be eliminated from the deposit by heating to 800 C for 6 h in a 5 % H2,
95 % N2 atmosphere. EDS spectra of samples after this annealing process no longer
show measurable Na or Cl. Absorbers made by heating the foil-backed nanoporous
gold after deposition show greatly improved energy resolution (Fig. 7). The highest
resolution spectrum from an absorber made by drying a deposit of F2C1 163Ho product
solution in nanoporous gold, then hydrogen annealing to remove impurities, is shown
in Fig. 8.

5 Results

Figure 8 shows our highest resolution 163Ho electron-capture spectrum to date, cor-
responding to a 40 h measurement with an activity of approximately 0.1 Bq. Caution
is required outside of the strongest peaks in the spectrum. The statistics are still too
weak to warrant a detailed quantitative discussion. There are four major peaks in the
spectrum, each tentatively labeled with a corresponding single-hole intermediate state

 

Fig. 8 Measured electron-capture spectrum of 163Ho (histogram) with calculation overlaid (red curve)
from Faessler et al. [18] convolved with a Gaussian distribution (35 eV FWHM) to represent detector
response (Color figure online)
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HOLMES pixel designHOLMES pixel design
● optimize design for speed and resolution  → J.Hays-Wehle

▷  specs @2.5keV :  ΔE
FWHM

 ≈ 1eV,  τ
rise

 ≈ 10μs, τ
decay 

≈ 100μs (* exponential time constants)

● 2 2 μμmm Au Au  thickness for full electron and photon absorption
▷ GEANT4 simulation: 99.99998% / 99.927% full stopping for 2 keV electrons / photons

● side-car design to avoid TES proximitation and G engineering for τ
decay

 control 

● deRne process for 163Ho implantation vs. excess heat capacity 

● tests at NIST are in progress

▷ preliminary measurements agree with model predictions: 

▷ ΔE
FWHM

 ≲ 4 eV,  τ
rise

 ≈ 6 μs (with L=38nH → to be slowed), τ
decay 

≈ 130 μs (tunable)

→ J.Hays-Wehle

163Ho

163Ho

A. Nucciotti, ECT*, Trento (Italy), April 4A. Nucciotti, ECT*, Trento (Italy), April 4thth-8-8thth, 2016, 2016 2727

TES with rf-SQUID TES with rf-SQUID μμwave read-out testingwave read-out testing

TES

μmux

Tests in Milano-Bicocca 

with Bismuth TES coupled to 

μwave mux (from NIST) → A. Giachero poster

A. Nucciotti, ECT*, Trento (Italy), April 4A. Nucciotti, ECT*, Trento (Italy), April 4thth-8-8thth, 2016, 2016 33

HOLMES collaborationHOLMES collaboration
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HOLMES design & timeline

• ΔE ~1 eV at 2.5 keV, trise = 1…10 µs,  
300 Bq per pixel (tests at NIST in 
progress: prelim. ΔE ~4 eV) 

• demonstrator array in 2017 
• full ~1000 channel array operation 

expected for 2018
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MMC technology:
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• magnetic micro-calorimeter (MMC) arrays 
with microwave SQUID multiplexing readout 

• fast rise time (~130 ns) and excellent 
linearity & resolution (ΔE ~ 5 eV) 

• isotope production: 162Er(n,!)163Ho  
offline mass separation

Technology

paramagnetic  
sensor (Au:Er)

absorber source

SQUID

• Phase I: ECHo-1k  
to be completed by 2018 
2 x 50 pixel x 10 Bq, 
4 months: m(νe) < 10 eV  

• Phase II: ECHo-1M  
array of 105 detectors 
50 x 2000 pixel x 10 Bq, 
2 years: sub-eV sensitivity

Precision  
163Ho spectrum
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new improved detectors 
improved implantation  
with purified source 
proof of multiplexed readout 
first underground meas.

ECHo Timeline

[L. Gastaldo et al., J. Low Temp. Phys. 176 (2014) 876]
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Direct ν-mass determination: status and outlook

• KATRIN: under commissioning, 
preparing for first tritium runs 

• Project 8: successful prototype, 
CRES proof of principle with 83mKr

ECHo, HOLMES, NuMECS: 
• Detector development (MMC, TES) 
• Test of scalable arrays 
• High-purity 163Ho production and 

implantation into absorber

NECKARZIMMERN 2017 NEUTRINO 2018

Current achievements Next goals

• Long-term data-taking in integral 
spectroscopy mode (0.2 eV) 

• Develop CRES towards first 
tritium measurement (2 eV) 
and beyond

• Operate medium-size arrays 
(~1010 counts) for 10 eV sens. 

• Prepare large arrays 
(~1014 counts) for sub-eV range
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Bonus material: 

Other fun physics  
with precision β spectroscopy
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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); see also Barry, Heek & Rodejohann (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) 
Violation of Lorentz symmetry 
e.g. Blasone et al. (2005) 
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

KATRIN: ν-mass sensitivity … and more:
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Hints of eV-scale sterile neutrinos? Hints of keV-scale sterile neutrinos?

Why sterile neutrinos?

KeV-scale sterile ν as viable WDM candidate

M
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IC

C
 D

ur
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m

CDM WDM

Pure (Λ)CDM scenario: 
• Missing satellites problem 
• Too-big-to-fail problem 
• “Core” vs. “cusp” problem
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Figure 57. Short baseline reactor antineutrino anomaly. The experimental results are compared to the pre-
diction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron
mean lifetime, and the o↵-equilibrium e↵ects. Published experimental errors and antineutrino spectra errors
are added in quadrature. The mean averaged ratio including possible correlations is 0.927±0.023. As an
illustration, the red line shows a 3 active neutrino mixing solution fitting the data, with sin2(2✓13) = 0.15.
The blue line displays a solution including a new neutrino mass state, such as |�m2

new,R| � 2 eV2 and
sin2(2✓new,R)=0.12, as well as sin2(2✓13) = 0.085.

sensitive of them, involving experts, would certainly improve the quantification of the anomaly.

The other possible explanation of the anomaly is based on a real physical e↵ect and is detailed in
the next section. In that analysis, shape information from the Bugey-3 and ILL published data [391,
448] is used. From the analysis of the shape of their energy spectra at di↵erent source-detector
distances [391, 449], the Goesgen and Bugey-3 measurements exclude oscillations with 0.06 <
�m2 < 1 eV2 for sin2(2✓) > 0.05. Bugey-3’s 40 m/15 m ratio data from [391] is used as it provides
the best limit. As already noted in Ref. [481], the data from ILL showed a spectral deformation
compatible with an oscillation pattern in their ratio of measured over predicted events. It should
be mentioned that the parameters best fitting the data reported by the authors of Ref. [481] were
�m2 = 2.2 eV2 and sin2(2✓) = 0.3. A reanalysis of the data of Ref. [481] was carried out in order
to include the ILL shape-only information in the analysis of the reactor antineutrino anomaly. The
contour in Fig. 14 of Ref. [448] was reproduced for the shape-only analysis (while for the rate-
only analysis discussed above, that of Ref. [481] was reproduced, excludeing the no-oscillation
hypothesis at 2�).

The fourth neutrino hypothesis (3+1 scenario)

Reactor Rate-Only Analysis

The reactor antineutrino anomaly could be explained through the existence of a fourth non-
standard neutrino, corresponding in the flavor basis to a sterile neutrino ⌫s (see [25] and references
therein) with a large �m2

new value.

For simplicity the analysis presented here is restricted to the 3+1 four-neutrino scheme in which
there is a group of three active neutrino masses separated from an isolated neutrino mass, such
that |�m2

new| � 10�2 eV2. The latter would be responsible for very short baseline reactor neutrino
oscillations. For energies above the IBD threshold and baselines below 100 m, the approximated

114

May explain anomalous short-baseline 
oscillation results:

Reactor exp.

Gallium experiments

Sterile neutrino phenomenology Sterile neutrinos at the eV scale

The Gallium anomaly Acero,Giunti,Laveder, 07; Giunti,Laveder, 10

radioactive sources in gallium solar neutrino exps.: ‹e +71 Ga æ71 Ge + e≠

combined fit:

‰2
min = 2.3/3 dof

r = 0.84+0.054
≠0.051

�‰2
r=1 = 8.7 (2.9‡)

0.5 0.7 0.8 0.9 1 1.1
observed / expected

0.5 0.6 0.7 0.8 0.9 1 1.1

Gallex 51Cr

Gallex 51Cr

SAGE 51Cr

SAGE 37Ar

Gallium data using Frekers et al PLB11

oscillations with �m2 ≥ 1 eV2 can lead to reduction of the ‹e flux within
the detector volume

T. Schwetz 44
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Why sterile neutrinos?

Hints of eV-scale sterile neutrinos? Hints of keV-scale sterile neutrinos?

May explain anomalous oscillation results from 
- Short baseline accelerator experiments 
- Gallium experiments 
- Reactor experiments

Well motivated as natural 
extension of Standard 
Model (νMSM)

[e.g., Canetti, Drewes, 
Shaposhnikov (2013)]

In agreement with cosmological observations 
from small to large scales [e.g., Shi & Fuller (1999)]

Recent indirect hints 
from X-ray astronomy?

[Bulbul et al. (2014), 
Boyarski et al. (2014)]

3.5 keV line?
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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
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[G. Mention et al. (2011), updated in White Paper (2014)]

Both scales accessible in 

tritium β decay
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d Ṅ
d E

= cos2θs
d Ṅ
d E

(ma
2) + sin2θs

d Ṅ
d E

(ms
2)

55

Imprint of sterile neutrinos on β spectrum

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

additional kink in β spectrum 
at E = E0 – ms

light sterile ν,	ms = 3 eV keV sterile ν,	ms = 10 keV
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Search for eV-scale sterile ν with direct mass 

8

CL confidence level in the sin2 2#ee–�m2
41 plane using

the relation:

�2
j (sin

2 2#ee,�m2
41)  (�2

j )min +��2(CL), (19)

where (�2
j )min is the minimum of �2

j (sin
2 2#ee,�m2

41)
and ��2(CL) = 4.61, 6.18, 11.83 for CL =
90%, 95.45%, 99.73%, respectively. We calculate
the region of sensitivity in the sin2 2#ee–�m2

41 plane as
the set of points which are not allowed by the inequality
(19) in at least 50% of the simulations (see the discussion
on the definition of sensitivity in Section IV).

The results are presented in Fig. 6, where we plot-
ted the sensitivity curves for Nev = 1014, 1016, 1017 and
1018, considering Q = 2.833 keV, �EFWHM = 2 eV and
fpp = 10�6. From Fig. 6 one can see that the sensitiv-
ity to �m2

41 worsens decreasing sin2 2#ee. Indeed, for
small values of sin2 2#ee we have |Ue4|2 ' sin2 2#ee/4
and the contribution of m2

4 ' �m2
41 to the spectrum

(18) is suppressed. On the other hand, the sensitivity
to m2

4 ' �m2
41 for sin2 2#ee = 1 is only slightly worse

of that for m2
⌫ in the three-neutrino mixing case dis-

cussed in Section IV, because sin2 2#ee = 1 corresponds
to |Ue4|2 = 1/2.

In Fig. 6 we also depicted the region allowed at 95.45%
C.L. by a global fit of short-baseline neutrino oscillation
data [18, 126] and the 95.45% C.L. allowed regions ob-
tained by restricting the analysis to the data of ⌫e and ⌫̄e
disappearance experiments [13, 130], taking into account
the Mainz [131] and Troitsk [132, 133] bounds. These
last regions are interesting because it is possible that the
disappearance of ⌫e and ⌫̄e indicated by the reactor and
Gallium anomalies will be confirmed by the future exper-
iments whereas the LSND anomaly will not.

From Fig. 6 one can see that the ⌫e and ⌫̄e disap-
pearance region is wider than the globally allowed re-
gion and extends to values of �m2

41 as large as about 80
eV2. Hence, it can be partially explored by the ECHo-
1M experiment, which is expected to have a statistics of
Nev ' 1014.

Figure 6 shows that in order to explore the region
which is allowed by the global fit of short-baseline neu-
trino oscillation data it will be necessary to make a 163Ho
experiment with a statistics Nev & 1016. One can also see
that an 163Ho experiment with this statistics will be com-
petitive with the KATRIN experiment [89], a result that
is consistent with that for the sensitivity on m⌫ in the
standard framework of three-neutrino mixing discussed
at the end of Section IV.

Figure 6 also shows that the exploration of the small-
�m2

41 regions allowed by the ⌫e and ⌫̄e disappearance
data will require a statistics as high as Nev ⇡ 1018.

VI. CONCLUSIONS

In this paper we presented the results of an analy-
sis of the sensitivity of 163Ho experiments to neutrino

FIG. 6. Estimated sensitivity curves at 90% C.L. (red),
95.45% C.L. (dashed blue) and 99.73% C.L. (dash-dotted
green) in the sin2 2#ee–�m2

41 plane in the case of 3+1 neu-
trino mixing for Nev = 1014, 1016, 1017 and 1018. We used
Nsim = 100 simulations generated with Q = 2.833 keV,
�EFWHM = 2 eV, fpp = 10�6 and B = 0. The black curve
encloses the region allowed at 95.45% C.L. by a global fit of
short-baseline neutrino oscillation data [18, 126]. The gray
curves enclose the 95.45% C.L. allowed regions obtained by
restricting the analysis to the data of ⌫e and ⌫̄e disappearance
experiments [13, 130], taking into account the Mainz [131] and
Troitsk [132, 133] bounds. Also shown is the expected 95%
C.L. sensitivity of the KATRIN experiment [89].

masses considering first the e↵ective neutrino mass m⌫

in the standard framework of three-neutrino mixing (see
Eq. (7)) and then an additional mass m4 at the eV scale
in the framework of 3+1 neutrino mixing with a sterile
neutrino. We considered the experimental setups corre-
sponding to the two planned stages of the ECHo project,
ECHo-1k and ECHo-1M [94, 95].
We found that the ECHo-1k experiment can reach a

sensitivity tom⌫ of about 6.5 eV at 2� with a total statis-
tics of Nev ' 1010, an energy resolution�EFWHM ' 5 eV
and a pileup fraction fpp ' 10�6. Although this sensitiv-
ity is still not competitive with that of tritium-decay ex-
periments, it will represent an improvement of more than
one order of magnitude with respect to the current limit
m⌫ < 225 eV at 2� [108] obtained with a 163Ho electron
capture experiment. We also found that the ECHo-1k
experiment will not allow to put more stringent limits on
the mass and mixing of ⌫4 than those already obtained
in the Mainz [131] and Troitsk [132, 133] experiments.

According to our estimation, the second stage of the
ECHo project, ECHo-1M, can reach a sensitivity to m⌫

of about 0.7 eV at 2� with Nev ' 1014, �EFWHM ' 2 eV
and fpp ' 10�6. This result will narrow the gap between
the sensitivities of tritium-decay experiments and 163Ho
electron capture experiments. Indeed, 0.7 eV is smaller
than the current upper limit of about 2 eV at 2� obtained
in the Mainz [103] and Troitsk [104] experiments and it

[Gastaldo et al., arXiv:1605.05497]

ECHo

reactor anomaly 
combined fit  

90% CL

KATRIN 
90% CL

[Kleesiek et al., in prep.]

Tritium: KATRIN Holmium: ECHo

Prelim
inary
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Search for eV-scale sterile ν with direct mass 
experiments

reactor anomaly 
combined fit  

90% CL

Combined sensitivity of direct neutrino mass exp. and SBL oscillation searches

Prelim
inary
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• First measurements with KATRIN “baseline” set-up at reduced source strength 
• Prototyping and sensitivity studies for upgraded detector system under way  
• Sensitivity of holmium experiments restricted by low Q-value (2.8 keV)

 

Susanne'Mertens

Detector0R&D0strategy0(TRISTAN)

16

• Goal:'combine'drift'ring'(SDD)'
technology'with'thin'deadlayer

(~10'nm)

• Si/detector'development:

– Halbleiterlabor of'the'Max/Planck'
society'(expert'on'drift'ring)

– Lawrence'Berkeley'National'

Laboratory'(expert'on'deadlayer)

• Low'noise'front/end'electronics

– CEA,'Saclay (see'talk'by'Marc'and'
next'talk)

– IPE@KIT'(thanks'to'I.'Peric,'R.'
Blanco,'R.'Leys,'M.'Weber)

• Test'setup'at'KIT'

HLL'detector'

LBNL'
detector'

KIT'read/out

CEA'read/outTRISTAN detector prototypes for KATRIN

Prelim
inary

courtesy S. Mertens & L. Gastaldo

KATRIN	(only	stat)

ECHo-1M	(only	stat)

KATRIN	(low	stat)

P4.040, S. Mertens 
P4.041, A. Huber

Search for keV-scale sterile ν with direct mass 
experiments
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Search for keV-scale sterile ν with KATRIN

*) TRitium beta decay Investigation on Sterile To Active Neutrino mixing

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!

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.)]
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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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Probing Lorentz invariance in β decay
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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 ", 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) 


