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Introduction & overview:  
 
 

Probing the neutrino mass with lab experiments 

Search for neutrinoless double beta decay (0νββ) 

Direct kinematical searches (3H β-decay, 163Ho EC) 

Summary & future prospects
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What’s on the menu today?

Franz Dohrmann Haus

How do we know 
neutrinos exist?

How do we 
know they have 
a mass?

How do they 
interact?

What is their 
role in our 
Universe?
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I. Discovery 
= postulation & detection 

of neutrinos
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Imagine you were a physicist  
in the 1920s …

(Kinetic energy of electron)

What kind of signal 
would you expect?
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The problem of the beta-decay spectrum

(Kinetic energy of electron)

Expected signal

Measured signal

Perhaps energy is 
not conserved in 
nuclear decays?

N. Bohr W. Pauli
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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”). 
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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
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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.
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The Desperate Remedy

6

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

Enter the neutrino

light	neutral	
particle	(ν)
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W. PauliW. Pauli

Enter the neutrino

1933/34: Enrico Fermi’s seminal theory of β-decay as a 4-point interaction 
           ➜ foundation of modern weak interaction framework

n

p e-

νe
—

1933: Fermi 4-point interaction 
contact of 2 vector currents 
σ ~ GF2 E2  grows without bound

1938: boson mediation (Yukawa, Klein et al.) 
mitigates divergence of σ at high energies 
later: parity-violating currents, V-A structure

n

p e-

νe
W-

• Fermi changed the name to “neutrino” 
• He also proposed a way to measure its rest mass:

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.

—

[E. Fermi, Versuch einer Theorie der Betastrahlen, Z. Phys. 88 (1934) 161]

E. Fermi

GF
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W. Pauli

Can neutrinos be detected?

1934: H. Bethe & R. Peierls calculate the 
neutrino interaction cross section

• σ ~10-44 cm2 at energies of a few MeV:  
penetrating power of ~1016 km in solid matter 
➜ “absolutely impossible to observe (…) neutrinos from nuclear transformations” 

• Fermi theory predicts σ ~ (Eν)2 

➜ even at cosmic-ray energies, detection deemed “highly improbable”

[H. Bethe and R. Peierls, The “Neutrino", Nature 133 (1934) 532]

A, Zreversing the  
β-decay process: ν

A, 
Z±1 e+	or	e-

Conclusion: “no practically possible way of observing the neutrino”
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How to catch the neutrino?

1. proposed reaction               
νe + p → n + e+     

(inverse β-decay)

-
theorysurface radioactivity had died away 

sufficiently) and dig down to the tank,
recover the detector, and learn the truth
about neutrinos!”

This extraordinary plan was actually
granted approval by Laboratory 
Director Norris Bradbury. Although the 
experiment would only be sensitive to
neutrino cross sections of 10–40 square
centimeters, 4 orders of magnitude 
larger than the theoretical value, 
Bradbury was impressed that the plan
was sensitive to a cross section 3 orders
of magnitude smaller than the existing
upper limit.1 As Reines explains in 
retrospect (unpublished notes for a talk
given at Los Alamos),

“Life was much simpler in those
days—no lengthy proposals or complex
review committees. It may have been
that the success of Operation Green-
house, coupled with the blessing given
our idea by Fermi and Bethe, eased the
path somewhat!”

As soon as Bradbury approved the
plan, work started on building and 
testing El Monstro. This giant liquid-
scintillation device was a bipyramidal
tank about one cubic meter in volume.
Four phototubes were mounted on each
of the opposing apexes, and the tank
was filled with very pure toluene 
activated with terphenyl so that it
would scintillate. Tests with radioactive
sources of electrons and gamma rays
proved that it was possible to “see” 
into a detector of almost any size. 

Reines and Cowan also began to
consider problems associated with 
scaling up the detector. At the same
time, work was proceeding on drilling
the hole that would house the experi-
ment at the Nevada Test Site and 
on designing the great vacuum tank

and its release mechanism.
But one late evening in the fall of

1952, immediately after Reines and
Cowan had presented their plans at a
Physics Division seminar, a new idea
was born that would dramatically
change the course of the experiment. 
J. M. B. Kellogg, leader of the
Physics Division, had urged Reines
and Cowan to review once more the
possibility of using the neutrinos from
a fission reactor rather than those
from a nuclear explosion. 

The neutrino flux from an explosion
would be thousands of times larger than
that from the most powerful reactor.
The available shielding, however,
would make the background noise from
neutrons and gamma rays about the

same in both cases. Clearly, the nuclear
explosion was the best available 
approach—unless the background could
somehow be further reduced.

Suddenly, Reines and Cowan real-
ized how to do it. The original plan had
been to detect the positron emitted in
inverse beta decay (see Figure 2), a
process in which the weak interaction
causes the antineutrino to turn into a
positron and the proton to turn into a
neutron. Being an antielectron, the
positron would quickly collide with an
electron, and the two would annihilate
each other as they turned into pure 
energy in the form of two gamma rays
traveling in opposite directions. Each
gamma ray would have an energy
equivalent to the rest mass of the 

The Reines-Cowan Experiments
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pproached, we would start vacuum
umps and evacuate the tank as highly
s possible. Then, when the countdown
eached ‘zero,’ we would break the 
uspension with a small explosive, 
llowing the detector to fall freely in the

vacuum. For about 2 seconds, the falling
detector would be seeing the antineutri-
nos and recording the pulses from them
while the earth shock [from the blast]
passed harmlessly by, rattling the tank
mightily but not disturbing our falling

detector. When all was relatively quiet,
the detector would reach the bottom of
the tank, landing on a thick pile of foam
rubber and feathers.

“We would return to the site of 
the shaft in a few days (when the 

he Reines-Cowan Experiments
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1H. R. Crane (1948) deduced the upper limit of
10–37 square centimeters on the cross sections for
neutrino-induced ionization and inverse beta
decay. This upper limit was based on null results
from various small-scale experiments attempting
to measure the results of neutrino absorption and
from a theoretical limit deduced from the maxi-
mum amount of solar neutrino heating that could
take place in the earth’s interior and still agree
with geophysical observations of the energy
flowing out of the earth.

Figure 3. The Double Signature of Inverse Beta Decay
The new idea for detecting the neutrino was to detect both products of inverse beta
decay, a reaction in which an incident antineutrino (red dashed line) interacts with a
proton through the weak force. The antineutrino turns into a positron (e1), and the
proton turns into a neutron (n). In the figure above, this reaction is shown to take
place in a liquid scintillator. The short, solid red arrow indicates that, shortly after it
has been created, the positron encounters an electron, and the particle and antiparticle
annihilate each other. Because energy has to be conserved, two gamma rays are emit-
ted that travel in opposite directions and will cause the liquid scintillator to produce a
flash of visible light. In the meantime, the neutron wanders about following a random
path (longer, solid red arrow) until it is captured by a cadmium nucleus. The resulting
nucleus releases about 9 MeV of energy in gamma rays that will again cause the liquid
to produce a tiny flash of visible light. This sequence of two flashes of light separated
by a few microseconds is the double signature of inverse beta decay and confirms the
presence of a neutrino. 

Incident
antineutrino

Positron
annihilation

Inverse 
beta 

decay

Gamma rays

Gamma rays

e+

n
Neutron capture

Liquid scintillator 
and cadmium 

eines and Cowan planned to build a
ounter filled with liquid scintillator and
ned with photomultiplier tubes (PMTs),
he “eyes” that would detect the
ositron from inverse beta decay, which

s the signal of a neutrino-induced
vent. The figure illustrates how the liq-
id scintillator converts a fraction of the
nergy of the positron into a tiny flash
f light. The light is shown traveling
hrough the highly transparent liquid
cintillator to the PMTs, where the 
hotons are converted into an electronic
ulse that signals the presence of the
ositron. Inverse beta decay (1) begins
hen an antineutrino (red dashed line)

nteracts with one of the billions and 
illions of protons (hydrogen nuclei) in
he molecules of the liquid. The weak
harge-changing interaction between the

antineutrino and the proton causes the
proton to turn into a neutron and the
antineutrino to turn into a positron (e1).
The neutron wanders about undetected.
The positron, however, soon collides
with an electron (e2), and the particle-
antiparticle pair annihilates into two
gamma rays (g) that travel in opposite
directions. Each gamma ray loses about
half its energy each time it scatters
from an electron (Compton scattering).
The resulting energetic electrons 
scatter from other electrons and radiate
photons to create an ionization cascade
(2) that quickly produces large numbers
of ultraviolet (uv) photons. 
The scintillator is a highly transparent
liquid (toluene) purposely doped with 
terphenyl. When it becomes excited by
absorbing the uv photons, it scintillates

by emitting visible photons as it returns
to the ground (lowest-energy) state (3).
Because the liquid scintillator is trans-
parent to visible light, about 20 percent
of the visible photons are collected by
the PMTs lining the walls of the 
scintillation counter. The rest are 
absorbed during the many reflections
from the counter walls. A visible 
photon releases an electron from the
cathode of a phototube. That electron
then initiates the release of further 
electrons from each dynode of the PMT,
a process resulting in a measurable
electrical pulse. The pulses from all the
tubes are combined, counted,
processed, and displayed on an 
oscilloscope screen.

igure 2. Liquid Scintillation Counter for Detecting the Positron from Inverse Beta Decay

2. detection technique
delayed coincidence of 
e+ and n signals 
in liquid scintillator

he Reines-Cowan Experiments
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After years of intense work, the members
of the Los Alamos team were ready for
the Savannah River experiment that
would fulfill their much expected goal—
the definitive detection of the neutrino.

Pictured in (a) is the tank farm, which
was composed of three 4,500-liter steel
tanks placed on a flat-bed trailer. The 
liquid scintillator was stored and shipped
in those tanks. The outside walls of the
tanks were wrapped with fiberglass insu-
lation, and long electrical heating strips
were embedded in the insulation to 
prevent the temperature inside the tanks
from falling below 60 degrees Fahrenheit.
Had the temperature fallen below this
limit, the liquid scintillator would have
turned from transparent to cloudy and
would have become unusable in the 
experiment. (b) Fred Reines (left) and
Clyde Cowan, Jr., discuss their last-
minute plans for the Savannah River 
experiment. No detail is left uncovered.
Resting in a special forklift built to handle
the detector sections, one of the two tar-
get tanks filled with water and cadmium
chloride is shown (c) awaiting its 
assembly in the detector shield. A com-
pleted detector tank (d) is ready to be 
inserted into the shield. This tank was
made of steel plate, but its bottom was a

The Savannah River Experiment 1955
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cellular aluminum structure that would
provide not only strength against bend-
ing but also little obstruction to the
entry of gamma rays from below. 
(e) Pictured here is the additional
shielding that surrounded the detector
and allowed the team to test whether
the signal was coming from back-
ground neutrons and gamma rays from
the reactor. This makeshift shielding,
which was 4 feet thick all around the
detector, consisted of bags of sawdust
soaked in water for increased density
(the mean density was 0.5). Its effect
was to decrease the reactor-associated
accidental events, whereas the signal
remained constant. (f) Los Alamos
team members Richard Jones (left) and
Martin Warren use a forklift to insert
the top target tank into the detector
shield. Moving by hydraulic control,
heavy lead doors (pictured behind 
Warren) would enclose the detector
when it was on. Preamplifiers placed
on a rack (pictured behind Jones)
boosted the small-voltage pulses from
the photomultiplier tubes and sent
them through coaxial cable to the elec-
tronics housed in a truck (g) that was
parked outside the reactor building. 

Photos (c), (d), (e), and (f) were reprinted courtesy of 
Smithsonian Institution.

a) (b)

)

d)

(e)

(f)

(g)

The Reines-Cowan Experiments

1950s electronics truck

experiment

working principle of 
numerous neutrino 

experiments from the 
1950s until today! 

3. event statistics

β-decay of neutron-rich 
fission products in  
nuclear reactors

neutrino source
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Nobel Prize 
1995

Fred Reines 
1918-1998

Savannah River 1956:  
200 ℓ H2O-target 
4200 ℓ scintillator 
~900 h measurements

Hanford 1954: 
“Herr Auge” 

300 ℓ liquid scintillator 
with 90 PMTs

First detection of neutrinos

“Because everybody said you couldn’t do it”
— Fred Reines
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1962:  identity of neutrinos from pion decay 
          

µ

Nobel Prize 1988

Leon M.  
Lederman 

Melvin  
Schwartz 

Jack  
Steinberger 

ν
concrete

p AGS beamline

experimental setup at BNL

steel

ν

π+ → µ+ + ν ν = νµ or νe ?

10 t Al spark chamber

AGS-experiment: the second neutrino νµ 

• introduction of neutrino beam technology 
• 1017 neutrinos produced 
• 51 events observed:  

muons, not electrons! 
➜ doublet structure 
    of leptons:
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2000: Direct Observation of NU Tau (DONUT) 
proton beam on tungsten target produces DS-mesons  (cs) 
   

τ-

hadrons

100 µm film emulsion + 1mm steel

_

DONUT experiment at Fermilab

Results: 4 events identified with topology of a ντ : τ-kink 
   τ life time: τ = 3 × 10-13 s, range cτ = few mm 

The DONUT experiment: the third neutrino ντ
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Are these all neutrino families?

Precision Z0 parameters at e+e- colliders 

• Total Z0 width:     𝚪tot = 2495(2) MeV  

• Visible modes:  
e, µ, τ, and u, d, s, c, b pairs 

• Invisible modes:   𝚪inv= 499(2) MeV 

• ν partial width, Z0 → να + να:       
                             𝚪ν = 167.1 MeV 

• Nν = 2.99

¯

➜  No room for extra neutrino with SM couplings up to m = MZ/2  
➜  Still room for new ideas, e.g. sterile neutrino states at eV … keV … GeV scales!
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II. Neutrino interactions*

*) status update: summer 2017

Remember what we’ve learned since the first detection of neutrinos:

Existence of neutral currents

⌫µ +N ! ⌫µ +X

Gargamelle, CERN, ca. 1973
Helicity of neutrinos
Goldhaber et al., 1957

Parity violation in weak int.
Wu et al., 1956
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Energy dependence of the cross section

accurately calculated to many orders. As such, our goal in this
review is essentially already complete: we would simply write
down the electroweak Lagrangian and we would be finished.
Of course, in practice this is very far from the truth. As with
many other disciplines, many factors compound our simple
description, including unclear initial-state conditions, subtle-
but-important nuclear corrections, final-state interactions, and
other effects. One quickly finds that theoretical approximations
which work well in one particular energy regime completely
break down elsewhere. Even the language used in describing
certain processes in one context may seem completely foreign
in another. Previous neutrino experiments could avoid this
issue by virtue of the energy range in which they operated;
now, however, more experiments find themselves ‘‘crossing
boundaries’’ between different energy regimes. Thus, the need
for understanding neutrino cross sections across many decades
of energy is becoming more imperative. To summarize our
current collective understanding, this work provides a review of
neutrino cross sections across all explored energy scales. The
range of energies covered, as well as their relevance to various
neutrino sources, is highlighted in Fig. 1. We first establish the
formalism of neutrino interactions by considering the simplest
case of neutrino-electron scattering. Our focus will then shift to
neutrino interaction cross sections at low (1–100 MeV), inter-
mediate (0.1–20 GeV), high (20–500 GeV), and ultrahigh
(0.5 TeV–1 EeV) energies, emphasizing our current theoretical
and experimental understanding of the processes involved.
Though it may be tempting to interpret these delineations as
hard and absolute, they are only approximate in nature, meant
as a guide for the reader.

II. A SIMPLE CASE: NEUTRINO-LEPTON SCATTERING

A. Formalism: Kinematics

We begin with the simplest of neutrino interactions,
neutrino-lepton scattering. As a purely leptonic interaction,

neutrino-lepton scattering allows us to establish the formal-
ism and terminology used through the paper, without intro-
ducing some of the complexity that often accompanies
neutrino-nuclear scattering. The general form of the two-
body scattering process is governed by the dynamics of the
process encoded in the matrix elements and the phase space
available in the interaction. Figure 2 shows the tree-level
diagram of a neutrino-lepton charged current interaction,
known as inverse muon decay. A muon neutrino with four-
momentum p! (aligned along the z direction) scatters in this
example with an electron with four-momentum pe, which is
at rest in the laboratory frame. This produces an outgoing
muon with four-momentum k" and a scattered electron neu-

trino with four-momentum ke. In the laboratory frame, the
components of these quantities can be written as

p! ¼ ðE!; ~p!Þ; k" ¼ ðE"; ~k"Þ;
pe ¼ ðme; 0Þ; ke ¼ ðEe; ~keÞ:

Here we use the convention of the zeroth component corre-
sponding to the energy portion of the energy-momentum

vector, with the usual energy-momentum relation E2
i ¼

j ~kj2i þm2
i . From these four-vector quantities, it is often useful

to construct new variables which are invariant under Lorentz
transformations:

s ¼ ðp! þ peÞ2 ðcenter of mass energyÞ;
Q2 ¼ %q2 ¼ ðp! % k"Þ2 ð4-momentum transferÞ;

y ¼ pe & q
pe & p!

ðinelasticityÞ:

In the case of two-body collisions between an incoming
neutrino and a (stationary) target lepton, the cross section is
given in general by (ℏ ¼ c ¼ 1) (Berestetskii, Lifshitz, and
Pitaevski, 1974),

FIG. 1 (color online). Representative example of various neutrino sources across decades of energy. The electroweak cross section for
!!ee

% ! !!ee
% scattering on free electrons as a function of neutrino energy (for a massless neutrino) is shown for comparison. The peak at

1016 eV is due to the W% resonance, which we discuss in greater detail in Sec. VII.
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� / s = m2
f + 2E⌫mf
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neutrino-fermion scattering:

Example: elastic scattering
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charged currents (CC)

- charge transfer via exchange of charged 
  W+ / W- bosons (M = 80.4 GeV) 
- induces transitions in in the electroweak 
  isospin doublet (u ⬄ d´ ) (e- ⬄ νe)

W-

e-

e-νe

νe
gW

gW

JP = 1-

time
neutral currents (NC)

- no charge transfer, exchange of the    
  neutral Z0 bosons (M = 91.2 GeV) 
- flavour universality of the NC: 
  identical coupling νe, νµ, ντ with Z0

Z0

e-

νeνe

e-

Example: neutrino-electron scattering: sGee Fee ⋅⋅=→ − 21)( πννσ

Intermediate vector bosons: CC & NC
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µ-

e-
_
νe

νµ

purely leptonic

W-

β-decay of muons

µ- → e- + νe + νµ
_

µ+ → e+ + νe + νµ
_ τ = 2.2 µs

atmospheric/accelerator ν

Reactions of the weak interaction in astroparticle physics:

β-decay of neutrons

d´ → u : quark flavour transition 
reactor neutrinos from β-decays 

W-
neutron                                      proton

e-

νe
_

semi-leptonic

n → p + e- + νe
_

τ ≈ 900 s

Leptonic & semi-leptonic reactions



K. Valerius:  Neutrino physics18

  proton                                 neutron

e+
_

Other important semileptonic CC-reactions in astroparticle physics: 

W+

inverse β-decay

νe + p → n + e+
_

“classical” detection reaction: 
- oscillation experiments at reactors,  
  spallation sources & accelerators 
- SN explosions, BBN, geoneutrinos, …νe

time

electron capture

e- + p → n + νe

- SNIIa: neutronisation / core-collapse 
             radioactive decay (56Ni, 56Co) 
- BBN:   thermodynamical equilibrium

W+

νee-

  proton                                 neutron
on free p and 
on p in nuclei

Semi-leptonic reactions
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10.1126/science.aao0990 (2017). 

The characteristic most often associated with neutrinos is a 
very small probability of interaction with other forms of 
matter, allowing them to traverse astronomical objects 
while undergoing no energy loss. As a result, large targets 
(tons to tens of kilotons) are used for their detection. The 
discovery of a weak neutral current in neutrino interactions 
(1) implied that neutrinos were capable of coupling to 

quarks through the exchange of neutral Z bosons. Soon 
thereafter it was suggested that this mechanism should also 
lead to coherent interactions between neutrinos and all nu-
cleons present in an atomic nucleus (2). This possibility 
would exist only as long as the momentum exchanged re-
mained significantly smaller than the inverse of the nuclear 
size (Fig. 1A), effectively restricting the process to neutrino 
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The coherent elastic scattering of neutrinos off nuclei has eluded detection for four decades, even though 
its predicted cross-section is the largest by far of all low-energy neutrino couplings. This mode of 
interaction provides new opportunities to study neutrino properties, and leads to a miniaturization of 
detector size, with potential technological applications. We observe this process at a 6.7-sigma 
confidence level, using a low-background, 14.6-kg CsI[Na] scintillator exposed to the neutrino emissions 
from the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Characteristic signatures in 
energy and time, predicted by the Standard Model for this process, are observed in high signal-to-
background conditions. Improved constraints on non-standard neutrino interactions with quarks are 
derived from this initial dataset. 
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Fig. 1. Neutrino interactions. (A) Coherent Elastic Neutrino-Nucleus Scattering. For a sufficiently small 
momentum exchange (q) during neutral-current neutrino scattering (qR < 1, where R is the nuclear radius 
in natural units), a long-wavelength Z boson can probe the entire nucleus, and interact with it as a whole. 
An inconspicuous low-energy nuclear recoil is the only observable. However, the probability of neutrino 
interaction increases dramatically with the square of the number of neutrons in the target nucleus. In 
scintillating materials, the ensuing dense cascade of secondary recoils dissipates a fraction of its energy as 
detectable light. (B) Total cross-sections from CEνNS and some known neutrino couplings. Included are 
neutrino-electron scattering, charged-current (CC) interaction with iodine, and inverse beta decay (IBD). 
Because of their similar nuclear masses, cesium and iodine respond to CEνNS almost identically. The 
present CEνNS measurement involves neutrino energies in the range ~16-53 MeV, the lower bound defined 
by the lowest nuclear recoil energy measured (fig. S9), the upper bound by SNS neutrino emissions (fig. 
S2). The cross-section for neutrino-induced neutron (NIN) generation following 208Pb(νe,e– xn) is also 
shown. This reaction, originating in lead shielding around the detectors, can generate a potential beam-
related background affecting CEνNS searches. The cross-section for CEνNS is more than two orders of 
magnitude larger than for IBD, the mechanism employed for neutrino discovery (35). 
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• At low momentum transfer (qRnuc < 1) long-wavelength Z boson can probe entire nucleus 
• Proposed by Freedman et al., PRD 9 (1974) 1389 
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The coherent elastic scattering of neutrinos off nuclei has eluded detection for four decades, even though 
its predicted cross-section is the largest by far of all low-energy neutrino couplings. This mode of 
interaction provides new opportunities to study neutrino properties, and leads to a miniaturization of 
detector size, with potential technological applications. We observe this process at a 6.7-sigma 
confidence level, using a low-background, 14.6-kg CsI[Na] scintillator exposed to the neutrino emissions 
from the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Characteristic signatures in 
energy and time, predicted by the Standard Model for this process, are observed in high signal-to-
background conditions. Improved constraints on non-standard neutrino interactions with quarks are 
derived from this initial dataset. 
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cross-sec. for coherent 
scattering boosted 
by factor (#neutrons)2

100x larger than IBD 
(used for ν discovery)

• At low momentum transfer (qRnuc < 1) long-wavelength Z boson can probe entire nucleus 
• Proposed by Freedman et al., PRD 9 (1974) 1389 



K. Valerius:  Neutrino physics21

The COHERENT experiment

  
  

Fig. 2. COHERENT detectors populating the “neutrino alley” at the SNS 
(34). Locations in this basement corridor profit from more than 19 m of 
continuous shielding against beam-related neutrons, and a modest 8 m.w.e. 
overburden able to reduce cosmic-ray induced backgrounds, while 
sustaining an instantaneous neutrino flux as high as 1.7 × 1011 νµ / cm2 s. 
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“Neutrino Alley” at the  
Spallation Neutron Source (SNS)

• Pulsed neutron beam (f = 60 Hz, Δt = 1 µs) 
• Neutrino flux ~1011 ν / cm2 / s 
• Neutrino energies up to ~50 MeV

A neutrino detector  
the size of a milk can!

14.6 kg CsI[Na] scintillator 
read out by a 5” PMT

Target material: 
- Scintillating crystal 
- Large nuclear mass A:  
  cross-section boost ↔ recoil energy
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First COHERENT results

 
  

Fig. 3. Observation of Coherent Elastic Neutrino-Nucleus Scattering. Shown are residual differences 
(datapoints) between CsI[Na] signals in the 12 µs following POT triggers, and those in a 12-µs window before, 
as a function of their (A) energy (number of photoelectrons detected), and of (B) event arrival time (onset of 
scintillation). Steady-state environmental backgrounds contribute to both groups of signals equally, 
vanishing in the subtraction. Error bars are statistical. These residuals are shown for 153.5 live-days of SNS 
inactivity (“Beam OFF”) and 308.1 live-days of neutrino production (“Beam ON”), over which 7.48 GWhr of 
energy (~1.76 × 1023 protons) was delivered to the mercury target. Approximately 1.17 photoelectrons are 
expected per keV of cesium or iodine nuclear recoil energy (34). Characteristic excesses closely following the 
Standard Model CEνNS prediction (histograms) are observed for periods of neutrino production only, with a 
rate correlated to instantaneous beam power (fig. S14). 
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• 6.7σ detection of Coherent Elastic ν Nucleus scattering (CEνNS) 
• Implications for ν detectors (minimization) 
• Constrains non-standard interactions between neutrinos and quarks (new mediators) 
• Prospects for sterile ν search, ν magnetic moment, nuclear structure, …   

Many more 

experiments 

under way!

Observed:  
134 ± 22 events 
Predicted:  
173 ± 48 events

Time & energy 
distributions 
match SM 
expectation


