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NEUTRINO SOURCES AND ENERGY RANGES 

▸ Neutrinos are everywhere: 
~20 orders of magnitude in 
energy  

▸ Second most abundant 
particle in the universe
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• We need to understand neutrinos if we want to understand our 
universe!

− They are invaluable 
astronomical (and 
terrestrial) 
messengers

− They are the second 
most abundant 
particle in the 
universe

− They can guide the way to new theories
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Neutrinos are everywhere!

Neutrinos Matter!

Predicted mass-less by the Standard Model, they are instead massive! 

First evidence of physics beyond the Standard Model! 



S. BORDONI (CERN)

NEUTRINO SOURCES AND ENERGY RANGES 

▸ if detected, relic neutrinos can bring information about the 
very first seconds after the BigBang 

▸ direct probe of Earth interior down to 700m depth help to 
explain the origin of the heat produced inside the Earth 

▸ direct information about the supernovae formation 
process 

▸ cosmogenic neutrinos produced by the extragalactic 
cosmic rays with CMB can help to understand the nature 
and origin of cosmic rays 
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Neutrinos since they are  neutral, and weakly interacting, they are invaluable 
astronomical and terrestrial messengers
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NEUTRINO SOURCES AND ENERGY RANGES 
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▸ The sun is a pure source of 𝜈e  with E𝜈 = [100eV - 100MeV ] 

▸ Neutrinos from the nuclear fusion processes in the sun 
(Standard Solar Model) 

▸ direct and clean probe of the solar processes
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Fig. 6: Dependence of the Hamiltonian eigenstates on the MSW potential for ⌃ = 0.06 (a). Contributions to the
solar neutrino flux (b).

1 (the inner part of the Sun for example). As we have seen, in such conditions, �e ⌥ (�2)m. Suppose
now the density decreases during the evolution until is vanishes and the evolution is adiabatic. Once
the neutrino is out of the medium, it will still be in the second eigenstate of the Hamiltonian. Which
in vacuum is �2 = �e sin ⌃ + �µ cos ⌃. The probability that the electron neutrino has become a muon
neutrino is therefore P (�e ⌦ �µ) ⌥ cos2 ⌃. The transition probability turns out to be close to one even
if the mixing angle is small. Such an effect cannot hold for arbitrarily small mixing angles of course (for
⌃ = 0 there cannot be any effect), which means that the adiabatic approximation must fail when ⌃ is
small enough. This can be seen from eq. (26). The adiabatic condition is worse at the resonance, where
eq. (26) becomes

⇤ ⇤ ⇥m2

2E(V ⌃/V )res

sin2 2⌃

cos 2⌃
 1, (27)

where V ⌃ is the derivative of the MSW potential with respect to the position. If ⌃ is small enough, the
adiabatic condition at the resonance is not fulfilled. If the adiabatic condition holds at production and
detection and it fails only in a small region around the resonance, the “level crossing” probability is given
in first approximation by the Landau-Zener formula

P (�1 ⌦ �2) ⇤ Pc ⌥ e�⇤/2, (28)

where ⇤ is the adiabaticity parameter in eq. (27). The Landau-Zener approximation fails in the extreme
non-adiabatic regime, ⇤ � 1.

4.3.2 Solar neutrinos

The discussion of the neutrino evolution in varying density applies to solar neutrinos. Solar neutrinos
are electron neutrinos produced in the burning process that produces the solar energy: 4p + 2e ⌦
4He + 2�e + 26.7MeV. The process takes place through different reactions. Correspondingly, we have
different types of solar neutrinos, characterized by different energy spectra. Among them, we have the
pp neutrinos, from the pp⌦ de+�e reaction, that have by far the largest flux (which is then well known
because it can be derived from a measurement of the total solar luminosity) but have quite a small energy,
E < 0.42MeV; the Be neutrinos, from 7Be + e ⌦ 7Li + �e, with a significant, monochromatic flux
with E = 0.863MeV; and B neutrinos, with a small flux, but a more energetic spectrum, extending up
to more than 10MeV. The latter are the only ones that can be seen by the SK and SNO experiments.
The different contributions to the solar neutrino flux are shown in Fig. 6b.

Several experiments have been devised to measure the solar neutrino flux, starting from the histor-
ical Chlorine experiment in the Homestake mine in the US, by Davis [17], which gave the first evidence

16

Image of the sun with neutrinos 
at Super-Kamiokande 
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NEUTRINO SOURCES AND ENERGY RANGES 
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▸ Atmospheric neutrinos come from the interaction of the cosmic rays with the 
Earth's atmosphere  E𝜈 = [0.1 - 103 GeV ] 

▸ subsequent decay of pions and muons 

▸ ratio of  𝜈𝜇 : 𝜈e  well known.  Expected to be 2:1
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ARTIFICIAL SOURCES: REACTOR NEUTRINOS
Intense flux of anti-𝜈 ,  produced “for free” by nuclear power plants.  E𝜈 = [ ~MeV ] 

▸ used for the first observation of neutrinos (Reines & Cowen) 

▸ anti-neutrinos from beta-decay of fission products. flux estimated by the fraction of 
isotopes that are fissioning at a given time and the reactor power 

▸ average flux 1020 anti-𝜈e / second 
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S. BORDONI (CERN)

ARTIFICIAL SOURCES: ACCELERATOR NEUTRINOS

‣ Idea ~1960 from Pontecorvo and Schwartz. Basic principle still the same in modern 
experiment, better technique (focusing magnets)

7First accelerator experiment
● Idea independently proposed by Pontecorvo and Schwartz 
● 1962 Lederman, Schwartz & Steinberger using AGS at BNL 
 
 

● Detected muon neutrino → existence of two kinds of neutrinos

p+Be → π+ + X

X

W

νµ  µ
p

Be Target

π

µ+ + νµ

Phys.Rev.Lett. 9, 36 (1962)

A. Rubbia (ETHZ) Neutrino physics (HS2015)

Discovery of Muon Neutrino

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009 

Discovery of Muon Neutrino

1962

Lederman, Schwartz, Steinberger

104 "µ and "µ

20 m

spark chamber 

with Al plates

µ produce nice tracks as they go through the 

chamber (29 events)

e produce showers as they cross Al (0 events) 
34

A. Rubbia (ETHZ) Neutrino physics (HS2015)

Discovery of Muon Neutrino

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009 

Discovery of Muon Neutrino

1962

Lederman, Schwartz, Steinberger

104 "µ and "µ

20 m

spark chamber 

with Al plates

µ produce nice tracks as they go through the 

chamber (29 events)

e produce showers as they cross Al (0 events) 
34

1962 : first accelerator 
1 𝜈 / 1000Kg / day   

E𝜈𝜇 ~ 1GeV

Discovery of muon neutrino! 
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A. Rubbia (ETHZ) Neutrino physics (HS2015)

Intense high energy neutrino sources (≈1960)
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‣ Idea ~1960 from Pontecorvo and Schwartz. Basic principle still the same in modern 
experiment, better technique (focusing magnets) 

‣ Neutrino beams from the decay of pions and kaons 

‣ Possibility to produce both neutrino and anti-neutrino beams

N E U T R I N O  A N D  A N T I N E U T R I N O

• <1% impurity from νe(νe) at energy peak; important background for νe(νe)appearance 

• “wrong sign” component: neutrinos contaminating antineutrino beam, vice versa.

neutrino beam antineutrino beam

⇡+ ! µ+ + ⌫µ ⇡� ! µ� + ⌫̄µ

9

P4.025 G. ChristodoulouP1.037 A. Knox
P4.024 J. Łagoda

How to make a 
neutrino beam? 

T2K flux at Super-
Kamiokande

ARTIFICIAL SOURCES: ACCELERATOR NEUTRINOS

PRL 116, 181801 (2016)

https://www.youtube.com/watch?v=U_xWDWKq1CM
https://www.youtube.com/watch?v=U_xWDWKq1CM
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ARTIFICIAL SOURCES: ACCELERATOR NEUTRINOS
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Off-axis flux
• On-axis neutrino energy tightly related to  

hadron energy 

• Off-axis, neutrino spectrum is narrow-band 
 and softened 

• Concept used by NOvA and T2K
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▸ The off-axis technique foresee detectors not aligned with the center of the 
neutrino flux but shifted of some degrees 
▸ Narrow-band and "low" energy beams: dependency from parent hadron energy 

removed  

▸ Technique adopted by T2K and NOvA T2K BEAM
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OVERVIEW OF THE LECTURES

▸ Lecture 1 : 

▸ brief overview of neutrino discoveries 

▸ neutrino state of the art: what we know and what we don't 

▸ neutrino interactions  

▸ neutrino main detections techniques  

▸ Lecture 2 : neutrino oscillations 

▸ experimental measurements of the 3 neutrino mixing 

▸ status of sterile neutrinos searches

10
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EARLY HISTORY OF NEUTRINOS
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1914: Chadwick  observe a 
continuum spectrum of the  ß decay 

1930: Pauli postulate a new 
particle (“desperate remedy")

F( GR]R RcR l EVfecZ L ZgVcdZej =Vc Z]RS& 8f fde 2 ,* 04

Karsten Heeger, Yale University

F( GR]R RcR l EVfecZ L ZgVcdZej =Vc Z]RS& 8f fde 2 ,* 04

Karsten Heeger, Yale University

ously creates an electron and an anti-
neutrino (see the box on this page). The
force can act on a free neutron or on a
neutron bound inside a nucleus.

Fermi’s theory is remarkable in that
it accounts for all the observed proper-
ties of beta decay. It correctly predicts
the dependence of the radioactive-
nucleus lifetime on the energy released
in the decay. It also predicts the correct
shape of the energy spectrum of the
emitted electrons. Its success was taken

as convincing evidence that a neutrino
is indeed created simultaneously with
an electron every time a nucleus disin-
tegrates through beta decay.

Almost as soon as the theory was
formulated, Hans Bethe and Rudolf
Peierls understood that Fermi’s theory
of the weak force suggested a reaction
by which a free neutrino would interact
with matter and be stopped. As Bethe
and Bacher noted (1936),

“[I]t seems practically impossible to

detect neutrinos in the free state, i.e.,
after they have been emitted by the 
radioactive atom. There is only one
process which neutrinos can certainly
cause. That is the inverse beta process,
consisting of the capture of a neutrino
by a nucleus together with the emission
of an electron (or positron).” 

Unfortunately, the weak force is so
weak that the probability of inverse beta
decay was calculated to be close to zero.
A target would have to be light-years

 new subatomic particle that shares the 
vailable energy with the electron. To
roduce the observed energy spectrum,
his new particle, later named the neu-
ino (“little neutral one”), could have a

mass no larger than that of the electron.
 had to have no electric charge. And
ke electrons and protons, the only sub-
tomic particles known at that time, it
ad to be a fermion, a particle having
alf-integer spin (or intrinsic angular

momentum). It would therefore obey

the Pauli exclusion principle according
to which no two identical neutrinos can
be in the same state at the same time.
Once created, the neutrino would speed
away from the site at, or close to, the
speed of light. But Pauli was concerned
that the neutrinos he had postulated
should have been already detected. 

Shortly thereafter, in a brilliant burst
of insight, Enrico Fermi formulated 
a mathematical theory that involved 
the neutrino and that has endured with

little modification into the present. This 
theory postulates a force for beta decay
and incorporates several brand-new
concepts: Pauli’s neutrino hypothesis,
Dirac’s ideas about the creation of par-
ticles, and Heisenberg’s idea that the
neutron and the proton were related to
each other. In Fermi’s theory of beta
decay, this weak force, so called 
because it was manifestly much weaker
than the electromagnetic force, turns 
a neutron into a proton and simultane-

In 1934, long before the neutrino was detected in an experiment, Fermi gave the
neutrino a reality by writing down his simple and brilliant model for the beta decay
process. This model has inspired the modern description of all weak-interaction
processes. Fermi based his model on Dirac’s quantum field theory of electromagnet-
ism in which two electron currents, or moving electrons, exert force on each other
through the exchange of photons (particles of light). The upper diagram represents
the interaction between two electrons. The initial state of the system is on the left,
and the final state is on the right. The straight arrows represent currents, or moving
electrons, and the wiggly line between the currents represents the emission of 
a photon by one current and its absorption by another. This exchange of a photon
causes the electrons to repel each other. Note that the photon has no mass, a fact
related to the unlimited range of the electromagnetic force.

The fundamental process that takes place in beta decay (see lower diagram) is the
change of a neutron into a proton, an electron, and an antineutrino. The neutron may
be a free particle, or it may be bound inside the nucleus.

In analogy with quantum electrodynamics, Fermi represented beta decay as an 
interaction between two currents, each carrying the weak charge. The weak charge
is related to the electric charge. Unlike the electromagnetic force, however, the weak
force has a very short range. In Fermi’s theory, the range of the force is zero, and
the currents interact directly at a single point. The interaction causes a transfer of
electric (weak) charge between the currents so that, for example, the neutron current
gains one unit of charge and transforms into a proton current, while the electron 
current loses one unit of charge and transforms into a neutrino current.*

Because Fermi’s theory is a relativistic quantum field theory, a single current-current
interaction describes all weak-interaction processes involving the neutron, proton, 
electron, and neutrino or their antiparticles. As a result, we can represent all these
weak-interaction processes with one basic diagram (on facing page, upper left corner).

In analogy with the electric current, each weak current is depicted as a moving particle
(straight arrow) carrying the weak charge. At the point where they interact, the two currents
exchange one unit of electric (weak) charge. 

One can adapt the basic diagram to each reaction by deciding which particles (or antiparti-
cles) are to be viewed as the initial state and which as the final state. (Particles are 
represented by arrows pointing to the final state, whereas antiparticles point backward, to the
initial state.) Since all the reactions described by the diagram stem from the same 
interaction, they have the same overall strength given by GF, Fermi’s constant. However,
kinematic factors involving the amount and distribution of available energy and momentum 

in the initial and final states affect the overall reaction rate. Three reactions are illustrated in the lower diagrams.

In the first reaction, neutron beta decay (lower left), the neutron starts out alone, but the interaction of two currents is responsible for the
decay. The neutron (current) turns into a proton, and the charge is picked up by the electron/neutrino (current) that creates a particle (electron)
and an antiparticle (antineutrino). Note that the direction of the arrow for the neutrino points backwards, to the initial state, to indicate that an
antineutrino has appeared in the final state. 

In the second reaction, electron capture (lower center), the initial state is a proton (current) and an electron (current). The weak interaction 
between the two currents triggers the exchange of one unit of charge so that the proton turns into a neutron while the electron turns into a
neutrino. The reverse process is also possible. 

In the third case, inverse beta decay (lower right), the initial state is an antineutrino (current) and a proton (current). The weak interaction 
between the two currents triggers the exchange of one unit of charge so that the antineutrino turns into an antielectron (positron) while the
proton turns into a neutron. Again, the arrows pointing backward indicate that an antineutrino in the initial state has transformed into an 
antielectron in the final state. The reverse process is also possible.
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1934: Fermi named the 
neutrino and postulate 
the weak interaction

1956: Reines and Cowan 
experiment:  first 
detection of neutrinos

The Reines-Cowan Experiments
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having 110 photomultiplier tubes to
collect scintillation light and produce
electronic signals. 

In this sandwich configuration, a
neutrino-induced event in, say, tank A
would create two pairs of proton
prompt-coincidence pulses from detec-
tors I and II flanking tank A. The first
pair of pulses would be from positron
annihilation and the second from 
neutron capture. The two pairs would
be separated by about 3 to 10 microsec-
onds. Finally, no signal would emanate
from detector III because the gamma
rays from positron annihilation and
neutron capture in tank A are too low
in energy to reach detector III. 

Thus, the spatial origin of the event
could be deduced with certainty, and
the signals would be distinguished from
false delayed-coincidence signals 
induced by stray neutrons, gamma rays,
and other stray particles from cosmic-
ray showers or from the reactor. These
spurious signals would most likely 
trigger detectors I, II, and III in a 
random combination. The all-important
electronics were designed primarily by
Kiko Harrison and Austin McGuire.

The box entitled “Delayed-
Coincidence Signals from Inverse Beta
Decay” (page 22) illustrates delayed-
coincidence signals from the detector’s
top triad (composed of target tank A
and scintillation detectors I and II).
Once the delayed-coincidence signals
have been recorded, the neutrino-
induced event is complete. The signals
from the positron and neutron circuits,
which have been stored on delay lines,
are presented to the oscilloscopes. 

Figure 5 shows a few samples of 
oscilloscope pictures—some are accept-
able signals of inverse beta decay while
others are not.

Austin McGuire was in charge of
the design and construction of the 
“tank farm” that would house and
transport the thousands of gallons of
liquid scintillator needed for the experi-
ment. Three steel tanks were placed on
a flat trailer bed. The interior surfaces
of the tanks were coated with epoxy to
preserve the purity of the liquids.

Today, the need for purity and cleanli-
ness is becoming legendary as 
researchers build an enormous tank for
the next generation of solar-neutrino
experiments (see the article “Exorcising
Ghosts” on page 136), but even in 
the 1950s, possible background conta-
mination was an overriding concern. 

Since the scintillator had to be 
kept at a temperature not lower than 
60 degrees Fahrenheit, the outside 
walls of the tanks were wrapped with 
several layers of fiberglass insulating
material, and long strips of electrical
heating elements were embedded in 
the exterior insulation.

During the previous winter, while
the equipment was being designed and
built, John Wheeler encouraged and
supported the team, and he helped

pave the way for the next neutrino
measurement to be done at the new,
very powerful fission reactor at the
Savannah River Plant in South 
Carolina. By November 1955, the 
Los Alamos group was ready and once
again packed up for the long trip to
the Savannah River Plant.

The only suitable place for the 
experiments was a small, open area in
the basement of the reactor building,
barely large enough to house the detec-
tor. There, 11 meters of concrete would
separate the detector from the reactor
core and serve as a shield from reactor-
produced neutrons, and 12 meters 
of overburden would help eliminate 
the troublesome background 
neutrons, charged particles, and 
gamma rays produced by cosmic rays. 

Schuch’s idea gave birth to the 
Los Alamos total-immersion, or
“whole-body,” counter (see box “The
Whole-Body Counter” on page 15),
which was similar in design to the 
detector for Project Poltergeist but was
built especially to count the radioactive
contents of people. Since counting 
with this new device took only a few
minutes, it was a great advance over
he standard practice of using multiple

Geiger counters or sodium iodide (NaI)
crystal spectrometers in an underground
aboratory. The Los Alamos whole-

body counter was used during the
1950s to determine the degree to which
adioactive fallout from nuclear tests

and other nuclear and natural sources
was taken up by the human body. 

The Hanford Experiment

In the very early spring of 1953, the
Project Poltergeist team packed up 
Herr Auge, the 300-liter neutrino detec-
or, as well as numerous electronics

and barrels of liquid scintillator, and set
out for the new plutonium-producing
eactor at the Hanford Engineering

Works in Hanford, Washington. It was
he country’s latest and largest fission
eactor and would therefore produce
he largest flux of antineutrinos. 

Various aspects of the setup at Hanford
are shown in the photo collage. 

The equipment for the liquid scintil-
ator occupied two trucks parked 

outside the reactor building. One was
used to house barrels of liquid; in a sec-
ond smaller truck, liquid scintillators
were mixed according to various recipes
before they would be pumped into the
detector. Herr Auge was placed inside
he reactor building, very near the face

of the reactor wall, and was surrounded
by the homemade boron-paraffin shield-
ng intermixed with nearly all the lead

shielding available at Hanford. This
shield was to stop reactor neutrons and
gamma rays from entering the detector
and producing unwanted background. In
all, 4 to 6 feet of paraffin alternated with
4 to 8 inches of lead.

The electronic gear for detecting the
telltale delayed-coincidence signal from
inverse beta decay was inside the reac-
tor building. Its essential elements were
two independent electronic gates: one
to accept pulses characteristic of the
positron signal and the other to accept
pulses characteristic of the neutron-
capture signal. The two circuits were
connected by a time-delay analyzer. 

If a pulse appeared in the output of
the neutron circuit within 9 microsec-
onds of a pulse in the output of the
positron circuit, the count was regis-
tered in the channel that recorded 
delayed coincidences. Allowing for 
detector efficiencies and electronic 
gate settings and taking into account
the neutrino flux from the reactor, the 
expected rate for delayed coincidences
from neutrino-induced events was 
0.1 to 0.3 count per minute.

For several months, the team
stacked and restacked the shielding and
used various recipes for the liquid 
scintillator (see Hanford Menu in 
“The Hanford Experiment” collage).
Then they would set the electronics 
and listen for the characteristic double
clicks that would accompany detection
of the inverse beta decay. Despite the
exhausting work, the results were not
definitive. The delayed-coincidence
background, present whether or not the
reactor was on, was about 5 counts per
minute, many times higher than the 
expected signal rate. 

The scientists guessed that the back-
ground was due to cosmic rays entering
the detector, but the addition of various
types of shielding left the background
rate unchanged. Subsequent work 
underground suggested that the 
Hanford background of delayed-
coincidence pulses was indeed due to
cosmic rays. Reines and Cowan (1953)
reported a small increase in the number
of delayed coincidences when the 
reactor was on versus when it was 
off. Furthermore, the increase was 
consistent with the number expected
from the estimated flux of reactor 
neutrinos. This was tantalizing but 
insufficient evidence that neutrino

events were being detected. The 
Hanford experience was poignantly
summarized by Cowan (1964). 

“The lesson of the work was clear:
It is easy to shield out the noise men
make, but impossible to shut out the
cosmos. Neutrons and gamma rays
from the reactor, which we had feared
most, were stopped in our thick walls
of paraffin, borax and lead, but the 
cosmic ray mesons penetrated gleefully,
generating backgrounds in our equip-
ment as they passed or stopped in it.
We did record neutrino-like signals but
the cosmic rays with their neutron sec-
ondaries generated in our shields were
10 times more abundant than were 
the neutrino signals. We felt we had the
neutrino by the coattails, but our 
evidence would not stand up in court.”

The Savannah River
Experiment

After the Hanford experience, the
Laboratory encouraged Reines and
Cowan to set up a formal group with
the sole purpose of tracking neutrinos.
Other than the scientists who had 
already been working on neutrinos,
Kiko Harrison, Austin McGuire, and
Herald Kruse (a graduate student at the
time) were included in this group. 

They spent the following year 
redesigning the experiment from top to
bottom: detector, electronics, scintilla-
tor liquids, the whole works. The detec-
tor was entirely reconfigured to better
differentiate between events induced by
cosmic rays and those initiated in the
detector by reactor neutrinos. Figure 4
shows the new design. 

Two large, flat plastic tanks (called
the “target tanks” and labeled A and B)
were filled with water. The protons in
the water provided the target for 
inverse beta decay; cadmium chloride
dissolved in the water provided the 
cadmium nuclei that would capture 
the neutrons. The target tanks were
sandwiched between three large scintil-
lation detectors labeled I, II, and III
(total capacity 4,200 liters), each 

Figure 4. The Savannah River Neutrino Detector—A New Design
The neutrino detector is illustrated here inside its lead shield. Each of two large, flat
plastic tanks (pictured in light blue and labeled A and B) was filled with 200 liters of
water. The protons in the water provided the target for inverse beta decay; cadmium
chloride dissolved in the water provided the cadmium nuclei that would capture the
neutrons. The target tanks were sandwiched between three scintillation detectors 
(I, II, and III). Each detector contained 1,400 liters of liquid scintillator that was viewed 
by 110 photomultiplier tubes. Without its shield, the assembled detector weighed 
about 10 tons. 

A

B

1957: Pontecorvo 
predicted neutrino 
oscillations

1958: Goldhaber et al. 
measure the lefthand 
helicity of neutrinos

1962: Steinberg, Lederman, 
Schwartz detect the first 
muon neutrino 

First accelerator experiment
● Idea independently proposed by Pontecorvo and Schwartz 
● 1962 Lederman, Schwartz & Steinberger using AGS at BNL 
 
 

● Detected muon neutrino → existence of two kinds of neutrinos

p+Be → π+ + X

X

W

νµ  µ
p

Be Target

π

µ+ + νµ

Phys.Rev.Lett. 9, 36 (1962)

1968: R.Davis detection of 
solar neutrinos and deficit 
observed

1995

1988

2002

1998: SK reported an evidence of 
oscillation in atmospheric neutrinos

1987: burst of neutrinos 
from SN 1987A beginning 
on neutrino astronomy

2000: discovery of tau neutrino 
by the DONUT experiment

2001: SNO reported evidence 
of solar neutrino oscillations 
(observation of NC)

2015

2015

2007: BOREXINO 
detect 7Be solar 
neutrinos

2003: kamLAND detect 
disappearance of reactor anti-𝜈e

2012: DayaBay, 
Reno, Double 
Chooz 
measure 𝜃13

DETERMINATION OF THE νe AND . . . . I DATA SET PHYSICAL REVIEW C 75, 045502 (2007)
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FIG. 41. (Color) Flux of 8B solar neutrinos that are µ or τ flavor
vs flux of electron neutrinos deduced from the three neutrino reactions
in SNO. The diagonal bands show the total 8B flux as predicted by
the BP2000 SSM [78] (dashed lines) and that measured with the NC
reaction in SNO (solid band). The intercepts of these bands with
the axes represent the ±1σ errors. The bands intersect at the fit
values for φe and φµτ , indicating that the combined flux results are
consistent with neutrino flavor transformation with no distortion in
the 8B neutrino energy spectrum.

in interpreting these results. Although the signal-extraction
fit has three free parameters, one should not subtract three
degrees of freedom for each χ2, since the fit is a global fit to
all three distributions. Furthermore, the actual signal extraction
is a fit to the three-dimensional data distribution, whereas the
χ2s are calculated with the marginal distributions. These “χ2”
values demonstrate that the weighted sum of the signal pdfs
provides a good match to the marginal energy, radial, and
angular distributions.

Figure 42 shows the marginal radial, angular, and energy
distributions of the data along with Monte Carlo predictions
for CC, ES and NC + background neutron events, scaled by
the fit results.

2. Results of fitting for flavor content

An alternative approach to doing a null hypothesis test for
neutrino flavor conversion, as discussed in Sec. VIII D, is to fit
for the fluxes of νe and νµτ directly. This is a simple change
of variables to the standard signal extraction. Fitting for the

TABLE XXI. χ 2 values between data
and fit for the energy, radial, and angular
distributions, for the fit using the constraint
that the effective kinetic energy spectrum
results from an undistorted 8B shape.

Distribution Number of bins χ 2

Energy 42 34.58
Radius 30 39.28
Angle 30 19.85
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FIG. 42. (Color) (a) Distribution of cos θ⊙ for Rfit � 550 cm.
(b) Distribution of the radial variable R3 = (Rfit/RAV)3. (c) Kinetic
energy for Rfit � 550 cm. Also shown are the Monte Carlo predictions
for CC, ES, and NC + background neutron events scaled to the fit
results and the calculated spectrum of β-γ background (Bkgd) events.
The dashed lines represent the summed components, and the bands
show ±1σ statistical uncertainties from the signal-extraction fit. All
distributions are for events with Teff ⇥ 5 MeV.

flavor content instead of the three signal fluxes, we find

φ(νe) = 1.76 ± 0.05 × 106 cm−2s−1,

φ(νµτ ) = 3.41 ± 0.45 × 106 cm−2s−1.

The statistical correlation coefficient between these values
is −0.678. We will discuss the statistical significance of
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Fig. 7: Determination of the electron and muon/tau neutrino fluxes by SNO (a). Electron antineutrino survival
probability at KamLAND (b).

the electron and the delayed coincidence with the ⇤ signal from the neutron capture used to observe it.
The neutrino energy is directly related to the positron energy, E⇧e = Ee+ +mn �mp, which allows to
measure the neutrino oscillation probability as a function of the energy and as a consequence i) to obtain
a good ⇥m2

12 determination [40] and ii) to observe the oscillation pattern, including an oscillation dip,
in the survival probability, as shown in Fig. 7b [40].

4.4 The unknown oscillation parameters

The mixing angle ⌃13 has not been measured yet, but both direct and indirect bounds have been obtained
from the CHOOZ and Minos experiments, mentioned above, and from the analysis of subleading ef-
fects in the atmospheric and solar neutrino experiments. The result of a global fit on ⌃13 are shown in
Fig. 8a [23].

The determination of ⌃13 is important for several reasons. It offers an handle on the origin of
the neutrino (and quark) masses and mixing angles. In particular, it allows to discriminate among dif-
ferent flavour models. And it is important for phenomenology, as it is crucial in the study of leptonic
CP-violation, supernova signals, and subleading effects, for example in �µ ↵ �⌃ transitions at the ⇥m2

23

oscillation frequency. From the experimental point of view, a rich experimental program is available.
Several terrestrial experiments are running or have been planned using different techniques: conventional
beams obtained from pion decays, so called “beta-beams”, obtained from the beta decay of radio-active
ions circulating in a storage ring with long straight sections, and neutrino factory beams, obtained from
the decay of muons also circulating in a storage ring. A summary of the prospects on the ⌃13 determi-
nation are shown in Fig. 8b for different values of the experimental parameters [41]. The figure uses the
GLoBES package [42, 43]. References for the single experiments are shown in Figure.

Let us now discuss the determination of the sign of ⇥m2
23. I remind that this parameter determines

the pattern of neutrino masses, enters the analysis of supernova neutrino signals and of long baseline
terrestrial neutrino experiments, and determines the possibility to measure neutrinoless double beta decay
(see below). This parameter can be determined in the presence of matter effects. Let us consider the three
neutrino effective Hamiltonian for propagation in matter and let us take the ⇥m2

12 = 0 limit for simplicity

18

2014: hints of 
𝛿CP ≠ 0 by 
T2K, NOvA,..

2006: LEP measure 
the invisible width of 
the Z boson
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NEUTRINOS: THE KNOWNS AND THE UNKNOWNS  

Neutrinos usually represented in the SM 
fundamental particle table. But in this representation 
many peculiarities are hidden 

▸ Leptons but neutral : feel only weak (and 
gravitational) force 

▸ Predicted massless but  they do oscillate: many 
consequences (see following slide) 

▸ As all other particle they should have an anti-
particle: what if they were the same particle? 

▸ 3 neutrinos observed in agreement with SM 
families but  other “sterile" neutrino might exist.. 
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NEUTRINOS: THE KNOWNS AND THE UNKNOWNS  

▸ Neutrino oscillations can occur only if neutrinos have masses 

13

Appearance : P (⇥↵ � ⇥�) = sin2(2�) · sin2
✓
1.267�m2[eV 2] L⌫ [km]

E[GeV ]

◆

▸ 3 neutrinos: 2 independent mass-squared 
differences. Sign of Δm212 studied with 
solar neutrinos 

▸ two possibilities for Δm213: which is the 
order  (Δm213>0 or Δm231<0) ? 

The Mass Hierarchy (MH) problem

▸ Oscillations give access to the mass-squared differences: amplitude of the mass 
splitting,  NOT the sign. 

first hint of 
BSM physics

2 neutrino approximation:

Normal ordering Inverted ordering 
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▸ Considering the full 3-flavour neutrino mixing paradigm, neutrino oscillation 
can give access to CP violation in the lepton sector

14

The Standard 3-Flavour Paradigm

26/11/20168 Mark Thomson | San Cristóbal de Las Casas

« Unitary	PNMS	matrix								mixing	described	by:

§ three	“Euler	angles”:
§ and	one complex	phase:		

UPMNS =

0
BBBBBBBB@

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
U⌧1 U⌧2 U⌧3

1
CCCCCCCCA =

0
BBBBBBBB@

1 0 0
0 c23 s23
0 �s23 c23

1
CCCCCCCCA

0
BBBBBBBB@

c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1
CCCCCCCCA

0
BBBBBBBB@

c12 s12 0
�s12 c12 0

0 0 1

1
CCCCCCCCA

(✓12, ✓13, ✓23)

�

with
« If then	SM	leptonic sector								CP	violation		(CPV)

§ CPV	effects	
§ now	know	that								is	relatively	large				

/ sin ✓13

� , {0, ⇡}

✓13
CPV	is	observable	with	conventional n beams

LBNF/DUNE

Hyper-Kamiokande

si j = sin ✓i j ; ci j = cos ✓i j

▸ 𝛿CP term always related to 𝜃13.  Need 𝜃13 > 0 to measure it  

▸ Thanks to the relatively large size of 𝜃13,  𝛿CP can be studied looking for 
appearance signals using conventional beams 

▸ Degenerate solution because of the MH

NEUTRINOS: THE KNOWNS AND THE UNKNOWNS  

In tomorrow lecture, discussion about 
how to measure it
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6 T. Thümmler - Introduction to direct neutrino mass measurements and KATRIN 

m! " 0 influence: 
!  shift of E0 
!  changed shape 
!  shape to be analysed! 

! 

d"i
dE

= C# p# (E +me )# (E0 $ E)# (E0 $ E)
2 $mi

2 # F(E,Z)# %(E0 $ E $mi)

(!� mass)2 ! 

m("e ) = Uei
2
#

i=1

3

$ mi
2

m(νe) from ! decay: model-independent,!
based on kinematics and energy conservation!

key requirements: 
!  low endpoint # source 
!  high count rate 
!  high energy resolution 
!  extremely low background 

�
�E

E0

⇥3

(a) (b)

Fig. 9: Modification of the beta decay spectrum in the presence of a non-vanishing neutrino mass (a). Different
beta decay processes and their microscopic mechanisms (b).

4.7 Beyond oscillations

We now discuss the bounds and prospects of determination of the neutrino parameters that cannot be
probed with oscillation experiments, mlightest, and the Majorana phases �, ⇥ (assuming they are physical).

As said, the determination of the squared mass differences ⇥m2
23 and ⇥m2

12 does not determine
the absolute value of neutrino masses. On the other hand, the latter can be obtained from the additional
knowledge of mlightest. We have indeed m2

1 = m2
lightest, m

2
2 = ⇥m2

12 + m2
lightest, m

2
3 = m2

lightest +

⇥m2
12 + ⇥m2

23 in the case of normal hierarchy and m2
3 = m2

lightest, m
2
2 = m2

lightest � ⇥m2
23, m2

1 =

m2
lightest � ⇥m2

12 � ⇥m2
23 in the case of inverse hierarchy (in which case ⇥m2

23 < 0). In principle,
mlightest can have any value. If mlightest � (⇥m2

12)
1/2 ⌃ 0.01 eV, the three neutrinos have masses

m3 ⌥ |⇥m2
23|1/2 ⌃ 0.05 eV, m2 ⌥ (⇥m2

12)
1/2 ⌃ 0.01 eV, m1 = mlightest � m2 in the normal

hierarchy case and m1 ⌥ m2 ⌥ |⇥m2
23|1/2 ⌃ 0.05 eV, m3 = mlightest � m1,2 in the inverse hierarchy

case (in which case it actually suffices to assume mlightest � |⇥m2
23|1/2 ⌃ 0.05 eV). If mlightest  

|⇥m2
23|1/2 ⌃ 0.05 eV, the three neutrinos are approximately degenerate, m1 ⌥ m2 ⌥ m3 ⌥ mlightest.

Beta decay experiments exploit the fact that a non vanishing neutrino mass modifies the endpoint
of the electron spectrum in beta decays (A,Z) ⌦ (A,Z + 1) + e� + �e, where A and Z are the
mass and atomic number of the decaying atom. This is a purely kinematical effect illustrated in Fig. 9a
(taken from [72]). The tritium decay 3H ⌦ 3He + e� + �e is often used for this purpose. The decay
spectrum depends in general on the composition of �e in terms of the three mass eigenstates and on their
masses. Given that the present sensitivities are larger than |⇥m2

23|1/2, the spectrum only depends on the
combination (m†m)ee, where m is the light neutrino mass matrix is the flavour basis:

dN

dE
�

⇠
|Ueh|2�(m2

h, E) ⌥ �(m2
⇧e , E), (34)

m2
⇧e ⇤ (m†m)ee = |Ueh|2m2

h = c213(m
2
1c

2
12 +m2

2s
2
12) +m2

3s
2
13. (35)

The present bound from the Mainz [73] and Troitsk [74] experiments is in the degenerate neutrino regime,
in which m⇧e ⌥ mlightest, and give mlightest < 2.3 eV. The Katrin experiment [75] promises to lower the
sensitivity down to 0.2 eV.

Another handle on the absolute value of neutrino masses is provided by neutrinoless double beta
(0�2⇥) decay, (A,Z)⌦ (A,Z +2)+ 2e�. As mentioned earlier, 0�2⇥ signals lepton number violation

22

▸ The absolute scale of the neutrino mass is NOT known nor 
accessible with neutrino oscillation 

▸ Direct measurement: simple kinematic of the ß decay: the non-
zero neutrino mass change the end-point of the ß decay spectrum 

▸ Tritium 3H is a good element: low end point and low half-time : 
maximise event rate

NEUTRINOS: THE KNOWNS AND THE UNKNOWNS  

?
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▸ Neutrinos are the only massive fermions to be neutral 

▸ Neutrino is the only particle that could be it’s own anti-particle (if Majorana) 

▸ ßß0𝜈 process that can reveal the neutrino nature (Dirac/Majorana)

16

(A,Z) ! (A,Z + 2) + 2e� + 2⌫̄e

(T 0⌫
1/2)

�1 = G0⌫(Q�� , Z)|M0⌫ |2⌘2

forbidden in SM 

NEUTRINOS: THE KNOWNS AND THE UNKNOWNS  

Many (challenging) experiments looking for 
ßß0𝜈 process but not covered by these lectures  

ßß0𝜈ßß2𝜈

ßß0𝜈 : 

ßß0𝜈



NEUTRINO INTERACTIONS AND 
MAIN DETECTION TECHNIQUES

Neutrinos are not Missing  ET ! :)
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NEUTRINO INTERACTIONS

18

Neutrino detection

• We detect outgoing particles created when 
neutrino interacts 

• Two types of interactions:

Charged current 
-Possible to determine incoming neutrino 
type and energy 

Neutral current 
-No information about incoming neutrino 
flavor or energy 

Neutrino detection

• We detect outgoing particles created when 
neutrino interacts 

• Two types of interactions:

Charged current 
-Possible to determine incoming neutrino 
type and energy 

Neutral current 
-No information about incoming neutrino 
flavor or energy Charged Current Neutral Current 

Out-coming lepton bring information about 
the determination of the neutrino flavour  

But threshold of the interaction given by the 
lepton mass (E𝜈𝜇 > 110 MeV, E𝜈𝜏 >3.5 GeV) 

Blind wrt to oscillation: no 
information about the flavour of 
the interacting neutrino 
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NEUTRINO INTERACTION MODES FOR INTERMEDIATE ENERGY RANGE
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globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

!"N ! "!X; (54)

!!"N ! "þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark
chamber detectors and represent a large fraction of the data
presented in the summary plots we show. Over the years,
interest in this energy region waned as efforts migrated to
higher energies to yield larger event samples and the focus
centered on measurement of electroweak parameters (sin2#W)
and structure functions in the deep inelastic scattering region.
With the discovery of neutrino oscillations and the advent of
higher intensity neutrino beams, however, this situation has
been rapidly changing. The processes discussed here are im-
portant because they form some of the dominant signal and
background channels for experiments searching for neutrino
oscillations. This is especially true for experiments that use
atmospheric or accelerator-based sources of neutrinos. With a
view to better understanding these neutrino cross sections,
new experiments such as Argon Neutrino Test (ArgoNeuT),
KEK to Kamioka (K2K), Mini Booster Neutrino Experiment
(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER!A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino
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FIG. 8. Predicted processes to the total CC inclusive scattering
cross section at intermediate energies. The underlying quasielastic,
resonance, and deep inelastic scattering contributions can produce a
variety of possible final states including the emission of nucleons,
single pions, multipions, kaons, as well as other mesons (not
shown). Combined, the inclusive cross section exhibits a linear
dependence on neutrino energy as the neutrino energy increases.
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FIG. 9. Total neutrino and antineutrino per nucleon CC cross
sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figs. 28, 11,
and 12, with the inclusion of additional lower energy CC inclusive
data from m (Baker et al., 1982), # (Baranov et al., 1979), j
(Ciampolillo et al., 1979), and ? (Nakajima et al., 2011). Also
shown are the various contributing processes that will be inves-
tigated in the remaining sections of this review. These contributions
include quasielastic scattering (dashed), resonance production (dot-
dashed), and deep inelastic scattering (dotted). Example predictions
for each are provided by the NUANCE generator (Casper, 2002).
Note that the quasielastic scattering data and predictions have been
averaged over neutron and proton targets and hence have been
divided by a factor of 2 for the purposes of this plot.

Joseph A. Formaggio and G. P. Zeller: From eV to EeV: Neutrino cross sections . . . 1323

Rev. Mod. Phys., Vol. 84, No. 3, July–September 2012

Charged Current Neutral Current 

O(10-38 cm2/ GeV) :  particle interacting very weakly! need of (very) big detectors

Charge current
CC-QuasiElastic νμ n→μ-p
CC-Resonance νμΝ→μ- π+,0 N
CC-Deep Inelastic νμΝ→μ- X

Neutral current
NC-Elastic νμ(n,p)→νμ(n,p)
NC-Resonance νμΝ    → νμN π+,0

NC-Deep Inelastic νμΝ     →νμ X

targets, measuring and modeling nuclear effects in pion
production processes has become paramount. Such effects
are sizable, not well known, and ultimately complicate the
description of neutrino interactions. Once created in the
initial neutrino interaction, the pion must escape the nucleus
before it can be detected. Along its journey, the pion can
rescatter, get absorbed, or charge exchange thus altering its
identity and kinematics. Improved calculations of such
‘‘final-state interactions’’ have been undertaken by a number
of groups (Paschos et al., 2007; Antonello et al., 2009;
Dytman, 2009; Leitner and Mosel, 2009; Leitner and Mosel,
2010a, 2010b). The impact of in-medium effects on the
! width and the possibility for intranuclear ! reinterac-
tions (!N ! NN) also play a role. The combined result are
sizable distortions to the interaction cross section and kine-
matics of final-state hadrons that are produced in a nuclear
environment.

While new calculations of pion production have prolifer-
ated, new approaches to the experimental measurement of
these processes have also surfaced in recent years. Modern

experiments have realized the importance of final-state ef-
fects, often directly reporting the distributions of final-state
particles they observe. Such ‘‘observable’’ cross sections are
more useful in that they measure the combined effects of
nuclear processes and are much less model dependent.
Table XII lists the collection of some of these most recent
pion production cross section reportings. Measurements have
been produced in the form of both ratios and absolute cross
sections, all on carbon-based targets. Similar measurements
on additional nuclear targets are clearly needed to help round
out our understanding of nuclear effects in pion production
interactions.

Before we move on, it should be noted that many of the
same baryon resonances that decay to single pion final states
can also decay to photons (e.g., ! ! N! and N! ! N!).
Such radiative decay processes have small branching frac-
tions (<1%) yet, like NC "0 production, they still pose non-
negligible sources of background to #$ ! #e oscillation

searches. There have been no direct experimental measure-
ments of neutrino-induced resonance radiative decay to date;
however, studies of photon production in deep inelastic neu-
trino interactions have been performed at higher energies

TABLE XI. Measurements of NC and CC single pion cross section ratios (N ¼ n; p). The Gargamelle data have been corrected to a free
nucleon ratio (Krenz et al., 1978a).

Experiment Target NC/CC ratio Value Reference

ANL H2 %ð#$p ! #$p"
0Þ=%ð#$p ! $%p"þÞ 0:51' 0:25 (Barish et al., 1974)

ANL H2 %ð#$p ! #$p"
0Þ=%ð#$p ! $%p"þÞ 0:09' 0:05a (Derrick et al., 1981)

ANL H2 %ð#$p ! #$n"
þÞ=%ð#$p ! $%p"þÞ 0:17' 0:08 (Barish et al., 1974)

ANL H2 %ð#$p ! #$n"
þÞ=%ð#$p ! $%p"þÞ 0:12' 0:04 (Derrick et al., 1981)

ANL D2 %ð#$n ! #$p"
%Þ=%ð#$n ! $%n"þÞ 0:38' 0:11 (Fogli and Nardulli, 1980)

GGM C3H8CF3Br %ð#$N ! #$N"0Þ=2%ð#$n ! $%p"0Þ 0:45' 0:08 (Krenz et al., 1978a)
CERN PS Al %ð#$N ! #$N"0Þ=2%ð#$n ! $%p"0Þ 0:40' 0:06 (Fogli and Nardulli, 1980)
BNL Al %ð#$N ! #$N"0Þ=2%ð#$n ! $%p"0Þ 0:17' 0:04 (Lee et al., 1977)
BNL Al %ð#$N ! #$N"0Þ=2%ð#$n ! $%p"0Þ 0:25' 0:09b (Nienaber, 1988)
ANL D2 %ð#$n ! #$p"

%Þ=%ð#$p ! $%p"þÞ 0:11' 0:022 (Derrick et al., 1981)

aIn their later paper (Derrick et al., 1981), Derrick et al. remark that while this result is 1:6% smaller than their previous result (Barish
et al., 1974), the neutron background was later better understood.
bThe BNL NC "0 data (Lee et al., 1977) were later reanalyzed after properly taking into account multipion backgrounds and found to
have a larger fractional cross section (Nienaber, 1988).
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but cannot be directly compared with this historical data. From
Hawker, 2002.
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S. BORDONI (CERN)

DESIRABLE FEATURES FOR NEUTRINO DETECTION
▸ low energy threshold 

 low-energy neutrinos (solar nu) or secondary particles (protons) can be detected and studied; 

▸ good angular resolution 
particles direction accurately reconstructed (especially for astrophysical neutrinos) 

▸ good particle identification 
e/𝜇 discrimination essential for oscillation experiments, but 𝜋 and proton ID also important  

▸ good energy measurement  
reconstruction of the neutrino energy for oscillation measurements, astrophysics, ßß0𝜈 .. 

▸ good time resolution  
time evolution of transient signals (supernova neutrinos, and other astrophysical sources); 

▸ charge identification 
 separation of leptons and anti-leptons (𝜈 anti-𝜈 CC interactions) important for oscillations

20

Not possible to have all of these features in one detector.  
Needs to select the most appropriate technology for the aims of the experiment.



S. BORDONI (CERN)

NEUTRINO DETECTION: LIQUID SCINTILLATORS

21

ve + p → e+ + n 
▸ Anti-neutrinos detected via Inverse ß- Decay (IBD)

▸ instantaneous annihilation of the positron 
(prompt signal)

▸ search for 2 signal coincidence: 

ve + p → e+ + n 



S. BORDONI (CERN)

NEUTRINO DETECTION: LIQUID SCINTILLATORS

22

▸ Anti-neutrinos detected via inverse ß- decay (IBD)

ve + p → e+ + n 

▸ instantaneous annihilation of the positron 
(prompt signal)

▸ thermalisation and capture of the neutron 
after some time (delayed signal) 

EThr for anti-neutrinos 1.8 MeV

▸ search for 2 signal coincidence: 



interact with a nucleus through the weak
force and will induce the transformation
of a proton into a neutron. This inverse
of the usual beta-decay process results 
in a nucleus with one less unit of 
positive charge. That charge is picked 
up by the antineutrino, which transforms
into a positron:

nw + N (n, p) → e+ + N (n+1, p–1)  ,

where n equals the number of neutrons
and p equals the number of protons. 
If the nucleus happens to be that of 
hydrogen (a single proton), then the 
interaction produces a neutron and a
positron:

nw + p → n + e+ . 

Reines and Cowan chose this latter
reaction, the inverse beta decay on 
protons, to detect the free neutrino. The
nuclear fission bomb would be their
source of an intense flux of neutrinos
(Figure 1). But they also needed to 
design a very large detector containing
a sufficient number of target protons
that would stop a few neutrinos. As
Reines observed (unpublished notes),

“Our crude knowledge of the expected
energy spectrum of neutrinos from a fis-
sion bomb suggested that the inverse
beta decay reaction would occur several
times in a several-ton detector located
about 50 meters from the tower-based
explosion of a 20-kiloton bomb. 
(Anyone untutored in the effects of 
nuclear explosions would be deterred
by the challenge of conducting an 
experiment so close to the bomb, but
we knew otherwise from experience
and pressed on). The detector we
dreamed up was a giant liquid 
scintillation device, which we dubbed
‘El Monstro.’ This was a daring extrap-
olation of experience with the newly
born scintillation technique. The biggest
detector until Cowan and I came along
was only a liter or so in volume.”

Their initial scheme was to use the
newly discovered, liquid, organic scin-
tillators as both the target for the neutri-
nos (these liquids had a high proportion

of hydrogen) and the medium to detect
the positron from inverse beta decay.

In 1950, several groups discovered
that transparent organic liquids emit
flashes of visible light when a charged
particle or a gamma ray passes through
them. These liquids had first been 
purified and then added to certain
compounds. The light flashes are very
weak but useful because their intensity
is proportional to the energy of the
charged particles or gammas. In a 
liquid scintillation counter, the light is
collected by highly sensitive photo-
multiplier tubes located on the bound-
ary of the detector. These phototubes
convert light into electrical signals 
in proportion to the light intensity. 

Figure 2 outlines the processes that
would convert the energy of a positron
from inverse beta decay into a measurable
signal. The first small liquid-scintillation
counters had already been developed, and
one of those initial developers, F. B.
(Kiko) Harrison, was at Los Alamos.

Wright Langham, leader of the Health 
Division’s research group, had recruited
Harrison to help design such counters for
measuring radiation in biological samples.
Harrison was one of the designers of the
prompt-coincidence technique (see the
section “The First Large Detector” on
page 14) to distinguish spurious noise in
the photomultiplier tubes from the signals
generated by light flashes.

Once the idea for a new detector had
been shaped, Reines and Cowan devel-
oped an audacious design for their 
experiments (shown in Figure 1). 
As Cowan (1964) vividly described it, 

“We would dig a shaft near ‘ground
zero’ about 10 feet in diameter and
about 150 feet deep. We would put a
tank, 10 feet in diameter and 75 feet
long on end at the bottom of the shaft.
We would then suspend our detector
from the top of the tank, along with its
recording apparatus, and back-fill the
shaft above the tank.

“As the time for the explosion 
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hick before it would have a good
hance of stopping a neutrino. The pos-
ibility of detecting the neutrino
eemed nil. But two things changed
hat prospect: first, the advent of very
ntense sources of neutrinos—fission

bombs and fission reactors—and, sec-
ond, the intense drive of a young man
rom New Jersey to make his mark in
he world of fundamental physics.

Fred Reines and Los Alamos

Fred Reines had become interested
n mathematics and physics while
tudying at the Stevens Institute of

Technology, and during graduate stud-
es at New York University, he wrote 
 Ph.D. thesis elaborating on Bohr’s
iquid-drop model of nuclear fission. In

1944, he joined the Manhattan Project
t Los Alamos and became a member

of the Theoretical Division. 
During the late forties and early

fifties, after the first atomic bomb had
been built at Los Alamos, the Labora-
ory’s mission was intensely focused on

building a reliable stockpile of fission
weapons and developing the thermonu-
lear bomb. Reines was in charge of
everal projects related to testing 

nuclear weapons in the Pacific. In ret-
ospect, Reines explains (unpublished

notes for a talk given at Los Alamos):
“Bomb testing was an exercise in

hinking big, in the ‘can do’ spirit. In
he George Shot, for example, the sig-

nal cables running from the shot tower
o the instrumentation bunker had to 

be shielded from the enormous gamma-
ay flux from the explosion; otherwise,
hat flux would generate a huge current
urge in those cables that would 

destroy all our electronics. The only
hing available for shielding on the
cale we needed was the island itself.

So we dug up one side of the island
nd put it on top of the other.

“That can do spirit permeated our
hinking. Whenever we thought about

new projects, the idea was to set the
most interesting (and fundamental) goal
without initial concern as to feasibility

or practical uses. We could count on
the latest technology being available 
to us at Los Alamos as a result of the
instrumentation needs of the weapons
program, and that fact fed our confi-
dence. To his credit, Norris Bradbury,
the Director who took over after 
Oppenheimer, lent enormous support 
to surrounding the nuclear weapons 
effort at Los Alamos with a broad 
scientific and technological base.” 

The bomb-test steering and liaison
group, in which Fred Reines partici-
pated, was interested in fundamental
questions. New physics experiments
that could be mounted as part of 
nuclear weapons tests were the topic 
of numerous free-ranging discussions
in the group. It seemed appropriate that
the unusually intense flux of thermal
radiation, neutrons, and gamma rays
produced by the bomb be used to study
new phenomena. 

The scientists in this group were
even aware of the incredibly intense
flux of antineutrinos produced when the
fissioning, or splitting, of atomic nuclei
during the neutron chain reaction gives
rise to a host of unstable nuclei. The
weak interactions then become impor-
tant in changing the identity of those
nuclei as they follow their decay paths
to lower and lower energy states. Each
fission event gives rise to an average of
six beta-decay processes, each of which
produces an antineutrino. Thus, those
beta decays result in a short but intense
burst of antineutrinos.

In 1951, Reines thought about 
using that intense burst in an experi-
ment designed to detect the neutrino.
He had returned from the very success-
ful Greenhouse tests in Eniwetok Atoll,
in the Pacific, and became captivated
by the “impossible challenge” to detect
the elusive free neutrino using neutri-
nos from the bomb. After having 
been involved for seven years in the
weapons program, Reines asked J. Car-
son Mark, leader of the Theoretical 
Division, for some time to think about
more fundamental questions.

The bomb was not only an intense
neutrino source but also so short-lived

that the number of background events
mimicking neutrino-induced events
would be minimized. That summer,
Reines mentioned his plan to Enrico
Fermi and even described the need for
what was then considered to be a very
large scale detector. Reines estimated
that a sensitive mass of about one ton
would be needed to stop a few neutri-
nos. At the time, Reines did not know
how to build such a large detector, and
evidently, neither did Fermi. However,
both Fermi and Hans Bethe thought
that the bomb was the most promising
neutrino source. 

A few months later, Reines was able
to interest one of his Los Alamos col-
leagues to participate in his quest. As
Reines observed (unpublished notes),
“It was my singular good fortune to be
joined by Clyde L. Cowan, Jr., whom I
had met in connection with Operation
Greenhouse and who became my very
stimulating and capable collaborator.” 

Cowan had studied chemical engi-
neering as an undergraduate and, 
during World War II, was awarded 
the Bronze Star for his work on radar
at the British Branch of the Radiation
Laboratory of the Massachusetts 
Institute of Technology. His Ph.D. 
thesis at George Washington University
was on the absorption of gamma radia-
tion. In 1949, he joined Los Alamos
Scientific Laboratory. Like Reines, 
he became heavily involved in the
weapons testing program in the Pacific.
In late 1951, Reines and Cowan 
began “Project Poltergeist,” the first 
experiment in neutrino physics. 

The Signal of the Poltergeist

What happens when neutrinos enter
matter? Most of the time, they pass
straight through without scattering, 
but Fermi’s theory of the weak force 
predicts that the neutrino can induce 
an inversion of beta decay (see the box
“Fermi’s Theory of Beta Decay and
Neutrino Processes” on page 8). In par-
ticular, the antineutrino (the antiparticle
of the neutrino) will occasionally 
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Figure 1. Detecting Neutrinos from a Nuclear Explosion 
Antineutrinos from the fireball of a nuclear device would impinge on a liquid scintilla-
tion detector suspended in the hole dug below ground at a distance of about 
40 meters from the 30-meter-high tower. In the original scheme of Reines and Cowan,
the antineutrinos would induce inverse beta decay, and the detector would record 
the positrons produced in that process. This figure was redrawn courtesy of Smithsonian 

Institution.

S. BORDONI (CERN)

LIQUID SCINTILLATORS 𝜈 DETECTORS: FEW EXAMPLES
▸ Reines and Cowan experiments - First idea to detect neutrinos : 

use IBD in liquid scintillator from a nuclear fission explosion! 

▸ Finally using anti-neutrinos from reactor 

▸ Evolution of  the detector design to fight background:  

▸ “El Monstro” : first giant liquid scintillator detector (1m3)  
▸ the Hanford experiment : Liquid scintillator doped with Cd 

for neutron capture (70 cm ⦰ x 75cm high) 

▸ The Savannah River experiment : H20-Cd target + liquid 
scintillator 

23
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lectron, namely, 0.51 million electron
olt (MeV). The two gamma rays

would accelerate electrons through
Compton scattering and initiate a cas-
ade of electrons that would eventually
ause the liquid to scintillate. The tiny

flash of visible light, efficiently 
onverted into an electronic pulse,

would be the signal of the positron.
The new idea was to detect not only

he positron but also the neutron (see
Figure 3). Once produced, the neutron
ounces around and slows down as it
ollides with protons. It can be captured
y a proton to produce deuterium, or
eavy hydrogen. But if a nucleus such
s cadmium is present, the neutron has a

much greater chance of being captured.
Adding a cadmium salt to the organic
cintillator dramatically increases the
ross section for absorbing (low-energy)
eutrons. The capture process releases
bout 9 MeV of energy in gamma rays. 

The average time between the flash 
f light from the positron-electron 
nnihilation and that from the neutron 
apture is a few microseconds. 

Electronic circuits could be designed to
etect this “delayed-coincidence” signa-
ure, two flashes of light (each within a

well-defined energy range) separated by 
microseconds, and provide a powerful
means to discriminate the signature of 
nverse beta decay from background
oise. Thus, using the much smaller flux
f reactor neutrinos became feasible. 

As Cowan (1964) remembers,
“Instead of detecting a burst of 

eutrinos in a second or two coming
rom the fury of a nuclear explosion, 

we would now be able to watch 
atiently near a reactor and catch one
very few hours or so. And there are

many hours available for watching in 
 month—or a year.” 

The First Large Detector

The group spent that winter 
uilding the detectors, developing 
arious liquid-scintillator compositions,
nd testing the response of the 
etectors to gamma rays. Each detector 

was about 28 inches in diameter and
30 inches high (see photo on this
page), and 90 photomultiplier tubes
penetrated its curved walls. 

The phototubes were connected in
two interleaved arrays, each of which
would produce an electrical pulse in 
response to a light signal in the detector.
The two pulses would then be sent to a
prompt-coincidence circuit, which
would accept them as a bona fide signal

only if they arrived simultaneously.
That prompt-coincidence requirement
helped eliminate counting the 
spurious dark current that arose 
spontaneously and at random in 
the phototubes themselves. 

The team worked in an isolated, 
unheated building. Cowan (1964) 
reports how “some of our group swept
the snow away from outside the build-
ing and set about casting many large
blocks of paraffin wax and borax for
use as neutron shielding when we
would go to a reactor. Others began
mixing gallons of liquid scintillator in
batches with varying composition.”

They had to use electrical heaters to

keep the toluene scintillator warm; 
otherwise, it would turn from transpar-
ent to cloudy. Soon, they discovered
that one of the brands of mineral oil
carried by a local druggist, when
mixed with suitable chemicals, could
serve as another liquid scintillator.
Having a hydrogen density different
from that of toluene, the mineral oil
would yield a different measured rate
for inverse beta decay and thus provide
a consistency check on the experi-
ment—of course, if the experimental
error could be made small enough to
make the difference visible.

The threesome who carried the 
primary responsibility for developing
and testing the detector were F. Newton
Hayes, Robert Schuch, and Ernest C.
Anderson from Wright Langham’s 
biomedical/health physics research
group. Using various radioactive
gamma-ray sources, they discovered that
their large-volume liquid scintillation 
detectors were extremely efficient at 
detecting gamma rays, enough to 
revolutionize the counting of small
amounts of radioactivity in bulk 
samples. The group realized they could
test the radioactive content of the 
materials used to construct the detector
and eliminate those that would add 
unduly to the background.

As Cowan (1964) reports, “We built
a cylindrical well into one of the 
detectors and proceeded to put quantities
of steel, liquids, wax, and other materials
into it for testing. We found that brass
and aluminum were quite radioactive
compared to iron and steel, and that the
potassium in the glass envelopes of our
photomultiplier tubes would contribute to
the detector backgrounds.

“During this time, one of our group,
Robert Schuch, proposed making the well
in the detector a bit larger so that we
might be able to put a human being into
the detector. This was done, and 
a number of people, including our 
secretary, were trussed up and lowered
into the 18-inch hole. We found quite 
a detectable counting rate from everyone.
It was due to the radioactive potassium-40
naturally present in the body.”

The Hanford Neutrino Detector
The background photo is a top view of
the neutrino detector used in the Hanford
experiments. It shows the interior of the
10-cubic-foot vat for the liquid scintillator
and the 90 photomultiplier tubes, each
with a 2-inch-diameter face that had a
thin, photosensitive surface. The inset 
is a side view of the detector. Having a 
300-liter capacity, “Herr Auge” (German
for Mr. Eye, as this detector was named)
was the largest detector at the time.

In 1956, Ernest C. Anderson, Robert Schuch, James Perrings, and Wright
Langham developed the whole-body counter known as HUMCO I. Its 
design was a direct spinoff from the development of the first large liquid-
scintillation detector used in Reines and Cowan’s neutrino experiments at
Hanford. HUMCO I measured low levels of naturally occurring radioactivity 
in humans. Later, it was used in a worldwide effort to determine the degree
to which radioactive fallout from nuclear tests and other nuclear and 
natural sources was absorbed by the human body. The detector consisted 
of a cylindrical container filled with 140 gallons of liquid scintillator and 
surrounded by 108 photomultiplier tubes. The person being measured was
placed in a slide and drawn into the detector. Gamma rays emitted by 
the naturally occurring radioisotope potassium-40 or the fallout isotope 
cesium-137, for example, would largely penetrate the detector’s inner wall,
excite the scintillator, and be detected. HUMCO II, which superseded
HUMCO I in 1962, was nearly 10 times more sensitive, and its measure-
ments were that much safer and quicker. 

The top photo shows Anderson sitting at the controls of HUMCO II. 
To his right is the slide that would carry Schuch inside the detector for 
radioactive measurement. 

In 1958, the human counter was demonstrated at the Atoms for Peace 
Conference held in Geneva. Built especially for this conference, the vertical
counter was open on one side to allow a person to step in for measurement
of internal radioactivity. The middle picture shows a conference participant
getting ready to enter the detector under Newton Hayes’ supervision. 

The lower picture and diagram show the first human-radioactivity measure-
ments carried out in the detector that served as the basis for HUMCO. 
The original purpose of that detector had been different: to determine the
degree to which the natural gamma-ray activity of the materials used to
shield the Hanford neutrino detector would add “noise” to the experiments.
Schuch suggested that a larger insert into the detector would allow a small
person to be placed inside and then be measured for gamma-ray activity.
Langham, shown crouched inside the detector, was the only member 
of the team slim enough to fit in the narrow space.

The Whole-Body Counter
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having 110 photomultiplier tubes to
collect scintillation light and produce
electronic signals. 

In this sandwich configuration, a
neutrino-induced event in, say, tank A
would create two pairs of proton
prompt-coincidence pulses from detec-
tors I and II flanking tank A. The first
pair of pulses would be from positron
annihilation and the second from 
neutron capture. The two pairs would
be separated by about 3 to 10 microsec-
onds. Finally, no signal would emanate
from detector III because the gamma
rays from positron annihilation and
neutron capture in tank A are too low
in energy to reach detector III. 

Thus, the spatial origin of the event
could be deduced with certainty, and
the signals would be distinguished from
false delayed-coincidence signals 
induced by stray neutrons, gamma rays,
and other stray particles from cosmic-
ray showers or from the reactor. These
spurious signals would most likely 
trigger detectors I, II, and III in a 
random combination. The all-important
electronics were designed primarily by
Kiko Harrison and Austin McGuire.

The box entitled “Delayed-
Coincidence Signals from Inverse Beta
Decay” (page 22) illustrates delayed-
coincidence signals from the detector’s
top triad (composed of target tank A
and scintillation detectors I and II).
Once the delayed-coincidence signals
have been recorded, the neutrino-
induced event is complete. The signals
from the positron and neutron circuits,
which have been stored on delay lines,
are presented to the oscilloscopes. 

Figure 5 shows a few samples of 
oscilloscope pictures—some are accept-
able signals of inverse beta decay while
others are not.

Austin McGuire was in charge of
the design and construction of the 
“tank farm” that would house and
transport the thousands of gallons of
liquid scintillator needed for the experi-
ment. Three steel tanks were placed on
a flat trailer bed. The interior surfaces
of the tanks were coated with epoxy to
preserve the purity of the liquids.

Today, the need for purity and cleanli-
ness is becoming legendary as 
researchers build an enormous tank for
the next generation of solar-neutrino
experiments (see the article “Exorcising
Ghosts” on page 136), but even in 
the 1950s, possible background conta-
mination was an overriding concern. 

Since the scintillator had to be 
kept at a temperature not lower than 
60 degrees Fahrenheit, the outside 
walls of the tanks were wrapped with 
several layers of fiberglass insulating
material, and long strips of electrical
heating elements were embedded in 
the exterior insulation.

During the previous winter, while
the equipment was being designed and
built, John Wheeler encouraged and
supported the team, and he helped

pave the way for the next neutrino
measurement to be done at the new,
very powerful fission reactor at the
Savannah River Plant in South 
Carolina. By November 1955, the 
Los Alamos group was ready and once
again packed up for the long trip to
the Savannah River Plant.

The only suitable place for the 
experiments was a small, open area in
the basement of the reactor building,
barely large enough to house the detec-
tor. There, 11 meters of concrete would
separate the detector from the reactor
core and serve as a shield from reactor-
produced neutrons, and 12 meters 
of overburden would help eliminate 
the troublesome background 
neutrons, charged particles, and 
gamma rays produced by cosmic rays. 

Schuch’s idea gave birth to the 
Los Alamos total-immersion, or
“whole-body,” counter (see box “The
Whole-Body Counter” on page 15),
which was similar in design to the 
detector for Project Poltergeist but was
built especially to count the radioactive
contents of people. Since counting 
with this new device took only a few
minutes, it was a great advance over
he standard practice of using multiple

Geiger counters or sodium iodide (NaI)
crystal spectrometers in an underground
aboratory. The Los Alamos whole-

body counter was used during the
1950s to determine the degree to which
adioactive fallout from nuclear tests

and other nuclear and natural sources
was taken up by the human body. 

The Hanford Experiment

In the very early spring of 1953, the
Project Poltergeist team packed up 
Herr Auge, the 300-liter neutrino detec-
or, as well as numerous electronics

and barrels of liquid scintillator, and set
out for the new plutonium-producing
eactor at the Hanford Engineering

Works in Hanford, Washington. It was
he country’s latest and largest fission
eactor and would therefore produce
he largest flux of antineutrinos. 

Various aspects of the setup at Hanford
are shown in the photo collage. 

The equipment for the liquid scintil-
ator occupied two trucks parked 

outside the reactor building. One was
used to house barrels of liquid; in a sec-
ond smaller truck, liquid scintillators
were mixed according to various recipes
before they would be pumped into the
detector. Herr Auge was placed inside
he reactor building, very near the face

of the reactor wall, and was surrounded
by the homemade boron-paraffin shield-
ng intermixed with nearly all the lead

shielding available at Hanford. This
shield was to stop reactor neutrons and
gamma rays from entering the detector
and producing unwanted background. In
all, 4 to 6 feet of paraffin alternated with
4 to 8 inches of lead.

The electronic gear for detecting the
telltale delayed-coincidence signal from
inverse beta decay was inside the reac-
tor building. Its essential elements were
two independent electronic gates: one
to accept pulses characteristic of the
positron signal and the other to accept
pulses characteristic of the neutron-
capture signal. The two circuits were
connected by a time-delay analyzer. 

If a pulse appeared in the output of
the neutron circuit within 9 microsec-
onds of a pulse in the output of the
positron circuit, the count was regis-
tered in the channel that recorded 
delayed coincidences. Allowing for 
detector efficiencies and electronic 
gate settings and taking into account
the neutrino flux from the reactor, the 
expected rate for delayed coincidences
from neutrino-induced events was 
0.1 to 0.3 count per minute.

For several months, the team
stacked and restacked the shielding and
used various recipes for the liquid 
scintillator (see Hanford Menu in 
“The Hanford Experiment” collage).
Then they would set the electronics 
and listen for the characteristic double
clicks that would accompany detection
of the inverse beta decay. Despite the
exhausting work, the results were not
definitive. The delayed-coincidence
background, present whether or not the
reactor was on, was about 5 counts per
minute, many times higher than the 
expected signal rate. 

The scientists guessed that the back-
ground was due to cosmic rays entering
the detector, but the addition of various
types of shielding left the background
rate unchanged. Subsequent work 
underground suggested that the 
Hanford background of delayed-
coincidence pulses was indeed due to
cosmic rays. Reines and Cowan (1953)
reported a small increase in the number
of delayed coincidences when the 
reactor was on versus when it was 
off. Furthermore, the increase was 
consistent with the number expected
from the estimated flux of reactor 
neutrinos. This was tantalizing but 
insufficient evidence that neutrino

events were being detected. The 
Hanford experience was poignantly
summarized by Cowan (1964). 

“The lesson of the work was clear:
It is easy to shield out the noise men
make, but impossible to shut out the
cosmos. Neutrons and gamma rays
from the reactor, which we had feared
most, were stopped in our thick walls
of paraffin, borax and lead, but the 
cosmic ray mesons penetrated gleefully,
generating backgrounds in our equip-
ment as they passed or stopped in it.
We did record neutrino-like signals but
the cosmic rays with their neutron sec-
ondaries generated in our shields were
10 times more abundant than were 
the neutrino signals. We felt we had the
neutrino by the coattails, but our 
evidence would not stand up in court.”

The Savannah River
Experiment

After the Hanford experience, the
Laboratory encouraged Reines and
Cowan to set up a formal group with
the sole purpose of tracking neutrinos.
Other than the scientists who had 
already been working on neutrinos,
Kiko Harrison, Austin McGuire, and
Herald Kruse (a graduate student at the
time) were included in this group. 

They spent the following year 
redesigning the experiment from top to
bottom: detector, electronics, scintilla-
tor liquids, the whole works. The detec-
tor was entirely reconfigured to better
differentiate between events induced by
cosmic rays and those initiated in the
detector by reactor neutrinos. Figure 4
shows the new design. 

Two large, flat plastic tanks (called
the “target tanks” and labeled A and B)
were filled with water. The protons in
the water provided the target for 
inverse beta decay; cadmium chloride
dissolved in the water provided the 
cadmium nuclei that would capture 
the neutrons. The target tanks were
sandwiched between three large scintil-
lation detectors labeled I, II, and III
(total capacity 4,200 liters), each 

Figure 4. The Savannah River Neutrino Detector—A New Design
The neutrino detector is illustrated here inside its lead shield. Each of two large, flat
plastic tanks (pictured in light blue and labeled A and B) was filled with 200 liters of
water. The protons in the water provided the target for inverse beta decay; cadmium
chloride dissolved in the water provided the cadmium nuclei that would capture the
neutrons. The target tanks were sandwiched between three scintillation detectors 
(I, II, and III). Each detector contained 1,400 liters of liquid scintillator that was viewed 
by 110 photomultiplier tubes. Without its shield, the assembled detector weighed 
about 10 tons. 
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having 110 photomultiplier tubes to
collect scintillation light and produce
electronic signals. 

In this sandwich configuration, a
neutrino-induced event in, say, tank A
would create two pairs of proton
prompt-coincidence pulses from detec-
tors I and II flanking tank A. The first
pair of pulses would be from positron
annihilation and the second from 
neutron capture. The two pairs would
be separated by about 3 to 10 microsec-
onds. Finally, no signal would emanate
from detector III because the gamma
rays from positron annihilation and
neutron capture in tank A are too low
in energy to reach detector III. 

Thus, the spatial origin of the event
could be deduced with certainty, and
the signals would be distinguished from
false delayed-coincidence signals 
induced by stray neutrons, gamma rays,
and other stray particles from cosmic-
ray showers or from the reactor. These
spurious signals would most likely 
trigger detectors I, II, and III in a 
random combination. The all-important
electronics were designed primarily by
Kiko Harrison and Austin McGuire.

The box entitled “Delayed-
Coincidence Signals from Inverse Beta
Decay” (page 22) illustrates delayed-
coincidence signals from the detector’s
top triad (composed of target tank A
and scintillation detectors I and II).
Once the delayed-coincidence signals
have been recorded, the neutrino-
induced event is complete. The signals
from the positron and neutron circuits,
which have been stored on delay lines,
are presented to the oscilloscopes. 

Figure 5 shows a few samples of 
oscilloscope pictures—some are accept-
able signals of inverse beta decay while
others are not.

Austin McGuire was in charge of
the design and construction of the 
“tank farm” that would house and
transport the thousands of gallons of
liquid scintillator needed for the experi-
ment. Three steel tanks were placed on
a flat trailer bed. The interior surfaces
of the tanks were coated with epoxy to
preserve the purity of the liquids.

Today, the need for purity and cleanli-
ness is becoming legendary as 
researchers build an enormous tank for
the next generation of solar-neutrino
experiments (see the article “Exorcising
Ghosts” on page 136), but even in 
the 1950s, possible background conta-
mination was an overriding concern. 

Since the scintillator had to be 
kept at a temperature not lower than 
60 degrees Fahrenheit, the outside 
walls of the tanks were wrapped with 
several layers of fiberglass insulating
material, and long strips of electrical
heating elements were embedded in 
the exterior insulation.

During the previous winter, while
the equipment was being designed and
built, John Wheeler encouraged and
supported the team, and he helped

pave the way for the next neutrino
measurement to be done at the new,
very powerful fission reactor at the
Savannah River Plant in South 
Carolina. By November 1955, the 
Los Alamos group was ready and once
again packed up for the long trip to
the Savannah River Plant.

The only suitable place for the 
experiments was a small, open area in
the basement of the reactor building,
barely large enough to house the detec-
tor. There, 11 meters of concrete would
separate the detector from the reactor
core and serve as a shield from reactor-
produced neutrons, and 12 meters 
of overburden would help eliminate 
the troublesome background 
neutrons, charged particles, and 
gamma rays produced by cosmic rays. 

Schuch’s idea gave birth to the 
Los Alamos total-immersion, or
“whole-body,” counter (see box “The
Whole-Body Counter” on page 15),
which was similar in design to the 
detector for Project Poltergeist but was
built especially to count the radioactive
contents of people. Since counting 
with this new device took only a few
minutes, it was a great advance over
he standard practice of using multiple

Geiger counters or sodium iodide (NaI)
crystal spectrometers in an underground
aboratory. The Los Alamos whole-

body counter was used during the
1950s to determine the degree to which
adioactive fallout from nuclear tests

and other nuclear and natural sources
was taken up by the human body. 

The Hanford Experiment

In the very early spring of 1953, the
Project Poltergeist team packed up 
Herr Auge, the 300-liter neutrino detec-
or, as well as numerous electronics

and barrels of liquid scintillator, and set
out for the new plutonium-producing
eactor at the Hanford Engineering

Works in Hanford, Washington. It was
he country’s latest and largest fission
eactor and would therefore produce
he largest flux of antineutrinos. 

Various aspects of the setup at Hanford
are shown in the photo collage. 

The equipment for the liquid scintil-
ator occupied two trucks parked 

outside the reactor building. One was
used to house barrels of liquid; in a sec-
ond smaller truck, liquid scintillators
were mixed according to various recipes
before they would be pumped into the
detector. Herr Auge was placed inside
he reactor building, very near the face

of the reactor wall, and was surrounded
by the homemade boron-paraffin shield-
ng intermixed with nearly all the lead

shielding available at Hanford. This
shield was to stop reactor neutrons and
gamma rays from entering the detector
and producing unwanted background. In
all, 4 to 6 feet of paraffin alternated with
4 to 8 inches of lead.

The electronic gear for detecting the
telltale delayed-coincidence signal from
inverse beta decay was inside the reac-
tor building. Its essential elements were
two independent electronic gates: one
to accept pulses characteristic of the
positron signal and the other to accept
pulses characteristic of the neutron-
capture signal. The two circuits were
connected by a time-delay analyzer. 

If a pulse appeared in the output of
the neutron circuit within 9 microsec-
onds of a pulse in the output of the
positron circuit, the count was regis-
tered in the channel that recorded 
delayed coincidences. Allowing for 
detector efficiencies and electronic 
gate settings and taking into account
the neutrino flux from the reactor, the 
expected rate for delayed coincidences
from neutrino-induced events was 
0.1 to 0.3 count per minute.

For several months, the team
stacked and restacked the shielding and
used various recipes for the liquid 
scintillator (see Hanford Menu in 
“The Hanford Experiment” collage).
Then they would set the electronics 
and listen for the characteristic double
clicks that would accompany detection
of the inverse beta decay. Despite the
exhausting work, the results were not
definitive. The delayed-coincidence
background, present whether or not the
reactor was on, was about 5 counts per
minute, many times higher than the 
expected signal rate. 

The scientists guessed that the back-
ground was due to cosmic rays entering
the detector, but the addition of various
types of shielding left the background
rate unchanged. Subsequent work 
underground suggested that the 
Hanford background of delayed-
coincidence pulses was indeed due to
cosmic rays. Reines and Cowan (1953)
reported a small increase in the number
of delayed coincidences when the 
reactor was on versus when it was 
off. Furthermore, the increase was 
consistent with the number expected
from the estimated flux of reactor 
neutrinos. This was tantalizing but 
insufficient evidence that neutrino

events were being detected. The 
Hanford experience was poignantly
summarized by Cowan (1964). 

“The lesson of the work was clear:
It is easy to shield out the noise men
make, but impossible to shut out the
cosmos. Neutrons and gamma rays
from the reactor, which we had feared
most, were stopped in our thick walls
of paraffin, borax and lead, but the 
cosmic ray mesons penetrated gleefully,
generating backgrounds in our equip-
ment as they passed or stopped in it.
We did record neutrino-like signals but
the cosmic rays with their neutron sec-
ondaries generated in our shields were
10 times more abundant than were 
the neutrino signals. We felt we had the
neutrino by the coattails, but our 
evidence would not stand up in court.”

The Savannah River
Experiment

After the Hanford experience, the
Laboratory encouraged Reines and
Cowan to set up a formal group with
the sole purpose of tracking neutrinos.
Other than the scientists who had 
already been working on neutrinos,
Kiko Harrison, Austin McGuire, and
Herald Kruse (a graduate student at the
time) were included in this group. 

They spent the following year 
redesigning the experiment from top to
bottom: detector, electronics, scintilla-
tor liquids, the whole works. The detec-
tor was entirely reconfigured to better
differentiate between events induced by
cosmic rays and those initiated in the
detector by reactor neutrinos. Figure 4
shows the new design. 

Two large, flat plastic tanks (called
the “target tanks” and labeled A and B)
were filled with water. The protons in
the water provided the target for 
inverse beta decay; cadmium chloride
dissolved in the water provided the 
cadmium nuclei that would capture 
the neutrons. The target tanks were
sandwiched between three large scintil-
lation detectors labeled I, II, and III
(total capacity 4,200 liters), each 

Figure 4. The Savannah River Neutrino Detector—A New Design
The neutrino detector is illustrated here inside its lead shield. Each of two large, flat
plastic tanks (pictured in light blue and labeled A and B) was filled with 200 liters of
water. The protons in the water provided the target for inverse beta decay; cadmium
chloride dissolved in the water provided the cadmium nuclei that would capture the
neutrons. The target tanks were sandwiched between three scintillation detectors 
(I, II, and III). Each detector contained 1,400 liters of liquid scintillator that was viewed 
by 110 photomultiplier tubes. Without its shield, the assembled detector weighed 
about 10 tons. 
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 

Neutron scope

(c)       Neutron scope (d)        Neutron scope

(e)       Positron scope (f)        Neutron scope

(a)      Positron scope  

(b)      Positron scope  Neutron scope
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S. BORDONI (CERN)

▸ Reactor experiments (Daya-Bay, RENO and Double Chooz) have 
similar design and strategy: detection  of the IBD  

▸ Liquid scintillator doped with Gd 
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• The antineutrino detectors (ADs)  are “three-zone” cylindrical 
modules:

➢Energy resolution: σE/E = 7.5%/√E 

Antineutrino Detectors (ADs)

NIM A 811, 133 (2016)

image courtesy of Daya Bay

LIQUID SCINTILLATORS 𝜈 DETECTORS: FEW EXAMPLES

Double Chooz detector 

Measurement of 𝜽13



S. BORDONI (CERN)

▸ Neutrino coming from the sun  (7Be, pep) 
but also geo-neutrinos and sterile 
neutrinos (SOX) 

▸ Liquid scintillator in a stainless steel sphere
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LIQUID SCINTILLATORS 𝜈 DETECTORS: FEW EXAMPLES

Borexino  (since 2007)

Images: courtesy of Borexino collaboration

▸ Liquid scintillators are also sensitive to 
electron neutrinos going through elastic 
scattering 

Measurement of solar 𝜈

⌫
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S. BORDONI (CERN)

RADIOCHEMICAL SOURCES
‣ Very first approach to study solar neutrinos (Davis-Pontecorvo) 

‣ Production of radioactive isotopes 

‣ 37Ar and 71Ga are extracted chemically and counted by their decay 
products : no infos about neutrino energy or direction! 
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image courtesy of BNL

⌫e + Cl37 ! Ar37 + e� ⌫e +Ga71 ! Ge37 + e�⌫e + Cl37 ! Ar37 + e� ⌫e +Ga71 ! Ge37 + e�

Davis experiment (1960's)
Homestake mine, South Dakota 

(same as DUNE! )

615 tons of  cleaning fluid C2Cl4
Expected 1.5 Ar atoms/day

Eth = 814 keV Eth = 233 keV 

GALLEX  (1991-1997)
LNGS Italy

615 tons of  cleaning fluid C2Cl4
Expected 1.5 Ar atoms/day

First measurements of solar 𝜈



▸ If the particle speed is higher than speed of light in that medium, Cherenkov 
radiation is emitted 

▸ Local perturbation (atom polarisation) of the EM field due to the particle passing 
through.  

▸ photons are emitted to restore the equilibrium when the particle is passed over :  
coherent emission of light 

S. BORDONI (CERN)

NEUTRINO DETECTION: CHERENKOV RADIATION
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A. Rubbia (ETHZ) Neutrino physics (HS2015)

Cerenkov radiation

39

A schematic image

6

�ct

ct/n Photon travel length

Particle travel 
length

Cherenkov light
(cone shape)

time

No coherent light, 
when particle speed 
< photon speed

Direction of the emit: 
cos� = ct/n / �ct = 1/n�

n: refractive index
�: =v/c

�
ct/n

�ct

Refractive index in water

7
Water temperature and wave length dependence are considered in SK.

n � 1.34

Refractive index

t0 t1 t2

Cherenkov light cone

ßct 
particle travel length

time

ct/n 
photon travel length

ßct 
particle travel length

A. Rubbia (ETHZ) Neutrino physics (HS2015)

Cherenkov threshold
� Cherenkov threshold: 

8

5.1~
1
1

��
�

�
�

n: refractive index of the medium
m: mass of the charged particle
�, �: Lorenz factor

Particle Energy threshold 
(MeV)

Electron 0.775
Muon 160.3
Charged Pion 211.7 in water (n=1.33)

�> 1/n (~0.75)

Ethreshold = �mc2

~ 1.5 mc2

(special relativity)

������������������	�
�����
��������������
���

Cerenkov threshold

40

� =
1�

1� �2
� 1.5

n � 1.34

� > 1/n � 0.75

Particle Energy threshold (MeV)

Electron 0.775

Muon 160.3

Charged pion 211.7

Proton 1407

A. Rubbia (ETHZ) Neutrino physics (HS2015)

Cherenkov threshold
� Cherenkov threshold: 

8

5.1~
1
1

��
�

�
�

n: refractive index of the medium
m: mass of the charged particle
�, �: Lorenz factor

Particle Energy threshold 
(MeV)

Electron 0.775
Muon 160.3
Charged Pion 211.7 in water (n=1.33)

�> 1/n (~0.75)

Ethreshold = �mc2

~ 1.5 mc2

(special relativity)

������������������	�
�����
��������������
���

Cerenkov threshold

40

� =
1�

1� �2
� 1.5

n � 1.34

� > 1/n � 0.75

Particle Energy threshold (MeV)

Electron 0.775

Muon 160.3

Charged pion 211.7

Proton 1407

EThr = �mc2

particle Ethr

electrons 0.755 MeV
muons 160.3 MeV
pions 211.7 MeV
protons 1407 MeV



S. BORDONI (CERN)

NEUTRINO DETECTION: PARTICLE IDENTIFICATION
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by F. Sánchez

μ θ=41

tflight

t t1

t’flight

µ e

‣Angular distribution of the Cherenkov photons along the 
primary particle direction provide a key to identify particles  

‣Strong e/µ discrimination : 
muons: sharp and clear ring  
electrons: fuzzy ring due to multiple scattering and 
showering



S. BORDONI (CERN)

SOME EXAMPLES OF CHERENKOV DETECTORS
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Super-Kamiokande  (1996-today) 

• atmospheric neutrinos experiment + FD 
for the T2K experiment  

• 50ktons of ultra pure water 
• 11k (ID) + 2k (OD) PMTs (40% coverage)

Kamiokande (1983-1996) 

• Nucleon decay experiment 
• 4.5ktons of ultra pure water 
• 984 (ID) + 123 (OD) PMTs  (20-25% 

coverage) 

• discovery of oscillations with 
atmospheric neutrinos

First measurements 
of 𝜈 oscillations, SN 𝜈 



S. BORDONI (CERN)

SOME EXAMPLES OF CHERENKOV DETECTORS
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Antares (2008-2017) 

• 12 separate vertical strings 350m long  
• 75 optical modules each 
• E𝜈 1010 -1014 eV 

• astro-particle physics (neutrino from cosmo )

IceCube (2011 - today) 

▸ cubic-kilometer particle detector 
made of Antarctic Ice 

▸ 5,160 digital optical modules (DOMs) 
attached in vertical string frozen in 86 
boreholes (in-ice detector) 

▸ beginning of searches for 
cosmogenic neutrino interactions

First measurements 
of cosmic 𝜈 

Ernie 1.1 PeV 

January 2012



S. BORDONI (CERN)

TRACKING-CALORIMETRY 

▸ Aim is to detect and identify all particles coming 
out from a neutrino interaction 

▸ Two main types:  

▸ w/ alternating layers  

▸ monolithic (single volume) 

▸ If magnetised: 

▸ Charge determination —> determination if neutrino or anti-
neutrino event 

▸ Momentum from the curvature of the tracks
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F.Sánchez, 100th Plenary ECFA meeting  24th November 2016

ND for oscillations
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Kinematics

• Only a fraction of the energy is 
visible.

• Rely on channel interaction id. 

• The visible energy is altered by 
the hadronic interactions and it 
depends on hadron nature. 

E𝜈 = Elepton + Ehad

courtesy of F. Sanchez



S. BORDONI (CERN)

TRAKING-CALORIMETRY : MINOS/ MINOS+

▸ LBL oscillation experiment in US (L ~735 km)  

▸ Magnetised (1.3T) steel/scintillator sampling calorimeter 
w/ alternating planes:  
▸ 2.54cm steel absorber ~1.4 X0 

▸ 1 cm thick plastic scintillator bars (4.1cm wide) arranged in 
orthogonal directions (alternating layers) 
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 (2003-2016)

Steel

Scintillator bars 
(+/- 45º)

last 
neutrino 
event 
seen by 
MINOS



S. BORDONI (CERN)

TRAKING-CALORIMETRY : OPERA
▸ Aim to detect 𝜈𝜇 → 𝜈𝜏  from CERN beam 

▸ <E𝜈> = 17 GeV 

▸ Modular structure alternating lead sheets and 
emulsion films to detect the tau decay topology. 
(Target mass 1.25 ton detector)
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n 
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p,n,p,K...

First detection of 
𝜈𝜇 → 𝜈𝜏 oscillations

LNGS
JINST 4(2009) p04018

SM1
SM2

Veto plane
(glass RPC)

Target  and Target Tracker (6.7m)2

● Target : 74500 bricks, 26 walls

● Target tracker : 31 XY doublets of 256 
scintillator strips + WLS fibres  + multi-
anodes PMT

High precision tracker        Instrumented dipole magnet
● 6 4-fold layers of ● 1.53 T

drift tubes ● 22 XY planes of RPC 

Muon spectrometer (8×9 m2)
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TRAKING-CALORIMETRY : 

▸ LBL oscillation experiment with E𝜈 ~2GeV 

▸ 385,000 high refracting plastic PVC cells fill with liquid scintillators  

▸ energy deposited by incoming particles collected by wavelength shifting 
fibres read by APDs
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Jeff	Hartnell,	CERN	Seminar	2016	 26	

NOvA	Overview	
•  �ConvenAonal�	beam	
•  Two-detector	experiment:	

•  Near	detector		
–  measure	beam	
composiAon		

–  energy	spectrum	

•  Far	detector		
–  measure	oscillaAons	and	
search	for	new	physics	

Ash River 

Ash River 

810 km 

NOvA Oscillation Results 

Jeff	Hartnell	
University	of	Sussex	

CERN EP Seminar 
15th	November	2016		

A. Rubbia (ETHZ) Neutrino physics (HS2015)

Modern massive tracking detectors: NOvA
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To APD 

4 cm ⨯ 6 cm 

1560 cm
 

A NO𝜈A cell NO𝜈A detectors 

Fiber pairs 
 from 32 cells 

32-pixel APD 

Far detector: 
   14-kton, fine-grained, 
   low-Z, highly-active 
   tracking calorimeter 
      → 344,000 channels 

Near detector: 
   0.3-kton version of 
   the same 
      → 20,000 channels 

Extruded PVC cells filled with 
11M liters of scintillator 

instrumented with 
𝜆-shifting fiber and APDs 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 10 

(2014 - today)NOvA
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TRAKING-CALORIMETRY : LIQUID AR TPC  
▸ Electronic  “bubble chambers” 

▸ Idea from the 70’s (C.Rubbia) now largely adopted 
now for neutrino detectors, Dark matter searches..   

▸ Detection : 
▸ scintillation light   
▸ ionisation 

▸ Cherenkov radiation (if relativistic particle and ß > 1/n)
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LArTPC at work
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• Multiple 2D and the 3D reconstruction of charged particles tracks 
⇒ imaging  

• Total charge proportional to the deposited Energy ⇒ calorimetry  
• dE/dx along the track ⇒ Particle Identification
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Why Liquid Argon 
Time Projection 

Chamber?

C8c KG:4 9fSS]V T R SVc
bfR]Zej W UReR hZe RUUVU

Wf]] TR] cZ Vecj

ArgoNeuT ac UfTVU
a jdZTd cVdf]ed hZe R

qeRS]V'e ar dZkV
ViaVcZ V e

P,.* B C8cKG:Q '
EVfecZ Tc dd dVTeZ d&

fT]VRc VWWVTed Z
VfecZ '8c dTReeVcZ

Muon

proton

Charged π

ν interaction

Muon

proton
ν interaction

Charged π

ArgoNeuT event 
(2010)

Nov. 13, 1970 Argonne ZGS 12-foot bubble chamber
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Why Liquid Argon 
Time Projection 

Chamber?
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WHY LAR ?
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pros cons 

▸ easy to get (1% of earth atmosphere) 

▸ ionise easily : low particle threshold 

▸ fully active and self triggering (Ar 
scintillation light) 

▸ good dielectric properties 

▸ very fine tracking: 3D imaging 

▸ calorimetry: total charge proportional 
to the deposited energy 

▸ PID : dEdx along the track 

▸ LAr @ 87K : need cryogenics  

▸ large mass = large volume = large drift  
⇒ high purity (ppt) : filtering! 

▸ very uniform E field over large areas 
▸ scintillation light @128nm : wavelength 

shifter 
▸ S/N not very high : cold electronics 
▸ low vd : not ideal for high event rates



S. BORDONI (CERN)

NON EXHAUSTIVE COMPILATION OF LAR EXPERIMENTS
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Detector Operation Mass (tons) Max. drift d.
ArgoNeuT / LArIAT 2008-2009 /  

2015- oggi 0.77 47cm

ICARUS 2010 - 2013 2x375 (476a.m.) 1.5m

MicroBooNE 2015-today 170 (89a.m.) 2.5m

35tons 2015-2016 35 2.2m

SBND >2018 112 am 4m

WA105 2017 50 1m

ProtoDUNE-SP end 2018 770 3.6m

ProtoDUNE-DP end 2018 770 6m

DUNE >2026 4x 17ktons 6m (12m DP)

a.m. = active mass
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LAR TPC PROTOTYPES AT CERN AND FUTURE EXPERIMENT
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▸ protoDUNE : engineering 
prototype for DUNE 
modules 1:20 ! 

Magnet'
Coils'

Forward'
ECAL'

End'
RPCs'

Backward'ECAL'Barrel'
ECAL'

STT'Module'

Barrel''
RPCs'

End'
RPCs'

FD

ND
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CONCLUSION - TAKE HOME MESSAGE

▸ Neutrino physics cover a very wide variety of topics : very hard task 
to be covered in few lectures 

▸ Very large variety of detector techniques, addressing the different 
features and properties of neutrinos 

▸ Many discoveries and breakthrough in the last 75years: very active 
domain with the aim to address some of the remaining open 
question in the next decade 
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Stay tuned! 


