
ASTRONOMY AND SPACE SCIENCE
Published: 07 May 2020

doi: 10.3389/frym.2020.00045

DETECTING GHOSTLIKE NEUTRINOS: TINY

MESSENGERS FROM THE UNIVERSE

Milind Vaman Diwan 1* and Karen McNulty Walsh 2

1Physics Department, Brookhaven National Laboratory, Upton, NY, United States

2Media & Communications O�ce, Brookhaven National Laboratory, Upton, NY, United States

YOUNG REVIEWERS:

ANUSHKA

AGE: 12

RIK

AGE: 13

Neutrinos are tiny, subatomic particles. Billions of them pass through

us every second—mostly coming from our sun. But unlike the

sunlight we can easily see, neutrinos are very hard to detect. To “see”

them, we have to build really big detectors and block out signals from

any other particles. Scientists do that by building neutrino detectors

deep underground. In this article you will learn how these giant

detectors can help decode the “messages” these ghostlike particles

deliver about the makeup and history of the stars, galaxies, and

the universe.

INTRODUCTION

Neutrinos are tiny, subatomic particles that seem almost like ghosts.
Trillions of them pass through us every second without leaving a
trace! They mostly come from the nuclear reactions that power our

NUCLEAR

REACTIONS

Nuclear reactions
happen when atomic
nuclei react with each
other forming other
nuclei. In the sun,
hydrogen nuclei
(protons) combine to
form helium nuclei and
release energy—heat
and sunlight.

sun. But unlike the sunlight we see and feel on our faces, these
ghostlike particles do not often interact with ordinary materials. To
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Figure 1

Figure 1

Decay of a radioactive
atom, potassium-40—
which is found in
bananas and has 40
protons (p) and
neutrons (n) in its
nucleus—into
calcium-40, plus an
electron (e−) and a
neutral “ghostlike”
messenger particle
called a neutrino (Greek
letter: ν, pronounced
“nu”). Understanding
the behavior of
neutrinos may help
reveal important
secrets of the universe.
Credit: Ti�any
Bowman, Brookhaven
National Laboratory.

“see” neutrinos, scientists build really big, sensitive detectors, often
deep underground. The matter that makes up Earth helps shield out
signals from other particles, so that the signals of neutrinos’ rare
interactions stand a chance of being detected. These giant detectors
are helping scientists to pick up the “messages” that these ghostlike
particles carry. When scientists decode themessages, they learn about
the connection between neutrinos and the makeup and history of the
stars, galaxies, and the universe.

WHAT IS A NEUTRINO?

Neutrinos are very light particles with no electric charge. They are
emitted when unstable atomic nuclei decay. Such radioactive decayRADIOACTIVE

DECAY

The nuclei of many
atoms are unstable, and
over time they break
apart releasing
energetic particles,
such as alpha, beta, and
gamma rays. This
process of breaking
apart is called
radioactive decay.

happens all around us. Minerals in rocks and even potassium in
bananas decay to produce neutrinos (see Figure 1). But far more
neutrinos come from the nuclear reactions in the sun than from any
other source.

No matter what their source, neutrinos are completely harmless
because they do not stick together or interact with much of anything.
They stream from the sun and outer space and pass right through
ordinary matter—even our own bodies and Earth itself—without us
ever knowing. In that way, they seem a bit like ghosts—there, and
yet invisible. But because neutrinos carry information about what is
happening inside the hearts of stars and galaxies, scientists want to
know a lot more about them. Neutrinos may even help us understand
what was going on when our universe first formed nearly 14 billion
years ago!

HOW TO CATCH A GHOSTLIKE PARTICLE

Neutrinos rarely interact with ordinary matter, so they are very hard
to detect. If you place a glass of water on a table, a trillion neutrinos
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will pass through every second. Most of these mysterious particles
move right through without making a sound or leaving a trace. But
occasionally, very rarely, like once every ten-million trillion times, a
neutrino will strike one of the atoms that make up a water molecule.
That rare interaction may generate a tiny flash of light or leave some
free electrical charge.

This flash is far too faint for your eyes to see. But scientists can build
very sensitive detectors to pick up those faint signals. Like something
out of Ghostbusters, the electronics inside the detectors amplify the
signals to make the invisible “ghosts” visible!

But waiting for a “one-in-ten-million-trillion” neutrino interaction to
take place can take a very long time. To catch enough neutrinos
to learn anything about them, scientists need a bigger “glass of
water”—huge tanks filled with millions of gallons! And they have to put
the huge detector tanks deep underground. Why? Because neutrinos
are not the only particles zipping down to Earth. Many other energetic
particles known as cosmic rays also stream from outer space. Each
one of those cosmic ray particles can cause a visible interaction in the
detectors. If the detector tank was above ground, millions of cosmic
ray interactions would easily drown out the rare neutrino signals. But
with the detector deep underground, cosmic rays are stopped by
interactions with Earth’s atoms while neutrinos pass right through to
leave their mark in the detector.

DIFFERENT NEUTRINO DETECTORS AND NEUTRINO

TYPES

Neutrinos have a huge range of energies. That variation can lead to
either a tiny flash of light or a very bright flash in water-filled detectors.
Neutrinos also come in three di�erent types, called flavors. Scientists
have learned how to build detectors suited for each type of neutrino
and their huge range of energies.

The interaction of each di�erent type of neutrino produces a
di�erent kind of negatively charged particle. An electron neutrino
produces an electron (simple enough, right?). The other two neutrino
types are named for di�erent, heavier subatomic particles: a muon
neutrino produces a muon particle; and a tau neutrino produces a
tau particle.

There are also antimatter versions of the three neutrino flavors. These

ANTIMATTER

Each type of charged
particle of matter has
an oppositely charged
counterpart. These
identical but oppositely
charged particles are
antimatter (or
antiparticles). For
example, the antimatter
counterpart of a muon
(negatively charged) is
an antimuon (positively
charged). Neutrinos do
not have charge, but
they also have
antiparticles;
understanding the
nature of these
antineutrinos is one of
the most important
mysteries in physics.

NEUTRINO

FLAVORS

Neutrinos come in
three flavors, or types,
named after di�erent
types of charged
particles they produce
when they interact with
ordinary matter. The
three fundamental
negatively charged
particles are the
electron, the muon,
and the tau particle.
They are identical in
every way except that
the muon is 200 times
heavier than the
electron, and the tau is
3,500 times heavier.

are exactly the same as the ordinary-matter neutrinos, except they
produce positively charged particles in the detector.

Scientists can tell these particles apart because each type leaves a
di�erent pattern in the detector. For example, muons leave straight
tracks, electrons look like showers, and tau particles decay quickly to
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Figure 2

Figure 2

A scientist stands inside
the ProtoDUNE
detector at Europe’s
CERN laboratory before
it was filled with cold
(−186◦C!) pure liquid
argon. The scientist is
inspecting the inside
surface, which is in an
insulated box made of
very clean stainless
steel. When the
detector is filled and
operating, these
surfaces are energized
with high voltage to
cause charged particles
produced by ionization
of the liquid argon to
drift and get picked up
by sensitive electronics
so scientists can record
them. Credit: Fermi
National Accelerator
Laboratory.

producemultiple straight tracks. Using the di�erent patterns, scientists
can decode the neutrino flavors and the hidden message carried by
each ghostlike particle.

SENSITIVE ELECTRONICS TAKE 3-D PICTURES

A team of scientists is currently building a giant new neutrino
detector deep underground in South Dakota in the United States. This
experiment is known as the Deep Underground Neutrino Experiment
(DUNE). Its detector will be filled with liquid argon.LIQUID ARGON

Argon is an inert gas
that forms one percent
of Earth’s atmosphere.
It becomes liquid at
−186◦C and has the
clear appearance of
water. It is good for
detecting neutrinos
because ionization
lingers long enough to
be detected.

Argon gas makes up only 1% of our atmosphere, but scientists can
collect it to make very pure liquid argon. This super cold liquid
(−186◦C) makes it easy to detect the charged particle pathways
produced by neutrino interactions. That is because as fast charged
particles move through the liquid argon they ionize the argon atoms
in their path. That ionization allows the tracks they leave to show up

IONIZATION

Ionization occurs when
energetic particles
knock electrons o�
atoms. The results are
positively charged ions
and free electrons.

like “lightning bolts.”

But building a cold liquid argon detector is a big challenge. To make
sure this new design will work, the international team recently built
and tested a smaller version, known as ProtoDUNE (see Figure 2). They
shot di�erent types of particles through this detector at the European
particle physics laboratory at the European council for Nuclear
Research (CERN). Carefully designed electronics picked up and
recorded the signals and computers transformed thosemeasurements
into beautiful 3-D images of the particle tracks (see Video 1)—like a
five-megapixel digital camera that works in three dimensions!

MESSENGERS FROM THE SUN, THE ATMOSPHERE,

REACTORS, AND ACCELERATORS

In the last 50 years, scientists have gotten better at detecting neutrinos.
They have measured them coming from the sun, from collisions of
cosmic rays with atoms in Earth’s atmosphere, and from nuclear
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Figure 3

Figure 3

The four sources of
neutrinos used for
experiments. (A) The
sun produces electron
neutrinos (νe). (B)
Neutrinos of two types,
muon (νµ) and electron
(νe), are produced by
collisions of high
energy cosmic rays
with atoms in Earth’s
atmosphere. (C)
Nuclear reactors emit
anti-electron neutrinos
(anti νe). (D)
High-energy proton
accelerators produce a
beam of muon
neutrinos (νµ) that is
directed through Earth.
Detectors are placed at
di�erent distances from
the sources. Credit:
Ti�any Bowman,
Brookhaven National
Laboratory.

reactors that produce electricity (see Figure 3) . They have also learned
to make very energetic neutrinos at high-power particle accelerators.

VIDEO 1

This image shows the
tracks of many cosmic
ray particles going
through the
protoDUNE detector.
These data were used
to test the detector
performance. The
colors correspond to
the intensity of
ionization in the liquid
argon (red is less, and
blue is more intense).
The ionization is moved
by applying a powerful
electric field to the
detector. This 3-D
image was created by
analyzing and
combining the
electronic signals from
thousands of wires on
the walls that act like
pixels in a digital
camera. Credit: Chao
Zhang, Brookhaven
National Laboratory.
You can view this data
in 3 dimensions at
this link.

Each kind of source produces di�erent neutrino flavors at di�erent
energies. By carefully counting neutrinos of each flavor at various
distances from these sources, scientists have made two remarkable
discoveries about neutrinos. First, they discovered that neutrinos
of the three di�erent types morph into each other as they travel
through space! In other words, the messages the neutrinos carry
change as they fly. Second, they discovered that neutrinos have a
very tiny mass! Each neutrino particle weighs <1 millionth the mass
of an electron.

The very first experiment that successfully detected solar neutrinos, by
Brookhaven National Laboratory’s Raymond Davis in the 1960’s, found
a surprise: Many of the neutrinos that scientists were expecting to
detect were somehow “missing.” But it was not because the detector
was not working. The scientists had designed their detector to receive
only one type of neutrino—electron neutrinos generated in the core
of the sun. They could calculate exactly how many electron neutrinos
should be detected. But only about one-third of the expected electron
neutrinos showed up in the detector. Through follow-up experiments,
scientists eventually learned the reason behind this mystery: Some
of the electron neutrinos had morphed into one of the other two
flavors (muon or tau) while on their journey from the sun. Because
the detector was blind to those other two flavors, they appeared to
be missing!

Davis’s discovery of the “solar neutrino deficit” was, at first, very
controversial. It had to be tested by other experiments. Other
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experiments used atmospheric neutrinos, reactor neutrinos, and
accelerator neutrinos. In all of these experiments, scientists found

ACCELERATORS

Accelerators are
machines in which
charged particles, such
as electrons or protons
are sped up to nearly
the speed of light.
Scientists can collide
very intense beams of
such particles with
targets to produce
other subatomic
particles, including
energetic neutrinos.

neutrino flavors were “disappearing”—turning into other flavors over
a long distance.

The new DUNE experiment in the United States and the Hyper-
Kamiokande experiment in Japan will reveal more details about the
shape-shifting behavior of neutrinos and antineutrinos. If scientists
find a di�erence between how neutrinos and antineutrinos transform,
it might solve one of themost importantmysteries in the universe: why
the universe is made only of matter and not antimatter.

Scientists think both matter and antimatter were created in equal
amounts in the Big Bang. Equal amounts of these two opposites

THE BIG BANG

The Big Bang is
shorthand for the event
that started the
universe from a single
point filled with a hot,
dense state of matter
some 14 billion years
ago. All the particles
and matter we see
today, including all the
galaxies, stars, planets
and more, formed as
this point-like state
expanded and cooled.

should have destroyed one another leaving only light! So, the
existence of only matter today is evidence that there was a small
excess of matter. It is possible that the di�erence between neutrinos
and antineutrinos caused this small excess as the universe expanded
and cooled. If this is true, we have neutrinos to thank for the universe
we have today, filled with all the visible stu� around us, including rocks,
plants, animals, and people!
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ANUSHKA, AGE: 12

Hello, my name is Anushka. I have many hobbies like reading fiction, singing, and

swimming. I like to have fun with my friends. I am interested in becoming a scientist

when I grow up.
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RIK, AGE: 13

My name is Rik and I am 13 years old. I guess that tells you I am amath nerd. Learning

the guitar, playing soccer, and acting are also some ofmy favorite things to do.
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