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Neutrino mass and
the origin of matter

Astronomical observations have established that the universe consists almost
exclusively of matter, with just a tiny amount of antimatter. A key problem in
particle physics and cosmology is to understand that asymmetry.
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Unless you work in a specialized physics lab, you may
never confront antimatter. All the stuff you normally deal
with is made of protons, neutrons, and electrons—regular
matter, not antimatter. In other respects, matter and anti-
matter are quite similar; so why do we encounter essentially
only matter? Perhaps the universe has no cosmic matter—
antimatter asymmetry, but we just happen to live in a matter
neighborhood. Suppose, then, that the universe started with
equal amounts of matter and antimatter. Early in its evolu-
tion, the universe’s energy was squeezed into a hot plasma in
a very tiny volume. Under such conditions, reactions in the
plasma would maintain matter-antimatter equality. Hence,
equal amounts of matter and antimatter would be “frozen
out” when the universe had expanded sufficiently that
would-be colliding matter and antimatter had difficulty find-
ing one another to annihilate. Well-understood physics al-
lows theorists to calculate the residual amount of matter and
antimatter; the calculated value falls short of the observed
amount of matter by seven orders of magnitude.

Perhaps matter-antimatter asymmetry has been present
since the Big Bang. That idea also does not work. The universe
is widely believed to have undergone a period of exponential
expansion in its early moments. That inflation would dilute

Figure 1. Helicity and handedness. In the standard model,
the momentum and spin of a neutrino are antiparallel; the neu-
trino is said to have negative helicity. The figure shows why SM
neutrinos are also sometimes called left-handed. Imagine that
the thumb of the left hand points in the direction of momen-
tum and the fingers curl in the direction of a spinning particle.
The spin and momentum vectors will be antiparallel. For the
right hand, spin and momentum are parallel; corresponding
particles have positive helicity.
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away any initial asymmetry. The matter—antimatter asymme-
try, it appears, must have arisen after inflation ended.

Sakharov’s conditions

In 1967 Andrei Sakharov proposed three conditions under
which matter-antimatter asymmetry could arise from the
laws governing microphysics. First, the laws must violate the
CP (charge conjugation C and parity, or coordinate inversion,
P) symmetry that takes particles to antiparticles and vice
versa. Second, the laws must allow for interactions that
change the number of baryons—particles such as protons
and neutrons that are made of quarks. In particle physicists’
accounting, an antiparticle such as the antiproton has nega-
tive baryon number. Third, the baryon-number-violating in-
teractions must be out of equilibrium.

To understand the last criterion, assume that a heavy
particle decays to produce both particles and antiparticles
but at different rates due to CP violation. If the process is in
thermal equilibrium, the reverse heavy-particle production
processes would erase any asymmetry. But it need not be in
thermal equilibrium. In an expanding cosmos, particles may
be unable to interact readily enough to maintain the equality
of forward and backward reaction rates necessary to main-
tain equal amounts of matter and antimatter.

The standard model, which has been spectacularly
successful in providing an understanding of almost all
particle-physics observations, satisfies two of Sakharov’s
three conditions. Thus any explanation of the matter—
antimatter asymmetry must incorporate physics beyond the
SM. The SM incorporates CP violation, as proposed by
Makoto Kobayashi and Toshihide Maskawa to explain obser-
vations such as the decay of the long-lived neutral kaons. It
also, as Gerard 't Hooft showed, allows for baryon-number-
violating processes that convert antileptons to baryons and vice
versa. The interactions responsible for those processes are very
weak at present, but they could have been much stronger in the
hot, early universe. Sakharov’s out-of-equilibrium requirement
does not hold for the SM. The expansion rate of the universe at
the relevant epoch depends on the mass of the Higgs boson, an
as-yet unobserved particle that may soon be seen at CERN'’s
Large Hadron Collider (LHC). But theory requires that for
baryon-number-violating processes to be out of thermal equi-
librium, the Higgs boson must have a mass below 40 GeV —a
result contradicted by experiment.

Neutrino mass, leptogenesis, and a seesaw

The physics responsible for neutrino mass may provide a key
to resolving the puzzle of matter-antimatter asymmetry.
Neutrinos play a unique role in the SM: They are the only
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particles that participate exclusively in weak processes such
as nuclear beta decay and the hydrogen fusion that fuels the
Sun. Until 1998 the consensus among particle physicists was
that neutrinos are massless, whereas all other matter (for ex-
ample, quarks and electrons; photons don’t count as matter)
has mass. The SM accommodates the massless neutrino by
insisting that all neutrinos have negative helicity as described
in figure 1. Massive fermions such as the electron can have
positive or negative helicity.

As early as 1974, particle theorists proposed extensions
of the SM in which neutrinos had mass. In particular, left—
right symmetric models include right-handed neutrinos that
are parity partners of the left-handed neutrinos; the two he-
licities imply that the neutrinos are massive. But no experi-
ment provided evidence for massive neutrinos until 1998,
when the Super-Kamiokande collaboration published its
study of neutrinos created by cosmic rays in an underground
tank of water in the Kamioka mine in Japan. The Super-
Kamiokande work confirmed earlier results from solar-
neutrino studies in the Homestake mine in the US. Many
experiments since have established that the neutrino masses
are less than one-billionth of a proton mass.

The minuscule neutrino mass begs to be explained. One
simple explanation, appropriate for left-right symmetric the-
ories and some others, is provided by the so-called seesaw
mechanism, which fixes the product of the masses of right-
and left-handed neutrinos; if a right-handed neutrino is
heavy, the left-handed partner must be light. The heavy right-
handed neutrinos would not be seen in experiments that ob-
serve their lighter partners.

The theory of relativity demands that a heavy right-
handed neutrino be its own antiparticle. And that, as Masa-
taka Fukugita and Tsutomu Yanagida recognized in 1986,
could be key to understanding the prevalence of matter. The
two observed that heavy right-handed neutrinos in the early
universe would decay to both leptons and antileptons be-
cause the neutrino is its own antiparticle. If, they continued,
the weak force responsible for the decay violates CP symme-
try, the rates for decay into leptons and antileptons would be
different, as would the resulting lepton and antilepton den-
sities. As in the SM, the interactions identified by ‘t Hooft
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Figure 2. Neutrinoless double beta decay.
(@) In conventional beta decay, a neutron
decays into a proton (yellow), an electron (e),
and an antineutrino (V). That weak decay is
mediated by a W boson, a weak-force ana-
logue of a photon. (b) Occasionally, two neu-

trons decay, yielding two electrons and two
antineutrinos. (c) Some extensions of the stan-
dard model include neutrinos that are their
own antiparticles. In those models, the neutri-
nos produced in double beta decay can anni-
hilate each other. The result is neutrinoless
double beta decay.

would convert the lepton—antilepton imbal-
ance to a baryon—antibaryon asymmetry. The
mechanism described by Fukugita and
Yanagida is now known as leptogenesis. Its
appealing feature is that the same physics
responsible for small neutrino masses also ex-
plains the matter—antimatter asymmetry.

Experimental tests of the leptogenesis
idea need to examine the validity of the see-
saw mechanism as the origin of neutrino
masses and to explore CP violation in the forces involving
neutrinos. Several groups are currently searching for neutrino-
less double beta decay, which, if found, would be an im-
portant signal of the seesaw mechanism. Figure 2 illustrates
the decay process. A different kind of evidence for the seesaw
mechanism may be revealed at the LHC. Standard model ex-
tensions such as left-right symmetric models include a right-
handed partner of the conventional Z boson. (Like the W
boson of figure 2, the Z boson is an analogue of the photon.)
Experiments at the LHC will look for the right-handed Z—
more precisely, for its decay into two right-handed neutrinos
that themselves subsequently decay with equal probability
to electrons and positrons.

The search for CP violation in neutrino interactions in-
volves high-precision experiments that look for asymmetry
between the oscillations of neutrinos and antineutrinos. In
neutrino oscillation, one species of neutrino morphs into an-
other as it flies along. Indeed, the experiments that provided
the first evidence for neutrino mass involved oscillations.
Two experiments that will look for CP-violating oscillations
are T2K in Japan and NOvA in the US. In both experiments,
high-energy neutrinos and antineutrinos traveling for hun-
dreds of kilometers will oscillate into different species; dif-
fering oscillation rates for neutrinos and antineutrinos would
be evidence of CP violation. The T2K and NOvA experiments
will study conventional SM neutrinos, not the proposed
heavy neutrinos responsible for leptogenesis. But the seesaw
mechanism implies that if conventional neutrinos violate CP,
so will heavy neutrinos. Thus observation of CP violation for
the familiar SM neutrinos would provide evidence for an es-
sential ingredient of leptogenesis. Stay tuned: In late Febru-
ary T2K reported that they had tracked their first neutrino as
it traveled from Tokai to Kamioka.
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