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Abstract. An elementary general overview of the neutrino physics and astrophysics
is given. We start by a historical account of the development of our understanding of
neutrinos and how they helped to unravel the structure of the Standard Model. We
discuss why it is so important to establish if neutrinos are massive and we introduce the
main scenarios to provide them a mass. The present bounds and the positive indications
in favor of non-zero neutrino masses are discussed as well as the major role they play
in astrophysics and cosmology.

1 The neutrino story:

1.1 The hypothetical particle:

One may trace back the appearance of neutrinos in physics to the discovery of
radioactivity by Becquerel one century ago. When the energy of the electrons
(beta rays) emitted in a radioactive decay was measured by Chadwick in 1914,
it turned out to his surprise to be continuously distributed. This was not to be
expected if the underlying process in the beta decay was the transmutation of an
element X into another one X ′ with the emission of an electron, i.e. X → X ′+e,
since in that case the electron should be monochromatic. The situation was so
puzzling that Bohr even suggested that the conservation of energy may not
hold in the weak decays. Another serious problem with the ‘nuclear models’
of the time was the belief that nuclei consisted of protons and electrons, the
only known particles by then. To explain the mass and the charge of a nucleus
it was then necessary that it had A protons and A − Z electrons in it. For
instance, a 4He nucleus would have 4 protons and 2 electrons. Notice that this
total of six fermions would make the 4He nucleus to be a boson, which is correct.
However, the problem arouse when this theory was applied for instance to 14N,
since consisting of 14 protons and 7 electrons would make it a fermion, but the
measured angular momentum of the nitrogen nucleus was I = 1.

The solution to these two puzzles was suggested by Pauli only in 1930, in a
famous letter to the ‘Radioactive Ladies and Gentlemen’ gathered in a meeting
in Tubingen, where he wrote: ‘I have hit upon a desperate remedy to save the
exchange theorem of statistics and the law of conservation of energy. Namely,
the possibility that there could exist in nuclei electrically neutral particles, that
I wish to call neutrons, which have spin 1/2 ...’. These had to be not heavier
than electrons and interacting not more strongly than gamma rays.

http://arxiv.org/abs/hep-ph/9910383v1
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With this new paradigm, the nitrogen nucleus became 14N= 14p+7e+7‘n’,
which is a boson, and a beta decay now involved the emission of two particles
X → X ′ + e+ ‘n’, and hence the electron spectrum was continuous. Notice that
no particles were created in a weak decay, both the electron and Pauli’s neutron
‘n’ were already present in the nucleus of the element X , and they just came
out in the decay. However, in 1932 Chadwick discovered the real ‘neutron’, with
a mass similar to that of the proton and being the missing building block of the
nuclei, so that a nitrogen nucleus finally became just 14N= 7p+ 7n, which also
had the correct bosonic statistics.

In order to account now for the beta spectrum of weak decays, Fermi called
Pauli’s hypotetised particle the neutrino (small neutron), ν, and furthermore
suggested that the fundamental process underlying beta decay was n→ p+e+ν.
He wrote [1] the basic interaction by analogy with the interaction known at the
time, the QED, i.e. as a vector×vector current interaction:

HF = GF

∫

d3x[Ψ̄pγµΨn][Ψ̄eγ
µΨν ] + h.c..

This interaction accounted for the continuous beta spectrum, and from the mea-
sured shape at the endpoint Fermi concluded that mν was consistent with zero
and had to be small. The Fermi coupling GF was estimated from the observed
lifetimes of radioactive elements, and armed with this Hamiltonian Bethe and
Peierls [2] decided to compute the cross section for the inverse beta process, i.e.
for ν̄+ p→ n+ e+, which was the relevant reaction to attempt the direct detec-
tion of a neutrino. The result, σ = 4(G2

F /π)peEe ≃ 2.3 × 10−44cm2(peEe/m
2
e)

was so tiny that they concluded ‘... This meant that one obviously would never
be able to see a neutrino.’. For instance, if one computes the mean free path in
water (with density n ≃ 1023/cm3) of a neutrino with energy Eν = 2.5 MeV,
typical of a weak decay, the result is λ ≡ 1/nσ ≃ 2.5× 1020 cm, which is 107AU,
i.e. comparable to the thickness of the Galactic disk.

It was only in 1958 that Reines and Cowan were able to prove that Bethe
and Peierls had been too pessimistic, when they measured for the first time the
interaction of a neutrino through the inverse beta process[3]. Their strategy was
essentially that, if one needs 1020 cm of water to stop a neutrino, having 1020

neutrinos a cm would be enough to stop one neutrino. Since after the second
war powerful reactors started to become available, and taking into account that
in every fission of an uranium nucleus the neutron rich fragments beta decay
producing typically 6 ν̄ and liberating ∼ 200 MeV, it is easy to show that the
(isotropic) neutrino flux at a reactor is

dΦν

dΩ
≃ 2× 1020

4π

(

Power

GWatt

)

ν̄

strad
.

Hence, placing a few hundred liters of water near a reactor they were able to
see the production of positrons (through the two 511 keV γ produced in their
annihilation with electrons) and neutrons (through the delayed γ from the neu-
tron capture in Cd), with a rate consistent with the expectations from the weak
interactions of the neutrinos.
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1.2 The vampire:

Going back in time again to follow the evolution of the theory of weak inter-
actions of neutrinos, in 1936 Gamow and Teller [4] noticed that the V × V
Hamiltonian of Fermi was probably too restrictive, and they suggested the gen-
eralization

HGT =
∑

i

Gi[p̄Oin][ēO
iν] + h.c.,

involving the operators Oi = 1, γµ, γµγ5, γ5, σµν , corresponding to scalar (S),
vector (V ), axial vector (A), pseudoscalar (P ) and tensor (T ) currents. However,
since A and P only appeared here as A × A or P × P , the interaction was
parity conserving. The situation became unpleasant, since now there were five
different coupling constantsGi to fit with experiments, but however this step was
required since some observed nuclear transitions which were forbidden for the
Fermi interaction became now allowed with its generalization (GT transitions).

The story became more involved when in 1956 Lee and Yang suggested that
parity could be violated in weak interactions[5]. This could explain why the
particles theta and tau had exactly the same mass and charge and only differed
in that the first one was decaying to two pions while the second to three pions
(e.g. to states with different parity). The explanation to the puzzle was that the
Θ and τ were just the same particle, now known as the charged kaon, but the
(weak) interaction leading to its decays violated parity.

Parity violation was confirmed the same year by Wu [6], studying the direc-
tion of emission of the electrons emitted in the beta decay of polarised 60Co.
The decay rate is proportional to 1 + αP · p̂e. Since the Co polarization vector
P is an axial vector, while the unit vector along the electron momentum p̂e is
a vector, their scalar product is a pseudoscalar and hence a non–vanishing co-
efficient α would imply parity violation. The result was that electrons preferred
to be emitted in the direction opposite to P , and the measured value α ≃ −0.7
had then profound implications for the physics of weak interactions.

The generalization by Lee and Yang of the Gamow Teller Hamiltonian was

HLY =
∑

i

[p̄Oin][ēO
i(Gi +G′

iγ5)ν] + h.c..

Now the presence of terms such as V × A or P × S allows for parity violation,
but clearly the situation became even more unpleasant since there are now 10
couplings (Gi and G

′
i) to determine, so that some order was really called for.

Soon the bright people in the field realized that there could be a simple expla-
nation of why parity was violated in weak interactions, the only one involving
neutrinos, and this had just to do with the nature of the neutrinos. Lee and
Yang, Landau and Salam [7] realized that, if the neutrino was massless, there
was no need to have both neutrino chirality states in the theory, and hence the
handedness of the neutrino could be the origin for the parity violation. To see
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this, consider the chiral projections of a fermion

ΨL,R ≡ 1∓ γ5
2

Ψ.

We note that in the relativistic limit these two projections describe left and right
handed helicity states (where the helicity, i.e. the spin projection in the direction
of motion, is a constant of motion for a free particle), but in general an helicity
eigenstate is a mixture of the two chiralities. For a massive particle, which has
to move with a velocity smaller than the speed of light, it is always possible to
make a boost to a system where the helicity is reversed, and hence the helicity is
clearly not a Lorentz invariant while the chirality is (and hence has the desireable
properties of a charge to which a gauge boson can be coupled). If we look now
to the equation of motion for a Dirac particle as the one we are used to for the
description of a charged massive particle such as an electron ((i/∂ −m)Ψ = 0),
in terms of the chiral projections this equation becomes

i/∂ΨL = mΨR

i/∂ΨR = mΨL

and hence clearly a mass term will mix the two chiralities. However, from these
equations we see that for m = 0, as could be the case for the neutrinos, the
two equations are decoupled, and one could write a consistent theory using only
one of the two chiralities (which in this case would coincide with the helicity).
If the Lee Yang Hamiltonian were just to depend on a single neutrino chirality,
one would have then Gi = ±G′

i and parity violation would indeed be maximal.
This situation has been described by saying that neutrinos are like vampires in
Dracula’s stories: if they were to look to themselves into a mirror they would be
unable to see their reflected images.

The actual helicity of the neutrino was measured by Goldhaber et al. [8]. The
experiment consisted in observing theK-electron capture in 152Eu (J = 0) which
produced 152Sm∗ (J = 1) plus a neutrino. This excited nucleus then decayed into
152Sm (J = 0) + γ. Hence the measurement of the polarization of the photon
gave the required information on the helicity of the neutrino emitted initially.
The conclusion was that ‘...Our results seem compatible with ... 100% negative
helicity for the neutrinos’, i.e. that the neutrinos are left handed particles.

This paved the road for the V − A theory of weak interactions advanced
by Feynman and Gell Mann, and Marshak and Soudarshan [9], which stated
that weak interactions only involved vector and axial vector currents, in the
combination V −A which only allows the coupling to left handed fields, i.e.

Jµ = ēLγµνL + n̄LγµpL

with H = (GF /
√
2)J†

µJ
µ. This interaction also predicted the existence of purely

leptonic weak charged currents, e.g. ν+e→ ν+e, to be experimentally observed
much later1.
1 A curious fact was that the new theory predicted a cross section for the inverse beta
decay a factor of two larger than the Bethe and Peierls original result, which had
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The current involving nucleons is actually not exactly ∝ γµ(1−γ5) (only the
interaction at the quark level has this form), but is instead ∝ γµ(gV − gAγ5).
The vector coupling remains however unrenormalised (gV = 1) due to the so
called conserved vector current hypothesis (CVC), which states that the vector
part of the weak hadronic charged currents (J±

µ ∝ Ψ̄γµτ
±Ψ , with τ± the raising

and lowering operators in the isospin space ΨT = (p, n)) together with the
isovector part of the electromagnetic current (i.e. the term proportional to τ3
in the decomposition Jem

µ ∝ Ψ̄γµ(1 + τ3)Ψ) form an isospin triplet of conserved
currents. On the other hand, the axial vector hadronic current is not protected
from strong interaction renormalization effects and hence gA does not remain
equal to unity. The measured value, using for instance the lifetime of the neutron,
is gA = 1.26, so that at the nucleonic level the charged current weak interactions
are actually “V − 1.26A”.

With the present understanding of weak interactions, we know that the clever
idea to explain parity violation as due to the non-existence of one of the neutrino
chiralities (the right handed one) was completely wrong, although it lead to
major advances in the theory and ultimately to the correct interaction. Today
we understand that the parity violation is a property of the gauge boson (the
W ) responsible for the gauge interaction, which couples only to the left handed
fields, and not due to the absence of right handed fields. For instance, in the
quark sector both left and right chiralities exists, but parity is violated because
the right handed fields are singlets for the weak charged currents.

1.3 The trilogy:

In 1947 the muon was discovered in cosmic rays by Anderson and Neddermeyer.
This particle was just a heavier copy of the electron, and as was suggested by
Pontecorvo, it also had weak interactions µ+ p→ n+ ν with the same universal
strength GF . Hincks, Pontecorvo and Steinberger showed that the muon was
decaying to three particles, µ → eνν, and the question arose whether the two
emitted neutrinos were similar or not. It was then shown by Feinberg [10] that,
assuming the two particles were of the same kind, weak interactions couldn’t
be mediated by gauge bosons (an hypothesis suggested in 1938 by Klein). The
reasoning was that if the two neutrinos were equal, it would be possible to join
the two neutrino lines and attach a photon to the virtual charged gauge boson
(W ) or to the external legs, so as to generate a diagram for the radiative decay
µ→ eγ. The resulting branching ratio would be larger than 10−5 and was hence
already excluded at that time. This was probably the first use of ‘rare decays’
to constrain the properties of new particles.

The correct explanation for the absence of the radiative decay was put for-
ward by Lee and Yang, who suggested that the two neutrinos emitted in the

already been confirmed in 1958 to the 5% accuracy by Reines and Cowan. However,
in a new experiment in 1969, Reines and Cowan found a new value consistent with
the new prediction, what shows that many times when the experiment agrees with
the theory of the moment the errors tend to be underestimated.
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muon decay had different flavour, i.e. µ → e + νe + νµ, and hence it was not
possible to join the two neutrino lines to draw the radiative decay diagram. This
was confirmed at Brookhaven in the first accelerator neutrino experiment[11].
They used an almost pure ν̄µ beam, something which can be obtained from
charged pion decays, since the V − A theory implies that Γ (π → ℓ + ν̄ℓ) ∝ m2

ℓ ,
i.e. this process requires a chirality flip in the final lepton line which strongly
suppresses the decays π → e+ ν̄e. Putting a detector in front of this beam they
were able to observe the process ν̄+p→ n+µ+, but no production of positrons,
what proved that the neutrinos produced in a weak decay in association with
a muon were not the same as those produced in a beta decay (in association
with an electron). Notice that although the neutrino fluxes are much smaller at
accelerators than at reactors, their higher energies make their detection feasible
due to the larger cross sections (σ ∝ E2 for E ≪ mp, and σ ∝ E for E>∼ mp).

In 1975 the τhird charged lepton was discovered by Perl at SLAC, and being
just a heavier copy of the electron and the muon, it was concluded that a third
neutrino flavour had also to exist. Although the direct detection through e.g.
ν̄τ + p → n + τ+ has not yet been possible, due to the difficulty of producing
a ντ beam and of detecting the very short τ track, there is little doubt about
its existence, and we furthermore know today that the number of light weakly
interacting neutrinos is precisely three (see below), so that the proliferation of
neutrino species seems to be now under control.

1.4 The gauge theory:

As was just mentioned, Klein had suggested that the short range charged current
weak interaction could be due to the exchange of a heavy charged vector boson,
the W±. This boson exchange would look at small momentum transfers (Q2 ≪
M2

W ) as the non renormalisable four fermion interactions discussed before. If the
gauge interaction is described by the Lagrangian L = −(g/

√
2)JµW

µ+h.c., from
the low energy limit one can identify the Fermi coupling as GF =

√
2g2/(8M2

W ).
In the sixties, Glashow, Salam and Weinberg showed that it was possible to write
down a unified description of electromagnetic and weak interactions with a gauge
theory based in the group SU(2)L×U(1)Y (weak isospin× hypercharge, with the
electric charge being Q = T3+ Y ), which was spontaneously broken at the weak
scale down to the electromagnetic U(1)em. This (nowadays standard) model
involves the three gauge bosons in the adjoint of SU(2), V µ

i (with i = 1, 2, 3),
and the hypercharge gauge field Bµ, so that the starting Lagrangian is

L = −g
3

∑

i=1

J i
µV

µ
i − g′JY

µ B
µ + h.c.,

with J i
µ ≡ ∑

a Ψ̄aLγµ(τi/2)ΨaL. The left handed leptonic and quark isospin dou-

blets are ΨT = (νeL, eL) and (uL, dL) for the first generation (and similar ones
for the other two heavier generations) and the right handed fields are SU(2) sin-
glets. The hypercharge current is obtained by summing over both left and right
handed fermion chiralities and is JY

µ ≡ ∑

a YaΨ̄aγµΨa.
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Fig. 1. Neutral and charged current contributions to neutrino lepton scattering.

After the electroweak breaking one can identify the weak charged currents
with J± = J1 ± iJ2, which couple to the W boson W± = (V 1 ∓ iV 2)/

√
2, and

the two neutral vector bosons V 3 and B will now combine through a rotation
by the weak mixing angle θW (with tgθW = g′/g), to give

(

Aµ

Zµ

)

=

(

cθW sθW
−sθW cθW

)(

Bµ

V 3
µ

)

. (1)

We see that the broken theory has now, besides the massless photon field Aµ, an
additional neutral vector boson, the heavy Zµ, whose mass turns out to be related
to the W boson mass through s2θW = 1− (M2

W /M2
Z). The electromagnetic and

neutral weak currents are given by

Jem
µ = JY

µ + J3
µ

J0
µ = J3

µ − s2θWJem
µ ,

with the electromagnetic coupling being e = g sθW .
The great success of this model came in 1973 with the experimental ob-

servation of the weak neutral currents using muon neutrino beams at CERN
(Gargamelle) and Fermilab, using the elastic process νµe → νµe. The semilep-
tonic processes νN → νX were also studied and the comparison of neutral and
charged current rates provided a measure of the weak mixing angle. From the
theoretical side t’Hooft proved the renormalisability of the theory, so that the
computation of radiative corrections became also meaningful.

The Hamiltonian for the leptonic weak interactions νℓ + ℓ′ → νℓ + ℓ′ can be
obtained, using the Standard Model just presented, from the two diagrams in
figure 1. In the low energy limit (Q2 ≪M2

W , M2
Z), it is just given by

Hνℓℓ′ =
GF√
2
[ν̄ℓγµ(1− γ5)νℓ][ℓ̄

′γµ(cLPL + cRPR)ℓ
′]

where the left and right couplings are cL = δℓℓ′ + s2θW − 0.5 and cR = s2θW .
The δℓℓ′ term in cL is due to the charged current diagram, which clearly only
appears when ℓ = ℓ′. On the other hand, one sees that due to the B component
in the Z boson, the weak neutral currents also couple to the charged lepton right
handed chiralities (i.e. cR 6= 0). This interaction leads to the cross section (for
Eν ≫ mℓ′)

σ(ν + ℓ→ ν + ℓ) =
2G2

F

π
mℓEν

[

c2L +
c2R
3

]

,
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Fig. 2. Neutrino nucleon and neutrino lepton cross sections (the three lines correspond,
from top to bottom, to the νe, ν̄e and νµ,τ cross sections with electrons).

and a similar expression with cL ↔ cR for antineutrinos. Hence, we have the
following relations for the neutrino elastic scatterings off electrons

σ(νee) ≃ 9× 10−44cm2

(

Eν

10 MeV

)

≃ 2.5σ(ν̄ee) ≃ 6σ(νµ,τe) ≃ 7σ(ν̄µ,τe).

Regarding the angular distribution of the electron momentum with respect to
the incident neutrino direction, in the center of mass system of the process
dσ(νee)/d cos θ ≃ 1+0.1[(1+cosθ)/2]2, and it is hence almost isotropic. However,
due to the boost to the laboratory system, there will be a significant correlation
between the neutrino and electron momenta for Eν ≫MeV, and this actually
allows to do astronomy with neutrinos. For instance, water cherenkov detectors
such as Superkamiokande detect solar neutrinos using this process, and have
been able to reconstruct a picture of the Sun with neutrinos. It will turn also
to be relevant for the study of neutrino oscillations that these kind of detectors
are six times more sensitive to electron type neutrinos than to the other two
neutrino flavours.

Considering now the neutrino nucleon interactions, one has at low energies
(1 MeV< Eν < 50 MeV)

σ(νen→ pe) ≃ σ(ν̄ep→ ne+) ≃ G2
F

π
c2θC(g

2
V + 3g2A)E

2
ν ,

where we have now introduced the Cabibbo mixing angle θC which relates, if we
ignore the third family, the quark flavour eigenstates q0 to the mass eigenstates
q, i.e. d0 = cθCd+sθCs and s

0 = −sθCd+cθCs (choosing a flavour basis so that
the up type quark flavour and mass eigenstates coincide).

At Eν>∼ 50 MeV, the nucleon no longer looks like a point-like object for the
neutrinos, and hence the vector (vµ) and axial (aµ) hadronic currents involve
now momentum dependent form factors, i.e.

〈N(p′)|vµ|N(p)〉 = ū(p′)[γµFV +
i

2mN
σµνq

νFW ]u(p)



Neutrinos in physics and astrophysics 9

〈N(p′)|aµ|N(p)〉 = ū(p′)[γµγ5FA +
γ5

2mN
qµFP ]u(p),

where FV (q
2) can be measured using electromagnetic processes and the CVC

relation FV = F em,p
V − F em,n

V (i.e. as the difference between the proton and
neutron electromagnetic vector form factors). Clearly FV (0) = 1 and FA(0) =
1.26, while FW is related to the magnetic moments of the nucleons. The q2

dependence has the effect of significantly flattening the cross section. In the
deep inelastic regime, Eν>∼ GeV, the neutrinos interact directly with the quark
constituents. The cross section in this regime grows linearly with energy, and
this provided an important test of the parton model. The main characteristics
of the neutrino cross section just discussed are depicted in figure 2.

The final test of the standard model came with the direct production of the
W± and Z gauge bosons at CERN in 1984, and with the precision test achieved
with the Z factories LEP and SLC after 1989. These e+e− colliders working at
and around the Z resonance (s =M2

Z = (91 GeV)2) turned out to be also crucial
for neutrino physics, since studying the shape of the e+e− → f f̄ cross section
near the resonance, which has the Breit–Wigner form

σ ≃ 12πΓeΓf

M2
Z

s

(s−M2
Z)

2 +M2
ZΓ

2
Z

,

it becomes possible to determine the total Z width ΓZ . This width is just the
sum of all possible partial widths, i.e.

ΓZ =
∑

f

ΓZ→ff̄ = Γvis + Γinv.

The visible (i.e. involving charged leptons and quarks) width Γvis can be mea-
sured directly, and hence one can infer a value for the invisible width Γinv. Since
in the standard model this last arises from the decays Z → νiν̄i, whose expected
rate for decays into a given neutrino flavour is Γ th

Z→νν̄ = 167 MeV, one can finally
obtain the number of neutrinos coupling to the Z as Nν = Γinv/Γ

th
Z→νν̄ . The

present best value for this quantity is Nν = 2.994± 0.012, giving then a strong
support to the three generation standard model.

Going through the history of the neutrinos we have seen that they have
been extremely useful to understand the standard model. On the contrary, the
standard model is of little help to understand the neutrinos. Since in the standard
model there is no need for νR, neutrinos are massless in this theory. There is
however no deep principle behind this (unlike the masslessness of the photon
which is protected by the electromagnetic gauge symmetry), and indeed in many
extensions of the standard model neutrinos turn out to be massive. This makes
the search for non-zero neutrino masses a very important issue, since it provides
a window to look for physics beyond the standard model. There are many other
important questions concerning the neutrinos which are not addressed by the
standard model, such as whether they are Dirac or Majorana particles, whether
lepton number is conserved, if the neutrino flavours are mixed (like the quarks
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through the Cabibbo Kobayashi Maskawa matrix) and hence oscillate when they
propagate, as many hints suggest today, whether they have magnetic moments, if
they decay, if they violate CP, and so on. In conclusion, although in the standard
model neutrinos are a little bit boring, many of its extensions contemplate new
possibilities which make the neutrino physics a very exciting field.

2 Neutrino masses:

2.1 Dirac or Majorana?

In the standard model, charged leptons (and also quarks) get their masses
through their Yukawa couplings to the Higgs doublet field φT = (φ0, φ−)

−LY = λL̄φ∗ℓR + h.c. ,

where LT = (ν, ℓ)L is a lepton doublet and ℓR an SU(2) singlet field. When
the electroweak symmetry gets broken by the vacuum expectation value of the
neutral component of the Higgs field 〈φ0〉 = v/

√
2 (with v = 246 GeV), the

following ‘Dirac’ mass term results

−Lm = mℓ(ℓ̄LℓR + ℓ̄RℓL) = mℓℓ̄ℓ,

where mℓ = λv/
√
2 and ℓ = ℓL + ℓR is the Dirac spinor field. This mass term is

clearly invariant under the U(1) transformation ℓ→ exp(iα)ℓ, which corresponds
to the lepton number (and actually in this case also to the electromagnetic gauge
invariance). From the observed fermion masses, one concludes that the Yukawa
couplings range from λt ≃ 1 for the top quark up to λe ≃ 10−5 for the electron.

Notice that the mass terms always couple fields with opposite chiralities,
i.e. requires a L ↔ R transition. Since in the standard model the right handed
neutrinos are not introduced, it is not possible to write a Dirac mass term, and
hence the neutrino results massless. Clearly the simplest way to give the neutrino
a mass would be to introduce the right handed fields just for this purpose (having
no gauge interactions, these sterile states would be essentially undetectable and
unproduceable). Although this is a logical possibility, it has the ugly feature
that in order to get reasonable neutrino masses, below the eV, would require
unnaturally small Yukawa couplings (λν < 10−11). Fortunately it turns out that
neutrinos are also very special particles in that, being neutral, there are other
ways to provide them a mass. Furthermore, in some scenarios it becomes also
possible to get a natural understanding of why neutrino masses are so much
smaller than the charged fermion masses.

The new idea is that the left handed neutrino field actually involves two
degrees of freedom, the left handed neutrino associated with the positive beta
decay (i.e. emitted in association with a positron) and the other one being the
right handed ‘anti’-neutrino emitted in the negative beta decays (i.e. emitted
in association with an electron). It may then be possible to write down a mass
term using just these two degrees of freedom and involving the required L↔ R
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Fig. 3. Example of loop diagram leading to a Majorana mass term in supersymmetric
models with broken R parity.

transition. This possibility was first suggested by Majorana in 1937, in a paper
named ‘Symmetric theory of the electron and positron’, and devoted mainly to
the problem of getting rid of the negative energy sea of the Dirac equation[12].
As a side product, he found that for neutral particles there was ‘no more any
reason to presume the existence of antiparticles’, and that ‘it was possible to
modify the theory of beta emission, both positive and negative, so that it came
always associated with the emission of a neutrino’. The spinor field associated
to this formalism was then named in his honor a Majorana spinor.

To see how this works it is necessary to introduce the so called antiparticle
field, ψc ≡ Cψ̄T = CγT0 ψ

∗. The charge conjugation matrix C has to satisfy
CγµC

−1 = −γTµ , so that for instance the Dirac equation for a charged fermion
in the presence of an electromagnetic field, (i/∂ − e/A − m)ψ = 0 implies that
(i/∂ + e/A−m)ψc = 0, i.e. that the antiparticle field has opposite charges as the
particle field and the same mass. Since for a chiral projection one can show that
(ψL)

c = (PLψ)
c = PRψ

c = (ψc)R, i.e. this conjugation changes the chirality
of the field, one has that ψc is related to the CP conjugate of ψ. Notice that
(ψL)

c describes exactly the same two degrees of freedom described by ψL, but
somehow using a CP reflected formalism. For instance for the neutrinos, the
νL operator annihilates the left handed neutrino and creates the right handed
antineutrino, while the (νL)

c operator annihilates the right handed antineutrino
and creates the left handed neutrino.

We can then now write the advertised Majorana mass term, as

−LM =
1

2
m[νL(νL)

c + (νL)cνL].

This mass term has the required Lorentz structure (i.e. the L ↔ R transition)
but one can see that it does not preserve any U(1) phase symmetry, i.e. it
violates the so called lepton number by two units. If we introduce the Majorana
field ν ≡ νL + (νL)

c, which under conjugation transforms into itself (νc = ν),
the mass term becomes just LM = −mν̄ν/2.

Up to now we have introduced the Majorana mass by hand, contrary to
the case of the charged fermions where it arose from a Yukawa coupling in a
spontaneously broken theory. To follow the same procedure with the neutrinos
presents however a difficulty, because the standard model neutrinos belong to
SU(2) doublets, and hence to write an electroweak singlet Yukawa coupling it
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ν
N

Fig. 4. The see-saw model: pushing one mass up pushes the other down.

is necessary to introduce an SU(2) triplet Higgs field ∆ (something which is
not particularly attractive). The coupling L ∝ LcσL · ∆ would then lead to
the Majorana mass term after the neutral component of the scalar gets a VEV.
Alternatively, the Majorana mass term could be a loop effect in models where
the neutrinos have lepton number violating couplings to new scalars, as in the
so-called Zee models or in the supersymmetric models with R parity violation
(as illustrated in figure 3). These models have as interesting features that the
masses are naturally suppressed by the loop, and they are attractive also if one
looks for scenarios where the neutrinos have relatively large dipole moments,
since a photon can be attached to the charged particles in the loop.

However, by far the nicest possibility to give neutrinos a mass is the so-called
see-saw model introduced by Gell Man, Ramond and Slansky and by Yanagida
in 1979[13]. In this scenario, which naturally occurs in grand unified models
such as SO(10), one introduces the SU(2) singlet right handed neutrinos. One
has now not only the ordinary Dirac mass term, but also a Majorana mass for
the singlets which is generated by the VEV of an SU(2) singlet Higgs, whose
natural scale is the scale of breaking of the grand unified group, i.e. in the range
1012–1016 GeV. Hence the Lagrangian will contain

LM =
1

2
(νL, (NR)c)

(

0 mD

mD M

)(

(νL)
c

NR

)

+ h.c..

The mass eigenstates are two Majorana fields with masses mlight ≃ m2
D/M and

mheavy ≃ M . Since mD/M ≪ 1, we see that mlight ≪ mD, and hence the
lightness of the known neutrinos is here related to the heaviness of the sterile
states NR, as figure 4 illustrates.

If we actually introduce one singlet neutrino per family, the mass terms in
eq. (2.1) are 3 × 3 matrices. Notice that if mD is similar to the up-type quark
masses, as happens in SO(10), one would havemντ ∼ m2

t/M ≃ 4 eV(1013 GeV/M).
It is clear then that in these scenarios the observation of neutrino masses below
the eV would point out to new physics at about the GUT scale.
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2.2 The quest for the neutrino mass:

Direct searches Already in his original paper on the theory of weak interac-
tions Fermi had noticed that the observed shape of the electron spectrum was
suggesting a small mass for the neutrino. The sensitivity to mνe in the decay
X → X ′ + e + ν̄e arises clearly because the larger mν , the less available kinetic
energy remains for the decay products, and hence the maximum electron en-
ergy is reduced. To see this consider the phase space factor of the decay, dΓ ∝
d3ped

3pν ∝ peEedEepνEνdEνδ(Ee +Eν −Q), with the Q–value being the total
available energy in the decay: Q ≃MX −MX′ −me. This leads to a differential
electron spectrum proportional to dΓ/dEe ∝ peEe(Q − Ee)

√

(Q − Ee)2 −m2
ν ,

whose shape near the endpoint (Ee ≃ Q − mν) depends on mν (actually the
slope becomes infinite at the endpoint for mν 6= 0, while it vanishes for mν = 0).

Since the fraction of events in an interval ∆Ee around the endpoint is ∼
(∆Ee/Q)3, to enhance the sensitivity to the neutrino mass it is better to use
processes with small Q-values, what makes the tritium the most sensitive nucleus
(Q = 18.6 keV). Recent experiments at Mainz and Troitsk have allowed to set
the bound mνe ≤ 3 eV. To improve this bound is quite hard because the fraction
of events within say 10 eV of the endpoint is already ∼ 10−10.

Regarding the muon neutrino, a direct bound on its mass can be set by
looking to its effects on the available energy for the muon in the decay of a
pion at rest, π+ → µ+ + νµ. From the knowledge of the π and µ masses, and
measuring the momentum of the monochromatic muon, one can get the neutrino
mass through the relation

m2
νµ = m2

π +m2
µ − 2mπ

√

p2µ +m2
µ.

The best bounds at present are mνµ ≤ 170 keV from PSI, and again they are
difficult to improve through this process since the neutrino mass comes from the
difference of two large quantities. There is however a proposal to use the muon
(g − 2) experiment at BNL to become sensitive down to mνµ ≤ 8 keV.

Finally, the bound on the ντ mass is mντ ≤ 17 MeV and comes from the
effects it has on the available phase space of the pions in the decay τ → 5π+ ντ
measured at LEP.

To look for the electron neutrino mass, besides the endpoint of the ordinary
beta decay there is another interesting process, but which is however only sensi-
tive to a Majorana (lepton number violating) mass. This is the so called double
beta decay. Some nuclei can undergo transitions in which two beta decays take
place simultaneously, with the emission of two electrons and two antineutrinos
(2β2ν in fig. 5). These transitions have been observed in a few isotopes (82Se,
76Ge, 100Mo, 116Cd, 150Nd) in which the single beta decay is forbidden, and
the associated lifetimes are huge (1019–1024 yr). However, if the neutrino were
a Majorana particle, the virtual antineutrino emitted in one vertex could flip
chirality by a mass insertion and be absorbed in the second vertex as a neutrino,
as exemplified in fig. 5 (2β0ν). In this way only two electrons would be emitted
and this could be observed as a monochromatic line in the added spectrum of
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Fig. 5. Double beta decay with and without neutrino emission, and qualitative shape
of the expected added spectrum of the two electrons.

the two electrons. The non observation of this effect has allowed to set the bound
mMaj

νe ≤ 0.3 eV (by the Heidelberg–Moscow collaboration at Gran Sasso). There
are projects to improve the sensitivity of 2β0ν down to mνe ∼ 10−2 eV, and we
note that this bound is quite relevant since as we have seen, if neutrinos are
indeed massive it is somehow theoretically favored (e.g. in the see saw models)
that they are Majorana particles.

At this point it is important to extend the discussion to take into account
that there are three generations of neutrinos. If neutrinos turn out to be massive,
there is no reason to expect that the mass eigenstates (νk, with k = 1, 2, 3) would
coincide with the flavour (gauge) eigenstates (να, with α = e, µ, τ), and hence, in
the same way that quark states are mixed through the Cabibbo, Kobayashi and
Maskawa matrix, neutrinos would be related through the Maki, Nakagawa and
Sakita mixing matrix [14], i.e. να = Vαkνk. The MNS matrix can be parametrized
as (c12 ≡ cos θ12, etc.)

V =





c12c13 c13s12 s13
−c23s12eiδ − c12s13s23 c12c23e

iδ − s12s13s23 c13s23
s23s12e

iδ − c12c23s13 −c12s23eiδ − c23s12s13 c13c23









eiα 0 0
0 eiβ 0
0 0 1





When the electron neutrino is a mixture of mass eigenstates, the 2β0ν decay
amplitude will be proportional now to an ‘effective electron neutrino mass’
〈mνe〉 = V 2

ekmk, where here we adopted the Majorana neutrino fields as self-
conjugates (χc

k = χk). If one allows for Majorana creation phases in the fields,

χc
k = eiαkχk, these phases will appear in the effective mass, 〈mνe〉 = V ′

ek
2
eiαkmk.

Clearly 〈mνe〉 has to be independent of the unphysical phases αk, so that the
matrix diagonalising the mass matrix in the new basis has to change accord-
ingly, i. e. V ′

ek = e−iαk/2Vek. In particular, α and β may be removed from V
in this way, but they would anyhow reappear at the end in 〈m〉 through the
propagators of the Majorana fields, which depend on the creation phases. When
CP is conserved, it is sometimes considered convenient to choose basis so that
Vek is real (i.e. δ = 0 from CP conservation and α and β are reabsorbed in
the Majorana creation phases of the fields). In this case each contribution to
〈m〉 turns out to be multiplied by the intrinsic CP-parity of the mass eigen-
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state, 〈mνe〉 = |∑k |Vek|2ηCP (χk)mk|, with ηCP = ±i. States with opposite CP
parities can then induce cancellations in 2β0ν decays2.

Double beta decay is the only process sensitive to the phases α and β. These
phases can be just phased away for Dirac neutrinos, and hence in all experiments
(such as oscillations) where it is not possible to distinguish between Majorana
and Dirac neutrinos, it is not possible to measure them. However, oscillation
experiments are the most sensitive way to measure small neutrino masses and
their mixing angles, as we now turn to discuss3.

2.3 Neutrino oscillations:

The possibility that neutrino flavour eigenstates be a superposition of mass eigen-
states, as was just discussed, allows for the phenomenon of neutrino oscillations.
This is a quantum mechanical interference effect (and as such it is sensitive
to quite small masses) and arises because different mass eigenstates propagate
differently, and hence the flavor composition of a state can change with time.

To see this consider a flavour eigenstate neutrino να with momentum p pro-
duced at time t = 0 (e.g. a νµ produced in the decay π+ → µ++ νµ). The initial
state is then

|να〉 =
∑

k

Vαk|νk〉.

We know that the mass eigenstates evolve with time according to |νk(t, x)〉 =
exp[i(px−Ekt)]|νk〉. In the relativistic limit relevant for neutrinos, one has that
Ek =

√

p2 +m2
k ≃ p + m2

k/2E, and thus the different mass eigenstates will
acquire different phases as they propagate. Hence, the probability of observing
a flavour νβ at time t is just

P (να → νβ) = |〈νβ |ν(t)〉|2 = |
∑

k

Vαke
−i

m2

i
2E

tV ∗
βk|2.

In the case of two generations, taking V just as a rotation with mixing angle θ,
one has

P (να → νβ) = sin2 2θ sin2
(

∆m2x

4E

)

,

which depends on the squared mass difference ∆m2 = m2
2 − m2

1, since this is
what gives the phase difference in the propagation of the mass eigenstates. Hence,
the amplitude of the flavour oscillations is given by sin2 2θ and the oscillation
length of the modulation is Losc ≡ 4πE

∆m2 ≃ 2.5 m E[MeV]/∆m2[eV2]. We see
then that neutrinos will typically oscillate with a macroscopic wavelength. For

2 In particular, Dirac neutrinos can be thought of as two degenerate Majorana neutri-
nos with opposite CP parities, and hence lead to a vanishing contribution to 2β0ν,
as would be expected from the conservation of lepton number in this case.

3 Oscillations may even allow to measure the CP violating phase δ, e.g. by comparing
νµ → νe amplitudes with the ν̄µ → ν̄e ones, as is now being considered for future
neutrino factories at muon colliders.
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instance, putting a detector at ∼ 100 m from a reactor allows to test oscillations
of νe’s to another flavour (or into a singlet neutrino) down to ∆m2 ∼ 10−2 eV2

if sin22θ is not too small (≥ 0.1). The CHOOZ experiment has even reached
∆m2 ∼ 10−3 eV2 putting a large detector at 1 km distance, and the proposed
KAMLAND experiment will be sensitive to reactor neutrinos arriving from ∼
102 km, and hence will test ∆m2 ∼ 10−5 eV2 in a few years (see fig. 6).

These kind of experiments look essentially for the disappearance of the reac-
tor νe’s, i.e. to a reduction in the original νe flux. When one uses more energetic
neutrinos from accelerators, it becomes possible also to study the appearance of
a flavour different from the original one, with the advantage that one becomes
sensitive to very small oscillation amplitudes (i.e. small sin22θ values), since the
observation of only a few events is enough to establish a positive signal. At
present there is one experiment (LSND) claiming a positive signal of νµ → νe
conversion, suggesting the neutrino parameters in the region indicated in fig. 6,
once the region excluded by other experiments is taken into account. The ap-
pearance of ντ ’s out of a νµ beam was searched at CHORUS and NOMAD at
CERN without success, allowing to exclude the region indicated in fig. 7, which
is a region of relevance for cosmology since neutrinos heavier than ∼ eV would
contribute to the dark matter in the Universe significantly.

In figs. 6 and 7 we also display the sensitivity of various new experiments
under construction or still at the proposal level, showing that significant improve-
ments are to be expected in the near future (a useful web page with links to the
experiments is the Neutrino Industry Homepage4). These new experiments will
in particular allow to test some of the most clear hints we have at present in
favor of massive neutrinos, which come from the two most important natural
sources of neutrinos that we have: the atmospheric and the solar neutrinos.

3 Neutrinos in astrophysics and cosmology:

We have seen that neutrinos made their shy appearance in physics just by steeling
a little bit of the momentum of the electrons in a beta decay. In astrophysics
however, neutrinos have a major (sometimes preponderant) role, being produced
copiously in several environments.

3.1 Atmospheric neutrinos:

When a cosmic ray (proton or nucleus) hits the atmosphere and knocks a nucleus
a few tens of km above ground, an hadronic (and electromagnetic) shower is
initiated, in which pions in particular are copiously produced. The charged pion
decays are the main source of atmospheric neutrinos through the chain π →
µνµ → eνeνµνµ. One expects then twice as many νµ’s than νe’s (actually at very
high energies, Eν ≫ GeV, the parent muons may reach the ground and hence
be stopped before decaying, so that the expected ratio R ≡ (νµ + ν̄µ)/(νe +

4 http://www.hep.anl.gov/NDK/Hypertext/nuindustry.html

http://www.hep.anl.gov/NDK/Hypertext/nuindustry.html
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ν̄e) should be even larger than two at high energies). However, the observation
of the atmospheric neutrinos by IMB, Kamioka, Soudan, MACRO and Super
Kamiokande indicates that there is a deficit of muon neutrinos, with Robs/Rth ≃
0.6 below Eν ∼ GeV. More remarkably, at multi–GeV energies (for which a
neutrino oscillation length would increase) the Super Kamiokande experiment
observes a zenith angle dependence indicating that neutrinos coming from above
(with pathlengths d ∼ 20 km) had not enough time to oscillate, while those from
below (d ∼ 13000 km) have already oscillated. The most plausible explanation
for these effects is an oscillation νµ → ντ with maximal mixing and ∆m2 ≃
few×10−3 eV2, as indicated in fig. 7.

3.2 Solar neutrinos:

The sun gets its energy from the fusion reactions taking place in its interior,
where essentially four protons form a He nucleus. By charge conservation this
has to be accompanied by the emission of two positrons and by lepton number
conservation in the weak processes two νe’s have to be produced. This fusion
liberates 27 MeV of energy, which is eventually emitted mainly (97%) as photons
and the rest (3%) as neutrinos. Knowing the energy flux of the solar radiation
reaching the Earth (k⊙ ≃ 1.5 kW/m2), it is then simple to estimate that the
solar neutrino flux at Earth is Φν ≃ 2k⊙/27 MeV ≃ 6× 1010νe/cm

2s, which is a
very large number indeed.

Many experiments have looked for these solar neutrinos and the puzzling
result which has been with us for the last thirty years is that only between 1/2
to 1/3 of the expected fluxes are observed. Remarkably, Pontecorvo [15] noticed
even before the first observation of solar neutrinos by Davies that neutrino os-
cillations could reduce the expected rates. We note that the oscillation length of
solar neutrinos (E ∼ 0.1–10 MeV) is of the order of 1 AU for ∆m2 ∼ 10−10 eV2,
and hence even those tiny neutrino masses can have observable effects if the
mixing angles are large (this would be the ‘just so’ solution to the solar neu-
trino problem). Much more remarkable is the possibility of explaining the puzzle
by resonantly enhanced oscillations of neutrinos as they propagate outwards
through the Sun. Indeed, the solar medium affects νe’s differently than νµ,τ ’s
(since only the first interact through charged currents with the electrons present),
and this modifies the oscillations in a beautiful way through an interplay of neu-
trino mixings and matter effects, in the so called MSW effect [16]. Two possible
solutions using this mechanism require ∆m2 ≃ 10−5 eV2 and small mixings
s22θ ≃ few×10−3 eV2 (SMA) or large mixing (LMA), as shown in fig. 6.

Atmospheric and solar neutrinos are extremely fashionable nowadays. For
instance more than a dozen review papers on the subject have appeared in the
last year and hence I will avoid going with more details into them (see e.g.
[17,18]), although the second lecture dealt exclusively with this subject.
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3.3 Supernova neutrinos:

The most spectacular neutrino fireworks in the Universe are the supernova ex-
plosions, which correspond to the death of a very massive star. In this process
the inner Fe core (Mc ≃ 1.4 M⊙), unable to get pressure support gives up to
the pull of gravity and collapses down to nuclear densities (few×1014g/cm3),
forming a very dense proto-neutron star. At this moment neutrinos become the
main character on stage, and 99% of the gravitational binding energy gained
(few×1053 ergs) is released in a violent burst of neutrinos and antineutrinos of
the three flavours, with typical energies of a few tens of MeV5. Being the density
so high, even the weakly interacting neutrinos become trapped in the core, and
they diffuse out in a few seconds to be emitted from the so called neutrinospheres
(at ρ ∼ 1012 g/cm3). These neutrino fluxes then last for ∼ 10 s, after which the
initially trapped lepton number is lost and the neutron star cools more slowly.

During those ∼ 10 s the neutrino luminosity of the supernova (∼ 1052 erg/s)
is comparable to the total luminosity of the Universe (c.f. L⊙ ≃ 4× 1033 erg/s),
but unfortunately only a couple of such events occur in our galaxy per century, so
that one has to be patient. Fortunately, on February 1987 a supernova exploded
in the nearby (d ∼ 50 kpc) Large Magellanic Cloud, producing a dozen neutrino
events in the Kamiokande and IMB detectors. This started extra solar system
neutrino astronomy and provided a very basic proof of the explosion mechanism.
With the new larger detectors under operation at present (SuperKamioka and
SNO) it is expected that a future galactic supernova (d ∼ 10 kpc) would pro-
duce several thousand neutrino events and hence allow detailed studies of the
supernova physics.

Also sensitive tests of neutrino properties will be feasible if a galactic su-
pernova is observed. The simplest example being the limits on the neutrino
mass which would result from the measured burst duration as a function of
the neutrino energy. Indeed, if neutrinos are massive, their velocity will be
v = c

√

1− (mν/E)2, and hence the travel time from a SN at distance d would
be t ≃ d

c [1 − 1

2
(mν/E)2], implying that lower energy neutrinos (E ∼ 10 MeV)

would arrive later than high energy ones by an amount ∆t ∼ 0.5(d/10 kpc)
(mν/10 eV)2s. Looking for this effect a sensitivity down to mνµ,τ

∼ 25 eV would
be achievable from a supernova at 10 kpc, and this is much better than the
present direct bounds on the νµ,τ masses.

What remains after a (type II) supernova explosion is a pulsar, i.e. a fastly
rotating magnetised neutron star. One of the mysteries related to pulsars is that
they move much faster (few hundred km/s) than their progenitors (few tenths of
km/s). There is no satisfactory standard explanation of how these initial kicks
are imparted to the pulsar and here neutrinos may also have something to say. It
has been suggested that these kicks could be due to a macroscopic manifestation
of the parity violation of weak interactions, i.e. that in the same way as electrons
preferred to be emitted in the direction opposite to the polarisation of the 60Co
nuclei in the experiment of Wu (and hence the neutrinos preferred to be emitted

5 Actually there is first a brief (msec) νe burst from the neutronisation of the Fe core.
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Fig. 8. Pulsar kicks from neutrino rockets?

in the same direction), the neutrinos in the supernova explosions would be biased
towards one side of the star because of the polarisation induced in the matter
by the large magnetic fields present [19], leading to some kind of neutrino rocket
effect, as shown in fig. 8.

Although only a 1% asymmetry in the emission of the neutrinos would
be enough to explain the observed velocities, the magnetic fields required are
∼ 1016 G, much larger than the ones inferred from observations (∼ 1012–1013 G).
An attempt has also been done [20] to exploit the fact that the neutrino oscilla-
tions in matter are affected by the magnetic field, and hence the resonant flavor
conversion would take place in an off-centered surface. Since ντ ’s (or νµ’s) in-
teract less than νe’s, an oscillation from νe → ντ in the region where νe’s are
still trapped but ντ ’s can freely escape would generate a ντ flux from a deeper
region of the star in one side than in the other. Hence if one assumes that the
temperature profile is isotropic, neutrinos from the deeper side will be more en-
ergetic than those from the opposite side and can then be the source of the kick.
This would require however ∆m2 > (100 eV)2, which is uncomfortably large,
and B > 1014 G. Moreover, it has been argued [21] that the assumption of an
isotropic T profile near the neutrinospheres will not hold, since the side where
the escaping neutrinos are more energetic will rapidly cool (the neutrinosphere
region has negligible heat capacity compared to the core) adjusting the tempera-
ture gradient so that the isotropic energy flux generated in the core will manage
ultimately to get out isotropically.

An asymmetric neutrino emission due to an asymmetric magnetic field af-
fecting asymmetrically the νe opacities has also been proposed, but again the
magnetic fields required are too large (B ∼ 1016 G) [22].

As a summary, to explain the pulsar kicks as due to an asymmetry in the
neutrino emission is attractive theoretically, but unfortunately doesn’t seem to
work. Maybe when three dimensional simulations of the explosion would be-
come available, possibly including the presence of a binary companion, larger
asymmetries would be found just from standard hydrodynamical processes.

Supernovae are also helpful for us in that they throw away into the inter-
stellar medium all the heavy elements produced during the star’s life, which are
then recycled into second generation stars like the Sun, planetary systems and
so on. However, 25% of the baryonic mass of the Universe was already in the
form of He nuclei well before the formation of the first stars, and as we under-
stand now this He was formed a few seconds after the big bang in the so-called
primordial nucleosynthesis. Remarkably, the production of this He also depends
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on the neutrinos, and the interplay between neutrino physics and primordial
nucleosynthesis provided the first important astro-particle connection.

3.4 Cosmic neutrino background and primordial nucleosynthesis:

In the same way as the big bang left over the 2.7◦K cosmic background radiation,
which decoupled from matter after the recombination epoch (T ∼ eV), there
should also be a relic background of cosmic neutrinos (CνB) left over from an
earlier epoch (T ∼ MeV), when weakly interacting neutrinos decoupled from
the νi–e–γ primordial soup. Slightly after the neutrino decoupling, e+e− pairs
annihilated and reheated the photons, so that the present temperature of the
CνB is Tν ≃ 1.9◦K, slightly smaller than the photon one. This means that
there should be today a density of neutrinos (and antineutrinos) of each flavour
nνi ≃ 110 cm−3.

Primordial nucleosynthesis occurs between T ∼ 1 MeV and 10−2 MeV, an
epoch at which the density of the Universe was dominated by radiation (pho-
tons and neutrinos). This means that the expansion rate of the Universe de-
pended on the number of neutrino species Nν , becoming faster the bigger Nν

(H ∝ √
ρ ∝

√

ργ +Nνρν , with ρν the density for one neutrino species). Helium
production just occurred after deuterium photodissociation became inefficient at
T ∼ 0.1 MeV, with essentially all neutrons present at this time ending up into
He. The crucial point is that the faster the expansion rate, the larger fraction
of neutrons (w.r.t protons) would have survived to produce He nuclei. This im-
plies that an observational upper bound on the primordial He abundance will
translate into an upper bound on the number of neutrino species. Actually the
predictions also depend in the total amount of baryons present in the Universe
(η = nB/nγ), which can be determined studying the very small amounts of pri-
mordial D and 7Li produced. The observational D measurements are somewhat
unclear at presents, with determinations in the low side implying the strong
constraint Nν < 3.3, while those in the high side implying Nν < 4.8 [23]. It is
important that nucleosynthesis bounds on Nν were established well before the
LEP measurement of the number of standard neutrinos.

As a side product of primordial nucleosynthesis theory one can determine that
the amount of baryonic matter in the Universe has to satisfy η ≃ 1–6× 10−10.
The explanation of this small number is one of the big challenges for particle
physics and another remarkable fact of neutrinos is that they might be ultimately
responsible for this matter-antimatter asymmetry.

3.5 Leptogenesis:

The explanation of the observed baryon asymmetry as due to microphysical pro-
cesses taking place in the early Universe is known to be possible provided the
three Sakharov conditions are fulfilled: i) the existence of baryon number violat-
ing interactions (/B), ii) the existence of C and CP violation (/C and C6 P ) and iii)
departure from chemical equilibrium (E6 q). The simplest scenarios fulfilling these
conditions appeared in the seventies with the advent of GUT theories, where
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Fig. 9. One loop CP violating diagrams for leptogenesis.

heavy color triplet Higgs bosons can decay out of equilibrium in the rapidly
expanding Universe (at T ∼ MT ∼ 1013 GeV) violating B, C and CP. In the
middle of the eighties it was realized however that in the Standard Model non-
perturbative /B and /L (but B −L conserving) processes where in equilibrium at
high temperatures (T > 100 GeV), and would lead to a transmutation between
B and L numbers, with the final outcome that nB ≃ nB−L/3. This was a big
problem for the simplest GUTs like SU(5), where B−L is conserved (and hence
nB−L = 0), but it was rapidly turned into a virtue by Fukugita and Yanagida
[24], who realised that it could be sufficient to generate initially a lepton number
asymmetry and this will then be reprocessed into a baryon number asymmetry.
The nice thing is that in see-saw models the generation of a lepton asymmetry
(leptogenesis) is quite natural, since the heavy singlet Majorana neutrinos would
decay out of equilibrium (at T<∼ MN ) through NR → ℓH, ℓ̄H∗, i.e. into final
states with different L, and the CP violation appearing at one loop through the
diagrams in fig. 9 would lead [25] to Γ (N → ℓH) 6= Γ (N → ℓ̄H∗), so that a
final L asymmetry will result. Reasonable parameter values lead naturally to the
required asymmetries (η ∼ 10−10), making this scenario probably the simplest
baryogenesis mechanism.

3.6 Neutrinos as dark matter:

Neutrinos may not only give rise to the observed baryonic matter, but they could
also themselves be the dark matter in the Universe. This possibility arises [26]
because if the ordinary neutrinos are massive, the large number of them present
in the CνB will significantly contribute to the mass density of the Universe,
in an amount6 Ων ≃ ∑

imνi/(92h
2 eV). Hence, in order for neutrinos not to

overclose the Universe it is necessary that
∑

imνi
<∼ 30 eV, which is a bound

much stronger than the direct ones for mνµ,τ
. On the other hand, a neutrino

mass ∼ 0.1 eV (as suggested by the atmospheric neutrino anomaly) would imply
that the mass density in neutrinos is already comparable to that in ordinary
baryonic matter (ΩB ∼ 0.003), and mν>∼ 1 eV would lead to an important
contribution of neutrinos to the dark matter.

The nice things of neutrinos as dark matter is that they are the only can-
didates that we know for sure that they exist, and that they are very helpful

6 The reduced Hubble constant is h ≡ H/(100 km/s-Mpc) ≃ 0.6.
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Fig. 10. Neutrino spectra. We show the cosmic neutrino background (CνB) multiplied
by 1010, solar and supernova neutrinos, the isotropic atmospheric neutrinos, those
coming from the galactic plane due to cosmic ray gas interactions, an hypothetical
galactic source at 10 kpc, whose detection at E > 10 TeV would require a good angular
resolution to reject the atmospheric background (similar considerations hold for AGN
neutrinos not displayed). Finally the required flux to produce the CR beyond the GZK
cutoff by annihilations with the dark matter neutrinos.

to generate the structures observed at large supercluster scales (∼ 100 Mpc).
However, they are unable to give rise to structures at galactic scales (they are
‘hot’ and hence free stream out of small inhomogeneities). Furthermore, even
if those structures were formed, it would not be possible to pack the neutrinos
sufficiently so as to account for the galactic dark halo densities, due to the lack
of sufficient phase space [27], since to account for instance for the local halo
density ρ0 ≃ 0.3 GeV/cm3 would require n0

ν ≃ 108(3 eV/mν)/cm
3, which is a

very large overdensity with respect to the average value 110/cm3. The Tremaine
Gunn phase-space constraint requires for instance that to be able to account for
the dark matter in our galaxy one neutrino should be heavier than ∼ 50 eV,
so that neutrinos can clearly account at most for a fraction of the galactic dark
matter.

The direct detection of the dark matter neutrinos will be extremely difficult
[28], because of their very small energies (E ≃ mνv

2/2 ≃ 10−6mνc
2) which leads

to very tiny cross sections with matter and involving tiny momentum transfers.
This has lead people to talk about kton detectors at mK temperatures in zero
gravity environments ..., and hence this remains clearly as a challenge for the
next millennium.
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One speculative proposal to observe the dark matter neutrinos indirectly is
through the observation of the annihilation of cosmic ray neutrinos of ultra high
energies (Eν ∼ 1021 eV/(mν/4 eV)) with dark matter ones at the Z-resonance
pole where the cross section is enhanced [29]. Moreover, this process has been sug-
gested as a possible way to generate the observed hadronic cosmic rays above the
GZK cutoff [30], since neutrinos can travel essentially unattenuated for cosmo-
logical distances (≫ 100 Mpc) and induce hadronic cosmic rays locally through
their annihilation with dark matter neutrinos. This proposal requires however
extremely powerful neutrino sources.

In fig. 10 we summarize qualitatively different fluxes which can appear in
the neutrino sky and whose search and observation is opening new windows to
understand the Universe.

Acknowledgments

This work was supported by CONICET and Fundación Antorchas.

References

1. E. Fermi, Z. Phys. 88 (1934) 161.
2. H. Bethe and R. Peierls, Nature 133 (1934) 532.
3. F. Reines and C. Cowan, Phys. Rev. 113 (1959) 273.
4. G. Gamow and E. Teller, Phys. Rev. 49 (1936) 895.
5. T. D. Lee and C. N. Yang, Phys. Rev. 104 (1956) 254.
6. C. S. Wu et al., Phys. Rev. 105 (1957) 1413.
7. T. D. Lee and C. N. Yang, Phys. Rev. 105 (1957) 1671; L. D. Landau, Nucl. Phys.

3 (1957) 127; A. Salam, Nuovo Cimento 5 (1957) 299.
8. M. Goldhaber, L. Grodzins and A. W. Sunyar, Phys. Rev. 109 (1958) 1015.
9. R. Feynman and M. Gell-Mann, Phys. Rev. 109 (1958) 193; E. Sudarshan and R.

Marshak Phys. Rev. 109 (1958) 1860.
10. G. Feinberg, Phys. Rev. 110 (1958) 1482.
11. G. Danby et al., Phys. Rev. Lett. 9 (1962) 36.
12. E. Majorana, Nuovo Cimento 14 (1937) 170.
13. M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, p. 135, Ed. F. van

Nieuwenhuizen and D. Freedman (1979); T. Yanagida, Proc. of the Workshop on

unified theory and baryon number in the universe, KEK, Japan (1979).
14. Z. Maki, M. Nakagawa and S. Sakata, Prog. Theoret. Phys. 28 (1962) 870.
15. B. Pontecorvo, Sov. Phys. JETP 26 (1968) 984.
16. S. P. Mikheyev and A. Yu. Smirnov, Sov. J. Nucl. Phys. 42 (1985) 913; L. Wolfen-

stein, Phys. Rev. D17 (1979) 2369.
17. G. Gelmini and E. Roulet, Rep. Prog. Phys. 58 (1995) 1207.
18. P. Langacker, hep-ph/9811460; W. C. Haxton, nucl-th/9901076; A. Yu.

Smirnov, hep-ph/9901208; G. G. Raffelt, hep-ph/9902271; E. Torrente-Lujan, hep-
ph/9902339; J. Valle, hep-ph/9906378; R. D. Peccei, hep-ph/9906509; J. Ellis, hep-
ph/9907458.

19. N. Chugai, Pis’ma Astron. Zh. 10 (1984) 87; Dorofeev et al., Sov. Astron. Lett.
11 (1985) 123.

http://arxiv.org/abs/hep-ph/9811460
http://arxiv.org/abs/nucl-th/9901076
http://arxiv.org/abs/hep-ph/9901208
http://arxiv.org/abs/hep-ph/9902271
http://arxiv.org/abs/hep-ph/9902339
http://arxiv.org/abs/hep-ph/9902339
http://arxiv.org/abs/hep-ph/9906378
http://arxiv.org/abs/hep-ph/9906509
http://arxiv.org/abs/hep-ph/9907458
http://arxiv.org/abs/hep-ph/9907458


26 Esteban Roulet
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