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how it all started…

1896: W. C. Röntgen
Discovery of X-rays 

1901: W. C. Röntgen
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1896: A. H. Becquerel
Discovery of natural radioactivity 
1900: β- is an electron

1899: E. Rutherford
Two types of radiation: β- and α

1900: P. Villard
Another type of radiation: γ

1898- 1902: P. Curie and M. Curie
Discovery of polonium, radium…

1903: A. H. Becquerel, P. Curie and M. Curie

how it all started…

1908:E. Rutherford (Chemistry)

1896: W. C. Röntgen
Discovery of X-rays 

1901: W. C. Röntgen
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and soon… confusion…

J. Chadwick, Verh. Phys. Gesell. 16:383, 1914

1914: J. Chadwick
Continuous β-  spectrum

1922-1930: L. Meitner and others
No secondary process
No γ

1930: N. Bohr
Energy not conserved in β-  decays?

If only electron emission…  

two-body final state ➙ 

single energy!
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Neutrinos on the Earth and from the Sky

and soon… confusion…

J. Chadwick, Verh. Phys. Gesell. 16:383, 1914

1914: J. Chadwick
Continuous β-  spectrum

1922-1930: L. Meitner and others
No secondary process
No γ

1930: N. Bohr
Energy not conserved in β-  decays?

If only electron emission…  

two-body final state ➙ 

single energy!

Pauli to Bohr: 
“let this note rest for a good 
long time and let the stars 
shine in peace!”
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1930: W. Pauli
Proposal of the existence 
of the neutrino

The desperate remedy

“in the nuclei there could 
exist electrically neutral 
particles, which I will call 
neutrons, that have spin 1/2 
and obey the exclusion 
principle and that further 
differ from light quanta in 
that they do not travel with 
the velocity of light”

“so far I do not dare to 
publish anything about this 
idea, and trustfully turn 
first to you, dear radioactive 
people”

“I admit that my remedy 
may seem almost 
improbable because one 
probably would have seen 
those neutrons, if they 
exist, for a long time”

Debye: 
“Oh, It's better not to think 
about this at all, like new 
taxes”

1945: W. Pauli 
(exclusion principle)
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Neutron or neutrino?

1932: J. Chadwick
Discovery of the neutron

Pauli: 
“… their mass cannot be much more than the electron mass. In 
order to distinguish them from heavy neutrons, Mr. Fermi has 
proposed to name them “neutrinos”. It is possible that the proper 
mass of neutrinos be zero…. It seems to me plausible that 
neutrinos have spin 1/2… We know nothing about the interaction 
of neutrinos with the other particles of matter and with photons…”

1933: E. Fermi
Names the neutrino

or was it actually E. Amaldi?

Not Pauli’s neutron!

1935: J. Chadwick
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1933: E. Fermi and F. Perrin
Neutrino mass much 
smaller than electron’s

1933: C. D. Anderson
Discovery of the positron

1936: V.  F. Hess and C. D. Anderson

1934: F. Joliot and I. Joliot-Curie
Synthesis of radioactive materials
Discovery of β+ radiation

1935: F. Joliot and I. Joliot-Curie (Chemistry)

New discoveries
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Fermi’s theory

1934: E. Fermi
Vectorial theory of β decay

1938: E. Fermi  
(discovery of radioactive elements 
after neutron irradiation)

LF =GF Ψpγ µΨn( ) Ψeγ
µΨν( )+h.c.

“A quantitative theory of the emission of Ữ rays is proposed in which 
the existence of the “neutrino” is admitted and the 
emission of electrons and neutrinos from a nucleus in a Ữ decay is 
treated with a procedure similar to that followed in the theory of 
radiation in order to describe the emission of a quantum of light by an 
excited atom.”

E. Fermi, Nuovo Cim. 11:1, 1934
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Fermi’s theory allowed to compute the rates of different processes

n
p

e-

νeneutron decay 

(in a nucleus: 
beta decay)

np

e+νe
inverse β decay 

(with a nucleus:  
DIS)
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The undetectable neutrino

1934: H. Bethe and R. Peierls
Calculation of the neutrino cross section

1967: H. Bethe  
(theory of nuclear reactions) H. Bethe and R. Peierls, 

Nature 133:532, 1934

They computed the neutrino cross section using Fermi theory

For MeV energies, σ ~ 10-44 cm2, which corresponds to a mean 
free path of ~1000 light years of equivalent hydrogen

“It is therefore absolutely impossible to 
observe processes of this kind with the 
neutrinos created in nuclear transformations.”

“…one can conclude that there is 
no practically possible way of 
observing the neutrino.”

Pauli: “I have done a terrible thing. I have postulated a particle that cannot be detected.”
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generalization of Fermi’s theory

1936: G. Gamow and E. Teller
Generalization of the Fermi contact theory

LF = Gi ΨpOiΨn( ) ΨeO
iΨν( )

i
∑ +h.c.
Oi = 1,γ µ ,γ µγ 5 ,γ 5 ,σ µν{ }

Most general Lagrangian invariant under Lorentz transformations and parity 

axial vector current allows for different initial and final spins



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos on the Earth and from the Sky

only one neutrino?
1942: Y. Tanikawa
1943: S. Sakata and T. Inouë
1947: R. Marshak and H. Bethe
Suggested the existence of two type of mesons

Two types of mesons:  
one type of meson (pion) interacts with 
nuclear matter and decays to form 
another type of meson (muon), which 
does not interact with nuclei 

1943: S. Sakata and T. Inouë
Suggested the possibility of more than one type of neutrinos

m→ e+n+ν
      n≠ν

1947: C. F. Powell
Discovery of the pion

1950: C. F. Powell 

  C O S M I C  R A D I A T I O N 151

Fig. 5. Photo-micrographs of four examples of the successive decay z-,u-e as recorded
in photographic emulsions.
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the race for neutrino discovery

1946: B. Pontecorvo
Suggested the reaction 37Cl(ν,e-)37Ar 
to detect reactor neutrinos

1949: L. W. Álvarez
Proposed to use that reaction
to detect solar neutrinos

1968: L. W. Álvarez  
(hydrogen bubble chamber 
and discovery of resonances)

Which reaction to use?

Pontecorvo described in 
great detail how to do it

37Cl+ν → e- +37 Ar ?
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the race for neutrino discovery

ν +p→ e+ +n
- Liquid scintillator: detect e+ 
- Big experimental improvement: liquid scintillators of up to 1 ton 

(up to about 1950, only 1 kg) 

… but how to find an intense enough neutrino source?
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the race for neutrino discovery

ν +p→ e+ +n

1951: F. Reines and C. Cowan
The project got approved at Los Alamos

- Liquid scintillator: detect e+ 
- Big experimental improvement: liquid scintillators of up to 1 ton 

(up to about 1950, only 1 kg) 

… but how to find an intense enough neutrino source?

Frederick Reines 205

suing.] The initial idea was to view a large pot of liquid scintillator with many
photomultiplier tubes located on its boundary. The neutrinos would then
produce positrons which would ionize causing light flashes which could be
sensed by the photomultipliers and converted to electrical pulses for display
and analysis.

The idea that such a sensitive detector could be operated in the close prox-
imity (within a hundred meters) of the most violent explosion produced by
man was somewhat bizarre, but we had worked with bombs and felt we could
design an appropriate system. In our bomb proposal a detector would be sus-
pended in a vertical vacuum tank in the near vicinity of a nuclear explosion
and allowed to fall freely for a few seconds until the shock wave had passed
(Fig. 1). It would then gather data until the fireball carrying the fission frag-
ment neutrino source ascended skyward. We anticipated a signal consisting
of a few counts assuming the predicted (~ 10-43 c m2/proton) cross section,
but background estimates suggested that our sensitivity could not be guar-
anteed for cross sections < l0-39 cm2/proton, four orders of magnitude short!
It is a tribute to the wisdom of Los Alamos Director, Norris Bradbury, that he
approved the attempt on the grounds that it would nevertheless be - 1000
times as sensitive as the then existing limits.

I recall a conversation with Bethe in which he asked how we proposed to
distinguish a neutrino event from other bomb associated signals. I described
how, in addition to the use of bulk shielding which would screen out gamma

NUCLEAR EXPLOSIVE

- F I R E B A L L

- - I

Figure 1. Sketch of the originally proposed experimental setup to detect the neutrino
using a nuclear bomb. This experiment was approved by the authorities at Los Alamos but
was superceded by the approach which used a fission reactor.

what about 

A nuclear 

bomb?
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the race for neutrino discovery

1953: F. Reines and C. Cowan
First attempt at the Hanford reactors

Also using 
neutron detection 
in coincidence

But too high cosmic-ray backgrounds

1955: R. Davis
Used Pontecorvo reaction with no success

Why??

Fredrick Reines 211

scintillation
detector

Figure 4. Schematic of the detection scheme used in the Savannah River experiment. An
antineutrino from the reactor interacts with a proton in the target, creating a positron
and a neutron. The positron annihilates on an electron in the target and creates two
gamma rays which are detected by the liquid scintillators. The neutron slows down (in
about 10 microseconds) and is captured by a cadmium nucleus in the target; the resulting
gamma rays are detected in the liquid scintillators.

tween the prompt pulses produced by e+ annihilation and those produced
microseconds later by the neutron capture in cadmium.

These ideas were translated into hardware and associated electronics with
the help of various support groups at Los Alamos. Figure 5 is a sketch of the
equipment. It shows the target chamber in the center, sandwiched between

Figure 5. A sketch of the equipment used at Savannah River. The tanks marked I, II, and
III contained 1400 liters of liquid scintillator solution, and were viewed on each end by 55
photomultiplier tubes. The thin tanks marked A and B were polystyrene and contained
200 liters of water, which provided the target protons and contained as much as 40 kilo
grams of dissolved CdC12  to capture the product neutrons.
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1956: F. Reines and C. Cowan
Discovery of the neutrino at Savannah River

the neutrino discovery

1995: F. Reines and M. Perl  
(Cowan died in 1974)
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1956: F. Reines and C. Cowan
Discovery of the neutrino at Savannah River

the neutrino discovery
214 Physics 1995

Signal as a Function of Target Protons

The number of target protons was changed without drastically altering the
detection efficiency of the system for both background and for ie events.
This was accomplished by mixing light and heavy water in approximately
equal parts. The measured rate for the diluted target was 0.4 ± 0.1 of that for
100% H20, a number to be compared with the expected value of 0.5.

Absorption Test

The only known particles, other than ie produced by the fission process,
were discriminated against by means of a gamma-ray and neutron shield.
When a bulk shield measured to attenuate gamma rays and neutrons by at
least an order of magnitude was added, the signal was observed to remain
constant; that is the reactor-associated signal was 1.74 ± O.12/hour with, and
1.69 ± 0.17/hour without the shield.

Telegram to Pauli

The tests were completed and we were convinced[7]. It was a glorious feeling
to have participated so intimately in learning a new thing, and in June of
1956 we thought it was time to tell the man who had started it all when, as a
young fellow, he wrote his famous letter in which he postulated the neutrino,
saying something to the effect that he couldn’t come to a meeting and tell
them about it in person because he had to go out to a dance!

The message, Fig. 7, was forwarded to him at CERN, where he interrupted
the meeting he was attending to read the telegram to the conferees and then

Figure 7. The telegram to Pauli which told of our detection of the neutrino at Savannah
River. The contents of this message is quoted in the text.

Telegram to Pauli: 

1995: F. Reines and M. Perl  
(Cowan died in 1974)
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1956: F. Reines and C. Cowan
Discovery of the neutrino at Savannah River

the neutrino discovery
214 Physics 1995

Signal as a Function of Target Protons

The number of target protons was changed without drastically altering the
detection efficiency of the system for both background and for ie events.
This was accomplished by mixing light and heavy water in approximately
equal parts. The measured rate for the diluted target was 0.4 ± 0.1 of that for
100% H20, a number to be compared with the expected value of 0.5.

Absorption Test

The only known particles, other than ie produced by the fission process,
were discriminated against by means of a gamma-ray and neutron shield.
When a bulk shield measured to attenuate gamma rays and neutrons by at
least an order of magnitude was added, the signal was observed to remain
constant; that is the reactor-associated signal was 1.74 ± O.12/hour with, and
1.69 ± 0.17/hour without the shield.

Telegram to Pauli

The tests were completed and we were convinced[7]. It was a glorious feeling
to have participated so intimately in learning a new thing, and in June of
1956 we thought it was time to tell the man who had started it all when, as a
young fellow, he wrote his famous letter in which he postulated the neutrino,
saying something to the effect that he couldn’t come to a meeting and tell
them about it in person because he had to go out to a dance!

The message, Fig. 7, was forwarded to him at CERN, where he interrupted
the meeting he was attending to read the telegram to the conferees and then

Figure 7. The telegram to Pauli which told of our detection of the neutrino at Savannah
River. The contents of this message is quoted in the text.

Telegram to Pauli: 

“We are happy to inform you 
t h a t we h ave d e fi n i t e ly 
detected neutrinos from 
fi s s i o n f r a g m e n t s b y 
observing inverse beta decay 
of protons. Observed cross 
section agrees well with 
expected six times ten to 
minus forty four square 
centimeters.”

1995: F. Reines and M. Perl  
(Cowan died in 1974)
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1956: F. Reines and C. Cowan
Discovery of the neutrino at Savannah River

the neutrino discovery

Frederick Reines 215

made some impromptu remarks regarding the discovery. That message
reads, “We are happy to inform you that we have definitely detected neutri-
nos from fission fragments by observing inverse beta decay of protons.
Observed cross section agrees well with expected six times ten to minus forty
four square centimeters.” We learned later that Pauli and some friends con-
sumed a case of champagne in celebration!

Many years later (~ 1986) C.P. Enz, a student of Pauli’s, sent us a copy of a
night letter Pauli wrote us in 1956, but which never arrived. It is shown in Fig.
8 and says, “Thanks for the message. Everything comes to him who knows
how to wait. Pauli"

Figure 8. The night letter Pauli sent in response to our message shown in Fig. 7.

The quest was completed, the challenge met. There was, however, some-
thing missing-independent verification by other workers. As it turned out we
were, in fact, correct but it took some eight years for this check to occur as a
by-product of neutrino experiments at accelerators[B]. I suspect that the
unseemly delay was largely due to the fact that our result was not unex-
pected.

Some twenty years later stimulated by the possibility of neutrino oscilla-
tions other groups also observed ie + p at reactors[9].

What Next?

Having detected the neutrino the question arose, what next? What, as Luis
Alvarez wrote me at the time, did we propose to do as an encore? A survey of
the old notebooks indicated a variety of possibilities ranging from a study of
the neutrino itself to its use as a tool in probing the weak interaction.

214 Physics 1995

Signal as a Function of Target Protons
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detection efficiency of the system for both background and for ie events.
This was accomplished by mixing light and heavy water in approximately
equal parts. The measured rate for the diluted target was 0.4 ± 0.1 of that for
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1956 we thought it was time to tell the man who had started it all when, as a
young fellow, he wrote his famous letter in which he postulated the neutrino,
saying something to the effect that he couldn’t come to a meeting and tell
them about it in person because he had to go out to a dance!

The message, Fig. 7, was forwarded to him at CERN, where he interrupted
the meeting he was attending to read the telegram to the conferees and then

Figure 7. The telegram to Pauli which told of our detection of the neutrino at Savannah
River. The contents of this message is quoted in the text.

Telegram to Pauli: 

“We are happy to inform you 
t h a t we h ave d e fi n i t e ly 
detected neutrinos from 
fi s s i o n f r a g m e n t s b y 
observing inverse beta decay 
of protons. Observed cross 
section agrees well with 
expected six times ten to 
minus forty four square 
centimeters.”

Pauli’s reply: 

1995: F. Reines and M. Perl  
(Cowan died in 1974)
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1956 we thought it was time to tell the man who had started it all when, as a
young fellow, he wrote his famous letter in which he postulated the neutrino,
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Figure 7. The telegram to Pauli which told of our detection of the neutrino at Savannah
River. The contents of this message is quoted in the text.

Telegram to Pauli: 

“We are happy to inform you 
t h a t we h ave d e fi n i t e ly 
detected neutrinos from 
fi s s i o n f r a g m e n t s b y 
observing inverse beta decay 
of protons. Observed cross 
section agrees well with 
expected six times ten to 
minus forty four square 
centimeters.”

Pauli’s reply: 

1995: F. Reines and M. Perl  
(Cowan died in 1974)

Reines, confronting 
Bethe’s 1934 statement 
after the discovery

Well, 
you shouldn’t 

believe 
everything you 

read in the 
papers
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parity violation

1956: T. D. Lee and C. N. Yang
Suggested parity might be violated 
in weak interactions

1957: C. S. Wu (E. Ambler, R. W. Hayward,  
D. D. Hopps and R. P. Hudson)
Discovery of parity violation in β decays of Co

1957: T. D. Lee and C. N. Yang 

LLY = ΨpOi Gi +G'iγ 5( )Ψn( ) ΨeO
i Gi +G'iγ 5( )Ψν( )

i
∑ +h.c.

1958: E. C. G. Sudarshan, R. E. Marshak, R. P. Feynman and M. Gell-Mann
Proposed a universal theory of parity violating V-A weak interactions, G=-G’

1965: S. Tomonaga, J. Schwinger and 
R. P. Feynman  
(work on quantum electrodynamics)

1969: M. Gell-Mann  
(classification of elementary particles)
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Chiral neutrinos: neutrino helicity

left-handed neutrinos and right-handed antineutrinos? 
Possible if parity is violated and neutrinos are massless

1958: M. Goldhaber, L. Grodzins and A. W. Sunyar
Measurement of the neutrino helicity

Left-Handed Neutrinos
! 1958: Goldhaber, Grodzins and Sunyar measure neutrino helicity

−p⃗ p⃗

Sz = 1 Sz = −1/2

Sz = 0

γ

Sz = 1

152Sm∗ νe

152Sm

152Eu

Sz = 0Sz = 1/2

e−

hγ = hSm∗ = hν = −1

−p⃗ p⃗

Sz = −1 Sz = +1/2

Sz = 0

γ

Sz = −1

152Sm∗ ν

152Sm

152Eu

Sz = 0Sz = −1/2

e−

hγ = hSm∗ = hν = +1

hγ = −0.91± 0.19 =⇒ NEUTRINOS ARE LEFT-HANDED: νL

C. Giunti − Neutrinos: Towards the 2015 Nobel Prize and Beyond − 2015 KIAS Workshop − 2 December 2015 − 16/40

hγ = -0.91 ± 0.19 ⇒ 

neutrinos are left-handed

From C. Giunti
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two neutrino flavors

1959: B. Pontecorvo
Suggested that neutrinos in beta decay and from pion decay might be different
Suggested a beam from pion decays

1962: L. Lederman, J. Steinberger and M. Schwartz
Discovery of muon neutrinos at BNL

1988: L. Lederman, J. Steinberger and M. Schwartz 

π+→μ+ + ν ν + n→p + e-

source propagation detector
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the standard model

1961: S. L. Glashow 1967: S. Weinberg 1968: A. Salam

Established electroweak unification within the V-A theory

1970: S. L. Glashow, J. Iliopolus and L. Maiani
Predicted the existence of a fourth quark

assuming massless left-handed neutrinos and right-handed antineutrinos

1979: S. L. Glashow, S. Weinberg 
and A. Salam 

νL →νR νR →νL νL →νL νR →νR

P P C C

1974: B. Richter and S. L. Ting
Discovery of the charm quark

1976: B. Richter and S. L. Ting 

C: particle-antiparticleP: left-right
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the third generation

1964: J. W. Cronin, V. L. Fitch, J. H. Christenson and R. Turlay
Discovery of CP violation in the quark sector

1980: J. W. Cronin and V. L. Fitch 

1973: M. Kobayashi and T. Maskawa
Understood three families are needed for CP violation

2008: Y. Nambu, M. Kobayashi and T. Maskawa 

1973: Neutral currents 
are observed at CERN

1995: F. Reines and M. Perl 

1975: M. Perl
Discovery of the tau lepton

1977: Discovery of the b quark at Fermilab
1989: Measurement of the Z width at LEP 
          (three light neutrinos)
1995: Discovery of the t quark at Fermilab

2000: DONUT Collaboration
Discovery of the tau neutrino at Fermilab
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neutrinos in the standard model
SM is a gauge theory based on the symmetry group 

SU(3)C x SU(2)L x U(1)Y ⇒ SU(3)C x U(1)Q

νe
e
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⎟
L

νµ

µ
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⎠
⎟
L

cc
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No 
νR ! 

Q = I3 + Y 
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neutrinos in the standard model

Accidental global symmetry:  B x Le x Lμ x Lτ   
     (gauge invariance and renormalizability) 

Lepton number (L = Le + Lμ + Lτ) is conserved 

Lepton flavor is conserved ⇔ Neutrinos are massless

Only 3 (light & active) neutrinos 

Nν = 2.9840 ± 0.0082

The ALEPH, DELPHI, L3, OPAL and SLD Collaborations / Physics Reports 427 (2006) 257 –454 277
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Fig. 1.13. Measurements of the hadron production cross-section around the Z resonance. The curves indicate the predicted cross-section for two,
three and four neutrino species with SM couplings and negligible mass.

Assuming that the only invisible Z decays are to neutrinos coupling according to SM expectations, the number of
light neutrino generations, N!, can then be determined by comparing the measured R0

inv with the SM prediction for
"!!/"ℓℓ:

R0
inv = N!

(
"!!

"ℓℓ

)

SM
. (1.50)

The strong dependence of the hadronic peak cross-section on N! is illustrated in Fig. 1.13. The precision ultimately
achieved in these measurements allows tight limits to be placed on the possible contribution of any invisible Z decays
originating from sources other than the three known light neutrino species.

1.5.3. Asymmetry and polarisation
Additional observables are introduced to describe the cos # dependent terms in Eq. (1.34) as well as effects related

to the helicities of the fermions in either the initial or final state. These observables quantify the parity violation of
the neutral current, and therefore differentiate the vector- and axial-vector couplings of the Z. Their measurement
determines sin2 #f

eff .
Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can be expected to exhibit a net

polarisation along the beam axis even when the colliding electrons and positrons which produce them are unpolarised.
Similarly, when such a polarised Z decays, parity non-conservation implies not only that the resulting fermions will
have net helicity, but that their angular distribution will also be forward–backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between the Z and the purely
vector coupling of the photon must also be taken into account. This interference leads to an additional asymmetry
component which changes sign across the Z-pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion, the differential cross-
sections specific to each initial- and final-state fermion helicity are:

d$Ll

dcos#
∝ g2

Leg
2
Lf(1 + cos#)2, (1.51)

d$Rr

dcos#
∝ g2

Reg
2
Rf(1 + cos#)2, (1.52)

2 As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary parts of couplings, are taken into
account in the analysis. They, as well as the small differences between helicity and chirality, are neglected here to allow a clearer view of the helicity
structure. It is likewise assumed that the magnitude of the beam polarisation is equal in the two helicity states.

[ALEPH, DELPHI, L3, OPAL, SLD, LEP Collaborations], 
Phys. Rept. 427:257, 2006

Invisible Z decay
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Neutrino masses

We have observed that neutrinos oscillate (next lecture) 
⇓ 

Lepton flavor is violated 
⇓ 

add neutrino masses to SM

introduce νR and conserve L violate L (in two units)

Dirac:  ν ≠ ν C

     Mν
DνLνR

Majorana:  ν=ν C

       1
2

 Mν
MνLνL

C

ν C ≡ C  ν T

C = iγ 2γ 0

1933: E. Schrödinger 
and P. A. M. Dirac
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Dirac spinor

ν = PLν +PRν =
νL
0

⎛

⎝
⎜

⎞

⎠
⎟ +

0
νR

⎛

⎝
⎜

⎞

⎠
⎟

Two 2-component Weyl spinors

Majorana field

ν =νC = PLν +PRν =
νL
0

⎛

⎝
⎜

⎞

⎠
⎟ +C

νL
0

⎛

⎝
⎜

⎞

⎠
⎟

T

Only one 2-component Weyl spinor

νL( )C = νC( )R νR( )C = νC( )L
charge conjugation change chirality



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos on the Earth and from the Sky

Dirac mass term

−LD = νL( )α Mαβ
D νR( )β + h.c.=

αβ
∑ νL( )iUiα

† Mαβ
D Vβi νR( )i + h.c.=

αβi
∑ νL( )i mi νR( )i + h.c.

αβi
∑

mi = Uiα
†  Mαβ

D  Vβi
αβ
∑ = Uiα

†  v
2
Yαβ  Vβi

αβ
∑ = v

2
Yi

νL( )α =Uαi νL( )i νR( )α =Vαi νR( )i

After Spontaneous Symmetry Breaking (Higgs acquires vev)

unitary matrices

−LD = Lα  Yαβ  !Φ νR( )β + h.c.
αβ
∑

small masses = 
small Yukawas

PMNS
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CC and NC terms

LCC = g
2 2

Wµ
+ ℓLi  γ

µ U( )ijνLj +ULi  γ
µ UCKM( )ij DLj( )

ij
∑  + h.c.

UU † ≡UPMNS  UPMNS
† = 13×3

with 3 neutrino mass eigenstates with 3+n neutrino mass eigenstates

UU † ≠ 1(3+n)×(3+n)

choosing diagonal charged lepton mass matrix

flavor basis would not be 
orthonormal (at low energies)

LNC = g
2cosθW

Zµ νLi  γ
µ U †( )ij U( )ijνLj +ULi  γ

µ UCKM( )ij UCKM
†( )ij ULj( )

ij
∑  + h.c.

chiral flavor diagonal interaction 

νR is sterile
with 3+n neutrino mass eigenstates,  
it is convenient to redefine flavor states
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Lepton Flavor violation

Γ ∝GF
2mµ

5αem Uµ j
* Uej

m j
2

MW
2

j
∑

2

BRSM < 10-50 

BRexp < 4 x 10-13 A. M. Baldini [MEG Collaboration], 
Eur. Phys. J. C76:434, 2016

window to 

new physics

W

γ

μ e

U*μj Uejνj
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Dirac mass term

 need to introduce singlet νR 

 mass hierarchy problem with leptons 

 Lepton Flavor (LF) is violated 

 Lepton Number (LN) is conserved 

 mixing among flavor states
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Majorana mass term

introduce νR 

−LR
M = 1

2
mRνRνR

C + h.c.

use νL 

−LL
M = 1

2
mLνLνL

C + h.c.

invariant  
under SU(2)xU(1)

not invariant  
under SU(2)xU(1) 

needs extra fields

ν = ν C ≡ C  ν T

νL( )C ML
MνL = − νL

TC−1ML
MνL( )T = νL

T C−1( )T ML
M( )T νL = νL( )C ML

M( )T νL

symmetric mass matrix
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Majorana mass term

 no need to introduce singlet νR (but 
extra fields) OR introduce singlet νR 

 Lepton Flavor (LF) is violated 

 Lepton Number (LN) is violated 

 mixing among flavor states
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Dirac-Majorana mass term

only adding right-handed neutrinos

MD+M = 0 MD( )T
MD MR

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

 mass eigenvalues of MR >> v ⟹ 3 light neutrinos and 3 
heavy neutrinos (seesaw mechanism) 

 mass eigenvalues of MR ≲ v ⟹ more than 3 light 
neutrinos (only 3 active!) 

 mass eigenvalues of MR << v ⟹ pseudo-Dirac neutrinos
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 From oscillations (next lecture): 
 At least two massive neutrinos 
 Three non-zero mixings 

 strong mass hierarchy with leptons 
 Dirac or Majorana? 
 3 light states? but some anomalies (next lecture) 

 UV complete models: 
 Why are neutrinos much lighter than leptons?      

Origin of mass 
 Why is mixing so different from quarks’?             

Flavor problem

Low-energy picture
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non-renormalizable higher-dimension operators 
(invariant under SU(2)xU(1)) 

same particle content as SM  
coefficients dependent on new physics scale ΛNP  

only 1 dim-5 operator 

Leff = LSM +δLd=5 +δLd=6 + ...= LSM + cn
ΛNP

n−4On
n>4
∑

δLd=5 =
gij
ΛNP

LL , i
!Φ( ) !ΦT LL , j

C( )
S. Weinberg, Phys. Rev. Lett. 43:1566, 1979

δLd=5 = νL( )i
1
2
gijυ

2

ΛNP
νL
C( ) j

SM as an Effective low energy theory

SSB

Majorana mass
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SM as Effective low energy theory

mν << mfermion = Yfermion v   if  ΛNP >> v 

mν ～ 0.1 eV ➙ g ～ 10-5 - 1 ➙ ΛNP ～ (109 - 1014) GeV 

… but if g ～ (Ye)2  (or even smaller) ➙ ΛNP ～ TeV 

mν ≈
g υ 2

ΛNP

Right scale for leptogenesis

Colliders?
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tree-level realizations: See-saw

-LI = L !ΦYI
†NR +

1
2NRMRNR

c + h.c.

-LII =MΔ
2 Δ 2 + !LYII

"σ ⋅
!
Δ( )L+ µΦ† !σ ⋅

!
Δ( )†Φ+h.c.

-LIII =
!
ΣRYIII !Φ

† !σ  L( )+ 12
!
ΣRMR

!
ΣR
c + h.c.

L L

𝚽𝚽

Δ

μ

YII

L L

NR
𝚽𝚽

YIYI†

Type I: fermion singlet

Type II: scalar triplet

Type III: fermion triplet

L L

ΣR
𝚽𝚽

YIIIYIII†

Mν = -
1
2YI

TMR
-1YIv2

Mν = -
1
2YIII

T MR
-1YIIIv2

Mν = -2YII
µ
MR
2 v2

minimal seesaw: only R neutrinos

minimal seesaw without R neutrinos
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LFV & Colliders
 From oscillations we know Lepton Flavor is not 
conserved 

 However, if only dim=5 operators, LFV is very small 

 dim=6 operator are LNC (e.g, LLLL), but LFV… can we 
decouple LFV and LNV? 

 Scale ΛLN: responsible for small neutrino masses 
 Scale ΛLF (<< ΛLN): responsible for LFV processes 

 Collider signatures?  
If heavy state M ~ΛLF ~ TeV (or ΛLN ~ TeV) 
If c5  related to c6  ⇒ LFV and collider signatures are 

related to mν 

Leff = LSM + c5

ΛLN

O5 +
c6, i

ΛLF
2 O6, i

i
∑

but what is the scale of mν?
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beta decay

3H→3 He +e- +νe

K(T) = Q-T( ) Q-T( )2 -mβ
2

dΓ
dT ∝K2(T)

mβ
2 = Uej

2
m j

2

j
∑ = NO : ml

2 + Δm21
2 c13

2 s122 + Δm31
2 s132

IO : ml
2 + Δm21

2 c13
2 s122 - Δm31

2 s132
⎧
⎨
⎪

⎩⎪

Present bound (Troitsk & Mainz):  
mβ < 2.2 eV (95% CL) 

Future sensitivity (KATRIN):  
mβ ∼ 0.2 eV

Q =MH -MHe -me =18.58 keV

distortion of the Kurie plot
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neutrinoless double beta decay

ΔL=0

mββ = Uej
2 m j

j
∑ = c132 c122 m1eiη1 + c132 s122 m2eiη2 + s132 m3e-iδ

ΔL=2
(T1/2)2ν = (G2ν |M2ν|2)-1 (T1/2)0ν = (G0ν |M0ν|2 |mββ|2)-1

Present bounds: mββ < 0.1-0.8 eV

important nuclear uncertainties



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos on the Earth and from the Sky

first look at the cosmos

Relic neutrinos affect cosmological observables

Number of neutrinos Total mass

modifies the relativistic 
energy density

ρr = 1+ 78 × 4
11

⎛
⎝⎜

⎞
⎠⎟
4/3

Neff
⎛

⎝⎜
⎞

⎠⎟
ργ

modifies the formation of 
the smallest structures 
(due to free streaming/
slower matter clustering)

mi
i
∑ =

NO : ml
2 + Δm21

2 +ml
2 + Δm31

2 +ml
2                   

IO : ml
2 + -Δm31

2 - Δm21
2 -ml

2 + -Δm31
2 -ml

2

⎧
⎨
⎪

⎩⎪

ΔPmatter
Pmatter

≈ -8 Ων

Ωm
∝ mi

i
∑
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C.-G. Park, J-C. Hwang and H. Noh, Phys. Rev. D86:083535, 2012

Number of neutrinos Total mass  
(and number of neutrinos)

more light neutrinos (or large 
chemical potential) enhance the 
expansion rate ⇒ larger n/p ratio 

⇓ 
change the abundances of 

primordial elements

suppresses small-scale structure

CMB

Gal
WL

Lyα
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FIG. 10: Global 3⌫ analysis of neutrino oscillation and non oscillation data, including the cosmological data set #10. Bounds in any
mass ordering are shown at 2� (solid) and 3� (dotted), in the planes charted by any two among the three absolute mass observables
(⌃, m�� , m�).

We conclude this Section with a remark on m�� . In the above figures, the 2� upper bounds on m�� decrease from
< 0.18 eV in Fig. 6 (dominated by KamLAND-Zen) to < 0.06 eV in Fig. 9 (dominated by cosmology). There are
good prospects to further probe this region —and possibly go below it— with upcoming or planned 0⌫�� experiments
[53–55]. However, unlike ⌃, there is no finite lower bound on m�� , since the null value cannot be excluded a priori for
unfavorable Majorana phases (see [102] and refs. therein). Conversely, a signal of m�� > 0, if accurate enough, might
provide some hints or even constraints on such phases (see, e.g., [103]). The identification of Majorana phases as a
new source of leptonic CP violation (besides the Dirac phase �) would open new perspectives on the role of leptons
in the early universe (see [104] and refs. therein).

IV. IMPLICATIONS FOR m�

The results obtained in the previous Section have implications for the discovery potential of �-decay searches, such
as the experiment KATRIN [105–107], designed to probe the range m�

>⇠ 0.2 eV, or future projects, envisaged to
reach potential sensitivities at or below 0.1 eV [20, 108, 109]. For the sake of brevity, we consider only the case of
global fit in any ordering and for two representative cosmological data sets, namely, #10 and #6 in Table II, that
lead to conservative and aggressive bounds on ⌃, respectively.

Figure 10 shows the bounds on any two among the three absolute mass observables (⌃, m�� , m�) for case #10.
The (⌃, m��) plane is identical to the right panel of Fig. 6, while the other two planes contain also the projected
bounds on m� . The allowed values of m� extend up to ⇠ 0.3 eV (2�) and ⇠ 0.4 eV (3�), in the range testable by
KATRIN; however, a large fraction of the m� allowed range, including the preferred IO region at 2�, is below the
0.2 eV sensitivity goal of this experiment.

Fig. 11 is analogous to Fig. 10, but refers to the cosmological data set #6. In this case, the upper bound on ⌃
is very strong, and so is the bound on m� . Indeed, in the (⌃, m�) plane, the two allowed branches for NO and IO
are completely disconnected and could, in principle, be conclusively discriminated via precise measurements of ⌃ and
m� . Unfortunately, the values of m� required by such test are entirely below the KATRIN sensitivity [105] but, in
the long term, they could be partly probed by planned or envisaged experimental projects [20, 108, 109].

F. Capozzi et al., Phys. Rev. D95:09614, 2017

Combining data

Normal Ordering
Inverted Ordering
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FIG. 10: Global 3⌫ analysis of neutrino oscillation and non oscillation data, including the cosmological data set #10. Bounds in any
mass ordering are shown at 2� (solid) and 3� (dotted), in the planes charted by any two among the three absolute mass observables
(⌃, m�� , m�).

We conclude this Section with a remark on m�� . In the above figures, the 2� upper bounds on m�� decrease from
< 0.18 eV in Fig. 6 (dominated by KamLAND-Zen) to < 0.06 eV in Fig. 9 (dominated by cosmology). There are
good prospects to further probe this region —and possibly go below it— with upcoming or planned 0⌫�� experiments
[53–55]. However, unlike ⌃, there is no finite lower bound on m�� , since the null value cannot be excluded a priori for
unfavorable Majorana phases (see [102] and refs. therein). Conversely, a signal of m�� > 0, if accurate enough, might
provide some hints or even constraints on such phases (see, e.g., [103]). The identification of Majorana phases as a
new source of leptonic CP violation (besides the Dirac phase �) would open new perspectives on the role of leptons
in the early universe (see [104] and refs. therein).

IV. IMPLICATIONS FOR m�

The results obtained in the previous Section have implications for the discovery potential of �-decay searches, such
as the experiment KATRIN [105–107], designed to probe the range m�

>⇠ 0.2 eV, or future projects, envisaged to
reach potential sensitivities at or below 0.1 eV [20, 108, 109]. For the sake of brevity, we consider only the case of
global fit in any ordering and for two representative cosmological data sets, namely, #10 and #6 in Table II, that
lead to conservative and aggressive bounds on ⌃, respectively.

Figure 10 shows the bounds on any two among the three absolute mass observables (⌃, m�� , m�) for case #10.
The (⌃, m��) plane is identical to the right panel of Fig. 6, while the other two planes contain also the projected
bounds on m� . The allowed values of m� extend up to ⇠ 0.3 eV (2�) and ⇠ 0.4 eV (3�), in the range testable by
KATRIN; however, a large fraction of the m� allowed range, including the preferred IO region at 2�, is below the
0.2 eV sensitivity goal of this experiment.

Fig. 11 is analogous to Fig. 10, but refers to the cosmological data set #6. In this case, the upper bound on ⌃
is very strong, and so is the bound on m� . Indeed, in the (⌃, m�) plane, the two allowed branches for NO and IO
are completely disconnected and could, in principle, be conclusively discriminated via precise measurements of ⌃ and
m� . Unfortunately, the values of m� required by such test are entirely below the KATRIN sensitivity [105] but, in
the long term, they could be partly probed by planned or envisaged experimental projects [20, 108, 109].

F. Capozzi et al., Phys. Rev. D95:09614, 2017
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FIG. 11: As in Fig. 10, but including the cosmological data set #6.

V. CONCLUSIONS

We have performed a global analysis of oscillation and nonoscillation data within the standard three-neutrino
framework. with particular attention to absolute neutrino masses and their ordering (either normal, NO, or inverted,
IO). Oscillation data have been updated with the latest results, as available at the beginning of 2017. 0⌫�� decay
bounds have been derived by using recent results from the KamLAND-Zen experiment, together with a conservative
evaluation of nuclear matrix elements and their uncertainties. Cosmological data from Planck and other experiments
have been examined within the standard ⇤CDM model, with allowance for nonzero neutrino masses (and eventually
for an extra parameter). The cosmological analysis has been performed in a variety of cases, always considering the
physical neutrino mass spectra for NO and IO.

In the global analysis, NO appears to be somewhat favored with respect to IO at the level of 1.9–2.1�, mainly by
neutrino oscillation data (especially atmospheric), corroborated by cosmological data in some cases. This intriguing
indication, although not statistically mature yet, deserves to be monitored with future data. Detailed constraints
on neutrino mass-mixing parameter have also been obtained via the �2 method, by expanding the parameter space
either around separate minima in NO and IO, or around the absolute minimum in any ordering. Relevant results
have been numerically summarized in Tables I–III and graphically shown in several figures. Implications for upcoming
oscillation and non-oscillation neutrino experiments, including �-decay searches, have been discussed.

We emphasize that the above results have been obtained in the standard 3⌫ framework of massive and mixed
neutrinos. The experimental search of oscillation phenomena, as well as of signals in the (m� , m�� , ⌃) parameter
space should, however, be pursued independently of any 3⌫ expectations, which can be altered by new (sterile) neutrino
states or by new (nonstandard) neutrino interactions, not considered in this work.
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Neutrinos on the Earth and from the Sky

Neutrino properties are fundamental 
ingredients of the Standard Model

… but neutrinos are also a powerful tool to search 
for physics beyond the Standard Model

Neutrinos helped us to build the Standard 
Model and may lead us, in the near future, 

beyond the Standard Model

Many Nobel Prizes along this road… 
and probably several more to come…


