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i, Neutrinoe oscillations
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HOW IT ALL STARTED...

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

@ 1901: W. C. Rontgen
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HOW IT ALL STARTED...

1896: A. H. Becquerel
Discovery of natural radioactivity
1900: 3~ is an electron

1899: E. Rutherford
Two types of radiation: 3~ and «

@ 1908:E. Rutherford (Chemistry)
Electric

’ 1900: P. Villard
V. @ N uc|e ar Another type of radiation: y

1

1898- 1902: P. Curie and M. Curie
Discovery of polonium, radium...
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AND SOON... CONFUSION...

1914: J. Chadwick
Continuous 3~ spectrum

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

;
3
3

J. Chadwick, verh. Phgs. Gesell. 16:383, 1914
1930: N. Bohr

IF I C Energy not conserved in [3- decays?
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AND SOON... CONFUSION...

1914: J. Chadwick
Continuous 3~ spectrum

¢

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

Zahl der 7 Teikbes

Pauli to Bohr:

“let this note rest for a good
long time and let the stars
shine in peace!”

1930: N. Bohr
Energy not conserved in [3- decays?
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NEUTRON OR NEUTRINO?

1932: J. Chadwick
Discovery of the neutron

@ 1935: J. Chadwick

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...”

sica| Sergio Palomares-Ruiz

1933: E. Fermi
Names the neutrino

or was it actually E. Amaldi?
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NEW DISCOVERIES

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

R 1934: F. Joliot and I. Joliot-Curie
1935: F. Joliot and I. Joliot-Curie (Chemistry) Synthesis of radioactive materials P

Discovery of [3* radiation -
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FERMI’S THEORY

> 1938: E. Fermi
(discovery of radioactive elements
.

- after neutron irradiation)

1934: E. Fermi
Vectorial theory of 3 decay

“A quantitative theory of the emission of 3 rays is proposed in which
the existence of the “neutrino” is admitted and the

emission of electrons and neutrinos from a nucleus in a (3 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, 1954

L 2 Gre[F,r, P, (P, )+ hee
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Fermi’s theory allowed to compute the rates of different processes

neutron clecag

(in a nucleus:

beta clecay)

inverse B clecag

(with a nucleus:
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THE UNDETECTABLE NEUTRINO

5\ 1967: H. Bethe
(theory of nuclear reactions) 1934: H. Bethe and R. Peierls H. Bethe and R. Peierls,
Calculation of the neutrino cross section Nature 1%%:552, 1954

They computed the heutrino cross section using Fermi theory

For MeV energies, o ~ 1074% cni?, which corresponds to a mean
free path of ~1000 Light years of equivalent kjcirogeh

“It is therefore absolutely impossible to “...one can conclude that there is
observe processes of this kind with the no practically possible way of
neutrinos created in nuclear transformations.” observing the neutrino.”

IF IC Pauli: “I have done a terrible thing. I have postulated a particle that cannot be detected.”

INSTI
(0]
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GENERALIZATION OF FERMI’S THEORY

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

Most general Lagrangian invariant under Lorentz transformations and parity

axial vector current allows for different initial and final spins

fisc :;GL P .OY, |(¥.0,)+h.c.

O = {1;7u;7u75;75i6uv}
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ONLY ONE NEUTRINO?

, - @ 1950: C. F. Powell
\!‘I/’//

1942: Y. Tanikawa

1943: S. Sakata and T. Inoué

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 inkeract with nuclet 1947: C. E. Powell
Discovery of the pion

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

m—oe+rinty
W %V

Neutrinos on the Earth and from the Sky



THE RACE FOR NEUTRINO DISCOVERY

Which reaction ko use?

1946: B. Pontecorvo
Suggested the reaction 37Cl(v,e’)%” Ar
to detect reactor neutrinos

Ponbkecorve deseribed in
great detail how to do it

INSTITUT DE FISICA. Sergio Palomares-Ruiz

TCLl+ry e + Ay ?

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

1949: L. W. Alvarez
Proposed to use that reaction
to detect solar neutrinos
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THE RACE FOR NEUTRINO DISCOVERY

vip—oe +h
- Liquid scintillator: detect e”
- Big experimental improvement: Liquid scintillators of up to 1 ton

(”'F' to about 1950, only 1 leqy)

... bub how to find an intense enough neubrino source?
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THE RACE FOR NEUTRINO DISCOVERY

v+[p+e"'+m

- Liquid scintillator: detect e”
- Big experimental improvement: liquid scintillators of up to 1 ton
(u,p te aboub 1980, ov\bj 1 kg)

... but how to find an inktense enough heutrino source?

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

-FIREBALL

BURIED SIGNAL
LINE FOR
TRIGGERING RELEASE

PUMP

SUSPENDED_ K VACUUM
DETECTOR \\\‘ LINE

VACUUM
FEATHERS AND
TANK ~~ FOAM RUBBER
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THE RACE FOR NEUTRINO

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

Antineutrino from reactor
/

/@ Liauid
scintillation

Cadmium capture detector

ALSO MSE«MQ gamma rays
neubron debecktion

coe o
. . . s i: ca::pm‘:::;t W 7.6 em ® Hz?t + C;CI:
: arge
L‘M &0 Lmtb QMCQ mo;er'artion ::;t‘::\/ Annihilation b

Annihilation
gamma rays

@ Liquid
scintillation
detector

DISCOVERY

1955: R. Davis
Used Pontecorvo reaction with no success

ka??

[FIC PBut too high cosmic-ray backqgrounds
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THE NEUTRINO DISCOVERY

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

1956: F. Reines and C. Cowan
Discovery of the neutrino at Savannah River

IFIC
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THE NEUTRINO DISCOVERY

@ 1995: F. Reines and M. Perl
#2277 (Cowan died in 1974)

1956: F. Reines and C. Cowan
Discovery of the neutrino at Savannah River

Telegram to Pauli:
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THE NEUTRINO DISCOVERY

@ 1995: F. Reines and M. Perl
#2277 (Cowan died in 1974)

1956: F. Reines and C. Cowan
Discovery of the neutrino at Savannah River

Telegram to Pauli:

“We are happy to inform you
that we have definitely.
detected neutrinos 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.”
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THE NEUTRINO DISCOVERY

@ 1995: F. Reines and M. Perl
=7 (Cowan died in 1974)

- PNy

1956: F. Reines and C. Cowan
Discovery of the neutrino at Savannah River

Telegram to Pauli:

“We are happy to inform you Pauli’s reply:
that we have definitely.
detected neutrinos from
fission fragments by
observing inverse beta decay
of protons. Observed cross

Freduncokh RENES andt yte COVAN
Box (663 (o
! S ALA Ao ! Ve /yéﬂr&o

TA auto %-. ma;,&. &“0%“@3'2 Cowca B

Koo VKo Punom HAov Xe val¥

section agrees well with
expected six times ten to
minus forty four square
centimeters.”

7@_«&
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THE NEUTRINO DISCOVERY

Reines, confronting
Bethe’s 1934 statement
after the discovery

@ 1995: F. Reines and M. Perl
=7 (Cowan died in 1974)

Well,
you shouldn’t
believe
everything you
read in the

papers

1956: F. Reines and C. Cowan
Discovery of the neutrino at Savannah River

Telegram to Pauli:

“We are happy to inform you Pauli’s reply:
that we have definitely.
detected neutrinos from
fission fragments by
observing inverse beta decay
of protons. Observed cross

Freduncokh RENES andt yte COVAN
Box (663 (o
! S ALA Ao ! Ve /yéﬂr&o

TA auto %-. ma;,&. &“0%“@3'2 Cowca B

Koo VKo Punom HAov Xe val¥

section agrees well with
expected six times ten to
minus forty four square
centimeters.”

7@_«&
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PARITY VIOLATION

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

1957: C. S. Wu (E. Ambler, R. W. Hayward,
D. D. Hopps and R. P. Hudson)
Discovery of parity violation in 3 decays of Co

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

Ly 2 2 P0G+ &)Y, (PO (G +G'ys) P, ) rhac,

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

1969: M. Gell-Mann
(classification of elementary particles)

1958: E. C. G. Sudarshan, R. E. Marshak, R. P. Feynman andM Gell-Mann
IF IC Proposed a universal theory of parity violating V-A weak interactions, G=-G’
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CHIRAL NEUTRINOS: NEUTRINO HELICITY

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

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

h, = -091 £ 0,19 =

neutrinos are left-handed

IFIC 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

4 \
1962: L. Lederman, J. Steinberger and M. Schwartz
Discovery of muon neutrinos at BNL

@ 1988: L. Lederman, J. Steinberger and M. Schwartz
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THE STANDARD MODEL

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

1961: S. L. Glashow 1967: S. Weinberg 1968: A. Salam
Established electroweak unification within the V-A theory

assuming massless left-handed neubrinos and right-handed antineubrinos

P : R ‘a R S e
V, = ¥, Vi = b V, 2>V, Ve 2V,
P: lefb-right C: particle-antiparticle

1974: B. Richter and S. L. Ting
1970: S. L. Glashow, J. Iliopolus and L. Maiani Discovery of the charm quark

Predicted the existence of a fourth quark :
I F IC @ 1976: B. Richter and S. L. Ting
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THE THIRD GENERATION

1964: J. W. Cronin, V. L. Fitch, J. H. Christenson and R. Turlay = 1973: M. Kobayashi and T. Maskawa
Discovery of CP violation in the quark sector Understood three families are needed for CP violation

@ 1980: J. W. Cronin and V. L. Fitch @ 2008: Y. Nambu, M. Kobayashi and T. Maskawa
) ,. > - ~
. @ 1995: F. Reines and M. Perl

A 'D ;.;;"- 1973: Neutral currents
ey 3 o e observed at CERN

1975: M. Perl

. 1977: Discovery of the b quark at Fermilab
Discovery of the tau lepton

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 o gauge theory based on the symmetry group

x SUR)L x U(l)y = x U(1)q
Left-handed Right-handed
( 12'>“‘1/2 ( ;2->1/6 ( ;1>"‘1 ( ;1>2/3 ( ;1)“1/3
( M ( W A
e < x "
o VAT i
< o
c R R R
E \ i JL g \ s )L
T £ Sk
be -
e \ JL

IFIC N=Ter
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NEUTRINOS IN THE STANDARD MODEL

Accidental global symmetry: B x Le x Ly x L

(gauge invariance and renormalizability)

Lepton number (L = Lo + Ly + L)) is conserved

Lepton flavor is conserved = Neulrinos are massless

Invisible Z clecag

ALEPH

Only 3 (Light & active) neutrinos DEL P
N, = RO¥ 40 % ©0,00%2

[ALEPH, DELPHI, L3, OPAL, SLD, LEP Collaborations],
I F I C Phys. Rept. 427:257, 2006
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NEUTRINO MASSES

We have observed that neubrinos oscillate (hext lecture)

Y
Lepton flavor is violated

% 1933: E. Schrodinger U
i add neubrine masses ko SM

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

Ma forana: v=v°
VC — C ‘7T J

i [
MV vV, V, Ci= 77 l M‘Z/WVLVC

[FIC 2 :
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Two Z*Com[zmnem& Weji. syimars
o
v:?Lv-z»?ﬁv:.[ " }-( )
o Ve

Majorana field 0&»\13 one chompamenﬁ Wevt spinor

K
: V S ah
v:v“':‘PLv-t-‘P,zv:( x ]*L.[ g )

charge conjugation change chirality
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DIRAC MASS TERM

ZL ¥ ), +he.

After Spontaneous Symmetry Breaking (Higgs acquires vev)

—L7=2 (V) Mep(va)y +he.=2 (V,), UpMogVy (vi), + he.= 3 (v, ), m; (v ), + he.

B 1Y

small masses =
small Yukawas

% Voci (VR )i
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CC AND NC TERMS

I )

g

DL].) +hec.

tha»osi;sr\g diagonal charged lepto mass matrix

with 3 neubtrino mass eigenstates with 3+ neubtrino mass eigenstates

i 3 S T
UU' = UPMNS UPMNS 13><3 OU = 1(3+n)><(3+n)

flavor basis would not be
orthonormal (at low energies)

S
% JchicE

(UQ;KM),,ULJ.) +he.

7]

2,37 ("), 0), vy + T 1" (Uesar),

y
7

chiral flavor diagonal interaction

Vi L8 sterile

with 3+ neutrine mass eiqgenstates,
IFIC Ltk Ls convenient to reci@fihe_ {Lavor skakes
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LEPTON FLAVOR VIOLATION

¢
:
Y
g
Ty, ¢’%'~
? 4 ) 3
U ’ he <
. i

22

W .

s 2 & E: * J
rmﬁ’pmuaem : U#JU‘%}M—z
Ni W

BRey <1079

~1 A. M. Baldini [MEG Collaboration],
BR . <4 x107P ’
P Eur. Phys. J. C76:4%4, 2016
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DIRAC MASS TERM

2 need to inktroduce singlet vg

2 mass hierarchy erobi.@.m with leptons
P Lepton Flavor (LF) is violated
? Lepton Number (LN) is conserved

mixing amonqg flavor states
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MAJORANA MASS TERM
(g S
V= =01

introduce Vg use VvV,

d o5 R gerdl
— L EmRvva,(ej +h.c. Pl Evang +h.c.
R ot thvartankt
under SURIxU(1) under SUR)xU(1)

needs extra fields

(v,) MMy, = —(vic'M}'v, )T = T )T (M} )T v, =(v,) (M} )T v,

[FIC svmmeﬁric mass makrix
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MAJORANA MASS TERM

2 no need to introduce singlet vz (but

extra fields) OR inkroduce singlet ve

2 Lepton Flavor (LF) is violakted
P Lepﬁmv\ Number (LN) is violated

mixing amonqg flavor states

Bl Sergio Palomares-Ruiz Neutrinos on the Earth and from the Sky



DIRAC-MAJORANA MASS TERM

omtj adding right-handed neutrinos

( 4 (MD)T i

\Mb M~ ;

M'D*‘M =

B mass eigenvalues of Mg »» v = 3 Light neutrinos and 3
heavy neutrinos (seesaw mechanism)

)\

2 mass eigenvalues of Mg = v = wore than 3 Light

neutrinos (only 3 ackive!)

2 mass eigenvalues of Mg << v = pseudo-Dirac neutrinos
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LOW-ENERGY PICTURE
2 From oscillations (next lecture):

2 Al least bwo massive neukrinos
2 Three non-zero mixings

2 strong mass hierarchy with leptons
2 Dirac or Majorana?
2 3 Light states? but some anomalies (next lecture)

2 UV complete models:
P Why are neutrinos much Lighter than leptons?
Origin of mass
2 Why is mixing so different from quarks’?
Flavor probi.em

IFIC
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SM AS AN EFFECTIVE LOW ENERGY THEORY

non-renormalizable higher-dimension operators
(bavariant under SURIxU(L)

Lo =Lon 0L TROL T . =Ly

n>4

Cn_ O
An 4 n
NP

same particle content as SM
coefficients dependent o hew physics scale Awe

omi,j 1 Aim-8 operaﬁor

Majorana mass
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SM AS EFFECTIVE LOW ENERGY THEORY

g0
¥
A\

m

M, << Mfermion = 7 fermion V E«“f Anp 77 V

m ~ 0ley > g~ 10%=1=> Ay ~ (10° - 1014) GeV

Right scale for leptogenesis

o but f 9 ~ (Y2 (or even smaller) = Ane ~ TeV

Colliders?
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TREE-LEVEL REALIZATIONS: SEE-SAW

TYPE I: FERMION SINGLET

-, =LOYIN, + %QQMQNQ rh.ec.

st
MV =y “EYI MQ
mininal seesaws: omj R neubrinos
DO u D
TYPE Il: SCALAR TRIPLET ‘v'
2 s Lt i
~Ly; = A+ LY (6 AL+ ud'(6-A) d+h.c. A

M, =-27 L

4
minimal seesaw without R neubrinos

TYPE Ill: FERMION TRIPLET

= ] gk 5
L1 2 XY 1 ((D*O' L) e > .M 2 +he.

M, = 2 YIHM{? / 111\"2
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LFV & COLLIDERS
2 From oscillabions we know Lep&om ~lavor s not

conserved
2 However, if only Adim=5 QperaEars, LFV is very small

2 dim=6 OF‘»’QT&&OT are LNC (e.q, EELL), but LFEV... can we

decouple LFV and LNV? ;
£eﬁ” = SM | 5 O +Z 2 , 1

A l ALF

P Scale ALn: responsible for small Meu&rmc» masses

P Scale Are (<< An): responsible for LFV processes
Collider signatures?

21t heavy state M ~Ae ~ TeV (or A~ TeV)

21f ¢s related to ¢, = LFV and collider signatures are

IFI‘éL&&Ed o m, but what is the scale of mv’?
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e

o

Q - MH i MHQ -, = 1¥.6% MQVI

BETA DECAY

*HoHere +V,

-

2 NG : na® + Az €2 5% + Am? 52,

i e 8% 2 ‘L 2pin 2

\

Present bound (Troitsk & Mainz):
- m, <2.2eV (95% CL)

-18.6 -12.4 -6.2 B
Ek].n - E, in keV

Future sensitivity (KATRIN):

mB ~0.2eV
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NEUTRINOLESS DOUBLE BETA DECAY

AL=0 AL=2
(Tl/z}zv - (sz !M2v|2>'1 (T1/2>OV — (&av lMov|2 lmspglz)"l

-0

e ry R © e S in 20008 in R

Present bounds: m. < 0.1-0.8 eV

BB

imgar&am& nuclear uhncertainkies

IFIC
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FIRST LOOK AT THE COSMOS

Relic neutrinos affect cosmological observables

Number of neutrinos

modifies the relativistic
enerqy c&&hsi&j

2[4\
Pr“[l*gx(ﬁ) Neﬂi]p?’

modifies the formation of
the smallest structures
(due to free streaming/

slower matter clustering)

A?ma&er 0 - "2v OCEM-
g £2 “

makter % L

Y 2 2 2 2 2
NG : \n +\/Am21+mL -s—\/AmBl—t—mt
10: i + \/--mAm««;L - AmAZ, =vn? + \/---»Amzl -y’
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Number of neutrinos Total mass

(and number of neutrinos)

more light neutrinos (or large suppresses small-scale skructure

chemical Pu&en&iai} enhance the

expansion rate = larger n/p ratio
Y

change the abundances of
primordial elements
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COMBINING DATA

Oscill. + OvBB + Cosmo #10
Any Ordering

Normal Ordering
Inverted Ordering

I Capozzi et al., Phgs. Rev. D95:09614, 2017
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COMBINING DATA

diHferent cosmo dataset

Oscill. + OvBB + Cosmo #6
Any Ordering

Normal Ordering
Inverted Ordering

I Capozzi et al., Phgs. Rev. D95:09614, 2017
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Neutrine properties are fundamental
ingredients of the Standard Model

.« buk neutrinos are also a powerful tool to search
for physics beyond the Standard Model

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

Mamv Nobel Prizes along this road...

and probably several wmore to come...
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