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neutrino physics

Neutrinos in the SM

4 Neutrino interactions

4 Neutrino mass in the SM

Neutrino oscillations
+ First evidences and discovery

4 Flavor oscillations in vacuum

@avor oscillations in matty

Lecture 2

f Neutrino masses \

4 Current limits

4 Neutrino mass models

Neutrino physics BSM

+ Light sterile neutrinos
4+ Non-unitary neutrino mixing
4 Non-standard interactions

4 BSM searches with CEvVNS
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What is a neutrino? Elementary

Particles
. . o ujci|t .;Y.o *
4 spin 1/2 particle 4 neutral § BenlaimGi 2
SBd|s|b B8 E
s down |strange! bottom ||f glten 8
: .. AR VA Y,

4+ massless particle (almost) + 3 flavors (mixing) § W occfon] ke | o Z. S
4 K | T W e

- | electron§ muon tau [|§W boson

| | ]
Three Families of Matter
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What is a neutrino? Elementary

Particles
[ ujci|t h'oY *
° ° — u charm to photon &
4 spin 1/2 particle 4+ neutral < (; bp Fs 2
G §.9|.5 s
. down [ strange] bottom |j§ Siuon
: - 2. Ve | M| i || Z (i
4 massless particle (almost) 4 3 flavors (mixing) S Weecon] mib | v &G S
FREIB| W
- | electron§ muon tau |[jw boson
. TR
AnYthlng elsefp Three Families of Matter
|
Every second we are traversed by: The Particle Universe

10°

4 400x10!2 neutrinos from the Sun 102 |

101

100 ¢

4+ 50x10° neutrinos from natural radioactivity

mg 1071}
g 102
4+ 10x10° neutrinos from nuclear power plants S s
2 104
Moreover: 105
106 protons electrons
4+ our body emits 4000 neutrinos/s (*°K decay) ol nedons
108 k dark matter
4 the Universe contains ~ 330x108 neutrinos/ms3 10! —
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Why neutrinos are so important?

4+ They can probe environments that other techniques cannot: SN
explosions, the core of the Sun,...

4+ Their role is crucial for the evolution of the universe (Big Bang
Nucleosynthesis, structure formation).

4+ They could help explaining the matter-antimatter asymmetry of the
Universe (leptogenesis mechanism).

4+ They could be a component of the dark matter of the universe.

4+ They provide the first evidence for physics beyond the SM!!!
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Why neutrinos are so important?

4+ They can probe environments that other techniques cannot: SN
explosions, the core of the Sun,...

4+ Their role is crucial for the evolution of the universe (Big Bang
Nucleosynthesis, structure formation)

4+ They could help explaining the matter-antimatter asymmetry of the
Universe (leptogenesis mechanism)

4+ They could be a component of the dark matter of the universe.

4+ They provide the first evidence for physics beyond the SM!!!

However: there are still many open questions in

neutrino physics
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Historical introduction

to neutrino physics
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The proposal of the neutrino

1910-1920: Experiments on radioactive decay of atomic nuclei

Carbon-14 Nitrogen-14

Sl B_ Y Electron

vy = » + ©
6 protons 7 protons Lise Meitner and Otto Hahn
& neutrons 7 neutrons
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The proposal of the neutrino

1910-1920: Experiments on radioactive decay of atomic nuclei

Carbon-14 Nitrogen-14

Electron

o+ <

& protons 7 protons
& neutrons 7 neutrons

Energy and momentum conservation
= emitted electrons should have a fixed energy

Number of electrons

Lise Meitner and Otto Hahn

Observed Expected
spectrum of electron
energies energy
Ener
& Endpoint of
spectrum
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The proposal of the neutrino

1910-1920: Experiments on radioactive decay of atomic nuclei

Carbon-14 Nitrogen-14

Electron

. + ©

& protons 7 protons
& neutrons 7 neutrons

Energy and momentum conservation
= emitted electrons should have a fixed energy

Niels Bohr suggested that energy may not
be conserved in individual nuclear processes

Number of electrons

Lise Meitner and Otto Hahn

Observed Expected
spectrum of electron
energies energy
Ener
& Endpoint of
spectrum
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The proposal of the neutrino

1930: Pauli introduced the neutrino to explain the continuous electron spectrum

Number |, “|Dear radioactive ladies and gentlemen,
beta rays Radium-E (Bi-210) | have come upon a desperate way out regarding .. .[some fairly obscure data], as
vkl well as to the continuous [3-spectrum, in order to save ... The energy law. To wit,
E_X;;C;Zdeca the possibility that there could exist in the nuc/eus[electrical/y neutral particles] which
J I shall call which have spin 1/2 and satisfy the exclusion principle and
which are further distinct from light-quanta in that they do not move with light
velocity. ... The continuous 3-spectrum would then become understandable from the |
| I | . assumption that in 3-decay a neutron is emitted along with the electron, in such a
1.05 KE (MeV) way that the sum of the energies of the neutron and the electron is constant.”
Ca;‘bon— 14 Nitrogen-14
B~ [ Electron ?
§:8+
T dm = from conservation of angular momentum: spin 1/2

Mariam Tértola (IFIC-CSIC/UValencia) 8 TAE 2023, Benasque



The proposal of the neutrino

1930: Pauli introduced the neutrino to explain the continuous electron spectrum

Number | “|Dear radioactive ladies and gentlemen,
beta rays Radium-E (Bi-210) I have come upon a desperate way out regarding ... [some fairly obscure data], as
i well as to the continuous [3-spectrum, in order to save ... The energy law. To wit,
S—Xt?oiic;zdeca the possibility that there could exist in the nuc/eusEelectrically neutral particles] which
J I shall call which have spin 1/2 and satisfy the exclusion principle and
which are further distinct from light-quanta in that they do not move with light
velocity. ... The continuous [3-spectrum would then become understandable from the ==
| I | N assumption that in 3-decay a neutron is emitted along with the electron, in such a
1.05 KE (MeV) way that the sum of the energies of the neutron and the electron is constant.”
Carbon— 14 Nitrogen-14
B , Electron ?
§:8+
T dm = from conservation of angular momentum: spin 1/2

1933: Fermi postulated the first theory of nuclear
beta decay, the theory of weak interactions

e GF

n

= new name for particle: neutrino -
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Where was the neutrino?

1934: Bethe and Peierls calculated the cross section ¢ for the processes:
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Where was the neutrino?

1934: Bethe and Peierls calculated the cross section ¢ for the processes:

According to Fermi theory, they obtained (for antineutrino + proton):

o~ 5x104 cm?for a 2 MeV neutrino

(to be compared with gyp ~ 10-25 cm?) !!!
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Where was the neutrino?

1934: Bethe and Peierls calculated the cross section ¢ for the processes:

According to Fermi theory, they obtained (for antineutrino + proton):

o ~ 5x10-44 cm?2 for a 2 MeV neutrino

(to be compared with gyp ~ 10-25 cm?) !!!
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Where was the neutrino?

1934: Bethe and Peierls calculated the cross section ¢ for the processes:

According to Fermi theory, they obtained (for antineutrino + proton):
o ~ 5x10-44 cm? for a 2 MeV neutrino
(to be compared with gyp ~ 10-25 cm?) !!!

— mean free path of neutrinos in water: Ayater = 1.7x1018 m ~ 150 ly (only free p)
(assuming interaction with all nucleons: Awater = 1.7x1017 m ~ 15 ly)

— mean free path of neutrinos in lead: Ajeag = 1.5x101¢ m ~ 1.5 1y (all nucleons)
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Neutrino: impossible to detect?

“I have done something very bad today by proposing a
particle that cannot be detected. It is something
that no theorist should ever do.”

Pauli, 1930
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Neutrino: impossible to detect?

“I have done something very bad today by proposing a
particle that cannot be detected. It is something
that no theorist should ever do.”

Event number in a neutrino experiment: Pauli, 1930
V=
v Volume of
V—" v — 3
' detector V (m~) _
Neutrino ) _>\'—->- N — @ o Ntarg At
flux & (1/m%s) V —>
Neutrino '
cross-section Density of gucleons
G (mZ) n (1/m*)
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Neutrino: impossible to detect?

“I have done something very bad today by proposing a
particle that cannot be detected. It is something
that no theorist should ever do.”

Event number in a neutrino experiment: Pauli, 1930
V—"
LA Volume of
V—> \V — 3
' detector V (m~) _
Neutrino ) —>v—> N — @ o Ntarg At
flux & (1/m%s) V —>
Neutrino .
cross-section Density of gucleons
o (m?) n (1/m¥)

with a 1000 kg detector and a flux of 1010v/s: few v events/day
— solar neutrino flux ~ 7x1010 v/cm?/s

— reactor neutrino flux ~ 1020 v/s
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Neutrino: impossible to detect?

“I have done something very bad today by proposing a
particle that cannot be detected. It is something
that no theorist should ever do.”

Event number in a neutrino experiment: Pauli, 1930
V—"
Y Volume of
T = detector V (m?)
Neutrino ¥ _Fv—b N — @ o Ntarg At
flux & (1/m%) vV —>
Neutrino '
cross-section Density of gucleons
a (m?) n (1/m¥)

with a 1000 kg detector and a flux of 1010v/s: few v events/day

— solar neutrino flux ~ 7x1010 v/cm?3/s

. Difficult but not impossible!
— reactor neutrino flux ~ 1020 v/s
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Discovery of the neutrino

1956: First observation of reactor ve. by Reines and Cowan.

2 tanks with

200 liters H>O
+

40 kg CdCl;

3 scintillator

layers with PMTs
Electron
Antineutrinos
from 1995: Nobel
Savannah Prize in Physics
River reactor to Reines
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Discovery of the neutrino

1956: First observation of reactor ve. by Reines and Cowan.

2 tanks with

200 liters H>O
+

40 kg CdCl;

3 scintillator

layers with PMTs
Electron
om @ Q) oo 1995: Nobel
Savannah en colcigence Prize in Physics
River reactor to Reines

Telegram to Pauli on 12/06/1956

“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”

Mariam Tértola (IFIC-CSIC/UValencia) 1 TAE 2023, Benasque



More than one neutrino flavour?

1959: Pontecorvo suggested the existence of a different neutrino, associated
to muon decay and proposed an experiment to check it.

1962: Discovery of v, by Lederman, Schwartz and Steinberger

not e-

proton
beam target proton accelerator \ 17
I [ . - _._J"._ _h _-—_P f:——" ffr‘i — ‘

dotoctor - rM
pi-mesan steel shield spark chamber | = =
aam '

T
e,

The accelerator, the neutrine """, o s Pt
beam and the detector “:\'\{,\.' H
- L ) i,
Part of tha circular sceelarator in \ ee A
Brookhaven, in which the protons \ ‘Q._ .
were accelerated. The pi-mesons (1), " *-heam
which were produced in the proton
colisions with the target, decayinto ~ concrete
muons (1) and scutinos (V). The 13

m thick steel shicld stops all the

particles axcept the v penatratin

neutrinos. A very small fraction of the

neutrinos react in the detector and

give rise to muons, which are then

observed in the spark chamber.

Leon M. Lederman Melvin Schwartz Jack Steinberger

1988: Nobel Prize in Physics
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More than two neutrino flavours?

1978: Discovery of t at SLAC — imbalance of energy in t decay suggests the
existence of a third neutrino.

1989: LEP measurements of the invisible decay width of Z boson

' ALEPH
3 Fi1r1V = FZ — Fhad — SFlep )

| L3
b | OPAL
‘ — N, = Finv/FSM(Z — Vifi) 20 |
€ / . I

/1

]

L ¢ average measurements, /
error bars increased JJ

by factor 10

0-Ila | [nb]

10

— Ny = 2.984 * 0.008

‘) .................. ;

2000: Discovery of v; by the DONUT Collaboration.

800 GeV p = Ds meson (=cs) — v; T = T detected
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Parity violation in weak interactions

0 —>r +m P=CDEh =+ (tt= 06t = K¥)

T =+ +T P=(-1ED(-1)=-1

1-0 puzzle:

Mariam Tértola (IFIC-CSIC/UValencia) 14 TAE 2023, Benasque



Parity violation in weak interactions

0 —>r +m P=CDEh =+ (tt= 06t = K¥)

T =+ +T P=(-1ED(-1)=-1

1-0 puzzle:

1956: Lee and Yang proposed parity violation in weak interactions
Lee and Yang, Phys. Rev. 104 (1956) 254.
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Parity violation in weak interactions

s+ 4+ 0 P=(-1)(-1) = +1
1-60 puzzle: 2 R e CDED (t*=0* =K*)
T M 4T 4T P=(C1EDELD) =-1

1956: Lee and Yang proposed parity violation in weak interactions
Lee and Yang, Phys. Rev. 104 (1956) 254.

1957: using a radioactive source of 90Co, Chien-Shiung Wu et al. determined
that weak interaction violates parity conservation maximally.
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Parity violation in Wu experiment

A [—;: A 1‘;
[ 4 ._ A‘J" . L»- z ._ } ‘
€ \ i’,
(A) L (B) Yp

magnetic

If parit
field party

is obeyed

flipped

magnetic
field

[

cobolt-60
spin

#

electron
emission

magnetic
field

cobolt-60
spin

What Wu
found

Fewer electrons
emitted in the
direction of the
magnetic field!

parity
transformation

[ ]

electron
emission

cobolt-60
spin

Antineutrinos are
preferably emitted in
the direction of the field
(in parallel to their spin)

Wu et al, Phys. Rev. 105 (1957)1413.
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Parity violation in Wu experiment
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Parity violation in weak interactions

S P=CDEh =+ (tt= 06t = K¥)

T =+ +T P=(-1ED(-1)=-1

1-0 puzzle:

1956: Lee and Yang proposed parity violation in weak interactions

Lee and Yang, Phys. Rev. 104 (1956) 254.

B ® Magnetic
field

1957: using a radioactive source of 0Co, Chien-

—

Shiung Wu et al. determined that weak interaction L 1
violates parity conservation maximally: SpIN DERER o o
nuclear spin, in
1957: Nobel Prize in Physics (Lee & Yang) IR e- conasaor
1978: Wolf Prize in Physics (C.S. Wu) o party
Wu, 1957
o™ MNiresv,

1958: Goldhaber et al. showed that neutrinos can only be
emitted with their spin anti-parallel to their momentum

direction. e
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Helicity and Chirality

is the projection of spin
along the momentum direction

o)

H =P
D P

— Lorentz-invariant only for massless
particles
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Helicity and Chirality

is the projection of spin
along the momentum direction

— Lorentz-invariant only for massless
particles

Chirality is an asymmetry property: a
chiral object is not identical to its mirror
image, cannot be superimposed on it.

1 F s
2

PLRr = , VLR = PLRY

— Handedness = Chirality

— Lorentz-invariant although not directly
measurable
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Helicity and Chirality

is the projection of spin Chirality 1s an asymmetry property: a
along the momentum direction chiral object is not identical to its mirror
image, cannot be superimposed on it.
o)
= L F s
H H= Gﬂ ’ PLRr = 5 YL.rR = PLRY

— Handedness = Chirality

— Lorentz-invariant only for massless
particles — Lorentz-invariant although not directly

measurable

Massless particles: Helicity = Chirality
Massive particles: Chiral states contain contributions from both helicity states

Ultra-relativistic 1 (RH) chiral projection dominated by a - (+) helicity state
particles:
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Neutrinos in the Standard
Model
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The Standard Model of particle

physics

4+ Neutrinos come in 3 flavours, corresponding
to the charged lepton associated

4+ Leptons are described as SU(2);, doublets
(), (), (7))
e Jo \ M ) \T /)

+ Only two types of neutrinos have been
observed in nature:

Leptons Quarks

|~V

eglectron§ muon tau

Elementary
Particles
‘m

u C t "
up charm top | 'q-)
d s | b =
down | strange! bottom 8
Ve | u | Vs -
electron§ muon tau O
. neutnno i neutnno neutnno- —
ejMnL| T S

Three Families of Matter

\Y
. left-handed neutrino @-» momentum
- right-handed antineutrino <— spin
. . . Neutrino
[ no SU(2) neutrino singlets in the SM ] (left-handed)

\P
_@» momentum
—P SpIn

Antineutrino
(right-handed)
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Neutrino interactions with charged

leptons

+ Neutrinos were first detected through their weak interactions with charged

leptons, known as Charged Current (CC) interactions.

4+ CC weak interactions first described by Fermi as point-like 4-fermion vertex.

v,e” Scattering:
g: %

G

v, 7
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Neutrino interactions with charged
leptons

+ Neutrinos were first detected through their weak interactions with charged
leptons, known as Charged Current (CC) interactions.

4+ CC weak interactions first described by Fermi as point-like 4-fermion vertex.

4+ SM: CC interactions are mediated by the vector boson W (W-, W+)

B Decay: p S
>
n S Gr s . @ > > @ P

W-
e
= ey Ve %
v,e” Scattering: | Ve
e v, )
G
v, I’
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Neutrino interactions with charged
leptons

+ Neutrinos were first detected through their weak interactions with charged
leptons, known as Charged Current (CC) interactions.

4+ CC weak interactions first described by Fermi as point-like 4-fermion vertex.

4+ SM: CC interactions are mediated by the vector boson W (W-, W+)

B Decay: p
g n

@ > : >— @ P
n > —>— e \
w-
Ju— e_
Ve ;e
gw v,

v,e” Scattering: W'’s couple to
- , leptons in the

same doublet

G

\"“ ll { ¥V
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Discovery of Neutral Currents

4+ The Glashow-Weinberg-Salam model predicted the existence of weak
interactions mediated by a neutral vector boson, the Z°

4+ Neutral Current interactions were first observed in 1973 with Gargamelle
bubble chamber

v, +N — v, + hadrons

Hasert et al, Phys. Lett. B 46 (1973) 138.
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Discovery of Neutral Currents

4+ The Glashow-Weinberg-Salam model predicted the existence of weak
interactions mediated by a neutral vector boson, the Z°

4+ Neutral Current interactions were first observed in 1973 with Gargamelle
bubble chamber

v, +N — v, + hadrons ﬁﬂ—l—e_ —>7M—|—6_
_ B v _
Vu Vu H Vu
7 /A
U i =
€ €
>

—_— First evidence for Z boson

Hasert et al, Phys. Lett. B 46 (1973) 138.
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Neutrino interactions in the SM

W= =1 +7,

Wt — 1+,

(a=e,u,T)

g _
Lo = ———= E Var Yo W, + h.c.
CC \/5 a LY taL Wy

in the SM, only LH

e Vo \ .
Neutral Current (NC): 70 W\N\& ne;lr’:fszgzt?ir;i :{H
Vo / participate in weak
H Vol A4 2

0 _
VA V7N

interactions

g _
LN = — o
NC 2 cos Oy ZO;V LY

4+ Interactions conserve total Lepton Number L: L(l-) = L(v) = - L(I*) = - L(v) =1

4 Family lepton numbers Le, L, L are also conserved (1998: nu oscill !!)
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Fermion masses in the SM lagrangian

+ In the SM, fermion masses appear in the lagrangian with terms like:

M — Dirac mass term

decomposing into its chiral states: Y =YL +Yr

- mYY =my g + mypir

— forbidden: not invariant under SU(2): it couples ¢, with Yr (Iw=1/2)

— solved by Higgs mechanism: after SSB, Dirac mass terms appear from
Yukawa couplings:

ﬁYukawa — Y@Lgwa + h.c. <¢O> — U

— OK for most of particles but SM neutrino has only a L-chiral state (no yr)
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Fermion masses in the SM lagrangian

+ In the SM, fermion masses appear in the lagrangian with terms like:

M — Dirac mass term

decomposing into its chiral states: Y =YL +Yr

»  mYyY =my bR +mryr

— forbidden: not invariant under SU(2): it couples ¢, with Yr (Iw=1/2)

— solved by Higgs mechanism: after SSB, Dirac mass terms appear from
Yukawa couplings:

ﬁYukawa — Y@Lgwa + h.c. <¢O> — U

— OK for most of particles but SM neutrino has only a L-chiral state (no yr)

— a Dirac mass term for neutrinos can not be built in the Standard Model
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Fermion masses in the SM lagrangian

+ In the SM, fermion masses appear in the lagrangian with terms like:

M — Dirac mass term

decomposing into its chiral states: Y =YL +Yr

»  mYyY =my bR +mryr

— forbidden: not invariant under SU(2): it couples ¢, with Yr (Iw=1/2)

— solved by Higgs mechanism: after SSB, Dirac mass terms appear from
Yukawa couplings:

£Yukawa — Y@Lgwa + h.c. <¢O> — U

— OK for most of particles but SM neutrino has only a L-chiral state (no yr)

— a Dirac mass term for neutrinos can not be built in the Standard Model

What about a Majorana mass term??
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Majorana neutrino mass

Majorana, ~1930
4+ We build a R-chiral field from a L-chiral field by charge conjugation:
A—T

Yr =97 = CY C =iy

— the total neutrino field is: ) = ¢y, + ¥ = Y1, + wf

(W1, +vr)C =¥ + YL =

— taking the charge conjugate: "QDC

© N\

Vv =v=vy+Ur]

Majorana mass term: 1 el _ Not invariant under
—Ly = §m Vi VL +VLVy, U(1) transformations

However: this mass term not invariant under weak isospin (Iw=1)

— solved with a Higgs triplet BUT it is not included in the SM.

— solved with a dim-5 operator (Weinberg operator) BUT non-renormalizable
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Neutrino mass in the SM

4+ Since the SM does not contain right-handed neutrinos: a Dirac
mass term as for the rest of fermions is not allowed.

+ The SM only contains one Higgs doublet: no Higgs triplet to build
a Majorana mass term

4 The SM 1s renomalizable and, therefore, dim-5 terms as the
Weinberg operator are not allowed.

Neutrinos are strictly massless in the
Standard Model!
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Neutrino mass in the SM

4+ Since the SM does not contain right-handed neutrinos: a Dirac
mass term as for the rest of fermions is not allowed.

+ The SM only contains one Higgs doublet: no Higgs triplet to build
a Majorana mass term

4 The SM 1s renomalizable and, therefore, dim-5 terms as the
Weinberg operator are not allowed.

Neutrinos are strictly massless in the
Standard Model!
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Neutrino oscillations

Mariam Tértola (IFIC-CSIC/UValencia)



Neutrino oscillations

1957: Pontecorvo suggests oscillations between neutrinos &
antineutrinos (only ve).

B. Pontecorvo, J. Exp. Theor. Phys. 33 (1957) 549.
B. Pontecorvo, J. Exp. Theor. Phys. 34 (1958) 247.

1962: Maki, Nakagawa and Sakata propose neutrino mixing
between flavor eigenstates

Y1=Y, cos 0+, sin 0, 2v mixing
Y;= —VY,sin 0+, cos 0.
’ ° i Z. Maki, M. Nakagawa, S. Sakata,
Prog. Theor. Phys. 28 (1962) 870.
true weak
neutrinos neutrinos

1969: Gribov & Pontecorvo calculated the neutrino oscillation
probability (in vacuum) for the first time

V. Gribov, B. Pontecorvo, Phys. Lett. B28 (1969) 493.

‘S‘_ki\\‘l vg\: ‘g o k»\-lzh»
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First indication of v oscillations

1968: First observation of solar neutrinos by R. Davis

in Homestake.
Ve + 3'Cl = TAr + e~

= 1/3 of the Standard Solar Model prediction !!
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First indication of v oscillations

1968: First observation of solar neutrinos by R. Davis
in Homestake.
Ve + 3'Cl = TAr + e~

= 1/3 of the Standard Solar Model prediction !!

: Water .
chiorine | Gallum 1, &~ y+e|  — confirmed by the
7 757 following solar

i experiments

sp
-

Gallex/GNO (Super-)

~30%  ~50% ~40%
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First indication of v oscillations

1968: First observation of solar neutrinos by R. Davis

in Homestake.
Ve + 3'Cl = TAr + e~

= 1/3 of the Standard Solar Model prediction !!

- Water .
Chlorine Gallium || =5 v e — confirmed by the
77 following solar
Z experiments

o2

85 Explanation?

— theory (SM, SSM) was wrong

Gallex/GNO S - .
— experiments were wrong (all of them?)

~30%  ~50% ~40%

— something was happening to neutrinos
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First indication of v oscillations

1968: First observation of solar neutrinos by R. Davis

in Homestake.
Ve + 37Cl = 3TAr 4+ e”

= 1/3 of the Standard Solar Model prediction !!

Electron neutrino detectors

- Water .
Chlorine Gallium || =5 v e — confirmed by the
following solar
it experiments

2002 Nobel Prize
| . in Physics
85 = Explanation? -

— theory (SM, SSM) was wrong

Gallex/GNO S - .
— experiments were wrong (all of them?)

~30%  ~50% ~40%

— something was happening to neutrinos
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The atmospheric neutrino anomaly

Cosmic ray

(Al . 1985: First indications of a deficit in the observed
number of atmospheric v, at the IMB experiment.
1994: Kamiokande finds | |
the v, deficit depends on ; + _____________ o +-....$ _____________ b
the distance travelled by ¢ 'f A ¢ |
the neutrino and its é': ¢¢ ______
energy. b e et

o pike

L/Ey, (km/GeV)

-

1998: Discovery of atmospheric neutrino oscillations in Super-Kamiokande.

osclllation channel v, —v;

= first evidence for non-zero neutrino masses.
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The atmospheric neutrino anomaly

Cosmic ray

(Al . 1985: First indications of a deficit in the observed
number of atmospheric vy at the IMB experiment.
1994: Kamiokande finds | |
the v, deficit depends on ; + _____________ o +-....$ _____________ b
the distance travelled by ¢ 'f A ¢ |
the neutrino and its é': ¢¢ ______
energy. b e et

o ke

L/Ey, (km/GeV)

-

1998: Discovery of atmospheric neutrino oscillations in Super-Kamiokande.

osclllation channel v, —v;

= first evidence for non-zero neutrino masses.
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The atmospheric neutrino anomaly

Cosmic ray

(oAl o 1985: First indications of a deficit in the observed
number of atmospheric vy at the IMB experiment.
1994: Kamiokande finds | |
the v, deficit depends on ; + _____________ o +-.-..$ _____________ b
the distance travelled by ¢ '[ ¢ ? |
the neutrino and its 2 ¢¢ ______
energy. Tosh e et

ke

1998: Discovery of atmospheric neutrino oscillations in Super-

g7,
2015 Nobel
Prize in Physics

osclllation channel v, —v;

= first evidence for non-zero neutrino masses.
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The Sudbury Neutrino Observatory

2001: Confirmation of flavor conversion in solar neutrinos in SNO.
SNO Coll, PRL89 (2002) 011301

SNO interactions

Elastic-scattering (ES):

v, mainly \o
— — 0 . .
v.+e —=v _+e¢e Z strong directional
sensitivity

Charged-currents (CC):

Vv, Only
- - W p EeWell correlated
vV, + ptrpt+e with E,

D p

2 -1
¢, (10 cm™s™)
W = nh N 1 o0

IIII]III][IIITIIIIIII

(g

Neutral-currents (NC): .,

Ly
All flavors equally
VA .
V. + d—=p+n+ V. " Total neutrino flux

—

0 - —
? ’ 0 1 2 3 4 5 6
6 |
¢SNO 20% of sol " ¢. (10 cm )
— 0.301 + 0.033 . o OI SOlar neutrinos
18\11\éo are detected as ve

SNO ~ ¢SSM = | conversion Ve —>V
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The Sudbury Neutrino Observatory

2001: Confirmation of flavor conversion in solar neutrinos in SNO.
SNO Coll, PRL89 (2002) 011301

SNO interactions " 8
Elastic-scattering (ES): . o g 7
I v, mainly o 61
v.+te —v _+e 7° strong directional S
sensitivity N’ 5
=1
Charged-currents (CC): © .
) ‘ v, only 4 E ““““
Ve C e P+ p+ = % » \Iffﬁtl\:vgl’ correlated 3 :_
D P 5 -
Neutral-currents (NC): .. ” -
) All flavors equally ] :_
v, + d—p+n+ V. g " Total neutrino flux -
. , O |
0 1 6
-1 )
¢SNO o .
— 0.301 + 0.033 . 30% of solar neutrinos
O are detected as ve

Prize in Physics
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Other important results

2002: The reactor experiment
KamLAND observed neutrino
oscillations consistent with the

200Z: Results of the accelerator
experiment K2K consistent with v,

solar anomal oscillations as in the atmospheric
7 anomaly (MINOS, T2K, NOVA).

80 LI

IIIIIIIIIIIIIIIIIII | 1 1 1 1 | 1 1 1 1 1 1
no-oscillation

5 [ accidentals
—!_I_ 38 *C(a,n)’0 . . ]
5 B spallation 2011: v, —veoscillations observed in

60

best-fit oscillation + BG

—e— KamLAND data long-baseline accelerator experiments.

bl

40

Events / 0.425 MeV

[\
S

++ e 2011: Double Chooz confirmed reactor
antineutrino oscillations in a baseline

T T R of ~1 km (Daya Bay, RENO).

E  (MeV)

prompt

KamLAND Coll, PRL 90 (2003) 021802

o
Cr——T—T 1
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Neutrino oscillations:
formalism

aQ O
Y.
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Neutrino mixing

+ Mixing described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

Val, = E UakaL
k
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Neutrino mixing

+ Mixing described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

Val, = E UoszkL
k

4+ NxN unitary matrix: NxN real parameters

— N(N-1)/2 mixing angles + N(N+1)/2 phases (not all observables!)
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Neutrino mixing

+ Mixing described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

Val, = E UoszkL
k

4+ NxN unitary matrix: NxN real parameters

— N(N-1)/2 mixing angles + N(N+1)/2 phases (not all observables!)

4+ Leptonic weak charged current:

J5T=2N arvevar =2 Y aryUakvir
«Q a  k
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Neutrino mixing

+ Mixing described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

Val, = E UakaL
k

4+ NxN unitary matrix: NxN real parameters

— N(N-1)/2 mixing angles + N(N+1)/2 phases (not all observables!)

4+ Leptonic weak charged current:

jg ot = QZ@%%L = 2>: >:Oé—L7pUakaL
o o k

+ Lagrangian invariant under global phase transformations of Dirac fields:

0, 1Pk
o — € « Vi — € Vi + common rephasing
of fields leaves

current unchanged
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Neutrino mixing

+ Mixing described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:
Val, — Z Uak VkL
k

4+ NxN unitary matrix: NxN real parameters

— N(N-1)/2 mixing angles + N(N+1)/2 phases (not all observables!)

4+ Leptonic weak charged current:

jg T = QZOéL%VaL = 2> >1aL’7pUakaL
o k

+ Lagrangian invariant under global phase transformations of Dirac fields:

0, 1Pk
@ —e ", Vp—7€ "V + common rephasing
, of fields leaves
CT 9 E &Le—z(é a—¢1) Uakez((bk_qbl)VkL current unchanged

N-1
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Neutrino mixing

+ For Majorana neutrinos, the lagrangian is NOT invariant under global phase
transformations of the Majorana fields:

' T 21 T
Vi — equkyk » VkLCTVkL — € Z¢kaLCTVkL
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Neutrino mixing

+ For Majorana neutrinos, the lagrangian is NOT invariant under global phase
transformations of the Majorana fields:

' T 21 T
Vi — equkyk » VkLCTVkL — € Z¢kaLCTVkL

— only N phases can be eliminated by rephasing charged lepton fields (neutrino
fields can not be rephased!!):

CT — QZCKLG_ZQ UakaL
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Neutrino mixing

+ For Majorana neutrinos, the lagrangian is NOT invariant under global phase
transformations of the Majorana fields:

' T 21 T
Vi — equkyk » VkLCTVkL — € Z¢kaLCTVkL

— only N phases can be eliminated by rephasing charged lepton fields (neutrino
fields can not be rephased!!):

CT — 2 E CKLG_ZQ akaL

N(N+1)/2 - N = N(N-1)/2 physical phases for Majorana neutrinos
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Neutrino mixing

+ For Majorana neutrinos, the lagrangian is NOT invariant under global phase
transformations of the Majorana fields:

) T 21 T
Vi — equkyk » VkLCTVkL — € Z¢kaLCTVkL

— only N phases can be eliminated by rephasing charged lepton fields (neutrino
fields can not be rephased!!):

CT — 2 E CKLG_ZQ akaL

N(N+1)/2 - N = N(N-1)/2 physical phases for Majorana neutrinos

— N(N-1)/2 physical phases: (N-1)(N-2)/2 Dirac phases

(N-1) Majorana phases
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Neutrino mixing

+ For Majorana neutrinos, the lagrangian is NOT invariant under global phase
transformations of the Majorana fields:

' T 21 T
Vi — equkyk » VkLCTVkL — € z¢kaLCTV]€L

— only N phases can be eliminated by rephasing charged lepton fields (neutrino
fields can not be rephased!!):

CT — 2 E CKLB_ZH akaL

N(N+1)/2 - N = N(N-1)/2 physical phases for Majorana neutrinos

—> N(N-1)/2 physical phases: (N-1)(N-2)/2 Dirac phases . _

(N-1) Majorana phases
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Neutrino mixing

+ For Majorana neutrinos, the lagrangian is NOT invariant under global phase
transformations of the Majorana fields:

' T 21 T
Vi — equkyk » VkLCTVkL — € z¢ka.LCTVkL

— only N phases can be eliminated by rephasing charged lepton fields (neutrino
fields can not be rephased!!):

CT — 2 E CkLe_Ze akaL

N(N+1)/2 - N = N(N-1)/2 physical phases for Majorana neutrinos

—> N(N-1)/2 physical phases: (N-1)(N-2)/2 Dirac phases . _
(N-1) Majorana phases . _
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Neutrino mixing

4 2-neutrino mixing depends on 1 angle only (+1 Majorana phase)
cos/ sinf
—sinf cosf

4 3-neutrino mixing is described by 3 angles and 1 Dirac (+2 Majorana)
CP violating phases.

1 0 0 0 G_ié Ci12 8519 0
0 Co23 S93 0 1 0 —S192 (C192 0
0 —S93 (93 — 625 0 0 0 1

reactor + LBL solar + KamLAND
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Neutrino oscillations

+ Flavour states are admixtures of mass eigenstates: v, = g UjiVir,

d k
4+ Neutrino evolution equation: —1 7 ‘1/> — H ‘ 1/>
in the neutrino mass eigenstates basis v; :
neutrino mass eigenstates evolve as
E, 0 0 %
planes waves *:
H = 0 Ey O
__—iEit.
0 0 E v (1)) = e "Bt
m;
4 For ultrarelativistic neutrinos: E; ~ E 7
and t = L: m2 T m2L

V(1)) = e FLemi5 1) — e 3 |y))

Giunti & Kim, Fundamentals of Neutrino Physics

X .
For a S€€.  and Astrophysics. Oxford University Press, 2007.
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Neutrino oscillations picture

]B
neutn'ng oscillations Vg

Production

coherent superposition
of massive states

\

\
\

\

"long" distance

Propagation Detection

different propagation
phases change Vj
composition

projection over
flavour eigenstates
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Neutrino oscillation probability

Neutrino oscillation amplitude:

detection production

Avsvs = (s(Dva(0)) = > (walv; () (v (£)|v;(0)) (v (0)va)

J propagation

_ =i *
Neutrino oscillation probability: Pyo—vg = Z Ugje " 28 Uy,

Am?2. L
Pag = dap —4 ) Re (UsiUajUsiUj;) sin’ ( i ) -

1>

[ Am?.L
+22[m(U§anjU6iU5j)Sm( 2]5’7 )
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General properties of neutrino oscillations

4+ Conservation of probability: Z P(ya N VB) — 1]
B

4 For antineutrinos: U —-U*

4+ Neutrino oscillations violate flavour lepton number conservation but
conserve total lepton number.

4+ Phases in the mixing matrix induce CP violation:

P(va = v5) # P(7a — 75)

4+ Neutrino oscillations do not depend on the absolute neutrino mass scale
and Majorana phases.

+ Neutrino oscillations are sensitive only to mass squared differences:

2 2 2
Amy,; = mj —m;
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Two possible mass orderings ‘

4+ Am?y; : solar + KamLAND (positive)

4+ Am?3; : atmospheric + LBL accelerator + SBL reactor (sign?)

NORMAL

INVERTED

v3

Amz; < 0

Ve
[ ]
Vu
[ ]
V1
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Two-neutrino oscillations

4+ Two-neutrino mixing matrix: cos ¢/ sin ¢
—sinf coséd

4+ Two-neutrino oscillation probability (x#{3):

9 2

P(voa = vg) = |U041U51 + Ua2Ugge™" 28

Am3, L
1FE

— sin? 20 sin? (

4 The oscillation phase:
P b — Am3, L _ 1.27Am§1[eV2]L[km]

4FE E|GeV]

— short distances, ¢ << 1: oscillations do not develop, P =0

— long distance, ¢ ~ 1: oscillations are observable

— very long distances, ¢ >> 1: oscillations are averaged out:

1
P, =~ 5 sin® 26
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Z-neutrino oscillation probability

2
9 .o [ Am*L

P,p = sin” 20 sin w5
l | | lllllll | | llllIlI | | |
"short” "long" "very long"
distance distance distance
08~ Anc/ Am’ B

4+—>

oscillation
amplitude .

\ 4 [
A « + M averaged
% l' oscillations
'

I | mu ' oscillation length:
L1111 lI | | .| L1l l UI ' 1 1 |
D1 1 10 T Am B
L/E_ (3rb. units) Lose =
Am?

first oscillation maximum:

Mariam Tértola (IFIC-CSIC/UValencia) 47 TAE 2023, Benasque



Matter effects on
neutrino oscillations

4+ When neutrinos pass trough matter, the interactions with the particles
in the medium induce an effective potential for neutrinos.

[— the coherent forward scattering amplitude leads to an index

of refraction for neutrinos. L. Wolfenstein, 1978]
)1 Vv ;f )f
CC Sw NC Sz
)v )l )\ )v

— modifies the mixing between flavor states and mass eigenstates
as well as the eigenvalues of the Hamiltonian, leading to a different
oscillation probability with respect to vacuum oscillations.
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Effective matter potential

+ Effective four-fermion interaction Hamiltonian (CC+NC)

Y GF_ r e 8
Hyp = ﬁ”a%(l — V5)Va Z f%(gv’f - QA’f%)f

in ordinary matter: f=e-,p,n

To obtain the matter-induced potential we integrate over f-variables,
For a non-relativistic unpolarised neutral medium

1 1 1
Vmatt — \/iGF diag(Ne — §Nn, —iNn, —§Nn)

4+ only v, are sensitive to CC (no y,t in ordinary matter)
4+ NC has the same effect for all flavours — it has no effect on evolution
(however it can be important in presence of sterile neutrinos)

4+ for antineutrinos the potential has opposite sign
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2-neutrino oscillations in matter

4 Hamiltonian in vacuum in the flavour basis:

HY = UH,, U = Am? ( —cos2  sin26 >

4 F sin26  cos 20

4 Effective hamiltonian in matter

Am? Am
Hmatt Hvac 1+ v'eﬂ, — 4EA COS 29 + VCC A4E
4""];, sin 20 4"}; cos 26

Voo = V2G N,

Diagonalizing the Hamiltonian, we identify the mixing angle and mass splitting
in matter:

Hmatt —

AM? [ —cos26y sin 260y,
4 sin 2603y  cos 20y,

In general: Ne=N¢(Xx), so Oy and AM? will be function of x as well

— however, in some cases analytical solutions can be obtained
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2-v oscilllations 1n constant matter

4+ If N.is constant (good approximation for oscillations in the Earth crust):

— O and AM? are constant as well

— We can use vacuum expression for oscillation probability,
replacing “vacuum” parameters by “matter” parameters:

AM?L
P,p = sin® 20, sin”
g = sin” 260y sin ( Vo j
. 2
, sin“ 26
sin® 20, = — 5 ;
sin® 260 + (cos 20 — A) 2RV

A

Am?

AM? = Am? \/sin2 20 + (cos 260 — A)?

There is a resonance effect for A = cos20 — IVISW effect
Wolfenstein, 1978. Mikheyev & Smirnov, 1986

Mariam Tértola (IFIC-CSIC/UValencia) o1 TAE 2023, Benasque



2-v oscilllations 1n constant matter

LI IIIIIII | IIII| | I IIIIIII T TTTT
v ) mixing angle in matter:
0.8 — \ — —
\Y
0 vacuum OsScC. i ] . 2
cDE 0.6 - . — . 9 sin“ 260
~ =3 | ) sin” 20, =
A B 2! strong matter effects - SlIl2 29 —|_ (COS 29 . A)2
=R i —
A < |
02 % i —
| 5| 2EV
i 5! _ A= >
| IIIIIII ] Iilllllll 1 111 L1 11111l Am
8.01 0.1 | 10 100

A

4 A << cos206, small matter effect — vacuum oscillations: 6y = 06

+A >> cos20, matter effects dominate — oscillations suppressed: Oy = 11/2

+A = cos20, resonance takes place — maximal mixing Oy = /4

— resonance condition is satisfied for neutrinos for Am2> 0

for antineutrinos for Am2< 0
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Solar neutrinos: the MSW effect

4 neutrino oscillations in matter were first discussed by
Wolfenstein, Mikheyev and Smirnov (MSW effect)

4 electron neutrino is born at the center of the Sun as:

Vo) = cosOp|v]") + sin @y |vg")

— vim and vy evolve adiabatically until the solar surface and
propagate in vacuum from the Sun to the Earth:

_ pprod pdet prod pdet
P(VG%VG)_PGI Ple _I_PeQ P2€

_ 2 det 2
L =cos“ Oy, P . =-cos”0

prod = . 2 det __ _: 2
P, =sin“0y, P, =sin”0
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Solar neutrinos: the MSW effect

P.. = cos® 0y cos® 0 + sin® 0, sin” 6

4+ In the center of the Sun: PR S
A 2BV (B (8x107%VEY 0 | B
Am2 T 7\ MeV Am? T < B
071 suone
and resonance occurs for A = cos(20) = 0.4 0611/

05

— Eres ~ 2 Mev

03 =——"""__ _ﬁinfﬁ_r_ ____________
4 For E <2 MeV — vacuum osc: 9y = 0: I | i
) | 11 lllll I | L 111l |
1 5 01 1 10

4 For E > 2 MeV — strong matter effect: 6m=1/2: P _ — sin2¢

— Pee (E) will be crucial to understand solar neutrino data
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Mass hierarchy in solar neutrinos

+ Mixing angle in matter: 5
sin” 26

sin® 20 + (cos 20 — A)?2

Sin2 2(9M —

— resonance condition A = cos20 is satisfied for neutrinos for Am?
> 0 and for antineutrinos for Am?2 < 0 (change of sign in Vcc)

4+ Matter effects observed in solar neutrino data are in agreement with
the presence of a resonance as predicted above:

— since solar neutrinos are Vve: Amoi2> 0 — mo2 > m;2
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Earth regeneration effect

o3 2(N-D)/(N4D) 0.001 _
-0.00
4+ Neutrinos observed at night are also b 0.Q05
-4
affected by Earth matter effects 107~
(\l; _
4+ If neutrinos cross only the Earth L 10° =
mantle, Pzedet is well approximated by  «~% |~
the evolution of a constant potential: < 10
. 7
Pdet _ SlIl2 0 + freg 10
) -0.001
prob. duringf; day / _ 10°C | | | |
regeneration term w0t 10% 102 107 10° 10
4FEV, L tan°0
freg = CC <in? 26 £ sin’ , SOt
Am? Lose — day-night asymmetry:
ight _ pd _ (P~ — Pp)
P = P2V — cos 20 freg Apn =2 Py P

4+ For the measured solar neutrino parameters freg ~ +1%
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Matter effects in atmospheric V’s

. Zenith 4 Atmospheric neutrinos interact with
Isotropic flux of :
cosmic rays \ g the Earth mantle and core
x:

v ho matter effects in v, —v;channel

v MSW resonance in v, —Vve channel

Am?
™ sin 26
tan 20, = <— 1L
11 €08 20 F V2G N,

(-) neutrinos (+)antineutrinos

— Matter effects on the atmospheric neutrino flux are sensitive to the
mass ordering.

—> they are harder to observe since Pyc x 013
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Matter effects in atmospheric V's

NO I0

25 5.0 7.5 10.0 12.5 15.0 17.5 20.0 o .5 50 7.5 10.0 12.5 15.0 17.5 20.0
E [GeV] E [GeV]

de Salas et al, arXiv:1806.11051

At E~ 3-8 GeV: MSW resonance for neutrinos and NO mass spectrum.

For antineutrinos = the resonance appears in IO
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Neutrino oscillation experiments
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