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Lecture |: Neutrino in history and the SM;

Neutrino mixing and oscillations

Aims
Introduce neutrinos and brieldy recap the anomalies that led t
the discovery of neutrino oscillations (see A. McDonaldOs lect

" Develop the formalism of neutrino mixing.
Discuss theoretical aspects of neutrino oscillations.

Outline

|. Neutrino all around us
2. Keys steps in the history of neutrino physics
3. Neutrino mixing
4. Neutrino oscillation formalism
- general case
- 2-neutrino oscillations in vacuum
- 3-neutrino oscillations in vacuum
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Why study neutrinos?

e Neutrino masses imply new physics BSM.
Their origin Is a necessary ingredient for the newSM.

e The least know of all SM fermions (a window on the BSM

e Their nature (and mass) Is related to the fundamental
symmetries of nature (lepton number, link with proton deca

e The most abundant of all fermions in the Universe with
o strong Impact of its evolution.

e Neutrino mass models can explain the baryon asymmetr
the Universe.

e A complementary window on the problem of [3avour.
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Neutrinos are all around and through us in large amounts

NEUTRINO
FACTORIES

trinos are everywhere,
crated by a variety.of
R esses.

on of hydrogen nuclei
orm helium in the Sun.

Supernovae |

Supernovae and collisions et W g 4 ik @Super-KamIOkande
between cosmic rays and I A N\l / 4

air particles in Earth’s : N e S0

atmosphere: : =

Particle accelerators

smashing protons

into a target and

fission from the

radioactive decay of

elements inside

nuclear reactors. Nuclear fission

@Nature, 2015

FACT: about 65 million neutrinos pass
through your thumbnail every second.




Neutrinoscope

NeutrinoScope (=
Bring neutrinos alive with AR!
Cambridge Consultants

Fo0 et Neutrinoscope Is a
free App for iPhone
and IPad develope
by Cambridge
Consultants and
Durham University.
It allows to visualist
the neutrinos as
they are around us
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Useful references

e C. Gilunti, C.W. Kim, Fundamentals of Neutrino Physics
Astrophysics, Oxford University Press, USA (May 17, 200

e M. Fukugita,T.Yanagida, Physics of Neutrinos and
applications to astrophysics, Springer 2003

e A. De Gouvea, TASI lectures, hep-ph/0411274
e A. Strumia and F. Vissani, hep-ph/0606054.

e Talks at the Neutrino 2024 conference
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A brief history of

our knowledge of
neutrinos




Despite being thenost abundant fermiom the Universe,
we did not even realise they existed till the O30. The Idea

came about In the study dfeta decayand a puzzle which
troubled physicists for several decades.

Carbon-10 Boron-10
| : . [}+ : Positron
9= @y + ¢« J7)
]
& protons > protons
4 neutrons 5 neutrons

The experimental results
were puzzling.The positron
(= anti-electron) carries
away different amounts of
energy In each individual
observed decay.

Energy spectrum of beta
decay electrons from 210

Intensity

G. J. Neary, Roy. Phys. Soc.
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The proposal of the OneutrinoO was put forward by W. Pauli ir
1930.

Physikalisches Institut
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the energies of neutron and electron is
constant.
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e Since the neutron was discovered in 1932 b
Chadwick, Fermi, following E. Amaldi, used the
name @eutrincO (little neutron) and later

proposed the Fermi theory of beta decay.

e Reines and Cowan discovered neutrinos in -

1956 using inverse beta decay = mwsmm-mmsnwﬁil
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e Madame Wu in 1956
demonstrated that the parity g%
symmetry is violated in weak {#
Interactions. Neutrinos come
only asleft-handedspin
opposite to momentum)
differently from all other
fermions.

e Muon neutrinoswere
discovered in 1962 by L.
Lederman, M. Schwartz
and J. Steinberger.

The Nobel Prize in Physid9©88




After their discovery by Cowan and Reinesarches were
performed forastrophysical neutrinos, produced In theSun,
Supernove(Just by chance) and Iin tremosphere
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The Prst idea oheutrino oscillationsavas put forward
by B. Pontecorvo in 1957.

nd... [
ON THIS DAY 27 O

Search ON THIS DAY by date

Front Page | Years | Themes | Witness

1950: Hunt for missing
atomic scientist

The British intelligence service MI5
has been brought into the hunt for
the missing atomic scientist Bruno
Pontecorvo who has not been seen
for about seven weeks.

Professor Pontecorvo and his family
arrived in Finland at the beginning
of September but they have since
disappeared. There is speculation
the family may have gone to the
Soviet Union.

The professor had recently left his
post as a principal scientific officer _
at Harwell atomic research station

in Oxfordshire and was due to begin Bruno Pontecorvo's postas
a new job at Liverpool University in  Professor of Experimental Physics
January. at the University of Liverpool was

cancelled.




Neutrinos seemed to bt well in the picture of the SM
which was forming. But soasome anomaliestarted to
appear.

e First iIndications oV oscillations came froreolarv:
less electron neutrinos were observed than
expected.Where did the others go?

Nobel Prize In
Physic015
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e |[ndications of an anomaly in atmospheric neutrinos was
presented in 1988, subsequently conbrmed by MACRO.

e More muon neutrinos were seen going down than coming
up from the other side of the Earth.

e Discoverywas presented in 1998 by SuperKamiokande.
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What was going on?

These experiments showed that neutrinos oscillate, I.e.

that can change [3avour (going into [3avours that some
detectors cannot see).

Neutrinos arechameleon particles.

17



Neutrinos in the SM




The Standard Model
SM gauge group and EW symmetry breaking

SU(3).! SU(2).! U1y

Particle content

Standard Model of Elementary Particles O There are 3 generatiOnS Of

three genera tions of matter interactions / force carriers

—— o guarks and leptons.
L)L JLE ) " e The theory is chiral as left
'@ 'O |0 || @ and right components behave
- differently.

1 1 1 (
@& It @ |- & . @ .
electron muon tau Zboson | ¢
]

~ <10 eV <0.17 MeVi <18.2 MeVi = 50.39 Ge'Vik
® 0 0 ) +1
. . Vi . O : W
electron muon tau W Boson q

- neutrino neutrino neutrino




e Neutrino 3avours correspond to each of the
charged leptons

Particles SUE) SUR); UQ)y
leptons |, . |
Y Y i 1 2 12
©r Lo Tr
€R, MR, TR 1 1 -1
Quarks | ,
o C t
, 3 2 1/6
d 5L b,
URr, CR, tR 3 1 2/3
dn. sp. bg 3 1 —1/3

electron

W
electron antineutrino

e Theyhave hypercharge -1/2 and charge O.

@Silvia Pascol



e Neutrinos in the SM are described by Weyl spinor
with left-handed chirality (R1-75/2).

e They aremasslesas nuR are not present (no
Yukawa coupling with the Higgs) and Majorana ma:
term (of left-handed neutrinos) Is not gauge invariat

Note: For massless neutrinos, helicity and chirality correspo
the chiral and helicity operators are the same up to m/E.

Note: LH neutrino states are accompanied by RH antineutrir
ones as required by CPT.

Note: Natural units.We will assume c=1, hbar=1.
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They have charge current (CC) and neutral current (N
Interactions

= Ak
2 com Z VarLY ' varZ, +h.c

od=e€,U, T a=ec, U, T

Number of active neutrinos

The invisible width of the Z (measured precisely at LI
restricts the number of active neutrinos to

_ Finv

Ny = = 2.984+ 0.008

L'g#

Note: Additional neutrinos can be present but they cannot par
the SM interactions and are called sterile neutrinos (See later
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Neutrino mixing




Neutrino mixing

Mixing Is described by theontecorvo-Maki-Nakagaw

Sakatamatrix. pp- = [, : 1
P _ D Massbeld
Flavourbeld
which enters In the CC interactions
Lce = jé .ka (U(!Xk A, ’OZOA_ Wp + h .C.)

This implies that in an interaction with an electron, the
.. corresponding (anti-)neutrino will be produced, as a
superposition of different mass eigenstates

Positron

W . -
electronneutrino = Ue, v




Neutrino mixing
Mixing Is described by theontecorvo-Maki-Nakagaw

Sakatamatrix. pp- = [, : 1
P _ D Massbeld
Flavourbeld
which enters In the CC interactions
Lce = jz .ka (U(!Xk A, ’OZOA_ Wp + h .C.)

Note: this holds in the basis under which the charged lepton n
matrix Is diagonal.

Note: A 3avour neutrino Is produced in a CC interaction as a
superposition of mass eigenstates under the assumption that
mass differences can be ignored (= coherence of the Pnal sta




e 2-neutrino mixingmatrix depends on 1 angle only.
The phases get absorbed in a redePnition of the
leptonic Pelds (a part from 1 Majorana phase).

cosfd —sind
sinf  cosl

e 3-neutrino mixingmatrix has 3 angles and 1(+2)

CPV phases.
e 1 N 1/ el pe e
o (T rs)ew(o eig)bz 8)(CKM')(0 ei(z)“ 8)(u)
0 0 1 type 0 0 1 "
e ! €'l )e
One can always rephrase a Peld as: o
u | e I(.u+ )u




The kinetic, NC and mass terms are not modibed. O

can choose a rephrasing to eliminate 3 phases from

U mixing matrix in the full Lagrangian. These phases
therefore unphysical.

e 1 N L/ el Pe e
(r, o) ew( 0 6852 8) (CKM') ( 0 eigu 8) (u)
0 0 1 type 0 0 1 "

For Dirac neutrinos, a similar rephasing can be don
eliminating the two phases on the lgfinly one phase
remains physical.

For Majorana neutrinos, the Majorana condition forbi
such rephasing: 2 physical CP-violating phases.




1 0 0 o o"
U = 0 823$" 0 1 o $

= Cos |
| O —Ss3 Co3 y —8139! 10 0 Ci3 #
Cio Sio O 1 0 0
) —S19 Cio O $ " 0/ et /2 0 $
0 0 1 0 0 gia1 /2
For antineutrinos, !l U
CP-conservatiomequires Uisreal! 1=0,"

It Is useful to express the CP violating effects in a
rephrasing invariant manner (Jarlskog invariant):

1
J $ & [UyzUe Uﬁz U§3] =3 sin 2%$; - sin 2%3 sin 2%$13 cos $13 sin %




Neutrino

oscillations:
theory




Neutrinos oscillations: the basic picture

Contrary to what
expected In the SM,
neutrinos osclllate: after
being produced, they
can change their

[Ravour.
|

. 55 electron
9 neutrino

Neutrino oscillations imply that neutrinos

have mass and they mix.
First evidence of physics beyond the SM.




Neutrino oscillations: the picture

e —

Production Propagation Detection
Flavour Massive states Flavour
states (eigenstates of the states

Hamiltonian)

At production,coherent superpositioof massive state

| | |
Tl = Upg|tal + Ugofl 2! + Ups|! 3!




B
3 - —

electron
neutrino

' (,-\ u"\

+ 2 ' 2 I 9
Production Propagation Detection:
tul= UG v o € it projection over
i Vo e' 1Eot <V€‘
Vs e! 1 B3t

As the propagation phases are different, the state
evolves with time and can change to other (3avour:




Neutrinos oscillations in vacuum: the theory

LetOs assume that at t=éhaon neutrinois produced

: 1,t=0)= ')y = Uglh)
The time-evolution is given by the solution of the
Schroedinger equation with free Hamiltonian:

— ! I 1E ;t
11, ¢! = Ui € ]
i
In the same-momentum approximation:

Ei= p?+mi Ex= p2+ms Ez= p2+ mj

Note: other derivations are also valid (same E formalism, etc).



At detectionone projects over the [3avour state as the
are the states which are involved In the interactions
The probabillity of oscillations

Pyt ty) = |t

]

- Z Uil e

' Typically, neutrinos are very relativisti€; ! p+ —-

2

Exercise
Derive




Implications of the existence of neutrino oscillations

The oscillation probability implies that

2

| m21

P, 1g) = ZUlUme =

® neutrinos have mass(as the different components
of the Initial state need to propagate with different
phases)

e neutrinos mix (as U needs not be the identity. If
they do not mix the (3avour eigenstates are also
eigenstates of the propagation Hamiltonian and the
do not evolve)



General properties of neutrino oscillations

e Neutrino osclillationsconserve the total lepton
number. a neutrino Is produced and evolves with time

e Theyviolate the RBavour lepton numbeas expected
due to mixing.

e Neutrino oscillationsdo not depencon the overall
mass scale and on the Majorana phases.

e CPT Invariance: P(I, ! 1.) = P )

e CP-violation:

P(vo ! vg) = P(8,! ©3) requires U #U*(6 #0,m)

36



e Appearance channel:
T S T =#

e Disappearance channel:

e The total probability of oscillation is 1:

L

BP(!Q$ 1 5,1) =1

e The argument of the sin can be expressed as:

4E E [GeV]

L [km] Exercise

Derive




Further theoretical issues on neutrino oscillations

i Energy-momentum conservation
LetOs consider for simplicity a 2-body decay: p 4,

4] : :
Energy-momentum conservation seems to require:

E

EH + E; with E4
Eli + E, with E>

= =
; How can the
@
38

2 >
|p+m1

p? + m3

picture be
consistent?




Further theoretical issues on neutrino oscillations

Energy-momentum conservation

LetOs consider for simplicity a 2-body decay: u 4,

Energy-momentum conservation seems to require:

E!:
E!:

with E,
with E-

2 >
|p+m1

p? + m3

These two requirements seems to be Incompatil
Intrinsic quantum uncertainty, localisation of the Ini
pion lead to an uncertainty in the energy-moment
and allow coherence of the Initial neutrino state.



The need for wavepackets

e [n deriving the oscillation formulas we have implicit
assumed that neutrinos can be described by plane-
waves, with dePnite momentum.

e However, production and detection are well localise
and very distant from each other. This leads to a
momentum spread which can be described by a wav
packet formalism.

Typical sizes:
- e.g. production In decay: the relevant timescale Is tf

pion lifetime (or the time travelled in the decay pipe),
At ~ 1 = AE = Ap AX




Decoherence and the size of a wave-packet

e The different components of the wavepacket,v?2
andv3, travel with slightly different velocities (as their
mass Is different).

e |f the neutrinos travel extremely long distances, the
components stop to overlap, destroying coherence a

osclillations.

e |n terrestrial experimental situation this Is not
relevant. But this can happen for example for
supernovae neutrinos.




2-neutrino case

LetOs recall that the mixing is

I - cos" ! sin" 14
L sin"  cos" | 5

We compute the probability of oscillation

2
By

U'1U.; + U'oU. e 728 5

P(1, ! 1h) = !
= I
|

2
By

cos"sin" " cos'sin"e '"zE -

sin(2") sin?(__M2 | )
AE




P, I 1.)" O P(la! 15)" %sinZ(Z")

L/E (km/GeV)

First oscillation maximum



Properties of 2-neutrino oscillations

e Appearance probabillity:

P (I, —1.) = sin?(2") sin?(

AMm3
21 L)
4E

e Disappearance probability:

| m2

P(vi — 1) =1 —sin“(20) sin*( 4E21 L)

e No CP-violation as there Is no Dirac phase in the

d MIXIng matrix

P(rvo! vg)= P(B,! @5)

e Conseguently, no T-violation (using CPT):
P, ! 1.)y=P(.1 1))



3-neutrino oscillations

They depend on two mass squared-differences
Ams, ! Amg,

In general the formula Is quite complex
2 | 2

i
: Am3 , - Am
—=2L | —2=L L |

P(la! !p)= [UsUg + UioUge 728 5 + UigUgee 1728 1)

2-neutrino limitsrelevant for experiments

" For a given L, the neutrino energy determines the

o impact of a mass squared difference.Various limits ar
of interest In concrete experimental situatiorssing

the current values

l m3, =7.5! 10 eV | m5, =2.5! 10 3eV?




Ama3 I m54
ngﬁrein%cs Average E (Typical) L 21 | 31 |
4E 4E
Atmospheric (0.1-100 GeV (10-12000 km)
. 0.06 1.9
neutrinos 10 GeV 6000 km ' '
Reactor 3 MeV 1 km 0.03 1.1
neutrinos |
Reactor 3 MeV 100 km 29 106
neutrinos Il
Accelerator 2 ey 300 km 0.04 1.36
(T2K) ' ' '
Accelerator
(DUNE) 3 GeV 1300 km 0.04 1.37
SBL 0.8 GeV 500 m 0.00006 0.001




“Atmospheric regime”

I m3,
L1 1
4E

The brst limit applies to atmospheric, reactor with
short baseline, accelerator neutrinos (K2K, MINOS,
T2K, NOVA, DUNE, T2HK) at leading order.

| _ 2

P(La! 15)= (UdaUp + UlaUgp€ ' 2550 + UlgUppe’ 28|

: I I a 1L I Am%lL{Z

P('a! !'5)= (Ua1Ug + UpoUgs€ AE -+ UazUgse 'TZE
| m 2, |2
P(1y ! 1e) = U Ul + U Ui, + Uy sUige Tzt

We use the fact thatu, (Ui + U/ pUi, + Ui sUi g = 1y




|
' |
" UpgUig+ U gUige e by

o
|l

| . | om2 12
|U|3U l Ill]-+e 5E !

The same we have encountered In the 2-neutrino ce
m%l
4E

Exercise
|_ ) Derive

|
2|U, 3U- 3|° sin?(-

Exp relevant probabillities:

5, I miL . S, I m5L
P(ly! 1w $ 1964|Uy3]°(1%]|Uy3/?) sin® 4é1 $ 1%sin® 2" 3 sin 4E31 +O(s%5
! >y ! 5
. I 'm5,L . . I ' m35,L
P(Iu! 'e) $ 4 Ues|?|Uy3|? sin? 3= $ s35sin? 2" 135in? 31
u u 23
4E 4E
! 2
: : l m5.L E i
P(fe! To)$ 1%sin®2"13sin° 31 Derive

4E



“Small Dm2 regime”

I m3%,
|
4E

The oscillations due to the atmospheric mass square
differences get averaged out.

Derivation of oscillation probability

. 4 | . 9 " m%lL 4




2

Am; =0.0025 eV”, sin'6 , =0.05, Am, =8e-5¢eV", sin'® =03

31
1 | T T T IIIIII| I IIIIII| I R ERR
I\
2 a 2
= Am, , 613
06—
O
5— -
204
>
é -
02 2
B EV:BMeV Amn’ 612
O | IIIIIII| | IIIIIII| | IIIIIII| | | IIIIII| |
001 0.1 1 10 100

baseline [km]

Thanks to T. Schwetz




“CPV effects™

The osclillations due to the atmospheric mass squar
differences get averaged out.

CP-violation will manifest itself in neutrino oscillatior
due to the delta phase. LetOs consider the (
asymmetry:

| P(!, P(lbl 1) =
I | ' Wil mSL .'m%1L=2 '
= 1Uj Ul + U Ul 28 + U Ul e D U U
.'m%lL .'m%lL
= Uy 1U! U}, U o6 28 +u.u1u.2u2e' =" (U! U')+ a4

$°# . $ # $%

' m3, L I ' m5;L | m$5,;L
=4 in 21 + 23 + 31
S12 61@13 S23 02. (sin") s oo oo

Exercise**
Derive




Notice:

e CP-violation requires all angles to be nonzdtas a
genuinely 3-mixing effect.

e [t Is proportional to thesine of the delta phasét.
can be expressed In terms of the Jarlskog invariant.

e If one can neglectms; ,the asymmetry goes to ze
as we have seen that effective 2-neutrino probabilit
are CP-symmetric.

This implies that searching for leptonic CPV requires
which are sensitive to both Dm”"2.



