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2 Lectures

| ecture 1:
— Introduction to neutrinos

— History of neutrino physics and open guestions.
— Neutrino oscillation physics (part |)

* Lecture 2:
— Neutrino oscillation physics (part Il)
— Neutrino properties
— Cosmological neutrinos
— Searches for the 4th generation
— Next generation of neutrino experiments & LHC




Quarks The Standard Model




Neutrinos

Neutrinos are still mysterious particles
« Have only (left handed) weak interactions
* Are mass-less in the (minimal) SM .. untill 1998
* Are the only neutral fermions in the SM
* Could be Majorana or Dirac fermions

* Neutrinos are produced everywhere
— Solar neutrinos
— Atmospheric neutrinos
— Neutrinos from supernova explosions
— Primordial neutrinos from the Big Bang
— Nuclear reactor created neutrinos
— Accelerator created neutrinos
— Geoneutrinos, Radioactive decay, even from your body...




Neutrinos

Interaction of neutrinos with matter is very weak!

~ 1trillion (1012 ) of Vsolar per second are passing
through our body but we do not feel them at all!

. ‘ y Ev~0.1-10 MeV =105 eV

ﬁ (1 MeV = 106 eV)

And all of us also emit ~a few M v/day through

K ™ Ol - 6T 45,




Left-Right Handed

Right-handed Left-handed

P

All particles have left- and right-handed versions
Neutrinos are always left-handed

Only left handed particles interact in the weak force

NB in reality the quantum number is “chirality”



Neutrinos

Neutrino experiments today -> Open Questions!
* Neutrino mass values? el

Neutrino mass hierarchy? Normal or Inverted?

CP violation in the lepton sector? Are neutrinos === Ing
key the baryon asymmetry in the Universe? K i

Are neutrinos their own antiparticles? -> LNV processes
Do right-handed/sterile/heavy neutrinos exist?

Are there non-standard neutrino interactions?

Neutrinos and Dark Matter?
Testing of CPT..

Neutrinos are Chameleons:
They can change flavour!!

Neutrinos are an essential part of our Universe and our very existence,
and can provide answers to some of the key fundamental questions today




~ Plenty of neutrinos in the Universe

.'.

For every proton/neutron/electron
the Universe contains a billion of
neutrinos from the Big Bang
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Neutrinos allow us to to look ig&o the heart of the sun

1038 neutrinos per second
are produced by the Sun

(with a flux of ~1011/cm2/sec at the Earth)



Solar Neutrinos ‘

Neutrino measurements allow to understand how the sun works

Solar neutrino ux [cm 2 s
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h - g MR . Neutrinos from cosmic rays

Neutrinos are also produced
in the atmosphere
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Neutrinos are Ever

from Big Bang 300 nus / cmA3
2 or mere vic <<|
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Neéitrinos are Forever !!! -

/< (except for the highest energy neutrino’s)
‘?zz-dm-t:

therefore in the Universe: 5¢ > 0

Neutrinos are the most abundant matter particles in our Universe



Neutrino Sources, Flux and Croslq
.

C. Spiering, arXiv:1207.4952 J. Formaggio, G.P. Zeller, arXiv:1305.7513
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Cosmological and background from old supernovae neutrinos not yet observed!




NOvVA detector (US)
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Detecting neutr
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And often they are p\ac fa .cfe' gro{md

o
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Most neutrino detecto :are placed deep
underground to shield them against cqsmi,c’ rays
’ : " .
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¥ 3 106 reduction for DUNE, 1.5 km 'undé‘rground



Neutrinos were introduced In 1-

' If the process is A -> B + electron, the energy
B-decay

o of the electron should be at a fixed value.

///' This Is not the case! Energy-momentum not

W conserved in Beta-decays?
’ A A

»
et "
< Expected
W. Pauli | — >
o ¢} 5 10 15 20
_N E UTRI NO_ 7' . g Electron kinetic energy (KeV)
- Fig. 1.5 The beta decay spectrum of tritium (JH — 3He}.
“linvented a new P; , , iy 7 R o v
which , _ _
Will never be Pauli proposed instead the process:

Seen! “ .
n->p" e

| But he believed we could never detect this particle!!




Neutrinos are known to us since 193

Physikalisches Institut

der Eidg. Technischen Hochschule Zdrich, lj, Des. 1930
Zrich

Cloriastrasse
ILiebe Radiocaktive Damen und Herren,

Wie der Uebarbringer dieser Zeilen, den ich mmldvollst
ansuhBren bitte, Ihnen des nfheren auseinandersetsen wird, bin ich
angesichts der "falaschen" Statistik der Ne und Li-6 Kerne, sowie
des kontinmuierlichen beta-Spektrums auf oinen versweifelten iumweg
verfallen um den "Wechselsats” (1) der Statistik und den Energiesats
su retten. MNhimlich die Moglichkeit, es kbnnten elekiriech neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘eheh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie

mit Lichtgeschwindigkeit laufen. Die Masse der Neutronen
m von derselben Oroesenordmng wie die Elektronermasse sein und

s nicht grosser als 0,01 Protonenmasse.- Das kontimiierliche
:m wire dann verstandlich unter der Amsahme, dass beim
bota-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
wird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

Pauli did not believe energy-momentum conservation was violated

He proposed a desperate way out: a new ‘invisible’ particle
He called it the neutron.

L He also stayed away from the conference because of a ball in Zurich..




Neutrinos are known to us since 1934! .

1934

Enrico Fermi, father of the world’s first
nuclear reactor, coined the term “neutrino’
which is Italian for “little neutral”

(4

He proposed a theory for B-decay
including the neutrino, a first formulation
of the weak force...

This is one of the keystone papers for the
later development of the Standard Model

Funny enough his paper got refused by
Nature magazine
(criticism: nothing practical in this paper)




The Discovery of the Neutrin

4

It took 26 years to detect this particle.
Cowan and Reines put a detector
close to the reactor in South Carolina
1 and observed the inverse beta decay
_ -!: ~ process (few events/hour)

"ﬁﬁ Early reactors gave 10!° neutrinos/sec

T -

1956: discovery of the neutrino

The neutrino really exists! \

Scintillator coupled to photomultipliers

-
—

Savannah river reactor

> —
Positron e* *,
‘ ) + : + Flux of N Netitr 0 :
p n e antineutrons Ve s Ulr()’n\na I ik
e from nuclear S S ray photons
power plant Cd Proton p* =
T : from
‘fro‘m[ i -, e annihilation
5 usecond delay faEy
i Water with CdCl, &
et +e =y +y ¥ \

Scintillator coupled to photomultipliers

g e e o
e

n(1+llicd — lHCd* —t lHCd + Y
n-capture by cadmium E

et+ e—2y




The Discovery of the Neutrino .

This was however not the first idea
of Cowan and Reines.

They had originally proposed (and
got approved for) putting an
experiment close to an even more
Intense source of neutrinos nml
100m distance from an atomic blast!

They abandoned that idea when the
realized there were certain

‘practical problems’ for the
detector... (to survive)




The "Original” Cowan and

Got approved and funded
... but was never tried out

30m

suspended detector

Neutrino intensity at a vacuum
nuclear blast is ~1000
times that if a reactor




The Discovery of the

1956: the first experimental evidence from project “Poltergeist”,
informing Wolfgang Pauli..
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How Many Different Ne‘

LEP e+e- collider at CERN (1988-2000) Detailed study of the Z-boson

Initial state Final state
Electron e~
France
Positron e™
=t e The width of the Z-boson
TV gives the number of neutrinos

Cross section
for the

production of 20 [
2% (nb)

I, =T+30+N T,

o N =29920.02

TETeTw e whww || EP: three active neutrinos with mass<45 GeV

Energy (GeV)




More Neutrino Personalities .

1937: Ettore Majorana

He postulated that neutrinos could be their
own antiparticles. This special class of particles
came to bear his name: Majorana particles

Majorana disappeared in 1938 on a boat trip from Sicily

1957: Bruno Pontecorvo

He hypothesized that neutrinos may oscillate, or
change from one type to another and would go on to
develop that theory over the years as more flavors
were discovered.

He also predicted that supernovae, the giant explosion
of a dying star, would release an enormous amount

of energy in the form of neutrinos

Pontecorvo disappeared ... to the east block in 1950
m



A Majorana fermion is a fermion that is its own antiparticle
A Dirac fermion particle and antiparticles are not the same

« Fermions with electric charge (ie all fermions except neutrinos)
are by definition Dirac fermions

« Neutrinos COULD be Majorana Fermions, but not demonstrated
yet -> The goal of neutrinoless double beta decay experiments

* Neutrino mass -> allows for Majorana mass terms

antimatter

Majorana

Majorana o

we q
%\g
wo ’v“
Antimatter a )

matter antimatter




Left Handed Neutrin

1957: Goldhaber, Grodzins and Synar discovered that neutrinos
emitted from nuclei had the peculiar property that their spin vector
pointed in the opposite direction to its motion. Using Europium they
found only left handed and never right handed neutrinos were
emitted in weak decays.

12m . e .
EuT SOURCE Helicity of Neutrinos*
7
M. GOLDHABER, L. Gropzins, AND A. W. SUNYAR
] ANALYZING .
L1 j MAGNET Brookhaven National Laboratory, Upton, New York
¢ (Received December 11, 1957)
A\l
SCALE
el
! e =
Pb
Sm; O3 =
SCATTERER Fe +Pb SHIELD @ 10° |- =
= ]
g\ - / ]
----- A_-__ A 8 4
Maurice Goldhaber 1 I v
PULSE HEIGHT IN VOLTS

. Fi1c. 1. Experimental arrangement for analyzing circular polar- Fic. 2. Resonant scattered  rays of Eul®», Upper curve is

ization of resonant scattered y-rays. Weight of Sm,0; scatterer: taken with arrangement 3

1850 Lower curve shows nonresonant
grams. background).



Neutrinos in the 1960s

1962: Lederman, Schwartz and Steinberger
discovered the existence of second type of neutrino
at the AGS in Brookhaven: the muon neutrino

1968: Davis and Bahcall and the solar
neutrino problem. Only 1/3 of the
expected (electron) neutrino rate
was observed. What was wrong?




Davis and Bahcal

» Filter out argon and search for
37Ar decay

» Detecting ~5 atoms of 37Ar per
day in 390,000 litres of C,Cl,

Ray Davis experiment, Homestake Mine, South Dakota “Inverse ﬁ Decay”

Ve +37Cl =37 Ar + e~

E, >0.8 MeV

} k| g 3
|

of Hﬂ HM | 1

DL S OO S AN O O [0 s A ML O 0 O U O N 0 OO O O
1970 1974 1978 1982 1986 1990Y 1994
ear

Filled with 390,000 litres of cleaning fluid (C,Cl,)




Neutrinos Iin the 1970s

particles due to
bremstrahlung

1973: Discovery of the “neutral currents” as predicted from the
Electroweak Theory: neutrino + electron -> neutrino + electron
A triumph for the emerging Standard Model !




Neutrinos in the 1980s I

ll 1987: A supernova, a dying star, exploded in the

| Large Magellanic Cloud. Most of the energy is
released as neutrinos. The Kamiokande and IMB
experiments —both large experiments conceived
Bl to detect proton decays— saw a dozen of neutrino
events during the burst of O(10) seconds.

The neutrinos arrive at the earth before the light
does (and could trigger an SN observation)

1987: Kamiokande (Japan) and IMB
(US) detect atmospheric neutrinos.
Echoing the solar neutrino problem:
the experiment found a smaller ratio
of muon neutrinos to electron
neutrinos than expected. This became
the atmospheric neutrino anomaly




Neutrino Anomalies at t

* Solar neutrinos
- Only about 1/3 of expected neutrino flux observed (electron neutrinos)
- Depends on uncertainties of modelling of the Sun, detector effects?
* Atmospheric neutrinos
- Muon neutrino disappearance increases with distance traveled
— Direct evidence for neutrino disappearance
* What happens to the neutrinos?

— Perhaps the neutrinos are decaying?

- Need a mechanism for flavour change and a complete set of measurement for all
flavours




Atmospheric Neutri

Cosmic rays hit the atmosphere Some neutrinos are produced close
at 30 km height. to the detector.

These produce particles that Others thousands of km away from it
decay and give neutrinos

Cosmic-ray

"/ INCOMING

COSMIC RAYS

Atmospheric neutrino source

N"—»l‘l++vu
e++Ve+\_/“
T— P +Vy

e +VE+V

Underground
Ve' ve' V“, vu
detector

j

Neutrinos hitting the detector ‘from below’ travelled much longer than others
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uperKamiokande

Super-Kamiokande
Kamioka-cho, Hida City, Gifu Pref. Japan

1,000m

Ultra-pure water
50,000 tons

Super-Kamiokande experiment

Neutrino
e o

N\ Neutrino

Neutrino

S

Cherenkov light Neutrino hits an electron Neutrino collides with proton and

in water molecule making neutron to create an electron or
the electron recoil away a muon

The Sun in Neutrinos

50,000 tons of ultra-pure
water, watched by
13,000 photomuiltipliers

Super-K,
1500 days




Neutrinos Oscillate! (1998) -

XA == The expected number of events without neutrino oscillation
s The expected number of events with neutrino oscillation
o o mefem The observed number of events in Super-Kamiokande
G e
SBE SRR TR Y R '
TS an, s o
i £ 1000 .
Sy

500 f- n

RO
e
The number of observed muon neutrinos

U T R o« ¢

Upward going neutrinos Horizontal going neutrinos Downward going neutrinos
~= Flight length: 12800km Flight length: 500km Flight length: 15km
- Only a half of the expected Only 80% of the expected Consistent with the
number(blue line) was observed number was observed expected number.

1998: The Super-Kamiokande experiment in Japan used a massive
underground detector filled with ultrapure water.

They announced first evidence of neutrino oscillations. The experiment showed
that muon neutrinos disappear as they travel through the earth to the detector

It also offered an explanation for the observed solar neutrino discrepancy.
-



Neutrinos Oscillate!

1998: Nobel-worth discovery of oscillation effects
[Takaaki Kajita for Super-Kamiokande, slides at Neutrino 98 conference]

Zenith ang(e dependence

(MHHI G’ev)

Upisomg Drean -going

100

80 _+é

+HC stat
0 | I
(b) FC p-like + PC

e}
+
550_"_ : 256

139

Dy [ By b o

(@) FColike  Data

0 R . PRP——

. L  os@®
X Up/Down syst. error for /u like

o [ Hlux caleulation ----
Toncictien (”(m rock above sk /:/ )18

z(shape)
=2, 8/4-dof'

I mrs;
40 |y rﬁgy_ 0?3*0’3

Down =012

1x *(shape)
=30/4 of

Pl =054152%

(6.20°17)

4y 0.9

Non L Background -- <2/)2

Svmmary

Evidence for o Vi oscillations

R ,,__,_,%‘_"_";_ i 903’ [

L A

y {swa > 0%

am?

(o ]4.-’[&_ ar

~ {0 P io

Vi ?)

E. Lisi
Re-interpretation
Workshop
17/2/2021

Initial interpretation in terms of simple 2v (v, 2v,) oscillations

Neutrino Oscillations first firmly established with atmospheric neutrinos




Neutrinos in 2000+

1000 tons of heavy water in a
6m radius vessel, viewed by
9600 photomultiplier tubes

2002: The Sudbury Neutrino Observatory
(SNO) used heavy water in a detector
deep underground in Canada, announced
conclusive evidence on solar neutrino
oscillations, by measuring the sum of

all neutrino interactions as well.

/4 Z

Vi
1
1
1
/\\ /\*‘:n
n p D p

This was the final answer to

Ray Davis’ solar neutrino problem:
Neutrinos from the sun transformed
from the electron variety onto other
flavors as they travelled to earth




SNO Demonstrates Flav
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SNO could show conclusively the 2/3 missing electron neutrinos appear
with a different flavor in the detector -> Neutrino oscillations!!




Neutrinos Oscillations!

Atmospheric and solar neutrinos oscillate!!




Neutrino Oscillations

« Important discovery in 1998: neutrino oscillations

* Neutrino oscillation is a quantum mechanical phenomenon
whereby a neutrino created with a specific lepton flavor
(electron, muon, or tau) can later be measured to have a
different flavor. The probability of measuring a particular
flavor for a neutrino varies between 3 known states as it
propagates through space

* Neutrino oscillations only possible if neutrinos have a non-
zero mass! Neutrino oscillations -> Neutrinos have mass!!

T e

hundreds of kilometers

ﬁ




Neutrino Oscill

= FEach flavour state is a linear combination of mass states:

Neutrino Neutrino travel

— *
interaction /l' va) N Z Uai Ivi) An7ELen Sz
. AN

Flavour state PMNS lepton Mass state
a=eurt mixing matrix =123

Flavor states (*) Pontecorvo-Maki-Nakagawa-Sakata Matrix

J

TAU-
ELECTRON- MUON
s NEUTRINO
NEUTRINO NEUTRINO He's a tau now,
This minuscule bandit Like the other 2 but what type O’f

is so light,
he is practically = "N
massless. "

neutrinos, he's got
an identity crisis
from oscillation. =y

neutrino will he

g be next?




Neutrino Oscill_

The bizarre world of Quantum Mechanics: particles and waves

Take that the neutrino particle is a hybrid of two mass states v1 and v2
as it travels through space the associated waves of these mass states
advance at a different rate

Hence the picture looks as follows: (propagation as a superposition
of two masses)

The neutrinos change identity (flavor) along the way...!!



Two Flavour Oscillatio-

Flavour states “Rotation Matrix” Mass states
Voo \ cosf sinf 1
vg ) \ —sinf cosf Vo

¢!
Voz A
Vs
0 Vo

lv(t=0)) = |Vy) =cosf|vy) +sin b |vy)



Two Flavour Oscillat

(1)) = e ErPL) cos(0) |1y) + e E2PL) sin(0) |vy) plane wave

(vg|v(t)) = sin(6) COS(Q)(ei(EQt_pL) — ei(Elt_pL))

2
me L L
EFE~p+— and t=— ultra-relativistic
2E C
.m%L ,m%L ,Am%L

(vslv(t) = sin(8) cos(8) (e 7 — 3" ) = sin(6) cos(9)e’ 22

L: distance
travelled

E: energy of
the neutrino

Am,?L
25

(Vo — v3) = (vg|y(t))? = sin®(26) sin” (




Neutrino oscillations is a pure Quantum Mechanical effect
The effect depends on the mass difference between flavor states

Vv 5 3 >
u V‘u or Vr

V.V,

[V"J{mg SMJ{"‘J P(v“—>Vr):sin2(29)sin2[71'27?2151

V. —sin@ cosé | v,
Am? =3x107eV
in’(26) =1
L=735km

L 1 i 1 M i
2 4 6 8 10
E (GeV)

—

* Measure prob.
— Survival
— Appearance
* Result 0.4
- Mixing angle a2

— Mass differences )

0.8

0.6

Survival Probability

* Am?,, = m?,— m?, = 8 * 10~ eV? => wavelength of ~100km
* |Am?,, | & |Am?;, |~ 2 * 103 eV? => wavelength of ~1km

Absolute mass values? Mass hierarchy?



Neutrino Oscillation
.

Neutrino mixing:

Pontecorvo-Maki-
Nakagawa-Sakata

(PMNS) matrix

Atmospheric §

| | e
c; = cosO; ’Ve 1 0 0 \‘ Ci3 0 S13€ Cy D) 0 V]
Am;:m?‘—m‘;? V‘c O _523 623/ \_S13 el CcP O 013 O O 1 V3
—— 3 ) 2 e—— dm?2
e
“Normal’ +Am?2 ! “Inverted”
Ordering ~Am?2 Ordering
0 — 2
NO om 3 .O.

—1

+ interactions in matter - effective terms ~ Gg - E - density




Neutrino ma

* Neutrino oscillations only work when neutrinos have
masses.

* The oscillations are sensitive to mass differences
(squared) only.

« Why do Neutrino masses cause a problem in the
Standard Model?




Neutrino Chiral

\Y \Y
6—» momentum %’ momentum ‘E
~§— spin — Spin
Neutrino Antineutrino Antineutrino
(left-handed) (right-handed) //\\
n P

 The weak boson will couple only to a left-handed particle or to a
right-handed antiparticle. The weak interaction is chiral and
depends on the particle chirality.

* In the Standard Model, neutrinos are massless and only come
with left-handed chirality (and antineutrinos come with right-
handed chirality)

« Neutrinos turn out to be an anomaly. Other particles such as the
guarks and the other three leptons (the electron, muon, and tau)
have both left-handed and right-handed versions of both the
maitter particle and their antimatter partner.




Higgs Field & Chir

Carries weak charge: a Higgs soaks up the difference
in weak charge between Left and Right chiral states

Higgs field

Mass generation through the Higgs
mechanism: The Higgs induced mass term
./\ connects two different chirality states

N = -> Interaction leads to exchange of the

no sosin charge e eecron isospin charge, causing the chirality to flip

possesses 1sospin charge

Dirac masses:

Lighter and heavier . ° — I
particles with less or e &L
more interactions M e
u Mg ™
M

Neutrinos have only left Xt Propagating physical

irali fermion is a quantum
il s C-hlra“ty' F t mixture of bgth states
So neutrinos are expected : y

to be massless in the SM v >




Neutrino Mass

Neutrinos are special

— their masses are much smaller than all other particle
masses:. Eg. 5 million times smaller than the mass of
the electron.

— but they are not zero (as we believed for a long time)

* Neutrino masses are not (directly/only) created by the
Higgs boson — something different/extra going on.

e Their small masses make them truly guantum mechanical
objects

But what is the origin of the neutrino mass?
Are there right handed neutrinos?
A new (non-SM) mechanism?




The Neutrino Mass P

A. De Goueva: https://cerncourier.com/a/the-neutrino-mass-puzzle/

Nonzero neutrino masses are not possible without the existence of new
fundamental fields. They could be bosons or fermions, light or heavy,
charged or neutral, and experimentally accessible or far out of reach.

Possible scenarios:

e |[nteraction with the same SM Higgs field: needs (sterile) right-handed
neutrinos (Dirac mass term) and an explanation of the 107 weaker
interaction (Extra Dimensions, Mirror Universe, Dark sector...)

e [nteraction with a different —new- Higgs field with different vev

A mixture of interaction with a Higgs field and a new source of mass
eg. via a Majorana mass term -> e.g. see-saw mechanism

neutrinoless double-beta decay

charged lepton properties

. - The new physics could be
— — S anyware on this scale....
Mev Gev Tov Pev Eev v * — Eg. right handed neutrino masses

- -



Neutrino Oscill

* Since 20 years an active field of study and
data from many experiments collected:

— Long baseline accelerator experiments (LBL)
— Short baseline reactor experiments

— Atmospheric neutrinos

— Solar Neutrinos

— Neutrinoless double beta decay experiments

LBL experiments in the US and Japan




Neutrino Oscillation Exper!

Since 20 years an active field of study and data from
many experiments collected:

— Long baseline accelerator experiments (LBL)
— Short baseline reactor experiments

— Atmospheric neutrinos

— Solar Neutrinos

— Neutrinoless double beta decay experiments

hundreds afkr!amerers




Short Baseline Experime

Measuring the mixing angle 013.

Daya Bay (China)

Eight anti-neutrino detectors
(liquid scintillator based)
within 2 km of 6 reactors

RENO (South Korea)

Two anti-neutrino detectors
(liquid scintillator based)
~up to 1.5 km of 6 reactors

5111329 13

* New results from Daya Bay nGd capture:

Results
Daya By nGd | * 8,530
RENO  nGd —— 8.962047
DayaBay — nH ==t 7.1 411
Double CHOOZ o 105 £14
T2K NO t 1164

I

sin* 2y, 10°°

T T
6 y

Phys. Rev. Lett. 130, 161802 (2023

Double Chooz (France)

Two anti-neutrino detectors
(liquid scintillator based)

within 0.4-1 km of the reactors -

Best-fit results:

Normal hierarchy:

Inverted hierarchy:

y*/ndf = 559/518
sin® 28,5 = 008513022 (2.8% precision)

Am3, = +(2.46670:080) x 10~3eV?

(2.4% precision)

(2.3% precision)

Am3, = —(2.57110:080) x 10~3eV?




The Daya Bay Dete

Each of the 8 detector is 20 tons.

Photomultiplier |
tubes -

Scintillator, loaded
with gadolinium

(high neutron capture
cross section)

Inverse [ decay

vo+p—n+et

Scintillator buffer
(no gadolinium)

Inner acrylic tank




Solar Neutrino P

SV SR AN TN &L\JJ/A— PP Ravs
5in%(0,)=0316'38  AM%,=(754'319) 10%V* sin%(0,,)=0.0218:00007 . | =<>\\ ]

|Sin?(@,,)=0.305£0.014 Am2,=(6.10'1%) 10%eV? ?.(- >

5in’(0,,)=0.305:981  AM,=(7.49:919) 10%V* 1l
KamLAND
Tension$§ 3 o N
[ —
SK+SNO
......... Vrpon geg g Gegey Vog gog geigogey i) g ey g yeny Roqeg gy gy ey .“ 20, ., 3d
0.1 0.2 0.3 0.4 " 05 246 82
sin“(6 ’ 2) A)é

|

sin®(6;,) = 0.316100>¢

Amy, = T840 2 % 1077e*

sin%(d,,) = 0.305 £ 0.014

Ay =6.10% o2 % 107

sin®(6),) = 0.305%7 013

Ams, = 7491015 % 107°eV?

* Tension between solar & reactor result still there, 1.50.

* JUNO can simultaneously measure Am?,, and 8, using
reactor antineutrinos and solar neutrinos with a great

precision.

* HyperK will improve the solar neutrino result




Accelerator Based Neutrino EXp

) Focusing Decay Pipe
Neutrinos from

accelerators

Super Kamiokande

Mt. Noguchi-Goro
2924 m

Mt. Ikeno-Yaina

Baseline: 295 km » Baseline: 810 km

Peak E,: ~0.6 GeV (off-axis) « PeakE,: ~2 GeV (off-axis)

Near detector: ND280 (~2 T C/O targets, TPC tracking, magnetised)  Near detector: Scintillator tfracker (300 T)
Far detector: Super-K, 50 kT, Water-Cherenkov « Far detector: Scintillator tracker (14 kT)




Neutrino Inte

Vi Vi \Vl\/l'/
I I
\Z VW

Elastic scattering Quasi-elastic scattering
(lowest energies)

Vl l' vl l-
I
o,

Hadrons

Resonance Deep inelastic scattering
(Energies ~1 GeV) Highest energies (>1 GeV)




Example: Interactions In SuperKamiokan.

SK is the large detector of the T2K experiment

ve+ X e + X’

Cherenkov  Electrons have more
multiple scattering
on the water ->
Rings are more fuzzy

cone




Example: Interactions in NOVA I

NOVA: Liquid Scintillator Detector (cell readout)

V“ cC 2 Long, straight track e A
Shorter, wider, fuzzy shower
Ve CC b R 7
~U-,, ///7"‘ .
o ik
C NC == ‘4:\\( | »
i " Credit: NOVA collaboration

(ADC

NFD ~ (I)(E,/GFDP(VM — Ve) .



Extracting the Informati_

LLa How many v s are left? A
({} . p 11}
|Vﬂ (v, disappearance’) Vﬂ‘ é
\'\'
w Y
Source Observation &
100s of km
- >
s 7
V/U D,
W W (
How many v_s show up? Y
Source (‘'v. appearance’) Observation €

| CPV: Do neutrinos and anti-neutrinos oscillate differently ? |



Muon Neutrino Disappea

n-beam NOVA Preliminary fi-beam NOVA Preliminary
[T T T T | T T T T T T T T | T T T T | T T T ] i I I I I I I I 1 1 I I 1 1 | I I 1 I I I 1 1 I ]
i + FD data : : _ + FD data :
20 Vi _' 10 A ]
% ! — 2020 Best-fit % i — 2020 Best-fit 1
(2 i 1-s syst. range S_D 8 — 4+ 1-s syst. range |
s1or " Background | o | Background
~ S~
2 2
S10f .l, . 3
> i >
TR T
5} _
oo ———— :
N
0.8 _ = 8f
€ 0.6 + L~ - £ 0.6f
= 0.4F [ = < 0.4F
502} i\ = 202}
o ok L1 11 T B B o (h]= ]
0 1 2 3 4 5 0 1 2 3 4 5
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

211 events, 8.2 background 105 events, 2.1 background




NOVA Result

i
Measurement of 6’13

Both Orderings
PORL BayssinCred. ;- W W20 @% * The results so far all use a constraint on

Z o01f

ﬁgo,ooaf. 6, , from reactor experiments.

5 0006 « The Bayesian interpretation of our data
g allows us to drop this constraint and

o 0.002f

make a NOVA measurement of 913.
sin®(2613) = 0.08570 0%¢

L I B
[Reactor @LO. [U.0.

0.15F

« Consistent with the measurements from
reactor experiments.

« Good test of PMNS consistency — NOvA
measurement uses a very different

0.05f

| Bayesian Cred. Int.: —1020 3o Bayesian Cred. Int.: 1
| Ll I 11 1 I Ll 1 L ] L1 [;qF‘lelaclto]rl Ll 1 1 I-lb-[ 1L -IZ?I 1L lqslcl 1l Strategy to reaCtor experlmentS.
04 045 05 055 06 0.005 001 0.015
sin8,, Posterior Probability



End of Lecture

Neutrinos oscillate and hence have a tiny mass, as
found in atmospheric neutrinos and neutrinos from the
sun

 How small are the masses?

« What generates the neutrino mass?

 How do the neutrinos mix in the mass states?
Is the neutrino a Majorana particle?

—Lecture 2: Look at accelerator CPV tests and
experiments to meassuring neutrino properties,
neutrinos from outer space, and the Future Program






Dirac & Majorana Ma

Unlike the other fermions, the electrical neutrality allows neutrinos to
acquire mass by coupling a neutrino to an anti-neutrino through a so-
called “Majorana” mass term/contribution.

In addition they may also acquire mass through the normal Higgs
Interaction which couples left-handed particles to right-handed
particles, i.e. through the so-called Dirac mass terms.

A Majorana mass term is forbidden for charged fermions because it
violates the conservation of charge, but there is nothing that forbids
Majorana mass terms for neutrinos. If neutrinos have both Dirac and
Majorana mass terms, the so-called ‘see-saw’ mechanism may take
place, in which there exists four neutrino states per family (just like
there exist four states of the electron e-| e-z, e+, e+y), but so that in
addition to the known, light left-handed neutrino (and antineutrino), two
heavier ones may exist. Searches are ongoing (see Lecture 2)

The Majorana mass terms are totally unknown, any right-handed
neutrino mass between a fraction of and eV up to a fraction of the GUT
scale (101> GeV) is conceivable.




Seesaw Mechani

« A popular model is that there exists a heavier kind of neutrino.
The masses of the ordinary neutrinos and (Majorana) heavy
neutrinos are tied together. If one gets big, the other gets small.
For this reason, the theory is colloquially called the seesaw

mechanism. The heavy neutrinos have not been observed yet.
L

N

 In this model the left-handed neutrino, in order to generate a
mass, has to fluctuate temporarily into the heavy right-handed
state. Due to the uncertainty principle: the smaller neutrino mass
the heavier the right handed partners

« Lot’s of theoretical work: Many variations (Type I, Il,..) exist
trying to connect small masses, matter anti-matter asymmetry,...




Note: MSW or Matter Eff

 When neutrinos travel over long distances through dense matter
(Sun, Earth), their propagation is modified through coherent
forward scattering off electrons (...like light in matter)

« This effect modifies the flavour oscillation probability (Mikhaev,
Smirnov, Wolfenstein). Once the neutrino leaves the sunitis in
a pure mass eigenstate consisting predominantly of the muon
and tau flavors; no more further oscillation until it reaches earth.

« The MSW effect predicts a flavor conversion of solar neutrinos,
that is independent of the distance between the sun and earth,
of a factor 3 for the electron neutrinos (without any fine tuning)

An example: E = 10 MeV
'Be

Resonance layer 06 .

ng Y, =20 glec - pep .
Re=024R,,

$nel ) i
In the production point: Q 0.5 - 8 ]
sin“0, 0.94 I B
0s°0, 0.06 e
Van ]
Vim -1

Neutrino energy (MeV)



Matter Effec

* The probabillity for v, appearance:
sin?(Az; — al)

P(v, — ve) =~ sin®fsin® 26,3 (Bar — aL)? Aj
_ , , sin(Asz; — al in(alL
—+ S1n 2923 Sin 2913 S 2912 (23131_ aL) )Agl Sl?(fz) )A21 COS(A31 + (5(313)
, sin?(aL
+ cos? B3 sin? 26 #Agp

Aiyj = AmiLJAE,, a = GpN./V?2,
* both 6, and a (matter effect) switch signs in going from
the v, — v, to the anti-neutrino process

« The origin of the matter effect asymmetry is simply the
presence of electrons and absence of positrons in the

Earth.




SuperKamiokande

400 ik'
"Expectationvu_ Ike

200+ - N

M Data

Best fit

—
Vv-like _
—L—i— i

||

o

U
o
- L | ll] Hl ] L | | A L | ) ]
- I -+

100

4

1

o 1
cosO
23

. Explained if muon neutrinos oscilate with tau neutrinos with max. mixing .

o




SNO Experiment Challeng

* Davis experiment only showed that
some of the electron-neutrinos went

missing.

* Need a detector that can measure
different neutrino flavours to confirm
the 3-flavour oscillation model.

* SNO detector — filled with heavy water
- is sensitive to Cherenkov light from
scattered electrons and from photons
produced when neutrons are
captured.




neutrino definitions

the electron neutrino is present in association with an electron (e.g. beta decay)

the muon neutrino is present in association with a muon (pion decay)
the fau neutrino is present in association with a tau (W—o1tv decay)
these flavor-neutrinos are not (as we know now) quantum states of well
defined INASS (neutrino mixing)

the mass-neutrino with the highest electron neutrino content is called Vv,
the mass-neutrino with the next-to-highest electron neutrino contentis V

the mass-neutrino with the smallest electron neutrino content is called Vv,



+ If neutrinos are massive particles, then it is possible that the
mass eigenstates and the weak eigenstates are not the same:

(v (v,

Ty

: 3 independent parameters
Weak engens’ra‘res ) + 1 complex phase
.flavor eigenstates

“ W e

Pontecorvo 1957




The neutrino mixing matrix:
3 angles and a phase 6

Vv, y
Am? =2 1073%V?
31 o) Am?, =8105 eV2
OR?
A%
Am? = -2 107%V?
V3

Unknown or poorly known
phase 5, sign of Am’,



HyperKamiokande water Cherenkov detector

Proton decay searches (note: FV ~8 x Super-K)

Cherenkov ring image e n° inSKz FF= = : s - 3
w : N g EP—e 45186 kion : 9 + 02 Etj- HK 186 kton — .|.
S [ —— SKeSKGd27kion -p7e [ S e P >VK i
035 ....... DUNEwnon staged’\ - «==a«=- DUNE 40 kton, staged
1 o 5 P €430
e e e H—O7 1=
» L7 IGO0 |
SRS R s——
..... ] AN
SLSK 7K " = S
e S SN e = i e U e Vo
B o JI\JINT U K1
- - r JUNOZ
10% : DN ek NI ,/ q‘@spd
N ::fﬁ.“.; ?T." y &

. X 1 " A 1 1 n 1 n 1 n
1 1 1 1 1 i & 1 N1 I 1 1
2020 2030 2040 2020 2000 2040
Year Year

Hyper-K 10 years operation“ éésuming 3c di scovery pote ntial

Tproton=1.7%1034 years (~Super-K limit)

10 HK 10 years
g sp Signal P : y
a1t / bk « K T ~210° yis
5 s thackground : .
(] 3k ;
§ L / + E Hyper-K will play a leading role in
Osg0 w0 1200 the next-generation proton decay search
Invariant Proton Mass (MeV/cZ)




Neutrino mass constraints: the future

| 1 In wOwaCDM!
Planck § > =
(TT, TE,EE+lensing) | i
| |
CMB-SO >~ | ?
| |
| |
CMB-S4 . — ?
| |
| I
Planck+BAO : — -
| |
| |
CMB(Planck+ACT) § T : Replacing the cosmological
+DESI BAO ! |
Euclid (WL+GC4+XC) | l constant with dark energy with a
1 ———t
+Planck | i time varying equation of state
Euclid (WL+GC+XC) | | i Hl Current data, 95% CL .
+CMB-S4+LiteBIRD - S B Future CMB, 1o parameter increases the error by a
: : Bl Euclid+CMB, 1o
— ' i ' i factor 2. Activate Windows
0 50 100 150 200 250 300 '

Go to Settings to activate d}indows.

> my (meV)




Fermion number conservation

Is *not* in itself a law or a symmetry of the Standard Model

For charged fermions (e/mu/tau and the quarks) it is not possible to transform
a fermion into an antifermion because of charge conservation

For neutrinos, which are neutral, the SM assumes they are massless.

neutrino is left-handed (identical if massless to negative helicity)

and the antineutrino has positive helicity

neutrino <-> antineutrino transition is forbidden by angular momentum conservation

This results in practice in apparent, accidental, conservation of fermion number

The existence of massive neutrinos allows for spin flip and thus in principle a neutrino-antineutrino
transition

since a left-handed field (EW eigenstate) has a component of the opposite helicity (EW state #
physical state)

vi=Vv.+v, m/E (mass is what allows to flip the helicity)

for allowed masses of light neutrinos this is tiny: for m, =50 meV and P*_ =30 MeV =» (m/E)?= 1018

This can be observed in neutrino less double beta decay
or by searching directly for the right-handed neutrinos




NEUTRINO MASSES

my SM training in 1976

Elect k ei tat (e\ /“\ (T\ (er (Wr (g Q=-1
ectroweakelgenstates. \Wwe/ | \wp L 0/ (Vedp (i) g (Vg =0

1=1/2 1=0
@Fﬁ“a\/
;\ Right handed neutrinos
RS .

are singlets
no weak interaction
no EM interaction
no strong interaction

- DO -
e (e (Y
wh J sy
e, B Tt
} =hwlge:

can’t produce them
can’t detect them

-- so why bother? -
Also called ‘sterile’

.......

VT NB unlike for v, nothing distinguishes the particle
e and antiparticle of v which is a singlet (no ‘charge’)

“Doesn’t Mattey, which appears to have no - naturally a Majorana particle
effect on the universe whatsoever.




Neutrinos, at this moment in time, provide beautiful and intriguing mysteries
-- is time reversal violated in neutrino oscillations
-- is there a matter-antimatter transition in neutrinos
-- do right-handed neutrinos exist?
-- is the origin of neutrino masses the same (SM Higgs coupling)
as that of the other fermions?

Conclusions

The answer to which have great chances to provide the explanation
of the very existence of our 'matter’ Universe

The solution of these mysteries requires an all-fronts program of research
involving

-- theoretical understanding and calculations

-- neutrino beam experiments (but for how long?)

-- nuclear physics experiments (Ovpp)

-- fixed target experiments (e.g. SHIP at CERN)

-- collider experiments (see you fomorrow ;-) !

-- you invent it! -J



Neutrino masses occur via processes which are intimately related to the Higgs boson
what are the couplings of the H(125) to neutrinos?

Let us follow the steps of the Standard Model to construct a minimal neutrino mass model

Adding neutrino masses to the Standard model 'simply' by adding a Dirac mass
=>» right-handed neutrino i -

—_ v
mpv; Vg __,Rﬁe_.l-_ B. Kayser 1989

mp, is the Higgs Yukawa coupling (like everybody else). Then the right handed neutrinos
are sterile, (except that they couple to both the Higgs boson and gravitation).

Things become more interesting: a Majorana mass term arises (So-called Weinberg
Operator) using the Higgs boson and the neutrino Yukawa coupling:

Majorana mass term is extremely interesting as this is the
particle-to-antiparticle transition that we want
in order to explain
the Baryon asymmetry of the Universe
ot H (+ CP violation in e.g. neutrinos)

Origin of neutrino mass:

Mg VR VR
L

+ restores SU(2) symmetry!
Pilar Hernandez, Silvia Pascoli

3 July 2024 Granada 2019-05 74




Having two mass terms per family , neutrinos undergo level splitting =» Mass eigenstates

See-saw type |l : M #0
r 1 (7. N%) 0 mp vy mp#0
- = L? - .
2 T\ mE Mg Np Dirac + Majorana
mass terms
2mp
tan 20 = ——2_ <1
Mgr -0
_ 1 /] _ — M\ 2 2 — 2
my, =3 |(0+ Mg) — /(0 — Mg)2 +4m$| =~ —mi /Mg
M =1 [(0+ Mg)++/(0— Mg)? + 4m3, ~ Mg
general formula if mp < Mp
My %0 Mr>mp#0  see-saw
mp #0 mp=0 . .
Dirac only, (like e- vs e+): Majorana only T w—
. .. m — — m
m _ _ _ | |
VL VR VL VR VL VR dominantly: v N v N
Lea= % 0 % 0 | Y, v ST A
4 states of equal masses 2 states of equal masses weak 4 zstates ) mz:ss levels
Some have I=1/2 (active) All have 1I=1/2 (active) ’ - c
Some have I=0 (sterile) $; E::: :i;(l)/Z (:?:fir:))




Electroweak

Electroweak charges of Standard Model particles

Weak _ Weak Weak Z boson
Spin _ charge Electric isospin | hypercharge coupling
7 Particle(s) Q charge T Y. 5 5
w w
Q or Q. Qu Qr
=20, +20, LEFT | RIGHT | LEFT | RIGHT LEFT RIGHT
1 e-’ !'L_ 2 T_ —1+4 Sin2 6 1 -1+2 Sin2 9\0\!‘ 2 Sin2 9“,
> | electron, muon, n -1 - 0 -1 2 _1 s
taull - 2 =)
1 u,c,t +1- 2 sin? 6, +£ _|_L 5 +L _|_i 1—§sm29w —%sin‘?tﬁ'W
up, charm, topl! ~ 4L 3 2 3 3 ~4 2 ~_1
' ’ 3 3 3
1 d s, b -1+ % sin? 8, 1 1 1 2 -1+ % sin® 6,, +% sin? 8,
- | down, strange, 2 -3 |=2| 0 |t3 | 3 _5 ~y L
bottom[i] 3 6 6
1 Ve Vp Vi +1 0 +1 | ofil| —p o (il +1 0 il
neutrinos!! 2
g7, Z°
1 | gluonlill, photon, 0 [iv]
and Z boson, ™
W+ +2 - 4sin? 0, +2 - 4 5in? §
+ +1 "
! W bosonlV] =+1 ! 0 =+1
HO 1
O Himnmne bacearn _1 0 _E +1 _1




