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neutrinos: lecture plan

1) Main properties of neutrinos, Majorana formalism
2) Neutrino transformations (oscillations)

3) Natural neutrino sources and their observations

4) Artificial sources, introduction to data analysis

5) Theoretical aspects

We introduce the features of neutrinos, of foundational relevance for the standard model but also for
revealing its limits; moreover we discuss the main observations, concerning these intriguing particles. We
examine some technical aspects of particular importance and propose a few exercises to trigger discussion.
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Neutrinos-2

ultra-relativistic neutrino “oscillations”

Francesco VISSANI - Laboratori Nazionali del Gran Sasso - Jan 24, 2023



EXERCISES

* check that the matter term has dimensions of energy (as it should be)
» reinsert the factors h and ¢ and check the tollowing numerical tormulae

/5 G, — 3868 % 10" LN
V2 G, —

V = ;
m mol/cm’
; Am® 2533 Am® MeV
g = — X — X
2F m eV 2 E

o compare the size of the matter term with the vacuum term and discuss
when the two are similar



neutrino transformation (oscillations)

an essential reminder of the relevant theoretical ingredients

the neutrinos produced in weak interactions are superposition of mass eigenstates

‘Ue> — Uel ‘y1> + UeZ‘”Z) + Ue3‘y3>

. 1

this is not a stationary state, |v,,t) # |v,), due to the phases of propagation |v;) — exp ( I 2 ) | v;) with
2

E. = \/ (pc)” + (micz)2 ; thus, the probability P, ,, = [(v,,t|v,)| deviates from unity

e Ve

furthermore, the state |v,) receives another special phase (=Mikheyev-Smirnov-Wolfenstein effect) when it propagates in
matter rich of electrons, due to weak interactions. The effect on oscillations depends upon the ratio

~ V2GEpN@ ~104< NO )(7.37><10—5 eV2)( E, )

0 = Am?/(2E,) 100 mol Am?



survival probability

of the electron neutrinos in the Sun

% the probabilities differ from 1

% something around 5§ MeV

this is a success of MSW theory
these two graphs are based on SNO and

Borexino measurements. Recently SK
revised day/night and slope now better
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atmospheric neutrinos

and neutrino oscillations

two predictions concerning
atmospheric neutrinos show evidence

of oscillations at £, ~ GeV energies,

as a function of Hzenith

1. the muon-to-electron ratio,
which goes from 2 to 1

2. the up-down symmetry which is
not obeyed for muon neutrinos

MSW effect expected at E,, ~ 5 GeV

ATMOSPHERE
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\\
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COSMIC RAYS
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oscillations of high energy neutrinos is simple

Gribov-Pontecorvo = classical regime does apply

ordering Py P, P
NO (11340006 0034570012 0-0075%5 005
IO 0.0285% 0057 0.0087( 000

Table 4. The natural parameters obtained from Monte Carlo sampling the oscillation parameters
from |30] according to their distribution.

A Neutrino oscillation/survival probabilities and their distributions

In order to account for neutrino oscillations, we followed the methodology of |43|, which i
based on the observation that the oscillation matrix Py is symmetric under ¢ <> ¢':

3
P =Y [UZIUZ|  6€=epT
1=1

and thus they worked out a “natural” parametrization with just three independent param
eters, named Py, P, and P». Py is then parametrized as follows:

1/3+2P0 1/3—P0+P1 1/3—P0—P1
Py — 1/3 1 Py/2 P\ P, 1/31 Py/2 P
1/3+ Py/2+ P, + P



EXERCISES

* Convince yourselt that oscillations are unavoidable for

high energy cosmic neutrinos - assume £, >1 TeV

 How a tau neutrino could be possibly seen?
(This would be a “space OPERA” experiment).

 [Is it possible that very high energy cosmic neutrinos
produce a real W boson decaying into two jets?



Available online at www.sciencedirect.com
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Nuclear Physics B 708 (2005) 215-267

Probing oscillations into sterile neutrinos
with cosmology, astrophysics and experiments

M. Cirelli *, G. Marandella®, A. Strumia®. F. Vissani“
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Fig. 13. The LSND anomaly interpreted as oscillations of 3 + 1 neutrinos. Shaded region: suggested at 99%
C.L. by LSND. Black dotted linc: 99% C.L. global constraint from other neutrino experiments (mainly Karmen,
Bugey, SK, CDHS). Continuos red line: N, = 3.8 thermalized neutrinos. Dot-dashed orange line: 2,h* =0.01.



the picture inclusive ot wavepackets

time

WA VWWWL VWV
WWWA MWW MWW

— Neutrino 2 — Neutrino 3

Phases

E. Vissani, LNGS Firenze, Jan 24, 2023
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wavepacket of a tlavor state

[‘I’é(t)]éf _ Ue’jei(pz—Ejt)g(Z o ’U]t)UZ}

E. Vissani, LNGS Firenze, Jan 24, 2023

17




for a wavepacket with oF ot ~ 1

time for "un-packeting’ time for "de-phasing’

Vlt_V2tNC5t—)

2E? /¢

2 2
My — 1Yy

X 0t

EXERCISE: prove it using c=1, v; =p/E; and E;2 =p2+ m;?



Neutrinos->3

main natural sources, detectors, characteristics and
properties, a few open issues

Francesco VISSANI - Laboratori Nazionali del Gran Sasso - Jan 25, 2023



this lecture

selected topics in astroparticle neutrinos physics

@solar neutrinos
@gcconcutrinos

® ((supernova neutrinos))
@®atmospheric neutrinos

®HE astroph. neutrinos



Solar neutrinos

(is not only matter of oscillations)




Photo fram the Nobel Photo from the Nobel Fhoto from the Nobe

Foundation archive. Foundation archive. Foundation archive
Raymond Davis Jr. Masatoshi Koshiba Riccardo Giacconi

Frize share: 1/4 Prize share: 1/4 Prize share: 1/2

The Nobel Prize in Physics 2002 was divided, one
half jointly to Raymond Davis Jr. and Masatoshi
Koshiba "for pioneering contributions to
astrophysics, in particular for the detection of
cosmic neutrinos" and the other half to Riccardo
Giacconi "for pioneering contributions to

Davis: first observation of solar neutrinos
Koshiba: observation of solar and supernova neutrinos

€ Nabel Media AB. Phato: A o Nobel Media AB. Photo: A.
Mahmoug Manmoud

Takaaki Kaijita Arthur B. McDonald
Prize share:1/2 Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded
jointly to Takaaki Kajita and Arthur B. McDonald
"for the discovery of neutrino oscillations, which
shows that neutrinos have mass."

Kajita: experimental proof of oscillation with atmospheric neutrinos
McDonald: experimental proof of oscillation with solar neutrinos



also Sakata (1911-1970), Pontecorvo
(1913-1993), Bahcall (1934-2005)

had much merit for neutrino science



VOLUME 55, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1985

Direct Approach to Resolve the Solar-Neutrino Problem

Herbert H. Chen

Department of Physics, University of California, Irvine, California 92717
(Received 27 June 1985)

A direct approach to resolve the solar-neutrino problem would be to observe neutrinos by use of
both neutral-current and charged-current reactions. Then, the total neutrino flux and the
electron-neutrino flux would be separately determined to provide independent tests of the
neutrino-oscillation hypothesis and the standard solar model. A large heavy-water Cherenkov
detector, sensitive to neutrinos from B decay via the neutral-curent reaction v +d — v+ p + n and
the charged-current reaction v, +d — e~ + p + p, is suggested for this purpose.

PACS numbers: 96.60.Kx, 14.60.Gh ,
IR. Davis, Jr., D. S. Harmer, and K. C. Hoffman, Phys.

Rev. Lett. 20, 1205 (1968); J. N. Bahcall and R. Davis, Jr.,
Science 191, 264 (1976); J. K. Rowley, B. T. Cleveland, and

R. Davis, Jr., in Solar Neutrinos and Neutrino Astronomy
(Homestake, 1984), edited by N. L. Cherry, W. P. Fowler,

The solar-neutrino problem, i.e., fewer neutrinos
are assigned to the sun in the chlorine-argon ra-

. . . . l
dlocl}emlcal experiment of Davis and go-—workers than and K. Lande, AIP Conference Proceedings No. 126 (Amer-
predicted by the standard solar model,” has prompted a ican Insitute of Physics, New York. 1985). p. 1.
variety of possible solutions ranging from neutrino os- 2J. N. Bahcall. W. F. ,Huebner s’, H. Lu,bow, P. D. Parker,
cillations® to a very large number of nonstandard solar and R. K. Ulrich, Rev. Mod. Phys. 54, 767 (1982).
models.* 3B. Pontecorvo, Zh. Eksp. Teor. Fiz. 53, 1717 (1967)

[Sov. Phys. JETP 26, 984 (1968)]; V. Gribov and B. Pon-
tecorvo, Phys. Lett. 28B, 495 (1969):; S. M. Bilenky and
B. Pontecorvo, Phys. Rep. 41, 226 (1978).




Bahcall 1989

is still an excellent
source of information
especially on solar
heutrinos

Neutrino
Astrophysics

John N. Bahcall




Generalities on the Sun

* The sun radiates a prodigious amount

of energy, L, = 3.828 X 1077 hals
S

* Elemental abundances at its surface,

roughly summarized by X,Y,Z

* Helioseismology allows to measure

the velocity of the sound and the

depth of the convective zone
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our Sun
is here _

100 cho- cycle
50 pp- chain
10

o
1
0.5,
| | | | | T
10 12 14 16 18 20 [10° K]

Effectiveness of the energy production processes in a star
alike the Sun, depending upon its central temperature.




the sun emits light & neutrinos

2 X El/
10 MeV
pep pp
Photons take a long and tortuous path
1 MeV
. 200,000 years
. Photon
lD o 0.1 MeV '
‘He + “He
“He +p (?)
l?’He + He
™~ ™~ .
E.C. Li+p
7 7
e > i -
l7Be +p
Neutrinos zip
™~ ™~
8 > 8Be>|<
J BT 2%



Neutrino Flux
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advantages of detecting neutrinos with elastic scattering on electrons

& a basic process of the standard model

W

o theoretically very clean, radiative

corrections are known

@ m c* < E, for boron neutrinos: thus, in water Cherenkov detectors, direction

can be reconstructed (—> Kamiokande, SK)

& scintillator detectors allow to cover all the other components (—> Borexino)
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summary and discussion

on solar neutrinos

« Wide recognition of solar neutrino oscillations has changed the field of

solar neutrinos and impacted on particle physics
«« The SSM remains a key tool and can be still improved
« Borexino played a big role and opened new avenues for the more research

< New exp.s will improve and probe several possble unexpected physics



the original idea of "NSI”

| Rapid Communication

Mikheyev-Smirnov-Wolfenstein effect with flavor-changing neutrino
interactions

Esteban Roulet
Phys. Rev. D 44, R935(R) — Published 15 August 1991

m Export Citation

ABSTRACT -

We consider the effect that flavor-nondiagonal neutrino interactions with matter have on the resonant

Article References Citing Articles (155)

)

v oscillations. It is shown that. even in the absence of v mixing in a vacuum, an efficient conversion of
the electron neutrinos from the Sun to another v flavor can result if the strength of this interaction is
~1072G . We show how this can be implemented in the minimal supersymmetric standard model with
R-parity breaking. Here, the L-violating couplings induce neutrino masses, mixings, and the flavor-
nondiagonal neutrino interactions that can provide a Mikheyev-Smirnov-Wolfenstein-like solution to
the solar-neutrino problem even for negligible vacuum mixings.

Received 18 January 1991



Mirror World

and sterile states

Mirror models is a motivated extension of standard model

Mirror baryons are candidates for dark matter

(H)’

Ordinary neutrinos and mirror neutrinos mix at
MPlanck

Many possible manifestations: solar, supernovae and HE neutrinos

see NPB 658 (2003) 254
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® Gabriela.Barenboim®@uv.es

9 Re: (Fwd) Re: CERN Theory Institute "Neutrinos: the quest f

To: Francesco Vissani

Dear Francesco,

This is indeed what we want. Nobody will cover solar
neutrinos in the workshop. So, the question to address
is precesiely whether this a finished subject and whether
there is anything at all that we hope to learn for from
solar neutrinos.

The way you are focusing it is exactly what we have in

mind.
Yours,

Gabriela.

Gabriela Barenboim sabriela. |
Departamento de Fisica Teonca

Universidad de Valencia te (34) 96 354 3023
Av. Moliner 50 96 354 4349
Burjassot, E-46100 fax (34) 96 354 3381

YIK 5239, 539.1

AJIEPHA O®I3ZHKA

https://doi.org/10.15407/inpae2017.01.005

Francesco Vissani

INFN, Laboratori Nazionali del Gran Sasso and Gran Sasso Science Institute, I.'Aquila, Italy

SOLAR NEUTRINO PHYSICS ON THE BEGINNING OF 2017

This writeup is a review of current hot topics on solar neutrinos. It is based on a talk at the conference “Neutrinos:
the quest for a new physics scale”, held at the CERN on March 2017, where the Organizers entrusted me with a discus-
sion of the provocative question “whether solar neutrino physics is over” _Rather than providing a straight (negative)
answer, in view of an audience commtmg moqtlv of colleagueq workin; g in theoretical partlcle phymcq T deemed it more
useful providing a description of what is the current activity of the physicists working in solar neutrinos, leaving the

listener free of forming his/her own opinion apropos.

P, Biccani

Hayionarsmuti incmumym soepuoi ghizucn,
Hayionaiena rabopamopis [ pan Cacco ma Hayvkoswit incmumym [ pan Cacco, Axsiva, Imaiin

MOIINKA COHSUYHHX HEATPHHO HA IIOYATKY 2017 P.

l]pL O 1as)ICHa0 O Cy'act HN « dl))( THA? 1IN S UU 1ac . COHXMHHEN NC) lll) o, O M)l 0 li\l TECH Ha Ol IUISI ll
Ha kouhe pent iT «H2irpHHD” nomy K HoROT hitnasol mkaniy, o rindynacs & [EPHI & 62pewi 2017 p re oprauia-
TOPH J0BIPKJIA MCHI DOrOBODCHMA NPOBOKALNIMOTO MHTANEA «MH AKIMTHIACH (PISHKA COMAMNMX MCHTPHHOY. 3aMICTD
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Kirvwosi ciosa: COHAMHI HCHTPHHO, HCHTPHHEL OCuMaIAWT, Ancpae acTpodiskka, pp unki, CNO umki.
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C'l)‘lll{ll'k‘llﬂ!\ ((t)ﬂp\’ll,’)ﬂlul'lh C()(k,“ln.‘l HOC NNHCHHC,

Kimveswe c1o8a: CONHEYHbLIC HEHTPHHO, HEHTPHHHLIC OCIMIAIKH, SASPHAS acTPOON3HKA, pp ik, CNO uHka.



Geoneutrinos

(is a new geophysical probe)




the Earth

and radioactive decays

> The Earth is (almost) as old as the Sun

> It is formed by various stratified structures. The main ones: crust; mantle; core



the Earth

and radioactive decays

> The Earth is (almost) as old as the Sun

> It is formed by various stratified structures. The main ones: crust; mantle; core

> It has been cooling since the beginning and it radiates 47 TW.

> (the innermost part has a temperature of about 7500 °C)



the Earth

and radioactive decays

> The Earth is (almost) as old as the Sun

> It is formed by various stratified structures. The main ones: crust; mantle; core

> It has been cooling since the beginning and it radiates 47 TW.

> (the innermost part has a temperature of about 7500 °C)

> Kelvin’ early estimations of the heating rate led to an age in ~ 10’ years scale
> They were wrong because of incorrect modeling

> Furthermore, radioactivity, which contributes to Earth’ internal heath, was unknown then



nature of geoneutrinos

electron
anti-neutrino .

-

% beta decay of neutron-rich

elements leading to antineutrinos

proton

%% (to be contrasted with solar —

neutrinos where proton rich elements transform and produce neutrinos)

¢ in that, this more closely resembles the physical situation realised in artificial fission
reactors, which actually act as a background for geo-neutrinos



“inverse beta decay” (Bethe & Peierls)

proton targets are available in water or hydrocarbon

(this reaction used to detect for the Ist time a signal)



an updated calculation

300, o

d_a B G% cos? 0. Ve 250;

dt  64m(s — m2)? 200 v, on neutron
150

V. On proton

M =074 (1 — 75)ve:

b b
_ . q Ga Ga : q
Un, (fl’Ya + 917%aYs + 1f20ab o N + g2 M’)’s + fa M + 19304p T, ’Ys)up [ - | R
0 50 100 150 200

E, in MeV



do

an updated calculation

arXi1v:2206.05567v1

G% cos” O

dt 647m(s — m2)?

M2

p

M =0,7(1 — 5 )ve-

X

b da

2M "M M

2M

b
Jf1%a + 91YaYs + ’ifzdabq— + 9275 + f3q—a + 1930ab }q_’YS)up

00 (V,a) = 0.66 %o

da(A) = 0.68 %o

0.9750 |
0.9745F
0.9740 -

0.9735

average
2020

average
2019

| 1
1.279

do = 0.94 %o

L
1.276



antineutrino spectra

expectations

There are three components:

238U — *°°Pb + 8a + 6e + 677, + 51.7MeV.

232Th — 298Pb + 6a + 4e + 4, + 42.7MeV.

VYK 5 9Ca+e+ 7, +1.31 MeV.

[ . llli |

Ve €nergy [MeV]
The first 2 can be seen with IBD.

Note that uranium-238 extends at higher energies

1.0 1.5 2.0

2.5

3.0

3.5

G. Bellini et al., Riv. Nuovo Cimento 45 (2022) 1



interesting questions

e discovering geo-neutrinos (seeing something)
* observe site dependencies

e testing geophysical models

 quantify the mantle component

e distinguish uranium and thorium contributions



measurements

In the spectra of Borexino 2020
and KamLAND 2022, geoneutrino
signal is visible and not only.

There is also an indication of
both its components, i.e.:

* thorium-232 and

* uranium-238, the latter
extending at higher energies

Events/ 200 p.e.

Events/0.1MeV

40
N : 'zl;gltjal t
i 1 geoneutrinos
33 n 2 **Th geoneutrinos
30 - Reactor antineutrinos
- B Cosmogenic °Li
- e B Accidental coincidences
25 = (o, n) background
—e— —a— Data
201 4
15
— . —
st el | |
0 D it
500 1000 1500 2000 2500 3000 3500
Q, [p-e]
U ——— —_— .
|(d) Period 3
20
10

0 12

14 16 1.8 20 22 24 26
Prompt Energy (MeV)
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summary and discussion

on geoneutrinos

« The discovery of geoneutrinos (KamLAND + Borexino) is fairly recent

w Geoneutrinos will allow interesting questions to be addressed, and no
major problems should be an obstruction to proceed further

< Significant scope for progress, especially with larger detectors (JUNO)



Supernova neutrinos

(will be covered by Cristina Volpe tomorrow)



a race of neutrinos and photons

A I‘ <ut.a \S '73': nu‘u




Atmospheric neutrinos

(just few urgent remarks)



atmospheric neutrinos

as secondary particles

* the collisions of primary particles
produce secondary mesons, in part. 7

- when 7™ decay, it produces = and v,/7,

» when the 4™ decay, it produces e*and

v,orv, v

v 7

e’ U
* at higher energies, muon reach the

ground before decaying and pions are
damped by interactions




* the muons are very penetrating S

particles and a big annoyance for SRS
underground neutrino detectors

» when the direction of the particles Mg l , — \  niwtrine
are observed, one can search for up- - g A .
going muons o TR i ,.”

* these are unmistakably to be ’*’ /
attributed to muon (anti)neutrinos t uppoing g A

down sooe :
’ ‘ k._ .?H."!NR.\’.'{".'(
NeNIrIn

interacting around the detector

* seen already in sixties (CWI & KGF)! oy



CPT and its tests with neutrinos

- PHYSICAL REVIEW LETTERS

CPT-Odd Resonances in Neutrino Oscillations

V. Barger, S. Pakvasa, T. J. Weiler, and K. Whisnant
Phys. Rev. Lett. 85, 5055 — Published 11 December 2000

v la]<

Article

ﬂ

ABSTRACT

We consider the consequences for future neutrino factory experiments of small CPT-
odd interactions in neutrino oscillations. The », — v, and v, — v, survival
probabilities at a baseline 1. = 732km can test for CPI'-odd contributions at orders of

magnitude better sensitivity than present neutrino sector limits. Interference between

the CPT-violating interaction and CPT-even mass terms in the Lagrangian can lead

to a resonant enhancement of the oscillation amplitude. For oscillations in matter, a
simultaneous enhancement of both neutrino and antineutrino oscillation amplitudes

is possible.

e

S |

atmospheric oscillations
68,90,99% C.L. (2 dof) ,:i‘f'&
%e' ,/”
&

solar oscillations
]0-3 : T T T —rrr . ge—
"~ 68,90,99% C.L. (2 dof) fﬁ’
oo“‘%
N
6 /l"
«1 '/l
3
R= 10-4 o
ad
8 .
<
10 &~ .
107 104
Am?, ineV?
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summary and discussion

on atmospheric neutrinos

« For neutrino physics, atmospheric neutrinos have played an
enormous historical role.

« Interestingly, in current oscillation studies and in the few GeV
region, they still play a prominent role.

« Their distribution above 10-100 TeV is not well known. Note that we
expect them to include a component of prompt neutrinos - from
charm decay - that has not yet been observed.



H.E. astrophysical neutrinos

(an introduction)



High energy Y and v

are both potentially
observablel




u+\\o.v,,

w
High energy Y and v Ve

are both potentially »
observablel \,u

\ /
useful thumbrules: £, = £ /5,FE, = E /2and E, = E, /4




osmic neutrinos: how S why

In the master thesis of one
student of Markov,
Zheleznykh (1958),

the key technique to
observe the high-energy
neutrinos was proposed for

the 1st time.




ammgrzays in 1-100 GeV energy region:
catalogue of Fermi-LLAT o
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what 1s the target tor CR collisions?

If the target is due to hadrons

PP-mechanism:

Regions with high matter

heemimhedmeuonll | Nc spectrum of neutrino reflects

the spectrum of the CR,and it Is
plausibly power-law like, E~¢

protons (p), electrons (e)
acceleration




what 1s the target tor CR collisions?

If the target is due to hadrons

PP-mechanism:

Regions with high matter
density or radiation fields

The spectrum of neutrino reflects
the spectrum of the CR,and it Is

plausibly power-law like, E~¢

If the target is due to photons
PY-mechanism:

here Is threshold for the CR and

protons (p), electrons (e) thus for neutrinos. T he Spectrum
lerati : . . .
R changes with photon distribution




1-100 TeV

one can search a new component of the high energy neutrino spectrum,
possibly reflecting the production spectrum of cosmic rays at their sources




summary of the main goals of
high-energy neutrino science

astronomical goals: see some bright point source, steady or possibly sporadic, over
the atmospheric neutrino background; gamma rays studies offer us hints and guidance

other observational approach: search for a new components of high-energy spectrum
astrophysical goals: the hopes is that this help identify the sources of cosmic rays

particle physics goals: assess the chances of exotic origin / propagation



lceCube is a detector installed in the ice of the South Pole.

Charged particles emit Cherenkov light as they propagate through the

. . . IceCube Array
ice. There are strings of 60 optical modules each. 86 strings, 60 sensors each
5,1._60 optical sensors
From the detected light, the detector reconstructs the direction of arrival 1,450 meters Hfi ?f,fﬁf;’; e o
and the energy of the charged particles. L) for fow energies
o : iy Eiffel Tower
L A 324 meters
. . . . 2,450 meters _L it 2 5 el YRy
Since 2013, the detector has revealed that, in addition to particles > 520 maters  \ERERRL [ DI /

produced in the Earth's atmosphere, there is a new population of
neutrinos with energies up to about 10 PeV.



IceCube

highlights

IceCube Lab

T~

new population seen as =
50 meters —wa,

1. neutrino induced muons from

surrounding ice/rock IceCube Array

86 strings, 60 sensors each
5,160 optical sensors

2. neutrino entering the detector (U121 —

WAL T e
1,450 meters ——— N gii Deepcore, ,
s i 6 strings optimized

for low energies

< e

3. special events: taus, Glashow

Eiffel Tower

324 meters
2,450 meters

2,820 meters




IceCube

highlights

new population seen as

1. neutrino induced muons from
surrounding ice/rock

2. neutrino entering the detector

3. special events: taus, Glashow

consist of “quasi-power law spectra E~ with
moderate compatibility among datasets

angular distribution almost isotropic, as
expected from extragalactic population

50 meters —

1,450 meters

2,450 meters
2,820 meters

IceCube Lab

—_—
e —— _— o -
o~ ~— - -

-—
- = -
-_— -

- Rl - —
_— —— -

IceCube Array
86 strings, 60 sensors each
5,160 optical sensors

e

| | DeepCore

6 strings optimized

for low energies

-'/.

Eiffel Tower
}324 meters



deviations fromisotropy

* Spurio claimed already in 2014
that IceCube data had hint of a
galactic component

* Several arguments in favor of

————— Mixed
this hypothesis collectedinthe ¢ [ .~~~ | Isotropic
course of the years (e.g., Galactic

Palladino et al ApJ 2016, figure
at the right)

— Data

* In 2023 IceCube claimed a 4.5 0
hint with the help of a "template

LAJ



model expectations
Mascaretti & FV, JCAP 2019

expected electron neutrino flux
from a model for power law
"astrophysical” component that
does not disagree with data

and does not exceed the
electromagnetic bounds (yellow)

(conventional + prompt=purple)

below, emphasis on the occasion

to see the prompt from the data
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Uncharted Territory

Significant event observed with huge amount of light

Horizontal event (1° above horizon) as expected since earth opaque to
neutrinos at PeV scale

3672 PMTs (35%) were triggered in the detector

Muons simulated at 10 PeV almost never generate this much light
— Likely multiple 10’s of PeV

Coelho at Neutrino 2024

KM3NeT/ARCA21 Preliminary

4000 -
" 7 0.35 -
o i - s 0 KM3NeT 10PeV u MC
“as? 108 0.30 - Preliminary 1PeV u MC
3000 2 | e VHE event
. I - O 25 _
. 11n 110 million oz 20 ;
% @
2291 data events : | < o0.20-
- 104 £ c
52000 > 02 o.15-
0y S
5 1500 z £ 0.10 -
0.05 - |
OOO T T T T E— T
0 1000 2000 3000 4000 5000

0 0.1%— O
-1.00 -0.75 -0.50 -=0.25 0.00 0.25 0.50 0.75 1.00
cos(zenith)

# of triggered PMTs

18 Jun 2024



summary and discussion

on high-energy astrophysical neutrinos

w A discovery of a new component (most likely of cosmic origin)
has been made. Now time to understand what we are seeing.

< Next targets: clear point sources; galactic component.
< Oscillations provide very useful constraints.

< At this point, new measurements are warranted. The results
will have a big impact on high-energy astrophysics.



spare slides

more on pp heutrinos, an exercise on neutrino propagation,
sterile neutrinos 2006, highlights from Neutrino 2024

Francesco VISSANI - Laboratori Nazionali del Gran Sasso



nuclear transformations of the pp-chain

pPp + pep neutrinos

+7Be + 8B + hep neutrinos



[neutrinos] differ from photons through the fact
that they would not travel at the speed of
light.  [Pauli, 1930]

exercise

thoughts around a wrong result

A dozen years ago, an experiment measured the velocity of neutrinos over

a distance of /30 km, finding that neutrinos arrive 60 ns before light.

V. —C
z ?

. What would be the fractional excess of neutrino speed 0 =
C

* Neutrinos from a 50 kpc supernova (SN1987A) arrived within 3 hours of
the predicted time. Is this result compatible with the previous one?

 The Hamilton-Jacobi relation links the velocity with (energy-momentum)
dispersion relation. Can you imagine any consegquences of this?



d

o= 2ZHF

dz

mm/]

77!'3 T;, %)

sterile neutrinos 2006 - some details
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Neutrino 2024

SOIMC NCWS

* very strong limit from KATRIN
m; < 0.45eV

* an impressive high energy event from
Km3NET above 10 PeV (see next slide)

* first hint for diffuse supernova neutrino
background @ Superkamiokande

I contributed with a talk on history of neutrinos



| atest results from KM3NeT

. P . | l
g2 g e JoaO Coelho &. ll }
- for the KM3NeT Collaboration. -

‘ |
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Overview

Important Information
Official website
Bulletins

Scientific Programme

Posters and presentations
guidelines

Call for Abstracts
Timetable
Contribution List
Speaker List

My Conference
«. My Contributions

Proceedings

Inclusivity and
Sustainability

The genesis of the neutrino concept

19 Jun 2024, 15:00

® 1h
@ Aula Martini (U6 building) (University of Milano Bicocca)

Lecture for Students (i...

Speaker

2 Francesco Vissani (Istituto Nazional...

Description

The first proposal of the neutrino idea is about to turn a century old. In this lecture, we recall the fundamental advances that
occurred soon after, in the era of modelling the atomic nucleus. We discuss the subsequent modifications and developments
of the neutrino concept, which shaped modern thinking and prepared for observational advances. We retrace a journey
through history, organised in six stages, focusing in particular on the initial ones:

1. Early 1930s. Pauli's neutrino and its significance.

2. Fermi 1933-34: The first beta-ray and neutrino theory. Conceptual and formal foundations, implications. Electron capture.
3. Majorana 1937: The modern understanding of fermions. A new concept of neutrino.

4. From muons to families. The numbers of leptons. Nature of weak interactions and the neutrino. The standard model and
its failure.

5. Pontecorvo & Sakata's winning approach to neutrino mass.

6. The part that remains to be written: How to observe the absolute mass of the neutrino? What is its nature?



