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From the deep cosmos to the deep sea,
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an expedition to the frontiers of physics
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4 December 1930 —

in the letter to Lise Meitner and nuclear physicists in Tubingen Wolfgang Pauli

writes about desperation regarding the [ decay problem

Dear Radioactive Ladies and Gentlemen,

[...]
| came up with a desperate idea to save

the 'exchange principle' of statistics and

the law of energy conservation. Namely,

the possibility of electrically neutral particles
existing in the atomic nucleus, which

| called neutrons
[...]

[later he proclaims famous words]

| committed a terrible sin against the sacred
principles of theory: | proposed a particle
that cannot be detected.

Offener Brief an die CGrunpe der Radicektiven bei der
Gauvereins-Tagung zu Tubingen.

Abgchrift

Physikelisches Institut
der Eidg. Technischen Hochscimle
Zirich Cloriastrasse

ILisbe Radicaktive Damen und Herren,

Wie der Usberbringer disser Zeilen, dem ich lmldvollet
ansuh¥ren bitte, Ihnen des nZheren auseinsndersetsen wird, bin ich
engesichts der "falachen" Statistik der No und Li-6 Kerne, scwie
des komtimuierlichen beta-Spektrums auf cinen versweifelten Aunmieg
verfellen um den "Wechselsats® (1) der Statistik und den Energlesats
eu rotten. MNimlich die Moglichkeit, es kénnten elektrisch neutrale
Teilchen, die ich Neutronen memmen will, in den Kernen existlieren,
wolohe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘eheh von ld.chtcmtan mwaerden noch dadurch unterscheiden, dass sie
giaht mit Lichtgeschwindigkeit laufen. Die Magse der Neutronen

e wvon dmelbm Gfossenordmung wie die Elektronenmssse sein umd
2falls nicht grosser als 0,00 Protonenmesse.- M k@ntimierncm
tate- Spektrum wire danh wverstdndlich unter der MAmmahme, dass beim
belaeZerfal) mit dem hlektron jeweils noch ein Nentron emitiiert
whigd, derart, dass die Summe der Energien vom NHeutron und klektron
kongtant iste
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1932 — James Chadwick discovers heavy neutral neutron (chaos with name)

1933-1934 — Enrico Fermi gives names to Pauli particle
he says: they are not heavy neutrons, there are piccole (wrt. small mass)
using Italian word

neutrino (ltalian neutro + diminutive -ino)

1950 — Reines and Cowan are preparing to detect v
(developing reactor experiment)

1956 — confirmed detection of v,
Savannah River Plant, South Carolina, USA
(Phys. Rev. 92, 830)

reversed S decay v,+p-on+e”
et anihilates with e~ and two photons created

1995 — Reines obtains Noble prize



agh.edu.pl

l\

]]JJ cb History

RESEARCH
UNI\IERSITY

Till 1962 — known v, only (called neutrino)

1962 — Schwartz, Steinberger and Lederman present
v, evidence building the first neutrino beam

1998 — Super-Kamiokande confirms neutrino mixing
Deficit of atmospheric v, relative to expectations

« v coming from above (short path) — then in the expected numer
« upward-going v (traveling the entire Earth) — observed in deficyt

2000 — discovery of v,

2015 — Takaaki Kajita (Super-Kamiokande)
and Arthur B. McDonald (SNO) obtain Noble prize
for neutrino mixing discovery

Phys.Rev.Lett. 81 (1998) 1562-1567

AL L L
1998: Super-Kamiokande
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FIG. 4. The ratio of the number of FC data
events to FC Monte Carlo events versus reconstructed
L/E, . The points show the ratio of observed data to
MC expectation in the absence of oscillations. The
dashed lines show the expected shape for v, < v, at
Am? = 2.2 x 107%eV? and sin®20 = 1. The slight
L/E, dependence for e-like events is due to contami-
nation (2-7%) of v, CC interactions.
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«
=

abundant elusive neutral and lightweight

\ 0| \
1y~ D |
i | | i F y

Elementary particles
(3 lepton generations)

@

e
three flavours and oscillating (like three a lot of and 3 is @ minimum digit _
types of ice-creams changed in time) elsewhere to describe data very mysterious


https://www.symmetrymagazine.org/sites/default/files/images/hi-res/NeutrinoArePoster_Final_v2.pdf
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Natural (atmospheric, cosmic):
« Big Bang
« Sun
* interactions
in atmosphere

v{f Vlu' v‘u

» star explosions (Supernovae)
» Blazars

« far galactic (E>PeV)

e CcOsmic rays

Artificial — human created:
* nuclear reactors
» particle accelerators

—

b

«— CVvB

Solar

Terrestrial ——

— SN 1987a |

0\ Diffuse SN i
A \ -

Atmospheric |

GRB —

| l | l | l

|
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. NEUTRINO INTERACTIONS!
Ann.Rev.Nucl.Sci

10 (1960) 1 By FrepErICK REINES?
B ]

[V. COSMIC AND COSMIC RAY NEUTRINOS

As we have seen, interactions of high-energy particles with matter pro-
duce neutrinos (and antineutrinos). The question naturally arises whether
the neutrinos produced extraterrestrially (cosmic) and in theearth’s atmos-
phere (cosmic ray) can be detected and studied. Interest in these possibili-
ties stems from the weak interaction of neutrinos with matter, which means

that they propagate essentially ynchanged in direction and energy. from

their point of origin (except for the gravitational interaction with bulk mat-

ter, asin the case of light passing by a star) and so carrv information which

may be unique in character. Forexample, cosmic neutnnos can reach us from

l_a_rgely constramed by the galactnc magnetnc field and 50 must perforce be

from our own galaxy, Our more usual source of astronomical information,
the photon, can be absorbed by cosmic matter such as dust. At present no
acceptable theory of the origin and extraterrestrial diffusion of cosmic rays
exists so that the cosmic neutrino flux can not be usefully predicted. An ob-
servation of these neutrinos would provide new information as to what may
be one of the principal carriers of energy in intergalactic space.

The situation is somewhat simpler in the case of cosmic-rav neutrinos:
they are both more predictable and of less intrinsic interest, Cosmic-ray

Multi-messenger astronomy

Greisen, 1960, Proc. Int. Conf on Instrum for HE
physics

One may even anticipate eventual high-
energy neutrino astronomy, since neutrino
travel in straight lines, unlike the usual
primary cosmic rays, and the neutrinos will
convey a new type of astronomical
information quite different from that carried

M Py B . t.

by visible tight-andradio-waves
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Cosmic Ray Source before we see them in light

N\ £
// \\ Neutrinos
TeeLy Point to source
el Not absorbed
Gravitational PR Three flavours

Waves

e\, Only hadronic processes

Gamma-Rays
Point to source
Absorbed as they travel
Leptonic and hadronic processes

Cosmic Rays

Deflected by magnetic fields
Astronomy possible at E >101? eV

10
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Common production mechanism

Active galactic nucleus

© F. Halzen

Accelerat
coelerator Shock

fronts

Target
nucleus
or y

From F. Halzen
3

Neutrino beam cosmic neutrinos atmospheric neutrinos cosmogenic v

12
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“]JJ cb Science in km® neutrino telescope @

Research on the properties Exploration of the Universe Exploration of the depths
of neutrinos (today) of the Mediterranean Sea

KM3NeT — Cubic Kilometre Neutrino Telescope

https://www.km3net.org/

13
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A particle (e.g., a muon) can travel through water
faster than light (Cherenkov radiation)

14
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THE ABYSS

e In the deepest Mediterranean Sea

 ARCA (Advanced Research in
Cosmology and Astrophysics)

close to Portopalo di Capo Passero
Sicily, Italy

« ORCA (Oscillation Research with
Cosmics in the Abyss)

close to Toulon shore, France

15
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DU (Detection Unit — detection string)
18 DOMs along vertical line/string

o

DOM (Digital Optical Module) — 31 PMTs

Depth: : ' E : ¥ Altitude:
3050.71m g ."' - T N 135.87m

“]JJ cb Optical modules are installed along the string

H 6 60 606 606 66HOHOH OHOH OO OOV

16
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Genova

Catania

17
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Il © km3NeT: ARCA and ORCA

9

e THE INFRASTRUCTURE
AGH | Sy :
ARGCA i’ﬁ\o 3, \/\R <
S o cmm e ¢ BN

ARCA
230 DETECTION UNITS

T " o i deepest 3.5 km 2.45 km
volume 1 km3 (1Gton) 0.007 km3 (7Mton)
# lines 51/ 2x115 33 /115
subject Astroparticle RCA* Oscillation RCA*
Cel Vastro m,, mass hierarchy

*RCA : Research with Cosmics in the Abyss

The third acoustic telescope is planned in

1Building Block (BB) , .
Greek’s Mediterranean Sea

19
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KM3-230213A

13 February 2023, middle of night, hour 01:16:47 UTC
ARCA telescope, Portopalo di Capo Passero, Sicily, Italy

Active 21 detection strings
(only 9% of infrastructure)

378 DOMs, 12k PMTs

Signal from detector:
« 28 086 photons
« 35% active PMTs

Time of visit: less than 2 us

Power failure?

Remember lesson from LEP:
day-night effect — only train
de Genéve vers la France in
Bellegarde direction

20
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1,800 Nature 638:376-382(2025)

23 20 21 20

25 s | z gl L 1,600 :
o Y 21 detection strings (only 9% of infrastructure)

- 1,400

* In this configuration telescope worked
1,200 from 23 Sep. 2022 till 11 Sep. 2023

« 287.4 days of data taking

« ~110 million of events, but the only one UHE
=0 KM3-230213A in a telescope

1,000

Time (ns)

- Highly relativistic y travels a few hundred metres

throughout the ARCA detector

400

200

21
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In ARCA u is registered with:
 energy: 1201110 pev
* horizontal direction 0.6°
« azimuth 259.8° (angles increase with clockwise,
north is 0°)
« direction uncertainties:
o statistical 0.12°

o systematic 1.5°

TIME (ns)

Cb Highly relativistic u with extremely high energy

Nature 638:376-382(2025)

=

3.5 km deep

22
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3 672 activated PMTs (35% of total)

Measured u energy: 1201110 pev

uncertainty dominated via limited knowledge of light absorption

length in sea water

u with high energy and horizontal direction travelled

300 km in water

This exceeds the maximum range of any
atmospheric muon (<60 km for E=100 EeV)

0

—— Nominal direction
+1.5° in altitude

|
—
o
o
=]

—2000

—3000

Depth below sea level [m]

—4000
0 20 40 60 80 100 120 140 160
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=

10 PeV | 1,000 PeV
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I —
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s
ks
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B
o
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Nature 638:376-382(2025)

Muon energy

2,000 4,000 6,000
Number of triggered PMTs

Simulated distributions of the number of activated PMTs
for a muon at given energies: 10, 100 and 1000 PeV
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Nature 638:376-382(2025)

The u most likely originated from the interaction near the detector of a v with an
even higher energy

H,0 : v .
@ neutrino
o Y
VJ

24
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Till 2025 the most energetic neutrinos:
* v,: lceCube, Science 342 (2013) 1242856: 6.05 £ 0.72 PeV

* v,: lceCube, Astrophys. J. 928 (2022) 50: ~10 PeV

2025, Vi KM3NeT, Nature 638:376-382(2025)

2201379 PeV  (millions of billions of electronvolts)

The opening of a new energy region previously beyond reach

only one UHE v in Europe

KM3-230213A

COSMIC
CATCHER

Deep-seatelescope detects
neutrino with highest
energy ever recorded

R

25
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Nature 638:376-382(2025)

High energy 2207279 PeV suggests:

1. the v may have originated from a different
cosmic accelerator than the lower-energy v,

2. or that this is the first detection of a cosmogenic v
produced by interactions of ultra-high-energy
cosmic rays with background photons in the
universe

Multi-messenger astronomy

dec. J2000 (°)

227 R(68%) :..i R(90%) 1 R(99%)
< VLBI O Gamma ray 5BZCAT [ X-ray + radio + infrared
_4 |9alactic  local transient extragalactic
origin universe
-5t
_6 F
=7 r
_8 L
_9 L
-10 t
-11

98 97 96 95 94 93 92 91
RA J2000 (°)

Potential sources corresponding to the KM3-230213A

event within a 3° radius around its location
26
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LHC@CERN

Previous highest 15 ohservation
Energy neutrino l
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4B
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There are three methods of v detection in large-scale telescopes:
1. optical, based on Cherenkov radiation
2. coherent radio emission

3. acoustic signal detection ) sound disk

radio lobe

In KM3NeT we aim to combine optical
detection with acoustic detection,
this will reduce uncertainties

optical light cone

w

28
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the first idea, Askaryan (1957) ¥
rapid expansion of the medium due to fast heating ) % R/
after energy deposition E : % S
expansion leads to the formation of a preasure wave
in water % &
the pressure wave equation p is determined by i 3|>
energy deposition ¢ %

c* dt? C, 0t*

Pmax OCVG% ; Y6 = Cz a/Cp

¢ — speed of sound €
C, — coefficient of thermal expansion _
« — head capacity Water properties and cascade geometry
vc — Grineisen parameter influence the signal amplitude

29
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side view top view
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1 km — puls of 100 mPa, broad spectrum with a maximum in the range 5—12 kHz

T=12°, pH=8, D=1500m, S=38
T | T 10°E
o, E,=101GeV. £ F

g El 102_ ..............................................................................................................................................................
2 e F
4 § |
= i

.E 10 S e o
b~ =
a =
L b
g -
| _ 2 4l
V4 ®
107

-0.15 -0.10 -0.05 0.00 005 0.10  0.15 10_2’; m R |

time [ms] 1 10 102

frequency [kHz]

Challenge: measurement of mPa-scale pulses in an environment with MPa-level static pressure!
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To test the proposed new technology, we aim to participate in building a prototype

TNO :«her acoustic detector — we have applied for a ministerial grant

This is important for the construction of the third acoustic telescope in Greek waters

>1000 hydrop:hor%es, > 100 km?3

32
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Collaboration with Nikhef and TNO-Innovation for Life

arXiv:2501.12999

/
/ p— — —
N”
o
o —

the transducer converts pressure into a wave

it operates mechanically, requires no power supply, and is small (~2cm)
its durability has been tested up to 250 bar

the proposed hydrophones can revolutionize existing acoustic systems

33
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Pre-starter: the most energetic UHE neutrino (9% of infrastructure) 2201379 PeV

It is 15 714 times more than maximum energy at LHC — LHC circling the Earth

With the progress of the build, we will record more visitors from deep cosmos

34
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Earthquake early-warning systems rely primarily Antineutrinos
on seismic data and on articial-inteligence
technologies to identify early seismic signals

There is a hypothesis suggesting that changes
in the oscillations of antineutrinos (emitted by
nuclear reactors) passing through an earhquake-
prone region may be observable and could
provide a form of tomography of that area

Neutrinos as probes of an impending earthquake
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Thank for you attention

37
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* Southern Ocean

0

IceCube-Gen2
( South Pole)

30°N

SKY COVERAGE

A global neutrino network to cover the full sky

e TXS 0506+056 B IceCube B Baikal-GVD
@ NGC 1068 P-ONE B Trident
@ Galactic center/plane W KM3NeT

30°S\
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-

2.5K Cos.miC':Mic[owa_\/e Backgrdund

Cosmogenic high-energy v can be produced when ultra-relativistic protons or cosmic-ray nuclei
interact with matter or background photons
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KM3NeT/ARCA

Median, 687 quantiles ¥ as function of
— 0 A C solictod as trnek — F —

V., (0 ]n fov] o -i;.!.‘.. %
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Eur. Phys. J. C 84, 885 (2024)
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Cross-section for interaction (from Fermi theory):
o ~ 10738 cm? (i.e. 1 femtobarn) for E(v) in MeV range

The mean lenght to interact with matter is looooooong A = L

no

for E(v)~MeV A could be 10 km,
it is much higher than radius of our galactic (100 000 light-years ~946 billions km)

Probability for interaction:
P=o-n-d
n numer of particles for volume unit (i.e. number of nuclei)
d droga przebyta przez neutrino w materii
for example. in 1 m3 of water vasel: P~10"%? m3
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In each second of our life, neutrinos pass throughout our
bodies without any interaction, even 100 trillion (102)

A chance that neutrino interacts inside us is 1 over 1
trillion trillion

This digit is such extremely small that difficult to imagine it

We are very lucky if at least one neutrino interacts inside
us during our life
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Neutrinos from supernovae reach Earth earlier than light, since:

« they are emitted immediately after the collapse of the star's core, within a few seconds
 light takes more time to escape the dense layers of the star — it can take hours or even days
before the shock wave breaks through the stellar envelope and releases visible radiation

Neutrinos act as a cosmic early warning system, informing us about dramatic events in stars
before we see them in light
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https://git.km3net.de/acoustics/SUNSET. |l

SUNSET

SUNSET (Simulation of Underwater Neutrino-induced Sound Emission and Transport) is a code designed to generate and
process underwater acoustic pulses emitted by calibration hardware as well as UHE neutrinos.

pipeline failed coverage 11.97%

Documentation

Check out the Latest Documention which also includes tutorials and examples.

Installation

SUNSET.j1 is not (yet) an officially registered Julia package but it's available via the KM3NeT Julia registry. To add the KM3NeT
Julia registry to your local Julia registry list, follow the instructions in its README or simply do

git clone https://git.km3net.de/common/julia-registry ~/.julia/registries/KM3NeT
After that, you can add SUNSET.j1 just like any other Julia package:

julia> import Pkg; Pkg.add("SUNSET")

Quickstart and usage

julia> using SUNSET
48
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Exceedingly unlikely for atmospheric muon to travel through that much water/column depth -> neutrino
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Instrument response

®* Mechanical resonance peak ~15 kHz
®* Helmholtz resonance peak at 600 Hz

Frequency [Hz]

®* Two types:
-single membrane
- double membrane

[ :
W} ; housing {

fiber

membrane

m Nik|hef Ernst-Jan Buis, "Acoustic neutrino detection", Seminar Krakow 14/3/2025 56
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Instrument response: directionality
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The GZK cut-off

* Greisen, Zatsepin and Kuzmin (1966):
Universe is not transparent for high energy
protons and ions.

* Berezinsky and Zatsepin: first prediction of
associated neutrino flux
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... with subsequent
decay to neutrinos
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