ino telescopes



What’s the plan?

* Today’s lecture on telesccopes
* This afternoon a hands-on session

* Atalk on the recent discovery with KM3NeT by Maarten on Wednesday

Nik[hef Ernst-Jan Buis, "Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025
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Neutrino discovery

* Observation of neutrinos (1956) from nearby reactor through:

V, + p—n + et

and T8 e, T
n + Cd— Cd*— Cd + 7
Photomultiplier
é 2
() @ e Delayed coincident
Al W detection of ¥ from "Cd
Port from @ . c-¢< @ with pair of ¢'s from
nuclear ~af\\= ) G‘\) @ ¢ — ¢~ annihilation,
reactor @
Neutri 109 QWI O
eutrino :
flux C @

10" fem®-s 7
Water target with

scintillator plus

CdCl,

40 kg of CdCl, Los Alamos
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8.B:9.A

ON HIGH ENERGY NEUTRINO PHYSICS IN COSMIC RAYS

M. A. MARKOV and I. M. ZHELEZNYKH
P. N. Lebedev Physical Institute, Academy of Sciences, Moscow, USSR

Received 3 January 1961

Abstract: The paper is concerned with the problems of detecting high-energy cosmic neutrinos
in underground experiments. Various kindred problems of high-energy neutrino physics are
discussed, viz. (1) the mnagnitude of weak-interaction cut-off momentum, (2) muon and
electron neutrinos and (3) intermediate boson. It is shown that a reasonable counting rate
could be obtained with available equipment.

1. Introduction

Within a few years there will evidently appear a new branch of experimental
physics — neutrino physics of medium and high energies — the results of
which may prove fundamental in the elementary particle theory in general 1).
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ON HIGH ENERGY NEUTRINO PHYSICS IN COSMIC RAYS

M. A. MARKOV and I. M. ZHELEZNYKH
P, N. Lebedev Physical Institute, Academy of Sciences, Moscow, USSR

Received 3 January 1961

Abstract: The paper is concerned with the problems of detecting high-energy cosmic neutrinos
in underground experiments. Various kindred problems of high-energy neutrino physics are
discussed, viz. (1) the magnitude of weak-interaction cut-off momentum, (2) muon and
electron nentrinos and (3) intermediate hoson. Tt is shown that a reasanahle conntine rate

* Search for a method to:
* investigate the existence of vector bosons

Wi o To verify whether v, and v, are different particles
physi © not (yet) interested in cosmic neutrinos

which'may prove fundamental in the elementary parcicle theory in general ).



Neutrino sources and their fluxes

atmospheric v:

cosmogenlc I/

1026 [ R e N

neutrino flux [1/(cm? s sr MeV)]

—_—

0-34 R [ L S T L | L R L L . L N

106 104 102 109 102 104 106 108 1010 1012 1014 1076 1018 1020
neutrino energie [eV]
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Neutrino sources and their fluxes

~ terr estlal v : ' : ;
S o~ 00m3/day R =
background odal SN ' ; : ]

neutrino flux [1/(cm? s sr MeV)]

10-34i__ _____ R . L L L L L L L L ~1/100km3/$lear
106 104 102 109 102 104 106 108 1070 1012 1014 1076 1078 1020

neutrino energie [eV]
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Neutrino sources and their fluxes

ter iestial 17
ba:lckgrou:nd old $N

atmospheric v:

1018 i s S e L AGNI=—N_.. DO

cosmogenic v |

—
o
N
(e))
I

neutrino flux [1/(cm? s sr MeV)]

j03L li i i [ ]
106 104 102 109 102 104 106 40810101012 1014 1016 1018 1020
Absorption Cherenkov Alternative methods neutrino energie [eV]
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SN1987A in the Large Magellanic Cloud

Februari 1987:
A bright spot near the Tarantula nebula!

Nik[hef Ernst-Jan Buis, "Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025
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SN1987A in the Large Magellanic Cloud

Nik[hef Ernst-Jan Buis, "Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025
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SN1987A: neutrino observations

Nik]hef

energy (MeV)

40

30

20 4

10

Kamiokande
® IMB
A Baksan

8 10

12

Supernova explosion in 1987
in Large Magellanic Cloud

First supernova visible by eye since 1604
Second known cosmic neutrino source

25 neutrino events recorded
by Kamiokande and IMB experiments

Both time of arrival and energy have been recorded

Assume all neutrinos created at the same time
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SN1987A: neutrino observations

Ep =yamc®
: :(higliokande EB _ YBmC2
401 |® A Baksan
®e »
)
1D 1 1
L | Af=tB—TA=§ 5 T T35
3 C \Ys Yy
— 'y
§ 20 - | A
1 s Difference between the time of arrival
A of high and low energetic neutrinos:
10
m,< 26 eV
0 | | | 1 | | |
0 2 4 6 8 10 12

Assume D (distance) to supernova is known and that all neutrinos are produced at t,
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h [ ] h [ ] [ ] f [ ] ? :
What is the origin of cosmic rays: _’\\
| | e
-1 — T.
10 — ) .
‘ C ‘s, air shower measurements
| 1—'_‘ '3 B b
\ \ / /4 '‘w 10 — .'l.
\& \ / . E -
\\ :  ellag 7 &
R A 10 =
- & c E
o 7
w 10 = .
. direct measurements
o < 7]
L -9 "
3 10 &
= ks q?b
S uF %
S 10 F “n
T ‘ ‘A ‘{-'\0
13 _ L3 "O-Q
10 |— ® direct measurements (protons) “5
el ® direct measurements (all particles) xh
10 A air shower data (all particles) I*T‘
10-17_IIIHIL|| llIIIlI,ll IIIIIII,IJ lllllllll IIIIIlI,IJ IlIllI[Il III]JI1|| llIlIIII,l IIIIIIIJJ lIIIIIT
102 103 104 105 106 107 10a 109 1010 1011

Energy E, [GeV]

CR flux: O~ 7

Spectral index 7 € 2.5, 5]
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What is the origin of cosmic rays? o
10 |- .
B air shower measurements
* Potential galactic sources o 10 g,
b o =
e Supernova remnants e Y F
o 7
U.'I 10 £ direct measuremaqts
w  of
T 10 =
* Potential extragalactic sources N
X 10 |—
: . : i | @
* Active galactic nuclei (AGNs) o |
10 |~ W—=girect measurements (protons)
. G b G RB P ® direct measureriients.(all particles)
amma ray ursts ( ) 10 [— A air shower data (all particles)
10-17_—IIIIIIL|] lIIlII,I,II IIIIIII,IJ lIIlllllI IIIIIILIJ Illllllll IIIIJII]] Illllll.l,l 111
102 10% 10" 10° 10° 10" 10° 10° 10
e Exotics: Energy E, [GeV]
* Dark matter decay and annihilation CR flux: D ~ E'—’Y

Spectral index 7 € 2.5, 5]
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Fermi shock acceleration

Radio maps SN1993J — M81 April 1993—-June 1998

Vv Solve for k
N Acceleration AFE = aoF
s In(N/No) — In(pB)
S ] Probability 3 In(E/E)) In(l+a)
\ @ N E 11?1(5))
- ksteps B = Ey(1+a)" No (Eo)
=
> 2 N = Ny(B)"
SESN dN E%_l
particle d_E X
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Fermi shock acceleration

Radio maps SN1993J — M81 April 1993—-June 1998

> S
=<

particle

Nik]hef

Ernst-Jan Buis,

"Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025

Flux dd/dE, - E,[mZsr' s )

I~ © B & @ i
CT T T T T T T T9TTT 02 T T \quf\

oF » en
S

o
‘s, B air shower measurements
-. . :
u-"
2
&
&
I
direct measuretiicins
> &
&
, (,59
L)
*&& @
¥
P
&
lireCt measurements (protons) 1’.
direct measurements (all particles) ey

air shower data (all particles)

%'A.
i
1 HHU.J !JULI[I{ il LIIJLIA IJUIJIJI 1 Hllll\J 1 HUJUI lHlLIJIJ LA HUIJJRH L

100 10t 10° 0% 107 10° 10° 10" 10"
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The gamma-ray - neutrino connection

Gamma-ray production:

Both electromagnetic and
hadronic processes

Nik]hef

electro-magnetic

Synchrotron A
radiation e‘ ® 3
B
inverse WA v
Compton / ;
scattering e
gamma rays

Ernst-Jan Buis,

hadronic

P
PN
P

0 A
n —Yy

W

gamma rays

7
N2/
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The gamma-ray - neutrino connection

Neutrino production:

hadronic processes
dominant

Nik]hef

@\
—

Ernst-Jan Buis,

hadronic

p T
N2/
O\

n
nt —u*t4+v,/v,

put — e+ v, /v, +v. /v,

neutrinos
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The gamma-ray - neutrino connection

Electromagnetic processes:

high en.

* synchrotron radiation

®* inverse compton scattering

€+ Viow energy ~ 7 e Vhigh energy -

‘pY—— o p] ,./ ‘
N

[ Ysynchr.

\
1
|
|

. . € |
Hadronic reactions: \ \/TY
\ | “high energy

‘ Inverse Compton]

| /'
p+nucleus - 7 +X (m =7n*,7°) é_T\h
0 Synchrot N/
p+y - AT > {n TP Y™ Radiation ¥ \ Tsynchr.

7t +n, I/

==
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Gamma rays from SNR RX J1713.7-3946

RX J1713.7-3946
e * H.E.S.S.data
wNe 0|l fitted y spectrum
calculated v spectrum
- = mean atm. v spectrum

H.E.S.S. telescope (+X-ray)

I III/1

10 | 5
10 E %

______

T 11 T‘T'IT'

E? x flux (TeV s’ cm?)
=

—
<
)

1 IIHHl

10°
E (TeV)

p+nucleus > 7 +X (7 =n+, 7%

JTO—HJ
T +n,

Observed gamma-rays compatible with pion m° decay when
accelerated protons interact with the molecular clouds p+y — AT > {
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Sites S
O~ O .\

Galaxy C]_ust‘ér

Starburst Galaxy .
Active Galaxy

Galaxy

Supernova Active Galactic Nucleus

thesis K. Melis, UvA 2021

e
or®

Massive Star White Dwarf

0 o SN, type ‘ type la

I
: "4 »
17h15m 17h10m : 4
) ' :

: / { Supernova -
RX J1713.7-3946 ++ o | caeton )

7 P disc

M87

Hot sbot

star hole

*
Pulsar Wind
Nebula
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Sites

(%]

—~—
e

Hillas argument:
The Larmor orbit of accelerated
particles has to fit inside the object

Neutron stars (pulsars)

. Y-ray bursts

Magnetic field strength [T]
=

3

R White dwarfs
1
i ® AGN, core region
]0'4 -+ .\fi('l'flll'tf; AGN, -I.(,“ (blazars)
Larmor orbit: AGN lmr spots
10°

& \AGN lobes
E (Typic Supernova. mnmam\‘

R I_ e B hu:nan brain
ZeB

L]

./

107 =
: Earth !/ a.u. 1 pc G.C. :
Emax = ZeBR, ‘ P
1072 [ o L
107 10° 107 107 107 10"
Source radius [km]
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Summary

Nik|hef

Gamma-Ray Supernova | Supernova
Burst (GRB) with chocked Y NV Type lin v (&)
lets k\ Y l‘ Y
A '/ ¥
o': -7

Active Galactic
Nucleus (AGN)

" Super
*. . massive BH

Tidal Disruption , a
event (TDE)

4 vonl
vV A y

Bartos, Kowalski

Ernst-Jan Buis,

"Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025
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p+nucleus > 7 +X (m =n~, 70

J’TO—I—p
77 +n,
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The cosmic neutrino landscape

Nik|hef

Instruments

sources

P-One, Trident, Neon, HUNT.

IceCube Gen-l|

KM3NET ORCA + ARCA

IceCube + deepcore + upgrade

GVD

Galactic SNR

Tidal disruption events

AGN, Blazars

GeV

guaranteed signals

Atmospheric (NMO++) 1. 5 :
Dark Matter Diffuse (?) cosmic flux
Galactic plane cosmogenic
HE GRB
TeV PeV EeV
speculative
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Neutrino telescope concept

Proton

atmospheric

&
>
&
EO
)

|

/
AY
Proton /

u
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Atmospheric neutrinos

« Conventional neutrinos: Decay of pions and kaons. Neutrino flavour ratio: v, :

o Prompt neutrinos

PE ] T I T ' T I T ' T I T ' T
~ —— Conv. atm. v +V, 1
::. _ —— Conv. atm. v _+V, .
= g —— Prompt atm. v, +V,, 3
= t IceCube v +V,
; t IceQube '1f VetV
oA t Frejus VY,
g ¢+ lceCube vu+_7u
Antares v +V,
S 10
o~
N

T T "I '] -|/. T
F;.
A
1 o1 o0 .0 .01 o0 50 0 50 o1 41 .1

'l | ' |

100 10° 10° 10"
Energy [GeV]

~

~
~
.

E’ ® [GeV /m?®/s/sr]
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—— Conv. atm. v +V,
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—— Prompt atm. v
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Neutrino interactions in water

« Both neutral and charge current interactions.

o Cross section increases with energy

o Expect UHE neutrinos skimming or from zenith.

Z i
W+
N N

Nik]hef

L Ly
Z ]
N N’

NC
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10*® eV
10 eV

10*° eV

10% eV
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10°

104E
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10!

100

10147

10—2L

10

|l el el el el il il d
1 102 103 10* 105 10° 107 108 10° 10'° 10!! 102

E, [GeV]
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Neutrino interactions in water

In the high energy limit the Bjorken-y factor approaches 0.2.
A fraction (1 - y) of the initial energy E, of the neutrino will be
carried by the lepton after the reaction, the rest is transferred
to the nucleon.

V) <% L] L

|ml.r f [ f

NC

108

1051

o (pb)

10%E

103}

102}
10t}
1000 .../

10147

E, [GeV]

0.6

<y> oc Z/N

<y>

0.1 Lol o ek e e
10t 102 10% 10%* 105 10% 107 108 10° 1010 101! 10!2
E, [GeV]
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Energy deposition in water

D) i e I I e B I R B
I Total ]

------------ -dE/dx = A, -dE/dx = B*E
——— lonisation
——— Deltarays
——— e'*e pair production

|
Range [m]

100

Bremsstrahlung
10° F Photonuclear

= Cherenkov

Energy loss [GeV / m]

| | l .1 1

. ] = I IR . .
w10 100 10 10 1100 10t 10° 10°
Muon energy [GeV] Muon energy [GeV]

thesis K. Melis, UvA 2021
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Neutrino telescope concept

Proton

atmospheric

&
>
&
EO
)

|

/
AY
Proton /

u
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Cherenkov radiation

Charged particle moves superluminally through a medium

Nik]hef

Cone angle

Threshold velocity

Ernst-Jan Buis,

Number of photons/distance/wavelength

ON
TN 27X (1 —

1 1
B2n2 ) A2

"Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025
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First ideas: DUMAND

DUMAND 1978: 1.26 km® &> 1980:0.60 km3 —> 1982: 0.015 km?3
22,698 OMs 6,615 OMs 756 OMs
Deep Underwater Muon - h
and Neutrino
Detector. |
P, |
: 1>
-
nn’;‘? jri‘ 6:":},.
g g H ﬁ"‘A
S 1988: 2o
¥ 0.002km?® Y
™3 T.._’ — . mn': $ 1N
&}:-; 216 OMs _,:;;j?; e B
FIG. 9. The first DUMANDFamy: DUM.ANb G the 1978 =SS
model. See text for details (Roberts and Wilkins, 1978). DUMAND-II
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Second generation neutrino telescopes: IceCube, Antares, GVD

ANTARES
E © Deep water
« 0.01 km3 _ N\
+ 2008 - 2022 =gy i
| Baikal-GVD Y8
- Deep water g e
« 1 km?
« Under construction

KM3NeT

* Deep water
« 1 km?
» Under construction

lceCube
« Deep ice
o« 1 kin?
. 2011 -
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Second generation neutrino telescopes: IceCube, Antares, GVD

IceCube Lab
\ - Ice Top
S g it « 81 stations

50m —'.—:—:_—:*:_-’4_'_"—“_:—‘__*; ''''' « 324 optical sensors

IceCube array

= 86 strings including 8 DeepCore strings
- 5,160 optical sensors

Deep Core

« 8 strings-spacing optimized for

lower energies
1.450m — « 480 optical sensors
Eiffel Tower
AJ/ 324m
2,450 m
2,820m
IceCube at the Southpole Antares in the Medditerranean Sea

GVD in Lake Baikal
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Second generation neutrino telescopes: IceCube, Antares, GVD

IcECuLEE
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Next generation: KM3NeT

Launcher vehicle

Optical module

Ww 009 ~

«— 177 ——

— 31 x3”PMTs
— rapid deployment — Jow-power HV
— autonomous unfurling — White Rabbit v
— recoverable — DWDM
Nik[hef Ernst-Jan Buis, "Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025
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KM3NeT digital optical module

Nik[hef Ernst-Jan Buis, "Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025
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Neutrino telescope concept

= Sensors:

= 31 photo-multiplier tubes
=« Compass/tilt
= Hydrophone

= LED (nano beacon)
= Electronics:

= Timing!

= Optical fiber read-out

Nik[hef Ernst-Jan Buis, "Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025
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KM3NeT: Italian site

Nik]hef

Ernst-Jan Buis,

"Neutrino Telescopes", Topical lectures, Nikhef 0871272025
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: French site

KM3NeT
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KM3NeT: French site

%
P
¥

2014: Implementation of the main cable to
shore
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KM3NeT: numbers

/

= Number of strings: ~300
= KM3NeT-Fr (Orca):

= Relatively low energetic neutrino’s (GeV): high density of modules.

= Distance between the strings is 20 m. Distance between modules 9 m.
Length of a string: 200 m

= KM3NeT-It (Arca):

= High energetic neutrino’s (TeV, PeV) :
Need large volume!

= Distance between strings is 95 m. Distance between modules 36 m.
Length of a string is 700 m.

Nik|[hef Ernst-Jan Buis, "Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025
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KM3NeT under construction
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France

Astroparticle and Cosmology Laboratory,

University of Paris

Centre for Particle Physics of Marseille,
CNRS Nucléaire et Particules, Aix-

Marseille University

United
Kingdom

« University of Hull

Laboratoire d'Astrophysique de Marseille

Aediterranean Institute of

Oceanography, CNRS Terre et Univers,

Marseille
University of Toulon

Institut Pluridisciplinaire Hubert Curien,

Université de Strasbourg

SUBATECH research laboratory, Nantes
Laboratoire Univers et Particules de

Montpellier

Belgium

= UClouvain,
Louvain-La-Neuve

» Université Libre
de Bruxelles

Laberatoire de Physique Corpuseulaire

de Caen

.

Spain
Instituto de Fisica
Corpuscular, Valencia
Consejo Superior de
Investigaciones Instituto
de Ciencias del Mar del,
Barcelona
Universitat Politécnica
de Valéncia
Universitat Politécnica
de Catalunya, Vilanova i
la Geltrs
University of Granada
Instituto Espaiiol de
Oceanografia, Gandia

United
States of
America

» Harvard University,
Cambridge

« Drexel| University,
Philadelphia

The

Netherlands

o NWO-I, Nikhef, Amsterdam
+ University of Amsterdam

« Leiden University
o NIOZ, Texel

+ TNO, Technical Sciences,

Delft

KM3NeT
Collaboration

5 continents, 21 countries,
68 institutes

B Full members

Observers

University of Minster
_— —y s EE

Germany

Friedrich-Alexander-
Universitat Erlangen-
Nirnberg

Max Plank Institut fir
Radicastronomie, Bonn
University Wirzburg
University of Erlangen,
Remeis Sternwarte,
Bamberg

.
Algeria

« Center of
Research in

3 Astranomy,

i Astrophysics, and
Geophysics,
Bouzareah

« Université Badiji iy
Meokhtar, Annaba

- University of
Constantine B

« Mohamed Boudiaf ;_

k! University, M'sila ‘5&"

Italy

INFN, Laboratori Nazionali

del Sud, Sezione di Catania

INFN, Sezione di Bari,
University of Bari

INFN, Sezicne di Firenze
INFN, Sezione di Genova,
University of Genova
INFN, Sezione di Napoli,
University of Naples

. Morocco

» University Mohammed V,

Rabat

of Sciences and Nuclear
Techniques, Rabat

Qujda

National Center of Energy

University Mohammed ler,

Cadi Ayyad University,
Marrakesh

Mohammed VI Polytechnic
University, Ben Guerir

INFN, Sezione di Roma,
University of Rome La Sapienza
INFN /Sezione di Bologna,
University of Bologna
Universita degli Studi della
Campania L. Vanvitelli
Universita di Padova

Universit& degli Studi di Salerno
Instituto Nazionale di Geofisica
e Vulecanologica

Slovakia

« Comenius University
in Bratislava

+ Slovak Academy of
Sciences, Kosice

Czech
Republic

+ Crzech Technical
University in
Prague

Georgia

« Tbilisi State University

« University of Georgia, Thilisi

United Arab
Emirates

+ Nicolaus Copernic
Astronomical Center,
Particle Astrophysics
Science and
Technology Centre,
Warsaw

Poland

AGH University of
Krakow

NCBIJ - National
Centre for Nuclear
Research, Warsaw

us

South Africa

« University of Johannesburg
- University of the Witswatersrand
« North-West University, Potechefstrom

+ University of Sharjah

+ Khalifa University of
Science and
Technelogy, Abu Dhabi

Romania

- Institute for Space
Sciences, Bucharest

Greece

« NCSR Demokritos, Athens

+ National and Kapodistrian

University of Athens

Cyprus

« University of Cyprus,

Nicosia

China

» Sun Yat-Sen University,
Zhuhai

Australia ¢

+ Western Sydney University



ORCA

France Switzerland >4 . * Depth ~2500 m
s g N - * One block of 115 Detection Units
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Positioning system

ARCA9
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Top DOM dynamic position
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Digital Optical Module

Nik]hef

Sensors:

31 photo-multiplier tubes (3”)
= Hamamatsu R14374

Compass/tilt

Hydrophone

LED (nano beacon)

Electronics:

Timing!

Optical fiber read-out

Ernst-Jan Buis,
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Nikhef 08/12/2025
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Event reconstruction
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Atmospheric muons
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Tracking

z[m]

Nik|hef

z-t-Plot for DetID-44 (t0set: A02141094), Run 7145, Framelndex 29589, TriggerCounter 1821, Overlays 808, Trigger: MX 3DM 3DS
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Tracking

Nik]hef
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Event topology

Track topology Shower topology
® ® » . ® L L L
&
®
@
Muon track Electron event, cascade pattern
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mulated events
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Upgoing muon event, track
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Tau production and decay

Tau decay length:
50 m per PeV
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Angular resolution
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Energy resolution

muon neutrino electron neutrino
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Sensitivity

Nik]hef

IceCube signal
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Direction measurement

Nik]hef

Sun shadow,
significance 6.0 o,
resolution 0.68° +/- 0.15°

Xs [deg] Xs [deg]
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Highlights
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IceCube: Cosmic neutrinos exists
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2013 publication of the first cosmic neutrino flux
* Confirmed by GVD & one very high energy neutrino

from KM3NeT

Baikal-GVD

Events per bin
S)

-
-
Ny

-3
107727 1.4

16 18 2
log (E_/TeV)

« dala m Vi Matm ™=

v:’iS tro

22 24 26

"Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025

72



IceCube: Cosmic neutrinos exists
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e 2013 publication of the first cosmic neutrino flux
* Confirmed by GVD & one very high energy neutrino
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Cosmic neutrino flux measurement

Diffuse, extragalactic
Latest fit prefers broken power-law

(4.70)
Flavour ratio: 1:1:1
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: fy : fr at source
© 1.0 1:2:0

o m 0:1:0
0.9 A 1:0:0
@ Best fit BPL
ks 0.8 *  0.30:0.37:0.33
Best fit SPL

0.7 ™ 0.28:0.36:0.36
lceCube Preliminanry

_______ 0.1
5
e ' 0.0
[} s "y e A “ © N D ] ]
o () (%] () o o S (&) (%] o s

Ve fraction (fz)

Ernst-Jan Buis,

10"
] Combined Fit BPL
MESE BPL

i —:— NGC1068, 4m av.
r|:_ --- Galactic v (Fermi %), 4 av.

n 107 Segmented flux, Combined Fit
T HH  Segmented flux, MESE
Nm lceCube Preliminary

I

=

S y=2.84

>

Q : 1
= l

S

>
g
— >

o+

o>

e

N>

L

10_10 LT3 2 ] 4 LS JC L SR ] ¥ : T A% 26 10 3. | A X T I . R 4 L TR T 3 ] A X J I RS
103 104 10° 10° 107 108
Neutrino energy [GeV]

"Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025

74



TXS 0506+056

22/9/2017, TXS 0506+056:

Blazer with first neutrino-gamma
coincidence observation:

- Magic, Fermi
- IceCube

Nik]hef

Ernst-Jan Buis,

Aartsen et al: arXiv: 1807.08816
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Fermi-LAT



Neutrino sources

Nik]hef

Latitude [b] Latitude [b] Latitude [b] Latitude [b]

Latitude [b]

¥ Gamma Ray

Predicted n° Northern Sky

/ Southern Sky
v AnalysisiExpectation

£ Typical Event Uncertainty -

N
o

logy(Counts)

8O
n

%\ Northern Sky

kJ
Weight
[sr1]

Southern Sky _

oo
Ln

Weight [sr~!]

s0
=

Galactic Coord.

[N ]
Significance
[o]

Galactic Longitude [/]

Ernst-Jan Buis, "Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025

L

:
i
i
(!

IceCube

Fermi-LAT

77



NGC 1068 e
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Cosmic neutrino sources

TXS 0506+056 NGC 1068 Galactic plane

original GCN Notice Fri 22 Sep 17 20:55:13 UT log; o (Mocal)

& refined best-fit direction IC170822A 1
e [C170322A 50% - area: 0.15 square degrees

m— [C170922A 90% - area: 0.97 squara degrees

6.2°

Declination
o
2

o
)
Fermi Gounts > 1 GeV
[~

o
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L

bt
@
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784°  780° T776° 772° 768  764° 1.2 41.0 408 406 404 40.2
Right Ascension r.a. [deg

* High energy IceCube track from 2017 « Excess of upgoing neutrino * Diffuse / unresolved contribution
* Location: known Blazar, TXS candidates from our Galaxy
0506+056 also “flaring” in X-rays at from direction of an Active Galaxy * ~10% of all cosmic neutrinos

the time.
Extensive Multi-messenger follow-up
v burst in 2015

* 10 years of data
* Very few gamma rays

Vast majority of cosmic neutrinos has no known source...
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Neutrino sources and their fluxes

Nik]hef
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Combined nunubar=1:1

G IaShOW event Resonant production of a weak intermediate 6395 F 21 Glaor Fhacrtocs

boson by an anti-electron neutrino interacting with
an atomic electron

[ Charged and Meutral Current
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00500
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Detection of anti neutrino in cosmic
neustrino flux:

Test predictions from cosmic ray
interactions with interstellar matter,
such as py and pp
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“Detection of a particle shower at the Glashow resonance with IceCube”, Nature, Vol 591 (2021), p
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Glashow event

equal mixture of 1°, mand ", one expectstheratioy,:v, =1:1

Detection of anti neutrino in cosmic

neustrino flux:

Test predictions from cosmic ray
interactions with interstellar matter,

suchaspy and pp

V:V,=1:3.5atEarth

Nik]hef

Counting the anti neutrinos in the total flux

We consider six possible source models:
(i) pp = ©* pairs = v, + D, + 2v, + 2D, referred to as the “T= mode”;
(ii) pp = m * pairs — v,. b, only, referred to as the “damped 1= mode”;
(iii) py — 7" only, — v. + v, + U, referred to as the “r" mode”;
(iv) py — 7t — v, only, referred to as the “damped p* mode™;
(v) charm production and immediate decay to v., Ve, v,, U, referred to as the “prompt
mode™; and
(vi) 3-decay of cosmic neutrons to 7., referred to as the “neutron decay (or 3 decay) mode”.

3+

V. Barger et al, arxiv.1407.3255
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a t, =328 ns b 3 ms after t,

Glashow event
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“Detection of a particle shower at the Glashow resonance with IceCube”, Nature, Vol 591 (2021), p
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Article

Observation of anultra-high-energy cosmic
neutrino with KM3NeT

https://doi.org/101038/541586-024-08543-1  The KM3NeT Collaboration*™

Received: 19 August 2024

Accepted: 18 December 2024 The detection of cosmic neutrinos with energies above a teraelectronvolt (TeV) offers
a4 R O R aunique exploration into astrophysical phenomena' . Electrically neutral and

% Check for updates

interacting only by means of the weak interaction, neutrinos are not deflected by
magnetic fields and are rarely absorbed by interstellar matter: their direction

indicates that their cosmic origin might be from the farthest reaches of the Universe.
High-energy neutrinos can be produced when ultra-relativistic cosmic-ray protons or
nuclei interact with other matter or photons and their observation could be a
signature of these processes. Here we report an exceptionally high-energy event
observed by KM3NeT, the deep-sea neutrino telescope in the Mediterranean Sea*,
which we associate with a cosmic neutrino detection. We detectamuonwithan
estimated energy of 120"} petaelectronvolts (PeV). Inlight of its enormous energy
and near-horizontal direction, the muon most probably originated from the
interaction of a neutrino of even higher energy in the vicinity of the detector. The
cosmic neutrino energy spectrum measured up to now® 7 falls steeply with energy.
However, the energy of this eventis much larger than that of any neutrino detected so
far. This suggests that the neutrino may have originated in a different cosmic
accelerator than the lower-energy neutrinos or this may be the first detection of a
cosmogenic neutrino®, from the interactions of ultra-high-energy cosmic rays with
background photons inthe Universe.

Cosmic neutrinos may be produced either in the vicinity of the cosmic-
ray source or along the cosmic-ray propagation path, leading to the
productionofsecondary particles, which y decay
into neutrinos. Cosmic raysinteracting in the Earth’s atmosphere pro-
duce atmospheric neutrinos, which form an experimental background
to cosmic neutrinos. To detect cosmic neutrinos, very-large-volume
neutrino observatories monitor natural bodies of water orice for the
Cherenkov lightinduced by the passage of the charged particles that
result from neutrino interactions in or near the detector. The KM3NeT
researchinfrastructure comprises two detector arrays of optical sen-
sors deep in the Mediterranean Sea‘. The ARCA detector is located
offshore Portopalo di Capo Passero, Sicily, Italy, at adepth of about
3,450 m and connected by means of an electro-optical cable to the
shore station of the INFN, Laboratori Nazionali del Sud (LNS). The
geometry of ARCA is optimized for the study of high-energy cosmic
neutrinos. The ORCA detector is located at a depth of about 2,450 m,
offshore Toulon, France, and is optimized for the study of neutrino
oscillations. Both detectors are under constructionbut already opera-
tional. Once completed, they will comprise 345 (230 for ARCA and 115
for ORCA) vertical detection lines, each holding 18 optical modules.
Each module hosts 31 3-inch photomultiplier tubes (PMTs) pointing
in all directions and ensuring 4n coverage®. Both detectors caniden-
tify all flavours of neutrino interactions: those producing long-lived
muons, denominated ‘tracks’, and those producing electromagnetic
and hadronic cascades at the neutrino interaction vertex, denomi-
nated ‘showers’,

“A list of authors and their affiliations appears at the end of the paper.

Of interest in this article are neutrino interactions that produce
high-energy muons, which can travel several kilometres in seawater
before being absorbed. These muons lose energy as they propagate
mainly because of stochastic radiative processes such as bremsstrahl-
ung, pair production and photonuclear reactions. The average energy
loss per unit path length is proportional to the muon energy. Elec-
tromagnetic cascades arise from these stochastic energy losses; the
number of charged particles that produce Cherenkov radiation in the
cascades is proportional to the amount of energy lost by the muonin
the process. The recorded time of arrival and time-over-threshold of
the signals on the PMTs (denoted as ‘hits’) are used to reconstruct the
muon direction and energy.

Although atmospheric neutrinos are more abundant at lower ener-
gies (=TeV), cosmic neutrinos should become dominant at energies
above 100 TeV. The neutrino energy is thus a crucial parameter for
establishing a cosmic origin. The IceCube Collaboration announced the
discovery of PeV cosmic neutrinos in 2013 (ref. 10). The most energetic Q13
neutrinos reported so far are 2 6.05 + 0.72 PeV electron antineutrino
observedat the energy of the Glashow resonance" and amuon neutrino
above 10 PeV from the observation of a 4.4-PeV muon®.

The neutrino event KM3-230213A Qll

An extremely high-energy muon traversing the ARCA detector was Q10
observed on 13 February 2023 at 01:16:47 UTC. This event is referred to Q9 [
hereas KM3-230213A. At that time, 21 detection lines werein operation. [Qi2]

Nature | www.nature.com | 1
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Alternative detection methods
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A cosmic origin
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Flux predictions, depends on the
composition of the cosmic rays
(Protons, ions)

VHE event shows a preference
for proton dominated cosmic flux

(Flux prediction differs with more
than 3 orders of magnitude)
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The GZK cut-off

World UHECR Dato: o Yokutsk
i n Haverah Park 1
. . . . . — ] ¥ 0 AGASA (old) 7
« Greisen, Zatsepin and Kuzmin (1966): Universe is not T g, o AGASA (new)
. ] a -6 ' T % HiRes 1&2 mono |
transparent for high energy protons and ions. ;A s # Auger 2007
. . . R R . . N h Il: DG i Ll 1
o Berezinsky and Zatsepin: first prediction of associated neutrino ¢ ! P
Q
flux % ! i
.4 P
: "8 — r, I,
L »”
o -y
T L ,L.;.r
L) ’.4‘-;
[ >
; ( == 7= GZK neutrino models
o . 7T 77" (predicted ronge)
=10 s
’-l L l 'l L 'l L I ' L L 'S I L 1 A L I L L 1 A I A l-'

17 18 19 20 21
log (Particle Energy, eV)

... with subsequent decay to

- YoMB — A"‘ —n + ﬂ-"‘ neutrinos

Nik|hef Ernst-Jan Buis, "Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025



The GZK horizon
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The universe is opaque for cosmic rays at resonances.

p+Ycmus — AT —p+m°

p+vcmup — AT —n4mt

Cross section for proton-photon reaction
1072 cm—2
3 -3
420(1+ z)° cm

Density of CMB photons in the Universe
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>
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Aczk ~ 8Mpc

Mean free path. Total energy is absorbed around 100 Mpc
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Detection of high energy neutrinos

o Three methods of observing neutrinos in large scale telescopes
- Optical, Cherenkov radiation
- Coherent radio emission

- Acoustic signals

/ / radio lobe

sound disk

Nik[hef Ernst-Jan Buis, "Neutrino Telescopes", Topical lectures, Nikhef 08/12/2025

optical light cone

W
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Scientific objectives of an acoustic telescope Lunardini, Winter 2017
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Particle showers in water
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Particle showers include of hadronic and electromagnetic showers
Both longitudinal and radial energy deposition

normalised longitudinal energy deposition (m~1)

hadronic shower
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Particle showers in water at the highest energies
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)

electromagnetic shower: E =289 GeV |

At energies above the shower geometries -
are affected by the LPM effect
o Reduce cross sections for EM processes
in the shower
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Acoustic neutrino signals

e Firstidea by Askaryan (1957)
 Wave equation p is given by energy deposition .

1 9%p  « 0%

2
VP— Zoe T 0, o

EO
pmax OC }/G )
Op
. .2 .
Vg = CSO{/CP Grlineisen parameter

Water properties:

C = speed of sound

C,, = expansion coefficient

X = heat capacity
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Acoustic neutrino signals
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pressure [Pa]
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-> Detect mPa pulses in a static pressure environment of MPa
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Future telescope concept
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