- Unveiling the Cosmos:
Recent Advances in High Energy
Neutrino Astronomy with
i Cherenkov Telescopes
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High energy astrophysical neutrinos
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0 Offer unique chance to

* access the highest energy universe
* unveil the origin of the cosmic rays,

@H Y discovered ~100 years ago, still unknown origin
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Neutrino astronomy: why?

pVu Hadronic scenario

Also produced in the
leptonic scenario via

p+y->A->n’+p synchrotron emission
>t +n 70 = + inverse Compton
scattering

proton-nucleon:
+p-op+p+n’ tt-sut+v, et +v,+v, +v
pTp—=>pTp i w TV
spt+nt+n’ nmou +V,oe +v. ty,

proton-photon:

p+n-p+n+n°

Ve:v,:v, = 1:2:0 at the source

— 1
opPtpAT Verv vy = Lilid at Earth
Neutrinos:

» Provide a strong indication of hadronic
acceleration in astrophysical sources
» Smocking gun of the cosmic-ray sources a




Either CC or NC
interaction with a
nucleon N

HE neutrino detection

Cherenkov radiation
detected by arrays of
PMTs

Position, time and charge
used to reconstruct

direction and energy
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HE neutrino detection

Main background:
Atmospheric muons and neutrinos
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/

Atmospheric
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By selecting up-going events,
neutrino telescopes can use the
Earth as a shield against
atmospheric muons

— Different sky visibility
depending on detector location

— induced, Eu>100 GeV

— induced, E“>1 TeV
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HE neutrmo telescopes today

Decommisioned: \.
o ANTARES

Operating in full conﬁgura
o lceCube

Under construction:
o KM3NeT

o Baikal GVD

e

IceCube
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ANTARES

Designed to detect v with E > few GeV
First detection line installed in early 2006

Completed in 2008, decommissioned in 2022

2475 m depth in the Mediterranean Sea
40 km offshore from Toulon
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Three-dimensional array of 885 PMTs
12 vertical lines, 25 storeys

* 3 PMTs per storey
* PMT facing 45° downwards
* Instrumented volume ~0.01 km3




IceCube

IceTop
-~ _— 81 Stations

- 324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

 Completed in 2010
LR 5 » Taking data since 2005 with partial configuration
RS I i manda Il Array
= Fdl i (prmoEoris lestiibe) * Between 1450 and 2500 m deep
I‘ » De Co L L3 L
%ﬁ:‘:g;w-:re:gg\sgo&pﬁmizedforIowarenergies « 86, Ikm high, vertical lines, 5160 PMTs
* Horizontal separation between strings: 125 m
* Vertical separation between DOMs: |7 m
* ~| km?3instrumented volume

* Largest neutrino telescope in the world

Eiffel Tower
324 m

2450 m
2820 m




Diffuse astrophysical neutrino flux

The ensemble of all sources which are too faint to be

detected individually will produce a diffuse neutrino flux

How to detect it: look for an excess of high-energy data
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Diffuse astrophysical neutrino flux
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Diffuse astrophysical neutrino flux

Upgoing track sample

Latest: 9.5 years € PoS(ICRC2019)1017
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Diffuse astrophysical neutrino flux

(3 ApJL 853, L7 (2018)
ANTARES results (11 years) (27 tracks + 23 showers) €3 PoS(ICRC2019)891
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Diffuse astrophysical neutrino flux

Spectral constraints derived from lceCube and ANTARES analysis

151 « sky coverage,

..... * atmospheric background contamination
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Diffuse astrophysical neutrino flux

A Diffuse neutrino flux in a multi-messenger context JHEAp 36 (2022) 55-110
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Neutrinos from the Galactic Plane

* CR source
# CRinteraction

* Galaxy filled by CRs and ISM

— CR collisions will produce ys and vs

— Guaranteed neutrino component in the Southern
Sky because of the presence of the Galactic Plane

Figure credit: L. Fusco




Neutrinos from the Galactic Plane

Two search methods:
____ Galactic coordinates

Galactic
center

I. ON/OFF search

* Limited dependency on models
* Only possible for mid-latatitude
detectors

/ ON I‘eg|0n

2. Template search
* expected neutrino sky-map from models of
Galactic diffuse neutrino emission
* model-dependent results
* whole sky is relevant
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Events per bin

Recent hint (2.20) for a TeV neutrino emission
from the Galactic Ridge reported by ANTARES

Neutrinos from the Galactic Plane
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Neutrinos from the Galactic Plane
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Icecube announced the detection of neutrinos HOME > SCIENCE > VoL. 380, ,NO.6652 > OBSERVATION OF HIGH -ENERGY NEUTRINOS FROM THE GALACTIC PLANE
from the Galactic Plane at 4.56 (June 2023) °& ™ =™ _ e
Observation of high-energy neutrinos from the Galactic plane
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Most promising sources:
* AGNs — blazars

* Starburst galaxies

* Galaxy clusters

* Tidal disruption events

Figure credit: IceCube/NASA




Individual sources of neutrlnos

Two ways to detect them:

|) Exploit different expected spatial, energy (and time) 15 47 = :‘
distribution between signal and backgound:
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Look for a signal-like cluster of events
in each direction of the visible sky OR
in the direction of promising neutrino
sources
Weak points:

* need for a very high flux to stand

out from the BG
* Significance killed by trial factors
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Individual sources of neutrinos

Two ways to detect them:

2) Exploit real-time multi-messenger approach




Individual sources of neutrinos

Blazar TXS 0506+056

side view

Science

\/ Submit

i

Current Issue First release papers Archive About v

HOME > SCIENCE > VOL.361,NO.6398 > NEUTRINO EMISSION FROM THE DIRECTION OF THE BLAZAR TXS 0506 056 PRIOR TO THE ICECUBE-170922A ALERT

&3 Science 361, 147-151 (2018); , & ¢ =

Neutrino emission from the direction of the blazar TXS 0506+056
rior to the IceCube-170922A alert V-
P Science

ICECUBE COLLABORATION , MARK AARTSEN, MARKUS ACKERMANN, JENNI ADAMS, [...], AND TIANLU YUAN | +32
HOME > SCIENCE > VOL.361,NO.6398 > MULTIMESSENGER OBSERVATIONS OF A FLARING BLAZAR COINCIDENT WITH HIGH-ENERGY NEUTRINO ICECUBE-170922A

@  RESEARCH ARTICLE

Currentissue  First release papers  Archive  About v (Suhm

oot & 56 E OB ORTIBB0D505 %

|\ topview| °

270 TeV muon detected by lceCube on 22 September 2017
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Multimessenger observations of a flaring blazar coincident with
high-energy neutrino IceCube-170922A
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Neutrino flare found in 2015 (3.50)
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Lack of concordance picture of the multi-messenger data
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Other neutrinos-blazar correlation

Plavin et al ApJ 894 (2020) 101, Ap| 908 (2021) 157, MNRAS 523 (2023) 1799
Buson et al 2022 ApJL 933 L43, arXiv:2305.11263
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CREDITS: NASA, ESA, Alex Filippenko (UC Berkeley) William Sparks (STScl), Luis C. Ho (KIAA-PKU),
Matthew A Malkan (UCLA), Alessandro Capetti (STSCI)
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Individual sources of neutrinos

Active galaxy NGC 1068

Brightest and one
of the closest type 2
Seyfert galaxies

dec. [deg]
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Evidence for neutrino emission from the nearby active
galaxy NGC 1068
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Future neutrmo telescope Iandscape

Decommisioned:
o. ANTARES

Operating in full conf'gura
o lceCube

Under construction:
o KM3NeT
o Baikal GVD

Future detectors:
o lceCube Gen2
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KM3NeT/ORCA
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18 lines operating, |15 lines foreseen
2450 m depth in the Mediterranean Sea
40 km offshore from Toulon

| dense building block

1/125 km3 instrumented volume

GeV energies

Oscillations, mass hierarchy

Building block
|15 strings per building block

I8 optical modules per string
31 PMTs per OM

~| km ARCA

&3 Journal of Physics G: Nuclear and

KM 3 N eT Particle Physics, 43 (8), 084001, 2016
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KM3NeT/ARCA LR
28 lines operating, 230 lines foreseen
3500 m depth in the Mediterranean Sea
100 km offshore from Sicily

2 sparse building blocks

I km?3 instrumented volume

1-10 TeV energy threshold
High-energy neutrino astronomy
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KM3NeT

Full ARCA and ORCA size comparison ARCAZ28 event display

4170 ns




Full ARCA angular resolution

Angular deviation [degrees]

Angular deviation [degrees]

KM3NeT/ARCA230 Preliminary

Median, 68% quantiles
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& PoS(ICRC2021)1077
Full ARCA performances &3 PoS(ICRC2023)1075
e &3 arXiv:2402.08363 [astro-ph.HE]
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ARCA will be able to: Years

* Look for point-sources of neutrinos with unprecedented angular resolution
* Confirm the neutrino emission from NGC 1068 within a few months of operation
* Probe the predicted fluxes for several Galactic sources in a few years of operation




Full ARCA performances

KM3NeT

KM3NeT/ARCA230 Preliminary

Significance o

PoS(ICRC2023)1075
arXiv:2402.08363 [astro-ph.HE]
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Diffuse flux sensitivity @~

oY eaE>? for discovery [GeVem2s71]
o
A
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Observation years

ARCA will be able to:

¢ Confirm IceCube’s observation of diffuse and
Galactic Plane flux

e Characterize the neutrino spectrum
and flavor composition




Current detector performances KM 3 N eT

Point-source search

101 sources analysed
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Most-significant source:
J1512-0905 for the E~2 analysis
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e Pre-trial p-value =0.011
e Post-trial p-value = 0.66
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Sensitivities to point-sources improving fast with growing detector

Soon to be competitive with ANTARES and IceCube




Current detector performances

Diffuse flux all-sky search

Method:

* Blind policy (use only 10% of the data for optimizations)
* Use the Model Rejection Factor (MRF) technique to find

the optimal cut on the energy estimate

. KM3NeT/ARCAZ21 preliminary, 67 days
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Galactic ridge search

Method:
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KM3NeT/ARCAG6+8+19+21 preliminary, 432 days

= ARCAG6 + ARCA8 y € [2.1, 2.5] (this work)
ARCA 6+8+19+21 y € [2.1, 2.5] (this work)
ANTARES 1f best-fit flux (2018)

IceCube 1f best-fit flux (2022)

90% C.L. Upper Limits
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Sensitivities to diffuse flux improving fast with growing detector
Soon to be competitive with ANTARES and IceCube
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Real-time pipelines

PRELIMINARY

What are we currently receiving?

INTEGRAL (GRB)
FERMI_GBM (GRB / Transient)
FERMI_LAT (Transient)

SWIFT_XRT (GRB / Transient)
SWIFT_BAT_TRAN (Transient)
MAXI (Transient)

HAWC (Transient)

IceCube (Neutrino)

LVK (GW)

SNEWS (CCSN)

SK_SN (CCSN)

SWIFT_BAT_GRB (GRB / Transient)

GeV-PeV neutrinos — multiple DOMs triggered

* Real-time analysis of fully reconstructed events
¢ Method: ON/OFF search based on data

~1-2s

PoS(ICRC2023)1125
PoS(ICRC2023)1160

MeV neutrinos — no event-by-event
reconstruction possible

Method: exploit collective increase of
multiplicity rates in the detector

Multiplicity:
number of PMTs
hit in coincidence

T T

KM3NeT | -== 11 Mg, without BDT [ 1227
PRELIMII\!ARY --- 27 M, without BDT
-== 40 M, without BDT
—— 11Mo, withBDT 527
— 27 Mo, with BDT
—— 40 Mo, with BDT

845

275
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10 96

Number of CCSN events
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Planned analyses

KM3NeT

KM3NeT-LHAASO synergy

* LHAASO FoV covers part of the Sourthen Sky, where

KM3NeT has its highest sensitivity

* LHAASO can provide good measurements of
energy spectrum and source morphology
— prior knowledge on the neutrino energy
and spatial distribution

10-11

T T IIIIIII

10—12

E2dN/dE (erg cm2 s

1018

Declination (°)

T T Illllll

LHAASO J2226+6057

334 336 338 340
Right ascension (°)
1 1 1 L1 1 11 I 1 1 1 L1 111 |

10714

-t
o_‘._

102 108

Energy (TeV)

* LHAASO has the unique capability of
collecting Galactic diffuse gamma-ray
photons in the TeV range with unprecedented
statistics — search for a neutrino
counterpart using the LHAASO diffuse
skymaps

WCDA (1 TeV <E < 25 TeV) Significance Map

20

15

Significance
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Neutrinos and blazars
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Radio-bright blazars

High-energy
neutrinos
« VLBI blazars
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Growing evidence for high-energy neutrinos originating in radio blazars

A. V. Plavin “,'* Y. Y. Kovalev “,">3 Yu. A. Kovalev' and S. V. Troitsky “*>

1 Lebedev Physical Institute of the Russian Academy of Sciences, Leninsky prospekt 53, 119991 Moscow, Russia
2Max-Planck-Institut fiir Radioastronomie, Auf dem Hiigel 69, D-53121 Bonn, Germany

3Moscow Institute of Physics and Technology, Insti per. 9, 141700 Dolgoprudny, Russia

“Institute for Nuclear Research of the Russian Academy of Sciences, 60th October Anniversary prospect 7a, 117312 Moscow, Russia
5Physics Department, Lomonosov Moscow State University, 1-2 Leninskie Gory, Moscow 119991, Russia

Synchrotron

emission

Compton
scattering

No correlation with radio-bright

blazars found in recent lceCube
search (2023 Ap] 954 75) mitigates
these findings




Roma-BZCat catalog

Neutrinos and blazars

Roma-BZCat catalog

3561 objects

confirmed or highly likely blazars

* no preferred selection toward a particular wavelength or survey strategy
offers a homogeneous sample of the blazar population

Only northern sky 2022 ApJL 933 143 arXiv:2305.11263
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Figure 2. All-sky map in equatorial coordinates (J2000) of the IceCube neutrino local p-value logarithms denoted as L. Locations of PeVatron blazars associated with

° e 0 °
C o m b I n e d s e n S I t Iv I ty > 5 ° 0 0 neutrino hotspots are pointed out by black squares. For visualization clarity, the label of SBZCat objects is limited to reporting the unique numerical coordinate part. @

Unassociated hotspots are highlighted by green squares. The location of TXS 05064056 is shown for reference (green circle). Squares are not to scale and serve the
only purpose of highlighting the blazars’ locations. The Galactic plane and Galactic center are shown for reference as a green line and star, respectively.




Tau neutrinos

63 Eur.Phys.J.C 82 (2022) 11, 1031

B3 PoS(ICRC2023)1122

Tau neutrinos

Detection of astrophysical tau neutrino

candidatesin lceCube

Regular Article - Experimental Physics | Open Access | Published: 15 November 2022

82, Article number: 1031(2022)

-PeV energies

No atmospheric tau neutrinos at TeV

]

+ Exp. Data

Double, with brights

== Double, no brights

[- = Single, no brights

bright DOM

bright DOM

bright DOM

|||||

SUOI)I[I0)0Y

7 candidate events found in 10 years of IceCube data

Consistent with |

| flavor ratio of astrophysical neutrinos




Flavour composition

Flavor constraints on the
cosmic neutrino flux from various
analyses of lceCube data

Fraction of v,

- HESE with ternary topology ID
% Best fit: 0.20 : 0.39 : 0.42
Global Fit (IceCube, APJ 2015)
Inelasticity (IceCube, PRD 2019)

-------- 3v-mixing 30 allowed region

JHEAp 36 (2022) 55-110

* Current constraints compatible with
several astrophysical production
scenarios and standard neutrino

oscillations

* HE neutrino production from the beta-
decay of neutrons strongly disfavoured

Ve : Vy @ Uy at source — on Earth:

°
A
¢

0:1:0 — 0.17
1:2:0 — 0.30
1:0:0 = 0.55
1:1:0 — 0.36

: 0.45
: 0.36
0 g
: 0.31

- 0.37 — muon-damped case
- 0.34 — pion decay

0 0.28 — neutron beta-decay

1033 — semileptonic decays of charm quarks 0




Glashow resonance

€3 Nature 591, 220-224 (2021)

First observation of Glashow Resonance nature
i q Explore content v About the journal v Publish with us v Subscribe
Resonant production of an intermediate
W- boson by an antielectron neutrino nalue > arides et
interacting with an atomic electron Article | Published: 10 March 2021
Detection of a particle shower at the Glashow
Ve g Resonance energy: E, = 6.3 PeV resonance with IceCube

The IceCube Collaboration

lashow event visualization
redit: lceCube Collaboration
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First measurement of HE
neutrino-nucleon cross section

Cross section

Center-of-mass energy /s [GeV]
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WIMPs from the Dal"k M atter

Galactic Centre
WIMPs from the Sun

KM3NeT/ARCA6+8 preliminary, 300 days
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® IceCube-Gen2 ® IceCube ok IceCube Upgrade
: : :o..:. ... / / . . )
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1000 m * 5 m
IceCube-Gen2 IceCube IceCube Upgrade
8 km3 I km3 7 extra strings
120 strings 86 strings
240 m apart 125 m apart

HE vs (TeV-PeV) LE studies, better

understanding of ice
optical properties

With respect to IceCube:
* annual rate of observed

cosmic neutrinos increased
by a factor of ten
* enlarged energy range
* improved angular
resolution: 0.2° at | PeV
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