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In these two lectures
The principles 
• Grand Unified Neutrino Spectrum (GUNS)

• The neutrino cross sections

• Atmospheric muons and neutrinos

• The telescopes


The signals  
• The high energy neutrino background

• The first associations: AGN

• The Galactic plane


The future 
• Next generation telescopes

• The PLEnuM effort

ISAPP’23 |01-02.07.23 | E. Resconi 

Central references highlighted in yellow
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• Grand Unified Neutrino Spectrum (GUNS) 

• The neutrino cross sections 

• Atmospheric muons and neutrinos


• The telescopes

The principles

ISAPP’23 |01-02.07.23 | E. Resconi 
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Vitagliano, Tamborra, Raffelt, Rev.Mod.Phys (2019), https://arxiv.org/pdf/1910.11878.pdf

Grand Unified Neutrino Spectrum (GUNS) at Earth integrated over directions and flavors

NEUTRINOs from the Universe
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Cosmic neutrinos

https://arxiv.org/pdf/1910.11878.pdf
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Palladino, Spurio, Vissani, https://www.mdpi.com/2218-1997/6/2/30

NEUTRINOs from the (HE) Universe
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Cosmic neutrinos

https://www.mdpi.com/2218-1997/6/2/30


The cross sections 
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Formaggio, Zeller, Rev. Mod. Phys. 2012, arXiv:1305.7513
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FUTURE ’80-PRESENT PRESENT-FUTURE

Neutrino-electron scattering as example



The cross section in the high energy regime 
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Neutrino-electron scattering sub-dominant to neutrino-nucleus interaction 
(small target mass). One exception: Glashow resonance resonant 
enhancement from the formation of an intermediate W-boson in νee−

Formaggio, Zeller, Rev. Mod. Phys. 2012, arXiv:1305.7513
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IceCube Collaboration, ”Measurement of the multi-TeV neutrino cross section with IceCube using Earth absorption," Nature 551 (2017) 596-600.

The cross section in the high energy regime 
At high energy the Earth is NOT transparent to neutrinos

The field of view of NTs gets 
squeezed around the telescope’s 
horizon (at higher E)
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The horizontal sky areas covered

image from M. Huber (TUM), L. Schumacher (ECAP)ISAPP’23 |01-02.07.23 | E. Resconi 
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• Grand Unified Neutrino Spectrum (GUNS)


• The neutrino cross sections


• Atmospheric muons and neutrinos 

• The telescopes

The principles

ISAPP’23 |01-02.07.23 | E. Resconi @rdvvector
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Atmospheric Neutrinos
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Atmospheric Neutrinos
Many channels: two families - two spectral indexes 

Pions (and kaons) are produced in more or less every inelastic collision;

π±, K± are long-lived; 
⇒ lose energy through collisions before decay; 


⇒ neutrino energies are degraded.
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High energy hadronic collisions

Cosmic Particles

Interaction 
Propagation (oscillation) 
Particles at the surface 

Particles in underground

S. Ostapchenko https://arxiv.org/pdf/2208.05889.pdf

Treatment of hadron-hadron interactions 
based on QCD.


Monte Carlo approach; generators of high 
energy hadronic interactions for inelastic 
collisions with air nuclei of 


1) the primary CR particles and 

2) secondary hadrons produced in the 

course of EAS development.


Three main ingredients:

1) phenomenological approaches;

2) calibration of CR interaction models, 

based on accelerator data (LHC); 

3) self-consistency.


QGSJET
EPOS LHC T. Pierog et al.,  https://arxiv.org/pdf/1306.0121.pdf

F. Riehn et al., https://arxiv.org/pdf/1912.03300.pdfSYBILL

https://arxiv.org/pdf/1912.03300.pdf
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High energy hadronic collisions

Cosmic Particles

Interaction 
Propagation (oscillation) 
Particles at the surface 

Particles in underground

What do these models calculate? example:
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High energy hadronic collisions

Cosmic Particles

What do these models calculate? example:
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High energy hadronic collisions

Cosmic Particles

What do these models calculate? example:
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Production of secondary particles (leptons)

Cosmic Particles

The cascade equation

where:


- N(E,X)dE = flux of nucleons (n,p) at depth X in the atmosphere with energy interval E, E+dE


- X [g/cm2]= slant depth = distance from the top of the atmosphere downward along the 
direction of the incident


One-dimensional cascade equation


h = altitude

X = slant depth
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Production of secondary particles (leptons)

Matrix Cascade Equations (MCEq) 
Open source numerical iterative cascade equation solver 

https://indico.scc.kit.edu/event/667/contributions/7176/attachments/3515/5146/200625_CKA8_WS_Anatoli.pdf

https://github.com/mceq-project/MCEq
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Production of secondary particles (leptons)

Matrix Cascade Equations (MCEq) 
Open source numerical iterative cascade equation solver, very flexible,  
allows to compare different interaction models (theoretical systematic uncertainties) 

INPUT

https://indico.scc.kit.edu/event/667/contributions/7176/attachments/3515/5146/200625_CKA8_WS_Anatoli.pdf
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https://indico.scc.kit.edu/event/667/contributions/7176/attachments/3515/5146/200625_CKA8_WS_Anatoli.pdf
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Production of secondary particles (leptons)

INPUT
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Production of secondary particles (leptons)
OUTPUT: muons and neutrinos

https://arxiv.org/pdf/1806.04140.pdf

Sibyll-2.3c and H3a primary model at θ = 60◦
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Production of secondary particles (leptons)

Sibyll-2.3c and H3a primary model at θ = 60◦

OUTPUT: muons and neutrinos

https://arxiv.org/pdf/1806.04140.pdf
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Production of secondary particles (leptons)
OUTPUT: Charm production 

Charmed hadrons play an 
important role for the prompt 
flux of high energy leptons in 
the atmosphere. 

Not yet experimentally 
detected!

Matrix Cascade Equations (MCEq) 

https://arxiv.org/pdf/1806.04140.pdf
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Production of secondary particles (leptons)
OUTPUT: Neutrino Fluxes including prompt component

Very large systematic 
uncertainties still dominate the 
understanding of the spectrum; 

Within uncertainties all the 
models are compatible; 

We need more and better 
measurements in neutrino 
telescopes.

Matrix Cascade Equations (MCEq) 

https://arxiv.org/pdf/1806.04140.pdf
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• Grand Unified Neutrino Spectrum (GUNS)


• The neutrino cross sections


• Atmospheric muons and neutrinos


• The telescopes

The principles

ISAPP’23 |01-02.07.23 | E. Resconi @rdvvector

https://www.freepik.com/author/rdvvector
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(HE) Neutrino Detection in Telescopes
Two detection channels

Few more topologies: starting, 
thoroughgoing, semi-contained … 
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Current & future Cherenkov neutrino telescopes

, 
86 Strings in 
operation since 2010

𝟏𝐤𝐦𝟑 Plan: 
Multi-𝐤𝐦𝟑

Plan:  
Currently 18 
deployed strings 
(ORCA), 21deployed 
strings (ARCA)

> 𝟏𝐤𝐦𝟑

 
Decomissioned
𝟎 . 𝟎𝟏𝐤𝐦𝟑

Plan:  
Currently 12 clusters with 
8 strings each 

> 𝟏𝐤𝐦𝟑

Plan:  
Currently 2 Pathfinder in 
operation, first P-ONE 
line in construction

> 𝟏𝐤𝐦𝟑

image modified from Lisa Schumacher (ECAP)ISAPP’23 |01-02.07.23 | E. Resconi 
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Current & future Cherenkov neutrino telescopes

image from M. Huber (TUM), L. Schumacher (ECAP)ISAPP’23 |01-02.07.23 | E. Resconi 
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https://icecube.wisc.edu/science/icecube/

Neutrino Telescopes

https://phys.org/news/2022-11-icecube-neutrinos-glimpse-depths-galaxy.html
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1 PeV horizontal muon 
medium: IceCube ice

medium: seawater

1km sample of a typical 10-15 km long muon track

image from Kai Krings (TUM)
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Neutrino Detectors and Telescopes
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Detection Methods:  
driven by the target material & volume required
Water & ice: similar structure, main elements: PMTs, readout electronics, power/data transfer 
cables, data acquisition, data filtering and statistical data analysis
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Neutrino Detectors and Telescopes
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Detection Methods: Digital Optical Modules
IceCube
• 13 mm thick glass sphere (from Benthosphere) is able to 

withstand pressures exceeding 500 bar. 

• PMT: 


• HAMAMATSU R7081-02 25-cm diameter 
photomultiplier tube with a spherical photocathode 
and 10 dynodes.


• gain of 107  @ Voltage: 1200 - 1400 volts.
• Silicone gel: optical coupling to the glass pressure 

sphere and mechanical support for the PMT.

• A mu-metal wire cage provides magnetic shielding. 

• Electronics: supported by the neck of the PMT. Four 

printed circuit boards.

• From top to bottom:


• a passive base for distributing high voltage to 
the PMT anode and dynodes; 


• a "flasher board" with twelve LEDs (405 nm) 
arranged in six pairs; 


• the PMT HV is generated on a daughter board 
situated on the flasher board; 


• the mainboard, which contains most of the 
functionality in the DOM; and a 75 ns delay line, 
which is fabricated on a PCB of the same size 
as the mainboard. 


• Communication with the surface is via 0.9 mm copper 
wire, which penetrates the pressure sphere in a molded 
assembly.
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Neutrino Detectors and Telescopes
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Detection Methods: Digital Optical Modules
IceCube

• PMTs
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Neutrino Detectors and Telescopes
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Detection Methods: Digital Optical Modules
IceCube

• PMTs
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Neutrino Detectors and Telescopes

35

Detection Methods: Digital Optical Modules
• Signal read-out


https://www.desy.de/~garutti/LECTURES/ParticleDetectorSS12/spieler.pdf
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Neutrino Detectors and Telescopes
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Detection Methods: Digital Optical Modules
IceCube

• Mainboard block diagram. 


https://cds.cern.ch/record/920022/files/p20.pdf
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Neutrino Detectors and Telescopes
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Detection Methods: multi-PMTs Digital Optical Modules
KM3NeT, HyperKamiokande, IceCube-Upgrade, P-ONE
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Neutrino Detectors and Telescopes
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Detection Methods: multi-PMTs Digital Optical Modules
KM3NeT, HyperKamiokande, IceCube-Upgrade, P-ONE  P-ONE 

R&D at TUM
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Neutrino Detectors and Telescopes
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Detection Methods: multi-PMTs Digital Optical Modules
P-ONE: R&D at TUM

First half module mounted on the 23.12.22
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Neutrino Detectors and Telescopes
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Detection Methods: Digital Optical Modules
IceCube

• The cable
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Neutrino Detectors and Telescopes
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Detection Methods: Digital Optical Modules
IceCube

• The cable
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Neutrino Detectors and Telescopes
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Detection Methods: Digital Optical Modules
P-ONE, first cable in production 


