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large volume neutrino experiments

very large volume neutrino experiments

several smart & very large volume neutrino experiments

Neutrinos
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0th order: Neutrino Sources



Neutrino Sources: natural ones
Grand Unified Neutrino Spectrum (GUNS) at Earth integrated over directions and flavors

5Elisa Resconi | 3.06.24

evolved from Vitagliano, Tamborra, Raffelt, Rev.Mod.Phys (2019)

Padovani, Gilli, E.R., 
et al., A&A ’24 Naab et al. 

PoS(ICRC2023)



Neutrino Sources: natural ones
Grand Unified Neutrino Spectrum (GUNS) at Earth integrated over directions and flavors
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evolved from Vitagliano, Tamborra, Raffelt, Rev.Mod.Phys (2019)

Padovani, Gilli, E.R., 
et al., A&A ’24

✔

✔

✔
✔

✔SN1987a

✔ Detected

Naab et al. 
PoS(ICRC2023)

Associated✔



Neutrino Cross Sections
Charged-current 𝜈𝜇 cross section per nucleon as a function of the neutrino energy

IceCube & 
KM3NeT & 

P-ONE
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C. Andreopoulos et al., NIMA ‘10 



0th order: Neutrino Experiments
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Snowmass Whitepaper, Beyond the Standard Model effects on Neutrino Flavor, ArXiv: 2203.10811

Neutrino experiments: precision and high energy
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https://arxiv.org/pdf/2203.10811


Snowmass Whitepaper, Beyond the Standard Model effects on Neutrino Flavor, ArXiv: 2203.10811

Neutrino experiments: precision and high energy
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 DeepCore & IceCube Upgrade

https://arxiv.org/pdf/2203.10811


IceCube Neutrino Observatory
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Tracks

Two topological channels



medium: IceCube ice

medium: seawater

Measuring high energy muons
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Driven by photosensors areas, timing, medium 

1 PeV

1 PeV



1st order: understand neutrino properties
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The Leptonic Mixing Matrix: status

Reactor/accelerator Atmospheric

Solar

I. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, et al., JHEP 2020
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Reactor/accelerator Atmospheric

Solar

Unitarity?

Life time?

The Leptonic Mixing Matrix and Neutrino Mass Ordering
Ongoing Measurements and Future Tests

❒

❒

❒

❒



Atmospheric Neutrinos for Oscillation
Baselines from ~20 km – 12700 km 
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Atmospheric Neutrinos for Oscillation

cos(zenith)=-1.0

cos(zenith)=0.0

P. Eller et al., PoS ICRC2023 
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Baselines from ~20 km – 12700 km 

100GeV

1GeV

cos(zenith) cos(zenith) cos(zenith)

E. R. et al., NIMA 2013. J. Leute, E.R. et al, PoS ICRC23.
IceCube Coll., PRL 2013. IceCube Coll., J.Phys.G 2017. IceCube Coll., PRD 101 (2020)



in IceCube/DeepCore
IceCube Coll- PRELIMINARY - submitted to PRL

3,387 days (2012-2021), 150257 neutrino candidates

cascade-like

track-like

track- and cascade-like

Atmospheric Neutrinos for Oscillation
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‘How it Started ... How it’s Going’

Atmospheric Neutrinos Oscillation in IceCube/DeepCore 

IceCube Coll- PRELIMINARY - submitted to PRL
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E. R. et al., NIMA 2013. J. Leute, E.R. et al, PoS ICRC23.
IceCube Coll., PRL 2013. IceCube Coll., J.Phys.G 2017. IceCube Coll., PRD 101 (2020)

2013

2023



+ IceCube Upgrade
To be installed in 25/26 

700 new optical & calibration modules 

Atmospheric Neutrinos Oscillation in IceCube/DeepCore 

+ IceCube Upgrade

Unitarity?



+ IceCube Upgrade
Atmospheric Neutrinos Oscillation in IceCube/DeepCore 

+ IceCube Upgrade

Photo: IceCube/NSF, ’23/’24 Field Season 



+ IceCube Upgrade

In production: 30 calibration modules 

The Precision Optical Calibration Modules (POCAMs) 

for IceCube Upgrade

Photo: IceCube/NSF, ’23/’24 Field Season 

 Target Systematic Uncertainties: 

 - Optical Module Efficiency: 
10% → 1.2% 

 - Bulk Ice Scattering & Absorption: 
5% → 0.5% 

 - Refrozen Borehole Ice: 
Unconstrained → Constrained 

J. Bedard, E.R. et al., JINST 14 (2019)



Sensitivity Studies for PMNS, NMO, mixing parameters
P. Eller et al., PoS ICRC2023 
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JUNO Coll, Arxiv: 2405.18008  

3σ sensitivity NMO, 

6.5 years × 26.6 GW thermal power



Unitarity test: global approach needed
Bayesian posterior densities for the normalizations of individual leptonic mixing matrix elements

=
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P. Eller et al., PoS ICRC2023 

Unitarity?



2nd order:  
neutrinos as a probe of cosmic objects 
& understand neutrino properties



Cosmic Neutrinos

PHOTO-ILLUSTRATION: ICECUBE COLLABORATION/NSF
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Fortune favours the brave



Cosmic Neutrinos

PHOTO-ILLUSTRATION: ICECUBE COLLABORATION/NSF

IceCube milestones
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Cosmic Neutrinos

PHOTO-ILLUSTRATION: ICECUBE COLLABORATION/NSF

In this talkEvent Rates in IceCube: 
For every 1 Cosmic Neutrino, 
~109 Atmospheric Muons 
~103 Atmospheric Neutrinos
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9.9σ excess

The IceCube Coll., PRL ’20. The IceCube Coll., ApJ ’22
The IceCube Coll., Nature ’21

The cosmic neutrino diffuse signal 

Record events: 

‣ 8.7 PeV track-like event 

‣ 6.4 PeV shower-like 

‣ 7 high-energy double peaked 

29Elisa Resconi | 3.06.24



First evidences for source association
The IceCube Coll. and others, Science 361 (2018)
The IceCube Coll., Science 361 (2018)
The IceCube Coll., Science 378 (2022)

IceCube first association: TXS 0506+056 - alert event (~290 TeV) and neutrino flare (2015-2016)

 -0.01°

40.67°

Grid 0.03° x 0.03°

Equatorial Coordinate System

At the NGC1068 location: 
➡ Astrophysical neutrino events = 79   
➡ Spectral index = 3.2 ± 0.2 

Global significance 4.2σ

110 candidate sources 
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First evidences for source association

 -0.01°

40.67°
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Equatorial Coordinate System
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➡ Astrophysical neutrino events = 79   
➡ Spectral index = 3.2 ± 0.2 

Global significance 4.2σ
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IceCube Press Release UW, 03.11.22
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Credit: NASA/JPL-Caltech

NGC 1068 (DL = 10.1 ± 1.8 Mpc)

p-p & p-γ 
Ep~100 TeV 

target γ∼ X-ray domain  
(Corona component)

Neutrinos from an obscured super massive black hole
P. Padovani, E.R., M. Ajello, et al., accepted in Nature Astronomy, arXiv:2405.20146

super massive black hole are the future laboratories



NGC1068 is not a Gamma Ray Source
The IceCube Coll., Science 378 (2022)
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NGC1068: Neutrinos, Gamma-ray scattering on Dark Matter

G. Herrera, A. Ibarra, E.R., in preparation

J. M. Cline, M. Puel, JCAP 2023

DM density profile ρχ(r) for NGC 1068
~30 RS

Distance from the galactic centre,

NFW host-halo

different values of DM 
annihilation cross section 

and spike-profile

Fuzzy DM scenarios: where quantum effects become apparent on large scales
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NGC1068: Neutrinos, Gamma-ray scattering on Dark Matter

NGC1068

90% C.L. upper limits on the ν-DM and e-DM scattering cross sections at the reference energy Eo = 10 TeV 
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G. Herrera, A. Ibarra, E.R., in preparation

J. M. Cline, M. Puel, JCAP 2023

Fuzzy DM scenarios: where quantum effects become apparent on large scales



NGC1068: searches for neutrino decay 

36Elisa Resconi | 3.06.24

V. B. Valera , D. Fiorillo , I. Esteban, and M. Bustamante, e-Print: 2405.14826



NGC1068: searches for neutrino decay 
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V. B. Valera , D. Fiorillo , I. Esteban, and M. Bustamante, e-Print: 2405.14826

Using present-day IceCube observations of NGC 1068 it is
 no

t possible to constrain neutrin
o decay.



3rd order:  
neutrinos as a probe of cosmic populations 
& probe of cosmic objects, dark matter, relic neutrinos 
& understand neutrino properties 

👉 new IceCube results  

 PRELIMINARY 



From 9 years to 13 years of IceCube exposure

4.2σ2.9σ 4.3σ 4.0σ

9 IC years 13 IC years10 IC years

Hottest spot and global significance evolution of NGC1068

7 IC years + partial

C. Bellenghi, E. Manao, T. Kontrimas, M. Ha Minh, E.R., M. Wolf (TUM) & the IceCube Coll., in preparation
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What about other similar AGN as NGC1068?

Global significance 3.3σ

Selected a new list of 47 X-ray bright AGN 

Elisa Resconi | 3.06.24

C. Bellenghi, E. Manao, T. Kontrimas, M. Ha Minh, E.R., M. Wolf (TUM) & the IceCube Coll., in preparation

11+ 1 objects emerging 



Emerging of a population of HE neutrino sources?

41Elisa Resconi | 3.06.24

C. Bellenghi, E. Manao, T. Kontrimas, M. Ha Minh, E.R., M. Wolf (TUM) & the IceCube Coll., in preparation

11+ 1 objects emerging 
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Neutrino experiments sensitive to cosmic fluxes 

IceCube

@SouthPole

GVD
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We need multiple LV neutrino experiments

IceCube 
Gen2

@SouthPole

KM3NeT
GVDGVD

P-ONE 
@Ocean Networks Canada

+ 3 new projects 
proposed in China 
(TRIDENT, HUNT, 

NEON)

L. Schumacher et al., PLEnuM, https://github.com/PLEnuM-group/Plenum

https://github.com/PLEnuM-group/Plenum
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We need multiple LV neutrino experiments
L. Schumacher et al., PLEnuM, https://github.com/PLEnuM-group/Plenum

https://github.com/PLEnuM-group/Plenum


IceCube Gen2: scale in volume

45Elisa Resconi | 3.06.24

IceCube: 86 holes, 125 m hole spacing, 60 instruments per hole 
Gen2: 120 holes, 240 m hole spacing, 80 instruments per hole

https://icecube-gen2.wisc.edu/science/publications/tdr/

2-4
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IceCube Gen2: scale in volume
IceCube: 86 holes, 125 m hole spacing, 60 instruments per hole 
Gen2: 120 holes, 240 m hole spacing, 80 instruments per hole

https://icecube-gen2.wisc.edu/science/publications/tdr/

Saul Gonzalez, Division Director, Division of Physics, National Science Foundation HEPAP Meeting - May 9, 2024

NSF has determined that the South Pole is essentially closed for any significant new construction 
of scientific equipment beyond what is already committed for at least the next 10 years (CMB-S4)



The Pacific Ocean Neutrino Experiment  
@ Ocean Networks Canada

https://www.oceannetworks.ca/

🔻



The world's largest undersea, real-time 
observatory network - 
800 km loop of fibre-optic cables,  
8 kW x 6 nodes,  
2 Gbit

-2.6 km
P-ONE Collaboration,  Nature Astron. 2020

800 km loop



P-ONE Collaboration & Major Partners on the Map

Elisa Resconi | 13.5.24
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The Pacific Ocean Neutrino Experiment (P-ONE): pathfinders

1st pathfinder 2nd pathfinder

Deployed 2018

Deployed 2020

Recovered 2023

Papers in preparation

July’23 ONC sea expedition



The Pacific Ocean Neutrino Experiment (P-ONE)

P-ONE Coll., Nature Astron. 2020; 
C. Spannfellner et al., PoS ICRC23.

The Element: A 1 km Tall Instrumented Line Compactly Designed to Fit in a Transport Container



P-ONE System: Oceanography and Neutrino Experiments 
C. Spannfellner et al., PoS ICRC23; F. Henningsenn et al., PoS ICRC23.

- Integrated System: Fully integrated assembly, 
transport, deployment, and anchor system. 

- Advanced Waterproofing: Connectorless, 
patented triple waterproof system. 

- Precision Data: Full waveform readout, sub-
nanosecond timing, self-calibrated. 

- Environmental Monitoring: Integrated external 
environmental sensors by design. 
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1:1 spooling test, ’23 (TUM)



P-ONE Array Optimization: Surrogate Model 
C. Haack et al., PoS ICRC23

53Elisa Resconi | 3.06.24

- Present Optimal Geometry: Calculated for best resolution. 
- Discovery Potential: Next, optimizing for best discovery potential, including full simulation of all 

background sources.
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P-ONE as next generation neutrino experiment

VOLUME

A
N

G
U

LA
R 

RE
S.

2-4

Challenges for Implementation: 
• IceCube: Impacted by ice scattering  
• KM3NeT: Uses PMTs and Time-over-

Threshold (ToT) technology
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P-ONE as next generation neutrino experiment

A
N

G
U

LA
R 

RE
S.

Gain through boost of Angular Resolution

Gain through boost of Timing 

standard PMTs

R&D on SiPMTs for large 
area, extreme conditions 
and sub-ns

Image Credit: M. Deliyergiyev

TTS ~ 1.5 - 1.7 nsec

NEW TECHNOLOGY REQUIRED



P-ONE Array

P-ONE Dem

IceCube 
Upgrade

3

P-ONE-1

IceCube Gen2

2025

2026

2027-29

>20352

1

4

2030-35

1st order: combine IceCube (DeepCore, Upgrade), JUNO 

2nd, 3rd order: combine IceCube, KM3NeT, P-ONE …

56Elisa Resconi | 3.06.24

Strategic Roadmap to Unlocking Neutrino Secrets 

✔

✔

✔

✔ Funded

🏁
Octant, Unitarity

🏁
NMO

🏁
5σ  

association 🏁
SMBH

Large-area sub-nanosecond SiPMTs for high-energy neutrino detection promise a groundbreaking breakthrough.



It takes a village …. 
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TUM/ECP, SFB1258, IceCube, P-ONE



- “The neutrino sector is as intriguing and important as ever." - Saul Gonzalez, NSF 

- My program covers IceCube/Upgrade, P-ONE, (potentially) JUNO and combined  

- New High Energy Neutrinos division at MPP will drive groundbreaking 

discoveries and profound insights into the universe. 

- Very natural synergy with MAGIC/LST/Fermi and the photosensors tradition. 

- Privileged environment, specialized workshops & people, advanced 

semiconductor lab for high-performance detectors. 

In conclusion 

Elisa Resconi | 3.06.24



Backup



NGC1068: searches for neutrino decay with multiple sources
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V. B. Valera , D. Fiorillo , I. Esteban, and M. Bustamante, e-Print: 2405.14826 (and detectors) 



NSF Perspectives on P5, Saul Gonzalez Division Director, Division of Physics  
National Science Foundation, HEPAP Meeting - May 9, 2024
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Division of Physics 
National Science Foundation


HEPAP Meeting - May 9, 2024
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Division of Physics 
National Science Foundation
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NGC1068: An Archetype of Obscured Active Galactic Nuclei

image from L. Baronchelli (MPE)
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P. Padovani, E.R., M. Ajello, et al., accepted in Nature Astronomy, arXiv:2405.20146
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The Galactic plane in neutrinos
The IceCube Coll., Science 380 (2023)

Global significance 4.5σ Paul de Jong (ANTARES)Elisa Resconi | 10.05.24
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The Galactic plane in neutrinos
The IceCube Coll., Science 380 (2023)

Elisa Resconi | 10.05.24



E.R., from DeepCore design study meeting in Stockholm, 2008

IC80 + 12 strings DeepCore 
ν - vertex 

IceCube: DeepCore subarray



The Point Source Search: analysis method 
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The IceCube Coll., Science 2022

Maximum likelihood technique, likelihood ratio hypothesis test 

S: point-like neutrino emission (location, energy spectrum)  
B: atmospheric & diffuse astrophysical neutrinos 

Observables: muon direction, uncertainty and energy  



The Point Source Search: analysis method 
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The IceCube Coll., Science 2022

Maximum likelihood technique, likelihood ratio hypothesis test 

S: point-like neutrino emission (location, energy spectrum)  
B: atmospheric & diffuse astrophysical neutrinos 

Observables: muon direction, uncertainty and energy  

angular error estimated using Boosted Decision Trees  
pdfs non-parametrically via kernel density estimation (KDE) from Monte Carlo



The Point Source Search: analysis method 
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The IceCube Coll., Science 2022



The Point Source Search: analysis method 
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The IceCube Coll., Science 2022



The Point Source Search: analysis method 
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The IceCube Coll., Science 2022

Muon Energy Estimation Using Deep Learning



The Point Source Search: analysis method 
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The IceCube Coll., Science 2022

Muon Energy Estimation Using Deep Learning
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The PMNS Mixing Matrix

Majorana Phases Atmospheric Reactor/accelerator Solar 



Neutrinos gaining mass due to refraction on ultralight DM
Manibrata Sen and Alexei Y. Smirnov JCAP 01(2024)040

Fuzzy DM scenarios: where quantum effects become apparent on large scales

TXS0506+056
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🔻

The Pacific Ocean Neutrino Experiment (P-ONE)

P-ONE Collaboration,  Nature Astron. 2020

@Ocean Networks Canada: state-of-the-art underwater observatories and real-time data capabilities 
Cabled ocean observatory: 800 km loop of fibre-optic cables in operation 

👉 the world's largest undersea observatory network



77Elisa Resconi | 3.06.24

The Pacific Ocean Neutrino Experiment (P-ONE)

July’23 ONC sea expedition
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The Pacific Ocean Neutrino Experiment (P-ONE)

https://data.oceannetworks.ca/home





NEW: Connectorless, full waveform readout
The P-ONE Coll., Nature Astron. 2020


