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Physics reach 3
Talk by J.V. Mead on Monday parallel Session I 

Atmospheric neutrino oscillations in IceCube-DeepCore 
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Multiwavelength view of the Crab Nebula
Source: Multiwavelength Crab

https://ecuip.lib.uchicago.edu/multiwavelength-astronomy/astrophysics/02.html
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Neutrino astronomy: The multi-messenger connection 9

p + γtarget → Δ+ →
p + π0, Br = 2/3
n + π+, Br = 1/3{

π0 → γ + γ
π+ → μ+ + νμ → νμ + e+ + νe + νμ

J. Aguilar et al, (RNO-G Collaboration),JINST 16 P03025 2021

Neutrino energy = Proton energy / 20
1 PeV 20 PeV
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p + γtarget → Δ+ →
p + π0, Br = 2/3
n + π+, Br = 1/3{

π0 → γ + γ
π+ → μ+ + νμ → νμ + e+ + νe + νμ

CR

ν
γ

Neutrino energy = Proton energy / 20
1 PeV 20 PeV

J. Aguilar et al, (RNO-G Collaboration),JINST 16 P03025 2021
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The IceCube neutrino 12
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5,160 Digital Optical 
Modules (DOMs)
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each 
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1 km2 surface array 
with 324 DOMs: 
IceTop
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Detection principle 14
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You just saw 10 msec of IceCube data!
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The atmospheric background 17
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Searching for astrophysical neutrinos 18

Up-going through-going muons travelled through the Earth

Diffuse-νμ sample (Northern Sky)
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Searching for astrophysical neutrinos 19

Hybrid (tracks and cascades) - 4π

High Energy Starting Events (HESE)
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Diffuse flux: the discovery 20The discovery of the diffuse neutrino emission
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Astrophysical neutrinos: diffuse flux 21

Aartsen et al (IceCube Coll.) Science 342, 1242856 (2013)

Only 2 years of data to find evidence of astrophysical neutrinos!

• Flux assuming E-2: ~1.2 x 10-8 E-2 [/GeV/
cm2/s/sr] 

• Best fit spectral index: -2.2 
• 28 events (expected ~ 10 background 
events)  

• Significance ~ 4σ  
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Astrophysical neutrinos: power law 22

Comparison difficult since datasets have different energy cuts 
and select different morphologies (hemispheres)

Global fit to unify all detection channels 
and test tensions between results

Abbasi et al (IceCube Coll), ApJ 928:50 (2022) 

Several analysis confirm the detection at > 5σ
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ντ candidate 23

๏Tau neutrinos selected using  a 
double cascade hypothesis in 
reconstruction. 

๏Likelihood analysis finds two 
candidates: 76%, 98% 
probabilities of being ντ.  

๏Null hypothesis (no astrophysical 
ντ) rejected at 2.8σ.

arXiv:2011.03561

https://arxiv.org/abs/2011.03561
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Neutrino flavor triangle 24

Flavor ratio at Earth can 
constrain source 
environment

νe νμ ντ

arXiv:2011.03561

https://arxiv.org/abs/2011.03561
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The Glashow resonance 25
Nature volume 591, pages 220–224 (2021)

ER = 6.3 PeV   

Observed cascade: E ~6.3 PeV consistent with 
resonance energy. 
Nu/nubar ratio constrain production mechanism 
(pp/ pγ) of astro neutrinos. 

https://www.nature.com/articles/s41586-021-03256-1
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Diffuse galactic emission (joint with ANTARES) 26

๏ Contribution much smaller than total 
detected diffuse neutrino flux (<10%) 

๏ It is a guaranteed source: 

๏ Upper limits close to the expected 
diffuse Galactic neutrino component  

ANTARES and IceCube Coll. A. Albert et al 2018 ApJL 868 L20 

Neutrino flux per unit of solid 
angle of the KRAγ5 model. 

M. G. Aartsen et al 2019 ApJ 886 12

7-years cascades 
GP analysis



Aartsen et al (IceCube Coll) Phys. Rev. Lett. 124, 051103 (2020) 

Using high energy through-going tracks and tracks optimized 
for point source searches

Hottest spot in Northern Hemisphere coincides 
with 2.9σ excess at the position of NGC 1068

10 years all sky point sources

10 years of IceCube data now 
publicly available at NASA’s 
HEASARC archive



NGC 1068

TXS 0506 PKS 1424 GB6 J1542

Source list search is incompatible with  background at 
3.3σ (2.25σ without TXS 0506)

10 years all sky point sources
Aartsen et al (IceCube Coll) Phys. Rev. Lett. 124, 051103 (2020) 

10 years of IceCube data now 
publicly available at NASA’s 
HEASARC archive
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Neutrino emission from TXS 0506+056 29

IceCube-170922A E = 290 TeV

Science  13 Jul 2018: Vol. 361, Issue 6398
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Archival neutrino search find an excess between September 2014 and March 2015: 
background only hypothesis rejected at 3.5σ [Science 361 (2018) 147-151].

Neutrino emission from TXS 0506+056 30

Multimessenger coincidence: p-value = 3σ. [Science 361 (2018) eaat1378]
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The future IceCube-Gen2 Observatory 31
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Neutrino astronomy from GeV to EeV 32

Radio station layout Optical array
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Projection for IceCube-Gen2: spectrum 33
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Neutrino astronomy has opened a new window on the Universe:  
spectral studies important to understand  production mechanism.

SUMMARY

Hints on steady neutrino 
productions from NGC1068 and 
the Galactic plane.

Neutrinos are important for 
multimessenger 
observations: follow up 
programs successfully 
established.

IceCubeGen2 on its way (within next decade)

Found tau neutrino and Glashow 
resonance neutrino candidates: 
constraints on source environment.

Future is bright in neutrino!
THANK YOU
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Neutrino astronomy: The multi-messenger connection 35

M. Ackermann, M. Bustamante, L. Lu et al., Journal of High Energy Astrophysics

https://doi.org/10.1016/j.jheap.2022.08.001.
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The radio detector for the highest energies 36

Figure from S. Barwick, C. Glaser, arXiv:2208.04971 

Radio antennas detect particle 
showers in the ice through the 
Askaryan effect

https://arxiv.org/abs/2208.04971
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The radio detector for the highest energies 37

Figure from S. Barwick, C. Glaser, arXiv:2208.04971 

Radio antennas detect particle 
showers in the ice through the 
Askaryan effect

https://arxiv.org/abs/2208.04971
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38Neutrino astronomy: the physics case
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Neutrino astronomy: what are the sources 39

Aartsen et al. (IceCube-Gen2 Collaboration) J.Phys.G 48 (2021) 6, 060501 
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Astrophysical neutrinos: diffuse flux 40
R. Abbasi et al., Astrophysical Journal 928 (2022) 50
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41Neutrino astronomy: what kind of neutrinos are we hunting?

Solar/SN Atmospheric Astrophysical Cosmogenic

MeV < 100 TeV

𝜋 𝜋

𝜇
𝜇

𝜈𝜇

𝜈𝜇 𝜈e

e

e
𝜈e

𝜈𝜇

> 100 TeV

1 EeV

p + 𝛾 → 𝛥+→n + 𝜋 



S. ToscanoNOW 2022

41Neutrino astronomy: what kind of neutrinos are we hunting?

Solar/SN Atmospheric Astrophysical Cosmogenic

MeV < 100 TeV

𝜋 𝜋

𝜇
𝜇

𝜈𝜇

𝜈𝜇 𝜈e

e

e
𝜈e

𝜈𝜇

> 100 TeV

Discovered by IceCube

Guaranteed but 
not yet observed

1 EeV

p + 𝛾 → 𝛥+→n + 𝜋 



NOW 2022 S. Toscano

42

Credits: Chad Finley
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Neutrino emission from TXS 0506+056 43

FERMI-LAT

Flaring blazar within 0.1°

MAGIC

Multimessenger coincidence: p-value = 3σ. [Science 361 (2018) eaat1378]

Archival neutrino search find an excess between September 2014 and March 2015: 
background only hypothesis rejected at 3.5σ [Science 361 (2018) 147-151].
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Catalogue searches 44

Credit: LuLu,  TeVPA 2022
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Neutrino interactions 45

T. K. Gaisser, R. Engel, and E. Resconi, Cosmic Rays and Particle Physics. Cambridge University Press, 2 ed., 2016.


