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Overview
1. The neutrino sky today & in the future


2. New physics


i. Neutrino decay


ii. Dark matter


iii. Large extra dimensions


3. Conclusions
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The neutrino sky
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Now have experiments that cover this entire range.

What can we learn from extraterrestrial neutrinos? 

Where do we go?

?

Vitagliano, Tamborra & Raffelt 1910.11878 

Neutrinos from space carry:


• Directional information


• Timing information


• Energy 


• Flavour:  νe, νμ, ντ



High energies & Flavour
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JCAP 24 (2021) 054 https://arxiv.org/abs/2012.12893



High-energy neutrinos
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Production in 
high-energy 
accelerators 
(AGN, GRB, 

…)

Propagation 
over 

cosmological 
(Gpc) 

distances

Detection

Neutrinos can tell us about “standard model” physics: 

• Nature of these accelerators


• Oscillation, interaction with intergalactic medium


• Detection: high-energy neutrino-nucleus cross sections

New Physics?
1907.08690 Argüelles,Bustamante,Kheirandish,Palomares-Ruiz,Salvado, ACV



Current observations: IceCube (south pole)
Effective volume ∼ 1 km3
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large exposures necessary

due to low fluxes

IceCube Collaboration 2011.03545



Flavour: event morphology

Images: icecube.wisc.edu8

http://icecube.wisc.edu
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Flavour composition in astrophysical sources

Pion sources ⇡+ ! µ+ + ⌫µ

(c.c. for      )⇡�

“muon-damped”
⇡+ ! µ+ + ⌫µ

(c.c. for      )⇡�

(1 : 2 : 0)

(0 : 1 : 0)

“muon source”
⇡+ ! µ+ + ⌫µ

(c.c. for      )⇡� (1 : 1 : 0)

Neutron source n ! p+ e� + ⌫̄e (1 : 0 : 0)

(↵e : ↵µ : ↵⌧ )

µ+ ! e+ + ⌫µ + ⌫̄e

µ+ ! e+ + ⌫µ + ⌫̄e

(GRBs, AGNs, blazars, pulsars…)

Different scenarios: different 
production environments


Flavour can be distinguished 
statistically in neutrino detectors: 

different charged-current interactions 
lead to different event morphologies 

(there is some degeneracy)


Can we learn the flavour composition 
at the source to understand the 

production of astrophysical 
neutrinos? 



Stan Yen



Oscillation
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|να⟩ =
3

∑
i=1

U*αi |νi⟩,

Flavour eigenstates ( ) are not 
eigenstates of the Hamiltonian ( )

α = e, μ, τ
i = 1,2,3

Flavour basis mass basisPMNS 
mixing 
matrix

Distances are large and uncorrelated -> mixing averages out:

Pα→β =
3

∑
i=1

|Uαi |
2 |Uβi |

2

fβ,⊕ = ∑
α=e,μ,τ

Pαβ fα,S

flavour composition
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Flavour composition at Earth
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IceCube 2020

Two limits:

• Statistics (astrophysical neutrinos)

• Systematics: precise knowledge  

of oscillation parameters

What does the future say about this?

NuFit 5.0 global fit

 (“solar angle”): Solar, reactor experiments

 (“atmospheric angle”) Atmospheric, long-baseline 


  Reactor experiments 

 Long-baseline experiments
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Statistics: need more Cherenkov telescopes!
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Statistics
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Systematics: terrestrial experiments
• JUNO (Jiangmeng): 2022-2028: 20kt liquid scintillator reactor 

measurement. 0.52% uncertainty on 


• DUNE (US): ~2026-2033: 40kt liquid argon long baseline 
experiment.  & 


• Hyper-Kamiokande: 187 kt water Cherenkov.  &  


• IceCube Upgrade: dense instrumentation: constrain unitarity

sin2 θ12

θ23 δCP

θ23 δCP
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Without assuming unitary 3x3 PMNS matrix?

4
8

12
16

Vo
lu

m
e

[k
m

3 ]

TAMBO
P-ONE
KM3NeT
Baikal GVD
IceCube-Gen2
IceCube

Year
0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9
1.0

2.0

M
ix

in
g

pa
ra

m
et

er

JUNO
DUNE

HK
IceCube Upg.

dCP/p

sin2 q23

sin2 q12

sin2 q13(£10)

2015 2020 2025 2030 2035 20400.8

0.9

1.0

Â
3 i=

1
|U

a
i|2

Non-unitarity

a = e a = µ a = t



Flavour composition at the source?
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Flavour composition at the source

18

Dominant production mechanism can 
be pinned down to within 20% using 
neutrino flavour alone. 
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New physics: neutrino decay
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Neutrino decay

See Abdullah & Denton 2005.07200 for a complete treatment of visible decay
20

Nν = N(z0)exp{ −
mν

τEν ∫
z0

0

dz
(1 + z)2H0 Ω(z) }

Must be integrated over distribution of cosmic sources

Invisible decay: all but one mass eigenstate decays to 
invisible species.

neutrino lifetime at rest
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Dark matter
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[Accepted/Reviews in Modern Physics] https://arxiv.org/abs/1912.09486



What is the sensitivity of neutrino detectors to new physics?
Illustrate with DM annihilation to neutrinos

24

Dark matter column densityIndirect searches : gammas 
dominate, except if neutrinos are the only 
product

χχ → SM, SM

dΦν+ν̄

dEν
=

1
4π

⟨σv⟩
κm2

χ

1
3

dNν

dEν
J(Ω)

J ≡ ∫ΔΩ
dΩ∫l.o.s.

ρ2
χ (x)dx

dNν

dEν
= 2δ(1 − E/mχ)mχ /E2 .

 ?

DM

DM

ν

ν̄

*We also spent a long time calculating extragalactic constraints. 

They are subdominant though
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What if we looked at every neutrino telescope in the world?
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Neutrino-dark matter elastic scattering
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DM-neutrino elastic scattering: all energies?
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(official IceCube Analysis by Adam McMullen - preliminary results not public)

Currently working on official IceCube analysis with O(1000) events.  
DarkFATE code, adapted from nuFATE (neutrino fast attenuation 
through Earth https://github.com/aaronvincent/nuFATE) 

IceCube https://arxiv.org/abs/1907.06714



Large extra dimensions

30

JHEP https://arxiv.org/abs/1912.06656 

No time - happy to 

answer questions!

https://arxiv.org/abs/1912.06656


Summary

• Our understanding of the high-energy neutrino sky will become 1-2 orders of 
magnitude more precise over the coming two decades


• Neutrino telescopes cover at least 14 orders of magnitude in energy  & can 
say all sorts of things about the dark sector & new physics


• neutrino decay


• Dark matter


• More!
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Please check out
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Ningqiang Song 
Closing the window for WIMPy inelastic dark matter with 
heavy nuclei 
Particle physics session 17:15 Jun 9

Avi Friedlander 
Signatures of Primordial Black Holes in theories of Large 
Extra Dimensions (  link to video) ←

Neal Avis Kozar 
Exploring dark matter detection using Solar capture and the 
Non-Relativistic Effective Operator formalism ( link to 
poster) 
GatherTown Room 5, poster J83

←

https://can01.safelinks.protection.outlook.com/?url=https://underline.io/events/105/sessions/3714/lecture/18999-(g*)-signatures-of-primordial-black-holes-in-theories-of-large-extra-dimensions&data=04%7C01%7Caaron.vincent@queensu.ca%7Ca8e91e7047cd460f394b08d925e1e0f3%7Cd61ecb3b38b142d582c4efb2838b925c%7C1%7C0%7C637582474344452152%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0=%7C1000&sdata=M8nHjFS1IESTgLyQYX5S78XjmNwc2E0qJin9MRJ3LSs=&reserved=0
https://can01.safelinks.protection.outlook.com/?url=https://underline.io/events/105/sessions/3714/lecture/18999-(g*)-signatures-of-primordial-black-holes-in-theories-of-large-extra-dimensions&data=04%7C01%7Caaron.vincent@queensu.ca%7Ca8e91e7047cd460f394b08d925e1e0f3%7Cd61ecb3b38b142d582c4efb2838b925c%7C1%7C0%7C637582474344452152%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0=%7C1000&sdata=M8nHjFS1IESTgLyQYX5S78XjmNwc2E0qJin9MRJ3LSs=&reserved=0
https://indico.cern.ch/event/985448/contributions/4295783/
https://indico.cern.ch/event/985448/contributions/4295783/


Merci!
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