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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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Now have experiments that cover this entire range.

What can we learn from extraterrestrial neutrinos? 

Where do we go?

?

Vitagliano, Tamborra & Raffelt 1910.11878 
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High energies & Flavour
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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
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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



Current observations: IceCube (south pole)
Effective volume ∼ 1 km3
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IceCube Collaboration 2011.03545



Flavour: event morphology

Images: icecube.wisc.edu7

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…)
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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? 



Oscillation
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|να⟩ =
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∑
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U*αi |νi⟩,

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

α = e, μ, τ
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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

NuFit 5.0 global fit

 (solar angle): Solar, reactor experiments
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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
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Statistics: need more Cherenkov telescopes!
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Systematics: terrestrial experiments
• JUNO: 2022-2028: 20kt liquid scintillator reactor measurement. 

0.52% uncertainty on 


• DUNE: ~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

13
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• DUNE: ~2026-2033: 40kt liquid argon long baseline experiment. 
 & 


• Hyper-Kamiokande: 187 kt water Cherenkov.  &  


• IceCube Upgrade: dense instrumentation: constrain unitarity
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14

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

2020 (proj.): IC 8 yr (99.7% C.R.)

2015 (99.7% C.L.)

2040 (proj.): IC 15 yr + Gen2 10 yr (99.7% C.R.)

2015 (99.7% C.L.)

2040 (proj.): Combined n telescopes (99.7% C.R.)

2015 (99.7% C.L.)

Standard oscillations, NO
All regions 99.7% C.R.

2020: NuFit 5.0
2040: JUNO

+ DUNE
+ HK

p decay: (1 : 2 : 0)S

µ-damped: (0 : 1 : 0)S

n decay: (1 : 0 : 0)S

Fr
ac

tio
n

of
n t

, f
t,

©

Fraction
of n

µ , fµ,©

Fraction of ne, fe,©
Grey: allowed region within the standard model


Colours: allowed region assuming a single source composition

Without assuming unitary 3x3 PMNS matrix?
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Flavour composition at the source

16

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

17



Neutrino decay

See Abdullah & Denton 2005.07200 for a complete treatment of visible decay
18

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

21

[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

22

Indirect searches : gammas 
dominate, except if neutrinos are the only 
product

χχ → SM, SM

 ?

DM

DM

ν

ν̄
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*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?

MeV  GeV1011

 sc
att

erin
g

ν − e
Cohere

nt sc
att

erin
g (C

E
NS)

ν

Inver
se 

beta
 deca

y

Charg
ed

-cu
rre

nt  

quasi
-el

ast
ic s

cat
ter

ing

Light m
eso

n productio
n

Deep
 inela

stic
 sc

att
erin

g

Water/ice Cherenkov

Liquid scintillator Air Cherenkov/

fluorescence

(heavy) water

GeV 100 GeV

iron

Radio

Helium &

lead



24

10°2 10°1 100 101 102 103 104 105105 106

m¬ (GeV)

10°26

10°25

10°24

10°23

10°22

10°21

10°20

10°19
hæ

vi
(c

m
3 /

s)

~ SK-∫̄e

~
Borexino

~
KamLAND

~JUNO

~DUNE

HK (Bell et al.)

SK

KM3NeT

IC-Upgrade

IceCube
(Bhattacharya et al.)

 ANTARES

CTA
(Queiroz et al.)

U
nitarity

B
ound

Thermal Relic Abundance

~P-ONE

~Ice
Cube

-Gen2

SK
(Olivares
et al.)

~SK
Atm.

Ice
Cub

e
GVD 



25

103 104 105 106 107 108 109 1010 1011

m¬ (GeV)

10°26

10°25

10°24

10°23

10°22

10°21

10°20

10°19

10°18

10°17

10°16

hæ
vi

(c
m

3 /
s)

Unitarity Bound

~IceCube-EHE

ANTARES

KM3NeT

CTA
(Queiroz et al.)

IceCube
(Bhattacharya et al.)

~Auger

~IceCube-HE

~RNO-G

~P-ONE

~IceCube-Gen2

~GRAND200k

~TAMBO

Thermal Relic Abundance



26

Decay to χ → ν̄ν
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Large extra dimensions
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JHEP https://arxiv.org/abs/1912.06656 

https://arxiv.org/abs/1912.06656


High energies: Black holes from large extra dimensions (ADD)

28

If the scale of gravity is set by extra dimensions,


If true Planck scale ~10 TeV: can produce microscopic 
black holes in high-energy collisions.


These evaporate immediately to high-energy products. 
Since these anything coupled to gravity, and most of the 
standard model is hadronic, these showers will look 
hadronic (as opposed to electroweak).


Neutrinos with E > PeV can produce CM collisions 
at higher energies than LHC  

M⋆
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<latexit sha1_base64="ZazsjsGus2KsfMoFXNnW4ktKZnI=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKewa8XELevEYwTwgWcLspDcZMzuzzMwKYck/ePGgiFf/x5t/42yyiBoLGoqqbrq7gpgzbVz30yksLa+srhXXSxubW9s75d29lpaJotCkkkvVCYgGzgQ0DTMcOrECEgUc2sH4OvPbD6A0k+LOTGLwIzIULGSUGCu1eiLpQ6lfrrhVdwa8SLycVFCORr/80RtImkQgDOVE667nxsZPiTKMcpiWeomGmNAxGULXUkEi0H46u3aKj6wywKFUtoTBM/XnREoirSdRYDsjYkb6r5eJ/3ndxIQXfspEnBgQdL4oTDg2Emev4wFTQA2fWEKoYvZWTEdEEWpsQPMQLjOcfb+8SFonVa9Wrd2eVupXeRxFdIAO0THy0DmqoxvUQE1E0T16RM/oxZHOk/PqvM1bC04+s49+wXn/AiOfjvo=</latexit>

nucleus nucleus+stuff

Charged-current (CC)

W⌥

⌫µ
<latexit sha1_base64="49IYwnFIxPEJus79FbyZ5bmS7No=">AAAB73icbVDJSgNBEK2JW4xb1KOXxiB4ChMjLregF48RzAKZIfR0epImPT1jL0IY8hNePCji1d/x5t/YkwyixgcFj/eqqKoXJJwp7bqfTmFpeWV1rbhe2tjc2t4p7+61VWwkoS0S81h2A6woZ4K2NNOcdhNJcRRw2gnG15nfeaBSsVjc6UlC/QgPBQsZwdpKXU+YvheZUr9ccavuDGiR1HJSgRzNfvnDG8TERFRowrFSvZqbaD/FUjPC6bTkGUUTTMZ4SHuWChxR5aeze6foyCoDFMbSltBopv6cSHGk1CQKbGeE9Uj99TLxP69ndHjhp0wkRlNB5otCw5GOUfY8GjBJieYTSzCRzN6KyAhLTLSNaB7CZYaz75cXSfukWqtX67enlcZVHkcRDuAQjqEG59CAG2hCCwhweIRneHHunSfn1XmbtxacfGYffsF5/wK7qo/n</latexit>

nucleus nucleus+stuff

Charged-current (CC)

W⌥

⌫⌧
<latexit sha1_base64="zXMDGxgDNsI4qzt3fUdgK9yE+DI=">AAAB8HicbVDLSgNBEJyNrxhfUY9eFoPgKWyM+LgFvXiMYB6SXcLsZDYZMjO7zPQIYclXePGgiFc/x5t/42yyiBoLGoqqbrq7woQzDZ736RSWlldW14rrpY3Nre2d8u5eW8dGEdoiMY9VN8SaciZpCxhw2k0UxSLktBOOrzO/80CVZrG8g0lCA4GHkkWMYLDSvS9N3wdsSv1yxat6M7iLpJaTCsrR7Jc//EFMjKASCMda92peAkGKFTDC6bTkG00TTMZ4SHuWSiyoDtLZwVP3yCoDN4qVLQnuTP05kWKh9USEtlNgGOm/Xib+5/UMRBdBymRigEoyXxQZ7kLsZt+7A6YoAT6xBBPF7K0uGWGFCdiM5iFcZjj7fnmRtE+qtXq1fntaaVzlcRTRATpEx6iGzlED3aAmaiGCBHpEz+jFUc6T8+q8zVsLTj6zj37Bef8CgYmQWQ==</latexit>

⌧±
<latexit sha1_base64="50U+N+vjs9xyJrCpXbAPeFxUNwE=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyq+LgFvXiMYB6SXcPsZDYZMjO7zPQKYclXePGgiFc/x5t/4yRZRI0FDUVVN91dYSK4Adf9dAoLi0vLK8XV0tr6xuZWeXunaeJUU9agsYh1OySGCa5YAzgI1k40IzIUrBUOryZ+64Fpw2N1C6OEBZL0FY84JWClOx9Ieu8nstQtV9yqOwWeJ15OKihHvVv+8HsxTSVTQAUxpuO5CQQZ0cCpYOOSnxqWEDokfdaxVBHJTJBNDx7jA6v0cBRrWwrwVP05kRFpzEiGtlMSGJi/3kT8z+ukEJ0HGVdJCkzR2aIoFRhiPPke97hmFMTIEkI1t7diOiCaULAZzUK4mOD0++V50jyqesfV45uTSu0yj6OI9tA+OkQeOkM1dI3qqIEokugRPaMXRztPzqvzNmstOPnMLvoF5/0LduOQUg==</latexit>
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Other crazy morphologies that don’t occur in the SM

Multitrack  (hard to see)
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Other crazy morphologies that don’t occur in the SM

These are rare, but if we see even one 
we can suspect LEDs are involved!!  

Multitrack  (hard to see)

n-bang (only 0.2% of black hole events)

Double black hole bang: (very rare!!)

Kebab: (About 3% of cases)
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Hadronic vs electromagnetic energy deposition: 
Cherenkov light echoes

First interaction of neutrinos in ice produces a large prompt Cherenkov 
burst that lasts  s, proportional to the total event energy.  ∼ 10−7

Li, Bustamante, Beacom 
1606.06290

31



Hadronic vs electromagnetic energy deposition: 
Cherenkov light echoes

First interaction of neutrinos in ice produces a large prompt Cherenkov 
burst that lasts  s, proportional to the total event energy.  ∼ 10−7

Li, Bustamante, Beacom 
1606.06290

Muons can be copiously 
produced at low energies, and 
live s, leading to a second 
muon echo as they decay
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Hadronic vs electromagnetic energy deposition: 
Cherenkov light echoes

First interaction of neutrinos in ice produces a large prompt Cherenkov 
burst that lasts  s, proportional to the total event energy.  ∼ 10−7

Li, Bustamante, Beacom 
1606.06290

Muons can be copiously 
produced at low energies, and 
live s, leading to a second 
muon echo as they decay

∼ 10−6

Neutrons can live for up to .1 ms 
before being captured, leading to a 
third neutron capture echo
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Cherenkov light echoes

Hadrons

Cherenkov light generation for specific particles injected in the ice

32

Leptons

Does not seem to 
be possible at 
IceCube due to PMT 
afterpulses, but 
future telescopes 
could observe this



Messy in reality (statistics to the rescue!)

Ch
er

en
ko

v 
ec

ho
 E

3/
E 1

First peak energy (GeV)

Neutral current events: 
above the hadron line since hadronization 
yields mostly hadrons + a few . Low energy 
because neutrino takes away most of the E. 

γ

Charged current events: much lower 
muon/neutron light echo, because most 
energy injection is from an electron or 
positron 

Black Holes: Most of the energy is 
hadronic: high energy and large Cherenkov 
echo. 
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Detection prospects Exclusion prospects

Detecting large extra dimensions with neutrino telescopes



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


• large extra dimensions
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Thank you
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