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Next decade: a host of planned neutrino detectors

MB et al., Snowmass 20201 Letter of interest

Increase TeV–PeV
ν statistics

Discover > EeV νSynergies with lower energies
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Overall tenet:
Ground predictions by accounting for all relevant 

particle and astrophysics unknowns



UHE cosmogenic ν

UHE source ν

UHE p + nuclei

5



UHE cosmogenic ν

UHE source ν

UHE p + nuclei

UHE source neutrinos

UHE ν from pp and pγ interactions, account for 
cosmic-ray spectrum & mass composition, 

source properties

UHE cosmogenic neutrinos

5



UHE cosmogenic ν

UHE source ν

UHE p + nuclei

Inside EarthUHE source neutrinos

Propagate each flavor of ν and ν separately: 
deep inelastic scattering, diffractive 

scattering, ντ regeneration

UHE ν from pp and pγ interactions, account for 
cosmic-ray spectrum & mass composition, 

source properties

UHE cosmogenic neutrinos

5



UHE cosmogenic ν

UHE source ν

UHE p + nuclei

Inside EarthUHE source neutrinos

ν detection

Model radio propagation in ice, antenna 
response, angular and energy resolution, 

inelasticity distribution

Propagate each flavor of ν and ν separately: 
deep inelastic scattering, diffractive 

scattering, ντ regeneration

UHE ν from pp and pγ interactions, account for 
cosmic-ray spectrum & mass composition, 

source properties

UHE cosmogenic neutrinos

5



A general framework
for UHE ν physics
and astrophysics
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Flavor structure of the UHE ν fluxes

9MB, Valera, Glaser, In preparation
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Propagation inside the Earth
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IceCube
Horizon

νν

ν ν

μ

νl l

N hadrons

νN charged current scattering

νl νl
(lower energy)

N hadrons

νN neutral current scattering

Depletes the flux

Shifts flux to 
lower energies
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HorizonNo 
attenuation

Full 
attenuation

MB & Connolly, PRL 2019 12
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distribution functions 
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Softer-than-linear 
dependence on Eν 
due to the W pole
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Bertone, Gauld, Rojo, JHEP 2019

State-of-the-art BGR18 prediction:
▸ NNLO
▸ Treatment of small-x effects
▸ PDFs informed by LHCb D-meson data
▸ Nuclear corrections
▸ Heavy-quark corrections

Uncertainty from 
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distribution functions 
(PDFs) to Bjorken

x ~ mW/Eν ~10-6

Softer-than-linear 
dependence on Eν 
due to the W pole
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García, Gauld, Heijboer, Rojo, JCAP 2020 14

Use NuPropEarth for in-Earth propagation
[github.com/pochoarus/NuPropEarth]

Interactions:
▸ BGR18 νN deep inelastic scattering (DIS) on partons (dominant)
▸ DIS on photon field of nucleons
▸ Coherent νA scattering
▸ Elastic & diffractive νN scattering
▸ ν scattering on atomic electrons

Sub-dominant: 
increase attenuation 
by ~10%

Matter inside Earth:
▸ Density: Preliminary Reference Earth Model
▸ Top layer of ice
▸ Varying element composition (non-isoscalar)

We propagate νe, νe, νμ, νμ, ντ, ντ separately

Includes ντ regeneration:
 ▸ TAUSIC: Energy losses of intermediate τ 
 ▸ TAUOLA: Distribution of τ decay products

MB, Valera, Glaser, In preparation

https://github.com/pochoarus/NuPropEarth
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Detector geometry ν

ν

ν

ν

Work led by Víctor Valera

Underground cylinder

Area of lid: 500 km2

Height: 1.5 km

Detector geometry now 
available in NuPropEarth

[github.com/pochoarus/NuPropEarth]

MB, Valera, Glaser, In preparation

https://github.com/pochoarus/NuPropEarth
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Detector effective volume

IC-Gen2 has stations containing:
 ▸ Shallow antennas
 ▸ Deep antennas

We simulate the effective volume of 
with NuRadioMC & NuRadioReco

Note: For now, we turned off the 
contribution of secondary leptons

For νe CC: Use the CC Veff 
For νμ CC, ντ CC, νl NC: Use the CC Veff 

No sensitivity to downgoing ν due to little 
overhead ice volume 



19MB, Valera, Glaser, In preparation

Total volume = 169 shallow-only stations + 144 hybrid (shallow+deep) stations
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Use the BGR18
νN cross section

during propagation
and at detection
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Detected event rate

Real
event rate

Contribution from all 
values of real direction & 
energy, and inelasticity 

Energy
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(Mismatch between shower and deposited energies)
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(Mismatch between real and reconstructed directions)
Baseline: θz,rec = 2°
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Detected event rate
Sum over NC & CC, and all flavors of ν and ν:

Total number of events in energy bin                     and direction bin                          :
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(mainly νe, νe)

MB, Valera, Glaser, In preparation
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In-Earth
attenuation

CC interactions
dominate

(mainly νe, νe)

MB, Valera, Glaser, In preparation
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Undetectable Undetectable Undetectable

MB, Valera, Glaser, In preparation
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Undetectable Undetectable Undetectable

MB, Valera, Glaser, In preparation 29
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Effect of energy & angular resolution
Changing resolution in Edep Changing resolution in θz,rec
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I.
Discovery potential

for UHE ν



Work in progress, stay tuned ...
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II.
Inferring the spectrum

of UHE ν
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(for more accurate fits to known spectra)
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The empirical model fits all benchmark fluxes to within 10%, i.e.,



Work in progress, stay tuned ...
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▸ Nuclear corrections
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High-energy νN cross section: today

Measurements from:
IceCube, 2011.03560
MB & Connolly, PRL 2019
IceCube, Nature 2017

BGR18 prediction from:
Bertone, Gauld, Rojo, JHEP 2019

See also:
García, Gauld, Heijboer, Rojo, JCAP 2020
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TeV–PeV:

Earth is almost fully opaque,
some upgoing ν still make it through

IceCube

ν

ν

ν ν

ν
ν

> 100 PeV:

Earth is completely opaque,
but horizontal ν still make it through

ν
ν

At UHE, we can only extract the 
cross section using horizontal ν

45
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Valera, MB, Glaser, In preparation

After 10 years of
IceCube-Gen2 Radio (~2040):

Measure to
~ within theory 

uncertainty

Work led by 
Víctor Valera

(If the UHE ν fluxes are high)



IV.
Testing other

UHE ν BSM models



Main high-energy
ν observables

49



Standard expectation:
Power-law energy spectrum

Standard expectation:
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More: PoS ICRC2019 (1907.08690)
Argüelles, MB, Kheirandish, Palomares-Ruiz, Salvadó, VincentNote: Not an exhaustive list

Standard expectation:
Power-law energy spectrum

Standard expectation:
Isotropy (for diffuse flux)

Standard expectation:
ν and γ from transients arrive 

simultaneously

Standard expectation:
Equal number of νe, νμ, ντ

Reviews:
Ahlers, Helbing, De los Heros, EPJC 2018

Argüelles, MB, Kheirandish, Palomares-Ruiz, Salvadó, Vincent, ICRC 2019 [1907.08690]
Ackermann, Ahlers, Anchordoqui, MB, et al., Astro2020 Decadal Survey [1903.04333]
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Astrophysical neutrino sources Earth

Galactic (kpc) or extragalactic (Mpc – Gpc) distance

Standard case: ν free-stream
(And oscillate) 

Non-standard case: high-energy ν scatter of CνB

“Secret” ν 
interactions

≡
BSM ν self-
interactions

Astro

Relic

Can change:
 ▸ Energy spectrum
▸ Flavor composition
▸ Direction

 ▸ Arrival times
50



νSI with the UHE diffuse flux
Resonance energy:

Coupling matrix:

νSI dips and bumps in the diffuse UHE ν flux: 
► In the cosmogenic flux
► In the flux from sources

Different 
flavors can 
have different 
couplings

MB, Másson, Valera, In preparation

Work in progress, stay tuned...
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V.
Testing UHE ν physics

using flavor ratios



TeV–PeV theoretically palatable regions

Song, Li, Argüelles, MB, Vincent, JCAP 2021 53
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TeV–PeV theoretically palatable regions
2020

Allowed regions: overlapping 
Measurement: imprecise

Not ideal

2030

Allowed regions: well separated 
Measurement: improving

Nice

2040

Allowed regions: well separated 
Measurement: precise

Success
Song, Li, Argüelles, MB, Vincent, JCAP 2021 53
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 ▸ Neutrino decay
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MB, Beacom, Murase, PRD 2017
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UHE flavor sensitivity is promising:
Stjärnholm, Ericsson, Glaser, PoS (ICRC 2021) 1055

Glaser, García-Fernández, Nelles, PoS (ICRC 2021) 1231



Rough time frames



Five directions

Discovery potential for UHE ν

Inferring the spectrum of UHE ν

1

56

Measuring the UHE νN cross section

UHE ν physics using flavor ratios

Testing other UHE ν BSM models

2

3

4

5

Approximate
level of

progress
(N.B.: All results 
are preliminary)

Advanced

Nascent

Late 2021

Late 2021

Late 2021 /
Early 2022

νSI:
Late 2021 /
Early 2022

?



How it
started

10–20 years
from now

VPLATE (vplate.ru)

How it’s
going

First predictions
of high-energy 

cosmic ν  

PeV ν 
discovered

Hints of sources
First tests of ν physics

EeV ν discovered
Precision tests with PeV ν

First tests with EeV ν



End



← INSPIRE Jobs ad

Contact:
Mauricio Bustamante (Niels Bohr Institute)
mbustamante@nbi.ku.dk


	Slide: 1
	Slide: 2 (1)
	Slide: 2 (2)
	Slide: 2 (3)
	Slide: 2 (4)
	Slide: 2 (5)
	Slide: 2 (6)
	Slide: 3
	Slide: 4 (1)
	Slide: 4 (2)
	Slide: 5 (1)
	Slide: 5 (2)
	Slide: 5 (3)
	Slide: 5 (4)
	Slide: 6
	Slide: 7
	Slide: 8
	Slide: 9
	Slide: 10
	Slide: 11
	Slide: 12
	Slide: 13
	Slide: 14
	Slide: 15
	Slide: 16
	Slide: 17
	Slide: 18
	Slide: 19
	Slide: 20
	Slide: 21 (1)
	Slide: 21 (2)
	Slide: 21 (3)
	Slide: 21 (4)
	Slide: 22
	Slide: 23
	Slide: 24
	Slide: 25
	Slide: 26
	Slide: 27 (1)
	Slide: 27 (2)
	Slide: 27 (3)
	Slide: 28 (1)
	Slide: 28 (2)
	Slide: 29
	Slide: 30
	Slide: 31
	Slide: 32 (1)
	Slide: 32 (2)
	Slide: 32 (3)
	Slide: 32 (4)
	Slide: 32 (5)
	Slide: 33
	Slide: 34 (1)
	Slide: 34 (2)
	Slide: 34 (3)
	Slide: 34 (4)
	Slide: 35 (1)
	Slide: 35 (2)
	Slide: 35 (3)
	Slide: 35 (4)
	Slide: 35 (5)
	Slide: 36 (1)
	Slide: 36 (2)
	Slide: 36 (3)
	Slide: 36 (4)
	Slide: 36 (5)
	Slide: 36 (6)
	Slide: 36 (7)
	Slide: 37 (1)
	Slide: 37 (2)
	Slide: 37 (3)
	Slide: 37 (4)
	Slide: 37 (5)
	Slide: 38 (1)
	Slide: 38 (2)
	Slide: 38 (3)
	Slide: 38 (4)
	Slide: 38 (5)
	Slide: 38 (6)
	Slide: 38 (7)
	Slide: 39
	Slide: 40
	Slide: 41 (1)
	Slide: 41 (2)
	Slide: 41 (3)
	Slide: 42
	Slide: 43
	Slide: 44
	Slide: 45
	Slide: 46
	Slide: 47
	Slide: 48
	Slide: 49
	Slide: 50
	Slide: 51
	Slide: 52
	Slide: 53
	Slide: 54 (1)
	Slide: 54 (2)
	Slide: 54 (3)
	Slide: 55 (1)
	Slide: 55 (2)
	Slide: 55 (3)
	Slide: 55 (4)
	Slide: 55 (5)
	Slide: 55 (6)
	Slide: 55 (7)
	Slide: 55 (8)
	Slide: 55 (9)
	Slide: 55 (10)
	Slide: 55 (11)
	Slide: 55 (12)
	Slide: 55 (13)
	Slide: 56 (1)
	Slide: 56 (2)
	Slide: 57 (1)
	Slide: 57 (2)
	Slide: 57 (3)
	Slide: 57 (4)
	Slide: 57 (5)
	Slide: 57 (6)
	Slide: 57 (7)
	Slide: 57 (8)
	Slide: 58
	Slide: 59
	Slide: 60
	Slide: 61 (1)
	Slide: 61 (2)
	Slide: 61 (3)
	Slide: 62 (1)
	Slide: 62 (2)
	Slide: 62 (3)
	Slide: 63 (1)
	Slide: 63 (2)
	Slide: 64 (1)
	Slide: 64 (2)
	Slide: 64 (3)
	Slide: 65
	Slide: 66 (1)
	Slide: 66 (2)
	Slide: 66 (3)
	Slide: 67
	Slide: 68 (1)
	Slide: 68 (2)
	Slide: 68 (3)
	Slide: 69
	Slide: 70 (1)
	Slide: 70 (2)
	Slide: 71 (1)
	Slide: 71 (2)
	Slide: 71 (3)
	Slide: 71 (4)
	Slide: 71 (5)
	Slide: 71 (6)
	Slide: 71 (7)
	Slide: 71 (8)
	Slide: 71 (9)
	Slide: 71 (10)
	Slide: 71 (11)
	Slide: 72 (1)
	Slide: 72 (2)
	Slide: 72 (3)
	Slide: 72 (4)
	Slide: 72 (5)
	Slide: 72 (6)
	Slide: 72 (7)
	Slide: 72 (8)
	Slide: 72 (9)
	Slide: 73
	Slide: 74
	Slide: 75 (1)
	Slide: 75 (2)
	Slide: 75 (3)
	Slide: 75 (4)
	Slide: 75 (5)
	Slide: 75 (6)
	Slide: 75 (7)
	Slide: 76
	Slide: 77 (1)
	Slide: 77 (2)
	Slide: 77 (3)
	Slide: 77 (4)
	Slide: 77 (5)
	Slide: 77 (6)
	Slide: 77 (7)
	Slide: 77 (8)
	Slide: 78
	Slide: 79
	Slide: 80
	Slide: 81
	Slide: 82

