The future of high-energy neutrino flavour
and the search for new physics

Aaron C. Vincent

CAP 2021 Neutrino Symposium — June 8 2021



Featuring

Carlos Arglielles See Ali Kheirandish Adam glingqiang
Harvard ®® ponn State McMullen ong

Shirley Weishi Li Andrés Olivares-del-Campo

Mauricio Bustamante

Niels Bohr Institute Fermilab IPPP Durham
Alejandro Diaz Katie Mack g 'brahim Safa
MIT NCSU e Harvard/UW

. Madison




Overview

1. The neutrino sky today & in the future
2. New physics

. Neutrino decay

. Dark matter

lll. Large extra dimensions

3. Conclusions
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* Energy

Now have experiments that cover this entire range.
 Flavour: v, s Uy Uz What can we learn from extraterrestrial neutrinos?
Where do we go?



High energies & Flavour
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High-energy neutrinos

Propagation
over
cosmological

(Gpc)
distances

/

/

Production in
high-energy
accelerators

(AGN, GRB, .
) 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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Current observations: lceCube (south pole)

Effective volume ~ 1km’
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Flavour: event morphology

Neutral-current / ve

Isolated energy
deposition (cascade)
with no track

Charged-current vy,

Up-going track

Charged-current v ¢

(simulation)

Double cascade

Images: icecube.wisc.ed
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Flavour composition in astrophysical sources

(GRBs, AGNSs, 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?



Stan Yen



Oscillation

Flavour eigenstates (@ = e, 1, 7) are not
eigenstates of the Hamiltonian (1 = 1,2,3)
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Flavour basis PMNS mass basis
mixing
matrix

Distances are large and uncorrelated -> mixing averages out:
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Flavour composition at Earth

lceCube 2020 Z

Two limits:

e Systematics: precise knowledge
of oscillation parameters
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What does the future say about this?
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Statistics: need more Cherenkov telescopes!
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Statistics
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dcp/ T

* JUNO (Jiangmeng): 2022-2028: 20kt liquid scintillator reactor

measurement. 0.52% uncertainty on sin” @, ,

* DUNE (US): ~2026-2033: 40kt liguid argon long baseline

experiment. 03 & Op

» Hyper-Kamiokande: 187 kt water Cherenkov.0,; & O-p

* |ceCube Upgrade: dense instrumentation: constrain unitarity
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Systematics: terrestrial experiments
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Standard oscillations, NO 0.0
All regions 99.7% C.R. 1.0
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Non-unitarity
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Flavour composition at the source?

100% u
damped
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muons)
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Probability density P(f.s)
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Flavour composition at the source

LET'S NOT CONSIDER NEUTRON DECAY)

o~

~
y,

"

#a
‘-‘o', ¥ ‘.
¢ » R
T ’
" AL
>
o =

g

Vs | 4'," )/
) TISASILLY SCENARIO “*9%

Dominant production mechanism can
be pinned down to within 20% using
neutrino flavour alone.
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Probability density P (k)

Assuming no neutron decay

16 2020 (measured):
- IC (ApJ 1, 98) ® NuFit 5.0
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New physics: neutrino decay



Neutrino decay

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

-

, '\
HIGH-E NEUTRINOS
LIVE FOR GIGAYEARS

NI/ = N(ZO)eXp{ -

m J %0 dz }
T,<v o (1+2)2Hy\/€(2)

neutrino lifetime at rest

Must be integrated over distribution of cosmic sources

LIFETIMES BOOSTED
BY 17 ORDERS OF MAGNITUDE

See Abdullah & Denton 2005.07200 for a complete treatment of visible decay
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v decay 0.0
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Sensitivity to single mass eigenstates

21




—
-
1

| III“II

__10%

-

~

=

Q.

B 10°

5

-

QD

e

£ 102

:5

(g

O

£
101
1 0
Y0

T
m

©Q

1412_

2020 (measured):
IC (ApJ 1, 98) ® NuFit 5.0

2020 (projected):
IC 8 yr ® NuFit 5.0

2040 (projected):
B (IC 15 yr+IC-Gen2 10 yr) ®
(NuFit 5.0+JUNO+DUNE+HK)

2040 (projected):
(Combined v telescopes) &
(NuFit 5.0+JUNO+DUNE+HK)

@)

Invisible decay

1 2
/_/O)
(3 7)s

13
ms

10—° 104

Neutrino decay rate, m/7 [eV s7!]

103

22

Neutrino lifetime, T [s]
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Dark matter

Dark Matter Annihilation to Neutrinos

Carlos A. Arguelles, Alejandro Diaz, Ali Kheirandish, Andrés Olivares-Del-Campo, Ibrahim Safa, Aaron C. Vincent

[Accepted/Reviews in Modern Physics]| https://arxiv.org/abs/1912.09486
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What is the sensitivity of neutrino detectors to new physics?

lllustrate with DM annihilation to neutrinos

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

Dark matter column density
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They are subdominant though



What if we looked at every neutrino telescope in the world?

Liquid scintillator
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Neutrino-dark matter elastic scattering

Imaging Galactic Dark Matter with High-Energy Cosmic Neutrinos

Carlos A. Arguelles, Ali Kheirandish, Aaron C. Vincent

PRL https://arxiv.org/abs/1703.00451
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https://arxiv.org/abs/1703.00451

DM-neutrino elastic scattering: all energies?

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

(official IceCube Analysis by Adam McMullen - preliminary results not public)

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

; Penetrating pu 250 A
10 E W Atmospheric v
j Astrophysical v 200 -
<4+ Observed Events
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g 150
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£ 100 -
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Large extra dimensions

Signatures of microscopic black holes and extra dimensions at future neutrino telescopes

Katherine J. Mack, Ningqgiang Song, Aaron C. Vincent

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

e More!
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Please check out

Ninggiang Song

Closing the window for WIMPYy inelastic dark matter with
heavy nuclel

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
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Merci!



