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Neutrino astronomy
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https://www.youtube.com/watch?v=SnKvtazt5So
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https://doi.org/10.1016/j.nima.2020.163678
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Cosmic rays
They are charged particles and
are deflected by magnetic fields.
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Gamma rays -

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins. o =

»
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Neutrinos In a few words

Elementary particles
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Scientific American, July 1969
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Threshold Observed/
Experiment Reaction MeV) Expected Rate
SAGE + GNO cC "Ga (v,,e)"'Ge 0.2 0.58 + 0.04
HOMESTAKE CcC 37C1 (ve, €)% Ar 0.8 0.34 £ 0.03
SNO cC ve+*H—>p+p+e ~5 0.30 £ 0.05
SUPER-K ES vte—>v+te ~5 0.46 £ 0.01
SNO ES vte—>v+te ~5 0.47 £ 0.05
SNO NC v+2H > p+n+v ~5 0.98 + 0.09

CC = charged current (W-exchange); NC = neutral current (Z exchange); ES = electron scattering (viﬂ e
for v, v,, and via NC and CC for v,)
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https://www.nature.com/articles/s41586-020-2934-0

Fit without systematics
- Fit with systematics
HZ-SSM 68% CI
LZ-SSM 68% CI
Borexino 68% CI
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https://www.nature.com/articles/s41586-020-2934-0
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https://www.nasa.gov/mission pages/sunearth/science/Sunlayers.html



https://www.nasa.gov/mission_pages/sunearth/science/Sunlayers.html
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If you are interested in being notified about the occurrence of a neutrino burst from

SNEWS, please sign up for our alert list.

https://snews2.org
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Neutrino telescopes

Non-exhaustive list



Neutrino telescopes

The GLOb3L NeutrInNo Nectwork \
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lceCube
South Pole,
Antarctica




lceCube
South Pole,
Antarctica










Detection strategy

2070 sensors/block
1 block ORCA

+ 2 blocks ARCA

5160 sensors



Detection strategy
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Detection strategy

- Amount of light-> Energy

- Timing -> Direction

- Topology -> Flavor




Diffuse neutrino flux
Veto /.5 year

102 events, with 60 events > 60 TeV|
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https://arxiv.ohttps/arxiv.org/abs/2011.03545

Diffuse neutrino flux
RSl /.5 year

Equatorial

10.5
TS = —2AIn(L)

No evidence for point sources

No correlation with the galactic plane

Best fit: Single power law with spectral index y = 2.89*9-20_, .4
all-flavor flux normalization ® = 6.45*146_, .

Data does not prefer a broken power law model
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NASA, ESA & A. van der Hoeven
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NASA, ESA, CSA, T. Carpentier
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IceCube Collaboration/U.S. National Science Foundation )/ESO
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Multi-messenger astronomy
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Multi-messenger astronomy

Core-collapse
supernova
SN1987a




Multi-messenger astronomy

Binary neutron star merger
GW170817 - GRB170817A




EM partner

Gammarays A

Gravitational waveg

Interferometers Neutrino

telescopes
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https://arxiv.org/pdf/1807.08816 22 Se pte m be I 20 1 7

https://arxiv.org/abs/1807.08794
TceCube-170922A

Neutrino Energy: 290 TeV (>180 TeV, 90% CL) A ’
RA: 77.43° (-0.65°/+0.95° 90% CL) § ¢ ;
Dec: 5.72° (-0.30°/+0.50° 90% CL) '


https://arxiv.org/pdf/1807.08816.pdf
https://arxiv.org/abs/1807.08794

22 Septembre 2017
TceCube-170922A

* Observation by Fermi of a known blazar TXS 0506+056, in a
flaring state

* Detection by MAGIC of gamma rays > 400 GeV

IceCube + Fermi-LAT IceCube + MAGIC
~ Significance for the

overlap: 3o

MAGIC significance [0]
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Archival search

IceCubel70922A

1C59 IC86a IC86b

v TceCube-170922A

Gaussian Analysis
Box-shaped Analysis

2009 2010 2011 2012 2013 2014 2015 2016

e Search for a point source in a time-dependent analysis in the
direction of TXS

e Excess of 13 =5 neutrinos in 2014-2015 over 110 days

* Significance defined using similar searches in random
directions : 3,50



Multimessenger observations of a
flaring blazar coincident with high-
energy neutrino IceCube-170922A

Neutrino emission from the
direction of the blazar TXS 0506+056
prior to the IceCube-170922A alert

13 Jul. 2018




Can we learn more from neutrino
astronomy?



Can we learn more from neutrino
astronomy?
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Can we learn more from neutrino

astronomy?




First observation of a Glashow

resonance event

Detection of a shower with an

energy of 6.05 + 0.72 PeV
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https://www.nature.com/articles/s41586-021-03256-1
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https://www.nature.com/articles/s41586-021-03256-1

Detection strategy

- Amount of light-> Energy

- Timing -> Direction

- Topology -> Flavor




Cascades + Tracks + Double cascades

astro. Q;
v.o0 0 Sighatures

At high energies: “Double Bang.”
Unfortunately, very rare. \

All Neutral Current/ \\\\‘

Charged Current v Charged Current v, Charged Current v_
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Simulation

More flux at lower energies! |:
Look for subtler signature(s) |~
in one or more modules.

Doug Cowen/Penn State/dfc13@psu.edu

Doug Cowen



Cascades + Tracks + Double cascades

Importance of Flavor ID for 125"

At Earth, v,: v, : v, coul
t Earth,v,:v, v, could ...while strong

tell us about the source... deviatione from o1t
ey A T L could m

B @ W 2020: NuFit 5.0 “\ i @ p-damped: (0:1:0)g
@ [0 2040: JUNO
+ DUNE

A n decay: (1:0:0)g
0.8

https://arxiv.org/abs/2111.04654v1

==2040 (proj.): IC 15 yr + Gen2 10 yr (99.7% C.R.)
— 2040 (proj.): Combined v telescopes (99.7% C.R.)

&V(1:0:0), wem & (1:0:0), &%1:0:0),

02 03 04 05 06 07 08 09
Fraction of v,, f, o

Cup (1:0:0) Cr (0:1:0)

https://arxiv.org/abs/2012.12893

o (0:1:0)

— 0 (1/3:2/3:0),

Example: Effect of quantum gravity.
For more examples, see Refs. 22-59 in IceCube, PRD 104, 022002 (2021).
Doug Cowen/Penn State/dfc13@psu.edu

Doug Cowen



Cascades + Tracks + Double cascades

3" Candidate Event Pics

T

Here’s “Scarlet Macaw,” a new event:
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Clear v_ signature. Detected in 2019 (too recent for

previous analyses to have seen).
Doug Cowen/Penn State/dfc13@psu.edu
|

Doug Cowen
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RNO-G 35 stations, 5 years
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The most energetic neutrino ever...

The event is well reconstructed as a track (cf. time residuals)

1° above the horizon
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The most energetic neutrino ever...

With a deposited energy above 10 PeV !

Huge amount of light detected -> 35% of the total number of PMTs were

triggered
- 4000
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The most energetic neutrino ever...

[ line 26

QO 20

€ From the track and shower

- o .

o e : reconstructions
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e S e showers detected

Hit times are fully
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from Cherenkov emission
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The most energetic neutrino ever...

Hit times consistent with the emission from three points along
the track -> stochastic light emission
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Impact of the environment



Impact of the environment

* Find an example and how to mitigate the impact



Impact of the environment

* Find an example and how to mitigate the impact

* Why isitanissue?
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Fig. 1.3 The atmosphere opacity as a function of the wavelength is presented in the upper part.
Opacity is represented by the percentage of electromagnetic radiation, which does not reach the
ground. Space experiments are widely used to detect electromagnetic radiation that does not reach
the Earth’s surface. Note that the scale is in terms of the logarithm of the wavelength, so the ener%g
scale decreases from left to right. Credit: NASA
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Expanded region of instrumented ice: 1270 m

IceCube instrumented region
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Not to scale!
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Not to scale!



Understanding the noise from the Deep Sea
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Speeding up

Cascades + Tracks

Cascades vs tracks
+ Double cascades

Upgoing track searches All-sky all-flavour searches

At least 3 km3detectors

3
1 km®detector around the globe

Seeing the diffuse flux Resolving sources
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Towards Multi-Detector and Multi-Energy
neutrino astronomy
In the Multi-Messenger Era!




