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Science program 3

Cosmic Neutrino
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https://ecuip.lib.uchicago.edu/multiwavelength-astronomy/astrophysics/02.html

~ From multiwavelength to
- _multimessenger astronomy




From multiwavelength to
-~ multimessenger astronomy

The window to the extreme Universe

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays
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Neutrino astronomyv: [ he multi-messenager connection 7

10—6 N Gamma rays (Fermi 2017) _
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ICECUBE | Detection principle 10

Credit: J. A. Aguilar

.V“ l N =

Northern
Sky /
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Southern U’
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lceCube detects Cherenkov radiation from secondary charged particles
MAYORANA 2023 S. Toscano



tures

-Ice sigha

In

Track topology

» Good angular resolution 0.1°-1°
=» Neutrino Astronomy

» Vertex can be outside the
etector =¥ Increased

effective volume

Cascade topology \

» All flavors \

» Fully active calorimeter =» O
Good energy resolution
+15% deposited energy

» Angular reconstruction \

possible = ~10°> 100 TeV ..
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The atmospheric background 12

Credit: J. A. Aguilar
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3 ICECUBE
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Searching for astrophysical neutrinos 14

High Energy Starting Events (HESE) Up-going through-going muons

travelled through the Earth

Hybrid (tracks and cascades) - Diffuse-v, sample (Northern Sky)

u , Veto

MAYORANA 2023 S. Toscano




A History of Neutrino Astronomy

ICECUBE
in Antarctica

NEUTRINO OBSERVATORY

i

v

C ) ' ) '

1988 2000 2001 2011 2013 2018 2021 2022 2023

Telescope in the AMANDA Atmospheric lceCube Astrophysical First Source Glashow Second Source Third Source
lce Envisioned Completed Neutrinos Completed Neutrinos TXS 0506+056 Resonance NGC 1068 Milky Way
Detected Discovered |dentified Neutrino ldentified |dentified

|dentified
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ICECUBE | Astrophysical neutrinos: diffuse flux 17

NEUTRINO OBSERVATORY

Only 2 years of data to find evidence of astrophysical neutrinos!
Aartsen et al (IceCube Coll.) Science 342, 1242856 (2013)

Bl Background Atmospheric Muon Flux
]_()2 [ [ Bkg. Atmospheric Neutrinos (7/K)
: /771 Background Stat. and Syst. Uncertainties
— Atmospheric Neutrinos (Benchmark Charm Flux) |
- Atmospheric Neutrinos (90% CL Charm Limit)
- Signal+Bkg. Best-Fit Astrophysical £ * Spectrum |-

e F20: ~1 2x 108 E2[GeV/cm?2/s/sr]

. . wn eeqe Data
e Best fit spectral index: -2.2 © 10" [
O '@Zéf
e 28 events (expected ~ 10 Q ////,ﬂ —
back d events) g mryy,
ackground events 2 A
o 10° -
. ~ C FITI V7. 7
Significance ~ 40 g m

/////-

7/

(-
-
ot

L/
‘.

WAL NPT 727

10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)
MAYORANA 2023 S. Toscano



. ICECUBE | Astrophysical neutrinos: power law e

B NEUTRINO OBSERVATORY

Several analysis confirm the detection at > 50

T
8 7 ooe 959 HESE (7.5y Full-sky)
T © Phys. Rev. D 104, 022002 (2021)
o 309 == 68% Inelasticity Study (5y, Full-sky)
IS | Phys. Rev. D 99, 032004
2 25- | X~ Cascades (6y, Full-sky)
N =S | Phys. Rev. Lett. 125, 121104 (2020)
5 20 - TN X | This work: Through-going Tracks
o ,/’/ bt AN " (9.5y, Northern-Hemisphere)
T 15- RIS s A ANTARES Cascades+Tracks
= Kl /° / RO (best-fit: 9y, Full-sky) PoS(ICRC2019)891
™~ / . . V4 "
S  1.0- K ~—- g Abbasi et al (IceCube Coll), ApJ 928:50 (2022)
cr:“I‘s ’\ - ol
53 05-
=S
-+
z.e©£ OoO I | I I 1 I 1
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
Spectr al Index “YSPL

Comparison difficult since datasets have different energy cuts Global fit to unify all detection channels
and select different morphologies (hemispheres) and test tensions between results

MAYORANA 2023 S. Toscano



Where are the source of neutrinos?

MAYORANA 2023

19

S. Toscano



& NEUTRINO OBSERVATORY M. Ackermann et al 2012 ApJ 750 3

;- | CELCUBE | The galaxy in gamma-rays 20

Total Diffuse
Galactic Emission
® Cosmic-ray interactions T
with the ISM dominate the T
diffuse y-ray emission of the T
| 5
Galaxy! >
. = 1073
® |f pions are produced, also ~
. &
neutrinos should produced. =
C\Llués

: —80° <=1 <=280°
® Much of the Galactic 0 e p o g0

ek
=
N

Center in the Southern Sky SSZ4R20T150C5

- Large muon atmospheric
background

—
™~

|
S o O
o O N

(data-model)/data

MAYORANA 2023




ICECUBE

NEUTRINO OBSERVATORY

® Deep Neural Networks improves angular
resolutions for cascade a factor 2 at TeV.

® Order of magnitude increases in acceptance

in Southern Sky by reconstructing even
partially contained events.

40°

\\

< 80% This work

. - 50% This work (all events)
35 - = 50% This work (contained events)
50% Previous Cascade Analysis (12)

o < 50% This work
30°4 = < 20% This work

Opening Angle AV

Neutrino Energy E, / GeV
MAYORANA 2023
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Improved cascade reconstruction
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NEUTRINO OBSERVATORY

Science 380(6652):1338-1343

+75°

A +60°

Galactic Plane

Declination 6

Galactic Center

Equatorial Coord.

o

-45° P

B —=75° Right Ascension a

-—- 1 20%

- 0
Galactic Coord.

-120° -180°

bz.sﬁ

O¢0l 1 | J ) 1 1 1

1.0 15 20 25 3.0 3.5 4.0
Spectral index y
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https://www.researchgate.net/journal/Science-1095-9203

B ICECUBE | Galactic neutrinos B

B NEUTRINO OBSERVATORY

-+ KRA? Model —— KRA? Best-Fit v Flux
- KRA® Model —— KRA>® Best-Fit v Flux
o ° | === 719 Model — ¥ Best-Fit v Flux
We observe the Galactic plane in /7 lceCube All-Sky v Flux (22)
. . 1076 -
>TeV neutrinos: 4.50 Diffuse Neutrinos
® Only 6-13% of the total cosmic 5 LN
neutrino flux reaches us from our o ] TN 0,
own Galaxy (30 TeV) 3 R
= 10771 \ @& AR &)
% ':g : @& ’g@i. . | & .
® The nearby sources from our own N> ' R, - Falactic negins
Galaxy do not outshine the neutrino <
flux from the Universe
- Powerful accelerators operate in s,
galaxies other than our own 3

103 10% 10° 10° 107
MAYORANA 2023 E, [GeV]



B3 |ICECLIBE | Cosmic sources 2%

NEUTRINO OBSERVATORY

neutrinos, gamma-rays, Cosmic Rays
Black Hole vy !

Accretion Disk

~—

*
‘e,
IS
*

MAYORANA 2023 S. Toscano
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IceCube-170922A E=290TeV Follow-up detections of IC170922 based on public telegrams

side view

500 1000 15

Science 13 Jul 2018: Vol. 361, Issue 6398

® 4o

IceCube Swift Fermi, ASAS-SN
September 22 September 26 September 28

ﬁﬁ @ NN,

SALT, Kapteyn MAGIC Liverpool, AGILE
October 7 g October 4 September 29

af e QPR i1
@ © @
Kanata, NuSTAR VLA Subaru

October 12 October 17 October 25

. 0 00
top view nanoseconds

2000

An alert system based on HES
since April 2016

= track-like events and Extreme High Energy events. Operating

Sep 22 2017: An alert on was sent corresponding to a high energy event 300 TeV

MAYORANA 2023

S. Toscano
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Multimessenger coincidence: p-value = 30. [Science 361 (2018) eaat1378]

- 9years

51e—8< ' | ' ' 2017
6 times brighter than the baseline L
= “| Fermi-LAT: >1GeV light curve B
E 3| 4-week bin (9.2 years) » .
g S N
s’ é bl s
O # ! : (@)
z lb 3FGL flux ?%_ § %L L‘\E
SRR Wﬁ% LT TR X AL I =
~1o 100 300 300 200 —500
mission week: 2008.08.04-:="'9'
IC40 IC59 IC79 IC86a IC86b IC86¢c

« ==« |ceCube-170922A
~ (Gaussian Analysis
- Box-shaped Analysis

—10G1o P

2009 2010 2011 2012 2013 2014 2015 2016 2017

Archival neutrino search find an excess between September 2014 and March 2015:
background only hypothesis rejected at 3.56 [Science 361 (2018) 147-151].

|ICECUBE | Neutrino emission from TXS 0506+056 26

LT e et

oeCulfe (80%) |25
coCube (90%) [~
MAGIC (95%) | |

Fermi {95%) :

TXS 0506+056 | - .

§780 775 )
Right Ascension |
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% ICECUBE |AII Sky Search S

Science 378 (2022) 538-543

+75°

— log; 4 (Procal)

Declination

o lOgl() (plocal)
41.2 410 408 406 404 402
® Strongest neutrino emission (host-spot best-fit): e
- Located at R.A. 40.69° and Dec. 0.09°.
- n =38l
- y=3.2

- Local significance 5.3 ¢

® 1% of scrambled data sets have aspot=5.3 ¢ S. Toscano
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I CECUBE | All Sky Search 2

Science 378 (2022) 538-543

+75°

g 10810 (ploca.l)

Declination

——~
-
=

-
\~.

— logyo(Procal) —0.4

® Strongest neutrino emission (host-spot best-fit):
- Located at R.A. 40.69° and Dec. 0.09°.

- n =281
- y=3.2
- Local significance 5.3 ¢

A0 40.8  40.6

r.a. [deg]

40.4  40.2

Hottest spotis 0.11° away from
center of NGC 1068

® 1% of scrambled data sets have a spot=5.3 ¢ | S. Toscano
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Namce Class «a deg]  oldeg]  na A o0l Macal) S0 PRS B304 008 BLL 17320  0.68 158 4.0 000 1A
. . ' PRS 232000385 FSRQ 30088 -0 8 46 A5 3.3 Mkn 421 BLL 16602 88.21 21 19 (.38 53
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p rl O rl Ca a O g O p re B TXS 22414406 FSRQ 3106 4096 28 48 0.42 5.6 IH 1013 +49 BLL 15357 4041 00 26 0.29 5
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. CTA 102 FSRQ 33815 1173 00 27 0.40 2.8 . "1‘"': N - S B L o
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O 109 FSRQ 32809 1703 20 11 e - PKS 08204016 BLL 12797 449 00 29 (.28 21
B2 2114433 BLL 319,06 S3.66 o 3.0 L)) 3.9 S8 4+42 B11 194,56 197 48 00 99 030 1 4
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® TXS 0506+056 and NGC 1068 contribute each ~1% of the total astrophysical
diffuse neutrino

® Measured neutrino flux exceeds TeV gamma-ray upper limits
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