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https://ecuip.lib.uchicago.edu/multiwavelength-astronomy/astrophysics/02.html
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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 Detectors what are we hunting?
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» Good angular resolution 0.2°-1°
=» Neutrino Astronomy
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ICELCUBE | The atmospheric background 17
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travelled through the Earth

-going muons
Diffuse-v, sample (Northern Sky)
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High Energy Starting Events (HESE)
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ICECUBE | Astrophysical neutrinos: diffuse flux 21

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 |-

® Flux assuming E2: ~1.2x 10-8 E-2 [/GeV/
cm2/s/sr]

. . g 1 eeq Data

® Best fit spectral index: -2.2 = 10!

28 ( d ~ 10 background 5 /A
° events (expected ~ ackground 8 | |t

P J S % //ﬂ —
events) 7 //////////
L Q. 10° b--J- "///A
* Significance ~ 4o 2 vz
9 7

/////-

7/

(-
-
ot

L/
‘.

WAL NPT 727

10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)
NOW 2022 S. Toscano



R ICECUBE

NEUTRINO OBSERVATORY

Several analysis confirm the detection at > 50

Astrophysical neutrinos: power law oz

7
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- Cascades (6y, Full-sky)
I> Phys. Rev. Lett. 125, 121104 (2020)
5 20 - TN X This work: Through-going Tracks
o ,/’/ TR \‘ | (9.5y, Northern-Hemisphere)
L 15- SA ANTARES Cascades+Tracks
= Kl /° / R4 (best-fit: 9y, Full-sky) PoS(ICRC2019)891
™~ / . /7
5 1.0 - ¢ N 7 Abbasi et al (IceCube Coll), ApJ 928:50 (2022)
- / -7
Q? ’\ - -
53 05-
=S
t.egi) OoO I 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
and select different morphologies (hemispheres)

Global fit to unify all detection channels
and test tensions between results

NOW 2022 S. Toscano
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arXiv:2011.03561

- Si'ngle, no brights == Double, no brights === Double, with brights = Exp. Data @ Ta U ne Ut ri NOS Se ‘ e Cte d U Si N g a
ST T T N T T O T ~ bright DOM .
-} briguDOM double cascade hypothesis in

reconstruction.

Photoelectrons

T T

S ® Likelihood analysis finds two
B N ............ ......... brlghtDOM: can dl dates: 7 6% , 9 8%
0 A orobabilities of being v

0000080 .ooo;

@ Null hypothesis (no astrophysical
v;) rejected at 2.80.

e OCLL

oo “o. ‘oooo,ooOOOOo
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Pl . YAVAVAVAVAZ AVANIVANO VG

Neutrino flavor triangle 24

arXiv:2011.03561

<
A 1'0 —— HESE with ternary topology ID
2, 0°9 k Best fit: 0.20 1 0.39 : 0.42

Flavor ratio at Earth can 3 % V/‘V . ) Global Fit (IceCube, APJ 2015)
. S o 6‘ sa' %(. Inelasticity (IceCube, PRD 2019)

constraln source {QQQ _ ’é,!’v'@ 0.6 /% ........ 3v-mixing 30 allowed region

environment & o y .//'\\’s 05 %
d ‘ ) {0 04 < Ve : V) : Uy at source — on Earth:
0.3 0:1:0 — 0.17 : 0.45 : 0.37

A“"O‘éz . 0.2 1:2:0 — 0.30 : 0.36 : 0.34

O
v S
7 - A A"é"‘ A\‘ A 1:0:0 = 0.55: 0.17 : 0.28
i , VAR VANV > " =Y 0.0 ¢ 1:1:0—-0.36:031:0.33
SERN NN SN 3

O . 1
1\1 e S N
S N

Fraction of v,
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ICELUBE | The Glashow resonance 25

NEUTRINO OBSERVATORY

Nature volume 591, pages 220-224 (2021)

ER = 6.3 PeV

lceCube cosmogenic v 90%UL (2018)
Auger cosmogenic v 90%UL (2019)
ANITA I-IV cosmogenic v 90%UL (2019)

Auger cosmic-rays (ICRC 2015)
IceCube northern track v (ICRC 2019)
IceCube cascade v (2020)

1 =3 this work
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2,000 Observed cascade: E ~6.3 PeV consistent with
resonance energy.

s@ececccccscncns
« e s s e e LY
&, L OO A L R A
‘o“ v..'.:’. e d et VWS "
* e e e e e . e

co@eccccccs
-
o
o
o

084dono s dodon el L
Time (ns)

Nu/nubar ratio constrain production mechanism

- ‘..
(o)}
-
o

400 (pp/ py) of astro neutrinos.
300

eReMAS e bR RGeS . e

®
i)
®
- .
- m
L
L))

i
s
e
‘o
.

*>
‘®
‘®
oi
L

L A RO el S SR

o.omooooooaun

¢ - S. Toscano



https://www.nature.com/articles/s41586-021-03256-1

ICELCUBE |Diffuse galactic emission (joint with ANTARES) 26

NEUTRINO OBSERVATORY

ANTARES and IceCube Coll. A. Albert et al 2018 ApJL 868 120

S Con '\'\\"""I o R
@ Contribution much smaller than total
: : 107k -
detected diffuse neutrino tlux (<10%) T \\ :
® It is a guaranteed source: i N\
p+gas — w0 — Y | N

— 7 = p +v,(v,)

E*d® /dEdQ [GeV em™*

ol \ |
0™ Hm=—=" KRA~ model :
[ | === Combined UL KRA~?
|===+ Combined UL KRAY™ \
® Upper limits close to the expected |—— ANTARES UL KRAY’ = N\ \22
£ | : : - -—- IceCube UL KRA~™ P o, .
diffuse Galactic neutrino com ponent |1 IceCube starting events 2 2. %
mm  IceCube up-going v, %o
1”_() L1 1111111. T | L0 g gl L1 ol
10! 10" 10! 10° 10°
E [TeV]
Template
p-value
5 /-years cascades
KRA> 0.021 ,
KRAS 0.002 GP analysis
- Neutrino flux per unit of solid ) '
i u L | Fermi-LAT 7TO 0.040 M. G. Aartsen et al 2019 ApJ 886 12
O e 7 angle of the KRAyS model. '
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ICELCUBE B 10 years all sky point sources

NEUTRINO UOBSERVATORY Aartsen et al (IceCube Coll) Phys. Rev. Lett. 124, 051103 (2020)

Using high energy through-going tracks and tracks optimized
for point source searches

e T IO

1.70°

-0.30°

2307 [ S ‘ .....

Equ;atorialé

Declination

4287°  40.87° 3887
Right Ascension

10 years of lceCube data now

ﬂJEbAI‘IgXFa{-éangbr:ieV:t i with 2.90 excess at the position of NGC 1068

Hottest spot in Northern Hemisphere coincides




ICELCUBE B 10 years all sky point sources

NEUTRINO UOBSERVATORY Aartsen et al (IceCube Coll) Phys. Rev. Lett. 124, 051103 (2020)

Source list search is incompatible with background at
3.30(2.250 without TXS 0506)

.| == ANTARES E"* Sensit. === 90% Sensit. E~*
10 — == ANTARES E~3 Sensit. ——— 5 Disc. Pot. E~3
il . === 90% Sensit. E~2
o 107" .
A 50 Disc. Pot. E~2
la v 90% Upper Limits E—*
107°
& v  90% Upper Limits £~3
| NGC 1068 =
E 10719y o mmmmm—— A= =]~ 1XSTE06 pycs 1424 GB6 J1542

10 years of lceCube data now
publicly available at NASA'’s
HEASARC archive




NEUTRINO OBSERVATORY

ICELUBE

lceCube-170922A

side view

top view

E=290TeV
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Science 13 Jul 2018: Vol. 361, Issue 6398
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Follow-up detections of IC170922 based on public telegrams
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Multimessenger coincidence: p-value = 3o. [Science 361 (2018) eaat1378]

ICECUBE

NEUTRINO OBSERVATORY

- 9years

51e—8< ' ' 20)°
6 times brighter than the baseline L

% ‘| Fermi-LAT: >1GeV light curve o {: ‘
E 3| 4-week bin (9.2 years) » .
£ : o
O , I
Z lb 3FGL flux ﬁ #?%_ § gi- 1‘5\
3 i .g_ﬂ,}%ﬁf* Wﬁ%géﬁu » m;ﬁ.& L2 : ;

~1o 100 300 300 400 —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

Archival neutrino search find an excess between September 2014 and March 2015:

2011 2012 2013 2014

2016

2017

background only hypothesis rejected at 3.50 [Science 361 (2018) 147-151].

IC 170922A

Neutrino emission from TXS 0506+056 30

Lt Lmrat 7787707738
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Optical Array | Sensor
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v Gen2-Radio ® Gen2-Optical ® IceCube ok IceCube Upgrade
.9’.:' : :’ .o ::' . : : -
. | . | | ) :: . :: .0..: :. . ° .. . L] ]
| : : : : e DR, DR R . .
IceCube-Gen2 | bl Construction Deployment ..' ore’el ?'" . ’
. e, te te e, o, o.. .......... *
| '::'::::'. O.::o ®e o’ *
2018 2020 2022 2024 2026 2028 2030 2032 ’ ¢ -.-.-.‘, . =
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§ Callibration

Radio station layout

Optical array
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ICEGUBE | Projection for lceCube-Gen2: spectrum 33

GENz
. f & Diffuse y (Fermi LAT) ceCube (ApJ 2015) _
10 F $ Cosmic rays (Auger) 1 IceCube (tracks only, ApJ 2016) ;
N : B Cosmic rays (TA) ¢ IceCube-Gen2 (10 years) :
e -6 -.
i 10 ?’9”00.“
I i
G -7 w““’ *. o.,
-— - o,
| " 1 O E ’~ e, -
” [~ o— —
%) -8 | e *
O 10 ¢ TY L' f
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M. Ackermann, M. Bustamante, L. Lu et al., Journal of High Energy Astrophysics
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Neutrino astronomy: the physics case
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b

AGNSs, SNRs, GRBs... MR 4

They are charged particles and

are deflected by magnetic fields.

x

Gamma rays -

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

Neutrinos

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

air shower

38
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Aartsen et al. (IceCube-Gen2 Collaboration) J.Phys.G 48 (2021) 6, 060501
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Astrophysical neutrinos: diffuse flux 40
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Neutrino astronomy: what kind of neutrinos are we hunting?
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Neutrino astronomy: what kind of neutrinos are we hunting?

Discovered by IceCube

Guaranteed but
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High-energy Neutrino Interaction Signatures

4=
/'l' +-
e+ em shower

muon tracks
Yy Ve
T —> ‘ —>

hadronic shower

shower 7
Vr T:l: Vr 7.:1:
T T

hadronic shower hadronic shower

Vg
Glashow e u=/q
resonance
Vx
ll . P
iz
|
]\N

hadronic shower

Michael Tino

Tracks:

Charged-current
muon neutrino
Interaction

Cascades:

Nearly all other
CC and NC

neutrino
Interactions

Glashow resonance
Interactions

(except if W decays
to muon)

Event Topologies

Credits: Chad Finley



— 10G¢p P

kS I CECLUIBE

L]
NEUTRINO OBSERVATORY

Multimessenger coincidence: p-value = 3o. [Science 361 (2018) eaat1378]
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Neutrino interactions
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