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LAYOUT

o IceCube'

= High Energy Astrophysics: the search for cosmic ray sources
= Diffuse flux searches
= Source searches
= Multi-messenger programs:

= Dark Matter f

= Neutrino properties
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Observation of the cosmos with IceCube neutrinos

High-energy Multi-Messenger Astrophysics is one of the MOST FASCINATING fields

Allows to test the Laws of Physics in extreme conditions not reproducible in the lab

Gamma-rays are currently the messenger providing most precise information on the >100 GeV sky
Cosmic rays are still observed at >>100 TeV, when gamma-rays begin to be absorbed on the way to us
Neutrinos can be used since they reach us from well beyond z = 2, but sensitivity of instruments is limited

https://www.nasa.gov/feature/goddard/2016/hubble-team-breaks-cosmic-distance-record

Hubble spectroscopically confirms farthest galaxy to date

Previous Farthest galaxy

record holder Hubble has seen
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The high-energy frontier

C. Finley, GEMMA 2018

sN1987A K8 lceCube

Supernova | : Extra-galactic
neutrinos neutrino flux

eV keV \, [\ GeV TeV PeV EeV ZeV

10° 10° 106 107 102 103 10'8 10%

n _ Extragalactic gamma-rays

Infrared ‘OO Ultra- X-ray Gamma-ray attenuated at high energies
. violet

8

T. Montaruli | DSU2018 | June 27, 2018



FLUXES FROM THE HEAVENS (Z=0)
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Gamma-ray exploration by Fermi: up to z ~ 4.3
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Number of sources

Gamma-ray Sources & Detection Teci

“Kifune plot”
(by Stephen Fegan)

>10% X-ray sources
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~37% discovered day H.E.S.S.
(exposure to the Galaxy matters!)
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COSMIC NEUTRINO SOURCE MO

DEL

Hadronuclear (e.g. star burst galaxies and galaxy clusters)
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Photohadronic (e.g. gamma-ray bursts, active galactic nuclei)

cosmic ray + neutrinos
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IceCube Lab

1450 mf

2450 m
2820 m
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IceTo
- T = / 81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors
December, 2010: Project completed, 86 strings
Ethr~ 100 GeV

DeepCore
"8 strings-spacing optimized for lower energies
480 optical sensors

Ethr~ 10 GeV

“RVATORY

Gigaton Detector at the South Pole

86 strings with 60 Digital (DOMs)
Optical Modules each = 5160
DOMs in Ice

Began operations in full

configuration (1C86) in May 2011
Livetime > 99% (since 2014)
97-98% of data

97-98% (analysis-ready, full-
detector configuration data)

>98% sensor modules full
functional



NEU'I.IO EVENTS (IN ICECUBE)

Track . events from IceCube
Standard reconstruction;

about x2 energy resolution

Charged current DIS Angular resolution < |°°

X

eutral current DIS

X Cascade
| 5% energy resolution
Angular resolution O(10°)

Charged current DIS

X, X2

l/T simulated double bang event with ~10 PeV neutrino energy

amount of light « energy




SIGNAL AND BACKGROUND

: Cosmic signal v few-10/yr**
cosmic ray
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COSMIC DIFFUSE MUON NEUTRINO FLUXES

arXiv:1510.0812

Upgomg events IceCube Collaboration Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2
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Schoénert, Resconi, Schulz, Phys.
Rev. D, 79:043009 (2009)

Gaisser, Jero, Karle, van Santen,
Phys. Rev. D, 90:023009 (2014)

atmospheric neutrino tag

/




Signal from the heavens 156114 35 atm. neutrinos

80(+2) events/6 yrs (2010-2015) 25247 3 atm. MUONS
Energy Threshold 6 years (ICRC 2017) Southern Sky (downgoing) {Northern Sky (upgoing)]

I Background Atmospheric Muon Flux
[ Bkg. Atmospheric Neutrinos (x/K)
Background Uncertainties
—— Atmospheric Neutrinos (90% CL Charm Limit)
« Data

[ Background Atmospheric Muon Flux
I Bkg. Atmospheric Neutrinos (#/K)
Background Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit 1-Component Astrophysical (E*%)
= Bkg.+Signal Best-Fit 2-Component Astrophysical

IceCube Preliminary

ceCube Prelim

Events per 2078 Days
Events per 2078 Days with deposited E > 60 TeV

10 10 OE 0
Deposited EM-Equivalent Energy in Detector (TeV) :

sin(Declination)

e — Best fit spectral index (E¥): PEISICAL
Bgﬁ'ﬂﬂozﬂu / . —, ¥=—2.92+0'33_0.29 LET"fwi‘S;

Background only
hypothesis rejected at ~8 o

Yet it is not possible to
distinguish single power
law or more components




HIGH ENERGY STARTING EVENTS (HESE) 7.5YR
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High-energy starting events (HESE) 7.5 yr

-

+30°

+15°

24h

Work in progress

~75°

Coincident events: 32, 55 .
Dropped events: 5, 6, 42, 53, 61, 63, 69, 73 Equatorlal

0.0 6.5 13.0
TS — —2AIn(L)

E < 300TeV 1PeV < E

>8 sigma detection of astrophysical neutrinos
No significant clustering observed (103 events)



THE MEASURED DIFFUSE NEUTRINO FLUXES:
UPGOING NEUTRINO-INDUCED MUON TRACKS

https://arxiv.org/pdf/1710.01 191.pdf

0% -
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THE DIFFUSE ASTROPHYSICAL NEUTRINO
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THE HIGH-ENERGY NEUTRINO

Cve VAVAVAVAVAR VANV G R

. — HESE with ternary topology ID .00
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Tau neutrinos can arise from prompt neutrinos produced in the decay of heavy mesons in the
atmosphere or from oscillations of cosmic neutrinos. Background expectation is ~0.7 events.
Best fit flavor composition is ve: vu:vr = 0.35:0.45:0.20. No tau neutrino cannot be currently

excluded.



High-energy starting events (7.5 years):
|dentification of two double-cascade events

* Bright DOMs are excluded from this analysis

|WORK IN PROGRESS |

— single cascade —— double cascade —+ - exp. data | l —— reco with bright DOMs --- reco without bright DOMs ‘ | — single cascade —— double cascade —+ = exp. data ‘ ‘ —— reco with bright DOMs --- reco without bright DOMs
of ‘ = bright DOM* " bright oM | @ N e bright DOM* bright DOM*
o] A * . \‘ o
° ! ) S °
& AN PR T
° TN ] o ©
% St + ;3\ %

+ TS
T w M : + o
8 ; + \\: B +, 8
® °
° o O /@ °
(]
® 80 ° (L o ° o
o e o o : : d
° o D o
° o e ©
(] o ) o o © °
e ° 4 ° ° 3 e
o e © °
° o 8 (]
s $ 2 ° o 5
® 2 © ] ® o H 8 9
o . ° ® o o
LG o e #R o
[ <O ° ® 9 4 @ o
© ' 2 < < 3
) . 2 Q. o ° o
- 3 (5] ° o
L\ 5] . ° (- ° °
N ° Q o o )
© A : @ °
o o {w () (] () ®
o -~ e O o °
o ¥ Q ®
e )
WORK IN PROGRESS

* Bright DOMs are excluded from this analysis

Event 1

« Background expectation: ~0.7 events

Event 2

Detailed study of waveforms and background probability in progress
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NEUTRINOS FROM THE GALACTIC PLANE ?

100

1

§0 200
RA[°]

Analysis of correlation with template map derived from
interstellar gas distribution reproducing Fermi-LAT data

Only small fraction of signal can originate from CR
interactions in the Galaxy.

250 300 350

(a) KRA-vy (50 PeV cutoff) template

lceCube, Apd 849:67 (2017): <14% of diffuse v flux is Galactic
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COSMOGENIC NEUTRINOS!?

9 yr EHE analysis of 5 - 5 x 104 PeV - neutrinos (paper draft). 2 PeV events selected
not compatible with cosmogenic nature.

T 1

—90% C.L. UL (this work)
""" 90% C.L. UL (lceCube PRL 2016)

E—
<
~J

1078

E20(E ) [GeV cmi® sec sr]

Ahlers best-fit 3 EeV

Murase s=2.3 Em=100

Kotera SFR

10’ 10° 10’ 10'° 10"
E, [GeV]

107°

Phys. Rev. Lett. 117 (2016)



DISTRIBUTION OF HIGH ENERGY NEUTRINOS

Neutrinos from Fermi 2LAC 862 blazar directions

Blazars account for:
85% of extragalactic y background
< 6% of the lceCube neutrino flux

| === Equal weights, y=2.13
- — == Equal weights, y = 2.50
|,_ 1078 1 =~ y-flux weights, y = 2.13
v ] Astrophysical v, fl
~ | [ Astrophysical vy flux <1% of the sky
)]
o
|
HU EGB: Ackermann et al. 2015, Models: Ajello+2015, Di Mauro+2015
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lceCube-170922A - Fermi-AGILE-GBM - MAGIC

TITLE: GCN CIRCULAR
NUMBER: 21916
SUBJECT: IceCube-170922A - IceCube observation of a high-energy

Date: 22 Sept 201 7 neutrino candidate event

DATE: 17/09/23 01:09:26 GMT
FROM: Erik Blaufuss at U. Maryland/IceCube
<blaufussficecube.umd.edu>

RA: 77‘430 (-O8O°/+1 300 90% CL) Claudio Kopper (University of Alberta) and Erik Blaufuss
Dec: 5720 (_0400/+07O° 90% CL) (University of Maryland) report on behalf of the IceCube

Collaboration (http://icecube.wisc.edu/).

. On 22 Sep, 2017 IceCube detected a track-like, very-high-energy
Energy (prellm, reported est,): > 120 TeV event with a high probability of being of astrophysical origin.
The event was identified by the Extremely High Energy (EHE)
track event selection. The IceCube detector was in a normal
operating state. EHE events typically have a neutrino
interaction vertex that is outside the detector, produce a mucn

Fermi-LAT detection of increased gamma-ray activity of
TXS 0506+056, located inside the IceCube-170922A
error region.

. ATel #10791; Yasuyuki T. Tanaka (Hiroshima University), Sara Buson (NASA/GSFC), Daniel
Date: 28 Sept 2017 Kocevski (NASA/MSFC) on behalf of the Fermi-LAT collaboration
on 28 Sep 2017; 10:10 UT
Credential Certification: David J. Thompson (David J Thompson@nasa . gov)

Subjects: Gamma Ray, Neutrinos, AGN

First-time detection of VHE gamma rays by MAGIC from
a direction consistent with the recent EHE neutrino
event IceCube-170922A

. ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
Date' 4 OCt 201 7 ond 0ct 2017; 17:17 UT
Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp mpg de)
FAVA  TXS 0506+056 , , _ ‘
Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, UHE, Neutrinos, AGN, Blazar

‘Fermi All-sky Variability Analysis’ (Abdollahi+17)
’ A b
25 i {
>100 MeV |

15 1 1

{ 4 B
WWN; W@’M.*W‘}w‘* ;w?‘f‘::.%’:?"‘&
[T Z = 0.3365 +0.0010
(Paiano+ 2018 ApJ, 854)

" >800 MeV

§ ° {\
- ] b
NPT IRT AT .

25
235610 270080818 20000618 J0STMS  JG0ISHIS  DUI0SSEIB  A21290818  4STSIG6N8  4BIIIOBIS 512019818

Related

10845 Joint Swift XRT and
NuSTAR Observations of
TXS 0506+056

10844 Kanata optical imaging
and polarimetric follow-
ups for possible IceCube
counterpart TXS 0506+056

10840 VLT/X-Shooter spectrum of
the blazar TXS 0506+056
(located inside the
IceCube-170922A error
box)

10838 MAXIVGSC observations of
IceCube-170922A and TXS
0506+056

10833 VERITAS follow-up
observations of IceCube
neutrino event 170922A

10831 Optical photometry of
TX0506+056

10830 SALT-HRS observation of
the blazar TXS 0506+056
associated with IceCube-
170922A

10817 First-time detection of VHE
gamma rays by MAGIC
from a direction consistent
with the recent EHE
neutrino event IceCube-
170922A

'110802 HAWC gamma ray data

prior to IceCube-170922A

10801 AGILE confirmation of
gamma-ray activity from
the IceCube-170922A error
region

10799 Optical Spectrum of TXS
0506+056 (possible
counterpart to IceCube-
170922A)

10794 ASAS-SN optical light-
curve of blazar TXS
0506+056, located inside
the IceCube-170922A error
region, shows increased
optical activity

*110792 Further Swift-XRT

observations of IceCube
170922A

10791 Fermi-LAT detection of
increased gamma-ray
activity of TXS 0506+056,
located inside the IceCube-
170922A error region.

10787 H.E.S.S. follow-up of
IceCube-170922A

10773 Search for counterpart to
IceCube-170922A with
ANTARES

https://gcn.gsfc.nasa.gov/notices_amon/50579430 130033.amon T. Montaruli | CRIS2018 | June 18, 2018




The updated Kowalski's (after Hillas’) plot

Ahlers & Halzen, https://arxiv.orq/pdf/1805.11112.pdf & 2014

10"2 -
excluded by non-observation of
103 closest source in Northern Hemisphere | IS there a special class of
(E2¢"S < 2 x 10 12TeV /cm?/s) bright BL Lac (baryon

— 1074 loading changing with
'& time?flares?) given that
S 10-5 constraints from?Caveat:
5 the observed flux spectral
> 1061 index is still uncertain
.% https://arxiv.org/pdf/1806.04769.pdf
ae) )
— 10 “t :
g
2 10-8} - +@ @ TXS 0506+056 z=0.3
31 BL Lac
£
w 109 L 4 "....

10-10|  — diffuse flux (¢ = 2.6) \

.. diffuse flux (&; = 0.5) a—{
» FSRQ
10 108 10 100 108 102 108 10 108  10%
neutrino luminosity L, [erg/s) Kowalski, 2014; Murase, Waxman,

2016

Green line: the neutrino emissivity for the sources producing the lceCube neutrino flux (muon up-going tracks)

with E-2 power law, normalisation ~ 10-8 GeV cm=2 s-! sr-1, and for no evolution in the local universe (z<2)
(dotted green line) and for star formation rate (SFR) ns« (1 + z)3 fr z < 1.5 (solid green line). They gray region
indicates the region at the level of the discovery potential of IceCube in point source searches with 2032 d
(Reimann et al, ICRC 2017).



Energy balance in diffuse fluxes

A: The production of = and neutral pions 1 in cosmic-ray interactions (pp)leads to the emission of neutrinos
(dashed blue) and y-rays (solid blue).

B: Cosmic ray emission models (solid green) of the most energetic cosmic rays imply a maximal flux
(calorimetric limit) of neutrinos from the same sources (green dashed).

C: The same cosmic ray model predicts the emission of cosmogenic neutrinos from the collision with cosmic
background photons (GZK mechanism)
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https://arxiv.org/pdf/1805.11112.pdf

T. Montaruli [DSU2018 | June 27, 2018



POINT SOURCE SEARCHES 8YR

IceCube Preliminary

|= = Sensitivity, 6 years

-— 50 Discovery Potential, 6 years
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HAWC preliminary (Dingus,Vulcano 2018) :

First map with E>50 TeV! Looking for the PeVatrons producing the galactic CR knee



lceCube alerts

KK _j\ f;:lsl

Flaring Blazar

ﬁw-h_\

Alerts Arts

Iridium
Real time (~1 mlnm (

public alerts since 2016 IceCube, 1309.6979 (ICRC)
13 alerts so far / IceCube, Astropart. Phys. 92 (2017) 30-41

Prompt emission from GRBs can produce < 1% of
observed neutrino flux

arXiv:1702.06868



Neutrinos from GW170817? coalescence of binary n-star

ANTARES/IceCube/LigoSC/Virgo. Phys.Rev. D93 (2016), 122010, Phys.Rev. D96 (2017), 022005, arXiv:1710.05839

[ceCube np—nnm"‘_

W T(?(\nu _1( YWTI-£( HIE

e GW(90% CL)
+ NGC 4993
¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES)
| wm = [ceCube horizon
w == ANTARES horizon
[ 1Auger FoV (Earth-skimming)
[ JAuger FoV (down-going)

This non-detection is consistent with our expectations from a typical GRB observed off-axis, or with
a low-luminosity GRB.



Untriggered searches within IceCube

SSaden e

-85
2012-2015 Untriggered flare analysis
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A. Christov, TeVPA2017

- [IME DOMAIN

SEARCHES IN TH

IceCube Preliminary

Triggered searches by multi-
messenger partners and by IceCube
to them online and offline, target of
opportunity with MM partners
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NOT © TROPHYSICS

Dark Matt
ar atter

Fundamental properties of neutrin

= Neutrino crosss '(Natur 2017, 10.1038/nature24459)

» Neutrino mas
B



DARK MATTER IN THE SUN (532 DAYS)
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DM IN THE GALAXY

IC79 Halo, Multipole === 1C59 Dwarfs
IC86 Halo, Cascades —~ - ANTARES (2007-15)
IC79 GC — Fermi+MAGIC Segl 95%

wm= [C86 GC(2012-14) - - H.E.SS. GC95% (Ein.)
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DECAYING DM (6 YR)

airXiv:1804.03848
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NEUTRINO INTERACTION IN THE EARTH

Neutrino beam crosses 20-12700 km in the Earth where it
interacts

Absorption is measured from neutrino spectral changes with zenith
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IceCube, Nature 551 (2017) 596

https://www.youtube.com/watch?v=0OdWZA5UxmOk&feature=youtu.be



NEUTRINO CROSS SECTION

First cross-section measurement for a neutrino energy range |03 higher than particle
accelerators where DIS cross section is no longer linear

Measurement reflects a flux-weighted sum of v, and anti-v,

Blue and green lines : SM DIS cross sections
for v, and anti-v, with uncertainties. 0.9

“= Neutrino

o
fe

-+ Antineutrino

Red line : mixture of vV, and anti-v, as in —Weighted combination

£
2
?

lceCube sample. > " —This result
¢ 06
(\‘\
. . £ 05
Black line: result (assuming CC/NC cross o
section as in data). Pink band : | O (stat+sys) & 0.4 .
uncertainty. Z Mww
>0.3 :
L
: inti <02 Accelerator
Systematic uncertainties: S
- density distribution of the Earth (1-2%), 0.1 e
- atmospheric pressure variations (4%),
- angular acceptance of DOMs (4%), 0
1.5 2.5 3.5 4.5 5.5 6.5

- atmospheric neutrino spectral slope (10%).
log;o(E, [GeV])
https://www.nature.com/articles/nature24459
nd http://arxiv.org/abs/1711.0811
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NEUTRINO MASSES WITH OSCILLATIONS

vu Disappearance

Track-like

Appearance of vt compatible with SK and OPERA
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MASS ORDERING

NMO leads to matter effects for neutrinos (NO) or anti-neutrinos (IO) - no nu-nubar

discrimination capability in lceCube and effects at curent energy threshold.
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IceCube-Gen2: ~10 km3 with ~120 new stringslceCube,
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Neutrino astronomy has been a long journey

But the new astronomy is not a solitary journey
and is seing bright times!




