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Outline of the talk

* Introduction to high-energy neutrino telescopes
(ice-based, sea-based), neutrino event topology
and data sets

e Status of neutrino astronomy: the observation of a
diffuse cosmic neutrino flux

* The search for neutrino sources:
neutrino production physics;
contributions from the Galaxy;
extra-galactic candidates.



The multi-messenger framework

in the search for CR sources
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The opaque Universe

microwave gamma-rays neutrinos COSMmicC rays

terra incognita:
only revealed by
neutrinos




Neutrino telescopes

ANTARES Complete since 2008

IceCube Laboratory

Datais collecled here ard
sent by satellite to the data
warehouse st UW-Macison

Digital Optical
Module (DOM)

5,160 DCVs
ceplayed n the ice

BS strings of DOMs.
sat 125 matars apart
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line
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Neutrino event topology

Muon tracks Cascades
vy CC interactions NC / vr-ve CC
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Astronomy Calorimetry + All flavors
~factor 2 energy resolution ~15% deposited energy resolution
Angular resolution ~0.5° @ 10 TeV ~15° median angular resolution

@ 10 TeV



Neutrino background

cosmic ray

Cosmicray @

% Dominating at
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Filtering the atmospheric p bkg
VN — puX

p, nuclel

Down-going g from atm. showers
/ Uty ~ 10 at 3500m w.e. depth

Search for neutrino
induced events,

mainly v, N — u X,
up-going

Yypgoing

S/N ~ 10-1°
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A complementary view of the sky
with upgoing events
Visibility
*' _' ANTARES

atmospheric \‘ atmospheric
neutrino N muon

cosmic
neutrino

(galactic coordinates)



Filtering the atmospheric v bkg

“Vetoing the muon produced by the same
parent meson decaying in the atmosphere”

T ; Iuatmo_l_ygtmo

4 s Veto Vp &

L 4

Detects penetrating muons

Reduced effective volume (400 MTon)
Sensitive to all flavors

Sensitive to the entire sky

N
QP Schonert et al., PRD 79 (2009) 4

gﬁnlceCube



Neutrino event data sets

Through-going HESE
muons
: : §§§?§§:s-
* 18
3 = X IH
Earth-filtered events —> All sky search, but different
view from the South Pole bkg among tracks and

s the Northern Hemisphere cascades
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Status of neutrino astronomy
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Wil M. Anlers & F. Halzen, PrPNP 102 (2018) 73A

High-energy starting events (HESE)
Interaction vertex in the detector
All flavor, all sky

Up-going tracks
Muon-dominated
Northern sky

 Astrophysical flux in the 20 TeV - 9PeV range

» Various channels and analysis methods
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The cosmic neutrino signal

High Energy Starting Events (HESE)
mostly from the Southern Hemisphere
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The cosmic neutrino signal

Passing Muons
a view on the Northern Hemisphere
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The cosmic neutrino signal

Arrival directions of most energetic neutrino events

Earth
absorption

':D . @ g Galactic
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O tracks  ® HESE tracks @© HESE cascades  © public alerts

NV
15 QP Ackerman et al., Bull. Am. Astron. Soc. 51 (2019) 185



The search for neutrino sources
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Neutrino production channels

pp interaction:
e accelerated protons

* dense target matter tield
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Neutrino production channels

pp interaction:
e accelerated protons
* dense target matter tield

0

p

P+

+p—
p+p {p_

“CR reservo
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e.g. SBG, SNR

> dN 3.1
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Per-Flavor K

py interaction:
accelerated protons

dense target radiation field

p+m

~ A+
p+ / A_) { '72-+7T+

“CR accelerators”
e.g. AGN, GRB

——  [nternal Shock Fireball Prediction 3
Photospheric Mireball Prediction |-
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Neutrino production channels

pp interaction: py interaction:
e accelerated protons e accelerated protons
e dense target matter field * dense target radiation field
0
N pTpTT A+ p+
P pH{p——n+7r+ p+"A—>{n+7r+
“CR reservoir” “CR accelerators”

e.g. SBG, SNR e.g. AGN, GRB




The search for cosmic sources

Several strategies to look for v-sources:
1. Clustering of neutrino events (all-sky scan);

2. Catalog search, i.e. at pre-defined sky positions, as
indicated by MM studies (typically bright sources in
EM wavelengths): e.g. population & stacking analyses;

3. MM alerts for extremely energetic events. So far, only
this strategy has lead to positive results:

—> TXS 0506+056 & IC170922A Wi [ceCube Coll. et al., Science 361 (2018)

— > TDE AT201 gdsg & 1C191001 A Wil R Stein et al., arXiv:2005.05340

20


https://arxiv.org/abs/2005.05340

The search for cosmic sources

1. Clustering search: 10 years of data point towards no
significant excess over background.

il V.G Aartsen et al., PRL 124 (2020) 051103

A hotspot Is seen in
-~ the Northern Hemisphere,

“j - located 0.35° from the
Nt - active galaxy NGC1068

42.R7° 3R.8T°

40.87°
Right Ascension
pre-trial

21



The search for cosmic sources

2. Catalog search: 110 sources weighted by their
gamma-ray flux (Fermi > GeV). Includes 98 extra-galactic
sources (mostly blazars and starburst galaxies), as well
as 12 Galactic sources (97 North, 13 South).

Wil M.G. Aartsen et al., PRL 124 (2020) 051103

—> Northern Catalog filled with 97 objects: most
significant excess is located 0.35° from the SBG
NGC1068 (2.90 post-trial);

—> Southern Catalog filled with 13 objects: most
significant excess consistent with background.

22



Contributions from our Galaxy

Two main sources of (pp) neutrinos are:

1. Galactic population of sources, ¢.g. SNRs if these
are responsible for the CR flux observed at Earth;

2. Ditfuse neutrinos, originated in CR collisions with
target gas density located in the Galactic Plane.

Both can be constrained from gamma-ray counterpart:

P, tot = P ,diff T P~,8 T P~ IC
Pr,tot — Pu, diff T Pv,S

resolved +

from CR collisions unresolved sources

23



Contributions from our Galaxy: gammas

From the recent Galactic Plane Survey of H.E.S.S.:

Eops ) & E
i cut,y

/

can be modeled in the
context of CR transport

i/ G. Pagliaroli & F. Villante, JCAP 08 (2018) 035

B.x107% Southern Hemlisphere Northem Hemisphere
rgocm@(!*]) Case A ‘% . " ““'-
ocr(E,r) = { ¢cro(E) g(r) Case B ,%' 6.x10 |
| wcro(E) g(r) h(E.r) Case C Tﬁ
0
. £ -
A: homogenous CR density 3 \
all along the Plane =
&
B: CR density following the
SNR distribution along the Plane Ve —ag- a5 20" ~r
|
C: CR density with radially — > non neghglble

dependent spectral index (KRA _ _
P P (KRA) o source contribution



Contributions from our Galaxy: neutrinos

Extended Hot Region
Galactic Ridge

Case A
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Contributions from our Galaxy:
experimental constrains

90% C.L. Sensitivity and Limits for y = 2.0 Ty
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Wil G. luminati et al. (ANTARES+IceCube), ICRC 2019 PoS 919 .
RiP A Albert et al. (ANTARES+IceCube), ApJ 868 (2018) L20

No significant v-clustering
observed in the
Southern Hemisphere

Specific CR model tested in
ANTARES+IceCube

Galactic contribution expected < 15% above 60 TeV



effective local density p.¢ [Gpc 3

Extra-galactic
candidate sources

The isotropic sky distribution of v-events points towards
an extra-galactic origin of the cosmic flux.

discovery potential for
. steady source candidates
€ /GG-int in 10 years

- IceCube __ 5
—— 5xIceCube .,
20 % IceCube

10% 109 104 102 108 10% 10 10% 10 1048

effective neutrino luminosity L,[erg/s]

% M. Ackerman et al., Bull. Am. Astron. Soc. 51 (2019) 185

local rate density ¢ [Gpc “yr 1]

27

discovery potential for
transient source candidates

- IceCube
- hxIceCube
20 % TceCube

\

1046 10% 10%% 10%° 10°0 10°! 10°2 103 10°¢ 10

effective bolometric neutrino energy &, [erg]




Search for GRB-v

Promising because of the transient nature, that
allows to enhance the sensitivity of the search.

at {PEm

PHISS | ngnt

prompt + afterglow
e, M neutrinos

Prompt
emission

Afterglow

1310 GBM GRBs

174 Swift GRBs
73 LAT GRBs Credit: Fermi-LAT and GBM Collaborations



Stacking search for GRB-v

IceCube ANTARES

10-° N ————————
B Glcbal Fit (2015) Soutl v, GRB (5 yr) |3 10 5} = ANTARES stacking (2007-2017): 784 GRBs [
—— Combined Analysis == North v, GRB (7 yr) |3 5 10775 r
: = :
. , .
wv -
v 107
£ [
v 107° 3
=
Y i
9 1010 \_,
¥ j
3 : W 10_1115 —— IceCube v, tracks 10 yr
Z . 3 f — IceCube HESE 7.5 yr |
L s aunl 2 a1l — nnnuui_n |-1uni"1 lllllli Al i e 10_12 v 7 T —r—rrrrrT T —TrTrTrrrT v T
10° 104 10° 10° 10° 103 10° 104 10° 10° 10/ 103
v Energy (GeV) Ey, (GeV)
NV NV .
QP A Artsen et al. [IceCube Coll.], ApJ 843 (2017) 2 QP A Albert et al. [ANTARES Coll.], arXiv:2008.02127

No evidence for time and space coincidences
with the prompt emission of GRBs

less than 10% of the IceCube flux

29



Search for blazar-v

Blazars are the most abundant steady
source population observed by Fermi

0 No association # Possible association with SNR or PWN « AGN

#* Pulsar A Globular cluster * Starburst Galaxy ¢ PWN
" d " -t' f' |d = Binary + Galaxy o SNR # Nova
Jet ra |a IOn |e * Star-forming region 8 Unclassified source

+ broad line region (FSRQ)

0
~ AT PTT
p+’A—>{n+7r+

ﬁ S. Ciprini et al. [Fermi Coll.], APCS 2018 PoS 054
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Stacking search for resolved blazar

| Astro. v, + 7, lux HBL (Lhis work)
- All blazars (this work) ~.1 LBL/IBL (this work]
7771 FSRQ (Lhis work) <+  HESE unfolding

+—+— Stacking of 1301 blazars
s _ from 3FHL catalog with
TS 8 years of through-going
muon tracks (Northern

reazezoazen _I— Hemisphere sources)

RN RCTRTS

...............................................................................
N e R N A e N N e A A A S AR At A A e

10-7.

‘--
‘‘‘‘‘

\\\\\\
-----

DS o~ xr o
E2St GeVem % !
[a—
o
%

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

L A A A, 27 75 A
........... 1 ‘l““‘J.“‘““f““"L“““‘l"““1‘“‘“1‘“‘“1“““1“‘““1“‘“"l:‘“ > no excess SO far

a_
10 Iu Cube Preliminary

10 10° 107 10"
Fa./ TeV

Wi M. Huber et al. [IlceCube Coll], ICRC 2019 PoS 916

less than ~15% of the IceCube flux
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The EGB

...but many blazars remain so far unresolved

Counts / Pixel _

10" 10°

Wi M. Ackermann et al. [Fermi-LAT Coll.], ApJ 799 (2015) 86

" The Fermi-LAT Collaboration
has estimated that
~ 86t 15 % of the EGB flux
above 50 GeV Is
porovided by sources (blazars)

Wi M. Ackermann et al. [Fermi-LAT Coll.], PRL 116 (2016) 151105

...but see also 68 = 10 % from Lisanti et al. and 81% (+52,-19) from Zechlin et al. 32



Search for EG v-sources

In a MM framework (sources of gamma rays produce the
|C neutrinos) the constraint provided by the IGRB
should be satistied.

op Mmodels |

of the HESE flux |
In tension with
|GRB data '

E2 @ [GeV cm?s sr"]

oy models |
of the HESE f|UX ’

N
.|I K. Murase et al., PRL 116 (2016) 071101

..but strongly endon
assumptlon for the radiation field
resolved blazars are removed In Fermi data

33



py scenarios for IC-v

- w1 Which radiation field is required
rrrrl:l?\'lrr?glgy{(ﬁ; 3 to prOduce 30 Tev VS?
"I"lceCube

~ 20e, =~ 0.5?m c EnE; )

E2 ® [GeV cm?g sr"]

e, ~ 20 keV(I'/10)> ( ,,/30 TeV) |

1

107 ot ot et ot on et et et Are these sources transparent
% K. Murase & K. loca, PRL 111 (2013) 121102 tO the (tW|ﬂS) V rayS?

2 3 4

7 () ~ MyyOry For(e,) ~ ]0( Kgflp))

1 py0 py

2m2c? e,
c e o GeV
T e, P (25 TeV)

34




py scenarios for IC-v

-~ w1 Which radiation field is required
e minimal by () to produce 30 TeV vs?
o ' ceCube ) :
‘*E ~ 20e, =~ 0.5?m c N
S 3
Ne- |
107° 0 1 .0 3 4 5 6 8
107 ot o en 1o non ot w0t it Are these sources transparent

to the (twins) y rays?
NO

" The same radiation field |

malshocks | ACts as a target for pair |

-cpllimated jeé"‘ prod uction |
= '|_—>chocked GRBs _|

Wi K Murase &K. loca, PRL 111 (2013) 121102

/ The collimated jet
might remain inside the
stellar envelope
of the progenitor.

If hadrons are still
accelerated. neutrinos are

expected to be unique

signatures of high-energy

\ processes. /

'I
';' Coccon
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pp scenarios for IC-v

STARBURST GALAXIES
Galaxies with a high star
formation rate
(~100 x Milky Way)
and enhanced gas density
—> |deal calorimeters for pp
collisions

hadronic y-ray emission normalized to best-fit non-blazar EGB

6l IﬂSB =23 M = 0.92 = v (per flavor)
10 {“_’i‘ﬂfﬂl Tamborra, Ando & Murase (2014) — total ¥
._\\ ﬁi’IEH‘_H* = - direct Yy
—_ “\ ¥ cascade

T N o e - — - ————— *
. e EGB (Fermi) T — ———— = =
= 1077 | I th 1 OO/ |
. less than ~10% |

of the HESE |

E%0 [GeVem 2s™ ! sr
=
o0

NV
QP K Bechtol et al., ApJ 836 (2017) 47

10~°




Search for SBG-v

IceCube TGM
4 IceCube HESE

—— DPp Neutrinos

i

10-6\\ rv= 2.12

-7
107 P : e

+ EGB % °

Energy flux [GeV cm'zs"sr"]

107 Direct
------- - Cascade
10_10 Total
10 1000 10° 107

Energy [GeV]

Bl A Palladino et al., JCAP 09 (2019) 004

I
{

..but emission from SBGs |
IS compatible with the |
through-going tlux
|_I'v>2.3 excluded
[v=2.15%0.1

Wil A Loeb & E. Waxman, JCAP 0605 (2006) 003
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A comprehensive model

il A Palladino & W. Winter, A&A 615 (2018) A168

Atmospheric component: conventional + prompt
d¢€a.u B 10—18 i

atm

—3.7 —2.7
— FeH £y + F Ey
dE, ~ GeVem2ssr |° 2™\ 100 TeV prompt \ 100 TeV
i E, < (0.2 —0.5)PeV

Galactic component

d¢Gal FGal X 10_18 EV —20 \/ El/
= exp | —
dFE, GeVem?ssr \ 100 TeV b 150 TeV

E, < PeV

Extra-galactic component (pp+py)

dooy, Fopx 10718 /1 E, \7° \/ E,
= cX —
dFE, GeVem?2ssr \ 100 TeV b 1 PeV

E, ~ (0.2 —2)PeV
d¢p'y _ d¢TDE ( )
— L'py
db, By - 9pev
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A comprehensive model

Wi A Palladino & W. Winter, A&A 615 (2018) A168

HESE showers

1077

_____ Atmospheric (showers)
Galactic

100

I

1000  10%
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Conclusions and outlook

The sources of the high-energy neutrino flux olbbserved by
lceCube remain so far elusive: unveiling the sources is of
utmost importance as neutrinos are powerful probes of CR-
related processes;

The presence of such diffuse flux awaits an independent
confirmation (ideally from neutrino-telescopes in the
Northern Hemisphere, as to properly investigate the
Galactic contribution);

Interesting possibilities are emerging in considering the
contribution of several source classes;

Multi-messenger observations are key to investigate as
much as possible the source activity and reduce the wealth

of models on the market.
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