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** Neutrinos: neutral, stable, weakly interacting
not absorbed by background light =» access to full energy range
not absorbed by matter =>» access to dense environments
not deviated by magnetic fields =>» astronomy over cosmological distances

¢ Correlated in time/direction with electromagnetic and gravitational waves

s ‘Smoking gun’ signature for hadronic processes
—> trace cosmic ray production/acceleration/interaction sites

... But difficult to detect: small fluxes, small cross-section
- Instrument naturally abundant, transparent media: ice, water
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flux [MeV' cm2 s sr]

Adapted from Xing, Nusky 2011
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Adapted from Xing, Nusky 2011
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107 —
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10 : _ supernova v burst
air showers: (SN 1987A)
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Adapted from Xing, Nusky 2011

exploring the violent Universe
& looking for cosmic ray

— 10" acceleration/interaction sites
L

2 10°]

7} ...in the Galaxy

‘\"E 1 Galactic\%‘*---» -
o 10° structures

% 10 Ay nguasars

s 10 |
510"

—

...and beyond

High-energy neutrino astronomy:

arnova v burst
(SN 1987A)

reactor anti-v‘s

supernova relic v
background

\ atmospheric v’s

10" 10" 10" 1¢




u ' n ** Photohadronic processes
V\\f (e.g. gamma-ray bursts, AGN, microquasars,...)

\\ TC+\- / Yhi hen
\\ et e'// i + pTﬂépYV
X ’/ Py >4 nTt > npty, > netv v

O ¢ Hadronuclear processes
_» 0 \ .
@ \ T\/Y (e.g. starburst galaxies, galaxy clusters,
b galactic cosmic rays)

é f
\ \/,
‘ Inverse Compto \ high energy

0 YY
Syncggc()jtl;ctxlr:m \J‘/synchr pp 9 - TI"' 9 IJ V 9 e VJVPQV
™ 2> U v, é e" Ve”u‘v

==

credits: U. Katz

Expected spectral index= 1 -2

Expected flavour ratio:

oy oy =40 sillafion:
VeV, v, =1:2:0 ooy v =1:1:1 at Earth

v carries ~3-5% of proton energy:
TeV-PeV v’s produced by protons with PeV — 100 PeV
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Neutrinos needed to
unambiguously confirm
a hadronic component !

/ Tnghen

E2 dN/dE (ergs~1cm™2)

** Photohadronic process

(e.g. gamma-ray bursts, AGN, microquasars,...

p 17> pyy
N > np'v, > nevv v

py 2 At 2

es

)

Photons can be produced either by hadronic

or leptonic processes:

Ex. SNR RXJ1713:

gamma-ray observations from

Fermi, H.E.S.S. can be accomodated

by either model:

Leptonic model = Full remnant

‘_.
<

1071 L

r

L
10°
Photon Energy ( eV )

. .
TR

E? dN/DE (ergs™?cm™2)

Hadronic model — Full remnant




Adapted from Xing, Nusky 2011
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Detection principle

Detector:
3D array of
photomultipliers

42°

Detection
medium:
WATER/ICE



Detection principle

Detector:
3D array of
photomultipliers

MUON (TRACK) TOPOLOGY:
Golden channel for astronomy

* Detection effective volume increases with E,
e Good angular resolution:

0.5°/0.1° for ice/water 1km3 42°

Detection
medium:
WATER/ICE



Detection principle

Physical background:
Cosmic-ray induced air showers

Signal: cosmic v's _ : @ atmospheric muons: W, ,
10-20/y 4 4 _ ~10%/yr in km3 detector

satmospheric neutrinos: v, .
~10°/yr in km3 detector

L —
10";—
10-8 _ —— Atmospher
10°f 1680 m.
o Atmospher
= 10" L muons,
T h=3880 m.w s 3
'.‘E 1011;_
ST 0
F \\*H—‘
===> Detectors buried deep ww |
==> Optimised for upward-going signals 107 F2 . induced, £51 Tov
—=)> use veto (« starting events ») 0 ¢ |

1,0 -0,8 -06 04 -0,2 00 02 04 06 08 1,0
cosb



IceCube Array

86 strings inciuding 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

Inlce: 86 lines, completed 2010
~ 1 km? instrumented volume

DeepCore: 8 lines, dense infill

lceTop: air shower array

Penstator der

13



12 lines, completed 2008
~ 0,02 km? instrumented volume

Prototype for a km3-sized
detector in the Mediterranean:
KM3NeT (ARCA & ORCA)
under construction with new
technology (multi-PMT

optical module)

Junction
box

45 km

electro-

othi)Tal
cable
readout cables

surface

topmost floats

cluster top

lake floor

First cluster of

Gigaton Volume Detector
(0.4 km3) being deployed

N [ | ’

4
¥







Visibility Mediterranean (Antares)
BE >75%

O 25% — 75%

O <25%

Mediterranean: logistically attractive
Optical noise/ #°K (use for calibration)
Water: better tracker!

Water vs ice

Complementary
fields of view
(below 100 TeV)

Different
environments

Visibility South Pole (lceCube)
B 100%
0O 0%

o

Quiet environment, low noise
Ice: better calorimeter!




TRACKS: Charged lepton

: + hadronic shower
* Only forv, —induced muons

* Good angular resolution: A
.

<0.1°-0.4° in water Sl
<1%inice

* interaction vertex can be
outside of the detector:
- increased effective volume

Charged-current

SHOWERS (or CASCADES):
* Sensitive tov,, v, flavours
(and neutral-current interactions)

Neutral-current

* Mostly contained events,
quasi-spherical topology

- Limited angular resolution
~1°-3%in water

~10%inice

- Good energy resolution (~5 %)

© J A Aauilar

|

hadronic shower
only




** Looking for excess at high energies
- diffuse flux analyses

Focus at high energies where the astrophysical neutrino
flux is expected to dominate over the atmospheric one

- Requires good energy resolution

- useful for unresolved, non localized source populations
(e.g. extragalactic sources) or large regions of the sky
(Galactic Plane, Fermi bubbles...)

log (dN/dE)

v”ntm a E-3,7

v"cosm a E-Z

Energy cut

~ TeV Energy
*» Looking for anisotropies (clusters of events) ok N -
in the sky it ] NN oA
. W g L ey TRAN S RGN NN
- Point-source searches sl e -,f e’;-: e ,ﬁw\
. : CRESYO e
- Requires good angular . RN IR R ;jj--,;.-._,j;i-‘ AR
resolution o8, TP B S
@) 2

** Looking for coinciences with other astrophysical signals
- Multi-messenger searches

- Requires spatio-temporal coincidence with other probes (cosmic rays, photons, grav. waves)



** Looking for excess at high energies
- diffuse flux analyses

Focus at high energies where the astro
flux is expected to dominat

alized source populations
(e.g. extrag urces) or large regions of the sky
(Galactic Plane, Fermi bubbles...)

*» Looking for anisotropies (clusters of events) P
in the sky A
— Point-source searches
- Requires good angular o ©
resolution '..'.
O

** Looking for coincienc ical signals

- Multi-mes

- Requires spa

log (dN/dE)

a E37

v"cosm a E-2

Energy cut

~ TeV Energy

oincidence with other probes (cosmic rays, photons, grav. waves)



First detection of HE cosmic neutrinos
by IceCube!

2013

+* 2 shower events at PeV: Ernie & Bert

+* Analysis reoptimized to select
high-energy starting events (HESE):

energy threshold ~30 TeV
+ veto against P, & V.,

[ Background Atmospheric Muon Flux
102 e =eem s sesesessesoeeeooee oo [N Bkg. Atmospheric Neutrinos («/K)
Background Stat. and Syst. Uncertainties ]
— Atmospheric Neutrinos (Benchmark Charm Flux) |]
- Atmospheric Neutrinos (90% CL Charm Limit)
— Signal+Bkg. Best-Fit Astrophysical E* Spectrum
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10° 100
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1 (7 tracks & 21 cascades)
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S | e . .

© -. T ]
& Y7, : - 28 observed events
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11 background events
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2 years data:




6 years HESE analysis (ICRC2017)
80 (+2) events

Northern & Southern hemispheres
Threshold energy 60 TeV

Energy Threshold 6 years (|CRC 2017)
I 1 T
@ Background Atmospheric Muon Flux
[ Bkg. Atmospheric Neutrinos (7/K)
Background Uncertainties
102 — Atmospheric Neutrinos (90% CL Charm Limit) H
» «++ Data
2 IceCube Preliminary
o \ i H :
o 10! bt . ir - o
~N :
- ‘ :
() :
Q ‘
8 l
5 z
2 10° | 1 l
10
—1

10 10°

Deposited EM-Equivalent Energy in Detector (TeV)

Significance: 6.50
Spectrum fit: ~E-2-92(+0.33-0.29)

10*

2 y . _,_ _
E. - @,/ GeV Lem=2s 1sr!

8 year upgoing muon sample (ICRC2017)
36 events

Northern hemisphere only

Energy range 200 TeV — 10 PeV

104

107°

— — —
3 3 7
* _I' o

[
9

1 IceCube Preliminary

B Conv. atmospheric v, + 7, (best-fit)

Prompt atmospheric v, + 7, (flux limit (2016))
Astrophysical v, + 7, (best-fit)
+++ HESBunfolding: PoS(ICRC2017)981

10°

T T T T T T

10* 10° 109

Significance: 6.70
Spectrum fit: ~E-2:19(x0.10)

- Indication of a break/hardening in the spectrum ? (different energy thresholds)
—> Indication of galactic and extra-galactic components ? (different hemispheres)



Diffuse flux searches

9-years sample
All-sky / all-flavour search
Tracks + Cascades

Bkg Signal Nb events

expectation expectation measured
Track 13.5%4 3-3.5 19
Shower 10.5%4 3-3.5 14

...first hints of a signal ?
Hypothesis of null cosmic flux
excluded at 1.60...

61— o) ANTARES (this work) ,
= F ™ IceCube all-sky (2015) =10
= 51 A IceCube diffuse tracks (2016)
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Galactic diffuse neutrino emission

Combined analysis ANTARES+IceCube

Test of KRAy model: cosmic ray diffusion

in the Galaxy (Gaggero et al.)

KRA7 model
Combined UL KRA~®

[| ===+ Combined UL KRA»*
|[—— ANTARES UL KRAY®

---- lceCube UL KRAY™
IceCube starting events
IeeCube up-going v,

A WHITl|

-9 L1 anl L1l
00T 10° 10

102

E[TeV]

50 PeV CR cutoff disfavoured
diffuse Galactic contribution

10°

to IceCube flux Imited to < 8.5%



IceCube skymap with 7 years of data:
mostly background!

Most recent data periods:

~80k nothern hemisephere evt/yr (atm v)
~35k southern hemisepher evt/yr (atm n)
~200 starting tracks. Southern sky
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After selection of candidate cosmic neutrinos:

Through-going tracks (>200 TeV)
1

Cascades
. — - Starting tracks
60° % 3 "
®
30° % f @ 2 1
% L ] ‘ 8 ,
® Y ® 8.
'®) ® Oy @] @ ey ° Py
24“} o *® s | N ® o g ® « oo oh
0° ® ¥ x ™ Qe 2 ® ®
% 98¢ dk . ® e + %
* % & % +
_300 + b g’ “§ % *+ +” % : *
®
PRELIMINARY. N x ¥ .

'°U'\\\\\‘\~\\\\~‘~__ % ® Equatorial
sl :

lceCube, 2017

No evidence of clustering in high-energy neutrino directions
mostly isotropic = neutrinos of extragalactic origin




...but limited angular resolution, especially for cascade events...

>
)

Better performance for GV IR (IR
cascade reconstruction FALWRZAL{SSTENE)

in water: KM3NeT o




CEINIMERENS

GeV-TeV
Searches for neutrinos in
coincidence with GRBs, blazars,

microquasars, X-ray binaires,...
Correlations with astrophysical

catalogues... HE Neutrinos
EM follow-up (Fermi, MAGIC,...)

/ Gravitational

Ultra-high energy

Cosmic Rays
Searches for spatial
correlations with Auger

and TA UHECR events

Optical /
X-rays

waves

GWHEN: joint searches of HE
Neutrinos and gravitational waves:
ANTARES+IceCube +LIGO+Virgo

Target of Opportunity programs
EM follow-up: optical/X-ray
(TAROT, ROTSE, Swift...)

L)

* Increase in sensitivity (independant datasets, time constraint)
» Better understanding of astrophysical processes at play in the sources
» Huge effort in the development of real-time alert programs

*

L)

CR)

L)

L)



+* IceCube stacked search for neutrinos from Fermi-LAT Blazars (2LAC catalogue)
Apd 835 (2017) 6 90°

o]

Blazars contribute less than 30% to 10-10
observed diffuse neutrino flux

2LAC Blazar Upper Limit - = equal weighting
T 10_6 3 [sy = —25,E, > 10 TeV seeeeseeiyoweighting oo E
ki — gy = —22,E, > 10 TeV | :
o~
| . . :
= 7 : :
s 10 | :
I:’J ) :
% 10-8L.. .. !{PR.EI_'_{...: o
@) limits L ’
2 : N, 19% — 27%

S 1079 “
dlo
?Q : : : \

|- Astrophysical Diffuse Flux | \‘7

- N 1

102 10°

107 10° 106 107 105 10°

Neutrino Energy [GeV]

¢ IceCube searches for prompt neutrinos in coincidence with Gamma-ray bursts

All-sky, tracks & cascades
1172 GRBs correlated

GRBs contribute <1%
to observed diffuse
neutrino flux

Disfavours GRBs as
main source of UHECR ?

10~ e
'n E H ; i .
o F
L F i i i i ! .
I L e SR T B S
- F ; ;
© u : : : : : ]
: F : - - - - ]
:.9' sl ' = = Internal Shock Fireball Prediction |-
= 10 g"" = = Photospheric Fireball Prediction |3
E ! ICMART Prediction
10~ M T
103 10* 10° 108 107 108 10°

v Energy (GeV)

g®y(ey) (GeV em™2 571 sr71)

—l;'— Ahlers et al.

—ili- Waxman-Bahcall

101 0° 10° 107
Neutrino break energy ¢, (GeV)



¢ IceCube stacked search for neutrinos from Fermi-LAT Blazars (2LAC catalogue)

ApdJ 835 (R017) . 90° : : : , : .
60 _ _ 2LAC Blazar Upper Limit . = = equal weighting
. ! "T 10_6 3 Py =—25,E, > 10 TeV [-:-oooooiiqoweighting - - 4
5_;5 Fs[ = —2.2, E,, > 10 TeV | :
B : : g
= 7
E 10
% : |
a =8| ... upper J :
Q 10 limits { ' '
60 |
60 _900 %|:g 10_9 3 : ’ N
?Q : i
. - 4 ; ~— (7%
Blazars contribute less than 30% to 10| M _Astrophysical Diffuso Flux | i A o]
Observed diffuse neutrino flux 10> 10* 10t 10° 10° 107 10° 107

Neutrino Energy [GeV]

¢ IceCube searches for prompt neutrinos in coincidence with Gamma-ray bursts

A& A shock break-out Choked jet GRB SLSN
v
Wl

4 SN / LLGRB » A 4 vonly
ok
AN

...CAVEAT: potentially large y&v

population of low-luminosity/
choked GRBs not constrained !

| 4
L
1.7

Look for association with SN
- Trigger EM follow-up of neutrino
=% P Wommaggc  Mesld ol Ao 8 S, PRL 25 200

events: Target of Opportunity programs PRL, 78 (1997) 651 (2006) PRL 93 (2004)
Credit: A. Franckowiak



» extended sky coverage, high duty cycle
» no hypothesis on the nature of sources

Alert
triggering

—p

Real-time analysis

N

o S

\N-' = - -

s L ____ ANTARES performance

é, ' =\ - Time to send an alert: ~5's ™
o .

| - First optical image <20 s
\ - Median angular resolution: ~0.3°
~ . -Triggers: single HE, preferred direction,
multiplets

-

I(és_lr

.\

. -
geron et a
o\ H

" Credit: A. Coleiro



EM follow-up of neutrino events

Multi-wavelength observatories linked to ANTARES for real-time analysis:

TAROT

...similar for IceCube



The detection of even a single neutrino
in association with a nearby supernova

would reduce the uncertainty on the
start time from ~ 1 dayto~ 10
seconds, which would help for GW
searches for instance.

+ trigger of EM observations

http://snews.bnl.gov

* Neutrinos arrive several hours
before photons

» Can alert astronomers several
hours in advance

Borexino

...neutrino telescopes are
sensitive to MeV transients, too!




54:30 UTC

An IceCube Extremely High Energy Event occured on 22d September 2017 20
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{é} Event occurred: September 22d, 2017 20:54:30 UTC
L First GCN notice sent 43s later

L Revised coordinates sent 4 hours later

Follow-up responses:
e GCN 21917 —INTEGRAL : no detection

* Atel 10971 — Fermi: increased gamma-ray activity of TXS0506+056 (RA 77.36°, Dec +5.69° )
Blazar, among the 50 brightest sources of 3LAC sources

 ATel 10817 — MAGIC: First-time detection of VHE gamma-rays (up to 400 GeV)

MAGIC significance [o]

h Enargy Light Curve (800 MeV - 300 GeV) 18 to 25 Sep 2017
— / original GCN Notice Fri 22 Sep 17 20:55:13 UT 7
N . =] g W refined bestfit direction IC170922A
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« ..and observations/reports by many more:

“Multimessenger observations of a flaring blazar coincident with high-energy neutrino IceCube-170922A," The
IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S5, INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool
telescope, Subaru, Swift/NuSTAR, VERITAS, and VLA/17B-403 teams. Science 361, 2018



{é} Event occurred: September 22d, 2017 20:54:30 UTC
L First GCN notice sent 43s later

L Revised coordinates sent 4 hours later
Follow-up responses:

e GCN 21917 — INTEGRAL : no detection

e Atel 10971 — Fermi: increased gamma-ray activity of TXS0506+056 (RA 77.36°, Dec +5.69°)
Blazar, among the 50 brightest sources of 3LAC sources

¢ ATEl 10817 = MAGIC RN Chamee probability of e oo e |7
PR heu&riho—gamma ASSOCLAELON:  Crromnoo wee oo e sees | s B
https://fermi.gsfc.nasa.gov/ss 4 §
;| ortphp?week=477&flare=27 Pre=trials p-value: 4.10 .
| Post-trials p-value: 3.00 1S
: (10 alerts, il archival evenks) ; b
{ | —
7 S Random coincidence —
T excluded at 99.73% C.L. o ccanen

« ..and observations/reports by many more:

“Multimessenger observations of a flaring blazar coincident with high-energy neutrino IceCube-170922A," The
IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S5, INTEGRAL, EKanata, Kiso, EKapteyn, Liverpool
telescope, Subaru, Swift/NuSTAR, VERITAS, and VLA/17B-403 teams. Science 361, 2018



...The first multi-messenger SED of a blazar ©

E2 dN/dE [erg cm™2 s71]
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Redshift 0.3365+0.0010

(S. Paiano et al. 2018)
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+ search for more neutrino flares

in archival data:

Excess found both with Gaussian-shaped and
box-shaped sliding time window

Best-fit .

T Gaussian Box

Central Date 2014 Dec. 13 2014 Dec. 26
: 110 days

Width (10 to +10) 158 days

v,+V, fluence = 2.1x10*TeV cm? 22x10* TeV cm?
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‘ 2015 ‘ First detection of gravitational wave event:

GW150914

(M)VIRD

-~ grovitationd!
BH — BH merger: /’ ,
plausible (short) e
GRB progenitor N

waves

- L1 observed
H1 observed (shifted, inverted)

3—21)

— HI observed .‘
1 1 1

tidal disruption

‘ neutron star

/ gmviratianal

Strain (107%%)

pigh-ene9Y

waves
. ~ inos
black hole

No EM counterpart detected

Neutrino emission expected
if hadronic content in the jet

Conservative time window for
neutrino searches (based on long
GRBs): £500s around GW trigger
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Combined limits IceCube + ANTARES on the neutrino fluence (spectrum E-)

PRD 93 (2016) B N o £ 20 N0
60°
45,
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157 [ %2 3
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15° 0 x'
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-30 gwgg: CL;
-45 GW (50% CL)
-60 X neutrino
-7
3 neutrino candidates IceCube 4 08 06 04 02 0 02 04 05 o08 1
O ANTARES log(E2dN/dE [GeVem?))
Upper limit on the integrated fluence: D 2
[100 GeV — 100 PeV] or Bl ~ 10°2-10% ( —57— ) erg
[100 GeV — 100 TeV] 410 Mpc

IceCube & ANTARES provide complementary constraints below ~100 TeV
fast observation of a neutrino counterpart can reduce error box for EM follow-up

error for GW150914 : 590 deg? <> ANTARES resolution: : <0.5 deg?
...neutrino telescopes part of the online alert network of LIGO/Virgo since 02



‘ 2017 ‘ First detection of gravitational wave event with EM counterpart:
GW170817/GRB170817 (see N. Leroy’s talk)

Joint study ANTARES — IceCube - Pierre Auger Observatory
No candidate neutrino found within [-500s,+500s] of GW event
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Exciting times for multimessenger astronomy: first cosmic neutrinos 2013

first gravitational waves 2016

LWe need mwore Ehan first association GW-EM 2017
one of each kind!

first association neutrino-EM 2017
w) more neutrino sources detected/resolved
w) possible identification of Galactic vs extragalactic components ?
=> performant multi-messenger programs to increase sensitivity
mm)>  high-statistics (few km3-scale), all-flavour neutrino astronomy

IceCube Gen2
Phase-1: 7-line prototype
(dense array + calibration)

KM3NeT (ARCA+ORCA)
under construction

Surface Array
Main Array

Core (PINGU)
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