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e A\strophysical high energiy neutrino sources

Galactic Extra-galactic

Astrophysical Sources
Sun Supernova (expl. acc.) Binaries AGN/GRB UHECR

Enerqgie
0.1-10 MeV GeV Tev-PeV >PeV

Production mechanism

desint. beta elec. capture Hadronic interactions (+top-down ?)

Nuclear reactions accelerated hadrons
+

dense radiation/matter
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k Practically
|

Cherenkov
- Detector:
Cone 1 Lines of PMTs
. —ns timi
Water/Ice t ns l"““g
Muon track

direction
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Other channels

“shower” events

cascade
-

ply "ra

~ spherical Eh;i';nkov front

_/

4—7 + energy reconstruction
Contained events (~10m) <= _ effective volume

>+ identification
topology — . angular resolution

Diffuse flux (and...)
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‘.‘ v-Telescopes today

-
S
B
3

Baikal GVD-1
M 0.15 (->0.4) km? B

7
sl
S

: \
\" &
1y 7
RO N ]
i ¥4 / .
A § ‘ C

B.Baret 05/12/2019 - Prague, Czech Republic

GNN"

The GLObdl NeutrIno Necwors

lceCube

N




‘N v-Telescopes tomorrow
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KM3NeT phase
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‘.N IceCube

IceCube Lab

50m = T o et

i i

1450 m

10” PMTs
Digitized Waveforms

Penetrator HV Divider
.
[ i
DOM 3

Mainboard |

lceTop .
81 Stations, each with Board | Qi Al
2 IlceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors y -

Glass Pressure Housing

IceCube Array

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

December, 2010: Project completed, 86 strings

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

Eiffel Tower

2450 m i

2820 m

324 m

4]

Complete since Dec. 2010

Bedrooe.
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Wy IceCube GEN 2

"
lceCube  DeepCore Phase 1 ... M50m 240w 1 :
-+ '
14 km
mDOM D-Egg

Inspired by KM3NeT
24x3" PMTs
Borosilicate glass
Baseline design

Developped by japanese groups
2 X 8" PMTs
UV-transparent glass
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Baikal GVD

T¢ : lust
10" PMTs oday: 5 clusters
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Cluster: 8 strings

1-2 clusters deployment per season (winter)

|

Final goal:
27 clusters: 1.5 km?
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‘.N Baikal GVD it's alive !

: Count rates versus time for string No. 1 Anta res
Rather low optical background
SR = el IceCube
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KM3NeT ARCA & ORCA

Phase-1:

31 x3” pmts

24 ARCA DUs

6 ORCA Dldl funded ot
ARCA Block:

Phase-2: -3200m

2 ARCA blocks :

1 ORCA bloc‘k< partially funded f Tev-pev

Phase-3:

6(+

1) blocks

8 i
oooooo

T b SN 200[-
iy Ita|1ie 2 Podg! —_
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vo.Rometr D >
e ORCA block:

90m/36m v./h. Spacing

[ KM3NeT preliminary

.

e

-2450m

RPalerme
A

Trapanis
< < Sicilia

20m/9m

KM3NeT 2.0 Letter of Intent:
arXiv:1601.07459 and
J.Phys. G43 (2016) 084001
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N KM3NeT deployment & operation

ARCA: KM3NeT

i ] I
* KM3NeT

» 2 strings deployed (one off) _ et
* Full restoration of seabed e, - Model

network by mid 2020
ORCA:
* 4 strings deployed
* 2 waiting to be deployed

Integrated muon flux [10° m2 s7']
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N Timeline
The neutrino telescope timeline
T ANTARES
|
3NeT/ARCA ?

| p -
| KM3NeT/Neutrino astronom

3NeT/Neutrino oscillatons

—
)
)
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‘.ﬁ Mediterranean / South Pole

» Complementary coverage (u channel

Lake Baikal
> 75%
O 25% — 75%
< 25%
= b ANTARES
L m> 75%
3 : O 25%-75%
. D< 250/0
o 6.8 .'l ...w..."‘ . i.. -180°

TeV y-Sources

@ Qgalactic
® extragalactic

»\Water v.s. Ice

lceCube
B 100%

Optical noise (biolum) / no noise O 0%

absorption / diffusion

pointing / calorimetry
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1TeV EMinus, 0.01% of all photons

-
t=627
.
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1TeV EMinus, 0.01% of all photons
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wy IN real life

Cascades

Y Aué '
BITE IR ORCA
¢ 1 " lceCube | Baikal-GVD

L& R
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Wy Angular resolution with tracks

Size of some astrophysical objects :

RXJ1713 (SNR):1° Point sources search:
Sun, Moon : 0.5° Signal/Noise : 1/AQ’
Cen A (AGN) : 0.3° - —
Based on photons time and position likelihood
Muons:
v, CC, A>6 KM3NeT preliminary VVater Ice
= [ :| 90% of the AW(v,fit) distribution [~ " - 18 5 _’ Bﬁ-stririu
_é 10 ?;iiffii [ ] 68%of the aw(y,fit) distribution |- g 16 """ . 79-string
PRl median AW(v fit) - =] 14 e | ==+ Neutrino-Muon Opening Angle |1
o] B . i = : - - -
5 | median AW(v,u) 1 g 1.2¢
> e 1.0
3
I
<
c 0.4+
©
T 0.2}
] :
= 0.0% 3 i 3 7 8
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E, (GeV)
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‘.“N Shower reconstruction in water

median &/°

10 [

Based on photons number and position likelihood

ANTARES & GVD: similar resolutions
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"8 Shower reconstruction prospects

Ang. resolution vs E___ | Ereco/E, VS Ereco |
10—+ | A | I A > 1.5+
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N Another strategy : « HESE »

High Energy Starting

VETO EVents ok .\ OK

u \ Vv \ V”
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A\ IceCube muons North (2016)
O ANTARES (this work)

ANTARES Cascades + tracks
Preliminary

102

10?1

-2ALLH

1071

1077

B.Baret 05/12/2019 - Prague, Czech Republic



Baikal GVD diffuse search

2015:42d.
2w Hatm E,,>100 TeV
> - il
S 100 107 TeV
00 =
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1
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KM3NeT perspectives
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‘.\ Existing Data Samples Characteristics

Sample Ang. Res. Energy Res. Stat.

IceCube trck

Up-going 0(0.3)° 0.2xLog(E) HE v tracks, 80k evt/yr
Down-going VHE |1 tracks 35k evt/yr
Antares trck
Up-going 0(0.2)° 0.3xLog(E) HE v tracks a few k evt/yr
IceCube Casc ~5-15° 1-10% O(10) evt/yr
Antares Casc.

2.5-10° 10% 1-10 evt/yr
Baikal
cascades 4.5° 30% 5 evt/yr (>100TeV)

Available “Open samples”:

HESE and HE Alerts muon samples

~10/yr >50%, “signalness” high statistics/overwhelming background
Searched signal dependent
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, Potential sources |

o Galactic: (full or partial contribution)

o diffuse Galactic v-ray emission [MA & Murase'13; Joshi J C, Winter W and Gupta’13]
[Kachelriess and Ostapchenko'14; Neronov, Semikoz & Tchernin’13]
[Neronov & Semikoz'14; Guo, Hu & Tian'14; Gaggero, Grasso, Marinelli, Urbano & Valli'15]

e unidentified Galactic y-ray emission [Fox, Kashiyama & Meszaros'13]
[Gonzalez-Garcia, Halzen & Niro'14]

e supernova remnanis [Mandelartz & Tjus'14]
e pulsars [Padovani & Resconi’'14]
e microquasars [Anchordoqui, Goldberg, Paul, da Silva & Vicek'14]
o Sagitarius A* [Bai, Barger, Barger, Lu, Peterson & Salvado’14; Fuijita, Kimura & Murase’15]
e Fermi Bubbles [MA & Murase'13; Razzaque'13]
[Lunardini, Razzaque, Theodoseau & Yang'13; Lunardini, Razzaque & Yang'15]

o Galactic Halo [Taylor, Gabici & Aharonian’14]
» heavy dark matter decay [Feldstein, Kusenko, Matsumoto & Yanagida'13]

[Esmaili & Serpico '13; Bai, Lu & Salvado’13; Cherry, Friedland & Shoemaker'14]

from M. Ahlers
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o Galactic: (full or partial contribution)

diffuse Galactic v-ray emission

e unidentified Galactic y-ray emission [Fox, Kashiyama & Meszaros'13]
[Gonzalez-Garcia, Halzen & Niro’14]

e supernova remnanis [Mandelartz & Tjus'14]
e pulsars [Padovani & Resconi'14]
e microquasars [Anchordoqui, Goldberg, Paul, da Silva & Vicek'14]
o Sagitarius A* [Bai, Barger, Barger, Lu, Peterson & Salvado’14; Fuijita, Kimura & Murase’15]
e Fermi Bubbles [MA & Murase’13; Razzaque'13]
[Lunardini, Razzaque, Theodoseau & Yang'13; Lunardini, Razzaque & Yang'15]

o Galactic Halo [Taylor, Gabici & Aharonian’14]
» heavy dark matter decay [Feldstein, Kusenko, Matsumoto & Yanagida'13]

[Esmaili & Serpico '13; Bai, Lu & Salvado’'13; Cherry, Friedland & Shoemaker'14]

from M. Ahlers
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N Galactic Plane search (by Antares+IiceCube !)

s Cosmic Ray interaction with gas during propagation in the galaxy

Phys. Rev. D96 (2017) 062001

ANTARES showers

ApJ 849 (2017) 67 os
0.5}
5 ﬁO.Ll
Update soon! =
10-° 10 107 10° 107 7 0.3r
dN/dQ [em™2sr~ts71] F_:j
T— T T —— T & 0.2t
10— N 0.1
E 09t
|
CT;: o
S
=
O,
_sl ]
% 10 [| == KRA~vy model ] o
ﬁ'\ [ | == Combined UL KRA~® ] rf
§ [| ===+ Combined UL KRAy* ] 2
= —— ANTARES UL KRA~® | £
~ -~ IceCube UL KRA~50 &y 3
| 1 IceCube starting events 1
[ IceCube up-going v,
10-9 TR AT Lo Lo N
1071 10° 10! 10? 102

E [TeV]

H ANTARES tracks
I IceCube tracks

10° 10% 107 107
True Energy/GeV

.0
sind True Declination)

B.Baret 05/12/2019 - Prague, Czech Republic



‘.\ Low Energy Galactic source: Supernovae - Phase |

Neutrino Trapping
R [km] Initial Phase of Collapse : (t ~0.1s, g,~10"2 g/cm?)

(t~0) Ree [

R~ 3000
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------------
--------

........ Ve
50068600 H[km]‘ i Shock Propagation andy, Burst
......... - 012
/ o0s wm_10  } MOM R ——! ¥ i( o
heavy nuclei Ry~ 100 km
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shock == 3
formation TR _.v
40 T )
- A _ ,
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5 Burst Re, (t~0.11s, Qc= 290?,
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k Supernovae — Phase I

A Shock Stagnation and v Heating,
/ Explosion (t ~0.2s)

/////

Ve.u.r ’Ve.p:c

v

wave

Proto-neutron star
T

I
o

w
o
1

—
(=]
|

Luminosity [1052 erg/s]
S
| |

0 001 002 010 020 030 040 050 t[g] H. Janka
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e Supernovae — Phase |l

R [km] MNeutrino Cooling and Neutrino—

Driven Wind (t ~ 10s) %xplusinn and nucleosynthesis

MNeutnino-
driven “wind"

I
o

Accretion

w
o

—
(=]

Luminosity [1052 erg/s]
N
o

0 001 002 0.10 020 030 040 050
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Mean energy [MeV]

000 002 004 0002040608 1.
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s Sensitivities on galactic CCSN — SASI detection

100 PRELIMINARY i e | .
0 e e g” Fourrier transform
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g 50+ ORCA, 11M@ E
= 11
& 10/ M., 20 M IceCube
3 5
3 , , ] 3 © 80
5 10 15 20 25 20 3
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o
= 40
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&
0 1 O L 200 4
10 ’ S
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3 detectors:
|C-SK-KM3NeT

Assumptions:

» Source at Galactic Center
» 6t = 10ms if combined with KM3NeT

» 6t = 1ms for other combinations
* Distance: 10 kpc

4 detectors:
|IC-SK-KM3NeT-JUNO




| Potential sources |l

e Extragalactic:

e association with sources of UHE CRs [Kistler, Stanev & Yuksel'13]
[Katz, Waxman, Thompson & Loeb’13; Fang, Fuijii, Linden & Olinto’14]

association with diffuse ~-ray background [Murase, MA & Lacki’'13]
[Chang & Wang'14; Ando, Tamborra & Zandanel’ 15]

active galactic nuclei (AGN) [Stecker'13;Kalashev, Kusenko & Essey’13]
[Murase, Inoue & Dermer’'14; Kimura, Murase & Toma’14; Kalashev, Semikoz & Tkachev'14]
[Padovani & Resconi'14; Petropoulou, Dimitrakoudis, Padovani, Mastichiadis & Resconi’15]

gamma-ray bursts (GRB)

galaxies with intense star-formation
[He, Wang, Fan, Liu & Wei'13; Yoast-Hull, Gallagher, Zweibel & Everett'13]
[Murase, MA & Lacki'13; Anchordoqui, Paul, da Silva, Torres& Vicek'14]
[Tamborra, Ando & Murase’14; Chang & Wang'14; Liu, Wang, Inoue, Crocker& Aharonian'14]
[Senno, Meszaros, Murase, Baerwald & Rees’15; Chakraborty & Izaguirre’15]

galaxy clusters/groups [Murase, MA & Lacki’13; Zandanel, Tamborra, Gabici & Ando’14]

¢ ... from M. Ahlers
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Gamma=0(100)

""" oo adim

R _~10"cm
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Gamma=0(100) Constrain baryon loading ?

-

~10"cm

ph

Black haole
al=llal=]

pp->5-100GeV
N escape -

"

(E” dN/CE o) [GeV em ™ §”

From Zhang&Kumar 2013
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Photohadronic interactions in internal shocks

Kaons and multiple pions production

Pions and muons production via A*
resonance

TeV-PeVregime:  Fraction of p* energy EeV regime :
that goesto
J ) L n.l] ’ II . " T.
Pt 2 {'E . = (Ypn)~20% p+7—K"+A/L
n+m : K st o,
;ID — Y+ L '”_ +TI”
T — Pty -
T - 47 T —§ TV
pr— e TVt Vy L
| o= TVeT V.

nH— p* +e +7,.
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‘.N Many degenaries/uncertainties yet

10°° :
V Long GRBs

10"} 4 Short GRBs

1053

1092} v

2 v
fentral Engine CEJ 1051 A A
50 A
i%lo o vvl VV

1049

10"} ¥ GRB 980425

107 % GRB 170817A

Central Engine Central Engine 1046 '_2 '_1 L 0
10 10 10
Redshift
Unknowns :
Shock propagation UHECR acc
Effec_tlve accelarat'o_n of p \ Full MC approaches needed (but hard!)
Details of neutrons (important!) . - N. Globus et al.
d belo?x)iﬁife?mltj)l(imits Mon.Not.Roy.Astron.Soc. 451 (2015) no.1, 751-790

cas_ca €S - M. Bustamante et al.
B field / Astrophys.J. 837 (2017) no.1, 33
time varaiability Individual
Photosphere Light curves
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k Potential signal outside the prompt emission

T

pe ® ¢

| i oY ; 5 :

: : cur S. i : \)

: i}“e = (c) 250s : _LGR 150s .

| gamma '

////////////// //////// GwW ////////////// /////////////////////
. R N N O RN

,(a) 100s (b) (a) 100s (b) (d) gamma > 100 MeV:

(=) 500s X-Plateau, remanant...

Baret et al. PRD 2011
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y Beyond the prompt emission |

Klsaka & loka 2015

10
BH = 3x1 014G > -GRB 07071 4B | 5 1.0 ~ = . —— EE-mod-dist-A
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44 | ) 50 100 200 500 1000
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- L —
) S 100F —
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kAu dela du prompt II

Fang and Metzger 2017 :
Pulsar ms + Ejecta + Rad.

\

UHECR acc. & int.

\J

HE neutrinos

D =10 Mpc

1035 — 10455 = IceCube lyr-integrated PS sensitivity
1045 —10°35 =' ARA-37 PS sensitivity (estimated)

101 10%°-10%%s Y\ )
65_ 1075 \ -
_ 1085 -10"3s \ 7 )
o~ ’l
IE g
. s’
U 0 ”
s 10%; 7
)
9)
=
--\
N2
W

10—1_

1072 ‘ : :
104 10° 108 1010
E [GeV]
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k No signal yet but constrains

GW170817/ GRB 170817A (40Mpc)

Prompt -> constrain angle GW170817 Neutrino limits (fluence per flavor: v, +7y)
10° ) . |¢S{KJ sec time-window |
ANTARES
r-:_ ard Auger
5 10 IceCube —\_’_[7—
S 109+ o - 1
e . Kimura et al.
s 1077 7 EE moderate
= ]
8" - “.
107" rKimura et al. g —-. Kimura et alj
EE optimistic h\\ " prompt
10-3 ek i W - sl i i
‘ -
10 1
1021 H;flk;!l -’\“;‘CCF_I_
&5 ]
E 1“] —l ANTARES |
% leeCul
E lull cel ube P
=, !
e 107
- Fang &
10—% ¢ : : '\I II.'-_'-L': ]
14 day Ilme—\\'mdm\f] \ 3 da)
1077 Lyssses T T T T AT T B T
10 10 10 10 10 10/ 10 10 10 10

E/GeV
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k If we’re more lucky int he future

GW170817/ GRB 170817A (40Mpc)

Prompt -> constrain angle . —————— .
— ANTARES (if upgoing)
KM3MNeT ARCA phasel (if upgoing)

KM3INeT ARCA 2blocks (if upgeoing)

-
=]
Iy

phi0_UL (GeV * cm-2)
Q

o =107
E 10
>
& 1
&
102
1075 3 4 5 7 B8
log10(E )
J; -
10 1
Baikal ,\LJ,’L.T_I_
: : 10% ‘ —
Late -> constrain magnetar existence 5 1
E 1“1 —l ANTARES |
B X >
ejécta shell OO leeCube
\i I| w
& !
e 1071
= Fang &
10-2} | Metzger |
14 day Ilme—u.'indmv] A - days
0 3 T L T B T e ——
10 07107107 105 108 107 10 107 10 jo!

E/GeV
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‘N Potential sources Il

e Extragalactic:

e association with sources of UHE CRs [Kistler, Stanev & Yuksel'13]
[Katz, Waxman, Thompson & Loeb’13; Fang, Fuijii, Linden & Olinto’14]

association with diffuse ~-ray background [Murase, MA & Lacki’'13]
[Chang & Wang'14; Ando, Tamborra & Zandanel’ 15]

active galactic nuclei (AGN)

gamma-ray bursts (GRB) [Murase & loka'13; Dado & Dar'14; Tamborra & Ando’15]

galaxies with intense star-formation
[He, Wang, Fan, Liu & Wei'13; Yoast-Hull, Gallagher, Zweibel & Everett'13]
[Murase, MA & Lacki'13; Anchordoqui, Paul, da Silva, Torres& Vicek'14]
[Tamborra, Ando & Murase’14; Chang & Wang'14; Liu, Wang, Inoue, Crocker& Aharonian'14]
[Senno, Meszaros, Murase, Baerwald & Rees’15; Chakraborty & Izaguirre’15]

galaxy clusters/groups [Murase, MA & Lacki’13; Zandanel, Tamborra, Gabici & Ando’14]

* ... from M. Ahlers
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Wy TXS 0506+056

Sept. 22, 2017:
A neutrino in coincidence with a blazar flare

Declination

sidke vien

78.4°

7B.0"

77.6" T2
Right Ascension

TEE

T4

s g i ki
L .. . % J g?:.gl.-

Fermi-LAT Counts/Plsel

nanoBsconds

Observed by
Fermi-LAT
and MAGIC

Significance for
correlation: 3¢

Science 361 (2018) no. 6398, eaat1378

Adapted from A. Kappes

2014-2015: A (orphan) neutrino flare found from the
same object in historical data

_'_‘f\...-'—'—"—-.--

Significance: 3.50

S

140 IC59 | Lt} 1Cs6R IC860 IC S
’ « TeeCube- 1709224 o
o Gaussian Analysis —\
34 — Besshaped Analysis 13 + 5 events excess.

:
- 20
| if 1o

T
2010

T T T
2011 2012 2013 2014

T T
2015 2006 2m7

Science 361 (2018) no. 6398, eaat2890

Fermi-LAT data; Padovani et al, MINRAS 480 (2018) 192

2009 2011 2013 2015 2017
|:_,: Neutrino Flare ‘*
"T': 10 - [ceCube-170922A +H
fi 4 +
S 5 - 4
e byt b t1
S 0 Jr’f++Jr Hte +“H+++++++ # +J‘t,++ +T+++++H 4 /

-

At 2014-15 neutrino flare

/

The 2017 flare
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"\What kKind of VHE gamma emitting blazar ?

- -7\, ] Photo-hadronic production
[ FSﬁC_!.LE\ 7 \ __
- N . 7 A ] UV target photons-> TeV-PeV v jpp g
f / e\ ] 3 Radio Galaxies
ey = \ TIBl
L /7 .
iy 7 i 2 Starbursts
i & 5] :
e e e / 11BL
Log Frequency (Hz;
Jet non-thermal properties NOt SO common
SED peak frequenc
S Not so extreme
High-peaked
Low Compton
dominance 024
vy a — T - -r -y
S anbEi ™
5 022F TXS 0506+056
S BlLac
w OI8E
S 018 Ackermann et. a
b
= 14 B
< U4
£ onf
Low-peaked S 01
High Q°mPt°" Accretion/Thermal ?\3 ch'
dominance L. Costamente properties -—g 0.06
s 004
Radiatively inefficient disk, Radiatively efficient disk, 5 002 I—'_\_‘_‘
Absent/weak emission lines Strong broad emission lines Z 00 L i Tt 3 5
Low accretion rate Blue bump, high accretion rate )
Redshift
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Accretion disk

1 zone model

©® Accelerated et/e-
@ Accelerated protons

Relativistic jet, Doppler factor = 20-30

Emission region

S. Gao et al. 2019

Supermassive black hole

|
[ 10 pc I

1.35 Gpe —>|

Overshoots X and Gamma ray data
at given times or undershoots Icecube

2 zones models

Large blob, persistent emission, quiet state

/ Compact core, ignited during flare state

yin_spc* /
. >

Observer at earth

[ Epoch 4 (MJD 56938-57096)
100k

107"

eF, [ergecm2gT]

1072

10711

T T
F Epoch 4 (MJD 56938-57096)

10 pc I 1.35 Gpc ——|

SMBH

. lavecchio
***** s ssne e ..l oo - --————
“f\‘ ~ /j/;,j—/'f-/
| |
| %
| ‘| J
S i -
J s Sy
o V — Leptonic Y VVVW\y
:‘:s';‘,“':z:" VVAAAY En:ssion XNAAAD =z=
D X m‘yV\'x RH‘W

£ [eV]

10-% 10° 10% 10'°

0% ) 100 07
e [eV]

10°

Broad-Line Region

And/or UHECR injection

Adapted from A. Fedynitch vivnt18

Petropoulou et al. 2019
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Wy [esting Quantum Gravity with Lorentz Symetry

Extremely light extreme Lorentz factor

Weak interaction travel cosmological distances

Accumulate potential spacetime
Interaction effects

B.Baret 05/12/2019 - Prague, Czech Republic



'.‘ How to search for L.I.V. or D.S.R.

TOF difference

Evolution of

Flux suppr.

Gamma-rays

~ @ diff. E

polarisation

VHE

Neutrinos

L

flavor

UHE

Sources
AGNs, GRBs
l v telescopes
VHE diffuse
“GZK" ] UHEv det
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‘.* QG searches

T. Jacobson et al. Ann. Phys. 321, 150 (2006},

* Theories of Quantum Gravity (deformed relativity, LQG, non-
communtative geometry, some string theories...
-> Lorentz Invariance Violation at the Planck scale

« Some QG can be effectively parametrized at “low energy” . amelino-camelia, et al,, Nature 393, 763
(1998).
D. Colladay et al. Phys. Rev. D 55, 6760 (1997),
V. A. Kosteleck'y et al. Phys. Rev. D 80, 015020

. . . . (2009)
Propagation dispersion relation :

E? — pc® = +E*. (E/MLIVWM
v=0FE/0p

sizeable effect : n=1

2')dz!
Aty = (1) - E/Myy - D(z)/c Duv(@) = g [ \/Qm 1+z EEToN

U. Jacob and T. Piran, JCAP 0801 (2008)
G. Amelino-Camelia et al., Astrophys. J. 806(2), 269 (2015)
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Wy TOF with TXS 0506-056

Caution: might be random coinc.

J. Ellis et al. Phys.Lett. B789 (2019) 352-355:

IceCube - MAGIC detections: delay of 10 days, distance of 4 Gl.y.
ﬂ[l = (ﬂ-"f]?nf X 11'{1,11)/(11'{1,7 — ﬂ-"j],y)
E(IC170922A)=200TeV, E(MAGIC) neql. , or

M; — the smaller of M; ., and M,

P

Hy' |

A Chk) _dz ~ 3 x 10" GeV

/ \/QJ.-\L + Qﬂj’(l + 2)3

Zsrc 1'{’2
3H,' (1+ 2)?
e M, > | =0 F? dz| =~ 10" GeV
Av,, = —E?/M} —— 2~ [2 At : VO + Qu(1+ 2)3
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s Using GRBs and time of flight

Search for:
e neutrinos shifted w.r.t. the prompt emission out of the T90 time window
« Correlation between time shift and energy

led
95,625
ANTARES P.S. v
f_o_j R 5.575
5.550 35
5.525 %‘
5.500 -4.0
5.475 -4.5 ~
5.450 oy
5.425 =0 ;“f
-5.5 %
K
-6.0
3
.. -6.5 "~
coincidences
-1.0
: 10 ¥ -t Galactic =15
IR N [ A

o TS=2log(L/LO) 131

T90 prompt EXxt. Time window

\J

time :
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Amelino-Camelia et al (2015):
track channel data -> 2010 : 2 low significance events 2-3x10"3 s before 2 GRBS

Amelino-Camelia et al (2016) arxiv:1605.00496v1:
cascade channel data 2010-> 2014

E [TeV]

3x10°
e i d0(T]
At™ = At
D(z)
E E ;
At* =n—D(: s D(1 2x10°
At uﬂfpi(l):t(ﬂ[pi(lJ =
g
. . . . 5 * L] ¢
 Directional coincidence: 107 e .
Within 2o of instrument resolution 5104 @@
» Time coincidence: <6 days @0 W0 B0 A0
« Energy: 60-500TeV
« Unknown z -> default values Avoid multiple coincidences
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Amelino-Camelia et al (2015):
track channel data -> 2010 : 2 low significance events 2-3x10"3 s before 2 GRBS

Amelino-Camelia et al (2016) arxiv:1605.00496v1:
cascade channel data 2010-> 2014

3=10°
D(1)
()

- Update by Yanqgi Huang et al. (arxiv:1810.01652 & 1906.07329)

A=A

However, selection criteria somehow adhoc and a posteriori

* Direc
Within
Significance “hard to tell”
* Time
« Energy: 60-500TeV |\‘
« Unknown z -> default values Avoid multiple coincidences
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‘N Time stacking (experimentalist view)

Blind selection of GRBs

Stacked variables : Test Statistic :
Tobs = Iy — Igrp Generic time delay W =-10log,, p(DIH, ;)
T, = Tobs/(1 + 2)  Fixed delay at the source | m
_ L =-=10{log,,n! + > nylog,, px —log,, n!
TV = 5 D) L.1.V. efffects | . ; o

« Maximum time delay 42 days:

set by maximum expected L.1.V. shift (other effects shorter OR
arbitrarily long)

Directional coincidence:

- max :
Ocur = 1.58 - max(o,, min(Agy, Amax)}/ # coinc. Aeu ) <10 # coinc.0, )

CIT

maximise Sig/Bgd v resolution  GRB error box

Compute z dependent quantities for measured z only. -— Avoid bias
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Eur.Phys.J. C77 (2017) no.1, 20

signal delay in days

Results:
V telescope data Tot Nevens m{;ii.] Oma Toa | Nors  Noka: | Meoin chmc:: Meas.| P-value
(d) () () () (uncorrelated) | w2 weo. 2
ANTARES (07-12) | 2154 5516 038 [ 051-159 40| 563 10| 39 07, O O 1.29% 51.4%
1040 (08-09) 408 1876 070]095-29 40| 60 12|30 40 42 81 13.9% 5.1%
SenSItIVIty (Antares) “ -- il-._lkl_--{ 1 T '|.'-i'lulf-i | 40 th e =8.8dB
Signal delayed of 5 days at the source , P
2.5
il_n 1.0 | 20
.ug | 13
' 05 0.5/ | 10
—0.B as
_U:E 0040-30-20-10 0 10 20 30 40 ° 40-30-20-10 0 10 20 30 40 ’~15 0.0 15
Ad i1 +2ld e(E, %Dy (2)|an,) le=4
=05 Fua Irh )
| Test Statistic | Sensitivity at 90% CL  Sensitivity at 99% CL MDP 3o MDP 50
fan £ fa £ fa £ fa f:
r | 0.8% 3% | 1.5% 55% | 24% 9% | 45%  17%
W | 0.6% 22% | 1.3% 5% | 1.3% 5% | 2.4% 9%
v | 0.3% 1.1% | 0.8% 3% | 0.6% 23% | 12%  4.5%
YL | 0.3% 1.1% | 0.8% 3% | 15% 55% | 3% 125%
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Eur.Phys.J. C77 (2017) no.1, 20

Results:
v telescope data Tt Novens "”{f?;' Jm%x Tna | NRB  NoRB; | Meoie Hcmncl.: Meas.| P-value
(d) (°) () (d) (uncorrelated) | w2 wo. 2
ANTARES (07-12) | 2154 5516 038 [ 051-159 40| 563 150 | 39 07 0 0| 1.2% 51.4%
1040 (08-09) 408 1876 070]095-29 40| 60 12|30 40 42 81 13.9% 5.1%

Sensitivityl |,ppATE soon with:

Signal deli vore data (2007-2018 => x 2)

-More flavors (adding cascades, signal x 1.2 )

-More sensitivity (dedicated “cuts”=> sensitivity x 1.5 )

-Potential z estimation from other GRB parameters when missing
= ool LI T o r LTI

signal delay in days
&

—og =40-30-20-10 0 10 20 30 40 =40-30-20-10 0 10 20 30 40 =15 0.0 15
12 . gl (1+z)|d T E %0y 2)) [au. le-4
05 o
10
8 —0.4
| Test Statistic | Sensitivity at 90% CL  Sensitivity at 99% CL MDP 3o MDP 50
8 fan £ | £l fa £ fa f:
) r | 0.8% 3% | 1.5% 55% | 24% 9% | 45%  17%
? _ IR ST v | 0.6% 22% | 1.3% 5% | 1.3% 5% | 2.4% 9%
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
v | 0.3% 1.1% | 0.8% 3% | 0.6% 23% | 12%  4.5%
YL | 0.3% 1.1% | 0.8% 3% | 15% 55% | 3% 125%
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y Subthreshold Neutrinos & GW

Long gamma-ray burst short gamma-ray burst
(>2 seconds' duration) (<2 seconds’ duration)

Asymetrical collapse - GW
Baryon loaded jets -> HEN

* Dark electromagnetic sources
From SN to GRBs (Ando, 2009)

S | oy

g Ekinetic i 1051 erg 7

>

g _2_ SO e

©

8 |

AR N —

o

g .,

0 i ~Model independent search

Transient + diff. Detectors -> better sensitivity

B ———————— O N ] ... Popu|at|on Study
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N Subthreshold Searches

2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 |

ANTARES

Ice Cube

VIRGO -

| |

ANTARES+iLigo+iVirgo IceCube+eligo+eVirgo  Antares+lce3+aligo Ol
JCAP 06 (2013) 008 PRD 90 102002 (2014) ApJ 870:134 (2019)

O2 in prep.

O3
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HEN GW

Sactitniin A} gattin v
l}’f.f-:..r-;'-' Ihm
Time shift Time shift
each HEN each GW channel

l}'.',f-:. A0 IJrrri

GWH+HEN search algorithm

Fig. 3
KE
n
Assemble
Pg(X?
Distribution_ o)
HEM GW
Saction W8 Sactian VA
Background [.{-’..r-.' i lhm
distribution

SectionV.C [ Fig §

GW+HEN search algorithm
Fg 3

Threshold based on
background and
antidpated foreground rate

J X,

Statistical comparison:
product of p-values above threshold

S

107
108
= Lo? ¢ e
E-‘ 7{.;*‘_‘ _\_}h GWHEN searches
=]
o~ | J()-i}
2 10° %
.u J
02 10° prasimasssssiornkid e i
Local CCSN rate
10*
10 ) 5 4 -3 2
10 ° 10 10 10 10
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- Future?

Early w==Mid w=ate  =mDesign
60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc
LIGO o |68 % |
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo 02 o - |
25-40 140-140 140
Mpc | Mpec Mpc
KAGRA IR
1 1 1 1 1 | 1 1
2015 2016 2017 2018 2019 2020 2021 2022 2023
Antares KM3NeT
Baikal Baikal
IceCube lceCube
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‘.* UHE detection (just a word)

So far, no unambiguous detection

High Energy v \W — . |-,.:'|-:.,”::-,=']'.-'1':'1'I "u; i T TR I
| r T | i
: Cherenkov B : |II .-':-' \
Ice Layer Emission _I. 10 AUGER III'\ .-H.x‘." 3
o | = L
| b
=
=
_ > 108
Radio v)
ARA, ARIANNA, ANITA =
| Top o the atmosphere EARTH-SKIMMING (GRAND, ...) & 10-% EEF
EM component oy b
\ hadronic =
/ component L
% 10104 ——m
Fluorescence &
& <
10 11 S ....|_ ; .......lﬂ. Lol o DRI o 0l el
Top of the atmosphere DOWNWARD-GOING| Cherenkov 10° 106 107 10° 10° 10 10!
----------------------------------------------------- AUGER, (POEMMA, . ) Neutrino energy E, [GeV]
EM component / Adapted from GRAND White paper
- hadronic [ & MAGIC from selected transient sources
CDI’TIDOFIE‘I'It
Earth
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Wy SUMMary & Perspectives

* High energy neutrino astronomy is born BUT only one identified possible
source (TXS...)
* multimessenger exploration of the non themal Universe
* AGNs, GRBs, FRBs, ...
* Galactic C.R. acceleration & C.R. diffusion
* Galactic SuperNovae (MeV),
° +...
* Exploration of other physics (bonus of low energy exploration):
indirect DM searches, Q-balls, nuclearites, ...
* neutrino mass hierarchy, CP violation, x-sections,...
sterile neutrinos, non std. osc., Lorentz Invaraince Violation, ...
Earth tomography
° +...
« Exciting times ahead wit 3 km-size complementory (coverage, systématics)
observatories in the next decade!
* Data anlysis complex, if you want to play contact an experimentalist*!

*Not necessarily me of course...
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