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Where are high-energy astrophysical
neubtrinos coming from?

Can we identify cosmic hadronic
accelerators ?

What are the properties of these
accelerators?




Neutrino %etescopes

Non-exhaustive list



Neutrino telescopes

The GLOb3lL NeutrInNo Nectwork \













IceCube

South Fole,
Antarctica




How to detect high-enerqg
neubrinos?

Thousands of sensors or

Digital Optical Modules (DOMs)
11



How to detect high-enerqg
neubtrinos?




Which information
can we qgek?

- Amount of light -> Energy

- Timing -> Direction

tine

- Topology -> Flavour




Single Cascade

- Good E resolution
- Bad angular
resolution

- Bad energy resolution
- Good angular
resolution

- Good E resolution
- Better angular resolution

. 14
than single cascade



IcECUBE

Pouble Double
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 Energy of the cascades = 9 TeV and 80 TeV

* Separation=17m

e Observedin 2014
* Observed light arrival pattern clearly favors double cascade ~
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Whalk do we learin ﬂfrom HE neubrinos?
1024
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Oubline
1. What did we discover?
2. What’s new? / What else?

3. What's nexk?

19



1. What did we discover?

22'November 2013 | $10

Clence Evidence for High-Energy

Extraterrestrial Neutrinos at
the IceCube Detector

22 Nov. 2013
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f Tﬁi{:ﬂfuse neubtrino aftux
=Rt Veto ?ﬁﬁ v@ﬁtr

103 events, with 60 events > 60 TeV

lceCube Work In Progress HH  Data
Astro
Atmo. Conv

- { Bl Atmo. Muons

(SN Atmo. Prompt 90% U.L

 Updated calibration
and ice model

Events per 2635 days

Excluded from Fit

 Changes to RA, Dec,
energy

Deposited Energy [GeV]



3 ‘Dufnfu.se neubrinoe fux
7.5 vyear

Equatorial

TS = —2AIn(L)

< 300 TeV
* No evidence for point sources

* No correlation with the galactic plane

* Best fit: Single power law with spectral index y =2.89%9-20_
all-flavor flux normalization @ = 6.45*14_, , . x 1071® GeVlcm~2s71srt
* Data does not prefer a broken power law model -
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Diffuse neubrino flux

11 vémr

2 10 S Data: 50 events
< f Eisisanil Expected background: 36.1 £ 8.7
S 107 — Cosmic signal
% [ [TANTARES
& 1ok Preliminary BeSt fit:
¢ =1.5+1x 1018 GeVicm2? sris
| v = 2.310.4
ool b L 1.8 0 excess
2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
Ex 2.0 (increased w.r.t. the 9 year analysis)

o ey
: B + — Atmospheric MC
§ i - Cosmic signal
2 °F [T ANTARES

Preliminary

-20LLH

104
d ANTARES
Preliminary
4 101
' 0
| , 1071
1 1074

®}' (100 TeV) [107'%GeV—icm~3sr1s1]




1. What did we discover?

Multimessenger observations
of a flaring blazar coincident
with high-energy neutrino
IceCube-170922A

Neutrino emission from the
direction of the blazar TXS
=\ 0506+056 prior to the

——11 IceCube-170922A alert

13 Jul. 2018

,|,'-,....7£:"‘ LU l;: Jy ,l" o
| RO\ '7 ‘ |
Multimessenger observations
of an astrophysical neutrino

SOUNCe po 115 146 & 147 B




22 Sep%ember 2017
IceCube-170922A

Neutrino Energy: 290 TeV (>180 TeV, 90% CL) .. A ‘ %
RA: 77.43° (-0.65°/+0.95° 90% CL) ciog
Dec: 5.72° (-0.30°/+0.50° 90% CL)



22 September 2017
e IceCube-170922A

 Fermi observations of a known blazar TXS 0506+056, in a state of
enhanced gamma-ray emission

 MAGIC detection of > 400 GeV gamma rays from the blazar

IceCube + Fermi-LAT IceCube + MAGIC
Significance for the

overlap: 30

MAGIC significance [0]
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Neutrino Energy: 290 TeV (>180 TeV, 90% CL)
RA: 77.43° (-0.65°/+0.95° 90% CL)
Dec: 5.72° (-0.30°/+0.50° 90% CL)

> o99988 0
» L
cas LRI RRReY o
o LR
2
S92 ENRIRNNES 0
» ‘R A
L 020D
»

(X YL R L R

o0
ohe

PAS)



Archival daka search

IcECUBE

IceCubel70922A

1C40 1C59 IC86a IC86b

+ IceCube-170922A
Gaussian Analysis
Box-shaped Analysis

— — -

A

2009 2010 2011 2012 2013 2014 2015 2016

* Time-dependent point source search at location of TXS blazar
* 13 + 5 neutrino excess in 2014-2015 over 110 days

* Significance defined using identical searches using
randomized event directions: 3.50

29



2. Whals new? / What else?

* Neutrino point source searches

* Neutrinos in the multi-messenger era

30



2. Whals new? / What else?

* Neutrino point source searches

* Neutrinos in the multi-messenger era
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2. What’s new? What else?
10 year AII Sky Scan Results

IcCECUBE

()(> <_(; ,\ [imin:
l) /// % ; A : .

30° /

* Evaluate likelihood of signal over
background for grid over entire sky.

* Hottest point = position with
smallest p-value in each hemisphere.

L, /:HI: Nocal ) . . .
0g10(p: Hottest Point in Northern Hemisphere : & =-5°

_ . - RA = 40.87° , Dec = -0.30°
I},’lel‘.lmit‘l.n\ 97 Preliminary; 5945 n — 61.45 , Y: 3411

signal

Northern Hottest Spot Southern Hottest Spot

= Pval = 6.45, TS = 25.34 = 9.9 % post-trial

‘ L 4 “ Hottest Point in Southern Hemisphere : &< -5°
’. _ . o | "" Ra=350.18, dec-56.45°
o | Pt n =17.75,y = 3.34

x: NGC 1068

signal

Pval =5.37, TS= 19.95 = 75 % post-trial




IcCECUBE

PRELIMINARY
8 8
s s
: 9/7 year :
g combination [E
& &

IC40
IC59

B c79

I (Css

Il 2012-2015

IC40
IC59

Galacd : B c79
alactic : B (css
-

Center Il 2012-2015

90% C.L. Sensitivity and Limits for y = 2.0

IceCube 7 years ' - i IceCube 7 years
ANTARES 9 years i ; ANTARES 9 years
IlceCube+ANTARES ' : IceCube+ANTARES

_.
S

HESSJ1023-575 . -
IceCube+ANTARES Limits s | IceCube+ANTARES Limits

PKSI44O 389

>
()
S

d®/dE, [GeV cm™ s

HESS)1458-608

EY
E-° d/dE
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2. Whals new? / What else?

* Neutrino point source searches

* Neutrinos in the multi-messenger era

34



Neutrino search from
Kihowin sources

Potential high-
ehergy Vv emitlter

Goal: Identifying hadronic

accelerators in the Universe




Neutrino search from
Khowi sources

Contribyte

&
the HE v {14,y
Blazars < 27%
(Fermi 2LAC catalog)

Gomma-ray burst < 1%
Gralactkic in.ame < 14%

What can we do to find sources?

36



Real-time multi-messenger

IcCECUBE

as%romomv
Mmulki-

messenger

im&mexs
IACTs ¥ <

. ~
Gamma-ray satellites g S o
~ -~ ~

Ground based observatories RN S
Satellites

Neutrino telescopes

Interferometers




Real-time multi-messenger
astronomy

IcCECUBE

mulki-

messenger
i&TEV\Q"S IceCubel70922A!

) S
~
~

~

* New IceCube alert categories since June 2019 I@qc |

- Gold = 50% signal probability ~ 12 evt/yr ANTA qb@

- Bronze = 30% signal probability ~ 16 evt/yr | ’?E:‘”g

 ANTARES alerts:

- Single neutrino with direction close to

local galaxies (1 TeV): ~ 10 evt/yr.

- Single HE neutrinos (7 TeV): ~ 15 evt/yr

- VHE neutrinos (30 TeV): ~ 3-4 evt/yr




Real-time multi-messenger

IcECUBE & s %T’O MO mj
mulki-
messenger
partne™
e Fast-response analysis for ~
. . ~ L
interesting events, such as flares — ~ Cec,
~ 77,

from the Crab Nebula or unknown C N &

bright transients in IceCube

e Systematic follow-up of GW events
in both IceCube and ANTARES




,,..mml(.',‘;("ll".i',,”l,’;&‘;ilﬁ*wm -
TceCube down-going

GW (90% CL)

NGC 4993
30° neutrino candidate (IceCube)

B neutrino candidate (ANTARES)

= === [ceCube horizon

' ANTARES horizon
[ ] Auger FoV (Earth-skimming)
[ ] Auger FoV (down-going)

G
[-

W170817
500s , +500s]

GW 170817 Neutrino limits (fluence per flavor: v, +7,)

So farin O3: m;;, [£500 sec timc-windowl-;
 >30 BBH candidates el
8 BNS candidates Tl L s = A
6 NS-BH candidates g i e —
3 Mass Gap candidates § ol o
2 unmodeled transient candidates | c
*F EE opumisie o T Kmmad
* 3 coincident IceCube candidates e R L T Za—

108 10° 1010

10”



,,..mml(.',‘;("ll".i',,”l,’;&‘;ilﬁ*wm -
TceCube down-going

GW (90% CL)
NGC 4993
—30° neutrino candidate (IceCube)
neutrino candidate (ANTARES)

= === [ceCube horizon

' ANTARES horizon
/ [ ] Auger FoV (Earth-skimming) GW170817
[ ] Auger FoV (down-going) [_5 00s , + ) OOS]

GW 170817 Neutrino limits (fluence per flavor: v, +7,)

So far in O3: ol o]
> 30 BBH candidates M e

* 8 BNS candidates . R

6 NS-BH candidates g i P

3 Mass Gap candidates : M S N

2 unmodeled transient candidates [ A e g

lo_yi' Erlorimistic o T Kimintal
* 3 coincident IceCube candidates e T E—

10° 10© 107 108 10° 1010 101!
E/GeV

Limits above 1 TeV




Why exploring the sub-TeV sky

F""F’;V\')J‘n‘“*-)u“‘ﬁ—vu

+ + v
L' e™v rv

w32 y

> U +v,
W e v v,

\
Give extra information on source environment

Murase et al., Phys.Rev.Lett. 111 (2013) 131102
Bartos et al., Phys.Rev.Lett. 110 (2013) 241101 42
Maouloud, GDW, Ahlers, Bustamante, van Elewyck, PoS(ICRC2019)1023



Why exploring the sub-TeV sky

Monoenergetic flux of protons
on a fixed proton target in Geant4

Flux
Energy spectra of v, ; Ep = 100 TeV

—— KAB

p =y, from all m, n =102 g/cm?

=y, from all m, n=10"° g/cm?

v, from all m, n =107 g/cm?

L Gev Energy

Maouloud, GDW, Ahlers, Bustamante, van Elewyck, PoS(ICRC2019)1023



How to debect GreV neubrinos?
UL T 8 g : 3 f; | Dqt,ected event
Astrophysical .
neutrine || gt

Not Vi, CCinteraction ICECUBE 44



Simulated event

&5

ICECUBE




Simulated event

i

ICECUBE




I As&rayhjsi«co\tj

Ll ‘::AEMOSPMETLC I

L I nuon

Lets do the event .

ICECUBE

selection toqgether!

‘Purevxmse I R

GeV neutrine I

e

ISSEIS




As&ralahjsicat j
weutrino .

'Fu,rehos,se || -

A e il Biby o POTEE I Il
il | i |
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| SIRRE i

.

ICECUBE

ICECUBE

High
luminosity

Low
luminosity

“Atmospheric |
Dy i

IcECUBE
!

Non-causally
connected hits

Causally

connected hits

GeV neutrine

A8 e




Final level - All direction - E~? spectrum

A&mos'ahema
.| muon

o
W
v

-

Passing fraction

0.25; IceCube preliminary { L] | | | 3‘
. 1.0 15 2.0 2.5 3.0 3.5 . . . | | H 5 '5 _ o

Neutrino energy (GeV) I ) ICECUBE

Rake = ©0,02Hz

(IML&&L rabe: kHz) B

| 1] L . '] ICECUBE 49 e




How ko debectk a

GeV neubtrino signal?
3 c:}% Time window of

@_vemkﬁ | interest
Control region
1

pn.
3
®

-4 hOMYS 50



Did we find GeV neubrinos?

“Spirativ\g Blacike
* 3 BNS + INSBH mergers | i-lkai.e.s" .
Search for a prompt signal (Artist's conception)

[t,, to*+3] s J
* 6 BBH mergers ;

Search in an extended
time windows
[t,-500, t,+500] s

51



Did we find GeV neubrinos?

“SpiratimQ Blacike
* 3 BNS + INSBH mergers Holes”
Search for a prompt signal (Artist's conception)

[tOI t0+3] ) J

52



Comparisom wikhh obher neukrine
searches




Did we find GeV neubrinos?

“Spirativ\g Rlack
Holes”
(Artist's conception)

6 BBH mergers
Search in an extended
time windows
[t,-500, t,+500] s

54



IceCube preliminary
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Did we fi;mcl. GreV neubrinos?

IceCube preliminary

N
o
o

Followup of every 03
evenk:
10 btimes more statistics
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Number of events in 1000s
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The GLOb3lL NeutrInNo Nectwork \

Non-exhaustive list
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Section1 Section2 Section 3
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—— 120m— 700m
Cluster: 8 strings GVD-1: 8 clusters
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I

OMs 2304

Clusters (8 Strings) 8 Cascades: 4.5° 6(E/Esh) ~ 0.30
Depths, m 750 —1275 Muons: 0.25°-0.5°  §(IgE) ~ 0.4
Eff. Volume 0.4 km3

O. Suvorova, Town Hall KM3NeT meeting



Detector response

- Nearvertical | Upsgoing
‘up-going muon M@ '  muop

e
g
L7
o
g
B
=
O
Z

Downward Muon bundle
going muon S
EE

Background

O. Suvorova, Town Hall KM3NeT meeting



Selected cascades induced in GVD: 2016, 2018, 2019

(Preliminary)
2704 selected cascades with Nhit>10&&E>10TeV:

cascades from atm. muons alert events
.

>10TeV =60TeV =100 TeV

>100M 2704 547 66
>14 OM 111 36 13
>19OM 90 16 6

* .* muon bundles

Zenith angle distribution Nhit>19

E=10 TeV

25 3
loglI(E/TeV)

N,>19
Reconstructed energy

E >100 TeV

E>60 TeV | I~| ‘

) T3 1 0.8 0.6 04 0.2 1) 0.2 04 06 08
log10(E/TeV) cos e

up-going down-going

O. Suvorova, Town Hall KM3NeT meeting



IcECUBE

* 7 new strings of modules
- Interstring spacing 20m

(DC 70m) o i
- InterDOM spacing 2.4m .
(DC 7m) o .0
. ® o O,
= @ ¢ ®
Neutrino physics: Nic S
oscillations . E . 0
atmospheric tau neutrino ~ )
appearance |
L .9 N+
* Astrophysics: iceCube  DeepCore  Upgrade aiom  Sm  243m
precise calibration of ice optical —-r——
properties and DOM response
-> apply to 10-years of existing
data

‘1. { , , _ Isotropic light source Light guide
‘ TUM UW Madison




IcCECUBE

* Neutrino physics:

- oscillations

- atmospheric tau neutrino
appearance

o~ o” o":.::

2450m 2425m

* Astrophysics: ceCube  DeepCore  Upgrade ] AR,

precise calibration of ice optical il

properties and DOM response & -

-> apply to 10-years of existing
data

POCAM WOM

Isotropic light source Light guide
TUM UW Madison

D-EGG




2 ARCA blocks g5,

3 x 115 Detector Units

: InterDU spacing: 20m or 90m |
+ 18 DOMs 31 PMTs

Interdom spacing: 9m or 36m

Curremﬂv 1 ARCA + & ORCA DUs &at«z*imsegdo&a



KM3NeT

\
2528 ns : 5: Dropbox:Sel9d.Run7285.02.02.03.33.59 js

ORCA - 6 DUs
s, ‘ge

3

7S Neutrino
;/. candidates

Real data!
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KM3NeT

ARCA:
* v, angular resolution < 0.1° for E,> 100 TeV

* vV, angular resolution < 2° and energy resolution ~ 5%

L

(0]

O

C

@

O

L4 [} [ :'g) : H H
* Diffuse flux combining ® vy X
t rac kS an d casca d es - — :ZTZ::\?entional ur?cenainlylz
. : \rat? prompt uncertainty

-> |ceCube flux equivalent at 56 in 6 months

05 1 15 2 25 3 35
Observation time [years]

ORCA:

- Multi-messenger astronomy down to 1 GeV
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Skake of Ehe Ark

Follow up of GW170817

lceCube
&
Lard®s ANTARES
VQLU'W‘Q
10-2 10-1 10° 101 102 103

Energy [GeV]




Skake of Ehe Ark

KM3NeT
lceCube
& /
Lorg ANTARES
VQLU'W‘Q
10-2 10-1 10° 101 102 103

Energy [GeV]




Skake of Ehe Ark

lceCube
& /
Lorg ANTARES
VQLU'W‘Q
10-2 10-1 10° 101 102 103

Energy [GeV]




Existing event selection between 3-
100 CreV

Step 1: Events are required to
(a) pass a pre-selection based on reconstruction quality

(b) have a reconstructed vertex contained inside or close to
the instrumented volume

(c) be reconstructed as upward traveling in the detector

Good reconstruction performance + suppression of part of
atmospheric muons and pure noise events

6969



Median directional resolution [deg]

Which resolution?

KM3NeT vertical spacing:
ve &V, CC -@-6m
=®-9m
=@~ 12m
=®-15m

20 25 30
Neutrino energy [GeV]

=
o
b
T
w
<
=
c
O
N
c
8
5
()
=

vertical spacing:
- 5M

—= Om

| .= 12m

== 15m

25 30
Neutrino Energy (GeV)




Existing event selection between 3-
100 CreV

Step 1: Events are required to
(a) pass a pre-selection based on reconstruction quality

(b) have a reconstructed vertex contained inside or close to
the instrumented volume

(c) be reconstructed as upward traveling in the detector

Good reconstruction performance + suppression of part of
atmospheric muons and pure noise events

Step 2: PID Optimization for an £72 flux
3 different scores, with values between 0 and 1:
(a) A track-score used to differentiate tracks from showers

(b) A muon-score, dedicated to tag atmospheric muon
candidates

(c) A noise-score, which helps reducing the pure noise evént
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1.0

O
(o)

Noise score cut

0.2

0.0

pbtimization

1.30

1.28

Expe«c&@.d
bacw*ground rake:

.
N
(o))

S/sqrt(S+B) (Arbitrary scale)

1.24

1.22

0.0 0.2 0.4 0.6 0.8 1.0 1.20

Muon score cut
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Effective area comparison

—— ORCA vy —~—= lceCube v,
— ORCA ve ANTARES vy
102
— 1011Upgoing )
- -
£ 100
—_ with
© 107! existy,, the
g -2 Sel J Cvent -
< 10 e QCE@OM /,’/
v 1073 -
E 104 ORCA-115
O
L 1073
Y
L 106
10-7 | | KM3NeT 'preliminary
10° 101 102 103 104

Neutrino energy [GeV]



Sems&&vi&v to GW170%17




Can we do (even) better?

KM3NeT

lceCube

ANTARES

10-2 10-1 10° 101 102 103
Energy [GeV]




ARCA vy - 2 Building Blocks
ANTARES vy

[
o
o

1 Upgoing - Trigger level
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| ORCA-115
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&
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Q
-
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Q
=
)
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(NN

10! 102
Neutrino energy [GeV]
ORCA:

- Multi-messenger astronomy down to 1 GeV
- Opportunity of e.g., GW follow-up with reduced configuration




Can we do (even) better?

lceCube
wikh &mgravec& ANTARES
noise model
102 10-1 10° 101 102 103

Energy [GeV]




Single-DOM based analysis

wikh
amproved
noise model
develo pec’x
using
umsupervi,seci
ML




Single-DOM based amatvsis

Search for an increase in the event rate

Time delay (ns)




Take-home message

* High-energy neutrino astronomy is a young field of research
but already it counts already several breakthroughs

* Promising future with the next generation being deployed

* The sub-TeV range will bring complementary information for
source identification/characterization

e KM3NeT will become a leader in the sub-TeV range
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e When?

e Deadline to send the drawings:
March 15t

* Announcement of the winners:
April-May 2020

* Exhibition at the Naples National
Archeological Museum: May 2020

* Do not hesitate to participate!

NEW: World contest open to
participants worldwide!

Thawies!



Neutrino %ei.@.s&o[ms

Insktrumentakion d.ev\sif:j

Particle debectors ~ 1k modules/m?
(e.9., pixel detector in
CMS)
HE neubrino detectors ~ Sk sensors/km?
(e.q., IceCube)

. [
Non-exhaustive list
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Final level - All direction - E~? spectrum
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2. Whalts new? / What else?

e Flavor ratio and tau neutrinos
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Single Cascade

- Good E resolution
- Bad angular
resolution

- Bad energy resolution
- Good angular
resolution

- Good E resolution
- Better angular resolution
than single cascade

+ Starting track!



Pouble cascade

&
= £
— O
>1
w N

Q
S O
Bl

i
AR
dd
qraun
2
o O
L @©
._nlv.p

()
0N un
e ©o




Pouble cascade
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IceCube Preliminary
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0

 Ternary-PID of cascades, tracks and double-cascades
e 2 double-cascade candidates
* v_or mis-identified background
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IcECUBE

Detected Photons
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 Energy of the cascades = 1.2 PeV and 0.6 PeV

* Separation =16m
* Observedin 2012
* No clear preference between a single cascade and double-cascade



IcECUBE
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 Energy of the cascades = 9 TeV and 80 TeV

* Separation=17m
e Observedin 2014
* Observed light arrival pattern clearly favors double cascade ~



F osmice gar%&ci.e

accelerator VeV iVy
Pion decay 1:2:0
Muon- damped Q:1:0

Neubron c&eaav

+ others

e Study of the composition at Earth
 Oscillation back to the source
 |nformation on the emission

mechanism

Fraction of ve



IcECUBE

HESE with ternary topology ID
Best fit: 0.29: 0.50: 0.21
Sensitivity, E %Y spectrum
1:1:1 flavor composition

WORK IN PROGRESS]

Fraction of v,

Non-zero best-fit for v,

* Zero V_flux not excluded



