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Large neutrino telescopes on Earth

GNN (global neutrino network)
Ice Cube https:
; .
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How to detect high energy neutrinos
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Selecting up-going muon tracks reduces atmospheric muon background, in 1 year gives:
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atmosheric muons (from above) atmospheric neutrinos

cosmic neutrinos
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Particle identification in v telecopes

EM cascade 7 decay products
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The ANTARES neutrino teles e

Detector completed in 2008

Taking data since 11 years
with a duty cycle of ~95%

Placed at a depth of 2475m

e 12 lines
e 25 storeys/ line
* 3 PMTs / storey

o e
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e 885 PMTs in total

M. Ageron et al., NIM A 656 (2011) 11-38
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The KM3NeT ARCA and ORCA telescopes
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Single collaboration, single technology: 3 blocks of strings in two different sites This talk!
S. Adrian-Martinez et al., J. Phys. G: Nucl. Part. Phys. 43
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KM3NeT dimensions

For the high energies one needs to have big volume
detectors with a less dense instrumentation optimised
for the revelation of fluxes of few particles per year.

For the low energies Superk KM3NeT-ORCA
(less light in apparatus) 11128 EIMTS ZO%ONC&MS
one needs small and ’
dense instrumented ‘[200 m
41 m
detectors. P
MeV - GeV E >3 GeV
Solar & atm. v atm. v
operating for 20 yr under
construction
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ANTARES
885 PMTs
20 Mt

|

400 m

E > 20 GeV

astrophysical
and atm. v

operating for 10 yr
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KM3NeT-ARCA
4000 OMSs (128 000 PMTs)
1Gt

1000 m

E > 100 GeV

astrophysical v

under construction

IceCube & Baikal-GVvD
have similar size




KM3NeT conflguratlon & construction

| ARCA - The DOM is a new concept {
! for optical sensors:
2001~ a 17”7 glass sphere hosting:
_ e 31 x3” PMTs
e Digital photon counting
zuu— e Directional information
i e Wide angle of view
400~ e Improved background
» rejection
=400
String: i
* 1 Buoy, 2 Dyneema ropes
e 18 DOMs
e Electro-optical backbone: e ARCA: = s s =
- 18 fibres, 2 copper wires (375VDC) = = = =
Different geometric arrangement for the s E 8 , ' g
two ARCA and ORCA: : : Rinctrical probism in :
4 @ - seabed infrastructure -
36 (ARCA) /9 (ORCA) m distance between DOMs O S — —
72 (ARCA) /36 (ORCA) m anchor-first storey | 2016 | 2017 | 2/ | 2019

750 (ARCA) /250 (ORCA) m total height from seabed
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KM3NeT-ARCA first reconstructed neutrinos

2 data-sample: 53.2 days of ARCA with 2 DUs
selection: cos(zenith) < -0.8
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108Nt '
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for a neutrino candidate reconstructed as UP-80INE. | toestaedt et al. (kW3NeT) 36th ICRC.Pos 910, (2019) 0910(E+/Ge)
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KM3NeT muon intensity relation measure
KM3NeT

Data sample: 0.09
- ORCA1: from November 9, 2017 to December 13, 2017 '
-  ARCA2: from December 23, 2016 to March 2, 2017

0.08

0.07
Energy losses in seawater 006

1 0.05

Lower rate of atmospheric u with increasing depth. 0.04

1 0.03

Effect on coincidence rates  m——)

Rate [HZ]
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0.02
o 0.01
Coincidence rate « muon flux L1 | L1 | L1 | L1 | L1 | L1 | L1
2400 2600 2800 3000 3200 3400
- Depth [m.w.e.]
Parametrization of the underwater muon flux by Bugaev et al. M Aeron et al. (KV3NeT) ariv: 1906.09700 1 '
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ANTARES & KM3NeT physics goals

ANTARES & ARCA

Unique aspects of neutrino messengers:

e identify cosmic ray sources;

* qualifies y-rays hadronic production;

 discovers blind spot of astronomy to the
very high energy Universe.

ANTARES & ORCA .)normal hierarchy (NH) inverted hierarchy (IH) ‘) 6., 1 o i o P(v, = \V)x) for 8=1302°
m-4 Am” / 12 f

Measuring the v oscillation & | o /A 0

mass hierarchy £ o5

Amz,, measured (v solar) j

| Am=,,| measured (v atmospheric) & ,

but the sign of Amz,, still unknown. 0 0,

56

ANTARES & ARCA/ORCA

Indirect search for DarkMatter

57

v o
Ice Cube

5558’

6"58M42° 36° 30° 24° 18° 12¥
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ANTARES neutrino oscillations analysis

Data sample: 9 years (2007-2016) - 2830 days lifetime, 7710 events selected.
- Two different track reconstruction procedures

ANTARES energy threshold of = 20 GeV = sensitive to the first atmospheric (P

vu>vy) OScillation minimum.

—> Study atmospheric v, disappearance due to neutrino oscillations.

Tracks only. A binned likelihood fit is performed in two dimensions (E

cosO

reco’ reco)

: ™ §1.4_ — i
ANTARES | [ e wensvan S [|—um ANTARES
I, e R Z1.2H_
== ST 4+
Z ;
== S AU BN L i ==
o.a'ml;
0.6}
0.4}
0.2}
1 1 1 1 j [l L 1 L j. L 1 i _
100 150 200 =% 100 _ 150 __ 200
Ereco/COSOyeco [GEV] A. Albert et al. (ANTARES), JHEP 13 (2019) Eeco/COSB, [GEV]
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ANTARES neutrino oscillations analysis

Data sample: 9 years (2007-2016) - 2830 days lifetime, 7710 events selected.
- Two different track reconstruction procedures

of 4.5 w— THiS WOTK : - : g :
Bets fit with systematics % —— DeepCore (2017) ANTARES
e SK (2018) : : : : 5
> = P Fit resalt | "-’o 4 v S e e
Am3, [1073 eV?] none T - = T Lzo’i.f?;:,)a) .......
023 [o] i 4r+12 Ng3.5 E e e
Ny none 0. 81+0 10 = 3
v/7 [o] 0.0 + 1.0 i 10t8 ﬁg <
A~y 0.00 = 0.05 | —0.003 = 0.036 25
N, 740 + 120 414%33 '
013 [°] 8.41 + 0.28 8.41 + 0.28 o
M, [o] 0.0 + 1.0 0.0 + 1.0
1 1.5
The non-oscillation
hypothesis is discarded 1=
with a signicance of 0.5
4.6 G 0 01 02 03 04 05 06 07 08 09 1
’ A. Albert et al. (ANTARES), JHEP 13 (2019) sin 9
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ANTARES sterile neutrino analysis

Sterile neutrino not interact as the active flavors

Still modify the oscillation pattern of the standard neutrinos

90% C.L.

N This work

mun ni This wark NH, &_, = 0°

mum m boeCube (2017) NH, & = 0"

o loeCube (2017) H, &,

mum m 5K [2015) NH, &, = 07

o

4

Adamson et al. convention used for the mixing matrix U (4 flavors).

U = e 1924 gipy 024,
UT4 = sin 1934 COs 924.

Parameter Prior Fit NH Fit IH
024 [°] none 1.5%20 1.5720
O34 [°] none 25.9753 25.9751
524 [°] none 180+ 71 0+72

My, none 0.841019 0.8479-10
v /7 [o] 0.0 + 1.0 1.07198 1.075582
Ay 0.00 = 0.05 | —0.011 £ 0.036 | —0.011 £ 0.036
Am3, [1072eV?] none 3.0793 —3.019%
faa [°] none 52 £ 8 52 + 8
013 [°] 841 +0.28 | 8.41+0.28 8.41 +0.28
My [o] 0.0 + 1.0 0.1173:53 0.1179:53

A. Albert et al. (ANTARES), JHEP 13 (2019)
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U4l < 0.007 (0.13) at 90% (99%) CL,
< 0.40 (0.68) at 90% (99%) CL.

|U’r4‘2
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ANTARES point sources analysis

All-sky search o : 11 yrs of data - 3136 days lifetime

Q : 8754 events reconstructed and selected as tracks
D
\\@\Q SR TRV Y, NN s Median angular resolution < 0.4°above 10 TeV
C o oo Ry e
< BIECS b oo CEE S Vel K e Sl | | 1) Global fitting (stacked search)
L 3 e | 2 2) Perform individual fit for each source
beSt ClUSter T — ANTARES 9 years Sensitivity
- 0 10~ ANTARES 11 years Sensitivity
(1.2 5) G. lluminati et al. (ANTARES), 36th ICRC, Pos 920, (2019) 00, pruzlue) = * ANTARES 11 years Limits (astrophysical candidates)
o o %) KM3NeT/ARCA 6 years Sensitivity
a=343.7° 6=+23.6° Blazar MG3 J225517+2409 (EHE ICH#3 event) C}IE
3 track events within 1°: 15 tracks + 1 shower within 5° ;
o
Candldate IISt SearCh J. Aublin (ANTARES), 36th ICRC, PoS 840, (2019) Q. 10 ’
g *$ % E July 2010 >
g :pnsumw RY B MG?J225517+2409 g ok PRELIMINARY i
§ I 45 EE _§ G} --9.
| o E S
T E. 5; ©
L L 4? LLI 1079 E:
24+ s Sf_ l E““
an ] o i ] L ' -+
f 8 TH N RN .
ol SO S {5 i i B 11 N KM3NeT 6 years sensmwty | |
L E T ‘"" — |I\i|||||||||||||||||||||||||||||\I|\\\
b 'u:A‘Jz;m'” 2 0™ Sie00 84800 55000 45200 55400 - 55600 85800 56000 56200 10 10_1 -08 06 -04 -—-02 0 0.2 04 08 08 . 1
G. Illuminati et al. (ANTARES), 36th ICRC, PoS 920, (2019) sind

Time analx5|s & comblnlng the lceCube - ANTARES events: 2 4 O excess
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b=

ANTARES + IceCube point sources anaIyS|s

Data sample (look at southern sky):
ANTARES 9 years: tracks and shower (5909 events)
IceCube 7 years: through-going tracks (119 kevents)

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

' ' Highest excess: ;

— mmmsmeme |C2CUDE 7 yEAIS %87 0.9 et e Ll ;
0107 | ¢ (0.90) SaTE 0
ey ==mememe ANTARES 3 years 5 =-00° PRELIMINARY -log (p-value)

(e e lceCube+ANTARES [ 90% C.L. Sensitivity and Limits for y = 2.5
.;E;. HESSH 023575 _[| Improvementof a Y !

\ . lceCube+ANTARES Limits
2 \ i a0 580 factor=2 of the o EEEEEEEEmrmmmssmmsnys ooeeee losCube 7 years
4 - R T Tt s A et I TP LT T ANTARES 9 years
] ST e TSV eemitt LA ;ombl.ned search ¢ e Cube s ANTARES
uf i i e in regions of the "*um* I o lceCube+ANTARES Limits
) S : - Southernsky > FoesspazsSiErtiemes
c m '*\" o] \ e PREAA0738Y
Wi 11458-608 T Sl LI M S
; o) ] S
S [HESSIT455:508 &
PRELIMMNARY
CE PRELIMINARY
-1 -0.8 -0.6 -0.4 -0.2 . 0 1075 -5 A= - - —
Sind G. llluminati (ANTARES), 36th ICRC, PoS 919, (2019) sino
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ANTARES diffuse flux analysis .

11 yrs of data | data: 50 events (27 tracks + 23 showers) _:_ r X:z::g E
3380 days lifetime | bkgMC:36.1+8.7 (stat.+syst.): 19.9 tracks and 16.2 showers o E .
s 10 " ;_ = =
8 F — bata Lal: ey . B R B B S S
R — ammospheric mc|  Likelihood fitting of the high-energy sample e p (Get |
g 1°F — Cosmic signal Atmospheric (Honda + Enberg together) fitted simultaneously with
g F ANTARES the cosmic flux normalisation and spectral index of the track and shower samples together
S 10[F  Preliminary
= L. Fusco et al. (ANTARES), 36th ICRC, PoS 891, (2019) & IceCube combined all-sky (2015)
i B 0 lceCube muons North (2016)
1E e ANTARES (this work)
i ) B | Tracks: Bl ANTARES
P s d e e g e @(100TeV) = (1.5£1.0)x1018 & EEEIIIREIRY
= 10°E )
= F — Data (GeVcmassr)?! §
N - — Atmospheric MC _ N
s pmosshericMC) 0 = 2.3+ 0.4 ;
8_, o gnal G
¢ b [TANTARES T
Lﬁ B . . :
i Preliminary 1.80 excess =
1 O-cosmicexcluded c..>90%
showers =
1071 T I L1 R PRI Y N S S SR NN T S N '_é:
25 3 35 4 45 5 5.5 16 18 20 22 24 26 28 3.0
log. (E /GeV) r

10" shower
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ANTARES diffuse flux analysis e

data: 50 events (27 tracks + 23 showers)
bkg MC: 36.1 + 8.7 (stat.+syst.): 19.9 tracks and 16.2 showers

Null-cosmic rejected at 90% c.I. using counting statistics (Conrad et al. method, with syst.), atmospheric background scaled up by ~25%

v atmo ]
\ v astro =

Fy (ah lmirs)
: &
|

Log

) 10°E
= B — Data
- — ammospheric mc|  Likelihood fitting of the high-energy sample ..
g 1°F — Cosmic signal Atmospheric (Honda + Enberg together) fitted simultaneously with the cosmic flux normalisation
g f ANTARES and spectral index of the track and shower samples together
@ 1o Preliminary 6 KM3NeT
T B T LI [ T T T [ T L T T LI I T L [ L] T T |
Tracks: = r | | :
1 © [ ]
®(100 TeV) = (1.5+1.0)x1018 § S KM3NET -
ool (GeVcmassr)t 2 ¢ prellmmary E
2 23] 3 3.5 4 4.5 5 5.5 6 6.5 = 4— —
- fnle] T =2.3+0.4 & | E
g E — Data 2 ] — combined track+shower - 2 blocks -
S B =5 = Atmospheric MC ; 3__ ) e rackshowsr 2 pock .
§ = — Cosmic signal Atmospher/c f/UX B combined track+shower - 1 blocks 7
% 105— ANTARES 1.25 x (Honda + Enberg) ok ,,_:
“ [ g Preliminary 1/ 50 ~1yr for 1 block detector (115 DUs)
1
1 . 80 excess flux per flavour 1.2 HJ (EN Ga‘l.:"] exp(-E/3 F*a‘u'] GeV' ;r‘s‘ r:,rn2
showers 0-cosmic excluded c.l. >90% ' — '0'5' — '1 — 15' — é — ‘2'5' -3
L I Sy S 55 Observation time [years]
log, (E .. /GeV) R. Coniglione et al. (ANTARES/KM3NeT), 36th ICRC, PoS 006, (2019)
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Multimessenger alert system

Multi-messenger approach: look for neutrinos in coincidence in space and time with signals detected by other observatories

ANTARES receive and send / \ NO transient source associated
Tasks running in parallel to ANTARES alerts
alerts to EM counterparts
- Average delay: 6°s,
‘ , - Angular resolution 0.4°-0.5° Online Calibration Follow-up of GW - runs O2 and O3
- {charge, Hme; postioning) Follow-up of 11 high energy IC alerts
’ v Follow-up of GRB triggers
f Y . .
\ — Tt (226 Swift and3?6 Fermi GRBs.)
of all PMTs over e <
t:;:::tlgrt;::‘e >_Shower S o Alert sending NO v associated to external alerts
reco o
s S | % 8
SN } Online SWIFT INTEGRAL
identification

searches

" Data
§ |  monitoring 4
vl MLO"
~  buffering
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ANTARES real time follow-up of multimessenger alerts

Transient astrophysical events are observed all over the electromagnetic spectrum

Public alerts of transient source =) Real-time analyses (time and space coincidence) to look for neutrino events.

More optimized offline analyses to search for neutrino counterparts to catalogued transients.

Bayestar Skymap - 2019-06-02 @ 17:59:27.093 - ANTARES Upgoing Observability 84.2%

Total 50% Area: 286 deg?
60° @

Total 90% Area: 1172 deg?

~30°

GW Contours at 99% 90% 50%
ANTARES upgoing field-of-view

Below Horizon (Upgoing) 90% area: 874 deg?
Above Horizon (Downgoing) 90% area: 299 deg?

LIGO/VIRGO run 03, S190602aq, BBH

Only bursts with direction visible in the ANTARES horizon analysed

180°

Positions of Fermi and Swift GRBs followed by ANTARES

A. Coleiro et al. (ANTARES), 36th ICRC, PoS 872, (2019)
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ANTARES & KM3NeT Dark Matter from Galactic Centre

Wy

- EARTH
--‘__- —_— — —
-—il—— Vv Vv - —
v R n
dN / dE v \ \ /
N measurement

particle physics astrophysics

— ANTARES 11 years limits

Data: 11 years
(3170 days lifetime)
- compatible with
background

== Fermi+MAGIC Dwarf Spheroidals NFW

--=-- KM3NeT ARCA 24 lines 1 year sensitivity

-l Upper limits on v, + v,
flux at 90% C.L. converted
= in <ov> limits. -
(%) o0 '
mg 107= | mg
= 2
S 102} <ov>: thermally averaged <
cross section for WIMP
pair annihilation
10-26 ............... i

Log Mwimp [GeV / 2]
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S. Gozzini et al. (ANTARES/KM3NeT), 36th ICRC, PoS 552,

1 1 dN

Y (”)[ T dE J
AM )t~ 4r M2 2 Jy dE
flux = number of events observed | acceptance * lifetime =

annihilation rate * average number of particles per collision *

source geomet ry

ANTARES 11 years NFW =—=—=—= KM3NeT ARCA 230 lines 1 year NFW

HESS 10 years GC survey Einasto VERITAS Dwarf Spheroidals NFW

IceCube 1C86 WIMP GC NFW

-|0—2‘|EI R
10-22|

10728

10724

10725

10726

I S D D D D
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

(2019)
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Conclusions and prospects

* ANTARES is the first neutrino telescope in the northern hemisphere, active since 2008;
 ANTARES provides unprecedented sensitivity for neutrino source searches in the southern
sky at TeV energies;
- Valuable constraints has been set on the origin of the cosmic neutrinos;
- Different multi-messenger real-time searches of transient sources are active;
- Results consistent with the best fit values for neutrino oscillation parameters;
- Dark matter upper limits competitive with the IceCube ones at low energies.

* KM3NeT-ARCA will be among the larger neutrino telescopes: more than one km?3 volume;
 ARCA devoted to high-energy physics and ORCA for low-energy physics;
e Currently there are 5 strings in water, and more in preparation to be deployed in this year.

* First neutrinos seen with KM3NeT and the muon intensity relation measured at the
deepest sea lever ever = new valuable results to come!
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Thanks for your attention!
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Neutrinos in the multimessenger scenario

Cosmicray (CR) acceleration eventually occurring in cataclysmic events,
sometimes are seen in

If hadrons accelerated in the source: inelastic collisions with radiation or
gas (p+y or p+N— X+pions) produce y-rays and neutrinos, e.g:

m’ >y +y
nt->put v, et +v.+v,+y, . )
— — — — — — magnetic
T suT+v,oe +V,+v,+y, .\ deflection

» Photons: easy to detect and very abundant, but:

* Hot and dense regions (astrophysical sources) are opaque;

* High energy photons can be absorbed by CMB via e*e” production.
» Protons: feel the effect of magnetic fileds and CMB.

v Neutrinos:
* Weakly interacting (pass through dense and opaque regions);
» Electrically neutral (not deflected by magnetic fields);
« Stable (travel on long distances unaltered)

Neutrino astronomy M. Ahlers, RICAP13
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ANTARES
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KM3NeT - ARCA
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ANTARES sterile neutrino analysis

Survival probability of vertically up-going
for different values of: mixing angles, Am?

>:L 1 0' Y y T T T LTI . |
1
= L{
> e
o
0.8 M
nin ,.{
(i
0.6 o
| 4
0.4 =
- sin'e,, =010, sn’e, =000,5,=0
0.2 e 5ir'6,, = 0.00, sin’9,, =0.10, 5, =0’
“i sin'6,, =005 sin'6, =005, 8,=0  —
ﬂ“ ' sin‘e,, = 0.05, sin'e,, = 0.05, 5., =90 270
‘ ; sin'e,, =005, sin’a, =005,5, =180 _|
0.0 3 1 1 1 3 1 l 2
10 10
E, [GeV]

27/08/2019 PAOLO FERMANI - NUFACT2019 - DAEGU, KOREA



ANTARES GW analysis

Search for a neutrino counterpart to gravitational-wave events detected during the second observing run of advanced-LIGO and
Virgo, performed with the ANTARES data looking for a prompt neutrino emission within 500 s around the time of the GW alerts.
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6 new analyzed GW signals correspond
to the coalescence of binary black-
hole (BBH). In the case of hadronic
emission, secondary neutrinos are
expected to be produced.

- Selection: 1 event passing the cuts
inside the GW 90% localization error box
found in time window — 30 detection

- Only muon neutrinos

- Search below & above the horizon

No neutrino found in time and
space coincidence with any of the
six GW events in ANTARES data
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ANTARES + IceCube Dark Matter from Galactic Centre

Unification of ANTARES and IceCube analysis
WIMP channels:

WIMP masses: 17 masses ranging from 50 to 1000 GeV

ANTARES lifetime: 2101.6 days from 2007 to 2015
ICECUBE lifetime: 1006 days from May 2012 to May 2015 (1C86)

No excess of signal neutrino seen in the direction of the Galactic Centre =
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10°

This work - Combined ANTARES/IceCube Search
IceCube [EPJC (2017) 77:627]

ANTARES [PLB (2017) 769:249, PLB (2019)]
Veritas - dSphs [PR (2017) 95:082001]

- Fermi+MAGIC - dSphs [JCAP (2016) 02:039]
HESS - Einasto [PRL (2016) 117:111301]

Upper limit using
Feldman-Cousins method.
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KM3NeT construction status
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KM3NeT Core Collapse SuperNova limits

Galactic source of MeV neutrinos
MC and first KM3NeT data used.

Simulation for the accretion phase of CCSN with
stellar progenitors of 11 and 27 solar masses.

KM3NeT preliminary
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