Neutrino Astronomy

Current status and prospects
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Multi-messenger astronomy

0

Neutrino -

= Transient sources 5
= Cosmological distances .

T

= Core of astrophysical bodies | .
= Point source pion photoproduction ~y

= Signhature of hadronic acceleration

UHECRs + relic photons - Guaranteed source of > PeV neutrinos
- Alternative techniques (e.g GRAND)




First detection at HE 2013

world
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The field opens after
ry of technological efforts




Markov idea: muon neutrino

The golden channel ?
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Cascade topology

veiv, v, =1:2:0 at source oscillation VeV, v, =1:1:1 at Earth !

> IceCube discovery channel

Generic reconstruction:
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spherical Cherenkov front

— Provide sensitivity to all neutrino flavours — Increase overall detector sensitivity

« Angular resolution 10° - 30° / 2°- 5° at 100 TeV for ice / water
« Energy resolution ~ 159



(TeV) Neutrino telescopes

{ANTARES, BAIKAL, ICECUBE} currently working

Planned upgrade GVD:
12 8-string clusters

ANTARES, NEMO, b¥ 2020
| Baikal
o®
Medite*nean
km?3
AMANDA
* |ceCube

STOR} now in KM3NeT colla




(TeV) Neutrino telescopes

{ANTARES, BAIKAL ICECUBE} currently working

.

{0 ned upgrade GVD:
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lceCube
MO, NESTOR} now in KM3NeT collaboration




lceCube: the largest NT in the world

HV Divider

Penetrator

Completed since December 2010.

DOM
Mainboard

IceCube Lab

e e e IceTop Boars
S it ;- - 3 P 81 Stations, each with
50m[— T — i g i 2 IceTop Cherenkov detector tanks

i N S 2 optical sensors per tank
324 optical sensors

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

1450 m|____

DeepCore
/8 strings-spacing optimized for lower energies

480 optical sensors

Eiffel Tower
324 m

2450 m

2820 m




The ANTARES neutrino telescope

12 line detector completed in May 2008 :
ST | 4 - 25 storeys / line
:% . « 3 PMTs / storey
] e - 885 PMTs

VNS
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Interest for deep-sea science

ANTARES awarded "La Recherche Prize” category "Coup de Coeur”
C. Tamburini, S. Escoffier et al., PLoS ONE 8(7) 2013
Deep-sea bioluminescence blooms after dense water formation at the ocean surface

TELESCOPE
ANTARES

2000 m

Organismes
bioluminescents

2500 m

LIGNE LION

n Haren et al., Ocean Dynamics, April 2014, Volume 64, Issue 4, pp 507
etal, Deep Sea Research | 58 (2011) 875—884
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lceCube Discovery of HE neutrinos

s Two interesting cascade events found in IC79/I1C86:
-~ e

‘g’ time

o

analysis targeting GZK neutrinos (~EeV)
significance 2.80 (expected 0.08%0.05)
Phys. Rev. Lett. 111, 021103 (2013)

% Re-tuned on high-energy starting events:
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Follow up analysis: the IceCube signalm

-80 I
2 year analysis: 3 year analysis: 0 |- %{H % 1 H >
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An Intense HE neutrino diffuse flux

10—6- I-i'l HESE (3yr)

HH arXiv:1410.1749
HH  Fermi IGRB (2014)
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The muon channel

Assuming best-fit power law:
++4+ Unfolding B Conv. atmospheric v, +5,
B Astrophysical v, +,

IceCube:Preliminary -

fneutrln(:: energfy pdf
g(hlghes:t-'energy event)

Events per bin
dP/dlog E,

4.5 5.0 . 6.5 7.0
log,o(median neutrino energy / GeV)
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Summary of recent |C results

S . —

T Ic traCkS (6yr) ; ; 5 s . Results of IC
Faop w0\ ks anc
Y2, S5F y ---------- /A ; j . |IC combined
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Summary of recent |C results

Flavor composition at Earth useful to
constrain production mechanism at
the source

Muon-damped pion decay:
allowed

Pion decay: allowed

v, : v, i v, at source
0:1:0
8] 1:2:0

Neutron decay:
rejectedat 3.7 ¢

* Contribution of v_nearly unconstrained due to low
sensitivity of the v. measurements

IceCube
Preliminary

Best-fit

PoS(ICRC2015)1066
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ANTARES Diffuse Neutrino Searchesﬂ

Data sample 2007 — 201 3, strong quality cuts (data/MC agreement):
913 days effective lifetime (= about half available sample)
Sensitivity 1.3-2 times IC flux

2-steps multivariate analysis: - removal of atmospheric muon background
- track/shower classification

:72'10-6: w y_ /3, ANTARES u.l. cascade 2014
o C TN L [ ey .. /3, ANTARES sensitivity cascade 2014 of x pe cted:
iu-, : = vy, atmospheric (Bartol) .95 i 25 bkgd
- ey /3, ANTARES u.L. IC flux
;’ T U | eeeeeeel .. /3, ANTARES sensitivity IC flux 5.0+ 1.1 IC flux
[} - Ve . /3, ANTARES u.l. E? .
S, v, , /3, ANTARES sensitivity E? eObserved:
T 07 ——— ., /3 lcecube 2014 e12 events
Tk preliminary 1.750 excess
-- _,/‘E ' u.l. Folger PhD, 2014 *Resu Its:. _
ANTARES ul. ICRC'15 «Consistent with bkg
ensitivities T N : \ ------------------- «Consistent with IC
-------- >
900 da¥ - W
10° —.__|ceCube numu TeVPA {15 e
N cibe LESE PR Dot 15 Sensitivity of ANTARES
B I final sample could reach
Energy E [GeV] the IC flux
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Reducing the search window
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Galacti
Expected: 12 alactic

Observed: 22
1.9 o excess

)

* Fermi-Bubble region. i

« IC hot spot.
<2 HESE events for G=2.58




Ga\actlc Ridge
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A source near the Galactic Center?
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Showers only
post trial p-value =7.2% |~ . ¢
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2,(10-0 L1

ANTARES rules out any single PS clos

0 Astrophys. J. Lett. 786:L5 (2014)
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AGNs close to Ernie and Bert? ]

TANAMI collaboration reported observations of 6 bright blazars locally
compatible with the 2 first PeV IceCube events IC14 and |C20.

Kraul3, F. et al. 2014, A&A, 566, L7

Source Ng;e p Limit
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index of potential source

107 Antares, A&A 57
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Join ANTARES-IceCube search2

ANTARES 2007-2012 and the IC40, IC59, and IC79 samples for the Southern Hemisphere
1511.02149v1 accepted in ApJ

y==0 E., = 1000 TeV _ _
: F : Fraction of signal events
osf- which would be detected
“F ANTARES by each sample (E™):
0.55 E
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Latest ANTARES PS search

@ 1690 days from 2007 to the end of 2013
(including 5-line data also in shower channel)

@ contains 6490 muon track candidates and 172 cascade events

Includes cascades!
(3° median resolution)

o for E~2 flux with 1:1:1 flavour composition, shower channel increases signal event rate by 45 %

'ﬂﬂllﬂ

é/°

—60

—65

........

*
o e e e B best Fit

E- ‘..:,.. J. ™ ..:: .o. .
- «® * . ° P ® i Tracks
oo, P oentle )
C o, oo o e, 00
:po . . ,: . : . . .o:: .
C g . .
C . . / . N e ® . E
o oo e S e ° s 4
- * 1 . N ‘-. ’ . | 5
- N ¢ o . g * o]
C W ‘ et d o e 4
= . ) ° - . . .':' ° Dl
. ¢ o ©
e, N by s "]
Coe PRt S O .
C e * % . e, E
N e ° . L4 N
C . . ]
- AP BN WP BN IS I
-80 -70 —60 —50 —40 -30 —20

af®

R ; B
{ :~f i
:: \hm;‘;::;& : >

= 3
)
\
3
|
€3

nost significant clus
@ a=—-47.0%46

@ 17 tracks withir
1 shower within 10~

@ NSig=7.3+0.0
(Tracks + Showers)

@ p-value: 0.0418,
sigma: 2.04

—
9
o

—
9
o

e = b s b = e = = S = e = = b c—— b a— = ——— = — = = b c—— ] o—— —_— b —
r h— - -— | — 1 r

e e ——————— 3

~
.| N
®=  ANTARES limits K
—— ANTARES sensitivity X f__/
Fid ——  IceCube sensitivity L=

l‘l’lll—rlll—lillllzllllllllll
—-60 —-40 -20 0 20 40

8/

—-100 -80

Best limits in Sout



24

The Multi-messenger Program

GeV-TeV v -rays
Fermi /
HESS...

Gravitational
Waves
Virgo / Ligo

‘ A way to better understand the sources and the related physics mechanisms

ay to increase the detector sensitivities (uncorrelated backgro




Search for neutrinos from GRB

2015 ApJ 805 L5 1601.06484v1
4 yrs search 506 observed GRBs (1/2 sky) : tracks 3 yrs search 807 GRBs: showers

10-%

U Expected iumber of events ]« Prompt emission : no more than 1%
. 115,2.5,0.07(Bkg ¥10) 1 of the diffuse astrophysical flux

ot
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« Strong constraints on GRBs as

source of UHECRs
Model dependent

E . . . . E
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GW150914 follow-up

=> (best )Limits on the neutrino spectral fluence (E? spectrum)

12
dN/E  E 2 EN100TeY)

1 08 -06 04 02 0 02 04 06 08 1 4 08 06 04 02 0 02 04 06 08 1
log(E dN/dE [GeVem ) log(E>dN/dE [GeVem'?))

= Limits from ANTARES dominates below O(100 TeV) (white line)

=» Integrating emission between [100 GeV; 100 PeV] and [100 GeV; 100 TeV]:

2
10°2-10°4 (Di) erg

Eul
410 Mpe

v, tot




Dark matter indirect searches

Relic WIMPs gravitationally trapped via elastic

collisions Earth
(Sun, Earth, Galactic Center) . .

Sun Galaxy

arXiv:1603.0222 (LIJCAP 10 (2015) 068
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o) - \ ~ “
2 | \ o 107
5107 sl 4 S
§ E \\\ /._._»-""/ ?/( 102 = ) I
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0102 ~ , e
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Q ~A (P04 A
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1 O5 4 . L = [ . . - : - 26 1 | l 1 | | 1 1 l |
1 10 10? 10° 100 '° 10 102 10° 10
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« Limits in the spin-dependent « Limits on the Wimp self

Wimp-nucleon cross section annihilation cross section



KM3NeT: Next generation detectors

KM3NeT is a distributed research infrastructure with 2 main physics topics:
Low-Energy studies of atmospheric neutrinos — High-Energy search for cosmic neutrinos
Single Collaboration -- Single Technology

& KM3NeT:-HQ

‘ The KM3NeT Research Infrastructure
KT 3 Installation Sites in the Mediterranean

I KM3NeT-Data €entre

1 KM3NeT-FR

i.ow-Energy
(KM3NeT-Gr)
& KMSN'gT-It

| ROADMAP 2016 .. . High-Energy
- ot ARCA

March 10th, 2016 | Amsterdam {




Detector technology
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KM3NeT Prototypes

1) Optical Module deployed at Antares, April 2013 (2500 m)

B atmospheric muons
M K40

M random coincidences
+

i Eur. Phys. J.
g C (2014) 74:3056

Multiplicity

2) Mini string deployed at Capo Passero, May 2014 (3500 m)
10.88mYOfBUWs V

48Tm

2.5/ KM3NeT preliminary

¢ Data |_L
) —— Muon MC ’:‘ o
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H80m
- Goow

arXiv:1510.01561
Accepted by

.,,fﬁf Eur. Phys. J. C
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A first string working

04/12/2015
Laid on seabed
Unfurled
Powered on
Taking data !

3439.89

. ] ROV
First reconstructed p seen! i

"\'féyg«n '-pmmusmuEzl ;3 ‘H‘qu‘gE | I s T‘\:JTNS
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A phased implementation
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PHASE 1.

Shore and deep-sea infrastructure at KM3NeT-Fr & KM3NeT-It
31 lines deployed by end 2016 (3-4 x ANTARES sensitivity)
Proof of feasibility of network of distributed neutrino telescopes and more?

2016 PHASE 2:

ARCA 230 lines (2 building blocks)
Investigation of IceCube signal

ORCA 115 lines (1 building block)

Oscillations studies

Letter of Intent

arXiv:1601.07459
Phase | Total costs
(cumulative)
Me
1 31
20 125
3 220-250

KM3NeT 3.0: 6 blocks

31 M€
FUNDED
ONGOING

KM3NeT/ARCA Preliminary
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Neutrino Mass Hierarchy
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lceCube planned extensions

N

Jey
2204,
-------
..........

IceCube future plans:

* The low Energy extension PINGU in the core of Deep Core
to increase energy and directional resolution at low energies
* Extensions to increase sensitivity at high neutrino energies

No construction before 2020 (funding process)



Quest for Cosmogenic neutrinos

» They are sensitive to the UHECR composition (fewer v’s if nuclei)
» They probe the high-redshift UHECR evolution
» Probe v properties at previously unexplored energies

M. Bustamante 2016

T T T T T
Assumes h

Proton-induced GZK
neutrinos in the reach
: of radio arrays in the
..... IO coming years
- e.g.

] ARA — ARIANNA

107 &

10° &
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neutrino
- Constraints on
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cr . Kotera p .-~
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project

Based on various R&D studies
CODALEMA, TREND-50...

Goal achieved:
autonomous EAS detection with radio
antennas is possible

70¢ e a6 ‘LL e
HETPAQDALA ”
‘J Baluuh

£ L%\"\; +4 Lake—"

Y '.. S kltuuclnlluyul

Collaboration avec AUGER/AERA) L

» Possible timeline:
» 2016: GRANDproto + proposal

» 2018: engineering array of O (1000 km2)
» 2021: start building full array

» SIS
«_ Iatermitient
- streams
! Glaciors

C:] Salt flats
| B Snnd avon

a sbgt.olwnhonl ) Swamps e &




Summary and perspectives

lceCube has just opened the field of neutrino astronomy suggesting a higher level of
hadronic activity in the non-thermal universe than previously though.

- Exciting times ahead !
Sources remain to be identified.

ANTARES: first undersea Cherenkov detector

e Excellent angular resolution, view of Southern sky, competitive sensitivities
® |mprovements still to come: include showers in all analyses

e Taking data until superseded by KM3NeT in 2017

KM3NeT: phased approach to next-generation neutrino telescope by 2020
® |etter of Intent available
® Prototypes performing well

® Deployment of the first detection unit (Phase 1).
e ARCA - HE neutrino astronomy (tracks & showers)
ORCA for the measurement of NMH

‘ROADMAP 2016

A oric ‘Qn I‘AUNCHEVENT"' ""' On 10 March 201, the
% p St tgy

|:
In f (ESFR)
wll‘g tth 2016
a ESFRI Roadmap on
eeeeeeee

March 10th, 2016 | Amsterdam

Radio : promising techniques for > PeV detection



