Mediterranean Neutrino Telescopes: ANTARES & KM3NeT

Astroparticle & Oscillations Research
with Cosmics in the Abyss
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First ideas early 60’s...science

Multi-messenger astronomy

Ann.Rev.Nucl.Sci
10 (1960) 1 By FrEDERICK REINES?

Greisen, 1960, Proc. Int. Conf on
[V. COSMIC AND COSMIC RAY NEUTRINOS |ns‘trum for HE physics

As we have seen, interactions of high-energy particles with matter pro-
duce neutrinos (and antineutrinos). The question naturally arises whether

the neutrinos produced extraterrestrially (cosmic) and in theearth’s atmos- One may even ant|C|pate eventual hlgh-energy
phere (cosmic ray) can be detected and studied. Interest in these possibili- neutrino astronomy, since neutrino travel in
ties stems from the weak interaction of neutrinos with matter, which means straight lines. unlike the usual primary cosmic
that they propagate essentially ynchanged in direction and energv from ! . i

their point of origin (except for the gravitational interaction with bulk mat- rays, and the neutrinos will convey a new type
ter, as in the case of light passing by a star) and so carry information which of astronomical information quite different
may be umguem character. Forexam[zlel cosmic neutrinos can reach us from from that carried by visible ||ght and radio

‘e whereas the charzed cosmic fay DEmALcs ceach] ]

largely constrained by the galactic magnetic field and so must perforce be waves

from our own galaxy. Qur more usual source of astronomical information,
the photon, can be absorbed by cosmic matter such as dust. At present no
acceptable theory of the origin and extraterrestrial diffusion of cosmic rays L
exists so that the cosmic neutrino flux can not be usefully predicted. An ob- . N o———p
servation of these neutrinos would provide new information as to what may TP e
be one of the principal carriers of energy in intergalactic space. - -,
mwmmummmmnm B -
they are both more predictable and of less intrinsic interest. Cosmic-ray pion photoproduction “




First ideas early 60’s...method

Ann.Rev.Nucl.Sci COSMIC RAY SHOWERS!

10 (1960) 63 By KENNETH GREISEN

Let us now consider the feasibility of detecting the neutrino flux. As a
detector, we_pronose a laree Cherenkov counter. about 15 m. in diameter,
located in a mine far underground. The counter should be surrounded with
photomultipliers to detect the events, and enclosed in a shell of scintillating
material to distinguish neutrino events from those caused by g mesons.
Such a detector would be rather expensive, but not as much as modern ac-
celerators and large radio telescopes. The mass of sensitive detector could
be about 3000 tons of inexpensive liquid. According to a straightforward

For example, from the Crab nebula the neutrine energy emission is ex-

pected to be three times the rate of energy dissipation by the electrons, lead-
ing to a flux of 6- 10™* Bev/cm.?/sec. at the earth. In the detector described

above, the counting rate would be one count every three years with the lower

of the theoretical cross sections—rather marginal though the background

from other particles than neutrinos can be made just as small The detector

has the virtue of good angular resolution to assist in distinguishing rare
events having unique directions.

Fanciful though this proposal seems, we suspect that within the next
decade, cosmic ray neutrino detection will become one of the tools of both

physics and astronomy.
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Markov idea: muon neutrino

The golden channel ?

ON HIGH ENERGY NEUTRINO PHYSICS IN COSMIC RAYS

M. A. MARKOV and 1. M. ZHELEZNYKH
P. N. Lebedev Physical Instilute, Academy of Sciences, Moscow, USSR
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detection medium Time, position, amplitude of PMT

pulses = u trajectory (~ v < 0.5 °)




Cascade topology

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

X IceCube discovery channel

Generic reconstruction:

v © Bright
S oo, . point

- N ' . W \\ater preserves
o “Vo ' Cherenkov cone

cascade

spherical Cherenkov front

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

« Angular resolution 10° - 30° / 1°- 5° at 100 TeV for ice / water
» Energy resolution ~ 159,
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Atmospheric background vs cosmic v’'s

Atmospheric muons: shield detector, look down, apply veto
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(TeV) Neutrino telescopes

{ANTARES, BAIKAL, ICECUBE} currently working

ANTARES, NEMO,

[ ]
NESTOR .
8 Baikal

Medite’énean
km?

AMANDA
¢ |ceCube

in KM3NeT collabc



lceCube: the biggest NT in the world

Penetrator HV Divider

Completed since December 2010.

DOM

IceCube Lab

IceTop Doy
81 Stations, each with

2 IceTop Cherenkov detector tanks

2 optical sensors per tank

324 optical sensors

50 m

Glass Pressure Housing

IceCube Array

1 | 86 strings including 8 DeepCore strings
| | 60 optical sensors on each string
| : ‘ 5160 optical sensors
1 1 December, 2010: Project completed, 86 strings
1450 m :
1 DeepCore
: /8 strings-spacing optimized for lower energies
i § 480 optical sensors
¥ Eiffel Tower
8 2 |324m
2450 m
2820 m
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TARES collaboration
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NIKHEF Amsterdam University of ® m-?;f’ﬁ?(}?'
KVI Groningen Erlangen
NIOZ Texel Bamberg
Observatory
.:. Univ. of Wurzeburg
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IFREMER, Brest roningen
IRFU, Saclay Texelg @ v
GRPHE Mulhouse Amsterdam®
IReS, Strasbourg i
CPPM Marseille Brest ® B 2 A .
Saclay ® Paris @ Erlangen

Clermont-Ferra nd‘

.Mulhouse

Marseille
S L~ CO.M). en.oéglogna .Bucharest

=| Barcelona g Toulon Isa .:.

Gooie @ Roma
Valenciae Villefranche-sur-Mer o Bari
Rabat Granada ANTARES site
— Ouid @Catania 8 countries
i e (Univ, LNS) 31 institutes

~150 scientists + engineers




The ANTARES neutrino telescope

12 line detector Completed in May 2008

25 storeys / line
3 PMTs / storey
- 885 PMTs

Deployed
in 2001 *

X14.5 m A

40 km

N

Junction
box

N/ 5002)

Interlink cables




Water versus Ice
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Long (homogeneous) scattering length
Good pointing accuracy

Deep sites: 2500—-5000m

Shielding from downgoing muons

Logistically attractive

Close to shore (deployment / repair)
Complementarity to IceCube South Pole
Excellent view of Galaxy

K40 optical background

Useful calibration, but requires causality filters
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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

ARG L

L TN

GOLFE U L /oN

€
Convection ' TELESCOPE
d'eau profonde 5 ANTARES

Organismes
bioluminescents

LIGNE LION

ren et al., Ocean Dynamics, April 2014, Volume 64, Issue 4, pp 5
' , Deep-Sea Research | 58 (2011) 875-884 '




Physics scope

Am2 = 3,103 eV2 £
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Low Energy Medium Energy High Energy
3GeV<E,<100GeV 10GeV<E,<1TeV E,> 1 TeV

v Oscillations Dark matter search
v Mass hierarchy

Exotic particle physics
Monopoles, nuclearites,...

v from extra-
terrestrial sources

Origin and
production

mechanism of HE
CR




lceCube Discovery of HE neutrinos )

“Two interesting cascade events found in IC79/|C86:

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:

T——
T TRLLRL R L L L
L

total deposited charge > 6000 p.e.
track-like + shower-like events 1.0 +/-0.2 PeV

outer layer used as veto against p i, & Vi

Science

... and a Science cover

High Energy Starting Events (HESE)




Follow up analysis: the IceCube signaln

2 year analysis: 3 year analysis: 0| %X%{H 11 . I -
28 events 37 events g -0 o _ _
4.10 5.70 g 20 *%— 4 4. + t bigbird
(EHScience 342, 2013) (CAPRL, 113, 101101, 2014) § °T Seke F&F* 4 1
8 20 = -
S a0t %%% i -
(a]
) 60 s
7 === 9 track-like events of e S“T"r“a”:f;: ]
1° angular resolution 10 10°
muon takes some energy away Deposited EM-Equivalent Energy in Detector (TeV)
total expected background: 11 events @ Background Atmospheric Muon Flux
]_02 r @ Bkg. Atmospheric Neutrinos (7/K)
[ Background Stat. and Syst. Uncertainties
— Atmospheric Neutrinos (90% CL Charm Limit)
—— Signal+Bkg. Best-Fit Astrophysical £~ Spectrum
e®e Data
21m==) 78 cascade-like events §~ 10l B -
10° - 45° angular resolution © —
159 visible energy reconstruction 2 ,
g L /1
i » 10 .
Best fit (per flavor): 5
L
095:03 x 108E?GeVem?stsr! |
10°
rgy event @ 2 PeV
10° 10°

Deposited EM-Equivalent Energy in Detector (TeV)
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A source near the Galactic Center?

Showersonly | T T e,
post trial p-value =7.2% [ . S

31

180° :
13X

2107 -

107

E? X %*CL(GeV cm? s

0 TS=2log(L/LO) 11,2917

2x10-¢ L1

ANTARES excludes single pomt
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Summary of recent IC results |

35—

N 3 05 — IC tracks (6yr). z z : Results of IC
o S fEMESE - -~ AN o\ ] tracks(6yr) and
K | — IC HESE (4yr) | : ; - ; ] IC combined
g 2o = wcaombinea 1 AN t compatibl
S 5ol ICcascades -/ [ / .V not comnpatible
|> ' L — IC tracks (2yr): at > 3.60 level
S 15F e f e ff ?
o - 90% CL z 5
_ 1.0p. contours ./ ]
=, L : / : : :

2 0.5F < f f f .

2 \ - - - IcéeCubeiPrelirr?inaryf Medium Energy Starting Events

'9.4 16 18 20 22 24 26 28 3.0 l

Yastro 1 Conventional ¥ [ Penetrating g [T Astrophysical v
102 102

Northern sky

Southern sky 1.0 < cos b, < 0.2
—1U = cos b, < U2

0.2 < costl,.. < 1.0

Indication of spectral break
(different energy thresholds) ?

clays

101

10°

Fowvents in 641

101
T T e
Indication of galactic and J
extra-galactic contributions L R e e L e T e
(different hemispheres) 9 10° 104 10° 105 w10 10t 10° 105 107
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ANTARES Diffuse Neutrino Searcheszo

Data sample 2007 — 2013, strong quality cuts (data/MC agreement):
913 days effective lifetime (= about half available sample)

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

—1n-5
°"E 10°F Ve, /3, ANTARES u.l. cascade 2014
o N v . /3, ANTARES sensitivity cascade 2014 o Expected .
[ B v,,, atmospheric (Bartol)
‘._m B Ve, /3, ANTARES u.L IC flux «9.5+2.5 bkgd
: B Ve, /3, ANTARES sensitivity IC flux 5.0+ 1.1IC flux
) u v, /3, ANTARES u.lL E2 .
S Ve /3, ANTARES sensitivity E* ® O bse rved .
T 107 Vg, /3, Icecube 2014 ¢12 events
o — —
- preliminary | ¢1.750 excess
: eResults:
: eConsistent with bkgd
: \\ ------------------- eConsistent with IC
10°
B 11111 1 | | I | I| 1 | L1111 ll 1

10* 10° 10° 10’
Energy E [GeV]
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Reducing
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° | : f' S e Dlone M
13% r: L, 33 aalac 5 ::

* Fermi-Bubble region.
Galactic Center region. Muons only !
+ IC hot spot. B—
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New vision of Galactic Ridge?
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A. Neronov et al. Phys. Rev. D89, 103002 (2014)

,JYV"T Y "'-'l" L '7"1" L § "V'"T ™r IVYYY'] ™r 'V'V"T ™ "'Y"l Tty
Galactic Plane |
- Fermi/LAT .
Galacltic Ridge d
PRELIMINARY 1
ANTAhE_S fceCube 4
vx3 -
- " =
s Galacli 1 3
. I "‘-._. h l -
0.00] 001 01 1 10 100 1000
Energy, TeV

D. Gaggero et al.,The Astrophysical Journal

Q
-

E,? d®/dE, [GeV cm™?s™"]

107°F i
i Upper limit 1
v, x 3
+ spectral index: —2.4
10-6 ! © spectral index: 25| |
1077 3 -
PRELIMINARY :
1078 E
1 Ay 5
KRA (cut 5x107 1
------ KRA (cut 5x10° . .
10-9 T R AT R RV W E\ W |
1072 107" 10° 10' 10* 10° 0%
E, [TeVv]
T 10°E
§ F
}’ 7] I, N PPy r= 2.5]__-__-__-_::_::_'::_.'..'.T..'.."'
&I) ------- ShERREEVY
O S FUVPRSIPSITOITE Lty M =
S 10~ r=24 =
& E s 3
l.l.f 10-GE .................... m 3
; 0_7E ---------------------------------- =20 %
2 3 4 5 6

Number of IceCube Hese Events



4

AGNs close to Ernie and Bert?

T AR
) E\S‘

TANAMI collaboration reported observations of 6 bright blazars locally g

compatible with the 2 first PeV IceCube events IC14 and IC20.
Kraul3, F. et al. 2014, A&A, 566, L7

Source Ng Limit . ..
P s Gov a2 o] ANTARES inferred limits
0235618 0 I 1.3
0302-623 0 1 1.3 o
_0308-611 0 1 1.3 120 field ——
1653-329 1.1 0.10 2.9 539 o |
1714-336 0.9  0.04 35 8 s o 1
1759-396 0 1 1.4 I ............
g 6 —— :
Q i
1 015 T T z> 4 e
lceCube Southern Sky —— v,:.j‘_f. ------
14 Antares: § =~ -33 - —g=—1= i
10 L § = _400 ............. 2 T —
™ =01 Iy
[N 13
s o‘ |
= 12 25 24 23 22 2.1 -2
o Spectral index -s,,

- Relevant constraints on spectral
iIndex of potential source

107 Antares, A&A 57




25

Join ANTARES-IceCube search

ANTARES 2007-2012 and the IC40, IC59, and IC79 samples for the Southern Hemisphere

1511.02149v1 accepted in ApJ
¥ =20 E,, = 1000 TeV

Fraction of signal events
which would be detected
by each sample (E™):

do o "V E
s _dE = ®0E €
§ IC-79
-1 09 0807 06 05040320201 0 1 09 08 07 -06 -0.% 04 03 02 01 0
sin(d) sin(d)
10% ¢ LIRS and Sensitivicies for ¢ = 2.0 : 1o« Limits and sensitivities for Eqw,,, = 1000 TeV
- | [— Ic+ANTARES |] , ; —— IC+ANTARES)
PRE_i_lMlNA'RY [ e limits ] - :
f]---1Ic ] i |--- ANTARES
B i| 4 IClimits —_ il e limits
T — - - ANTARES E 1 3 : :
e H % ANTARES limits|] o
: | :
> >
L LY
g b 1 gl O | g
"l 5
= &
© o
W W
107
-1.0 -0.8 -0.6 —0.4 -0.2 0.0




ANTARES can add the Cascades%

median £ /°
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Median angular resolution

(shower vs. neutrino)

3° median resolution
10 TeV = 1 PeV
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Latest ANTARES skymap

@ 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

e for E—2 flux with 1:1:1 flavour composition, shower channel increases signal event rate by 45 %
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Latest ANTARES PS search

Fixed point source search sensitivity . . .
Scan in Galactic centre region:
1077 = 8 e e e e e g P e o e g e e 5 soe .- o mm TS IIEEYNSEIC
a _.---<<__| most significant cluster:
) 7 7| e a=-1100%6=-508°
o el gl 1 @ 97 tracks within 10°,
g T Nt T ] 5 shower within 15°
“ / ; S B N
> ; ] 2 | 14608 42 28 14
& R 25 | 51e-06 104 37 16
= ] ¥ 3 | 4404 154 54 16
3 - . : % e o
2 =  ANTARES limits N Ve S Y I
L L ——  ANTARES sensitivity X P ______ 45 _____ ’
—-q4 — lceCube sensitivity e \:\_\:_\\:\ i .
Ll 1l l L1 ﬁ L1 I—rl 1 l—lil IZ; L1 ] 1 1 I -----::::si:*;f‘:::
-100 —80 —-60 —40 -20 0 20 40 o
8/°
10¢
S . . T 10% - oo ‘--““
Best limits in Southern Sky in TeV-PeV £ | o
;510' e s - — : -23
les out any single PS close to the GC with 210 e
x of -2.5 as having a flux T e o
4 S 6

2 3
Number of HESE from the same point-like source
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The Multi-messenger Program2

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

Gravitational
Waves
Virgo / Ligo

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

to increase the detector sensitivities (uncorrelated backgr




TAToO: GRB search results

30

Corrected R magnitude

No counterpart observed - limits on Magnitude
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t (days after burst)

Grey: 158 optical afterglow lightcurves
detected from 1997 to 2014 (Kann).
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Grey: 503 X-ray afterglow lightcurves
detected by Swift/XRT from 2008 to 2013

Now also Radio (Murchison Widefield Array)
arXiv:1603.02271 accepted in ApJ Letters



GW150914 follow-up

/y Laser Interferometer
Gravitational-Wave Observatory
Supported by the Natignos =
Operated by Caltech a 0

About Learn More News Gallery Educational Reso

Detection Papers
GW (99% CL)

Scientific paper describing the detection published in PRL 116, 061102 (2016). i s GW (90% CL)
- GW (50% CL)

Companion Papers 60 =< X neutrino

"Unmodeled Searches Used for First LIGO Gravitational Wave Detection"

"A Search for Gravitational Waves from Compact Binary Coalescences in 16 Days of Advanced LIGO Data associated with GW150914"
"GW150914: A Merging Binary Black Hole at Redshift ~0.1"

"Constraints on the Rate of Binary Black-hole Coalescences from 16 Days of Advanced LIGO Observations"

"Astrophyiscal Implications of the Binary Black-hole GW150914 Detected by LIGO"

"GW150914: A Black-hole Binary Coalescence as Predicted by General Relativity"

"The Stochastic Gravitational-wave Background from Black Hole Binaries: The implications of GW150914"

"Calibration Uncertainty of the Detectors in Early Advanced LIGO"

"Characterization of Transient Noise in the Advanced LIGO Interferometers Relevant to Gravitational Wave Signal GW150914"

"Localization and Broadband Follow-up of the Gravitational-wave Candidate G184098"

"High-energy Neutrino Follow-up Search of the First Advanced LIGO Gravitational Wave Event with IceCube and ANTARES" [€—

"The Advanced LIGO Detectors in the Era of First Discoveries™ arXiv:1602.05411 - submitted to PRD




GW150914 follow-up

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

12
dN/E x E2eE100TeY)

dN/dE x E~°

1 08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 -1 08 06 -04 -02 0 0.2 04 06 08 1
log(E% dV/dE [GeVem ) log(E2dN/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 _Dew erg
410 Mpec

| D

v, tot
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Dark matter indirect searches

Relic WIMPs gravitationally trapped via elastic

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

arXiv:1603.0222
T 1E -,
g F
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« Limits in the spin-dependent
Wimp-nucleon cross section
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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

& KM3Nel=HQ

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

i KM3NeT-Data €entre

3 KM3Nei-FR

i.ow-Energy
ORCA (KM3NeT-Gr)

b 4 KM3N§T—H

High-Energy
ARCA

- L=

y ‘

. "
e B Ll S
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Detector technology

~20m90m. . o & o TR

. .
Ly v

A 4. ISl Qf.".'-

17 inch

. 31 3 PMTs _ « Wide angle of view
» Digital photon counting « More photocathode than 1 ANTARES storey
* Directional information « Cost reduction wrt ANTARES
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KM3NeT design

String

Launcher Vehicle

‘f"‘ A /

e

\ \‘\
\ \
— J

j
(
\
\
J

O

- Rapid deployment

- Compact

- Autonomous unfurling
— Recoverable
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KM3NeT Prototypes

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

10° g
10° M atmospheric muons
10 B K40
10° B random coincidences

= + data

N

I 10

— 10

b

©c 1

[

10"
102

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

Multiplicity

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

7 O buoys V 2.5/ KM3NeT preliminary .
108m ¢ Data |—|_
! —— Muon MC -
wn @ o
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$8m O LT sF
) E c .‘j
5%6m o 1 * e
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o 05f

ot

n0m = Ropes
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cos(0)
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arXiv:1510.01561
Accepted by
Eur. Phys. Ju@
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A phased implementation

Parallel to ORC

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?

KM3NeT/ARCA Preliminary

31 M€
FUNDED
ONGOING

8: / L~ =
2016 PHASE 2:ARCA 7 = —
230 lines (2 building blocks) = 6F 7/
Investigation of IceCube signal 8 >
84 i e
£ 3 - :
Letter of Intent 3 v o ey 3
arXiv: H
flux per flavbur 1.2 10® (EN GeV)? exp(-£/3 PeV) GeV:'er 'z cm? 3
1 60 1 - 0745 9 é2)20 2021 2022Date2023 2024 2025
KM3NeT preliminary - detector with 2 building blocks
RXJ17131 TS T T A T L
2020 KM3NeT NEXT: A % 45_ / /
6 building blocks Vel s | 9
Neutrino astronomy SR Kelner ofa) a3 P
Vela X8 2: VelaX ;
Ess Py E [ v,.. conventional uncertainty |
- RXJ1713.7-3946
s | T3 v,.. conventional uncertainty -
O RS S S L

Observation time [years]
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A first string working

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

First reconstructed p seen! jus

3476.99
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40K-based Calibration

* Fitted parameters:

o
o

S B T

0.45) Time offset (B)
3 ’J' X
-

0. Time spread
¢

0.05
0

o
o ., D
o &

Rate [Hz)
o
P

-15 -10 -5 0 5 10 15
Time difference Insl

Inter-PMT time calibration DOM4 (run 1649)
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40 of * Nanobeacon
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LE neutrinos with deep-sea detectors

B Cosmological v

Solar v
B Supernova burst (1987A)

> Reactor anti-v
S0+ | o
L

1 - Background from old supernova

10-8 } Terrestrial anti-
102} Atmospheric v
1 0—16 -

1 0—20 -

10724F GZK v
‘l 0—28 -

10-¢° 103 1 1 10° 102 10> 10'8
pneVv meV eV GeV TeV PeV EeV
Neutrino energy

Accelerator based

1
10 TeV
Antares/iceCube

10 GeV

Non-accelerator based

Double CHOOZ Gamma Ray Dark Neutrino
Oscillations
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Oscillations of Massive Neutrinos
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=
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Oscillations of Massive Neutrinos
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Why knowing the mass hierarchy'?

. g g g g 1
Prime discriminator for theory models Disfavored by 0v33

* Help measuring the CP phase

« Absolute mass scale

« Nature (Dirac vs Majorana)

« Origin of neutrino mass and flavor
« Core-Collapse Supernovae Physics

04| sin®203=0.10

001 ¢

mee| [eV]

0.001
Impact of direct mass ordering measurement

W —

Degenerate Dirac Majorana Dirac
Majorana neutrinos or neutrinos or neutrinos

neutrinos or strong new physics

new physics hierarchy

Disfavored by Cosmology

0.0001 '
0.0001 0.001 0.01 0.1

m [eV]

Normal Inverted

[—

Majorana Dirac Majorana New Hierarchical
neutrinos neutrinos neutrinos physics? case

Strong Mass
hierarchy measured

: . e
Walter W”"]ter Neu‘tﬂno 2014 Walter Winter | Neutrino 2014 | 04.06.2014 | Page 8 GE;S\;\/
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MH with LBL experiments

* « Standard approach » :probe v, «sv, governed by Amz;,

-9 -9 -9 . 9 @L
P, (v, — V) = sin® O3 Py, = sin” fl3 sin“ 20,3 $in <7
v

[Neglecting solar (> a few GeV and >1000’s km) and CP violation effects]

® |nsensitive to the sign of Am?,3 at leading order.

®* Matter effects (MSW) come to the rescue

9 9 9 Ammgl L - Additional potential A in the Hamiltonian
sw(Vy = Ve) A sin” flog sin” 263 sin

4F,, A =+V2GpN. (—)+ for (anti-)neutrinos
2 2 . . . g
sn? 27 = sin 2 (AAm":T::; ) - Modify the oscillation probability
) - Resonance energy Earth:
A™mgz, = \/ (Am3, cos 2013 — 2E, A)? + (Am2, sin 20,3)> . Mantle E,.. ~ 7 GeV
- CoreskuasduCall -

sity variations (e.g. mantle-core) also




Matter effect in the Earth

P(x,—v,) with Travel Thiough the Earth - 10 GeV, 179

14
g [~ | w— normal Hevaxiy
'g 12— | — Imvened Hisearehy
z
e 10 -
F RS 0.9 ¥
§ 8l 0.8 2
5 o
F
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P(v,~v,) with Travel Through the Earth - 6 GeV, 126
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£ 45
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z S
g 35 0.9 1
>
£ 3 .8;'
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o vy
[N )

OD

Requirements:
* A;3~ A matter potential must be significant but not overwhelming

« L large enough — matter effects are absent near the origin

« Distinction between neutrinos and anti-neutrinos - different flux and cross-sections!

5000 7000
Length (km)

1000 2000 3000 4000 5000




Muon versus Electron channels

Both muon- and electron-channels contribute to net hierarchy asymmetry

electron channel more robust against detector resolution effects:
(Significances a la Akhmedov et al. Ed JHEP 02 (2013) 082)

(NH- NINH) / (NINH)1/2 - w (N™H- NINH) / (NNH)1/2 l
s g
¢ w- Muon channel (~10 M.yr) Y M‘ion char?nel (~10 M.yr) s
20— —04
L —0.2
15_—
r —o
1o:~ .
5/ ]-0.4
E, 6 smearing A s ';,'.7“';,'..;";:.s'";,'x"J.;";:i";'.;;;:L 08
(kinematics
IH. NNH NHY1/2
o (N ez + detector 5w NNT/OND L.
3 — . N —
« "t Electron channel (~10 M.yr) —os resolution) - =F Elictron ezl VLR —:2
Perfect detector o ok 25% E,.6:0.5Vm/E, ‘N
—-0.5 ; 06
15_—

0.8

P T I T R AP SRS Sr A A S
- 0% 08 07 06 05 04 03 02 01 0
cosh

PN RS AN IS A SIS ST are SrAEr A A
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The ORCA detector

115 lines, 20m spaced, Instrumented volume ~6.5 Mt,
18 DOMs/line 9m spaced 2070 OM
Optical background:
- KM3NeT/ORCA Preliminary 10kHz/PMT & 500Hz coincidence
100
503_ _ Q4 045 05 085 finlz?)z]%
: S o5t //
T/ o 6. KM3NeT preliminary
e R pe :
-50:_ 4-; i /’ om
i = 7 9m
3.5¢ e E—
3E
2.5
2:




Shower reconstruction (v,)

® 1. Vertex fit:

e maximum likelihood method based on time residuals Res. (0): 0.5-1 m
® two fits: first robust prefit then more precise fit

e 2. Energy + direction fit:

e PDF for number of expected

photons depending on:
E, , Bjorken y, emission angle,

OM orientation, distance(OM,vertex)

* maximum likelihood method based probability that hits have been

-

-
-
-
-
-

shower e 3 orientation
e

created by certain shower hypothesis (Ey, Bjorken y, direction) Water preserves

10*

>

[} -n-ﬂ:-'._".L
2 SN

10° p-I
. e
= [~ -'.go.
o N
Y— -
o
= 2]
QL 10°E Cherenkov peak
g from electron
=

BjorkenY:

0.0<y<0.1

— 0.2<y<0.3

e 0.5<y<0.6

— 0.7<y<0.8

y=1—E,/E,
L 8
1%?’4 Fry
= ——

+1T]

L FEPEN PR
0 20 40 60 80

PR IS ST PUT ST TS T S
100 120 140 160 180

Emission Angle wrt. Electron [deg]

Cherenkov cone

Example bin: | S S T
8<E/GeV<9
40 < dist/m < 50

Bjorken y

sensitivity
from ratio: MUCh, mo_re
peak/off-peak challenging in Ice
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Angular Resolutions

| KM3NeT/ORCA Preliminary |
o [ KM3NeT prellminary 16 : -
_§‘ 20_.' ® gv,reeo (v, CO g.\ vertical spacing:
g o) ¢ Pereco ~ ——6m
g [oi® + 0, o
s [ Ge O 8, a0 (¥, CO) o —e—9m
e 15_~4}o‘|" 0 Bgreco e 121 —— 12m
g | P e op ev,e + =
£ 1o—<{» =G=® o e & N [
e % 0 o + 8
8 [ %% Vo o o + S f
2 L o, @ ® T o
5 DN ® ® é o [
- 4 0 Y ¢ 2 4_ ﬂ!ﬂ- —
B N 1 L1 1 1 1 L1 1 1 L1 1 1 1 L1 11 1 L 1
-I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 L 1 L I 1 1 1 1 I 1 1 1 1 I £ 'o 15 zo 25. m
0 5 10 15 20 25 30 eutshors Evmy gEie)
Neutrino energy [GeV]

Excellent angular resolution
Dominated by kinematics

™
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Energy Resolutions

cascade track
| KM3NeT/ORCA Preliminary |
>°'5- : : EET T T [~em
L o.s-;- : : . - ' 6m :;g :Qm
o U R Fo ==

Energy resolution better than 259% in relevant range

close to Ga
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Atmospheric muon rejection

Y [m]

_ -100F ¢
~ -150[-

2o

Simulation based on MUPAGE (£ Astropart. Phys. 25 (2006) 1) at depth 2475 m
vu reconstruction: cut on the reconstructed pseudo-vertex and quality parameters + BDT

KM3NeT/ORCA Preliminary

200
150l
100f _.

0f - i
o T

-50[1-% I

Tunable few 9, contamination
achievable without too strong
signal loss

KM3NeT/ORCA Preliminary

Instrumental
veto not
mandatory

KM3NeT/ORCA Preliminary

— Atmospheric Muons

— Muon neutrinos

— Muon neutrinos (< 20 GeV)

3% contamination

lambda radius

upgoing

BDT
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Flavour (mis)-identification

Classified as track (9m Spacing) Classified as shower (9m Spacing)
1= Y
- KM3NeT preliminary - e : KM3NeT
0.8-— "r;-’"" 0.8:§ | _.-.- "" R T T

[T
o
D

o
o~
T T T T
o
I
| L

o
N
o
)

............

...... * ——————— e S ey a2

Fraction of events classified as track
o
[*2]

Fraction of events classified as shower

(=)
O 1717
ool T 1

1 L1 1 L1 1 L1l L1 1 I ) L1 11 r 1 I.-I 1 " L1l : 1 L1 11 L1 11 L1 11 L1l I L1l I L1l I L1l
5 10 15 20 25 30 35 40 S 10 15 20 25 30 35 40
Neutrino energy [GeV] Neutrino energy [GeV]

» Discrimination of track-like (v,°¢) and cascade-like ( vN¢, v ,°¢) events,,
assification uses “Random DeC|S|on Forest”
% above 10 GeV for all channels but v,
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Sensitivity studies

" Global Fit Approach

The performance of ORCA for the determination of the NMH is assessed by means of a
likelihood ratio test:

Alog(L™**) = Z log P(data|0N" NH) — log P(datal™, IH)

bins
éH _ Maximum likelihood estimates
—  for Am?’'s and angles.
. . . . . ( A.t h . h
1) fit mixing parameters assuming NH { piimospheric }_. Neutring Flies | \
2) fit mixing parameters assuming IH P O 7 (1) Oscillation
(b) Neutrino P and Earth Model
3) compute AlogL = log( L(NH)/L(IH) ) Fluxes at Dotoctor | - <
—
L msatrne ) (2) Interaction
KM3NeT PRELIMINARY [ (c) Interaction  |«—{  Cross Section
© 024F : Rates at Detector > 4
% 00222: ?.323?54 2 > St 1% (3) Effective Mass
= 018E y Backgrounds (d) Number of ]
S o1ef NH Misreconstructed Detected Events . /
§ 0.14F atm. muons Etrue; Otrue > (4) Classifier
T 0.12F r ). (=Particle ID)
0.1E (e) Classified Events . J
g ;_ Etrue, 0true ‘( h
0.06 g J (5) Detector
883;: (f) Reconstruc- e Resolutions
02 L ted Events - 7
%53 15 | Ereco, Oreco




Sensitivity studies
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® Various systematic effects taking into account
® (scillation parameters
e Am?, 8., fixed; 0 5 fitted within its error
* AM?, 8,5, &.p = fitted unconstrained

® Flux, cross section, detector related
(average fluctuation w.r.t. nominal)

® Overall normalisation  (2.0%)

e v/v ratio (4.0%)
® e/ i ratio (1.2%)
® NC scaling (11.0%)
® Energy slope (0.5%)

—->Fitted unconstrained
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Sensitivity to Neutrino Mass Hierarchy

sin’(8,,)
0.4 0.45 0.5 0.55 0.6
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Sensitivity to PMNS parameterg

3 year sensitivity to the atmospheric parameters
ORCA: red ellipses (solid/dashed=with/wo additional E scale)
1 o contour: 3% in AM?, 4-10%, in sin“ 8 ,4

0,, (degree

&;2.8:-315-§ - .4.°- — , .5.°.. .23.(5.9. .) PP SN R N—N ?”I(d'eglgef)
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= 25 3 25;

24 2.4§
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Additional ORCA physics topics

e Sterile neutrinos & tau appearance

® |ndirect Search for Dark Matter

e Farth tomography and composition

Gonzales-Garcia et al.,Phys.Rev.Lett.100:061802,2008,
Agarwalla et al., arXiv:1212.2238v1

® Test NSI and other exotic F|§>h ysics
Ohlsson et al, Phys. Rev. D 88 (2013) 013001

Gonzales-Garcia et al., Phys.Rev. D71 (2005) 093010
® Sensitivity to CP phase (Threshold <1GeV, MH known)

Razzaque & Smirnov, arXiv:1406.1407
® Supernovae monitoring (takes advantage of new DOM features)

® |[ow Energy Neutrino Astrophysics
® Gamma-ray bursts, Colliding Wind Binaries

J. Becker Tjus, arXiv:1405.0471 ...

: eutrlno beam to ORCA (NMH and CP phase)

n-Peschard et al, Eur. Phys. J. C (2013) 73:2439
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ORCA timeline

Phase 1 (funded- 11ME) : deploy a 6 string array |

in the ORCA configuration to demonstrate
detection method in the GeV range.

+ ANR DAEMONS [APC-CPPM-IPHC]

e, RS
e
S Sl

Phase 2 (+40 M€): deploy 1 building block
strings in French KM3NeT site

ion in 2020

.

ORCA tring: June 2016

\ Netherla as)+




Summary and perspectives (1)

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

Excellent angular resolution, view of Southern sky

Competitive sensitivities (especially for Galactic neutrino component, Dark matter
searches)

Improvements still to come: include showers in all analyses
Taking data until superseded by KM3NeT in 2017

KM3NeT: phased approach to next-generation neutrino telescope

Letter of Intent ready
Prototypes performing well e R /// P L

A ==

]_J*
ROADMAP 20}6 oo |
=

LAUNCHEVENT

Deployment of the first detection unit (Phase 1). =
HE neutrino astronomy (tracks & showers) .

X uropean trategy
) g o1 Forum on Research
March 10th, 2016|Amslerdam =y Infra: t a (ESFR)
/ - will &J tth 2016
o - = ESF Ithmap

Ifac d
tct a
e-day f g
Amstdm



Summary and perspectives (1)

* Atmospheric Neutrinos have still a major role to play for precision measurements
and determination of unknown parameters such as the mass hierarchy and the
search for exotic phenomena.

Expected sensitivities vs. time

® Proposed detectors include Iron
Calorimeter, Liquid Argon and
Cherenkov detectors. None of these
projects being firmly funded.

DUNE

Median significance (o)

° Low energy (GeV) extensions of
Neutrino Telescopes may be faster and
cheaper than other alternatives... 2

NOvA

SN
IIIIIlII|IIII|IIII|IIII|IIII|IIII|IIII

¢ ...but challenging, as systematics must F | 1 | | | | | |
Ollllllllllllllllllllllllllll

be Carefu”y Controlled 2016 2018 2020 2022 2024 2026 2028 2030 T‘i2r222(year29334

©  Preliminary ORCA sensitivities are *  Combination with LBL/reactor
uite promising. experiments may provide the first
significance MH determinati




