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ANTARLES

= 23 Institutes, 7 countries
|

* 900 PMTs
e 12 lines

e 25 storeys / line
e 3 PMTs/storey
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40 km
to
shore

Interlink cables




to shore

+3 long strings

Height =210 m
& =200 m
Volume ~ 5 Mton

Km3 GVD planned

15t cluster deployed Apr 2015
8-12 such arrays to be deployed



We can see the high energy universe directly with photons up to a few TeV
Beyond this energy they are attenuated through yy — e"e  on the infrared bkgd
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But using cosmic rays we should be able to ‘see’ up to ~ 6 x 101°GeV (before
they get attenuated through py — A" — n 7* ... on the CMB)

... and the universe is transparent to neutrinos at nearly all energies



The Origin of Cosmic Rays

Extraordinary cosmic particle
accelerators somewhere, but still

not identified over a century after
the discovery of cosmic rays ...

* Supernova remnants v/
e Active galactic nuclei?
e Gamma ray bursts?

 Radio galaxy jets?
¢ .7

Cosmic ray interactions with matter
and photons, near source or during

propagation, produce neutrinos:
p+N = X+ {rt, 7,7}
7'('0 — Y+

s —>p,++@
pho et

Neutrino scillations en-route to Earth equlibrate flavours so v_:v:v_::1:1:1

’G‘ + LEAP - satellite
8 Proton - satellite
> Yakustk - ground array
@
(O] dh Haverah Park - ground array
a '®) Akeno - ground array
NE Fiy AGASA - ground array
g O Fly's Eye - air fluorescence
v -
= 1 0-4 T LTSRS B PR S PP PN SRS R XU U NN SPIENS SRS ¥ HiRes1 mono - air fluorescence
u __s, .............. \1.}. .............. \ ..... -“- HiResZ mono-air ﬂuorescenco
__ .............. ZNUUIURVION: SR, W O S oo HiRes Stereo - air fluorescence
1 0-7 ? ................................................................................... D Auger - hybrid
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How does Nature manage to accelerate Particles to ~7Ze&V energies’?

Hillas plot (1984)

Need accelerator of size of Mercury’s orbit
= to reach 102 eV with LHC technology

Emax ~ Bez-B-L

1012 max BS
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L Galactic |, - Realistic constraints more severe
L Ll  small acceleration efficiency
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ThC SOUrces O{: cosmic rags must also bC SOUrces O{: neutrinos

Waxman-Bahcall Bound :

| 2 . . . .

» 1/E7 injection spectrum (Fermi shock).

¢ Neutrinos from photo-meson interactions in
the source.

* Energy in V's related to energy mn CR's :

: dNcr
E20,lwp ~ (3/8)&y e, ty — E2
ESP,lwe (3/8)&z €x ty T "R Eom

COSMIC BEAM DUMP : SCHEMATIC

/ Y
From rate of UHE

Fraction of CR primary CR's (10°-10% eV)
energy converted to neutrinos & |

Hubble time

~ 23x 10 %€, €7 GeVem s tsr

®» Making a reasonable estimate for €_ etc allows
this to be converted into a flux prediction

magnetic
fields

p,e

- accelerator
e.g. black hole

target
e.g. radiation

|
+ | directional
beam
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B, back-of-the-envelope (E, ~ 10" eV):
o flux of neutrinos : &Ny ~ 1

S ] dtdA  cm? x 109yr

| quoss section : : o ~ 107 cm’
.7 e targets: Ny ~ Ny x V/em?
AL te of ts - :
.f_.;uogn}a e of events : o
| . d’N,, 1 1%

" | Ny ~ N v ~
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lccCube Neutrino Obscrvatorg IceTop: 1 km? surface array

86 strings
60 Optical Modules per string

5160 Optical Modules in Ice

1 km3 = Gton instrumented volume

Completed & began full operations: May 2011 \

2.5 km

Penetrator HV Divider
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Digital Optical Modules

10" Hamamatsu Photomultiplier tubes (PMT) g o E L | 1 [ [ ofdm [ ]
3.5 W Power < 35 | NN NN NN S RN B N
Internal digitization and timestamping: é’o.ms ®oL .
ATWD: 300 MHz (400 ns) 2 001 |

fADC: 40 MHz (6400 ns) 2l RN |

Dynamic range: from one to thousands of photo-electrons § &0 166 166 960 BEG 550 HE6 466 46D
Transmit digital data to surface timeiirom iaerevantistar [ neil

Penetrator HV Divider

Mu-metal
grid

Glass Pressure Housing



High E‘_nergy Neutrino Detection Principle
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Muon track:



Neutrino signaturcs
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CC Te o’ (17%)
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Track topology Cascade topology
Good pointing (~0.2° - 1°) Good energy resolution (~15%)

but only lower bound on neutrino energy but poor pointing (~10° - 15°)



Physics/ astrophgsics in & begoncl the Standard Model

r—]012

) 4 2
£ 10F MeV: =
© 107" ¥ Galactic \ 5
D SFE pp 10 kpc L
@ 10° & supernovae \ . =
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> 10§ Solar SN L
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~, 107K i v L
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N A ' TeV-EeV:
> 2F | tmospheric eV-teV:
= /0 = 3 -30 GeV: SNR, microquasars,
B 4r Neutrino N\ AGN, GRB, GZK ...
7z 10 ¥ oscillations Neutrino astronomy
= 6 F & 3
10 ¥ ‘ GZKE
Sk 10 GeV-TeV: &\ =
10 ¥ CvB Indirect searches =
10 4.1 for dark matter A N
= /GRB \\|" \ E
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cosmic ray Atmospheric Neutrino Spectrum

w107 = Frejusv,
Fm = O Frejusv
| ;m 102 E SuperKv,
air shower 'E =
) B AMANDA v,
s 10°E o unfoldmc};
CGB, - forward folding
'_; 10 ;— lceCube v,
= = o unfoldln?
o 5: forward tolding
10" E
muons 10-62_
1075?
- - IceCube limit --
1oL COSMIC V. 9 \WB bound
atmospheric 10-9_I [ 1 1 | I . | I . | I I | I I | I . | I\l I . |

—

0 1 2 3 4 ) 6 7
Iog10 (EV [GeV])

neutrinos -



First Observation of PeV«-energg Neutrinos

Bert & Ernie
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Below

10%

Mis-reconstructed atms. muons
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TeV astrophysical neutrinos

L Pe

= 0.5 9)
cos O
North Pole

1

0.5 1
South Pole

Using a veto for downgoing events, we remove the atmospheric neutrinos
... by removing the muons coming from the same cosmic ray air shower

~#= | Thereisan enormous
#° | background of cosmic
ray muons going down
bowngongaims muons | (ONly misreconstructed
muons apparently going
up since muons are all

absorbed in the Earth)

Atmospheric neutrinos
come from the same
showers (1 in 10° events)

What's left is: PeV-EeV astrophysical neutrinos coming from above

NB: Doesn’t work for upgoing, since the Earth absorbed the muons ...
so southern sky (downgoing events) becomes the best channel.

1

cosmic ray

0

# Mmuons

heutrinos

vV



Events per 662 days

Teasing out the cosmic signal from backgrouncl

Use outer-most layer of IceCube as a veto

Removes atmospheric background
(muon + neutrino) from above
Earth filters muon background from below

.......

6 _
10° %“‘
10° S,
10 F A
10° ¥ % '. 50
2 [ Clear separation of signal and
10¢ F A Wl Ty parat g 00
I Y Ll ol " background population above N\
10" F e ~6000 PE .. A\
109 &
1000 . 10 {\O
Q/ezo:é\f)g“\-\ _ Q\Q\O
~Sory > S
QLMEQQQP_E \\é’@




RC—-CliSCOVny o{: Atmospheric /4 background: 6 £ 3.4
Pert & E'_rnie Atmospheric v background: 4.6




High Encrgg Starting Event Analgsis: Results

Charge Threshold Science 342:1242856,2013

Bkg. Atmospheric Muon Flux (Tagged Data)
Bkg. Atmospheric Neutrinos (#/K)

26 new events —
1
Bkg. Uncertainties (All Atm. Neutrinos)

10’ .....................................

Atmospheric Neutrinos (Benchmark Charm Flux) H
Atmospheric Neutrinos (90% CL Charm Limit) '

Signal+Bkg. Best-Fit Astrophysical E2 Spectrum

Expected background:
10.6 £ 4 atm. events

All Events (Trigger Level) i
i e0e Data

n 4+ . ,S—,SSASASYSYSY,YN§N e _

=> 4.16 combining § 107
both analyses N e e e :

O i
D 102 B R .
Cutoff beyond ~1 PeV? & |
i 10} B S ]

Gap at ~0.5-1 TeV? 3 .
0 10° '_I:‘—\——. l : }_. _________ ]
T . 7710 I R
10-2 ...................... i

1073
10° 10°

Total Collected PMT Charge (Photoelectrons)



Arrival Directions & Clustcring
ICECUBE PRELIMINARY __——————T-

Galactic

0 TS=2log(L/LO) 13,1

5 events observed in 30°x30° around Galactic Centre (2 more nearby #12, #15)
while 0.6 events are expected ... however in a randomized map, the chance of
having such a cluster anywhere in the sky is ~ 8% (NB: no clustering in time)




Towards lower energies: Looldng through the Earth

Conventional v

Penetrating pu

Astrophysical v

10?2 10?2 N
—
o Southern sky _i'r‘t.::ﬁ_p Northern s O
g) 0.2 S COS erec < 1.0 ] —1.0 S COSlg:eC < 0.2 N\
10! 10! — =
- : -+ =H .
E : e ] i N
: 10° —— ! [ | | 10° —- | c‘_'D
= C o))
> C —I O
= r o
10—1 L L1 L1 1111 nll 11 |H|_L=u| 10—1 L1 L1 |1||u| L1 nll 1 |ﬂ-n:m_u|
10° 104 10° 10° 107 10° 104 10° 10° 107
Deposited energy [GeV] Deposited energy [GeV]
10° “s== IceCube v, (This Work) — Atmospheric v,
. u Waxman Bahcall 2013 - - - Waxman Bahcall Prompt GRB / 2 - a
T et Ottusenr it —— 1ot v e Q NB: >PeV
o K IceCube v, E? Sens.  —— IC 3 Yr. Starting Astrophysical N -
Now 6.5¢ for 53 o 107 = |8 energy
. S - 1 [ — :
events in 4-yr HESE |3 1072 -4 | 5 neutrinos
dataset g R absorbed
z | o in the
. W 40 = | =
+ 3.70 in u channel : | Earth
10—10 ||||,1; .
10 10




To calculate the flux given the event rate requires the v-/N scattering cross-section
... We have computed this with few % accuracy @ next-to-leading order in QCD

= == v CC xsec (HERAPDF1.5)
2 10° - =m v CC xsec (HERAPDF1.5)
§ : / | §
3 _— q
21000 - — . S
P - ] (@)
S | =
S o
> T
BN 10 ] E 3
is _
= 5
S =z
g 3
100 10* 106 108 10 102 ¢
d%o G%M;IV -

dr dQ2 47 (Q% + M2)%z "

with reduced cross-section

or = [YiF) (z,Q%) — y°F{(z, Q%) £ Y_zF} (z, Q?)]




As the gluon density rises at low x, non-perturbative effects become
important, and a new phase of QCD — Colour Glass Condensate — may form

Y =1n 1/x4

Saturation
NQ%Y)=AY

@ Dilute system
o~

BFKL

e — -

In A’ In Q?

Qco

o
o

Neutrino—Nucleon cross—section (pb)
)
'S

10°
1

[T TTTHI (L TTTH [T T | IIIIIII| 1
_ 7]
- W emememtme—e—s
/ /o’ . Unscreened ELO DGLAP)
/L Unscreened (NLO DGLAP) _|
* 7 — — — Screened (BFKL/DGLAP)
y ° — +—+— Colour Gloss Condensate
/.
7I IIIIIII| [ L l IIIIIII|1 | lIIIlII|”I IlIIIII1
0 10° 10° 10" 10 10"

Neutrino Energy (GeV)
Anchordoqui et al, PRD74:043008,2006

The observed zenith angle dependence of the neutrino flux can provide a
measure of the DIS cross-section at ultra high energies where theoretical
predictions are uncertain ... and thus discriminate between theoretical models



Measurement of Atmospheric Neutrino Oscillations

P(v, = v,) =1 —sin®(2093) sin*(1.27Am35L/E)

Atmospheric v, from Northern hemisphere oscillating
over the Earth’s diameter have the oscillation minimum

at ~25 GeV (detect with DeepCore infill array of IceCube)

= distorted zenith angle distribution wrt no oscillations

<107 low-energy sample
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Neutrino-nucleon cross section

/GeV)
-

Nuclear Theory

m Necessary Ingredients
= Nuclear groundstate (correlations, spectral functions)
= Nuclear reaction mechanisms (IA vs. 2p2h, coll. excit.)
= Electroweak interaction vertices, in medium
= Particle production, also in secondary colls
= Propagation of all particles to final state, incl fsi

B/

LN

v cross section /
o © ©
& o0

o

+
MINERVA
MicroBooNE
| | | | I [ [ |
eV | Ke
10 MgV 100 MeV | GeV 10 Ge) 100 GeV | TeV 10 TeV |0 PeV
Super-K
\ P
GERDA \ lllllllll.l.lll.l
EXO Borexino lceCube/DeepCore ANITA
KamLAND-Zen KamLAND ANTARES HiRes
NEMO Double Chooz Neutri no M ass H iera I’Chy Baikal Auger

CUORE Daya Bay



Probing Nnew Phgsics in neutrino oscillations

» initial composition: (ve : vyt v7) — _
' . .. g = oy = S IERETEER o ceCube
pion & muon decay: (1:2:0) e i 2 Preliminary
neutron decay: (1:0:0) ¢ 120 |, AW
muon-damped pion decay: ~ (0:1:0) & A0 1% n
best fit 8
(@\
p+p—o>rm+X o
i
i
L pT v s
+ y >
Ly €7 + Ve + 1y -
- ._ ’ K —
............ ._‘ 0‘17 g
o oscillation-averaged probability:
0.00
o X D N 3, N

Pyosvs =Y |Uail*|Usil?
i

e “NuFit 1.3": sin? 8y, = 0.304 / sin 6,3 = 0.577 / sin? 0;3 = 0.0219 / § = 251°

W observed events consistent with equal contributions of all neutrino flavors

We now have a laboratory to test guantum mechanics on cosmological scales at high
energies (e.g. Lorentz invariance violation, decoherence by ‘space-time foam’, ...)



Indirect Dark Matter Searches

Neutrinos are typical end products of
¢ 2W+W2v+y dark matter annihilation

Solar Searches:
Dark matter particles are gravitationally
attracted, scatter and get trapped in Sun

As trapped density grows, annihilation rate ‘

reaches equilibrium with capture rate

lceCube A .

Search sensitive to

scattering cross section No signals seen so far

PRL110:131302,2013

Galactic Halo Searches:

Annihilation rate highest in densest regions
of dark matter halo (Galactic Centre or
dwarf spheroidal galaxies)

Search sensitive to
annihilation cross section




The future: IceCube-Gen2

120 strings
Depth 1.35t0 2.7 km

80 DOMs/string
300 m spacing

PINGU infill
4-Q strinis
~GeV threshold

instrumented volume: x 10
same budget as lceCube



The Future: ANTARES 2 KM3NeT (cletectorassembl @ NIKHEF)

ARCA: “Astrophysical Research with Cosmic in the Abyss”
\ \ 1 o Study astrophysical neutrino fluxes at E > 100 GeV
*u 2 “blocks” at the Italian site (~¥10% constructed)
"d» ORCA: “Oscillations Research with Cosmics in the Abyss”
' Resolve the neutrino mass hierarchy (1 GeV < E < 100 GeV)
1 “block” at the French site (~*5% constructed)

uw/




First glimpse of astrophysical neutrino flux seen ...-source(s) ur)known
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This is li‘«:lg the beginning of a new astronomy and a
Nnew Probe of Phgsics ]:)egoncl the Standard Model



