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Introduction Neutrino astronomy

Astrophysical neutrinos

- Cosmic sources

- Neutrino relation to cosmic rays and gamma ray
- Flavor distribution

Atmospheric Neutrinos
- Neutrino production in the atmosphere

Neutrino telescopes

- Detection principles
- Baikal/lceCube/ANTARES/KM3NeT

5 Measurement challenges and prospects

- Atmospheric neutrino flux

- Point source searches

- lceCube detection of Cosmic Neutrinos
- Multimessenger observations

- Transient sources

- Dark Matter

- Neutrino oscillations & New Physics
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Where do we get neutrinos from?

Terrestrial

Atmospheric
SuperNova

Extra-Galactic

Galactic

Accelerator
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, Rev. Mod. Phys. 84, 1307 (2012)


http://arxiv.org/find/hep-ex/1/au:+Formaggio_J/0/1/0/all/0/1
http://arxiv.org/find/hep-ex/1/au:+Zeller_G/0/1/0/all/0/1
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Neutrino cross section

Propagator term M,
relevant up to kink’ 2 + M2,
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Gazizov, Kowalski Comput. Phys. Commun. 172 (2005)
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Science for Neutrino Telescopes

Astrophysics

Neutrinos can surpass dense media
and long distances -> new information

Multimessenger information
(combine with

electromagnetic/gravitational
wave/cosmic ray observations)

Particle Physics

Dark Matter annihilation products
possibly visible

Potential new physics signatures in
rates/flavor ratios

Atmosphere acts as ‘beam dump’ for
cosmic rays

=> neutrinos for oscillation studies



Different Messengers
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Neutrinos from galactic Neutrino beam ‘for free’;

and extragalactic sources Showers from cosmic ray
(supernovge, gamma ray interactions in the atmosphere
bursts, active galactic

nuclei...)
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The results of my observation

are best explained by the
assumption that a radiation

of very great penetrating power
enters our atmosphere from above.”

1936 Nobelprize for
Victor Francis Hess (1883-1964)

lon pairs/(cm3s)

A

30

20

10

|

Chamber 1

-

Chamber 2

o

2 4 6
Altitude (km)

lon pairs/(cm3s)

3

W

] | ] |
2 4 6 8

Altitude (km)

v




High energy cosmic ray spectrum
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Note: Several measurements before LHC => far extrapolations used in the data evaluation for hadronic interaction



Greisen Zatsepin Kuzmin (GZK) cutoff:

Energy limit in cosmic rays from protons interacting with cosmic
background photons
Average energy for CMB photon ~6.4 104 eV
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Greisen Zatsepin Kuzmin (GZK) cutoff:

Energy limit in cosmic rays from protons interacting with cosmic
background photons
Average energy for CMB photon ~6.4 104 eV
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Cosmogenic neutrino spectra (left proton assumption, right nuclei)
Colors show different source evolution models (bottom: no evolution over time)

T

T Y‘lf"llq 7T

L | YYT”I

IceCube mon-atmosph,
68% CL per-Nav, x3

Auger 2005 1o1al

= Auger 2015 total
P . '
- lo? - IeeCube non-atnsosph, A% CL per-flav. x3 ‘ l
b - 65% CL per-flav. 3 rt “
[ - i
t F + 1 SR AR
" 13}
-
v ™
©
= 10%E
— —
~ .
- -
10" =
|
19

Only scattering on CMB (not Extragalactic Background Light)

Aloisio, JCAP 10 (2015) 006

log (E/eV)



Waxman Bahcall Bound

Use measured Cosmic Ray spectrum
=> Constraint on neutrino flux (optically thin sources)
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Cosmic particle accelerators

Galactic Extra-galactic
e.g. Supernova remnants e.g. Active Galactic Nuclei

17h15m 17h10m




SN 1993J radio
observations of 7 years

~10 Mly away

Starting with ~20000km/s

expansion

Image courtesy of NRAO/AUI and N. Bartel, M. Bietenholz, M. Rupen, et al



Fermi Acceleration

Shock front
ocxtron Acceleration: AE = aE

Probability: P =p

g k Iterations:

E = Eo (1+a)k

N =No (B)¥

o, determined by shock dynamics, relativity

article
P => Power Law E2 expected



Fermi Acceleration

Shock front
ocktron Acceleration: AE = aE

Probability: P =p

g k Iterations:

3 E = Eo (1+a)k
N = No (B)*
In(8)
In(f) ——1
g § N _ ( E )M dN e Eln(1+a)
g NO EO dE
particle o, determined by shock dynamics, relativity

=> Power Law E2 expected



Extragalactic sources

Blazars
(subclass of Active Galactic Nuclei - AGN)

Radio-loud active galactic nuclei with relativistic jets pointing towards Earth
-> Flat Spectrum Radio Quasars (FSRQ, strong/broad optical emission lines)
-> BL Lacertae (weak optical emission lines)

Also classified according to synchrotron peak position (associated to the energy of the
accelerated electrons)

-> high synchrotron peaked (HSP)

-> low and intermediate synchrotron peaked (LSP)

HSP BL Lacs (rare) very powerful y emitters



Different blazar models

Jet

Accretion
disk
Black hole

106-10° solar masses
massive black hole accreting Jacobsen et al, MNRAS 451, 4 2015



Intense v ray flashes first
detected 1967 (US military
satellites)

-> published only 1973

Short Gamma Ray Bursts

Likely NS-NS mergers, less
energetic

Long Gamma Ray Bursts
Core collapse of massive star to
black hole

Seen up to z™8
Luminosities 10°3-3*10°% erg/s

10-7/yr/galaxy

Highly relativistic outflows
I' factors >=100

Long gamma-ray burst
(>2 seconds’ duration)

A red-giant
star collapses

_.?‘__ oMo its core

becoming so

A donsf.‘ that it
expels its outer

) Jayersina
SUPEmova
Explosion

Gamma rays

 Gamma- Ray Bursts (GRBS) The Long and Short of It

Short gamma-ray burst
(<2 seconds’ duration)

- \\
3 compact

binary system
begin to spiral
inward...

Leventually
colliding.

A
S

The resulting torus
has at its center

a powerful

black hole
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*Possibly neutron stars

http://www.daviddarling.info/encyclopedia/G/gamma-ray_burst.html
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Active Galactic Nuclei:

25«3«3
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dN /d log Lx

Source and luminosity
evolution with redshift

-> Different redshifts z
contribute differently
to neutrino yield

Jacobsen et al, MNRAS 451, 4 2015




Neutrino connection with y rays

Highly energetic particle acceleration needed to explain observed cosmic
ray energy spectrum, expect then:

- v from inverse Compton scattering
-y from synchrotron radiation of electrons, Bremsstrahlung
-y from pion decay

Neutrino fluxes can be derived from y emission by assuming pion decay as

origin of y
= Neutrino detection unambiguous proof of hadron acceleration in source

0
][ -
p+p/y > X+{ Y
n*%/fwu

L eV +Y,
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Energy distribution of photons/neutrinos from pp interactions
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Inverse Compton Scattering:

Relativistic electrons in astrophysical sources (I" ~ 100-1000)

Interact in source radiation fields

Waveband
Radio
Far-infrared

Optical

Scattered Waveband
uv
X rays (100eV — 100keV)

v rays (GeV-TeV)



Supernova remnant RX J1713.7-3946

10-9
o 10=10 | 1
3
" b
Y .
E -1
s 10 1 ]
'y
= Synchrotron
Y 10-12 [ 1
N
z
v
P 3
Woa=-13 J
10 [/ ]
1= L. . '
-5 ] S 10 15
Color: TeV (HESS), contour: keV (ASCA) Log(E/eV)

Gabici, 2008

Leptonic scenario: All spectra from synchrotron, bremsstrahlung, IC
Hadronic scenario: y rays from ©0 decay (>~70 MeV, sharp peak)



Supernova remnant RX J1713.7-3946
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Path lengths for particles & photons

Y + 7Y background -> e*e-

p+y->A"

Large part of the
Universe can not be
observed with high
energetic
protons/photons

log(porticle or photon energy, eV)

25

N
o

- e
w
L4 L4

o
S

0.01

Neardy clusters
AGN & QSOs )
cosmology
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Neutrino Oscillations

Flavor eigenstates are not equal to mass eigenstates

Flavor eigenstate

ve

Mass eigenstate

Vi |:—>
V1T

1 0 0 C13

0 Ca23 S923 0

0 —s23 co3] [ —sy3eicr
C12C13

= | —s12C23 — C12823513€CP

5
812823 — C12C23813€"CP

0 8138_i60P

Vi
V2
V3

ci2 812 0

1 0 —812 C12 0
0 C13 0 0 1
812€13 s13€tocp
C12C23 — S12 823 13€CP 823C13
—C12823 — 812C23813€%CP C23C13



Neutrino Oscillations

* Neutrino is created in single flavor eigenstate
(superposition of different mass eigenstates)

* Propagation of the different mass eigenstates depends on energy and mass

=> Leads to differences in the composition of the superposition

=> Leads to flavor changes, depending on
travel length/energy/mass differences

Flavor changes ONLY if neutrinos have mass
Oscillation pattern determined by mass differences (thus no mass measurement)

Flavor distribution at astrophysical source is different from detected flavors on Earth



Diffferent source scenarios
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n—>¢ +p+Ve  Neutron lifetime: 881 s
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Different source scenarios
Ve . Vu .V,

‘Standard ‘

-> charged pion decay, muon decay

Muon damped source

-> strong magnetic fields, muon decay suppressed
-> pion decay dominant

Neutron beam source

-> extremely strong magnetic field
-> cosmic rays heavy nuclei

Note: Also different neutrino/antineutrino ratios



Neutrino flavor ratio at Earth

‘Standard’ phase space
-> Deviations indicate new physics

O(1:2:0)
®(1:0:050rce
0.8 @0:1:0)
®(0:0:1)

C. ArgRluelles, T. Katori and J. Salvado, Phys.Rev.Lett. 115 (2015) 161303



Atmospheric Neutrinos






‘Moving’ Target: The Atmosphere
Air density profile

Air density profile compared to ‘reference’ constant model
Changing mostly at pole region

1.8 Y 18 Y v v v v v v
T T 1 . L B R B I B )
e L KM Kamiokande e | mo India
g [ | 3 |
s'r A ] s'F -
& , 3 1
- T -
2 " R 2 R
e Mar — May e [ Mar - May
g - Jun rAug R 8 Jun Aug
»op — Nov - OV
@osp Dec - Feb 2 @osp Dec - Feb .
| P P P P P R P B P O O N P R e
0 10. 20. 30. 40. 50. 60. 70. 80. 90. 100 0 10. 20. 30. 40. 50. 60. 70. 80. 90. 100
Altitude (km) Altitude (km)
T Al L ] Ll ] A I Al l Ll ] Ll ] T ‘_8 Ll ] Ll l Ll l . ] L s I '] '—
South Pole Fo ) o I Finland 1
; SPL Dec - Feb ) E L. PYH .
81 v sap —~ Nov _ g] i _
; 1§ *
Mar — May { I 9
: R Jum — Ay +
= Jun - Aug = —— Jun-Aug
30.5- . - - !0.5 Sep — Now J!
ol b bt P e 00 o P P B PR O
0 10. 20. 30. 40. 50. 0. 70. 80. 90. 100 0 10. 20. 30. 40. 50 60. 70. 80. 90. 100
Altitude (km) Alttude (km)

Honda et al, Phys. Rev. D83 (2011) 123001



Collisions of primary cosmic rays with atmosphere (N, O, C ...)
-> pions, kaons, ... ->decay -> neutrinos

Production height distribution at the site of Superkamiokande
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Flavors and neutrino/antineutrinos
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Seasonal Variations
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Regions close to poles:

- >100 GeV: Air density at high altitudes higher
-> shorter interaction length (pions, >100 GeV)

- >10 GeV: Muons created at lower altitudes, hit faster rock
-> very low energetic neutrinos



Geomagnetic effect

Muon (high energy) Muon (low energy)




Geomagnetic effect
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Azimuthal asymmetries

Noticable asymmetries for low energetic neutrinos
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Prompt atmospheric neutrino flux

Neutrinos from D* (B%) decays
Fast decay, no energy loss in interactions
-> hard energy spectrum -> background to astrophysical neutrinos

Total cross sections c®and b®
Bands indicate modelling uncertainties

(Mg, Mg) = (N, Npdtgoe p, M = 127(45) GeV
10°} (N, Ng) = (4.65,1.71)
(2.10,1.60)

10%k (1.25,148)
2
= 1000
p
<)
100
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nCTEQI15~-Proton

1 L 1

15 1 M .
10° 10* 108 108 1010 102 104 108 108 1010
E, |GeV] E, |GeV]

Left, right: Different models
Jeong et al, arXiv 1611.05120
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Prompt atmospheric neutrino flux

Neutrinos from D* (B%) decays
Fast decay, no energy loss in interactions
-> hard energy spectrum, background to astrophysical neutrinos

Energy spectrum

EX [GeVZ/ cem? s srl

0001}
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Black: BERSS
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Jeong et al, arXiv 1611.05120



Neutrino telescopes



First neutrino sky map (1971)
Kolar Gold Field (India)

180°

270°  270° 90°

(a) Northern Celestial Hemisphere (b) Southern Celestial Hemisphere
~GeV neutrinos from cosmic ray interactions in the atmosphere

Search for cosmic sources:
Probability of 4 arches crossing: 103,
no cosmic ray source (strong radio/pulsar) closeby identified

Krishnaswamy et al, Proc. R. Soc. Lond. A 1971 323, 489



GNN*>

The GLObaL NeutrIno NetuWwors

Baikal

KM3NeT

https://www.globalneutrinonetwork.org



Small interaction probability -> Huge detectors -> Use natural resources (ice, water)

S

b O ——
S —D -?—O—-O—b——b—‘.'“‘—'-'*_‘_

‘J—

interaction

(Muon) Neutrino CC interaction in Earth
=> Muon passes detector




Sea floor

or

— =

interaction

Cosmic rays interact with atmosphere
=> Background showers, (Muon) Neutrino CC interaction in Earth

-> muons passing downwards => Muon passes detector
-> neutrinos from all directions




The sky seen in gamma rays (galactic coordinates)

Rolf Biihler, ICRC 2015, Den Haag



Field of view for medium latitude site (ANTARES)

PWNe

SNRs

No counterparts
Molecular clouds

Others
Binary Systems
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Absorption in the Earth

Probability to transverse the Earth as function of energy and zenith

PhD thesis, Heijboer

Cross section rises with energy -> Earth becomes opaque for high energy neutrinos

Exception: Tau neutrinos (regeneration: T~ --> U=+ vu + vr)



Neutrino interaction signatures

J KM3NeT

‘ KM3NeT 3000rs e 1200ns
2700ns ’ e ’ o 0% . 1080ns
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\ o . 029 o 0 °
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o — o e
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L9 e® : Vo e
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R 1800ns o e 7201
RERd X mvesamze t
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.9 . : N "
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T T T i
R4 S 900rs 360
RUREE 2.
. j\) ’:. 600ns ) 240ns
o7\
R | 300ns 120ns
2\
. ors ors

Track \ Shower

-> muon (vuinteraction) . -> electron (CC ve interaction)
@ rrane -> all flavors (NC ve / vu/ vz interactions

‘Double Bang’
-> from high energetic tau (vrinteraction)
‘long’ t lifetime (10-13s)-> 50m/PeV (visible for very high energies)



Stopping power [MeV cm2/g]

Energy loss of muons

- [ [ [ [ [ [ [ _
- 1 on Cu i

100 - .y —~
— " Bethe Radiative .
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o - Ziegler .
_2 -§ .

23 Eye
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| Nuclear _
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Muon momentum

PDG 2017



Range of u,t and showers in water

a
&

ETE

loss dE/d b* g [ :

Energy loss dE/dx ~a + b*E > - 1
&Y / S10'L _0*

£ 3

-> a, b slightly dependent on energy a [ ]
a~2 MeV/cm 10°% =10°
-> TeV muons travel several kilometers 102; ;102

in water E A | | 1
o/ —-had L 110

1 em
1) . : , ‘ | | |
t”_guu..l_kulu_;;ululw‘x --uul 11 mul ™ !
1 10 10 10° 10 10° 10° 10 10°

Eu.z.lhm [GOV]

« 1

Chiarusi, Spurio, 2009



Cherenkov Light

dN, 2no 1
T a2 (1- 2 2)
dxdA A pn

= 3.5 * 104 photons emitted between 300-600nm
per meter of a muon track

— Transparency of detector housing relevant



Photomultipliers

Relevant characteristics:

- Quantum Efficiency
- Dark Count
- Time spread

Glass sphere surrounds PMTs as
pressure housing

Large PMTs require also shielding
from Earth magnetic field
-> mu metal grid

‘:. L b= + | -
N B 1
;'_;0 1% - -
=
E 0] B S R S
S - Quantum-efficiency
H |
- o A l A IA l

300 350 400 450 S0 5 o

i
,ﬂulse 1

waveform |

20
Time (ns)

a0

Typical gain 107
Quantum efficiency ~25%
Noise rate ~“500Hz

~2ns time precision



Optical Modules

Small PMTs:
-> Photon counting
-> Directional resolution




Further developments

Wavelength-shifting module

C »
B - adiabatic
- . . - - hght guite
¥ ™~ substrate
wavelength-
i ) i length shify
wave ifor
‘I coated tube
Y
\‘\,-* ~L—— matnx quanz glass
\ . prossure housang
housing L
f y smal PMT

Higher efficiency, lower noise

D-Egg module

Smaller radius
Upwards sensitivity
Glass with improved UV transparency



Baikal: NT200(+) -----

Lake with 1.3km depth

1981: Start of first underwater
neutrino telescope in the Baikal Lake
(1 string)

Since 1998 NT200 (8 strings)

2005: +3 strings (NT200+) ‘ PMT and

2 ke electronics
Since 2011: Upgrade to GVD : ' housing

NT200+

Picture: Cern Courier 2005



Cern Courier 2015



surface Om “Dubna”
First of 8 clusters

in total 0.4 km3

volume

topmost floats 25m
to be deployed til
2020

cluster top 931 m

o
&

345 m

,é.
o

cluster bottom 1276 m

lake floor 1366 m

First cluster of Baikal GVD 2015



First of 8 clusters

in total 0.4 km3
volume

to be deployed til
2020

T TG

- ~2 km3 volume

To be
upgraded to

T ——

CwequOC (to shore)

a Coble BS

DAQ BS

oS00 o

ICRC 2017

“Dubna”

345 m




The IceCube Neutrino Observatory

IceCube Lab

50m— PP = ’ .
\ &gm Sensor ;p"m Configuration
chronology
2004: Project Start 1 string 2006: 1C3
2011: Project completion 86 strings 2007: 1C22
2008: 1C40
iceCube Array | 2009: 1C59
|| —8stiings including lDeepCore stings | 2010: 1C79
Slsoopticalsemo:' e 2011: 1C36
1450m |
DeepCore
8 strings — spacing optimized for lower energies
/ 480 opst’ical sr;nsofs ’ °

Eiffel Tower
L 1324 m

-

2450 m
2820 m

PMT
Woschnagg 2011 (SLAC) Digital Optical Module (DOM)
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IC22 IC40 IC59 IC79 IC86_1 IC86_2

wo A - ' A A ] A , ' e e ' . e - A s e i

0391 0901 010Y 030 0901 OVEYT 03N 0901 D101 0O 0901 01D 81 0D J1mY e oA over oo
2007 2007 2008 2008 X068 000 2000 2008 2010 2010 20100 2m 2m am 2am2 202 2012 203 2013

2007-08 2008-09 2009-10 2010-11 2011-12 2012-13

lceCube Full detector in operation since 2011 (now in IC86-V)
. Stable behavior except for seasonal variations,
Operatlons equilibration of DOM noise levels after installation

DeYoung, VLVNT205
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5 MW power
16 m3 kerosin per hole
2500m in 35 hours




1.14 PeV shower (‘Ernie’)




One of the extraterrestrial neutrino events in IceCube
- moved to Paris

)

' %0
”

Picture by Doug Cowen, Rencontres de Blois 2013



ANTARES

® Running since 2007 at 2475m depth
e 885 10” PMTs

¢ 12 lines
e 25 storeys/line

* 3 PMTs / storey

ANTARES

Buoy
L12

~480m

A
Anchor

Y
Cable to shore B !7‘ 1
40 km to  sunctionBox ’*ﬁ’*‘ /eom
shore \







Acoustic positioning system

Doy

Typical sea currents <7cm/s
Monitoring every 2 minutes

Yrel (m)

Radius (m)

Line movements in 3 months period

LB

LB

LB

Black: floor 1 (100m above sea level)
Pink: floor 14 (290m above sea level)
Green: floor 25 (top of the line)




Rate (kHz)

~
o
o

Optical backgrounds in the Sea

[=2]
o
o

|IIII|IIII|IIII|IIII|IIII|IIII

(44
o
o

400

300

200

100

o~

= OM1
oM 2
= OM3

Optical background due to

- e aE A RRS Ta #s

At A 10 i

- 40K decay (salt in water)
-> can be used for calibration

- bioluminescent organisms

P BT
11m20

PR A ST SO AN SN ST S T SN ST S N ST S S S
11m40 12m00 12m20 12m40 13m00

This is NOT a neutrino ...

0 e (e.g. megaplankton, pyrosoma,

size 0.2-2000mm)

Baseline hit rate 50-120kHz
Short bursts/flashes with higher rates

Video from biocam installed 2010
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New telescope will be 'second
biggest structure created by
mankind' after Great Wall of
China

« Detector uses 'towers' taller than Burj Khalifa in Dubai
« "Watches' for light flashes in 2.2 billion kg of water

« Detects tiny, fast-moving particles which usually pass
straight through matter

By ROB WAUGH
UPDATED: 10 58 GMT 27 December 2011

S @f@ﬁf&ﬁg L




The ANTARES/KM3NeT Neutrino Telescopes

O NIM A 656 (2011) 11-38
.

2500 m depth - o « 25 storeys / line
. S 3 PMTs / storey
+ 885 PMTs

Deployed
de s in2001
&14.5 m
oo

2500m — 3500m below Sea level
(since 2002) P

Interlink cables

e Running since 2007 e First strings deployed 2016 :
¢ 40km from French coast e 2x115 strings (128k 3” PMTs) Italian site (ARCA)
¢ 12 lines, 885 10” PMTs e 1x115 strings (64k 3” PMTs) French site (ORCA)

ORCA ANTARES ARCA
Low energy Medium energy High energy
3 GeV -50 GeV 10 GeV<E<1TeV E>>1TeV

irth and Sea sciences:Oceanography, Biolog Climate monitoring

Atmospheric neutrinos Dark Matter Cosmic Sources
Neutrino oscillations Exotics

Neutrino mass ordering



Status of ARCA/ORCA

ARCA

® 2 strings operated til April 2017, interruption, attempt to repower again
later this year

® Full restoration of sea-bed network by mid-2019

ORCA
® Successful deployment & operation of first string (Sept 2017)

® (Cable problem, replacement in summer 2018, resume operations
thereafter

Construction
® DOM and detector string assembly proceeding
® Construction & Deployment feasible til -2023 (depending on funds)



KM3NeT Digital Optical Module










K3



Deployment



https://www.youtube.com/watch?v=tR8jwgG6uzk

Rate [Hz]

Multifold coincidences

10° B s o First results from mini-string with 3 DOMs
KM3NeT PPM-DU
102 m  Data DOM 1
e Data DOM 2
10 s DataDOM3
—— Full MC DOM 1
1 [ Muon MC DOM 1
10~ —— Full MC DOM 2
(] Muon MC DOM 2
1072 . e p- . . .
o0 = Muon identification with a single DOM
104 T (high multiplicity of coincident signals)
107 =
10°°
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Coincidence level T Buoys
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+ &) DOM3
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KM3NeTIARCA preliminary

45 ARCA DU1

40
35
30
25
20
15
10

Results from 2 full
ARCA strings
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high multiplicity on
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Calibration using potassium decay in sea water

Hit time differences from a PMT pair o , : L.
S Hit time differences — all pair combinations

0
®) v

g

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05 =

0& AP IR BRI BN - e =rurs | 90
-5 -10 -5 0 5 10 15

Time difference [ns]

m

Rate [Hz]

i
IR
|

[RARRNRARRNRRRRY LRRED LARRY LERRN LARRN R

40K beta - decay (salt in seawater) -> light signal can be used for calibration

Correlated signal between PMT pairs:
* Height => Efficiency determination

* Position => Time calibration (nanosecond accuracy)
*  Width =>Time spread of PMT



Antares K40 measurements

After 7 years, 20% efficiency drop (blue : HV tuning)

Long-term operation in deep sea possible
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Different absorption/scattering properties at the different sites

absorption scattering
603 -
s - { Water: total ——
- -
140 Wator: ANTARES I effective
~ \ Capo Passero 500 | ICE: total
190 ¥~ \ t offective
20 ' i .
E 400}
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2 .
! 200
100
() besmtsamiaming . » . . CRRE TRNY . . , ) - ~ . . i ;
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wavelength (nm)

wavelength (nm)

For Ice properties are depth dependent
-> different dust layers

For Lake Baikal significantly lower absorption/scattering lengths
than in Mediterranean water (~¥20m)
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|
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Time residual distribution for signals from a muon in water

PMT response to 1 TeV muons at p=50m

'KM3NeT PMT: facing towards ——
facing away e
background -----

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

LT
.......
-----
-----
.
"""""""""""
"""""
oooooo
rrrrr
-----
Rt UL LT

photoelectrons [p.e. ns™ ]

Large scattering length => at 50m still extremely precise time information



angular resolution (°)

Track reconstruction performance

10 Angular resolution g YT T
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angular resolution (°)

-
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log_(Actual Muon Energy [GeV]))

Track reconstruction performance

Angular resolution (neutrino)
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Shower reconstruction performance

Photon yield as function of distance
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IceCube — Bestcascade fit — Reversed orientation -+ <+ Exp. data

High energy
cascade ‘Bert’

400

Likelihood fit on the

waveforms 200

Shaded areas
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Systematics)
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direction resolution
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Shower reconstruction performance

= 200

Shower light contains directional 3% 18- ANTARES: Angular resolution . |
information e <3degrees
-> little scattering in water L
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-> angular resolution ~2 degrees o
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6 year HESE data
E>60TeV
©<20°

Points : 3FHL, HBL

Resolution for ve
ANTARES ©O

KM3NeT o

Eq. (J2000)

Resolution for vu
ANTARES

KM3NeT

From Resconi/Heijboer ICRC 2017



Pointing: Only calibration source: The Moon (Sun)

Cosmic ray ‘hole’ in direction of moon
-> look at downward going muons

IceCube measurement of the moon
-> cross check of pointing,
angular resolution

g ,
o
Fitted deficit* °

events 1
0

-1
2
3

3 2 1 0 1 2 3
(o, - @) cos(§,) [deg)

0502152 5554 2826 2728 0
Davs since September 1st. 2009

1000 &

8, - &, [deg]

. 1 2
(@, - ay) cos(3,) [deg]



A. CPU performance requirements of major current and future

astroparticle physics projects Towards a Model for Computing

In European Astroparticle Physics

Jnitis H506 arXiv 1512.00988
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
AUGER (total) 1,4 2,2 2,6 3,5 4,6 4,6 4,6 4,6 4,6 4,6
@ HESS 1,6 2,0 10 14 16 16 16
2 MAGIC 0,8 0,8 8,0 8,0 8,0 8,0 8,0
S 2 c1a 0 0 0 0 0 0 / 0 40 0
ANTARES 1,6 2,9 5,7 5,7 5,7
= KM3NeT 0,5 0,5 3,0 10 20 50 100 200
S IceCube 15 15 15 15 15 15 15 15 15 15
o N1V (D
AMS 2,3 9,0 30 50 60 70 80 90 100 110
subtotal| 48 57 97 122 137 149 183 190 260 380
g
< S VIRGO 2,0 2,3 3,0 8,0 12
s ¥ advanced VIRGO 30 50 80 90 90
2 £ ueo 80 80 80
S L advanced LIGO 750 1200 1200 1200 1200
& subtotal| 2,0 23 83 88 92 780 1250 1280 1290 1290
w
@
3
£ S pAU 10 0 110 9% 9% 9% 90 % % 9%
S % SNIS 1,0 1,0 1,0 1,0 1,0
g £ eucup 02 0,5 6,2 13 19 25 31 38
S g LssT 0,2 0,5 6,2 14 28 43 57 152
8 subtotal| 11 41 111 92 103 117 137 158 178 280
Other 2 2 2 2 2 2 2 2 2 2
CPU (kHSO6) total| 63 102 293 304 335 1047 1572 1629 1730 1951
LHC Tiel’-O(ZOlZ) 0,096 0,16 045 0,47 0,51 1,6 2,4 2,5 2,7 3,0




(Selected) Measurements



Atmospheric flux measurement
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Neutrino sky seen by Antares

(9 years, equatorial coordinates)

Blue: Tracks

Antares
~106 atmospheric muons per day

~3  atmospheric neutrinos per day
IceCube

~108 atmospheric muons per day
~300 atmospheric neutrinos per day

Quality important to eliminate
misreconstructed muon signals

Red: Showers
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lceCube 7 year Skymap (probabilities)

Spatial clustering and energy evaluated log A =2 log ‘C‘C(I(IHS: 'Y()))
S —

for signal and background hypothesis
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No significant excess -> Upper limits on point source fluxes

IceCube most sensitive
In Northern Sky

ANTARES most sensitive
at low energies in Southern

Sky

Common analysis can improve
limits in the Southern
Hemisphere
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snmnmmmnmms - ANTARES 2007-15 sensitivity
———————  ANTARES 2007-15 sensitivity (E <100 TeV)
. ANTARES 2007-15 limits (candldate list)
ANTARES 2007-15 limits (candidate list for HESE events)
ANTARES 2007-15 limits (1° declination bands)
IceCube 7 years sensitivity [arXiv:1609.04981]
IceCube 3 years MESE sensitivity (Ev <100 TeV) [ApJ 824(2016)2 L28]
IceCube 7 years limits [arXiv:1609.04981]

I IIIIIII

e

of P

° l ¢ it
M e T UL .-Ml "
|||¢t||n|h|||l|||
" e u
T 1L AL a
\‘Ilﬂ-un

.t
Emumu\noun-mw“‘"

T T lIIIIII

1 -08 06 -04 02 0 02 04 06 08 1
sin()



Prospects for KM3NeT

o7 KMSNeT —— ANTARES, 9y
.r E Ls [irﬁinfar'y L) L) L) Ll
w P —— IceCube, 7y
e f —— KM3NeT/ARCA, 6y
£ [ -
> 10°E / =
Q = E
O -
N — o
L i -
o
& 10°F E
E—\_/—,A - E
1075 05 0 0.5

2
=
~ -
N
S LA



sPares

108

1o

o=

o ' 4 - ‘c‘
. W,WA J\\JI\‘F
" W/ 1

W

W2

Excess in number of ‘warm’ spots?

IceCube: Probabilities for number of high-probability clusters
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Cosmic neutrino detection by IceCube

2013: IceCube reports detection of
two ~PeV energy cascades
(‘Ernie & Bert’)

-> no atmospheric background

2013++: Reducing atmospheric
background with veto in
top of the detector

-> High Energy Starting Events (HESE)

-> Access to Southern Hemisphere

Active veto
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HESE Energy distribution 6 years

2yrs28evts 4.1 c
3yrs 37 evts 5.90

6 year analysis with 10 TeV threshold
4 yr 54 evts ~7c

6 yr 82 evts
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Kopper, ICRC 2017



IceCube Diffuse flux analysis using throughgoing muons

10—4 L PP | P | P | ot
B Conv. atmospheric v, + 7, (best-fit)

- 10-5 B Prompt atmospheric v, + 7, (flux limit) |
@ B Astrophysical v, + 7, (best-fit)
Ky HESE unfolding: PoS(ICRC2015)1081 |
,= 1”_6 F
t‘; l”-? 3
< :
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'6? l()_8 E
10-9 F

103 10* 10° 108 107
E,/GeV

IceCube, Astrophys.J. 833 (2016) no.1, 3



Comparison of different models

= Bechtol et al. (SFG) -~ WB 2013
=~ Kotera et al. (SFR1 / 3) == Murase et al. (Blazar)
. Senno et al. (GRB) B Diffuse Flux (this work)
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The highest energy event (track)
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Deposited energy 2.6+-0.3 PeV

Most probable v energy ~ 7PeV



Skymap for high energy neutrinos (lceCube, ICRC 2017)
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e |C tracks (6vr)

304 == IC tracks (2vr) — 5
. — IC HESE (4yr) .° ;
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Single Power Law in 3.3 ¢ tension

Astrophys. J. 833 (2016) 3
between HESE events and throughgoing muons

Could be e.g. explainable by

- the different energy ranges of the two event samples (assuming broken power law)

- the different sky coverage of the two event samples (different impact of galactic or
other non-isotropic emission
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Recent 8 year track analysis

" IceCube Preliminary
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® v, Tracks—8y(E>119TeV)
© 3.0 Vv Cascades—2y(E>10TeV)
%  Cascades — 4y (this work)

astr

2.5 IceCubepreliminary ;
2.0- | -

1.5
1.0-

0.5+
1.8 20 22 24 26 28 3.0

Tension already reduced (p=0.04)
PoS(ICRC2017)968



Example 7 year of IC data, stacking of Blazars from Fermi 2FHL HBL catalogue

Checking on source classes

=== Equal weights, y=2,13
o === Equal weights, y = 2.50
L 1077 o yelax weights, y = 2.13
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Constraints on contributions of different source populations

1056 ! , 1mnmi
1055 l
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Kowalski, 2014



Constraints on the flux from Galactic Plane
(IceCube and ANTARES common analysis)
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(a) KRA-y (50 PeV cutoff) template

KRA model describes cosmic ray
interactions with interstellar medium
=> corresponding neutrino flux

Limits close to the model expectation
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Multi-messenger connections (online and offline)

\'I\3 ) Send real-time alerts (5s delay) of neutrino pairs
< "~ Y and very high energy neutrinos
t-""\ﬂl :
SWIFT g
3 g o 2l ®
gy, b m— 7 MASTER
SVOM/GWAC
A . ,-‘~ \? S ———w 7 v~
O __o ‘
. I e e | » @
aln " ‘ : =1 ‘ ‘ ZJ' ”.4\ <
/ADKO

Shown for ANTARES, similar for IceCube



Multi-messenger connections (online and offline)

SVOM/GWAC

swrsew= Parkes




Transient studies: Example of flare analysis (ANTARES)

Most significant correlation with blazar 3C 279
1 event in spatial/temporal neighbourhood
3.3% probability (post-trial probability 67%)

Both IceCube and ANTARES:

= m—— L -
e rla . i
w (.) 2 —_C:ndhn 300';, (b) Events within 3*
. o fe . .2,:- .l - o= _4! E,‘
No significant correlation < | l R

seen with X-ray / gamma-ray
flares of selected sources

No significant flare in all sky 3 “OM ' mﬁﬂ! |
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ANTARES, JCAP 1512 (2015)



lceCube high energy alerts

April 2016-End of 2017:
6 EHE alerts, 8 HESE alerts (1 overlapping event)

Interesting Alert 22 September 20:55 EHE-170922A
Followup:

Integral, ANTARES, HAWC, HESS: no detection
SWIFT XRT: 9 X-ray emitters

FERMI: increased gamma-ray activity of TXS 0506+56
MAGIC: detection of VHE gamma rays
.. Many more observatories followed

High Energy Light Curve (800 MeV - 300 GeV)

10

« Flare with neutrino
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Neutrino follow-up of GW150914, GW 151226, LVT151012

joint ANTARES/IceCube/LigoSC/Virgo.
Phys.Rev. D93 (2016), 122010, Phys.Rev. D96 (2017), 022005

/
Limits for E-2 Limits for E-2 e-(E/100TeV)1 i
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From binary black hole mergers in a few
environments neutrino emission expected -
> could pinpoint source
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Within £500 s detected amount of events
compatible with background:
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IC/ANTARES events: 0/3 (GW150914), 2/1 g e
(GW151226), 4/0 (LVT151012)

Limits from ANTARES dominate for
Ev <100 TeV
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Search for neutrinos from GW170817

GWI170817 Neutrino limits (fluence per flavor: v, +¥,)
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10 [ ANTARES +500 sec time-window ]
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Search for event correlations IceCube-Pierre Auger-TA
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* Dark Matter WIMPs accumulate in heavy objects (Sun, Galactic Center, Earth)

* Capture/Annihilation in equilibrium at the Sun core



Dark Matter in the Sun

Accumulation and annihilation in massive objects
v = Ve =3
XomneXwop — DO, W W' 77 uu’,vv

=> Look for excess in the direction of the Sun
=> Selection cuts tuned separately for different channels and WIMP masses

Spin dependent cross section

o, [po)

——————

104

ANTARES W'wW

10+
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1 10 10° 10° 10

ANTARES results: PLB 759 (2016), 69




Search for Magnetic Monopoles

MM produces significantly more light than a
muon in the detector

=> Scan data for bright events

-13
- 10 o we ANTARES (1012 days)
7 Upper limits on MM flux s = ANTARES 2008
- . w— IceCube 86
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Cross section at high energies
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Nature 551, 596—-600 (30 November 2017)



Neutrino Oscillations — IceCube DeepCore measurements

‘Sweet spot’ around 20GeV

Events contained within
DeepCore selected

Zenith resolution:
10 (16) degrees @10 GeV

Energy resolution:
24% (29%) @10 GeV

for Tracks (Cascades)

Number of Events

r . . Am2, L
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Phys. Rev. Lett. 120, 071801 (2018)



Neutrino Oscillations — IceCube DeepCore measurements

:
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Best Fit
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Constraints on oscillation parameters
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Sterile neutrinos
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Vi appearance

vu—> Vv measurement valuable to check unitarity of PMINS matrix

Prospects for IceCube/Deepcore and Phase-1
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Vi appearance

vu—> Vv measurement valuable to check unitarity of PMINS matrix

Deepcore result and prospects for Phase-1
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Neutrino oscillations in matter

Propagation of electron (anti-)neutrinos in the Earth affected
(Mikheyev-Smirnov-Wolfenstein effect)

=> Sensitive to Neutrino Mass hierarchy

W

L)) Vel )
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E=1.01GeV

Animation J. Coelho

http://www.apc.univ-paris7.fr/Downloads/antares/Joao/animations/

v,—V, Probability



Vu -> Vu
Ve -> Ve

Solid: NH
Dashed: IH

Neutrinos IH
pattern
corresponds to
antineutrinos NH

— Effect would

cancel with
equal
neutrino/antineu
trino rates

Neutrinos

Antineutrinos
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Normal hierarchy

NH : event rate
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Inverted hierarchy

IH : event rate
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Adding realistic smearing for energy and angular resolution

NH : event rate
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Adding realistic smearing for energy and angular resolution

IH : event rate

1

° cgs(zegith)
N o ©

° o
n o

e
'S

0.3

0.2

0.1

10 E. (Gew}®’

IH : event rate - 6(E) = 25.0 % , ()

IH : event rate - 6(E) = 25.0 %

c_gs(ze_gith)

0.5
0.4}
0.3

0.2

0.1

2
1 10 E. (GeW)°

IH : event rate - 6(E) = 25.0 % , 6(u), >=15 hits
1

£
= 0.45
.9

g

So.8 0.4

0.
0.7 0.35
0.6 —0.3
0.5 —0.25
0.4 —0.2

10 E. (Gew}®’

o

by Aart Heijboer, Nikhef



NH : event rate -6(E) = 25.0 % , 6(p), >=15 hits
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IH : event rate - 6(E) = 25.0 % , 6(u), >=15 hits
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Asymmetry between pattern

3 4567890

of normal and inverted hierarchy: ( NiIH--NNH ) / NNH
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Small differences in pattern

-> |large statistics needed

-> good control of systematics

-> energy/angular resolution crucial
-> flavor identification crucial
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Evaluation of prospects for KM3NeT/ORCA

)
1

M., [Mton]

- N W s OO0 N O

(=}

2

Low energy turn-on determined by DOM spacing
-> optimization of distances (desigh now 9m)

Effective mass

3 4 567890

20
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100
E, [GeV)

Events/yr (atm):
veCC: 17300

vuCC: 24800
v:CC: 3100

NC: 5300
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Energy Resolution

Shower Track

0.5}
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0_ o | | J
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30.08F- kmNer 8.0<E, /GeV<10.0
* Energy resolution better T e nee
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0.05— Mean = 0.3
E RMS =2.07
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* Close to Gaussian 003f-
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0:

I
Ereco - Eirue [G€V]
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Fraction of events classified as track

Flavor identification

Discrimination of track-like and shower-like events

via Random Decision Forest

Classified as track (9m Spacing)

S
&

o
)

&

Classified as shower (9m Spacing)

Illllll]lll[lll_l‘__l‘lll

S .

Fraction of events classified as shower
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At 10 GeV:
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* 90% correct identification of vetC
» 70% correct identification of vucc



Sensitivity determination

Pseudo-experiments created using as input

e atmospheric neutrino flux

® neutrino cross sections

e 3-flavour earth matter oscillations
e track vs shower event classification

e full MC detector efficiency / resolution response matrices

including misidentified and NC events
e atmospheric muon contamination

To optimally distinguish between IH and NH: :
likelihood ratio test with nuisance parameters ¢ °”

1) Fit parameters assuming NH
2) Fit parameters assuming IH
3) Compute AlogL = log( L(NH)/L(IH) )
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0.02

NH (412)
— IH (388)
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Mass hierarchy significance [o]

Sensitivity (3 years) for different 023

Sin?(63)
0 4 0. 45 0.5 0.55 0.6
I L

: - NH, acp-p°

00

5 g H 80"

R o b L I L T e e e e N S S e o g e st iy

-s-- NH, 5,,=180° | ‘
e T ey

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

3
------

_\NOOJ}-U'IO)\I

ITIT]IIIIITIl]lf1TT[]llllTl1l]]

40 42 44 46 48 50
0,, [degrees]

AmZ, [10%eV?]

N
~

Expected parameter constraints

90
35 40 45 50 5?”

w

g
©

T21K
NOVA
JE— IceCubed

f_ﬁx )L/J—fﬂw NOS
\ 28
7

g
=3

»
=)

I
2

Ing
»

b TTTT T Ty Ty Ty rrIrfrrrryrTTT

g
w

n
[

L
-

035 04 045 05 055 0.6 065

(=]

07
sin®e,,

90% CL contours (3 years)

159



Plans for extending
IceCube with sparse
array (2025-31)

250m string distances

10km3 volume

-> Increased high
energy sensitivity

lceCube Gen2
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