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Q) COSMIC RAYS AND NEUTRINOS



v COSMIC RAYS

where (and how) are they accelerated?

Grigorov
Akeno

MSU
KASCADE
Tibet
KASCADE-Grande
lceTop73
HiRes1&2
TA2013
Auger2013
Model H4a
CREAM all particle

all-particle
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7
N
-
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O
)

E2dN/JE

Fixed target

HE TEVATRON

o

10° 10° 10% 10° 10°
E..t (GeV / particle)
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) COSMIC RAYS

where (and how) are they accelerated?

Grigorov ——+—
Akeno X
MSU —8—
KASCADE
Tibet
KASCADE-Grande
lceTop73

Rt VWe know their energy spectrum

Auger2013
Model H4a

oy, OFEAM il particl over 11 orders of magnitude

N 1

<
U
2

all-particle

‘0
IL
7
N
-
O
>
O
)

Their sources (especially at the
highest energies) are still mostly
Unknown

E2dN/JE

Fixed target
A
l I;ETC TEVATRON

N s

10% 10° 10°
E..t (GeV / particle)
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v)  MULTI-MESSENGER ASTROPHYSIGS WITH NEUTRINOS

» Nuclei can be deflected by magnetic
flelds
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(v)  MULTI-MESSENGER ASTROPHYSICS WITH NEUTRINOS

» Nuclei can be deflected by magnetic
flelds

» Gamma rays can be absorbed

are difficult to stop ana
travel in straight lines

Y
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Astrophysical
beam dump




© NEUTRINOS ABOVE 1 TEV

skelch of the different expected neulrino flux components

—— Honda 2006 Atmos. v,
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© NEUTRINOS ABOVE 1 TEV

skelch of the different expected neulrino flux components

—_
Q
N

— Honda 2006 Atmos. v,
Sarcevic Prompt Atmos. v

ATMOSPHERIC NEUTRINOS (11/K)

dominant < 100 TeV

i

——— Waxman Bahcall 1998 x 3/

GZK Neutrinos -
m IC40 Atmos. v, Unfolding

‘prompt” ~ 100 TeV

ASTROPHYSICAL NEUTRINOS

maybe dominant > 100 TeV
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© DETECTING TEV NEUTRINOS

Interaction cress-sections are very small

Interaction probability

4
O 10~ per km water




© DETECTING TEV NEUTRINOS

Interaction cress-sections are very small

Benchmark astrophysical flux:

O(10°) per km~ per year above
100 TeV

Interaction probability

Need km3-scale detectors! G {67 o ki waier

Large volumes, use natural water
or Ice




) DETECTING NEUTRINOS

Neutrincs are detected by locking for Cherenkiovv radiation from secondary particles (muocns, particle showers)

Cherenkov cone
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NEUTRINO TELESCOPE SITES

deep natural sites with walerlice (deep sea, lakes, glaciers)
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NEUTRINO TELESCOPE SITES

deep natural sites with water|ice (deep sea, lakes, glaciers)

ICECUBE




(o) THE WORLD'S NEUTRINO TELESCOPES

lakes, sea, glaciers
NT-200+ Antares IceCube

L ake Baikal Mediterranean Sea South Pole glacier
1/2000 km? 1/100 km? 1 km?
228 PMTs 885 PMTs 5160 PMTs

Larger, sparser = higher energies
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BAIKAL / BAIKAL-GVD

Neutrin telescope deployed in lake Baikal

First cluster of the gigaton =
detector deployed in April 2015 §
Plan: 8-12 such arrays

— Surface buoy

Commutation
module of the
string

Center module
of the section

Optical
module

High-Energy Neutrinos (TAUP2017) Claudio Kopper lxx"tvﬁrﬁﬁxﬁ&
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© THE ANTARES NEUTRINO TELESCOPE

In the near ‘Toulon, France
NIM A 656 (2011) 11-38 &
A 59 » 25 storeys / line
e ‘ - + 3 PMTs / storey
@ 885 PMTs
5o
o T
® & s ‘hf,r
4 ’bsb i ”d’ e
- ’ X14.5 m
3 T e Deployed
- el in 2001
ol
SRET o \
| ' 40 km
. R
A :i \ . /
= ' — W l._ ) } “« )
5B Uneling storey” with
/;5 |[| (since 2002) 3 OMs

Anchor/line socket Interlink cables

©Mnntanet " —



IceCube’s foot]
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THE IGECUBE NEUTRINO OBSERVATORY

Deployed in the deep glacial ice at the South Pole

lceCube Lab

lceTop
Ty - = 81 Stations
50 M [ il 324 optical sensors

3160 PMTs B el

lceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

1 km?3 volume

AN

86 strings

00 o -
003838888893898S ——
seocp VNI
218888888 IR2RRRRRRLERESLETLECARERT ‘ ! 2 e ————
AL RARARRARS 0 222008088 2 TYTY e

1450 m
. . 11 EEEERIE DeepCore
17 11 RYe rt|Ca‘ SDACIN HHH == 8 strings-spacing optimized for lower energies
1 E SHHUEREERRR RS 480 optical sensors
188 % isididizes : Eiffel Tower
125 m Strmg SpaCing . |324m

2820 m |

Completed 2010

Bedrock



© NEUTRINQ EVENT SIGNATURES

Signatures of signal events
N I C / time
. eutral Current . NS
CC Muon Neutrino . CC Tau Neutrino
Electron Neutrino
o ikl
T
vy + N — p+ X Ve + N — e +X VgV g o X
Vs + N — ve+X
track (data) cascade (data) “double-bang” (210PeV) and other
factor of = 2 energy resolution =~ +15% deposited energy resolution signatures (simulation)
< 1° angular resolution at high =~ 10° angular resolution (in IceCube)  (not observed yet: T decay length is

energies (at energies = 100 TeV) 50 m/PeV)



DETECTION PRINCIPLE (MUON IN IGE)

Neutrinos are detected by locking for Cherenkovv radiation from secondary particles
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DETECTION PRINCIPLE (MUON IN IGE)

Neutrinos are detected by locking for Cherenkovv radiation from secondary particles
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DETECTION PRINGIPLE (CASGADE IN ICE)

Neutrinos are detected by locking for Cherenkovv radiation from secondary particles

time delay
vs. direct light

“on time” ——— delayed
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Neutrinos are detected by locking for Cherenkovv radiation from secondary particles

time delay
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v DETECTION PRINGIPLE (CASCADE IN ICE)
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v DETECTION PRINGIPLE (CASCADE IN WATER)

This is how it would look in sea water (hM3 NeT[ANTARES)
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This is how it would look in sea water (hM3 NeT[ANTARES)
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t 41 deg zenith

10N a

+++ 2500 m
+++ 2700 m
Muon energy [GeV]

+++ 1500 m
+++ 1700 m
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© ISOLATING NEUTRINO EVENTS
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Up-going tracks

Air shower

vu-dominated
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North
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© ISOLATING NEUTRINO EVENTS

two-strategies

Up-going tracks

Air shower

vu-dominated

4 vonly

Atmosphere
(exaggerated)

Air shower

Astrophysical source

Earth stops penetrating muons
Effective volume larger than detector
Sensitive to vy only
Sensitive to "half” the sky



© ISOLATING NEUTRINO EVENTS

two-strategies

Up-going tracks Active veto

Air shower

vu-dominated

4 vonly

North

Atmosphere
(exaggerated)

Air shower

0
Astrophysical source
Earth stops penetrating muons
Effective volume larger than detector
Sensitive to vy only
Sensitive to "half” the sky



© ISOLATING NEUTRINO EVENTS

two-strategies

Up-going tracks Active veto

Air shower

Veto

vu-dominated

4 vonly

North

Atmosphere
(exaggerated)

Air shower

*
Astrophysical source
Earth stops penetrating muons
Effective volume larger than detector
Sensitive to vy only
Sensitive to "half” the sky



© ISOLATING NEUTRINO EVENTS

lwo strategies
Up-going tracks Active veto
Air shower *u—dominated u Veto
4 vonly
Nelgip
!
Atmosphere
(exaggerated)

Astrophysical source

Earth stops penetrating muons
Effective volume larger than detector
Sensitive to vy only
Sensitive to "half” the sky



© ISOLATING NEUTRINO EVENTS

two-strategies

Up-going tracks

Air shower

vu-dominated

4 vonly

Atmosphere
(exaggerated)

Astrophysical source

Earth stops penetrating muons
Effective volume larger than detector
Sensitive to vy only
Sensitive to "half” the sky

Active veto
u Veto

Veto detects penetrating muons

Fffective volume s

nel

Sensitive

LO d

er tha
RiEWVe

N detector

S

Sensitive to the entire sky



(v) CALIBRATION

Varicus calibration devices/methods to-conlrol detector systematics (example: TceCube)

1000 &
LED flashers oneach DOM
-1000
-2000
-3000
-4000
-5000
-6000
-7000

0, - Oy [ded]
N W

INn-ice calibration laser

> I

1] IIII|I|IA_I-—

Cosmic ray energy spectrum

Moon shadow 284

3E |
] =& —-8000
Atmospheric neutrino energy spectrum Ry
(ot - 0yy) cos(d,) [ded]
Minimum-ionizing MUONS Moon Shadow in Cosmic Rays

Muons in lceCube (59 strings)



U THE (VERY) HIGH-ENERGY TAIL



© WHAT DID ICECUBE FIND? (6 YEARS)

80(+2) events observed!

-stimated background:
15.6"114.35 atm. neutrinos

25.2+/.3 atm. muons

Two of them are an obvious (but

expected) background:

coincident muons from two CR
alr showers

82 events in 2078 days

=
O
-
©
=
[&)
)
Q
=
n

»‘#

Showers —e—
Tracks ——><—

IceCube Preliminary

Deposited EM-Equivalent Energy in Detector (TeV)

We updated the cross-section model

(now "CSMS”) -> ex
IN best-fit

nDectec

N0IMMa

~25% decrease

lzation



(D

ENERGY SPEGTRUM (6 YEARS)

enerqy deposited in the detector (lower limit on neutrinc-enerqy)

Compatible with benchmark

single power-law model.

Things migr

complicatec

tbenm

ore

butt

N1S IS NOt

the analysis to decide that.

X:_2-92+Q33

-0.29

Best fit spectral index (E¥):

"2 = 2,46+ 0.8 x 108 X
(E/100TeV) 972 GeVecm™“stsrl

Energy Threshold

[ Background Atmospheric Muon Flux
= Bkg. Atmospheric Neutrinos («/K)

Background Uncertainties
- Atmospheric Neutrinos (90% CL Charm Limit)

- Bkg.+Signal Best-Fit 1-Component Astrophysical (FE

- « Bkg.+Signal Best-Fit 2-Component Astrophysical
e0®¢ Data

—2.92 )

IceCube Preliminary
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-
N
-
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10°
Deposited EM-Equivalent Energy in Detector (TeV)



ZENITH DISTRIBUTION (6 YEARS)

Southern Sky (downgoing) Northern Sky (upgoing)

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (7/K)

Background Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)

Bkg.+Signal Best-Fit 1-Component Astrophysical (E~*%)

- Bkg.+Signal Best-Fit 2-Component Astrophysical
Data

IceCubeé Preliminary

Events per 2078 Days with deposited E > 60 TeV

0.0
sin(Declination)




) UNFOLDING TO NEUTRINO ENERGY

Fit for an arbitrary spectrum + background components (with priors) - 6 years

Astrophysical Fluxes _
(on top of atmospheric) |-

e®e¢ HESE Differential |
IceCube Preliminary:
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Neutrino Energy [GeV]

assumption: 1:1:1 flavor ratio, 1:1 neutrino:anti-neutrino




UNFOLDING TO NEUTRINO ENERGY

Fit for an arbitrary spectrum + background components (with priors) - 6 years

Atmospheric Fluxes (reduced by self-veto in analysis)
Prompt Upper Limit(v, +7,) [1.04x ERS]
Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006]

Astrophysical Fluxes _
(on top of atmospheric) |

e®¢ HESE Differential

IceCube Preliminary:

Neutrino Energy [GeV]

assumption: 1:1:1 flavor ratio, 1:1 neutrino:anti-neutrino




UNFOLDING TO NEUTRINO ENERGY

Fit for an arbitrary spectrum + background components (with priors) - 6 years

Atmospheric Fluxes (reduced by self-veto in analysis)
Prompt Upper Limit(v, +7,) [1.04x ERS]

Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006]

Astrophysical Fluxes
(on top of atmospheric)

e®¢ HESE Differential

BEE HESE 1-Component (E*7) |

IceCube Preliminary -

Neutrino Energy [GeV]

assumption: 1:1:1 flavor ratio, 1:1 neutrino:anti-neutrino




SKYMAP / GLUSTERING

No significant clustering cbserved (3ix years)

34

Galactic

TS = 2In(L/Lo)

(all p-values are post-trial)




) SKYMAP / CLUSTERING

No significant clustering cbserved

Analyzed with a variant of the standard PS method (w/o energy) (i.e.
scrambling in RA)

Significance (p-value): 77% (not significant)

Other searches (multi-cluster, galactic plane, time clustering, GRB
correlations) not significant either

High-Energy Neutrinos (TAUP2017) Claudio Kopper
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Highest-enerqy neutrinc-induced muon

UPGOING MUONS

(i.e. not a CR muon)

Up-going

deposited energy:

oivvvoc

4

o0 1

Py O

8T

=T

S

cC N
Wpegmb Q 5
A o = - -
»m s> =2 9
o= .. H

) () Q
O o ™ S —
AN & OO O L)

11.48°dec/ 110.34° RA

ApJ 833 (2016) no.1, 3



(7)  UPGOING MUONS - SPECTRAL COMPONENTS

Cight years of data (from C. Haack | TCRC2017)

Selected horizontal and up-going

muon tracks

Sensitive to astrop

nysical

neutrinos above ~120 TeV

bower-law index: 2.19+0.10
orompt component fits to zero

mm Conv. atmospheric v, + v, (best-fit)

B Prompt atmospheric v, 4+ 7, (flux limit (2016))
Astrophysical v, + 1, (best-fit)

+++ HESE unfolding: PoS(ICRC2017)981




UNFOLDING TO NEUTRINO ENERGY

Fit for an arbitrary spectrum + background components (with priors) - 6 years

Atmospheric Fluxes (reduced by self-veto in analysis)
Prompt Upper Limit(v, +7,) [1.04x ERS]
Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006]

Astrophysical Fluxes _
(on top of atmospheric) |

e®¢ HESE Differential

IceCube Preliminary:

Neutrino Energy [GeV]

assumption: 1:1:1 flavor ratio, 1:1 neutrino:anti-neutrino




UNFOLDING TO NEUTRINO ENERGY

Fit for an arbitrary spectrum + background components (with priors) - 6 years

Atmospheric Fluxes (reduced by self-veto in analysis)
Prompt Upper Limit(v, +7,) [1.04x ERS]
Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006]

Astrophysical Fluxes _
(on top of atmospheric) |-

e®¢ HESE Differential
v, Best Fit

IceCube Preliminary

Neutrino Energy [GeV]

assumption: 1:1:1 flavor ratio, 1:1 neutrino:anti-neutrino




UNFOLDING TO NEUTRINO ENERGY

Fit for an arbitrary spectrum + background components (with priors) - 6 years

Atmospheric Fluxes (reduced by self-veto in analysis)
Prompt Upper Limit(v, +7,) [1.04x ERS]

Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006]

Astrophysical Fluxes
(on top of atmospheric)

eo¢ HESE Differential
HESE 2-Component - Soft (E37)

mmm HESE 2-Component - Hard (E~%%)
v, Best Fit (prior for "Hard")

e:Preliminary

Neutrino Energy [GeV]

assumption: 1:1:1 flavor ratio, 1:1 neutrino:anti-neutrino



UNFOLDING TO NEUTRINO ENERGY

Fit for an arbitrary spectrum + background components (with priors) - 6 years

Atmospheric Fluxes (reduced by self-veto in analysis)

Prompt Upper Limit(yﬂ +z7ﬂ) [1.04x ERS] AStI'OthSlcaI Fluxes

Conventional (v, +7,) (zenith-averaged) [1.07x Honda2006] (On tOp Of atmOSpherIC)
eo¢ HESE Differential

v, BestFit
B HESE 1-Component (E%?)

IceCube Preliminary

Neutrino Energy [GeV]

This data sample is not able to discriminate between a 1-component and a 2-component model



NO EVIDENCE FOR 2 COMPONENTS IN THIS ANALYSIS

>
( We are not able to make statements about the spectral shape with this analysis - stay tuned for fulure selections/analijses

Yy HESE 1-Component Best Fit

. . . : v it (prior for Hard
Best-fit normalization §astro at 100 A v, Best Fit (prior for Hard)

V 2-Component - Hard (constrained by v, prior)

TeV vs. astrophysical Index Yastro 2| © 2-Component - Soft
1-component power-law in black

Z2-component assumption in orange -
with a prior on the hard component
from the muon neutrino analysis

This data sample can not
discriminate between a 1-component
and a 2-component model

3.0

Vastro




FLAVOR COMPOSITION

D)
( Flavor ratic at Carth contains information aboul source ratio after oacillations en route to-Carth

-or standard osclillations, only a small muon-suppressed
. . . _ 1on deca
region of flavor ratios is allowed at Earth T o0y

pion & muon
decay

at source —» at Earth L e

Ve Vp Vr Ve Vu Vr . ngzéz(;n

pion decay 1 y. 0 | 1 1 | ) "
muon-damped 0 1 O 0.2 0.39 0.39

neutrondecay 1 0 O 056 0.22 0.22




© GLOBAL FIT OF ICECUBE ANALYSES

interesting results such as flavor ratic

. . .-V, - V. at ,

fit for flavor ratio, spectral shape and |G B IceCube
0:1:0 Preliminary

cutoff o 1:2:0 '

muon-damped (0:1:0)

— compatible

— excluded at 3.70

ApJ 809, 98 (2015)/
PoS(ICRC2015)1066




) TAU NEUTRINOS

should see the first taus scon

should be able to identify a "double-bang”
signature above ~PeV - not observed yet!

(19A PalJIIUSPI JUSAS BIBP OU)

‘ fj. _
8
@
. @
® .
s
g
..
: s

at lower energies identification i1s more
challenging - lceCube just set new [imits!

Energy deposition along track
dE/dX [TeV/10m]

|
700 720 740 760 780 800 820 840

Distance along track [m]

APd9E'T ‘JUDAS Pate|NWIS




TAU NEUTRINO SEARGHES WITH STARTING EVENTS

update of global fit in progress

\\ ‘wﬁ % m° | V|

BRNSAREE U IBlinld'

V‘J‘ll\ tigo 06‘,’ o o L] . ]

%@E l el o — HESE with binary PID < lceCube

o |1F]4% B {;él‘gg’,?,f; — HESE with ternary PID 1.0 Preliminary
T *i @ o:" g 3

Track
ﬁ

fit fraction of each
event class

S
) ) S Q

Fraction of v,

Double cascade

PoS(ICRC2017) 974



TAU NEUTRINO SEARGHES WITH STARTING EVENTS

update of global fit in progress

¥ : b I Vi
RSB EE U IBtE 4 SN LA
L ere R | B8 8 sllL L L - :
%E l el — HESE with binary PID <, lceCube
11148878 H B Iy 3: ' 878 'f,f‘ i . .
L ;:;’,sg;; — HESE with ternary PID 1.0 Preliminary
- iTO t 8 3..' :.f-

Track “ ; T A&

| Y
i InRE g (] o !' ‘ ,/A@A 0.2

\/ ' l/ ,’,
fit fraction of each < | g 7 =
event class 0/\% _ A/hscf&i“%‘x‘(/\
— 7 == 7 7 7 7 7 7 OO
© @ Q

/ /
Q v
) S S

Fraction of v,

Double cascade

PoS(ICRC2017) 974



(v)  TAUNEUTRINO SEARCHES WITH STARTING EVENTS

update of global fit in progress

—— HESE with ternary PID
== |[ceCube APJ 2015

VeV Ve at source
0:1:0
e 1:2:0
A 1:0:0

MR S0 ceCube
Track  td et Preliminary

-
-
— /)

fit fraction of each

v EA ey
event class e, i ____________ iy
S
S

sso.430.4d ul 11} jeqo|3 jo ajepdn

Fraction of v,

L ack of vt candidates compatible with statistical fluctuation

Do#le cascade

PoS(ICRC2017) 974

no v, candidates observed



v WHERE ARE THE SOURGES?

There s still no-evidence for point sources of high-energy neulrinos.

arXiv:1706.01857

ANTARES all-flavour search (~6 years):
~1.90 chance probability (post-trial)

-|og1o(p-value) IceCube Preliminary 175°

lceCube 6-year though-going muon point source
search
Northern-sky muons: 44% chance probability
> PeV southern-sky muons: 38%

ApJ 835(2017) 2,151




© CONSTRAINTS ON POINT SOURGES

=
&

» ANTARES 2007-15 sensitivity
ANTARES 2007-15 sensitivity (E <100 TeV)
ANTARES 2007-15 limits (candidate list)
ANTARES 2007-15 limits (candidate list for HESE events)
ANTARES 2007-15 limits (1° declination bands)
IlceCube 7 years sensitivity [arXiv:1609.04981]

IceCube 3 years MESE sensitivity (E\_ <100 TeV) [ApJ 824(2016)2 L28]
IceCube 7 years limits [arXiv:1609.04981]

ANTARES can observe the
southern sky through the Earth
— [ower threshold, better
sensitivity In the south
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lceCube has a larger effective area
— more events, better sensitivity 10°
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107
41 08 -06 -04 02 0 02 04




v ALERTS/FOLLOW-UPS

we lry to alert other experiments as soon as we see an interesting event

e ¥ SN/GRB/...

PTF (optical) Swift (X-Ray)

Veritas/

H.ES.S./ P
MAGICY/... (similar for ANTARES)




) ALERTS/FOLLOW-UPS

we lry to alert other experiments as soon as we see an interesting event

¥ SN/GRBY/...

see D. Cowen’s talk on Friday!

PTF (optical) Swift (X-Ray)

“The North”

K

Veritas/

H.E.S.S./
MAGIC/... (similar for ANTARES)




DARK MATTER

(High-Energy) Neutrino Signals from the
Sun, the Galactic Center, Halo and
more!




INDIRECT DARK MATTER SEARGHES

Took at cbjects where dark matter might have accumulated gravitationally cver the evolution of the Universe

Galactic Center

T CVall K

LeolV

Clusters of Galaxies

accumulate due to WIMP-proton
' elastic scattering

n (& Earth)

S::ul-ﬁmr

é} Fornax

Dwarf spheroidal galaxies

WIMP

MSSM - neutralino

WIMP



SOLAR WIMP RESULTS - ICEGUBE AND ANTARES

(from M. Medici's talk)

1073° —— ——————
— lceCube (2011-2014)
- o Super-K (1996-2012)
- = = Antares (2007-2012)

10-37 _
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© GALACTIC - ICECUBE AND ANTARES

(from M. Medici's talk)

F_ 4 L 4 YIY’?YT T 4 rrYTrrTrTvy T 4 YY!YY!I T T YYYYY'T

B IC 3yr halo cascades k4 |C 2yr cascades
- @9 IC 3yr GC tracks — -  ANTARES GC
- V% IC 4yr PS+ 3yr MESE

IceCube Preliminary

Natural scale -

1111111 |

10




AAAAPPL ) ¥

Using the atmospheric neutrino
"background” to study neutrino physics




(v") NEUTRINO OSCILLATIONS WITH ATMOSPHERIC NEUTRINOS

neutrinc oscillations through Carth’s diameter are accessible by TceCube/DeepCore

First oscillation maximum at 24 GeV,
accessible with DeepCore
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0 OSCILLATIONS WITH ATMOSPHERIC NEUTRINOS

neutrinc oscillations through Carth’s diameter are accessible by TceCube/DeepCore

() NEUTRIN

-Irst oscillation maximum at 24 GeV,
accessible with DeepCore

Am;.“'l 7.5-10 % eV?

Amg, =2.32-10"eV*
0,,=33.9° 0,,=9.1

0yq =45.0

two-flavor
oscillations

I

lceCube

DeepCore




3-YEAR MUON DISAPPEARANGE STUDY

3 years of data (2011-2014, 9563 days) - compelitive with other experimenis

— 1C2017 [NO]

..«  MINOS w/atm [NO] ‘ :
-- T2K2017[NO] — 1IC2015[NO]

arXiv:1707.07081

SKIV 2015 [NO]
-+ NOvA 2017 [NO] i

Number of Events
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3-YEAR MUON DISAPPEARANGE STUDY

3 years of data (2011-2014, 9563 days) - compelitive with other experimenis

Cascade-like

— 1C2017 [NO] SKIV 2015 [NO] ol W bestfit  Fmoosc
.=  MINOS w/atm [NO]  =:+ NOvA 2017 [NO]
-- T2K2017 [NO] — IC2015[NO]

Number of Events

IceCube Preliminary
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energies, new hemispheres
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v THE KM3NET NEUTRINO TELESCOPE

Multi-site installation in the Mediterranean Sea (france, Ttaly), instrumented in “building blocks’; started construction
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Multi-PMT digital
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KM3NeT “building block”

string with OMs



(v) THE KM3NET NEUTRINO TELESCOPE

Multi-site installation in the Mediterranean Sea (‘France, Ttaly), instrumented in “building blocks’; started construction

31 x 3" PMTs
Hamamatsu, ETL, HZC Percrtor —. g
Light collection ring or st
20-40% gain in PC for free
Low power
<10W/DOM
FPGA readout
sub-ns time stamping
time over threshold
Calibration
LED & acoustic piezo o
Optical fibre data transmission . RO« %iﬂli;i;‘i;:r’ff;‘;“@;‘"g
DWDM with 80 wavelengths "\ PN support

}. structure (bottom)
Gb/s readout P o
Light collection device

Pressure gauge
. -

Nanobeacon » ‘.,
\. v _1\

—

PMT SUPPOIT - )
structure (top) -

_ A Signal collection boards
Cooling system (1/3) == M (top and bottom)

Cooling system (ZV‘—_“

Power board
(and thermal sheet) ,
e ‘—a—%
Cooling system (3/3/
o / =,

Compass & tiltmeter a

N

MultiPMT optical module

Bottom hemisphere




) KM3NET: ARCA AND ORCA

two-different building blocks

ARCA: "Astrophysical Research with Cosmic in the Abyss’
Study astrophysical neutrino fluxes at E > 100 GeV

2 "blocks” at the Italian site (2 strings deployed)

ORCA: Oscillations Research with Cosmics in the Abyss”
Resolve the neutrino mass hierarchy (1 GeV < E < 100 GeV)

1 “block™ at the French site (2 strings ready to be deployed)

High-Energy Neutrinos (TAUP2017) Claudio Kopper
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KM3NET CONSTRUCTION

firat two strings have been deployed!




KM3NET CONSTRUCTION

firat two strings have been deployed!




KM3NET CONSTRUCTION

firat two strings have been deployed!
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ICECUBE-GEN2: HIGH-ENERGY

lceCube has provided an
amazing sample of events, but
s still limited by the small
number of events

few 10's of astrophysical
neutrinos per year

The lceCube-GenZ High-
-nergy Array will instrument

a significantly larger volume

/ 3 | Artist conception
(N ——Okm ) Here: 120 strings at 300 m spacing

High-Energy Neutrinos (TAUP2017) Claudio Kopper zgx"ﬁ?ﬁﬁ%&



) ICECUBE-GEN2: SURFACE VET

RED for a surface array

similar to the current “lceTop” surface array (or
alternative technology) - CR physics and veto
neutrinos from CR air showers at the ice
surface

iIncrease volume for starting tracks

R&D Is underway!

8000t 0.7
-8000 -6000 -4000 -2000 O 2000 4000 6000 8000

Distance to the center of IceCube grid east-west [m]



) ICECUBE-GEN2: PINGU

measuring the masa hierarchy using atmoapheric neutrincs

cover energies down to a few GeV

e |ceCube

add 40 strings to lceCube/DeepCore » DeepCore
|+ PINGU

22m string spacing

2m DOM spacing

use the difference in MSW effect for v
and anti-v

combine with difference in v and anti-v
Cross-section




) ICECUBE-GEN2: PINGU

measuring the mass hierarchy using atmospheric neutrincs

cover energies down to a few GeV Noeresal Mags Missvchy (True)

add 40 strings to lceCube/DeepCore

22m string spacing

2m DOM spacing

p—d
o
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=

Counts per bin per year

>
O

=
>
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—
L
-

L

use the difference in MSW effect for v
and anti-v

combine with difference in v and anti-v
, . : -0.6 -0.4
CFOSS—SGCJEIOH coszenith




) ICECUBE-GEN2: PINGU

measuring the mass hierarchy using atmospheric neutrincs

cover energies down to a few GeV nverted Mass Hierarchy.  (Thus)

add 40 strings to lceCube/DeepCore

22m string spacing

2m DOM spacing

-

=

Counts per bin per year

>
cv

-
>
o
-
)
-

LLJ

use the difference in MSW effect for v
and anti-v

combine with difference in v and anti-v - - .
cross-section | | coszenith |
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measuring the mass hierarchy using atmospheric neutrincs
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) ICECUBE-GEN2: PHASE
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ICECUBE-GENZ2: PHASE1

precision disappearance

— [C2017 [NO] o SK IV 2015 [NO]
MINOS w/atm [NO] =+ NOwA 2017 [NO]
-- T2K2017[NO] — [C2015[NO]

IceCube DeepCore: 3 years

Precision significantly
iImproved over DeepCore




ICECUBE-GENZ2: PHASE1

precision disappearance

- == JceCube 2017 -+ Super-K 2015 ;
SRR »MINOSw/atm fffffffffff fffffff NOwvA 2017 et

T2K 2017 Gen2-Phasel (3 yI proj. )
| | [T2K 2016 assumed] |
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Gen2 Phase 3 years

Precision significantly
iImproved over DeepCore
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ICECUBE-GENZ2: PHASE1

precision disappearance
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Precision significantly
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) ICECUBE-GEN2: PHASE

appearance

Gen2 Phase 1 Preliminary 95% range
v. Appearance 68% range

Phase 1 can provide best

measurement of Vr appearance
to date
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) ICECUBE-GEN2: PHASE

TceCube high-enerqgy science through belter calibration

New calibration devices inside IceCube
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© MORE DETECTORS / METHODS

non-waler deteclors | radic detectors

radio detectors for energy range
above ~10 PeV (Askaryan effect)
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Horizontal Distance (km)

earth skimming tau Cherenkov shower detection
(arXiv:1202.5656) - can be deployed on land!

For energies > 100 PeV, Radio detectors are more scalable,
® Deployed ARA  more cost effective to reach sensitivity needed
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© MORE DETECTORS / METHODS

non-waler detectors | radio detectors
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earth skimming tau Cherenkov shower detection
(arXiv:1202.5656) - can be deployed on land!
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MORE DETECTORS / METHODS

non-waler detectors | radio detectors

ANITA 11 2010 limit =—a  ARJANNA HRA3 limit

Auger (9 yr) limit x3 Kotera 2010
Icecube (2 yr) limit Ahlers 2010 best fit
: | ARA2 (10 m) limit -+ IceCube 2013 meas.
Mauna Loa Mauna Kea | - ARA37 (3 yr) projected sens.
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1 | l | I — l | — ] l 1
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earth skimming tau Cherenkov shower detection
(arXiv:1202.5656) - can be deployed on land!




CONGLUSIONS

and summary

(D

| could only cover a very small subset of topics...

We are studying the detailed properties of the flux of
astrophysical neutrinos and are looking for its sources

In addition we are using atmospheric neutrinos to study neutrino
ohysics (oscillations!)

Had to omit many other results (CR composition, searches for
neutrinos from GRBs, ...)

More data is being taken and analyses are ongoing

We are looking at future projects - KM3NeT and lceCube-Gen?2
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THANK YOU!



