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Neutrino Spectrum
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fCosmic rays interacting in
the atmosphere producing
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high-energy cosmic rays interacting
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Event Signatures

Charged-current vy Neutral-current / ve Charged-current v«

(simulation)

Isolated energy
deposition (cascade)
with no track

Double cascade

Up-going track

15% deposited energy resolution
Factor of ~2 energy resolution 10 degree angular resolution (above (resolvable above ~100 TeV

~0.5 degree angular resolution 100 TeV) deposited energy)
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Observation of High-Energy cosmic neutrinos

* Discovery of astrophysical neutrinos announced in 2013.

* (Observation of excess over atmospheric background.
e 28 events with 2 PeV neutrinos in the first 2 years.

* 82 events in 6 years.
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High-Energy Cosmic Neutrinos

ﬂgh-Energy Starting Evena 107} . L
- ® neutrino fluxes and upper limits
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Observation confirmed in _
independent channels. Up-going Muon Tracks

Hardening of the spectrum at high

energies. 8 years Observation > 6.70

Low-energy excess hinting at
spectral features.

fluxes are compatible in the
common energy range

~ 500 astrophysical neutrinos

¢ x E—2.19

- J _/
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Arrival Directions
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iceCube Preliminary =
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Flavor Composition

Flavor composition depends on the production scenario at the source.

——= HESE with ternary PID | © VeV iV at source
=== |ceCube APJ 2015 1.0 m  0:1:0 20
O 1:2:0
A 1:0:0

lceCube
Prelimmnary

—2A log(Likelihood)

8
6
4
. e 2
AN -
_ 0.0 0
) oy AV © ®© S)
S} S} S} N} Ny ~
Fraction of v, lceCube, ICRC 2017

Flavor composition compatible with equal proportion of each flavor.
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Origin of the cosmic neutrinos?

e A SR , northern sky hotspot
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~ lceCube searches for steady and time dependent neutrino emission point
sources, extended sources, and catalog of sources.

~ No source class confirmed as main origin of HE cosmic neutrinos.

- Galactic contribution is constrained to 15% of the total flux.

- Time dependent analyses benefit from lower backgrounds.

- Realtime analysis and follow-up studies offer unique opportunities to find sources.
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|IC 170922A

- |lceCube issued an alert on September 22, 2017.

- Follow up observations by ANTARES, H.E.S.S. , Fermi-LAT, Swift, AGILE,
MAGIC, HAWC, VERITAS and ...

E T AT e R TXS 05064056
L. i Fermi BFGL Sources [ a L R eI ‘+
e e T e T O
R - : :"._ A )

| Fermi-LAT detection of increased gamma-ray activity of 7 Q.
TXS 05064056, located inside the IceCube-170922A ‘ FGST
error region.

FERMI GAMMA-RAY SPACE TELESCOPE

ATel #10791; Yasuyuki T. Tanaka (Hiroshima University), Sara Buson (NASA/GSFC), Daniel | & _
Kocevski (NASA/MSFC) on behalf of the Fermi-LAT collaboration

on 28 Sep
Credential Certification: David J. Tq First-time detection of VHE gamma rays by MAGIC from

| a direction consistent with the recent EHE neutrino
event IceCube-170922A

ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
on4 Oct2017; 17:17 UT
Credential Certification: Razmik Mirzoyan (Razmik.Mirzoyan@mpp.mpg .de)

+ detalls coming soon!
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Gravitational Waves follow-up

Binary Neutron Star Merger

GW 170817

GW (90% CL)
+ NGC 4993

¥ neutrino candidate (IceCube)

¢ neutrino candidate (ANTARES)
= = === [ceCube horizon
— == ANTARES horizon
[ ]Auger FoV (Earth-skimming)

[ ]Auger FoV (down-going)

st

No coincident neutrino!

ANTARES, IceCube, Auger, LIGO/Virgo ApJL 850:L35 (2017)
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Neutrino Oscillation

‘ Electron Neutrino IceCube, PRL 2018

2
M Neutri
‘ Viuon Neutrino FC 68%

@ .o | SR AN e S

L ............. gocyo CL Contours ............. ......................... | .

IceCube / DeepCore 0.4 0|,5 0.6 0 1 2
sin? (6y) Ax?

© 3 years of IceCube Deep Core data

~ measurements of muon neutrino f

di . Normal Ordering best fits:
isappearance, over a range of baselines

up to the diameter of the Earth Am3, = 2317012 x 107 %eV?

~ Neutrinos from the full sky with
reconstructed energies from 5.6 to 56 GeV \_

Sin2 (923 — 0511_88;

J
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Neutrino-Nucleus Cross Section
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~ Absorption of neutrinos in the earth a powerful tool to measure neutrino-
nucleus cross section

= > 10000 high-energy muon neutrinos used in this analysis

© measuring the cross section between 6.3-980 TeV

~ More than an order of magnitude higher than previous measurements

a- Highlights from the IceCube Neutrino Observatory 13 Ali Kheirandish @



Indirect Dark Matter Search

Annihilation in the Milky Way

dP <0‘A?)> dN

— (AL =
dE( ) 47 - Qm%M dFE

p?(r(l, A2))dl

los

© 3 years of data

~ Galactic Center only accessible in down-
going muons.

~ Limiting dark matter mass between 10
GeV-1 TeV.

~ No significant excess of neutrinos over the
background of atmospheric neutrinos

~ Strongest limit on the DM mass in self
annihilation via tau (NSW profile)

lceCube, Eur.Phys.J. C 2017
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Lorentz Invariance Violation

2
H ~ m__|_&(3) _E.W L g2.506) _g3.a06) ..
o(6)"  _ o(6)
T it

~ Atmospheric muon neutrinos from northern hemisphere (400 GeV to 18 TeV)

~ oscillation probability is different with energy and baseline (direction)

~ Strongest bounds on SME Lorentz violating coefficients in neutrino sector

1.6

1.4

P, Vertical/ B horizon

0.6
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Summary

~ lceCube has discovered and characterized a flux of high-energy
astrophysical neutrinos between TeV and several PeV energies.

~ The main sources of high-energy neutrinos are still unknown.

~ The coincidence high-energy muon neutrino with a flaring gamma
ray blazar may be the first identitied high-energy neutrino source.

~ Multi-messenger astrophysics with gamma rays, neutrinos,
gravitational waves, and cosmic rays is now a reality and will help
us to understand the high-energy Universe.

o lceCube access to high-energy regime serves as a powertul tool

to study neutrino physics and physics beyond the standard model.

ﬁ- Highlights from the IceCube Neutrino Observatory 16 Ali Kheirandish l\\:




Tau Appearance

Sterile Neutrinos
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HESE 6 yr flux

| - Astrophysical Flux :
 lceCube Preliminary § (on top of atmospheric) |
r § § eo ¢ Differential

10 7 oo R SRR Best-fit (F292503) |5

v, Best Fit (E219+01)

Neutrino Energy [GeV]
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Low-energy Starting Events

* [ owering the threshold in HESE selection to 1 TeV
o Better statistics and larger effective area

'Conv. atmosph‘eric v I
Prompt atmospheric v
Atmospheric muons
Astrophysical v I
Sum of expectations
Experimental data e

Conv. atmosp'heriCV I
i _ Prompt atmospheric v
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2 L 10°
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© a better understanding of the lower energy component
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Low-energy Starting Events

Lowering the threshold in HESE selection

: Astrophysical Fluxes -
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lceCube point source sensitivity

mmm  Pre-trial (Disc. Potential) = = ANTARES (Sensitivity)
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Limits on GRBs neutrino emission

10~ @ Ahlers et al.
—#- Waxman-Bahcall

* No association with five
years of muon neutrino track
events

lceCube,
1079

* Conclusion: <1% of
astrophysical neutrino flux is
produced by GRBs

excluded region

10—9

b) ((;(J\ (‘:]11_2 S_l Sl‘_l)

-
~-

 Non-detection rules out :‘::i 1010 \ .................
GRBs as the source of UHE | waih = allowed
. | 1 PSR | 11111111 I Lt a1 sl

Neutrino break energy ¢, (GeV)
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Black hole merger coincidence search

= GW (90% CL)
X neutrino (IC)

LVT151012

PRD 96, 022005 (2017)

GW150914

PRD 93, 122010 (2016)

X3

X

GW (99% CL)
GW (90% CL)
GW (50% CL)
neutrino

ANTARES, IceCube, LIGO/VIRGO partnership

ﬁ Highlights from the IceCube Neutrino Observatory

26

m— GW (90% CL)
X neutrino (IC)
X neutrino (A)

et
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GW 170817 Neutrino limit

lceCube, ANTARES, and
Auger 90% upper limit
on the neutrino fluency
(per tlavor) for the binary
neutron star merger.
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Cross Section measurement
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lceCube, Nature 551 (2017) 596
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lceCube probes oscillation physics at baselines and energies inaccessible to
LBL or reactor neutrino experiments — essential for constraining new physics
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Sterile Neutrinos
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lceCube, PRL 2016
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Dark Matter-Neutrino Interactions

Interaction of high-energy neutrinos with Galactic dark matter

60 : : :
Eyep > 60 TeV — Atm. v
e —— Atm. + Astro., no DM
0r (SX7S¢>):(1/2’ 1)792:1 T
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0 | S— . ; . |
21.3 log1o(ppar/GeVem2) 23 0 30 60 90 120 150 180

Angle 0 from galactic centre (deg)

Expectation: fewer event from the Galactic Center
Observation: Anisotropy

Arguelles, AK, Vincent, PRL 2017
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Dark Matter from GC

— Signal, NFW profile = = Scrambled data
- Signal, Burkert profile I § Data
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ceCube LV Search
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lceCube LV Search
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Cross section with HESE

Center-of-mass energy /s [GeV]
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