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Neutrinos

T Synchrotron A Resonance
Radiation

10° p+y interactions
or
p+p interaction with matter

10-%
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o “o transition ~10TeV-100TeV
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Neutrino as a cosmic messenger

Cosmic accelerator

Weak interaction during “propagation”
star-light

« Penetration power
* Pointing capability

Neutrino

Cosmic
ray



Distance [Mpc]

Fill the Gap: Multi-messenger astronomy

Wilkinson Microwave g
Anisotropy Probe 2

ble

ROSAT Ny 89

"8
Fermi%' ’%

optical

.........

- cosmological max of

- nearest Blazar

10|

[
o
o
I

- nearest Galaxy

=
o
o

=
o
N

 Galactic Center
-3

star formation

opague to photons;
_________________ transparent to neutrinos

Gravitational waves - ripples in space-time

10® 10%* 107 10°

102 104 10° 108 10'° 10?2 10%
Energy [eV]

1016
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Neutrino Telescopes

Neutrino Telescopes need to be large

« Benchmark 1km? scale for a few neutrino events/year expected
from observed CR energy densities

* Natural photon-transparent materials as neutrino beam dumping
and as Cherenkov medium




Neutrino Telescopes
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5= BAIKAL GVD Phase 1= BAIKAL GVD full scale
ANTARES (12lines 882PMTs) 1/100km?
5~ KM3NET Phase 1= KM3NET 2.0
IceCube (86lines 5160PMTs) 1km?

¥ lceCube-Gen2 Phase 1= IceCube-Gen2
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Detection Principle

Array of photomultiplier tubes in a dark transparent material
o ©_ Ve

A & - G »’ )
Y & .t ‘.' .‘.:t{‘_ ",.‘
" S P %
> O F
L 4 BEherenkov light

( Mg ™N
> %" Charged

Particles

Digitized
Waveform

hadronic
shower




ﬁﬁ. )
The IceCube Detector ‘*5’ ICECUBE

IceTo
81 Stations
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

neutrino energy: 1TeV-100EeV

e Spacing: Strings 125 m, DOMs 17 m

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

neutrino energy: 5GeV-100GeV

| Eiffel Tower
& 324 m
' e Spacing: Strings ~70 m, DOMs 7 m




lceCube Flavor Identifications

Up-going muon track event

v, CC only

ihs 0

~100TeV-

Cascade events

All except v, CC

Tau flavor 5|gnatureSs «,
(not covered in th|s : JK TN

PRL 111 (2013) 021103

Phys. Rev. D 84, 072001 (2011)

Run 109682 Event 6298338 [Cns, 40000ns]




Tracks: induced by v, CC Interaction

Angular resolution Moon shadow of cosmic ray muons using one year

of data
Median resolution: 0.4" (> 100 TeV) (cosmic-ray primaries get absorbed in moon)
14 \\\ — Through—gOing 7] _ s . Moon, C86-|, MPEFit |
01—4 12 —- ~\ . - - Startlng - %E ICSBIYMPEF]tr
\m,\ 10L: RN C Kinematic i =
& RN
= 0} S _
&b S~ el
= 0.6F Te-al
-qg 0.4} - :
0.2} ) - ’
R Ty R T ER T/ T N T/ T . o
Neutrino energy / GeV
Background dependent on the directions in the sky Large energy resolution for through going-muon as
- Southern sky: High energy atm muon BG (signal PeV- muon loose energy before arrival |
EeV) * Alog(E)~0.3 for muon energy deposit to
* Northern sky: Atm neutrino BG (signal TeV-PeV) muon energy

11



Energy Range for IceCube/DeepCore

Icecube can measure 10GeV — 101'GeV neutrinos !

DeepCore atmospheric
TletSep N/ -035 22406 2010
muon event

O(0.1-1)TeV muon

'g 2 é ‘///// [)EEEEF)(:()rEE
il
)

3

¢
g -
i :

Run 116511 Event 797119 [Ons ,\ 400000ns]

Thu—Aug— 131154 5:31-2009

IceCube neutrino event

O(10-100)TeV muon

114305 Event 10091078 [Ons. 40000ns]



per Bin / He

Astrophysical Diffuse Neutrino Flux

Upward going muon* neutrino sample (8 years/2009-2016)

*Select muon induced by muon neutrino CC interactions

+ Exp. data R Astrophyvsical v+ @ Hl Conv. atmospheric v +

r'||||||||||||| I+
— — 1 — 1 1oz | ~880TeV upward through-
0t = 1T 1. e 1~ ™ going muon track event
_—‘ -"-1- -_.._ -
100 Fy 4 T s .
- + tr,
it W ' 4
: . Mt } ¥ y
= 10 4 R Wi St ——i_
leeCube Prelin - T L | it e be | i -. leeCule Preli -L ‘ -
10 - - . - — T ™ Phys. Rev. Lett. 115, 081102 (2015)
10 10" 1! 10# 1o 1 104 1" 104 107 10¢ | I 10 10" 1 10 10 ] 10 Lot 1] il
Muon Enereyv Loss Proxy [/ GeVom Muon Energy Proxy [/ Gel | | k Crek W i | Proxy [ (el

High energy starting event** neutrino sample (7.5 years/2010-2017)

**Select neutrino events with outer layer detector as muon veto

lceCube Profiminary Astro.

4 Astro.
E Atmo. Conv, 102 3 mm Atmo. Conv. $
10! 5 {—LP B Ao, Muons EEE Atmo. Muons IceCube Preliminary ®C) Ji
H 5 Atmo. Prompt 90% U.L X3 Atmo. Prompt 90% U.L. \&
o Day 1014 H Data

A
H
f
Ly
Ly
—

.
€+ O . g
a8 2 §
pEt s ¥ & i8 $ °
8 8

”JU-

Events per 2635 days

—
Events per 2635 days (> 60TeV)

101 4

10! 10° 106 107 —-1.0 —0.5 0.0 0.5 1.0
Deposited Energy [GeV] cos (6-) PRL 111 (2013) 021103 PRL 113, 101101 (20]_4)
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Best Fit Estimate with Independent Samples

Best single power-law fit results ®__ = %o (

Good agreements of independent astrophysical neutrino samples above 200TeV

Detailed consistency studies on <200TeV still on going

B Conv. atmospheric v, + 7, (best-fit) work in progress

B Prompt atmospheric v, + 7, (flux limit)
Astrophysical v, + 1, (best-fit)
+++ HESE unfolding: PoS(ICRC2015)1081

[
o
|

|

No Systematics

[
o
|

o]

Astrophysical Flux
(on top of atmospheric)

¢ Differential
Best-fit (E~287=0.3)
v, Best Fit (E~%19%01)

2.0,,; [GeVem™2s71sr1]

[
o
|

el

i TIceCube Preliminary

T~

Neutrino Energy [GeV]




The PeV Universe

1-2 PeV cascade events

“TNee0cece
‘w.-o

«o®

R v L L
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LLLLLLEE R R Caeeeees - .

£
2 'j § .2 :
¢ - .
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3t : §: i 13 T :
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: '- b 4 ::. Kl . . - ; 4 g e S ~ ® v .
®s 1 bt 33 - i LN . » s : 3 - .
.. - . * .. - - . - - - . . :
: g° . S ¢ B £°° ° °
. e e -4 : - s : . °*a :.f
- s 4 - 3 - -
® - - -~
. : L 4
»
L aul AR | PR sl ol el MR TTT .
u12 1013 1014 1015 1016 1017 1018
E [eV]

6.0+=0.3 PeV cascade events
Well compatible with Glas ow r ince! Systematic studies ongoing

¥ ! : 3::‘
;‘_ | ! ~ ¢ Simulated GR event
g's. : é ; ¢ ‘ 3 ...ij.;ru-.; rons
bR . CENE sl i
218 3 ® & > 8 5 § Type : NuEBar
®*s8:s ¢ - Energy: 8.15e+06GeV
; :: o . : % ; 9 Muongy | 8
4 b1 ° & 2 Type : MuPlus
i g 2 o Emergy: 8.33e+01GeV
i ‘ & 8 ¥ ¢ C$Sc2d('eHadrons
Highest energy event to date, O | i =» 3 Eneray: 5.156+06GeV
. ® . : 8l d
an upward-going track. S _ :

» Deposited energy 2.6+0.3 PeV
» Median neutrino energy 8.7 PeV
* Observed photoelectrons 130,000 pe o’




NoO clusterin

+175

g observed In starting events

Equatorial

E < 300TeV
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Neither in upward-muon sample

IceCube Preliminary

>200 TeV

360 )

I':-'l:lllil.ti.lt'i.ill.

0.2 045 04 05 06 07 05 09 1.0
Muon Energy Proxy [/ PeV
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Upperlimits from 7 year point source search
10710

s 1 1 1
- K

— Hot-Spot Upper Limit (90%) 1
— 7 vears (Disc. Potential) '
- = 7 years (Sensitivity)
« Upper Limits (90%)

10 St W

[T(‘\f" / (("1112 s)]

>

. ’;
\:|- l() 12 - ‘ . B 0:.. aO: -
=T - S . * t 3 . - o ;

-'7‘ - .0 --_~¢-"\‘
\ -~np=T
- ".’

% L Northern sky upperlimits (<10° GeV cm?s?) |

[ceCube Preliminary  goythern sky upperlimits (<108 GeV cm2 s)

10—13

—1.0 —0.9 ().0 (.5 1.0
sin o



Unsocial Neutrino Unites UHE sky

1
~=-E
277 Si e U P ))
imple hadronic “creation _
P . ,D—FP—},D—I—,D—FFTD—FTF_I_—I—FF + ...
* Ingredients N
— pp or py interaction om0 T g AR A S e
— cosmic-ray and target spectra in source
y% proptcir] ey « Directly accompanying partners .
| — gamma-ray from neutral pions (n°) |

— parent cosmic-rays (p, nuclei) ot o+ ()

Indirectly accompanying partners
— radio, optical, x-ray...

— (gravitational waves
Multi-messenger!

19



Multi-messenger Connection?

¢ Diffuse ~ (Fermi LAT) lceCube (ApJ 2015)
¢ Cosmic rays (Auger)
p Cosmic rays (TA)

)

101 102 10% 10 10'Y 10!

(c) Marek Kowalski

20



Blazer stacking analysis with 3year |IC data
9()° All Blazars lceCube arXive:1611.03874

Neutrinos from Fermi 2LAC

- ? " 862 blazer directions
0° {_ Y P e’ A Northern sky:

.434 Oh TeV<E, < PeV

Southern sky:
E, >PeV

—90°

All sources are equal Vi CYium.
( wmodd,j — 1 ) (Wmodei,joc ymm.,j)



_ 2LAC Blazar Upper L
I —=— Tsi = —2.5,F, > 10 TeV
I FSI = —Q.Q,EV > 10 TeV

1mit

| = Astrophysical Diffuse Flux |:

L 1 |||||||| 1 |||||||| 1 1 1
§

= = equal weighting |

SRR LRI Fy-welghting - - E

| ------ R I-----:-I-I-I-I:I1---I--I--I-I-I:I_r

RANSTUTT:

Neutrino Energy |GeV]

blazar contribution

* The equal-weighting
upper limit results in a
maximally19%-27%
contribution of the total
2LAC blazar sample to the
astrophysical neutrino flux

 Sub dominant contribution
still possible

22



Sy (GeVem 2 st ar )

Gamma-ray burst contributions

- —4— Ahlers et al.
—— Waxman-Baheall

10-*
10-*

10-10F

—
T ol |

[ 1 1 L1l
107 10° 108
Neutrino break energy z;, (GeV)

107

100

90

Exclusion CL (%)

IceCube arXiveld412.6510

Temporal and direcitional correated events
with 502 bursts from Fermi GBM catalogs

No significantly correlated neutrino events with GRB
in 4 years of IceCube data

generic doubly broken power-law model

( E‘lcb_l FE < g,
O, (F)=Dg - < E—2 cp < B < 10c,
- E7H(102)* 105, < E.

contribute no more than 1% of the observed diffuse flux

23



Neutrino Online Alert System

IceCube:
on-site event analysis and alert
system has been in operation

v
Flare and high energy v

exposure in the I
universe Alert!

Iridium satellites

3

Before 2016 April, private
alert system existed. BUT
background dominant

S

April 2016: AcYcivated public
online channel with signal
efficiency of >30-50%
(EHE and HESE channels)

_ Photon ang GW Latency time: a few tens of seconds
— —
— J “The IceCube realtime
\ alert system”, Astroparticle
o _— i

Telescopes over the world!
(Good opportunities for telescopes of all sizes everywhere)

Physics, 92, 30-41,(2017)



Science 361 (2018)

IceCube-170922A event

- 2017/9/22 20:54:30.43 UTC
* 5th and the most cosmic neutrino signal like EHE alert
* automated alert was distributed to observers just 43 seconds later

Fermi Telescope

amma-rays
‘.\g ay

\ : y observatio
. neutrinos .

= A e

L\

foSe

Optical telescopes

& Kanata telescope

...and many more telescope

Follow-up Observations of IceCube Alert 1IC170922

Maa 4
NuSTAR .

e, === -
e ot
r e ’

Magic telescope

4 @ Observations with detection 25



lceCube-170922A Follow up

- original GCN Notice Fri 22 Sep 17 20:55:13 UT
HE gamma-ray observations [ [
] = |C170922A 50% - area: 0.15 square degrees

= |C170922A 90% - area: 0.97 square degrees

23.71+2.8 TeV muon energy loss in the detector
RS « Fermi-LAT(20MeV - 300 GeV)
: eg. e reported gamma-ray flaring
n & ;e’ .é! ? i blazer TXS 0506+056
Cee ..’ 8, g so
$

(ATel#10791)

Declination

0O0LOell G w0

0. @ ‘to

784°  780°  77.6°  77.2° 768  764°
Right Ascension

a most probable neutrino energy of 290 TeV

. ) .
200 (90% lower limit: 200 TeV, peak: 311 TeV) 6.6° 5 VHE gamma ray Observatlons
a—2.13 o7 e Tinr e )
E - (90% lower limit: 183 TeV, peak: 290 TeV) g o Furthermore TXS 0506+056
— E~250 (90% lower limit: 152 TeV, peak: 259 TeV) 6.2 D
L5 14 g was observed VHE gamma-ray
2 . S 3 § i
Z [\ Neutrino energy PDF B8 , & M.aglc telescope (E > 100GeV)
20 . N S & with >6.20 (ATel#10817)
4:._; O 540 1 ®)
= 09
<= 05 _ 1=
< 5.0°
= - 2
.AH { Vi
— 0.0 = I —— i MAGIC PSF -3
10! 10% 104 104 10% 106 " T7s4°  780°  T6°  T72°  716.8°  764° 26

Right Ascension

Neutrino Energy (TeV)

Fermi Counts > 1 GeV



A successful

Multiwavelength
Campaign with v!

Double-bump feature
Neutrino flux upper limits to produce
1 detection
« 1.8x101% erg cm? st over 0.5yr
« 1.2x101 erg cm2 st over 7.5yr
(Paiano et al. 2018) the 10.4m Gran
Telescopio Canarias, an optical

spectroscopy = z = 0.3365 +/-
0.0010

v-luminosity between 100MeV and
100GeV
« ~1.7x10%" erg st at high state

¢« ~3.7x10% erg s at all time
average

1010

10—t

radio optical X-ray y-ray
log(v [Hz])
] 10 12 14 16 18 20 22 24 26 28 30
[ I [ [ [ [ [ [ [ [ [ [
- TXS 0506+056 BL Lac 1 T :
i 2 +
- III
Gray: Archival \
3 \ 1 E
\ 1
|
= T"“
% e .I. v
L E;Dfo \ .
e l'l =
. Archival # SARASUA —— INTEGRAL (UL) —— VERITAS (UL) ]
| = VLA 4 Swift UVOT HH  Fermi-LAT —— HAWC (UL)
] s OVRO § ASAS-SN 4 AGILE — IC170822 - 0.5yr |
i L e  Kanata/HONIR 4 Swift XRT HH MAGIC ——— IC170922 - 7.5yr |
: v Kiso/KWFC 4 NuSTAR H.E.S5. (UL) ]
109 107 B T S T R T ¢ i 102 10t
Energy [eV]
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orrelation Analysis: Materials

« =05.5% seen no gamma-ray
« =4 4% seen one gamma-ray source

3000 fermi light curves from Masaaki Hayashida

8 g 8

3.5 (40 — 25 0 — 12 0 S

g o0 | mor 1
o " &
s < S osf ]
3 107 15 |
= s S 06 i
[u] o 10 1 Q
— I — 04F | 1
L L L [l
x x x
2 2 05 202} \ \ '
| | fl .4 [
0.0 I L I I 00 L L M i 00 !IAAII\MIIII." L'\/‘! i) Jﬂ”l u'\."' |~HJ AN IJ‘\ Na o
time [4 weeks bin] time [4 weeks bin] time [4 weeks bin]
g 2 7

2.4 710 _— 20 0 — 25210 _
22 — —
2 2 2 20F g
E 20 k15T l 1%
o kY | S
Z1s S | siof |
— —~ 10l 4 =
>u 1.6 >m ‘ I| ?u
o] v ‘ f ol 8
714 7 I n
A A A
e = 05 , 1A | | 1%
E: 3 {1\ 1Ny E
=12 = N ) E|

| | | | "'HI | ' I‘FML ) I
1.0 ! L L L 00 Aol "'L’\‘IVI"-’ -"} ' “ﬁu J llu’“ Ard I L L
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
time [4 weeks bin] time [4 weeks bin] time [4 weeks bin]

Equatorial
28

EHE randomly sampled events——



v-y Correlation Analysis

 le-8 - 9 years

2017 Apr|I

.l Fermi-LAT: >1GeV light curve
4-week bin (9.2 years)

3

| 3FGL flux

B

flux(>1 GeV) [ph/cm2/s]
MJ

6 times bnghter than the baseline

¢

i i |
I @ %Wiﬁﬁg LT F?gégﬁ%%}r\ IceCube 170922

(0] 100 200 300 400
mission week: 2008.08.04-:="'9"

e L=TI"(32Ps +22Py) > TS(N = 1) « log ==

* Ps = Pspatial (f) : Waccevtance( sin@) - Wtemvoral(t)

2D Gaussian from v ang resol.
R VIO
2mo?

6-dependent acceptance from light curve

500

) flux variability

L,(¢t)
<IL(t) >

Wtempral

@ enerqy flux

100GeV dly(t)
Wtempral X j Ey dE dEy
1GeV |4

Corrections for all 10 alerts issued

Both cases: no correlation vs correlation —» 4.10 —

previously and the 41 archival events

— =30

29



Objects Shining with Neutrinos (so Far)

typical geo-neutrino
energy
<4MeV

Distance to the object
0 light years

supernova

active galactic nuclei
(blazar)

typical neutrino typical neutrino likely neutrino energy
energy energy >100,000,000MeV
<20MeV <100MeV

Distance to the object
Distance to the object Distance to the object 4,000,000,000 light
0.00001581 light years 160,000 light years years

(149,600,000km)

Distance from the Earth to Galactic center
28,000 light years
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Future:

IcECUBE
GENZ2

- Surface array
* muon veto
» CR physics

Main array
— =100 strings
— =100 sensors/string
— =240m distance
Dense array
— 26 strings
— 125-192 sensors/string
— =25m distance

- Radio array
- cosmogenic neutrino
* neutrino >10 PeV

See the next talk

Initial step toward the realization of IceCube-Gen2 has
started as the IceCube Gen2 Phase-1!
(Official approval from NSF, the last week)
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lceCube to GenZ2: Point source sensitivity

ocsqrt(x): Livetime, Detector size

_ default factor 2008
ocX: Angular resolution e w e,
Signal selection efficiency 1000 st eialeie
BG rejection efficiency JTete it o "assbestet
B NI 220, -2
1012 { IceCube Preliminary B = : : . . e o y
-1000
w1010
-2 10 -2000
B -2000 -1000 0 1000
Z 108 o
m;T —1.0 < cos(f) < —0.6
—  —0.6 < cos(f) < —0.3 slightly downgoing horizontal direction
106 — 03 < cos(f) <0.1 « is important for >100TeV neutrinos
— average

]

10 106 108
E,/GeV

10
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Gen2 Baseline performance with default sensors

Muon energy at detector border
0.8 - - 10 TeV - 1 PeV
N $ ] -= 100 TeV == 10 PeV
£ v
— > 0.6 -
17 S,
< 5 0.4- R A
S 3
S
=
> 0.2 -
0-0 1 1 1
-1.0 —-0.5 0.0 0.5 1.0
COSOzenith
- Detector effecti — ~5 (horizontal :
FHECLOT CHECHVE THuon ared x4~5 (horizontal) default factors gives a factor of
- angular resolution — x ~ 0.45 (horizontal) 5 better sensitivity

- Further signal/bg improvements with new optical sensors (cascade and muon reconstruction
quality and BG reduction, detector/ice systematics) are important!
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lceCube-Gen2 Phase-1

-9 -9 &

IceCube DeepCore Phase 1

A ‘4
S peinstalled

17m

Japanese design sensors DEgg to

- @3

34
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lce Systematic Challenge with Phase-1

Cascade channel is complementary to upward muon

track channel
Good energy resolution of ~10%
Directional resolution is ~10° (ice systematic

dominant)

fully contained

o 8

i 150 A
.ﬁgs
é £ £ 100
'Y ¢ c
'Jf r q (b}
5 - | S
180 TeV 50 -

0

Less atmospheric neutrino background
* |ower energy threshold (10TeV — 100TeV)

Sensitive to fu

BB H TR EREEC LD, RHREQERICLY

|l sky

AR rT—FEBRDAE S fEReZR L !

. 150 -
~10 ~3°
£ 100 +o
. § L] {:__..‘*“'.-
50 ! s R s[s N -
KGRI R D S FELEL A
BfEIN-548
T 0 T T T
=50 0 50 =50 0 50
azimuth azimuth

_ 60 T .
" : uantile
3 SO frrmrmmrrmrrderr s s T EERERRS Q .
o : ! 0.8
a I
9,
| .
e
s:u
| .
0
S
o
=
=T

Mean deposited energy [GeV]



Conclusions and Outlook

lceCube sees neutrino beams created in the atmosphere and
the far Universe

lceCube has discovered high energy cosmic neutrinos

30 observation of the first cosmic neutrino and flaring blazer
coincidence with multi-messenger techniques

The ongoing IceCube-Upgrade followed by IceCube-Gen?2
construction will significantly improve the performance

More events — more sources!
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GeV cm” sec’'sr|

—
<
-q

— 4A-8
I_u>10

EZo(

1077 ==

Beyond PeV Universe: GZK Neutrinos?

e 00% C.L. UL (this work)

SEEEEEEY 90% C.L. UL (IceCube PRL 2016)

Auger(2015)

Auger(ICRC2017)

L

1T T

FTTY

Ahlers best-fit 3 EeV

Murase s=2.3 §0R=1 00

Kotera SFR

100PeV-10EeV

ANITA (2018)

10’ 10° 10°
E, [GeV]

10'°

10"

lceCube (2018)
Phys Rev D accepted

GZK neutrino unobserved in 9 years of
IceCube data

« Strong constraints on sources of proton
dominant UHECRs

« Mildly evolving (e.g. star formation rate)
models disfavored

lceCube Is sensitive to cosmic
neutrinos from O(10TeV) to
O(10,000,000TeV)
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High energy neutrino signal channels

Upward going track event sensiitve to CC muon neutrino interaction
Phys. Rev. Lett. 115, 081102 (2015)

v, CConly

> hadronic
\V/ *§ shower

—

~100TeV neutrinos >PeV-10PeV

electromagnetic and/or Radronic particle showers-(cascade Calorimetrical selection of high brightness events
EHE signals: All flavors
elongated cascades and hlghly stochastic tracks

PRL 111 (2013) 021103

Phys. Rev. D 84, 072001 (2011) 2 EeV (MC)




Tracks for better resolution

track hypothesis chi2

track-like £ 3 spherical
Back d 10 .
selection 107_ .u+Conv.Atm.v+a|(3:rc?rrnO[:1tnAtm.v) AtmOSpherlc
for public selection BG
alert . . for EHE "

o 10°
=z

Good angular
resolution

300
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=« analysis
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=
S
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=
e
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S
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=
(=]
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ol
200

300
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400

500

Cosmic Signal

FITES
14 events out of 54 HESE events (4yr) are HESE track

log10({NPE)

| EHE >10Pev | | HE >100Tev |

7E- —Diffuse Analysis -
= —Online Alert
85 10
8 g
55: o
E 1
10!
10?
107
3.5|:— 104
3:' |||||| lowa b Lo e o Lo lovaleaa iy 10°
1 08 06 -04 02 0 02 04 06 08 1

cos(d)

Reduced threshold HE
selection is called EHE-alert

Events / year

Cumulative Rate (/vear)

Signal_Trackness =

1.0

ftracthrack

ftrackptrack"' fshowerPshower"' (fbkg/fsig) Pbkg

3.5

*  sienal track-like
e atm. conv. V track-like
i atm. p

0.0

0.0

e
T T T T T _-:-:\_‘___ = — = _- __1
01 02 03 04 05 06 07 08 09

Signal Trackness

Ps are PDF from likelihood ratios e.g. value
from the shower reconstruction divided by
that of the track reconstruction

fs are expected ratio of categories



Rates and resolutions

1.0

@ HESE alert channel Eqyres~100TeV

AWreyep=0.22" (50%)
AWpye=0.81" (90%)
—  AUypse=0.55" (50%)
Alypsp=1.89° (90%)

0=t

Charge  Signal Rate (yr') (R;) Background Rate (yr—') (Rs)
2000 1.09 (0.50 N + 059 5) 3.73 (0.67 N + 3.06 5)

@ 06 [ EHE
@ EHE alert channel  Egyres~100TeV 5 [ HESE
Sample Events [ year I E o = Sl
Atmospheric muon (.52 T .
Conv. Atmos. v, 1.20 :
Prompt Atmos. v, (.19 02
Total Background 1.91 :
Astro. v, (E72) 4.09
Astro. v, (E724) 2.48 00— ) 3 i
Opening Angle [deg]

Private alerts for specific telescopes: low energy threshold, more background rates

Alert Event type Coverage thres E [TeV] Median Ang Time window Alert rate
Res [deg] Sig+BG/yr

GFU v, track multiplets All sky ~0.1 <1 variable, max 21d ~2BGs

O(X)FU  up v, track multiplets Northern sky ~0.1 <1 100s Varies
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« Public » aleart channels

Iridium
Online Event lceCube iceCube ¥ EHE Alert ™ ApmoN
Filtering -» Lve Live &
System South i - North ™HESE Alert ® GCN
South Pole, Antarctica Followup
....................................................................... > e

lceCube Data Center, Madison WI

10! 10 T
Delay (seconds)
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same event

« Public » aleart history

From April (May) 2016 to the end of 2017: 6 EHE alerts and 8 HESE alerts with 1 overlapping event

AMON ICECUBE_EHE EVENTS — Since June 2016 archived at https://gcn.gsfc.nasa.gov/amon ehe events.html

A 4

EventNum_RunNum Date Time UT RA Dec Error(arcmin) Signalness
17569642 130214 17/11/06 20:54:30.43 340.2500 +7.3140 14.99 0.74593
50579430_130033 17/09/22 18:39:39.21 77.2853 +5.7517 14.99 0.56507
80305071 129307 17/03/21 07:32:20.69 98.3268 -14.4861 19.48 0.2801
80127519 128906 16/12/10 20:06:40.31 46.5799 +14.9800 60.00 0.49023
26552458 128311 16/08/06 12:21:33.00 122.7980 -0.7331 6.67 0.28016
6888376 128290 16/07/31 01:55:04.00 214.5440 -0.3347 20.99 0.84879
AMON ICECUBE_HESE EVENTS — Since April 2016 archived at https://gcn.gsfc.nasa.gov/amon_hese_events.html
EventNum_RunNum Date Time UT RA Dec Error Charge SignalTr
34032434 130171 17/10/28 08:28:14.81 275.0760 +34.5011 534.0 6317.82 0.30
56068624 130126 17/10/15 1:34:30.06 162.5790 -15.8611 73.79 13906.14 0.51
32674593 129474 17/05/06 12:36:55.80 221.6750 -26.0359 73.79 8685.07 0.35
65274589 129281 17/03/12 13:49:39.83 304.7300 -26.2380 73.79 8858.64 0.78
38561326 128672 16/11/03 09:07:31.12 40.8252 +12.5592 66.00 7546.05 0.30
58537957 128340 16/08/14 21:45:54.00 199.3100 -32.0165 89.39 10431.02 0.12
— > 6888376 128290 16/07/31 01:55:04.00 215.1090 -0.4581 73.79 15814.74 0.91
67093193 127853 16/04/27 05:52:32.00 240.5683 +9.3417 35.99 18883.62 0.92

= N W s 0O

R NWPRAOUIOJdO®
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https://gcn.gsfc.nasa.gov/amon_ehe_events.html
https://gcn.gsfc.nasa.gov/notices_amon/17569642_130214.amon
https://gcn.gsfc.nasa.gov/notices_amon/50579430_130033.amon
https://gcn.gsfc.nasa.gov/notices_amon/80305071_129307.amon
https://gcn.gsfc.nasa.gov/notices_amon/80127519_128906.amon
https://gcn.gsfc.nasa.gov/notices_amon/26552458_128311.amon
https://gcn.gsfc.nasa.gov/notices_amon/6888376_128290.amon
https://gcn.gsfc.nasa.gov/notices_amon/34032434_130171.amon
https://gcn.gsfc.nasa.gov/notices_amon/56068624_130126.amon
https://gcn.gsfc.nasa.gov/notices_amon/32674593_129474.amon
https://gcn.gsfc.nasa.gov/notices_amon/65274589_129281.amon
https://gcn.gsfc.nasa.gov/notices_amon/38561326_128672.amon
https://gcn.gsfc.nasa.gov/notices_amon/58537957_128340.amon
https://gcn.gsfc.nasa.gov/notices_amon/6888376_128290.amon
https://gcn.gsfc.nasa.gov/notices_amon/67093193_127853.amon
https://gcn.gsfc.nasa.gov/amon_ehe_events.html
https://gcn.gsfc.nasa.gov/notices_amon/17569642_130214.amon
https://gcn.gsfc.nasa.gov/notices_amon/50579430_130033.amon
https://gcn.gsfc.nasa.gov/notices_amon/80305071_129307.amon
https://gcn.gsfc.nasa.gov/notices_amon/80127519_128906.amon
https://gcn.gsfc.nasa.gov/notices_amon/26552458_128311.amon
https://gcn.gsfc.nasa.gov/notices_amon/6888376_128290.amon

Independent point source analysis around
TXS 0506-05 (RA 77.36° Dec +5.69° )

» L =1 (2 Ps + -2 Pg)

« P = Spacial(x) X Energy(E eco, Sin 8) X Temporal(t)

2D Gaussian

0-dependent acceptance x power-law signal flux

parameters: spectral index and normalization  square and Gaussian

parameters: center time and time window

IC40 IC59 179 [CEGa IC86h ICEGe
J [ ] ] [ ] ] -
== IceCube-1T0922A ] + p-values from scrambled data

4m Caussian Analysis = ="l - corrected look-elsewhere effect
=3 mmmm Box-zhaped Analvsis =
=
2L
— T -

1=

2009 2010 2011 2012 2013 2014

T v v 44
2015 2016 2017



Time dependent LLH point source analysis around TXS
0506+56 (neutrino only analysis)

« Signal(ng, v, Ty, Ty )+BG vs BG only

» Best fit (n, = 13.3,y = 2.1,T,,= 2014 Dec 13,Ty, = 110days)

* p = 1.0 X 1074, corresponds to 3.70 (3.50 after livetime correction)

5

L.

flux(>1 GeV) [ph/fcm2/s]
3V

le—8

TXS0506

ZORFHAIE A~
< HRIZEA B L

CORIEA < IRIEAB < Bh o

b
ﬁﬁfﬁ;*éﬁé %ﬁ#@# e

TS H > T-— o THRICHT L
TARFERTIREETS o 7=2H7

N
b

Y1 iﬁi§ E%

§:’

L
(8] 100

L
200

L L
300 400

1
500

2011

2012

2013 2014 2015 2016

1C40 IC59 ICTa IC86a ICB6h IC86c
e JeeCube-1T09224 . .

4 = Gaussian Analysis i GﬂUSSlan Shaped tlme
= mmmm Box-shaped Analysis —‘_ H H
. profile, box time results
2, similar

1=

0 45
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(May be) the first observation of multiple
neutrino emitting source

b = (I)l()o(E/loo T@V)_f}/

— —15 -1 -2 ~—1
(I)lOO = 1.6 X 10 TeV™"cm S The analysis around the TXS object
y = 2.1 6.0
3.5 ; 5 ;
i\ 3.0 = ...... 3 .~ ................. 45 669"
DR . [\ . i _
5 | o £
; DRI m—— [ [\ | - :é:" 3.0 r3.69° ¢
F@* 1.5 s '
L amfesd , e 1.5 469"
e — 95 &7 © % - - T
£ os 1-LARSHIMRRINARERR Preliminary
0.0 0.0 78.36°  77.36°  76.36°
1.0 1.5 2.0 2.5 Right Ascension
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Blazer coincidence analysis: classitication

A, 1L LS “two-hump” Spectral Energy distribution

\\ LOg](} v [HZ]

[ --—"‘~\ _ammmm \\,. 49 8 13 18 23
:-' : g "-,“ s T T T T T T T T T
Vs 6 \ | : LSP
( 221 208 | | sk _
N ISP and HSP
FSRQ

oHlike

O Radio: FR1 vs FR?
O Optical: FSRQs vs BL Lacs -
O SED (synchrotoron-peaked) i
LSP low-synchrotron peaked >101%Hz — IR- optlcal
« HSP high-synchrotron peaked >10Hz — x-rays
« |SP intermediate — UV
Essentially all FSRQs are LSPs

Fossati+98
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I\Ieutrino vveightmg

L)Y{ne, I'si} =

. \
‘ iy -
the normalization ns of S{‘ji: R-Ai: Tiy iy 1ﬂSI)

Z;EEC w; - 55(8;, RA;, 03,84, ')

the signal contribution

ng

the spectral index I'si of the

ignal's ener istribution Neore
signal's energy distributio ijl w;

ln "' . (6, RA;, 04, 24:Ts1) + (1—”{

signal hypothesis PDF

hypothesis test results

Population

p-value

~v-welghting

equal weighting

All 2LAC blazars

36% (+0.40)

6% (+1.60)

FSRQs 34% (+0.40) 34% (+0.40)
LSPs 36% (+0.40) 28% (+0.60)
ISP /HSPs > 50% 11% (+1.20)
LSP-BL Lacs 13% (+1.10) 7% (+1.50)

All sources are equal

(w

model, |

) B(cos(#;), Ei))

BG is from

B(cos(6), 1) = 5 f(cos(6h), <)

Wy = C Wi model” Wj,acceptance

:1)

neutrino luminosity is proportional to gamma-
ray luminosity

'Vlum.ocyium
100GeV
do-
W4 model :/ E J dE
J100MeV dE
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Results: Limits on the blazar contribution

-2.2~2.5
UL on E-2 flux ULonE flux
Equal weighting follows Fermi SCD ApJ, 720:435 (2010)

Spectrum: ®q - (E/GeV)—2-0

- - (I)DQD%[Gev—lcm—ﬂs—lsr—l] T . L A : ! r . T
azar Ulass v-weighting equal weighting n » EL_JL? Diam: E'I;E}” LIJE]n% . - Eﬂ{[ueq xu'{?.lghtmg i
Al 2LAC Blazars | 15x10-° | 47 (39 _54) <109 1. U ¢ o e b 10 S
(¥ ] B ‘ kg LALF T
FSRQs 0.9x 1079 | 1.7 (0.8—2.6) x 10~° 0 - .
LSPs 0.9x10~9 | 2.2 (1.4—3.0) x 109 g 107
ISPs/HSPs 1.3x 1079 | 2.5(1.9—-3.1) x 10~° T
LSP-BL Lacs 1.2x 1079 | 1.5 (0.5 —2.4) x 10~ ,..i 1051 ]
Contribution of the total 2LAC blazar Ll : s s T s
- - : = = = S o)
Sample to the aStrophyS|Ca| neutrino flux 1010 "| BN Astrophysical Diffuse Flux | I S
° _ ! H : H F 0 vl 1 Ll Ll - L1 n|mr'_'.'u".'.'.'f.'u'l"_:u"u"u'u'u'u'u1"_'.".".'. IT=
The _equlfllvgslgzh;;’lg upper limit 102 10°  10* 10° 10° 107 10°  10°
maximally 1976z 7o, Neutrino Energy [GeV]

« gamma-weighting 7%
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Coincidence of a high-fluence blazar

M. Kadler et al Nature Phys (2016)

= AMA i EMASS
- WISE
5 A 1BA < SMARTS

& 10710 E

/ 1 em-
VF, (ergs™ cm
S

3

SRAL Fermi/LAT

ol ol

/.

(1S 813) “74

High-fluence outburst
hort flare
2LAC range

Fy=Fy | -
L L | . .l

1| ——

Nu,exp,PeV =0.02- Nu,max,PeV

BN, rmax pev (PKS1424 — 418) = 5.8
V,exp,PeV(PKsl424 . 418) =0.12 015

F

(Q) - Aef’f,ve ) (E_Z
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20M
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TANAMI — Tracking Active Galactic Nuclei with Austral Milliarcsecond Interferometry —is a
multiwavelength program that monitors extragalactic jets of the Southern Sky (6 <-30 © )

« Studied blazars in the 3 PeV events — 6 TANAMI monitoring blazars
(mostly FSRQ) in the first two PeV events

« a high fluence blazar PKS B1424-418 outburst showed
temporal/positional coincidence with the third PeV event with an
approximate chance coincidence of ~5%

2013 2013.5

55600

55800
MID

56000

56400 56600

ANTARES did not find events from PKS B1424-418
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blazar-v correlation search

MNRAS 457 (2016) Padovani

"Neutrino sample™ g & Gamma-ray X

e

<

y
4yr lceCube starting (HESE) (// SAmp le

events (with conditions

>60TeV, <20deg =30evts) and Independently built Fermi 2FHL,
2 yr HE v, sample of 21 2WHSP and Fermi 3LAC

A ough-going 1 events gl . catalogues
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Neutrino events with y-ray counterparts

N,: the number of v events with at least one y-ray counterpart found within
the median angular error as function of y-ray flux threshold f,

» Fora N, (with given catalog, ), chance probability of randomly producing
equal or larger N, is calculated by randomization of gamma-ray source

—
(=]

chance probability [#%]
)

HBL

100 ——T oy
L e s . 5
. : ..
: i 15
non HBLs no correlati@n. - s
. 4.8 .
| | N
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- e 20
- 123 _ :
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. L 78
" m .10
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! ! !
107" 5x107" o™

coordinates — generate ~10° randomized maps

flux (E > 50 GeV) [photons/cm®/s]

Correlation of High
synchrotron peaked
BLLacs with p-value
of 0.4-1.3%

chance probability [%]

100 [

50

MNRAS 457 (2016) Padovani
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