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IcCECUBE

The Neutrino Flux cries
from Geo Neutrino to GZK neutrino
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Solar neino - Extending to 18 orders of magnitude in Energy
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IcCECUBE

«—— Solar v (3B)

<«— SN relic v

pummy Atmospheric v

The main background for astro-v

“On-source” astro-v

[/ (cm sec sr GeV) ]

produced at the UHECR sources

“GZK” cosmogenic v
produced in the CMB field
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The Cosmic Neutrinos

' ( CHIBA
Production Mechanisms CHIBA
“On-source” v TeV - PeV
5 ’hatfe,. pp2>mT2vV
, p\ | \:\o‘\ P 9 T2V |
‘96\0 photopion production
“GZK” cosmogenic v EeV
100EeV p
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IcECUBE

lceCube Neutrino Observatory

‘ﬁpIBEBUBE

50 m

Ny . &

IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW—-Madison

1450 m

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

86 strings of DOMs,
set 125 meters apart

DOMs
are 17
meters
apart

Amundsen—Scott South
Pole Station, Antarctica

A National Science Foundation-

managed research facility.

T

60 DOMs
on each
string
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The IceCube Detector ‘*5’ ICECUBE

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

neutrino energy: 1TeV-100EeV

e String spacing 125 m, DOM spacing of 17 m

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

neutrino energy: 5GeV-100GeV

Eiffel Tower
e String spacing ~70 m, DOM spacing of 7 m

7
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lceCube Flavor Identifications

Up-going muon track event

IcECUBE

v, CC only

ihs 0

~100TeV-

Cascade events

All'except v, CC

Tau fIavor S|gnatureSs i

PRL 111 (2013) 021103

Phys. Rev. D 84, 072001 {2011)

Run 109682 Event 6298338 [Cns, 40000ns]




IlceCube Event Topology A

UNIVERSITY

Track Cascade (shower)

V., 2

Hce M

V_ = T (only at ultra-high energies)
fec |
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IcCECUBE

Searches for a Diffuse Neutrino Flux

Diffuse Flux = effective sum from all (unresolved) extraterrestrial sources (e.g., AGNS)
Possibility to observe diffuse signal even if flux from any individual source is too weak for
detection as a point source

Search for excess of astrophysical
~neutrinos with a harder spectrum than
. background atmospheric neutrinos

\mrdef Spectrum v (E2)
S c\ ik .'

Energy

Advantage over point source search:
can detect weaker fluxes

Disadvantages:
high background
must simulate background precisely

Sensitive to all three neutrino flavors in
principle

CHIBA
UNIVERSITY

11



lceCube v search channels cHipa

IVERSITY
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Upward track (~300 TeV-) cHIBA

UNIVERSITY

The “traditional” v, search
BDT cuts on the following variables

Zenith (deg): 144.193, Azimuth(deg): 309.756
MuEX: 17.92 TeV

T d Energy: 56.52 TeV. ' ' ' [
runcated Energy e Bayesian likelihood ratio

i ;:" . Center of gravity
j ‘ Number of hit DOMs
Separation length spline-mpe

;
i E
}! : . Number of directly hit DOMs Direct smoothness

B0 s we eae
P 4 :

‘W .

Gesessscssens ™ a0 o 2 A bvaps P N T A A
- > ro > .
crsscncttifitedsecce.
- . - -

Direct track length paraboloid

..
e
WRssses + &
aRRsese o
R e

Reduced log-likelihood
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Upward track (~300 TeV-) CHipA

UNIVERSITY

The “traditional” v, search

Bayesian likelihood ratio Reduced log-likelihood

Number of Events
Number of Events

ERS Standard HKKM2006 NuE | ERS Standard HKKM2006 NuE

HKKM2006 NuMu ++4+ Experimental Data
5C-Corsika —— Astrophysical :

HKKM2006 NuMu +++ Experimental Data
5C-Corsika — Astrophysical

Data /f MC
Data /f MC

-50 o0 100 150 200
Bayesian LogLikelihood Difference




Upward track (=300 TeV-) CHIBA

The “traditional” v, search
IceCube collaboration Astrophys. J. 833 3 (2016)

6 years of IceCube data (2009-2014)

Exp. data Astrophysical v + 7 Conv. atmaspheric v +

Combined v + v

IC79 [C2011 - 1C2012-2014

10~ 10° 10" 102 103 100 10 105 105 10" 102 108 10* 10> 108 07 102 10 10 105 109 107
Muon Energy Loss Proxy / GeV m™! Muon Energy Proxy / GeV Muon Energy Proxy / GeV Muon Energy Proxy / GeV

+++ Exp. data B Astrophysical v + v H Conv. atmospheric v+ Combined v +

0.00014
0.00012
- 0.00010
0.00008
0.00006
0.00004
0.00002
0.00000
-1.0 —-08 —0.6 —04 0.0 -1.0 —-08 —-06 —-04 —-0.2 0.0 -1.0 —-0.8 —-06 —-04 —-0.2 0.0 -1.0 —-08 —-06 -04 -0.2
cos(zenith) cos(zenith) os(zenith) cos(zenith) 21
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Upward track (~300 TeV-) CHIBA

UNIVERSITY

IcCECUBE

The “traditional” v, search
IceCube collaboration Astrophys. J. 833 3 (2016)

conventional atmospheric v, prompt atmospheric v, astrophysical atmospheric v,

0 1

log,o(dE/dx,..,/GeV /m]) logyo(dE/dT .., [GeV / logyg(dE/dx,.,[GeV /m])

22



[ TV
Upward track (=300 TeV-) CHIBA

Conv. atmospheric v, + v, (best-fit)
Prompt atmospheric v, + 7, (Hux limit)
Astrophysical v, + 7, (best-fit)

+++ HESE unfolding: PoS(ICRC2015)1081

1 1.5 2 2.5
®ostr0 /1078 GeVlem 25 sr !




lceCube v search channels cHipa

IVERSITY
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[
Mid Energy (60 TeV-) Hesg SRiVersiry

look for only events with their interaction vertices
within the fiducial volume

veto region I 90 meters

\\1 25 meters

\I 80 meters

fiducial valume

veto region

x 10 meters
Top Side
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IceCube 3 years data (2010-2013)

[ Background Atmospheric Muon Flux

I Bkg. Atmospheric Neutrinos (#/K)

[ZZZ1 Background Stat. and Syst. Uncertainties
=  Atmospheric Neutrinos (90% CL Charm Limit)

Signal+Bkg. Best-Fit Astrophysical E? Spectrur w0

i |e®e Data

s .

0 -
10" gz

[ |

Z

10°
Deposited EM-Equivalent Energy in Detector (TeV

Events pér 988 Day

Mid Energy (60 TeV-)

IceCube collaboration
Phys. Rev. Lett. 113, 101101

Southern Sky (downgoing) Northern Sky (upgoing)

10* :
| £y, > 60 TeV

VI‘ ;VI/A

-

0.0
sin(Declination)
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© PeV I

Mid E

nergy (60 TeV-)

Galactic

TS=2log(L/LO)
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B
Search with Cascade Events cHiBA
4 years of data (IC2012-1C2015)

IcCECUBE

constrain systematics
(atm. muons, atm. neutrinos,

control (LE) energy scale)

measure astrophysical flux

E>60TeV /

cascade signal (HE)
fully contained

R R K 1 B TR
S L e tatat F %
‘..._._......_._.. L 1 D T T T o e U
U e e T T E R e T L T L P
L T T I - VL L. S P SO L N S I Y
e I T

cascade signal (LE)

energy S
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Search with Cascade Events CHIBA

UNIVERSITY

IceCubepreliminary atm. p IceCube preliminary

promptve
conv. Ve
VNG
2Vuce
mm— 2Stro Ve + Vo
> mc
<4 data

atm. p
prompt ve
CONV. Vg
2V NC
2vucc
m— astrove + V¢
Y mc
4 data

NEvents[LiveTime
O O OO O O O O
o —_ N w ILN [¥,] [e) ~
NEvents[LiveTime
O OO O O O o O
(=] —_ N w F-N [@,] [e) ~J

ll
Cscd — LE selection

10 107 10° 107
Ereco [GBV] Ereco [Gev]
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Search with Cascade Events CHIBA

IcCECUBE
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B astro. ve+ V. atm. p

IceCubepreliminary
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Search with Cascade Events CHIBA

UNIVERSITY

Downward events Upward events

IceCube preliminary === astro. ve +v:

= astro. v,

lceCube preliminary =~ === astro. v, -+

m—astro. Vu
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Search with Cascade Events CHIBA

UNIVERSITY

lceCube preliminary

single power law (spl)

spl + 1o

log parabola

spl with cutoff

spl with cutoff + > BL Lac

broken power law

L1 111l
IR

%  HESE (6yr, Xv, pp, >60TeV)

X MESE (2yr, Xv, pp, > 1TeV)

®  Tracks (8yr, vy, >120TeV)
Cascades (6yr, Ve + V1, pp, > 1TeV)
Cascades (6yr, Ve + v, py, > 1TeV)

~

I Illllll

piecewise model

|
I

1 lIIIIII
1 Illllll

\

Cascades, Southern Sky
--—- Cascades, Northern Sky (®prompt =0)

[ |
104 10° 100 107 108 . . 2.4 2.6 2.8 3.0
E,[GeV] Yastro
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lceCube v search channels cHipa
E (UHE)

IVERSITY

34



IcCECUBE

s —— ®
UHE (PeV-EeV) CHIBA

UNIVERSITY
Detection Principle — All flavor sensitive

up-going down-going

atmospheric 1 (bundle)

“‘Energy”

-1 0 1
cos(Zenith)

35



Two PeV events found in the 9yr data sample

| CHIBA
April 2008 — May 2017 UNIVERSITY

A track event In June 2014 Dpeposited energy 2.6 PeV

The event found in the previous EHE neutrino search

Of the two background events published in PRL 117 241101,
one was discovered to be a detector artifact and has been removed

A new event in December 2016
An uncontained shower event

Preliminary deposited energy 6 PeV

Uncontained nature of this event indicates large uncertainty
on energy estimate

* Investigations ongoing to see If a prompt atmospheric
muon could be responsible for this event

36



Why the other (well-known) PeV v events are missed?

The 1sttwo events were identified
by the 2012's GZK v search

We tightened the cuts
for shower-like events

For reduction of atmospheric
background events

more than 2000 days of live time

P
[ |
requires stronger BG reduction : :
9 9 More track-like : snil s P More shower-like
100 200 300 400 500

» chi2/ndf

“Track-ness

37



IcCECUBE

B ey Fev |

E-2.3~2.8 )

(Tentative) Summary

CHIBA
UNIVERSITY

Significance of the statistical tension
~20

suggestive but not conclusive

l

F-2.1~2.3

all flavor v intensity

_ only 4 events
Less luminous

Upper limit only
Suggesting weakly evolved UHECR sources or m

Other remark

constraints on the power law flux (intensity Vs cutoff E)

90% CL exclusion

|
o

68% CL

ke
w
&}
@
w
o
E
(&}
>
QO
g,
w10
<
=
o =
L

_ N Phys.Rev.Lett.117 241101(2016)
IX composition

No clearly identified v, events yet with the current IceCube discrimination power
still consistent with 1:1:1 flavor ratio at ~90% CL 38



B Eev

Implications to UHECR origin CHIBA
with the IceCube PeV-EeV data

Two PeV-ish events No EeV-ish events

Robust and solid constraints,
but UHECR composition limited

(Only sensitive to proton-dominated case)

model-dependent arguments
but mixed-composition case reachable

IcCECUBE

39



The Cosmic Neutrinos

' ( CHIBA
Production Mechanisms CHIBA
“On-source” v TeV - PeV
5 ’hatfe,. pp2>mT2vV
. p\ | \:\o‘\ P 9 T2V |
(96\0 photopion production
“GZK” cosmogenic v EeV
100EeV p
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The detected 2 events are not CHIBA
GZK cosmogenic v's ONIVERSITY
* p-value to support GZK v hypothesis

IcCECUBE

« compatible with a generic astrophysical E-? power-law flux

Expected GZK v event distribution p-value 78.8%,

S
©
S
=
Fad
=)
|
o
Y
=]
L
©
=
wl
=2
o
o
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IcCECUBE

N YE

The detected 2 events are not CHIBA
GZK cosmogenic v's JRIVERSITY
p-value to support GZK v hypothesis

compatible with a generic astrophysical E- power-law flux

Expected GZK v event distribution p-value 78.8%,

The uncontained shower event

S
©
S
=
Fad
=)
|
o
Y
=]
L
©
=
wl
=2
o
o

The track event

42



The method to test your UHE v model

Binned Poisson Likelihood construction by SNIVERSITY
the expected event distribution on Energy-proxy and cos(zenith)

ergy Proxy [GeV])

Ic:'g1 u[Enargy Proxy [GeV])

log  (En

GZK cosmogenic (Ahlers + 2010) Astrophysical BG : E2 Atmospheric v and n BG

Ifloat the norm. to fit the data
The model to test +

43
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IcECUBE

TR
UHE (PeV-EeV)

GZK GZK
Y&T Ahlers
m=4,zmax=4 Best Fit
10EeV
Expect. A1 5.3
# of
events
Model 0.43 0.63
Rejection
Factor
RVEIVW 1.0x10° | 1.1x107
Excluded
B wildly Excluded

GZK AGN Young
Aloisio | Murase | Pulsar

SFR v=2.3 Ke+

Load.fac SFR

100

4.8 7.4 5.5

0.80 0.62 0.87
3.2x102 | 3.0x103 | 1.6x102

IceCube collaboration
Phys.Rev.Lett.117 241101(2016)
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= UHE (PeV'EeV) UNIVERSITY

—
<
=]

<

Ahlers best-fit 3EeV
= Ahlers best-fit 10EeV
— Kotera FRII

Kotera SFR

S

all flavor sum

<
-]

s Murase AGN s=2.3
Padovani all BLLac
Fang Pulsar SFR

.

w

O

QO

w

o

&

=10 | -

> 10
Q

O,
wi”
-

]

E

45




GZK cosmogenic v models

CHIBA
UNIVERSITY

» Kotera, Allerd, Olinto 2010
* Ahlers et al 2010

* Aloisio et al 2014
—— SFR

The IceCubg@ observation FSRQs
ralige (strongly evolved)

ﬁ
IceCube signal event

energy distribution

0.12

0.1

Event rates per bin [a.u.]

sourc.e the highest
evolution g of UHCRs

i
t ]
=
i
)
Q
=
8
£
w
-
Q
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-
-
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2
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Tracing history of
the particle emissions with v flux  ghisa

UNIVERSITY

color : emission rate of ultra-high energy particles

Intensity gets higher O —
if the emission is more e e e
active in the past v < TITII IO

G e e o o e o o o EE o EE O EE EE EE EE EE o e EE = =
because v beams are pininintnintain———
penetrating over o m mm e e mm mm e o mm omm e o e e
cosmological distances frequent

Present Redshift (z) Past'

Hopkins and Beacom, Astrophys. J. 651 142 (2006)
The cosmological evolution :

Many indications that the past was
more active.

Star formation rate—>

The spectral emission rate

p(z) ~ (1+z)™
m= 0 : No evolution

47



Ultra-high energy v intensity
depends on the emission rate in far-universe ikivirsity

1018 eV)

more than an order of
magnitude difference

Yoshida and Ishihara, PRD 85, 063002 (2012)

intensity above 1 EeV(

“‘quiet” “dynamic’
particle emissions in far-universe

48



GZK cosmogenic v intensity @ 1EeV

in the phase space of the emission history CHIBA

H
NIVERSITY
Yoshida and Ishihara, PRD 85, 063002 (2012)

GZK v flux ¢ =(m, z,,,,)

“— X lceCube Exposure

A 4

Event distribution
on plane of (E, cos(zenith)

!

The observed event distribution

]
¥
-
un
1
i
i
Lo |
1
-
=
-
-
-5
i
u
-
i
o
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=
-
-
-
™
-
E=
=
=
=
™

FIG. 2 (color online). Integral neutrino fluxes with energy
above 1 EeV, J [cm™= sec™ ! sr™ '], on the plane of the source

evolution parameters, m and 4.
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: o o
.Y The Constraints on evolution (emission history) _

EneE of UHE cosmic ray sources UNIVERSITY

IceCube collaboration
Phys.Rev.Lett.117 241101(2016)

_ UHECR squrce Any sources with evolution
) Cosmolog|cally compatible or stronger than

star formation rate are disfavored

90% CL exclusion

FRII (FSRQs)

excluded

&RBs

50
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What IceCube tells CHIBA
if UHECRs are not proton-dominated?

IcECUBE

Move on to the on-source v model-dependent constraints

Example: AGN(Blazar) inner jets taking into account the Blazar sequence
(Murase, Inoue, Dermer, PRD 2014)

v luminosity from a Blazar

FSRQs (QHB)

I V
middle class N ’Y
=] e —» UHECRS

The highest energy CRs

are -
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lceCube tests on on-source v models CHIBA

AGN (Blazar) Inner Jet UNIVERSITY

IcECUBE

Murase, Inoue, Dermer, PRD 2014

If UHECRSs are 100% AGN-originated
(heavy) nuclei, we would have already
seen EeV neutrinos

AGN unIikeIx

though not completely ruled out

E2 O(E,) [GeVem ~Zsec ~'sr ]

52



IcCECUBE

T

Model Independent Differential Limit CHIBA
UNIVERSITY
ANITA (2018)
90% C.L. UL (this work) ] ] ]
90% C.L. UL (IceCube PRL 2016) The obtained limit at 1 EeV
Auger(2015) ~2Xx 108 GeV/cm? s sr

Auger(ICRC2017)

—_
*
L

Energy flux of UHECRS

107%¢

IceCube collaboration
Phys.Rev.D 98 062003 (2018)

ESO(E,) [GeV cmi® secsr]

Ahlers best-fit 3 EeV
Murase s=2.3§ =100

CR
Kotera SFR

X
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Summary in UHE v CHIBA

UNIVERSITY

B
SOV
| 3o v

IcCECUBE

Two PeV-ish events detected. No EeV events
in the IceCube 9 year-long data

IF UHECRSs are proton-dominated
(consistent with the TA's claim)

UHE sources are not populated at far universe

adioloud Bazar-FSROS FiRe etandard” UHRCR models,areidead
IF UHECRSs are -dominated
(Auger is right 1)
Exclusion of some on-source v models started to constrain
popular sites for UHECR production

Y
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No GRBs as major sources GNIVERSITY

No neutrinos associated from GRBs

Based on GRBs
Arxiv:1702.06868

@+ Ahlers et al. HEEE Clobal Fit (2015) South v, GRB (5 vyr)
- Waxman-Bahcall A

North v, (2016) === (Cascade C

m— Combined Analysis e

|
o
|
—
oo
[ ]
|
.
—
=4
=
A
-
>
=
&
=
[y |

-ﬂ----:----i----i
iﬁiﬁﬁ@iﬁﬁiﬁﬁﬂiﬁﬁ@iﬁ:;"j”"”"”f"“""“
104 105 106 107 ik 10* 10° 10° 107 10® 107

Neutrino break energy =, (GeV) v Energy (GeV)

Significant constraints on single-zone fireball models of
GRB neutrino and UHECR production 55



2 B
No Blazars as major sources

Blazar stacking analysis

THE CONTRIBUTION OF FERMF2LAC

BLAZARS TO DIFFUSE TEV-PEV NEUTRINO
FLUX

M. G. Aartsen®, K. Abraham?, M. Ackermann?, J. Adams®*, J. A_ Aguilar®,

M. Ahlers®, M. Ahrens’, D. Atmann®, K. Andeen® T. Andersoni®
ar list

2017 January 17 « @ 2017. The American Astronomical Society. All rights

The Astrophysical Journal, Volume 825, Number 1

10t 100 10 10" 108
Neutrino Energy [GeV]

]

10°

Search for a cumulative v excess from 862 2LAC blazars

CHIBA
UNIVERSITY
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Model dependent constraints on Blazars

CHIBA
UNIVERSITY

IcCECUBE

IceCube Collaboration

ApJ 835 no.1 45 (2017) v, only

B 1 “i 1 ” 10 1 ”[ 1 1 “ 12

Neutrino Energy [GeV]

IceCube Collaboration
PRL 117 241101 (2016)

s Murase AGN s=2.3
Padovani all BLLac

Fang Pulsar SFR a” f|avor sum

T
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Another big question CHIBA

UNIVERSITY

The (yet-unknown) UHECR sources are also the origin of IceCube TeV Vv?

Energy flux

[
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—
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wn
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=
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—
—_—
-
%

b
S’
[

lceCube v ~ UHECRS

lceCube v

[ ]
? T f + IceCube V UL

Is this just a coincidence?
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UHECR-IceCube v Unified Model

CHIBA
UNIVERSITY

The (yet-unknown) UHECR sources are also the origin of IceCube TeV Vv?

A genetic analytical model

* Optical Depth 0.1
 SFR-like evolution

Can be consistent with UHECR data
and v UL at higher energies
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IceCube V UL

dE

2 dJ

taking the formula from
Yoshida & Takami PRD 2014

Yoshida & Ishihara PRD 2012
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107 10°

Energy [GeV]
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UHECR-IceCube v Unified Model

CHIBA
UNIVERSITY

The (yet-unknown) UHECR sources are also the origin of IceCube TeV Vv?

A genetic analytical model
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* Optical Depth 0.1
 FSRQ-like evolution

with
v UL at higher energies

dE

2dJ
3

taking the formula from
Yoshida & Takami PRD 2014

Yoshida & Ishihara PRD 2012
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V flux at 100 TeV

dJ
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UHECR-IceCube v Unified Model

_—
o

constraints

from IceCube data flt/” B .

o

0

UHECR p spectrum E-

CHIBA
UNIVERSITY

prediction from

the unified model

There are not many astronomical
objects to meet these criteria

6ptica| depth> 0.01 if soft spectrum\
Optical depth~ 1 if hard spectrum

\evolution weaker or compatible to SFR)
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B Eoy |

Connections between CHIBA
the observed TeV-PeV v flux and UHECRs

Schematic lllustration

1 Optical depth © ~ 01\

TeV PeV EeV ZeV
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B Eoy |

Connections between CHIBA
the observed TeV-PeV v flux and UHECRs

Schematic lllustration

Energy Flux
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UHECR-IceCube v Unified Model _ |

Energetics requirements UNIVERSITY
Source luminosity with SFR-like evolution

£-2.2 £-2.5
E>10 EeV ~4x10% erg/Mpc3 yr ~2x10% erg/Mpc3 yr
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l extrapolate

dE

2dJ
3

E

M £>10 PeVv
~2x10%8 erg/Mpc3 yr ~6x10% erg/Mpc3 yr

—
a
o

cf. GRBL, ~ 1044 erg/Mpcs yr FSRQ L, ~ 104° erg/Mpc3 yr
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UHECR-IceCube v Unified Model

genetic requirements to UHECR sources

CHIBA
UNIVERSITY

cosmological evolution compatible or weaker than star formation rate
IceCube bounds on GZK v

Fermi extra-galactic diffuse y-ray bound

optical depth t >~ 0.01 if E%°, 1>0.1 if E3 or harder

IceCube TeV-PeV v flux
c.f. GRB internal shock t~0.1, afterglow O(103), BL Lac O(10)

Energy luminosity O(104®) erg/Mpc3 yr @ E>10 PeV

extrapolated from UHECR luminosity
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CHIBA

UHECR-IceCube v Unified Model

An example of possible sources — black hole jets in the large scale structures
Fang & Murase 1704.00015

optical depth T ~ 0.15

power law index a 2.3 (i.e. E23)
SFR-like evolution

T

meets the present generic criteria
for being both UHECR and v sources
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IceCube V UL

6ptica| depth> 0.01 if soft spectrum\
Optical depth~ 1 if hard spectrum

dE
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- - evolution weaker or compatible to SFR
10° 10°® \_ Y,

Energy [GeV]
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Two PeV events found in the 9yr data sample

| CHIBA
April 2008 — May 2017 UNIVERSITY

A track event In June 2014 Dpeposited energy 2.6 PeV

The event found in the previous EHE neutrino search

Of the two background events published in PRL 117 241101,
one was discovered to be a detector artifact and has been removed

A new event in December 2016
An uncontained shower event

Preliminary deposited energy 6 PeV

Uncontained nature of this event indicates large uncertainty
on energy estimate

* Investigations ongoing to see If a prompt atmospheric
muon could be responsible for this event
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LT
UHE (PeV-EeV) UNIVERSITY

A new event In December 2016
An uncontained shower event

Preliminary deposited energy 6 PeV

IcCECUBE

68




IcCECUBE

A new event in December 2016

An uncontained shower event

Preliminary deposited energy 6 PeV

CHIBA
UNIVERSITY

consistent with the Glashow Resonance

1012 1042 [t 1015 10
E [eV]

69



A new event in December 2016

cscuse | An uncontained shower event || Preliminary deposited energy 6 PeV | GNIVERSITY

Cherenkov photon distribution

IceCube Preliminary

—— Predicted

® Str.o67
Str. 59
Str. 58
Str. 66
Str. 74
Str. 50
Str. 49
Str. 73

13.50 13.75 14.00 14.25 14.50 14.75 15.00 15.25
thom [us]




i CHIBA
cecuse | AN uncontained shower event || Preliminary deposited energy 6 PeV | UNIVERSITY

IceCube diffuse numu (ICRC 2017)
IceCube EHE cosmogenic nu (2018)
Auger cosmogenic nu (2017)

Anita cosmogenic nu (2018)
Auger cosmic-rays (ICRC 2015)
IceCube HESE nu (ICRC 2017)
the new event

\-

IceCube Preliminary
All flavours
nuebar:nue=1:1

| | L aaaul L Lol L L ol L L gl L L
10° 100 107 108 10°
Energy [GeV]




Realtime Multi-Messenger

South Pole

CHIBA
UNIVERSITY

IcCECUBE

Northern Hemisphere
020000

s222s WIPAC

WisCONSIN ICECUBE
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lceCube Realtime Analysis Chain

Deliver of public alerts via GCN

IcCECUBE

CHIBA
UNIVERSITY

all neutrino flavor sensitive

high chance of real cosmic neutrino signals
angular resolutions so-so

PeV EeV
all neutrino flavor sensitive

high chance of real cosmic neutrino signals
good angular resolutions

signal flux highly uncertain -3

The breakthrough event
detected in this channel




IcCECUBE

And the story began here GRIVERsITY

SMS notice
pinged my (non-smart) cellphone

GRATIN

’ m< ¥ gl 10:38
010447624800500

e | 5:55 am, Saturday, September 23, JS

Issued

"dec": 0.1004
"err50":

0-90‘}333489 the greatest wakeup call I've ever had in Saturday morning
g 1. :

run":

"130033",
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IcCECUBE

And the story began here GRIVERsITY

SMS notice
pinged my (non-smart) cellphone

GRATIN

’ m< ¥ gl 10:38
010447624800500

e | 5:55 am, Saturday, September 23, JS

Issued

"dec": 0.1004
"err50":

0-90‘}333489 the greatest wakeup call I've ever had in Saturday morning
g 1. :

run":

"130033",
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Numbers on IceCube 170922A .

e ldentified by the EHE realtime stream UNIVERSITY

Date (UT):2017-09-22 20:54:30.436263 Run 130033 Evt 50579430

NPE:5785.94156
EHE linefit zenith 97.5 Revised zenith 95.7 RA:77.43 DEC: 5.72 (J2000)

Run: 130033 Event 50579430: Type: EHE M)D: 58018.8711856

: -;I.‘j;“ ; | e
G L

f7hv’§ : bt "
ow HIBEERL g -
S| | .!f & 1
2 S AAEARUA IR AR M
AR L R

— 50% (from IC160427A systematics) GCN Fri 22 Sep 17 20:55:13 UT
—— 90% (from IC160427A systematics) scan best-fit

74.4° 75.2° 76.0° 76.8° 77.6° 78.4° 79.2° 80.0° 80.8°
right ascension

[
0 300600900200500802102402708000

_9/

Provided by Claudio in te slack channel
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IcECUBE

log10(NPE)

Reminder : EHE real time stream

Relaxed cuts on NPE-cos(zenith) plane for track-like EHE L3
Xz EHE trackfit< 30

Atmospheric BG E-2 signal

— “GZK “ v search
— Real time v

— “GZK “ v search
~— Real time v

log10(NPE)

-0.8 086 -04 -02 0 02 04 06 08 1 - = -0.8 -06 -04 -0.2 0 0.2 04 06
cos(8)

0.8 1
cos(8)

CHIBA
UNIVERSITY

=
in

Q

Events / year

2
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IcECUBE

log10(NPE)

Atmospheric BG

— “GZK “ v search
— Real time v

0 0.2 04

lceCube 170922A

NPE 5,786 cos(zenith) -0.13

E-2 signal

— “GZK “ v search
~— Real time v

log10(NPE)

06 0.8 i = .08 -06 -04 -02 0 02
cos(8)

0.4

0.6

0.8

1

cos(8)

=
in

2 2

=

CHIBA
UNIVERSITY

Events / year
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lceCube 170922A CHIBA

UNIVERSITY
NPE 5,786 cos(zenith) -0.13

right on the “sweat spot” signalness : 56.5 %
Atmospheric BG E-2 signal

IcECUBE

— “GZK “ v search
— Real time v

— “GZK “ v search
~— Real time v

o
=

o
o

log10(NPE)

0 02 04 06 08 1 97 08 -06 -04 -0.2 02 04 06 08 1
cos(f) cos(B8)
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IcCECUBE

Neutrino Energy ?
Initial estimate reported in the GCN: 120 TeV

v Energy Vs NPE (E2?) profile
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|Og w(E"/GeV)

CHIBA
UNIVERSITY
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CHIBA
UNIVERSITY

lceCube 170922A

side view

IcCECUBE
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IcCECUBE

Neutrino Energy ?
Energy deposit estimated : 21.6 TeV

— V,, energy pdf at the earth surface

(O lowver limnit: 2000 TeV. pes
(Y lowver limit: 183 TeV. pealk:

=2 B A e 1ot TEDG AT o . aE 17
(NS Lowver limit: 152 TeV. peal: 259 TeV')
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200TeV~ /7.5PeV
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v detection effective area CHIBA
UNIVERSITY
N=T fdﬂdev¢v(Ev) AV(EV)

#of events time  solid angle v flux v effective area

IcCECUBE

Zenith bin of this v event
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Neutrino Energy Flux ol

IcEéQBE UNIVERSITY
A/=71jlﬂ2fcﬂa¢vﬂ%)Avﬂ%)
l by (Ev) =~ Ev_z

7.5PeV
L, = j dE,py (Ev)Ev
200TeV

N l 7.5PeV
— n
deEv EV_ZAV(EV) 200TeV

T -1
) ergcm % s 1

~ 1.8 x 10710 (
6month
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Summary of the follow-up observations
e e S e S S

Fermi-TAT Sept 15-27 TXS5 0506+056 / BFGL J0509.4+0541 / 3FHL J0509.4+0542 Flaring >300 MeV

Swift- XRT Sept 23 00:09-22:42 UT v 15XPS J050925.9+054134 Spectral softeming/evolution
Sept 27 18:52 UT, S ks
Sept 30 - Oct 7,2 ks

Laverpool Sept 28, 900 s TXS 0506+056 (PMN J0509+0541) Typical BL: Lac spectrum
“Bluer when brighter”

ASAS-S -50 days TXS 0506+056 ~ 0.5 mag mn V-band

AGILE Sept 18 12:00 UT + 3 days < 1° from 3FGL J0509.4+0541 FExcess > 100 MeV
+6 days

H.E.S.5. Sept 23 01:05 UT, 1 hr Set 90% CL UL on v fluence
Sept 24 03:10 UT, 1 hr

HAWC Sept 15 09:04 UT - Sept 19 14:41 UT At T0, this location was not
Sept 21 08:41 UT to Sept 27 14:10 UT i HAWC's fov

ANTARES =1 hr and =1 day of TO Set 90% CL UL on v fluence
INTEGRAL 300 s of TO Set 30 UL

IC multi-day  Sept 15 00:00 UT - Sept 29 00:00 UT

VERITRAS  Sept 28, 1 hr + Sept 28-30, 5.5 hrs

And many more!




Science 361, eaat1378 (2018)

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

Fermi Telescope

uuuuuuuuuuuuuuuuuuuuuuuuu

neutrinos
ol j/!_., e

'\\? =
P Optical telescopes

JE e

B Kanata telescope

HE g, ™ 4
'"’77&,8 s ...and many more telescope

Follow-up Observations of IceCube Alert 1IC170922

Maa 4
NusTAR

Magic telescope

4, © Observations without detection 86



Fermi Blazar TXL 0506+56

Right on top of IceCube 170922A
: |

1 ;"I[Z 0  80.00C 79.000 78.000 77.000 76.000 75.000 74.000 73.000 image ma de
| by Masaaki Hayashida
(Fermi)
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Fermi Blazar TXS 0506+56 -
Right on top of IceCube 170922A UNIVERSITY

IcCECUBE

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A
IC170922A 50% - area: 0.15 square degrees
IC170922A 90% - area: 0.97 square degrees

—r
o

Fermi-LAT detection of increased gamma-ray
activity of TXS 0506+056, located inside the
IceCube-170922A error region.

ATel #10791; Yasuwyuki T. Tanaka (Hiroshima University), Sara Buson (NASA/GSFC),
Daniel Kocevski (NASA/ MSFC) hehalf of the Fermi-LAT collaboration

on 28 Se

;
—_ T T o Pl v . por T =y T P val I -
Credential Certification: David J. Thempson (David./. Thompson@nasa.gov)

Declination
o
®

Subjects: Gamma Ray, Neutrinos, AGN

oy
-
Fermi-LAT Counts/Pixel

. 10817,

042, 11419, 11430, 1148

N WA O OO N 00 O

PKS 0502+04p

78.0° 77.6° 77.2° 76.8°
Right Ascension
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Fermi Blazar TXS 0506+56

E>1GeV < 9 years >

TXS0506

++++ ; +

-
o B -

FCLﬂ

flux(=1 GeV) [ph/cm2/s]

+

mission week: 2008.08.04-:='9"

Made By public tool FAVAI
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VHE vy detection by MAGIC CHIBA

ICECUBE UNIVERSITY
E> 100 GeV

First-time detection of VHE gamma rays by MAGIC
from a direction consistent with the recent EHE
neutrino event IceCube-170922A

ATel #10817; Ra

Credential Certification
Subjects: Optical, Gamma Ray, =GeV, TeV, VHE, UHE, Neutrinos, AGN,

Referred to by ATel #

W Tweet | F] Recommend 448

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A
IC170922A 50% - area: 0.15 square degrees
IC170922A 90% - area: 0.97 square degrees

Declination
o
2

o
A:
MAGIC significance [o]

=N
.
~—
MAGIC PSF PKS 0502*-04@

3FHL
1 3FGL
78.0° 776° 77.2° 76.8°
Right Ascension
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Optical follow-up

Kanata's follow-up
1.5 m dish at Hiroshima, Japan

September 23 September 24 Residual

Kanata optical imaging and polarimetric follow-
ups for possible IceCube counterpart TXS
0506+056

ATel #10844: M. Yan

I _ e
46 29 13 B 20 37 53 \II LR I

Ly | Fg——
ANAOKD, V. HhaWar




I Spectral Energy Dlstrubutuon

UNIVERSITY
radio optical X-ray y-ray
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IcCECUBE

Light Curve

UNIVERSITY

2009 2010 2011 2012 2013 2014 2015 2016 2017 15 September, 2017 1 October, 2017 15 October, 2017
T T T T T T T T T T T
® MAGIC (E>90 GeV) m VERITAS (E=175 GeV) & HESS (E>175 GeV)
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® Fermi LAT (E>100 MeV) m AGILE (E=100 MeV)
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Relative Declination (mas)

-10

Peak: 454.0, Contours: 0.30 x V2, RMS: 0.09 mJy/beam
Beam 1. 18 X [0} 50 mas ct —5 ] deg Nut Wgt (no taper)

radio

The 1t |

0506+056 20T7 06-17, VLBA 15.4 GHz

L MOJAVE Program

Relative R.A. (mas)

optical

TXS 0506+56
igh Energy v Source

X-ray

TXS 050649056

Swift—XRT Exposure; 60808 s

5M10mao® 5Moama0® s"pgmen®

s"os™on®

5Mogm40®

Largtlest solurce region
Largest background region

+5°50°00"

+5°45'00"

+5°40 00"

+5°35 007

+5°30 00"
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y-ray

HIBA
NIVERSITY
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Quest of redshift determination
follow-up by the big dish Subaru

8.2 m dish at Mauna Kea, Hawaii

Foreground

/ sky emission

Featureless
we come back

when dimmer

TXL 0506+56

Courtesy of the Subaru Team
T. Morokuma (U. Tokyo),

Y.T. Tanaka (Hiroshima Univ),
K. Ohta (Kyoto Univ),
Y.Matsuoka (Ehime Univ),
5000 5500 6000 6500 7000 7500 8000 M.Yoshida (NAOJ) o

A nearby star
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