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IcCECUBE

The Neutrino Flux cries
from Geo Neutrino to GZK neutrino
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«—— 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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SOuUTH POLE NEUTRINO OBSERVATORY

o vV aS COSMIC messengers cusa

UNIVERSITY

EVERY YEAR,
ICECUBE

DETECTS asour...

. 1 D ASTROPHYSICAL
: NEUTRINOS
Neutrinos are excellent messengers.
They are neutral particles that < /1,
rarely interact with matter and Pl Ay ofter
point back to their sources. PG4

2

Gamma
. 1 I

ATMOSPHERIC NEUTRINOS

e charged

particles whose pc!hs are
/' bent by magnetic fiel ld
/ Cosmic ray interactions i

100 oSS

the atmosphe r'prod uce
neutrinos and mu

\
+

5 5 i
, 1 D D BILLION : b
! ATMOSPHERIC MUONS |

icecube.wisc.edu 4



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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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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IlceCube Event Topology

ooyl CHISA
Track Cascade (shower)| =
M Ve 9 e + X
“ cC
V — T (only at ultra-high energles) | V 9 X X x:e, W, T

CC




lceCube v search channels cHipa
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lceCube v search channels cHipa
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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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HESE + MESE (low energy extended)  crisa

UNIVERSITY

IcCECUBE

/ years of data (IC79, 1C2011-1C2016)

100 50 100
track distance track distance

—600—-400-200 0 200 400 600 —-600—-400—-200 O . 400 600
x [m] x [m]
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=~ HESE + MESE (low energy extended) g

UNIVERSITY

all “cascades” “tracks”

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

' 'Conv. atmosph'eric v I ] ' 'Conv. atmosph'eric v
Prompt atmospheric v I ] Prompt atmospheric v

Atmospheric muons Atmospheric muons

Astrophysical v I— Astrophysical v

Sum of expectations Sum of expectations

Experimental data e Experimental data
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- Conv. atmospheric v I | - Conv. atmospheric v
Prompt atmospheric v I 1 F Prompt atmospheric v
Atmospheric muons Atmospheric muons
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- Conv. atmospheric v
Prompt atmospheric v
Atmospheric muons
Astrophysical v
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Experimental data
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Astrophysical Fluxes
(on top of atmospheric)

ee ¢ Differential
Best-fit (&269+008)
v, Best Fit (F219+01)

10 10
Neutrino Energy [GeV]
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==~ HESE + MESE (low energy extended) gt
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* Low-threshold Starting Events (2010-2016)
@ High Energy Starting Events (2010-2015)

3.0 3.2 3.4 3.6
’Yr?. stro 20
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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

L
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4 data Hl >v.nc
B atm. v, B Yy, cc
B astro. ve+ V. atm. p

IceCubepreliminary

B atm. v,
B astro. ve+ V.

IceCubepreliminary

+ data E >v.nc
B atm. v, l Yv.cc
B astro. ve+ v atm. p

IceCubepreliminary

o
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o
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Search with Cascade Events

Upward events

CHIBA
UNIVERSITY

Downward events
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o
W

m— astro. v
Em— mMCSum
atm. p

W astro. v
Em—— mCSsum
atm. p
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Search with Cascade Events

_ E 1248
il
-4~ differential model

IceCube preliminary

AL L L L
10° 104 10° 106 107
E, [GeV]

CHIBA
UNIVERSITY

@ v, Tracks—8y(E>1 19Te;’(/)
vV  Cascades—2y(E > 10TéV)
v Cascades — 4y (this wq’i'k)

IceCube preliminary




. Search with Cascade Events CHIBA

UNIVERSITY

Fitin E > 200 TeV : overlapping with upgoing track (v,) analysis

T , s _ E  \—248
IceCube preliminar i . P=1.6" () 2* %3

® v Tracks—8y g ' B 2 —component

-4 differential model

IceCube preliminary

1.8 2.0 2.2 24 26 2.8 3.0 | 10° 106 107
Yastro E, [GeV]
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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 -0.8 -06 —04 )2 00 -1.0 -08 —-06 -—-04 =02 0.0 -10 —-08 -06 -04 -02 0.0 -1.0 —-08 -06 -04 -0.2
cos(zenith) cos(zenith) 0s(zenith) cos(zenith) 29
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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])
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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
E (UHE)

IVERSITY
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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)
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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

34



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
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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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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%,
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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
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The track event
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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 +
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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
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Ahlers best-fit 3EeV
= Ahlers best-fit 10EeV
— Kotera FRII

Kotera SFR

S

all flavor sum

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

The Constraints on evolu%uon Eemussuon ﬂistory) CHIBA

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

~adio-loud AGNs
excluded

&RBs

FRII-A
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What IceCube tells
If UHECRSs 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

CHIBA
UNIVERSITY

44



T

lceCube tests on on-source v models

CHIBA

IcECUBE

AGN (Blazar) Inner Jet UNIVERSITY
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 ]
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e Model Independent Differential Limit CHIBA
= 90% G.L UL (i wor N The obtained limit at 1 EeV

== 90% C.L. UL (IceCube PRL 2015)

~2x 108 GeV/cm?2s sr

Energy flux of UHECRS

Auger(2015)

Ahlers best-fit 3 EeV

Murase s=2.3 E-'r.:=1 00

Kotera SFR
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Summary in UHE v CHIBA

UNIVERSITY

IcECUBE

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

ra00Toud AGN Il VR

S

IF UHECRS are -dominated

(Auger is right )

Exclusion of some on-source v models started to constrain
popular sites for UHECR production
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et No GRBs UNIVERSITY
100 TeV ~ 10 PeV

No neutrinos associated from GRBs
Based on 807 GRBs

| L O I | 1 Illllll] I 1 U [ [ [

THE ASTROPHYSICAL JOURNAL j e crlamcial

B —HH— Waxman-Bahcall

AN ALL-SKY SEARCH FOR THREE FLAVORS OF
NEUTRINOS FROM GAMMA-RAY BURSTS WITH THE
ICECUBE NEUTRINO OBSERVATORY

M. G. Aartsen?, K. Abraham?, M. Ackermann?, J. Adams*, J. A. Aguilar®, M. Ahlers®, M. Ahrens’,
D. Altmann®, T. Anderson®, |. Ansseau® Show full author list

1 ItIJIIIl

Exclusion CL (%

Published 2016 June 20 « © 2016. The American Astronomical Society. All rights reserved.

The Astrophysical Journal, Volume 824, Number 2




e No GRBs UNIVERSITY

No neutrinos associated from GRBs

Based on GRBs
Arxiv:1702.06868

@t Ahlers et al.
- Waxman-Bahcall

)
i

eV cm

(G

-ﬂ----:----i----i

E—‘ i) y

104 10° 106 107 )3 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 49



2 S
No Blazars L

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
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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
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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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UHE (PeV-EeV) UNIVERSITY

A new event In December 2016
An uncontained shower event

Preliminary deposited energy 6 PeV

IcCECUBE

X




IcECUBE

A new event in December 2016

An uncontained shower event

Preliminary deposited energy 6 PeV

Energy Reconstruction

5.25 5.50 5.75 6.00 6.25 6.50 6.75 7.00
Energy [GeV] 1e6

CHIBA
UNIVERSITY
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A new event in December 2016

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

Cherenkov photon distribution

MC:string 67
= MC:string 59
— MC:string 74

S

N
_C

]

o
O]

©

NPE per DOM
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A new event in December 2016

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

Energy — Zenith PDF

Conventional BG Uncertain prompt L Astrophysical V

Atmospheric Muon Elbert

Atmospheric Background E2 power law

> = =
© © ©
S, S, S,
> > >
x > >
S o o
= = =
a a a
P P P
5 =) =)
= = =
@ @ @
c c c
u w w
= ~ ~a=
=3 = =
S =] =]

: Hydrangea The another : :
detected track event | unlikely: the best fit=0

More work on progress
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Investigate PeV-energy v sky  cues

IVERSITY
E
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Multi-flavor PeV search CHIBA
PEPE = PeV Energy Partially-contained Events

IcCECUBE

Interaction:
NuEBar -> Hadrons

Primary
Type : NuEBar
Energy: 8.15e+06GeV
Muon
Type : MuPlus
Energy: 8.33e+01GeV
104 10%° 1046 1047 104¥ Cascade
} Type : Hadrons
E [eV] Energy: 8.15e+06GeV

" Contained cascades

—-600 -400 -200 0 200 400 600
X [m]

° °
o0 0 O 0000000
L]
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| T

Multi-flavor PeV search
PEPE = PeV Energy Partially-contained Events

Effective Area for v, : a factor of 2 higher than HESE

Background rejection after each cut

¢

CR mixed
nue >1PeV
all nue
proton

iron

numu
nutau

data 2015 |1

Effective Area [m?]

PEPE/HESE

CHIBA
UNIVERSITY

|
[|C—] HESE v,
‘[ PEPE v,
(1 EHE-PeV v,

| |
5.5 6.0
log,,(E"/GeV)
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Multi-flavor PeV search CHIBA

UNIVERSITY
PEPE = PeV Energy Partially-contained Events
With 4.6 year of IceCube Data (2012-2015)

10 Events found in E>400 TeV. One event found in E> PeV (Hydrangea)

)—2.19e—E/4.5PeVGev—1cm—2S—l

IcECUBE

Global Event distribution in E>500Tev @ = 10718 x 1.5 X (1OOTeV

(o)}

IceCube Work in Progress = EHE(UHE) track sample

;IceCube Work in Progress HESE+PEPE (cascade)

expected signal (E" M="4.5PeV,y=-2.19, ¢4=1.5)

9]

iff

e e cde e e g |- fCE—O A Y\ - i e ~o\--
expected signal (E;"*=4.5PeV,y=:2.19, ¢$=1.5)
! | |

D

wn
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©
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wn
+—
C
]
>
L

P, N W

6.5 7.0 58 60 6.2 64 6.6 6.8 7.0 7.2

log10(muon energy proxy E . [GeV]) log1l0(cascade energy proxy E..[GeV])




Multi-flavor PeV search CHIBA
PEPE = PeV Energy Partially-contained Events

Preliminary conclusion at the moment

PeV v exists, but less luminous
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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
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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 62



