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High Energy Neutrino as a Cosmic Messenger

Weak interaction during “propagation”
. Cosmic accelerator

* Penetration power
* Pointing capability

CMB even at extreme energies
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Ultra-high Energy Neutrinos in the Universe
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The IceCube Detector

lceCube Lab
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lceCube Neutrino Events
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lceCube Construction and Runs

1C1(2005-2006) 1C22 (2007-2008) IC40 (2008-2009)
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lceCube Operation

Fartial operation has started since 2005, full operation since 2011
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First important multi-messenger result en

= . . N . N - IceCube
 lceCubei & MD40strings&59strings A 74 F 2L —2aVITRB2E 5 DT —ENoDHER
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First observations of cosmic neutrinos

Energetic Neutrinos on Ice

July 8,2013 . Physics 6, s93

The IceCube detector at the South Pole has observed two of the highest energy neutrinos ever recorded.
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2013

First Observation of PeV-Energy Neutrinos
with IceCube
M. G. Aartsen et al. (IceCube Collaboration)

Phys. Rev. Lett. 111, 021103 (2013)
Published July 8,2013
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Astrophysical Diffuse Neutrino Spectra

IlceCube

Neutrinos from the North ) () ] [~ 207 /

August 20,2015 « Physics 8,598

Using Earth as a neutrino filter, the IceCube neutrino experiment strengthens its claim that it has detected
neutrinos from powerful astrophysical accelerators outside our Galaxy.
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Search for neutrino-induced particle showers with lceCube-40

M. G. Aartsen et al. (lceCube Collaboration)
Phys. Rev. D 89, 102001 — Published 1 May 2014

Evidence for Astrophysical Muon feecube collsborston

Neutrinos from the Northern Sky with
IceCube

M. G. Aartsen et al. (IceCube Collaboration)
Phys. Rev. Lett. 115, 081102 (2015)
Published August 20, 2015




Ultra-high Energy v Interactions
]

nature

Explore content ¥ About the journal ¥

Publish with us ¥ Subscribe

nature > letters > article

Published: 22 November 2017

Measurement of the multi

TeV neutrino interaction
cross-section with IceCube using Earth absorption

2017

Vertical

10 10"
Neutrino Energy [GeV]

09

\L‘ne lceCube Collaboration

Measureme i o-Nt
nt of the high-energy all-flavor neutrino-nucleon crossps

section with lceCube

E. Abbasi et al. (lceCube Collaboration)
hys. Rev. D 104, 022001 — Published 8 July 2021

Measurements using the inelast
neutrino interactions in |ceCube

|ceCube Collaboration)
Published 13 February 2019

M. G. Aartsen et al. (
Phys. Rev. D 99, 032004 -

icity distribution of multi-TeV
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lceCube Realtime Alert System

lceCube

107 {10 = cosizent < 1.0 (all-sky)

High energy starting track (HESE) and Extremely high

energy (EHE) alert channels has started since 2016
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Science 361, eaat1378 (2018)

lceCube-170922A event

« 2017/9/22 20:54:30.43 UTC 4 U I d
* 5th and the most cosmic neutrino signal like EHE alert
» automated alert was distributed to observers just 43 seconds later

Fermi Telescope

neut(einos
§ ase &
LoSe % % g ’ \ FEOMJIBI.AEAR
2 . heutrino obser Optical telescopes " s

B Kanata telescope

...and many more telescope

Follow-up Observations of IceCube Alert 1C170922



Multiwavelength Campaign with v

: - upward going neutrino induced muon track '
_ 23.7+£2.8 TeV muon energy loss in the detector
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2014/2015 Neutrino Flare Science "

IceCube
SCIENCE - 13 Jul2018 - Vol 361, Issue 6398 pp. 147-151 - DOI: 10.1126/science.aat2890
lceCube evaluated 9.5 years of archival data in the direction of TXS 0506+056 dYN\1 0O
1C40 1C59 1CT9 1C86a 1C86b ICS6e

men JeeCube-1T00224

4 - Caussian Analysis

| §

u

m n

u

mmmm Box-shaped Analysis "
u

logn p

2009 2010 2011 2012 2013

2014 2015 2016 2017

* neutrino only time dependent search around the blazar TXS 0506-056
—Inconsistent with bkg-only hypothesis at the 3.5¢ level

(In addition and independently of the previous 30
when looking in this specific direction)
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After 10 yrs: Diffuse Neutrino Spectra

Published and almost to be published samples

« Upgoing muon neutrino sample 9.5 years
* High energy starting event sample 7.5 years

« Cascade sample 6 years 10-6
= == Conv. Atm. Backgr. (v;)

\ .  HESE (7.5y Full-sky)
A T Subm. to PRD (2020), arxiv:2011.03545

This work: Through-going Tracks
\ I (9.5y, Northern-Hemisphere)

Cascades (6y, Full-sky)
\ =+ PhysRevLett. 125, 121104 (2020)
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After 10 yrs: Diffuse gamma-rays, UHE cosmic

rays and neutrino connection

~— 107® L isotropic y-ray high-energy

' . background nNeutrinos

? (flavor-average)
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After 10 yrs: High Energy Tau Neutrinos

2 candidate events observed over expected 1.5 v; signal and 0.8
Ve, vy, background

== Single, no brights == Double, no brights == Double, with brights = Exp. I}at,a]

Photoelectrons

Double pulse signatures
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After 10 yrs: GZK Neutrino Constraints

Upper limit on neutrinos 10 PeV and above with 9 years of data

Differential limit on the extremely-high-energy cosmic neutrino flux ion ]

in the presence of astrophysical background from nine years of Constraints on Ultrahigh-Energy Cosmic-Ray Sources from a
lceCube data Search for Neutrinos above 10 PeV with IceCube

M. G. Aartsen et al. (lceCube Collaboration)

M. G. Aartsen et al. (IceCube Collaboration)

Phys. Rev. D 98, 062003 — Published 12 September 2018
Phys. Rev. Lett. 117, 241101 — Published 7 December 2016; Erratum Phys. Rev. Lett. 119, 259902 (2017)
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After 10 yrs: Neutrino Source Searches

%!,BE!:.‘"—J_E':: About Us  Science Collaboration
i

h 10 Years of 10 years of IceCube data now publicly

s Wit / : i
Time \megrated Neutrino Souree Sediens available at NASA’'s HEASARC archive
l -

|lceCube Data

e i 2020
sk L;ansigne 124, 051103 — published 6 February
Phys. ReV. 4 :

e [
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Neutrino Source Searches with 10 years of IceCube Data

ith 10 Years of
T Integrated Neutrino Source Searches with
ime-
|ceCube Data
i I;aer\tfsiztirfzﬂa, 051103 — Published 6 February 2020 JZEE“E NEEZEEBLAELR
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A Short Summary of 10 yrs
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ICECUBE

A
N

Angular resolution improvement with larger detector

GENZ

Highest energy event to date,
an upward-going track.
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+ Deposited energy 2.6+0.3 PeV
+ Median neutrino energy 8.7 PeV

* Observed photoelectrons 130,000 pe
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A

Intermediate sensitivities ‘.

E’®, ,v (TeVcm~?s71)

ICECUBE
1 yr Discovery Potential, E~-2.0 TXS-like flare o
. —b 175
109 4 - “*-._\ === IceCube —-—~ lceCube
= —— Season 1 15.0 { — Season 1
- Season 3 - Season 3
—— Season 5 1251 — Season5
IceCube-Gen2 8 —— lceCube-Gen2 o
@ 10.0
W
. ©
107 = e 7.51
ot c
----- 2
Y 50
2.5
2
- a - |
10° 4 IceCube:Gen2 Preliminary 0.0 1 - i ———. |
-1.00 -0.75 =050 -0.25 0.00 0.25 0.50 0.75 1.00 50 100 150 200 250 300

sind Flare duration (days)

 Full sensitivity and good exposure is required for the detection of dimmer neutrino sources

» However for time-dependent flares such as TXS-like flare, deployment of first year or two, Gen2 becomes

large enough to achieve 5¢ level of observation
 Partial construction is still valuable for time dependent neutrino emissions!
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Expectation with more than 5 times better sensitivity :ﬁ-
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Better link between gamma-ray and UHECR

-2
cm ]

1

1 -
Sr

-

E°x® [GeVs

» 3

|EEB_I_I_BE
GENZ2

¢ Diffuse y (Fermi LAT)
$ Cosmic rays (Auger)
B Cosmicrays (TA)

IceCube (ApJ 2015)
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Timeline
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N
IcECUBE

YEAR (calendar year) 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 GENZ2

IceCube Upgrade .4’.

Scintillators/Field Hubs

Radio development Radio development in Greenland

Development at Pole
L] .f
esCube-Gen2 New drill ($12M/3yr) is ready for upgrade and Gen2
Project year Py PY2 PY3 PY4 PYS PY6 PY7  PY8  PYS  PY10
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lceCube-Gen2 Phase1

e Calibration of the IceCube and Gen? detector

e Deep survey for Gen?2
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Information Cube e The Wi

to the Extreme Universe

lceCube-Gen? Technical paper is upcoming the next!

The IceCube-Gen2

arXiv.org > astro-ph > arXiv:2008.04323 Gen? White Pa per Collaboration

T TTT T

I eeR e i e *

Astrophysics > High Energy Astrophysical Phenomena

[Submitted on 10 Aug 2020]

lceCube-Gen2: The Window to the Extreme Universe

T B ‘AL ANN00ee s
L ELLLL BE T

RN K

arXiv.org > astro-ph > arXiv:1911.02561

Astrophysics > High Energy Astrophysical Phenomena
[Submitted on 6 Nov 2019] Decadal Survey on Astronomy and Astrophysics 2020

Neutrino astronomy with the next generation IceCube Neutrino Observatory
34
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Gen2 Optical Module

Gen2 Phase-1 IE:EEI\II_IZBE
24 ch x 3" PMT 2chx 8" PMT 4

GEANT4 calculation of preliminary Gen2 OM sensitivity
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Additional Improvements with Cascade

Events

fully contained track channel

Sensitive to full sky

E}W Z T
hadronic
‘ shower

\V/

However, currently directional resolution is ~10° dominated by uncertainty

associated with optical properties of ice

® Improvements on the reconstruction of cascade prior to GenZ construction
give us significant benefit

® Reduce ice induced systematics with 800 densely (3m) instrumented optical
modules

1= Calibration of ice with Gen2-Phasel

25

20

-y
n

Median angular error

]

Cascade channel is complementary to upward muon
« Good energy resolution of ~10%

Less atmospheric neutrino background

« lower energy threshold (10TeV — 100TeV)
Cascade event rates proportional to volume

= a factor of 8 in Gen?2

1
- = Expected (stat. only)
@ Observed (sys. + stat.)

2L
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target angular error 37
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an example — less dust layer
+ more shallow option

Effective scattering
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Design Principle ﬁ

IGEEQBE
8 1.0
il Muon energy at detector border
® ocsqrt(x): Livetime, Detector size — - o, Aoeocenz—n 7 0.8 o T e
®oc1/x: Angular resolution = . 5 0.6
% 4 =
. . . . < N\ = NN e
®Signal selection efficiency < \\//"\ 5 0.4 iceCube 10 TeV
35 7]
. . o o - £
®BG rejection efficiency S | 202
\ Ageo, IceCube
O 1 I 1 0.0 1 1 1
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
C0SBzenith €056;enith
. . default factor gives a
- Detector effective muon area — x4~5 (horizontal) g
factor of 5 better
- Angular resolution — x ~ 0.45 (horizontal) sensitivity

improvement with new optical sensors

improvement with new calibration Additional improvements



HESE 7.5yrs

oy Gamma rays (Fermi 2017)

W Neutrinos (HESE 7.5yr, this work)

& Cosmic rays (Auger 2017)
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