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Neutrinos as Astronomical Messengers

AGNs, SNRs, GRBs... 4R

\

Gamma rays -

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information

from deep within their origins.

/ .
air shower

4

*

They are charged particles and
are deflected by magnetic fields.

‘**
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Neutrinos as Astronomical Messenger

X
blac
hole 4 - fy
Astrophysical ,/ .si
beam dump \\\
e Hadronic cosmic rays (p) interact with gas (p) or radiation ().
e Correlated cosmic ray/neutrino/gamma ray flux.
e 1: “Smoking-gun” of cosmic ray accelerators.
o Difficult to detect, a giant detector is needed.
- ' *
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The IceCube Neutrino Observatory

lceCube Lab o
e | km”’ Cherenkov detector at éﬁ}i:‘;::i-’}:: . ceTop

STON o — T i e - 324 optical sensors

the geographic South Pole. 7" ", o= <

' IceCube Array
86 strings

including 8 DeepCore strings
5160 optical sensors

I — e

e A collaboration of more than
50 institutes over 13 countries
with more than 300 scientists

1450 m ' DeepCore

8 strings-spacing optimized
for lower energies
480 optical sensors

Eiffel Tower
324 m

2450 m

2820 m

Digital Optical
Module (DOM)
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“See” a Neutrino

e Deep inelastic scattering of neutrinos and nucleus iIn
transparent media, including “charged” (W) and “neutral” (Z)
current interactions.

e Collecting Cherenkov light of the secondary particles.

W/Z Cherenkov radiation

Y

Y
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Event Morphologies

Neutral Current / Charged Current v, Charged Current v/,

Charged Current v,

+N->u+X

Pu

v,+N—->v,+N

“Double-Bang” (simulation)
TeVPA2021
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lceCube Events

up-going

down-going T
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lceCube Events

Astrophysical Neutrino
~10/yr (E>100 TeV)

up-going

down-going
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lceCube Events

Astrophysical Neutrino

(@
Atmospheric Neutrinos Q\\e ~10/yr (E>100 TeV)

100,000/yr

KN
&
XS

&

&

O

up-going

down-going Atmospheric Muons
60,000,000,000/yr
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Diffuse Cosmic Neutrino Flux

What do we know about the observed cosmic neutrino flux?

1070 =

N = = Conv. Atm. Backgr. (v e Observation established in multiple

. P
HESE (7.5y Full-sky) -
\X ~+ Subm. to PRD (2020), arxiv:2011.03545 channels in IceCube
\ This work: Through-going Tracks

10-7 — E_2 5 3\\ -+ (9.5y, Northern-Hemisphere) ® :

: A Cascades (6y, Full-sky) vertex inside detector, all flavor & all sky

\ -+ Phys.Rev.Lett. 125, 121104 (2020)

- o Through-going tracks:
- Ny vertex outside detector, v/, & Northern sky
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e Power-law spectra
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_Tau Neutrino Candidate
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* The Cherenkov light can be s . : 8 - .
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distinguished in single DOMs. o o 5 & 3
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. o o
¢ Two candidate events were observed. 3

“Tauness”: 2> 97 % and 75 %
IceCube [2011.03561]
TeVPA2021 8
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https://arxiv.org/abs/2011.03561
https://indico.ihep.ac.cn/event/11934/session/0/contribution/193

Neutrino Flavor Composition

e Measuring the oscillation-averaged cosmic
neutrino flavor combination at Earth.

e Important for study of neutrino production
and propagation.

—— HESE with ternary topology ID
X  Best fit: 0.20 : 0.39 : 0.42
Global Fit (IceCube, APJ 2015)
Inelasticity (IceCube, PRD 2019)

-------- Jr-mixing 3o allowed region

Ve © V), : V7 at source — on Earth:
. w  0:1:0 — 0.17 : 0.45 : 0.37
“ ® 1:20 - 0.30:0.36: 0.34
S g P ad TS A 1:0:0 = 0.55 : 0.17 : 0.28
¢ 1:1:0—=036:0.31:0.33

Fraction of v,

lceCube [2011.03561]
TeVPA2021 9
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https://arxiv.org/abs/2011.03561

Glashow Resonance

/ T L. Mohrmann
10° ¢ . T
e Resonantinteractiont, + ¢~ - W™ — X 5 E, ~63PeV / |
10° L f‘
e Disentangle antineutrinos from the total neutrino flux. §
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lceCube Nature 591 (2021) 7849 Visible energy (PeV)
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https://www.nature.com/articles/s41586-021-03256-1.pdf

Origin of Cosmic Neutrinos
Where are neutrinos from?

Arrival directions of most energetlc neutrino events

Earth
absorption

180°} -180°

+ |
oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Galactic

Consistency of arrival direction with the isotropic distribution implies that the
observed neutrino flux is predominantly extragalactic in origin.
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Neutrino Source Searches

No source class confirmed as the main contributor yet.

* All-sky scan

Neutrino self-clustering in sky by scanning pixels

e Targeted extragalactic/galactic catalog/candidate searches

Source catalogs/regions, testing different emission hypotheses with
diverse methods: steady, time-dependent, stacking...

e Realtime alerts, realtime follow-up analyses

Alert system for follow-up observations of alert telescopes.
Fast response analysis: following alerts from neutrino, multi-wavelengths and
gravitational wave observations.

Multimessenger efforts!

Qinrui Liu
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https://gcn.gsfc.nasa.gov/amon_icecube_gold_bronze_events.html

10-Year Steady Neutrino Source Search

Equatorial

lceCube PRL 124 (2020) 5

- l():—)’ln(l)/mu/ )

No significant point sources found in the time-integrated all-sky search and known catalog search.
IceCube Highlights TeVPA2021 13
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https://arxiv.org/pdf/1910.08488.pdf

10-Year Steady Neutrino Source Search

Declination

: Equatorial
40.87° 38.87°
nght Ascer (b1s1()11

est-fit spectrum £~ IceCube PRL 124 (2020) 5

- lUf—’,u )(1)104'11[ )

Hottest spot coincides with NGC 1068 (d~14 Mpc), 2.90 significance (post-trial)
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https://arxiv.org/pdf/1910.08488.pdf

10-Year Steady Neutrino Source Search

10 yr point-source
data now public!

ANTARES E 2 Sensit. 90% Sensit.

- ANTARES E % Sensit. 50 Disc. Pot. -3
90% Sensit. E2

50 Disc. Pot. E2

90% Upper Limits £~

GC1068' 90% Upper Limits E 3
TXS PKS— = -

_ioseemsb' “1424+240 J1542+6129

Equatorial

lceCube PRL 124 (2020) 5

- l()glt)(l)hx'u[)

4 sources in the Northern Sky with pre-trial p-values < 0.01.
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https://arxiv.org/pdf/1910.08488.pdf
https://icecube.wisc.edu/data-releases/2021/01/all-sky-point-source-icecube-data-years-2008-2018/

TXS 0506+056

* In coincidence with a flaring blazar TXS 0506+056.
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e One of the most luminous blazar in gamma rays,
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A multi-messenger campaign ! '/3/7"‘,9 TR e

J J \\ 3 % e | - 1

y /A \ \\ \ % - m
J; o Q it \ ¢ \, . 0 500 1000 1500 2000 2500 3000

[ f] 1 \ «. top view nanoseconds 125

] ] ] Realtime alert: IC170922A
Neutrino Flare in Archival Search

1IC40 IC59 IC79 IC86a IC86b IC86¢c

 IoeCube-170922A " :[* e 3.50 evidence for a neutrino flare

Gaussian Analysis

— Boxeshaped Analysis [\ 'l independent of the 2017 alert.

20

- ® 13x5 neutrino events in 2014/15
in 158 days.

2009 2010 2011 2012 2013 2014 2015 2016 2017

lceCube++ Science 361 (2018) 6398 ® Spectrum E_z'l.

lceCube Science 361 (2018) 6398
Qinrui Liu
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https://arxiv.org/pdf/1807.08816.pdf

Recent Searches on Neutrino Sources

New methods & various candidates

Year
20‘09 20‘10 20.11 20.12 20‘13 20.14 20.15 20.16 20.17 20‘18 GW fOIIOW'uP

IC40  IC59  IC79  IC86-] IC86-11-VII M87 GW17072 — GW (90% C.L.)
X |ceCube Event (90%)

W

1ES 1959+650 TXS 0506+056
PKS 1502+106

Panssnranssanagianninrasntaneadeentannenratntmmenarantanrentafrentetntnretnranannranrrnrenradiinraaniantrnreeeened N T T

Multi-flare aAalyses rXS\0506+056

........... ‘-;‘ _30°

-

.........x...........,..........—,...................:..,.......-..-.............. ........ '..\.-: ............... —60' .
e Equatorial

/\ﬁb % d X gﬁ‘ Q e |l

55000 55500 56000 56500 57000 57500 58000 0E+00 50F.Q06  10E-05 15E-05 2.0E-05 2.5E-05 3.0E-05
ceCube [2109.05818] Time [M)D] lceCube Apﬁ_ 898 (2050(31 GW Probability per Pixel

ceCube (ICRC2021) 1128 lceCube (ICRC2021)950

Pre-trial flare significance, o],
N

o

Time-dependent/transient searches: Realtime follow-ups:
sub-TeV transient IceCube [2011.05096] VHE gamma-ray IceCube (ICRC2021)960

All-sky IceCube ApJ 911(2021)1 Realtime transient iceCube ApJ 910 (2021) Many results/ongoing
GRB IceCube (ICRC2021)1118
: _ Blazars: C. Lagunas
Stacking searches: Galaxy Cluster: M. Un Nisa

searches for neutrino
emission not shown!

Infrared galaxies IceCube [2107.03149]

. GW: A. Balagopal V
Radio AGN IceCube (ICRC2021)1133
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https://arxiv.org/abs/2109.05818
https://arxiv.org/pdf/2107.12134.pdf
https://arxiv.org/abs/2109.05818
https://arxiv.org/pdf/2107.08700.pdf
https://arxiv.org/pdf/2004.02910.pdf
https://arxiv.org/pdf/2107.09663.pdf
https://arxiv.org/pdf/2107.03149.pdf
https://arxiv.org/pdf/2107.10080.pdf
https://arxiv.org/pdf/2011.05096.pdf
https://arxiv.org/pdf/2012.01079.pdf
https://arxiv.org/pdf/2107.08870.pdf
https://arxiv.org/pdf/2109.04350.pdf
https://arxiv.org/pdf/2012.04577.pdf
https://indico.ihep.ac.cn/event/11934/session/2/contribution/42
https://indico.ihep.ac.cn/event/11934/session/0/contribution/196
https://indico.ihep.ac.cn/event/11934/session/0/contribution/192

Galactic Sources

e HE cosmic neutrinos are predominantly extragalactic in origin. Galactic < 14 % above 1TeV.
e Galactic cosmic rays reach PeV, guaranteed neutrino flux is expected from the Milky Way.
* Rich results of gamma-ray observation beyond TeV. Hints for hadronic origin besides leptonic origin?

e |dentification of Galactic neutrino sources can unveil the origin of Galactic cosmic rays.

Qinrui Liu IceCube Highlights TeVPA2021




Galactic Sources

e HE cosmic neutrinos are predominantly extragalactic in origin. Galactic < 14 % above 1TeV.
e Galactic cosmic rays reach PeV, guaranteed neutrino flux is expected from the Milky Way.
* Rich results of gamma-ray observation beyond TeV. Hints for hadronic origin besides leptonic origin?

e |dentification of Galactic neutrino sources can unveil the origin of Galactic cosmic rays.

sum of y-ray fluxes

single source y-ray flux

— L e L B S S L B S SR 10—7
» | T T T T T
i= 10° — v, flux derived from 2HWC sources E weighting scheme
- === combined v, flux from 2HWC sources | - Tev PWNe — equal
> . - - _
= 10°F — 90% C.L. upper limit s — 10 ; pulsar frequency
° T = ~-ray flux
T 107 s 2HWC sources - Nm 9 - pulsar inverse age
o | 10 . — J
= —
g © — S
—10 - . —_———
< 10 =
= F I
- (\ . ES
1074} ] o 1071 E -
IceCube ICRC(2019) 932 SRS L ;
10718 - i i _ Lﬂ 10_12 = -
- Preliminar : :
1071 Ll Ll Ll | \ ARy i i
107 10° 101 102 103 10° 13 IceCIDUPeI /?\Fl)lJ“ISQB (120120) 2l — —==—\
, (TeV 0707 i 10" 102
Stacking searches for high-energy emitter catalogs E, [TeV]
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https://arxiv.org/abs/2109.05818

Galactic Sources

1077 ——n————— S .
- [ceCube Preliminary —— E%; UL
107 Cygnus X-3 - i‘zi g:?\z :Z: :cre)ns
RN E2UL +cutoff | eNo Galactic source exceeds 30
V) v E_3:25UL + cutoff
L o I op; Sahakyan etal. | significance on neutrino emission yet.
--- py; Baerwald & Guetta
% 10-11 — ] ! :
= | — S S eSome warm local spots have been
=" 10-12¢ N\ — . :
£ ; found, e.g. RX J1713.7-3946, MGRO
© 10-131 P taininh S | .
i J1908+06, Cygnus X-3...
10714} pre-trial p=0.009 Seeel
~ IceGabe ICRC(2021) 1136 5
10—15.”/. PP . PP . ), Y . PP
10~1 10° 101 10° 10°

E,[TeV]

More searches on the diffuse emission, extended regions, (un)identified gamma-ray
sources...
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https://arxiv.org/abs/2109.05818

particle physics.

Probing Particle Physics

What can we study in parallel with astrophysics?
The cosmic & atmospheric neutrinos also provide an excellent opportunity to study

100

¢ (Non)standard oscillations & interactions

® QOscillation IceCube PRL 120 (2018) 7

e Cross section IceCube Nature 551 (2017), PRD 104 (2021)

¢ |nelasticity IceCube PRD 99(2019)3

® | orentz violation IceCube Nature Phys. 14 (2018) 9

® Non-standard interactions IceCube [2106.07755]
® Sterile neutrinos IceCube PRL 125 (2020) 14

e |ndirect Dark Matter

® Sun IceCube EPJC 77 (2017) 3

® Earth IceCube EPJC 77 (2017) 2
e Halo ANTARES+IceCube PRD 102 (2020)

e EXxotic signals
® monopole IceCube [2109.13719]
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Si112 (2924)

More updated analyses with more years of data!
IceCube Highlights
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1 18 yr sterile neutrinos

lceCube PRL 125 (2020) 14

NSI: G. Parker
Sterile neutrinos: A. Garcia

TeVPA2021


https://arxiv.org/pdf/1709.03434.pdf
https://arxiv.org/pdf/1707.07081.pdf
https://arxiv.org/pdf/1711.08119.pdf
https://arxiv.org/pdf/2011.03560.pdf
https://arxiv.org/pdf/1808.07629.pdf
https://arxiv.org/pdf/1709.03434.pdf
https://arxiv.org/abs/2106.07755
https://arxiv.org/pdf/2005.12942.pdf
https://arxiv.org/pdf/1612.05949.pdf
https://arxiv.org/pdf/1609.01492.pdf
https://arxiv.org/pdf/2003.06614.pdf
https://arxiv.org/pdf/2109.13719.pdf
https://arxiv.org/pdf/2005.12942.pdf
https://indico.ihep.ac.cn/event/11934/session/2/contribution/90
https://indico.ihep.ac.cn/event/11934/session/2/contribution/130

Dark Matter in Sun

*s Production Propagation §
bb — WtW~ — TtT" 0, )( 7%' % ‘
10—37: —— , —r : —rry : — "‘ Y
| == |ceCube 9.5yr HE ] e
| === |ceCube 7yr LE : .’
- ——- |ceCube 3yr :
Loy AR : e No WIMPs found with 9.5 yr high-energy
.......... uper- p
© b & 7 yr low-energy data.

= | | - e New world-leading limits for spin-

o= o\ X oy - dependent DM-nucleon scattering for
oz | | g . _

> : .

mass =~ (O(10) GeV.

e | imits improved up to 50x compared to

Lo-a1 lceCube 3 yr results.

lceCube Preliminary _
— e R * Implemented new neutrino spectra
101 10° 10° 10*

m, [GeV] including latest EW calculations.
Bauer, Rodd, Webber JHEP 2021
QL, Lazar, Arglelles, Kheirandish JCAP 2020
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https://arxiv.org/pdf/2007.15001.pdf
https://arxiv.org/pdf/2007.15010.pdf

The Future

vy Gen2-Radio ® Gen2-Optical ® IceCube gk IceCube Upgrade
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The Future

vy Gen2-Radio ® Gen2-Optical ® IceCube gk IceCube Upgrade
B | eee. Lt % | / new denser strings

@ o
3 . @ .
000000
° v 3

........................... XY S A ¥ . New design of DOMs

° @ . K
»
» * . ° . *

i RN S, < Ll I VR Funded and planned
LT Nt A S ' deployment in 2024/25
Skm Tim som =m

* Improved calibration of
— _wem ice, reduced systematic
C N s uncertainties.

1600 m

* Improved angular and
energy reconstructions.

ll/ ‘\‘| . N . * * \\\. :’.//- . .
:' ® l‘l . * ‘ /,.’/ . . .
\\ o PS @ // 2150 m . ‘@ @ @,
\\\\ . //// ,/,/,/ ~
A . Rt Q ‘ m m
" mMDOM L e Precision measurement
. 17
\\\ I ] e "
100m 7m

e | i S v of atmospheric neutrino
D-EGG . .
Ic;(:be De.egiore U:)ade 1450m —2100m — 2150m ; OSC I I I at I O n S .

2450m  2450m  2425m 2600 m
Instrumented Depth

New sensors

D-Egg: C. Hill

IceCube ICRC(2019) 1031
Qinrui Liu IceCube Highlights

TeVPA2021


https://arxiv.org/pdf/1908.09441.pdf
https://indico.ihep.ac.cn/event/11934/session/0/contribution/147

The Future

3

3
v Gen2-Radio ® Gen2-Optical ® IceCube gk IceCube Upgrade ° PrOpOSGd 1 km ICeCube > 8 km

; .5~ P % | Gen2-Optical -> 500 km” Gen2-
RETHIL v e A o Radio.
e A 55 N, , .~ | & Sensitivity to cosmic neutrinos at
SRS Rt ol "t e P Rg e ' ¥ GeV ~ EeV.
T Tkm  In-ice N | 250m ~ | 25m ¢ |Improved sensitivity to neutrino

source searches.

| ¢ Diffuse y (Fermi LAT) IceCube (ApJ 2015) - R EEEE————————
10 F $ Cosmicrays (Auger) [ IceCube (tracks only, ApJ 2016) E
N : #  Cosmicrays (TA) ¢  IceCube-Gen2 (10 years) : 1077 b TXS0506+056 (IceCube) IceCube-Gen2:
& -6 il - : (100d)
c 10 :W ' I ]
T : "0».,,, ” L TXS0506+056 (Fermi LAT) h’ -
m - 09, “ T y /T &
07k 0o e, ] 10 W |
| 3 oy L E &) : m \ ]
> * o2 : IceCube-Gen2]
6 107°F T ] 2 | (10y) -
—_— e J
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Summary

e Fruitful results of the high-energy cosmic neutrino flux detection in the
past 10 yrs.

o of high-energy neutrino source in 2017 - TXS 0506+056.
e We are finding more interesting candidates, e.g. NGC 1068.

e Extensive analyses searching for neutrino sources, with important multi-
messenger input.

* There are many particle physics topics can be explored with the neutrino
flux observed by IceCube.

e The with improved sensitivities will advance
searches in the upcoming years.

Thank you! Stay Tuned...
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e Earth is a natural filter for up-going events.

* The outer layer of the detector acts as the velo region for Atmospheric
muons and coincident atmospheric neutrinos.

e Cosmic neutrino events be selected as ones starting inside the detector
(e.g. HESE).
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Multi-messenger Connection

Accelerated cosmic ray beam (p) interact Correlated neutrinos~gamma rays~cosmic
with gas (p) or radiation (y). rays emission rate at source
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L/ “Smoking-gun” of cosmic-ray accelerators
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Multi-messenger Connection
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https://www.nature.com/articles/s41586-021-03256-1.pdf

Realtime Alerts

e A public real-time alert system for followup multimessenger observation since 2016
e Information is shared as a GCN alert within 1 min after detection
e A new set of neutrino selection since 2019

o “ ” channel: ~10 alerts/yr, >50% astrophysical signalness
e “Bronze” channel: ~20 alerts/yr, 30%-50% astrophysical signalness

https://gcn.gsfc.nasa.gov/amon.html

Iridium

---------------------------------------------------------------------------------------------------------------------------------------------------------------

Online Event IceQube lceCube > Gold Alert -> AMON
Filtering - V€ 1 Live &
System South North = Bronze Alert=p ~ GCN

South Pole ]

ettt st et et nees et tan st s nenan st anananens - -  ollowup

Reconstructions
lceCube Data Center, Madison WI

lceCube ICRC(2019) 1021
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https://arxiv.org/pdf/2009.09792.pdf

IC191001A

Multi-wavelength light-curve of AT2019dsg
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NGC 1068
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Diffuse Galactic Neutrinos

Guaranteed Galactic flux from CR interactions with the ISM
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Source Population
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UHE neutrinos

PeV-EeV neutrino flux
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Next-Generation Neutrino Telescopes

keV MeV GeV TeV PeV EeV ZeV
E 8,bzslgaableUhl\erse: _____________________________ B G
o 25 F...GZ4Kh OYIZOM o pc - .
S S : Ultra-high-energy:
g : & : Ultra-l1igl'1—ci"wrg_\' MpC g gy - .
% 20 F : High-energy I | . 7 4kpc ® Detecting extensive air shower.
O | | I | O 4 pe o . .
T I5F ‘ﬁ | Gen2-core Gen2-optical {1 Gen2-radio i N P Explore cosn)ogemc.neutnnos,
= ob 20°ar | L 2 AU sources and interactions at
- L Geoneutrinos : : I S I
S — - \tmosphel | % 4R extreme energies.
S 5F . Atmosphejggyy ____1 s )
€Ll T, qkm » RNO-G, GRAND, POEMMA....

3 5 7 9 11 13 15 17 19 21

Logio(Neutrino energy /eV)
High-energy:

e | arger volume, better sensitivity, complementary field of view
e KM3NET, Baikal-GVD, P-ONE: view of the Southern sky

Development of experiments
on other messengers is also
happening.
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