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Neutrino telescopes

Big cousins of neutrino detectors

JUNO Hyper-Kamiokande lceCube
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Astrophysical neutrino spectra

1013_

E [eV]

AR
7 \
CvB‘l
| SN1987A
\ Geo
I
' /E
7’
DSNB Atmospheric
GZK
D
AN
A Y
103 102 107 102 107




Astrophysical neutrino spectra
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Neutrino mass ordering

Combined sensitivity of JUNO and KM3NeT /ORCA to the

neutrino mass ordering

Abstract

This article presents the potential of a combined analysis of the JUNO and KM3NeT/ORCA ex-
periments to determine the neutrino mass ordering. This combination is particularly interesting as it
significantly boosts the potential of either detector, beyond simply adding their neutrino mass ordering
sensitivities, by removing a degeneracy in the determination of Am3, between the two experiments when
assuming the wrong ordering. The study is based on the latest projected performances for JUNO, and
on simulation tools using a full Monte Carlo approach to the KM3NeT /ORCA response with a careful

assessment of its energy systematics. From this analysis, a bo determination of the neutrino mass or-
dering is expected after 6 years of joint data taking for any value of the oscillation parameters. This
sensitivity would be achieved after only 2 years of joint data taking assuming the current global best-fit

values for those parameters for normal ordering.

KM3Net and JUNO Collaborations arXiv/2108.06293



Neutrinos — messengers from cosmic-ray
acceleration sites
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Neutrinos complement gamma rays

22

20

e Astronomy with VHE 18}
photons is restricted
to a few Mpc

12 |

161 photon horizon 4y — ete™

log10(E/eV)

10 1 1 1 1 1 1
kpc 10kpc  100kpc Mpc 10Mpc  100Mpc Gpc

eV keV MeV GeV TeV PeV

Leptonic

GeV-y
Optical

* Neutrinos are a
definitive signature of

hadronic acceleration

10940 (E2dN/dE / erg cm~2s71)
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log,q(Frequency/Hertz)



Cherenkov neutrino telescopes

Detect the Cherenkov
light from the
charged products of
neutrino interactions




Neutrino telescope network

ANTARES
Deep water
0.01 km3
2008 —

Baikal/GVD
KM3NeT Deep water
Deep water ~1km®
1 + 0.006 km? Construction

Construction

IceCube IceCube-Gen2
Deep ice Deep ice

1 km3 ~10 km3
2011 —  Projected, 1st
IcECuBE phase imminent




Neutrino telescope network Bakal-GVD

ANTARES:
*8 First undersea neutrino telescope - P
2 01
2500m depth 7 \ o\ - 2018

2019

12 lines . \ >
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Neutrino telescope network - future
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Neutrino telescope network - future
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Neutrino telescope network - future

| H"E 1IE 114°E 1 BEE

Research vessel
Control & battery module
— Light receiver module A
Canéra T 3420m
41.79 m
43.2 em
Light emitter module

21.73m

— Light receiver module B —— y

Depth ~ 3500 m

Ballast (~700 kg) E
AR 1200 string 7.5 km3




lceCube Neutrino Observatory

IceCube Laboratory

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

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

86 strings of DOMs,
- set 125 meters apart

1450 m

DOMs
are 17

2450 m

Antarctic bedrock

e

Pole Station, A

A National Science Fou
managed research facility

A
A
|

il / 60 DOMs
. on each

string

!
‘\ [

meter S{




Neutrino signatures L~ 50m-E. /PeV

Track
(Data)

CC Muon neutrinos

factor of = 2
energy resolution
(in E, rather than E,)
< 1° angular resolution

INERINRTRI
H0Eipey

PP

f 4
A * -
| " ) e
- ® . U
& ¥ T‘ »
, H e
| T
| |ﬁ |

Shower or cascade Double Bang
(Data) (Simulation)
NC all neutrino flavours ~PeV Tau neutrinos

CC Electron and Tau neutrinos

15% deposited energy resolution
angular resolution

ice: 10° for >100 TeV

Antares / KM3NeT:4° /2° @10 Te
Baikal 3°-3.5° @100 Te\




Backgrounds

,.."’astrophysical v
(~uH2)

atmospheric v (~5 mHz)

“conventional:” /K decay
“prompt:” charmed mesons, intrinsic charm

275 million atmospheric muons are detected daily, created
by interactions of cosmic rays with the earth’s atmosphere

8,250 atmospheric neutrinos are detected monthly

only 10s of cosmic neutrinos are detected per year 18



Background removal strategies

Qﬁa
| L §
’SG'ECt Cascade events to reject muohn events i B A .

19



Background removal strategies

* Select cascade events to reject mt

* Select upward going events
to reject muon events

20



Background removal strategies

* Select cascade events to reject

*Select upward going events to
events

* Use the outer part of the
detector to reject muon events
and select “starting events”

21



Background removal strategies

*Select cascade events to reject muon events

* Select upward going events to reject muon
events

* Use the outer part of the | atmospheric
detector to reject muon events ~E-3.7
and select “starting events”

Log(Flux)

~E-2
* Use the different spectral slopes astrophysical
to discriminate atmospheric pry

and astrophysical neutrinos Log(Energy) :

22



lceCube milestones
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First astrophysical neutrinos detecM

world
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OF THE YEAR
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Upward-going muon search

unfolded data assuming unbroken best-fit power law Now 10 years of

- N observations
10° 4 +++ Unfolding i
f | B Astrophysical v + = 3 year —» 6.70
102 __| L Bl Conv. atmospheric v + v _ ~500 astrophys neutrinos
- 1 i
2 105 e
u 1 |__| i
] f —I_ :
107" 4 1
1 A N
104 10° 109 107

Median Neutrino Energy / GeV

Deposited energy:
2.6+0.3 PeV

25



Diffuse astrophysical neutrino spectrum

electron and tau neutrinos

A
_ " Atmosphperic Fluxes .. i
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- 10-6 "\ o Cascades Differential
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muon neutrinos

Inconsistent with pure v3M > 56 (>3 g, > 1.8 o)
by IceCube (GVD, ANTARES)



ANTARES and GVD results consistent with IceCube

L T S T SR A :

10’ - ] [ L. [ Veatm E

Events per bin

; Upgoing
cascades only

10°
1.2 14 16 1.8 20 22 24 26 28 3.0
log, (E,/ TeV)

GVD collaboration arXiv 2211.09447.pdf



ANTARES and GVD results consistent with IceCube
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Baikal-GVD (2018-2021, Upward-going)
this study, best fit

IceCube HESE (7.5y, Full-sky)

Phys. Rev. D 104, 022002 (2021)

IceCube Inelasticity Study (5y, Full-sky)
Phys. Rev. D 99, 032004 (2019)

IceCube Cascades (6y, Full-sky)
Phys. Rev. Lett. 125, 121104 (2020)

IceCube Tracks (9.5y, Northern Hemisphere),
The Astrophysical Journal 928, 50 (2022)

ANTARES Cascades+Tracks (9y, Full-Sky)
PoS(ICRC2019) 891 (2020)

GVD collaboration arXiv 2211.09447.pdf



Energy in gamma rays, cosmic rays and neutrinos

Ahlers & Halzen arXiv1805.11112
Progress in Particle and Nuclear Physics
Vol. 102, 17.05.2018

isotropic 7y-ray high-energy - ultra-high energy ]

| background neutrinos w  cosmic rays
5 proton (E7?)

(Fermi) (IceCube) _"I- (Auger)

HESE calorimetric

.
[ i

= -
B -

- -
-
-
-
-

®| .0
production

~ cosmogenic™., @

109 ! y-rays from

0 decay VT

M. IAhlers (201?) ‘ | ‘ ‘ | o ‘ K :
10 100 10® 10* 10° 10® 107 108 10° 1010 1ol
energy E [GeV]

@ Calculated neutrino flux ~ @: Calculated neutrino @®: Calculated cosmogenic

- -) from fit to Fermidata  limit &= =) from fit to Auger  flux () from fit to Auger
(——) assuming both from ~ data f——)assumingall  data {(—) assuming
cosmic ray interactions cosmic rays convertto protons to highest energy

neutrinos



lceCube milestones
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AGN Taxonomy

Different classes related to:
- Jetted or non-jetted
- Line of sight orientation

Blazar Jetted (Radio Loud) AGN
(BL Lac, FSRQ)
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AGN Taxonomy

Different classes related to:
- Jetted or non-jetted
- Line of sight orientation

Blazar
(BL Lac, FSRQ)

Jetted (Radio Loud) AGN
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NLR Narrow Line Region . - Black Hole
oL Dust Torus
BLR Accretion
- Disk

BLR Broad Line Region

Non-Jetted (Radio Quiet) AGN Theo GIaUCh PhD theSIS



lceCube neutrino source detections

TXSOSO6+056 NGC 1068 or M77

Blazar — AGN with relativistic jets Non-jetted AGN with obscured
orientated towards line of sight black hole
Transient emission Steady state emission

z=0.3365 5.7 billion light years z=0.00381 47 million light years



TXS0506+056

. tta'sfoz;nmt, ; } : "'Nu spindlas a:e better

Two papers in

SClence = Science (2018)

Vol. 361, Issue 6398

Describing neutrinos
detected from the
direction of the
blazar TXS0506+056

~ NEUTRINGS

FROM ABLAZAR

Multim




lceCube-170922A and TXS 0506+056

IceCube issued an alert on September 229, 2017
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lceCube-170922A and TXS 0506+056

lceCube issued an alert on September 22"4, 2017
Follow up observations by ANTARES, HESS, Fermi-LAT,
Swift, AGULE, MAGIC, HAWC, VERITAS...

Fermi-LAT detection of increased gamma-ray activity of
TXS 05064056, located inside the IlceCube-170922A
error region.

ATel #10791; Yasuvuki T. Tanaka (Hiroshima University), Sara Buson (NASA/GSFC), Daniel
Kocevski (NASAIMSFC) on behalf of the Fermi-LAT collaboration

on28Sepd ] .
Credential Ceriificaion: David 1. TH Fjrst-time detection of VHE gamma rays by MAGIC from

a direction consistent with the recent EHE neutrino
event IlceCube-170922A
ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration

on4 Oct 2017; 17:17 UT
Credenrial Certificarion: Razmik Mirzovan ( Razmik Mirzoyan@mpp mpg.de)

 TXS 0506+056 flaring at the time of neutrino observation

 Archival search of IceCube neutrino data found neutrino burst
in 2014



Neutrinos compared with Fermi gamma rays

[C40 [C59 ICT9 [C86a IC86h IC86c
m=ut [eeCube- 1700224 A o
N 49 Gaussian Analysis —\- E
E 3 of === Box-shaped Analysis [H | L 30
a0 .
= 94
= 2
19 E‘- 1l
0 _. ﬁ_l—’-l"-\_- i . I u
2009 2010 2011 2012 2013 2014 2015 2016 2017
2009-06 2010-11 2012-03 2013-07 2014-12 201604 201/7-09
3.5k IC-1709224
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IE 5 5k +  Fermi-LAT = 300 MeV
L
"ELE.U—
T Garrapa et al 2019
o 1.5
1

37



Neutrinos compared with MASTER optical

SNR-dF/dt [10" erg-sm2-s!- h'l]

15

—
o
T

o

0 -

2005 2006 2007 2008 2009 2010

1
2011

2012

MASTER vs IceCube

Flux derivative in time x SNR
Lipunov et al. 2020

2013
years

1C86b

SNR= 3.5

2014

2015

2016

1

2017

2018

SNR=50

Flare 2hrs
after
IC170922A

lceCubel70922A
SNR=2

1 1
2019 2020

The robotic optical telescope MASTER network has been monitoring the
source since 2005 and found the strongest time variation of the source over a
period of two hours after the emission of IC170922, with a second variation

following the 2014-15 burst

38
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TXS0506+056 neutrino source

Halzen and Kheiransdish arXiv:2202.00694

* Flaring source; the fact that the source state is
special is argued by noting that there are many
closer blazars without observed neutrino emission

e A subset of blazars, around 1 -10% of all blazars,
bursting once in 10 years at the levels of TXS
0506+056, can accommodate the diffuse cosmic
neutrino flux.

* A source which is transparent to gamma rays is
unlikely to host the material necessary to produce
neutrinos —some evidence for neutrino emission
during gamma-ray suppressed state
(arXiv2009.09792)



NGC1068

Science — Nov. 4, 2022

RESEARCH

RESEARCH ARTICLE

Evidence for neutrino emission from the nearby
active galaxy NGC 1068

IceCube Collaboration*

Declination

Right Ascension



Search for excess over background

FIISA

Northern Sky Scan

k]
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Declination

................................................................................................

24h 12h
- e
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- 1Oglf) (plocal)

*670 000 neutrino events
* Pixels in the sky evaluated for source significance



Search for excess over background
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* Need good reconstruction of directions and
energies

* Need good models for how directions and energies
differ between signal and background



Sky scan and source search

Source Name \ Source Type « [?] ol ns v —logPocar  Poov
NGC 1068 SBG/AGN  40.67 -0.01 79 32 7.0(05.20) 9.6
PKS 1424+240 BLL 216.76  23.80 77 35 4.0@3.70) 11.4
TXS 0506+056 BLL/FSRQ 7736 570 5 20 3.6(350) 7.5
PKS 00194058 BLL 5.64 6.13 1 24 040.20) 2.6
1ES 00334595 (%) BLL 898 5983 0 43 0.0(0.00) 5.0
M 31 GAL 10.82 4124 13 33 0.8(1.00) 6.2
4C+01.02 FSRQ 17.17 1.58 0 43 0.0(0.00) 2.1
S20109+22 BLL 18.03 2275 10 2.8 0.7(0.80) 4.8
B30133+388 BLL 2414 39.10 0 43 0.0(0.00) 3.8
TXS0141+268 BLL 26.15 27.09 0 43 0.0(0.00) 3.2
MITGJ021114+1051 BLL 3281 1086 0 43 0.0(0.00) 2.6
PKS 02154015 FSRQ 3446 173 2 39 0.2(0.00) 1.9
B20218+357 FSRQ 3528 3594 8 43 04(0.20) 4.1
3C66A BLL 35.67 43.04 0 43 0.0(0.00) 3.9
4C+28.07 FSRQ 3947 2880 3 29 0.3(0.00) 3.4
PKS 0235+164 BLL 39.67 1662 5 39 03(0.00) 2.8
NGC 1275 RDG 4996 4151 8 3.0 05(0.50) 5.1
PKS 0336-01 FSRQ 5488 -1.78 4 43 03(0.10) 2.1
PKS 0420-01 FSRQ 65.83 -1.33 0 43 0.00.00) 2.0
4C+41.11 () BLL 6598 4183 0 43 0.00.00) 3.9
PKS 0422400 BLL 66.19 060 0 43 0.00.00) 2.1
MG2 104333742905 BLL 6841 29.10 0 43 0.00.00) 3.4
PKS 0440-00 FSRQ 7066 -030 1 27 03(0.00) 2.0
S30458-02 FSRQ 7530 -1.97 9 43 05(040) 2.4
PKS 05024049 FSRQ 7634 500 0 43 0.0(0.00) 2.3




Evidence for neutrino emission from NGC1068

- 1OglO (plocal)
1 3 5] 7
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Global significance 4.2 o



NGC1068 Neutrino spectrum

—10 |
1  THIS WORK
T:o 10—11 _J
= : ) (1)
o . i Fermi-LAT
T B oy
. : + v
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10—14 - . : :
10° 10° 106
Energy [GeV] (1) Y. Inoue et al., ApJL'20

(2) K. Murase et al., PRL'20
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i,

Main contribution to the excess from 1.5 TeV to 15TeV



Models for neutrino emission from NGC1068

Ultrahot gas

/ Accretion disk

© Supermassive
black hole

Comptonized X rays
CR-induced cascade 1

s

optical/UV

accretion g
disk ‘_gﬁ% black hole

FIG. 1: Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in
the coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

K. Murase et al PRL 20, arXiv:1904.04226v2

A

Starburst activity,
outflows and Compton-
thick nucleus

Neutrino emission factor
higher than gamma-ray
suggests from optically-
thick environment

X-ray photons generated
through photon
Comptonization from the
accretion disk in the
corona, the hot plasma
above the disk, providing
the conditions for the
production of neutrinos
and absorption of
gamma rays.



Sources and the diffuse flux

B NGC 1068 Diffuse flux from v, (25)
TXS0506+056 =g Diffuse flux from wer, (17)

1070 -
T 3
S0 - I 2
E .

e I 0 s

£
S 10718 4 4
P P @0 o e

103 104 10° 10© 107
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[25] IceCube. ApJ 928, 50 (2020)
[17] IceCube. PRL. 125, 121104 (2020)



lceCube neutrino limits on LHAASO sources

“Searches for Neutrinos from LHAASO ultra-high-energy y-ray sources using
the lceCube Neutrino Observatory,” The IceCube Collaboration: R. Abbasi
et al. Submitted to The Astrophysical Journal

Letters. arxiv.org/abs/2211.14184



https://arxiv.org/abs/2211.14184

LHAASO Galactic Sources

Article Nature 594, 30-31 (2021)

Ultrahigh-energy photonsup to1.4
petaelectronvolts from12y-ray Galactic
sources

Dec=60°" Dec=50° Dec=40° Dec=30° Dec=10° Dec=0° Dec=-10°
LHAASO J +6087 LHI\AtOJEG. 2+4102 LHAASO J1 2845 / LHAASO J1908+062 LHAASO JE{j-‘iS-G‘}SS LHAASO J182 i

@)

2B

LHAASO J2108+515 LHAASO J2018+3651 LHAASO J1929+1745 LHAASO J1849-0003  LHAASO J1839-0545

Galactic latitude (deg)

70
Galactic \omgltude (deg)



lceCube neutrino limits on LHAASO sources

“Searches for Neutrinos from LHAASO ultra-high-energy y-ray sources using
the lceCube Neutrino Observatory,” The IceCube Collaboration: R. Abbasi
et al. Submitted to The Astrophysical Journal

Letters. arxiv.org/abs/2211.14184
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https://arxiv.org/abs/2211.14184

Next generation lceCube facilities

From discovery to astronomy

SO P o o Ik

The next Generation IceCube:
A wide band neutrino observatory

(MeV — EeV) using several detection
technologies — optical, radio, and
surface veto.

5
|
| |




Next generation lceCube facilities

v Gen2-Radio ® Gen2-Optical ® IceCube #p IceCube Upgrade
.......... - : i . - +*
S sore |2 5,
'''''''''''' ‘Fanl A R
................ ' o -I a ¢ - . g:' s -
...1-..: :.'.".... :: el | L 2 - e @ } :ﬂ 5 - » a
..... "'.‘ s . ® . ) s W 2
r— — - * | — .
5 km 1 km 250 m 25m
lceCube-Gen2 | = Construction Deployment

| i ] | | ] |
2018 2020 2022 2024 2026 2028 2030 2032

I Timeline for the lceCube Upgrade and projected timeline for lceCube-Gen?.

Timeline shifted ~3 years due to Covid
Current plan: Upgrade complete by Feb 2026
Gen 2 still under review, drilling starting in 2028-29...7



Summary

*Neutrino astronomy has come
of age allowing a unique view
into the high-energy Universe



Earth absorption
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Glashow Resonance

lceCube, Nature591(2021)220 Glachow Resencnes
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Use waveform double pulse pattern for pastr
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Flavour ratio astrophysical neutrinos

Neutrinos from cosmic ray interactions at acceleration site

Protons
(complete pion decay)

Neutrons

Protons
(Muon-damped pion decay)

Protons
(Muon decay)

Flavour ratio at source
Ve: Uy Ug
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0:1:0

1:1:0

After oscillations
Ue: Uy, U; at Earth
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Current flavour results

IceCube, ApJ 2015 <
IceCube, PRD 2019 1.0

Ve DVt

v+ at source — on Earth:
0:1:0 — 0.17 : 0.45 : 0.37
1:2:0 — 0.30 : 0.36 : 0.34
1:0:0 = 0.55: 0.17: 0.28
1:1:0 — 0.36 : 0.31 : 0.33

Need to shrink the
contours to probe
different source
ratios and

New Physics, new

result soon from

Fraction of v,

IceCube



High Energy Starting Event search strategy

* Use outer parts of the detector as a veto-region
* Reduces both muon and southern hemisphere atmospheric
neutrino backgrounds

Vu

Muon accompanying the neutrino trips the veto
Schonert et al, 2009, Gaisser et al. 2014, Arguelles et al 1805.11003



Neutrino emission during blazar y-suppressed state

a PKS B1424-418 ("Big Bird") b TXS 0506+056 (IC-170922A) c PKS 1502+106 (1C-1907304A)
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FIG. 4: y-ray light curves for three blazars with coincident high-energy neutrinos. a: PKSB1424-418 as measured



Association with radio blazars?

arXiv2009.08914

Directional association of TeV to PeV astrophysical neutrinos with radio blazars
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ABSTRACT

Recently we have shown that high-energy neutrinos above 200 TeV detected by IceCube are produced
within several parsecs in the central regions of radio-bright blazars, that is active galactic nucler with
jets pointing towards us. To independently test this result and extend the analysis to a wider energy
range, we use public data for all neutrino energies trom seven vears of IceCube observations. The
IceCube pomt-source likelihood map i1s analyzed against the positions of blazars from a statistically
complete sample selected by their compact radio flux density. The latter analysis delivers a 3.00
significance with the combined post-trial significance of both studies being 4.10. The correlation is
driven by a large number of blazars. Together with fainter but physically similar sources not included n
the sample, they may explain the entire IceCube astrophysical neutrino flux as derived from muon-track
analyses. The neutrinos can be produced 1n interactions of relativistic protons with X-ray self-Compton
photons in parsec-scale blazar jets.



Association with radio blazars?
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Neutrino emission during blazar y-suppressed state
arXiv2009.09792

Neutrino emission during the v-suppressed state of blazars
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{ Ruhr Astroparticle And Plasma Physics Center (RAPP Center),
Ruhr-Universitat Bochum, 44780 Bochum, Germany
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Despite the uncovered association of a high-energy neutrino with the apparent Haring state of
blazar TXS 05064056 in 2017, the mechanisms leading to astrophysical particle acceleration and
neutrino production are still uncertain. Recent studies found that blazars in a v-Haring state are too
sparse for neutrino production, making the multi-messenger observation of TXS 05064056 difficult
to explain. Here we show that the Fermi-LAT ~ flux of another blazar, PKS 1502+106 was at a local
minimum when IceCube recorded a coincident high-energy neutrino 1C-190730A. This suggests the
presence of a large target photon and proton density that helps produce neutrinos while temporarily
suppressing observable v emission. Using data from the OVRO 40-meter Telescope, we find that
radio emission from PKS 15024106 at the time of the coincident neutrino [C-190730A was in a
high state, in contrast to other time periods when radio and - fluxes are correlated. This points to
an active outflow that is v-suppressed at the time of neutrino production. We find similar local -~
suppression in other blazars, including the MAGIC flux of TXS 05064056 and the Fermi-LAT flux of
PEKSB1424-418 at the time of coincident IceCube neutrino detections, further supporting the above
model. Using temporary ~y-suppression, neutrino-blazar coincidence searches could be substantially
more sensitive than previously assumed, enabling the identification of the origin of IceCube’s diffuse
neutrino flux possibly with already existing data.



Gamma-ray and cosmic-ray horizon

Figure 2.3: Attenuation length of cos-
mic rays (green) and gamma rays (blue
as a function of their energy. Differ-
ent line styles indicate different inter-
action processes as given in the leg-
end. For comparison, the energy ranges
of relevant observatories and the dis-
tance of well-known sources are shown.
Model predictions from Harari, Moller-
ach, and Roulet, “On the ultrahigh en-
ergy cosmic ray horizon” and De An-
gelis, Galanti, and Roncadelli, “Trans-
parency of the Universe to gamma
rays”.
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