lceCube: the First Decade of Neutrino Astronomy
francis halzen

* neutrino astronomy and the origin of
cosmic rays

 |ceCube

» the cosmic neutrino energy spectrum

S/ * first sources of neutrinos

R, « and the answer is: supermassive black holes at the cores
W/ of active galaxies?

lceCube.wisc.edu



highest energy “radiation” from the Universe: cosmic rays, mostly protons

gamma-rays neutrinos  cosmic rays
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the Extreme Universe is opague to gamma rays beyond our Galaxy



energy in the Universe as a function of the color of light
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in the extreme universe neutrinos are unique astronomical messengers




the Qpéque extreme Universe:

Y + Vet > €4+ €7

« > PeV photons interact with ex’tragalactic'-ba,ckgrouhd._light (CM'B'
and higher energy photons) before reaching our telescopes
» their energy appears reprocessed in GeV p'ho'tons,’ or beyond



neutrinos: perfect messengers

- electrically neutral
« massless (in this talk) LIRS K
» like a photon but weakly mteractlng T T R S e
. ‘track cosmic ray sources s . A

..-but difficult to detect



; highest'energy “radiation” from the Universe: mostly protons !

; high energy
B high luminosity

LHC accelerator should have circumference
of Mercury orbit to reach 102°eV!-

Fly's Eye 1991
300,000,000 TeV



origin of cosmic rays: oldest problem in astronomy

Cosmic Ray Spectra of Various Experiments

cosmic ray challenge
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. gravitational energy from
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holes is converted into
particle acceleration?
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accelerator is powered by
v and y beams : heaven and earth large gravitational energy
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accelerator is powered by
v and y beams : heaven and earth large gravitational energy
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cosmic ray sources:
a gamma ray for
every neutrino

target Y . F:

neutrino sources are € Y Y XV, TV
COSMIC ray sources
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* neutrino astronomy and the origin of
cosmic rays

* IceCube
» the cosmic neutrino energy spectrum
* first sources of neutrinos

« and the answer is: supermassive black holes at the cores
of active galaxies

IceCube.wisc.edu



»100 ties too small to
do neutrino astronomy....
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charged secondary
particles produced
as the neutrino
disappears

nuclear . neutrino

Interaction
« [attice of photomuiltipliers
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* muon travels from 50 m
to 50 km through the
water at the speed of light
emitting blue light along
its track

 speed of light in water
~ 3/4 ¢ - shockwave



Charged Current

V|

the detector operates
by Standard Model
physics




ice 1.4 kilometers below geographic South Pole

». fmd an Optiéally clear m.e‘d'ium shielded from _cosfr'n'ic. fays £

map its optical prop‘er/tiyes
dlﬁ

fill with photomultipff‘géiéfrs_,with,-spacings ~ absorption length
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add data acquisition and computers —







lceCube:
5160 photomultipliers
instrument one km3 of
Antarctic ice between
1.4 and 2.4 km depth
as a Cherenkov detector
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lceCube Array at 60 MHz ground-penetrating radar

4000 from airplane

3000

> South Pole surface
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> 2450 m
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digitized light signals
(waveforms)

each Digital Optical
Module independently
collects light signals like
this, digitizes them and

time stamps them with 2
nanoseconds precision,
and sends them to a
computer that sorts
them in events...
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Atmospheric neutrino source
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atmospheric
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you just saw a 10 msec movie

muons detected per year:

« atmospheric ~10" > 3000 per second
« atmospheric v > pu ~10°> > 1 every 5 minutes
* cOSMiIcC vV2U >200 > depends onthe

precise spectrum






* neutrino astronomy and the origin of
cosmic rays

* IceCube
» the cosmic neutrino energy spectrum
* first sources of neutrinos

* and the answer is: supermassive black holes at the cores
of active galaxies

IceCube.wisc.edu



b N i




energy measurement
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f(Logw(E)I E.™)

distribution of the parent neutrino energy able to yield the
energy deposited by the secondary muon inside lceCube
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muon neutrino events
[filtered by the Earth]:
atmospheric vs
cosmic
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Number of Events per Bin

muon neutrino flux
filtered by the Earth:
atmospheric vs
cosmic
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4 IceCube tracks, Aartsen et al., ApJ, 2022
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electron showers versus muon tracks

PeV v, and v,
showers:

* 10 m long

e volume ~ 5 m3

* isotropic after
25~50 m



Cherenkov radiation from PeV electron (tau) shower
> 300 sensors > 100,000 pe reconstructed to 2 nsec



Glashow resonance event with energy 6.3 PeV

resonant production of a weak

iIntermediate boson by an anti-

electron neutrino interacting with
an atomic electron
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* energy measurement understood
« shower consistent with the hadronic decay W
of a weak intermediate boson W

* identification of anti-electron neutrino
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First hint of W boson resonance in data
(GlaShOW resonance) Nature 591, 220-224 (2021)

Ve
By measuring nu/nubar -> probe source

Er = M%,/(zme) = 6.32PeV environment directly (magnetic field,
w- pp/pgamma)
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oscillations of PeV neutrinos over cosmic distances to 1:1:1
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ML Driven Sciece Results

Galactic
plane search
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Pre-Trial Significance (n-0)

* Using Cascade events for “large” (e.g. Milky Way) or isolated sources a good option for Southern Sky
point source search — Clear differentiation from background

* Maximum-Likelihood method for cascade pointing insufficient to find a source — Using BDT and CNN to
find and reconstruct cascade events
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CROSS SECTION WITH EARTH AS THE TARGET

Vertical

Core—-mantle
boundary

IceCube

Horizontal

Extending x-section
measurements to energies -
beyond Earth-based
accelerators

Neutrino-nucleon cross section, 055 [10738 cm?]
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Space-time foam

* neutrino decoherence from quantum gravitational space-time fluctuations

« modifies the neutrino dispersion relation over long baselines

* IceCube reaches record sensitivities at the Planck scale even using
atmospheric neutrinos



one million atmospheric

neutrinos
5 GeV threshold -
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Atmospheric oscillations progression

(eCube, PRL 111, 081801 (2013)
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in the extreme universe the energy in neutrinos is larger than
the energy in gamma rays observed at GeV energies

B Thermal _ Nuclear fusion Accretion, acceleration, decay

COB

» neutrinos
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one gamma ray for every neutrino?



v and y beams : heaven and earth where are the gamma

rays from 7t0 9
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 directional ~ COsmic ray + neutrino
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fields ~ COSmIC ray + gamma




cosmic ray sources
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gamma rays accompanylng IceCube neutrlno‘madt-
with interstellar photons and. fragment into muItlpIe 1ower
energy gamma rays that reach earth
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Anticoincidence
Detector

Conversion
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Particle
tracking
detectors
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gamma rays from
neutral pions

must lose energy
In the sources
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~+ Fermi IGRB <+ IceCube Cascade 4yr

the neutrino +  IceCube HESE 6yr
sources are likely 5
opaque to PL Inelasticity 5yr PL v, 9.5 yr
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2205.03740 [astro-ph.HE]



https://arxiv.org/abs/2205.03740
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CEEREVE

y visible
166 neutrino IceCube Preliminary
starting events
by geometry the flux
from your own
where is the Galaxy should
neutrino Galactic dominate

plane? the diffuse flux from
all other galaxies

combined!

Galactic

E<300TeV 1PeV<E






y. Optical

v Predicted m° Northern Sky Northern Sky

- e s e

Southern Sky Southern Sky

v Analysis Expectation

Typlcal Event Uncertamtp -

Galactic Coord.

Pre-Trial Significance (n-o)

Fermi (GeV gamma rays) and IceCube (TeV neutrinos) see the same Galactic plane



neutrinos produced in Galactic cosmic rays
interactions with interstellar medium
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Fermi-LAT GDE
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10774 from the Galaxy
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Fermi-LAT GDE

" Fermi-LAT EGB
IceCube GDE (7)
IceCube-converted

X IceCube ENB
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mm | GDE-v model
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2306.17275 [astro-ph.HE]



https://arxiv.org/abs/2306.17275
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-« populate-all gaI'axies in the Universe with neutrino sources

... seen from Earth you should see the sources in your own
gaTaxy flrst this is geometry

« -the Mllky Way should dommate the sky, as is the case for -
all Wavelengths of Ilght

'_V
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- - o - -
. - . -
-~ . T g

; P S P

9 powerful accelerators operate ln ether gaLaX|es that do not -
eX|st|nourown_ e Tl e
_ 4 wﬁg
- our supermasswe bIack hoIe has not been actlve for -
a few million years? S
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Ll\ljlw ~ 120[@1/ /@I/ ][ nO _3]_1[§]—1[E]
L) 5 0.01 Mpc 37 1
measured IceCube fluxes
factors of order unity
neutrino flux in l
active galaxies . H — t LEG f (cosmology)
from diffuse flux v — HNoClH Ly, 9y
observed 3
. . MW
neutrino flux in —p @MW — 5 LV F€ (geOmetry)
Milky Way 4rrg
from flux at

Earth



- in the extreme un|verse more energy is emitted in
neutrlnos than in gamma rays. '

the: 97:0 photons accompanylng cosmic rays appear at

MeV energy or beIow

.-

A powerful aoceterators o*&rate in other gaIaX|es that do

not eX|st in our own " ke :"_

R '.‘A

[our supermasswe blaok hoIe has not been a&te for
a few m|II|on years’?]



* neutrino astronomy and the origin of
cosmic rays

 |ceCube
* the cosmic neutrino energy spectrum
* first sources of neutrinos

* and the answer is: supermassive black holes at the cores
of active galaxies

IceCube.wisc.edu



Galactic

IC86-I

eutrino candidates in one year
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pre-trial p-value for clustering of high energy neutrinos

+75°
; Oh
6.69 st
—45° | s 4
D Equatorial
0.0 78.36° 77.36 76.36
Right Ascension

* hottest spot coincident with NGC 1068
 also hottest spot in the sources list (2.90)

statistical fluctuations or neutrino sources?



— T - PKS B1130+008 BLL 17320 058 158 4.0 0.96 44

Name Class _ a[deg] O[deg] ns 7 -log1o(Procat) ¢9°% Mkn 421 BLL  166.12 3821 2.1 1 9 0.38 5.3

PK; 24320 035 FQRQ g 8?) 3;1(’ 48 0 4r 4C +01.28 BLL 16461 156 0.0 0.26 2.4

5 9] 9. 98 < 49 4.5

the direc 11@ preselécted source ¢ Hdiﬁ tes

RC%@ZUS 1{@ h éjfe?{lqps res e M 82 SBG 14895  69. o7a a 0. 308 8.8

CTA 102 FSR 338.15 11.73 ir. AGN 147.24 0.37 J,.i -L () 0.76 3.9

BL Lac BLLQ 330.60  42.28 I-? hyS ﬁ ev. LEI’T 121 (2@26) BLL 13371 2012 00 26 0.32 3.5

OX 169 FSRQ 325.89 17.73 2 0 0.69 KS 08294046 BLL 127.97 4.49 0.0 2.9 0.28 2.1

B2 2114-+33 BLL  319.06 33.66 0.0 3.0 0.30 3.9 54 0814+42 BLL 12456 4238 0.0 23 0.30 4.9

PKS 2032+107 FSRQ  308.85 1094 0.0 24 0.33 3.2 OJ 014 BLL ~ 122.87 178  16.1 4.0 0.99 4.4

QHWC J20314415  GAL  307.93 4151 134 38 0.97 9.2 1ES 0806+524 BLL 12246 5231 00 28 0.31 4.7

. . PKS 0736+01 FSRQ 114.82 1.62 0.0 2.8 0.26 2.4

Gamma Cygni GAL 305.56 40.26 7.4 3.7 0.59 6.9 PKS 0735417 BLL 11454 17.71 00 28 0.30 35

MGRO J2019+37 GAL 30485 36.80 0.0 3.1 0.33 4.0 4C +14.23 FSRQ 11133 1442 85 2.9 0.60 s

MG2 J201534+3710 FSRQ  303.92 37.19 44 4.0 0.40 5.6 S5 0716471 BLL 11049 7134 00 25 0.38 74

MG4 J200112+4-4352 BLL 300.30  43.89 6.1 2.3 0.67 7.8 PSR B0656+14 GAL  104.95 1424 84 4.0 0.51 4.4

1ES 1959+650 BLL 300.01 65.15 126 3.3 0.77 12.3 1ES 06474250 BLL  102.70  25.06 0.0 29 0.27 3.0
1IRXS J194246.3+1 BLL 29570 1056 0.0 2.7 0.33 2.6 B3 0609-+413 BLL 0322 4137 18 17
RX J1931.1+0937 BLL 29278 9.63 00 29 0.29 2.8 Crab nebula GAL  83.63 2201 1.1 22
NVSS J190836-012 UNIDB  287.20 -1.53 0.0 2.9 0.22 2.3 0G +050 FSRQ 8318 755 0.0 32
MGRO J1908+06 GAL 287.17  6.18 4.2 20 1.42 5.7 TXS 05184211 BLL 8044 2121 157 338
TXS 19024556 BLL  285.80 55.68 11.7 4.0 0.85 9.9 TXS 0506+056  BLL  77.35 570 123 2.1
HESS J1857+026  GAL 28430  2.67 74 3.1 0.53 3.5 B s SR A A
GRS 1285.0 UNIDB  283.15  0.69 1.7 38 0.27 2.3 PISS 0440-00 FSR% A
HESS J1852-000 GAL  283.00 0.00 33 37 0.38 2.6 MG2 104333742905 BLL 6841 2010 00 27
HESS J1849-000 GAL 28226 -0.02 0.0 3.0 0.28 2.2 PKS 0422400 BLL 6619 060 00 29
HESS J1843-033 GAL 280.75 -3.30 0.0 2.8 0.31 2.5 PKS 0420-01 FSRQ 65.83 -1.33 93 4.0
OT 081 BLL 267.87 9.65 122 32 0.73 4.8 PKS 0336-01 FSRQ 54.88 -1.77 155 4.0
S4 1749470 BLL  267.15 70.10 0.0 2.5 0.37 8.0 NGC 1275 AGN  49.96 4151 3.6 3.1
1H 1720+117 BLL  261.27 11.88 0.0 2.7 0.30 3.2 NGC 1068 SBG 40.67 -0.01 50.4 3.2
PKS 17174177 BLL  259.81 17.75 198 3.6 1.32 7.3 PKS 02354164 BLL  39.67 1662 00 3.0
Mkn 501 BLL 253.47  39.76  10.3 4.0 0.61 7.3 4C +28.07 FSRQ  39.48 2880 00 28
4C +38.41 FSRQ 24882 3814 42 23 oo 7.0 3C 664 BLL = 85.67 43.04 0.0 2.8
PG 1553+113 BLL 23893 11.19 0.0 28 3.2 PBgsogéf;fgfs gggg g;ig 31°~7944 88 3;
GB6 J1542+6129 BLL 235.75 61.50 29.7 3.0 22.0 MGLJ02111441051  BLL 3281 1086 16 17
B2 1520+31 FSRQ 23055 3174 7.1 24 7.3 TXS 01414968 BIL 2615 2709 00 25
PKS 15024036 AGN 226.26 3.44 0.0 2.7 2.9 B3 01334388 BLL 24.14 39.10 0.0 2.6
PKS 1502+106 FSRQ 226.10 10.50 0.0 3.0 2.6 NGC 598 SBG 23.52 30.62 114 4.0
PKS 1441425 FSRQ 22099 2503 75 24 7.3 S2 0109422 BLL 1803 2275 20 3.1
PKS 14244240 BLL 216.76 23.80 41.5 3.9 12.3 4C +01.02 FSRQ 17.16 159 00 3.0
NVSS J141826-023 BLL 21461 -256 0.0 3.0 2.0 M 31 SBG  10.82  41.24 110 4.0
B3 1343+451 FSRQ  206.40 44.88 00 28 Q 5.0 PKS 0019+058 BLL  5.64 614 00 29
S4 1250453 BLL 193.31  53.02 22 25 0.39 5.9 PKS 2233-148 BLL 330.14 -1456 53 238
PG 12464586 BLL 192.08 5834 00 28 0.35 6.4 HESS J1841-055 ~ GAL 28023 -555 3.6 4.0
MG1 J1239314+0443 FSRQ  189.89  4.73 0.0 26 0.28 24 HESS J1837-069 GAL 27943 693 00 28
M 87 AGN 18771 1239 0.0 28 0.29 3.1 PKS 1510-089 FSRQ 22821 910 01 17
ON 246 BLL 18756 2530 0.9 1.7 0.37 4.2 PKS 1329-049 FSRQ 20302 516 61 27
3C 273 FSRQ 187.27 204 0.0 3.0 0.28 1.9 NGC 4945 SBG — 196.36 - -49.47 0.3 2.6

4C +21.35 FSRQ 18623 2138 0.0 26 0.32 35 PKS 030507 PSR 19207 86 00 ot _

W Comae BLL 18538 2824 00 3.0 0.32 3.7 PKS 0727-11 FSRQ 11258 -11.69 19 35 0.59 114

PG 12184304 BLL 185.34  30.17 11.1 3.9 0.70 6.7 LMC SBG  80.00 -68.75 0.0 3.1 0.36 411

PKS 1216-010 BLL 184.64 -1.33 6.9 4.0 0.45 3.1 SMC SBG 14.50  -72.75 0.0 2.4 0.37 44.1

B2 1215+30 BLL 184.48 30.12 186 3.4 1.09 8.5 PKS 0048-09 BLL 1268 -9.49 39 33 0.87 10.0

Ton 599 FSRQ  179.88 2924 0.0 22 0.29 4.5 NGC 253 SBG 1190 -2529 3.0 4.0 0.75 37.7
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sub-leading sources: binomial analysis

+75°

____________
..........................
.......

iXS O506+05O6 NGC )

on 12h Oh
Right Ascension

— loglo (plocal)



interesting fluctuations or neutrino sources?
—> crash program to upgrade the performance of lceCube

a: 0.30 deg, log,o(E/GeV)= 3.0 Hard Spectrum (Y=2.0)

* improved detector geometry . > p——

« each photomultiplier calibrated individually T - T ot <uns <034

 improved characterization of the optics of the ice "1 ', } o

* improved muon angular resolution and 1
energy reconstruction using machine learning

» point spread function consistent with simulation or,

we were partially blind

§ —0.09 <sind < 0.34

applied to 10 years of archival data (pass 2), : ,~' \, b 034<sind <069

data unblinded, result ... ; ///f"’"\\\‘ 69 <sing <1
5 4/ . .

N




o: 0.30 deg, log,o(E/GeV)= 3.0

* point spread function consistent with simulation

* insensitive to systematics

Hard Spectrum (Y=2.0)

/ \.\

[ a0 N

"~ \
N
i %

— . KDE
== Rayleigh
§ —0.09<sind <0.34
§ 034 <sind < 0.69
0.69 < sind < 1.00

~n

0.0

o: 0.30 deg, log,o(E/GeV)= 3.0

0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
U[deg]

Soft Spectrum (Y¥=3.25)

Ral . KDE

== Rayleigh
—0.09 < sind < 0.34
0.34 < sind < 0.69
0.69 < sind < 1.00

muon direction

& Rayleigh (1D-projection of 2D Gauss)
doesn’t describe our Monte Carlo
accurately — Tails are suppressed

& The distribution depends on the spectral
index!

& Effect mainly visible at < 10 TeV energies
where the kinematic angle between
neutrino and muon matters

2 Solution: Obtain a numerical
representation of the Y-dependent spatial
term from MC simulation (for example
using KDEs)

1 _w? (,
5-52¢ 22 = S(¢|o, E,, 7)

Virtual Collaboration Meeting, 2020-09-22



pre-trial p-value for clustering of high energy neutrinos

+75°
; Oh
6.69 st
—45° | s 4
D Equatorial
0.0 78.36° 77.36 76.36
Right Ascension

* hottest spot coincident with NGC 1068
 also hottest spot in the sources list (2.90)

statistical fluctuations or neutrino sources?



the new lceCube neutrino map: hottest spot

750 Grid 0.2 x0.27 ~10810(Procal)
i P e NT S B RN - |
é +2 ---------- ; o W 3
= Ko ; i A AR Wl 2
0° ------------- e -------- ------------ B, R '?D‘
24h Equatbrial Coordinate System ' 12h ' ' Oh ﬁ. 1 i
- B g
i 5 : 7 'g 0 - 0.0
— log;4(Procal) ':.S) 1 40.69
A
. L —2 7
the brightest location in full sky scan: Grid 0.03% 0.03°
@ astrophysical neutrino events = 81 —3 T T
@ spectral index = 3.2 43 42 41 40 39 38

local significance 5.3c Right Ascension [deg]

1% of scrambled data sets have a spot =2 5.30



is the hot spot coincident with one of the 110 preselected sources?

—log;q (plocal)

1 3 5 7
=
s — .
I —
E
£ . NGC1068
|- TS g ~—
£ 0 A -0.
1 3 ) 7 g 4
- loglo(plocal) T«j —1 4067
=
71 Gridood
at the NGC1068 location ; Grid 0.03"x 0.03
astrophysical neutrino events =79 422 T T T
spectral index = 3.2 + 0.2 -20 43 42 41 40 39 38

single source significancg Right Ascension [deg]

(offset 0.119)

1in 100,000 scrambled data sets have object25.20 =42 ¢
evidence



80 high-energy neutrinos
from the direction of the
active galaxy NGC 1068

- lUg‘lO(plocal)
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0.6 B
80 -
0.4
&0
ks 60 -
P | n
S =
3 > 40 A
H 0.0 = +
g
-0.2 2l 5
_0-4 1 I
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80 high-energy neutrinos
from the direction of the
active galaxy NGC 1068

- logl()(plncal)

[ Signal [ Total
[ Background ¢ Data

0.6 B
13 years 80 -
0.4
o0
g 60 -
= 02 m
g =
5 > 40 -
update Z 00 = :
—0.2 20 A
| IceCube Preliminary
T T _0'4 1 I T 1
0 2 4 41.2 41.0 40.8 40.6 404 402 0 1 D) 3 4
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' . * NGC 1068 Max. TS

NGC 1068

comes vind
. 0.25
into focus  _
g 0.00
o,
g —0.25
<
—0.50
-0.75
41.5 41.0 40.5 41.5 41.0 40.5
r.a. [deg] r.a. [deg]
5.20 local 2.90 3.30
significance « 10-year analysis * new likelihood
method
—2 X log(A)
0 5 10 15 20 25
B ' | ONGC 1068 & Max. TS
0.50 1 10y PSTracks
S 025
% 0.00 -
update % —0.25 { 9%
S —050
[a)
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* neutrino astronomy and the origin of
cosmic rays

 |ceCube
* the cosmic neutrino energy spectrum
* first sources of neutrinos

« and the answer is: supermassive black holes at the cores
of active galaxies

lceCube.wisc.edu



a gamma ray for every neutrino?

NGC 1068: an obscured cosmic accelerator

10—10

(1) Y. Inoue et al.,
ApJdL’20

Fermi-LAT
g \
- + 4+ MAGIC
' n° gamma rays ?

(2) K. Murase et al., PRL’20

10" 10° 10°
Energy [GeV]
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‘gamma-ray-obscured corona: - - £ 3R l :
"~ gas and radiatlon =~ Z s A lee TR N R B




i ARl R  accelerator(s): electrons and
e s R protons are accelerated in the
e turbulent magnetic fields
- o e associated with the accretion
St disk, in the infall onto the black
hole, ...

 target: the neutrinos are
produced in the optically thick
corona with a high density in gas
(protons) and gammas (X-rays)




NEUTRINO BEAMS

0 accelerator

o target

directional
beam

p, €

2t
i
W
W
B3
-4- LB R B N § J .
3o
&
ey
s

magnetic
fields

the py efficiency dilemma

 efficiency for producing the neutrinos
in the photon target:

Tpy = Rescape TlpvO p~ lphotons

 likelihood of the multimessenger
photons to be absorbed in target

Tyy = Rtarget T)v~ O ~~ Ilphotons
- therefore, with Rescape ~ Rtarget

M0y Riarget ~ 10-3
— Tpy — Tpry

-
Yy
NpyOpy Rescape

—> do not expect high energy gamma
rays to accompany cosmic neutrinos

—> blazar jets are out



AGN: INSIDE AND OUT

cores of active
galaxies

i
Narrow

_, line
target densities wregion 3

required % ,_
.
Gasclouds |

* to produce the
neutrino flux

“»
‘-

N

Dusty torus Event

horizon

Broad
« to suppress the flux of ke
the accompanying

gamma ray from n®s

Singularity

requires a production within
< 100 Schwarzschild radii
of black hole

Corona

of gas Accretion

disk

Supermassive
black hole




AGN: INSIDE AND OUT

Lack of gamma
rays places

Narrow

~region : e T A neutrino production
%." ‘pa B site in the heart of
Gas clouds ' the galaxy

Dusty torus g Event

Broad ) horizon
line Singularity
region N\

Accretion
disk

Supermassive
black hole
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neutrinos are produced inside the dark matter

spike at the center of the Galaxy

1018

10

_ 102 F L_

= e o . )
= annihilation
2 10° Ebe plateau

& (r) [GeV

neutrinos produced

Lo

xll 1 I Illl 1

E
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v=1x10 ~*cm?/s £

E

....... N 5. v=3x10 "*cem s =

T I T 1 l'l T TTT T T 'H

BM2 s

spike relaxation by i 1
DM scattering on s B
stars {(Gnedin & Primack) BMY ]

L R
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NGC 1068 core: large optical depth in photons (X-ray) and matter

Ié X-RAY EMISSION

cross section x target density
= optical depth T

ACCRETION DISK
(INFALLING MATERIAL)

BLACK HOLE

Tpy ~ 0.1 — TeV neutrinos

CORONA

Tpp ~ 1 — 1 ~ 100 TeV neutrinos

Ex =1keV; Lx ~ 1043 e]fgs_1

neutrinos originate within 10~102 Schwarzschild radii from the BH



cosmic neutrino sources
tracking their X-ray flux ?
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multimessenger astronomy with X-ray sources

7
+ imi +
IceCube Preliminary |l Noeoss wozs tceCube Preliminary e
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NUCLEAR EMISSION IN SPIRAL NEBULAE*
two brightest active
: g . CarL K. SEYFERTT 1 943 southern
galaxies discovered

ABSTRACT i
by Seyfert in 1943 Spectrograms of dispersion 37-200 A/mm have been obtained of six extragalactic nebulae with high- hem ISP here soon

excitation nuclear emission lines superposed on a normal G-type spectrum. All the str
é two bnghtestl

I]mmwmnmis like NGC 7027 appear in the spectra of th
spirals observed, NGC 1068 and NGC 4151
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more sources ...
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NUCLEAR EMISSION IN SPIRAL NEBULAE*

Caryr K. SEYFERTT 1 9 43

ABSTRACT

Spectrograms of dispersion 37-200 A/mm have been obtained of six extragalactic nebulae W1th hlgh-
excu:atlon nuclear emssmn hnes superposed_ on a normal G-type spectrum. All the strong

es like NGC 7027 appear in the spectra of thelt

1rals observed NGC 1068 and NGC 4151

S

w

—log1o(Piocar)

« two brightest active
galaxies discovered
by Seyfert in 1943

Carl K. Seyfert (VANDERBILT SPECIAL COLLECTIONS AND UNIVERSITY ARCHIVES)



accumulating evidence for X-ray bright active galaxies as neutrino sources

. I Hﬂmenger (2017) and IceCube source (2014)
+ |ge€ube~spource
GC 1068
* binomial analysis all s
« NGC 1068+ %80564
NGC 1068 @

« active galacties with high X-ray flux (Seyferts or not)

SC1068+NGC 4151 @ IceCube public data (Neronov et al.)




Declination

binomial analysis: 3 active galaxies
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Binomial Test

Ll i< S — IceCube Preliminary

5 / f . - +50° _
[e) *NGC 1068 (excluded) a»-% Cygn SA. ""'”'NGC"i's'i ............. L_EDA16B445
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> -g [ TR
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o . . Wiile ; ’
— A==« Binomial Test: Probability of finding
£ a signal from 47 AGNs too weak to
= be identified individually
Q

{ : | e Result: 3.30 excess for 11 sources

0 11 22 33 47 (excluding NGC1068)
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binomial test of X-ray bright Seyfert galaxies
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Event 135440,“3135?7?8-(5 {
Time 2021-06-29 18:09:44 UTC:
Duration 22320.7 ns

from light in the ice

to astronomer In less
than one minute

TITLE:
NOTICE_DATE:
NOTICE_TYPE:
RUN_NUM:
EVENT_NUM:
SRC_RA:
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REVISION:
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CHARGE :

Iridium
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HIGH-ENERGY EVENTS NOW PUBLIC ALERTS!

‘We send our high-enerqy events in real-time as public GCN alerts now!

GCN/AMON NOTICE

Wed 27 Apr 16 23:24:24 UT GCN notice for starting track sent Apr 27
AMON ICECUBE HESE

127853

67093193
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21152 SOD {@5:52:32.00%} UT
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Declination

RN
b
MAGCIC PSF

76> T2
Right Ascension

MAGIC "i
detects emls’slén Of
> 100 GeV gammas

MAGIC significance [o]

Declination

IceCube 170922

290 TeV

Fermt
detects a flarlng
blazar Wlthln O 06°

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A
== |C170922A 50% - area: 0.15 square degrees
= |C170922A 90% - area: 0.97 square degrees

78.4°  78.0° 77.6° 77.2°
Right Ascension

—*l\)OD-P-U'Im\ICD(Oa

o

Fermi Counts > 1 GeV




MASTER robotic optical telescope network: after 73 seconds

Follow

up detections of IC170922 based on public telegrams

frem} %, 3
it =
O A 4 C Vr \
IceCube Swift Fermi, ASAS-SN
September 22 September 26 September 28

afa; 2

VIS,

7\
\
SALT, Kapteyn MAGIC Liverpool, AGILE
October 7 @ October 4 September 29
O O O qad
Kanata, NuSTAR VLA Subaru
October 12 October 17 October 25



IC59 IC79 IC86a

*1 JceCube-170922A
Gaussian Analysis

Box-shaped Analysis

2009 2010 2011 2012 2013

search in archival
lceCube data:

« 100-day flare in 2014

Declination

« spectrum E22

- Lv B I—Eddington

' ' 78.36° 77.36° 76.36°
* (no gamma ray flare! Right Ascension
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Flux [10~7 ph cm

gamma rays in 2017 at the time the neutrino is produced ?
a few ~10 GeV photons and not much else, consistent with
an obscured source, not a blazar
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« MAGIC, HESS and VERITAS: no TeV gamma rays at the time the neutrino

was produced

 MAGIC: onset of the TeV flux 5 days after IC170922

» confirmed by MASTER: the blazar switches from the “off” to “on” state 2 hours

after the neutrino



Science RESEARCH ARTICLE SUMMARY

201 7 NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with

high-energy neutrino IceCube-170922A

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*{

RESEARCH ARTICLE

NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert

IceCube Collaboration*t



SNR-dF/dt [10°!! erg-sm2-s71- h!]

15

SNR=50
MASTER vs IceCube
Flare 2hrs
w-  Flux derivative in time x SNR after
IC170922A

Lipunov et al. 2020

w
|

1C86b

SNR= 3.5 lceCubel70922A

SNR=2
SNR=1.5

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
years




global robotic network of
optical telescopes
connects TXS 0506+056
to IC170922A in the time
domain

“MASTER found the blazar in the off-state after one minute
and then switched to on-state two hours after the event.
The effect is observed at a 50-sigma significance level”

Optical Observations Reveal Strong Evidence for High Energy Neutrino Progenitor

V.M. Lipunov'*, V.G. Kornilov ', K.Zhirkov', E. Gorbovskoy’, N.M. Budnev®, D.A.H Buckley’, R.
Rebolo’, M. Serra-Ricart’, R. Podesta”'®, N .Tyurina ®>, O. Gress*?, Yu.Sergienko®, V. Yurkov®, A.
Gabovich® . P.Balanutsa®, I.Gorbunov®, D.Vlasenko', F.Balakin'~, V.Topolev', A.Pozdnyakov',

A Kuznetsov®, V.Vladimirov’, A. Chasovnikov', D. Kuvshinov'?, V.Grinshpun'*, E.Minkina "
V.B.Petkov ', S.LSvertilov>®, C.Lopez’, F. Podesta’, H.Levato'®, A. Tlatov''

B. Van Soelen'”, S. Razzaque'’, M. Béttcher™”



the
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cosmic rays interact with the
microwave background

p+y—on+rxand p+r’

cosmic rays disappear, neutrinos with
EeV|(10° TeV) energy appear

1 event per|cubic kilometer|per year
...but it points at its source!




the extragalactic accelerators: knobs to turn
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FIG. 1: Minimal flux of cosmogenic neutrinos assuming dom-
inance of protons above 4 EeV. We show the results without
source evolution (dotted) and assuming source evolution ac-
cording to the star formation rate (solid). Also shown are the
projected sensitivities of IceCube (10 years) and the ARA-37
(3 years) as dashed lines. The thick dashed-dotted line shows
the approximation of the Auger spectrum above the ankle.
For comparison, we also show the bestfit cosmogenic neutrino
flux (green solid line) from Ref. [24] (Emin = 10'®° eV) in-
cluding the 99% C.L. (green shaded area) obtained by a fit to
the HiRes spectrum.
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neutrino astronomy 2024

It exists

more neutrinos, better
neutrinos, more telescopes

closing in on cosmic ray
sources a century after
their discovery

icecube.wisc.edu



P-Oné. 2 1 -4 km3~

prototyping stage

G
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TRINITY] BEACON
‘ 4V

Albrecht Karle, Neutrino Telescopes 2023

IceCube 1 km3/
Data taking since 2011
Planned: IceCube-Gen2, ~8 km3

prototyping: TRIDENT

~8 km3
also: NEON, HUNT
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Ultra-high energy neutrinos

particle
shower

Cherenkov
light

A\
"rk Detection of ultrahigh-energy neutrinos in ARA

V Amundsen-Scott

South Pole Station

. /_mn

ARA station

Firn (S0 m)

ouse Interaction Vertex

ARA Instrumentation
Central Station
Electronics

small A add

destructively

= large A add
y coherently

UHECRs

<)

Down-going EAS
Fluorescence signal

Gﬁg Giant Radio Array for Neutrino Detection

Cosmic ray

{1 PN
RERARSL. L A TR _
TLllel, 1+9°¢
IRAB R [””ﬂ'ﬁfﬁ[ TTffftf,ryf

> -8

Radio emission T

* Antenna optimized tor horizontal showers
* Bow-tie design, 3 perpendicular arms
* Frequency range: 50-200 MHz

* Inter-antenna spacing: 1 km

Neutrino - tau-decay
-going from below limb
herenkov EAS signal



Uncharted Territory




Uncharted Territory

« Significant event observed with huge amount of light

« Horizontal event (1° above horizon) as expected since earth opaque to
neutrinos at PeV scale

« 3672 PMTs (35%) were triggered in the detector

* Muons simulated at 10 PeV almost never generate this much light
— Likely multiple 10’s of PeV

KM3NeT/ARCA21 Preliminary
‘I .‘
-

‘s’

KM3NeT 10PeV u MC

Preliminary 1PeV u MC
_ . VHE event
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Uncharted Territory

« Light profile consistent with at least 3 large energy depositions along
the muon track

« Characteristic of stochastic losses from very high energy muons

KM3NeT Position of light

Preliminary emission along track
consistent with hit time
assuming directlight = thi

to

700 800 900 1000
distance along track (m

18 Jun 2024 125



T H E H I G H EST E N E RG Y Event 132379/15947448-2 IceCube Preliminary

Time 2019-03-31 06:55:43 UTC

N E U 'I'R I N O Duration 225?6.? ns.; o

p—

Wi Y SUTEH VR A
\’ | ol L L (T e

* Muon neutrino with contained VU b R ozl Tl (B s O

vertex position RUR AR B0 e

* Deposited energy 4.8 PeV BRI - i

* dE/dx ~ 1.125 TeV/m over

* Resimulation: neutrino energy
11.4 +-2.5 PeV
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Multimessenger Neutrino - Neutrino : :
Flavor Ratio Hopge
Astronomy Astronomy v I Phillations Sterile Neutrinos

Cosmic Non-standard
Accelerators l Interactions

Supernova ASTROPHYSICS NEUTRINO PMNS Unitarity
PHYSICS
Co;l?;:icioy Neutrino Decay

Gamma Ray EARTH )

Tomography

DARK FUNDAMENTAL
Space MATTER SYMMETRIES Atmospheric
Weather Sciences

Lorentz
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Axi M | Neutrino DM Quantum
el SnRpae DM Interactions Annihilation

Space-time
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overflow sides



electron and tau neutrinos (showers) dN/dE ~ E-25

1

Atmosplleric Fluxes

Astrophysical Flux

Prompt Upper Limit(v, +p,) [1.06x ERS]
Conventional (v, + V) (zgnith-averaged) [1.00x Honda2006] Measurements ]
10—6 o Cascades Differential
3 v, Best Fit (F22) 7
lceCube preliminary
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multimessenger astronomy with X-ray sources
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NUCLEAR EMISSION IN SPIRAL NEBULAE*
two brightest active
: g . CarL K. SEYFERTT 1 943 southern
galaxies discovered

ABSTRACT i
by Seyfert in 1943 Spectrograms of dispersion 37-200 A/mm have been obtained of six extragalactic nebulae with high- hem ISP here soon

excitation nuclear emission lines superposed on a normal G-type spectrum. All the str
é two bnghtestl

I]mmwmnmis like NGC 7027 appear in the spectra of th
spirals observed, NGC 1068 and NGC 4151
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X IceCube ENB

 ° Fermi-LAT EGB Tibet ASvy-converted v
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https://arxiv.org/abs/2306.17275

NGC 1068 core: large optical depth in photons (X-ray) and matter

*
o* : :
Corona e S ey Accretion Disk |
= (infalling material)

Black Hole

Ex = 1keV; Lx ~ 10% ergs™!

neutrinos originate within 10~102 Schwarzschild radii from the BH
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Flux [10~7 ph cm

gamma rays in 2017 at the time the neutrino is produced ?
a few ~10 GeV photons and not much else, consistent with
an obscured source, not a blazar
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« MAGIC, HESS and VERITAS: no TeV gamma rays at the time the neutrino

was produced

 MAGIC: onset of the TeV flux 5 days after IC170922

» confirmed by MASTER: the blazar switches from the “off” to “on” state 2 hours

after the neutrino
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IC190331: 5300 TeV deposited inside the detector
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iIce: step by step

hole ice ?

birefringence of the
crystal boundaries ?
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blazar models cannot produce a single neutrino at this level



Broad Line
Region ?

accretion disk




cores of active galaxies as cosmic accelerators

acceleration of electrons and protons
in the high field regions associated

with the accretion disk and the optically

thick corona of X-rays
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MASTER observations of TXS 0506403 MASTER observations of TXS 0506+03

MASTER

robotic network

optical observations
TXS 0506+056
since 2005

1C86h IceCube-170922A

blue panels:
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no gamma rays in 2017 at the time the neutrino is produced ?

b TXS 0506+056 (IC-170922A)
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MRS

40 -5 0 5 10 15 20
Time (MJD-58018.87)

« MAGIC, HESS and VERITAS: source exhibited daily variations with no TeV
gamma rays observed at the time the neutrino was produced

 MAGIC: onset of the TeV flux 5 days after IC170922

» confirmed by MASTER: the blazar switches from the “off” to “on” state 2 hours
after the neutrino



neutrinos produced in the gamma-ray obscured core of NGC 1068
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accompanying pionic range of neutrino flux:
photons protons versus electrons




big bird (~ 2 PeV) and PKS 1424-418
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neutrinos produced in the gamma-ray obscured core of NGC 1068
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AGN corona :
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AGN corona X (thermale) ———

10-100 TeV v E
e (medium-energy v)

E° @ [GeV cm?s™ sr'1]
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: E [GeV] :

neutrino flux:
: proton-proton and proton-gamma
accompanying pionic
photons
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tau neutrinos at Fermilab-- DONUT

DONUT: charmed mesons (no oscillation)
and emulsion

FL.=4535m J| FL.=280pm
Bhink = 93 mrad 4 i = 90 mrad
p >297% GeVie & p =146 GeVie

pr > 02775 GeVic pr =0.41}4 GeVic

F.L.=1800 pm F.L.=530um

Bk = 130 mrad Oy = 13 mrad

p =19%5 GeVie p > 217, GeVie
pr = 02573 GeVic pr »0.28 21 GeVic

L

:l

4

SN

N T ’

DONUT Phys. Lett. B, Volume 504, Issue 3, 12 April 2001, Pages 218-224

OPERA: oscillation (appearance from CNGS
muon neutrino beam) and emulsion
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OPERA Phys. Rev. Lett. 115, 121802 (2015)
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First hint of W boson resonance in data
(GlaShOW resonance) Nature 591, 220-224 (2021)

Ve
By measuring nu/nubar -> probe source

Er = M%,/(zme) = 6.32PeV environment directly (magnetic field,
w- pp/pgamma)

Right ascension -
14 h 12 h 10 h

o
; [ ]
. ole - -
S —— Cascade+track 90% ®e o é - 4
= —— Cascade 90% e = B =
= ° . 8 ’
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s . = - E o
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e > ;Lo
Equatorial H - = 4 °
coordinate system - 8
o

Identified muonic component from the hadronic shower

angular uncertainty contour shrinks by a factor of 5 with hybrid reco A




strings of
optical
Event 116876/63208734-0 . , Sensors

Time 2010-11-12 13:14:20 UTC
Duration 26942.1 ns

Y




a cosmic tau neutrino with 17m lifetime

light from nutau interaction and tau decay

* Bright DOMs are excluded from this analysis
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oscillations of PeV neutrinos over
cosmic distances to 1:1:1

Fraction of v,

oscillating PeV neutrinos (7.5 years starting events)



neutrinos with probable cosmic origin:
are they correlated to astronomical sources?

Arrival directions of most energetic neutrino events (HESE 6yr (magenta) & v, + v, 8yr (red))

absorption
>90%

Galactic




correlation between
cores of active galaxies
and
cosmic neutrinos

(,Y — _203’ 260 pOSt tr|a|) ,-150'0 RISDRaNEY0° - ~30° Tl T?’O°V SO0MER00°  12¢7aiSag

Comptonized X rays .
: ; CR-induced cascade /Z% ‘55‘ Equator'al
g& § =z CR optlcaI/UV

B ¢ w | R |
Cjies"if" g é black hole § 10°13 10-12 10-11
X-Ray flux(o.s -2 kev) [erg cm™! s71]

selection:

« X-ray catalogues 2RXS + XMMSL2

« IR WISE catalogue: X-rays associated with the core produce infrared
light on dust at the center of the galaxy

TABLE I. Properties of the AGN samples created for the analysis. The surveys used for the cross-match to derive each sample,
the final number of selected sources, cumulative X-ray flux in the 0.5-2 keV energy range from the selected sources and the
completeness (fraction of total X-ray flux from all AGN in the universe contained in the sample) are listed.

Radio—selected AGN IR—selected AGN LLAGN
Matched catalogues NVSS + 2RXS + XMMSL2 [ALLWISE + 2RXS + XMMSL2 [ALLWISE + 2RXS
Nr. of sources 9749 32249 15887
Cumulative X-ray flux [erg cm ™2 s7'] 7.71 x 107° 1.43 x 1078 7.26 x 107°
Completeness 5% 11122% 615 %




Northern Sky Northern Sky

Southern Sky Southern Sky

Galactic Coord

Pre-Trial Significance (n-0)

Fermi (GeV gamma rays) and lceCube (TeV neutrinos)
see the same Galactic plane




Galactic

0 Significance: n-o 4

the flux is ~ 10% of the extragalactic flux at 30 TeV
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flux in other galaxies relative to our own:
neutrinos (blue) and gamma rays (red)

10 10t 102 100 10t 107 108

E |GeV]

Fang, Gallagher, Halzen (Nature Astronomy)
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limits and interesting fluctuations (?)



NEUTRINO BEAMS:

» efficient neutrino production sites are
likely to be optically thick to gamma
rays
e expect no correlation between gamma-ray
and neutrino activity

—> a target efficient at converting protons
into neutrinos is unlikely to be
transparent to high energy photons.

o target

- examples: diffuse flux below 100 TeV,
TXS 2014-15 burst, NGC 1068.

—> the energy in pionic photons is already
absorbed in the target and likely to
! directional = @PPear at MeV energies or below.
' beam
D, e ‘ - 1C170922? The source is not a blazar when
- the neutrino is emitted.

magnetic
fields




RADIO INTERFEROMETRY

1912.01743v1

[astro-ph.GA] £ - core brightening observed in a radio burst that

started 5 years ago
« beyond 5 milliarcseconds the jet loses its tight
collimation

Peak: 1256.0, RMS: 0.09 mJy/beam
~ Beam: 1.23 x 0.52 mas at —5.3 deg., Nat. Wgt. (no taper)

0506+056, 2019—-08—-04, VLBA 15.4 GHz
VLBA Archive BL273A processed by MOJAVE

—~ O
2]
o

(m

Relative Declination

« PARSEC-SCALE JET STRUCTURE

+ jetfound a target after tens of pc to
produce neutrinos Relative RA. (mos)

. A&A. 630 A103
obscures the gamma rays A&A. 632 C3




v,y  Super merging
massive galaxy?
star?

warped jet?

accretion disc
Illustration of different components sypermassive black hole nearly face-on view)
of PKS 1502+106 (binary?) .

shocked NLR clouds
emitting synchrotron emission oy I ‘ e atflowing HIL BLR clouds
forming the ring-like structure ’ -
during the precession period

ionized outflow < : — precession cone

precession axi



a second cosmic ray source ?

o 4808

[13EventHeader:

T

i i RunID : 132910
L | it SubruniD: 0
EventID : 57145925

20

SubEventID : 0
SubEventStream : IniceSplit
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IC 190730: 300 TeV

e coincident with
PKS 1502+106

* radio burst

StartTime: 2019-07-30 20:50:41.311,032,730,0 U
EndTime : 2019-07-30 20:50:41.311,062,007,2 U"

»

[ Previous | Next ]

Neutrino candidate source FSRQ PKS 1502+106 at
highest flux density at 15 GHz

ATel #12996; S. Kiehlmann (IoA FORTH, OVRO), T. Hovatta (FINCA), M. Kadler
(Univ. WA%rzburg), W. Max-Moerbeck (Univ. de Chile), A. C.S. Readhead (OVRO)
on7 Aug 2019; 12:31 UT
Credential Certification: Sebastian Kiehlmann (skiehlmann@mail.de)

Subjects: Radio, Neutrinos, AGN, Blazar, Quasar

On 2019/07/30.86853 UT IceCube detected a high-energy astrophysical neutrino candidate (Atel
#12967). The FSRQ PKS 1502+106 is located within the 50% uncertainty region of the event. We
report that the flux density at 15 GHz measured with the OVRO 40m Telescope shows a long-
term outburst that started in 2014, which is currently reaching an all-time high of about 4 Jy, since
the beginning of the OVRO measurements in 2008. A similar 15 GHz long-term outburst was
seen in TXS 0506+056 during the neutrino event IceCube-170922A.

Related
12996 Neutrino candidate source
FSRQ PKS 1502+106 at
highest flux density at 15
GHz

12985 IceCube-190730A: Swift XRT
and UVOT Follow-up and
prompt BAT Observations

12983 Optical fluxes of candidate
neutrino blazar PKS
1502+106

12981 ASKAP observations of
blazars possibly associated
with neutrino events
IC190730A and IC190704A

12974 Optical follow-up of IceCube-
190730A with ZTF

12971 IceCube-190730A: MASTER
alert observations and
analysis

12967 IceCube-190730A an
astrophysical neutrino
candidate in spatial
coincidence with FSRQ PKS
1502+106

12926 VLA observations reveal
increasing brightness of
1WHSP J104516.2+275133, a
potential source of
IC190704A




PKS 1502+106

2008.0 2009.5 20110 20125 20140 20155 20170 20185 2020.0
a 14— T T 1 T T T T T
@ 12 - N ) -
o w4 +
§ 10 Yoo -
~
2 8} + + + _
y—l’ay % Yo +
3°0 Yoy ++ o+ 4f 7
§4— ++ " ***@;; *’+++++ prgs
: +# + s +
> | + + + + + -+-+ +
g 2 *++ n +¢k -t# *;' W & 4 W " -#-_#. ——
b o« 0F I Kl s W | | | -
T T | T T T T | T T
40 — . ain —
] |
35 -y, -
- S 0
~ 30 ;' - '. o
. > & W a " ]
2 925 -
radio I»p % - i
- a?® " o
o 15 L . =
10 Mo -
05 -
00 | ! ! ! | | | ! ! L =
54500 55000 55500 56000 56500 57000 57500 58000 58500 59000
Time (MJD)

2009.09792 [astro-ph.HE]

300 TeV
neutrino
produced

target
moves
through
the jet:
blocks
photons


https://arxiv.org/abs/2009.09792

IceCube Trigger

DESY

43 seconds after trigger, GCN notice was sent

LITTTETTEITT T T i i i rirrrri i i i i r i i rrrirrri i rr i i il i rr 7
GCN/AMON NOTICE

TITLE:
NOTICE DATE:
NOTICE TYPE:
RUN_NUM:
EVENT NUM:
SRC_RA:

SRC_DEC:

SRC_ERROR:

DISCOVERY DATE:
DISCOVERY TIME:

REVISION:
N_EVENTS:
STREAM:
DELTA T:
SIGMA T:
ENERGY :
SIGNALNESS:
CHARGE :

Fri 22 Sep 17 20:55:13 UT
AMON ICECUBE EHE

130033
50579430

77.
77.
76.
+5.
+5.
+5.

2853d
5221d
6176d
7517d
7732d
6888d

{+05h
{+05h
{+05h
{+05d
{+05d
{+05d

09m
10m
06m
45"
46
41°

08s}
05s}
28s}
06"}
24"}
20"}

(J2000),
(current),
(1950)
(J2000),
(current),
(1950)

14.99 [arcmin radius, stat+sys, 50% containment]
265 DOY;
75270 SOD {20:54:30.43} UT

18018 TJD;

0

1
2
0
0.
1
5.
5

.0000 [sec]

0000e+00 [dn]
.1998e+02 [TeV]
6507e-01 [dn]
784.9552 [pe]

[number of neutrinos]

17/09/22 (yy/mm/dd)
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= powerlaw fit
I

1 model fit

NGC1068

IceCube preliminary

« === model exp. (logL,=42.9, d=12.7 Mpc)

10° 10*
neutrino energy [GeV]|

powerlaw fit
===« model exp. (logL,=42.3, d=12.7 Mpc)
model fit

=
ammEEEEE NNy, -
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[ceCube preliminary

10° 10*
neutrino energy [GeV]|
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Uncharted Territory

« Eventis well reconstructed as a high energy muon crossing
entire ARCA21 detector

Line 27

eyl a1, Y

100 100 150 200 100 150 200
residual (ns

U
150 200
residual (ns

Line 30 W 2 1 I : Line 32

50 100 150 200
residual (ns

18 Jun 2024 170

Obs: Lines numbered based on seabed layout



Uncharted Territory

« Light profile consistent with at least 3 large energy depositions along
the muon track

« Characteristic of stochastic losses from very high energy muons

« Space-time distribution of light consistent with shower hypothesis
associated with these energy depositions

« Low scattering is key to observing this richness of detail

KMsNeT Preliminary. . . _cof s . go . KM3NeT Preliminar
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lceCube and DeepCore




Galactic EHE/GZK

- large detector
- signal that travels
- sparse okay

Extragalactic
- good pointing
- large detector

- good pointing (energy
not as helpful)

- Northern hemisphere

- smaller okay

Water Cherenkov
- Scattering +/— Good Pointing
- Absorption X - Harder to make large detector

Ice Cherekov
- Scattering %> Harder to point
- Absorptions/-> Easier to make large detector

Radio 5
- Absorption ¥/« — Can make detector very large
- Energy threshold very high

See talk by
K. Hughes

EV/mlat1m

ime [ns]




The next generation of lceCube: lceCube-Gen2

| v IceCube-Gen2 Radio =~ @ IceCube-Gen2 Optical :
| ' . I
: LR st
R ctesele 5 |
I ettt aie e 2 ent i
l ety A et s vl
I e’ o S E v ol et 1
| SRR
e ISR |
It L LN !
RSO0 !
| = I
15 km 1 km r
| e el S M g G S L e — o — T — I — e — R
IceCube-Gen2
e Increase effective volume
e Increase upper energy threshold
Goals:
e Measure neutrino flux at extreme
energies (PeV+)
e |mprove sensitivity to astrophysical
__ neutrino sources bv factor of ~5

® IceCube

Flavor ratio at source o
e 1:2:0
m 0:1:0
A 1:0:0

fe:fy: fr at source
e 1:2:0

0.8 = 0:1:0

1:0:0

Best fit
0.34:0.35:0.31

Ve fraction (fe)



