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no neutrinos observed by IceCube (electron accelerator)
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energy in photons in the Universe as a function of their frequency

" Thermal o Nuclear fusion Accretion, acceleration, decay
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the Universe turns opaque to light at TeV energies: enter neutrinos




energy in photons in the Universe as a function of their frequency
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the Universe turns opaque to light at TeV energies: enter neutrinos



the Qpéque extreme Universe:

Y+ Ve Dot e R

TeV~ PeV photons interact with extragalactic =~~~ - “@ '
background light (CMB and higher energy - |
background photons pervading the Universe)
before reaching our telescopes S ;



- neutrinos as perfect messengers

~ by Standard model particle ph'ysics neutrinds reach' Earth from
the edge of the Universe and from the beginning of time
without absorption or defleotlon



. where do cosmic rays come from
and how are they accelerated?

high energy ad
high luminosity

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

Fly's Eye 1991
300,000,000 TeV



Cosmic Ray Spectra of Various Experiments
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LEAP - satellite
Proton - satallite
Yakustk - ground array
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Haverah Park - ground array

cosmic ray challenge

Akeno - ground array
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AGASA - ground array
Fly's Eye - air fluocrescence

Flux (m? sr GeV sec)™

HiRes1 mono - air fluorescence
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both the energy of the

particles and the total
luminosity of the

accelerators are large

HiRes2 mono - air fluorescence
HiRes Stereo - air fluorascence
Auger - hybrid
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gravitational energy from
collapsing object
IS converted into
particle acceleration?
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active galactic nuclei a ray burst
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tidal disruption

cosmic strings
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v and y beams : heaven and earth | cosmic accelerators powered by gravity
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cosmic ray sources:
a gamma ray for
every neutrino

target 7Y

neutrino sources are
cosmic ray sources
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cosmic accelerators:

protons accelerated near
a black hole are
submersed in

a target of radiation

and produce pions

one photon for every
neutrino.

neutrinos track cosmic
ray (proton) accelerators
making pions
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10,000 times too small to

do neutrino astronomy...

-

I
-

» R
.mu‘:*‘ff.r.t.w‘.iu
%.‘%u%.\.m.um.

*gv gy g g
*

-
e
\NCUR

N e e w
-

L T R P
v ¢

”.-"hv
ﬁ.-u.-m- E5 ity i
2 42 40 g5 gommprslh

. iy,

S R B iyl )\

s,
o.... ——r, ML T

LR ~£¢I\.»"

&

n%..\.ﬁ.-.sw

.\K..x.w' .‘..-

PELET E0 g

PELER g gl
¥

vﬂ.'i.v B w m e A
..J..wi.f.w.'l(.vlz.
. g - 9 v}

i LR & Ty

....J.-..b.nlniti.t:?..f
m...n.. > 3t i
SRR LI T TP
LR T -

&y

7

_/

QR ] e 1
a4y A
gAY

M WL [




M. Markov
1960

B. Pontecorvo

M.Markov :
we propose to install detectors
deep in a lake or in the sea and

to determine the direction of
charged particles with the help
of Cherenkov radiation.




the Invisible neutrino
turns into charged
particles that emit

e [atfice of photomultipliers



e muon fravels for kilometers
through the water at the
speed of light emitting blue
light along its track

« speed of light in water is only
three quarters of the speed of light > shockwave
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light signals from 10 inch photomultiplier
embedded in the deep ice are
digitized and sent to computers at surface




lceCube:

5160 10-inch photomuiltipliers,
60 per string on 86 strings,
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
2000
1000
b 2450 m
0 < bedrock
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electrical cables supply the
voltage to the photomultipliers
and return their digitized signals
which are assembled into
neutrino events at the surface







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...

\ Penetrator HV Divider

DOM
Mainboard

LED
Flasher
Board

Mu-metal

O
=)
@

0.025

.................. Board

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

efer clpe ccccmernpe seee cesrmencmeres safflleccencece sone soee . A R —

~
12}
- —
O
>
—
)
=
@©
>
o
@
©
e
O
O
)
i
=
—
<

100 120
sample number



What does IceCube “see™?

INCOMING
COSMIC RAYS

/ @avid Fierste\ ori y published in Scientific American, August 1999

COSMIC
RAY

neutrinos

1 electron-
neutrino




0 msec movie of
lceCube taking data
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1 km? of Antarctic ice
instrumented with 5160 PMT

(10inch) below 1450m




Look through the Earth:

* upgoing muon 11° below surface

» produced by 8,700 TeV neutrino

« 2,600 TeV deposited energy
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muon neutrino events [N 2013: Astrophysical diffuse neutrinos

[ﬁ|tered by the Earth] Data from arXiv:1908.09551 [astro-ph.HE]
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other neutrino flavors
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/%4
N N’
V)C Vx

hroughgoing muon)

Deep inelastic scattering of
Neutrinos
1 Cherenkov light

muon-induced tracks

cascades (no muon)




8.7 PeV muon neutrino

other neutrino flavors

v, hroughgoing muon)
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Vx Vx
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energy measurement of muon tracks

“photo-nuclear

Y
bremsstrM

convert the amount of Cherenkov
light emitted and its stochasticity
to a measurement of the energy
muon track
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Differential Energy Reconstruction of 5 PeV Muon in IC-86

Monte baﬂ«:} Truth
Reconstructed

Total True Energy Loss: 107 .9 TeV
Total Reconstructed Exergy Loss: 108.8 TeV
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strings of
optical

SEensors

Event 116876/63208734-0
Time 2010-11-12 13:14:20 UTC
Duration 26942.1 ns
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distribution of the parent neutrino energy able to yield the
energy deposited by the secondary muon inside IceCube
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Nno accompanying
muon(s) when
the neutrino is

produced at
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two surprises:

* we observe larger neutrino and associated gamma
ray fluxes than anticipated

» the Milky Way is not a dominant feature in the
neutrino sky (powerful accelerators produce

neutrinos in other galaxies that do not exist in our
own)



gamma rays

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

the diffuse flux from
all other galaxies
combined!

plane?

Galactic
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energy in photons in the Universe as a function of their frequency

" Thermal o Nuclear fusion Accretion, acceleration, decay
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the Universe turns opaque to light at TeV energies: enter neutrinos




Yoms > €' + e

Y +

- .
R . ” ’ A . i
. . ) 2 0
e v
. ’ . . '
. .
RS, o ¥ : o ! .
. . J
- . . . -
. v 3 ' ” ’
» 0 . .
. ¢ 4 g
. < .
. .
o - p . ’
. J . '
0



Fermi and IceCube do not observe the same gamma ray sources

Thermal Nuclear fusion

Accretion, acceleration, decay

COB

m,

‘ » neutrinos _
c? m,c? 1 Fermi NASA gamma-
— ray satellite
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in the extreme universe the energy in neutrinos (and ©° gamma rays)
is larger than the (cascaded) energy in GeV gamma rays observed by Fermi



the neutrinos escape
from the target,
the gamma rays do not
... like at Fermilab

gamma rays lose energy
In the source
to appear below Fermi’s
detection threshold -
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concentrate on the
pY colored bands

v from 1t¥ saturate
extragalactic gamma
ray flux

but this flux comes
from blazars which
are not observed in
neutrinos!

Fermi does not see the
y from n°® which lose
energy in the target
producing the neutrinos

appear at MeV or below
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two surprises:

* we observe larger neutrino and associated gamma
ray fluxes than anticipated

» the Milky Way is not a dominant feature in the
neutrino sky (powerful accelerators produce

neutrinos in other galaxies that do not exist in our
own)



NEW! energy spectrum of cosmic neutrinos: a break at 30 TeV
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neutrino spectrum: p-gamma versus pp interactions
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neutrinos produced in Galactic cosmic rays
interactions with interstellar medium

unresolved sources?
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Fermi-LAT GDE X IceCube ENB
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https://arxiv.org/abs/2306.17275
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-+ populate all gal‘axies in the Universe with neutrino sources

».- seen from Earth you should see the sources in yourown
gataxy flrst thls is geometry

~ ‘the Mllky Way should dommate the sky, as is the case for
all wavelengths of Ilght Bs
—~-powerful accelerators operate m other gaLaX|es that do not -
eX|st in our own - SR -
~ ‘“ﬁ
—> our supermassive black hoIe has not been actlve for
a few million years? -
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the first cosmic accelerator
. __|n the IceCube neutrino 'skymap:

the act/ve galaxy NGC 1068

o Top 102 evts IC79 New IC86
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41.5 41.0 40.5 40.0
R.A. / deg

neutrlnos orlglnate In the dense core within ~ 10 Schwartzschild radii of the
supermassive black hole--- the source is opaque to gamma rays



one year of lceCube neutrinos >100 GeV

(reaches neutrino purity of 97% but overwhelmingly atmospheric)

SEES ks
e
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Jitrino candidates in one year
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maximize the (model
agnostic) likelihood L
at each point in the
sky

usually, add energy
term to the signal
likelihood S
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 search for clusters of neutrino events with on average higher energy

search in a preselected list of 110 gamma-ray sources [5.3(4.2)c pre(post) trial]
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NGC 1068 (Messier 77)

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



AL VY AAUY AU

Name Class 0 [deg] Mg A -log, o (Procat) d)gg%
PKS 2320035 FSRQ 35088 320 13 3 6 0 4)
3C 454.3 Fﬁgﬁ th d{.r 5.4 u
4] 6 3.8 1 1 @
woearc % Qe ions o
CTA 102 FSRQ 33815 11.73 . 8
BL Lac BLL  330.60 4298 0 0 F?hys,oéev, Lle
OX 169 FSRQ 32580 17.73 2.0 1 0.69 5.1
B2 2114433 BLL  319.06 3366 0.0 0.30 3.9
PKS 20324107 FSRQ  308.85 1094 0.0 2.4 0.33 3.2
PHWC J2031+415  GAL  307.93 4151 134 38 0.97 9.2
Gamma Cygni GAL 30556 40.26 7.4 3.7 0.59 6.9
MGRO J2019+37  GAL 30485 3680 0.0 3.1 0.33 4.0
MG2 J201534+3710  FSRQ 30392 37.19 44 40 0.40 5.6
MG4 J200112+4352  BLL  300.30 4389 6.1 2.3 0.67 7.8
1ES 19594650 BLL 30001 6515 126 3.3 0.77 12.3
IRXS J194246.3+1  BLL 20570 1056 0.0 2.7 0.33 2.6
RX J1931.1+0937  BLL 29278 963 0.0 2.9 0.29 2.8
NVSS J190836-012 UNIDB  287.20 -1.53 0.0 29 0.22 2.3
MGRO J1908+06 ~ GAL  287.17 618 42 2.0 1.42 5.7
TXS 19024556 BLL 28580 5568 11.7 4.0 0.85 9.9
HESS J1857+026  GAL 28430 267 74 3.1 0.53 3.5
GRS 1285.0 UNIDB  283.15 069 17 38 0.27 2.3
HESS J1852-000 GAL 28300 000 33 3.7 0.38 2.6
HESS J1849-000 GAL 28226  -0.02 0.0 3.0 0.28 2.2
HESS J1843-033 GAL 28075 -3.30 0.0 28 2.5
OT 081 BLL  267.87 065 122 3.2 48
S4 1749470 BLL 26715 70.10 0.0 25 8.0
1H 17204117 BLL 26127 11.88 0.0 2.7 3.2
PKS 17174177 BLL 25081 17.75 198 3.6 7.3
Mkn 501 BLL 25347 3076 103 4.0 7.3
AC +38.41 FSRQ 24882 3814 42 2.3 7.0
PG 1553+113 BLL 23893 1119 00 28 3.2
GB6 J1542+6129 BLL  235.75 61.50 29.7 3.0 22.0
B2 1520+31 FSRQ 23055 3174 7.1 24 73
PKS 15024036 AGN 22626 344 00 27 2.9
PKS 15024106 FSRQ 22610 1050 0.0 3.0 2.6
PKS 1441+25 FSRQ 22099 2503 75 24 7.3
PKS 14244240  BLL  216.76 23.80 41.5 3.9 12.3
NVSS J141826-023  BLL 21461  -256 0.0 3.0 2.0
B3 13434451 FSRQ 20640 4488 00 28 5.0
S4 1250453 BLL 19331 5302 22 25 5.9
PG 12464586 BLL 19208 5834 00 28 6.4
MG1 J123931+0443  FSRQ 18989 473 0.0 26 2.4
M 87 AGN 18771 1239 0.0 28 3.1
ON 246 BLL 18756 2530 09 17 42
3C 273 FSRQ 187.27 204 00 3.0 1.9
4C +21.35 FSRQ 18623 2138 0.0 26 35
W Comae BLL 18538 2824 0.0 3.0 3.7
PG 1218+304 BLL 18534 307 111 3.9 6.7
PKS 1216-010 BLL 18464 -1.33 69 4.0 3.1
B2 1215+30 BLL 18448 3012 186 34 8.5
Ton 599 FSRQ 179.88 2024 00 2.2 45

pres

tt. 12

PKS B1130+4-008 BLL 173.20 0.58 15.8 4.0 0.96 4.4

Mkn 421 BLL 166.12  38.21 2.1 1 9 0.38 5.3

4C +01.28 BLL 164.61 1.56 0.0 2.9 0.26 2.4

: 4.5

elected source ﬁﬁaﬁditl ates .

1-19 95 8.8

PYlen Iy l# AGN 4 0 jr U 3 O {(J 3.9

q- (26&@) BLL 133.71  20.12 0.0 Zb 0.32 3.5

KS 08294046 BLL 127.97 4.49 0.0 2.9 0.28 2.1

S4 0814+42 BLL 124.56  42.38 0.0 2.3 0.30 4.9

OJ 014 BLL 122.87 1.78 16.1 4.0 0.99 4.4

1ES 08064524 BLL 122.46  52.31 0.0 2.8 0.31 4.7

PKS 0736+01 FSRQ 114.82 1.62 0.0 2.8 0.26 2.4

PKS 0735+17 BLL 114.54  17.71 0.0 2.8 0.30 3.5

4C +14.23 FSRQ 111.33 14.42 8.5 2.9 0.60 4.8

S5 0716471 BLL 11049  71.34 0.0 2.5 0.38 7.4

PSR B0656+14 GAL 104.95  14.24 8.4 4.0 0.51 4.4

1ES 06474250 BLL 102.70  25.06 0.0 2.9 0.27 3.0

B3 06094413 BLL 93.22 41.37 1.8 1.7 0.42 5.3
Crab nebula GAL 83.63 22.01 1.1 2.2
OG 4050 FSRQ  83.18 7.55 0.0 3.2
TXS 0518+211 BLL 80.44 21.21 15.7 3.8
TXS 05064056 BLL 77.35 570 12.3 2.1
PKS 05024049 FSRQ  76.34 5.00 11.2 3.0
S3 0458-02 FSRQ  75.30 -1.97 5.5 4.0
PKS 0440-00 FSRQ  70.66 -0.29 7.6 3.9
MG2 J043337+4-2905 BLL 68.41 29.10 0.0 2.7
PKS 0422+00 BLL 66.19 0.60 0.0 2.9
PKS 0420-01 FSRQ  65.83 -1.33 9.3 4.0
PKS 0336-01 FSRQ  54.88 -1.77 15.5 4.0
NGC 1275 AGN 49.96 41.51 3.6 3.1
NGC 1068 SBG  40.67 -0.01 50.4 3.2
PKS 0235+164 BLL 39.67 16.62 0.0 3.0
4C +28.07 FSRQ  39.48 28.80 0.0 2.8
3C 66A BLL 35.67 43.04 0.0 2.8
B2 02184357 FSRQ  35.28 35.94 0.0 3.1
PKS 02154015 FSRQ  34.46 1.74 0.0 3.2
MG1 J0211144-1051 BLL 32.81 10.86 1.6 1.7
TXS 01414268 BLL 26.15 27.09 0.0 2.5
B3 01334388 BLL 24.14 39.10 0.0 2.6
NGC 598 SBG 23.52 30.62 11.4 4.0
S2 0109422 BLL 18.03 22.75 2.0 3.1
4C +01.02 FSRQ 17.16 1.59 0.0 3.0
M 31 SBG 10.82 41.24 11.0 4.0
PKS 00194058 BLL 5.64 6.14 0.0 2.9
PKS 2233-148 BLL 339.14 -14.56 5.3 2.8
HESS J1841-055 GAL  280.23 -5.55 3.6 4.0
HESS J1837-069 GAL 27943  -6.93 0.0 2.8
PKS 1510-089 FSRQ 22821 -9.10 0.1 1.7
PKS 1329-049 FSRQ 203.02 -5.16 6.1 2.7

NGC 4945 SBG 196.36  -49.47 0.3 2.6 . .

3C 279 FSRQ 194.04 -5.79 0.3 2.4 0.20 2.7

PKS 0805-07 FSRQ 122.07 -7.86 0.0 2.7 0.31 4.7

PKS 0727-11 FSRQ 11258 -11.69 1.9 3.5 0.59 11.4

LMC SBG 80.00 -68.75 0.0 3.1 0.36 41.1

SMC SBG 14.50  -72.75 0.0 2.4 0.37 44.1

PKS 0048-09 BLL 12.68 -9.49 3.9 3.3 0.87 10.0

NGC 253 SBG 11.90 -25.29 3.0 4.0 0.75 37.7




after 10 years: interesting fluctuations or neutrino sources”?
—> crash program to upgrade the performance of lceCube

« improved detector geometry i — g;fg‘f}i“,,',‘p,m
- each photomultiplier calibrated individually ik MmN (| Event dataset
- improved characterization of the optics of the ice [EIIE AL e
* improved muon angular resolution and i
energy reconstruction using machine learning i’
» point spread function consistent with simulation or, ¥} \ E;.‘_'.i(::’{??,.
we were partially blind | B

applied to 10 years of archival data (pass 2), o 1B
data unblinded L Clll;asrge%f’%]




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

point spread function consistent with simulation

insensitive to systematics

Hard Spectrum (Y=2.0)

—. KDE
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muon direction

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

B The distribution depends on the spectral
index!

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

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

1 2
(& 20’2
2o

— 8|0, By, )

!

Virtual Collaboration Meeting, 2020-09-22



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

— ]Og-| o(l)local)

[ Signal [ Total
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NGC 1068

comes 0.35 deg -2 0.1 deg -2 0.04 deg
into focus
—2 x log(A\)
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a gamma ray for every neutrino?

NGC 1068: an obscured cosmic accelerator

i

(1) Y. Inoue et al.,
ApJL’20

Fermi-

where are the
¥ gamma rays ?

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

10° 10° 10°
Energy [GeV]



« the accretion disk tabs the
gravitational energy of the
black hole very efficiently
producing radiation with

corona field accretion rate

MC2 ~/ 0-5 Msun/yr et 05 Medd

 velocity of particle falling
iInto a black hole

- “‘-\ T
inner edge S
R
v=rcy/—2
r

* magnetic reconnection



v and y beams : protons on target

NEUTRINO BEAMS: HEAVEN & EARTH

o accelerator

o target

* in terms of X-ray luminosity measured at Earth

1 1 1

I].r'vrm_

L
c E, [4qu2 d

e pionic gamma rays are absorbed in the target
that produces the neutrinos with

magnetic
fields

L s oy
Ty ™ [’5 w/ Jp’r] Tpy ™ 10°

2305.07086 [astro-ph



https://arxiv.org/abs/2305.07086
https://arxiv.org/abs/2305.07086

number of target X-rays « 10*ergs™! accelerated
optical depth of target a«. proton
corona |
N/ { * \ *‘é‘.‘
L,~ L,T,x Tays S
ToX ~ O L Lx ~ 10~ °T
pX PA D E., Y ~ %4
X A inner edge o774
size of the target y* neutral accretion disc
R~10R,

Tpy 2, 0.1 — neutrinos produced for R ~ 10 Rg

Tomy ~ [0y [Opy] Tpy ~ 10° — 7° gamma rays absorbed




M 87




accelerator(s):. electrons and

protons are accelerated

* in the turbulent magnetic fields
associated with the accretion disk

 in the infall onto the black hole

o

:':_
=
£

T

B
-
See.
-
-
(( -, .
.’l—-& -
“oy
P

target. the neutrinos are produced in

« optically thick core of plasma
emitting X-rays (corona)

« dense clouds of hydrogen
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NGC 1068 Secondary Particle Fluxes (Observer Frame)
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NuSTAR catches the unveiling nucleus of NGC 1068

A. Marinucei'™, S. Bianchi', G. Matt!, D. M. Alexander?, M. Balokovié?,
F. E. Bauer*>®, W. N. Brandt™®?, P. Gandhi?®, M.Guainazzi'’, F. A. Harrison?,
K. Iwasawall, M. Koss'?, K. K. Madsen?, F. Nicastrol®1415 S, Puccettil?16,

C. Riccit, D, Stem!?, D. J. Walron!™3



we observe an excess from an ensemble of 3 sources
after selecting bright X-ray instead of y-ray sources -
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Optical Observations Reveal Strong Evidence for High Energy Neutrino Progenitor

V.M. L1p11n0v12 V.G. Kornilov "

? K.Zhirkov', E. Gorbovslmy3 N. M Budnev', D.A H. Buckley R.

Rebolo’, M. Serra-Ricart”, R. Podef,ta9 107 N Tyurma 0. Gress™*, Yu. Serglenko V. Yurkov®, A.
RESEARCH ARTICLE SUMMARY Gab0v1ch , P. Balanutsa L Gorbunov D.Vlasenko ', 2 F. Balakm1 2 , V.Topolev', A. Pozdnyakov
A Kuznetsov? , V. Vladimirov? AL C hasovmkov D. Kuvshinov" V Grmshpun1 *_E.Minkina "

V.B.Petkov 7 S.I.Svertilm'fz‘6 ,

C. Lopezg_, F. Podesta’, H.Levatom, A. Tlatov11

NEUTRINO ASTROPHYSICS _ B. Van Soelen'?, S. Razzaque”, M. Bottcher™

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

TXS 0506+056 detected in 2017

* multimessenger

* |ceCube archival data

* observation of optical flash
2hours after 1C170922
associates the neutrino with
the source at the 500 level



Event 135440/3138778-0
Time 2021-06-29 18:09:44 UTC |
Duration 22320.7 ns

from light in the ice

to astronomer Iin less

than one minute

TITLE:
NOTICE_DATE:
NOTICE_TYPE:
RUN_NUM:
EVENT_NUM:
SRC_RA:

SRC_DEC:

SRC_ERROR:
SRC_ERRORS5@:
DISCOVERY_DATE:
DISCOVERY_TIME:
REVISION:
N_EVENTS:
STREAM:
DELTA_T:
SIGMA_T:
FALSE_POS:
PVALUE:

CHARGE :
SIGNAL_TRACKNESS:
SUN_POSTN:

Iridium

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
AMON ICECUBE HESE
127853
67093193
240.5683d {+16h 02m 16s} (J2000),
240.7644d {+16h @3m 03s} (current),
239.9678d {+15h 59m 52s} (1950)
+9.3417d {+09d 20' 30"} (J2000),
+9.2972d {+09d 17' 50"} (current),
+9.4798d {+09d 28' 47"} (1950)
35.99 [arcmin radius, stat+sys, 90% containment]
©0.00 [arcmin radius, stat+sys, 50% containment]
17505 TJD; 118 DOY; 16/04/27 (yy/mm/dd)
21152 SOD {@05:52:32.00%} UT

[number of neutrinos]

.0000 [sec]
.0000e+00 [sA-1 srA-1]
.0000e+00 [dn]
18883.62 [pe]
0.92 [dn]
35.75d {+02h 23m 00s} +14.21d {+14d 12' 45"}

2
ik
1
0.0000 [sec]
0
0
(7}

GCN notice for starting track sent Apr 27

We send rough reconstructions
first and then update them.







IC79 IC86a IC86b IC86¢c

v IceCube-170922A
Gaussian Analysis

——— Box-shaped Analysis

2009 2010 2011 2012 2013 2014 2015 2016

search in archival
lceCube data:

+ 100-day flare in 2014 & 5
e spectrum E22 ) o

Lv N I—Eddington

78.36° 77.36° 76.36°
« (no gamma ray flare! Right Ascension




SNR-dF/dt [107'! erg-sm™2-s1- h1]
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MASTER vs IceCube

Flux derivative in time x SNR
Lipunov et al. 2020

1 | 1 ! 1 1 1 |

1C86b

SNR= 3.5

SNR=50

Flare 2hrs
after
IC170922A
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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

b TXS 0506+056 (IC-170922A)

3.5 |IC-170922A

' =+  Fermi-LAT > 300 MeV 90 | ! | !
7: 3.0 o e

(a)| V)]

'?' 2.5 B E 60 — N
e o
C 2.0 m T 30} 5
H el T |
'T 1.51 + J ] : 0.0 ﬂ P
o L ~ X
E 1.0+ H_I_H.I. 1 J[ :~;|L ﬁj NS % 50 E

e —= : l — L + + 130

| o — | :
0.0
57800 57850 57900 57950 58000 58050 58100 58150 58200 -10 -5 0 5 10 15 20

Ti MJD
ime [MJD] Time (MJD-58018.87)

« 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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https://arxiv.org/abs/2009.09792

emerging feature: y-ray suppression at the time of neutrino emission
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search for X-ray bright sources

0.75 A

0.50 A

0.25 A

0.00 4

—0.25 4

—0.50 A

—0.75 A

—1.00

] + 4025 1ceCube Preliminary +
IceCube Preliminary . - *

IS

_,0910 (placal)

w

41.50 41.25 41.00 40.75 40.50 40.25 40.00 39.75 183.50 183.25 183.00 182.75 182.50 182.25 182.00 181.75
R.A. [deg] R.A. [deg]

NUCLEAR EMISSION IN SPIRAL NEBULAE*

Carr K. SEYFERTT 1 9 43

ABSTRACT

Spectrograms of dispersion 37-200 A/mm have been obtained of six extragalactic nebulae w1th hlgh-
excntatlon nuclear emission lines superposec! on a normal G-type spectrum. All the strqnge

es like NGC 7027 appear in the spectra of thelt

1rals observed NGC 1068 and NGC 4151

7

—logio(Piocar)

two brightest active
galaxies discovered
by Seyfert in 1943



 hint from NGC 1068

there is a correlation between

the X-ray and neutrino flux

_ _ _ S ) b NGC 1068
» select active galaxies with = E log Lix = (0.82+£0.13)log L, + (7.57£5.53) 1 # NGC 4151
large X-ray fluxes ; 1 4 Nac 3079
— 10k ” & | CGCG 420-015
o V=¥ 1 & TXS 0506+056
g ] 4+ GB6 J1542+6129*
= 10ME 4 & NGC 5610*
f; ] ¥ PKS 1424+240*
< 10k & i
~ : =R -
" —=
= l“1642 = ”ISI_I643 = "';644 = ---;845 = Illlll(l)l46-

A. Neronov et al., E. Kun et al. Ly, 03-100 Tev (€rg s™!)
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Posterior predictive (95%)
Posterior predictive (68%)
—— Posterior median
Lax =Ly
@ 6 published (calibration)
O 7 new blazars (test)

NGC 1068

p[}ﬂ] %] L1

TXS 0506+056

Posterior predictive consistency:
x>=1.580n7d.o.f., p=0.979
max |z;| =0.89 (MTIGJ201534+3710(2))
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W, lerg em™’ 571

NGC 1068 Secondary Particle Fluxes (Observer Frame)
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we observe an excess from an ensemble of 3 (gamma ray) sources
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+75° IceCube Preliminary
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excess from an ensemble of X-ray bright (non-jetted) active galaxies



Binomial test of non-jetted sources

11} l = _.L. +75° IceCube Preliminary
: -5 +50°c ,; M"'k1498 i = .A-I;EDA166445
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] " I - L | .é: —|0910 (plocal)
1! e Binomial Test: Probability of finding
: / a signal from 47 AGNs too weak to
11 1 - A be identified individually

0 11 Y. 34 4 e Result: 3.30 excess for 11 sources

M Sources (excluding NGC1068)



solution to the extragalactic cosmic ray problem?

neutrinos produced in individual

neutrino fluxes lower because of

clusters of superclusters

active galaxies
higher energy cosmic rays
produced over the larger
complex a la Hillas

low target densities of larger
scales
need the next-generation
detectors

Dec

the Shapley cluster of superclusters
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dsdtdQ



neutrino astronomy 2025
it exists

 more neutrinos, better
neutrinos, more telescopes

* closing in on cosmic ray
sources a century after
their discovery

 Galactic PeVatrons?

icecube.wisc.edu



from discovery to astronomy and neutrino physics: rapid progress!

evidence for cosmic
=y 2 - BalkaI-GVD 1/2 km?3 neutrinos
P-ONE;.'é'1 <4 Km? A ;] TR Bemg deployed sinee 2015 |
prototypi’ng stage ' | ‘ N S A

‘ prototyplng TRIDENT
NEON HUNT |

TAMBO 'l |

;’é‘g i- 4
P g

| Ice'Cub“e 1 km3
. Data taking since 2011

s a3 i lceCubeUpgrade | =
IceCube-Gen2, 10 km?3

* megaton GeV detectors: IceCube Upgrade, ORCA, HUNT « EeV detectors




Ultra-high energy neutrinos

S
J.-* Detection of ultrahigh-energy neutrinos in ARA

Gﬁ?{ Giant Radio Array for Neutrino Detection

Cosmic ray

g
| T o _
ARA station — 18 Ph algy MREEENE
Firn (50 m) 7 = /m Y’,U‘!’I‘ljf'gf[{l’ fr!'!(
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0=56 {11 f feRtetlie st Tg ¢ 12 :
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ARA Instrumentation Tely ”f“fﬂ.’ YTT?I 11T Trﬂ] I" ”1‘r1 e N
IBBCARE| Ty ! B S
Central Statior -
Electronics -
small A add Radio emission T
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* Antenna optimized tor horizontal showers
* Bow-tie design, 3 perpendicular arms
* Frequency range: 50-200 MHz

* Inter-antenna spacing: 1 km

Cherenkov
light

particle
shower ¢

T ' 2

UHECRs
Down-going EAS
Fluorescence signal

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



BPL best fit fesifusifis=leeifye:fre

* fee:fye:fre= o 1: 2: 0 - 0.30: 0.36: 0.34
I Tal-% 0.30: 0.37: 0.33 - V1. . .
partlcle phySICS. | © 10 W 0:1:0-017:047:0.36
SPL best fit 1:0: 0 - 0.55: 0.17: 0.28
* feo:fio:fre= O‘) /N
0.28: 0.36: 0.36 Y—0.9
o/
® \.0.8
] ] ] ] }f \‘r
* neutrino oscillations over cosmic 5/
: _ _ _ o X
baselines: v, = ve = v,

« dark matter
* next Galactic supernova
e quantum decoherence of very

high energy neutrinos traveling
over cosmic distances

Ve fraction (fe, o)



Glashow resonance event with energy 6.3 PeV

& q resonant production of a weak
. iIntermediate boson by an anti-
W 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

dN/dE [(40 TeV) '(4.6 year) ]

1% F

]
0.150 F

0.125 F
0.100 F
0.075 F
0.050 f

0.025 f

0.000

: Combined nu:nubar=1:1

Glashow Resonance
Charged and Neutral Current

IceCube Preliminary

E. =6.33102 PeV

4.5 5 9:9 6 6.5 i 7.5 8
Neutrino Energy [PeV]



First hint of W boson resonance in data
(GlaShOW reSOnanCE) Nature 591, 220224 (2021)

Ve

By measuring nu/nubar -> probe source

Er = M%,/(2me) = 6.32PeV environment directly (magnetic field,
W pp/pgamma)

Right ascension .

14 h 12 h 10h

o | .
2 A .
i - . °
S —— Cascade+track 90% ®e 8 e . H
’g—,- —— Cascade 90% = ¥ s 4
S & S - - °2

() ' W A °

0 : - w — ®

- = - S

g% ¥ - E

Se St g
Equatorial H - - ®
. "I S _coonfbaieeysion ¢ o 3
-30 °

Identified muonic component from the hadronic shower

angular uncertainty contour shrinks by a factor of 5 with hybrid reco 20
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10-9 electron and tau 3 jz_‘ event |
{ neutrinos (showers) ‘
muon neutrinos through
10747 5 Earth (tracks)
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4 IceCube tracks, Aartsen et al., ApJ, 2022
HH IceCube showers, Aartsen et al., PRL, 2020
# lceCube Glashow, Aartsen et al., Nature, 2021
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tau neutrino production and decay
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a cosmic tau neutrino with 17m lifetime

light from nutau interaction and tau decay

N\ \
— single cascade —— double cascade -+ -} exp. data H — reco with bring - rect‘without bright DOMs
i i i i i i ‘ ‘ ‘ i ‘ i i i
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WORK IN PROGRESS| ©

* Bright DOMs are excluded from this analysis




« double bang events: 8 predicted on a background of 1 and 7 observed
e each nutau event is an extragalactic neutrinos search

Waveforms from NUE interaction Waveform from NuTau interaction
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p.e./100.0 ns

p.e./100.0 ns
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oscillations of PeV neutrinos over cosmic distances to 1:1:1

Ve!Vy,i Ve at source %
m 010
e 1:20

fe:fy: fr at source

- e 1:2:0
1:0:0 : 0.8 = 0:1:0
A 1:0:0

Best fit
X 0.34:0.35:0.31

————————

Fraction of ve Ve fraction (fe)



CROSS SECTION WITH EARTH AS THE TARGET

Center-of-mass energy /s [GeV]
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one million atmospheric
neutrinos
5 GeV threshold ccatirll
* one event every 15 min S
at analysis level ¢ T
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Atmospheric oscillations progression

éCube, PRL 111, 081801 (2013)

700 events

low-energy sample
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neutrino decoherence from quantum gravitational space-time fluctuations
modifies the neutrino dispersion relation over long baselines

lceCube reaches record sensitivities at the Planck scale even using
atmospheric neutrinos

signature: Lorentz violation
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Uncharted Territory: E,, = 220 PeV

18 Jun 2024 116



techniques mature (and improving): detectors agree on the muon neutrino spectrum

1035
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and there is more...






Energy, E [MeV]
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the % gamma rays lose energy in the target and escape Fermi detection
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lceCube construction

(Upgrade 2026)

IceCube Lab

- o o -l pE==n
e o e e T - -
- - - - - —
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= e e e e

| Deep Core

* instrument 1 cubic kilometer of natural ice below 1.45 km
with 5160 10-inch photomultiplier tubes
 totally stable detector after deployment: 1 failure every 2 years



NGC 1068 * most significant of 110 preselected sources
* leading hotspot in the neutrino sky
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- astrophysical neutrino events = 79 35

- spectral index = 3.2+ 0.2

- single source significancg

- (offset 0.119)

- 11in 100,000 scrambled data sets have object = 5.20

-~ p-value <10-° including all trials
P
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interesting fluctuations or neutrino sources?
—> crash program to upgrade the performance of lceCube

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

* iImproved detector geometry : =y — KoE

« each photomultiplier calibrated individually Fipe b oo <sns <o

« improved characterization of the optics of the ice "1 ; : | ossmi<ino

« 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 0.34<sind <069

data unblinded, result ... : ,j//”\\\ | |
5 4/ : A

N,




GG in order to produce neutrinos
Tpy = 0.1
therefore
Tyy = 10775, > 10

- gamma-obscured source

TION DISK
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BLACK HOLE




NEUTRINO BEAMS

o target

directional
beam

Ps &
magnetic
fields

T
W
S
e
-4 L. R B B B B B J 4
[
5

the py efficiency dilemma

 efficiency for producing the neutrinos
in the photon target:

Tpy — Rescape Tlp~ O p~ Nphotons

 likelihood of the multimessenger
photons to be absorbed in target

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

. 77’7’70-’7’7 Rtarget
Tyy =

T ~10"° T
Tp~ O py I)Lescape

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

—> blazar jets are out



v and y beams : heaven and earth where are the gamma
rays from 7t0 ?

pilonic gamma rays
lose energy in a
o accelerator target that produces

neutrinos
o target

ratio of

optical depths

1 directional p 1y y > 1 @

y beam ~ cosmic ray + neutrino

magnetic
felds 2P

~ COSImIC ray + gamma




 hint from NGC 1068

there is a correlation between

the X-ray and neutrino flux

: : : 49
. select active galaxies with e 10 ™
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vF, v+ ¥ all flavors) [erg cm™ 577
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= NGC 1068 (1 best fits)

= TXS 0506+056 (5 best fits)

- NGC 4151 (11 best fits)

- CGCG 420-015 (1 best fits)

Circinus Galaxy (1000 best fits)

NGC 7469 (296 best Its)

= =« Per Source Average Fux

» »  Per Source Average Flux multiplied by 646.18 (x’ = 20.57 for Combined Fit all sky)

= =« Per Source Average Flux multiplied by 775.39 (y? = 18.16 for MESE all sky)
<4 Combined Fit all sky

4 MESE all sky
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NGC 1068 (2 best fits)

TXS 0506+056 (57 best fits)
NGC 4151 (143 best fits)
CGCG 420-015 (4 best fits)
Circinus Galaxy (1000 best fits)
NGC 7469 (1000 best fits)

' Per Source Average Flux

Per Source Average Flux multiplied by 675.10 (y? = 22.07 for Combined Fit all sky)
Per Source Average Flux multiplied by 789 .82 (y? = 22.55 for MESE all sky)
Combined Fit all sky

MESE a'l sky
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