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Neutrinos?  Perfect Messengers

g
e+

e-• electrically neutral
• massless (in this talk) 
• unabsorbed
• unlike g rays, neutrinos are solely created

in processes involving cosmic rays

• … but difficult to detect



nearby
radiation or

hydrogen, or…

supermassive
black hole

à p + p0
~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + g à n + p+
~ cosmic ray + neutrino

n and g beams : heaven and earth
accelerator is powered by
large gravitational energy



• electrons and protons are accelerated 
in the high field regions associated
with the black hole and the accretion disk

• produce neutrinos in the optically thick corona

neutrino production in obscured cores of active galaxies



the radiatively obscured core of an active galaxy:
may be opaque to g-rays

jet?



multimessenger astronomy
p + g à n + p+

à p + p0
o
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� + �EBL ! cascade

• PeV g’s lose energy on CMB photons
• even before reaching the EBL, gamma 

rays may lose energy in the target that 
produces the neutrinos

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



10,000 times too small to 
do neutrino astronomy…



• lattice of photomultipliers neutrino

deep inelastic scattering
neutrino à lepton



muon

• muon travels from 50 m
to 50 km through the
water at the speed of light
emitting blue light along
its track

muon-neutrino• speed of light in water
~ 3/4 c à shockwave



• 3 km deep glacier at geographic South Pole
• we transformed 1 km3 of Antarctic ice below 1.5 km 

into a Cherenkov detector





photomultiplier
tube -10 inch



IceCube
5160 photomultipliers

instrument one km3 of 
Antarctic ice between
1.4 and 2.4 km depth 





• muon produced by
neutrino near IceCube

• comes through the 
Earth

• 2,600 TeV inside 
detector

• not atmospheric

• angular resolution: 
astronomy



muon neutrino flux
filtered by the Earth:

atmospheric vs 
cosmic

Number of Events per Bin

Data/MC

cosmic

atmospheric



signal and background:

muons detected per year:

• atmospheric*    µ  ~ 1011

• atmospheric**   n à µ          ~ 105

• cosmic              n à µ         ~ 200

* 3000 per second ** 1 every 4 minutes



electron and tau neutrinos (showers)

muon neutrinos through Earth (tracks)



superior total energy
measurement

to 10%, all flavors, all sky

neutrinos interacting 
inside the detector

astronomy: superior 
angular resolution
superior (0.2~0.4o)

muon neutrinos
filtered by the Earth



electron and tau neutrinos (showers)

muon neutrinos through Earth (tracks)

E2dN/dE ~  E-2.5



update: multi-year cascade (ne+nt) analysis



update: multi-year starting nµ track analysis



cosmic neutrinos: four independent observations
à muon neutrinos through the Earth
à starting neutrinos: all flavors
à tau neutrinos
à Glashow event



tau decay length:
gct = 50m per PeV

tau neutrino production and decay



light from nutau interaction and tau decay

a cosmic tau neutrino with 17m lifetime



partially contained event with energy 6.3 PeV

q

q
_

resonant production of a weak
intermediate boson by an anti-

electron neutrino interacting with
an atomic electron



• energy measurement understood
• shower consistent with the hadronic decay

of a weak intermediate boson W
• identification of anti-electron neutrino
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ER = M2
W /[2me]

= 6.32PeV



• partially-contained PeV search
• deposited energy: 5.9±0.18 PeV
• visible energy is 93%

• à resonance: En = 6.3 PeV

work on-going

Glashow resonance: anti-ne + atomic electron à real W



starting events

• three methods are consistent
• excess cosmic flux < 100 TeV?

upgoing muons Glashow



cosmic neutrinos and Fermi gamma rays:
the efficiency dilemna



energy in neutrinos similar to the energy in gamma rays and cosmic rays
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dark sources below 100 TeV not seen in g’s ?
gamma rays cascade in the source to lower energy



n
g

the neutrino sources are likely opaque to gamma rays



the pg efficiency dilemma
• efficiency for producing the neutrinos 

in the photon target:

• likelihood of the multimessenger
photons to be absorbed in target

à therefore, with

à do not expect high energy gamma
rays to accompany cosmic neutrinos

à blazar jets are out 
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Rescape ⇠ Rtarget

NEUTRINO BEAMS      
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120 cosmic neutrinos
~12 separated from atmospheric background with E>60 TeV

one year of IceCube neutrinos >100 GeV
(reaches neutrino purity of 97% but overwhelmingly atmospheric)



Galactic plane ?



correlation between
cores of active galaxies

and
cosmic neutrinos

(g = -2.03; 2.6s post trial)

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



120 cosmic neutrinos
~12 separated from atmospheric background with E>60 TeV

one year of IceCube neutrinos >100 GeV
(reaches neutrino purity of 97% but overwhelmingly atmospheric)
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• maximize the likelihood L at each point in the sky
• usually, add energy term to the signal likelihood S
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evidence for non-uniform sky map in 10 years of IceCube data :
mostly resulting from 4 extragalactic source candidates

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

hottest spot coincident with 
NGC 1068 (M77)



avoid >105 trials à search 110 preselected source candidates



limits and interesting fluctuations ?

NGC 1068
TXS 0506

PKS 1424+240
GB9

5s discovery

90%  sensitivity



NGC 1068



the radiatively obscured core of an active galaxy: opaque to g-rays

PS: the neutrinos are not produced by star formation
because they are not accompanied by gamma rays
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] ' 102 L�

the cocoon absorbs the protons to produce neutrinos

by dimensional analysis:
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E� = 10 keV ; L� ⇠ 1043 ergs�1and M = 107Msun



neutrinos produced in the gamma-ray obscured core of NGC 1068

range of neutrino flux:
protons versus electrons

accompanying pionic
photons





interesting fluctuations or neutrino sources?
ongoing program to upgrade the performance of IceCube

• improved detector geometry and calibration (each PMT calibrated individually)

• improved muon angular resolution and energy reconstruction

• DNN (energy) and BDT (pointing) reconstruction
• point spread function consistent with simulation
• insensitive to systematics
• improved characterization of the optics of the ice

applied to 10 years of archival data (pass 2),
data unblinded, answer soon…



N

E
Ice flow direction

41o NW

Ice Layer tilt direction
225o SW

ice: step by step

• > 100 m
absorption length

limited by dust

• tilted ice layers

• anisotropy
~8% less scattering

410 NW

• ice layers

• hole ice ?

• some birefringence ?

• no air bubbles/hydrates
below 1350 m
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from light in the ice to astronomer in less than one minute



IceCube 170922
290 TeV

Fermi
detects a flaring
blazar within 0.06o

MAGIC
detects emission of
> 100 GeV gammas





search in archival
IceCube data:

• 100-day flare in 2014

• spectrum E-2.2

• Ln > 1047 erg/s

• no gamma ray flare!

13±5 events



MASTER robotic optical telescope network: after 73 seconds



  

Qinrui Liu TeVPA2021 33IceCube Highlights
TXS 0506+056

Garrappa et al. ApJ 880 (2019) 

Lipunov et al [2006.04918]

optical

radio

neutrino

gamma ray

multimessenger observations of TXS 0506 + 056                                                    





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”



1912.01743v1
[astro-ph.GA]

A&A. 630 A103
A&A. 632 C3

RADIO INTERFEROMETRY

• core brightening observed in a radio burst that 
started 5 years ago

• beyond 5 milliarcseconds the jet loses its tight 
collimation

• jet found a target after tens of pc to
produce neutrinos

• obscures the gamma rays
• a massive star in the host galaxy,

the jet of a merging galaxy, warped
jet, structured jet…?

beyond 5 milliarcseconds the jet loses its tight collimation



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

à IC170922? TXS 0506+056 is not a 
blazar when neutrinos are emitted 
as confirmed by gamma ray, optical 
and radio observations



• 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

gamma rays in 2017 at the time the neutrino is produced ?



TXS 0506+056 (masquerading blazars)

• two statistically independent observations above the > 3s level

• high-statistic association of IC170922 with optical variation in 
time domain

• it was the second source in the all-sky search after  NGC 1068

• supported by TeV gamma ray, optical observations and by
radio imaging of the core (jet loses its tight collimation after
5 milliarcseconds)

• we observe gamma-ray obscured neutrino flares, also from
TXS 0506+056; neutrinos originate in the active core

• one more hint…



IC 190730: 300 TeV
• coincident with

PKS 1502+106
• radio burst

a second cosmic ray source ?



g-ray

radio

300 TeV
neutrino
produced

PKS 1502+106

target 
moves
through 
the jet:
blocks
photons

2009.09792 [astro-ph.HE]

https://arxiv.org/abs/2009.09792


did not talk about:

• Galactic sources (news soon)
• detection of Galactic supernova
• searches for dark matter, monopoles,…
• search for eV-mass sterile neutrinos
• TeV-PeV neutrino physics, cross sections…
• cosmic ray physics with IceTop, muon 

asymmetry,…
• IceCube-Upgrade and IceCube-Gen2
• ….





10 PeV 10 TeV 100 GeV 1 GeV
120 strings

1350-1600m
80 modules



icecube.wisc.edu

neutrino astronomy 2022

• it exists

• more neutrinos, better 
neutrinos, more telescopes

• closing in on cosmic ray 
sources

• [are active galaxies with 
obscured cores the 
sources of cosmic rays?]





overflow slides


