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the birth of neutrino astronomy: supernova 1987A
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1 Introduction

The search for the sources of cosmic rays is a three-fold assault, using charged cos-
mic rays, gamma rays and neutrinos. First conceptual ideas to detect high energy
neutrinos date back to the late fifties. The long evolution towards detectors with a
realistic discovery potential has started in the seventies and eighties, by the pioneer-
ing works in the Pacific Ocean close to Hawaii (DUMAND) and in the Siberian
Lake Baikal (NT-200). But only now, half a century after the first concepts, such
a detector is in operation: IceCube at the South Pole. We do not yet know for sure
whether with IceCube we will indeed detect extraterrestrial high energy neutrinos or
whether this will remain the privilege of next generation telescopes. But whatever
the answer will be: already the way to the present detectors was a remarkable jour-
ney. This chapter sketches its main milestones. It focuses to the first four decades
and keeps the developments of the last decade comparatively short. I refer to the
2011 review of the field [1] for more detailed information on actual results and
plans for future detectors.
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- The opaque Universe

y + YCMB 9 e + 8;*
PeV photons interact W|th mlcrowave photons
(411/cm3) before reachlng our telescopes

enter: nettrinos



“'Neutrinos? Perfect Messenger

eIectrlcaIIy neutral o AR T
. essentially massless *
- essentially unabsorbed ".57 w |
« tracks nuclear processes R . T
- reveal the sources of cosmrc rays

.. but difficult to detect: h‘e_.v_v'large‘a detector?



cosmic ray accelerators

LHC accelerator should have circumference

" of Mercury orbit to reach [02eV! -
Yt N ¥ gw.

accommodating energy ahd-lhminosity are challenging
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Cosmic Ray Spectra of Various

Experiments
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origin of cosmic rays: oldest problem in astronomy
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above 100 TeV
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.sta-riding on .the shoulder of giants

11987: DUMAND test string




Lake Baikal experiment observes atmospheric neutrinos
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ANTARES — Diffuse flux
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i Atmospheric MC
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Event selection chain + energy-related cut
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instrument 1 cubic kilometer of natural ice below 1.45 km




2160 DOMs

instrumenting 1 km?
(1 GT) of clear ice

2 ns time resolution
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the IceCube Neutrino Observatory

G LN L lceTop
¥

81 Stations
324 optical sensors

IceCube Array
86 strings including

8 DeepCore strings
5160 optical sensors

DeepCore

8 strings-spacing optimized
for lower energies

480 optical sensors

Eiffel Tower
324 m

LSS




photomultiplier
tube -10 inch




... each Digital Optical Module independently collects
light signals like this, digitizes them,
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...lime stamps them with 2 nanoseconds precision, and
sends them to a computer that sorts them events...




Signals and Backgrounds
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... you looked at 10msec of data !

muons detected per year:

« atmospheric* ~ 90
« atmospheric** v 2> pu ~10°
* COSMIC vV2Uu ~ 120

* 3000 per second ** 1 every 6 minutes



muon track: color is time; number of photons is energy
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Cut Level Selection criterion Atms. g | Data | Atms. v, Astro.
(mHz) | (mHz) | (mHz) | x10~ (mHz)
0 ngpe < () 1010.5 | 1523.81 7.166 6.23
1 LogL(3.5)<8 28249 | 50444 5.826 5.62
2 Npie 2 9 8.830 22.01 3.076 4.06
3 ((cos Ompe > —0.2) AND [ Lpie = 300 m)
OR 1.124 4.30 2.313 3.69
(cos Ompe < —0.2) AND (Lpi = 200 m))
4 Aspiivmpe <015 0.100 2.15 1.890 3.26
5 ((cos Ompe < -10.07)
OR 0.080 2.08 1.880 3.25
((cos Bype > —0.07) AND (Aspp/Bayesian = 35)) )
6 ( (cosBype < —0D.04)
OR 0.075 2.06 1.875 3.24
| ((cos Bupe > —0.04) AND (Aspemayesian > 40)))

Table 2. IceCube neutrino selection cuts and

corresponding passing event rate for the IC-2012 season. Atan

final selection an event has to fulfill all cut criteria to pass the selection (i.e. alogical AND condition between

the cut levels is applied). The atmospheric

neutrino flux is based on the prediction by Honda [71], but

atmospheric-muon rate is calculated from C

RSIKA simulations. The event rate for IceCube data stream

corresponds to the total livetime of 332.36 days. The astrophysical neutrino flux is estimated assuming
dN/dE =1-1078 Gchm‘zs"(%)‘z. (Atms. = atmospheric, Astro. = astrophysical)

...as opposed to 35 in original AMANDA publication
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neutrinos interacting muon neutrinos
iInside the detector filtered by the Earth
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total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.4°)
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Assuming best-fit power law:
+++ Unfolding Bl Conv. atmospheric v, +v,
B Astrophysical v, +v,

e L A B 1.0
102 frsuoliacaatcaunnsnas: PR XRPTE IceCube: Preliminary -
‘ r r z o
---------------- S R SR A X
: ; I I
= e TIEIISTOTE RERIRN RS
) T I -
Lo100L T T T S 0.6 M
2 <
79 R e I ."E
S 10 : : : o
€2 sl neutrino energy pdf | 5
10~ = {highest-energy event) || oo 102
1074 A S SRS AU '.._ .......... ST
10-5”4;..4:@ T |

i PR i S
4.0 4.5 5.0 s Re 6.0 6.5 7.0 i
log,o(median neutrino energy / GeV)



T 10 Neutrino
K Super-Kv,

b i) 2012
'E 0 Fréjus v,

o o AMANDA v,

> 10 0 unfoldint}; .

1G] forward folding

= 10~ 7 IceCube v

s/ ¢ unfoldin

[iTg

10

18
'Y T forward ?olding
M\

107
107k \
= GZK
B GRB
_ 10_89 Galactic Supernovae g ) - ’T i ',i -----
— e
_g_lllllllllllllllllllllll Illlllllﬂ’lllllll\l\illlIIllI
W3 "0 1 2 3 4 5 6 7 8 9
log  (E [GeV])
atmospheric cosmic

100 TeV




astronomy happens here:
» through-going muons with resolution 0.2~0.49
« goal 0.10
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neutrinos interacting muon neutrinos
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GZK neutrino search: two neutrinos with > 1,000 TeV

date: August 9, 2011
energy: 1.04 PeV

topology: shower
nickname: Bert




electron showers versus muon tracks

PeV v, and v,
showers: Y -
10 m long Bk
 volume ~5m3 % i e
- isotropic after A N

25~50 m
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events starting inside the detector

v select events interacting
inside the detector only

v" no light in the veto region

v’ veto for atmospheric
neutrinos (which are
typically accompanied
by muons)

v energy measurement: to-
tal absorption calorimetry

Veto
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...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year



...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year
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430 TeV inside
detector
PeV v,
no air shower

all cosmic
neutrinos are
Isolated by
self-veto




neutrinos interacting muon neutrinos
iInside the detector filtered by the Earth
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total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.4°)



electron and tau neutrinos
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high-energy starting events — 7.5 yr

4 —
< 10 J| — HESE with ternary topology ID e ]
()] ;
= % best fit: 0.35: 0.45: 0.2 1.0

>
> — Sensitivity, E"*? spectrum 2, =
g 10° ®¥ 1:1:1 flavor composition ,/” 0.8 @
[T Q(\ % /. ,S'\‘ ()
5 WORK IN PROGRESS & /oo X 2
:'5; § ; , 68 0.6 % o)
S 102 S 2 S
8 00 Q@ » | O/° 2
— & - 0.4 < o
<

o - /%
- 10 @ 00

=
o
=
N

68 % :
v : ; _ r
;0 ——‘95 O/O—— A ’
7 === ? = O-O
Q v ™ © Q© Q
Q S Q (N) S ~

Fraction of v,

oscillations of PeV neutrinos over cosmic

distances to 1:1:1




e cosmic neutrinos: four independent
observations
-> muon neutrinos through the Earth
—> starting neutrinos: all flavors
- tau neutrinos
A > Glashow event

icecube.wisc.edu



tau neutrinos at Fermilab-- DONUT

DONUT: charmed mesons (no oscillation)

and emulsion

FL.= 4535 um
Bk = 93 mrad

p >207% GeVie
pr > 02770} GeVic

F.L.=280:m
By = 90 mrad

p =465 GeVie
pr =041 GeVic

'''''
-,

Ay
| A |
F.L.=1800 pm FL. =530 m
Oy = 130 mrad Oy = 13 mrad
p =19%% Gevie p > 217 GeVie
pr = 02597 GeVic pr >0.28 412 GeVic
.~I
- 7 |2 7 7
e i 1 f N 7

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

OPERA: oscillation (appearance from CNGS
muon neutrino beam) and emulsion

plate
14 15 35 3

No appearance rejected at >5¢

< Vi ds
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dl »
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OPERA Phys. Rev. Lett. 115, 121802 (2015)
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a cosmic tau neutrino: livetime 17m
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WORK IN PROGRESS o* Bright DOMs are excluded from this analysis




e cosmic neutrinos: four independent
observations
-> muon neutrinos through the Earth
—> starting neutrinos: all flavors
- tau neutrinos
A > Glashow event

icecube.wisc.edu



partially contained event with energy of 6.3 PeV

HIGHEST-ENERGY NN
NEUTRINO CANDIDATE -

1
State-of-art reco: details in
the next talk by Tianlu Yuan
Median: 6.02 PeV
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the first Glashow resonance event:

anti-vg + atomic electron - real W at 6.3 PeV




€ Muons

W 9
< =

7, Hadronic Cascade

0 * partially-contained PeV search

10t  deposited energy: 5.9+0.18 PeV
= 103' « visible energy is 93%

lﬂzf * > resonance: E,, = 6.3 PeV

10|

00' work on-going
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E [eV]



* energy measurement understood
identification of anti-electron neutrinos

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

0175 F 3
]
0.150 F
0.125 F

0.100 F

0.075 f

0.025 F

0.000

: Combined nu:nubar=1:1

Glashow Resonance
Charged and Neutral Current

IceCube Preliminary

E,=0.33t348 PaV
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 three methods are consistent
 excess cosmic flux < 100 TeV?
10_10 : :
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the discovery of cosmic neutrinos

francis halzen

e some history

the challenge of best-buy theory

a kilometer cubed detector

the discovery of cosmic neutrinos

where do they come from?

lceCube.wisc.edu
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138322 neutrino candidates in one year
120 cosmic neutrinos
~12 separated from atmospheric background with E>60 TeV
structure in the map results from neutrino absorption by the Earth



10 years of IceCube data: evidence for non-uniform
skymap, mostly resulting from 4 source candidates
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limits and fluctuations(?)
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this is the case for larger detectors with better angular resolution!
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10 years of muon neutrinos
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 we observe a diffuse flux of neutrinos from
extragalactic sources

* a subdominant Galactic component cannot be
excluded

 where are the PeV gamma rays that accompany
PeV neutrinos?



Galactic Latitude

Galactic Latitude
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* Fermi photons and IceCube neutrinos

iceCube.wisc.edu



- multimessenger astronomy

p+y9'n+ﬂfr

~ COSMIC ray + neutrino

> DT

~ COsSmic ray + gamma



gamma rays accompanying lceCube ‘neuﬁ‘s interact .
W|th interstellar photons and fragment into multiple Iower
- energy gamma rays. that reach earth
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« energy density of neutrinos in the non-thermal
Universe is the same as that in gamma-rays
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hadronic y-ray emission normalized to best-fit neutrino flux
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dark sources below 100 TeV not seen in y's ?
gamma rays cascade in the source to lower energy



accelerator is powered by
v and y beams : heaven and earth large gravitational energy

% black hole
neutron star
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& Diffuse y (Fermi LAT) $ Cosmic rays (Auger) 1
® Cosmic v (IceCube, this work) B Cosmic rays (TA) E

x O [GeVs 'sr™tem™ 7]
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energy in the Universe in gamma rays, neutrinos and cosmic rays



Fermi sources
are mostly
blazars

common sources?

9
multimessenger
astronomy



Fermi sources
are mostly
blazars

common sources?

9
multimessenger
astronomy



multimessenger astronomy:
the first high-energy cosmic ray accelerator

iceCube.wisc.edu



(v) HIGH-ENERGY EVENTS NOW PUBLIC ALERTS! ™. Richman

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

Iridium RUDICS
2.4 kbps/modem w

processing & ’ \ Madison,WI
data acquisition filtering * N

satelhte 2
DAQJ—‘ ,——[PnF J—[BMSJ b [131\/15]

filter custom

e followup
system server

l

from photon at DOM to neutrino alert: R

< | minute <




IceCube Trigger

43 seconds after trigger, GCN notice was sent

LITTTELTETTITTIT i iirrirrrrirr it rrrirridiririrriiii i irrrry

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 :

DESY

GCN/AMON NOTICE

Fri 22 Sep 17 20:55:13 UT

AMON ICECUBE EHE

130033

50579430
77.2853d {+05h 09m 08s} (J2000),
77.5221d {+05h 10m 05s} (current),
76.6176d {+05h 06ém 28s} (1950)
+5.7517d {+05d 45" 06"} (J2000),
+5.7732d {+05d 46' 24"} (current),
+5.6888d {+05d 41" 20"} (1950)
14.99 [arcmin radius, stat+sys, 50% containment]
18018 TJD; 265 DOY; 17/09/22 (yy/mm/dd)
75270 SOD {20:54:30.43} UT

0

1 [number of neutrinos]

2

0.0000 [sec]

0.0000e+00 [dn]

1.1998e+02 [TeV]

5.6507e-01 [dn]

5784.9552 [pe]

Page 90
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Declination
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Follow-up detections of IC170922 based on public telegrams

]
i = 2 % 8
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ABSTRACT

The bright BL Lac object TXS 05064056 is a most likely counterpart of the IceCube neutrino event
EHE 170922A. The lack of this redshift prevents a comprehensive understanding of the modeling of
the source. We present high signal-to-noise optical spectroscopy, in the range 4100-9000 A, obtained
at the 10.4m Gran Telescopio Canarias. The spectrum is characterized by a power law continuum
and is marked by faint interstellar features. In the regions unaffected by these features, we found
three very weak (EW ~ 0.1 A) emission lines that we identify with [O II] 3727 A, [O III] 5007 A,
and [NII] 6583 A, yielding the redshift z = 0.3365+0.0010.

Keywords: galaxies: BL Lacertae objects: individual (TXS 0506+056) — distances and
redshifts — gamma rays: galaxies —neutrinos

« we do not see our own Galaxy
« we do not see the nearest extragalactic

sources
« we find a blazar at 4 billion lightyears!



multiwavelength campaign launched by
IC 170922

IceCube, Fermi —LAT, MAGIC, Agile, ASAS-SN, HAWC, H.E.S.S, INTEGRAL,
Kapteyn, Kanata, KISO, Liverpool, Subaru, Swift, VLA, VERITAS

 neutrino: time 22.09.17, 20:54:31 UTC
energy 290 TeV
direction RA 77.43° Dec 5.72°

« Fermi-LAT: flaring blazar within 0.1° (7x steady flux)
« MAGIC: TeV source in follow-up observations

« follow-up by 12 more telescopes

« - IceCube archival data (without look-elsewhere effect)

« - Fermi-LAT archival data
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Why not seen before?
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we identified a source of high energy cosmic rays:

the active galaxy (blazar) TXS 0506+056 at a
redshift of 0.33

at ten times further distance, it outshines nearby
active galaxies: is it special?

its 10-year flux is dominated by a 150-day burst

extensive multiwavelength campaign will allow us
to study the first cosmic accelerator
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we know that this one is a cosmic ray source



are blazars the sources

of the cosmic neutrinos?

a special class of blazars that undergo 110-day duration flares
like TXS 0506+056 once every 10 years accommodates the

observed diffuse flux of high-energy cosmic neutrinos
selected by evolution?) selected by redshift evolution ?
a galaxy merger (VLA observations during 2014 burst) ?

of the highest energy cosmic rays?

measured flux satisfies the energy requirement

arXiv:1812.05654 -- arXiv:1811.07439 -- arXiv:1811:06356 - arXiv:1807.07942



http://arxiv.org/abs/arXiv:1812.05654

relation between flaring sources and the diffuse flux ?

diffuse v, flux ~ TXS luminosity

C At
L, pF—
— & Ly pF B

—l’T HO

density of blazars

IN,

E EQCIE ~T74%x 1072 TeVem 25 1sr—1 x
a

(8]

F c/Hy & L,
(i) (36e) (67) (107
P At 10yr
(1.5 x 10~8 Mpc_3> (110(1) ( T )




vanilla blazars cannot accommodate the 2014 burst

* need a major accretion on the black hole to create a target that
can produce the 2014-15 neutrino burst

« atarget that produces > 12 neutrinos in 110 days is opaque to gamma
rays that lose energy in the source even before entering the EBL

» the coincident gamma ray flux can be accommodated



a target that produces > 12 neutrinos in 110 days is opaque to gamma rays
that lose energy ir1 the source even before entering the EBL

accompanying photons
below Fermi threshold

|

Moy Oy
Ty R —————

~

Tlp~ 9 py

the gamma rays that
accompany the neutrinos
lose energy in the source

proton beam normalized
to the energy density
in cosmic rays

% ~ (1 —2) x 10** erg Mpc 2 yr*
Tpy 2, 0.4
opacity of the gamma
ray target




flux < 1% of astrophysical
neutrino flux observed
Nature 484 (2012) 351-353

timing/localization
from satellites

@ B

timing + direction-""
— low background



neutron star-neutron star merger




neutrino astronomy 2019

It exists

more neutrinos

more telescopes

icecube.wisc.edu
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overflow slides

Aya Ishihara KPS Pioneering Symposium



High energies ARCA

\

KM3NeT-It site

Google Maps

KM3NeT-ARCA block 1

500 m

" KM3NeT-ARCA block 2




http://arxiv.org/pdf/1601.07459v2.pdf



http://arxiv.org/pdf/1601.07459v2.pdf

PINGU infill
40 strings
GeV threshold

120 strings

Depth 1.35t0 2.7 km
80 DOMs/string

300 m spacing

instrumented volume: x 10
same budget as IceCube



Neutrino enters ice

radio detection of
neutrinos
and
cosmic rays

Receivers (Rx)

Cones are +/- 3dB



the multimessenger picture

multimessenger _
relation ~ gamma ray flux cascades to EBL absorption observed flux
—

neutrino flux : .
lower energy in the source @ Fermi

—
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Mediterranean Detectors

ANTARES Complete since 2008 KM3NeT Under Construction
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A. Kouchner, Neutrino 2016 115
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High energies ARCA
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There are 3 astrophysical neutrino production models
i. pion decay dominant model, 1:2:0 0
ii. electron neutrino dominant model, 1:0:0
iii. muon neutrino dominant model, 0:1:0
iv. tau neutrino dominant model, 0:0:1 (exotic)

O(1:2:0) n-decay
@(1:0:0) P-decay
@(0:1:0) u-cooling
.(0 -0 :1) exotic v,

0.6
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There are 3 astrophysical neutrino production models
i. pion decay dominant model, 1:2:0 0
ii. electron neutrino dominant model, 1:0:0
iii. muon neutrino dominant model, 0:1:0
iv. tau neutrino dominant model, 0:0:1 (exotic)

O(1:2:0) n-decay

@(1:0:0) B-decay
0.8 @(0:1:0) H-cooling
.(0 -0 :1) exotic v,

0.6

0.2

Initial flavour ratio is modified on the Earth due to neutrino
mixing
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4. Neutrino flavour ratio

There are 3 astrophysical neutrino production models

i. pion decay dominant model, 1:2:0 0.
ii. electron neutrino dominant model, 1:0:0

iii. muon neutrino dominant model, 0:1:0

@(1—z:z:0)

iv. tau neutrino dominant model, 0:0:1 (exotic) all possible

0.8 astrophysical models

0.2

Initial flavour ratio is modified on the Earth due to neutrino
mixing

Astrophysical neutrinos = hadronic VA 0 4
(pion) process = (1:0:0) and (0:1:0) A * Q_
are too extreme astrophysical o‘ < &

neutrino flavour models and all
realistic models are between them

0.6

All possible flavour ratio is confined
in a small space.
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new physics ?
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* neutrino oscillation at PeV energy

ongoing upgrade: * nutau: test of the 3-neutrino scenario

* neutrino physics BSM
2022 deployment * |ceCube Gen2 pathfinder
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