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> Prediction of the neutrino
> First detection of neutrinos
> Neutrinos from the sun

> Neutrinos from supernova 1987A

> Neutrino cosmic-ray connection
> High-energy neutrino astronomy

> Multi-messenger astronomy with neutrinos
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High-Energy Astrophysical Neutrinos
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High-energy Neutrino CR connection
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High-energy Neutrino CR connection

. p+p()9{EO+X enhw
dense sor;es | ‘ |_> y-+ (AP ocmma rays

are created

| Learn where
cosmic rays
come from
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Cosmic Rays (CR)
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> Which sources are
capable of producing
high-energy CR

> Sources need to
confine CR
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> Galactic sources (e.g.
supernova remnants
too small for highest
energy CR
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CR and neutrino energy budget
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GZK Cutoff

> Above 101°-1020 GeV, the Universe becomes
opaque for protons: €~\z=1

> Protons interact with CMB photons

Yems +p =+ AT s pt
YeMB P — A+ —n + 7T+.

> Guarantied neutrino flux, but composition
dependent
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Neutrino Energy Scale
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Solarv
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Waxman Bahcall Bound

Energy density of extragalactic CR  Waxman & Bahcall upper bound
Pcr (>10EeV) ~ 1044 ergs/yr/Mpc3 e < 1=p,27Z,., PcRr

> assume that CRs lose some fraction € of their energy through pion
photoproduction before escaping the source

> fraction of proton energy carried by neutrino produced in this way is
about 5% independent of proton energy, so neutrino energy spectrum
follows scaled-down version of proton spectrum

> resulting bound is E 2¢, < 2x10-8 GeV cm-2 s~ sr™"

> 1 km3 volume is needed to probe this flux
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Waxman Bahcall Bound

Energy density of extragalactic CR  Waxman & Bahcall upper bound
Pcr (>10EeV) ~ 1044 ergs/yr/Mpc3 e < 1=p,27Z,. Pcr
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DUMAND (Deep Underwater Muon And Neutrino Detector)

Electrical pass-through ~ Optical pass-through 1 995 Cance”ed
\ due to technical
Circuit package
problems

Optical Sensor

Silicon gel

Outer shell




AMANDA

. Depth
> 677 optical modules =
-0m Overview of
> 19 strings the E¥felTower
for comparison
> Diameter 200 m, height 500 m
Signal cables
> 1997 - 2009 '
AMANDA consists
- 1000 m of 19 strings with
atotal of 677
optical modules
- 1s00m 1 |1
~2000 m g ¥
L 2500m  200m
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NT200, Lake Baikal

> 8 strings
> 192 PMTs
> Height 72 m,

> Diameter: 42 m




NT200, Lake Baikal

To Shore
-— calibration laser

= array electronics
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Deployment at Lake Baikal

Deployment during the winter month,
when lake Baikal is frozen
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ANTARES, Mediterranean Neutrino Detector

« 885 PMTs

» 12 strings

* Operating in final
configuration
since 2008




ANTARES

Deployment by boat @
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ANTARES

Manned submarine plugs in cable to junction box on the ground







Bioluminescence in Water

Mainly bioluminescent plankton and bacteria
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The Amundsen-Scott Station

South Pole Station Building Astronomy Sector

lceCube

AMANDA




S —— " IceTop air shower detector
s M 81 pairs of water Cherenkov tanks

IceCube

86 strings including 8 Deep Core
strings

60 PMT per string

DeepCore
8 closely spaced strings

© ~220v/day

* Volume: 1km?3

“ Threshold
- IceCube ~ 100 GeV
- DeepCore ~10 GeV
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IceCube - Deployment
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South Pole in Summer

February 2015

Sun Mon Tue Wed Thu Fri Sat
6 ﬁ 7 N a
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South Pole in Winter

\ » Average temperature: -72°F
Thursday 05/28 Friday 05/29 Saturday 05/30 Sunday 05/31 Monday 06/01 Tuesday 06/02
-67° -70° -64° -67° -65° -71° -65° -67° -52° -56° -57°  -62°
e F

el ala. el e D .
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IceCube neutrino event signatures

- am
= -
"
o =
S =S
vu. 3
> Muon track from CC muon > Cascade from CC electron and NC
neutrino interactions all flavor interactions
= Angular resolution < 1° = Angular resolution ~10-20° at 100 TeV
= dE/dx resolution factor 2-3 = Energy resolution ~15%
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IceCube neutrino event signatures
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Comparison of different detector media

. Mediterranean o

Absorption
e () 20-24 50-70 (blue) 100
(S;a)tte”"g 2L 30-70 230-300 (blue) ~20
Depth 1370 2475 2450
. . 40K, :
Moz bl bioluminescence oz
Retrieve/ Yes Yes No
redeploy

Long scattering length for ANTARES implies better angular resolution;
long absorption length for IceCube implies sparser instrumentation.

Smaller depth implies larger atmospheric muon background.
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Atmospheric Neutrinos

> Are a background for
astrophysical neutrino

Cosmic

searches
proton
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Atmospheric Neutrinos

> Are a background for astrophysical neutrino searches proton
> But interesting for neutrino oscillation measurements
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Start of second lecture
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Questions from yesterday

> Tau neutrinos in lceCube
> Movement of glacier

> Neutrinos from GZK cutoff
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Tau neutrinos in IceCube

> “double bang signature”

> No atmospheric background

-
.
el
“n

<v<....<°°A,‘o.A....,

| B S TR T
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Tau neutrinos in IceCube

> average tau decay length roughly scales as 5 cm/TeV

> E > few hundred TeV needed to produce tau with sufficient decay
length to find both “bangs”

> |IceCube spacing: 17m between modules on each string, 125m between

strings
Data samples Events in 914.1 days (final cut)
Astrophysical v, CC (5.4 £0.1) - 1071
Astrophysical v, CC (1.8 £ 0.1) - 1071
Astrophysical v, (6.0 £ 1.7) - 1072
Atmospheric v (3.2 +1.4)- 1072
Atmospheric muons (7.5 £ 5.8) - 1072
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Movement of Glacier

> Accurate measurement of the detector geometry by “flasher” runs

Penetrator HV Divider

LED
Flasher
Board

DOM
Mainboard

Glass Pressure Housing " | Page 41



Movement of Glacier

500 — — — [ — |— — |— |—
1 | Fractional increase in cable
-1008 | | | lenght expected to be ~0.1%
_E. i | after 20 yrs
= -1500— — ~ copper wire and plastic
= - | insulation can easily
-2000 - | withstand without breaking
i |
2500 -~
3000 PR (S (T S T SR R T
0 2 4 6 8 10
Horizontal velocity, m/y
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> 4-vector momentum
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S —— " IceTop air shower detector
s M 81 pairs of water Cherenkov tanks

IceCube

86 strings including 8 Deep Core
strings

60 PMT per string

DeepCore
8 closely spaced strings

© ~220v/day

* Volume: 1km?3

“ Threshold
- IceCube ~ 100 GeV
- DeepCore ~10 GeV
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Background in Search for Cosmic Neutrinos

Cosmic
Neutrino

Atmosphere
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Background in Search for Cosmic Neutrinos

Cosmic
Neutrino

Atmosphere
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Background in Search for Cosmic Neutrinos

Cosmic
Neutrino

Atmosphere

Atmospheric
Muon
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Background in Search for Cosmic Neutrinos

Cosmic
Neutrino

proton
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Background in Search for Cosmic Neutrinos

* Use only Northern sky neutrinos
« Use very high-energy Southern
sky neutrinos

Cosmic

—
o
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IceCube neutrino event signatures

- am
= -
"
o =
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vu. 3
> Muon track from CC muon > Cascade from CC electron and NC
neutrino interactions all flavor interactions
= Angular resolution < 1° = Angular resolution ~10-20° at 100 TeV
= dE/dx resolution factor 2-3 = Energy resolution ~15%
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IceCube neutrino event signatures
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Detection of the first PeV neutrino events

Dedicated analysis looking for extremly high-energy events
from GZK proton interactions
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Detection of the first PeV neutrino events

Dedicated analysis looking for extremly high-energy events
from GZK proton interactions
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Reminder: Expected Neutrino Spectra

"._— 10-3 I ||l||||| T TTT1m LI lll"‘ I llllllll I |||||ll| LI |||l||| L lllll‘ I llllg
7 - ——— Honda 2006 Atmos. v, —
) 4 .
n 10 = Enberg 2008 Prompt Atmos.v_ =
o = -
- [ —+}— waxman Bahcall Upper Bound 2013 .
o 107 g ~approx. cCosmic neutrinos —=
% = ———— Ahlers 2010 GZK =
O 10° =
ui = PeV =
SEE S =
Z = =
n> 10°5 =
L = -
107 = -

10‘10 l[_j_u_uul_j_]_u_[u[l | IIIIIIII Lrn | IIIIIIII | IIllIllI 1 IIIIlIlI L ul

10° 10* 10° 10° 10" 10® 10° 10" 10" 10"
E, [GeV]
w

o w
Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 54 DESY
‘o



Detection of the first PeV neutrino events

Dedicated analysis looking for extremly high-energy events
from GZK proton interactions

.§§° i o o

* ’; S FIIT : . L j

' .t i ?ié'.g i;‘ . = : ;iii ’ift': o A
FRET LN IR U

”Ernie” ) . .': 5 E §£{ :.': $ it g; : é; - -'g. .E "Bel‘t"

1.14 PeV i "R IEVEECE 1.04 PeV

Jan. 2012 $: § % £ § Aug. 2011

Significance: 2.80

* Both downgoing
« Unbroken E-2 spectrum would have made 8-9 events

at higher energy - cut-off
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Refined Analysis

High-energy starting events (HESE)
Could be atm.

Outer detector layer used a veto for ——

Veto

incoming muon tracks caused by neutrino

N

400 Mt effective volume

Total charge > 6000 photoelectrons

Sensitive to all flavors > 60 TeV

Most likely a
s 100TeV _ 1PeV 1S
i ! neutrino
S 400t
£
a
< 300
4+
[9)
=4 s
| T8 s e S
o
2 : .
g cc
' | m—y CC
| = All Flavors NC
0 L L PR S S S S | L L PR SR i | L L IR S S S '
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Self-Veto reduces background of atm

p = proton

Il = muon

T = pion

V = neutrino
et = electron
e” = positron
¥ = photon

. heutrinos

The accompanying

Vv
7( — “Self-veto”

muon trips the veto!



> First results: Ernie & Bert + 26 additional events (2 years of data)

> Significance: 4.10

0 TS=2log(L/LO) 11.3

Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 58



Likelihood Analysis

Maximize the likelihood L assuming a source at point x with energy spectrum E-Y

# 0l events irom source

Total #ii S Varied to maximize 1.
o [ n__ - n —
S fot '
L(x)=[] | =X S,(x)+ =4—=x B,(x)
i | 1,0 4} 1,0 )
Probability density Probability density that
that event 1 comes from event 1 1s from backgrounds
a source at position X expected at position x

X X

Probability density that Probability density that
event 1 comes form a event 1 comes form a known
source with spectrum vy background energy spectruni

TS is calculated for every point in the sky x

TS(X): 2X log( L(%O(X)) WhereLoz L(X,nsz 0)
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HESE Results (Updated, 4 years)

> 54 events (14 track events) No significant clustering -
extragalactic component

> Significance: >10 o very likely

ICECUBE PRELIMINARY e

sesscssseqbeccscecsiofocesccccsconsccccccssdoscccacccogsnnagbeces

Galactic

0 TS=2log(L/LO) 13.1
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HESE Results (Updated)

> Spectrum:

Events per 1347 Days

= Flux Level: ~1 x 108 E-2 [/GeV/cm2/s/sr] per flavor
= Spectral index: -2.6

10°

=
o
[

=
o
o

=
o
"

Saturates Waxman-
Bahcall bound!

[ Background Atmospheric Muon Flux
S R Em Bkg, Atmospheric Neutrinos (#/K)

- : Background Uncertainties

= Atmospheric Neutrinos (90% CL Charm Limit)

=== Bkg.+Signal Best-Fit Astrophysical (best-fit slope & **) I n d |Cat|0n Of C R

I : = = Bkg,+Signal Best-Fit Astrophysical (fixed slope £7%) . .
LY g iene Ou | : neutrino connection
— el
"""""""" _ "'-!"" """" "':
10 10° 10

Deposited EM-Equivalent Energy in Detector (TeV)
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Trying to find clustering including low E events
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Trying to find clustering including low E events

Northern hemisphere (a = 249.6°, § = 63.6°)
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Trying to find clustering including low E events

Northern hemisphere (a = 249.6°, § = 63.6°)
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Point Source Flux Limit

T :

(%)

q

g 10710 Qe

> ~ 10 Sources:

.':. T .‘.' tT. :

T CTTTSell ] T i [ == £ sensitivity (90% c.L) J| ~ 100
S ‘ RRCH —  E 29 Sensitivity (90% C.L.) Sources
@ 207 p S S| ee B 2T Sensitivity (90% C.L.)

F : h AN ' . .

o : v . | — Integrated Diffuse Flux

O \\.l E .

= , v i Northern hemisphere:

i (S . :

— Southern hemisphere: \y : dominated by:atm.v |
W, | dominated by:atm. p ,, i background ; !

> 10 - background T UGl L e e e T T
N e - e .- .

L . ; ;

—-1.0 —0.5 0.0 0.5 1.0

Southern hemisphere  Sin(4)
Ways around:

« Extended sources?
i TranS|ent SOU rCGS? Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 66



Flavor composition: what do we expect?

Muon loses energy

muon-suppressed before it decays due

pi(()(l; il:)c)ay to large magnetic
o fields
pioxz1 & m.uon “standard”
« (lcfag) scenario, pion
- decay

Dominant Fe CR

neutron component creation
decay of free neutrons via
(1:0:0) nuclei

photodisintegration
on background
photon fields
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Flavor composition: what do we measure?

v, .V, :v_ at source o 20
m 0:1:0 Z
e 1:2:0 1.00

the best fit flavor
composition
disfavors 1:0:0

at sourceat 3.6 o




Extragalactic Source Candidates

> Sources need to be powerful particle accelerator
> Sources need to provide a target

> Good candidates:

= Active Galactic Nuclei
= Gamma-ray Bursts

= Supernovae
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Active Galactic Nuclei

> extremely bright centers

> powered by accretion onto
supermassive black hole

> Some accelerate relativistic
bipolar jets of ejected material

= speeds near the speed of light

= stretch up to hundreds of
kiloparsecs outside the host
galaxy (milky way diameter
~30kpc)

> If jets point at us: blazars

= extremely bright at all
wavelengths, from radio to
gamma rays

Observer sees blazar
Observer sees
radio loud quaser
1

Observer sees
\
radio galaxy
Gas clouds in narrow P
line region . * . SMBH - -
TS O i Observer sees
/ 4 s Seyfert 2 galaxy
Jet I X —

Accretion disk

Broad line region

Observer sees
Seyfert 1 galaxy
\
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AGN - Example

Centaurus A
3 Mpc distance (10 Mly)




Gamma-Ray Bursts (GRBs)

Collapse of massive, rapidly rotating star
Short flashes of gamma rays (ca. 50s)

Highly relativistic jets, extreme energy release up to 10%%erg (the sun’s
mass turned into energy

Jet collides with
ambient medium
(external shock wave)

Colliding shells emit
low-energy gamma rays
(internal shock wave)

High-energy
gamma rays

Slower X-rays
Faster shell J

Low-energy shell ‘ ~

gamma rays N Visible light
f Vs i

Prompt
emission

Black hole
engine

Afterglow




1310 GBM GRBs
174 Swift GRBs
73 LAT GRBs



Number of Bursts

40

20

T lnll'll

Long
bursﬂ_l—

lvllnﬂ] T llrnll'l

Short
bursts

- ————————————— —— —

Ll

Ll l‘lil"l T rrrrmm

0.01

0.1 1 10
Burst Duration (seconds)

100

1000
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GRBs models

Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst
(>2 seconds’ duration)

l A red-giant
star collapses
— > onto its core....

1

..becoming so
A dense that it
/ expels its outer

\ \//ayersina

~ supernova

\\, /_~&xplosion.
x—

N

CEININERES

Short gamma-ray burst
(<2 seconds’duration)

»
A

Stars* in
a compact
binary system »

begin to spiral
inward....
»

..eventually
colliding.

The resulting torus
has at its center

a powerful

black hole.

*Possibly neutron stars.




Failed GRB - chocked jet Supernovae

GRB — jet leaves
the stellar

Fa”
envelope > v*\.&? f/«y
gamma rays '

Emerging Jet
Extended
Material
Progenitor
Core

Jet gets stuck in
stellar envelope -

o
gamma rays are ...
absorbed, neutrinos ¥} | |
can leave Vo
Vi
Vil
Stall Radius Choked Jet
Extended
Material
Progenitor
Core
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Supernova in dense circumstellar material (type lIn)

> Spherical supernova ejecta collides with dense circumstellar medium >
efficient particle acceleration

> Dense medium from smaller

pre-outbursts v (&)
7
> Typically long lasting optical -7 ,, >
light curve . - >
progenitor -

> Characteristic spectral
features

Neutron
Star

SN lin

Murase et a|_’ PRD 84 (2011) Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 77



The Multi-Messenger Ansatz

If we know WHERE and/or WHEN to look we can
Increase our sensitivity
(reduce trails factor!)

Electro-magnetic data can tell us WHERE and/or
WHEN
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Blazars

> Gamma rays tell us WHERE _

Bt

- FSRQ ¢
BLLac \ FR I (NLRG)
g

FR I (NLRG)

—_ Seyfert 2

\ Seyfert 1

QSO

Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 79
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Blazars

.
> Gamma rays tell us WHERE ssva
- FSRQ
BL La§\ \ ¢ FR I (NLRG)
1 ; FRT(NLRG)
-Fermi gamma-ray sk i
o - gl
& ;,\e\ W Seyfert 1
- @&o’ QS0
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Blazars

> Gamma rays tell us WHERE ssva

- FSRQ J/
BL Lac \ FR II (NLRG)

FR I (NLRG)
—— Seyfert2
W Seyfert 1
1076 QS0
H'ta
71077
=
o
0
@ 1078 i
s Correlation study of 3 years of
91 10-9 lceCube data and 862 Fermi-
o A LAT blazars
NLQ 10-10 IceCffbe Preliminaryj ; : i
102 108 10* 10° 105 107 108 10°

Neutrino Energy [GeV]
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Blazar Flares

> Gamma rays tell us

WHERE and WHEN

> Major outburst of

blazar PKS
B1424-418 occurred
in temporal and
positional coincidence
PeV neutrino

single source has
sufficiently high
fluence to explain an
observed coinciding
PeV neutrino event

5% chance
coincidence

> Distant source (z=1.5)

—6 =2 —1
F100—300000Mev [107%cm™s™]

Flux Density [Jy/beam]|

(.:}

2010 2010.5 2011 2011.5 2012 2012.5 2013 2013.5

'-llll'lIllllllllllllllllllllll

— N
(=4} (V] =1
TR T [T T T T[T T T T[T T T T[T 11T

[

&
3

0

lllll]llll—

e d e raad el e el

MJD

5 2011-11-13

e

o ¢

S
o &

Kadler et al., Nature, 2016
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Gamma-Ray Bursts (GRBs)

Gamma rays and X-rays tell us WHERE and WHEN

Black hole
Slalellals

Prompt
emission

Afterglow
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Gamma-Ray Bursts (GRBs)

> Extremely large energy release on the time-scale of 10-3-103 seconds

> Gamma rays and X-
rays tell us WHERE

and WHEN

4 years of lceCube
Northern sky data
correlated with 506
GRBs

lceCube Coll., ApJ 805, 2015

E2 x dN/AE [GeV cm?]

sum of WB spectra Single WB spectrum

sum of individual spectra individual t;urst spectra
10 i

1g

AL &
10 £
102 >
10° =
10" =

5 =
10° ¢ >
10°§ W
10'F
10°®
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Gamma-Ray Bursts (GRBs)

> Extremely large energy release on the time-scale of 10-3-103 seconds

100
> Gamma rays and X- 10-7
rays tell us WHERE —®—_Wexman-Bahcall
90
and WHEN =~
% 1078 <
T 180 &
~ —
g =
g . 2
4 years of lceCube 3 10~ 0 E
Northern sky data = . S
correlated with 506 W g-10 )
GRBs | - I 1450

10 10° 108 107
Neutrino break energy £, (GeV)

IceCube CO”., ApJ 805, 2015 Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 85



Supernovae (SNe)

4 shock break-out
SN / LLGRB

Waxman & call, PRL, 78 (1997) Murase et al, ApJL,651 (2006)

chocked jet GRB / SNLS

» 4 4 vonly
\ l*

Ando & Beacom, PRL 95 (2009) S Page 86
Murase et al., PRD 84 (2011)



Supernovae (SNe)

4 shock break-out
SN / LLGRB

Waxman & Bahcall, PRL, 78 (1997) Murase et al, ApJL,651 (2006)

chocked jet GRB / SNLS

» 4 4 vonly
\ l*

progenitor

Neutron
Star

Ando & Beacom, PRL 95 (2005) - |
Murase et al., PRD 84 (2011)
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IceCube Optical, X-ray, and Gamma-Ray Follow-Up

IceCube
Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 88
lceCube A&A 539, A60 (2012)



IceCube Optical, X-ray, and Gamma-Ray Follow-Up

Iridium

IceCube
Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 89
lceCube A&A 539, A60 (2012)



IceCube Optical, X-ray, and Gamma-Ray Follow-Up

MAGIC, Veritas

Delay:
O(min)

Iridium

IceCube
Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 90
lceCube A&A 539, A60 (2012)



IceCube Optical, X-ray, and Gamma-Ray Follow-Up

Optical Telescopes
ROTSE, PTF

Delay:

O(min) * Increased sensitivity
for transient neutrino
sources (choked, dark
GRBs, AGN flares)

Iridium « Source identification

IceCube
Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 91
lceCube A&A 539, A60 (2012)



Multiplicity Trigger for Optical and X-ray Follow-up

Direction

Time between events Angular distance between
AT<100 s reconstructed direction AW < 3.5°
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Single high-energy neutrino event trigger

. S ——— v
2 [ Background Atmospheric Muon Flux
10 [T e 1T EE Bkg, Atmospheric Neutrinos (#/K) E
. Background Uncertainties ]
= Atmospheric Neutrinos (90% CL Charm Limit)
w0 === Bkg.+Signal Best-Fit Astraphysical (best-fit slope & *%) |]
%‘ =« Bkg,+Signal Best-Fit Astrophysical (fixed slope £°%)
1
(&) 10 .~ s S e s S N ee®e Data :
h - .- 1
v :- & -
m
—
T
0
o 10 ..........
2]
&4
C
()
>
LU 1
10 S . -

10° 10 10
Deposited EM-Equivalent Energy in Detector (TeV)
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Optical Follow-Up Instruments: Need wide-field!

ROTSE
Robotic Optical Transient
Search Experiment

4 x 0.45m
FoV 1.85° x 1.85°
25 alerts per year

Now
retired

= \ %,y
COONA.~RABR

PTF
Palomar Transient
Factory

1x1.2m
FoV 3.5° x 2.3°

Spectroscopy of interesting
candidates possible

10 alerts per year
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Optical Follow-Up Instruments (Soon)

Zwicky Transient ASAS-SN
Facility (ZTF)

unaer consiageration
Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 95 %



Optical field of view

PS1, 7 deg?

PTF/iPTF, 7.3 deg? ZTF, 47 deg? LSST, 9.6 deg®

—+— 1 deg
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Optical Follow-up Program: Results after first Year

Core-collapse SNe (CCSN) with -5
Jets, Ando & Beacom PRL
95, 2005 -5.5

|
—_
()
N
N

10%

Model parameters: 50 F

. Rate of CCSN with jets p
. Jet energy Ejet
. Lorentz boost factor I

IceCube A&A 539, AG0 (2012)
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Optical Follow-up Program: Supernova Detection

> PTF12csy, a very bright SNe lIn at 300 Mpc

> Coincident with the most significant neutrino alert (two neutrinos
detected only 1.6 s apart)

> Chance probability 1.6%

19.0
p—
185 \\
wel \
i N )
- |
=175 :\
3 ! / /
- |
£ | f N /
3 17.0 :k >4
i\
16,5 4 eventi
i \_// ¢ cvent2
i H meanv
16.0 I @ SN location
_________ " PTFFoV

15930 1035 1040 1045 1050 1055 1060 1065 107.0
Right Ascension [°]

lceCube & PTF Coll. ApJ, 811, 52 (2015) Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 98



Optical Follow-up Program: Supernova Detection

> PTF12csy, a very bright SNe lIn at 300 Mpc

> Coincident with the most significant neutrino alert (two neutrinos
detected only 1.6 s apart)

> Chance probability 1.6%

> SN 100 days old at time of neutrino detection

19.0 ; 17.5

185 RN . .
\ 1 1 USRNSSR SSSORT” AR SO N SRR SNSRI SISO N
\e}\ / %smxf‘g
/
3 ;ﬁ
P g :

¢ event1 |} :
Nl S § ecvent2 P30 A SN S S—
W meanv i

@

Johnson B (P60)
SDSS g (FTN)
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SDSS g (PS1)
SDSS g (P48)
SDSS r (FTN)
SDSS r (P60)
SDSS r (PS1)
Mould R (P48)
SDSS i (FTN)
SDSS i (P60)
SDSS i (PS1)
SDSS z (P60)
SDSS z (PS1)
y (PS1)

e O et

I 0®
W =]
&>
! [

:non-det:action

Declination [°]

-
N
o

Apparent Magnitude

-
o
)

o

16.0

SN location

: o :
; ; i i VWyiGeminiN.  Keck 1Yi
- —-—-—- 1 1 1 1 1 1 1 1
~—-1 PTFFoV 200 -100 0 100 200 300 400 500

15930 1035 1040 1045 1050 1055 1060 1065 107.0 Days since first detection
Right Ascension [°]

lceCube & PTF Coll. ApJ, 811, 52 (2015) Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 99
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TeV Follow-up Program with MAGIC / Veritas

> Aiming for detection of flaring sources on time scales of up to 3 weeks

> Predefined source list in the Northern Sky

= Bright, hard and variable GeV sources
= 21 blazars

= Time clustering algorithm

> Southern Sky analysis in preparation

> Real time analysis of high-energy single events in preparation

= Also with HESS

Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 100
R. Franke et al, ICRC 2013



lllustration by
|. Bartos

observer

GW

s

\

horizon distance

neutrino

detection probability




First Detection of Gravitational Waves

Hanford, Washington (H1) Livingston, Louisiana (L1)
T T T T T T T T T I 1 T
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LIGO / Virgo Gravitational Wave Follow-Up

> Search for Neutrinos: 60 5
= +/- 500 sec around GW signal 30045
. . ° 2
= No neutrinos in Antares 105° A x3

= 3 neutrinos in IceCube, but none in 15 \ 0 x! re—

spatial coincidence -30 GW (90% CL)

-45 | GW (50% CL)

-60 X X neutrino
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LIGO / Virgo Gravitational Wave Follow-Up

> Search for

Neutrinos:

= +/- 500 sec around GW signal

= No neutrinos in Antares

= 3 neutrinos in lceCube, but none in

spatial coincidence

GBM detectors at 150914 09:50:45.797 +1.024s

5600 T
Nal+BGO SNR = 5.1
5400 -
— 5200}
v
a
c 5000
=
S
— 4800
%
=

46001

4400

4200

0 2 4
relative time [s]

%’

GW (99% CL)
GW (90% CL)
GW (50% CL)
X neutrino

> Search for gamma-rays:

= GBM found excess 0.4s after GW

signal

= False alarm probability 0.0022

= chance coincidence of 1.0 x 1073 for
a signal to accidentally match the
signature of GW150914-GBM in a

60 s period

Connaughton, arXiv:1602.03920
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Astrophysical Multimessenger Observatory Network (AMON)

© Cosmic rays
O Photons

@ Grav. waves ".k,
@ Neutrinos “"&“\&\i\

http://amon.gravity.psu.edu

Smith et al., Astropart. Phys., 45 (2013)
Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 105




Future Projects

lceCube Gen2




.D.ist.ril.:)u.te.d?nfrafs't.r.,I.U";e';(i .

= KM3NeT-France (:I'bul.dn)- ~2500m
" ‘KM3NeT-Italy (Capo Passero) ~3400m
KM3NeT-Greece (Pylos) ~4500m
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Gigaton Volume Detector, Lake Baikal

Stage 1: volume ~0.5 km?

Stage 2: volume ~ 1.5 km?3

> Stage 1: ~0.5 km3 volume

> Stage 2: ~1.5 km3 volume

> 27 clusters with 8 strings each

> Height 700 m (depth 600 m— 1300 m)
> 48 OMs per string

PMT

Hamamatsu
R7081-HQE
@ - 10”

"“ ~‘ : ‘\.\\
[/ e N\
£ e N\
4 g SN
| r }\(5 'iri:,‘,. f
\\\ 3 |
8 /i RN N\ 24/,
> 1§
(\ R 7 ~
T2 QE ~ 35%
1
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South Pole infrastructure

Device Volume Threshold Primary Goal

> PINGU few Mton 2-3 GeV v mass hierarchy

> DecaCube* 7-12 km? ~10 TeV v astronomy, GZK v

> Surface veto ~120 km? veto for IceCube, CR physics
> ARA ~120 km? ~50 PeV  GZK neutrinos

* including lceCube (1 km?® with 100 GeV threshold)
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PINGU: determine v mass hierarchy

P(vy — v,,) for 8=130°

1 T T E100_ ¢ |ceCube
B E . + DeepCore
50+ > PINGU
E @ gl oo0 g
= 0 g Py
> ¥ @ @l o @
E gie o o & & @ B
t O 5 '50_ ° LA R S o
3 LR I 4 > o
n— : . o o o o
'100_ S
LL' -150_
» - ] [rrprpp——— Tl Y™™ L L L L 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 L L
0 i wte mite i v SR R 100 50 0 50 100 150 200
1 5 10 X (m)

E, [GeV]

> ~40 additional strings
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DecaCube Version with 240 m spacing

> 100 strings

> ~ 7 km?® volume

> Muons: 3 times IC
> Cascades: 7 times IC
> Threshold ~ 10 TeV

Fiducial Volume |#events |#events
region Gton >60TeV |> 1PeV
HESE

IC+1ring 1 _6 32 4
IC+3rings 4 80 10
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A surface veto
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S > 943 stations on surface
.- > Radius 6.7 km
.7 | > Efficient down to 72°

S > Efficiency > 99.99% for
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ARA Askaryan Radio Array

O Deployed ARA

Station O O O O ARA37

Planned ARA

Station O O O O O
@) Planned for

2014/15 O O O O O O

South

O O O O O O O

Test Bgd IceCube
Sout

O O O O 3 1 Pole

Station

O O O o *?

Skiway
> Shallow radio antennas Okim©O O O

> ~120 km?

> Th reShOId ~ 50 PeV Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 113



New Detection Techniques

> Radio
> Acoustic

> Air showers
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f}k‘
Mﬂ[ﬁw Detection of ultrahigh-energy neutrinos in ARA

V Amundsen-Scott
South Pole Station

ARA station

200 m E - M

Interaction Vertex

ARA Instrumentation

Central Station

Electronics
- - small A add
S destructively
Calibration
antennas
FO
transmitter
Antenna
clusters

Hpol

by Vpol

-
3



Askaryan effect

) ) moves as a wavelengths shorter than the
charge asymmetry in particle compact bunch, a bunch length suffer from
shower development results in a few cm wide and destructive interference
20% excess of electrons over ~lem thick >
positrons in a particle shower Moving net

charge in a
dielectric

nucleus |

L is the
v ’* length of
E> 101V Parti the bunch

electric field strength
proportional to the square
of the shower energy

= A >>/
Add coherently!
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Radio is sensitive to high-energy neutrinos
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Acoustic neutrino detection

* The pressure signals
produced by the particle
cascades

* Local heating of the
medium

« Temperature change
induces expansion -
pressure pulse of bipolar
shape

Pressure [Pa]

-0.06 1 10''GeV @ 1000m

-0.08

-0.04 -0.02 0 0.02 0.04
Time [ms]

Anna Franckowiak | Neutrino Astronomy | May 2016 | Page 118



Acoustic detection sensitivity
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1) Regular proton shower

4) Down-going v,

interacting in the

mountains

Muonic component of the shower

—

Electromagnetic
component of the shower
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> Pauli was right: Neutrinos exist!
> Two extraterrestrial neutrino sources found: Sun and SN1987A

> lceCube measured diffuse flux of astrophysical neutrinos

= Sources still unknown

= Multiwavelength analyses might help to identify sources

> New bigger better neutrino detectors planned
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Solar Neutrinos with Borexino

10° g 3
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IceCube Veto
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Neutrino Interaction Length
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