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Motivation &k )| CECUBE
AYou can observe a lot just
by watchingYogiBera
* I\/Iessengers carry
information

Source

DELECLOYN:



104 : i ) 1 ) 1 ) 1
T cosmological max of star formation
terra incognita:
%) 10° = '
o1 - nearest Blazar Only revgaled by
= Ll neutrinos
V
O ;
L 10° Fempbgees Sl il = =W o o XTI
g - nearest Galaxy
o) 107 |
10 ERSSRIE o o I Wk : ‘ , .
F Galactic Center Gravitational waves - ripples in space-time
1013 : - : ! i : l 1 1 ] ! L :
10% 107 10¢ T0Y 104 16Y 30> 10° 10 10** 107" 10 10°F 107

neutrinos

cosmic rays

Energy [eV]



“The opague Universe
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-Neutrinos? Perfect Messenger

A Electrically neutral

A Essentially massless

A Essentially unabsorbed . =« - i -
A Track nuclear processes R L., T
A Reveabources of cosmic rays LR -
A Probe beyond standard model phys_lcs- | |
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Neutrino (g-ray) Production

Cosmlcaccelerator powered
by gravitational energy
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Cosmic Rays Credtieutrino Beam

10 Atmospheric Neutrinos
Cosmic rayp to knee n from p and K decay
Aroundand above knea from charmed meson decay
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FLUX [(GeV cm? sec sr)1]

Ultra-High Energy Neutrinas the Universe
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ExtremelyHigh Energy Neutrinas the Universe
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107" induced by theff-source (<50Mpc)
Interactions ofcosmic rayand CMB
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Neutrinos above IeV

ATMOSPHERIC NEUTRINOS (11/K)
dominant < 100 TeV

“‘prompt” ~ 100 TeV

ASTROPHYSICAL NEUTRINOS

maybe dominant > 100 TeV

>106 TeV
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Detecting Neutrinos

Alnteraction

oroduces high

energy charged

narticles that

travel faster than

ight in medium
A Cherenkov

radiation In near
UV to visible

A Askaryareffect
produces radio
pulse for E>~1
PeV

hadronic
shower

* See Radio Detection of the Highest Energy Neutrinos, Viefey@pA2017 13



https://indico.cern.ch/event/615891/contributions/2563953/attachments/1505424/2345717/tevpaRadio.pdf

UHE Neutrino Detector Requirements

Radio Echo measurements

® 1 GZK neutrinos/km?/year et o o
® | . ~300km }
—> 0.003 neutrinos/km3/year - _H_H i
® Need a huge (> 1000 km3), radio- H.}%
transparent detector s alioouion i 5 el
® | ongradio attenuation lengths in ice Srcbars show 2 systmatcs
® 1 km for RF (vs. ~100 m for optical
signals used by IceCube)
-2 Ice is good for radio detection of UHE
neutrinos!

field attenuation length, m

400 e0¢

frequency, MHz

Slide from Abbywieregg



The Concept: Radio Detection in Dense Media

Balloon +
antenna

payload .

A

Multiple flights

refracted MHz-GHz
coherent radiation Test Stations
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concept
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Pierre Auger Neutrino Searches

Alnteractions that occur closer to Earth, pass through
mountains, or upgoing Eartkskimming

AThreshold ~10®eV

1) Regular proton M/

2) Deep Down-going

4) Down-going v,
interacting in the
mountains

3) UD going Earth-skiming v, show

neutelll.wordpress.cor

Searche$or neutrino fluxes in th&eWwegimewith the Pierre Auger Observatory

EnrigueZasfor the Pierre Auger Collaboration, ICRC 2017 16


https://arxiv.org/pdf/1708.06592.pdf

Optical Detection

Array of photomultiplier tubes in a dark transparent material

Cherenkov light

Charged
Particles

Digitized
Waveform k




Neutrino Telescopes g8 I CECUBE
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Neutrino Telescopes
NT-200+ Antares IceCube

Lake Baikal Mediterranean Sea South Pole glacier
1/2000 km3 1/100 kms3 1 km3
228 BMis 885 PMTs 5160 PMTs

0 . >
Larger, sparser — higher energies
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lceCube Neutrino
Observatory

324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

neutrino energy: 1TeXtOOEeV,
wSpacing: Strings 126, DOMs 17

DeepCore

8 strings-spacing optimized for lower energies

480 optical sensors
neutrino energy: 5GeXf00GeV,

‘J wSpacing: Strings ~10, DOMs 7/m

Eiffel Tower
324 m
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lceCube Signals

time

——

Neutral Current / =

CC Muon Neutrino Electron Neutrino CC Tau Neutrino

a

Hili
i

i)

vy +N — p+X Ve + N 5 e +X vi+ N =>7+ X
vy + N = v+ X
track (data) cascade (data) “double-bang” (210PeV) and other
factor of = 2 energy resolution = +15% deposited energy resolution slitles Sty
< 1° angular resolution at high = 10° angular resolution (in IceCube) (not observed yet: T decay length is

energies (at energies = 100TeV) 50 m/PeV)



Isolating Neutrino Events
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Active veto
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Veto detects penetrating muons
Effective volume smaller than detector
Sensitive to all flavors

Sensitive to the entire sky |



Cosmic Neutrino A Neutrino
Science Reac| .. 5 A o il TosMgppnsnes

Multimessenger

Astro

Supernova Heavy Quark
Explosions Production

Sterile Neutrinos

ASTROPHYSICS NEUTRINO
PHYSICS

Gamma Ray Non-standard
Astronomy , Interactions

Cosmic Ray BEYOND EARTH Neutrino Decay

Physics STANDARD SCIENCES
MODEL

Solar Physics Gledielagy
DARK FUNDAMENTAL
MATTER SYMMETRIES Earth
Tomography

Atmospheric
Strangelets Sciences
Neutrino DM Annihilation Quantum Lorentz
and Decay Symmetry

Monopole Axions

DM Interactions Space-time




B ICcECuUBE

3 . SouTH POLE NEUTRINO OBSERVATORY

Neutrino Absorption Pattern

High energy neutrinos disappear becauseemftrinonucleoninteracion In Earth
EventrateeV 48 . , 8§ %8 A AP )
| < t ¢ 4

v Aperture: Interaction f(E,) Astro nflux f(E,)
_ detector+ 180

L ?eometry - -
(En.0)

s 10.752
2150 ,, \ ®
v S B T 0.60°9
2 140 o
£ 5
l/ ;CT 130 - 0.45:@
51 :
_ N 0.30 S
Y Zenith angle 90°-100° -

gives near zero
absorption normalization
at 1-10TeV
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ICELCUBE

SouTH POLE NEUTRINO OBSERVATORY

' 07 Disappearance
TeV Scale

Nature 551 596 (2017)

0.9 -® Neutrino

~&- Antineutrino

— Weighted combination

— This result

ANL, PRO 19, 2521 (1979
ArgoNeuT, PRL 108, 161802 (2012)
BEBC, ZP C2, 187 (1979)

BNL, PRD 25, 617 (1982)

CCFR (1997 Seligman Thesis)
CDHS, ZP C35, 443 (1087)
GGM-SPS, PL 1048, 235 (1981)
GGM-PS, PL 848 (1879)

IHEP-ITEP, SUNP 30, 527 (1079)
IHEP-JINR, ZP C70, 39 (1906)
MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
SciBooNE, PRD 83, 012005 (2011)
SKAT, PL 818, 255 (1979)
T2K, PRD 87, 082003 (2013)
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Neutrinos as a Cosmic Messeng&s
Q

Cosmic accelerator

AChallenge: Identify astrophysicaD &
AlceCube yearly events
. A~10' cosmic ray muons
MB

. A~10 atmospherionQ &
star-light . _ .
Ad m na3tiophysicahQ &

ADiscriminators

AEnergy Yes
Neutrino AMulti-messenger Yes
AFlavor (tau) Maybe

Cosmic

AHotspots No

26




lceCube Astrophysical Neutrinos

Up-going tracks

Air shower

vi.--dominated

Atmosphere
(exaggerated)

Air shower

Astrophysical source

Earth stops penetrating muons
Effective volume larger than detector
Sensitive to vy only
Sensitive to “half” the sky

Active veto
\ll /Veto

4

Veto detects penetrating muons
Effective volume smaller than detector
Sensitive to all flavors
Sensitive to the entire sky



per Bin / He

AstrophysicaDiffuse Neutrino Flu:

Upward going muon* neutrino sample (8 years/2009-2016)

ICELCUBE

SouTH POLE NEUTRINO OBSERVATORY

*Select muon induced by muon neutrino CC interactions
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High energy starting event** neutrino sample (7_5 years/2010-2017) **Select neutrino events with outer layer detector as muon veto
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B ICECUBE

SouTH POLE NEUTRINO OBSERVATORY

BestFit Estimate, Independent Sampl

-
Best single powdaw fit results ¢ = o ( EE )
0

A Goodagreement foindependent astrophysicakutrino samples above 200TeV
A Detailed consistency studies on <200TeVosiibing

—4 N N | N |
10 y . —_— . Astrophysical Flux
1 B Conv. atmospheric v, + 7, (best-fit) ~ work in progress (on top of atmospheric)
- 10-° B Prompt atmospheric v, + 7, (flux limit) = _7 » Differential
_'5 Astrophysical v, + 7, (best-fit) 3 n 10 ) Best-fit (E~287=0.3)
i+ (E=21920.1
L | +++ HESE unfolding: PoS(ICRC2015)1081 i No Systematics Vu Best Fit (€ )
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ThePeVUniverse

1-2 PeVcascade events

e

106

e &
" Nesescece
ANNNeecce
Lhesescs

10° L

10t |

Y

""'._.‘..\......
Ttee
o

=

103t
=]

SLLLLLLLEEREE P PV S o

L4
.,
o
.
s
-

- tir‘
i g0
4§ Q5

LICLER

RELLTLEETEE PR P Sy

190N TEE Geee
. ....‘..... " o
e
e
AUIIEesess

LLLRRR L

PP C PTGt b ol
L ccasgenees
IRERL L1 L L D
“eadgietesse soe
.« T T
L ]
W{tee)ien ,“;’.‘ A
TinTisRsee
.
*oe

102 |

1L
* NS 4@ TS eeee

-
RGO T L L DT

10 E

00 I <M R Y) R RN BT Ry
1012 1013 101 101° 1010 107 1018
E [eV]

6.0+ 0.3PeVcascadesompatiblewith Glashowesonance

§ (Preliminary)
' Simulated GR event
! Interaction:
! NuEBar -> Hadrons
Primary

Type : NuEBar
Energy: 8.15e+06GeV
Muon

Type : MuPlus
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Energy: 8.33e+01GeV
° Cascade
Type : Hadrons
Energy: 8.15e+06GeV
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A Deposited energyp.6+ 0.3PeV
A Medianneutrinoenergy 8.PeV




BeyondPeVUniverse: GZKeutrinos4#

B ANITA (2018)
| | == 90% C.L. UL (this work)
| = 90% C.L. UL (IceCube PRL 2016) .
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$ I CECUBE

» N SouTH PoOLE NEUTRINO OBSERVATORY

No GZKeutrinoobservedn 9

years of IceCubdata

A Strong constraints on sources c
proton dominantUHECRS

Differential limit on the extremeltigh-energy cosmic
neutrino flux in the presence of astrophysical backgrounc
from nine years of IceCube data

a ®© ABrteenet al.(IceCube Collaboration)

Phys. Rev. B8, 062003(2018)
31



-\ I AOriginal private alert
N system background
high energy n Iridium dominated
o satellites  Appril 2016 activated
I\ \ publiconline channel
__Photon ang gy [ Latency time: a few minutes with signal efficiency

= — J \ \ of >3050%

ThelceCubeealtimealert system
AstroparticlePhysics, 92, 3d1,
(2017

Telescopes over the world!
(good opportunities for even small telescopes)




lceCubel70922Aevent

- ICECUBE
A 2017/9/2220:54:30.43 UTC Science 361, eaat1378 (2018)

A’ 5th and the most cosmic neutrirgignallike EHE alert
| A Automatedalert was distributed to observers just 43 seconds later

ammarays
L gammaray

Fermi Telescope

> neutrinos | -
{Z% = Gaion

foSe

: Kanata telescope

...and many more telescor

Follow-up Observations of IceCube Alert 1C17092:

wng
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Magic telescope 5 4
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IceCLib.e-17O9q22A Follow up

1 original GCN Notice Fri 22 Sep 17 20:55:13 UT
H E g am may O bs e rvatl O n S o w refined best-fit direction IC170922A
] = |C170922A 50% - area: 0.15 square degrees

23.7+2.8 TeV muon energy loss in the detector Sig el ey

. =
A FermiLAT(20MeV300 GeV) 3
: g A
: reportedgammaray flaring < E
3 a O
: g
3 blazer TXS 0506+056 3
: (ATel#10791)
78.4° 78.0° 77.6° 77.2° 76.8° 76.4°
Right Ascension
a most probable neutrino energy of 290 TeV .
200 (0% lower limit: 200 TeV, peak: 311 TeV) 6.6° ; VHE gammmy ObservatIOI’]S
b:jf: (90% lower l%m?t: 183 Te"\-:. peak: 290 Te"\-:] g A Furthermore-l-xs 0506+056
= E750Y (00% lower limit: 152 TeV, peak: 259 TeV) 6.2° o)
15 B} ‘¢ 8 was observed VHE gamitay
e . S 3 & .
E I\ Neutrino energy PDF 8 58° , £ Magic telescope (E > 100GeV)
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