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The Cosmic Ray Mystery
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Courtesy ALPHONZ WEBER, FORDHAM UNIVERSITY

Victor Hess surrounded by Austrian peasants
after landing from one of his ascensions a few
weeks before his record breaking ascent in the IR 7 xR
Bohmen.
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Energies and rates of the cosmic-ray particles
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Cosmic rays have been observed with energies up
to 1020eV (100EeV) or 107 LHC beam energies
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® Cosmic ray spectrum extremely well measured (TA, Auger, ...)
® Where are they coming from ?

® What cosmic sources accelerate these particles to energies
well beyond that reached at LHC ?
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cosmic rays
+ nputrinoé

Cosmic Ray Sources

— Active Galactic Nuclei (AGN)
— Gamma Ray Bursts (GRB)
— Supernovae (SN)

— Galaxy Clusters

— Unknown

) Victor Francis Hess

Discovery of

cosmic-rays | & A



Sources of High Energy INEUEEIR

Cosmic rays interact

Atmospheric Neutrinos
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Principle of an optical Neutrino Telescope

Array of optical
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Neutrino lelescopes

and lceCube
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Active

Prototype jE2ie

Construction

Hyper-K / KNOL{%—
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South-Pole, Annual Temperature
Laboratory at the
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J he lceCube Neutrino

® Gigaton Neutrino Detector at the
Geographic South Pole

® 5|60 Digital optical modules
distributed over 86 strings

® Detector completed in December s, —

2010 after 7 years construction

® Neutrinos are identified through
Cherenkov light emission from
secondary particles produced in the
neutrino interaction with the ice

(0] Z|AH= 20144 018 062X} AE 23Hol| AlRf= A& HCE)

I CMAE 2ol 8 201
T\ E=HE FR X Y, HIo] A A7 EHHE SA.. AFA-FHYE S AT

IceCube Lab

1450m

2450 m
2820 m |

IceTo
81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

Ethr ~ 100 GeV

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Ethr~ 10 GeV
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* Hole size ~60cm
- Depth ~2.5km
- Straight to 1m

Depth By Corrected Pressure
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\, Atmospheric muons ~|0ll/year
Atmospheric neutrinos ~ 10°/year
Astrophysical neutrinos >100/year

extra terrestrial neutrino fluxes
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Track

R

@ NCor v./v;
@ Resolution ~ 15° — 20°

@ Energy resolution
SE/E =~ 15%

o Muon tracks (CC v,) @ High energy v, (>100 TeV)

@ Resolution < 1° @ Nort observed yer

@ Large energy uncertainties

qm — Ve e ve Vr

early s assssosssm |ate

amount of light in detector « v energy
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Physics Potential and Selected Results
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Astrophysical Neut‘rlno Searches Neutrino Tomography / Neutrino Cosmic Rays

Science Cross Section Measurements
i «- Neutfine Cosmic Ray anisotropy
i 0.8 -+ Antineutrino
0.7 v P ——Weighted combination
%) m AL —This result
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5 0.2
: .. Galactic Accglae;raator
lceCube Preliminary 2 Snh b a2 06 o o 1.
0.0 IceCube Collaboration - Nature Vol 551, 596-600 (2017) Relative Intensity [x 10 ']
10! 102 10° 15 25 35 45 55 6.5 Astrophys.J. 826 (2016) no.2, 220
Deposited Energy or Muon Energy Proxy [TeV] log,o(E, [GeV])

Multi-messenger Observations Neutl‘lno OSC|IIat|ons Gamma-ray bursts
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WA TR v g arXiv:1710.05839 34f - mm T2K 2017 [NO}- - 1G2015 [NO}. - The Flow decelerating into
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[ Auger FoV (downeguing)

N
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Fermi-LAT detection of increased gamma-ray activity of 2.4
TXS 0506+056, located inside the IceCube-170922A
error region. 2.2
- Alel #1091 ) i 1. Ton [l L.—m.-'un , Sara Buson (NA. FC), Das i
6 et (VASA e AT coptaporation : : ¥ ;
CroderalCefeston: 1 T4 Flrst time detection of VHE gamma rays by MAGIC from 2.0f - ‘IceCube Preliminary -t 00%-CL-contours: -1
a direction consistent with the recent EHE neutrino i i i i H
event IceCube-170922A 0.3 0.4 0.5 0.6 0.7
llaboration i 2
. &u'lc 817, 4(:::)017 171 l 1C ¢ m s (023)
ertification: R agm m. @ mpp.mpy de) . .
i IceCube Collaboration - arXiv:1707.07081

- updates coming soon!

Very diverse science program, with neutrinos from 0GeV to EeV,
and MeV burst neutrinos

Carsten Rott CS 22 CNU Physics Colloquium Nov 29,2018



Carsten Rott & (S 23 CNU Physics Colloquium Nov 29, 2018

........



How to find astrophysical
neutrinos ?
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Point source search

A .

e search for clustering
& of neutrinos from point
e in the sky

Carsten Rott CNU Physics Colloquium Nov 29,2018



Transient source search

e search for spacial and

temporal clustering of
neutrinos
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Multi-messenger search
e search for a
coincidence between
neutrino and other
messenger particles
spacial at particular
time and location
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Diffuse search
e search for spectral
feature, inconsistent
with atmospheric
background
predictions

energy
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e search for clustering of neutrinos from point in the sky
e search for spacial and temporal clustering of neutrinos

e search for a coincidence between neutrino and other
messenger particles spacial at particular time and location

e search for spectral feature, inconsistent with atmospheric

background predictions

Carsten Rott

energy
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________Point Source Search

northern sky hotspot
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Pre-trial (Sensitivity)
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IceCube, APJ 2017

4 N R
lceCube Searched for - No point/extended
- point sources source found yet.
- extended sources
- catalog of sources - No correlation with
o diffuse Galactic emission Ik source catalogs found.J
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N o N of @l L ~ ’ alYehp ' a alale o a ™= NN €
Search for highest.eneroyanat:

IceCube Coll. Phys.Rev.Lett. I I'l (2013) 021103 / arXiv 1304.5356

Tue Aug 9 07:23:18 2011
In two years of data expect

0.08 events at high energies,
but observed 2 events !!

® Ernie ~1.15 PeV (~1.9:10-4))
® Bert ~ .05 PeV (~1.7 -10-4))

Tue Jan :34:01 2012

® Topology of the events -
cascades

® Angular resolution on
cascade events at this
energy ~10°

® Energy resolution is about
15% on the deposited
energy
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Science
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HESE 6yrs 80 events (track-like & showers)
observed
Expected from the Earth atmosphere ~41events

Energy Threshold

= Background Atmospheric Muon Flux
[ Bkg. Atmospheric Neutrinos (n/K)
[

Background Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit 1-Component Astrophysical (E-2?)
- Bkg.+Signal Best-Fit 2-Component Astrophysical
Data

IceCéube Preliminary

Events per 2078 Days

10

107 10°
Deposited EM-Equivalent Energy in Detector (TeV)

Events per 2078 Days with deposited E > 60 TeV

OF THE YEAR

‘ Southern Sky (downgoung)’
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| Northern Sky (upgoing)

- Background Atmospherlc Muon Flux

= Bkg. Atmospheric Neutrinos (n/K)
Background Uncertainties

.| == Atmospheric Neutrinos (90% CL Charm Limit) i

—— Bkg,+Signal Best-Fit 1-Component Astrophysical (E %)

= = Bkg.+Signal Best-Fit 2-Component Astrophysical

eee Data

0.0

élceCube Preliléninary

0.5

sin(Declination)

Best fit spectral index (E¥):

1.0

y=-2.92+033 4 5
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IceCube Collaboration, Science 342, 1242856 (2013) i e
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-== Neutrino
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Deposited EM-Equivalent Energy in Detect 3 os o —

® Recently unblinded 1.5 additional years of data (new ca = ,,

® Topology ID added (Cascades, Tracks, Double Cascades

Accelerator
Data
® Above 60TeV: 60 events - |7 new events in 2016/2017 N
0.0 |
® All energies: 102 events - 3| new events in 2016/2017 : " = i 55 65
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ESE 7.5yrs Zenith angle and Energy diStRIDUEION

— 1 Data 1 lceCube Work In Progress HH  Data
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® Compatible with benchmark single power-law model.
® Best fit spectral index (E¥): ¥=2.91%033 45,

® E2¢p = 2.19+110455 x 10-8 x (E/ 100TeV)-29! GeV cm-2 5! sr-!
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IceCube Collaboration, Science 342, 1242856 (2013)

High-Energy Starting Events (HESE) — 7.5 yr
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Coincident events: 32, 55

Dropped events: 5, 6, 42, 53, 61, 63, 60, 73
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0.0

E < 300TeV

No evidence for point
sources, nor a correlation
with the galactic plane
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Heavy Dark Matter Decay

Decay process might produce mono-
energetic neutrinos Two flux contributions:

10-12 - =
7 wesos | ‘Heavy-loop’ N Galactic and Extra galactic
i;ww- d(I)DM,va - d(I)G,,,a n d(I)EG,va
t 1y | dFE, dFE, dE,
Rt 1o ® Characteristics of the signal components:
jpa BN 01004 e _ Garny, Ibarra, Tran,
" NawmaEnegyiee Weniger 1011.3766 e (I) Dark Matter decay in the Galactic
v Gravitino DM~ Halo (Anisotropic flux + decay
spectrum)
—
Npwm \* * o
Rott, Kohri, Park 3/2 deb 1 dN. o0
1408.4575 h= \ ”. Y p(r(s,1,b))ds

N dE,  4mmpymom dE, Jo

J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923
D BY SN ® Dark Matter decay at cosmological

i distances (Isotropic flux + red-shifted
spectrum)

30° 60° 90° 120° 150° 180° B 330°

d(pEG QDM Pc > 1 dN,,
dE  4mmpy oM /o H(z)dE, (A +2)E] dz

¢ Galactic Center

Galactic Plane équatorial

096 150 204 258 312 3.66 420 474 528 582
Line-of-Sight Integral J(¥) [10** GeV/em?* |
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Dark Matter Decay with lceCube

J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923
IceCube Collaboration arXiv:1804.03848v1

® Two IceCube analyses have been 3
R —~
performed on independent data samples ¢
£
® Track-like with six years of data P
=
® Cascade-like with two years of data o
é‘é - . —— TceCube (this work)
Track-like Cascade-like 10% ’ —— HAWC (dSph, 2018)
Number of events 352,294 278 - - g:r::/jl,(f'l? ’(2231128))
Livetime 2060 days 641 days 1024 -1 S S S S I M
Sky coverage North (zenith > 85°) Full Sky 3 4 5 6 - 8 9
Atm. muon background 0.3% 10% 10 10 D 110 10 GIOV 10 10
Median reconstr. error < 0.5°(E, > 100TeV) ~10° ack matter mass / Go
Energy uncertainty ~ 100% ~ 10%
Bound on DM lifetime at ~1027s
DM DM gAstro .astro . .
Test-Statistic: TS = 2 x log /T M7, &777, y*77) obtained with lceCube data for
L(XlTD.M = 00, (I)Astroj ,’yastro) mDM> I OTeV

® Dark matter alone cannot explain the observed astrophysical neutrino flux in
lceCube

® Scenarios with a PeV neutrino line became less attractive with lceCube’s
observation of neutrino events well above this energy
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Search DM Decay with IceCube’s

\ 7years HESE Sample

Einasto pgofile

1029

' . - my [GeV]
0 90 180 270 360
RA[°] 1020 IceCube preliminary X~ HTH
0.0 01 02 03 04 el o~ .
Expected events/bin for - -
X = Ui, my=1PeV, T, = 10?%s — 1077 R
) ’ -
® / years of lceCube’s HESE (High Energy Starting K 1026 -7//’\
Events) Sample i
25 | s [C: HESE 7.5 — = HAWC: M31
® Events with energies above >60TeV - — IC: Cascadeszrw B
: . : ' HAWC: GC —— VERITAS
® Binned likelihood analysis oy e~ T
ST 103 104 10° 106 107
® Most competitive limits above 100TeV for a large m, [GeV]

number of channel
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Astropart. Phys. 92 (2017) 30
A&A 607 (2017) A115
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® Real-time alerts. Since 04/2016,
~6-8/yr

® Improved selection summer

/’—-_.

g__d .4

PTF (optical) Swift (X-Ray)

2018
® Good angular resolution - -
o o o The North Iridium N
(0.5 - 2° 90% of events) K 0
: : Veritas/H.E.S.S./ s
® 50% astrophysical fraction [y vy T®
Online Event IceCube iceCube > EHE Alert > AvioN
Filtering -» Live Live &
System South  : | North ™HESEAlert®»  GCN
South Pole, Antarctica e
...................................................................... . >

lceCube Data Center, Madison WI

.........................................................................................
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Astropart. Phys. 92 (2017) 30

lceCube-170922A & TXS 0506+056

® Real-time alerts. Since 04/2016,

® Good angular resolution
(0.5° - 2° 90% of events)

® 50% astrophysical fraction First public v Alert: lceCube-160427

7
13
.

= 6-8/yr i 1 :ﬁ :ﬁj
® Improved selection summer i “
2018 |

.....................................................................
.

.........................................................................................
.

Online Event IceCube iceCube > EHE Alert ™  avoN
Filtering -» Live Live &
System South North ™®HESE Alert ®  GCN

: South Pole, Antarctica : Followup
..................................................................... ; T

lceCube Data Center, Madison WI

.
ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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ZN0HX] SS0|Xte| ZAX| AR == &0

At =S50l s SE0IA AEFXQ Ofo|AFEIM Z10|LX| SHE0[AHE
AEUCL WSIXE2 0| SY0[AIZ 37 BE BOIT JA| TXS 0506+056' Ofl A

TITLE: GCN CIRCULAR
NUMBER: 21916

SUBJECT: IceCube-170922A - IceCube observation of a high- ARSRICH= AME KMo gi5{WICt H20M AESH SM0|RI] XS %6t
energy neutrino candidate event 21} MA ZtA|2] A Y HE 20 U= BHBE0| 226 MukE Al 22
DATE: 1 XM SHOIAPHHIRRS S 2IRCE

rrom- £| Fermi-LAT detection of increased gamma-ra
TXS 0506+056, located inside the IceCubs

Claudio Kg error region. p =
FEPOTLONY  \ret 110791; 3 = _ o
1 #1400 R - - .
o «| First-time detection of VHE gamma rays by MAGIC from
On 22 Se . . - . .
————y crze @ direction consistent with the recent EHE neutrino
Extremely| Subjects: Gamma event lceCUbe"I 70922A ‘
nnrmal nan = 3
Referred to by A ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration N : i o}
10844, 10845, 10 ond Oct 2017; 17:17 UT ; -5
m Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp mpg de)
sy Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, UHE, Neutrinos, AGN, Blazar e X7 utstoz
: = A
Referred to by ATel #: 10830, 10833, 10838, 10840, 10844, 10845, 10942 - 30|t}
= X7 |mH!
[ Twoet | £ rocommena <21 £01 01 e I a0 g

After the IceCube neutrino event EHE 170922A detected on 22/09/2017 (GCN circular #21916), ! B e R S e e

Fermi-LAT measured enhanced gamma-ray emission from the blazar TXS 05064056 (05 09 RNl TR 28t MR |nel
12596370, +05 41 353279 (J2000), [Lani et al., Astron, J., 139, 1695-1712 (2010)]), located 6 B . ZigMS ZEK
arcmin from the EHE 170922A estimated direction (ATel #10791). MAGIC observed this source ; 1 HOMIE X
under eood weather conditions and a 5 siema detection above 100 GeV was achieved after 12 h of ﬁ“ = []|

wT o
AT

® September 22, 2017: a neutrino alert issued by

IceCube T [1E \
* Fermi-LAT and MAGIC identify a spatially i bl
coincident flaring blazar (TXS 0506+056) ~ A
* Very active multi-messenger follow-up from N | W A
radio to y-rays ¥ o -am%ﬁ' il

ZM0|x}e| S5 TR E0| Tl
0|54z v ZXE
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Multimessenger observations of a
flaring blazar coincident with

high-energy neutrino IceCube-170922A

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS SN, HAWC, HLES S,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/1T7B403 teams ™

and known Fermi-LAT blazars)

® Time-integrated neutrino spectrum is
approximately E-2

e TXS 0506+056 redshift
determined to be z=0.3365 (S.
Paiano et al. ApJL 854.L.32(2018))

501, or IES 1959+605

Chance probability of a Fermi-lceCube
coincident observation: ~30 (determined
based on the historical lceCube sample

Time-average luminosity about an order
of magnitude higher than Mkn 421, Mkn

Carsten Rott @

44

Declination [°]

5721
6.5 -1t N 5:68f
A s s o ——— 5.64f foocec-p
. {°-./ - | .y . .~ 1% \7741 77.37‘..: 7733
6.0 it i Ty Geer e e N T e
LU XS 05064056 4
T B L A A R SO e e e
——|ceCube (50%) N ain o o
sl - IceCube (30%) |. = - e s
T MAGIC (95%) | "+ PKS.0502+049
Fermi (95%) . LA o P
| @ TXS0506+056 |- :
78.5 78.0 77.5 77.0 76.5
Right Ascension [°]
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____lceCube-I| 70922A

IC40 IC59 IC79 IC86a IC86b IC86¢

==us |ceCube-170922A
- Gaussian Analysis
== Box-shaped Analysis

2009 2010 2011 2012 2013 2014 2015 2016 2017
® 9.5 years of archival data was evaluated in 126 130 2156 BVI0 WS 2160
. . M PR | P [ PP T TS T S PR SRR 20 &~
direction of TXS 0506+056 £ 4= Best Fit: Box ] 0D
> = = Best Fit: Gaussian ; N 5 o
\ X
® An excess of 13%+5 events above Z s- Fl L
. o 1
background was observed during Sep 2014 & ] ' 05 O
o !
- March 2016 F; i
; 0.1 §
. . 56200 56400 56600 56800 57000
® Inconsistent with background only VD =

hypothesis at 3.50 level (independently of  Time-independent weight of individual events during the 1C86b period.
the 30 associated with lceCube-170922A
alert)
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NASA

- .
e .

X-ray: MASA cXC4SAQ; .

'Optic.al:. ASA/STScl; Radio:

A. Welss et’al (Submﬂllmetre), NASA/CXC/

Inner Structure of an Active Galaxy

Shock

ESO/WFI (Optlcal), MPIfR/ESO/APEX/

0.1 lightyears

Relativistic Jet

S

Supermassive
Black Hole

Accretion Disk

Opaque brus
(Inner Regions)

Carsten Rott

CNU Physics Colloguium Nov 29,2018


http://chandra.harvard.edu/index.html
http://www.stsci.edu/portal/
http://www.nrao.edu/

One type of AGIN: the

A blazar is an
AGN with a jet
pointed at the
Earth.

3/4 View

Relativistic jet

Sophia Dagnello, NRAO/

AUI/NSF Accretion disk

Top View

Relativistic jet

Black hole [ —i
Accretiondisk | IR

Carsten Rott 6
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e Next generation

Energy Threshold

® [ceCube has provided an amazing sample = s Kt s (3
of events, but is still statistics limited N e
® Observed astrophysical flux is consistent g IceCube Preliminary
with a isotropic flux of equal amounts of = B
all neutrino flavors 2
® So far non of the analyses has shown Z i

any evidence for point sources

® Where are the point sources? - E =)
Deposited EM-Equivalent Energy in Detector (TeV)

lceCube Gen2 Facility

® What is the flavor composition?

® What is the spectrum? Cutoff?

® Transients ?

ycore/PINGU

lceCube Gen2 Cosmic Ray Array (CRA)

® Multi-messenger physics!?

e GZK neutrinos!

® New physics or something unexpected ?

cccccc

— 14 km ’
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lceCube DOM

—_
35 cm 36 cm 36cm 30 cm 30 om 11 em 11 cm

e Directional information © Directional information e more sensitive
» More sensitive area per ® More sensitive area per  area per $
module maodule e Small diameter

e Smaller geometry e | ower noise rate
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see also:
- PINGU LOI arXiv:1412.5106

1000m
« ¢ ° 2.00
¢ - ~ T A R IceCube-Upgrade Preliminary
. K Fom e 8T v, Appearance |
B " ' N 1.751
. L, el :'. Lo *Note, lceCube Upgrade is
.. ' .G m N2 " e CC+NC inclusive while SK &
..‘ 2 . oS .' . et 1.501 OPERA are only CC '
B . ° N 2 =4
@ | § 125 '
< o =
, N 32
. : T g 1.00 I l Q
1Tm - — -
L ’ (@] o —- @
100m m c g =3 =
2"0.75- © 5 aN
24m > O L ¥ —
m T~ 5 X
o - 8o
- . o T 0.50+ b < Q ’%’ o
- 5 2 o n
IceCube DeepCore  Phase ;:;—x glg g;:—gﬁ § S 8 §
| et 4 ] Q o
T D 025 . 90% range % § § %
O o
String Module Modules | S8%range | g S
Armray / 0.00 ; ; . . . -
Spacing Spacing String 05 10 15 20 25 3.0
livetime (years)
IceCube 125m 17 m 60 !
Desglwe | 75m | 7m =
Ugade  20m  2m 125
First step to restart South Pole activities
- Tau neutrino appearance - Test unitarity
of the PMNS matrix
- Calibration devices
- Platform to test new technologies | | | : | '
Project Year 1 Project Year 2 Project Year 3 Project Year 4 Project Year 5
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- Targetv, — v, oscillations

- Detect v, events on a statistical
basis (up-going, shower-like) s

« Case study for IceCube
Upgrade:

>3

- ~2500 v, events / year .

- Drastically improve =
measurement of 'y
atmospheric mixing 9 43
parameters

- Chance to determine
octant of 6, 2.

« Also possible with ORCA

___ Gen2-Phasel (3 yr proj.)
[INOvA 2017 assumed]

Gen2-Phasel (3 yr proj.)

[T2K 2017 assumed)

== IceCube 2017
.+ MINOS w/atm
T2K 2017
Super-K 2015

NOvA 2017

.......... L 3
."‘Q:_‘ _’/3 ..
» L
’ \
’ '
' '
L ) ’,
s. g _ -"'0
e e gLt e
90% CL contours [NOJ lceCube Preliminary
0.35 _ 0.40 045 050 055 060 065

sin” (€y)

lceCube extremely competitive for neutrino oscillation parameter
measurements using atmospheric neutrinos

Carsten Rott 6
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- = Expected (stat. only)
@ - Observed (sys. + stat.)

10 | 3 e .
\

- lce properties dominant source of o L.
sys. uncertainties for most analyses
- Solution: SKKU ice camera system
- Monitor freeze in
- Hole ice studies
- Local ice environment
- Position of the sensor in the hole
- Geometry calibration
- Survey capability

Camera system key to comprehensive understanding of the detector medium
—> Retroactively analyze more than 10 years of lceCube data with substantially
improved angular and energy resolution
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High-energy astrophysical neutrinos have opened up a new window to
Universe

® What's the origin of the high-energy neut
Very strong bounds on dark matter scat
Very diverse science program, lceCub

Neutrino astronomy is a central part of t
field

ThelceCue Ui:'.l‘“. v Deen approved and we can iIc
exciting discoveries in the near fut

Image:Stephan Richter, IceCube/NSF



