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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
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 INeutringe

Cosmic rays interact

Atmospheric Neutrinos
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7= photon
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Principle of an optical Neutrino Telescope

Array of optical
Sensors ﬂiptlurstheg
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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
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® 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 |

T he IceCube Neutrino lelescope

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

extra terrestrial neutrino fluxes
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Physics Potential and Selected Results
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Astrophysical Neut‘rlno Searches Neutrino Tomography / Neutrino Cosmic Rays
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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])

Multl -messenger Observations Neutrino OSC|IIat|ons Gamma-ray bursts

T — 36k 102017 [NOJ . 8 SKIV.2015 [NO}. . - X S
v/ \\ICeCube/ANTARES/Auger/LIGO A MINOSw/atm[NO] o NOWA 2017 [NOI . External Shock

o0 3 g arXiv:1710.05839 34f - mm T2K 2017 [NO}- - 1G2015 [NO}. -
: 0 /\ \ : : : : : Internal Shock the surrounding medium

3.2F - o o -t il - ‘»‘.1."":"7".,_' - o T
‘ : ; : Y ; Collisions betw. diff.
A : ; ; : i parts of theflow
st GosOube) ] B i ,

ning)
— \@F oV (i Sownrgm ng)

w
[=]

N
=)
T

|AmZ| (107%eV?)
N
(=]

Fermi-LAT detection of increased gamma-ray activity of 2.4f-
TXS 0506+056, located inside the IceCube-170922A
error region. 2.2
Alel #10791; Yas ©), Daniel H
Kox il AT co : . o : H
Credersiai me detection of VHE gamma rays by MAGIC from 2.0} --IceCube pre“m‘]nary..,...............v.:,......v.. <o 00%-CE-contours: -
a direction consistent with the recent EHE neutrino i i i i i
event IceCube-170922A 0.3 0.4 0.5 0.6 0.7
ATel #10817; Razmik Mirzo MAGIC Caollabor Sin2 (023)

4():1)017 l7I ur
Credeni 1Crv1u|mk.mkuu van (Ragmik Mirzoyan@ mpp.mpy. de)

updates coming soon! IceCube Collaboration - arXiv:1707.07081

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

(e.g. induced by muon neutrino)

#"“‘:‘,‘ " e s v o )
o e T U .
d AP IR e S PR
Good pointing, TR e

0.2°-1°
Lower bound on energy for
through-going events

Carsten Rott

Cascade topology
(e.g: induced by electron
neutrino)

Good energy resolution, 15%

Some pointing,
TQ° £ 15°

>

Muon Neutrino vyu

C
.

4

Electron Neutrino ve

or Tau Neutrino v+
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Search for Dark Matter
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Indirect

Carsten Rott 6 CAU Colloguium Oct 8,2018



Dark Matter. Sienz

® |dentify overdense regions of dark matter &
’
of o . &Q . OQ
=>self-annihilation can occur at Q) N 5
signifi O o N x> e
gnificant rates R X S Q
g\(\oedb QQ 60 ~\ Q,Q
® Pick prominent Dark Matter target v\ \'e © Q/(? @c,"’
® Understand / predict backgrounds 5'(\\ N Q+ Q . {\
~. W21 b,.=e u,y,p,D,

® Exploit features in the signal to better
distinguish against backgrounds |

T Rvarhscurmn.

107

non-relativistic

107 MW Halo + Atm.

107

Atmospheric Neutrinos

» Beacom, Bell, Mack (2006)
105 50 100 200
E[ GeV |
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_velocity distribution

Sun :,, %\ N V Interactions

\ S oscillations
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Freese ‘86
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— ooy == crnaena——> - §earch for Dark Matter in

10° mc-total
10° the Sun
1]
T R MC-truth Jatm. p
~_ 10° {|=— reconstructed :
.4'2 10t L ®© data
N
2
P
©
% interaction
W*W-
(1TeV)
1055 ~0.5 0.0 0.5 1.0
Sianal b cos(zenith) Observed events
g pdr. Spectral part IceCube Eur.Phys.d. C77 (2017) no.3, 146
Si(lfi_fsun(ti)l,Eiymxacann) e ¢ data
:f(lfi_fsun(ti”,xi) Xéam . (Ez) - bkg expectation — limit: 50 GeV xx — 777~
“ 700 . .. i )
3 ) | °
Monovariate Fisher Bingham 56558 * . o -
distribution from directional statistics — 10l ' ' :
o 40 1 |
330 paenc : : |
Background pdf: Zi(txi.Ei) = B(6:) x P(Ei|¢am) € %8 e:e;oore ! 50 :30 o
B 1 1
. . nS n > = . —
Likelihood: Z(ns)=]] (ﬁSi‘F( -~ NS)%) = 970992 0994 0996 0998  1.000

N cos(P)
e Search for an excess in direction of the Sun
e Off source region used to reliable predict backgrounds from data

» Observed events consistent with background only expectations
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M. Danninger & C. Rott “Solar WIMPs Unraveled” - Interactive tool to study impact of
astrophysical parameters

Physics of the Dark Universe (Nov 2014)

https://mdanning.web.cern.ch/mdanning/public/Interactive_figures/

Carsten Rott CAU Colloguium Oct 8,2018
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® Solar Atmospheric give a new background to solar
dark matter search

® However, energy spectrum expected to be different

® DM annihilation neutrinos significantly attenuated
above a few 100GeV

Expect ~2events per year
Significant discovery potential

ar Atmospheric Neutrino B

Ng, Beacom, Peter, Rott Phys.Rev. D96 (2017) no.10, 103006
= IIIIII 1 IIIIIIII 1 IIIIIIII 1 L

ﬁfloor_ﬂ 7 floor
i T T T T gsuperk” I lceCube
10_43 1 1 IIII 1 1 1 IIII IIII| L1111l
10! 10° 10° 104
m, [ GeV ]

Recent works on the Solar Atmospheric Neutrino

Floor

e Arguelles et al. [astro-ph/1703.07798]

e Ng et al. [astro-ph/1703.10280]

e J. Edsj6, J. Elevant, R. Enberg, and C. Niblaeus,
JCAP 2017 .06 (2017), p. 033, [astro-ph/1704.02892]

e M. Masip (2017), [hep-ph/1706.01290]
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Solar Atmospheric Neutrine: Seakck

e Experimental searches have started at Sensitivity Solar Atm. Neutrinos

¢ Off-source data for background prediction t S 5. In & C. Rott [leaGube] ICRC2017 (969)
' <0 ensitivit
° _Cosmlc-ray Sun shadow n.eeds to be = ol Y E > 430GeV
iIncluded as systematic uncertainty S L < 0.75°
- | 5z [ Theory prediction
2 5 Tu
g r ; 107
;8: 1= E B
£l E i
ST I |_ 107 — ITflux (v, )
i — Background ' E #
107" = — Signal : B — 90% CL Sensitivity
f 3 10°E
oL X - Ingelman & Thunman (1996)
102 : ‘ -
0958 09992 . 09994 09996 09998 1 o e Lo b L Ly
cos(®) 2 3 4 5 6 7 8

Iogw(E/GeV)
« Solar Atmospheric neutrinos might be observable with IceCube

* Observing solar atmospheric neutrinos is important for:
« Understanding solar magnetic fields;
« Cosmic ray propagation in the inner solar system;
Improving models of cosmic ray interactions in the solar atmosphere;
Finding a high-energy neutrino point source
Better understand the background for dark matter searches
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e How to overcome the 1. Point Source single dominjmt source

. . Northern Hemisphere ‘
large atmospheric neutrino -~
background

o

24h

® Ve need to rely on
statistical methods to pick
out neutrinos from this

\ -

mess 2. Time clustering
Events
e Do neutrinos cluster ‘ “‘ ‘ __ transientsource
anywhere in space, time, | -
o o . - levt i 3evt : evt
or arriving in — e T
coincidence with 3. Spectral feature .
: cumulative flux
astronomical events or ")
) =
objects ! \\1
; -
® Do we see any spectral v,\_: |
features ! Nl , N
v . ’

eneray
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________ Point Source Search

northern sky hotspot

wmm=  Pre-trial (Disc. Potential) = + ANTARES (Sensitivity)
= = Pre-trial (Sensitivity) e Upper Limits (90%)
wem  Post-trial Upper Limit (90%) # Hotspots

10—1”

10—11

Vem 2g ']

e

r

1

.
4

QE 10-12

2
v

-1.0 —0.5 0.0 0.5 1.0

0.0 06 12 1.8 24 30 36 42 48 54 oo  lceCube, APJ 2017

—loggp

r N R

lceCube Searched for No point/extended
- point sources source found yet.
- extended sources
- catalog of sources No correlation with

- diffuse Galactic emission source catalogs found.
\_ J i,
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Search for higshest enersy. ne

~~

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 3 03:34:01 2012

® Topology of the events -
cascades

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

® Energy resolution is about
15% on the deposited
energy

Carsten Rott CS 35 CAU Collogquium Oct 8,2018



IceCube Collaboration Phys.Rev. D91 (2015)
no.2, 022001 (arxiv:1410.1749) V d ‘ﬁ
€to _and S€Eli-VEEO®

Atm . Nhe Utri no Down-gomg high-energy neutrinos

' . can be nearly background free |
|dent|f‘ ed as astro-physical neutrinos

~up-going  down-going

- Northern Hemisphere

Southern Hemisphere E

”

.

1000m

E3®, [GeV2cm_2sr_1s_1]

PF= = = = o

Conventional v,

—1.0 —0.5 0.0 0.5 1.0

edge strings
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Science

biil
i

.ligﬂ %’Iﬁ?"
1§.BE ! :i!

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
e®¢ Data

=
o
N
!

IceCéube Preliminary

i
-

Events per 2078 Days

107 100 10
Deposited EM-Equivalent Energy in Detector (TeV)

Events per 2078 Days with deposited E > 60 TeV

OF THE YEAR

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

- Background Atmospherlc Muon Flux
= Bkg. Atmospheric Neutrinos (n/K)
Background Uncertainties
| == Atmospheric Neutrinos (90% CL Charm Limit) |
—— Bkg,+Signal Best-Fit 1-Component Astrophysical (E %)
= = Bkg.+Signal Best-Fit 2-Component Astrophysical
eee Data

élceCube Preliléninary

-1.0 -0.5 0.0 0.5 1.0
sin(Declination)

Best fit spectral index (E¥):

y=-2.92+033 4 5
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| | y — L I
! Ncu.-l Pollik Mehuni Witschaft Pancama Sport Kubs Netzwel Wisenschafll mels v
IceCube Collaboration, Science 342, 1242856 (2013) WISSENSCHAFT e T

Nachrchian » Wassrschuf? » Netur b Nectnos » Sectros i oeQute - Dpertrmert: Drds verschiuck?t Gestertetichen
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ShOWGl’S Erde verschluckt gehelmnisvolle Gelstertelichen

® @‘* ' .
";“ ? Tracks Neutrinos rasen weitzehend ungestiet durchs All, weil sie fast nicht mit normaler Materie Interagieren. Aber

+ % nur fast. Amagerechnet unsere Erde ist ein efMzienter Neutrino-Killer, wie ein Experiment beweist.
% . IceCube Pre g . oo cosers
X %“ ¢ o
®

O
o
I

sin(Declination)
o
|

New events

,_§_|
SR
Se
~

-1 .m?....lw L .%.....'_i 0.9

== Neutrino

2 3 08 F—-—F—F——.-x- Antineutrino
1 0 1 O 07 W—"‘__ . ——Weighted combination
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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Events per 2635 days
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Data

Atmo
Atmo
Atmo

Astro.

. Conv.
. Muons
. Prompt 90% U.L.

109

Deposited Energy [GeV]

107

® Compatible with benchmark single power-law model.

® Best fit spectral index (E¥): ¥y=2.91%033 95,

® E2¢p = 2.19+110455 x 10-8 x (E/ 100TeV)-29! GeV cm-2 5! sr-!

Carsten Rott éS

39

CAU Colloguium Oct 8,2018



distribution

—

-
N
]

p—t

o
[y
|

—t

-
o
l

—
=
—_

Events per 2635 days (> 60TeV)
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Data

Astro.

Atmo
Atmo
Atmo

. Conv.

. Muons

. Prompt 90% U.L.

—0.5

0

lceCube Work In Progress

S S
N
N
0.0 0.5 1.0
cos (6.)

® Compatible with benchmark single power-law model.

® Best fit spectral index (E¥): ¥y=2.91%033 95,

® E2¢p = 2.19+110455 x 10-8 x (E/ 100TeV)-29! GeV cm-2 5! sr-!
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A 4 { B = ) 1
Arrival directions (highest eneks
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, 69, 73 Equatorlal

0.0

E < 300TeV

‘

s
.
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i

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

10-12
= Line signal é - N
2 | ‘Heavy-loop
Q

16
T 10-
7]
o
9
§10-20 - -
X _example: B. Feldstein, A. Kusenko, S. Mat m\ob\_
o and T. Yanagida arXiv:1303.7320v1 / Phys.Rev. D88
2013) 1, 015004
1024 (2013) L L ) Garnly, lbarra, Tran,
10¢ 10° 106 Weniger 1011.3786

Neutrino Energy (GeV)

/’// Gravitinoﬂ/l‘\r‘v !
> \

A Y
Npm \ »
Rott, Kohri, Park h\ 3/2
1408.4575 .

\

J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923
< ; /.
/ B

30° 60° 90° 120° 150° 180° B 330°

¢ Galactic Center p .
Galactic Plane equatorlal

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

Two flux contributions:
Galactic and Extra galactic
d®pmy, dPgu. dPrgu.

iE, 4B, dE,

e Characteristics of the signal components:

® (1) Dark Matter decay in the Galactic
Halo (Anisotropic flux + decay
spectrum)

dpC 1 dN, [

= r(s,l.b))ds
dE,  dmmpm om dEL Jo plr( )

® Dark Matter decay at cosmological
distances (Isotropic flux + red-shifted

spectrum)

deEC  Qpype
dE 47 mpum ToMm .

/0 B th) ;”; (14 2)B,] dz

Neutrino Oscillation Workshop Rosa Marina (Ostuni, Italy)
September 9-16, 2018
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Dark Matter Decay with lceCube

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

1029
® Two IceCube analyses have been 3
. —~ 28
performed on independent data samples g "
&
® Track-like with six years of data P 107
=
® (Cascade-like with two years of data B 0%
é‘é . —— TceCube (this work)
Track-like Cascade-like 1025 — —— HAWC (dSph, 2018)
Number of events 352,294 278 : g:r::/jl,(f'l? ( 22(;) 1128))
Livetime 2060 days 641 days e
il:rynczsgigSackgound o (Zgl?l,l(;: - Full:);ky 10° 10° 10° 10° 107 10° 107
Median reconstr. error < 0.5°(E, > 100TeV) ~10° Dark matter mass / GeV
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(X|TPM — 00, pAstro_Zastro
(Xl ) mpm> 1 0TeV

® 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

Neutrino Oscillation Workshop Rosa Marina (Ostuni, Italy) g
September 9-16, 2018 43 | Carsten Rott



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 1025 P
Expected events/bin for - B -
X = g, my=1PeV, T, = 10%%s — 1027 ,/’
— ’ -
® / years of lceCube’s HESE (High Energy Starting K 1026 -7//’\
Events) Sample g
. . 25 | s [C: HESE 7.5 — = HAWC: M31
® Events with energies above >60TeV 10 — IC: Cascadeszrw e
: . : ' HAWC: GC ~—— VERITAS
® Binned likelihood analysis oy e~ T
103 104 10° 10° 107
® Most competitive limits above 100TeV for a large m, [GeV]
number of channel
Neutrino Oscillation Workshop Rosa Marina (Ostuni, Italy) 4 4 5 C R
September 9-16, 2018 5 arsten Rott



lceCube-170922A
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Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115 | “"‘)@“1HWA\ é/\ TFXS C L /\ 5+ YR £

® Real-time alerts. Since 04/2016, ~6-8/yr

® Latency ~2 min.

1 E00000se ¢+ -
> — e
.;1’111&;!‘..‘.‘00:’: A —

Y ey
SANABARARNNNNIN 00
i J

® |mproved selection summer 2018

stusaa

o0
. ® -
I —
® B8N »- ——— .
L Ll LRl ) . ) T
..!..‘. R
L ] . -
PRSP L TORTY .

3
i

Bt casnessseeneesse
ETTTTTT T L L B i
aaadaan

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

® 50% astrophysical fraction

A
P .

First public v Alert: lceCube-160427

»* SN/GRB/...

PTF (optlca Swift (X-Ray)

“The North”

P |I'Idllun‘1

Veritas/H.E.S.S./

. P
MAGIC/Fermi/... i
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Astropart. Phys. 92 (2017) 30
A&A 607 (2017) A115

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- ARRCHs ARME X202 Ya{WiCt H30IM HE8H SM0|RIe] HES X6t
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 Ko error region. - a—
report on

ATel #10791; ¥4

| First-time detection of VHE gamma }ays by MAGIC o‘m_

On225S . . . . i
————y 2| @ direction consistent with the recent EHE neutrino
Extremely| Subjects: Gamma event lceCUbe-'I 70922A
narmal nn
Referred to by A ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
10844, 10845, 10 ond Oct 2017; 17:17 UT
Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp mpg de)
: Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, UHE, Neutrinos, AGN, Blazar e - e x| utstog
Referred to by ATel #: 10830, 10833, 10838, 10840, 10844, 10845, 10942 § | S<0ixe
= HX}7| el
(3 eve | 9 Fecommen 01 ot E— 201 2
After the IceCube neutrino event EHE 170922A detected on 22/09/2017 (GCN circular #21916), , o el R
Fermi-LAT measured enhanced gamma-ray emission from the blazar TXS 05064056 (05 09 el o el e ' ZEst Mxp7|nrel
12596370, +05 41 35.3279 (J2000), [Lani et al., Astron. J., 139, 1695-1712 (2010))), located 6 T 20 ZEX
arcmin from the EHE 170922A estimated direction (ATel #10791). MAGIC observed this source S oz 1 A0S ZA
under eood weather conditions and a 5 sigma detection above 100 GeV was achieved after 12 h of S oDIXlJ |’ = ﬁﬂam
& 2AL} AL il
 BIXpe, TRt VLT i
e September 22, 2017: a neutrino alert issued by s | %o Piine v
— = o =7 ey
lceCube OEt = »
i ) ) . .. o | B H B i x
e Fermi-LAT and MAGIC identify a spatially coincident 877t AT o Eélm y
. 2450m i .
flaring blazar (TXS 0506+056) | > X7 b
e Very active multi-messenger follow-up from radio to y- | .48 | y
Sl MO|Rf= |2
7 t':j_fo 2 - : %O = =
rays I - w%-n Lk ofo|A
E40|xtel IS8T FEo| 2

0|8 3= v AXE
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XS 0506+0356 redshift of z = 0.3365

(S. Paiano et al. ApJL 854, L32 (2018).)

Time-averaged luminosity an order of

magnitude higher than Mkn 421, Mkn
501, or 1ES 1959+605

Time-Integrated neutrino spectrum Is
approximately £-21

Chance
coincide

probability of a Fermi-lceCube

nt observation: 3o level

(Significance determined using all known Fermi-LAT blazars
and the historical data sample from |ceCube.)

Carsten Rott
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lceCube evaluated 9.5 years
enst |oaCube-170922A

of archival data In the 5 G s
direction of TXS 0506+056

13+5 events excess it
compared to background

expectations
(Sept 2014—March 2015)

w
<

, (1D * TeV em 7
=

0

(In addition and independently of the previous , _' , | 836" 77.36" 7636

nconsistent with bkg-only
nypothesis at the 3.5a level

i.- “ -'ln

—_—
R

=
<

3@ when looking in this specific direction) Right Ascension
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D C &,Lri n

Energy Threshold

® |ceCube has provided an amazing sample = S
of events, but i 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 ?

wre/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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see also:
- PINGU LOI arXiv:1412.5106

1000m
~a 2.00
¢ - . - IceCube-Upgrade Preliminary
. K Fom e 8T v, Appearance |
B " ' D 1.75-
. o, w ot :'. oL *Note, lceCube Upgrade is
.. \ ; . 5 m BN L. CC+NC inclusive while SK &
... 2 . oS .' . et 1.501 OPERA are only CC '
B . ° N 2 =4
0. - ’ -S 1.251 q
% o g
N 9
: T ® 1.00 I l Q
= 1Tm LE.. — -
\ ’ o o — °
100m m c g =~ 3 =
2" 0,751 © s o N
24m > O 3 ¥ —
m T~ 5 X
o - 8o
- . N+ T 0.50 g < Q §' o
- 5 2 o n
lceCube DeepCore Phasel ;:;-x ilm §;£$ § S é §
| et 4 ] Q o
- 0:25 . 90% range § § § %
O o
String Module Modules | O8%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 =
Upgrade  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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__Ihe IceCube Upg

- Targetv, — v, oscillations

- Detect v; events on a statistical —— y—
basis (up-going, shower-like) s " Ljfgg‘:’j/‘;; — [NOVA 2017 assumed]
o Gen2-Phasel (3 yr proj.)
. T2K 2017 ~ [T2K 2017 assumed]
Case study for IceCube Supec-X 2015 -y
Upgrade: ~ NOvA 2017
'> .
- ~2500 v, events / year e
- Drastically improve =
measurement of 3 O(_. T A
atmospheric mixing g &3 Sg0 A — TorTTT AR
parameters :
- Chance to determine N L e T -*
OCtant Of 623 2.1 90% CL contours [NO) lceCube Preliminary
. AISO pOSSib|e W|th ORCA 0.35 0.40 0.45 ‘\i:)ltzs((:{) | 0.55 0.60 0.65

lceCube extremely competitive for neutrino oscillation parameter
measurements using atmospheric neutrinos
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era.s \/\ CEM

— - Expe(,ted (stat. only)
@ =4 Observed (sys. + stat.)

—
-

ot
tn
-
N
v

|

2
&
¢

SpeC|aI dewceSwedlsh Camera

Median angular error (cascades]
¢

- 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 t
Universe

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

Neutrino astronomy is a central part of
field

The lceCube Upgrade has just been approved and we can'lc
exciting discoveries in the near future

Image:Stephan Richter, IceCube/NSF






Event topologies

Charged-current v, Neutral-current / ve Charged-current v

(simulation)

dm's

Up-going track Isolated energy “Double-bang”
deposition (cascade)
with no track

Factor of ~2 energy resolution 15% deposited energy resolution (none observed yet: t
< 1 degree angular resolution 10 degree angular resolution (above 100 TeV) decay length is 50 m/PeV)

Early I T T Late
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carch

| — singe cascade — couble cascade + 4@ dia || = reco with bight DOMs ==+ reco without bright DOMs | | — sngk cascade  — doutie cascade + +exp. data | [ —— reco with boght DOMs == reco without bright DOMS |
g = bright DOM" .. brghtbowr| | @ ' bright DOM"® bright DOM"
T § ':"‘-‘
7 bright DOM®
o ~ ° "
o ° Q2 @ 5 ° 1
°0 n ® . o ° 9
o . B . :
° o ) 2
° ® ° 5 2
g ; B °
L
G .
J
: 9
03. 4 ¢ Q
3 4 o
B 2 +++ < 9
WORK IN PROGRESS * Bright DOMs are excluded from this analysis Time WORK IN PROGRESS .' Bright DOMs are excluded from this analysis
Double cascade Event #1 Double cascade Event #2

“Bright” DOMs not used in reconstruction
Direction and two reconstructed cascades shown in dark gray
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e 2016 IceCube result based

10"

‘ = K
on one year of data — o
* AmZ4 > 0 assumed o
(conservative: Am?Z3; < 0 10°} RO | 4
would affect v instead) % :
d z
* In tension with preferred ey I e Mo
region based on LSND, < 10! - §- 85
a3 E
MiniBooNE data R
| — IcaCube 90% CL (1605.01990)
. - — MINOS 90% CL (1607.01176)
Analysis of 7 year data set | -~ MINOS+ 90% OL (preliminary)
B = - s Kopp et al. (2013)
und.erfNay a.ddltlonal || = cotinetat. 2010
statistics at high energy, 102 S — S "
: d svet G 10 10 10
improved systematics :
P Y sin® 20,,
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_ HESE 7.5yrs Tau, Search

— HESE with ternary topology ID %
% best fit: 0.35:0.45: 0.2 1.0
—— Sensitivity, E %Y spectrum 2,
¥ 1:1:1 flavor composition -7\ 0.8
Ql\ o 0= T - AA
WORK IN PROGRESS S /) 5k X
\é\ 7 sao. X 0.6 %
’Z;C’Qo* » ’)O»
& 0.4 =
o B -
‘@
- - 0.2
8 0/0" '
v | | s er
‘© 95 % "7 7
7 7 -~ 7 4 7 7 0.0
o Y ™ © % o
Q' QS Q Q' Q N

Fraction of v,
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lceCube

* Proposals pending with NSF (PHY mid-scale) and foreign partners

» $22 7M US plus $12.8M from foreign partners
* $2M USD approved in Japan!

« Significantly enhance detector performance — retroactively — for 10%
incremental investment (with very low impact on ongoing cost of operations)

* Project-driven timeline:
* Final engineering and design reviews in 2018-19
e Instrumentation production and drill transport beginning in 2020

e Drill integration and firn drilling at South Pole in 2021/22

« Drilling and deployment in 2022/23, commissioning and integration in 2023

‘ MICHIGAN STATE UNIVERSITY Tyce DeYoung, Neutrino 2018 34
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IceCube: next step = Upgrade

\

o4

IceCube-Upgrade

« / additional strings in Deep Core
domain, densely instrumented

» Objectives:

* GeV neutrinos:
T appearance, Dark Matter, ...

* Improved understanding of ice
properties = better precision,

reduced systematic uncertainties

* Opportunity to test new
hardware developments

* Funding commitment expected
very soon

Deployment
2022/23

U. Katz: Future neutnno telescopes

Carab\—ll IN\WwLL V@

time
I—

1C00mM
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® . |
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1Tm
| 24m
P e
o’ .Q 00 ,‘
lceCube  DeepCore  Phase iiéﬂ §m 232
Inarurnented Depth
String Module Modules /
Array Spacing Spacing String
IceCube 125m 17m 60
DeepCore 5 m m 60
Upgrade 20m 2m 125

Neutrino 2018, Heidelberg
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Expanded region of instrumented ice: 1270 m

1360m

|
[
[
IceCube instrumented region [
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A, (400 nm) [ m ] vs. depth [ m ]

Plan to use new sensor modules

effective arca [em?)
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Dark Sector Clean Air Sector

. Example
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http://arxiv.org/abs/arXiv:1412.5106

High Energy Starting Events (HESE)Analysis

required that each event have fewer than three of its first 250 observed photoelectrons detected in the
veto region. In addition, we required that the event produce at least 6000 photoelectrons overall

1000m

<>
edge strings
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