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1943 - 2015
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OUTLINE

A CUBIC KILOMETER DETECTOR
LOOKING FOR A NEEDLE IN A HAYSTACK
SELECTED RESULTS

WHAT NEXT?

CONCLUSIONS



& RATIONALE FOR NEUTRINO ASTRONOMY 3

UPPSALA ol
UNIVER ceCuBE

-
(=}
S

Cosmic Rays

« detection of v's
clarifies CR acceleration
processes
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« point back to source

Flux (m2 srs Gev)'1

e trace hadronic
interactions

%,
Ankle /\
(1 particle per km? — year) |

veiv, v, = 1:2:0 at source
10° 10"2 10'°

(source: Swordy - U.Chicago) E nergy (eV) l

1:1:1 at Earth

CR —v —y connection

IceCube present and future / Olga Botner 2015-05-03 4



UPPSALA

THE v SPECTRUM
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210°

1

107
10¢ b Terrestrial anti-v
10—12 :

‘l 0—16 :

§102° -

;.,, 107 Solarv

Cosmological v

Supernova burst (1987A)

/ Reactor anti-v

Background from old supernova

Atmospheric v

Astrophysical v's

100 10-205 WB bound

v, events 107r
per Km2yr ;2

Neutrino energy

10 100 1 100 10°  10° 107 1@%\.8:)
peV  meV eV keV MeV  GeV TeV PeV

« atmospheric v's dominate < 100 TeV
« astrophysical v's (perhaps) > 100 TeV

IcCECUBE

"guaranteed” flux

Greisen-Zatsepin-Kuzmin
cosmogenic v's

pHyous —> A* — T T npY
p pn’—=yy

/
« produced

< 100 Mpc from source

« carry information on

* location
« cosmological
evolution of

the UHE CR sources

» many model uncertainties
and constraints
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THE ICECUBE NEUTRINO OBSERVATORY

IceCube lab

Amundsen-Scott station

South Pole
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CONSTRUCITON 2004



@j DEPLOYMENT OF FINAL STRING on Dec 18, 2010 %
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LOCATIONS OF DEPLOYED STRINGS

Amundsen-Scott station
IceCube lab
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ICECUBE — THE WORLD’S LARGEST NEUTRINO OBSERVATORY a

IcCECUBE

~

5160 Digital Optical Modules in deep ice

~ 125 m between strings

60 DOMs per string, 17 m between DOMs

UPPSALA
UNIVERSITET
(.
« 86 "strings”
\_
electronics

PMT

IceCube Lab .

+ 162 frozen water tanks
- 1 km? air shower surface array

p IceCube Array (1 Gtinstr. volume )
+ 86 strings (incl. 8 DC strings)
« 1 km?3 deep ice array

1450 m

DeepCore (20 Mt)
+ low-energy extension
« threshold: 10 GeV

N Eiffel Tower
324 m

DiGITAL OPTICAL MODULE

Bedrock

IceCube present and future / Olga Botner 2015-05-03 10
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v DETECTION
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CHERENKOV
RADIATION

»

¢ s¥5 9

v
L 4 WoF v P W

L 4
-

.
.

 no direct E, measurement
« good pointing resolution 0.2 — 1°

DETECTED BY
A 3D ARRAY
OF DOMS

 good E, measurement, resol" ~ 15%
POSITION, TIME, - decent pointing resol" ~ 10 — 15°
AMPLITUDE -

v ENERGY, DIR.

L. L =

late
2015-05-03 11

early
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Qw% WHY v ASTRONOMY IS NOT SIMPLE ... a

UPPSALA
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IcCECUBE

« atmospheric u rate ~ 103 Hz (from above)
« atmospheric v rate ~ 103 Hz (isotropical)

« ASTROPHYSICAL v rate ~ 1076 Hz (isotropical)

ICECUBE LAB

- ,eventssetected bytnggers and ﬁrters e
': ”-100 GB!day sent Narth a@r satet&te

IceCube present and future / Olga Botner 2015-05-03 12



BACKGROUND SUPPRESSION STRATEGIES a

IcCECUBE

UPPSALA

UNIVERSITET
"starting” events upgoing tracks
using edge to VETO using Earth as filter

suppress atm. u
background

-
suppress atm. v using ENERGY >
9,
background diffuse searches -
SPATIAL \ iK
TEMPORAL CORRELATIONS o0, 1o ISR,
point sources 10 = 102 b, ot B ;\:' S
p::’ﬁ:‘:fyr log,, (E, [GeV])
2015-05-03 13
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BACKGROUND SUPPRESSION STRATEGY

&

U;JJIF\,/PESF:\S[IJT\ET o=
> 10" astrophysical v q‘:{’;“q‘,‘,ﬁ‘(‘,f{j;‘(?‘ > 10' F astrophysical v S:f’lo\ﬁi:::f::(‘lw
ﬁ in the Earth E‘li in the Earth
= [ 8
- before VETO —

N100 4 , A100 4
m; E . ES E
0 0
=3 5
7107t 4 71071 4
; 7 '
i: £
g g
it 8
! =
10—3 = 10—3
-1.0 -0.5 0.0 0.5 1.0 —-1.0 —0.5 0.0 0.5 1.0
sin() = — cos(0) at the South Pole sin(6) = — cos(f) at the South Pole
« the w VETO also removes atm. CONVENTIONAL and PROMPT v’s
[Schénert, Gaisser, Resconi, Schultz, Phys.Rev.D79:043009 (2009)]
[Gaisser, Jero, Karle, Van Santen, Phys.Rev.D90:023009 (2014)]
IceCube present and future / Olga Botner 2015-05-03 14
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ICECUBE SCIENCE %

IcCECUBE

ASTROPHYSICS

- point sources of v's (SNR, AGN ... ), extended sources

- transients (GRB, AGN flares ...)

- diffuse fluxes of v’s (all sky, cosmogenic, galactic plane ...)
COSMIC RAY PHYSICS

- energy spectrum around "knee”, composition, anisotropy
DARK MATTER

- indirect searches (Earth, Sun, galactic center/halo)
EXOTIC SOURCES OF V'S

- magnetic monopoles

PARTICLE PHYSICS

- v oscillations, sterile v’s

- charm in CR interactions

- violation of Lorentz invariance

SNe (galactic/LMC)

GLACIOLOGY

IceCube present and future / Olga Botner 2015-05-03 15
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ICECUBE SCIENCE %

IcCECUBE

ASTROPHYSICS

- point sources of v's (SNR, AGN ... ), extended sources

- transients (GRB, AGN flares ...)

- diffuse fluxes of v’s (all sky, cosmogenic, galactic plane ...)

COSMIC RAY PHYSICS

- energy spectrum around “knee”, composition, anisotropy
DARK MATTER

- indirect searches (Earth, Sun, galactic center/halo)
EXOTIC SOURCES OF V'S

- magnetic monopoles

PARTICLE PHYSICS

- v oscillations, sterile v’s

- charm in CR interactions

- violation of Lorentz invariance

SNe (galactic/LMC)

GLACIOLOGY
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CR ORIGIN FROM PROPERTIES OF COSMIC RAYS — ICETOP %

UPPSALA
UNIVERSITET ICECUBE

Where is the transition [ ' DR e
galactic/extra-galactic CRs? N
* investigate energy spectrum

between knee and ankle

(GeV'"m2sr's)
.
-
el
ol
———
———ag—
—
— b
——
-
—{———
—O—

10T
b NOT a Slngle power IaW 'ZU.E « lceTop 73, SIBYLL 2.1, H4a composition assumption l [“ }H
- spectral hardening at ~ 20 PeV S | ascoesmin
. L 2 GAMMA 2008 1
« steepening at ~130 PeV o = Tunka-133
o - = Tibet Ill, SIBYLL 2.1 l 1
. measurement close to shower max s T 70 75 s0 85 90
— minimizes fluctuations log,, E (GeV)
« energy from particle density 125m from P — e S —
shower core; mixed composition assumed (H4a) < [ ¥ Nomial N
8; - A L!ght Y!eld -12.5% .
= o v Light Yield +9.6% =
VOAD 5 fbsoute ceton aneroy scae 2% il } B
[Gaisser, Astropart.Phys. 35, 801 (2012)] - osiETes °v ¥ % ! ]
[IceCube, Phys.Rev.D88:042004 (2013)] 30 5 Srowsoom . ah i g ? ; -
[Gaisser, Halzen, Ann.Rev.Nucl.Part.Sci. 64:101 (2014)] E v ”gﬁ?' ' E
2:— i;g*:!!ng _:
L TV ygV _
« mass composition as function of energy ¢ N E
— light nuclei component? - lceCube Preliminary
0 | Lol 1 1 Lol |
10° 107 8 10°

Primary Energy (GeV)
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COSMIC RAY ANISOTROPIES — ICETOP a

UNIVERSITET

CR arrival dir. probe distr. of
galactic sources & propagation Tibet-111

in the magnetized galactic medium  (Northern sk\} 7%

IcCECUBE

Relative intensity skymap in equatorial coordinates

5 TeV
2N

[/
aars

scrambled over history of galaxy

OBSERVE ANISOTROPIES AT %o LEVEL

_ IceCube
cont. structure observ. in the North (southern sky)

studies at various angular scales

CHANGE OF TOPOLOGY AT ~100 TeV
AMPLITUDE INCREASES WITH ENERGY

ORIGIN OF THE ANISOTROPY UNKNOWN

signature of a few nearby SNR?

effects of turbulent interstellar magnetic
fields within few pc

interplay with heliosphere

| e a—— H H — s
=1.5 =1 =0.5 0 0.5 1 1.5
Relative intensity [ x10 ]

3 -2 -1 0 T 2 3
Relative intensity [ <10 %]

[IceCube, ApJ 765:55 (2013)]
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& ICECUBE SCIENCE %

oL IcECUBE
UNIVERSITET

« ASTROPHYSICS

- point SOUIKCeS of v's (SNR, AGN ... ), extended sources
- transients (GRB, AGN flares ...)
- diffuse fluxes of v’s (all sky, cosmogenic, galactic plane ...)
« COSMIC RAY PHYSICS
- energy spectrum around “knee”, composition, anisotropy
- DARK MATTER
- indirect searches (Earth, Sun, galactic center/halo)
«  EXOTIC SOURCES OF V'S
- magnetic monopoles
« PARTICLE PHYSICS
- v oscillations, sterile v’s
- charm in CR interactions
- violation of Lorentz invariance
- SNe (galactic/LMC)

GLACIOLOGY

IceCube present and future / Olga Botner 2015-05-03 19



POINT SOURCE SEARCHES *

UPPSALA

UNIVERSITET IcECUBE
[IceCube, Astrophys.J).796 (2014) 109]
* 4 years data 2008 — 2012 o B e , !
 livetime 1373 days s - 33-::::23
o L4pemeeie wes . Neutrino-Muon Opening Angle [
 well-reconstructed muon tracks 2N e
178k up-going v,'s 5 o3l
216k (mostly) down-going u’'s Zosi-
c 0.4}
« all-sky point source search T 02
- extended source scan =og.

« pre-defined catalog of potential sources
 stacking searches
« time dependent searches

in all cases

sin(d)

« data compatible with background only

10° 10° 10° 10° 107 10° 10°

» limits on v, flux reported
E, (GeV)

IceCube present and future / Olga Botner 2015-05-03 20



POINT SOURCE SEARCHES *
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v, upper limits for 44 sources
107 T I I .
: = = |ceCube 4-year Se'znsitivity (90%C'.L.) ] medlan SGﬂSltiVlty (900/0 C.L.)
— IceCube 4-year Discovery Potential (50) |
e o |ceCube 4-year Upper Limits (90% C.L.) (]
_— e ANTARES Sensitivity (90% C.L.) ] ~ 10—12 Tev—lcm—zs—l
i : +++ ANTARES Upper Limits (90% C.L.)
Nm 10720 fooe """""""""""""" P ]
i | ; ~ ANTARES | Northern sky
g | ] sensitive to TeV - PeV
> :
IG—J :
— ~ 101! TeV-icm2s
© ‘
~~ H
= é Southern sky
N sensitive mainly > PeV
T m IS ..................... \‘ ............... '\‘:‘f [IceCube, Astrophys.J.796 (2014) 109]
| ~lepmC | 1 [IceCube, arXiv:1503.0098]
-1.0 -0.5 0.0 0.5 1.0
sin(J)

» several IceCube analyses aiming to lower energy threshold in the South

« joint analysis IceCube/Antares improves limits in Southern hemisphere

IceCube present and future / Olga Botner 2015-05-03 21
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ICECUBE SCIENCE %

IcCECUBE

ASTROPHYSICS

- point sources of v's (SNR, AGN ... ), extended sources

- transients (GRB, AGN flares ...)

- diffuse fluxes of v’s (all sky, cosmogenic, galactic plane ...)
COSMIC RAY PHYSICS

- energy spectrum around "knee”, composition, anisotropy
DARK MATTER

- indirect searches (Earth, Sun, galactic center/halo)
EXOTIC SOURCES OF V'S

- magnetic monopoles

PARTICLE PHYSICS

-v oscillations, sterile v's
- charm in CR interactions
- violation of Lorentz invariance

SNe (galactic/LMC)

GLACIOLOGY
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& NEUTRINO OSCILLATIONS
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> 10° atm. v's per yr allows sensitive
measurement of v, dissappearance

v, disappeared

7 |

)
A <7/<y/< ve + Unc
\ s el "-.‘---‘ -
% e

|
LT

I 0 I O 0 o jmmm— SN S S

1
0 60 80

&

IcCECUBE

100
E, (GeV)

i at 2 — 2.5 km depth
0.02 km3 volume
denser instrumentation
v threshold 10 GeV

\ IceCube helps veto atm. u bckg
IceCube present and future / Olga Botner 2015-05-03 23



NEUTRINO OSCILLATIONS %

IcCECUBE

UPPSALA
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800 _ r [IceCube, Phys.Rev.D91:072004 (2015)]
—— Expectation: best fit
600]| - - - Expectation: no osc. AT
g L& Dot g « competitive result (3 years)
>
R/

meo/Eteco (km/GeV)

« select
starting events
clear u tracks
rely on direct photons

« 5174 events observed cf. 6830
expected if no oscillation

« perform 2D fit in £Eand cos(6)

« will improve further

|Am3,|=2.7270 X 10" eV’
sin’(0,,)=0.53"71

—0.12

4 | 1 I I
~ 3f
=
q 2t
T}

0 : : 1 : —T
38l = |ceCube 2014 [NH] == T2K 2014 [NH]

' MINOS w/atm [NH] o SK IV 2015 [NH]
3.6}
3.4} 90% CL contours

IceCube present and future / Olga Botner
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ICECUBE SCIENCE %

IcCECUBE

ASTROPHYSICS

- point sources of v's (SNR, AGN ... ), extended sources
- transients (GRB, AGN flares ...)

- diffuse fluxes of v’'s (all sky, cosmogenic, galactic plane ...)

COSMIC RAY PHYSICS

- energy spectrum around “knee”, composition, anisotropy
DARK MATTER

- indirect searches (Earth, Sun, galactic center/halo)
EXOTIC SOURCES OF V'S

- magnetic monopoles

PARTICLE PHYSICS

- v oscillations, sterile v’s

- charm in CR interactions

- violation of Lorentz invariance

SNe (galactic/LMC)

GLACIOLOGY
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ASTROPHYSICAL NEUTRINOS %
UPPSALA IcECUBE
UNIVERSITET
. . . 80 & “s_  Showers —e—i -
- first evidence for an extra-terrestrial flux o | “5s Lorg, Tracks x|
shown at IPA2013 [IceCube, Science 342 (2013)] g a0l F{L% + < > e\ofpl‘/o,, ]
g 20 B4 )_P#‘* S - i
[IceCube, Phys.Rev.Lett. 113:101101 (2014)] c oF -,{..:P* D S TR .
« 3yrs: 37 events in 988 days | 5.70 g 20 *%‘ ;ﬁ% oy i 18
« bkg. 8.4+4.2 atm. w and 6.6+5.9 v g -40 - S
S ol T bt ot + 15
80 - o HH Ff 1°
10° 10°
° mOStly v CC and NC Cascades Deposited EM-Equivalent Energy in Detector (TeV)
e
] = 2E;.kiiﬁ.?;’pﬁi",‘ii’ﬁ:f;iZ‘S“&",Ki'“”
b if&ii’,:fﬁ:i‘k":f&_i‘:ﬁ'f:m cLcnmumy
2 - Bk il Best it Atrophysce Tned sope £-5)
§=‘: g 10 _ ‘ B IceCube Preliminary—i
: : [ee) = ; 1
> o) : .
"Bert” : "Ernie” .. 'BigBird” & "q;i:,-::'_' e
1.04 PeV §+ 1.14PeV L 4 2PeV g 10 "I__t""
Aug. 2011 4 Jan. 2012 Y Dec. 2012 = M
> :
m ;
) C ) ) ) 10
« zenith distribution consistent with
isotropic astrophysical flux 7,7 S i N )
P phy 10° 103 10*

Deposited EM-Equivalent Energy in Detector (TeV)
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ASTROPHYSICAL NEUTRINOS

&

UPALA IceECuBE
UNIVERSITET
. . ; 80 rad '\‘~\ " Showers —e—i -
- first evidence for an extra-terrestrial flux e ~o Loy, Tracks X
60 "I" o /7I ube Preliminary |

shown at IPA2013 [icecube, Science 342 (2013)]

%’ 20 | B ‘~\\ _
[IceCube, Phys.Rev.Lett. 113:101101 (2014)] ? 0 f= .,#‘ = _#_ D e o
3 yrs: 37 events in 988 days | 5.70 g 2 g 1 E
. bkg. 8.4+4.2 atm. w and 6.6+5.9 v g -40 # 18
(@] 60 L f %’_{1}‘ + "f )_f' - §
* 4 yrs: 54 events ~70 N R
10? 10°

Deposited EM-Equivalent Energy in Detector (TeV)

« mostly v, CC and NC cascades

2 : = Background Atmosphelric Muon Flux
10 oot [ Bkg. Atmospheric Neutrinos (w/K)
: Background Uncertainties
=== Atmospheric Neutrinos (90% CL Charm Limit)
0 === Bkg.,+Signal Best-Fit Astrophysical (best-fit slope £ %) []
% 1 : = = Bkg.+Signal Best-Fit Astrophysical (fixed slope E~?)
()] N . s :...7.]e%e Data H
~ 10 - ,‘_ -l— IceCube Preliminary;
"Bert” = "Ernie” "Big Bird” % . , My o
1.04 PeV §+ 1.14 PeV 2pey 210
Aug. 2011 a Jan. 2012 ' Dec. 2012 ‘s’ 17
u>J 1
. . . . . . 10
« zenith distribution consistent with
isotropic astrophysical flux 41

10° 10° 10*
Deposited EM-Equivalent Energy in Detector (TeV)
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ASTROPHYSICAL NEUTRINOS

&

UPPSALA
UNIVERSITET LR
i through-going tracks from v, CC
Experimeﬁtal data e
Sum of predictions
10° | E2 astrophysical mmmm 1g
Prompt atmospheric  m— < s gl 1€79 untolding
Conventional atmospheric - % w0tk =S > 1C79 I e
102 i IC79+IC86_I _ E S 2 ————- Fedynitch et. al. (QGS) + Enberg et. al.
g-|—l-u 10~5 L -«+« Fedynitch et. al. (SIBYLL) + Enberg et. al.
©
& u
g 10 10°F
w i
1 107 IceCube preliminary
IceCube preliminary bl
o b I"H_LL .. TRACKS
107 ¢ .
_ unfolding
10 . . . 10705 ;
10° 10* 10° 10° e
Muon Energy Proxy (arb. units)
[ Conventional v [ Penetrating p [ Astrophysical v
102 e 10? e H
™ ' e ' | starting events

Southern sky
0.2 < cosbrec < 1. 0

1C79+1C86-1] ]

10!

10°

Northem sléy
—1.0 < cos <0. 2

IC79+IC86-I_

lower energies

[IceCube, Phys.Rev.D91:022001 (2015)]

Events in 641 days

Deposited energy [GeV]

Deposited energy [GeV]

the astrophysical flux
extends to lower
energies

IceCube present and future / Olga Botner
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% COMBINED MAX-LIKELIHOOD ANALYSIS OF THE ASTROPHYSICAL FLUX

R
e
o

UPPSALA
IcECUBE

« 6 different data samples based on data from 2008 — 2012
« different strategies to suppress the atm. u background
« large samples of track-like and cascade-like events

Ice .|
107° : “be
fen B Power law (v, +v, —».,pl.e/i,,’ .
IE l'§"§| Differential (1, v, +v,) | I”a
S 106 L..... i v
5
T 1077 podp- ;
w
= ‘ 1 -
O - ;
L1075 L ] :
H
= 10°? l
10" 10° 10° 10’
E, [GeV]

assuming isotropic astrophysical flux and v:v:v, = 1:1:1 at Earth >

unbroken power-law between 25 TeV and 2.8 PeV
spectral index — 2.5 +0.09 (-2 disfavored at 3.8 o)

flux at 100 TeV (6.7 + 1.2)x10°18 (GeV - cm? - s - sr)1

the best fit flavor composition disfavors 1:0:0 at source at 3.6 o

IceCube present and future / Olga Botner 2015-05-03 29



ARRIVAL DIRECTIONS a

UPPSALA IcCECUBE

UNIVERSITET

ICECUBE PRELIMINARY ___———

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

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

..... cascade events only |- &8 |12
p-value = 18 %

Galactic

0 TS=2log(L/LO) 10.9

no significant correlations — spatial or temporal

« too few events to identify sources

IceCube present and future / Olga Botner 2015-05-03 30



& POINT SOURCE SAMPLE *

UPPSALA
UNIVERSITET

IcCECUBE

» |ooser optimization
« background estimated off source at similar declination
» unbinned maximum likelihood test for a fine grid of potential sources

declination

search for significant clustering of events above random background

IceCube present and future / Olga Botner 2015-05-03 31



POINT SOURCES - SIGNIFICANCE MAP a

IcCECUBE

[IceCube, Astrophys.J. 796:109 (2014)]

UPPSALA
UNIVERSITET

 no significant clustering found

Equatorial

0.0 0.6 : . 2.4 3.0 3.6
pre-trial -log,, p

IceCube present and future / Olga Botner 2015-05-03 32



POINT SOURCE LIMITS a

UPPSALA W
UNIVI e
[IceCube, Astrophys.J). 796:109 (2014)] .
Point-source
107 g . . » equivalent flux if the
: - _ g . o 1 .
IceCube 4-year S?nsmwty (90 AC..L.) diffuse flux came
— |ceCube 4-year Discovery Potential (50) | f )
e e |ceCube 4-year Upper Limits (90% C.L.) || rom:
—_ ANTARES Sensitivity (90% C.L.)
7 1 +++ ANTARES Upper Limits (90% C.L.) o
Vg EEEEEN NSRS e w | one point in the sky
o r :
| 5
- i
@) 5
> :
Q :
=, z
L 11 :
o 10 |
~~ .
= z
© Z
o] :
L :
: o *
. L . ° L X ) L] . . " . .
Jol2 [rrmmmm s anndnn s mrnng T annnn e sl 100 points in the sky
! : \ : ,(" = : ]
: RS : ]
| | 1
-1.0 -0.5 0.0 0.5 1.0
sin(d)

BN NN NSNS NN NN NN NN NN SN NN N EEEEEEEEEENNEEENEEEEN 1000 points in the Sky
Slide from Chad Finley, RICAP 2014
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« energetically probable sources of UHE CRs
data from Swift and Fermi
good information on location and time

GAMMA RAY BURSTS?

&

predicted v production in py interactions

« photosphere
« shocks

IEED
External
Photo- Intemal Shock
Asphere Shock AN~
Q= A N\~
v\ N\~
= very low background Baryn \ /
* preCU rsor keV MeV GeV v

https.//inspirehep.net/record/868436/plots

* upgoing v, track search — 506 bursts

IceCube, Nature 484 (2012) 351 significantly
constrains GRBs as dominant sources of UHECRs

(4 years)

 all-flavor cascade search — 257 bursts G
(1 year) n
g
limits on the v flux disfavor much of the g 10™f
parameter space for the latest models <
ONLY ~1% OF THE ASTROPHYSICALv | £ |.
FLUX CAN COME FROM GRBs 3 o,
10

IceCube Preliminary
1.23 x model
10° } 0.69 x model
0.84 x model

-
- -

= Fireball Model Prediction N
4Yr Tracks + 1Yr Cascades
90% CL Upper Limit

= = Photospheric Model Prediction |
4Yr Tracks + 1Yr Cascades
90% CL Upper Limit

5Yr Tracks + 3Yr Cascades
Projected 90% CL Upper Limit
1 1

[IceCube, arXiv:1412.6510]

10° 10° 10’
Neutrino energy (GeV)

IceCube present and future / Olga Botner
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BLAZARS? &
UPPSALA

UNIVERSITET . IcCECUBE
Equagotorlal

 blazars could be a prominent source of
astrophysical neutrinos

862 blazars from the 2nd
Fermi AGN catalog

 as few assumptions as possible — Diffuse Flux —  Limit
_ 107°% : ——
ks 2009 — 2011 0 Tl ;equal Yvelght|§ng : . : ]
* tracks - Rz I iv-Lumi. weighting : : :
- estimate of max. signal TS
from the entire population > 1077 3
.
i -2.5 s 10790 -
« compare with E o _ ' _
energy spectrum o . of lceCuibe Preliminary ' —{8%) ! ]
10?2 100 10* 10° 105 107 10® 107
ONLY ~20% OF THE ASTROPHYSICAL v Neutrino Enerev [GeV]

FLUX CAN COME FROM BLAZARS

[T. Gliisenkamp, RICAP 2014, proceedings]
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PROPOSED SOURCE CANDIDATES @

UPPSALA IcCECUBE

UNIVERSITET

e Galactic: (full or partial contribution)

o diffuse or unidentified Galactic ~-ray emission [Fox, Kashiyama & Meszaros’13]
[MA & Murase’13; Neronov, Semikoz & Tchernin’13;Neronov & Semikoz'14; Guo, Hu & Tian'14]

o extended Galactic emission [Su, Slatjer & Finkbeiner'11; Crocker & Aharonian’11]
[Lunardini & Razzaque'12;MA & Murase’13; Razzaque'13; Lunardini et al.’"13]

[Taylor, Gabici & Aharonian’14]

e heavy dark matter decay [Feldstein et al.’13; Esmaili & Serpico '13; Bai, Lu & Salvado’13]

e Extragalactic:

e association with sources of UHE CRs [Kistler, Stanev & Yuksel'13]
[Katz, Waxman, Thompson & Loeb’13; Fang, Fuijii, Linden & Olinto’14]

active galactic nuclei (AGN) [Stecker'91,13;Kalashev, Kusenko & Essey’13]
[Murase, Inoue & Dermer’14; Kimura, Murase & Toma’14;Kalashev, Semikoz & Tkachev'14]
gamma-ray bursts (GRB) [Murase & loka'13]
starburst galaxies [Loeb & Waxman’'06; He et al.’13;Yoast-Hull, Gallagher, Zweibel & Everett'13]
[ Murase, MA & Lacki’13; Anchordoqui et al.’14; Chang & Wang'14]

hypernovae in star-forming galaxies [Liu et al.'13]
galaxy clusters/groups [Murase, MA & Lacki'13;Zandanel et al.’14]

Slide from M. Ahlers, NeuTel 2015
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&5 CONNECTIONS? %

UNIVERSITET ICECUBE

« the measured v flux E>60 TeV is E2® ~108 GeVcm-2s1srl
i.e. comparable to the Waxman-Bahcall bound

 charged n decay = | |
IceCube UHE v flux [M. Ahlers, arXiv:, updated for IceCube-Gen2 arXiv:1412.5106]

« neutral n decay = UHE Y’S 106} . HH HESE Gyn)
= cascading down to < TeV fifeis Ferm} 1GRB anXiv 1410.1749
i e / HH  Fermi IGRB (2014)

» level compatible with IGRB
measured by Fermi

astrophysical

1077t .
[ neutrinos

S
%

observations
compatible with the conjecture
that cosmic accelerators are

E2J [GeVem 2s st
\

pp scenario

. . 91
hadronic and ra_dlate 10 ' SFR evolution
comparable energy in y's and
V'S 103 102 0.1 1 10 102 103
E |TeV]
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& BEYOND ICECUBE %

UPPSALA -
UNIVERSITET cCECUBE

IceCube in its full configuration works exceedingly well
* performance — superior to expectation

* has discovered the hypothesized flux of high-energy cosmic v’s
* key to neutrino astronomy, imagined in the 1960's

* has demonstrated that an ice-based detector can
pursue physics related to v mass

But ...
x the rate of astrophysical v's is modest
x no sources identified yet
x poor sensitivity to v mass ordering

wait and see ...
~1 evt/ly @ E>1 PeV
~10 evts/y @ E>60 TeV

« enhance IceCube for future
astrophysical and particle
physics discoveries

« sensitivity to point
sources increases with
time

« 50 does sensitivity to v
oscillations
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FUTURE — ICECUBE-GEN2 %

UNIVERSITET ICECUBE

 capitalize on the success — enhance the sensitivity of the existing detector

LOW ENERGIES HIGH ENERGIES
« dense in-fill subarray « widely spaced additional strings
* inside DeepCore  a large-area surface veto array
exploit the large flux of atm. v’s explore the unknown universe
for

e characterize the flux of the

» precise measurement of v osc. param. high-energy astrophysical v's

« determination of the v mass ordering

e Spectrum
« flavor composition
also
— indirect searches for WIMP DM - identify cosmic sources

at low energies
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IcCECUBE

‘ Expanded region of instrumented ice: 1270 m
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FUTURE —ICECUBE-GEN2 — HIGH-ENERGY

&
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Sensitivity @ Glashow resonance

For an electron in the rest frame the
neutrino must have an energy of 6.3 PeV.

IcCECUBE

Cross Section [cm?]
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FUTURE —ICECUBE-GEN2 — HIGH-ENERGY a
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IcECUBE

Opening the Southern sky with a surface veto!
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i FUTURE — ICECUBE-GEN2 — LOW ENERGY
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40 strings, 60 (— 96) DOMs/string,

~5 m spacing, ~25 m between strings
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FUTURE —ICECUBE-GEN2 — LOW ENERGY
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« several current or planned experiments will have sensitivity to the
neutrino mass ordering in the next 10-15 years
« NB! timelines may shift
« NB! median expectations shown — large fluctuations possible

E range depends on:
7 J value of delta-CP
6
widths 5
indicate -
main 4
uncertainty =
3=
2f-
1
: 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1

2015 2020 2025 2030

&

IcCECUBE
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CONCLUSIONS

« Neutrinos are unique probes of the non-thermal
Universe

« IceCube has shown that cosmic neutrinos are
detectable

« But ... what/where are the sources?

« What can we learn from spectrum and flavor
composition?

» IceCube-Gen2 aims for extended v physics reach
at both high and low energies

» expect major improvements in sensitivity

 online correlation with optical/X-ray/y-ray observatories
enhances likely discoveries

« we hope that KM3NeT in the future will join the quest
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