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Neutrino Cherenkov Telescopes

Astrophysical neutrinos are an important addition to multi-messenger
astronomy (no deRection & absorption in space; Osmoking-gunO of cosmic rays)

ANTARES v — , -
KM3NeT [ AFTSSES detector requirements:

N1 " \Y}
dtdA " year " 1kn®
=* Mget @V X mp~1Gton

NN><||N><

realization:

Observation of Cherenkov light in

km?®-volumes of deep ocean water

(Mediterranean), fresh water (Lake
Baikal) or ice (Antarctic).
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The IceCube Observatory

IceCube Lab
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2820 m
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IceTop

IceCube Array

DeepCore

Eiffel Tower b
324m
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Giga-ton telescope at the
South Pole

Collaboration of about 250
people at 43 intl. institutions

60 digital optical modules
(DOMSs) per string

78 IceCube strings
125 m apart on triangular grid

8 DeepCaore strings
DOMs in particularly clear ice

81 IceTop stations
two tanks per station, two
DOMs per tank

7 year construction phase
(2004-2011)

price tag: 30 Cents per ton
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The IceCube Observatory

e Ocascades(yood energy, but poor angular resolution (! "> 10)
o Otracks(poor energy, but good angular resolution (! " ! 1')
e time-dependent signal: early to late light detection

track event (IC-79) cascade event (IC-86)

[two examples from the high-energy starting event (HESE) analysis; IceCube Science 342 (2013)]
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IceCube HESE Sample (3yrs)

e High-Energy Starting Event (HESE) sample: [lceCube Science 342 (2013)]

¥ bright events (Ew " 30TeV) starting inside IceCube
¥ efbcient removal of atmospheric backgrounds by veto layer

e 37events in about three years: ToE 4
[ N, ] 2:6/7 1,44,
lceCube PRL 113 (2014)] = F~Heisy
o v s ST
¥ 28cascades events E | X ° ig--"/
ol x ks 2@?AB?4 1,
¥ 8track events U - * % £ 7R510ac, 3D}
. o F <. 7, ' et
¥ 1 composite event (removed) U S %, ’/: IC-40 iy
- E - e :-C,3D1-E
N o - \ ITI C,7F27D4C,3D1-I
R
e expected background events: F #1C-79/DC ‘rl HESE (3yr)
e
¥ 6.6 atmospheric neutrinos YOE
i L 67,8504
. n (e /
¥ 8.4+42 atmospheric muons " E 54
vl }
e signibcance of 5.7! above 1)§HH‘m\‘HmHH\HH\HH\HH\HH
backgrounds PR s % & (
-0 Hs%s

T
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Arrival Directions

31
absorption

>60%

Galactic

® 28 Ocascade eventsO (circles) and 7 Otracks eventsO (diamonds) ; size of symbols
proportional to deposited energy (30 TeV to 2 PeV) [lceCube PRL 113 (2014)]

X no signibcant spatial or temporal correlation of events
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Spectrum

e E’ 2-spectrum of the HESE 3yr sample within (0.1 — 1)PeV* [iceCube PRL 113 (2014)]
E2",, ~(0.95+0.3) x 10 %GeVem ?s 'srt

¢ Oclassical® muon-neutrino analysis (dominated by Northern Hemisphere) sees Rux
excess consistent with HESE sample [lceCube APS meeting®14]

e extended HESE sample with lower energy threshold indicates softer spectrum
[lceCube 1410.1749]

! " # E $ 046012
2 0.4 Q¥ ] W wq g
E™,, (E)~ 20603 x10° ——— Gevcm “s ‘sr
: 100TeV
[ Best-bt power law
o Stecker AGN T
— 4.0 M /l_ WB bound
T <ee Differential Spectrum (bestfit, charm component floats to zero) ‘ B ’_:E‘ —
Tasl [ T e e e o o < e -
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Neutrino Energy [GeV] Neutrino energy [GeV]
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Neutrino Flavors

: u muon-suppressed
<€—— pion decay
(0:1:0)

pion & muon

<«— decay
(1:2:0)

neutron
decay
(1:0:0)

® ONuFit 1.3Gsir? | 1o = 0.304/ sir?!,3= 0.577/ sif!13= 0.0219/" = 251

v/ observed events consistent with equal contributions of all neutrino Bavors
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Multi-messenger paradigm

e Neutrino production is closely related
to the production of cosmic rays (CRs)
and #-rays.

e 1 PeV neutrinos correspond to
20 PeV CR nucleons and
2 PeV #-rays

=» very interesting energy range:

¥ Glashow resonance?
¥ galactic or extragalactic?

¥ isotropic or point-sources?

¥ chemical composition?

¥ ppor p# origin?
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Proposed Source Candidates

e Galactic: (full or partial contribution)

heavy dark matter decay [Feldstein et al. 1303.7320; Esmaili & Serpico 1308.1105]
peculiar hypernovae [Fox, Kashiyama & Meszaros 1305.6606; MA & Murase 1309.4077]
diffuse Galactic #-ray emission [e.g. Ingelman & Thunman®96; MA & Murase 1309.4077]
unidentibed Galactic TeV#-ray sources [Fox, Kashiyama & Meszaros 1306.6606]
sub-TeV diffuse Galactic #-ray emission [Neronov, Semikoz & Tchernin 1307.2158]
OFermi bubbles@su, Slatjer & Finkbeiner®11; Crocker & Aharonian®11; Lunardini & Razzaque®12]
[MA & MuraseD13; RazzaqueO13; Lunardiet al.013 ]

e Extragalactic:

¥

¥
¥
¥
¥
¥

w

association with sources of UHE CRs [Kistler, Stanev & Yuksel 1301.1703]
[Katz, Waxman, Thompson & Loeb 1311.0287; Fang, Fuijii, Linden & Olinto 1404.6237]
GZK from low Enax blazars [Kalashev, Kusenko & Essey 1303.0300]
cores of active galactic nuclei (AGN) [e.g. Stecker et al.091;Stecker 1305.7404]
AGN jets [e.g. Murase, Inoue & Dermer 1403.4089; 1406.2633]
low-power #-ray bursts (GRB) [Murase & loka 1306.2274]
starburst galaxies [e.g. Loeb & WaxmanO06; Heet al. 1303.1253]
[ Murase, MA & Lacki 1306.3417; Anchordoqui et al. 1405.7648; Chang & Wang 1406.1099]
hypernovae in star-forming galaxies [Liu, Wang, Inoue, Crocker & Aharonian 1310.1263]

galaxy clusters/groups [Berezinksy, Blasi & PtuskinO97; Murase, MA & Lacki 1306.3417]
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Neutrino Point-Source Limits

e upper Bux limits and
T . 10° ‘ ‘
Sensmvmes Of GalaCtIC = - IceCube 4-year Sensitivity (90%C.L.)
neutrlno sources Wlth — IceCube 4-year Discovery Potential (50)
OC|aSSIca|O muon neutrlno * o |ceCube 4-year Upper Limits (90% C.L.)

- ANTARES Sensitivity (90% C.L.)
" ! ! ANTARES U Limits (90% C.L.
search ("res~ 0.3 -0.6') pper Limits (90% C.L.)

1010 b

e sensitivity for extended
gpurces weaker by
#Hed #psF ™~ " res

e strongest limits for sources in
the Northern Hemisphere
(IceCube FoV for upgoing $0s) 10 | & [ S

E? dN/dE [TeVecm2s7!]

e time-dependent sensitivity: _1T0 05 00 05 1.0
[lceCube ApJ 744 (2012)] sin(9)

2 "o [IceCube 1406.6757]
E*™,, ~(0.1- 1)GeVem
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Neutrino Point-Source Limits

Galactic search with IceCube (red, 3yrs) & ANTARES (blue, 6yrs)

Galactic

-90°
e relative strength of neutrino limits assuming hadronic TeV #-ray emission
(only shown for selected strong sources):

F (B > En) FFNE > En/2)

X caveats: soft spectra, low energy cutoffs and extended emission
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Fermi Bubbles

e two extended GeV #-ray emission
regions close to the Galactic
Center [Su, Slatyer & Finkbeiner©10]

e hard spectra and relatively uniform
emission

e some correlation with WMAP haze
and X-ray observation

e model 1: hadronuclear interactions
of CRs accelerated by star-burst
driven winds and convected over
few 10° years  [Crocker & Aharonian®11]

keV cm?s?srt

e model 2: leptonic emission from
2nd order Fermi acceleration of
electrons [Mertsch & Sarkar©®11]

=» probed by associated neutrino
production  [Lunardini & Razzaque12] [Su, Slatyer & Finkbeiner011]
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Fermi Bubbles

Fermi Bubbles

-180°

Galactic
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Fermi Bubbles

[southern sky (down-going)] [Northern Sky (up-going) 10'® l

B I Background atmospheric muon flux LL
10 B Bkg. atmospheric neutrinos (x/K)
Background stat. and syst. uncertainties
—— Atmospheric neutrinos (benchmark charm flux)

—  Atmospheric neutrinos (90% CL charm limit)
8 —  signal+bkg. best-fit astrophysical £~ spectrum
eve Data

10! s

- HiSCORE (5yrs, FB)
© LHAASO (1yr, FB)
* HAWC (3yrs, FB)
1 s “+ CTA (100n, FB)
%V/ 10°°r ANTARES (FB, prel.)
GRAPES-3 (FB)
% 7 - CASA-MIA (FB)
Fermi Bubble (2014)
IceCube (FB 2yrs)

Fermi Bubbles™?

E2J[GeV cm' 25! 1t 1]

Fre e

.

104

19 . . . . . . .
. 10 10 10'2 10'! 10° 10! 10? 10°
sin(Declination) E [TeV]

[MA & Murase 1309.4077; updated with Fermi ApJ 793 (2014)]
e small zenith OexcessO in IceCube HESE 2yr sample (but not signibcant)
e Galactic Center source(s) of extended source, e.g. OFermi BubblesO?
[Finkbeiner, Su & Slatyer©10]

X $= 2.4 extrapolation of hadronic #-ray/neutrino 3ux unlikely to produce an
OexcessO at 100 TeV to PeV in FB region
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Diffuse vs. Point-Source Rux

e point-source RBux:
L L

~

Fps= ——2—
P57 4%2(2)  4%?

e (quasi-)diffuse Bux:

& &Ho

I 12 L L
Faitt = 1% dz & H(2) 06 (27~ %% dr H(r)
0

e typically, the density H of extra-galactic sources is:
¥ 10 *— 10 ?Mpc’ 2 for normal galaxies
¥ 10 5 — 10 *“Mpc 2 for active galaxies
¥ 10 "Mpc 2 for massive galaxy clusters
¥ > 10 ®Mpc’ 2 for UHE CR sources

e PS Rux based on HESE measurement:
# S # $.,# 3.
Fes(E ) ~ 9 x 10 BTevem 251 Ho T e
' 10 5Mpc" 3 10Mpc 2.4

Markus Ahlers (UW-Madison)
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Identibcation of Extragalactic Point-Sources?

e total number of sources

ns ~ 10° — 10’

e total number of OslicesO
1
Nslice 2~ (Ns) 3
e total number of events
1
K ~ m X Nglice= M x (Ng) 3

required number of events to
see a doublet (m= 2)

AN

2
7
& K ~ 200— 500
number of sources: 1 : 7 + 19:37: <
number of events E m m':m'm X random clusters are very likely
) - with bad angular resolusion!
distance O r1 2r1 3r1 41 In
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Identibcation of Extragalactic Point-Sources?

closest continuous source in FoV|

e |ceCube Bux normalizes the 1022
contribution of individual sources o R istibe G0 €L 8y Northern Herrisphre)
£ S
. ; 10713 —
e dependence on local source density H &
(rate 7¥) and redshift evolution & g
w 10-14

Tive =51, ;= 24, fgy = 05

=» PS observation requires rare sources — - .
10 g 10 10
H [Mpc™

H
%

e non-observation of individual neutrino
sources exclude source classes, e.g. closest transient source in Fov

X FSRQs
(H ~10 °Mpc 3/ & ~7)

X OnormalO GRBs e Syste 24105
(M~ 10 °Mpc 3yr' 1/ & ~ 2.4) e e T e

HO [Mpc2 yr1]

[MA&Halzen014]
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Association with Known Sources?

number of sources
number of events

distance

Markus Ahlers (UW-Madison)

0

M

2r1 3r1 4 inn

High-Energy Neutrinos in Light of Fermi-LAT

total number of known
closeby (r < ry) sources, e.g.

Neat ~ 100

total number of events
# 3

n
ﬂ:m# X Nglice = M X -
Ncat

1
3

required number of events to
see an association (m= 1)

K ~ 20— 50
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Association with Known Sources?

Trwe s

Fermi 2FGL Catalog (extragalactic sources, bolometric)

f’%\}a’*
o 1o

Galactic

| bzq, BZQ bzb, BZB agn, rdg, sey, agu, AGN, RDG, SEY, AGU shg, SBG gal, GAL
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Association with Known Sources?

Fermi 2FGL Catalog (extragalactic sources, power-law With 2.0)

| bzq, BZQ bzb, BZB agn, rdg, sey, agu, AGN, RDG, SEY, AGU shg, SBG gal, GAL |
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IceCube Stacking Searches

e GRB stacking (right plot)

¥ $, emission following the GRB
Obreball® model

. IceCube Prelimi
¥ 492 GRBs (2008D2012) in Y R S S ]
IceCubeOs FoV reported with o
GCN and Fermi GBM &
"
e Fermiblazar stacking S
o
[lceCube 1406.6757] =
Q
¥ weighting with Fermi #-ray Bux = ,
& ’ — IC40 thru IC86-I breball UL (90% CL)
w " l' = IC40 thru IC86-I photospheric UL (90% CL)
¥ 33 FSRQs: W =+ Total breball prediction B
" " " =+ Total photospheric prediction
E2|| < 35x%x1 12TVm2 1 ) ‘ .
u 3.5 0 eve S 104 16 10 10

E (GeV)

¥ 27 LSP BL Lacs:
E™ ., < 52x10 ®Tevem s’ * [lceCube Nature 484 (2012); M.Richman ICRCH2013]

¥ 37 hard #-spectrum BL Lacs:
E®,, < 37x10 *Tevem *s !
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Isotropic Diffuse Gamma-Ray Background (IGRB)

e neutrino and #-ray Ruxes inpp
scenarios follow initial CR

" T
spectrum o E 10 6k — diffuse v (per Bavor)
ﬁ-&@ — diffusey
=» low energy tail of GeV-TeV _ e i e s
. - ermi
neutrino/#-ray spectra B
n
X constraint by IGRB E
[Murase, MA & Lacki©13; Chang & Wang014] 3 0
o
el
e extra-galactic emission W
(cascaded in EBL): $! 215-22 4o ppscenario
. .. ' SFR evolution
e Galactic emission: $! 20

0% 102 01

E [TeV]
[Murase, MA & LackiO13; updated with Fermi 1410.3696]

=» " 10% contribution to IGRB at
E- " 100GeV
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Summary & Outlook

e |IceCube 4th year HESE data to be unblinded soon.

e Rebned analysis strategies with reduced atmospheric backgrounds and lower
energy threshold under development.

e Do we see individual sources or just a diffuse background ?

=» Input from #-ray astronomy will be essential to identify extragalactic source
populations.

e How well can we determine the spectrum and Ravor composition ?

e |s the corresponding CR population responsible for UHE CRs (WB saturation)?
e Local PeV #-ray astronomy ?

e Extragalactic contributions of EeV neutrinos (GZK)?

e Studies of possible future extensions of lceCube underway.
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