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» Cosmic Rays & Multi-Messenger Astronomy
* IceCube Neutrino Observatory
* Astrophysical neutrinos

» Observed diffuse signal

* Searches for neutrino point sources

* Summary



Gamma-Rays and Neutrinos

e Multi-Messenger Astronomy Stefan Coenders
Lake L
Cosmic Rays | oS

Cosmic Rays (CR)
(p, He, Fe, ...)

« Cosmic rays observed
from GeV to 10°°eV

* Astrophysical beam
dump at acceleration site

* Y&V
Detector production

In-lce

4 DNiqunig ° astronomy
.. e o
..0 te ! » TeV y & V from
Satelllte' ° o PeV cosmic rays

and IACT

3



M h lceCube Detector Completion Dec:2010
after 5 years of construction

lceCube operational since first deployment season
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neutrino & CR physics

spoEre e 1km? instrumented volume

“ 5160 Digital Optical Modules (DOM)

* 86 strings with each 60 DOMs

* V-energy threshold of ~100GeV

i/

i % /+ Located at the South Pole at 1.5-2.5km
depth

| * Very stable operation: 97.2% clean uptime

-

Cherenkov radiation
by secondary charged particles



Neutrino signatures "% &)

p-Tracks
(CC Vi mteractlon)

e pointing < 1°

* Energy resolution
factor of 2

e enter IceCube
from far outside

Early Time L ate

6



Neutrino signatures "% &)

Cascades / Shower p-Tracks

(NC, CC V. interaction) (CC vy interaction)

i

?7/ . b0|nt|ng< 1°

O«
- B

* Energy resolution

 Energy deposited

. factor of 2
In detector
| e enter lceCube
e 15% resolution from far outside
In energy

* pointing ~ 10° - , -

Early Time Late

6



Neutrino signatures

Stefan Coenders
Lake Louise
2016-02-12

Cascades / Shower p-Tracks
(NC, CC Ve mteractlon) (CC Vi '“teraChO")

4 _‘ , ® EE ."‘i

3’/ . |:oointing< 1°

) O«
> O

* Energy resolution
factor of 2

 Energy deposited
in detector

e enter lceCube

e 15% resolution from far outside

In energy

* pointing ~ 10° - . -

Early Time Late

6

Double Bang
(CC v, simulation)
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* t-decay to w/K
produces second
cascade

e

* No observation yet

* Clear identifier for
astrophysical neutrinos

* Decay length: 50m/PeV



Backgrounds TR @R

 Cosmic rays induce atmospheric air-
showers




Backgrounds TR @R

 Cosmic rays induce atmospheric air-
showers

* Muons penetrate IceCube from above
 Trigger detector at ~2.5kHz

* Energy spectrum ~E*7




Backgrounds TR @R

p, He, ...

 Cosmic rays induce atmospheric air-
showers

*. astro. v

* Muons penetrate IceCube from above
 Trigger detector at ~2.5kHz
* Energy spectrum ~E*7

 Neutrinos are not absorbed by Earth
shield (North)

- Soft energy spectrum ~E~

 Other exciting physics possible
p, He, ... with atm. v: Oscillations, non-std.
Interactions...



Neutrino Selection " @3

up-going charged particles originate
from neutrinos!

select well reconstructed neutrinos
— tracks

Large detection volume, dominated by
atm. v at low energies

Astrophysical signal > 100TeV,
absorption in Earth at highest energies

South

p, He, ...
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Neutrino Selection T

up-going charged particles originate
from neutrinos!

select well reconstructed neutrinos
— tracks

Large detection volume, dominated by
atm. v at low energies

Astrophysical signal > 100TeV,

absorption in Earth at highest energies

South: Veto incoming atm.

* Astrophysical signal >
muons PTY 5

10-100TeV

Starting events are

* Th h-00i
neutrinos rougn-going muon

neutrinos only at very
highest energies: >PeV

Reduced detector volume
8
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Astrophysical Neutrinos Lok Lo

* Observation of an integrated diffuse flux of v
(a) All-flavour all-sky high-energy starting events (HESE): 53 events
(b) Up-going v,;: highest energy v ever observed: 2.6+0.3 PeV deposited energy

 Consistent with isotropic power-law with spectral index E* and B

2 EEm Background Atmospheric Muon Flux — 1 0-4
10 ~|E=m Bkg. Atmospheric Neutrinos (=/K) n T —

(a) ICRC"] 5 71 Background Uncertainties - = + Prompt atmospheric v, +v, (1xERS) ]
== Atmospheric Neutrinos (90% CL Charm Limit) - ; i o, - Y ]
" e Bip.+5ione! BestRt Astrophysicel (best-t stope %) . 10 5 B Conv. atmospheric v, +1, (best-fit) !

> | ez ' -« Bkg.+Signal Best-Fit Astrophysical (fixed siope %) o B Astrophysical v, +v, (best-fit)
(-] 101 e®e Data _:'._ 10-6 )
~ I IceCube Prelimina el ]
S| B TL vz (b) TeVPa ‘15’
H . - ' ;

..... R - -7
@ 0 | RS . : c 10 F S ~a o |
a 10 s = mil =~ R :
£ 11 - 10° |
C : 3 B
g o |
w 10"} . - 107 r ‘ T
. IceCube Preliminary
. '*}" 1 |
3 4 5 6 7
10 10 10 10 10
1
102 103 10* E,/GeV

Deposited EM-Equivalent Energy in Detector (TeV) ¢
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Putting it all together i

Observation of astroph.
Vv flux

« All-flavour (starting
events)

* muon type (up-going
tracks)

No sign of cosmogenic
neutrinos

Dedicated v, searches
sensitivity above
observed signal

PRD 93.02200T1

= 10" B L) B R R T TTTTT T T T T T 17778
- -
wn .

- o Waxman Bahcall Prompt GRB x 3/2 Waxman Bahcall 2013 |
n 10 =

o 3
= ~ Stecker AGN Core 2005 v, x 3 "~ Loeb Waxman Starburst 2006 “‘i
G 10° =

> - R =
Q IC 3 Yr All Flavor Astrophysical Flux IC 2012 All Flavor Limit -

O 10* .

ui IC86 3 Yr Astro. EZ v_ x 3 (This Work) " Auger 2015 v_ Limit x 3 ]

T 107 \ =

: \ =
zZ \ :

L = 2

i

.

P
o
~J
)

......

10°® - T .
” / \ i
10-10 | Lllll | S . N l 1 Lllll lll 11 LJJJJL—I
10° 10° 107 10° 10°
E, [GeV]
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Neutrino Sources

Stefan Coenders
Lake Louise

2016-02-12

* Where do the neutrinos come from? 107 g w e w —
14)""E e '“,3
* Galactic: diffuse emission, SNR, PWN, ... = f = j
s ; - | ‘
| | £ o |
* Extragalactic: AGN, UHE Cosmic Rays, EO - |
T 1° - ;

GRB, ... s " o

- 10! [ _l- D - —‘)“ < 0 < —d)
] - O -5 <6<90° |
: N - i
e Use track-like events 102 ,.‘.l..[l[: m..ml : ...“].El'. : .....ﬁ.)“ — “1] s

Neutrino energy / GeV
v Large collection volume

ol . — Through-going |
v Good angular resolution ( < 1°) . 121 S - - Starting -
10l Sso e Kinematic |
* Search for clustering of events in full sky - 08F IR LI )
F06F L ONOC o TEeal ;
e 7 years of data available (2008 - 2015) g 041 .
0.2} -
° 700/OOO+ eveﬂtS used lﬂ anaIYSIS 0.0 4...1.11".: — ....l.il)‘ . A‘;".""]‘:’].'..m.m“[‘(‘lj;‘m . AA,AI.(AL)" A 4““1“(1'\ Aeadabd

11

Neutrino energy / GeV
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. Stefan Coenders
Point Source Search Method Lake Louise @

s

EZH (%S (AW, 04, By y) + (1 N>B(6i’Ei))

Use unbinned clustering likelihood to search for )
steady sources

Signal S: Gaussian clustering around source
location )

Background B: Distributed homogeneously

around source ‘/\ — Bacgrand
— igha
|

Energy: Signal at higher energies (~E) than
background (~E~)

Flux

» Fit for spectral index y [ ——— —_—

12
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New Point Source Results Lie Louise

[ceCube Preliminary +75°

----------

(TR ORI
- e

NS e R S W South
S~y k> TR '
RS S, Equatorial — atm. p

6.0

ot
N

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8
—log,o p

13
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New Point Source Results ke Loise

2016-02-12

Northern sky (a = 249.7°, § = 63.6°)

66 FT : .
3 . [ceCube Preliminary
. . 0 Best Fit e [CT9 « 1C86-2013
’ ) . Y 19TV o} ; i e I1CH0D « IC86-2011 « IC86-2014
[ceCube Preliminary +75 B B e

North
atm. v

250 249 248
Aa-cosd /1°

South
atm.

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 0.4 6.0
—logop

13



New Point Source Results

Northern sky (a = 249.7°,

-38

x‘j—‘ '—30 -
—q0F
—4]1

[ceCube Preliminary

Southern sky (n = 174.6°, 6 = —39.3°)

T - | - e
- lu( ube Preliminary
a o Best Fit e IC79 « 1C86-2013

o 1C40
1 ICH9

« 1C86-2011
» 1CB86-2012

v 1C86-2014
« MESE

-

Post Trlal 39% |

177 ]7(3 lt ]t-l 173
Aa-cosd /1°

0.0 0.6 1.2

1.8

66

. o e -
el

.....

-----------
..

Stefan Coenders
Lake Louise
2016-02-12

4 = 63.6°)

IceCube Preliminary
o Best Fit e ICT9 « IC86-2013
o 1CH0 «  IC86-2011 v 1C86-2014
« 1CH9 »  CE6-2012

North
atm. v

1J)h

2.4

3.0
—logop

13

3.6 4.2

20 249 248
Aa-cosd [/ 1°

South
atm.

Equatorial

4.8 0.4 6.0



Point Source Constraints

Stefan Coenders
Lake Louise
2016-02-12

D

Integrated

lceCube'

~10 .
10 Diffuse
— 4 years (Disc. Potential) 1y, Flyx
TARES 4 years (Sensitivity) j
— .’A:‘:‘. =susn® — 7 years (Disc. Potential)
~ 10~ 1 - = T years (Sensitivity)
= : + Upper Limits (90%)
~— AN
~— Ve
Z
=
i —12 \ v T . )
§|E§ 10 3 \‘ ‘ -’-.: ) —’4_01_ - g:. - oo - :
[& : South . PR A
: : ~ et North
{Down-going) , :
" IceCube Preliminary (Up—gomg) ‘
10-13 L l L
—1.0 —0.5 0.0 0.5 1.0
sin ¢
ANTARES: Astrophys.). 786 (2014) L5
South: ANTARES probes energy regions below o
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Point Source Constraints 20160012 @

Integrated
Diffuse

10— 10

— 4 years (Disc. Potential) 1 v, Flux
TARES 4 years (Sensitivity) “
— .’A.:‘:‘- sssms® — 7 vyears (Disc. Potential)
101 - - T years (Sensitivity)
= : + Upper Limits (90%)
~— AN
N \‘\ *
< 3yt KM3NeT Gg) s
— \ 4
- ~12 \ <
’E'% 10 3 \b . . __’4-’1- B t - e v
(&S : South . AP A
- . ~ o North
{Down-going) L
" IceCube Preliminary <Up'g0| ng) ’
10-13 ! ! !
—1.0 —0.5 0.0 0.5 1.0
sin ¢

ANTARES: Astrophys.). 786 (2014) L5
South: ANTARES probes energy regions below

14
lceCube'



R PWN Stefan Coenders
— Lake Loui
X ay SOU rces AGN, FSRQ 28166-002-155

10 Crab Nebula
10-10 2 D

* Probe y-ray sources for neutrino emission T

[ceCube Preliminary ]
— Astron. Astrophys. 402(2003)827 1

10-1 .\])-l ‘J-)(N: .3”“T|I\TU

cme s)

* Convert y-flux to v’s assuming that _
they originate fromn & m S P

l” 12 =

(Te\

E<O0lOFE

* MC modelling of pp/py interactions

1” l‘,r

* IceCube puts limits in reach of models | PWN

107" a2 2 aaaal s o 2 aaaal o o s aaaal A s & 4 aaas
10! 10/ 10! 10+ 10*
all processes v, Fermi 2011 E /TeV
B tical Whipple + HEGRA e ’
VetV XTE » IC-40 limit -------
loge (eV)
4 2 0 2 4 6 - 10 12 14 16 10 Mon.Not.Roy. Astron.Soc. 448(2015)3
8 v T T T T T T T T T T 1” " Tovevvveywy v oy vvevey v rvvrvveny v vvwwrng v W
, ' leeCube Preliminary
9t /1 N Mrk 421 —
o L — PG 15534113 : - ]
~ s = 10 1 - - )
: / S
g 10 4 | - .
! | —_ 13
2 | — 10
“-') ‘11 | |, . ) ;':: o
_g, : : 0 14
g 1077F
412 ~ N ‘
Tl Blazars
-13 . . . A A 4 4 4 et (1 Sl Y | a2 s aaaal o a2 s aaaal PEEPREPEPIPII | —a
10 12 14 16 18 20 22 24 26 28 30 32 10! 10F 10° 10¢
log v (H2) E | TeV

Mon.Not.Roy.Astron.Soc. 448 (2015) 3, 2412-2429 15
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Conclusion s

e IceCube found first evidence of
astrophysical high-energy neutrinos

 Consistent with isotropic o R A B s s on
distribution / full sky of all S SR L R D
flavours

Equatorial

e Statistics and angular resolution
limits the identification of the

. emission :
origin Autocorrelation

: * Time-dependent
* Searches for point sources

Stacking

Galactic

compatible with atm. background . Dark Matter » Magnetic
onopo es
/_ﬂ « Oscillations
* Lots of other exciting physics GRB
* CR anisotropy .

16 + Multi Messenger (Gravitational Waves)
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Gamma-ray bursts Lo

e 1V in coincidence with
GRB (506 GRBs in total)

* neutrino probably
atmospheric background

* <1% of astro. v fluxcan 7
come from prompt GRBv 7,

;

» absence of prompt v 3
disfavours GRB as G

- £
candidate of accelerators %

of UHECR

-7 : ,
10 —+@+ Ahlers et al. |
—+#+ Waxman-Bahcall |
108
107°
10-10F |
wt 100 108 10

19

ApJ 805, L5 (2015)

Ahlers: neutrons escape GRB fireball
Waxman-Bahcall: protons escape

Neutrino break energy &, (GeV)

100

190
180
170
160
150

440

30

Exclusion CL (%)



. . . Stefan Coenders
v Oscillations with IceCube-DeepCore Lake Louise

2016-02-12
4 ‘ ‘ 1
- I -~ 3
* Low energy extension DeepCore accesses 2; RID 91 072004
energies down to 10GeV 1
0 1
38l — IceCube 4 years [NH] v SKIV (2015) [NH]
. . |-+ MINOS w/atm [NH] IC2014 [NH)
e 8 strings in the center of IceCube 36 - 12K 2014 (NH]
(Clearest ice) ~,> 3.4 90% CL contours
Q2 32
_ . = 3.0
* lceCube works as active shield =28 "
Sa26f N7
* Atm. Vv, oscillation minimum visible at ~ ** 5L ST AT
~ 22 IceCube preliminapy i
25GeV )o | y | |
' 0.3 0.4 0.5 0.6 0.7 012 3 4
Sinz (02:‘) 2AInlL

e Use atm. VvV to measure neutrino oscillations 0.0

, S 1.0
5y = 7.0-10 " eV*®
1 =2.32-10 Y eV? 0.9
. . . ~0.2 ,=33.9° 0,,=9. 0.8
* Search for non-std. interactions possible as los =
\A/EEII _ 04 0.6 o
- . . - 0.6} {04 =
» Sterile neutrinos could produce similar , 03 -
signatures at TeV energies o8 0.2
\ 0.1
~1.08 0.0

ol 10 7100 1000
20 E / GeV



Dark Matter / WIMPs

Stefan Coenders
Lake Louise
2016-02-12

e Search for DM
annihilation into
neutrinos

* direct xx—vv or
viaW, b, T

* DM capture In
Sun/Earth

e Galactic center
e Galactic halo

 Galaxy clusters

TTYI

T VT 1T77 T'TTTTYI T T 1T T17T7TrrTi
% o---o |C22 Halo VERITAS Segl 95%C.L.
E ¢+ ---+ |C59 Dwarfs - MAGIC Segl 95%C.L.
# +---+ |C79 Halo ----  Fermi Dwarfs 95%C.L.
-20
10 3 —a |C79 GC
:
# A * ., ’/’
.. ’.
il
| -
n I
mE 10'225L
O ;
F— [
A~ |
~ E
< ]
> :
~_ L
1024 :
: NFW
t /”/ + T
| L7 XX —T T
=

natural scale

LA L EARL
\
\
\
\
\

(-

<
= &
O._‘ﬁ

1 lllllll |

10*

1 | — llll] |
10°
m, [GeV]

i A llllll] i

10°

| W WS N - -

10°
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Cosmic Ray Anisotropy “7: @3

* Cosmic Ray anisotropy

e |[ceCube and surface
array lcelop

* 318 billion atm. p

* Observation of
anisotropy In cosmMic ray
arrival direction in
Southern sky

22



Magnetic Monopoles " (3

 Search for GUT magnetic

| — BAIKAL 1998-2003 »—a |ceCube 22
m O n OpO I eS AMANDA-II 2000 up-going o—e |ceCube 40

-  MACRO up-going ~—= |ceCube 86 Limit
 ~— ANTARES 2008 (This Analysis)

* Light emission along 10

path (Cherenkov and =

_® 1076 \
induced proton decay) . \
.‘_5.10” : o

» Velocities significantly [ S -

slower than speed of 05 08 o7 o 09 o

light

23



Atmospheric Self-Veto " @3

Schonert, Gaisser, R ni, Schulz : .
e e st o K/m\ + Incoming p are most likely
atmospheric events

Gaisser, Jero, Karle, van Santen
Phys.Rev.D90, 023009 (2014)

» Use outer detector layer to
v identify incoming events

; * Atmospheric v are
accompanied by p of the
same shower

101

Total flux

102 |
 Veto reduces both atm. p
and atm. v component

103 [

Conventional v,

E3®, [GeVZem2sr—1s7!]

10—4 ‘
—~1.0 —0.5 0.0 0.5 1.0

cos 0 24
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Atmospheric Self-Veto s

Charge Threshold

I Bkg. Atmospheric Muon Flux (Tagged Data)

I Bkg. Atmospheric Neutrinos (=/K)

1 Bkg. Uncertainties (All Atm. Neutrinos)

- Atmospheric Neutrinos (90% CL Charm Limit)

-~ Bkg.+Signal Best-Fit Astrophysical (best-fit slope E %)

Verify veto capabilities with
experimental data

1 05 e - = Bkg.+Signal Best-Fit Astrophysical (fixed slope E?)
- All Events (Trigger Level)
Outer layer of DOMEs is used as 2 10* [ [ TcaCube Praliminary
. (]
active veto ~ 10°
" 10°
o .
Tag & Probe g 10t
)
Use the second layer inside of the o
veto to identify incomingpy L L L |
10 e Y
-3 N
Check how many are correctly veto ™

10 10°
Total Collected PMT Charge (Photoelectrons)

Very good agreement with MC,
experimental constraint on p
contamination



Moon Shadow

Stefan Coenders
Lake Louise
2016-02-12

i

» Use Moon shadowing of cosmic rays to calibrate and verify

angular reconstruction

 Look for lack of muons from position of the Moon

e Size of the Moon ~0.5°

Moon, IC86-Il, MPEFit

Moon, IC86-1, MPEFit
Y -9

-

Su - 60 [deg]

26

1 2 3
(o, - @) cos(s,,) [deg]

Moon, IC86-1ll, MPEF:it

1 2 3
(o, - @) cos(5,,) [deg]
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South Pole Ice i

NucI Instrum Meth A711 (2013) 73-89
 Very clear Ice at the South Pole

&
(%)

B §pl(FM[-F" "‘.1.-. ........... _ S

S

 Very large absorption length

0.05 14|

0.03

Scattering due to dust

0.02 |

eff. scattering b_ (400 nm) [ m” ]

* Layer of dust at 2km depth inside

0.01 1

of IceCube -
. . . — 005
» Dedicated Ice modelling using e T
— 0034 E
LEDs on IceCube DOMs e
L € 001 prfit
— et ——} %
& 0005+
© -

| I |

27 depth|[ m |
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Astrophysical Neutrino Signal Lake Lovise @

Ve : ¥y ¥, &L source 2 IceCube o
; (fég O/ % 1.00 Preliminary 1:
— g 116
* Astrophysical v’s observed by "
independent observations 05
. s 0.17 6
o Starting Events (all-flavour) % . !
- 0.00 [
§ Q.? Q\ QL?I/ Q.\? Q) \Q 0
* Through- & up-going p (V,) s |
o IceCube Preliminary |mm | |
E. | o Difl I
» Consistent with uniform (1:1:1) - "
flavour composition " 10 T oy
i 108 | ‘
o
o !1’()' 10 10° [ 10

28 E, [GeV]



Point Sources: Accessible Energies

Stefan Coenders
Lake Louise
2016-02-12

* Strong energy dependence with energy
* North

* Low energies (TeV) accessible

* Absorption at high energies

e South

* High energy threshold (PeV) due to
large p background

* Starting events reduce energy
threshold from PeV to 100-300 TeV

« ANTARES sensitive below 100 TeV
in South

dN/dE [TeVcm ?s ']

E‘l

29

108

ICECUBE
PRELIMINARY

- lceCube, E, < 100 TeV Sensitivity (90% C.L.)

i« ANTARES, E,A < 100 TeV Sensitivity (90% C.L.)

IceCube, Sensitivity (90% C.L.)

IceCube, E, < 1 PeV Sensitivity (90% C.L.)

lceCube Upper Limits (90% C.L.)
ANTARES, Sensitivity (90% C.L.)

ANTARES, Upper Limits (90% C.L.)




