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Cosmic Rays

» Protons and nuclel hitting the Earth’s CAPRICE +—e—
BESSQ% —a—
atmosphere. Ryan et al.
- Grigorov +—#—
» Discovered by Victor Hess in 1912 d s
Tien %AhSaG
» Cosmic Rays spectrum spans |0 \CAD
decades of energy. Origin still ' R e e
ecades of energy. Origin sti Tk 1 el
S X k. —o—
unknown. e, A =
. : Fly Eye +—e—
» Galactic CRs: Supernova oo
s AGASA —a—
remnants™®! A HiRes —e—

) Extra-Galactic CRs: AGNs, GRBs, antiprotons
magnetars!

Extra-Galactic origin
3

CERN LHC (14 TeV)

*Science |15 Feb 201 3:

Fermi finds the hadronic
acceleration

102 10* 10° 10® 10" 10"
Evin (GeV / particle)
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The v-y connection

@ Cosmic rays can interact on the accelerator sites: SNR, AGNs,
GRBs,...

O/ +

p+3¥—» T +N p+p—p N+

_ap COSMILC raﬁs?

_g TeV-neulrinos

...or they can interact in known targets: Earth’'s atmosphere,
Interstellar matter in Galactic plane, cosmic microwave background.
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»Protons are deviated by magnetic fields (E, < 10'” eV) and very

energetic protons travel distances of a few Mpc.
» Neutrons reach distances of ~kpc at very high energy.
» Photons interact with the EBL (~ 100 Mpc) and CMB (~ 10 kpc).

» Neutrinos are neutral, stable and weakly interacting particles.
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cosmic ray

Detection principle

signal vV

O, (cm?sris

cosmic ray

atmospheric background
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The Neutrino Sky

..... CvB Key:
T 1 = o AMANDA-I
pp CB\lo Kpc = frejus
SN
/4 .
solar ".{elnc SN
i atmospheric reutrinos
GRB Fe)
"""""" GZK
requires a km? _}/
- e
neutrino telescope o,
H | ‘ .': 7".
1010 108 10° 10° 1010

neutrino energy (E..), GeV
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» Atmospheric neutrinos (TT/K)
- dominant < |00 TeV

» Atmospheric neutrinos (charm)
- “prompt” ~ 100 TeV

» Astrophysical neutrinos
- maybe dominant > 00 TeV

»Cosmogenic neutrinos
- > |08TeV
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The IceCube Collaboration

S, P i~ 1 0 countries, 40 institutions, ~260 collaborators
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lceCube in-ice telescope

ICECUBE

20 years of construction from
AMANDA to IceCube

IceCube Lab .
- . lceCube phases:
celop '
: . — 80 Stations, each with
S0m[— - - —ﬂ - - T / 2 IceTop Cherenkov detector tanks IceCu be I (2004_5)
Ty 2 optical sensors per tank
320 optical sensors
&
2010: 79 strings in operation &
2011: Project completion, 86 strings
&

/L%es(t:r%zg |/n\crlru€cii¥ng 6 DeepCore strings CeC u be 40 (2008'9)
60 Sensors on each string
5160 optical sensors CeCU be 59 (2009_ I 0)

AMANDA Array

Precursor to IceCube CeCUbe 79 (20 I O' I I )

DeepCore

6 strings—sensor spacing optimized

for lower energies . . . .
[] : Completion with 86 strings in

1450 m

! |Eiffel Tower

324 m (. December 2010.

2450 m

2820 mL_S

i

CTERRRL | |ceCube 86-1 (201 1-12)
. "r‘ PY
Bedrock o o
o

5160 Digital Optical Modules (DOM)
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BTN . St 8 B
2 winter-over scientist ensure high uptime of ~99%

Rates: 3 kHz of muons (trigger); >200 atmospheric neutrinos/day (final sample)
Hardware very stable.

——— -~

— - —— -

————— — —_—
= ~ —

————

DOM performance

s B 99.1% (5435) DOMs have survived installation.

* Failure rate: 2/year.
* After |5 years operation (2025) we expect 97.2% +/- 0.4% of the detector operational.
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' yo u :Iaogzlzed at |0 ms of data!



Detection Methods

through-going muons cascade > all flavors

» Ve, Vr and neutral current

» High energy resolution: fully active

» The workhorse for neutrino calorimeter, all energy gets deposited in
astronomy, good angular resolution the detection volume
» Vertex can be far outside the » Angular reconstruction above ~50 TeV

detector. Increased effective volume!

Juan A.Aguilar - Université de Geneve @
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Pointing: Moon shadow

\'.- \
; '
W | : 6 A

» Moon blocks cosmic rays
v . 3 : CRs reaching
coming from its direction. lceCube

» Used to verify pointing,
resolution.
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021" mmo Accounts for magnetic
- 2o .
0.4l B0 ‘ deflection effects
[ b l PSR T R S T | ]
-0.4 -0.2 0 0.2 0.4

(au - aM) 003(831) [deg]
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Cascade reconstruction

Distance to source (vertical) [m]
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» Shown Is one event with
best fit (blue) and forced
reverse direction (red)

» Event contains 354

waveforms and a total of
> 90,000 photoelectrons

» Achievable resolutions
(Cascades):

+15% deposited
energy (incl. all sys.
errors)

10° angular resolution
(> 100TeV)
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Point Source Searches

Neutrinos are not deviated by magnetic fields.
Scattering due to v-uy kinematics and detector Point Spread Function.

g
Atm. muons Atm. neutrinos

declination

Juan A.Aguilar - Université de Geneve



3 Years Skymap

» Total events (IC40+IC59+IC79): 108317 (upgoing) + 146018 (downgoing)
»Livetime: 316 days (IC79) + 348 days (IC59) + 375 days (IC40)

+85°

Atm. neutrinos

Atm. muons

Accepted for publication in ApJ: http://arxiv.org/abs/ 1 307.6669

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0
-logy, p
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http://arxiv.org/abs/1307.6669
http://arxiv.org/abs/1307.6669

3 Years Skymap

» Total events (IC40+IC59+IC79): 108317 (upgoing) + 146018 (downgoing)
»Livetime: 316 days (IC79) + 348 days (IC59) + 375 days (IC40)

+85°
- \ —
|-log10(p) = 4.707
|Ra: 34.25

P ~ |Dec:2.75
: 1 ’ nserest:23.0’7
Ybe.st:2.35 .

Atm. neutrinos

Wi Oh
| ‘ ' ; . S .
(@) . = \ ) ) . . - . ’
S A \ \\\ T ) ’ " . 'l '
E .' \ ’ . \\s \‘-. b \ . : L . " '
S| Foglop)=4047] " L oL o
é.:) -log 1 0(p .047 Proc e TAL L 2eT
Ra: 219.25 - PRSIy b
Dec:-38.75 R RS Y
nserest: 208’ -85°
Ybest: 3.75 Accepted for publication in ApJ: http://arxiv.org/abs/1307.6669
0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0
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3 Years Skymap

» Total events (IC40+IC59+IC79): 108317 (upgoing) + 46018 (downgoing)

Fraction of trials

8 days (IC59) + 375 days (IC40)

PRELIMINARY

-log,(p-value)

Dec:-38.75
nSrcpest: 20.8 1
Ybest: 3 . 75

logl0(p) = 4.047
Ra: 219.25

0.0 0.6 1.2

. |Ra: 34.25
..~ |Dec:2.75
1 " nserest.'23.07

__X— -

log10(p) = 4.707 |

Yoest: 2.35

-~
S emee--

PRELIMINARY
0.10
w 0,08
2 (o)
Qo
s 0.06 98 /o
0. | 3 i
rved p-valheRiSeltn))

_luan A.Aguilar - Universite de Geneve
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3 Years Upper Limits

Accepted for publication in ApJ: http://arxiv.org/abs/ | 307.6669

[Southern Sky (downgoing)INorthern Sky (upgoing):

— IC79+1C59+IC40 sensitivity (90% C.L.) ||
-- IC79+41C59+I1C40 discovery potential (50)

e o IC79+IC59+I1C40 Upper Limits (90% C.L.) |
— ANTARES sensitivity (90% C.L.)%* 3
s o ANTARES Upper Limits (90% C.L.)
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*S. Adrian-Martinez et al. Submitted to Astrop. J., arXiv:1207.3105
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Energy response North/South

logylE, (GeV)]

Energy range for E
muon neutrino upper
limits:

| TeV - | PeV North
102 TeV - 10% PeV South



http://arxiv.org/abs/1307.6669
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Limits on Supernova Remnants

Accepted for publication in ApJ: http://arxiv.org/abs/ | 307.6669

E2dN/dE (TeV cm 2 s 1)
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3 years upper limits

----- R e e SRR EEEEEEEEEEE

k--.__G40.5-0.5

-- Upper Limit (90% C.L.)
— Flux prediction™ |

=
w
' ' L

Still a bt fasE
exclude/detect SNRs
(factor ~ 4).

But, cut-off energies
imposed by
assuming SNR as
sources of CR up
the kiee. Ll

log,y [E, (GeV)]

*M. Mandelartz, J. Becker Tjus. http://arxiv.org/abs/1301.2437 §

without cut-o

f

closer to moc

ONE OF THE FERMI CONFIRMED HADRONIC. SOURCES

els.
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Future Expected Performance
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Discovery potential
INncreases more than
sElpENior E2

Expect a significant
additional increase by
further improving
angular resolution at
higher energies.

27



eIy AT T el TR

|

L

Outline

High energy contained events

— Event Selection and Analysis



BAAEKOKLpaY

- oh 9....!.‘!-0--.-.!;
7 g A s e
. ..‘ s... v )

°
INOS
|.0+.02PeV
http://www.youtube.com/watch?v
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First PeV Neutrinos

Physical Review Letters | |1 (2013) 021103: arXiv:1304.5356

Analysis targeting
much higher energy
neutrinos (related to

GZK Cutoff) . (GZK) cosmogenic neutrmo

Expected background:

0.08 * 0.05

:! Sum of expected

Significance: i _
2.80 3 ' 7 75

log NPE
log( number of photo-electrons detected )

Juan A.Aguilar - Université de Genéve 30



High Energy Starting Events

Veto

4

X

Analysis of dataset taken from May
2010 to May 2012 (662 days of livetime)

» |ldea proposed in 2008 (arXiv:0812.4308)

» Golden channel:“down-going starting events”

» High energies envets: Qtot > 6000
p.e.

» Use out layer of detector as veto

» Sensitive to all flavors in region above 60 TeV.

Juan A.Aguilar - Université de Geneve



Effective Area

107 Flarr / all-sky |
T L0
& 1
- ]
S !
T 10D b T
Q
>
5 10°
L]
2 10?
E .
=107 5 - . E

IceCube Preliminary — |
107
10* 10° 10° 10*
Neutrino Energy [TeV]

» Differences at low energies between the flavors due
to leaving events at constant charge threshold

Juan A.Aguilar - Université de Geneve @



Atm. Muon Background

Tagging muons

» Muons can (rarely) penetrate

veto region o
passed the

» Control sample available: tag e
. veto?
muons with part of detector
and see what fraction vetoed by
another.

» Expected background (2 years):

634

Juan A.Aguilar - Université de Geneve



Atm. Neutrino Background

» Down-going atmospheric e o ..
neutrinos will be accompanied x
by muons from the same >
shower. ‘/,//L g
» Down-going events that start s “y *‘ a
in the detector are extremely ° f & /p’ g B :
unlikely to be atmospheric. x‘// S i V““:‘
» Expected background (2 e . ‘.‘ :
years): Xy v p’/ l ., ¥ N
4 6 +2.9 v N =10° :2:;:2:2 N(p,n, 1)=03%  N(u)=1.7%
° =1

Gaisser et al. arXiv:0812.4308
Juan A.Aguilar - Université de Geneve
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C. Kopper et al., for the IceCube Coll., ICRC 2013 id 0650

1track-like events

lceCube Showers —e—
|o ang. resolution PRELIMINARY Tracks -->%--
Muon takes some energy away

21 cascade-like events
|0° — 45° ang. resolution

| 5% visible energy resolution

Declination (degrees)

Track/cascade ratio consistent
with neutrino oscillations &

astrophysical origin.

Deposited EM-Equivalent Energy in Detector (TeV)

Two populations of events? Not significant at present

Juan A.Aguilar - Université de Genéve 36




RESULTS: Meet the Muppets

Charge Threshold

- Bkg. AlmOSpheriAc Muon Flux '('T'aggé'd Délra)
[ 8kg. Atmospheric Neutrinos (#/K)
Bkg. Uncertainties (All Atm, Neutrinos)

Atmospheric Neutrinos (Benchmark Charm Flux) } 28 eve nts On a bac I(g rO u n d Of

Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg, Best Fit Astrophysical £ * Spectrum I O 6+45 3 9

All Events (Trigger Level)

» Significance from pre-defined
test (w/o Bert & Ernie): 3.6C0

—
o
—

0
>
©
o
N
O
O
—
v
Q
0
b
=
v
>
w

)[> Including GZK result (2.80):
4.30

Total Collected PMT Charge (Photoelectrons)
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Declination Distribution

Southern Sky (downgoing) Northern Sky (upgoing)

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

- o o Background Stat. and Syst. Uncertainties
¢ M OSt aStrO p hyS I Cal -~ Atmospheric Neutrinos (Benchmark Charm Flux)
- Atmospheric Neutrinos (90% CL Charm Limit)
events eXpeCted | = Signal+Bkg. Best-Fit Astrophysical £ * Spectrum
eey Data
from above

IceCube Preliminary
(Southern Sky)

« (Caveat: Data Is
reconstructed
angles. Simulation 277 H
IS true angles. V%)) ////%5/%/,44”'”////,!!__

v
>
©
O
N
O
O
—
v
Q
)
—
c
v
>
Ty

’/// '/// 7/// V///- -

/, o —
IIPs o ,/,/,/ ,/,/,/ 22X

0.0
sin(Declination)
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Energy Spectrum

B8 Background Atmospheric Muon Flux
E Bkg. Atmospheric Neutrinos (=/K)
Background Stat. and Syst. Uncertainties

- Atmospheric Neutrinos (Benchmark Charm Flux)
o H a rd e r th a n a n y - Atmospheric Neutrinos (90% CL Charm Limit)
. —— Signal+Bkg. Astrophysical £ * Spectrum
expected atmospheric

ese Data lceCube Pre iminary
background.

: | // 7
» Hatched region /// 7

includes stat.+sys. for 7

atm. muons and i
neutrinos - ///'

TIII VI

n
>
©
-
N
Nl
0
—
v
Q
n
.
c
v
>
L

10° 103
Deposited EM-Equivalent Energy in Detector (TeV)
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Fit for Astronomical Component

Fit on energy range: 60 TeV < Egep < 2 PeV

HKKMSO6 + ERS atmos. v, (H3a CR knee) w— [C59 Diffuse ¢, Limit x 3

Waxman Baheall 1998 x 3/2 " 1086 All Flavor EHE Limit (Prelim.) 1 E_2 -t f-f.l
) E2 no cutoff:

ESS v, + 1. 2001 (70486 Starting Events (“"HESE™)

Ahlers et al. Best Fit AMANDA-II atmos v, forward fold
Decerprit et al. Proton mm 1C40 atmos v, forward folding 2 -8
“wo . iy
1C22 Cascade Limit ' i 1C40 atmos Yy llllfnlllill'.', ) E ¢ 1 l2 i 0 l4 X 1 0 Gev
AMANDA-I Daffuse v, Limit x 3 2 1 1

2) Free spectrum

or
Free hard cutoff:

Spectral shape: E-22+-0.4
Hard cutoff: 1.6 *1° o4 PeV

104 1P 1% 107 103 10 1010
E, [GeV]

Juan A.Aguilar - Université de Geneve 40




Clustering Analysis

» Analyzed with a variant
of the standard PS - A¥ pvties ars post e + shower-ike ovenis
method w/o energy (i.e.
scrambling in RA —
Insensitive to features in
declination)

Most likely event direction

» Most significant excess
only for showers: 8%

» Other searches (multi-

cluster, galactic plane, p-values are post-trial for that search
time clustering) not (no trial factor among searches)

significant either.

Juan A.Aguilar - Université de Geneve 4|



Sample events: Two tracks

‘_‘. ' , ).' y
¥ : : -

74.1 TeV, —0.4° 252.7 TeV, +40°

PRELIMINARY

Juan A.Aguilar - Université de Geneve @




Sample events: Two cascades

AM
pe - : 1 = ‘,i . |
2 -
. é‘ . r
. - ™ i

71.5 TeV, —60°

@ '.' ;. w ;

‘{ KR '
Tt | CERENES
: SO YS o ¥

EE"We B 7 °

82.2 TeV, —13°
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»No evidence of neutrino point sources.
» Discovery potential for point-sources increasing at a higher rate than sqrt(t)
»Evidence for high energy extraterrestrial neutrinos.

» Two events beyond | PeV observed (Ernie & Bert) in a cosmogenic neutrino
search.

» A contained starting track analysis has uncovered an additional 26 events.
Joint observations are inconsistent with atmospheric origin at the 4.3 O level.

» Observations compatible with an astrophysical origin.

» Paper accepted in Science.

»More data and analyses coming up soon!



« Back-up slides

Juan A.Aguilar - Université de Geneve
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|C59 diffuse analysis

__IIIIIIIIIIIIllIIllllllllIllllllllllllll_

IC59 detector
IC59 data May 2009 - May 2010
conv. atms. v, (HKKM2007)
conv. atms. v, (HKKM2007 + best fit nuisance)
astrophysical v, E* (best fit)
astrophysical v, E (90%CL upper limit)

« promptv, (QOJoCL upper limit)

| | lllllll

Preliminary

R Upper Limit: 1.4 x 108 E-25
GeV!' cm=2ssr

L
-..__.L_-ﬁ_l :.
RN

QT T T
| Illlllll |

£

-1

| | IIIIII|

Best fit: 0.3 x 108 E2
GeV' cm2ssr

lllllllllllllllllllllllllll —

-1.5 -1 -0.5 0 0.5 1 15 2
log10(dE/dx ___ [GeV/m])

» Significance: 1.80 b

Juan A.Aguilar - Université de Geneve
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Event distribution in the detector

« Background events will accumulate in the
edges of the veto region
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Juan A.Aguilar - Université de Geneve
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Detector performance g%;

— 'T .--_“'.Q'
1.4% W 1.7% ————

performance

W 02%_ W 0.0%

M Full IceCube
B Partial IceCube

Maintenance / ¢ 99.1% (5435) DOMs have survived
Commissioning . .
¥ Verification installation
W Unscheduled Down-

* Failure rate: 2/year

Full lceCube 96.7%

e After |5 years operation ( 2025) we expect
- 97.2% +/- 0.4% of the detector operational

75% ' Muon rate: ~ 3 kHz
- ! detector uptime Neutrino rate: ~ 200/day
== clean uptime
65%
60%
5538888888222 FrF¢E¢E oy
385 53855385538 §5338 525873 - A
©3 <2035 <>03< S<7 03 < Well working detector delivering excellent data
09/25/2013

A. Schukraft — Anisotropic Universe Workshop - Amsterdam 48



Effective Volume
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» Fully efficient above 100 TeV for CC electron neutrinos
» Effective fiducial volume: 420 Mton

Juan A.Aguilar - Université de Geneve

49



Veto region

veto region

fiducial volume

fiducial volume

90m

edge strings

Juan A.Aguilar - Université de Geneve
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|C59 diffuse analysis

_||||llllllIllllllllIlllllllllllllllll_

IC59 data
s CONV. atms. v, (HKKM2007)

— CONV. atms. v, (HKKM2007 + best fit nuisance)
astrophysical v, E? (best fit)
astrophysical v, E (90%CL upper limit)
. prompt v, (90%CL upper limit)

[l IIIIII|
[ | Illllll

l lIIllIIl
I Illlllll

Preliminary
- Upper Limit: 1.4 x 108 E-2Z
- GeV!' cm?stsr

| IIIlll\r

1

[ 11 Illlll

Best fit: 0.3 x 108 E2

GeV!' cm2slsr]
g Lo pe e e Ly a ool [l g L
-1.5 -1 -0.5 0 0.5 1 1.5 2

log10(dE/dx __ [GeV/m])
Significance: 1.80 arXiv:1302.0127

uan A.Agular - Universite de Geneve
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How does this result relate to high-
energy starting event resultse

® Back of the envelope:
m Starting event best-fit flux is ~3 x 108 GeV/cm?2/s/sr

= Convertto v , PS flux - multiply by 47, divide by 3=12x 10
m But only ~25% of events near hotspot: ~3x 108 > 3 x 10-11 TeV/cm?s

IC86+79+59+40 E-2 Discovery Potential

IC86+79+59+40 E-2 w/ 3 PeV Cutoff Discovery Potential
IC86+79+59+40 E-2 Sensitivity

- For optimistic scenario, the

high.energy starting event _I'._' o / IC86+79+59+40 E-2 w/ 3 PeV Cutoff Sensitivity
“hot sppf”.flux is at the edge '7'% E-2 injected
of sensitivity 3 E-2 w/exp. cutoff at 3

-~ PeV injected
- At 90% confidence level, = Sl J
there is no tension in results  , 10" v

~
-> Sensitivity to actual flux S
can easily be worse (cutoff = X L
position/shape, source IR T
extension, flavor ratio, etc.) IS

-1.0 —6.5 0.0 0.15 1.0

- Feintzeig
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AMANDA v 2000-2003 90%CL limit
ANTARES v, 07-08 90%CL limit
IC59 diffuse sensitivity

IC59 diffuse 90%CL limit

L IC40 atmospheric unfolding
conventional atmospheric v, (HKKMO07)

— . = . conventional (HKKMO7) + 6rompt (Enbergetal.) v,
= e we= o \Waxman-Bahcall upper bound (2011)
i mn f Mannheim 1995
BBR | 2005 steep spectra sources
-------- Stecker AGN (Seyfert) 2005
High Peaked BL Lac (max) Mucke 2003
Prompt GRB Razzaque et al. 2008

IC59 limit
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Tau neutrinos

Simulated event: 1.36 PeV
Charged Current tau neutrino: (no data event identified yet)

2
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C
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vV.+N—=1+X

Double-bang signature from decaying tau,

Can identify deuble g9 gbover PeV

Lower energy id more limited possibilities.
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Energy deposition along track
dE/dX [TeV/10m]
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Event with longer decay length o ‘ ‘ ‘ ‘
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Distance to source (vertical) [m]

Observed neutrino event at E=1.1x10° GeV

Best cascade fit

Reversed orientation

Good energy energy resolution for cascade like

""""" events: ~ 10 % at high energies
A T LA B =N . :
400} | +'+§1 .t [ Ny j information.
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s [
I O 10 | —
200 {1 > 10° | -
& s
v 10
-
v 10° } ]
. © 3
9 10 | 1
: o 2
o! 2 10° f E
a 1
: g 10" E 1
S 10° F .
' o : — v -induced
) 40F - - Purely electromagnetic I
-200¢ ot — 30 ______________ Electromagnetic (no extension)|
' = E
e 20F---------- ................................................................. -
| ! - T 10} . __________________________ i
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ITwo track examples

..b. | Qhﬁr,“; ) *3"” L i |

4 P
Wil ¢
o‘ r‘: ‘
: .

-
-l
-= ’
- :
> & &
% b .
s = -
..
- ¢ , .
..
o S - -
" -
hd -
?!g -
-
= -
| -
‘ ; |

74.1 TeV, —0.4° 252.7 TeV, +40°

PRELIMINARY

09/25/2013 A. Schukraft — Anisotropic Universe Workshop - Amsterdam



Two shower examples
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82.2 TeV, —13°

PRELIMINARY

09/25/2013 A. Schukraft — Anisotropic Universe Workshop - Amsterdam



Atmospheric Muons

What'’s “early charge™?

Through-going muon

Total detector

Q/pe
250 -} <0

Veto region

Q/pe
Veto

Q/pe (cumulative)

-
o7 N

0

T,5o= time at which Q= 250 pe

Contained cascade

Total detector

- —>
Time/us

1
Veto regiof:w — barely contained cascade

Q/peI

0

: Time/us
ol .
Veto region — well contained cascade

T,s0= time at which Q= 250 pe



