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Outline

« Neutrino astronomy: why and how?¢
« The IceCube detector
« Event reconstruction

« Search for sources of high-energy neutrinos:
— point sources
— diffuse fluxes

* |Indirect dark matter search
 Many other research activities
o SuUMmmary
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NEUTRINO ASTRONOMY.
WHY AND HOW?

8

lceCube



lceCube Mission

« search for extra-terrestrial ..
neutrinos

« From natural accelerators *

/
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Fluxes of Cosmic Rays
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where High Energy Cosmic * g
Rays originate

« Such as
— Active Galactic Nuclei - AGN e
— Gamma Ray Bursts - GRB

« Cosmic ray air showers with
lceTop

+ Many other topics i
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Model for AGN jets

->

v\ ul |

4 o dN _

/ P’ | expect —~EV2

‘pY—-'ﬂ:"‘n‘ / e dEV
e+y—>y'
pryor,n,

pY—=m'p

|I
e |
| |
e \;'/ f?YGcV
Inverse Compton | | '

et

- |
C 1\ Ysynchr.
| |

Synchrotron
Radiation




Expected neutrino energies
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AGN

Neutrino detection : pros

Are not absorbed by
iInterstellar matter

Are not bent by
magnetic fields

Convey iInformation
from the interior of
objects

Reach us from far away
sources

Point straight back to
the source




Neutrino detection : cons

 Observed rate = neutrino flux from source
X absorption in Earth
X neutrino cross section(weak interactionsl!)
X size of detector
x range of muon (4 fo 15 km w.e. for E,~ 10 - 1000 TeV)

Need large volume
> of cheap medium

natural water or ice
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lceCube

Light sensafrs .

=  Neutrino detection

*Relativistic muon — Cherenkov light cone
| eRecord Cherenkov light pattern

*Reconstruct muon track
*Assume muon track aligned to neutrino path

0=V oo

| TeV —1°

V,*N—->pu+X

Muon frack
Charge Current interaction
neutrino




THE ICECUBE DETECTOR

lceCube



IceCube observatory

DJ1km
At 1.5-2.5 km depth

o




SN iIceCube detector

0706 Season

i1 | |
| ' /AMANDA
(| '

i 1 km

Array of 80 strings
with 60 Digital Optical Modules
125m spacing
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sy lceCube detfector

i 1l 0708 Seasen
1

-1450m Deepppre”
[ |'l

DeepCore

» Denser spacing
»Low energy GeV-TeV
» Southern hemisphere

I
Catherine De Clercq IceCube results d 15




Clear ice and dust layers
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5160 Digital Optical Modules

v'Photo Multipliers in pressure sphere
v'Record arrival time and pulse height
| v Oriented downwards
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Access during summer
November-February

200 scientists
-30°C

"-'.f & .
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B s0uTH

90

Inaccessible during
February-November

About 20 winter-overs
-70°C



Drilling the holes

o 2450m deep - 60cm
diameter

 hot-water-drill 80°C
 Drill a hole in 24h
* 16-20 holes per season

 South Pole accessible
during November-
February
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Installing the sensors

/| |60 Digital Optical
iis | Modules on a string
installed in 20 h
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Completed on 18 December 2010!

(Nature.com) Giant, frozen neutrino
telescope completed - December 18,
2010

\‘\7 i- '

Tk
T T -

—

ScienceDaily (Dec. 19, 2010) — Culminating |

| a decade of planning, innovation and

testing, construction of the world'’s largest
neutrino observatory, installed in the ice of
the Antarctic plateau at the geographic
South Pole, was successfully completed
December 18, 2010, New Zealand time.
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EVENT RECONSTRUCTION
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v, : track reconstruction

« Through the recorded light . /
pattern Late hlt/

« A muon frack is reconstructed

« The muon track is assumed to
give the neutrino path

* the neutrino path gives the
source direction

Early hits
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signal and background

atm. L

~10° atmospheric
neutrinos per year from
northern hemisphere

Max. a few neutrinos

per year
d_N ~ F7?
dE

~1011 atmospheric
muons per year from
southern hemisphere
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Catherine De Clercq IceCube results

Pointing resolution: Moon shadow

Downgoing atmospheric muons recorded by IC59
deficit due to absorption of cosmic rays by the Moon
Simulation 1 TeV muon : AW = 1°

Moon shadow observed in IC59 with 120

Cosmic Ray

AN/AN)

-0.05




SEARCH FOR SOURCES OF
HIGH-ENERGY NEUTRINOS a

lceCube



stfrategies

» Search for a clustering of high-energy neutrinos in
certain directions
— Full sky search for point sources
— look into directions of catalogued active galaxies
— Look for neutrinos from catalogued Gamma Ray Bursts

— Look for neutrinos from temporarily active (flaring)
objects

» search for a diffuse flux of high energy muon
neutrinos or cascade-like events

» Search for a diffuse flux of very high energy
neutrinos

Catherine De Clercq IceCube results



The diffuse neutrino energy spectrum
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Hotspots 1n the neutrino skymap
Neutrinos from Gamma Ray Bursts

POINT SOURCES

lceCube



|IC40+IC59+IC79 neutrino skymap

108’317 upgoing events
atmospheric neutrinos
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»1C 40 to 79 strings - data from 2008-11
» 375 days (1C40) + 348 days (IC59) + 316 days (IC79)
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Hotspotse Use pointing & energy

PRELIMINARY -
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5, o Ve e R NSy | Dec=2.75
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---------
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significance
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-logy p

unbinned likelihood test statistics:
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L(7,Y)
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Hotspoftse Significance map

PRELIMINARY
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.73 Ra=34.25,
Dec=2.75

-log,op = 4.707
nSrc, .= 23.07
Yoest = 2.35

4.2 4.8 54 6.0

test statistics:
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32
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Hotspoftse Significance map
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Gamma ray bursts

o Search for neutrinos emitted in fime At around
observed GRB

« Position & time given — background from oft-
source data

ot Synchrotron
i . Radiation

A Resonance

Figure 3

T,. From a satellite GCN
I Model Dependent Search (Prompt (T,) )

P —

Model Independent Search (£24 h)

I Precursor (~100 s)
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IC40 + [C59 GRB results

« 215 GRBs in Northern sky

« 2 events found, compaticle with atmospheric

background

Nature 84, 351 (2012)
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Atmospheric neutrinos
Astrophysical muon neutrinos
Extremely High Energy neutrinos

DIFFUSE NEUTRINO FLUXES

lceCube



The diffuse neutrino energy spectrum
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E; dD/dE, [GQVC””_Z 5™ S’”_l] Different
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Atmospheric neutrinos

. \
— v, 1C40
1 ' =
# 19F 4% PRELIMINARY Super—K v, Phys.Rev.D83:012001(2011)
D / — Phys.Rev.D84:082001(2011)
IE F : % O Fréjus vg
Sk N, o, AMANDA v,
E 9 Ny % o unfolding
& F %@0,. 9 forward?olding Vg IC79
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10°E This Work v, | T
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u :Orom \
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diffuse v, flux

relies on energy reconstruction

upgoing neutrinos from Northern sky
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IC59 Diffuse v pLSearch fit to data

Atm. Muon contamination <0.2%! Livetime: 348 days  Events: 21943

# T T | 1T T | T T | T T | T T | T T | T T | T T

IC59 data
conventional atmospheric neutrinos (Honda2006)

1 03 - ——— conventional atmospheric neutrinos (best fit) —
— prompt atmospheric neutrinos (best fit) —
: ———— astrophysical neutrinos E* (best fit) ]
- 1  BEq e astrophysical neutrinos E (90%CL upper limit) -
107

Preliminary
v, 90%C.L.: @

, E° <1.44x10°GeV sr’ s’ em* —
e E

E Best fit (but, consistent E

10_1 L with zero) ]
; | | ; | | | | | | | | | | | | | | | | | I | | | | | | | | _'—l—l | | I-E

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

log10(dE/dx __ [GeV/m])




IC59 diffuse v, flux upper limif

for neutrino flux with E2 energy spectrum
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Extremely High Energy neutrinos

« Cosmic Ray connection: GZK(*) effect observed

Energies and rates of the cosmic-ray particles

inchargedCR 0 i
—> expect neutrino flux
e Near accelerator of CR

AMS +—eo— |
Ryan etal. —v—

Grigorov *
JACEE +——— |

Akeno .
all-particle Tien Shan +——#—i
MSU +—x—

KASCADE

CASA-BLANCA +—=—i

DICE +—+
HEGRA —&— 1
CasaMia —e—
Tibet —=—
AGASA —— -
HiRes1&2 +—e—
Auger2009 +—a—

10° |- protons only

- 5

E3

Galactic

(GeV cm'zsr'1s'1)

P+ cus SA S Thnov

- antiprotons

PdN/dE

AN  GeV
I3 ~ 3% 1078

dln E cm2srs 5 Fixed target
\ HERA 1 araon

LHC

at 100 GeV (1019 eV)

10-10 TR N AT A FTTTETE A ST S P,
10° 102 10* 10° 108
Ewin (GeV/ particle)

(*)Greisen Zatsepin Kuzmin
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Two v, like events

AN

o |C79+IC386 — May 2010 - May 2012 - 672 days
« Remove background with an energy cut

« Earth becomes opague at PeV -> search for
downgoing neutrinos

e Firct PV avente nhecarved in lcaCirihe
1 11 JI1 1 \w Vv N/ VUL VNS IV] VNI 1] INco NN U NS

* Find 2 events, expect ~0.14 background (atm. p &
convenfional & prompt atm. v )

Catherine De Clercq IceCube results



After unblind - Observation ot 2 events

Run119316-Event36556705 Run118545-Event6373366
NPE 9.628x104 NPE 6.9928x104
GMT time: 2012/1/3 9:34:01 GMT time: 2012/8/8 12:23:18

Brmie® [0 gt “Bert’

FATAS ) ISt
Side view TRl
@ ..-." 4 ':.If:i':ﬁ ‘.-,
No counter arguments to

the hypothesis of neutrino
induced cascades so far

2 events / 671 days
background (atm. p +
conventional atm. v)

expectation 0.06
events

p-value 1.9x10-3 (2.9c) beyond conventional background

Ava Ishihara



INDIRECT DARK MATTER
SEARCH

&
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Gravitational evidence for missing mass

dark

Neutrino
luminous baryonic HDM
1% 4% /<1%

cold dark
matter
18%




three complementary strategies

Dark matter search strategies

1. Direct detection > __ <‘

Milky way

2. Indirect detection >

< 3. Production at the Large Hadron Collider

Catherine De Clerc



Indirect detection

dark matter particles are attracted by heavy objects through gravitation
They are massive, stable and weakly interacting WIMPs
They can annihilate with each other and produce known particles

Catherine DJign—



iceCube searches

 Neutrinos from WIMP annihilations in
the Sun

* Neutrinos from WIMP annihilations in
galactic halo, galactic centre, dwartf
spheroidal galaxies

 Neutrinos from WIMP annihilations in
the centre of the Earth

Catherine De Clercq IceCube results



. IC79 Solar WIMP search

* Any excess above atmospheric background in the
direction of the Sun?

 New: DeepCore + IceCube veto

« Extend down to E, ~ 20 GeV
and to austral summer

 NoO evidence for excess

Downgoing v . Downgoing p |
Interacting in DeepCore N Vetoed by IceCube strings

Catherine De Clercq IceCube results




Upper Iimits on the muon flux

0.05 < Q h* <0.20

MSSM model scan

C

sun

O-/'L’P

> Sy < o5 COMS(2010)+XENON100(2011) *lceCube Preliminary* 3
“-'E | ===-©---- |ceCube 2012 (bb), syst. not included i
~ —=a— IceCube 2012 (W'W)*, syst. not included ---- BAKSAN 1978-1995
“E’ 105 _ ¢ (177 for m, < m,, = 80.4GeV) MACRO 1989-1998

= - ® ---&--- SUPER-K LI1,1l (2011) (bb)

? —a— SUPER-K LILIN{2011) (W'W)
=
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5
“ 104 -

x F e

= -
=

c

Qo

= b ... A
=

10°F
107
10 10°
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WIMP-nucleon cross section uper limits

arXiv:1212.4097v1
| I I | l I I I | I l l I
1 MSSMincl. XENON (2012) ATLAS + CMS (2012)
35— [ | DAMA no channeling (2008) —
—..=. COUPP (2011)
- = = KIMS (2012)
R Simple (2011)
- = PICASSO (2012)
36— " eeen SUPERK 52011} Eb'E)W -
' \‘\ b / ——— SUPER-K (2011) W W) .7 -
— A S~ N --—-.._.__l____l / ‘._.u-—
NE \ . Y " — e - -
5 a7\ - *- X+ x—>b+b
2 N Nt
% \ ~ — e
© "l. - Lot et -
o -381— RS szt —
; -
39—
==®=- |ceCube 2012 (bb)
40 |-==— lceCube 2012 (W'W)" |
¢ (z'7 for rnF < m,, = 80.4GeV)
| | | | | | |

1 2 3 4
log10 ( mxl GeV)

53
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complementarities
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 Directsearches

Indirect neutrino search

Tevatron and LHC
monophoton




© Freija Descamps
6 March 2011




To conclude

» lceCube is largest operating neutrino detector

» Data taking with full detector since 201 1

» Search for point sources of HE neutrinos: no
evidence yet

> Searc
fireba

» Searc

N for neutrinos from GRBs: tension with
| model

N for diffuse flux of HE and EHE neutrinos:

upward fluctuations show up<

» Many

exciting topics in (astro-)particle physics

» And hopefully unexpected surprises soon ...

Catherine De Clercq
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The IceCube Collaboration

38 Institutions
= ~220 collaborators

£
o et -

Stockholm University
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IceTop

2002: Proposal 81 stations, 324 DOMs

2003-04 First shipments
2004-05 1 1
2005-06 8 9
2006-07 13 22
2007-08 18 40
2008-09 19 59
2009-10 20 79
2010-11 7 86

DeepCore
8 strings

IceCube
86 strings, 5160 DOMS

IC86 reaching .neorly 99% uptime




Sources of high-energy neutrinos

Gamma ray bursts
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Upgoing and downgoing muons

Trigger: kHz

Filter 100 Hz

o B i e
Final cut level e = M
el ““*ﬁ‘t-m.l‘w
10- = Final Sample
10k
[ Northern sky
E j—:
-1 05 1

Cos 6

Catherine De Clercq IceCube



Point Source Search in Skymap (IC40+59+IC79)

» Total events (IC40+IC59+1C79): 108317 (upgoing) + 146018 (downgoing)
»Livetime: 316 days (IC79) + 348 days (IC59) + 375 days (IC40)
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Neutrino break energy, ¢, (GeV)

IceCube results

E°F (GeV cmr?)
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IceCube Preliminary
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