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An adventure at the bottom of  the world

A detector at the South 
PolePole
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Amundsen Scott South Pole station

1 km1 km
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Outline

• Neutrino astronomy: why and how?
The IceCube detector• The IceCube detector

• Event reconstruction
• Search for sources of high-energy neutrinos:

– point sources
– diffuse fluxes

• Indirect dark matter searchIndirect dark matter search
• Many other research activities

Summary• Summary
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Neutrino astronomy: 
why and how?why and how?



IceCube Mission 
• search for extra-terrestrial

neutrinos 

2.7E−

• From natural accelerators
where High Energy Cosmic Ewhere High Energy Cosmic
Rays originate

• Such as 
3.0E−

• Such as 
– Active Galactic Nuclei - AGN

Gamma Ray Bursts GRB– Gamma Ray Bursts - GRB
• Cosmic ray air showers with

I T Extra‐galacticIceTop
+ Many other topics

g
1 particle/km2 per year
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Model for AGN jets
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Expected neutrino energies

Dashed lines: flux Dashed lines: flux 
predictions by 

models for 
neutrino 

production near
AGNAGN

IceCube sensitivity 1013 to 1018 eV
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Neutrino detection : pros

• Are not absorbed by 
interstellar matter

AstronomischebronAGN

interstellar matter
• Are not bent by 

magnetic fieldsp

proton
ag e c e ds

• Convey information 

p
? ?gamma

Convey information 
from the interior of 
objectsneutrino j

• Reach us from far away
sources

?

• Point straight back to 
the source

IceCubeIceCube
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Neutrino detection : cons
• Observed rate = neutrino flux from source

x absorption in Earth
x neutrino cross section(weak interactions!)
x size of detector
x range of muon (4 to 15 km w.e. for Eν ~ 10 – 1000 TeV)

Need large volume 
f h diof cheap medium

natural water or ice
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Neutrino detection
•Relativistic muon → Cherenkov light cone
•Record Cherenkov light pattern
•Reconstruct muon track
•Assume muon track aligned to neutrino path

( ) ( )
1, 30 E GeVθ ν μ ≈ °i

1 1TeV → °

IceCube
Light sensors N Xμν μ+ → +

Muon track
Charge Current interaction
neutrino 
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The IceCube detector
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Amundsen Scott Amundsen Scott 
South Pole StationSouth Pole Station

IceCube observatory
∆1km 

At 1 5 2 5 km depthAt 1.5‐2.5 km depth

saclay
4 February 2013

Control 
room

Station 

SkiwaySkiway



IceCube detector
IceTop

Control room

IceTop

‐1450m

AMANDA

1 k
‐2450m

1 km

Array of 80 strings Array of 80 strings 
with 60 Digital Optical Modules

125m spacing
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IceCube detectorControl room

IceTopIceTop

‐1450m

AMANDA

DeepCorep

‐2450m
DeepCore

D iDenser spacing
Low energy GeV-TeV
S th h i h
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Southern hemisphere



Clear ice and dust layers
Absorption length about 100m → inter‐string spacing
Scattering length about 20m → pointing resolution

Deep Core
low energy detector
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5160 Digital Optical Modules
Photo Multipliers in pressure sphere
Record arrival time and pulse heightp g
Oriented downwards
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Access during summer
N b F b

Inaccessible during
F b N bNovember-February

200 scientists

February-November
About 20 winter-overs

-30°C -70°C
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Drilling the holes
• 2450m deep - 60cm 

diameter

B k t h t

diameter
• hot-water-drill 80°C

D ill  h l i  24hBoorkop spuwt heet 
water (80°C) in 
schacht

• Drill a hole in 24h
• 16-20 holes per season
• South Pole accessible 

during November-g
February
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Installing the sensors

60 Digital Optical 60 Digital Optical 
Modules on a string 
installed in 20 hinstalled in 20 h
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Completed on 18 December 2010!
(Nature.com) Giant, frozen neutrino 
telescope completed ‐ December 18, 
20102010

ScienceDaily (Dec. 19, 2010) — CulminatingScienceDaily (Dec. 19, 2010)  Culminating 
a decade of planning, innovation and 
testing, construction of the world's largest 
neutrino observatory installed in the ice ofneutrino 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



νμ : track reconstruction
• Through the recorded light 

pattern Late hits

• A muon track is reconstructed
• The muon track is assumed to 

give the neutrino path
• the neutrino path gives the 

source direction

Early hitsEarly hits
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signal and background

~105 atmospheric
neutrinos per year fromBG p y
northern hemisphere

Max. a few neutrinos 
per yearsignal per year

2~dN E
dE

−

dE

~1011 atmospheric
muons per year from
southern hemisphere

BG
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Pointing resolution: Moon shadow
• Downgoing atmospheric muons recorded by IC59
• deficit due to absorption of cosmic rays by the Moonp y y
• Simulation 1 TeV muon : ΔΨ ≈ 1°
• Moon shadow observed in IC59 with 12σoo  s ado obse ed  C59 σ

µΔψ
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Search for sources of 
high energy neutrinoshigh-energy neutrinos



strategies
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) 

objectsobjects

search for a diffuse flux of high energy muon 
neutrinos or cascade-like events
Search for a diffuse flux of very high energy
neutrinos
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Hotspots in the neutrino skymap

Neutrinos from Gamma Ray Bursts

Point sources



IC40+IC59+IC79 neutrino skymap
108’317 upgoing events
atmospheric neutrinos 
 f  l ??

D
+ few signal events ??

D
eclinationn

δ

Right ascensionRight ascension

146’018 downgoing events
atmospheric μ + ν

IC 40 to 79 strings ‐ data from 2008‐11

atmospheric μ + ν
+ few signal events ??
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375 days (IC40) + 348 days (IC59) + 316 days (IC79)  



Hotspots? Use pointing & energy

Ra=34.25, 
Dec=2.75

Ra=219.25
Dec 38 75Dec=‐38.75 

significance
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Hotspots? Significance map

Ra=34.25, 
Dec=2.75

Ra=219.25
Dec 38 75Dec=‐38.75 

‐log10p = 4.047
nSrc 20 81

‐log10p = 4.707
nSrcbest = 23.07

significance

nSrcbest = 20.81
γbest = 3.75

best

γbest = 2.35
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Hotspots? Significance map

Post trial 57 %

Post trial 98 %

‐log10p = 4.047
nSrc 20 81

‐log10p = 4.707
nSrcbest = 23.07

Post trial 98 %

significance

nSrcbest = 20.81
γbest = 3.75

best

γbest = 2.35
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Gamma ray bursts

• Search for neutrinos emitted in time Δt around
observed GRBobserved GRB

• Position & time given – background from off-
source datasource data
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IC40 + IC59 GRB results

• 215 GRBs in Northern sky
2 events found  compaticle with atmospheric• 2 events found, compaticle with atmospheric
background

Nature 84 351 (2012)Nature 84, 351 (2012)
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Atmospheric neutrinos

Astrophysical muon neutrinos

Extremely High Energy neutrinos

Diffuse neutrino fluxes
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2 2 1 1E d dE GeV cm s srν ν
− − −⎡ ⎤Φ ⎣ ⎦ Different

10‐3
dedicated
searches

Conventional
atmospheric10‐4

Astrophysical10 6

10‐5

Astrophysical
AGN, GRB, ..

10‐7

10‐6

Prompt

GZK
10‐8

Prompt
atmospheric10‐9

2 4 6 8 10

Log10(Eν[GeV])Catherine De Clercq 38IceCube results



Atmospheric neutrinos

νμ IC40μ
Phys.Rev.D83:012001(2011)
Phys.Rev.D84:082001(2011)

νe IC79
arxiv.org/1212.4760g/
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diffuse νμ flux
relies on energy reconstruction

upgoing neutrinos from Northern sky

True MC energy

os
/y
ea
r

Conventional atm νμ

N
eu

tir
no

Prompt νμ
astrophysical

105 GeV
p y

-8 -210 *E

1 GeV/m

Energy estimatorLog10(E [GeV])
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Atm. Muon contamination <0.2%! 

2 -8 -1 -1 -2
μ limν 90%C.L.: Φ E < 1.44 ×10 GeV sr s cm
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IC59 diffuse νμ flux upper limit

for neutrino flux with E-2 energy spectrum
upper limit 2 -8 -1 -1 -2

lim90%C.L. Φ E < 1.44 ×10 GeV sr s cm

sensitivityy
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Extremely High Energy neutrinos

Cosmic Ray connection: GZK(*) effect observed• Cosmic Ray connection: GZK(*) effect observed
in charged CR

 t t i  fl–> expect neutrino flux
• Near accelerator of CR

CMBp nγ π ν+ ++ → Δ → →

(*)G i Z t i K i(*)Greisen Zatsepin Kuzmin
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Two νe like events

IC79+IC86 May 2010 May 2012 672 days• IC79+IC86 – May 2010 - May 2012 – 672 days
• Remove background with an energy cut
• Earth becomes opaque at PeV -> search for 

downgoing neutrinos

• First PeV events observed in IceCubeFirst PeV events observed in IceCube
• Find 2 events, expect ~0.14 background (atm. μ & 

conventional & prompt atm  ν )conventional & prompt atm. νμ)

Catherine De Clercq IceCube results 44



Catherine De Clercq IceCube results 45



Indirect dark matter
searchsearch



Gravitational evidence for missing mass

luminous
1%

dark 
baryonic

4%

Neutrino 
HDM
<1%1% <1%

cold dark 
matter
18%18%

dark 
energy
76%
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three complementary strategies
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Indirect  detection
dark matter particles are attracted by heavy objects through gravitation
They are massive, stable and weakly interactingWIMPs
Th ihil i h h h d d k i lThey can annihilate with each other and produce known particles
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iceCube searches

• Neutrinos from WIMP annihilations in 
the Sunthe Sun

N t i  f WIMP ihil ti  i  • Neutrinos from WIMP annihilations in 
galactic halo, galactic centre, dwarf

h id l l ispheroidal galaxies

• Neutrinos from WIMP annihilations in 
the centre of the Earth
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IC79 Solar WIMP search
• Any excess above atmospheric background in the 

direction of the Sun?
• New: DeepCore + IceCube veto
• Extend down to Eν ~ 20 GeV

µ
ν

and to austral summer
• No evidence for excess

Downgoing ν Downgoing μ
V t d b  I C b t i

fid i l

veto
region

g g
Interacting in DeepCore Vetoed by IceCube strings
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Upper limits on the muon flux

b bχ χ+ → +

W Wχ χ + −+ → +χ χ
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WIMP-nucleon cross section uper limits
arXiv:1212.4097v1

b bχ χ+ → +

W Wχ χ + −+ → +W Wχ χ+ → +

Catherine De Clercq IceCube results 53



complementarities

• Direct searches
• Indirect neutrino searchIndirect neutrino search

• Tevatron and LHC 
monophotonmonophoton
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SummarySummary

© Freija Descampsj p
6 March 2011
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To conclude

IceCube is largest operating neutrino detector
D t  t ki ith f ll d t t  i 2011 Data taking with full detector since 2011 
Search for point sources of HE neutrinos: no p
evidence yet
Search for neutrinos from GRBs: tension withSearch for neutrinos from GRBs: tension with
fireball model
S h f  diff  fl  f  d  t i  Search for diffuse flux of HE and EHE neutrinos: 
upward fluctuations show up?
Many exciting topics in (astro-)particle physics
And hopefully unexpected surprises  soonAnd hopefully unexpected surprises  soon …
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More information: icecube.wisc.edu
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Backup material
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IC86 reaching nearly 99% uptime
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Sources of high-energy neutrinos

Sources of 
highest energy
cosmic rays are 

l t ti lalso potential
neutrino 
sourcessources
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Upgoing and downgoing muons

T i kH

Atmosheric muons
Misreconstructed muons

Trigger: kHz

106Filter 100 Hz

Muons induced by 
atmospheric neutrinos

i l l lFinal cut level

Northern sky Southern sky
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Greg Sullivan
G. Sullivan
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All‐Sky Point Source Search         IC40+IC59+IC79

ph
er
ic
 ν

at
m
os
p

ph
er
ic
 μ

at
m
os
p

significance Highest significance in

K. Woschnagg

significance

‐log10p = 4.707
nSrcbest = 23.07Hottest spot in Northern sky

Highest significance in
azimuthally scrambled
skymaps (2000 trials)

best 

γbest = 2.35(Ra=34.25, Dec=2.75)

Not significant:Not significant: 
57% of trials have significance ≥ hottest spotCatherine De Clercq 63IceCube results



All‐Sky Point Source Search         IC40+IC59+IC79

ph
er
ic
 ν

at
m
os
p

ph
er
ic
 μ

at
m
os
p

significance Highest significance in

K. Woschnagg

significance Highest significance in
azimuthally scrambled
skymaps (2000 trials)‐log10p = 4.047

nSrcbest = 20.81Hottest spot in Southern sky
best 

γbest = 3.75(Ra=219.25, Dec=‐38.75)

Not significant:Not significant: 
98% of trials have significance ≥ hottest spotCatherine De Clercq 64IceCube results
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