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IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m




muon track: time is color; number of photons is energy




up-going muon track from muon neutrino ( 9 PeV)

date: June 11, 2014 _—
most probable energy: 9PeV [ ARIFERE ' N ?'\‘ (.
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shower initiated inside the detector by electron neutrino (1 PeV)

date: August 9, 2011
energy: 1.04 PeV

topology: shower
nickname: Bert

| |
||
| |
® |
| &
| @
- 4
| &
v
| |
e
® |
® |
®
I
|




muons detected per year:

« atmospheric* u ~ 10"

e atmospheric*™ v 2 u ~10°

* COSMIC vV2Uu ~ 10

* 3000 per second ** 1 every 6 minutes




neutrino flavors in lceCube

time
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Neutral Current / CC Tau Neutrino
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track (data) cascade (data) “double-bang” (210PeV) and other

factor of = 2 energy resolution = +15% deposited energy resolution signatures (simulation)

< 1°angular resolution at high = 10° angular resolution (in IceCube) (not observed yet: T decay length is
energies (at energies = 100 TeV) 50 m/PeV)
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| muons from

cosmic ray .COsmlC rays
f In lceCube
10 TeV
to several
100 TeV
* galactic
air shower * not solar

* highest energies
approach the “knee”
e gyroradius < 1 pcin
microgauss field
e closest sources
<100 pc

10 TeV
«— 2KHz

il showers 3 deg resolution
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dipole anisotropies

motion of the Earth in the
frame of the cosmic rays?

* solar dipole:
motion of the Earth
around the sun

 motion of the Sun
relative to the Galaxy S \
(Compton-Getting) o
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supernova burst: light fromv_ + p —n+e”

20 MeV
positrons

F PMT noise low (280 Hz)

‘¢~ detect correlated rate increase
on top of PMT noise when
supernova neutrinos pass
through the detector 1 meter
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L=3000" . . .
& starting pomts of neutrino showers from supernova
&
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Participation in SNEWS

...several hours advanced notice to astronomers ...

received iridium messages (last 4 weeks)

message type time (UTC) o mepm:i.ﬁ!%) mm“""“m“
missing test message(s)
Test Ivlon Jul 10 08:19:38 2006 224 1
test Sun Jul 911:15:12 2006 218 1
est Sar Jul §11:15:12 2006 208 1
test Fri Jul7 11:15:12 2006 208 1
est Thu Jul 6 11:15:11 2006 214 1
test Thu Jul 6 11:09:05 2006 205 1
missing test message(s)
est Ion Jul 3 09:45:12 2006 195 1
| et
Coincidence test Sun Jul 2 09:45:11 2006 1% 1
test Sat Jul 1 09:45:12 2006 195 1
test Fri Jun 30 09:45:12 2006 185 1
Se rve r @ B N 1est Thu Jun 29 09:45:12 2006 181 1

lceCube

test Wed Jun 28 09:45:12 2006 185 1
test Tue Jun 27 09:45:12 2006 175 1
test Mon Jun 26 09:45:12 2006 175 1
test Sun Jun 25 09:45:12 2006 176 1

Borexino. .. -——_

test Sat Jun 24 09:45:12 2006 165 1
test Fri Jun 23 09:45:12 2006 165 1
test Fri Jun 23 09:26:21 2006 170 1
test Fri Jun 23 08:59:13 2006 732 10
test Thu Jun 22 10:33:23 2006 162 1
test Thu Jun 22 09:45:12 2006 160 1
test Thu Jun 22 09:38:29 2006 163 1
test Thu Jun 22 09:27:30 2006 167 1
test Thu Jun 22 08:45:12 2006 173 1

missing test message(s)

http://snews.bnl.gov astro-ph/0406214 s Tesm0093012200 ;
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1992 Cline meeting at UCLA

The FLAWED SUPERFUND
. CALIFORNIA'S WOMEN
Economist Fmmen MADNESS o7
FEBRUARY 29TH-MARCH 6TH 1992 ANTARCTIC SCIENCE o9
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lceCube targets for dark matter annihilation

Galactic Cenfire Dwarf galaxies

Galactic Halo Galaxy clusters




IceCube DM targets
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WIMP Capture and Annihilation

Q Halo WIMPs scatter on nuclei in the Sun

Q@ Some lose enough energy in the scatter to be
gravitationally bound

Q@ Scatter some more, sink to the core
@ Annihilate with each other, producing neutrinos

@ Propagate+oscillate their way to the south pole, convert
Into muons in the ice

Y+ 2?W+W 2 v+y
or 2t + 71T 2V+vV




A . .
C® =~ 3.35 x 10 sec™! ( Plocal ) (270km/s) (100 GeV)

0.3 GeV /em? Diocal My
" (UXH,SD + oynsi + 0.07 oyHes1 + 0.0005 S(my /mo) UxO,SI)
10-6pb '

supersymmetry on
the back of an
envelope
arXiv 9404252




dN
L = Csun = qﬁxasun
dt
| P
IR P
X
o M sun_
sun xXPp
mp
° Csun = 2 Cannihilation (eqUIhbrlum)




astrophysical

assumptions !l

number of protons
In the sun

oC =2C

Sun annihilation

(equilibrium)




detection is a smoking gun

* Indirect rates are dictated
by the interaction cross section
of WIMPS with hydrogen.

= no unknown astrophysics

* in the neutrino case there
IS a direct connection between
theory and observation and the
background is understood.



3yrs of WIMP search from the Sun

WIMP Capture and Annihilation in the Sun
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Sun

relative abundancy
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relative abundancy

Simple shape- _
. . Opening angle towards the Sun
LI kEI I h OOd v = a.cos(rwm((),gb:) - Tsun(f, (D))

Signal PDF from simulation Likelihood

a . »
Background PDF obtained by F(¥|p) = nmsfs(lbl)vl (1= =) fue(¥)
scrambling Sun-azimuth in exp. data 200 TT (el

Feldman-Cousins Limits
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Dark matter-proton cross-section ogp, (cm?)

IceCube

Collaboration 2016
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Limits after 3 years (6 soon)
spin dependent (A%=1)
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Limits after 3 years (6 soon)
spin independent (A% handicap)
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Capture rate in the Earth, C (s™)

Sivertsson & Edsjo, 2012
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lceCube drilling to best low
background site on Earth:

—> radio-pure ice
- no seasonal variations
(temperature, humidity,...)

—> shielded from cosmic rays by

lceCube veto

* DM-ice, DeepCore upgrades

« $1.25M per string of 60 ten inch
PMTs (data to your pc, includes

logistics)

Muon flux vs overburden
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DM-Ice Prototype Detector
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lceCube: beyond neutrino astronomy
Francis Halzen

e muon astronomy: search for the sources of the
Galactic cosmic rays

detecting a Galactic supernova explosion

search for dark matter

neutrino oscillations

search for sterile neutrinos

lceCube.wisc.edu




Experiments: Lo = QWALmz | AmﬁSND — leV?
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Confidence Level Exclusion (%)



muon-suppressed
pion decay
(0:1:0)

pion & muon

<€«— decay
(1:2:0)

neutron
decay




« 6 different data samples based on data from 2008 — 2012
- different strategies to suppress the atm. u background
« large samples of track-like and cascade-like events

E, [GeV]

assuming isotropic astrophysical flux and v,:v,:v, = 1:1:1 at Earth >

unbroken power-law between 25 TeV and 2.8 PeV
spectral index - 2.5+0.09 (-2 disfavored at 3.8 o)

flux at 100 TeV (6.7 + 1.2)x1018 (GeV - cm2 - s - sr)!

the best fit flavor composition disfavors 1:0:0 at source at 3.6 ©
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neutrino reconstruction

Latest published DeepCore results

» Zenith: Require a core of direct
(unscattered) photons

» Minimize impact of ice properties
» 30% efficiency

» Fit zentih angle with direct photons
(assume no scattering)

» Energy: track+cascade hypothesis
» Fit track length and vertex position/E
» Keep direction fixed

» Assume track and cascade are collinear

2410
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N
H
w
o

DOM depth (m)

2460

N
&
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o

2450t

Same event as before, DeepCore

@ Direct photons

49+ Late photons
—— MC muon

-+ Track fit
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Latest published DeepCore results

» Zenith: Require a core of direct
(unscattered) photons

» Minimize impact of ice properties
» 30% efficiency

» Fit zentih angle with direct photons
(assume no scattering)

» Energy: track+cascade hypothesis
» Fit track length and vertex position/E
» Keep direction fixed

» Assume track and cascade are collinear

o

o 0.6F
S

Z 04
s

Resolutions for DeepCore (published result)
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lceCube

Oscillation Probability

DeepCore
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coming soon

More sophisticated reconstruction

» Use arrival time of individual photons

» Fit energy + direction simultaneously

» Similar resolutions in DeepCore

» Higher efficiency
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» In DeepCore — ratio of 2 fits

» Assume track+cascade vs only cascade

» Current results: xz in directional fit

» ALLH in sophisticated reconstruction

» In PINGU — multivariate method
» Exploid topological variables
» Combine discrimination power
» Can be optimized for sensitivity

Rate (Hz)

x10°®

Particle identification in DeepCore
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projected sensitivity

Projected MC sensitivity from re-analysis of 3 years of DeepCore data*

» Classify interactions:

» Between track- and cascade-like
» Inclusive selection:

» Direct hits required (5 — 3)
» Sophisticated reconstruction

» Global fit of all parameters

» Including events from all directions

» Also down-going (atm. Muons)

» Renewed calibration efforts

3.8 L
90% CL contours
IceCube MonteCarIo Prellmlnary
0.3 0.4 0.6 0.7

sin” (923)

» Noise modeling, anqular acceptance, individual DOM behavior

Projected 3 Year MC = 1C2014 [NH]| |




lceCube

Oscillation Probability

DeepCore
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and with PINGU

e TOK 2014 mmmm  [ceCube 2014
wane T2K 2014 - semse  PINGU 3 year, Fogli 2012 global inputs
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« oscillations at 10 GeV energy and above
 same oscillation parameters measured in a new

energy range.

Oscillation Probability




neutrino mass hierarchy ?
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Using atmospheric neutrinos to measure the NMH
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~ 10 GeV : hierarchy revealed by
“large” matter effects in the Earth

sin” 26 =

- 2
sin” 26,, + | cos26,, +

(mostly) neutrino + antineutrino -

sign A5 : hierarchy !




lceCube: beyond neutrino astronomy
Francis Halzen

muon astronomy: search for the sources of the
Galactic cosmic rays

detecting a Galactic supernova explosion

search for dark matter

neutrino oscillations

search for sterile neutrinos

lceCube.wisc.edu




In the Earth for sterile neutrino Am? = O(1eV/?) the MSW effect

happens when
~ Am?cos 26
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number of v,, observed versus zenith angle
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number of nu-mu events versus cosO in lceCube 40
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Pulls per bin, no steriles
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Systematics!

Systematics are super important; some more than others. This are
the systematics we considered:

» DOM efficiency

» Flux continuous parameters

Important

» spectral index
» /K ratio
> v/U ratio

Air shower hadronic models
Primary cosmic ray fluxes

Hole Ice
Neutrino cross sections

Bulk ice scattering/absorption
Earth model

vV vvyVYy VYyy

continuous systematics _
discrete systematic Not important
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Example: slowly moving magnetic monopole catalyzing proton decay:
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superluminal motion

Existence of high energy neutrinos limits on superluminal velocity:
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lceCube: beyond neutrino astronomy
Francis Halzen

muon astronomy: search for the sources of the
Galactic cosmic rays

detecting a Galactic supernova explosion

search for dark matter

neutrino oscillations

search for sterile neutrinos

lceCube.wisc.edu




