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Catching Cosmic Clues in the Ice.
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Outline %

ICECUBE
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¢ Introduction to neutrino astronomy

¢ The IceCube detector; event signatures
¢ Science goals

¢ Data selection; neutrino identification

¢ Selected recent results

¢ Summary and outlook
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CR-v connection: rationale for neutrino astronomy #

UPPSALA
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* most of our knowledge of the universe comes from studying photons
8 -6 4 -2 0 2 4loggE/e\;) 10 12 14 18 18 20 . ...and from
P73 L L L L L L L L L BN DAL L BN BN L P . .
ok A LHC E studying cosmic rays
8 [ o i GRAND UNIFIED PHOTON SPECTRUM  —
T 6 — m ]
N -
f §Z % TeV sources
ﬁ —2:_ \u ) i
D NG CRs
£ SE N3
douf SEAN I |
T _ K T Cosmic rays hitting Earth. Credit: NSF/J. Yang
-16 — radio y ray %
-18 |- had
—gp [ Lo b b b b b b b by b Lo b 1y g : %-D .
O 4 B0 B 6 ey T T T 0 T * What cosmic accelerators produce

M. Turner&T. Ressell, Comments in Astrophys. 14 (1990) 323 the observed SpeCtrum of CRs ?
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CR-v connection: rationale for neutrino astronomy
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UNIVERSITET Energies and rates of cosmic rays
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CR-v connection: rationale for neutrino astronomy
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~ MeV to TeV «y-rays

IC 22
, > ~ IR to X-rays
« AGN spectra of GeV — TeV y's & R e
support the idea that these 3 A
objects accelerate hadrons A component?
e synchrotron
radiation foale) a2
NG/
““+\;e+ e
. . . - p?—-—n"’n
« convincing evidence for acceleration ylﬁf x B .
of hadrons would be discovery of \p\ﬂg 5
. . . . 0
v’s in conjunction with y’s pr= ‘\’f\/ 2
\ P Y
£
joX
LG
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CR-v connection: rationale for neutrino astronomy %

the sources of UHE CRs also produce neutrinos

Source region, e. g. ,
surrounding dust clouds, ° 'Y S

Galaxies...
< absorbed on gas, dust, CMB

Source, e.g.
3 g

Interstellar
ucleus AGN dust clouds
Satellite

Y experiments ° CRS
- & & deflected, lose pointing

Fluorescence
detector

Intergalactic
magnetic fields

* UHE CRs point
& very rare

Undergroungd
detector

\ ArepeverTE T N\ « UHE CRs interact with CMB
. & GZK mechanism
\////m_h i - Anrs;hower

to observe the UHE universe — need a messenger unaffected by gas, dust or
magnetic fields — the neutrino
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Pioneers of neutrino astronomy %
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» the potential of the v as a messenger from astrophysical sources
was recognized soon after v’'s were shown to exist (Reines & Cowan, 1956)

* v’s might allow us to see "hidden” sources

M. Markov, Proc. ICHEP 1960 (also K. Greisen, F. Reines, Ann. Rev. Nucl. Phys. 1960)

... proposes to install detectors deep in a lake or in the sea
and to determine the direction of v induced charged particles
using Cherenkov radiation ...

= a kton or more required

@ sirings of
24 optical modules!
PMTs each

iy connectiong Junclion box
(200 m) cable lo share

[~30 km}
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The next generation neutrino telescope

ICECUBE
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Detector principle &

ICECUBE
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v interacts with a nucleus
- produces a u (e or 1)
- and/or a cascade

» a charged particle moving at
superluminal speed gives rise to
Cherenkov rad. (cone £ 40°)

» radiation is detected by
3D array of optical sensors

e position, time and amplitude of hits
allows reconstruction of tracks
using likelihood optimization

» the lepton direction is aligned
with the v direction

Recent results from IceCube / Olga Botner Feb 2014 8



IceCube Neutrino Observatory
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i 7
L R IceCube completed in Dec 2010
-
- ® e o o e - I1C40 .
- L4 -
e = TL LTS - after 6 years construction.
----_'.‘.------
- - - *° @ o P .y -
2005-2006 ® ® ® o
- ® e
IC1 ® o o Extended Air Shower detector
® ® e surface area 1 km?
) ® - cosmic ray physics 1014 — 1018 eV
12006-2007 1C22 calibration of in-ice array
1C9 lceCube Lab veto for in-ice array
e e o T IceTop
>—'.—‘:33¢_;:‘_.=-_=_:.—'/ 81 Stations
50 m = -’_—:.-_.'__-‘__— ......... 324 optical sensors
IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors
1 Gt main detector
threshold: 100 GeV
1450 m
DeepCore
g Ssgring{_s-s acing optimized for lower energies
optical sensors
20 Mt low-energy ext.

Digital Optical Module (DOM)

low noise rate < 500 Hz

gains very stable < 0.3%

high reliability, very few failures

Eiffel Tower e threshold: 10 GeV

324 m

2450 m
2820 m

4

Recent results from IceCube / Olga Botner

Feb 2014



IceCube Laboratory

e events selected by triggers
» server farm to preprocess & filter data
« ~ 100 GB/day sent North over satellite
* 2 WO scientists ensure uptime > 99%

------

-

Rece_nt results from IceCube /Olge Botner.



“¥  Event signatures in IceCube 8‘
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« v,charged current interactions

P~ 1°

simulation

tracks cascades « v, CC interaction
* v, CCinteraction * Ve Vi V. NCorv, CC « E,~1PeV
* ang.res. <1° * ang. res. > 10°
E i
* energy res. — x2 * energy res. ~ 15% >
« V. >>lceCubevol.| | V., ~ IceCube vol. time [ps]

« v,neutral current interactions — only the hadronic cascade seen

Recent results from IceCube / Olga Botner Feb 2014 11
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IceCube Science %

ICECUBE

ASTROPHYSICS

- point sources of v's  (SNR, AGN ...) /
- extended sources '
- transients (GRB, AGN flares ...)

- diffuse fluxes of v’s (all sky, cosmogenic, galactic plane ...)
COSMIC RAY PHYSICS

- energy spectrum around "knee”, compaosition, anisotropy
DARK MATTER

- indirect searches (Earth, Sun, galactic center/halo)
EXOTIC SOURCES OF V'S

- magnetic monopoles, Q balls ...

PARTICLE PHYSICS

- v oscillations

- charm in CR interactions

- violation of Lorentz invariance, quantum decoherence

SNe (galactic/LMC)

Recent results from IceCube / Olga Botner Feb 2014 12



Data selection — "looking for a needle in a haystack”
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SP
Muon
Detector
Atmosphere “l:i:l“t::‘:'"'-"
107
1o
LOF == Mis-reconstructed aims. muons
:__,..—-'-""":'T-‘.—.':-_—_.__‘___"._'-_.
107
gk ATMOSPHERIC MUONS
i « from "above”
10k » "filtered out” in the Earth
107 ATMOSPHERIC V'S
1ol « from all directions
1 . TeV astrophysical neutrinos

-1 -0.5

North Pole

South Pole

ICECUBE

e atm. p rate ~ 3 kHz

e v rate ~2 mHz (200/day)

EXTRATERRESTRIAL V'S
» from all directions if energy < 1 PeV
» Earth becomes opaque to UHE v’s

Recent results from IceCube / Olga Botner
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The v spectrum ﬁ

ICECUBE

UPPSALA
UNIVERSITET

cosmogenic Greisen-Zatsepin-Kuzmin v’s

T 10" :
» Super-Kv, . .
]
b 1 /Fréjusv Pt+Yoe = N+7° > N+u'+v,
IE q) o FréjUS V L‘ — +
S K AMANDA v, v, T& 1V,
2 '° \o % o unfolding | - - |
] N . /Diorward olding -1 ANITAGO10) I .
10 v N < IceCube v, 10 [~ .
=] \ e unfoldin i .
W \N forward g1‘;0Id|ng : RICEZI
10 ""-,‘ F‘\\“’_‘: 7] = 10 | PAQ(2012) v, limit x3 ’
1079 . T 10°
; , o
7 y g B .
10° < 10 IceCube2012 R —
—Hondav, N % | T, KR
o - Bartoly 1 CO P Ty
107 Hon da: astrophysical v oy 10* P o } GZK
. e > 4 L Cosmogenic v models "
- L1l I Ll | L1l I Ll i1 | 1 | | | !I |l| L1 | a ] Engel et al. mOdeIS
050 1 2 3 4 5 6 7 W g
- | E [GeV Nm> e Kotera et al. (FRII)
0910 ( v [ € ]) 10‘10 - [ Ahlers et al. (max) —_
i B < L Ahlers et al. (best)
e R ——  Yoshidaetal.
* v, spectrum, IceCube PRD 83 (2011) 012001 10 o | |
bt 1 1 I I 1 1
* v, spectrum, IceCube PRL 110 (2013) 151105 6 3 10
S— log (E /GeV)

e produced < 50 Mpc from source

e conv. /K v’'s dominate < 100 TeV . carrv information on
e prompt v's visible @ ~ 100 TeV y ) . .
. astrophys. v's (perhaps) > 100 TeV » location and cosmological evolution
: of the UHE CR sources
Feb 2014 14
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s How to search for astrophysical v's ? %
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imperative to remove the dominant CR muon bkg (3 kHz)

1. look for upgoing p tracks -

advantage: Earth stops the CR u background ;
dis-advantage: hard to determine energy ' q&-
dis-advantage: Earth stops v's > 1PeV

2. look at ultra-high energies
advantage: bkg can be reduced to ~ zero
dis-advantage: very low expected flux

3. look for starting events (contained vertex)
advantage: VETO region used to remove the CR pu’s
advantage: all charged tracks seen
dis-advantage: limited effective volume géég IR

Recent results from IceCube / Olga Botner Feb 2014 15



_ Search for cosmogenic v's (May 2010 — May 2012 data) %

UNIVERSITET ICECUBE

» target events with PeV — EeV energy
* look for lots of deposited energy (tracks/cascades)
o E o« # photo-electrons (NPE)

> 300 DOMs
> 41000 NPE

e cuts on direction and energy
« optimization fully based on MC
 verified on 10% data

10

TTT

(@) IC79 test sample

10! 10

& = o ow @
= E 10 =~ ™ 102
Y = s P
o F 00w o 10°
E ’
135 10 10+
= - 10% 10°
£
M E 6 03 0 02 04 06 08 1 10 10*
. cos i
up-going down-going
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&

ICECUBE
; 3
' ‘ 10 % —@®— (ata = sum of atmospheric background
- E ) 5L E’0=3.6x10"° GeV sr' cm? §! =ssssass atmospheric 1
9 " 10 E COSMo iev Yochi c e o ‘enti
= smogenic v Yoshida s atmospheric v conventional
c o 3 . — [ | cosmogenicv Ahlers = wimimim atmospheric v prompt
e« L i1 f , ¢ 10
" t. ii !, ) ‘r_ i';. "‘. : E
4 RERAEH: ” E ]
", w B I Zaw 5 E
%1 l i if | i -
2811 Ei s LB
1) i s'F -
B4 L S b
t 3 F° $ ‘E zlﬂ E
” ” o T 10_5_ : -+
Bert Ernie E i :
1.04 PeV 1.14 PeV 1074 e
Aug' 2011 Jan' 2012 -5 :--I..E I B T %””1”"“5 & .i"i""x..u Jonnak PR — I n
1045 5 55 6 6.5 7 75

2 events at threshold
2.8 o excess over atm. bkg.
(bkg. level 0.1 event)

(incl. charm @ ERS baseline)

IceCube, PRL 111 (2013) 021103

Enberg, Reno, Sarcevic, PRD78:043005 (2008)

logm NPE

NPE distribution for 615.9 days live time

E-2 power-law fit up to 10° GeV

* hint of possible astrophysical v flux?

Recent results from IceCube / Olga Botner
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Search for cosmogenic v’s a

IcECUBE
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» likely v, or v,

"Bert" S E .

Qe -.. ...*
‘¢ o0

Bert & Ernie = MODIFIED SEARCH STRATEGY for astrophysical v’s

Recent results from IceCube / Olga Botner Feb 2014 18



: High energy starting events search - introduction
UPPSALA

UNIVERSITET 104:|||| TIT T TT [ T[T I T T[T I [ TT T[T T[T TTT[TITT .

—+——— muperimentzl data

cony. atms. v (HKKMSD7 + Hia)
cov. afms. v (best fif) -
prompt aima, v (B0%CL upper imif) 3
astrophysical v (best fif ]
------ astrophysical v (30%5L upper limit)

events

What we knew

* hints of deviation from bkg 1C59

In upgoing muons (1.8c)

* hints of dviations from bkg only “’

-Il?l-l.'."m L1

in cascades (2.40) el TP ORTONRION ¥ 01 o OVl
02795 1 05 0 05 1 15 2 25 3
log10(d&/dx__[GeV/m])
e 2 PeV eventsin ~ 2 years data IceCube, arXiv:1311.7048
- downgOIng ] Egﬁ v, conentona) !%tﬁaﬂ.Z)-SGaGe\rchmzs'"Ez
- probably not cosmogenic B am i Gom) > am oo
- above expected bkg ol TT e
« spectrum consistent with (broken) E-2, Tl P
seems not to extend much higher ¥ 0k ;
would expect 8-9 events above 1 PeV from unbroken E- émz_ :
gml- E
What we wanted to know § 'l
q:’Jm'l-
* are the two PeV events tail of a distribution? Wig— a5 40 45 60

logyo(EcGeV)
IceCube, arXiv:1312.0104
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High energy starting events search — key points

&

ICECUBE

« events starting inside IceCube must be neutrinos!

define an outer VETO effective against

e atm. u's
- tracks from above

e atm. v's
- accompanied by atm. u tracks
if from above

look at event characteristics

e energy

signal: high energies
 direction

signal: horizontal and downgoing
* topology

signal: mostly cascades

VETO regions

HoX

Dust
layer

IceCube

Recent results from IceCube / Olga Botner
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High energy starting events search &
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_ Total collected charge
Estimated
NPE>6000
* Dbkg of atm. p's — from data (red) 107 (R | B e e
dOUble—Iayered veto . _I_I Bkg. Uncerfcainties‘(All Atm. Neutrinos)
10 . e — Atmospheric Neutrinos (Benchmark Charm Flux) f
L —— Atmospheric Neutrinos (90% CL Charm Limit)
y - = Signal+Bkg. Best-Fit Astrophysical £ * Spectrum |
b bkg Of a.tm. (TC/K) V S - extrap0|ated 105 T gl;tEavents (Trigger Level)
from IceCube measurement at lower frece

energies (blue)
scaled by prob. that the v be un-accompanied
by n or bundle (MC)

Events per 662 Days

e Dbkg from prompt v's (charm) — from ERS

90% C.L. upper limit from IceCube
measurement at lower energies (= 0+o)

//W/
//////////4
TOtal baCkg round Total Collected PMT Charge (Photoelectrons)
& atm. 1) 6 + 34
& at 4637 28 events observed
atm. v ' including Bert&Ernie
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High energy starting events distribution inconsistent with bkg at 4.1 ¢ ‘

UPPSALA

ICECUBE

UNIVERSITET =) — 2 — : ——
g EEQ 80 + Showers —e— -
g 3 — Tracks +->¢--
> 4 a 60 —
§ g 'e § 40 )_% P
=] s E‘ 20 + )_»-#‘—4 i
Bl 3, SE .g OF %,{*' )
T T2 O - + o
g 8 40f f
; 60 - +%. + + 3]
& ° 80 - o) E
g w© © =3 ™~ d_l‘ 1 1 ool 1 1 L [ B |
sheq z99 Jad sjuang 102 103
Deposited EM-Equivalent Energy in Detector (TeV)
* mostly cascades (21/28)
[ Background Atmospheric Muon Flux
:I_O2 o ~|EEE Bkg. Atmospheric Neutrinos (#/K)
. . . . Background Stat. and Syst. Uncertainties
e zenith distr. consistent with —  Atmospheric Neutrinos (Benchmark Charm Flux)
- = Atmospheric Neutrinos (90% CL Charm Limit)
isotropic astrophysical ﬂux —  Signal+Bkg. Best-Fit Astrophysical £ * Spectrum
g 1 eee Data
o~ :
e energy spectrum > 60 TeV harder g 7 —
than that expected for atm. bkg g Wiy
wn
C ’
k 7).

e consistent with bkg < 60 TeV

E°®=(3.6+1.2)x10"°GeVem2sigrt

60 TeV<Edep<2 PeV
lack of events > 2 PeV implies break or cut-off

/////

//

10°
Deposited EM-Equivalent Energy in Detector (TeV)
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High energy starting events — 3 years update

PRELIMINARY %

UNIVERSITET

e 37 events

in 988 days

e an event at 2 PeV

e spectrum and angular distribution
consistent with published results

arrival angles of events with £,,,> 60 TeV

[Southern Sky {down gomg)| |Northern Sky (upgo'mg)l
> 10° ,
e ; [ Backgro nﬁAtm spheric I'm.»un Flux
o i I Bkyg. Atmospheric Neutrinos («/K)
o i Background Stat. and Syst. Uncertainties
A i | — Atmospheric Neutrinos (90% CL Charm Limit)
w — Signal+Bky. Best-Fit Astrophysical £* Spectrum
o] ees Data
S 101_ = 1
n PRELIMINARY
o
]
e |
£ ——
E T
0 10°F 877
E /'/ ////‘%I//////
o] iz // L
E: W /
|
8 ot ////////
I ///
5 _
w

|
=
o

—0.5

. 0.5
sin(Declination)

Events per 988 Days

Declination (degrees)

80
60
40
20

0r

-20
-40 -
-60 -
-80

ICECUBE

tiod

¥, |

”Pﬁ%

PRELIMINARY Tracks -1

a-sa

I S;h-é)\:vélrs I—ll—l =

1
Bl

10?

10°

Deposited EM-Equivalent Energy in Detector (TeV)

131 E ommoceoo

10°

10t

I Background Atmospheric Muon Flux
= Bkg. Atmospheric Meutrinos («/K) E
Background Stat. and Syst. Uncertainties
— Atmospheric Neutrinos (90% CL Charm Limit)
— Signal+Bkg. Best-Fit Astrophysical E° Spectrum |1

.... Data
; | 1 1
—
HE- ]
ﬁ 1
é
/ [
XA
10° 10°

Deposited EM-Equivalent Energy in Detector (TeV)
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High energy starting events 2 yrs skymap compatible with isotropy %
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* too few events to identify sources
e every event has its own 2D IceCube, Science 342:1242856 (2013)
directional likelihood distribution -

L T T T L T B D T E T T e orr

shower events | :
p-value = 8% +:

A\

ot all events
' p-value = 80%

LR L T T T N T i A s S Rt D A Cagten amtacans

Equatorial

| T all p-values are post-trial
0 TS=2log(L/LO) 12.4

S()+(1- e )B(X) signal plus bkg maximized likelihood

L(x)= H -
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"Traditional” search for point sources of astrophysical neutrinos %
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» IceCube has collected data during construction

» allows search for clustering of neutrino arrival directions
with a lower energy threshold

o present search with 3 years of data (April 2008 — May 2011)
lceCube, Astrophys. J 779:132 (2013)

* select well-reconstructed (v, induced) p tracks

Northern hemisphere
dominated by atm. v’s

+45°

Southern hemisphere
dominated by high
energy atm. u’'s

~ 150000 mostly muons

Recent results from IceCube / Olga Botner Feb 2014 25
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Point source searches — IC40+IC59+I1C79 — 1040 live days

&

UNIVERSITET e
1'3"15 1.9 = S0%E"®
10° —TC 0% E
F oY | bR X B .
10° L - No\’\.\’\em 0.5
I <t =
. 10°t v / — IC79 Northern Sky [ c o0 s
20 A // — |1C79 Southern Sky ] “ 2%
< b S -~ IC59 Northern Sky s 1
10 ; -~ 1C59 Southern Sky |: ' ¥,
bl o IC40 Northern Sky |; X
1D_=1 ?/ ..... IC40 Southern Sky SO\«\“\e |\l S\W_l . S FIG A
1007 107 107 10° 100 10 100 10’ 10° 10° 10" 10" 10" 10"
El, (GEV} Ey fGEV)
Effective areas 90% central signal containment region
3 different power law spectra
> >
_E 1.6 \ —=-1C-40 © 16 —=- |C-40
51 -~ 1C-59 514 ~— |C-59
* Northern sky 5,0\ ——Ic79 g, —— 1C-79
- remove mis-reconst.s 2 O\ Northern sky @ |
@ N @ 1 Southern sky
. - h - [
 Southern sky S8 508
. 0.6 o0.6f
- stronger quality cuts c . = odl
- energy selection 3 & |
3 0.2 5 0.2 0<-5°
E ' M A A § g i | i E . lagaal el alagg e dla g aliy
3 4 5 6 7 8 0745 5 55 6 65 7 15
log10(E /GeV) log10(E /GeV)
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Point source searches — IC40+IC59+I1C79 — 1040 live days ‘
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Pre-trial significance map — equatorial coordinates
color indicates compatibility with background

most significant North

-log,0p=4.71 (pre-trial)
ra.: 34.25°
dec.: 2.75°

post-trial: 57%

most significant South

-log,,p=4.05 pre-trial
ra.: 219.25°
dec.: -38.75°
post-trial: 98%

Atm. muons  Atm. neutrinos
i P

* no significant deviation from isotropy

IceCube, Astrophys. J 779:132 (2013)
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o Point source searches — IC40+IC59+IC79 — 1040 live days %
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» selected sources (galactic/extra galactic)

* stacked sources « time dependent flare searches
e extended sources

[Southern Sky {downgoing)INorthern Sky (upgoing}] Supernova remnants

T T T lﬂ-lu T T T T T T T T LENLELELILELL | T LI | T """":
— IC79+IC59+1C40 sensitivity (20% C.L.) -- Upper Limit (90% C.L.) |3
- _9 - - IC79+IC59+IC40 discovery potential (57) - CasA | — Flux prediction 1
lm 107 14 o IC79+IC59+1C40 Upper Limits (90% C.L.) (i " 101 L ; : -
~ — ANTARES sensitivity (90% C.L.) i) i
= s a ANTARES Upper Limits (90% C.L.) E
U H H H ::
3 d
— [Th
— o
LL =
o) o
= Y
5
it
L E, (GeV)

M. Mandelartz, J. Tjus, arXiv:1301.2437

E-2 muon upper limits
1TeV-1 PeV North 100 TeV — 100 PeV South

ANTARES: S. Adrian-Martinez et al. arXiv:1207.3105
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Gamma Ray Bursts

&
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e transient point sources FORMATION DF A GAMMA-RAY BURST could begin
i i . e-_tl;.erhwith Iijhﬂ marger n:rfu-.riu neutmg Stharli or
 localized in space and time Svents.ceate a lck hle wih sk of mater
sl srmaeis el forl
« data from incomplete IceCube .
(April 2008 — May 2010) ~ 300 GRBs ¢ : =~
constrained models i : e
. Wisi
. . __l:II-::'.
» upper limit ~ a factor 3 below Ve
predictions of the fireball model /! : 4
@ At
IceCube, Nature 484 (2012) 351 i

lceCube, arXiv:1204.4219v2

CONCLUSION:

GRBs alone cannot account for the flux of very-high energy CRs

OR

the efficiency of neutrino production much lower than expected

» theoretical suggestions to reduce the GRB neutrino flux prediction are being tested

with more data

Recent results from IceCube / Olga Botner
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Cosmic Rays
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CR physics is related to neutrino astrophysics
» the cosmic settings which generate CRs also produce v’s

* CRs interacting in Earth’s atmosphere produce the bkg for astrophysical v’s
- atm. v’'s and atm. p’s

Measure
* CR energy spectrum (lceTop) - -
e w i
« composition (IceTop + IceCube) < [ b
. . z Ml
« anisotropy of the CR arrival * B R +
. . i . "'-'é'ﬁ-aé..'. Lo |
directions 3 - g?;-;_s VH?[
@ s [ l‘ |
S ot | “"H%
B E tig l
% — IceTop 73, SIBYLL 2.1, H4a composition assumption + |
=l £ KASCADE-Grande, SIBYLL 2.1
© KASCADE, SIBYLL 2.1
IceTop 73 energy spectrum ey SoEining l
1.6 PeV to 1.3 EeV e © o Tunka133
% Tibet III, SIBYLL 2.1
l . oo ey ey b s by sy e by s g ]
6 6.5 7 7.5 8 8.5 9
IceCube, PRD88:042004 (2013) log, (E/GeV)
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Cosmic ray anisotropy — understanding propagation in the galaxy %

Lo e UL data smoothed on a 20° scale. e

Relative intensity skymap in equatorial coordinates

a large angular scalesstructure Tibet-111 | 5 Tev
— dipole, ampl. ~ 10- (Northernsky) ~—~ = 7~ / \ DN
e P RN

the phase of the large scale anisotropy m/ [ 4l
changes between 20 and 400 TeV SETE

g reliminary
CR primary energy e

20 TeV

subtracting the dipole IceCube
— structures observed at scales (Southern sky) s 0 O

Relative Intensity [ x10 ®]

400 TeV

down to 5°, ampl. ~ 0.2x103

origin of the anisotropy unknown Pr“m"a

possibly signature of a few nearby SNR

360°

small scale anisotropy could be an effect T 050 o5 T
of turbulent interstellar magnetic fields within elative Intensity a0
few pc + interplay with heliosphere | High Energy

IceTop

2 PeV -3 2 -1 0 1 2 3

Relative intensity [ x107*]
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Indirect dark matter searches e

IcECUBE

UPPSALA
UNIVERSITET

IceCube searches for neutrinos from accumulations of WIMPs

(Dwarf spheroidal Galaxies: ) l Galactic Halo: A
> IceCube-59 limits - lceCube-22 limits
Clusters of Galaxies: (PRD 84 (2011) 022004)

> IceCube-59 limits > IceCube-79 limits

(arXiv:1210.3557 2012)
o

Galactic Center:

- |ceCube-40 limits
(arXiv:1210.3557 2012)

\? lceCube-79 sens

J

Searching for DM-annihilations ish
low energy regime for IceCube.

(~10 GeV-TeV)

» Consider “extrema” to bracket

"Local sources (Sun & Earth): )

- lceCube-79 limits

(PRL 110 (2013) 131302)

- Specific models & Global fits
. (JCAP 11 (2012) 057) Y

possible neutrino spectrum.

Ve'..  eg. hard W'W)and soft (bb)

M. Danninger, TAUP 2013
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UPPSALA

Indirect dark matter searches — limits on DM annihilations in the Sun

UNIVERSITET

SI WIMP-proton cross-section limit

_4_4_

|-~ %=+ lceCube 2012 (B) [
—e=— [ceCube 2012 (W'w)*
* (o for mr:m'., =B80.4GeV/ic?)

1 1

T T © 7 7 7 et i

[ ] MSSMincl. XENON (2012) ATLAS + CMS {2012)

] DAMA no channeling (2008)
— - CDMS (2010)

- — - CDMS 2keV reanalyzed (2011)
— CoGENT (2010)
—---— XENON100 (2012)

T

~ n
...... T

1 1 ¢ 1 | 1 1 1 1

&

IcCECUBE
e signature: excess over bkg from
the direction of the Sun
* observed angle to the Sun fit
with signal and bkg pdf’s
e Sun azimuth kept blind
SD WIMP-proton cross-section limit
.‘..I | | | | | | |i| M:E‘;SMir:cl.XEINON izmz)lamlswr:ns {20I12)
— [] DAMA no channeling (2008) e
Y - — - COUPP (2012)
L Simple (2011)
- ’*\‘ o = = PICASSO (2012)
N TR, -
R _
\., .

R IO

-- - |ceCube 2012 (B)

1 2

—s— IceCube 2012 (W'W)*
 (x" for m <m,, = 80.4GeVic?)
! |

4 2 3

log10 (m / GeV )

lceCube, PRL 110 (2013) 131302

log10 (m,_/ GeV 2}

o complementary to direct detection searches
« average over the DM structure of the halo on solar time scales
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DeepCore a

b IcECUBE
UNIVERSITET

» improved sensitivity for low mass WIMPs

» sensitivity for Southern sky sources

» enhanced acceptance for low energy v
10 GeV — 200 GeV

1450

» sensor density ~4xIceCube

2100 ~ 20 Mton detector (cf SK ~ 20 kt)

~ 10000 v’s/year

v » allows observation of v oscillations
2450 S 7 S
T |{_,— T |\ I_,‘_\I,u
08 i \ =il |
_ %
o \\,_
z 06 -, -
E
all sky sensitivity o
& use surrounding IceCube strings as veto
O. Mena et al., PRD 78:093003 (2008) s 'EU;;J,;"""
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v, oscillations with 1C79 %
UPPSALA

UNIVERSITET IcECUBE
«10° high-energy sample ]
0.5;— sesmasesaas  pON=0scillation case, norm uncertainties * hlgh-energy Sample (> 100 Gev)
0-45:'— ~————— non-oscillation case, shape uncertainties . COnStI’aInS SySt UnCel’taIntleS
I~y 0-‘;;' ~~=~~--~-~ world average osclllations, norm uncertainties
%0_35::_ ———fpe  world average osclilations, shape uncertainties ° OSCIIIatlon Slgnature expected |n
= 03 —@&—— data d +
EE e low-energy sample 20 — 100 GeV
® ossf- e no-oscillation hypothesis rejected at > 5o
W i but ... not a high precision
R Y R Y % R Y Y Sy S X R B R meas. of parameters yet!

cas(recanstructed zenth angle)

lceCube, PRL 111:081801 (2013)

108 low-energy sample

; ) i ?L rr.r.J]r1Trnrrr e 11l rrr.Jjrr.r—r

B L — MINOS, 2012 90%

6 L SuperK, 2012, 90% * bostih ANTARES

- [ resssensenr ANTARES, 63%

: B ANTARES, 50% W bemm Wecutn
— Sk [ sssssasssss lceGube-79, 65%
N | [ — lceCube-79, 90% *  bwst BEMROS
= = B + & 4 ’ o 'g‘ 5:_
.;. sl + : : o -
- - + + + + . .;: B
E : o % - ’ " + * —+_ = = 4__ ...............................

- + = B u*
s |/ T e |

- ¥ : 3
© of e -

- ¥ B

1+ 2=

EI]-IO'. - '-Iojl]ll l lll-loll Kl:ollll-loljl':olalll-lolzlll:oll - .'__ J L M I M i

-1 9 8 07 .6 .5 4 B . 1 0

cos(reconstructed zenith angle) D4 %h g8 sin’?:-z-jé Ly s i !
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Low energy extension

&

UPPSALA
UNIVERSI

PINGU

ICECUBE

The Precision IceCube Next Generation Upgrade

o

Dust concentration
(underestimates deep ice clarity)

«2250

clearest ice j',l&}\

- °
L - o o
B = 9
e i 7 A
0000000 — - - o
L L]
. o

. a
000000000000 ot seemeeenan 3
@ 0
o a

o & &

o WL R A e 5

a
.ee PR S, P o

R b i - a %

o o e o 000 il ke i &

o
. ., -1 s
L R =
ase F
o
oo B T # o
@ o
L e @
o
L 5 i e i i e "
o - o
o

79-String
Deployment
2004~2010

O HOEDOMs
Q Normal DOMs
PINGU DOMs

FINGU

B6-String
Deployment
2010201

B HOEDOMs
@ Normal COMs

10 DOM's
10 m spacing
1750 -1860 m

dust layer

DeepCore PINGU

50DOM's 60 DOM's
7 m spacing 5 m spacing
2107-2450 m

* neutrino mass hierarchy effects
expected at <10 GeV — too low
for DeepCore

e add 40 strings with 60 optical
sensors each inside the DC

Preliminary: PINGU
can determine NMH with 3c after ~3 yrs

PINGU Lol, arXiv:1401.2046

/ LBNE
34 ke

Preliminary

Sensitivity for =0.5 [o]

|||I||||||||43\|\‘|li||||||||||‘|||||
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High-energy extension

&

UPPSALA
IcECUBE

UNIVERSITET

increase in threshold not important
(in the region where atmospheric background dominates)

<€

IceCube DeepCore Effective volumes

DecaCube (1/2/3)

2000 . : .
N‘*&h’ﬂ.‘.‘. Spacing 1 (120m):
1500 - ®e ¢ o SO+ O+OEEEEEYEN IceCube (1 km3)
¢ ¢ 3 ™ ¢ ﬁ*:**:: : I.I.I.I. . I. .l i 3
, e T + 98 strings (1,3 km>)
1000 | — 3
e o 0o 0 o *\:**\:**\:*.I.l.l.l.l.l.l. = 2.3 km
¢ ¢ ¢ ¢ Grep++ANEEEN
00 | 2 ® &8 & @& @ ‘***‘***ﬂ***ﬂ***ﬂ***' .
A ® e > ®e '***?*'***'***' SpaCIng 2 (240m)
= o S ST T S S S S S S S IceCube (1 km?)
£ & & & & & & & @ .
o 6 6 ¢ ® e e e + 99 strings (5,3 km?3)
—500} o 6 o o o e o o0 0 @ @ = 6.3 km3
& & & @& @
¢ & ¢ & ¢ & ¢ ¢
—1000 ¢ = IceCube 86 Spacing 3 (360m):
¢ e v e e v ¢+ spacing120m IceCube (1 km?3)
—-1500 | ' : i
¢ ¢ 6 & & 0 ® spac!ng 240 m + 95 strlngs (11,6 km3)
¢ spacing 360 m — 12.6 km?
~2008555 ~2000 ~1000 0 1000 2000 3000 '
[m]
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%%  Summary and outlook

UPPSALA

UNIVERSITET

* IceCube has found the first high-energy neutrinos
from extraterrestrial sources

* need to consolidate that observation with more data

» obvious next goal — try to identify the sources

» detector performs extremely well

» will be collecting data for at least 20 more years

* GRB limits are challenging the models

 all sky point source limits; WIMP limits; atm. u and v spectra
e CcOsmic ray spectra and anisotropies and m.m.

e extensions towards both lower and higher energies planned

&

ICECUBE
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