lceCube: beyond neutrino astronomy

* detecting a Galactic supernova explosion
* neutrino oscillations: the mass hierarchy
* search for sterile neutrinos

* search for dark matter

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

lceCube.wisc.edu



supernova burst: light fromv,_ + p —>n+e’

20 MeV
positrons

" 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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Participation in SNEWS

...Several hours advanced notice to astronomers ...

received iridinum messages (last 4 weeks)

test Thu Iun 22 08:45:12 2005 173

http://snews.bnl.gov astro-ph/0406214 S —

test Tue Jun 20 09:30:12 2006 154

message type time (UTC) © mzﬁmo - m&w
missing test message(s)
test Won Jul 1008:1%:38 2005 224 1
1est Sun Tul 211:15:12 2004 218 1
test Sat Jul 811:15:12 2006 208 1
TEST FriJul7 11:15:12 2005 208 1
test Thu Jul 6 11:15:11 2005 214 1
TEST Thu Jul 6 11:0%:05 2008 205 1
Coi ncidence missing test message(s)

test Ivlon Jul 3 09:45:12 2005 195 1

[ S

server @ BN

test Sun Jul 2 09:45:11 2005 1% 1
TEST Sar Jul1 09:45:12 2006 195 1
test Fri lun 30 09:45:12 2008 185 1
test Thu Jun 22 09:45:12 2005 181 1

R T
b test Wed Jun 28 09:45:12 2005 185 1
(l Cecu e) 1est Tue Jun 27 09:45:12 2006 175 1
test Ion Jun 26 09:45:12 2005 175 1
TEST Sun Tun 25 09:45:12 2006 176 1

| Smwm2sC215472006 s 2
test Sat Jun 24 09:45:12 2006 165 1
1est Fri Jun 23 09:45:12 2005 165 1
test Fri Jun 23 09:26:21 2005 170 1
TEST Fri Jun 23 08:53%:132 2008 732 10
test Thu Jun 22 10:33:23 2005 162 1
TEST Thu Jun 22 09:45:12 2006 160 1
test Thu Jun 22 09:38:29 2005 163 1
test Thu Jun 22 09:27:30 2005 167 1
1
1


http://snews.bnl.gov/
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Atmospheric neutrino oscillation

— Zenith = -0.6, IH

— Zenith = -0.6, NH
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low energy core for IceCube

concept: define fiducial volume.
contained vertex with no hits in
outer “veto” region is a
candidate for a downward

neutrino.
1500
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oscillations in DeepCore [energy ~30 GeV, 5.6 sigma]
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Low-energy sample IC79
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IAm? (10% eV?)
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neutrino mass hierarchy ?

“Normal” “Inverted”
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neutrino oscillations in Deep Core
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resonance in effective 813 angle traversing the Earth diameter at 10 GeV



Pfv,—v,) with Travel Through the Earth - 10 GeV, 179
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~ 10 GeV : hierarchy revealed by
“large™ matter effects in the Earth

= 2
sin? 20" = SIN” 26,
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sin® 26,, +| cos 26,, +

JAVE
(mostly) neutrino + antineutrino -

sign A5 : hierarchy !
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number of v,, observed versus zenith angle
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MNumber of Events

number of nu-mu events versus cosO in IceCube 40

Number of Events
3000 -
2500 -
. T |
2000 | -
1
T S T— [ - & 1
| [
1500 -
1000 -
sccl 1 1 1 1
-1.0 -08 0.6 -04 -0z
Cos(d, )

Arman Esmaili

o0

Sin’f;,=0.000
Sin’#,,=0.100
Sin’#5,=0
Am’41=04 eV?
¥2=183302
X7 eq=7.14638

—— No Sterile

Sterils

Am? = 0.4 eV? and sin6,, =0 20.5




Mumber of Events

Number of Events

i i
T .
L
&
1500 m
1000 - a
Sccl 1 1 L I L 1 1
-10 -08 L] —04 02

on

Sin’6,,=0.000
Sin’6,,=0.100
Sin’f3,=0.0500
Am’41=0 4 eV’
¥2=166471

¥ q=165997

Mo Sterile

Steril




Number of Events

Number of Events

1500 -

1000

b

Sin’#4=0.000
Sin’#,,=0.100
il Sin’#;,=0.100
Am?y=04 eV
¥2=439304
X2 eq=438.764

No Sterile

Sterile

-10

-08

—06

Cosif, )

—04

on




Number of Events

Number of Events

-l

06 -04

Sin’#;,=0.000
Sin®#fh,=0.100
Sin’#3,=0.150
Am?4=04 eV
x2=658.593

x2eq=055.973

Mo Seerile

Steril




MNumiber of Events

Number of Events

1500

S

500
-10

06 -04
Cosif, )

00

Sin’#,=0.000
Sin’#,,=0.100
Sin’#34=0.200
Am’y1=04 eV?
¥2=767.372

x2eq=762.402

No Seerile

o




Mumber of Events

Number of Events

1500

-10

-08

-0.6 -04
Cosifl,)

00

Sin’#,,=0.000
Sin’#,,=0.100
Sin’f3,=0250
Am’4=04eV?
¥2=765849

X eg=758.76

N Sterile

Steril




Number of Events

Number of Events

| S — I -
I I
s )
1500 .
1000 .
sco 1 1 1 1 1 1 1
-10 -08 -0.6 -04 02

00

Sin”#4=0.000
Sin’#,,=0.100
Sin’#34,=0.300
Am’y=04 eV?
¥2=0684.279

¥ eq=075.718

No Sterile

Steril




Mumber of Events

Number of Events

1 1
1 [
h o
&
1500
1000 |
sm 1 1 1 1 1 1 1
-10 -08 —0.6 -04 -02

Cosid, )

Sin’#,,=0.000

Sin®64=0.100

Sin’#;,=0.350

Am’y=04 eV’
x¥2=562921

X2 eq=353932

No Sterile

Sterila




MNumber of Events

1500

1000 -

Number of Events

e

Sin’8,,=0.000
Sin’#,,=0.100
7 Sin’f;,=0.400
Am?y=04eV?
¥=436.643
x2eq=428.396

No Sterile

Sterile

-10

-08 —0.6
Cos(#f, |

04

o0




MNumber of Events

Number of Events

Sin’f;,=0.000
Sin®6,4=0.100
Sin’fl34=0 450

—7 ] Am?41=04 eV?
— ] ¥3=326 895

t l . e 1 X2g=320294
1 i
I - ) S I I |

N Sterile

o

-10 -08 —0.6 -04 02 o0
Cosif, )



Number of Events

Number of Events

2000 I

-=ﬁ—‘—'—‘ | : |
I T
1 L

1500 _

1000 | i

1 1 1 1 1 1 1
-10 -08 06 —04 0z

Cosif, )

00

Sin’#;,=0.000
Sin®#fh,=0.100
Sin’#;,=0.500
Am?4=04eV?
x2=241.386

X2 eq=236.818

Mo Seerile

Steril




375.5 days 1C40

Data : 12877 Evenis

Downgoing Muons : 4 Events

Atm v, Honda 2006 13466 Events
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do not try this at home



nugenHist

zenith angle
two analyses

Data : 12877 Events
Total Dewngoing Mucns : 1 Events
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Cos(Zenith) Distributions
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low energy ATM
disappearance (3c) _
IC—40+AMANDA (3c) -
IC—80 (3c)

DeepCore

Esmailli et al., 1206.6903






Indirect Search with lceCube

Look for potential sources that are well defined and
have low or understood astrophysical backgrounds

IcECUBE

Galactic Center & Halo:
Limiis from IceCube-22

Galactic Center:
\Uml'rs from lceCube-40 )

Tevan

'/Local sources: N\

Sun:

Comblned Limits form AMANDA, IC22,
IC40+AMANDA

- IceCube-79 final sensliivity *new

Searches beyond “standard” SUSY:

 bwart spheroidal Galaxies: _, secluded dark matter sector *new
— lceCube-59 lIimits *new
Clusters of Galaxies: Earth:
- lceCube-59 limlts *new Limits fromm AMANDA

J &new analysls with iceCube-86 ongolngy




off source

ARA=-180°

Galactic Center:
X on-source reglon below the horlzon
X need to veto downgolng muons.

~ On-source

off source

x Use central strings of detector as flduclal volume, surrounding layers as veto.

g s )

s X : ., ~._‘ *u & N 0 B
SO F-off-sourée™

: b VI SRS g8

D' } IWOROUPVREE- AVNEIIY SUHTARUINT SRRromcrs 100 ISV
\RASO° ARA_;180° A
307 GC B

N =07

SO w5 b e e
veecill :.mgbvhl- FH335 e -0

Observations in both analyses were

consistent with background-only expectations

/IC22 (Halo analysis - 275 days): )
observed on-source: 1367 evts
observed off-source: 1389 evfs

\Even'r selectlon dominated by atm.

V)

/ICAO (G-Center analysis - 367 days): )
observed on-source: 798842 evfts
predicted from off-source: 798819 evts

Event selectlon dominated by atm.
N yamey)




Galactic & galaxy cluster limifs

Limits computed af 90% C.L. as function of WIMP mass and for various

IcCECUBE

annihilation channels assuming branching fractions of 100%

. 1 =20
- | N e
Dwarf galaxies: )
S 1021
= Source stacking analysls 2,
« Optimized slze of search window | 4 1022
- NFW profile assumed 5
10
Galaxy clusters:
* Extended polInt source search 1024
» Optimized size of search window
» Substructures taken Into account 1025
e .
10-25

% P>
E
= __‘_,,,)t:;/
= Férmi Data fff‘"’gﬂ
r Pamela Data %
E /
.;—— H.E.S.S. Fornax "—— IC 59 dwarf stacking
~— VERITAS Segue1l —=—— |C 59 Virgo cluster (sub)
S Fermi dwarfs —— |C 22 Galactic Halo

Ll [ | et scal: 1 *{CIECHbE prEﬁmjnaW*

10 10? 10° 10* 10°

WIMP mass (GeV)

lceCube can test DM models motivated by PAMELA & Ferml datfa (e.g. Meade et al. 2008)

[ multi-wavelength approach to dark matter searches: J




WIMP Capture and Annihilation

Halo WIMPs scatter on nuclei in the Sun

Some lose enough energy in the scatter to be
gravitationally bound

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

YT 2?2W+tW2v+v
b+b 2> v+v




dtZ =Can =9, %n
e g =L |v
¢Z _mZ_ Ve
® 0, = Man o
wn = O
oC, . =2C

annihilation




Indirect dark matter detection

= 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.



PRD 85, 042002 (2012)

Analysis Resulfs from the Sun

More detalls on limits
Abbasi et al., PRL. 102, 201302 (2009) (IC22)
Abbasi et al., PRD 81,057101 (2010) (IC22

Abbasi et al., PRD 85,042002 (2012) (IC40+AMANDA)  *

0.05< 0,h* < 0.20
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uluba Pralimingsy

IcCECUBE

MSSM model scan
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2 X --=--+ SUPER-K (2011) (bF)
2 1o\ = SUPER-K (2071) (W'W)
wn E
i g
4 :
5 10°°F
7
<36 |
.E 1077
2
=% S
5 107
E
£ 10%F
=
z
10%F E
107 .
8 i S ]
10—41 . R e .
10 10° 10° 10°

Neutralino mass (GeV)
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Total livetime of 1065 days
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lceCube /79 string analysis

* Incl. DeepCore

b

(Solar WIMP analysis with 79 strings (sensitfivity)

 Performed separately for austral winter & summer (152d +167d livetime)
» Low energles (look for contalned or partlally contalned events)

. .
Analysls performed separately for;
austral summer (Sun above horlizon)

&

austral winter (Sun below horlzon)

Neutralino-proton SD cross-section (cm?)
%

0.05 < (2, < 0.20

IcCECUBE

M3SM model scan
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lceCube 79 data

* Up-going @ * Up-going @ * Down-going @
* No containment * stfrong containment * sfrong confainment
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Unblinding results (Sl-cross-section limit)

0.05 = {1,h* = 0.20

IceCuBeE

MSSM model scan
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Unblinding results (SD-cross-section limit)

" 0.05 = i1,h* = 0.20 MSSM model scan
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Indirect dark matter detection in the sun

Dark Matter accumulates in the center of the sun — high-energy
neutrino annihilation signatures from the sun

| T T T T I T T T | T T T 'w T T T T I T T T T
[ MBEM Incl. XENCM (2012) ATLAS + CME (2012) [ MESM Ind. XENCN (201.2) ATLAS =+ CME 2012}
35— [ 'DAMA R channeding (2002 — [ Dw%AiA mochanneing (2008}
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Threshold ~ 20 GeV arXiv:1212.4097, accepted PRL



Global SUSY analysis with lceCube

L~
\'.J-
More detalls: P.Scott, C.Savage. J. Edsjé & the IceCube Collaboration, arXiv:00001v1 ICECUBE
- : \0 xed p\o"S
CMSSM, IceCube-22 with 100x boosted effective area P DSNU Uo\\w
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cosmic rays

cosmic ray
i In IceCube
10 TeV
to several
100 TeV
« galactic
air shower * not solar
* highest energies
approach the “knee”
e gyroradius <1 pc in
microgauss field
* closest sources
/) > 100 pc
’/ muons from | ;OKIT_'GV
/] air showers £ .
i 3 deg resolution




Orthonormal Projection

1.002
1.0015
1.001

|
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0.999
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i 1C22 and IC40 : muon astronomy (!)
h i

1C40

IC59

Different geometries, same
" 2 0 3 2 & structure

significance




skymap on large scale (>20 degrees)

40 TeV




after substraction of dipole and quadrupole:
small scale structure

region right ascension  declination  optimal scale peak significance post-trials

1 (122.4750)°  (—47.4750)° 22° 7.00 5.30
2 (263.075°0)°  (—44.1F29)° 13° 6.70 4.90
3 (201.6799)°  (—37.0%%35)° 11° 6.30 440
4 (332.4725)°  (=70. 0+4 2)° 12° 6.20 4.20
5 (217.7125%7%)° (-70.03-_3)0 12° —6.40 —4.50
6 (77. 6+3 9 (=31.9732)° 13° —6.10 410
7 (308.2t’$-_§)° (—34.5T2:0)° 20° —6.10 —4.10
8 (166.5722)°  (—37.2129)° 12° —6.00 —4.00
1059 Dipole + Quadrupele Fit Residuals (207 Smoothing) 1C59 Dipole + Quadrupole Fit Residuals (127 Smoothing)

significance signilicance

Abbasi et al., ApJ, 740, 16, 2011 arxiv/1105.2326




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
(Compton-Getting)

v=29.78 km/s



Compton-Getting effect

Compton-Getting Dipole (Maximal) . .
—— equatorial coordinates:
right ascention and declination

A—]=(y+2) ¥ cos®

(7) c

y=2.7 cosmic ray spectral index
v =220 km/s speed

* 0.35% effect ( If frame of the CR Is the Galaxy )
* Inclined relative to the equatorial plane

e easy !

* NOt seen



lceCube 79 - energy dependence of anisotropy

* non-diffusive effects in propagation of the particles?
e nearby supernova remnant(s)?
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look at the cosmic rays directly

i




20 Tev « Anisotropy changes in phase and
amplitude with energy.

-1.5 -1 -0.5 0 0.5 1 15
ANIN [=107%]

energy

———— 400 TeV

ANJN [=107)

| T R e I I S|
IceCube = B Rela-tlhre mtensiﬂ [ 1m-*] :
ApJ 718 (2010) L194 wix

Apd 740 (2012) 18
IceCube/lceTop

Apd 746 (R012) 33

0 1 2 3

- =1
Relative intensity [ «107%]



Equatorial r:nnrdilan’ms
E=6 — 20 TeV Aitoff centre a=12" §=0° E = 400 — 2000 TeV
+90° +90°

360°

IceTop

Galactic coordinates
Galactic Centre |=0° p=0°
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<k
180° —180° {iﬁiiig;::
> S\ I

—90°

180°

Vela: nearest supernova remnant
and strongest gamma source in the sky



the rare high energy particles at the end of the
spectrum are produced by the closest source
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ﬂ Structure?
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[GeV'" m2sr s
2

dN
dE dA dQ dt

E2.7

the relevant energy range of cos-
mic rays producing PeV neutrinos

[ —+— Statistical erro
Systematic errt
Single power-l:
Ea o sl g sl g
6 6.5 7 75 8 8.5 L
log, (E/GeV)

Galactic or extragalactic?
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