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BERKELE

& lceCube

- | Search for cosmic neutrinos
in TeV-PeV range

Detecting the Cherenkov light emitted by the
secondary particles produced when neutrinos
interact with nuclei in the ice

Need km3 scale
detector volume

Dense, dielectric,
transparent medium:ice
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lceCube nearing completion: 86 strings /~\|\

BERKELEY LAaB

&
Icefu-beﬁ_r — IC22 (2007)
SR ! |C4O (2008) IC9 (2006)

s e = |IC| (2005)
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lceTop
80 station
2 tanks per station

2.5 km

lceCube Lab (ICL)
central computing facility
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& Drilling & deployment -’

Drill speeds ~ 2 m/minute
~40 hours to drill a hole

¥

~12 hours to deploy a string

Wednesday, November 10, 2010
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& Digital Optical Modules —

HV Divider

Penetrator

LED
/.\ Féij:gr ® 25cm PMT
DOM . /
Mainboard i / ® |2 LED flashers for calibration

Lk I

Vomeal @ full digitized waveformes:

Analogue Transient VWaveform
Digitizer (ATWD)

400 ns / 320 MHz sampling

x 3 different gains

fast ADC
6.4 ps / 40 MHz sampling

Glass Pressure Housing
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Topologies e

® Tracks ~| km
Vu & Vr
angular res. <|°
energy res. <0.3 log(E)

‘ﬂj; '
@

® (Cascades ~I0m

Ve &Vt CC & vx NC
Muon from IC59 Data angular res. 30°- 40°
energy res. <0.| log(E)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
Simulated v, 0.2
E=182TeV 0.1¢

Lo v v e v v b v b v Ly g

0 0.5 1 1.5 2 2.5 3 3.5
Ay [degrees

—+#— IceCube E = 1-10 PeV (prel)
«.p==: IceCube E, = 10-100 TeV (prel)
40 strings Ev =1-10 PeV
40 strings Ev = 10-100 TeV
— 22 Strings Ev =1-10 PeV
e Weae. 22 strings Ev =10-100 TeV

Cumulative event fraction

e
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lceCube

Cosmic Ray acceleration

AV
\ﬁit S
Ve %
® Cosmic rays accelerated in
shock waves: |5t order Fermi .
® |[nteraction with photons: pion
production -
® pions decay into gamma rays IT™
and neutrinos
N \\j&,/v
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b4 Acceleration sites -
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ster

1pc

Size
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\,

IceC'ube

B field

® Cosmic rays scrambled by (inter-) Galactic magnetic field
¢ Cosmic ray spectrum at Earth E27 / source spectra harder

® How to identify sources?

Wednesday, November 10, 2010
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IceC'ube

Y+Ycmb 2 e+ " > 100 TeV

Absorbtion ISM

® Photons produce showers with composition different from CR
® Pair production length at | PeV = 100 kpc Only Galactic origin.

® Photons also produced in leptonic jets No proof of CR acceleration

Wednesday, November 10, 2010
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IceC'ube

pion photoproduction

above 4 - 10!° eV

CR *

==

® Neutrinos from source propagate almost unattenuated in straight line
® Background: atmospheric vV and Y from CR shower

® Above GZK energy: extremely high energy vV from CRs

Wednesday, November 10, 2010
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@ Atmospheric background: muons —l

lceCube

® peryear IC22 data
60 billion downgoing muons

74,000 upgoing muons

® strategies:
search below horizon
search at high energy
use lceTop as veto

10° | frr,ﬂ—
10
10° Downgoing
muons
10
Event 14535675 Ons, 40000ns
0" :
e Atmospheric
103 neutrinos Comudent events can cause
3 e misreconstructions
10 ° .
Significant backgroung of fake
=) =):8:6=04<02 0 02 04 06 08 3] upgoing tracks
Northern Southern cos(b)
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‘& Atmospheric background: muons —

lceCube

® peryear IC22 data
60 billion downgoing muons

74,000 upgoing muons

® strategies:
search below horizon
search at high energy
use lceTop as veto

10 5F frﬁ,,—
10
10° Downgoing
muons
10"
Event 14535675 Ons., 40000ns
0 ,
e Atmospheric
103 neutrinos Coincident events can cause
3 B misreconstructions
10° Bl
Significant backgroung of fake
-1 08-06-04-02 0 02 04 06 08 | upg0|ng tracl(s
Northern Southern cos(b)
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Atmospheric background: neutrinos

&

lceCube

—_— U+, —_— v, tV,
¢ Pion decay - = conv. (Bartol, zenith avg.) - = conv. (Bartol, zenith avg.)
T = u* + Vu — prompt (Enberg et. al 2008)
T Y+ Yy T T T
Y~2.7 below 100 GeV 10k : : : : |

Y~3.7 above 100 GeV

® Muon decay K
UW-— e +Vy+ Ve :
N
® Prompt decay of charmed 2
mesons .
Y~2.7 up to 104 TeV =
Vy and Ve =

® NO VT

Wednesday, November 10, 2010
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3 Moon shadow

o 4 60Q0
Y c
©
£ 3
< 4000
g 2
S 4 2000
[
T
0 0
-1 Size of the moon
-2000 (radius ~= 0.25°)
-2
-4000
-3
_4.41111.31111-21111.1 011111111121 131 14 _6000
(delta azimuth)*sin(event_zenith) in deg . .
8380055 events are left considering cuts & window of 16.00 x 16.00 deg he
expected number of shadowed events : 5732 % -
observed shadowed events at moon position : -5378 -
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CR anisotropy

Relative Intensity
1.002008 |

60

- —

40
]

i
inAY &
0997i0’—‘ h ;:, 2,

\
F(reerereyr ‘ﬂ

~ Tibet Array
/ northern hemisphere
' / 1.0015
S RN 1C22
|| 43G muon tracks

median energy 12 TeV

950

9onseditinpie sM-id

1C40
20G muon tracks

medium scale structure 20 degrees
not just dipole + quadrupole

median angular resolution 3 degr

Al = 6.4 0.2 stat. + 0.8 syst. - 10
A2 =2.1 £ 0.3 stat. £ 0.5 syst. - 10

n=2
Z A; cos(i(a— ¢;)) + B
1=1
Angular scale [ o]
2 12?0 6[0 3§ 1§ 1? 9 6

10

preliminary

10‘5 !

10 15 30
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ecun Why CR Anisotropy !

® Compton-Getting effect: CR dipole due to motion of solar system through
Galaxy.

E)fp.ected Expected
Structure more complicated Minimum Maximum

Dipole phase not correct 1.001f

— o -

Relative Intensity

0.999

e | M B S RPN ISR ) [
0 50 100 150 200 250 300

Right Ascension

-
350

® Maybe local/Galactic B field structure?
Study on energy dependence in progress...

Wednesday, November 10, 2010
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lceCube

Effective Area for muon neutrinos

41T sensitivity!

low E: below horizon high E: most target when inclined

|
—»— zenith range (0°, 30°)

4 | e e e |
O El . zenith range (30°, 60°) =
N\ | —=— zenith range (60°, 90°) : : .
10N\= zenith range (90°, 120°) | LG i
—=— zenith range (120°, 150°) Er" : j
102 zenith range (150°, 180°) | re- I g

—
o

-k

-
<

v, +V, Effective Area [m?]

5 6
Iogm (E, / GeV)

downgoing atm. U bg: low E cut out Earth opaque at high E
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e |C22 Point source search —
oo e {8 Q
5114+1877 L ”/“‘“ : Mﬁ\»,.,/\}ﬁg 45

candidates

Hottest spot: RA 153.375° decl 11.375°
post-trial p-value ~1%

Unbinned likelihood search

L= H (%S@'(wi’ sy By ) + %Bi(miv Ei)) (67 out of 10,000 scrambled datasets show
=t hotspot of similar or higher significance)
signal pdf background pdf
includes E-2 from data no significant result
spectrum
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e IC40 Point source search

i 3 .
v )
»
535 4%
Pl b
e I 3
IS |
.
+

® |C22 hotspot disappeared

® No sign of a source: 96% of scrambled data sets have more significant spot
® No significant results for list of possible sources

® 47T sky coverage

Wednesday, November 10, 2010
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Gamma Ray Bursts

]

™
|

Using SWIFT, BATSE and other satellite data

Q
Individual neutrino spectra based on photon %
spectra (cf. Guetta et al 2004) S

pY 2 A —=n1T?

Avg Waxman & Bahcall

Neutrinos from pion and muon decay A
7 7y === Total Individual Spectra

WS M A AW

F:'st breakpoint: |n|;/ers|ely !Jroportlonal to 10° 10° 107 108
photon spectrum breakpoint E, [GeV]

Second breakpoint: T, Ty > Tsync

|C40: | | 7 GRBs accumulated

Wednesday, November 10, 2010
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4. '
J Gamma Ray Bursts —

(| =— AMANDA

S | === |CECUBE-22

i || wm= ICECUBE-40

o

. - = Waxman & Bahcall
|

0 8|| == IC40 Guetta et al.
o 1O7F ]
|

£

&

=

W

O

2k

= -9
& 10 7|
‘“~l_‘;:.|
&
2

] 10

|C59 analysis in progress...
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Diffuse analysis  —

® |ook for combined flux of all neutrino sources (in northern hemisphere)
Projected Energy Distribution 375 Days of LiveTime |

corsika total : 4 Events
1 05 __ coinc corsika : 0 Events
= AHA PHOTONICS 13316 Events
— SPICE2+ 12849 Events
4 __ AHA PHOTONICS Sarcevic_Std: 116.0
1 O E SPICE2+ Sarcevic_Std: 114.5
- Atmospheric | ———— AHAPHOTONICS E*-2: 455.5
1 03 —— SPICE2+ E*-2: 439.0
10% =
10 &
1
:1 I N A 'y"f A T T T T N TN N N W A -1—:_

1

Reduce atmospheric

background by searching for
cascade events Look for hardening of spectrum at high energies

4 5

I
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|IC40 atmospheric
10 E " I 7 T l [ L P
cof TToed | O Superk ® Measured atmosperic
= AMANDA |l Forward § . .
N'g s | S — AAND AN Uniokdiig ; flux consistent with
* .E Ny : theory and other
5 10°E R 1 .
g t'tj k experiments
[ E % :
2 100k i 1 ® Multi-year full
W F = M :
o 17 T, detector will extend
10°E T i - range > PeV
A e S E W S charm region

6
Logm(Ev/GeV)
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Diffuse IC40 v, —

-==== BLLACs Mucke et al 2003 ——  ~ Mannheim AGNs 1995

[
(o)

| Illllllll IIIIIIII| lllllllll lllllllll IIIIIIIII |

- =1 1 1.1 ] 1.1 1] ]
. = —e
— = —
7)) -3 AMANDA-II Atmospheric v, 1387 d  «vvveveens Bartol + Naumov RQPM

- 1 O = AMANDA-IIv, unfolding (2000-2003) .......vs Honda + Sarcevic Min E
) AMANDA-Iv, 807d e Razzaque GRB Progenitor 2003 -

N 1 0_4 ANTARESv 07-09 = ------ Waxman Bahcall Prompt GRB o
E mmmmss  |C40 Atmosphericy, e Blazars Stecker 2005 §
(& A IC40 Atmo. v Unfolding — = Waxman Bahcall 1998 x 1/2 =

> 1 0-5 IC40 v, 375.5 d Prelim. <=« Becker AGN Jet-Disk Correlation 2005
Q

i 10

B -y

................................. BRALL ™ v h gy -y -
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Extremely high energy ;

lceCube
e Baikal 1038 d (all flavor) 00 eeeeeieinn Razzaque GRB Progenitor 2003
s AMANDA-Il cascades (all flavor) 1001 d Prelim. -« « = - -~ Waxman Bahcall Prompt GRB
e AMANDA-Il UHE (all flavor) 457d = ceeeeeeeens Blazars Stecker 2005
e AMANDA-II v x 3 807 d == === - BLLACs Mucke et al 2003
s ANTARES v x3 07-09 Neutrino 2010 = = = Waxman Bahcall 1998 x 3/2 EER G
= T e 1C22 cascades (all flavor) 257 d Prelim.  <eceevenees ESSv +v_, 2001 —
e |C40 v X3 375.5 d Prelim. IC22 UHE (all flavor) 200 d Sensitivity —
-3 ~—a—— |C40 EHE (all flavor) 375.5 d Prelim. RICE (all flavors),(2006) 854 d
1 0 s HiRes v_+v_x 3/2, (2008) PAOV_x3,2yr =
e ANITA-2010 (all flavors), 35d —
Y —
1074 \ -

..........
"""""""

P ————————

E2 dN,/dE, GeV cm™ s sr-1

“us

IRy llllllll] AL/ AU

lllllll| lllllllll llllllll| IIT

’
! . - .
- “ \

L1 1 1 J L 11 l 1 1 1 l:'{"1"1":I"["I'"["l"lul l 1-'1".1 1 J 11 \l'.l l:- li»l 1 l L1 1 1 l 1 llil 1=

2 3 4 5 6 7 8 9 10 11 12
longv(GeV)

Look upward: Earth opaque to high energy neutrinos
Low background: heavy element CR showers
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250,000 p.e.
65° Zenith Angle
10 EeV Iron Primary? |/ 7 /[

2
RMS(X__ ) [g/cm?]

70
60
50
40
30
20
10

0

.................. L proten.
SR I A O S T
] | §
e B
;_I | | iron

1018 1019

. E [eV]
J. Abraham et al.: arxiv:1002-0699

Biggest Shower in IC40 EHE Analysis

lceTop HLC in 4(+1) Stations!

¢ HiRes Data \‘I |
T QGSJETDY

V800 —QGSIET-I
s e

i

....

50.|.|.|..|.!|.|.‘

qB 18.25 18.5 18.75 19.26 19.5 19.75 20
_ ~log(E(eV))

R.U.Abbasi et al., arxiv:0910-4184

-

F(reerereys ‘w
_
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I(('C'ube

Cascades

e From v, v,charged current and v, neutral current:

atmospheric bg lower

Simulated v, ® Use surrounding strings for veto
E=182TeV

o |C22 (270 days):
|4 candidates
8.3 * 3.6 expected background

Surviving event with

highest energy: 134 TeV Blggel’ detector:

- more veto strings

- lower E threshold
Brightest hit ~10,000 p.e.’s

Wednesday, November 10, 2010
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“Search for Dark Matter

X q,W,l,v

+
Z H X+

X q,W,l,v

X+v

® Promising WIMP candidate:
Neutralino X (lightest susy particle, stable)

® weak interaction allows X capture in dense objects:
Earth, Sun, Galactic center

® X is Majorana particle: self annihilation — neutrinos
Search for excess from dense objects

Wednesday, November 10, 2010
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DM from Galactic center

Northern sky:
Compare on-source
and off-source region

T | S S A
NFW halo model
w—— |ceCube 40 (GC)

semanm |coCube 22 (outer Galaxy)

B Halo Model Uncertainty
-30°

-90°
Southern sky: -~
View on Galactic Center P N =S matvplscle | _o...:
CR muon background g 10-26 I Lol ! L1111l
- 102 10° G 10*
look for tracks starting in detector m,, [GeV]
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lceCube

® X annihilation rate from Sun
depends on capture rate
(if equilibrium condition is
satisfied)

® hydrogen:
spin dependent cross section
most relevant

® complementary to direct
searches (mostly spin

independent)
No significant excess found
35 . Background
) Data
T :
q>) L N W 508 B0 e
o | e |- :

(9.99 0.9910.9920.9930.994 0.9950.996 0;997 0.9980.999 1

cos W [u track, Sun]

O'SD (cmZ)

Solar neutralinos

0.05 <Q h*<0.20

~
frerrernnrs

Wikstrom & Edsj6 2009

10%¢
10
10°%°

107%¢

1038

— COUPP (2008) %
- - - = KIMS (2007)
— = Super-K 2001 (bb) _

lceCube-22 2007 Sbb‘) i
IceCube-22 2007 (W"W)

IceCube-80+DeepCore 1825d sens. (hard)

~

CDMS (2008) o

Teq < 4.5X1 0’ years
Teq > 4.5X1 0’ years

10"“-
10

m, (GeV)

3

__
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lceCube . e ° ° « . Emmm}\_
DeepCore .- -0
o ° ° * D‘eepCO:e . ° ° °
o ° d * )KBK X o ° o *
* . o ° o )KA.ABK o °
dense infill array . wny -
* cleanest ice ol P A A
* more sensitive DOMs (30% higher QE) . -« * | .

% HQE DeepCore Strings
A DeepCore Infill Strings

e ¢ 9K Sumenty penoyes
: S :
® dense volume + veto from other strings: S :
[ [ J [ [
° [ [ [ [ ]
open southern sky at lower energies : 3 3 :
: : :
[ 4 [ J [ 4 [ 4
[ J [ J [ J [
s E E E DeepCore strings have
® |ower energy threshold <10 GeV S ,% 1000Ms wihs
° ° ° ° DOM-to-DOM spacing
M M M S 1 of 10 meters
WIMP search S ol
[ [ J [ [ J [ J [ ]
: : : 3 3 :
[ J [ J [ J [ J [ J [ J
at m * n e u t r I n O S P e Ct ru m QKKK XK XXX><§><><><>< 0090900 90990090 909909 %9295 1909:9:9.9.9.9:9:9.9.9:9:9.9.9.9:9:9.%
P00 0 OO0 0000 20000 V00 0 0 0 00500 200005 19000 0 0 0 O O O O O O O 0 00 004
di 25 GeV R QS G G Dust Layer 000
Vu disappearance at e S S S S S S S
S S ¢
[ [ J [ J [ J [ J
[ [ J [ [ J [ J
[ 4 [ J [ 4 [ J [ 4
[ J [ J [ J [ [ J .
4 H H o o | 50HQEDOMs with an
H H M H H DOM-to-DOM spacing
: : : : : > of 7 meters
[ [ J [ [ J [ J
° ° ° ° ° )
: -4 H - o | 21Normal DOMs with a
M H H . H DOM-to-DOM spacing
° ° ° ° o of 17 meters
[ J [ J [ J [ J [ J
[ J [ [ J [} [ J 1

Wednesday, November 10, 2010



-

2,
\Q‘

Freererys |||‘

..

" DeepCore: oscillations

| -
Preliminary
8 08 H |
= | 3
3z | \/MO\/M
8 ((II ~
o) v Ov
s o
S ouf || ]
-|: |
(_U \
5 |
v O l
@) | ;
( L = = A 60 70 80 90 100

NChannel

e A e 'S o
> 10 15 20 25
E.

- ““"!Energy [GeV

® v, disappearance in |10-100 GeV region on Earth baseline

® V: appearance! background of v, C.C. with short muon track
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lceCube

Sensitive to CRs at and
above the knee

lceCube provides
measurement of muonic
component

Composition studies

Veto for neutrino analyses

Flux dI/dE x E*” / (m™? s s GeV'™)

107

Ice Top

~

\
(reeeee ‘ﬂ

* IceTop preliminary

SYS. error

*;f

|

AKENO
CASA-BLANCA
CASAMIA

DICE
GRIGOROV
HEGRA

4 ICETOP, this work
I KASKADE

- MSU

o TIEN SHAN

~ TIBET-SIB
O TIBET-QGS

+ X

5

:q;
I )

.
¥
%l

e
e

'_——'-. r——

lllllll |

10°
E/GeV
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BERKELEY Las RN

= 1C22 composition

Muon number in IceCube as a function of energy

~ 120 ;
£ ®
2 - - Protons s 0.45
E B ~ >
2 100 Iron Lt w
= - - 8 E ' .o. 04 : = Leeee lron
"—‘: i = i “F1 c :
a ool ¥ 5 & x : 0035 - s Protons
= ) 3 By ot By z - : s
lceCubemuons [+1T 2 Silicon as "Data" :
= ‘ ; = 03 = Silicon as "Data -
8 A i 5 -
51 W T |
£ :. 17T - ] 0.25
5 i At 1
] +—+—_1_ 5 0.2
b —‘E_-“_ - S - - - ‘Wj.-‘».j : : = * 0.15
e :':.'.|“:' o= B - 01
— — . — ,:, —— - - - |
“’.i ! 1 = ] 1 ) I A £ A | A !

" 4 6 % 10 0.05

Primary energy [PeV)

lceTop energy 0

® Neural network training

® |ikelihood fit of data to find composition
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R High transverse —

momentum muons

® Produced early in shower with
>8 GeV/c Pr

® Separated, parallel track

® |ndependent method of studying
composition

k4

|C22 Data Event

Dist 400 m
AB 1°

At 66 ns
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< Galactic PeV photons =
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L 1 l | — LA l L 1 | 1 + L 1 1 1 l Ll L) l | 1

-150 -100 -50 50 100 150

>80% of PeV gamma ray showers give no signal in lceCube
<0.1% of CR showers has no muons that reach IceCube

Coincident geometry confines Field Of View

|C40: 268 candidate events
no hot spot, no correlation with Gal Plane
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Supernova Detection
— 170210’

* On average every 30 years a 2 "F e valve
massive star (>8M) S 160 — including erors
explodes, releases 99% of the = 1505_
energy in MeV neutrinos -

« Show up as a spike in noise 1 SN at 10 kpc
rates, monitored by dedicated 130/

DAQ ;
120—

* No directionality, but excellent E L e
time resolution and high 1o
significance signal B T P U A PO OIS O PP T P

Detecti‘on radius out
to the LMC (~50 kpc)

SNEWS: Look for supernovae
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* lceCube deployment finished in 2011
.--—°§even more strings bring the total to 86
— Full km? volume; "*dense DeepCore _ .

. Multi-messenger astronomy .
— Correlations with ROTSE, SWIFT, and LIGO

 New Technologies
— 4 Hydrophones deployed above IceCube

-— 3 Prototype digital radio strings deployed with IceCube
strings

— DM-ice; direct Dark Matter experiment with Nal crystals
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® |ceCube will be finished in the coming
montbhs: official inauguration May 201 |

imv N é‘\r A/- W o

Analy5|s W|th gr.owmg detector is producing

- ey ¥ sl

challenging limits in many areas “
® Many exciting discoveries ahead

® Pilot projects for next generation experiments

Wednesday, November 10, 2010




BERKELEY LAaB

..beyond IceCube ,\

| AN / HiRes |
.V‘\

b 3 ‘“\"‘""*-ﬂ.__
Pierre Auger Anita %:

Detect Cherenkov radio pulse
of hadronic cascade of EHE
neutrino interaction (Askaryan
effect)

- dN, IdE GeV cm? s Tsr

ESS (2001)

E2
vV
—
o
o)
1 \ 1 1 1 11111l

Arianna

10-9un..l....l....l....l....l....
8 8.5 9 95 10 105 11
log. E, [GeV]

GZK neutrinos come from above Ross ice shelf

antennas just below surface

radio pulse reflects on
ice-water interface

sea water
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first station deployment —
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50-800 MHz
2.5 GS/s

201 |: hexagonal array 7 stations

Periodic log dipole antenna (4 total) goal: order 100 km3 effective volume
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BERKELEY LAS RN

Exotic Physics

 Magnetic monopoles

— Extremely bright events, Cherenkov
radiation is 8300 times bare muon

— Speed 0.76¢ - 0.99c
« TeV gravity

— Extra dimensions allow creation of

microscopic BHs - decay into massive
cascades of particles

¢
B. Christy et al., ICRC 2007

« Supersymmetric particles
— High energy neutrinos can produce pairs of staus
— Unique signature of two simultaneous, parallel tracks in detector

 Lorentz invariance violation
— Look for unusual oscillation of atm v’s
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" Multi Wavelength

ROTSE: Robotic Optical Transient Search Experiment
|C40: 22 IceCube doublets observed by ROTSE
|C59: 39 observed

SWIFT: Look for choked (no y's) GRBs

LIGO: Offline search for coincidences
between the two datasets. Eventually
mutual online triggering

SNEWS: Look for supernovae
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