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High energy particles in the Universe

What are the
cosmic accelerators
that generate ...

e (Cosmic Rays
— Observed up to 10721 eV

— Mostly diffuse flux, mass Proton-induced
" cascade
composition, spectrum

e Gamma Rays
— Observed up to ~100 TeV

— Numerous TeV point
sources resolved

e Neutrinos

— Atmospheric neutrinos
observed beyond 100
TeV

Inverse-Compton
scattering




Cosmic Rays and Neutrino Sources

Candidate sources
(accelerators):

Cosmic ray related:

— SN remnants

-~ Active Galactic Nuclei
—  Gamma Ray Bursts
Other:

-~ Dark Matter

T 4

Guaranteed sources (known
targets):

» Atmospheric neutrinos (from 1 and K
decay)

« Galactic plane:
CR interacting with ISM, concentrated on

the disk

« GZK (cosmogenic neutrinos)
py > A*>nat (pnd)

(GeV cm'zsr'1s'1)

E2dN/dE

T. Gaisser 2005

Cosmic rays

Energies and rates of the cosmic-ray particles
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Neutrinos
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H#igh energy
neutrino astronomy:

Atmospheric Small fluxes,

/ Need large detectors,
Note wide energy range
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Introduction

Transparency

Universe is not transparent for HE photons or nuclei!

Y *Yoms = et +e
P+Ycms - AT->n+m*
+
wrtv, \

GZK - neutrinos

Protons deflected by magnetic
field for

E <10%eV!
Not pointing back to the source!

Need neutrinos for high energy
(>10TeV) cosmic astronomy!

log(particle or photon energy, eV)
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Cncept of large neutrino telescopes

B8~1 and Bc-41°
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e nuclear
= TE.Ten) reaction

Natural radiator is low cost and

allows huge instrumented regions , \
but it takes time to know it well!
Main systematic error source

Between 300-600 nm 2* 10% Cherenkov photons/m of a muon track \‘. :
Perfect scaling with dE/dx as radiative losses increase above 10 TeV T




Deep water Cherenkov neutrino detectors

Low energy underground neutrino detectors provide important experiences and
results (Frejus, MACRO, IMB, Kamioka, SuperK, SNO, ....)

Telescopes for TeV energies:

e First envisioned by Greisen, Markov 1960

¢ Pioneering effort: DUMAND near Hawaii

e First and second generation telescopes in 90’s, proof of principle : Baikal,
AMANDA (S Pole), NESTOR (Greece). ctetsett et s

e Current generation experiments and initiatives: g

— 50000m~? scale: ANTARES, AMANDA (integrated in IceCube),
— km scale: IceCube (running at ~50% size)

e Next generation:
— IceCube almost complete (go from 59 to 86 strings by 2011)

— Based on NESTOR, NEMO, ANTARES experiences> km3NeT project,
Mediterranean Sea.

ANTARES
Super-K Not to scale! |
=3 i o
i ol o
1o 3 + Zk
3 a7z =T :'L.
EE
SNO : : lceCube
T (Incl AMANDA)
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Maximize size of detector

large spacing of PMT

e Challenge: maximize PMT
spacing to maximize detector

volume

Super-K

11000 x 50cm PMT
50kt

One 50 cm PMT/5t

PMT Cathode/unit mass:~107-5

IceCube
5000 x 25¢cm PMT
1000 Mt

One 20 cm PMT'/ 2001(’[

Albrecht Karle, UW-Madison
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Muons in v telescopes

Muon depth-intensity relation {TKG 23-10-2008)
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Depending on depth BG/neutrino ratio: 103 (6000mwe) to 108 (1000mwe)
—~>Low energies: Use Earth as filter; look for neutrinos from below (GeV to PeV)
—>High energies: Apply energy cut for downgoing atmospheric background (>PeV)



Neutrino effective areas
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Neutrino Topologies

Muon neutrino Electron neutrino Tau neutrino

a) E,;=10 TeV ~ 90 hits

E =375 TeV E=10PeV

‘i;_..

b) E,=6 PeV ~1000 hits

Il“l!*‘

3“'
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-w:: .
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" .. Wl mw‘

Double-bang signature
above ~ 1 PeV

Very low background
Pointing capability

Best energy measurement

E ~'dE/dx, E> 1 TeV

Energy Res. : log(E)~0.3 Energy Res. log(E)~0.1-0.2
Angular Res.: 0.8 -2 deg Poor Angular Resolution




Total of 59 strings and
118 IceTop tanks -
over two thirds
complete!

Completion with 86
strings by 2011

Detector is taking data
during construction
phase.

lceCube

IceCube Lab
o IceTop
e = T s 80 Strings each with
50 m = _'_-'_—-_____-__.__ g / 2 IceTop Cherenkov Detector Tanks

1450 m

2450 m

2820m

2 Optical Sensors per tank
320 Optical Sensors

2004 Project Start 1 Hole
2009 Current Status 59 Holes
2011 Projected Completion 86 Holes

IceCube In-Ice Array

86 Strings, 60 Sensors
5160 Optical Sensors

AMANDA-II Array

(Precursor to IceCube)

Deep Core

/6 Strings - Optimized for low energies

360 Optical Sensors

Eiffel Tower
324 m



- The lceCube Collaboration

USA:
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- Hotwater drill e

ICeCU be » Thermal power: 5 MW
COnStru Ction Site « 60 cm diameter hole, 2m/min

» Time to complete: 35 hrs
-Time between two strmgs

— wﬂ'“‘&sgh. e e R N S —




lceCube: Digital Optical Module (DOM)

Design for high reliability!
Detectors are not accessible

Local digitization and time stamping
(common requirement to all large detectors)

PMT: 10 inch Hamamatsu
1 &1 Power consumption: 3 W
3 . . Digitize at 300 MHz for 400 ns with
JJUBJJ:’)‘ [ / custom chip
iR £ A = - 40 MHz for 6.4 ps with fast ADC
: v Dynamic range 500pe/15 nsec

Send all data to surface over copper
2 sensors/twisted pair.
Flasherboard with 12 LEDs

I aa1 11I\/

Clock stability: 101 = 0.1 nsec / sec
Synchronized to GPS time every =10 sec
Time calibration resolution = 2 nsec

Digitized
Waveform




ICL: IceCube
Laboratory
and Data Center



Air shower of ~3E17 eV




S0,

1450m

2
455 m

Understand and model optical properties of Ice

324m

~wae. PMT rate versus depth from muons
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Skymap of 7 years of AMANDA-II

3yr max significance: §=90° Max Significance
3.730 2 1.50 — = .-~ 0=54° a=11.4h
' ~(- 3.380

L
0 05 1 1.5 2 2.5 335 4 45 S
Significance _ ~.
Syr max significance:
R. Abbasi et al., Phys. Rev. D 79, 062001 (2009). 3740 > 2.80

95 ob 100 data sets randomized in RA have a significance = 3.38c
-> No signal



Moon shadow >
seen in cosmic ray muons -
with 40 strings of IceCube

Gladstone et al, APS spring meeting 2009 |
(also Cosmo 08) "

8 months of |C40 data

0.7°radius bins around Moon
position

Check of absolute positioning m.zoog)
and coordinate

transformations
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28.4F
Moon shadow zszzzﬂ " J[ 1 o] I
observed in muons £ ¢ H* ﬂ'm e Hﬁ ff # |
Preliminary £ xaf | # 14
3 272F
e Moon reaches an altitude of 28° at 27F -
= Prelimina
the South Pole (2008) 2esf ! oA Jf S
e Despite large zenith angle, 20 -(}x(lvt o Yeosy)
sufficient statistics and angular
resolution to analyze data for £
shadowing of cosmic ray B 55t
primaries. 20
e Deficit: 5 o (~900 events of =
~28000) and consistent with 10F
ex jon. SE j%
pectation | —Lﬁ ST
e |ceCube works! - Slgnlflcance obsérved
o More StatiStiCS will Sign;ﬁgance of Deviation
allow study of g 2
angular response o?g é
function N
v 3
-4

-10 -5 0 5 10
Gladstone et al. APS meeting, spring 2009 (O et %moon) €S (Bmoon)[’]



2007-2008: 18 strings IR . >
“-®l=.<F 5 s 2006-2007: 13 strings

2005-2006: 8 strings

IceTop

Air shower ¢

Strings

Year

Livetime

U rate

V rate

threshold ~

1C9

2006

|37 days

80 Hz

1.7 / day

1C22

2007

275 days

550 Hz

28 / day

|C40*

2008

~365 days

1000 Hz

110 / day

DeepC

1C80*

6 additional

2011

~365 days

1650 Hz

220 / day

0 m

' ! HEL LY i O
i K (A ;
60 Optical Modules 16T A TS LA
72 m between Strings I l g1 { I

7 or 10 m between Modules N |
1Hl i R

AMANDA

Inice L T 19 Strings

70-80 Strings | ERE IR LIR e | .. 677 Modues
60 Optical Modules ' ; o

17 m between Modules

125 m between Strings

Eiffeltornet



Sky map with first 22 strings of

Pointsource search the IceCube detector

‘ Finley et al> TeV AstroPei'rtche 2008
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Hottest spot found at r.a. 1532, dec. 112 Most significance

pre-trial p-value: 7x 107 (4.8 ) comes from few HE
est. nSrcEvents = 7.7 est. y = 1.65 events.
Accounting for all trials, p-value for analysis is 1.34% (2.2 o).
At this significance level, consistent with fluctuation of background.



Search for dark matter, example:
WIMPs in sun = neutrino flux at Earth

eannihilating in the gravity well of the Sun
*indirect detection

IceCube

*See astro-ph 0903.2986 (Wikstrom and Edsjo) for method of converting muon
flux to cross section limit.




Dark Matter
example: search for neutrinos from WIMP annihilation in the sun

0.05 <Q h?<0.20
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- Deep core enhancement under construction will greatly
enhance sensitivity.



Deep Core

iency
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To improve low E event effi

String locations with Deep Core

. 18
L] 5 * ™Y R
. . b
° ‘ .oocﬂo-. . . . Inm
. ...oaou. . ® <
* a &. . . . o
a . L ] . ™ lm
. . . o ® e ® . “
e PO ‘ . .
. ] . -
. T . * J
. . ¢ . * . . . T
. -
L ] 3 * . N ™ : . ° llM-
. ¢ . ) * ’ . :
* . * . ' . I._m
. . . 4
L.— -P—-P-F-Fh-hnnnrh-hm
o i=3 o o

g § =% § § §
Q
nv. (w) uomsod yuoN
~ S
.,..9.? [ T R
/ - formsmezremapem i e
it _ ==F
(B, ! H ~—
S
' ) '
.. (] .
-. ' ot s
.. .wbﬁ -
y ! .cﬁ T
LI B | Il
" ' N .
"y : 0
L .
o )
R |
oY
\ o , : |
\ o...O....b _f”.x.-..:-u...ﬁnw.hﬁn,.zks..«ﬁiﬁvé..ﬂ.k.ﬁtm_E«m.rr.?.it.n...\.....
W U e ———— ———

East position (m)

top view

side view



Veto downgoing muons with lceCube

Rejection rate veto allows searches above horizon!
6 .
O | P(V,yy,) = 10 >,
Side view

Top view

ODeep Core
OlceCube
Side 3 strings

Side 3 strings

3 full IceCube string used for vetoing  f4ucial volume Ysed for vetoing
layers surround Deep Core

375 m thick active veto: Deep Core




Pointsource search —
all sky at high energies

Apply energy cut o(100 to 1000TeV) in downgoing hemisphere as needed
To reject the muon background.

Hottest spot p-value 37%

Pre-trial
-log, (P-value)

4.5
4
35
3
2.5
2
1.5
1
0.5

Albrecht Karle, UW-Madison



40 string - point-source analysis
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What fluxes accessible by experiments?

AMANDA-1| 1387 d
22 strings 275.7 d
N B i an CECETEPEREY 40 strings prel. disc. 5¢ 330 d
oL 40 strings prel. sens. 330 d
10°E . v ] e 40 strings prel. sens. 140 d
- R W BLLLLLLIILL IceCube prelim 365 d
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e ook for spatial and temporal
coincidences with satellite
observations-low background
search

eNew satellites, Swift, GLAST,
improve observations

ecascade searches (triggered
and rolling) yield flux limits
that are 1-2 orders of
magnitude higher

400

bursts



E2 ¢ [GeVcm? s sr]

GRB fluxes,
Comparison of WBs and AHST spectra

10% E
= —— WB diffuse GRB flux

-
S

TE —— AHST diffuse GRB flux

10°

log, E, [GeV]

Significance of discovery

Is dominated by the high
energy events.

Median energy of events 100
to 300 TeV, may be higher.

lceCube 86
WB: 10.6 total evts / year
(170 bursts per year)

— WB GRB: 0.0517 Ewv.

— AHST GRB: 0.0139 Ew.

events in IC-86 (default)

Iog10 E, [GeV]



Diffuse E* v -spectrum peaks at 1
PeV (after atm. Background rejection)

¢ Neutrino event energy
spectrum after energy
cut for a 3 year diffuse
analysis.

e Signal events peak at
~1PeV

e Optimize final detector
configuration for higher
energy range, to 10 £
maximize sensitivity of ;
lceCube.
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[r . v-Signal (E™)

Events / Year
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5 9
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90% c.l. limits and sensitivities on v, E? diffuse fluxes
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Geometry of high energy optimized
configuration
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Drilling of 9 holes in the last season inside a circle with radius
of 0.4 to 0.5 km is possible.
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An large optical extension?-
Scenario for 110 strings
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Outriggers fully efficient at
~1 PeV.

Double size of IceCube for
~$20M?

Still hard work.

Can we gain a much
larger factor?



Event rates for

lefuse ﬂuxes Ilmlts a-t Flux: Engel, Seckel, Stanev, 2001)
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Neutrino induced cascades produce 3 types signals:

optical, acoustical and radio signals
Energy scale in this cartoon: o(1 EeV)

(3) Askaryah acoustic pancake:

interaction ~km?
—particle shower
~10'2 particles
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Radio detection of high energy
showers

e Radio emission predicted by Askaryan

o Effect tested in SLAC experiment by members of
ANITA collaboration

Two processes to distinguish

1. Geosynchrotron radiation of electrons and positrons
INn cosmic ray air showers in Earth magnetic field

2. Askaryan effect: Radio Cherenkov emission, net
charge moving through dielectric medium at
vacuum speed of light. Interesting frequency range:
50MHz to multi GHz.

Albrecht Karle, UW-Madison






Future possibilities

UHE Radio Augmentation around
IceCube

acoustic instrumentation

e GZK neutrinos (1017-195eV), at lowest
possible cost: Fluxes may be very low,
plan for few events/ 100km3/yr

¢ Must develop technology to scale beyond
o(1000)km~3
e Hybrid events with IlceCube

— Primary vertex calorimetry in radio, HE muon
or tau secondary in IceCube

¢ Understand medium and noise
conditions

42

-" 18 stations ~.
."'Borehole antenna clusters, 200m ‘deep
N \

. simulation velume

. 6km, depth= 7okm L g
ICERAY L

>Km scale attenuation length
In South Pole ice

| Amundsen—-Scott Station

. Barwick et al. 2004 ]

E - |

= 18969 - —

o o | |
=

o - —
(=

) o S P B

S i < i

-S 1000 |- | 1{ ; -

=1 L < -
=

c ~ —

2 - 4

© - i

o 500 [— average attenuation to 1200m depth ]

1,“—_’ B mean T= 4 7

B Errorbars show ~2 o systematics 7

o L N BT RS ST i

G 200 4006 600 800

frequency, MHz

Barwick et al., 2004



IceCube

Some Detector Footprints
- all small compared to Auger

00 O OO OO0 O O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OCEC OoOO0OO0ODO0OO0OO0OO0OO0OO0OO0OO0OO0OO0O0OO0O0O0OO0 0 0
O 0O 0 o0 Oo0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0O0OO0OO0OO0OO0OO0O0OO0OO0OO0OO0OO0OO0O0OO0O0O0OO0O0O0OO0O0 O0
00O O0OO0O0OO0OO0OO0OO0OO0ODO0OO0OO0ODO0ODO0OO0OO0OO0OO0OCEC 0O O0OO0OO0OO0OO0OO0OO0OO0OO0O0OO0OO0O0OO0OO0O0OO0 0 0

O O O OO OO0OO0OO0OO0OO0OOoO0 OO O0OO0OO0OO0OO0OO0OO0OO0ODO0OO0OO0OO0OO0OO0OO0OO0OOo
O 0 0O 00O O0OO0OO0OO0OE¢E OO 0O O0OO0OO0OO0OO0OO0OO0OO0ODO0OO0OO0OO0OO0OO0O0O0O0

oo 0 000000000D0O0OOOOOOOOOOOOOOOO O
ocogfoooooooo0o0 000000(0000D0O00O0O0OOOOOOOOOOO O
oolo o000 00000@®O0000000000O0O0OOOOOOOOOOOOOOO
oflooo00000000HOO0O0O00O0O0CO00O00O0O0O0ODOOOOOOOOOOOOO
o o ©00000O0000O0O0DO0OOOOOOOOOOOOOOO
o |CeRay18,36 ©00000(CO000O0O0DOOOOOOOOOOOOOO O
o ©00000000000O0O0OOOOO0OOOOOO0O0O0
oflcooo0o0o0o0o000Ppo00000C00000O0O0O0OOOOOOOOOOOO
oolo oo 0000000 @®O0000000000O0O0OOOO0OOOOOOOOOOO0O
0 dg O 0000000 000000CO000O0O0O0OOOOOOOOOOOOOOO

0O O OO0 O OO0 O O0O0 OO OO0 O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0O0O0
0O O O o0 o 0O 0O 00O O0OO0OO0OO0OO0OO0OFE OO0 O0OO0OO0OO0ODO0ODO0OO0OO0OO0OO0OO0OO0OO0OO0O0OO0O0O0

0O 00O O0OO0OO0OO0OO0OO0O0OO0OO 0.0 00 O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0O0OO0OO0O0
0 0 OO0 O0OO0OO0OO0OO0OO0O0 100km2 ¢ OO0 0 O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0O0
R S ¢ 000O0O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0O0OO0OO0OO0

0 0O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OOo
0O 00O O0OO0OO0OO0OO0OO0OO0ODO0OO0OO0ODO0OO0OO0OO0O0OO0OO0O0OO0OO0O0OO0OO0OO0OO0OO0OO0O0OO0O0O0OO0O0O0OO0O0 O0
0 0O O0OO0OO0OO0OO0OO0OO0OO0ODO0OO0OO0OO0OO0OO0OO0O0OO0OO0O0OO0OO0DO0OO0OO0OO0O0OO0OO0O0OO0OO0O0OO0O0OO0OO0O0 0
0O 00O O0OO0OO0OO0OO0OO0OO0ODO0OO0OO0OO0OO0OO0OO0O0OO0OO0O0OO0OO0O0OO0OO0OO0OO0OO0OO0O0OO0O0O0OO0O0O0OO0O0 O0
0O 0O OO0 O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0DO0OO0OO0OO0ODO0OO0OO0ODO0OO0OO0OO0OO0OO0OO0OO0OO0O0
0O 0O 0O 0O O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0ODO0OO0OO0ODO0ODO0OO0ODO0ODO0OO0ODO0ODO0OO0OO0ODO0OO0OO0OO0
0O 0O OO0 O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0DO0OO0OO0OO0ODO0OO0OO0ODO0OO0OO0OO0OO0OO0OO0OO0OO0O0
0O 0O 0O 0O O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0ODO0OO0OO0ODO0ODO0OO0ODO0ODO0OO0ODO0ODO0OO0OO0ODO0OO0OO0OO0
0 0O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OOO0OO0OOO0OO0OO0OO0OOo
0 0O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0O0OO0O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OOOOOOO0OO0OO0O
0 0O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OOo
0O 0O 0O 0O O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0O0OO0OO0O0OO0OO0O0OO0OO0O0OO0OO0O0O0OO0O0OO0OO0O0O0OO0
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO&\
0O 00O O0OO0OO0OO0OO0OO0OO0ODO0OO0OO0ODO0OO0OO0OO0O0OO0OO0O0OO0OO0O0OO0OO0O0OO0OO0OO0O0OO0O0O0OO0O0O0OO0O0 O0

0000000000 O0OO0OO0OOOOOO0O0OO0O0O0O0O0 0 oo oo
11V 4 ”

0 0O00DO0OO0OOOOOOOOOOOOOOOO0O0O0O0 0 0 KI|OCUbe o0 oo

0 00000D0O00DO0OODOOOOOOOOOOOOOOO O oo oo

0O 0O 0O 0O O0OO0OO0OO0OO0OO0OO0OO0OO0ODO0OO0OO0OO0OO0OO0OO0OO0OO0OO0ODO0OO0OO0ODO0ODO0OO0ODO0ODO0OO0ODO0ODO0OO0OO0ODO0OO0OO0OOo

“Kilocube”
# of Sensors vs. Density:

X Y
Spacing Spacing
(meters) | (meters)

Total # of
Sensors

1000 1000 400

wy 0¢

500 500 1600

333 333 3600

333 1000 1200

500m x 500m sensor

A

spacing shown

v

20 km

Cost: between $10M and $30M
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lceCube - Enhancement options

IceCube baseline
(neutrino spectrum, neutrino astronomy)




Not mentioned in this talk

e All things IceCube can do with 10s of billions
of >TeV downgoing muons
— Anisotropy analysis in the Southern sky (= ICRC)

— Atmospheric pressure/temperature and cosmic
ray correlations

— Gamma astronomy (bursts)

e Cosmic ray physics analysis (spctrum,
composition to 1E18)

e Supernova detection
e MWL activities

Albrecht Karle, UW-Madison



Conclusions

Huge progress in neutrino astronomy.
AMANDA has set the most constraining limits for astrophysical
neutrinos. It has done well — and been turned off last month.
The 5" IceCube construction season:
« 89 strings in operation!
« Construction on budget and on schedule

86 strings in 2011. Rapid increase in discovery potential in the
next years.

First results from first science run with 22 strings. Will present 40
string data at ICRC.

lceCube started neutrino astronomy in 4 .

Physicists in IceCube and ANITA collaborations are working on R&D
forsa large GZK neutrino detector.



Albrecht Karle, UW-Madison
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Al Shepard, Apollo 14
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