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“And for those of us still waiting for our
big break, let us pray.”

Explore High Energy Universe

with IceCube v observation
Extreme Astrophysics

Chiba University
Shigeru Yoshida
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Science of v astrophysics

Detector size

o Origin of cosmic rays
o Hadronic vs. leptonic signatures ﬁ

Limitation at low
energies:.

-Short muon range
-Low light yield
-40K (in water)

 — |

[——]

Limitation at high
energies:

Fast decreasing
fluxes E2, E-3

Astrophysical neutrinos

GZK, Topological Defects

|

 — |

@ MeV

Detector density

2009/9/5

GeV

Other physics:

»
| »

TeV PeV EeV

monopoles, etc...



NEUTRINO BEAMS: HEAVEN & EARTH
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NEUTRINO BEAMS: HEAVEN & EARTH
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Connections to y and CR

py - (nfn)

. 2y Fermi
" observations !

v

v > VYV
Cosmic Ray
observations!

2009/9/5



Cosmic Ray and Neutrino Sources

Candidate sources
(accelerators):

Cosmic ray related:

— SN remnants

— Active Galactic Nuclel
-~ Gamma Ray Bursts
Other:

— Dark Matter

-~ Exotics

Guaranteed sources (known targets):

» Atmospheric neutrinos (from 7t and K
decay)

e Galactic plane: CR interacting with ISM,
concentrated on the disk

e GZK (cosmogenic neutrinos)
pYy > A" > nrt(pn)

& > TEx¥
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Cosmic rays

Energies and rates of the cosmic-ray particles

‘CAPRICE
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0 BESS98 i _|
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all-particle Tien Shan '
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E A | Tibet =
107 Fly Eye .
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3 —- = knee Hawverah
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i \ 1 part m2yrt 3 HiRas —e
)
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Neutrino Fluxes Overview

CvB

IAIiIIIIllIJIIIf

® AMANDA-II,
® Frejus
10 kpc

Atmospheric

unfolded

High energy

e e
1 o
#

| U‘ IJl‘ Il‘ llli

MeV energy
eutrino astrophysics

oo 110l

FRAXF

Chiba University

neutrino astronomy:

/

Small fluxes,
Need large detectors,
Note wide energy range

GRB
IIJ

~
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| 1 | I
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log(E /GeV)



E%IN/E  (GeV cm™sr's™)

§ > TRx?

- (Chiba University

Extremely-high Energy Universe

Energies and rates of the cosmic-ray particles

' ' ' CAPRICE & ﬁaﬁb‘srégﬁﬂjj—(ﬁ)*ﬁ;

AMS —e—

e P e | DIRIVF—ICIE LRNHHDH ?
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1
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2
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(GeV cm'zsr'1s'1}

E%dN/dE

Extremely-high Energy Universe

Energies and rates of the cosmic-ray particles

10° F protons only

2L
10 electrons

positrons

104 F

10°% | antiprotons

10-3 L

‘CAPRICE
AMS |

BES598 ———

Ryan et al.

JACEE
Akeno

all-particle Tien Shan

CASA-BLANCA |

HEGRA
CasaMia

Tibet

Flf'.-' E:'.-'C'
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HiRes

\
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10°
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10°

[ i i i
10* 108 108 109

Evin (GeV / particle) i
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EAH T (FR)PLF
DIRILEX—IZIZERERHLIDM?

PVok =T — M +V—>e" +V'S

HGZK” V

Greisen — Zatsepin — Kuzmin Effect
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Why GZK v ?

lceCube
25 * JRALLL INVUBILE AL B R L) U I L B
P27k —)7Z+ + X RN [
—> UtV B
T X
+ 1 all
—>e +v's| 17/
L a
20 h_ighgtﬁ)s;ﬁg p_enay_

~ Non-Observable i
" " Spacebyyand i1
.~ Cosmic Nuclei ~

log(particle or photon energy, eV)

| highest observed y energy
L galaxy T
photons ——_
local group I 1
10 - Nearby clusters [ =
B AGN & QSOs Iyt v
B cosmology | ! . .
_|_uuLLL_L1_LuL|_|_LLLu.|.| covnnl ey sl .J_umﬂigj_uu DIStanta younger universe
0.01 4 0.1 1 10 102 108  10¢ ————
SRYTE 4% Observable distance (Mpc)
1075 48 EEER T HE AR

(Our Galaxy) (Super Cluster) 10
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High-Energy Neutrino Astrophysics

Particle Astrophysics

feritEEgo |t T B R D RCIR

FOZRA—ri— | IRILF—IRX

°* kT H *%E

JEDNIE A
- lEEYE

« XN E/R—IL
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IceCube
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lceCube LLHETICEEL-7O Ik

BaBar, DELPHI, SSC, SNO
STAR, OPERA
HiRes, MAGIC,....,

OFEHEE
HEIRE
B RFE
O XXE




lceCube
status

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

e Completion with
86 strings:
January 2011

» Detector is taking
data during
construction
phase.

2009/9/5
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IceCube Lab

T lceTop
’ﬂ:-;__—__- == _—/ 80 Strings each with

50 m| PGt T gl Sl i e 2 IceTop Cherenkov Detector Tanks
ul e L, o S5 2 Optical Sensors per tank
= 320 Optical Sensors
| |
| | | ‘
] ] 2004 Project Start 1 Hole
' | 2009 Current Status 59 Holes
' 1 | ‘ | 2011 Projected Completion 86 Holes
| ‘ | |
i [T IceCube In-Ice Array
| ' /86 Strings, 60 Sensors
|l I ' _ 5160 Optical Sensors
1450 m| AMANDA-II Array

(Precursor to lceCube)

Deep Core

/6 Strings - Optimized for low energies

360 Optical Sensors

Eiffel Tower
& [324m

2450 m

2820 m



IceCube

Air shower detector
80 pairs of ice
Cherenkov tanks
Threshold ~ 300 TeV

145[““

Inice —_

Planned 80 strings of 60
optical modules each

17 m between modules

125 m string separation” .
2450m

2007/08: added 18 strings

~ 1450m

= 2006-2007:

lceTop / o

13 strings deployed

2007 configuration
- 22 strings
- 52 surface tanks

2005-2006: 8 strings

2004-2005 : 1 string

AMANDA-II
19 strings
677 modules

AMANDA now
operating as part
of IceCube

Eiffeltornat

14
Completion by 2011.
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The IceCube Collaboration

[ceCube Germany:
n - Swe d_e n: DESY-Zeuthen
USA: ' - Uppsala Universitet Universitit Mainz _
Bartol Research Institute, Delaware Stockholm Universitet Universitét Dortmund <~
University of CthjprnI‘é',ﬁBerkelez_fﬁ " ay Universitat Wuppertal
University of California, Irvin L l(?f/-’ - _ Humboldt Universitat . -
Pennéylvania State Universifeﬂ "Oxford University .- , =" MPI Heidelberg F
Clark-Atlanta University « . RWTH Aachen T o F
Ohio State University &l == Netherlands: * \ - A
Georgia Tech e Utrecht University A ...L.J'"'l
University of Maryland o _,f’J ¥ . § P
Un!versity of Al.abamaf Tuscaloosa Switzerland: Be!gmm: _ : Japan:
University of Wisconsin-Madison EPEL Université LIHre_de__Br:uerIes i Chiba Unlversit
University of Wisconsin-River Ealls.. Vrije Universiteit Brussel i —_ Y
Lawrence Berkeley NationalLab, Universiteit ‘C_i'gmj ,.-I"'r f
University of Kansas ) Université de Mons-Hainaut e
Southern University and A&M et — f
College, Baton Rouge e | P / i

University of Alaska, Anchorage

q_'."f — TR
. ;""' New Zealand:
£ J University of Canterbury

33 institutions, ~250 members
http://icecube.wisc.edu
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Our Events

2009/9/5




shower of ~“3E17 eV
pserved by IceTop,
en by Deep detector strings





" FRXE

Chiba University

Neutrino Effective Areas

Area at 100 TeV (1TeV)
AMANDA-II: 3m?2 (0.005)

lceCube: IceCube 86: 100m?2 (0.3)
é 10 4 L I1C-80 all Sky (VM+VT)%
o 3" +DeepCore (trigger) | D . Deep Core lowers
E 10 = (trigger) i threshold from 100 GeV
8 102; to 10 GeV.
540 ¢
@ &
S, EHE v,
:?_: 10 -2 _ —IC—86 Effective area for v,
i 10 3 = I1C-22 Strong rise with
10 L / _ ; energy:
4 o " "' - OxE
10 ¢ IC-40 PS5 all Sky _ Increase of muon
-5 F range with energy up
10 5 5 <——[(C-22 atm. VM to PeV
1 0 7| | N ‘ | I | | ‘ I | | I ‘ | | | ‘ | I | | ‘ |

1 2 3 4 5 6 7 8 9 10 11
log,,(Primary Neutrino Energy - GeV)
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Neutrino Effective Areas
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TRV SN (oL
10 ¢
-4 F
10 -
5
10-6_||T.I‘I N I Y T O O A N IO

1 2 / 6 /¢ 9 10 11
log,,(Primary Neutrino Energy - GeV)



~10° g - F

a _— versity
£ 104 . IC-80 all sky (vp+v1)-.? P
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< E fer i
Neutrino Fluxes £ L
g10%
£ 10
lceCube g EHE v
= 3
e AMANDA-I| 2000-6 v, 1387 d g - [:HI[: v,
5] -HE v
—— |cgCube 22 strings EHE (all flavor @ ) =l
g 10'2 ————————  AMANDA-Il 2000-4 1001 d cascad ;10 = _{%gg
E e AMANDA Il 3 yr v, X3 10'3 T Y L sl s 8
- 3 it Ricee (all flavors) 854 d 4F
(PO |0 el P— Waxman and Bahcall 1998 x 312 10
W -5 F
NI TP AGN 10 6

-& 10 O, 881, ., e b b b b b w b b
1 0 1 2 83 4 5 6 7 8 9 10 11
log,o(Primary Neutrino Energy - GeV)
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o - versity

all sky (V“+VT)-.‘> o

........
a2ie

Atmospheric v

lceCube

1 0—3 .................................... ) O a \ TE
-

s AMANDA-Il 2000-8 v, 1387 d 210
—— |cgCube 22 strings EHE (all flavor s
— AMANDA-Il 2000-4 1001 d cascad E 10

AMANDA Il 3 yr v, x3 0
Rice (all flavors) 854 d
-------------- Waxman and Bahcall 1998 x 3/2 10

i ' ] i
w .- w ™)
T LB RSl e

Atmospheric neutrinos ... F .
. 2 3 4 5 6 7 8 9 10 11

log,o(Primary Neutrino Energy - GeV)

Pt :
' B S BN | B

8 9 10 11 1
log,  E, [GeV.

i
IIII|III.I|II

-10
1073 4

N




Atmospheric v _ .
* IceCube 22 string analysis

lceCube e 4492 neutrino events at high purity
(>95%) 4492 events at SBM=1.2

% s T s
s 7 1 B
5 6 ‘w 4 |
2 « 10 | . unfolded data
ER 0 5 } default simulation
e T 5 —— AMANDA-II datal
() 10 N S T
3 2 g
10
2 B NQ '6 i
- <10+
1 2 3 4 5 6 7 8 9 8
log‘IO(Ecog [GeV]) g , |
> 1 - 10 e Y R e
w’ 0.9 ] = \\\
5 08 I ‘ ;
2 07 10'8; | LR
8 06 -
Lu | i
5 o3l : [ 10 e —
£

02l . 10" 1 10 10°  10°

0.1 log,,(Unfolded E

0 i i i i i i 1 |
1 2 3 4 5 6 7 8 9

log, O(Ecog [GeV])
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lceCube
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Very High Energy (TeV-PeV) v

AMANDA-I 2000-6 v 1387 d ——a—— lceCube 22 strings ICRC2009 v 276 d
lceCube 22 strings EHE (all flavor) 242 d ICRC2009 === =-=ime  IceCube 22 strings sens. 276 d ICRC2009 v, x3
AMANDA-I 2000-4 1001 d cascades «  AMANDA-Il 507 d UHE cascades ICRC2009
AMANDAN3Iyrv, x3 s leeCube 1 yr v, x3 prelim

Rice (all flavors) 854 d e NI TA-2008 (all flavors), 35 d
Waxman and Bahcall 1988 x 312 @ e GRB
AGHN sesemsseesees Cosmogenic

\\ Astrophysical sources:
Diffuse, Point sources,
GRBs, AGN

Lo rsonmm 1o |

|

& 3
g

| IIII[I‘ | IIIII|| | IIIII||

M_I'I'I'ml‘ IIIII]|| IIIIII|| IIIII“‘ [T

3

N

8 9 10 11 1
log,  E, [GeV.




: . ‘ ’ ifﬁ\?ﬁiw
Search for point sources -
40-string(6manth) all-sky results —s

bl

lceCu ]LEcliminar ’ 7| &‘ |45

Ve moi e e |

24h 7

175.5 days livetime,
17777 events:

6796 up-going,
10981 down-going

2009/9/5
26
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Dark Matter

lceCube Search for indirect
dark matter: — & IceCube 22 strings ICRC2009 v, 276 d

'd ICRC2009 = ismimimis .= lceCube 22 strings sens. 276 d ICRC2009 v x3

E ne rgy ra nge . — t‘::uﬂb[ﬁ'l;ﬁ: :aupl':fl;zn:scam ICRC2009

1) 10 GeV to few TeV + :::ﬁ-zuns (all flavors), 35 d
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Search for dark matter, example:
WIMPs in sun =2 neutrino flux at Earth

eannihilating in the gravity well of the Sun
_ eindirect detection

IceCube _ M

2009/9/5
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Dark Matter search:
neutrinos from WIMP annihilation in the sun

0.05 <Q,h? < 0.20

32
lceC IlEb L ., <oiT COMS(2008)+XENONT0(2607) '

o G < 0.001xcg'|" CDMS(2008)+XENON10(2007)

c 107 —— - CDMS (2008)

o —— COUPP (2008) IceCube-80+DeepCore 1800d sens. (hard)

b a4 - - = KIMS (2007)

D 107w seeseeee. SUPER-K 1996-2001

¢ \ --&k= |ceCube-22 2007 (soft) —

@ \ \ —a— |ceCube-22 2007 (hard) —— _
- 9 10-35 \\ —=— AMANDA 7y (hard) //./ - —
xx 3 \_\\--Ei-- AMANDA 7y (soft) __— L— " T

7 10'36 \'\_ —_— . -7

o \\

2 — \-w—\—- PR

o . T m———

E— " K oEF-“Er ol

o oo

£ 0% B /.

o

IceCube 22 limits

AMANDA 7 year limits

(this conference) (PRL 102, 201302 (2009))
107" . 1
‘ \/<Ice€ube 86 with Deep Core
10 / Sensitivity (prel.)
10 10? 10° 10*

Neutralino mass (GeV)

- Deep core enhancement under construction will greatly
enhance sensitivity.



lceCube Deep Core

—>Add 6 strings at small spacing, all high quantum
efficiency PMT

- Lower energy threshold:
Open window between 10 and 100 GeV

| > High background rejection using surrounding
IceCube strings as Veto: ¢(u)/ (v, )= 10°

E
-E
:'-”E-E: i 2
l . Deep core— <
. 6005 1, . . 1 iy

PR N S AT T i s
500 400 -200 0 200 400 600
East position (m)

top view

side view



y TRXZE

< Chiba University

EHE (EeV and hlgher)

Astrophysical sources:

lceCube
— AMAHDA-IIETH}G—E'.'" 1387 d 100 Pev to 10 Eev
—— |ceCube 22 strings EHE (all flavor) 242 d ICRC2009 ° °
< 10% oo — AGN Cosmogen|c neutrinos
"ta — AMANDAN3yrv, x3
3 Rice (all flavars) B54 d (Gz K)

) o [0l — ol —— Waxman and Bahcall 1998 x 32

t';ql ___________ - Cu5rnngarm:

= -4

; 10 \

© 10°

O

w 10

© 1 \‘\t——l—‘%
Eventratesfor el —
Flux: Engel, Seckel, Stanev, 2001) §
(Factor of 10 higher still allowed by T N - 5

current limits, including IceCube) B S AN -
e IceCube-22strings, through going, | “-, ’;:_ E
240 dayS: ~0.1 events/yr L1 \|I:=.| |:1 rli b Lo v atl g |I:i| l_

e 1C86, total: 0(0.5) event/yr 9 10
e 10 x 10km? radio array:

0(10) events/yr
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region B: CoGZ < -250 m and -50 < CoGZ < 50m
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Extremely-High Energy v limits
cecube WIth 241 days observation in 2007

-4.0

b (= - ~RICE  * Auger *. ANITA
E ¢ -45F ' ' '
™ N -
F =
= i ,'_: 5.0 —
¥ ] _
I W —
E10E T 55t 1C22
o C ' C
E - E 6.0 :— D OO P PP “
L % —0-YL IC22 (E®) e T et RICE (E?)|
&) - IR e e e e R TP R e ]-i:z ________ - _._;_::,‘?,{..
10 = 65— T Auger (B) =,
: E - T R
r a 7.0~ AMANDA (E?Y ~
- ‘:F ; ......................................... g ;/
' S s i S
lﬂ.__ wg -7.5: //a-' /r “"u\\
= & - s 7 =
B - 8oL / e GZK1|
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- 85— 74 yd
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We will have more observation time with more than twice bigger volume
Stats will be increased by x5 before 2011 33
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Extremely-High Energy v limits
P with 5 year full IceCube

ANITA-lite™-

E2 O(E) [GeV em™ sec! sr]
=

.
=

=
&N
- al
[—y
—

lﬂgm (E/GeV)
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N,

W ~(NeAQ)* 2

J. Alvarez—Muiiiz & E. Zas (2005)

- The radlo detection

V interaction Polar diagram E(o) field

EM shower .

AB(®)
The Askaryan effect

Conditions for coherent radio emission

1. Net exccess charge

2. Agps > Shower dimensions

1
~ Ne?

MHz — GHz antenna array

Coherence!!

w e,

.....C‘
000006000

2009/9/5



Calibration of the Askaryan effect

@SLAC 109x 28.5 GeV e
|

2x1010 e*e- in the target ice

l

Anita instruments

100 ':‘* -

{

MHz, ot 1 m

m per

elotive Cherenkov Power

Fel

Field strength, Volts per

2009/9/5 N T bl
Gorham et al hep-ex/0611008 Frequency. Mz Showsr Eneray, eV



Askaryan
radio array

at the South Pole

Large Radio array of short
strings,

Depth: 200m

Spacing: ~0.5 to 1km
Coverage: 100km?

Low cost (shallow holes,
antennas)

Large enough to reliably
detect GZK neutrino flux:

> 250km? viewed target
volume

O(10) events per year

£

£

10 km

' 200m

.
<

3 D observation for good event reconstruction and

2009/9/5
the ice sheet.

background rejection of interactions km deep in



Askaryan Radio Array

el lceCube Extension

Construction starts at 2011 - Science 2014-

Askaryan Radio Array
I"'-:_. l" Q. I {‘ .'-I_I - E-E-;‘:Izll;.;mlh:l:::.flslal':%:l‘r:}elﬁeﬂ Detector Sensiy ites
NVAAAYIN CLEAN AIR .

i L i kY Y
M L ! g I'. i~
‘j_ < f o I i | South Pole
' L f T e 4 /Operation zone
e’ 1y

SECTOR

DARK % wow  d NCEA - o ToRCLE
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Explore Farticle Physics

v Flux measurement
Rate =V QT® Naoc ® ¢(E ) exp(—Nio X)
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Explore Farticle Physics

v Cross Section measurement !!
Rate = VQT® Nac ® ¢(E v) exp(—Nao X)

Absorption

Doanoing events / Upgoing events

oec(E >10° GeV) <~10™ cm?
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vN cross section bound
B —cill Wlth 241 days observatlon in 2007
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vN cross section bound
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Neutrino Telescopes

o Several projects are working/planned, both in ice and ocean and
lakes.
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The ANTARES Collaboration

+ NIKHEF, Amsterdam
+ KVI Groningen
+ NIOZ Texel

+ ITEP,Moscow

« ISS, Bucarest

+ IFIC, Valencia
+« UPV, Valencia

«+ CPPM, Marseille
+ DSM/IRFU/CEA, Saclay

« APC Paris « University/INFN of Bari

= IPHC (IReS), Strasbourg « University/INFN of Bologna
= Univ. de H.-A., Mulhouse « University/INFN of Catania
+ IFREMER, Toulon/Brest + LNS — Catania

+ C.0.M. Marseille » University/INFN of Pisa

2009/9/5° LAM, Marseille « University/INFN of Rome
« GeoAzur Villefranche « University/INFN of Genova



L ocation

eThe detector will be located in the
Mediterranean Sea (42°50’N,
6°10’E) at 2500 m depth, off the

coast of Toulon (France) . Shore station (La Seyne sur Mer)
eThis location benefits from L " %
- : LA SEVIGC =
IFREMER infrastructures. R f Z
= \ o Gj

j ANTARES Site

2500 m

2400 m

* The ANTARES detector will observe 3.5 sr
(0.6 sr overlap with AMANDA/IceCube).

» The Galactic Centre is observable 67% of the
day.
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The ANTARES detector

+ 12 lines (900 PMTs)
- 25 storeys / line
* 3 PMT / storey

Junction |
box

Readout cables




140 active days
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KM3NeT project timeline
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