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* introduction
- we built a km?3 neutrino detector > 3 challenges:
* drilling

* optics of ice
« atmospheric muons

* neutrino physics

search for the sources of the Galactic cosmic rays

ﬂ\-.. « search for the extragalactic cosmic rays
‘
\ \\ ‘I. ’//
e, * gamma ray bursts
W * active galaxies

lceCube.wisc.edu
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cosmic rays Interact with the
microwave background

p+y —>n+xz and p+7°

cosmic rays disappear, neutrinos appear

E >2x10°TeV

~1 event per cubed kilometer per year



neutrino sky
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photomultiplier
tube



 shielded and optically
transparent medium
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93 TeV muon

Type: NuMu
E(GeV): 9.30e+04

Zeny— 40 .45 ~dey

Azi: 192.12 deg
NTrack: 1/1 shown, min E(GeV) == 9302646
NCosc: 100/427 shown, min ‘E(CeV) == 7.99



energy measurement (> 1 TeV)
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E(GeV): 5.33e+06
Zen: 36.43 deg
Azi: 120.51 deg
mi e (GeV) == 1.
wn, n e == .
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el
H i

| B
NTrock: 11/11 shown,
NCasc: 100/1079 sho

convert the amount of light emitted
to measurement of the muon
energy (number of optical modules,

number of photons, dE/dX, ...) \
Run 433700001 Event O [Ons, 40000ns]



Hawalil 1987: DUMAND test string




ANTARES
Lake Baikal:

proof of
concept for
KM3NeT
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architecture of independent DOMs

10 inch pmt

LED
flasher
board

-—--_____ 'f,--"'-

HV board




lceCube / Deep Core

« 5160 optical sensors
between 1.5 ~ 2.5 km

detects > 200 neutrino-
Induced muons and

~ 2 X108 cosmic ray
muons per day

Digital Optical Module (DOM)

- completed December 2010

AMANDA
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lceCube / Deep Core

« 5160 optical sensors
between 1.5 ~ 2.5 km

« 10 GeV to Iinfinity

« ~ 0.5 degree on-line
< 0.2 degree off line

« < 30% energy resolution

Digital Optical Module (DOM)

IceTop @m

- completed December 2010

AMANDA

sessssesecsrrree
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Deep Core




each DOM is
iIndependent:
continuously
sends time-
stamped
wave forms
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£ completed December 18, 2010
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89 TeV

Run 110977 Event 6561545 [Ons, 40000ns]



* Introduction
-we built a km? neutrino detector > 3 challenges:
« drilling

* optics of ice
« atmospheric muons

« search for the sources of the Galactic cosmic rays
« search for the extragalactic cosmic rays

e gamma ray bursts
* active galaxies

dark matter

lceCube.wisc.edu



drilling and deployment

[ A

drill and install
60 DOMS In less
than 2 days
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... you looked at 10msec of data !

muons detected per year:

« atmospheric* p ~ W
e atmospheric** v 2 u ~10°
* COSMIC Vo U ~ 10

* 2700 per second ** 1 every 6 minutes



* introduction
- we built a km® neutrino detector > 3 challenges:
* drilling

* optics of ice
« atmospheric muons

* neutrino physics
search for the sources of the Galactic cosmic rays
« search for the extragalactic cosmic rays

e gamma ray bursts
* active galaxies

lceCube.wisc.edu



... on to IceCube science

we measure the flux of atmospheric muons and
neutrinos at higher energies and with better
statistics than previous experiments. Any deviations
from what Is expected is hew neutrino physics or
new astrophysics. We just look for surprises.
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oscillations in DeepCore [energy ~30 GeV; 5.6 sigma]
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* introduction

- we built a km® neutrino detector > 3 challenges:
e drilling
* optics of ice
e atmospheric muons

* neutrino physics

search for the sources of the Galactic cosmic rays

« search for the extragalactic cosmic rays

e gamma ray bursts
* active galaxies

lceCube.wisc.edu



sources accommodating the observed energy budget
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Hillas formula :

» accelerator must contain the particles

E
R, (= <R
gyro( VQB)
£ <vgbR

» dimensional analysis, difficult to satisfy



log[Flux — cm2s'sr™")] energy (eV) —

l -8 -4 0 4 8 12 16 20
1241 rr>rr Y>>y Pttty trt
: ~, / —
T galactic .
T~ 7 1 / . N
s -/ ! '/| cosmic rays | -
-o ‘l..,' /.| 1012 erg cm™3 | =
T T = D = /, 7
-C O O % /) p—
oY T /|| extragalactic 3
< ‘ L \ %v cosmic rays -
é -4 > . /% 3x1019 erg cm3
F | 410 photons o *;’\\000 E
- |of 2.7 K per cm?3 = 7 %o -
-z |or 1022 erg cm™ A e 50, 7
- _ >~ o) -
| ~0.5evcms /, % -
-?6—— > / OOOV _:
.-_ 8 / o= ooo -
ool L o I 1 | 1 T T T S el B T B B T T

4 0 -4 -8 -12 -16 -20 -24

log(A/cm)




Cosmic Rays & SNRs

Equivalent c.m. energy Sp (GeY)

10° 10 107

* ATIC o KASCADE (QGS5JET 01) ¥ HiFes-MiA
o RUMICH O KASCADE (SIBYLL 2.1) & HiRes |
& S & HiFes |

observed energy
density of galactic CR:

~ 1012 erg/cm?
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| ~10-12 erg/cm?3
VLR Ty L Ty R g LTy LA Ty LI Ry L 0 0®
Enerc (eVMiparticle) fOI’ Steady State Of CR

with lifetime 10° years

Scaled flux E=°

SNRs provide the environment and energy
to explain the galactic cosmic rays!



cassiopeia A supernova remnant in X-rays

gravitational energy -
released Is trans-
formed into
acceleration

¥

acceleration when
particles cross
high B-fields



and if the star collapses to a black hole ...



collapse of massive
star produces a

gamma ray

burst VZ

/
spinning black hole

shocks produced

In the outflow of
the spinning
black hole:

electrons (and

protons ?)



and if the star collapses to a black hole ...

- happens in seconds not thousands of years
- beamed not spherical
- simulation not image



Cosmic Rays & GRBs

Equivalent c.m. energy Sp (GeY)
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GRBs provide environment and energy
to explain the extragalactic cosmic rays!



Cosmic Rays & SNRs

Equivalent c.m. energy Sp (GeY)
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enter v-astronomy:  neutrinos trace cosmic rays

* neutral pions 0 Tt
are observed as \ 8\
gamma rays AT b, T
 charged pions /\ \
are observed as / \ €
neutrinos ¢
Y H




early
astronomy directions of ~ 600 neutrinos
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lceCube 40 strings
operated 375.5 days

northern sky: 14139 neutrinos

search for

» clustering
- high energy (>> 100 TeV) southern sky: 23151 muons
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|C59: diffuse v, fit to data

livetime: 348 days  events: 21943

N

IC59 data
conventional atmospheric neutrinos (Honda2006)

conventional atmospheric neutrinos (best fit)
prompt atmospheric neutrinos (best fit)
astrophysical neutrinos E* (best fit)
astrophysical neutrinos E (90%CL upper limit)

Preliminary

i
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diffuse flux limit
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* nothing seen
* nothing expected
* this is just the beginning...



* introduction
- we built a km® neutrino detector > 3 challenges:
* drilling

* optics of ice
« atmospheric muons

* neutrino physics
search for the sources of the Galactic cosmic rays
« search for the extragalactic cosmic rays

e gamma ray bursts
* active galaxies

lceCube.wisc.edu
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neutrinos
from

supernova

remnants :

molecular
clouds as
beam dumps

Dense
molecular
cloud

Compressed
shell of hot gas

Supernova

remnant

Inverse Compton
scattering— y-rays



neutral pions
are observed as

gamma rays

charged pions
are observed as

neutrinos

H V
H+
N
e+/ \l/e @




Cygnus region : Milagro

translation of

4 eV gamma rays
’ Into

. o TeV neutrinos :
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Significance
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Cygnus € - Perseus arm




* introduction
- we built a km® neutrino detector > 3 challenges:
e drilling

* optics of ice
e atmospheric muons

* neutrino physics
search for the sources of the Galactic cosmic rays
« search for the extragalactic cosmic rays

e gamma ray bursts
* active galaxies

lceCube.wisc.edu



collapse of massive
star produces a

gamma ray
burst //

/
spinning black hole

p =

\ neutrinos are
| produced in the
Interactions of
fireball protons
(cosmic rays)
with synchrotron
photons




decays to PeV neutrino

T

pt+y—on+r

l

decays to cosmic ray

GRB: one neutrino per cosmic ray observed
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Search for GRB in coincidence with FERMI and SWIFT alerts

- Using satellite information (time and direction, GCN)

Off-time > On-time (blind) > < Off-time
ITo Eprompt @background

|  EEEE | M precursor @Mmodel independent
(~100 s) (several hours)

very low background — 1 event can be significant !

» 98 bursts (northern sky) observed
with IceCube 59 strings

* Individual modeling of neutrino fluxes
(fireball model)




Tue Dec 29 09:3534:29 2009

aligned with SWIFT GRB
angular accuracy 0.2 deg
energy 109 TeV



GRB on probation
Model Predicted v | Fractional Upper Limit
Reference Fireball (CR-normalized) < 84 0.04
Waxman 2003 (CR-normalized) 27 0.11
Guetta et al. (vy-normalized) 14 0.21
| === 1C40+59 Allowed (90% CL)
IC40+59 Allowed (95% CL)
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active galaxy

particle flows near
supermassive
black hole



with 59 strings IceCube limits matched TeV photon flux

TeVCat
|C40+1C59 limits
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this is also the case for Galactic supernova remnants




cosmic rays Interact with the
microwave background

p+y —>n+xz and p+7°

cosmic rays disappear, neutrinos appear

E >2x10°TeV

~1 event per cubed kilometer per year
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GZK neutrinos: > 41,000 photons near the horizon

o Y number of
i | channels
¢ > 300

oos thela

" Background
0.144/livetime

unblinding: 2 events in the signal region









tracks and showers

cascade

Cherenkov

muon track




Zenith Z.6BG6/E6
Azimuth 1.86985




1.66995

Zenith Z.68676

Azimuth




Distance to source (vertical) [m]
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MonopodFit (double bang) (ATWD1/2)
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GZK v Yoshida m=4 Zmax = 4 y=2

GZK v Kotera FR2, Emax 316 EeV

GZK v Ahlers m=4.6 Zmax=2 y=21.5
E*p=14x 10®* GeV em™? sr-! 51 (IC59 limit)

Background (atm. p + conventional atm. v)
Atmospheric prompt v Enperg sta.
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* PeV energy
e cascade
» downgoing
e not atmospheric

- flux at present
level of diffuse
limit

—> largest bkgd:

atmospheric
charm

< 0.2 events




muon astronomy



IC22 and IC40 : muon astronomy (!)

7lc'Cube-22 interstring (surface) distances
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® aving

o tank
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Different geometries, same
BT o
0 2 4 & structure
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significance




cosmic ray

*

10 TeV
to several
1000 TeV

air shower

muons from
air showers

10 TeV

~ 3KHz

cosmic rays
In lceCube

« we map the highest
energy Galactic
cosmic rays, but...

* their gyroradius is
< 1 pc in microgauss
magnetic field

 closest sources
> 100 pc

should not point!
- that's why we
look for neutrinos!




lceCube 79 - energy dependence of anisotropy

* non-diffusive effects in propagation of the particles?
e nearby supernova remnant(s)?
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20 Tev « Anisotropy changes in phase and
amplitude with energy.
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ON SUPER-NOVAE

By W. BaabpE AND F. ZWICKY

MoOUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA
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conclusions
e Hess 1912.... and still no conclusion
* the instrumentation is in place ...

* ... SUpernova remnants, cosmogenic v
and GRB are In very close range !

* first 86-string unblinding: two >PeV events
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SD Cross—section (cm?)

http/dmtools.brown.edu/
Gaitskell Mandic, Filippini

10° 10°
Mass of neutralino(GeV/c?)
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11 months of IceTop-73 Data

June 15 2010 — May 13 2011

nearby sources stick out at the end of the cosmic ray flux?
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total flux = velocity x density

472_[0’5(5 —)=Cp,

energy density Is the key !

1TeV =1.6 erg



total flux = velocity x density

472_[0’5(5 —)=Cp,

energy density Is the key !

1TeV =1.6 erg



300 GRB per Gigaparsec® per year
for 10%years (Hubble time)

erg
3

300 L 10°yr —3x100

2x10°%erg x -
Gpc” yr cm

e correct cosmology: same answer
* Fermi: photon (electron) energy less than this ?

1Gpc® =2.9x10%cm®  Hubble time =10"° years
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