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Multi-Wavelength Astronomy
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Multl -Messenger Astronomy

Neutrinos
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Physics Questions at the TeV Scale
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» Search for cosmic-ray accelerators
- Active galactic nuclei
- Supernova remnants
- Gamma-ray bursts

e Dark Matter

— Supersymmetry / WIMPs, exotic particles
* Neutrino / particle-physics

-~ UHE cross-section measurements

- Charm physics

—~ Neutrino oscillations

— Tests Lorentz Invariance — gamma of
TeV-scale neutrinos way beyond reach of
other techniques.

- Supernova neutrinos (MeV-scale)
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QOrigin of Cosmic Rays
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Why not Protons or Photons?
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* Protons are bent in the magnetic fields of our
galaxy and local cluster

— Energy of >10"%V needed to point back to even
galactic sources

— Above a few 1Q12eV GZK cutoff limits their range too

— Above ~100 GeV on IR
— Above ~100 TeV on CMB
~eV y

I = I o =
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The Visible Universe
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A Neutrino Telescope
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SNRs
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cloud

Supernova
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HESS: RXJ1713
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First resolved
TeV Y-ray image of a
Shell type SNR
(Resolution ~10
arcmin)

Acceleration source
of Cosmic Rays, but
is it evidence of
Protons?
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HESS: RXJ1713 — Molecular Clouds
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Active Galactic Nuclei

.

Produces cosmic ray beam
s
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Actlve Galactic Nuclei (AGN)
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VLA image of Cygnus A
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Galactic Microquasars
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GRBs
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GRBs
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Shocks: external collisions with interstellar material
or internal collisions when slower material is
overtaken by faster in the fireball.
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Fireball Phenomenology & The Gamma-Ray Burst (GRB) Neutrino Connection
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7 TPN Satellites
, V (HETE, Swift, etc.)

. GRB timing/localization information

from correlations among satellites &
A Distant GRB ground-based dectectors

¥



GZK
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Flavor Ratios
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* The ratio of flavors at the source is expected to be
0:2:1= v Vp ! Vg
« Since the distance to the source is >> than the
oscillation length — any admixture at the source

should wind up:

1:1:1= \ 2 VH ! Vg
when arriving at earth

« What if that isn’t true?
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What About Dark Matter?
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« ~85% of the matter in the Universe is Dark Matter
— At most a few % of the matter is baryons

— Most people believe that the lightest SUSY particle is a
stable neutralino and is probably the dark matter

— These are weakly interacting and heavy
— Evidence of clustering
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interactions  hadronization
— ce,bb ittt e W, Z°  H H®

The Sun sinks maximally 23 below Also look for Wimps trapped in
the horizon at the south pole the gravity well of the earth.
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How Do We Detect
Neutrinos?
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How do we see neutrinos?
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“ neutron
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Cherenkov Radiation
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A

Boat moves through
water faster than wave
speed.

:> Bow wave

(wake)
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Cherenkov Radiation
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Aircraft moves through
air faster than speed of
sound.
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Cherenkov Radiation
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When a charged particle moves through
transparent media faster
than speed of light in that

media. Cone of
ight
|.
= Cherenkov radiation /.-
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Cherenkov Radiation

=
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Detecting neutrinos
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Cherenkov
Electron ring on the
or muo wall
track

|-

The pattern tells us the energy and type of particle

We can easily tell muons from electrons
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A muon going through the detector
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A muon going through the detector
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A muon going through the detector
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A muon going through the detector
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A muon going through the detector
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A muon going through the detector
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Stopping Muon

[®IE8 SK Event Display

Current: T  INMER

Event Time: Sat Aug 3 1996 22:09:59,323213
Run Number: 2420

Event Mumber: 228085

Trigger Tupe: 0x0Ob = 0D HE LE

TotalPE ID/0D: 25232.5 978.0
NumHits ID/0D: 6319 256

Time Diff: 000 usec 000 nsec

) 1065.7 1071,5 1077,2 1083.0 8 1094,5 1100.3 110
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Stopplng Muon — Decay Electron

[*1E8 SK Event Display
Current: T INNER

Event Time: Sat Aug 3 1996 22:09:59,323215

Run Number: 2420 .

Event Number: 228086 .
Trigger Tupe: 0x03 = HE LE N

TotalPE ID/0D: 632.2
NumHits ID/0D: 312
Time Diff: 002 usec 220 nsec

7 935.1 946.6 958,0 969.4 980.9 992,3 1003.8 1015,2 1026.7 1038.1
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Super-Kamiokande
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Neutrino Picture of the Sun
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Image of the sun
taken from 1km
underground
using solar
neutrinos
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_ Detection Technique

*The muon radiates blue light in its wake

*Optical sensors capture (and map) the light



lce Cube

Snow Layer

IceCube
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Neutrino

Observatory

IceTop

shower array

80 pairs of
Cherenkov tanks
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Detection of v, ,Vv,,, V.

T NS .. BEEEE 4 B

O(km) long muon tracks Electromagnetic and hadronic cascades

Lo~ 1Tm

direction determination
by cherenkov light timing
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Determining Energy
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375 TeV
Cascade

10 TeV u

Measure energy by counting the number of fired PMT.
(This is a very simple but robust method)
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au Transparency/Regeneration
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* v.,and v, are absorbed in the

Earth via charged current 1.0
iInteractions (muons range out)

« Above ~500 TeV the Earth is

opaque to v, & v,.

— 70 TeV: mteract/on length = earth
diameter

* But, the Earth never becomes
completely opaque to Vo 0.2
* Due to the short t lifetime, t's Eev'_,._K
produced in Vo charged-current
Interactions decay back into Vo

* Also, secondary v, & v,,. fluxes
are produced in the tau decays.

0.8
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0.4

Transmission

90° 120° 150° 180°
Zenith angle
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lceCube Sensitivity
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/
Supernova Detection AMANDA

Expect a burst of low energy (MeV) neutrinbs
from core collapse of supernovae.

.
Vet p—o>hn+e

Detection via increase in dark noise rate.

showers

1T meter

CHANDRA X-RAY HST OPTICAL




A Look at the Galactlc PIane at 10 TeV

Significance

o

100 -120 -140 -160 -180

GP diffuse excess clearly
visible from [=25° to 1=90°
Cygnus Region shows
extended excess

~2xF

|:Cygnus crab

120 square degrees
Galactic Longitude (deg) | (65,85), b ('3,3)

Milagro Data
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Galactic Latitude (deg)

Cygnus Region with Milagro

Significance

Galactic Longitude (deg)

I N
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lceCube/Amanda Effective area
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leferentlal Spectrum MGRO J2019+37
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AMANDA
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» 677 analog OMs deployed along -
19 strings T e smow yer
— 10 strings 1997 (AMANDA B10)
— 3 strings 1998 (AMANDA B13) f—
— 6 strings 2000 (AMANDA 1)
« Analog PMT signals using
electrical and optical transmission T g
lines. —oom BT
« 200 m diameter, 500 meters remme b piig
height; AMANDA |l encompasses
20 Mton instrumented ice volume. | 1s00m

e AMANDA will remain operational
and form lceCube Inner Core

Detector for low E physics (~ 100 - n00m
GeV)
—— 350m
AMANDA as of 2000 zoomed in on
Eiffel Tower as comparison AMANDA -A (top) zoomed in on one
{true scaling) ANMANDA -B10 { bottom) optical module (ON)
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Size Perspective for KM3
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Atmospheric muons

Atm ospheric come from above
Neutrinos

Atmospheric
heutrinos are
Isotropic



AMANDA Atmospheric Neutrinos / Diffuse Flux
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Includes 33% systematic uncertainty
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90% c.l. limits and sensitivities on v, EZ diffuse fluxes
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AMANDA Point Source Search

IceCube looks at the Northern sky

AMANDA 2000-2003
* 3329 v, events

* 95% purity
Significance plot
*Highest excess ~3.4G

*Probability 92%
Search 33 v source candidates \LM::M/\N

*Crab Nebula ]\*’j O R
*10 events (5.4 bkgnd ~1.7c). M ﬁ/\r/\m,
*Probability background fluctuation 64%

No evidence for extraterrestrial point sources




Candidate Amanda Sources

1
|
|
|

S5433 4/6.14 2/4.50 0.27
Cl Cam 9/6.72 5/5.11 1.04
Cygnus X-1 8/7.01 41521 0.76
Cygnus X-3 716.48 6/5.04 0.67
Crab Nebula 10/6.74 10/5.36 1.01

* No significant excess, no indication for a neutrino source
* No new events seen from the direction of Crab Nebula

s
mmﬁw
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lceCube
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_CATCHING -
Cosmic Clues

5
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South Pole

. _ ~IceCube
South Pole Station

AMANDA

Skiway
Geographic Dark sector

South Pole



lceCube Digital Optical Module
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lce Cube
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20035, 2006, 2007 Deployments
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. January 27,
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2005, 20006, 2007 Deployments
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AMANDA

IceCube string and
IceTop station deployed
01/05

IceCube string and
IceTop station deployed
12/05 - 01/06

IceTop station only 2006

L ]
o COUNTING g
HOUSE

IceCube string and
IceTop station to be
deployed 12/06 — 01/07

o ° o 604 DOMs deployed to date

° / Next year looking for > 12

strings. IceTop will be backed
¢ off to remain in line with hole
° deployment

Want to achieve steady state of
I N o I Léstrin
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lceCube Integrated Volume (Projected)
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3.5 1

1 40

2005 2006 2007 2008
[
Neutrino Astronomy

2009

Date

J. Goodman — Univ. of Maryland

2010

2011

2012

.. BN I
80

= # of strings per year is

IRe based on latest “best

guess” deployment

[ rate of 12 strings this

year and 14 strings per

15 season thereafter.

= 1 km3-yr reached 2
years before detector
Is completed

# Deployed Strings

T
w
o

= Close to 4 km3-yr at

l»  the beginning of 2nd

year of full array

| 10 operation.

P oot 2 I
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_Finding neutrinos in the ice
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PMT counts - RAW

effective scattering coefficient [m'l]

lce Properties
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effective scattering coefficient [ 1'1]
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Drilling and Deployment

Neutrino Astronomy

500

500

1000 |

Depth(m)

1500

2000

2500

Depth of drill head (m)

DOM installation:
~Bmin/DOM

String drop

rop speed:
18 mé/min

Final depth (prel)
\ 2451.0 m

A

0 10
Jan 27, 7:05 am

20 30

40 441 50 60 70
Jan 28, 11:23 am
Time (in hrs)
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String 49 Drill/Ream/Deployment Profile
500 - - . .
0 i
Depth of drill head (m) Depth of Bottom DOM (m)
500 DOM installation:
—_ ~6min/DOM
E
e i : |
= 1000 String drop
@O
-
1500 f Drop speed:
18 mimin
2000 ¢ il .
Final depth (prel)
2600 , , RS Fﬁ
0 10 20 30 40 a4 50 60 70
Jan 27, 7:05 am Jan 28 11:23 am
Time (in hrs)
] [ - [ 2 I
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Drilling the Hole
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Deployment

-..\.

Last Season -

& 99% of 604 DOMs survived

"\ deployment and freeze-in
A
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Lowering the String
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Depth from Pressure

Drill Depth by Pressure Vs. Time
From 1/6/2007 20:24:58 to 1/9/2007 20:24:58

0 T T T T

500

1000

1500

2000

1 1 1

Drill I':)epth By Pressu[re

Today at the Pole

L Paro Depth By Pressure Vs. Time

2500 L L
7 7.5 8

DOY
Created by pjplots Wed Jan 10 09:50:43 2007 doy 010

Jan 7, 1500h: Firn drilling commenced

Jan 7, 2200h: firn drilling completed

Jan 8, ~0700h: Ice drilling starts

Jan 9, 1800h ream was completed

Jan 9, 21:45h deployment start

Jan 9, 23:25h first breakout attached

Jan 9, 06:30h drop starts

Jan 9, 08:05h tie-off

Total drill time: ~37 hours

Total deployment time: ~10 hours.
I I .l I
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lceTop — the Surface Airshower Detector
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0.9 m clear ice

Diffusely reflecting liner
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New lceCube Counting House
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-In Movie

String 39 two-week freeze
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Up-Going Neutrino Event
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m

Coincident airshower (lceTop) and muon
-500 (lCeCUbe)
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Neutrino-induced muon candidate in the 9-string array
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An upgoing

[ ]

muon involving
/ of 9 strings
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lceCube muon data reconstruction
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Large Scale Neutrino Detectors

I .. "N

ANTARES

La-Seyne-sur-Mer, France

NESTOR
Pylos, Greece

\ L

Ice‘Cube, South Pole, Antarctica
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Radio Cherenkov Detectors
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AURA (Askaryan Underice Radio Array)
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Radio — a path to a giant array
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Power of the rf signal grows

Cold ice is very transparent to with the square of the
radio- a sparse large area energy- healthy signals for
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:IIIIII 1 IIIIIIII I IIIIIIII 1 IIIIIIII I Illlllq I:
Reflection studies @S.Pole, Jan. 2004 - S. Barwick 102 E SLAC T464 June 2002 3
2000 ————r————p———— - y—ray showers in rock salt ]
g OF 3
E 5 9k .
< 1500 T-soc u C B | a E e
(@) E .
© m = 01 F .
S 1000 o 0.01
®©
-] [1)] B
:GC:) Toc [0 |0 o 2 'TF
f3 500 ® o0 ALY N B 3 10-4 E
6 b
i &
g 1075 |
0 100 200 300 400 500 600 700 800 107% &
Freq (MHz) -
1077 Bl v vvnnd v v vl e
. N i I—— 1o 10® 107 10" 107

] . electromagnetic coscade ener eV
Neutrino Astronomy J. Goodman — Univ. 9 9y {ev)



T NS

The Era of Neutrino Astronomy
has Begun!
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Working on a KM? Experiment

T NS .. BEEEE = B

The Choices:

Nestor
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Working on a KM?3 Experiment
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The Choices:
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