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 Sthe discovery of cosmic neutrinos

- more about cosmic accelerators

:\ - particle physics with neutrino detectors

The real voyage is not to travel to new landscapes,
but to see with new eyes. . . Marcel Proust
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orizons — Optical Sky

wavelength = 10 m < energy = 1 eV




Cosmic Horizons —- Gamma Radiation

wavelength = 10> m < energy = 107 eV




Cosmic Horizons —- Gamma Radiation

energy = 101> eV




‘Cosmic Horizons — Gamma Radiation

energy = 1015 eV.

the gcmmo roys m’rerctc’r W|’rh mlcrowove E
background photons (410 perficubic
cenfimeter!) and do not reach Earfh

enter: Nedtrinos




microwave optical

terra incognita:
only revealed by
neutrinos

20% of the Universe is opague to the EM spectrum




'Cbsmic Rayse Charged — Do not point |
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"NéuTrinos’?’ Perfect Messenger

neutrinos do -not in’re‘rac’r-ond;imqgé the sky IN regions
from which even X-rays cannot escape




. gamma rays accompanying lceCube neutrinos interact
Wikig m’rers’rellor photons and fragment into multiple lower
energy gamma rays that reach earth

neutrinos do -not in’re‘rac’r-ond;imqgé the sky IN regions
from which even X-rays cannot escape
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neutrino as a cosmic messenger:

electrically neutral
essentially massless
essentially unabsorbed
tracks nuclear processes
... but difficult to detect

» Nuclei can be deflected by magnetic
fields




francis halzen

COSMiG atprators 8 oo

The real voyage is not to travel to new landscapes,
but to see with new eyes. . . Marcel Proust
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cosmic ray accelerators (preamble)

= pest buy theory or why we believe
that new astroparticle physics
instrumentation will reveal the
sources of the cosmic rays.

" cOsSmic rays, gamma rays and neutrinos
- many 1000 km? air shower arrays
- large arrays of ground-based gamma
ray telescopes
-> kilometer-cube neutrino detectors




Victor Hess
in 1912
discovers
radiation
from space

the oldest
puzzle
In astronomy

Primary cosmic rays

electromagnetic
shower

cascade

Mont Blanc
(4807 m)




> 108 TeV in the Universe
> 103 TeV in the Galaxy




flux of light in the Universe
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with 103 TeV energy, photons do not
reach us from the edge of our galaxy
because of their small mean free path

In the microwave background




Background Energy Distribution

e
(7))}
A
-
=
>
=
(7))}
C
o)
e
<

! Spitzer AGN ™., % "\/\

Treister et al.06 ™. _m_ .

(Sturm et al. 06)

1.0E+10 1.0E+15 1.0E+25
G. Hasinger, 2000 Frequency [Hz]




E*>’F(E) [GeV' " m™2 s7! sr7!]

cosmic rays
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... often wrong, but never in doubt ...

Galactic:
supernova
remnants”?

_ 2nd Knee
Grigorov
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Galactic and extragalactic cosmic rays

* we live in a magnetic bottle filled with cosmic
rays. The cosmic ray density is enhanced by

magnetic trapping in an average field of a few
nwGauss.

* extragalactic space is filled over the Hubble
radius with a much more tenuous gas

produced over the entire history of the
Universe.
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cosmic accelerators
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the Sun constructs an accelerator




the sun constructs an accelerator

coronal mass
ejection
09 Mar 2000




Chandra
SN 1006

large magnetic field in
young supernova remnants

Chandra
Cassiopeia A




gravitational energy
released is trans-
formed into
acceleration

9

E-2 spectrum

acceleration when
particles cross
high B-fields




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

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

-> simulation not image




collapse of massive
star produces a

gamma ray
burst 4
/

spinning black hole

shocks produced
in the outflow of
the spinning
black hole:
electrons (and

protons ?)




Hillas formula :

 accelerator must contain the particles

» dimensional analysis, difficult to satisfy







ms-pulsar Fermilab

10 km km
108 Tesla Tesla
103 10° (#rev/s)

107 TeV 1012 eV
=1 TeV !

still a very open problem...




Eobs — FE'

= LAr

obs
I

* prime: accelerator frame
* observations I' = a few - 1000

At

light from the blob arrives
only 1 year after the light
from the agn blob !




superluminal Blob at A
motion

«~—— 4 light-years —

Blob at B,

<3 light-years—=) SIX years later

First pulse of Second pulse of light:

light reaches emitted six years later,

Earth in 2000 but has 4 fewer light-years
to travel — reaches Earth
two years after the first pulse,

‘ in 2002

To Earth




active galaxy

particle flows near
supermassive

black hole




active galaxy

The M87 Jet
Approaching

Gas Disk in Nucleus of
Active Galaxy M87

Receding

Hubble Space Telescope 2 : 2 1y M87  © Anglo-Australian Observatory
Wide Field Planetary Camera2 [ : S Photo by David Malin

Fiease

PRC00-20 + Space Telescope Science Institute «+ NASA and The Hubble Heritage Team (STScl/AURA)




The M87 Jet

M87 Nucleus July 17, 2002
HST STISIMAMA

500 light-years
153 pc 1”79

Hubble

H

eritage
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10°° eV protons

102% eV iron

15§

15 F

GRB

H (RG,BL)

starbursts
voids




cosmic rays, gamma rays
and neutrinos




accelerator is powered by
v and y beams : heaven and earth large gravitational energy

% black hole
neutron star

o accelerator

o target radiation

p+Y

~ COSmiIC ray + neutrino

>p

fields ~ €COSmic ray + gamma
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NEUTRINO BEAMS: HEAVEN & EARTH

o accelerator

o target
& S~

(>

E directional
1 beam

magnetic !
fields




heavenly neutrino beam dump:

photons: synchrotron versus %>y

?
synchrotron eonly
radiation N e+
- . . M v
¢ S—— P A2 v
I x ~ V., V
n wouw
Tsync Vsync also
A~ pr?

cosmic rays exist ! DYy




Astronomical Messengers

Neutrinos

Protons

I g 9
] ] ]
T

Log(E) GeV

Astrophysical
beam dump




multi-messenger identification of
COSMicC ray sources

cosmic rays with little magnetic deflection (flux
very low near 10%° eV)

e pions produced in interactions close to the
source

% TeV photons: difficult to disentangle from
those produced by synchrotron radiation

and inverse Compton scattering

- neutrinos: [difficult to detect (= rationale
for kilometer-scale detectors)




the atmosphere as
a particle detector:

10 interaction
e 25 radiation
lengths










atmospheric muons
and
neutrinos




electromagnetic and hadronic showers

cross sections for y + air > e*+e” and e + air 2 y+e
are approximately equal
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electrons/positrons




air showers

 the atmosphere is a detector with a total depth
of 25 radiation length (A,) and 10 interaction length (A;..).

* an electromagnetic shower penetrates N radiation
lengths until the particle energy is reduced to the
critical energy of E_.~85 MeV where bremsstrahlung stops and
the shower is absorbed in the atmosphere by e ionization.
It is observed by the detection of electrons, positrons and
(mostly) photons.

« a hadronic showers travels N’ interaction lengths producing
pions down to an energy ¢_where the pion interaction length
Is shorter than its decay length. At that point muon production
stops.



electromagnetic showers

cross sections for y + air > e*+e” and e + air 2 y+e
are approximately equal

O neut

n=>2

n=3



electromagnetic showers

number of particles nafter N steps; depthX = N A,

X

n(X)=2N=2’1_€ and E(X)=—i =~

after completedevelopment N__=A X

X
e e R R -
2 inax EC
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T e e R A
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hadronic showers
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showers: nuclei

E
mass Awith energy E = A showers with energy i
jepsaEeieisiihns |
Nrﬁax e A _p ++ : = Nmax and XIIIlan g E max
EC EC A
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progress through mmstrumentation

= Auger, Telescope Array ...

» HESS, Magic, Veritas, Milagro,
Tibet, Argo ... HAWC

= |ceCube and KM3NeT ...




cosmic rays
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Auger : the sources revealed ?




proton astronomy ?

pointing of cosmic rays :

-
gyro
d B
Eh (lMpc)(lO"gGauSS)
(i E

3x10*elV



TeV gamma ray astronomy




gamma
ray

air shower } .

detection of

TeV gamma rays
with Cherenkov
~10km telescopes




*a cosmic photon
initiates an
electromagnetic
shower high in
the atmosphere

the shower
particles emit
Cherenkov
radiation

this radiation is
captured by
mirrors read out
by a cluster of

photomultipliers

high-energy gamma-rays

effective area:
104m?2




TeV gamma ray astronomy: the neutrino connection







TeV 'Y survey instruments ~ 2-3 JT

i gamma rays are
ﬂ%. muon-poor air showers

Milagro




electromagnetic vs hadronic

Energyl '
flux
E2 dN/dE

IR.PS 1
> 11imit
BOSAT

ysv ori‘.2 dr/€ [ ev onf 81

10"

10 10 10" 10" 10"

photon energy [eV]




high energy neutrino astronomy




neutrino astronomy

kilometer-scale detectors have the capability of
detecting astrophysical neutrinos from cosmic
sources with an energy density in neutrinos
comparable to their energy density in the
observed cosmic rays and TeV gamma rays
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cosmic rays interact with the
microwave background

p+y—=n+ma’

400 cm™ 107°% cmr’

—1
A = {new0,.,1 ~10Mpc
\
Ep >5%x10'TeV




cosmic rays interact with the
microwave background

p+y—=n+aand p+m°

cosmic rays disappear, neutrinos with
EeV (1078 eV) energy appear

T—=U+v,—={e+v,+U,}+0,

1 event per cubic kilometer per year
...but it points at its source!




Ultra High Energy Cosmic Ray Spectrum, 2005
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accelerator is powered by
v and y beams : heaven and earth large gravitational energy

% black hole
neutron star

0 accelerator

o target radlatlon

p+Y

directional ~ COSMIC ray + neutrino

eam
magnetic % p

fields ~ €COSmic ray + gamma
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Energies and rates of the cosmic-ray particles
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M. Markov . B. Pontecorvo
1960 |




* shielded and optically
transparent medium

Charged Current

« [attice of photomuiltipliers







particles produced in a nuclear reactions produce blue

light in water

Copyright © 2001 Purdue University
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5160 PMs
in 1 km3

.
I 11 N7 A L e PPALANL Wad e
W W24 W\ ia,
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lceCube

lceTop
81 Stations
324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m




muon track: color is time; number of photons is energy




93 TeV muon: # photons ~ energy

: NuMu
: 9.30e+04
. 40.45 deg
192.12 deg
1 shown, min E(GeV) == 93026.46

0/427 shown, min E(GeV) == 7.99




energy measurement (> 1 TeV )

I / }' /. —»1

"46*6 ~— \\

— T =
Y “photo-nuciear “pair-creation
bremsstra\hmw.

Zen: 36.43 deg
zi: 120.51 deg

rack: 11/11 shown, i
asc: 100/1079 shown,

convert the amount of light emitted
to a measurement of the muon
energy (number of optical modules,
number of photons, dE/dx, ...)

iy
EEHH
: | ‘8
TP
Run 433700001 Event O [Ons, 40000ns] \



Differential Energy Reconstruction of 5 PeV Muon in IC-86

Monte tarlo Truth -
Reconstructed

Total True Energy Logs: 107.9 TeV
Total Reconstructed E

100000 | Jljl

E
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®
e
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1000 1500 2000 2500 3000 3500
Time (ns)

«— 11km —
improving angular and energy resolution
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neutrino cA:Ietection probability
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Muon Range (km w.e.)
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neutrino and muon area |
events = A, x P
=A,xF,_ x®,

v—u

P, —ﬂ. [ A =R, no, ~10'6ET6V

»’OV N
S

A




/ the earth as
/ a cosmic ray
/ muon filter
T

A

||’*' '
.

Vi /

‘ﬂl' survival

= exXp — (l/ﬂv)
2, =no,(E,)

a neutrino of 70 TeV
has an interaction length
equal to the diameter of

the earth




neutrino and muon area

events = A xP_
=A4,xbB,_ xD,

vV—u

V%M —A v R no, ~10_6ET6V

A —=A =P P A

v—u ~ survival *u
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NN,
effective telesgope area at 100 TeV

-

2, .
(= 7 = nRMO'V =10 ETeV)

v

 AMANDA ~ ANTARES - 1 m?

* [ceCube 22 strings 30 m?

 [ceCube 80 strings 100 m?




