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Neutrinos in the Universe:
A synoptic view
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Cosmic Rays and
the high-energy universe






The discovery of cosmic rays

,Die Annahme, dass der Ursprung dieser durchdrlngenden Strahlung nicht

In den bekannten radioaktiven Stoffen der
Erde oder der Atmosphéare zu suchen ist,
gewinnt dadurch bedeutend an

Wahrscheinlichkeit.” (Phys. zeitschr. XIV (1913) 1153) N@ &
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Primary CR

~ 20 km
altitude

Stratospheric Balloon
U (40 km altitude,
measures primary CR)

Interaction of primary CR

Hess' Balloon

U (a few km altitude,
measured shower particles
from primary CR interactions)




Large Air Showers

20. km " ' (E > 100 PeV at sea level)
altitude 1

= ——

Small Air Showers
(E > 100 GeV at
2 km altitude)

Particle Detectors
. (electrons, muons,
- hadrons)
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The spectrum of cosmic rays
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\ Cosmic Particle Acceleration




Supernovae:
Shock Waves Into
Interstellar medium
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Also: binary systems, micro-quasars - - - | : gty cT e A
neutron-star pole caps L G Crab Nebula |




Shockwave Acceleration (Enrico Fermi)

shock front

plasma “at rest” plasma from supernova

proton




Shockwave Acceleration (enrico Fermi)

shock front

plasma “at rest” plasma from supernova

E +dE’

Prediction:
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log (Magnetic field, gauss)

The spectrum of cosmic rays

Hillas-plot

(candidate sites for E=100 EeV and E=1 ZeV)
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Maximal energy controlled by
= Speed of shock wave

= Magnetic field B

= Size of cosmic accelerator L
= Particle charge Z



Active Galaxies:
Accretion Disks and Jets

up to 10%° eV

VLA image of Cygnus A
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(>2 seconds’duration) (<2 seconds’duration)
from USSR or

| A red-giant -
star collapses
from cosmos? S onoitscore. Q
- Stars* in

a compact
I binary system »
begindto spiral
inward....
. — .- — . -
2002 * ...bc(On’lmg s0
dense that it
BATSE detector ezpels s outer .
NOVE OV il
at GRO: e || | o o
2704 bursts ;?’\M'/‘/-:
T

The resulting torus

Jet has at its center
Torus N a powerful
~3 o black hole. * A
A s 5 :
»
- & ;
»
s
 FR v ."!
 Za T ¢
Gamma rays

Fluence, 50-300 keV (ergs cm™) *Possibly neutron stars.

Gamma-ray bursts come from all directions.




Gamma Ray Bursts: shock acceleration

External Shock

The Flow decelerating into
Intemal ShOCk the surrounding medium

Collisions betw. diff. 1
| parts of the flow

Aﬂeriow

~10"cm >10"cm

up to 10%* eV



Gamma Ray Bursts
100<I"'<1000
E__ .~ 10 eV
L~ 10t erg/s
~10 sec duration

X-rays,
visible,
then radio

Stellar-mass

/ black hole

Accretion disk |
(100 km)

Active Galactic Nuclei
I ~3-10
E . ~10% eV
L~ 10 erg/s

“Accretion disk
{1 billion km) ‘ Helium

Miy,
~0ns f lighs
?9613

Host galaxy Hydrogen

Quasar

-~ Collapsar

% Blazar % Gamma ray burst



S Generation of gamma rays
'/ and neutrinos in cosmic sources
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H.E.S.S. scan of the galactic plane
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The electromagnetic
spectrum of the TeV Gamma-
sources known until now

Synchr. Inv.
Compt.

Radio optical X-ray GeV TeV
IR uv MeV
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Inverse Compton‘

Synchrotron | @
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CSpiering



An electron-hadron
accelerator

Inverse Compton

o

Synchrotron
Radiation

C.Spiering




Neutrino-Production

by proton interaction with matter or with a photon field
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= Propagation of gamma rays
ey and cosmic rays



Charged cosmic rays vs. gamma
rays and neutrinos

Charged particles




Partikeljagd in der Pampa
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No point sources identified yet




Energy

Transparency of the Universe

excluded due to

messenger
Interaction

with photon
background

,seeing“ range

photons of all energies
in universe (3K — visible)

interactions with p and v:

P+ vy > AY(1232) > p+

Vhe t YRk — €7 €




Iogm[porticle or photon energy, eV]

Transparency of the Universe
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Transparency of the Universe

log,,[Fraction of Observable Universe]
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Transparency of the Universe

log,,[Fraction of Observable Universe]
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Accessible energy regions

Sun,
SN1987A
A
¥

Astronomical Messengers

Neutrinos

EeV
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Log(E) (eV)

In green: no chance with gamma rays and charged
cosmic rays to see and point extragalactic sources




W Detection
' of high-energy neutrinos



High energy particles deep underground/water

p, He, ... atmospheric |1

extraterrestrial V
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Neutrino cross sections

Neutrinos are detected indirectly,
following an interaction on a

target nucleus N:

V,+ N>/ + X

o(vN) [em?]
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Neutrino cross sections

102 10°10%10°10° 10" 10% 10”10 %0 "’
[ GeV ]

laboratory energies



Neutrino cross sections

30
— 10 ¢
E E . . E .
2407 LT VN
o - : : : :
32F il UN |
10 bt VN

charged current -

gfmm
L

resonant production of real W~ from
hitting ambient electrons:

|| neutrino laboratory energy:

6.3 PeV=6.3x10% eV

1| resonance width: +130 TeV

peak cross section: 5x 1031 cm?

10

102 10°10%10°10° 10" 10% 10”10 %0 "’
[ GeV ]
laboratory energies

,Glashow resonance”
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Neutrino cross sections

R LA
K

.~ neutral current

| dxdy T
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laboratory energies

E[GeV]

The propagator effect:

kink at the point were the maximum
Q? (which grows with E,) comes close
to the W mass squared.

do? _2 Gg’Ey ( My, > )
Q% +My*
- (xq(x, Q%) +x7 (x,@*)(1 —)*)

G = Fermi constant =1.17 x 10~ GeV?

. x: fraction of nucleon momentum carried by quark
-+ y : fraction of neutrino momentum transferred to N

= xys = -(4-momentum of W/Z)?
xq(x) = momentum distribution of quarks

xg(x) = momentum distribution anti-quarks



Neutrino cross sections

X X
= =
I Vx
VX VX
St o
N N

" W-exchange is pure V-A current
(only left handed coupling)

® Z has also right handed coupling
" Zslightly heavier than w
" NC/CC~0.31(0.38) for v (anti-v)

102 10°10%10°10° 10" 10% 10”10 %0 "’
[ GeV ]



a(uN) [em®]

Neutrino transmission through the Earth
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Pointing accuracy

At >TeV energies the muon and the neutrino are co-linear

Reconstruction of the u trajectory allows the identification of the v direction

@ [
g1l '%*E’*Ep
s | RCP Calculated median of the
T | ", Po_ angular error in KM3NeT
10" ' .
£ - Egnnﬂﬂ-vnrnhn“
. kinematics ™
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log, E, (GeV)



Muon energy loss

I
dE Pair creation bremsstrahlung
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% 103
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S
w0 . Pair creation: often, with small dE
10 [1onizat on / Bremsstrahlung: rare, with larger dE
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Range (m) In water

Muon energy loss

400 GeV muon 2 TeV muon

entries

2-10%

104:_ e
- 2.108 J\

1035— / 0 1 2 0 2 4 8
: 40 TeV muon 10° TeV muon
102L
: 1 TeV 1 PeV
E Gaisser ;
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distance z [ km ]

E,.(GeV)

Muons have long tracks in water Ru (Eu = 3OOGeV) ~1 km

Due to the long muon range the target volume is much bigger than the
detector instrumented volume



The number of muon events in units of detection area A and observation time T is;

N, (E,oin®)
AT

* Neutrino flux spectrum
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The number of muon events in units of detection area A and observation time T is;

N (E. .9 E, '
u( AuT )=EJ' dEv:-S.I?v(Ev’S),-”EYu(E

* Neutrino flux spectrum

= ).;:e—o-tot(Ev)NAZ(S)

W.min ™ ®

° .
. ° °

° . L[] °

000000000000000

* Probability to produce a detectable (E >E,,) muon
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The number of muon events in units of detection area A and observation time T is;

E.8) 5
. o )_ | e, (E,9)P, (E

* Neutrino flux spectrum

. .
,min . . ° P °
H IR R T R PP e

* Probability to produce a detectable (E >E,,) muon

 Earth transparency to HE neutrinos
- >PeV neutrinos search for “horizontal” tracks
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10°
104
< 103
102
10

eff (V) [cmZ]

10~

Effective area

IceCube effective area as function of neutrino energy and zenith angle

§=0°

Earth shadowing

6 7

log E  [GeV]

Compare to air shower
gamma telescope:

A _«(y) ~ 1010 cm?




Muon tracks and cascades

 ——
X\/ muon track Ye e electromagn.
shower
: I
W LW
; I

N = — hadronic N _ — hadronic
shower E:::j\ shower
v, v T ,<tau Interaction v

|
W
|

- S ~ hadronic N < hadronic
shower shower




Muon tracks and cascades

——
1
X\/ muon track Ye e electromagn.
shower
I
W
I
N ———  hadronic hadronic
shower shower
v, \/ T ,<tau Interaction
|
|
' W
|
- <——— hadronic hadronic
shower shower

E_nutau: 47 PeV
tau track: 332 m



http://wiki.icecube.wisc.edu/images/1/14/Db-eView.png

Muon tracks and cascades

O(km) long muon tracks 0(10m) Cascades, v, ,v, Neutral Current

s~15m

direction determination
by Cherenkov light timing
Cherenkov angle in water ~ 42°




Muon tracks and cascades

—
muons: dE/dx

cascades: E (contained events)

100 GeV

1 TeV
10 TeW




Muon track reconstruction
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2 -LOOnm
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T Y photons from a FYFVI

minimum ionizing particle p

; An infimitely long muon track can be described by an arbitrary point 7o on the track which
1s passed by the muon at time %y, with a direction p and energy Ey. Photons propagating under
the Cherenkov angle . and on a straight path (“direct photons”) are expected to arrive at PM 1

A

located at 7; at a time o
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Reconstruction: t__ distributions

I
. ®  Time residuals not Gaussian distributed
+ noise _ .
® Have to cut away noise hits
9) " Need special propability density fuction
/ L which describe the delayed arrive due
/ H to light emission of showers (compated
_____ to muons) and of light scattering (small
- — in water, strong in ice)
0 Ay 0 A
b
+ showers || T scattering N (t —t )2
2 i 10
close track X = 2
i=1 O;
far track ! l
A 5 "A '
L s L=f (ti ’tiO’Gi ,dist, labs’ﬂ’scatt)

light scattering is strong in ice!



The devices:
From Baikal to IceCube
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The Baikal

"B Neutrino Telescope
" (start of the project 1981)
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The first

,Underwater Neutrino”
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1996:
A ,Textbook” Neutrino




'1* Mediterranean Sea close to Toulon

ANTARES

e 885 PMTs
e 12 strings
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Depth . # AMANDA'"

top view
«~> ® 19 strings
200 m
Iy " 677 optical modules with 8 PMTs
il ® Construction January 1996 — January 2000
" Operated until April 2009
bl
t
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g o1
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Neuirino Skymap of AMANDA

0=90° Max Significance
: (3.40)
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An Intriguing event

WHIPPLE
Fluxof |
Arrival time of TeV-Photons *
neutrinos from the (arb. units) sk
direction of the AGN + T
1ES1959+650
2 "*+ A%

2000 ' 2001 ' 2002 ! 2003 !

year



1450ml

2450 m
2820 m

IceTop

81 Stations, each with

2 option) seneorsper tark
sensors per

324 optical eenstwsp°

IceCube Array

86 strings including 8 DeepCore stri

wopﬁcalsemo?;gonmmng .

5160 optical sensors

December, 2010: Project completed, 86 strings
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