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Cosmic (Rays) Particles:
the crucial sense of wonder

Scientific American, {c) 194938
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Various ideas:
Diffusive shock acceleration

Supernova

remnant

Felix Aharonian, Nature 416, 797-798,2002
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/ Interaction Hadronic Interactions

Energy spectra of y, electrons and neutrinos from:

> pyinteractions (analytic)
S.R. Kelner, F.A. Aharonian,

Phys.Rev.D78:034013,2008
e-Print: arXiv:0803.0688 [astro-ph]

> pp interactions (analytic)
S.R. Kelner, F. A. Aharonian,V.V. Bugayov,_

Phys.Rev.D74:034018,2006, Erratum-ibid.D79:039901,2009
e-Print: astro-ph/0606058

» MonteCarlo approach:
A. Reimer et al., SOPHIA MonteCarlo,
(Simulations Of Photo Hadronic Interactions in Astrophysics)


http://ebl.stanford.edu/
http://ebl.stanford.edu/
http://ebl.stanford.edu/

/ Interaction Hadronic Interactions, py interactions

* Inverse Compton Scattering: py —» py
Like for e- but energy loss-rate suppressed
Not dominant effect

* e* e pair production: py - pe*e
Cross-section (Bethe-Heitler) large
Only a small fraction of the p energy into secondary electrons

ix) Photomeson production: py - N + kTt
Cross-section smaller then ii)
Higher fraction of p energy into secondary products
For hadronic interaction: dominant effect



/ Interaction Hadronic Interactions. py interactions, photomeson production

Assumptions:

- Low density of ambient medium [ mesons decays before energy losses
- p, yisotropically distributed

- Energy of colliding particles sutisfies the conditions:

E (target photon) << m c? & E (proton) >>m c?

Delta-functional approach

Cross sections determined with SOPHIA MonteCarlo



/ Interaction Hadronic Interactions. py interactions, photomeson production

Total cross-section py interaction

10’ 102 10° 10*

GeV Photon energy
v’ in the proton rest frame




/ Interaction Hadronic Interactions. py interactions, photomeson production




/ Interaction Hadronic Interactions, pp interactions

Simulation of pp interactions
based on phenomenological models and data from accelerators

- PYTHIA, T. Sjostrand, L. Lonnblad, S. Mrenna,
http://home.thep.lu.se/~torbjorn/pythia8/worksheet8107.pdf

- SIBYLL, R.S. Fletcher, T.K. Gaisser, P. Lipari, T. Stanev
Phys.Rev.D 50, 5710(1994)

-  QGSJET, NN. Kalmykov, S.S Ostapchenko, A.l. Pavlov
Nucl.Phys.B, Proc. Suppl 52, 17 (1997)

- Last two combined in: CORSIKA
simulation of extensive air showers
initiated by high energy cosmic ray particles
http://www-ik.fzk.de/corsika/




/ Interaction Hadronic Interactions, pp interactions

Delta-functional approach: WARNING
- Similar spectral shape for proton and vy, just shifted
- But sharp cutoff in p translates in less sharp cutoff iny

[1 Be carefull with simple approximations in cutoff regions



Hadronic Interactions, pp interactions

2
x Fj(:r,Ep}

Energy spectra of all decay products produced at pp interaction for
two energies of incident protons
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Summary 1

* Cosmic Ray Energy Spectrum:
[1 a natural wonder

* Interaction of CR produce: y-rays, neutrinos

* CR - y- neutrinos =
= messengers for the high energy universe

Questions ?
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&Vhat IS a Neutrino Telescopeﬂ

* Detector Component:

— phototubes encapsulated in glass pressure sphere
— DAAQ: extract charge, arrival time

* Detector Geometry:

— matrix of different shapes
— Shape influence detector response
(energy range, angular resolution etc)

* Detector Materials:

— natural transparent material (water, ice)
— Atmosphere; surrounding material (rock, earth..)



Photo-Multiplier-Tube (PMT)

Photon (A)

Photocathode

Collection mﬁsﬂ %AG_
Moltiplication \{

@
Electrical




Signal and Data AcQuisition

Analog:

Con
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Signal and Data AcQuisition
(DAQ)
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Signal and Data AcQuisition
(DAQ)

Analog: Continue in Time Digital: Discrete in Time
Processing:
- storage
- reconstruction

- separation between signal and noise,
- feature extraction etc



Neutrino Channels

M tracks (v )

psconi




The Cherenkov effect

* A charged particle radiates if its velocity
is larger than the phase velocity of light
v>c/n ¢ Wave front

* Electrons start vibrating due to particle
electro-magnetic field and some of the
particle energy is converted in light

<

Charged Particle

* If the media is transparent the
Cherenkov light can be detected

If the particle is ultra-relativistic 3~1
©, = const

In water ©_ = 43", inice 41°




Miracle of Science, by Jon

1d drawn by Mark Sachs

- You might wish to 3
M cce this, Agent Prester. [
I'm unfolding the gate.

e

———

Cherenkov radiation is at
expected luminosity. The
gate is active.

All fishes please
return to their
fishbowls and

strap in.

GOING THROUGH THE

GATE POESN'T...

DOES ITF




How do neutrino telescopes work ?
Neutrino Interaction
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How do neutrino telescopes work?
Neutrino-Muon Angle
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How do neutrino telescopes work?
Muon Energy Loss

Muon: 100 GeV ~ 500 m _
Higher energy: stochastic energy loss ~ Muon Energy Loss in Ice

o

- laniz atien

bremsstrahlung

photo-nuclaar

- pair production
total

L 324m

A log. (MuonEnergy / GeV)

Eu < 500 GeV ionization dominant (~ 2 MeV / cm)

Eu > 500 GeV stochastic energy loss dominant




How do neutrino telescopes work?
Muon Energy Loss, What do we detect?

> from electromagnetic interaction of the bare muon:

~ 3 - 10* Cherenkov photons/ m

> short cascades along the muon track

[ the knock-on electrons, bremsstrahlung, electron pairs, and photonuclear]
[J increasing the “effective length” of the muon by about 4 m- E/GeV

> approximation of the muon energy losses,
dE/dx=a+b-E

Above the critical energy ( 1 TeV), the second term begins to
dominate the energy losses



How do neutrino telescopes work?
Muon Energy Loss, What do we detect?

Some references:

* “Muon Monte Carlo: a high-precision tool for muon propagation through
matter”, D. Chirkin, hep-ph/0407075.

* “Muon energy reconstruction and atmospheric neutrino spectrum unfolding
with the IceCube detector”

J. Zornoza, D. Chirkin, for the IceCube Coll, ICRCO7

http://indico.nucleares.unam.mx/getFile.py/access?
contribld=190&sessionld=40&resld=0&materialld=paper&confld=4



If a telescope big enough then

We can look UP ....
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Reject down-wards muons

Muon Veto: outer part of the detector
Fiducial volume: Deep Core strings +
Status in IceCube, Deep Core

(~108 u:1v)
IceCube central strings

Muon Veto: feasible!

Challenge:
Strategy:



[ AND veto Atmosphg_ric Neutrinog

.....

Highly busted
[1 Nearly aligned




[ AND veto Atmospheric Neutrinog a ’ -

Strategy:
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Muon Veto: will veto atmospheric neutrinos
MonteCarlo study, analytical calculation

Status:



[ Atmospheric Neutrinos Veto Probabili;ﬂ

Depth: 1800 mwe

S.Schonert, T. Gaisser, E.R., O. Schulz, PRD79, 043009 (2009)



Neutrino Astronomy: history |

*First estimations of atmospheric and astrophysical HE (E ~ 1-1000 GeV)
neutrino fluxes had been carried out in 1958-1960 by Markov and Greisen,
Reines.

*Fluxes of HE atmospheric neutrinos are higher than astrophysical ones
produced by standard Cosmic Rays.
But: productive astrophysical neutrino sources might exist !

*Markov proposed neutrino detection in open water. In 70th it was
understood that kiloton HE neutrino telescopes which were under
construction (Baksan et al) would not be able to register HE cosmic
neutrinos.

*1975: Fred Reines, John Learned, Arthur Roberts, Vic Stenger et al — idea
of Gigaton underwater HE Neutrino Telescope (DUMAND).



Neutrino Telescope: how big ?

Upper bound on HE v:

— 100 % protons energy in 1t
— v energy loss due to redshift
— Redshift evolution (QSO)

[1 Waxmann-Bahcall limit
- Ev 2dN/dEv [GeV cm? s sr]
[12 x 108

AMANDA-II 4yr sens. [01.1 x 10 7
1km3 1yr sens. [0 10 °

_1 km3 detector ?



Neutrino Telescope: where ?

Ocean, Lakes, South Pole ice cap

El i sa Resconi



Neutrino Astronomy: history |l

*DUMAND project never happened

*1980 - start of the Baikal Project started

*1981/83 - start of environment investigations

*1984/90 - stationary detectors GIRLYANDA : 12..36 FEU-49B, 270 days of
life time totally

*1988 - project for the second stage detector NT-200 (Neutrino Telescope
with 200 PMTs) started to be envisaged

*1991 - the first species of the hybrid mushroom-shaped phototube
QUASAR-370 (370 mm diameter)

*1993/97 NT-36, NT-72 and NT-96 arrays - life time 700 days

*1997 NT-144 detector with 144 optical modules on 6 strings

*1998 NT-200 (192 optical modules on 8 strings) completed.

*2005 NT-200+ (3 new strings)



Neutrino Telescopes: Baikal

-~ |
L

™

-~

NT-200

> 8 strings/192 optical modules
» 72 m height, 1070 m depth

» Effective area >2000 m? (E >1

TeV)
> Running since 1998

NT-200+
» Commissioned April 9, 2005
»> 3 new strings, 200 m height

» Optimized for 20 TeV-10 PeV
cascades




Institute for Nuclear Research, Moscow, Russia.

Irkutsk State University, Irkutsk, Russia.

Skobeltsyn Institute of Nuclear Physics MSU, Moscow, Russia.
DESY-Zeuthen, Zeuthen, Germany.

Joint Institute for Nuclear Research, Dubna, Russia.

Nizhny Novgorod State Technical University, Nizhny Novgorod,
Russia.

St.Petersburg State Marine University, St.Petersburg, Russia.

Kurchatov Institute, Moscow, Russia.
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Neutrino Astronomy: Antares

E]
'
]

)
3

South-Nord (m
L= -

— data

— MC atm.

— MC atm. v
MC total

(

Footprint of the 12-Ii
atmospheric




Neutrino Telescope @ South Pole

South Pole IceCap: > T

- lce cap holds over 90% of the
world's fresh water in a frozen state

metres (2,800 m, South Pole)

- The first South Pole base was
Amundsen's tent (1912). Latest
construction in 2004.

© 1987 Anne-Christine Jacobsen, Roland Huntford

MASA Catalog # PIADDS3E i sa Resconi



Amundsen-Scott South Pole Station
American research station at Earth's South Pole




/

lceCube Observatory

Deep Ice Array

> A, > 1km? [10 TeV — PeV]
> 80-86 strings
> 59 string deployed

IceTop

» Cosmic-ray physics from
“knee” to “ankle” (20 stations)

Deep Core

» A > 0.01 km? [100 Gev — 100

TeV]

> 6-8 strings

> First string deployed 08-09
» Ready 09-10

v El i sa. Resconi @i - hd. npg. de



1. lceTop: surface array
1000 m

- =

South-Pole Station

-500-

-1000

iceCube
1400 m < |

N, 1500 Gk

2000 i

2400 m N
2500+ ' ¢ ¢

200 270
run 86835 event 17407




lceTop tank under filling







Summary 2

A neutrino telescope:
- is a matrix of phototubes in a transparent material
- it has to be BIG
- detects Cherenkov light
- looks down (but we are working on that ...)

- 3 Projects:
Baikal, Antares, lceCube

- Under discussion: km3Net
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CR - v Connection
Diffuse Flux

Proton luminosity ——  Upper bound HE v flux

K. Mannheim, R.J. Protheroe, J. P. Rachen, Phys.Rev. D63 (2001) 023003
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CR - y-v Connection
Point Sources

Synchrotron proton blazar model (ref. A. Mucke et al, Astroparticle Phy, 18 (2003) 593-613)

proton (highly magnetized environment) electron
— PY )T[E) p. > €
> Y
y synchr ¢ ——

|—> CascC.

=12

Log vf(v) [dkbitrary units]

-13

7 P.Giommi ctal A&A 445, 843-855(2006) )

Log &= (H=z)

-14




vV candidate sources

Ev ,
PeV
TeV GRB HESS J1825-137
B ‘;.’1 _
'A'l?' i‘;&,,‘ ‘ S 55039
| %(‘Xs% HESS J1826-148
GeV Plerions SNr- Microquasars




[Neutrino Astronom;]
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Cosmic ray showers in
the Earth’s atmosphere:
- 1, K decay

|:| E-3.7
[120% uncertainty

galactic

|

“diffuse” flux:
CR interaction with
interstellar gas

“point-like”:
galactic sources

] E-Zi?

+ O

extra- galactic

\

“diffuse” flux:
py interaction
with 2.7°K cosmic radiation

“point-like”:
extra-galactic sources

[] E-Zi?



HE Cosmic
Particle (~PeV)
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* 20 % uncertainty on the flux
prediction

4 3 _
log(E, /GeV,



|:cbatm(E’Q) VS q)galactic(.E,’_g?s_).; q)extra-galactic(E’@

N
S
’0
L 2

* High energy
] ------- Atmospheric : ?:;SEA—II, unfolded ] High StatiStiCS

(-
S

[
o
1 1

* Alternative:
discriminate
against
atmospheric
neutrino at lower
energy

5
=
-+
-
o
"
|
h
-
o 1
9
Lo | -
=
o

4 3 4
log(E, /GeV)




(E,QQ) vs @

atm

ED. ©

galactic

(E,Q

extra-galactic

<

—t
S
1]

& k‘llllllllllllllllllllll

e

n
I
[
W

AN
&{nu_n!uu!ux

g
kbR ok ok kb %

=,

S
1-.4

EZ dN/dE [GeV cm? s 1s1]

%

--------------------

LLLIT

X X

N, |
[

AMANDA-II 2000 Atms. Yu data

Barr et al. Atms. v + prompty with Max. Unc.
Honda et al. Atms. v + prompt v with Max. Unc.
Max uncertainty in atms. v

Frejus

MACRO
AMANDA B-10 1997 v, diffuse

AMANDA-II 2000 Cascades {all-flavor / 3)*
AMANDA B-10 1997 UHE (all-flavor / 3)*
Baikal 1998 - 2002 { all-flavor /3 )"

RICE 1999-2005 { all-flavor /3 )*

AMANDA-II 2000 unfolding {prelim.}
AMANDA-II 2000-3 v,, limit

AMANDA-II 2000-04 Cascades (all-flavor / 3}*
WaB imit/2 {transparent sources)

Full lceCube 1 yr

*assumes a 1:1:1 flavor ratio at Earth
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Point Source Searches




[ Point Source Searches j
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* bin and
* un-binned method



2000-04 _qpmn s

\ 4

Detector Energy Window | Exposure Limit (TeV' cm2s)
(TeV) Time (days)

AMANDA-B10 ~1-1000 623 4.0-10-1°

(1997-99)

AMANDA-II 1.6 - 2600 1001 5.5-10""

(2000-04) Phys.Rev.D75:102001,2
007

AMANDA-II 7 0-10-"

(2005-06)




v

Detector Energy Window | Exposure Limit (L) Sensitivity (S)
(TeV) Time (days) | (TeV'cm2s)

IC9 (2006) ~5-1000 137 1.2:109(L)

IC22 (2007) ~5-5000 240 ~10"1(S)

IC22 + AMANDA | ~05-10 Only for specific

IC80 ~5-5000 3 years 2:-10"2(S)




Antares first sky-map
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Multiwavelength approach: sourcesvs | =
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| The hint: 1ES1959+650 |

1ES 1959+650, ASM, MLB, PCA
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Future: Multi-Messenger
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| Future: we will be limited by ... |
|

Detail study of temporal and spectral
characteristic of highly variable sources limited




Conclusions

Cosmic Ray Energy Spectrum: the 8th Natural Wonder
For study them you need:

- Cosmic Rays observatory

- y-rays observatory

- HE neutrino observatory
The use of their results: multi-messenger approach

The puzzle of the origin of cosmic rays not yet solved:

[1 | bet on Neutrinos!



