APCTP Focus Program on Recent Developments in
Neutrino Physics and Astroparticle Physics
(In memory of Prof. Benjamin W. Lee)

Ultra-High Energy Cosmic Rays and
Cosmogenic Neutrinos

Yukawa Institute for Theoretical Physics
Kyoto University, Japan

Shigehiro Nagataki

25 June 2009, APCTP, Korea



8 Introduction



What are Ultra-High Energy Cosmic Rays (UHECRS)

What are the sources of UHECRS?

Fluxes of Cosmic Rays

Flux {m" ar s Gev)™'

(1 porticle per m-second) How large is the highest energy of
CRs in the universe?

How are UHECRs produced?
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GZK Cutoff (1)

A UHECRSs with 10 20eV interact with Cosmic Microwave Background
(CMB) and lose their energy. Thus there should be a cutoff of the
energy spectrum of CRs around 10"20eV Greisen 1996, Zatsepin
and Kuzomin 1966
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Cosmic Microwave Background by
WMAP from NASA HP

K 2.5"-4eV

Lorentz transfor mat
5*10"11 makes it 1.257"8 eV =

125MeV  Pi on0s Mauwey

Cross Section for Photo-pion production


http://upload.wikimedia.org/wikipedia/commons/c/c1/WMAP_image_of_the_CMB_anisotropy.jpg

GZK Cutoff (2)

Center The Earth

Light Blue Region The region from where 3000Mpc
UHECRs with 10"20 eV can reach to the
Earth.

Yellow Region (including the light
Blue region) The region where CRs
below10”20eV can reach to the
Earth.

Even if UHECRs are produced
At every region in the universe,
Only UHECRSs in the light blue
Region can arrive at the Earth.

|

The amount of UHECRSs that arrive at
the Earth becomes relatively low.

}

The energy spectrum of CRs should have a cut off at 10"20eV GZK Cutoff .
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First report on GZK cutoff

Maximum distance to source for

a particle with observed energy E |
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GZK cutoff seen by HiRes
Abbasi et al. 2008




Pierre Auger Observatory (PAO)

A Two independent techniques are used at the PAO to
study extensive air showers created by ultra-high energy
cosmic rays, a ground array of more than 1600 water-
Cherenkov detectors (SDs) and a set of 24 fluorescence
telescopes (FDs).

A Exposure (km”2 sr yr) of SDs is the biggest in the world.
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Energy Spectrum of UHECRS

The flux suppression is seen at GZK-cut off energy
Scale (c.f. HIRes and AGASA).
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Correlation between the arrival directions of UHECR

and the positions of nearby AGNs
Asterisks nearby ' Vi
AGNSs .
White CenA
Circles UHECR
BERHERINES
Super-galactic Plane
Solid line Boundary
of the observation
area.

Contour: Exposure

A Correlation with nearby AGNs (D<75Mpc)?
E>57EeV, d=3.1° 27events

A Correlation with the super-galactic plane

A Several events from Cen A?

A No excess from Virgo (M87).

See also HiRes Results.
e,g, Abbasi+ 08



Cross-correlation and Auto-correlation

10 15 20 25
Angular distance (degrees)

Cross-correlation
The distribution of angular
Separation between the 58 events

With E>55EeV and the closest
AGN in the VCV catalog within
75Mpc (Auger collaboration 09).

Auto-correlation

Aut ocorrel ati on

o f

With E>57EeV (Takami et al. 2009).
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Composition of UHECRS

Past experiments Auger Abraham-+07

Elongation Rate measured over two decades of energy|

+ HiRes 2004

* Yakut:k 2001

& Yakutsk 2005
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An upper limit of 16% (at 95% c.l.) is derived for the photon fraction in cosmic
rays with energies greater than 10" eV, based on observations of the depth of shower

This result favors the bottom-up scenario.
Consistency with the arrival direction?



Shower Asymmetry (Auger collaboration 2009)

=
[=7]
wn

'HZ
<A>= (0.0053+0.0008)X_ - (4.0 0.6)
%YNFD = 0.45
Probability = 0.87
1.00<sec8<1.4C

= Proton
— AGEJETI-0.3 & Data

===== FIBYLL 2.1

0.6

XAsymMax
&

1.5

_._-—-—-"'_':'_'_r —lron

ama®
-
....

11111 1.4 1 1 1 1 1 1 |
Energy [eV]

Xinax [9 em]

Fig. 3. The average < A, > as a function of X .. for selected
hyvbrid events. A correlation 1s found which 1s parametenised with
Left Figure: a lmmear fit. The shaded areas show the estimated uncertainty (one
and two ), obtamned by fluctuating each point randomly within the

measured error bar and repeating the fitting procedure.

Fig. 5. Position of maximum asymmetry vs. pnimary energy for
different models and primanes. Lines correspond to fitted distributions
of MC samples for proton (blue) and won (red) primaries.

Right Figure:



Top-down Scenario

A Long-lived, super-heavy particles?
A Cosmological Defect?

Simulation of Cosmic String
(Cambridge Cosmology Group HP)



Decay of Super-heavy particles/Cosmic String

A (N-quark+N-lepton) are assumed to be born. N:Free Parameter.

A Every quark and lepton has the same energy (equi-partition).

A Simulation of the cascades.

Huge amount of mesons are produced.

The resulting components are dominated

By photons, neutrinos, and e+e-.

Thus, gamma-rays and/or neutrinos are
Favored for UHECRs as long as the Top-down
Scenario is adopted.
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Upper: Jets from Top-quark and
anti-top quark (by Tevatron).
Right: Fraction of primary photons
(from PAO collaboration, 2008)



http://upload.wikimedia.org/wikipedia/commons/9/97/CDF_Top_Event.jpg

Candldates of the Sources of UHECRS
N. Radio Galaxy Lobe @

luster of Galaxies




