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Abstract: Aswell known, cosmic ray experiments can put strong constraints on possible Lorentz Invariance Violations. In particular, the presence of
the so called GZK \'cut-off\' may indicate that protons do propagate in the Universe as expected from relativistic invariance. The presence of this
feature in the spectrum has been convincingly indicated by the HiRes and Auger experiments, while the Auger Observatory has given indication on
the correlation of Ultra High Energy Cosmic particles with nearby sources, as predicted by the GZK feature. | review the experimental results and
discuss in particular both the theoretical and experimental intricacies and the limitson L1V parameters that can be deduced.
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High Energy Cosmic Ray Physics Pierre Auger Experiment

as laboratory for testing Special Relatiity

from Underground at LNGS TN M T A

Very simpie gea: What are the hypotes:s ieating o the
ZIKG cutoff?

» photoproguchon T vary well onown n Lab
5, = () frame
- transiates into a threshold for EHE protons in e
x reference frame

» |F PA expenment will find a sign of ZKG cutoft
- drect expenmental venfication of
k . uvalence of reference rames
sincidences with £ . - .
mowving with redatine v Uy

see o Navarma
Other threshoids possible with even larger v (e.g. paur
production by 10~ eV s on IG racio bkg), but more

moded dependent or less easily (7) detectable

cir also S. Coleman, S. Glashow (HUTP-37/A008, hep-
phva703240 S Mar 1997) who reach simelar numencal
conclusions, in

nairect way
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The Observatory Plan

Fluorescence Detectors
4 Telescope encliosures
6 Telescopes per

enclosure
24 Telescopes total

1600 detector stations
1.5 km spacing
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SHOWER DEVELOPMENT

Fluorescence light
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SHOWER DEVELOPMENT

Fluorescence light
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Fluorescence Detector FD S urface Detector SD .
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Physics results

cover important aspects:
- spectrum

- search for sources
- composition and comparison with top-down models
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The spectrum: most statistically significant from SD
calibrated in energy by "hybrid” events

atmospheric transparency....)

Surface Detector SD
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0.149 = D.009) S

Pirsa: 08110030




The spectrum: most statistically significant from SD
calibrated in energy by "hybrid” events

- energy systematic error ~22 %, mostly from

systematic of the FD detector (fluorescence yield,
atmospheric transparency....)

Surface Detector SD

Fluorescence Detector FD
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latest analysis, PRL 101, 061101 (2008)
N >10" eV = 2500 evts

-
W) —

F
—
p—
——
—_—
—
-
-

irsa: 08110030




latest analysis, PRL 101, 061101 (2008)
N >10" eV = 2500 evis

30)

1l -1 \. |

(M Sr s ¢

e
—
=

Pirsa: 08110030




latest analysis, PRL 101, 061101 (2008)
N >10" eV = 2500 evis

irsa: 08110030




latest analysis, PRL 101, 061101 (2008)
N >10" eV = 2500 evts

30

JJ\..

(M Sr 8§ ¢

e
—
=

Pirsa: 08110030 1 eveﬂt




IR2IR4IR6 188 19 192194196198 20 202 204
lg{E'eV)

irad Indox

Pirsa: 08110030




latest analysis, PRL 101, 061101 (2008)
N >10" eV = 2500 evts

F
—
p—
——
—_
—
-
-

irsa: 08110030




-1
IRZIR4 1IR6 18R 19 192194196 19K 20 202 204
lg{ E'eV)

L Ll '.'II |I'|I'Ill.liIII'II'II.lllll"I

Pirsa: 08110030




B -

6U'|

194 196 198 20 202 04

lg{ E'eV)

Pirsa: 08110030




@ [s a sudden UHECR spectrum drop a sure indication
of the GZK effect?

@ Does the existence of super-GZK particles contraddict
the GZK feature?
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Ewvidence for GZK cutoff? Likely
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CR astronomy

If UHECRs origin is astrophysical, astronomy may
be possible above some x 10*° eV if particles are protons
(and IG magnetic fields small)
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CR astronomy

If UHECRs origin is astrophysical, astronomy may
be possible above some x 10°° eV if particles are protons
(and IG magnetic fields small)

Around ~10°° eV particles can only arrive from
within ~ 100 Mpc (in case of GZK)

irsa: 08110030




CR astronomy

If UHECRs origin is astrophysical, astronomy may
be possible above some x 10*° eV if particles are protons
(and IG magnetic fields small)

Around ~10°° eV particles can only arrive from
within ~ 100 Mpc (in case of GZK)

irsa: 08110030




CR astronomy

If UHECRs origin is astrophysical, astronomy may
be possible above some x 10°° eV if particles are protons
(and IG magnetic fields small)

Around ~10°° eV particles can only arrive from
within ~ 100 Mpc (in case of GZK)

A statistically significant correlation with sources in the
GZK spere would unambiguously prove the reality of
the cutoff (and give hints on the nature of sources)

irsa: 08110030




CR astronomy

If UHECRs origin is astrophysical, astronomy may
be possible above some x 10°° eV if particles are protons
(and IG magnetic fields small)

Around ~10°° eV particles can only arrive from
within ~ 100 Mpc (in case of GZK)

A statistically significant correlation with sources in the
GZK spere would unambiguously prove the reality of
the cutoff (and give hints on the nature of sources)

irsa: 08110030




The "Telescope”

- Angular resolution ~ 1 degree
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Search for point sources:
the PAO Sky Map

*AGNs from VC-V catalogue (2<0.018)
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Search for point sources:
the PAO Sky Map

*AGNs from VC-V cataloque (z<0.018) .. _

Anisotropy has been established with more than 997 confidence level in the
arrival directions of events with energy above ~ 60 EeV detected by the Pierre
Auger Observatory. These correlate over angular scales of less than 6° with
the directions towards nearby (D < 100 Mpc) AGN.

The observed correlation demonstrates the extragalactic origin of the highest
energy cosmic rays. It is consistent with the hypothesis that cosmic rays with
energies above approximately 60 EeV are predominantly protons that come
from AGN within our “GZK horizon”. This provides evidence that the ob-
served steepening of the cosmic ray spectrum at the highest energies is due to
the "GZK effect”, and not acceleration limits at the sources.
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Search for point sources:
the PAO Sky Map

*AGNs from VC-V catalogue (z<0.018) .. _

Anisotropy has been established with more than 99% confidence level in the
arnival directions of events with energy above ~ 60 EeV detected by the Pierre
Auger Observatory. These correlate over angular scales of less than 6° with
the directions towards nearby (D < 100 Mpc) AGN.

The observed correlation demonstrates the extragalactic origin of the highest
energy cosmic rays. It is consistent with the hypothesis that cosmic rays with
energies above approximately 60 EeV are predominantly protons that come
from AGN within our “GZK honzon”. This provides evidence that the ob-
served steepening of the cosmic ray spectrum at the highest energies is due to
the "GZK effect”. and not acceleration limits at the sources.
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Search for point sources:
the PAO Sky Map
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Birth of (nuclear) Cosmic Ray Astronomy?

Possibly o ——
Some open issues: . b
_ Statistic: 27 evenis E>-5.7.10" eV One rm:e yearofdara doubles N.
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1 Conclusions

*S . Isotropic probability around 1%
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e Correlated to local matter distribution

* We may still need about 30 more events (25 v
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y Conclusions

B . Isotropic probability around 1°

 Correlated to local matter distribution

* We may still need about 30 more events (2.5 vear) to be
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Some open issues: . e

_ Statistic: 27 evenis E>-5.7.10" eV One mete year of data - will double N.
— Energy: at5.7 10 eV GZ'<Honzon 200@:- 75

yor
upward shift of energy calibration com’ mm
error can reconcile

- Type of particles: some hmr of W@w
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Birth of (nuclear) Cosmic Ray Astronomy?

™

Passib’y -
- HiRes does :x:tcmﬁnn the asswaﬂarl e
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Birth of (nuclear) Cosmic Ray Astronomy?

Possibly s
Some open issues: ' - s
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Consequences for Planck scale physics

~ [f these results will be confirmed

The presence of GZK cut combined with evidence for nearby sources
severely constrains LIV: most naive modified dispersion relations

E 2+n
M
essentially ruled out up to n=2, if same for all particles
« Interesting constraints can be obtained if this condition is weakened

E’=m’+p°+ n,
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From L.Maccione talk, Vulcano workshop

n=5 (myn=l)
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n=6 (myn=2)

1. \Lttrilluh 1] 1=7) =7}
Proceedings of “From
Ouantum to Emergent Gravaty:
Theory and Phenomenology™

SISSA. June 2007

.I-]lull.:_'il lhi' tul.li\ HII*- 1= '-‘I!"EII:_'l'HT, Imaosi
of the parameter space, maimmly in the

negative quadrant, 1s sull allowed.

'his kind of .um.l}-ﬂ*- just looks at the presence and position of the cut-off. But LIV als«
affects other aspects ol L'HECR propagation which lead to a distortion of the UHECR

spectrum at Earth.

A more thorough study of the whole spectrum around and above 10" ¢V should then

allow to I:Lu'r better constraints.
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Consequences for Planck scale physics

Absence of GZK threshold. For this choice, unstable particles

are kinematically impeded to decay aboveEm:Hffnf m> M",
this is particularly important for neutral pions, whose decay
into two photons produces most of the observed particles.
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Consequences for Planck scale physics

If these results will be conﬁnned. —

-h

DSR essentially unroumed Are there exp&nmemafbf verifiable/falsifiable
consequenses 0f DSR at scale << M ? 7

In my opinion this is the most mreresﬂng field. %'
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Conclusions?

We are probably at a turning date-for Cosmie Ray Astrophysics

Sources of Cosmic Rays-may have been deﬁc:rai although their real identity
still unclear

The Greisen-Zatsepin-Kuzmin feature has beeqprwably detecred

However UHECR physics is complex — time is neede
The parameter space for LIV begins to be severely
consequences of LIV for the experimental detection ¢
into account —short cuts are not allowed & /
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In particular to the GS-L’Aquila group: E.
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The GZK drop and the sfmf_hr drep in gamma Sources provide a confirmation
of the cosmological onigin of the-diStance red-shift relation on a totally different

physical ground. It is im fact an ﬁsentrallydlred measurement of distance
(red-shift effects on proton energies sho:ddbe w )

ABSTRAC
.[.E,l i‘I l}l:'ji 1[ AMete]
Kev Project, Chandra

astro-ph/0804.3699v3
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The GZK drop and the similar drep in gamma sources provide a confirmation
of the cosmological onigin of the-diStance red-shift relation on a fotally different
physical ground. 1t is in fact an essentially direct measurement of distance
(red-shift effects on proton energies should be small..)

[ &

ABSTRACT
The Hubbl |

I I I5 St ID WL Y i1 |
' 1 1 YA D - 1 ¥ ¥
ject, Chandra and WMAP gave good estin es

e —— — — S

—

astro-ph/0804.3699v3

irsa: 08110030




Pi

Consequences for Planck scale physics
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The presence of GZK cut combined w-th evidence for nearby sources
severely constrains LIV: most naive modified dispersion relations
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