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Cosmic Ray Spectrum	



•  Charged particles with steep 
power law spectrum	



•  Low flux at high energy: 
detect via extensive air 
showers	



•  “Knee” and “ankle”: transition 
in source population, 
composition	



•  Composition: protons vs. 
heavy nuclei?	
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Figure 1. Global view of the cosmic-ray spectrum.

would be an increase in the relative abundance of heavy nuclei as first protons, then helium,
then carbon, etc. reach an upper limit on total energy per particle [17]. The first evidence of
such a sequence (which I call a “Peters cycle” [1]) is provided by the recent publication of the
KASCADE experiment [21], which was discussed extensively at this workshop. The data from
KASCADE are limited in energy to below 1017 eV. The larger KASCADE Grande array [22],
which encloses an area of one square kilometer, will extend the reach of this array to 1018 eV.
KASCADE measures the shower size at the ground, separately for protons and for GeV muons.
Inferences from the measurements about primary composition depend on simulations of showers
through the atmosphere down to the sea level location of the experiment.
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Gaisser 2004	



knee	


1 m-2 yr-1	



ankle	


1 km-2 yr-1	
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Figure 6: A direct comparison of the cosmic flux at ultra high energy as
measured by the Observatories AGASA (upper symbols) and HiRes (lower
symbols). The plot on the left shows the flux as a function of the energy E.
On the right it is rescaled by a factor E3 (cf. Figure 1), which renders it
approximately constant up to EGZK. We see that the continuation beyond
EGZK is controversial (plots adapted from Ref. [53]).

UHECR observations is modest. Note that the flux above 1012 eV is
around 10 primary particles per minute and m2, but above 1018.5 eV
it drops to O(1) particle/(km2 year) (as indicated in Figure 1), so the
search for UHECR takes patience. One may question if there is really a
significant contradiction between HiRes and the other groups mentioned
above. In fact, an analysis in Ref. [54] concludes that this discrepancy
between AGASA and HiRes might also be explained by statistical fluc-
tuations, if the energy scale is corrected in each case by 15 % (which is
well below the systematic uncertainty).

Nevertheless a large community assumed that a contradiction is likely
and wondered about possible reasons. An obvious suspicion is that this
may actually be a discrepancy between different methods.

• To sketch these two methods, we first address the air shower, which
is illustrated in Figure 7. At an early stage the huge energy trans-
fer of an UHECR primary particle onto the molecules in the atmo-
sphere generates — among other effects — a large number of light
mesons (pions, kaons . . . ), which rapidly undergo leptonic (or pho-
tonic) decays. Of specific interest for the observer are the muons
emerging in this way: thanks to the strong time dilation they often
survive the path of about 25 km to the surface of the Earth (al-
though their mean life time is only 2 ·10−6 s). Another consequence
of the extremely high speed is that the air shower is confined to a
narrow cone — typically the directions of motion of the secondary
particles deviate by less than 1◦ from the primary particle direction

16

Ultra-High Energy Cosmic Rays (UHECR)	



•  Highest energy particles 
known in the Universe	



•  Composition unknown	



•  Sources + acceleration 
mechanism unknown	


–  extragalactic	


–  AGN?  GRBs?  	


–  top-down models now 

disfavored	



•  Cutoff in spectrum or not?	
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UHECR	
  spectra	
  (2004)	
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Figure 6: A direct comparison of the cosmic flux at ultra high energy as
measured by the Observatories AGASA (upper symbols) and HiRes (lower
symbols). The plot on the left shows the flux as a function of the energy E.
On the right it is rescaled by a factor E3 (cf. Figure 1), which renders it
approximately constant up to EGZK. We see that the continuation beyond
EGZK is controversial (plots adapted from Ref. [53]).

UHECR observations is modest. Note that the flux above 1012 eV is
around 10 primary particles per minute and m2, but above 1018.5 eV
it drops to O(1) particle/(km2 year) (as indicated in Figure 1), so the
search for UHECR takes patience. One may question if there is really a
significant contradiction between HiRes and the other groups mentioned
above. In fact, an analysis in Ref. [54] concludes that this discrepancy
between AGASA and HiRes might also be explained by statistical fluc-
tuations, if the energy scale is corrected in each case by 15 % (which is
well below the systematic uncertainty).

Nevertheless a large community assumed that a contradiction is likely
and wondered about possible reasons. An obvious suspicion is that this
may actually be a discrepancy between different methods.

• To sketch these two methods, we first address the air shower, which
is illustrated in Figure 7. At an early stage the huge energy trans-
fer of an UHECR primary particle onto the molecules in the atmo-
sphere generates — among other effects — a large number of light
mesons (pions, kaons . . . ), which rapidly undergo leptonic (or pho-
tonic) decays. Of specific interest for the observer are the muons
emerging in this way: thanks to the strong time dilation they often
survive the path of about 25 km to the surface of the Earth (al-
though their mean life time is only 2 ·10−6 s). Another consequence
of the extremely high speed is that the air shower is confined to a
narrow cone — typically the directions of motion of the secondary
particles deviate by less than 1◦ from the primary particle direction
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HiRes	



× E3	





GZK Effect	



•  Suppression (“cutoff”) due to 
interaction with CMB photons 
(Greisen-Zatsepin-Kuzmin) ���

•  Threshold ~ 6 × 1019 eV	



•  If spectrum keeps going…	


–  Sources unexpectedly close?	


–  New physics (e.g. violation of Lorentz 

invariance)? 	


–  Situation 4-5 years ago totally unclear	
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Berezinsky	
  et	
  al.	
  2007	
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Figure 1: Solid line: loss length
for photo-pion and photo-pair pro-

duction for protons 2,3. The
dashed lines report the separate
contributions of the two processes.
The dotted line shows the redshift

losses.
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Figure 2: Modification factors as a function of the energy for many-
source spectrum with γ = 2.1 (solid lines) and γ = 2.7 (dashed
lines). The sources are uniformly distributed up to the indicated

distances. After Ref. 2.

The last important mechanism which dominates near and below the pair production thresh-
old is redshifting due to the expansion of the universe. Fig. 1 shows the loss lengths for pion
and pair production as calculated in Ref.2.

It is worth stressing that what has been named the GZK cutoff is in fact a feature 4 as
the shape of the energy spectrum around 1020 eV depends on many unknowns. The modifica-
tions of the spectrum shape due to the above-mentioned loss processes was first investigated
by Berezinsky and Grigorieva in Ref. 2. They calculated the modification factor (basically the
observed spectrum divided by the injection spectrum) for a uniform distribution of sources up to
a maximum distance dmax. Fig. 2 shows their results for sources without cosmological evolution,
m = 0, for some values of the maximum distance of the sources. For large dmax, which is the
case we are interested in, the spectrum shows a steepening followed by a flattening and then by
a suppression. The flattening is due to the interplay between the features produced by the pair
and pion production processes and it is an important feature for these spectra since it has a
characteristic shape. There are claims that this feature has been observed in the experimental
data2, although it is not yet clear if the feature in the data is due to this effect or if it is due to
the transition between the galactic and extra-galactic components.

It is important to stress what we said above: what is generically called GZK-cutoff is actually
a feature as the spectrum does not end at 1020 eV (see Fig. 2), but has a flux suppression that
depends on many details such as the injection spectrum of cosmic rays, the luminosity evolution
of the sources, the local overdensity of sources and the magnetic field strength in the intergalactic
medium. As an example, including the luminosity evolution makes the sources at high redshift
brighter that the nearby ones and this enhances the flux suppression, while a local overdensity
of sources has the opposite effect 4; a flatter spectrum produces a lesser attenuation than a
steeper one and the strength of the magnetic field in the intergalactic medium con produce
many interesting features, see for example Ref.5.

2.2 Heavy Nuclei

For nuclei the situation is slightly different: the dominant loss process above about 1019 eV is
photodisintegration in the CMB and IR background (IRB) due to the giant dipole resonance,

e+e-­‐	
  

photopion	
  

proton loss length	





Violation of Lorentz Invariance (VLI)	



•  Lorentz symmetry violation possible in various QG formulations	



•  Appealing as a (relatively) low-energy probe of quantum gravity	


–  UHECR: boost factors of 1011!	



•  Effective field-theoretic approach by Glashow & Coleman, Colladay 
& Kostelecký*, et al. ���

–  Standard Model Extension (SME): all renormalizable VLI terms to SM���

–  Recently: higher dimension non-renormalizable terms (permitted in SUSY) 	


–  Large parameter space and rich phenomenology	



*see e.g. hep-ph/9809521	
  

example:	
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VLI and the GZK Effect	
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Equivalent to:	



cMAV: maximal attainable velocity	



Can be distinct for each particle type!	



cπ > cp : GZK threshold altered	



see e.g. Scully & Stecker, 0811.2230	



ηπ ηp also alter or suppress GZK 
interaction	



Depending on sign, can also allow:	



“Vacuum Cherenkov” radiation	



see e.g. Maccione et al., 0902.1756	





Predicted Spectra	
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Planck-scale Lorentz violation constrained by Ultra-High-Energy Cosmic Rays 14

Figure 2. A range of UHECR proton spectra for different values of (ηp, ηπ). An
injection spectrum of α = 2.0 and Ec = 1021 eV have been used in these calculations.

be changed, as protons may travel substantially longer distances without losing energy.

Along with this, the spectrum of CRs injected by each source was assumed to be of the
form,

dNp

dEp
∝ E−α E < Ec (20)

∝ 0 E > Ec

Throughout this paper, Ec = 1021 eV and α = 2 will be used unless stated
otherwise. In what follows we investigate both the effect on the arriving CR flux

introduced by our LV terms as well as the effect of introducing a mimimum distance

to the first source. Such a minimum distance consideration is introduced to enable the

reader to differentiate the effect this has on the GZK feature from the effects introduced

by the LV terms.

5.2. LV effects on the cut-off feature

By employing a Monte Carlo description for the propagation of UHECR protons,

including the effects introduced through the consideration of the LV terms discussed,

we obtain the expected fluxes arriving at Earth following the injection of protons with

spectra of the form shown in Eq. (20) at their sources, whose spatial distribution is

given in Eq. (19), with zmin = 0.
In Fig. 2 we show the almost complete range of results obtainable from Monte

Carlo simulations for the propagation of UHECR protons including our LV effects, for

different LV parameters ηp and ηπ. The LV term effects vary from a simple complete

GZK-like cut-off (with or without recovery as in the case of a GZK-suppression) of the

proton flux, to a early (or delayed) onset of the cut-off to higher energies followed by a

stronger cut-off when it occurs.

Maccione	
  et	
  al.	
  2009	
  

vacuum	
  Cherenkov	
  

spectral	
  “recovery”	
  
+	
  higher-­‐energy	
  cutoff	
  



Cosmic Ray Air Shower Detection	



•  Water (or ice) Cherenkov tanks	


–  detect EM shower front on ground	


–  near-100% duty cycle	



•  Fluorescence telescopes	


–  follow Nitrogen fluorescence as 

shower develops	



–  good for calorimetry, measurement 
of shower maximum (particle ID)	



–  duty cycle is ~10%	
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Pierre Auger Observatory	



•  Hybrid air shower 
detector	



•  Southern site (3000 
km2) in Argentina 
completed 2008	



•  Northern site (21000 
km2) planned for 
Colorado, U.S.A.	
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Auger	
  South	
  



Hybrid Detection	
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Cherenkov tank	


signals	



fluorescence	


track	



fluorescence	


track	



Hybrid observation: energy cross-calibration, better angular resolution	





Latest Results: UHECR Energy Spectrum	
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Abraham et al. Phys. Lett. B 685 (2010) 	



•  2008: Continuation of 
spectrum rejected at 
6σ	



•  2009: combined FD + 
SD spectrum	



•  Suppression energy 
consistent with GZK 
onset	
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Fig. 4. The fractional difference between the combined energy spectrum of the Pierre Auger Observatory and a spectrum with an index of
2.6. Data from the HiRes instrument [3], [21] are shown for comparison.

The energy spectrum derived from hybrid measure-

ments recorded during the time period 12/2005 - 05/2008

is shown in Fig. 3.

IV. THE COMBINED ENERGY SPECTRUM

The Auger energy spectrum covering the full range

from 1018 eV to above 1020 eV is derived by combining

the two measurements discussed above. The combina-

tion procedure utilises a maximum likelihood method

which takes into account the systematic and statistical

uncertainties of the two spectra. The procedure applied

is used to derive flux scale parameters to be applied

to the individual spectra. These are kSD = 1.01 and

kFD = 0.99 for the surface detector data and hybrid data

respectively, showing the good agreement between the

independent measurements. The systematic uncertainty

of the combined flux is less than 4%.

As the surface detector data are calibrated with hy-

brid events, it should be noted that both spectra share

the same systematic uncertainty for the energy assign-

ment. The main contributions to this uncertainty are

the absolute fluorescence yield (14%) and the absolute

calibration of the fluorescence photodetectors (9.5%).

Including a reconstruction uncertainty of about 10% and

uncertainties of the atmospheric parameters, an overall

systematic uncertainty of the energy scale of 22% has

been estimated [11].

The fractional difference of the combined energy

spectrum with respect to an assumed flux ∝ E−2.6 is

shown in Fig. 4. Two spectral features are evident: an

abrupt change in the spectral index near 4 EeV (the

”ankle”) and a more gradual suppression of the flux

beyond about 30 EeV.

Some earlier measurements from the HiRes experi-

ment [3], [21] are also shown in Fig. 4 for comparison.

A modest systematic energy shift applied to one or both

experiments could account for most of the difference

between the two. The spectral change at the ankle

appears more sharp in our data.

The energy spectrum is fitted with two functions.

Both are based on power-laws with the ankle being

characterised by a break in the spectral index γ at Eankle.

The first function is a pure power-law description of

the spectrum, i.e. the flux suppression is fitted with a

spectral break at Ebreak. The second function uses a

smooth transition given by

J(E; E > Eankle) ∝ E−γ2
1

1 + exp
(

lg E−lg E1/2

lg Wc

)

in addition to the broken power-law to describe the

ankle. This fit is shown as black solid line in Fig. 5.

The derived parameters (quoting only statistical uncer-

tainties) are:

In Fig. 5 we show a comparison of the combined energy

spectrum with spectral shapes expected from different

astrophysical scenarios. Assuming for example a uni-

form distribution of sources, no cosmological evolution

of the source luminosity ((z + 1)m, i.e. m = 0) and a

source flux following ∝ E−2.6 one obtains a spectrum

that is at variance with our data. Better agreement is

obtained for a scenario including a strong cosmological

evolution of the source luminosity (m = 5) in combi-
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Fig. 5. The combined energy spectrum is fitted with two functions (see text) and
compared to data from the HiRes instrument [43]. The systematic uncertainty of
the flux scaled by E3 due to the uncertainty of the energy scale of 22% is indicated
by arrows. A table with the Auger flux values can be found at [44].

derlying raw distribution. Combining the systematic uncertainties
of the exposure (3%) and of the forward folding assumptions (5%),
the systematic uncertainty of the derived flux is 6%.

4. The combined Auger spectrum

The energy spectrum derived from hybrid data is combined
with the one obtained from surface detector data using a max-
imum likelihood method. Since the surface detector energy esti-
mator is calibrated with hybrid events, the two spectra have the
same systematic uncertainty in the energy scale. On the other
hand, the normalisation uncertainties are independent. They are
taken as 6% for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used as addi-
tional constraints in the combination. This combination procedure
is used to derive the scale parameters, k, for the fluxes that are
to be applied to the individual spectra. These are kSD = 1.01 and
kFD = 0.99 for the surface detector data and hybrid data respec-
tively, showing that agreement between the measurements is at
the 1% level.

The combined energy spectrum scaled with E3 is shown in
Fig. 5 in comparison with the spectrum obtained with stereo mea-
surements of the HiRes instrument [43]. An energy shift within the
current systematic uncertainties of the energy scale applied to one
or both experiments could account for most of the difference be-
tween the spectra. The ankle feature seems to be somewhat more
sharply defined in the Auger data. This is possibly due to a sys-
tematic energy offset between the experiments. However, for a
complete comparison, care must also be taken to account for en-
ergy resolution and possible changes in aperture with energy.

The characteristic features of the combined spectrum are quan-
tified in two ways. For the first method, shown as a dotted red line
in Fig. 5, we have used three power laws with free breaks between
them. A continuation of the power law above the ankle to high-
est energies can be rejected with more than 20σ . For the second
characterisation we have adopted two power laws in the ankle re-
gion and a smoothly changing function at higher energies which is
given by

J (E; E > Eankle) ∝ E−γ2

1+ exp(
log10 E−log10 E1/2

log10 Wc
)
, (3)

Table 1
Fitted parameters and their statistical uncertainties characterising the combined en-
ergy spectrum.

Parameter Power laws Power laws +
smooth function

γ1(E < Eankle) 3.26± 0.04 3.26± 0.04
log10(Eankle/eV) 18.61± 0.01 18.60± 0.01
γ2(E > Eankle) 2.59± 0.02 2.55± 0.04
log10(Ebreak/eV) 19.46± 0.03
γ3(E > Ebreak) 4.3± 0.2
log10(E1/2/eV) 19.61± 0.03
log10(Wc/eV) 0.16± 0.03
χ2/ndof 38.5/16 29.1/16

where E1/2 is the energy at which the flux has fallen to one half of
the value of the power-law extrapolation and Wc parametrizes the
width of the transition region. It is shown as a black solid line in
Fig. 5. The derived parameters (quoting only statistical uncertain-
ties) are given in Table 1.

At high energies the combined spectrum is statistically domi-
nated by the surface detector data. The agreement between the in-
dex of the power law above the ankle, γ2, measured with the com-
bined spectrum (2.59 ± 0.02) and with hybrid data (2.65 ± 0.14),
also demonstrates the good agreement between the two measure-
ments.

5. Summary

We have measured the cosmic ray flux with the Pierre Auger
Observatory by applying two different techniques. The fluxes ob-
tained with hybrid events and from the surface detector array are
in good agreement in the overlapping energy range. A combined
spectrum has been derived with high statistics covering the energy
range from 1018 eV to above 1020 eV. The dominant systematic
uncertainty of the spectrum stems from that of the overall energy
scale, which is estimated to be 22%.

The position of the ankle at log10(Eankle/eV) = 18.61±0.01 has
been determined by fitting the flux with a broken power law E−γ .
An index of γ = 3.26 ± 0.04 is found below the ankle. Above the
ankle the spectrum follows a power law with index 2.55 ± 0.04.
In comparison to the power law extrapolation, the spectrum is
suppressed by a factor two at log10(E1/2/eV) = 19.61 ± 0.03. The
significance of the suppression is larger than 20σ . The suppres-
sion is similar to what is expected from the GZK effect for protons
or nuclei as heavy as iron, but could in part also be related to
a change of the shape of the average injection spectrum at the
sources.
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Fig. 4. Comparison of the Auger data with calculated spectra for various val-
ues of δπp. From top to bottom, the curves give the predicted spectra for
δπp = 1 × 10−22, 6 × 10−23, 4.5 × 10−23, 3 × 10−23, 2 × 10−23, 1 × 10−23, 3 × 10−24, 0
(no Lorentz violation).

violation at ultrahigh energies from the analysis of the air shower events ob-
served by HiRes and AGASA, we undertook a detailed analysis of the spectral
features produced by modifications of the kinematical relationships caused by
LIV at ultrahigh energies. In our analysis, we calculate modified UHECR
spectra for various values of the Coleman-Glashow parameter, δπp, defined as
the difference between the maximum attainable velocities of the pion and the
proton produced by LIV. We then compare our results with the experimental
UHECR data and thereby place limits on the amount of LIV as defined by
the δπp parameter.

Our results show that the amount of presently observed GZK suppression in
the UHECR data is consistent with the possible existence of a small amount
of LIV. In order to quantify this, we determined the value of δπp that results
in the smallest χ2 for the modeled UHECR spectral fit using the observational
data above the GZK energy. We find this value to be 4.5 × 10−23. We then
determined the range of acceptable values for δπp. This was done by com-
puting the probablity of getting a χ2 value at least as small as the χ2 value
determined from the fit. We rejected δπp values outside of the confidence level
associated with 1σ. We thus obtained a best-fit range of δπp = 4.5+1.5

−4.5×10−23,
corresponding to an upper limit on δπp of 6 × 10−23, as shown in Figure 4.

The HiRes spectral data (see Figure 3) do not go to high enough energy to

13

Scully & Stecker, Astropart. Phys. 31 (2009) 220	



MAV case (1σ CL):	


	

cπ – cp < 6 × 10-23	

 2008	
  Auger	
  data	
  

More VLI	





VLI Limits, Cont.	



3.5.2010	

 J. Kelley, Utrecht University Seminar	

 14	



Higher-­‐dimension	
  (p4)	
  VLI	
  (99%	
  CL):	
  

Upper	
  limits	
  below	
  natural	
  expectaTon	
  	
  
(Mp	
  already	
  factored	
  out!)	
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Figure 4. This plot shows the (ηp,ηπ) parameter space allowed by different UHECR
observations. The red and blue shaded regions correspond to the portion of parameter
space for which the energy threshold for VC emission is higher than, respectively,
1020.25 eV and 1019.95 eV, so that it does not conflict with PAO observations. The
green circles and black crosses represent points in the parameter space for which LV
effects in the UHECR spectrum are still in agreement with experimental data. They
correspond respectively to an agreement with data within 2σ and 3σ CL.

10−6 < |ηπ| < 4 .

We also consider the lines ηp = 0 and ηπ = 0.

A χ2 strategy would seem most suitable in order to check different (ηp,ηπ) LV
models against experimental data. Data are taken from [50]. It is interesting to

notice that there are values of the pair (ηp, ηπ) that provide a better fit of data

than the LI model. In particular, the minimum of the χ2 (χ2
min = 1.45) occurs for

(ηp, ηπ) ∼ (2.4× 10−7, 9.5× 10−5), while the χ2 associated to the LI propagation model

is of the order of 6.8. However, since we have more parameters available one would

expect such a lowering of the χ2 value. Only major progress in both theoretical and
experimental understanding of the UHECR spectrum could lead to better discrimination

between LI and LV best-fit models.

Using the best fit value of the χ2, constraints at 95% and 99% CL can be placed,

respectively, at χ2 > 7.4 and χ2 > 10.6 (see [58] for further details). The green circles

and black crosses in Fig. 4 represent points in the parameter space allowed at 95%

and 99% CL respectively. We notice that there is no allowed point in the quadrant
(ηp < 0, ηπ > 0). In fact, the recovery feature we found in this region of the parameter

space is so strong that even the smallest values of the LV parameters we considered

(ηp = −10−8, ηπ = 10−6) produce UHECR spectra incompatible with data.

Summarizing, the final constraints implied by UHECR physics are (at 99% CL)

− 10−3 ! ηp ! 10−6

	

Maccione et al., JCAP 0904 022 (2009) 	

	



excluded	
  



Caveats	



•  VLI analyses assume UHECRs are protons	



•  Cutoff at source could mimic GZK feature	


– see e.g. the “disappointing model” by Aloisio et al.	



•  There are other ways one can break LI	


– e.g. rotational asymmetry	
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Trans-GZK Composition	



•  Lighter nuclei 
photodisintegrate quickly 	



•  Mostly protons and/or 
iron nuclei expected at 
the highest energies	
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Composition	



•  Slant depth Xmax (integrated density) of 
shower maximum in atmosphere	


–  energy and composition-dependent	


–  higher in atmosphere for heavier nuclei ���

(interact, lose energy sooner)	



•  Shower-to-shower fluctuations of Xmax	



–  iron showers (~superposition of 56 single-
nucleon showers of 1/56 energy) have 
fewer fluctuations	
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Xmax	
  



Latest Auger Results: Composition	
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Both indicate composition getting heavier…	


or protons behaving very differently than expected?	



But data run out just at GZK-like feature…	



Abraham et al., PRL 104 (2010) 091101	



Pierre Auger Collaboration / Physics Letters B 685 (2010) 239–246 245

Fig. 5. The combined energy spectrum is fitted with two functions (see text) and
compared to data from the HiRes instrument [43]. The systematic uncertainty of
the flux scaled by E3 due to the uncertainty of the energy scale of 22% is indicated
by arrows. A table with the Auger flux values can be found at [44].

derlying raw distribution. Combining the systematic uncertainties
of the exposure (3%) and of the forward folding assumptions (5%),
the systematic uncertainty of the derived flux is 6%.

4. The combined Auger spectrum

The energy spectrum derived from hybrid data is combined
with the one obtained from surface detector data using a max-
imum likelihood method. Since the surface detector energy esti-
mator is calibrated with hybrid events, the two spectra have the
same systematic uncertainty in the energy scale. On the other
hand, the normalisation uncertainties are independent. They are
taken as 6% for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used as addi-
tional constraints in the combination. This combination procedure
is used to derive the scale parameters, k, for the fluxes that are
to be applied to the individual spectra. These are kSD = 1.01 and
kFD = 0.99 for the surface detector data and hybrid data respec-
tively, showing that agreement between the measurements is at
the 1% level.

The combined energy spectrum scaled with E3 is shown in
Fig. 5 in comparison with the spectrum obtained with stereo mea-
surements of the HiRes instrument [43]. An energy shift within the
current systematic uncertainties of the energy scale applied to one
or both experiments could account for most of the difference be-
tween the spectra. The ankle feature seems to be somewhat more
sharply defined in the Auger data. This is possibly due to a sys-
tematic energy offset between the experiments. However, for a
complete comparison, care must also be taken to account for en-
ergy resolution and possible changes in aperture with energy.

The characteristic features of the combined spectrum are quan-
tified in two ways. For the first method, shown as a dotted red line
in Fig. 5, we have used three power laws with free breaks between
them. A continuation of the power law above the ankle to high-
est energies can be rejected with more than 20σ . For the second
characterisation we have adopted two power laws in the ankle re-
gion and a smoothly changing function at higher energies which is
given by

J (E; E > Eankle) ∝ E−γ2

1+ exp(
log10 E−log10 E1/2

log10 Wc
)
, (3)

Table 1
Fitted parameters and their statistical uncertainties characterising the combined en-
ergy spectrum.

Parameter Power laws Power laws +
smooth function

γ1(E < Eankle) 3.26± 0.04 3.26± 0.04
log10(Eankle/eV) 18.61± 0.01 18.60± 0.01
γ2(E > Eankle) 2.59± 0.02 2.55± 0.04
log10(Ebreak/eV) 19.46± 0.03
γ3(E > Ebreak) 4.3± 0.2
log10(E1/2/eV) 19.61± 0.03
log10(Wc/eV) 0.16± 0.03
χ2/ndof 38.5/16 29.1/16

where E1/2 is the energy at which the flux has fallen to one half of
the value of the power-law extrapolation and Wc parametrizes the
width of the transition region. It is shown as a black solid line in
Fig. 5. The derived parameters (quoting only statistical uncertain-
ties) are given in Table 1.

At high energies the combined spectrum is statistically domi-
nated by the surface detector data. The agreement between the in-
dex of the power law above the ankle, γ2, measured with the com-
bined spectrum (2.59 ± 0.02) and with hybrid data (2.65 ± 0.14),
also demonstrates the good agreement between the two measure-
ments.

5. Summary

We have measured the cosmic ray flux with the Pierre Auger
Observatory by applying two different techniques. The fluxes ob-
tained with hybrid events and from the surface detector array are
in good agreement in the overlapping energy range. A combined
spectrum has been derived with high statistics covering the energy
range from 1018 eV to above 1020 eV. The dominant systematic
uncertainty of the spectrum stems from that of the overall energy
scale, which is estimated to be 22%.

The position of the ankle at log10(Eankle/eV) = 18.61±0.01 has
been determined by fitting the flux with a broken power law E−γ .
An index of γ = 3.26 ± 0.04 is found below the ankle. Above the
ankle the spectrum follows a power law with index 2.55 ± 0.04.
In comparison to the power law extrapolation, the spectrum is
suppressed by a factor two at log10(E1/2/eV) = 19.61 ± 0.03. The
significance of the suppression is larger than 20σ . The suppres-
sion is similar to what is expected from the GZK effect for protons
or nuclei as heavy as iron, but could in part also be related to
a change of the shape of the average injection spectrum at the
sources.
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•  GZK process also produces 
UHE neutrinos!	



•  Nuclei will tend to 
photodisintegrate first (reduced 
flux)	



•  Measurement of GZK neutrino 
flux:	


–  source spectrum	


–  source evolution with redshift	


–  composition	



7

FIG. 7: The range of cosmogenic neutrino spectra we find for various chemical species which are consistent with both the
PAO spectrum and Xmax measurements. In each case, we have considered model parameters in the range α = 1.4 − 3.0 and
Emax/Z = 1020

− 1022 eV (although models with Emax/Z below approximately 1021 eV were found to be inconsistent with the
data). In the N+p, Si+p and Fe+p frames, we show the results for combinations of injected nuclei and protons. In each frame,
we show for comparison as a dashed curve the prediction for an all-proton spectrum with α = 2.2 and Emax = 1022 eV. The
solid lines denote the models with the highest and lowest rates predicted in a neutrino telescope such as IceCube.

The disassociated nucleons then interact with the cosmic microwave and infrared backgrounds to produce cosmogenic
neutrinos. In the limit that the cosmic backgrounds are opaque to cosmic ray nuclei, full disintegration occurs and
the resulting cosmogenic neutrino spectrum is not dramatically different from that predicted in the all-proton case
(assuming the cosmic ray spectrum extends to high enough energies to produce protons above the GZK cutoff). In
contrast, if a significant fraction of cosmic ray nuclei remain intact, the resulting flux of cosmogenic neutrinos can be
considerably suppressed.

The predicted neutrino flux depends on the chemical composition and spectrum of the injected cosmic rays. In
Fig. 7, we plot the spectrum of the cosmogenic neutrinos for various scenarios. In each frame, we show the maximal
and minimal neutrino spectra (in terms of the resulting event rate in a neutrino telescope) for a wide range of spectral
parameters (α, Emax and normalization) which were found to be consistent with the PAO measurements of the
UHECR spectrum and elongation rate. We have considered values of these parameters in the range of α = 1.4 to 3.0
and Emax/Z = 1020 to 1022 eV. In the first three frames, we have assumed pure nitrogen, silicon and iron at injection,

Anchordoqui et al. 2007	



best-fit proton	



range of iron	



GZK neutrino flux	





Neutrino Detection via Air Showers	
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“normal” inclined shower:	


only muons left	



neutrino-induced shower:	


young EM component	


(broad signals in tanks)	



tau decay from Earth-skimming ντ:	


dense target, but only one flavor	
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Limits on Diffuse Neutrino Flux	
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The Neutrino Connection (II)	
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Figure from Los Alamos Science 25 (1997)	



Cosmic rays air showers produce 
muons, neutrinos through charged 
pion / kaon decay 	



Atmospheric muon events dominate over ν 
by ~106 	



Neutrino events: reconstruct direction + use 
Earth as filter	





IceCube	
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AMANDA-II	



IceCube	



skiway	



South Pole Station	



Geographic	


South Pole	



Amundsen-Scott ���
South Pole Research Station	
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Current Experimental Status	



2000-2006 AMANDA neutrino skymap	



Opportunity for particle physics with high-energy atmospheric ν… 
atmospheric neutrino boost factor also > 1011	



•  Large sample of atmospheric neutrinos���

–  AMANDA-II:  6500 events in 7 years, ���
energy range: 0.1-10 TeV	



–  One year of IceCube 22-string data: ~5700 
neutrino candidates	



–  One year of IceCube 40-string data:  
~14000 neutrino candidates ���

June 26, 2009 18:44 WSPC/INSTRUCTION FILE
DeYoung˙MPLA˙IceCube

Neutrino Astronomy with IceCube 9

Fig. 4. Map of the pre-trials p-values obtained from an unbinned point source search using the 22-
string 2007 IceCube data set. Dots indicate the individual events used to calculate the significances.
The probability of observing in signal-free maps a point at least as significant as the brightest spot
in this map is estimated to be 1.34%, insufficient to reject the background hypothesis.

sin(declination)
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]
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-2

/d
E 

[T
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 c
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!
 d2 E

-1210

-1110

-1010

AMANDA  3.8 yr

IceCube-22   0.75 yr

IceCube-80 (1 yr, Pred.)

ANTARES (1 yr, Pred.)

Fig. 5. Average 90% C.L. upper limit on the νµ + ν̄µ flux (assuming flavor equality) from a point
source as a function of declination, compared to predictions for IceCube and ANTARES.

is not sufficient to reject the background-only null hypothesis.
The sensitivities of the two all-sky searches are compared in Fig. 5, for νµ fluxes

dN/dE ∼ E−2. Predicted sensitivities for one year of operation with the full IceCube
and with ANTARES44 are also shown. One year of operation with only one quarter
of the full IceCube array already provides a sensitivity significantly surpassing that
of the seven-year AMANDA-II data set. This sensitivity will increase rapidly as
IceCube construction is completed, so if the “hot spot” seen in the IC22 sky map
were indicative of a neutrino source rather than simply a background fluctuation,
the source would be definitively detected in the very near future.

22-string IceCube neutrino skymap (2007)	



PRD 79 062001 (2009)	
  

arXiv:0905.2253	
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Neutrino VLI	



•  Modified dispersion relation: ���

•  Different maximum attainable velocities ca (MAVs) for different 
particles: ΔE ~ (δc/c)E	



•  For neutrinos: MAV eigenstates not necessarily flavor or mass 
eigenstates ⇒ mixing ⇒ VLI oscillations	
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VLI + Atmospheric Oscillations	



•  For atmospheric ν, conventional oscillations turn off above ~50 GeV 
(L/E dependence)	



•  VLI oscillations turn on at high energy (L E dependence), depending on 
size of δc/c, and distort the zenith angle / energy spectrum (other 
parameters: mixing angle ξ, phase η) ���

González-García, Halzen, and Maltoni, hep-ph/0502223	
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VLI Atmospheric νµ Survival Probability	



maximal mixing, δc/c = 10-27	
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Simulated Observables ���
(AMANDA 2000-2006)	



reconstructed zenith angle	

 Nchannel (energy proxy)	



VLI signature: deficit at high energy, near vertical	



3.5.2010	

 29	

J. Kelley, Utrecht University Seminar	





Results: Observables ���
(AMANDA 2000-2006)	



Data consistent with atmospheric neutrinos + O(1%) background	



zenith angle	

 number of OMs hit	
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FIG. 6: Zenith angle and Nch distribution of candidate atmospheric neutrino events in the final sample, compared with Barr
et al. [46] and Honda et al. [13] predictions (statistical error bars).

TABLE III: 90% CL upper limits from this analysis on VLI
and QD effects proportional to En. VLI upper limits are for
the case of maximal mixing (sin 2ξ = 1), and QD upper limits
are for the case of D∗

3 = D∗
8 = D∗

6 = D∗
7 .

n VLI (∆δ) QD (D∗) Units

1 2.8 × 10−27 1.2 × 10−27 –

2 2.7 × 10−31 1.3 × 10−31 GeV−1

3 1.9 × 10−35 6.3 × 10−36 GeV−2

C. Determination of Atmospheric Flux

In the absence of evidence for violation of Lorentz in-
variance or quantum decoherence, we interpret the atmo-
spheric neutrino flux in the context of Standard Model
physics only. We use the likelihood analysis to perform
a two-parameter forward-folding of the atmospheric neu-
trino flux to determine the normalization and any change
in spectral index relative to existing models. As de-
scribed in section IVD, we test hypotheses of the form

dΦ

dE
= (1 + α1)

dΦref

dE

(

E

Emedian

)∆γ

, (13)

where dΦref/dE is the differential Barr et al. or Honda
et al. flux.

The allowed regions in the α1-∆γ parameter space are
shown in Fig. 9. We display the band of allowed energy
spectra in Fig. 10, where we have constructed the al-
lowed region by forming the envelope of the set of curves

0.0 0.2 0.4 0.6 0.8 1.0
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FIG. 7: 90%, 95%, and 99% CL allowed regions (from dark-
est to lightest) for VLI-induced oscillation effects with n = 1.
Note we plot sin2 2ξ to enhance the region of interest. Also
shown are the Super-Kamiokande + K2K 90% contour [19]
(dashed line), and the projected IceCube 10-year 90% sensi-
tivity [68] (dotted line).

allowed on the 90% contour in Fig. 9. The energy range
of the band is the intersection of the 5%-95% regions of
the allowed set of spectra, so restricted in order to limit
the range of our constraints to an energy region in which

Results: VLI upper limit	



•  SuperK+K2K limit*: ���

	

δc/c < 1.9 × 10-27 (90%CL)	



•  AMANDA 2000-2006 data: ���

	

 δc/c < 2.8 × 10-27 (90%CL)	



•  IceCube 40-string analysis underway	


–  10-year 80-string sensitivity ~ 10-28	



–  also searching for sidereal variations	



90%, 95%, 99% allowed CL	



excluded	



*González-­‐García	
  &	
  Maltoni,	
  PRD	
  70	
  033010	
  (2004)	
  

maximal mixing	

Abbasi et al., PRD 79, 102005 (2009)	
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The Future: UHECRs	



•  Auger North: 21000 km2	



•  Precision spectrum	


–  can test VLI “recovery” scenarios	



•  UHE composition studies	
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The Future: GZK Neutrinos	



•  Radio-frequency 
extension of IceCube 	



•  GZK neutrino rates up 
to 25 events / year	



•  New “test beam” for 
QG effects	
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Summary	



•  High-energy cosmic rays allow very sensitive tests of 
Lorentz invariance	


–  limit differences in MAV from 10-23 to 10-27	



–  higher dimension model limits probe Planck regime	


–  tested scenarios are very specific	



–  assumptions about UHECR composition, source spectra	



•  Next-generation experiments:	


–  composition of highest-energy UHECRs	



–  spectral features test various models	


–  possibility of first detection of GZK neutrino flux	
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Czech Republic	
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Australia	


Brazil	



Bolivia*	


Mexico	


USA	



Vietnam*	



*Associate Countries	
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 UHECR Anisotropy	



•  Extragalactic protons above 50 EeV or so should point 
back to sources (within a few degrees)	



•  Pre-Auger: claims of excess from galactic center, BL-Lacs, 
etc.	



•  Anisotropy with low statistics is a tricky business	
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The observed composition at Earth has a distinctive dependence on the energy as can be
seen in Figure 8. In the interesting energy range ∼ 3 × 1019 − 1020 eV, i.e. where the GZK
suppression is expected for proton primaries, photodisintegration is most effective. For sources
injecting intermediate mass nuclei, the effective mass number at Earth reaches a well-defined
minimum, probably indistinguishable from proton primaries. This minimum is less pronounced
for injection of very heavy nuclei and the effective composition at Earth is distinctly heavier
than protons.

These issues are of critical importance, observationally speaking. The injected composition
of the UHECR spectrum is not directly accessible experimentally, and can only be reconstructed
from the composition observed at Earth. As stated earlier, the present observational status is
rather uncertain. Future data will hopefully reach a level of quality which makes it possible to
reliably infer the approximate composition at Earth. With such data, general trends such as
those seen in Figure 8 would aid in estimating the composition of cosmic rays at the sources.

VII. EFFECTS OF INTERGALACTIC MAGNETIC FIELDS

So far in this study, we have neglected the effects of magnetic fields on the propagation of
UHECRs. For protons or nuclear primaries, however, such effects can play an important role
in determining the cosmic ray spectrum. The importance of these effects depend, of course, on
the strength of the extragalactic magnetic fields which is currently a subject of some debate
with contrary conclusions drawn in Ref. [7] and in Refs. [30, 38].

A charged particle moving through a uniform magnetic field undergoes an angular deflection
upon traversing a distance, Lcoh, of α = Lcoh/RL, where RL is the Larmor radius of the particle.
Therefore a particle traversing a distance, L, through a series of L/Lcoh randomly orientated
uniform magnetic field regions of length Lcoh, suffers an overall angular deflection given by

θ(E, Z) ≈
(

L

Lcoh

)0.5

α ≈ 0.8◦
(

1020 eV

E

) (

L

10 Mpc

)0.5 (

Lcoh

1 Mpc

)0.5 (

B

1 nG

)

Z, (10)

where Lcoh is the representative coherence length of the extragalactic magnetic fields, B is their
representative magnitude and Z is the electric charge of the cosmic rays. Such deflections result
in an increase in the effective distance to a cosmic ray source given by:

Leff

L
(E, Z) ≈ 1 +

θ2

2
≈ 1 + 0.065

(

1020 eV

E

)2 (

L

10 Mpc

) (

Lcoh

1 Mpc

) (

B

1 nG

)2 (

Z

26

)2

. (11)

Thus for protons or light nuclei, nano-Gauss magnetic fields have little impact for the high
energies considered here. This is not true for heavy nuclei, e.g. for iron nuclei propagating
through nG-scale magnetic fields, the effective distance to a source 50 Mpc away is increased
by ∼ 30% at 1020 eV (alternatively, the energy loss length is reduced by about ∼ 30%). Since
this effect scales with the inverse square of the cosmic ray energy, such (plausible strength)
magnetic fields would have a dramatic effect on the propagation of lower energy heavy nuclei.

In Figure 9 we show the effects of such extragalactic magnetic fields on the UHECR spectrum.
For oxygen primaries, the effects are small, only becoming of any consequence at energies below
a few times 1019 eV. However the effects are more prominent for iron primaries.

Some words of caution are called for at this point. The effects of nG-scale magnetic fields
appear to set in at an energy of roughly 5 × 1019 eV for oxygen, whose primaries can arrive

11

Hooper et al. 2008	





Anisotropy, cont.	
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2007: 27 events above 55 EeV (ovals); correlation with nearby AGN (red crosses) 
with chance P ~ 2 × 10-3	



Isotropy rejected at ~99% confidence level	



Separate analyses: No correlation found with galactic center or BL-Lacs	



Abraham et al. 2007	





Latest Results: Anisotropy	
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2 HAGUE et al. CORRELATION OF COSMIC RAYS WITH EXTRAGALACTIC OBJECTS
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Fig. 1. Monitoring the correlation signal. Left: The sequential analysis of cosmic rays with energy greater than 55 EeV arriving after 27 May,
2006. The likelihood ratio log10 R (see Eqn (2)) for the data is plotted in black circles. Events that arrive within ψmax = 3.1◦ of an AGN with
maximum redshift zmax = 0.018 result in an up-tick of this line. Values above the area shaded in blue have less than 1% chance probability
to arise from an isotropic distribution (piso = 0.21). Right: The most likely value of the binomial parameter pdata = k/N is plotted with black
circles as a function of time. The 1σ and 2σ uncertainties in the observed value are shaded. The horizontal dashed line shows the isotropic
value piso = 0.21. The current estimate of the signal is 0.38± 0.07. In both plots events to the left of the dashed vertical line correspond to
period II of Table I and those to the right, collected after [1], correspond to period III.

TABLE I
A NUMERICAL SUMMARY OF RESULTS FOR EVENTS WITH E ≥ 55 EEV. SEE THE TEXT FOR A DESCRIPTION OF THE ENTRIES.

Period Exposure GP N k kiso P

I 4390 unmasked 14 9 2.9
masked 10 8 2.5

II 4500 unmasked 13 9 2.7 2× 10−4

masked 11 9 2.8 1× 10−4

III 8150 unmasked 31 8 6.5 0.33
masked 24 8 6.0 0.22

II+III 12650 unmasked 44 17 9.2 6× 10−3

masked 35 17 8.8 2× 10−3

I+II 8890 unmasked 27 18 5.7
masked 21 17 5.3

I+II+III 17040 unmasked 58 26 12.2
masked 45 25 11.3

flux were isotropic. This degree of correlation provided
a 99% significance level for rejecting the hypothesis that
the distribution of arrival directions is isotropic.

The left panel of Fig. 1 displays the likelihood ratio
of correlation as a function of the total number of
time-ordered events observed since 27 May, 2006, i.e.
excluding the data used in the exploratory scan that lead
to the choice of parameters. The likelihood ratio R is
defined as (see [9] and [10])

R =

� 1
piso

pk(1− p)N−k dp

pisok(1− piso)N−k+1
. (2)

This quantity is the ratio between the binomial prob-
ability of correlation – marginalized over its range of
possible values and assuming a flat prior – and the
binomial probability in the isotropic case (piso = 0.21).
A sequential test rejects the isotropic hypothesis at the
99% significance level (and with less than 5% chance
of incorrectly accepting the null hypothesis) if R > 95.
The likelihood ratio test indicated a 99% significance
level for the anisotropy of the arrival directions using
the independent data reported in [1]. Subsequent data
neither strengthen the case for anisotropy, nor do they
contradict the earlier result. The departure from isotropy
remains at the 1% level as measured by the cumulative

binomial probability (P = 0.006), with 17 out of 44
events in correlation.

In the right panel of Fig. 1 we plot the degree of
correlation (pdata) with objects in the VCV catalog as
a function of the total number of time-ordered events
observed since 27 May, 2006. For each new event the
best estimate of pdata is k/N . The 1σ and 2σ uncer-
tainties in this value are determined such that the area
under the posterior distribution function is equal to 68%
and 95%, respectively. The current estimate, with 17 out
of 44 events that correlate in the independent data, is
pdata = 0.38, or more than two standard deviations from
the value expected from a purely isotropic distribution
of events. More data are needed to accurately constrain
this parameter.

The correlations between events with E ≥ 55 EeV
and AGN in the VCV catalog during the pre- and post-
exploratory periods of data collection are summarized in
Table I. The left most column shows the period in which
the data was collected. Period I is the exploratory period
from 1 January, 2004 through 26 May, 2006. The data
collected during this period was scanned to establish the
parameters which maximize the correlation. Period II is
from 27 May, 2006 through 31 August, 2007 and period
III includes data collected after [1], from 1 September,

Page 7

Correlation with original AGN catalog weakens ���

Hague et al. 2009 (ICRC)	



A posteriori investigations of:	


	

– Centaurus A region	


	

– correlations with other catalog(s) ���
	

 	

e.g. SWIFT-BAT	



2009:	
  58	
  events	
  above	
  55	
  EeV	
  

New prescriptions will allow tests of significance	





AERA Physics	
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3. UHECR cosmic ray physics with AERA
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Radio will open a new window	


onto cosmic ray physics!	





Decoherence + Atmospheric Oscillations	



Energy dependence depends on phenomenology:	



n = -1	


preserves 	



Lorentz invariance	



n = 0	


simplest	



n = 2	


recoiling 	



D-branes*	



n = 3 ���
Planck-suppressed	



operators‡ 	



*Ellis et al., hep-th/9704169	

 ‡ Anchordoqui et al., hep-ph/0506168	



characteristic exponential behavior	



1:1:1 ratio after decoherence	



derived from Barenboim, Mavromatos et al. (hep-ph/0603028)	





QD Atmospheric νµ Survival Probability	



p=1/3	





Results: QD upper limit	



•  SuperK limit‡ (2-flavor): ���

     γi < 0.9 × 10-27 GeV-1  (90% CL) ���

•  ANTARES sensitivity* (2-flavor): ���

     γi ~ 10-30 GeV-1 (3 years, 90% CL) ���

•  This analysis: ���

     γi < 1.3 × 10-31 GeV-1 (90% CL)	



*	
  Morgan	
  et	
  al.,	
  astro-­‐ph/0412618	
  
‡	
  	
  Lisi,	
  Marrone,	
  and	
  Montanino,	
  PRL	
  85	
  6	
  (2000)	
  

E2 model (E, E3 limits also set)	



best fit	



excluded	



log10 γ*
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