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CR spectrum at Ultra High Energies 

The observations on Earth are the result of the 
acceleration at the source (injection) and the 
propagation of particles in the background 
radiation (CMB & EBL) and possible 
intergalactic magnetic fields (IMF). 

! Spectrum 

! Chemical Composition  

! Anisotropy (astronomy?) 

! Cosmogenic secondary particles 
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Figure 2: Energy Spectrum from SD, monocular FD and hybrid data [7].

2.2 Mass Composition

There are two composition study by stereo FD and hybrid observation [8, 9].
Since the air-shower developments have large fluctuation, it is not easy to deter-

mine the species of the primary particle individually. Thus, the mass composition is
determined statistically, by comparing average, RMS or distribution of Xmax of ob-
served data with a MC simulation. Xmax is the slant column density of atmosphere
where the number of secondary charged particles is maximum, subtracting the slant
column density where the shower starts. It should be noted that the uncertainty of
the MC depends strongly on hadronic interaction models that have been extrapolated
from measured cross sections at much lower energies. As energy increases, the Xmax

of air-showers increase. And at a given energy, the Xmax of a light primary particles
will be deeper than that of a heavier primary particles.

By stereo FD Xmax distribution of each energy bin, the hypothesis that the pri-
mary particles are 100% iron is rejected for the energy than 1019.4eV by KS test in
several hadronic interaction model. Whereas, the hypothesis that the primary par-
ticle is 100% proton is consistent for the energy less than 1019.4eV [8]. For higher
energy region, both 100% proton and 100% iron hypothesis are consistent because of
less statistics of observed data.

Figure 3 shows the average Xmax by hybrid observation for each energy bin [9].
The observed average Xmax is consistent with 100% proton case.

3

The HiReS analysis confirms the expected Greisen Zatzepin Kuzmin suppression 
for protons with E1/2=1019.73±0.07 eV in fairly good agreement with the theoretically 
predicted value E1/2=1019.72 eV. 

The new Telescope Array 
results, in agreement with 
HiRes, show a suppression 
in the spectrum compatible  
with the GZK feature. 

HiRes & Telescope Array – Energy Spectrum 

May 31, 2012  42

UHECR Symposium, Feb. 2012

HiReS and Telescope Array observe a proton 
dominated spectrum at all energies, starting 
from 1018 eV up to the highest energies. 
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Figure 4. The predicted pair-production dip in comparison with Akeno-AGASA, HiRes, Yakutsk and Telescope Array (MD and SD) data
[16]. All these experiments confirm the dip behavior with good accuracy, including also the data of Fly’s Eye [16] (not presented here).

denominator of Eq. (16) compensate or cancel each other,
the dip in terms of the modification factor is a less model
dependent physical quantity than the spectrum. In fact
the dip is determined mostly by the interaction of protons
with CMB photons and it depends mainly on the CMB
spectrum and the di↵erential cross-section of e+e� pair-
production. In particular it depends weakly on the spec-
tral index of the generation spectrum. In Fig. 3 curves are
plotted for 2.1  �

g

 3.0 with a step ��

g

= 0.1, and
uncertainties are seen as thickness of the curves.

Modification factors in Fig. 3 are presented for the case
of no cosmological evolution of the sources, which is usu-
ally described by a factor (1 + z)m up to zmax. The inclu-
sion of evolution may noticeably change the modification
factor, but in fact it allows to improve the agreement of
the dip with data due to additional free parameters m and
zmax (see Fig. 14 of Ref. [15]).

Thus, a remarkable property of the dip in terms of mod-
ification factor is its universality. The dimensionless mod-
ification factor ⌘(E) remains the same with various phys-
ical phenomena being included in calculations [15, 17]:
discreteness in the source distribution (distance between
sources may vary from 1 Mpc to 60 Mpc), di↵erent modes
of propagation (from rectilinear to di↵usive), local over-
density or deficit of sources, large-scale inhomogeneities in
the sources distribution, some regimes of cosmological evo-

lution of sources (most notably those observed for AGN)
and fluctuations in the interactions. The phenomenon
which modifies the dip significantly is the possible pres-
ence of more than 15% of nuclei in the primary radiation.
Therefore, the shape of the proton dip in terms of modifi-
cation factor is determined mostly by the interaction with
CMB.

Above the theoretical modification factor was discussed.
The observed modification factor, according to definition,
is given by ratio of the observed flux Jobs(E) and unmod-
ified spectrum Junm(E) / E

��g , defined up to normaliza-
tion as:

⌘obs / Jobs(E)/E��g
. (17)

Here �

g

is the exponent of the generation spectrum

Qgen(Eg

) / E

��g
g

in terms of initial proton energies E

g

.
Fig. 4 shows that both the pair production dip and the
beginning of the GZK cuto↵ up to energy 100 EeV are re-
liably confirmed by experimental data of Akeno-AGASA,
HiRes, Yakutsk and TA [16].

The comparison of the theoretical dip with observa-
tional data includes only two free parameters: exponent
of the power-law generation spectrum �

g

(the best fit cor-
responds to �

g

= 2.6 � 2.7) and the normalization con-
stant to fit the e+e�-production dip to the measured flux.
The number of energy bins in the di↵erent experiments is

8

Dip Model  

Berezinsky et al (2002) - RA et al.  (2007-2012) 

In the energy range 1018 - 5x1019 eV the spectrum  
behavior is a signature of the pair production process  
of UHE protons on the CMB radiation field. 

the protons footprint 
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it is very difficult to explain the Auger flux in the framework of the dip model. At the 
highest energies the flux suppression seems not compatible with the suppression of the 
proton flux (GZK). Signal of heavy nuclei.   

Auger Observatory – Energy Spectrum 
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Figure 13: Energy evolution of the first two central moments of the Xmax distribution compared to air-shower
simulations for proton and iron primaries [80, 81, 95–98].

Figure 14: Average of the logarithmic mass and its variance estimated from data using di↵erent interaction models.
The non-physical region of negative variance is indicated as the gray dashed region.

The Auger observations on chemical composition show the tendency  
for a nuclei dominated flux at the highest energies.  

Auger chemical composition 

 Auger collaboration (2014) 
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Auger chemical composition can be  
reproduced assuming a very flat  
injection of primary nuclei   

�g = 1.0÷ 1.5

75% p, 15% He, 5% CNO,  
3% MgAlSi, 1% Fe. 

L0 = nUHELUHE ' 1044
erg

Mpc3y
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An additional galactic component can  
fill the gap in the spectrum.  
 
Composition issue. Mixture of 80% p 
and 20% He to reproduce Auger  
observations. Difficult to reconcile 
with galactic CR physics and 
anisotropy observations.  
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flat component from galactic pulsars fills the gap, flat injection, correct emissivity, 
problems with chemical composition and anisotropy. 

! pulsars 

Fang et al. (2013) 
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The latest observations of Kascade-Grande seem to 
confirm the presence of an extragalactic light 
component with a steep injection spectrum. 
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Two types of extra-galactic sources:  
 
!  light component steep injection (γg>2.5) 

 

!  heavy component flat injection (γg<1.5)  L0 = nUHELUHE ' 1044
erg

Mpc3y

L0 = nUHELUHE ' 1047
erg

Mpc3y

can easily provide steep injection, correct emissivity. 
! active galactic nuclei 



Production of secondary   � ⌫
Cascade upper limit 

CASCADE UPPER LIMIT
V.B. and A.Smirnov 1975

e − m cascade on target photons :

{
γ + γtar → e+ + e−

e + γtar → e′ + γ′

EGRET: ωobs
γ ∼ (2 − 3) × 10−6eV/cm3 .

ωcas >
4π
c

∫ ∞

E

EJν(E)dE >
4π
c

E

∫ ∞

E

Jν(E)dE ≡ 4π
c

EJν(> E)

E2Iν(E) <
c

4π
ωcas.

E−2 − generation spectrum : E2Jνi(E) <
c

12π
ωcas

ln Emax/Emin
, i = νµ + ν̄µ etc.

Fermi-LAT data 
ωcas= 5.8x10-7 eV/cm3 6

FIG. 5: Range of allowed evolution parameters, m and zmax, for extended reference models with fixed Emax = 1× 1021 eV (left
panel) and Emax = 1× 1022 eV (right panel). The cascade energy density ωcas is shown as function of m by the solid lines for
the ankle model (αg = 2.0), and dashed lines for the dip model (αg = 2.6). The numbers on the lines show zmax. The allowed
parameters correspond to part of the curves below ωmax

cas = 5.8× 10−7 eV/cm3 shown by the red horizontal line.

use extreme values for the model parameters. Choosing
the parameters for the model in the lower-right corner
(the curve marked 1022) we try to reach the sensitivity
of JEM-EUSO. Since a soft spectrum increases ωcas, we
choose the hard spectrum with αg = 2.0, while Emax

should be as large as possible. By other words we search
for the extension of the ankle reference model with al-
lowed evolution and large Emax. We choose Emax =
1 × 1022 eV, with zmax = 2 and evolution parameter
m = 3. Normalized to the HiRes data, this model has
ωcas = 3.3×10−7 eV/cm3, i.e. is somewhat below the cas-
cade limit (see also Fig. 5). For such values, the neutrino
flux is marginally detectable by JEM-EUSO.
In the lower-left corner (the curve marked 1020) we aim

to cosmogenic neutrino detection by IceCube. Here we
should increase the low-energy tail of the neutrino flux
and suppress the pair-produced cascade radiation. To
that end, we use αg = 2.0 with strong evolution to en-
hance the flux of low-energy neutrinos. The maximum
acceleration energy can be low, e.g. Emax = 1× 1020 eV.
Moreover, we choose evolution with m = 3.0 and zmax =
6.0, which results in ωcas = 5.5 × 10−7 eV/cm3

≈ ωmax
cas .

As our calculations show, the flux is only marginally de-
tectable by IceCube even for these extreme parameters.
The two models above demonstrate that even for ex-

treme assumptions cosmogenic neutrinos remain unde-
tectable by existing detectors such as Auger, and could
be only marginally observed by IceCube and by future
detectors JEM-EUSO and Auger-North (with sensitivity
to neutrinos 5–6 times higher than Auger-South).
The observation of radio emission from neutrino-

induced air showers provides an effective method for the
detection of low fluxes of cosmogenic neutrinos from the
highest energy part of their spectrum. The upper limit
on UHE cosmogenic neutrino flux from the most restric-
tive experiment of this type, ANITA, is shown in Fig. 3

(Gorham et al. [18]). Recently, several particles with
energies above 1 × 1019 eV have been detected there
[20]. The high energy threshold is a disadvantage of this
method. In the recently proposed ARIANNA detector
[21], the threshold might be lowered to about 1017 eV
while monitoring 900 km2 of Antarctic ice.

A very sensitive instrument for UHE neutrino detec-
tion has been proposed in the project LORD (Lunar Or-
bital Radio Detector) [22], where a detector on a lunar
satellite can observe the neutrino-produced radio-signal
from lunar regolith. The sensitivity of this instrument,
as estimated by the authors of the project, should be suf-
ficient for the measurement of the cosmogenic neutrino
fluxes shown in Fig. 3 by curves 1021.

Before concluding, we would like to compare the re-
sults of this investigation to the ones of Ahlers et al. [23]
that appeared after ours in the arXiv. While the main
goal of our work was to derive an upper limit on the cos-
mogenic neutrino flux, the authors of Ref. [23] aimed at
exploring the allowed parameter space of UHECR mod-
els, notably of those predicting maximal neutrino fluxes.
These authors used as their criterion for the rejection
of UHECR models ωmax

cas = 5.8× 10−7 eV/cm3 from our
calculations, and thus the derived maximally allowed cos-
mogenic neutrino fluxes should coincide. The largest cos-
mogenic neutrino fluxes presented in Fig. 4 of Ref. [23] are
very similar to our fluxes obtained in the extreme mod-
els with strong cosmological evolution (e.g. the curve 1022

in Fig. 3), both exceeding our reference cases (αg = 2.6
and αg = 2.0 without evolution) by an order of mag-
nitude at E ∼ 1018 ÷ 1019 eV. It is noteworthy that a
much stronger cosmological evolution was considered in
the calculations of Ref. [23]. Among other differences, the
authors of Ref. [23] assumed that the IceCube sensitiv-
ity extends up to 1019 eV, while we used Emax = 1017 eV
following Ref. [19].
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Assuming an E-2 neutrino flux , the  
cascade limit can be expressed in  
terms of the energy densities of  
photons and e+e- initiated cascades  

The cascade upper limit constrains the  
source parameters: cosmological evolution, 
injection power law and maximum  
acceleration energy.  

Berezinsky, Gazizov, Kachelriess, Ostapchenko  (2011) 
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Dip model – ν spectra    

! The flux in the EeV region depends on the assumed cosmological 
evolution of sources.  

 
! Transition galactic-extragalactic and production of cosmogenic 

neutrinos strongly depend on the cosmological evolution of sources  

RA, Boncioli, di Matteo, Grillo, Petrera, Salamida  (2015) 

Qinj(�, z) / S(z)e��/�
max

(
1/�2 � < �0

1
�2
0

⇣
�
�0

⌘��
g

� � �0.

! Injection 

SSFR(z) =

8
<

:

(1 + z)3.4 z < 1
23.7(1 + z)�0.3 1 < z < 4
23.753.2(1 + z)�3.5 z > 4

SAGN(z) =

8
<

:

(1 + z)5.0 z < 1.7
(1 + 1.7)5.0 1.7 < z < 2.7
(1 + 1.7)5.010(2.7�z) z > 2.7

! Cosmological evolution 



! Photo-pion production  
 
On EBL has a threshold of about 108 GeV, 
broadened by the energy distribution of 
EBL photons. The pion production by 
UHE protons on the EBL can account for 
the production of PeV neutrinos.  

! Cosmological evolution 
 
The result on the diffuse flux depends on 
the cosmological evolution assumed for 
the sources. The IceCube observations at 
PeV can be reproduced in the case of 
strong cosmological evolution (AGN 
like). 

! Source constraints 
 
The high energy neutrino flux provides 
another constraint to UHECR sources.  
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Figure 5: Fluxes of primary protons (blue), secondary photons (magenta) and neutrinos summed
over flavors (red) for the dip model with Emin = 1017 eV, Emax = 1021 eV, α = 2.45 and m = 3.5,
which is the best (largest p-value) model of Fig. 4.b (with the First-Year Fermi VHE γ-ray spectrum,
shown in black in the figure) and is forbidden in Fig. 4.c (with the spectrum of Ref. [27], shown in
red in the figure). The dot-dashed magenta line shows the lower VHE photon flux predicted using the
older evaluation of the EBL of Ref. [46]. The HiRes UHECR spectrum is also shown (in black). The
flux of photons produced only in the GZK process is also shown (dotted line), which shows that the
majority of neutrinos come from pair production.

the HiRes spectrum below Efit and the measured extragalactic VHE gamma-ray fluxes are

taken as upper limits to the predicted proton and gamma-ray fluxes respectively. Namely,

if the predicted proton fluxes below Efit and VHE gamma-ray fluxes exceed their respective

measured values, they are included in the calculation of the χ2. If not, they are not included

(so the number of data points in the calculation changes in principle with each model). In

this step we combine the high energy cosmic ray bins with number of event smaller than 5

into bins containing more than 5 events to ensure that Pearson’s χ2 statistics is valid. We

keep only models with a p-value p > 0.05 = 10−1.30. For these models, using the same

fixed value of f we calculate separately the goodness of fit for the bins with small number

of events. Namely, we compute the Poisson likelihood function for the given value of f . We

then compute using a Monte Carlo technique the goodness of the fit or p-value defined as

the fraction of generated hypothetical experiments (observed spectra) with the same average

number of evens (i.e. the predicted number) in each bin which results in a worse, namely

a lower Poisson likelihood than the original one. This procedure for large number of events

in each bin is equivalent to taking the χ2 distribution without free parameters. Only if the

second p value obtained in this way is also larger than 0.05 the model is accepted (notice

that a higher p value corresponds to a better fit, since more hypothetical experimental results

would yield a worse fit than the one we obtained). In this way we eliminate those models

which are inconsistent with the HiRes observed spectrum above Efit and upper limits on the

– 9 –

Gelmini, Kalashev, Semikoz  (2012) 

different 
EBL 

photo-pion 
only 

RA, Boncioli, di Matteo, Grillo, Petrera, Salamida  (2015) 



UHE nuclei suffer photo-pion production 
on CMB only for energies above AEGZK . 
The production of EeV neutrinos strongly  
depends on the nuclei maximum energy. 
UHE neutrino production by nuclei practically  
disappears in models with maximum nuclei  
acceleration energy Emax< 1021 eV.  

! EeV neutrinos 

! PeV neutrinos 
PeV neutrinos produced in the photo-pion  
production process of UHECR on the EBL  
radiation field The IceCube observations at  
PeV can be marginally reproduced in the case  
of strong cosmological evolution (AGN like). 

Mixed composition model – ν spectra   
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Extreme energies: Cosmology, DM, UHE γ & ν 
The tensor-to-scalar ratio in CMB fluctuations (r) sets the scale for models where the dark matter is 
created at the inflationary epoch, the generically called super-heavy dark matter models. These 
scenarios can be constrained by ultrahigh energy cosmic ray, gamma ray and neutrino observations 
which set the limit on super-heavy dark matter particles lifetime. Super-heavy dark matter can be 
discovered by a precise measurement of r combined with future observations of ultra high energy 
cosmic rays, gamma rays and neutrinos. 
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Figure 2. UHECR flux: proton (dotted green), He (dotted magenta), CNO (dotted blue), MgAlSi
(dotted cyan), Fe (dotted black) from astrophysical sources [53] and proton (green solid), photon (blue
solid) and neutrino (red solid) from the decay of SHDM with a Moore density profile. The total flux
is represented by the black thick solid line. Experimental data are the latest observations of Auger
[28] and TA [31]. All plots are obtained assuming r = 0.05, taking the four di↵erent choices of the
inflaton potential: � = 2 upper left panel, � = 4/3 upper right panel, � = 1 lower left panel and
� = 2/3 lower right panel. The corresponding values of the SHDM parameters (M

X

, ⌧
X

) are labelled
in the di↵erent panels.

Sibyll 2.1 [67], QGSJet 01 [68] and QGSJet 02 [69], in order to derive for each given nuclear
primary a simple prescription for hXmaxi and �(Xmax). To account also for the contribution
of UHE photons to Xmax and �(Xmax) we have used CONEX simulations of �-induced
showers, taking into account the Landau Pomeranchuk Migdal (LPM) and the Geomagnetic
field e↵ects on the showers development [70].

The observations of Auger point toward a mixed composition of UHECR with a preva-
lent light composition at low energies E < 5⇥1018 eV and a progressively heavier composition
at the highest energies [28, 29, 30]. The highest energy bin with an observed chemical compo-
sition is placed at E ' 5⇥ 1019 eV, at highest energies there are no available measurements
of composition [28, 29, 30]. As discussed above, the decay of SHDM gives a substantial
contribution to the composition of UHECR only at energies larger than 5⇥ 1019 eV, where
the fraction of photons and neutrinos rises over a few %, therefore in an energy band not
scrutinized by Auger and TA because of the extremely low statistics of the collected events.

In figure 3 we plot hXmaxi and �(Xmax) corresponding to the fluxes of the upper left
panel of figure 2, obtained with a tensor to scalar ratio r = 0.05 and an inflaton potential
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Figure 5. Shadowed red areas represent the regions in the plane (r, ⌧
X

) (or (M
X

, ⌧
X

) as labelled in
the upper abscissa of each panel) accessible to the JEM-EUSO experiment, each panel corresponds
to a di↵erent choice of the power law index of the inflaton potential (as labelled): upper left panel
� = 2, upper right panel � = 4/3, lower left panel � = 1 and lower right panel � = 2/3.

particles produced by SHDM decay. Given the currently planned UHECR and UHE neutrino
detectors, JEM-EUSO is best placed to e↵ectively study the allowed SHDM lifetimes with
possible lifetime detections or constraints reaching values as high as ⌧X ' 1024 yr.
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!  UHECR experiments 
are more suitable to 
detect UHE particles 
produced by SHDM 
decays.  

!  JEM-EUSO has the 
capability of exploring 
SHDM till τX ~ 1024 yr.  



! Cosmogenic particles production  
! Auger scenario (UHECR heavy composition) very low fluxes of 

gamma and neutrinos, impossible to detect at the highest energies. 
PeV neutrinos and 100 GeV gammas within reach IceCube and 
Fermi.    

! HiRes/TA scenario (UHECR proton composition) fluxes of 
gamma and neutrinos detectable at all energies. Within reach the 
detection capabilities of Fermi, IceCube and Auger.  

!  PeV neutrinos can be produced by the interaction of low energy 
protons (1016 eV< E < 1018 eV, low energy tail of UHECR) with 
the EBL background (photo-pion production).  

!  EBL evolution models are important.    
 

! Super Heavy Dark Matter 
!  The observation of UHECR at extreme energies (E>1020 eV) can 

set stringent limits on the SHDM lifetime. SHDM can be 
discovered by a precise measurement of r combined with future 
observations of ultra high energy cosmic rays and neutrinos. 

Conclusions      


