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Ultra High Energy Cosmic Rays – Spectrum

ü Second knee: ~2x1017 eV

ü Ankle: ~3x1018 eV

ü Instep: ~1019 eV

ü Flux suppression ~5x1019 eV

Spectral features
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Figure 1: Left: Auger and TA energy spectra in the full fields of view (�90� < X < +24.8� and�15.7� < X <
+90�, respectively). Right: energy-rescaled spectra by the same amount (±4.5%) and in opposite directions.

Figure 2: Left: Auger and TA spectra in the common declination band (�15.7� < X < 24.8�) with a constant
shift ±4.5%, Right: with an energy-dependent shift ±10% ⇥ log10 (⇢/1019 eV) for ⇢ > 1019 eV.

extends up to higher declinations (up to +44.8� including the Auger events of large zenith angles)
is 3.7 f [18].

The Auger spectra in di�erent declination bands are fully consistent within the accessible
field-of-view [6, 8]. On the other hand, TA observed slightly di�erent spectra in the northern and
the southern part of the TA sky with di�erent positions of the steepening at a 3.5f confidence
level [19]. No systematic and instrumental e�ects have been identified, and the di�erence remains
after removing events of the TA “hotspot” located at (U, X) = (146.7�, 43.2�) with a 20� radius
[20].

4.2 New feature in the spectral shape

A new feature in the Auger spectrum of cosmic rays above 1019 eV has been reported [6].
With the “instep” feature, the steepening is no longer modeled with a simple break, as there is
another one prior to the high energy fall-o�. The Auger spectrum hence exhibits three breaks at
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ü The difference between Auger and TA observed energy spectra can be understood in terms of the 
systematics in the energy determination of the two observatories.

common declination 
band
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Ultra High Energy Cosmic Rays – Anisotropy
ü Large scale anisotropy: dipole E>8 EeV (5.2!). Solid evidence of Extragalactic origin

ü Small-scale anisotropy: Hints of sources (?)

agreement with the prediction of various models, with particles of higher rigidity being less deflected
by the magnetic fields they transverse and with nearby, non-homogeneously-located sources making
a larger relative contribution to the flux. At lower energies the amplitude of the dipole (Fig. 2.14,
lower left panel) is smaller and not so significantly established. However the phases of the equatorial
dipole – always quicker to produce a robust determination than the amplitude – line up close to
the right ascension of the Galactic center (lower right panel of Fig. 2.14). This suggests that the
transition between Galactic and extragalactic origin occurs at energies in-between [68].

Figure 2.14: Upper left panel: map showing the cosmic-ray flux detected by the Pierre Auger
Observatory above 8EeV, in Galactic coordinates, smoothed with a 45� top-hat function (the
Galactic Center, GC, is at the origin). The dot indicates the measured dipole direction and the
contour denotes the 68% confidence level region, from Ref. [52]. Upper right panel: amplitude of
the 3D dipole determined in four energy bins above 4EeV with the Auger data set, from Ref. [52].
Lower panels: reconstructed equatorial dipole amplitude (left) and phase (right), published in
Ref. [68] by the Pierre Auger Collaboration. The gray bands indicate the amplitude and phase for
the energy bin above 8 EeV. Results from other experiments are shown for comparison.

Motivated by these results, the Telescope Array Collaboration has searched for a large-scale
anisotropy in the northern hemisphere [211]. The events collected during 11 years of operation
have been projected onto the equatorial plane and fitted with the dipole distribution. The fit
yielded the amplitude of 3.3 ± 1.9% and a phase of 131� ± 33�, albeit still with low significance.
The TA data are compatible with isotropy with a probability of 14%, and with the dipole found by
the Pierre Auger Observatory with a probability of 20%, small statistics being the main limiting
factor of this analysis.
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The Pierre Auger and Telescope Array Collaborations have joined forces and have worked
together on several analyses making use of the fact that the two data sets together have full-sky
coverage. The combination of both data sets was done by cross-calibrating the energy scales using
the equatorial band where the exposures of both observatories overlap (see Fig. 2.15, left panel). The
latest results for the search of large scale anisotropies with the combined data sets was presented in
Ref. [212]. Thanks to the full-sky coverage, the dipole and quadrupole moments could be computed
without any assumptions about higher order multipoles and with smaller statistical uncertainty.
The results are compatible with the Auger-only results. The combined sky map, smoothed with a
45� top-hat function, is shown in the right panel of Fig. 2.15.

Figure 2.15: Left panel: Auger and TA e↵ective exposure; the yellow band shows the common
declination band used for the cross-calibration of energy scales. Right panel: map showing the
cosmic-ray flux detected by the Pierre Auger Observatory and Telescope Array above 8.57 EeV
and 10 EeV, respectively, in equatorial coordinates, smoothed with a 45� top-hat function. From
Ref. [212].

An interpretation of the large scale dipolar anisotropy could be the following [166]: the sources of
UHECRs above 8 EeV are numerous, such that individual nearby sources do not stand out; rather,
the sources form a relatively continuous distribution following the matter density of the Universe.
This inhomogeneous source distribution, in combination with the relatively short UHECR horizon
due to energy losses, results in the UHECR illumination of the Milky Way being anisotropic.
Finally, in the last stage of their journey, the UHECRs are deflected by the GMF. The matter
distribution is known to reasonable fidelity out to hundreds of Mpc – the relevant distance given
the UHECR horizon – and the GMF is approximately known based on more than 40,000 Faraday
rotation measures of extragalactic sources and Planck synchrotron emission data; the distribution
of UHECR charges is approximately known from the composition. The resultant model [166] gives
a good fit to the observed anisotropy and its evolution with energy shown in Fig. 2.14. Other
models such as discussed in Ref. [213] are also able to explain the observed large scale anisotropy
and its energy dependence – the point being made here is that high quality data with complete
sky coverage yields valuable information about the nature of the sources even if the sources are
transient or too numerous to allow for individual correlation. In time, as the knowledge of the GMF
and the ability to infer composition and hence UHECR charge assignments improve, the model can
be more and more accurately tested and refined. As confidence in this or another picture builds, it
will serve as a complementary constraint on the GMF model.
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Figure 2. Local-significance maps from searches for localized excess in Equatorial coordinates. Left:
Southern sky observed at EAuger > 54 EeV smeared on a 12� angular scale. The solid and long-dashed lines
indicate the supergalactic and Galactic plane, respectively. Reproduced with permission from [4]. Right:
Northern sky observed at ETA > 57 EeV smeared on a 20� angular scale. Reproduced with permission
from [11].

An update of the analysis presented with seven and ten years of data [9, 10] indicates no increase in the
significance of the excess.

The directions with largest departures from UHECR isotropy have been compared with the position of
nearby prominent objects. The two most significant excesses in the Northern and Southern hemispheres are
located near the supergalactic plane, and multiple candidate sources have been discussed either within or
outside from Collaborations. For example, in [12, 13], a ranking of gamma-ray emitting sources detected
within 200 Mpc attempted to identify possible candidates for the TA hotspot, such as the starburst galaxy
M82, blazars of BL Lac type such as Mrk 180 and Mrk 421, but also regular star-forming galaxies and
galaxy clusters. Similarly, Cen A, an FR-I radio galaxy, or starburst galaxies such as NGC 4945 and M 83
have been pointed out as lying 10 � 20� away from the Southernmost significant UHECR excess. These
sources are powerful X-ray and (or) �-ray emitters and could potentially explain the UHECR flux from the
TA hotspot region.

To reach a more complete view of the UHECR sky, cross-correlation studies against numerous
astronomical catalogs have been performed within the Auger and TA collaborations, as well as by
independent groups. Models often assume that the UHECR source distribution follows the distribution of
luminous matter in the nearby Universe, based on radio —- 3CRR catalog — or infrared — IRAS and
2MASS — or X-ray — Swift-BAT — or gamma-ray — Fermi-LAT — observations. These models account
for the expected energy losses and deflections of UHECRs during their extragalactic propagation [4, 14–16].
While such studies have not yet revealed any statistically significant (> 5�) departure from isotropy, a recent
search against �-ray bright sources, that accounted for their expected relative flux has unveiled an indication
of excess UHECR flux at 4.0 � post-trial in the direction of starburst galaxies (at EAuger > 39 EeV), and at
2.7� post-trial in the direction of jetted active galactic nuclei (AGN) at EAuger > 60 EeV [17]. A search
by the TA Collaboration with fixed parameters at ETA > 43 EeV is consistent with the Auger result for
starburst galaxies, but also with isotropy, indicating that the currently limited statistics from the Northern
hemisphere is not sufficient to discriminate between the two hypotheses [18].

2.2 Spectrum

Measuring the energy spectrum of UHECRs at high precision is of prime importance for understanding
the origin and mechanisms of CR acceleration and propagation. Data at the highest energies have been
accumulated for decades by AGASA [19], Yakutsk [20], HiRes[21], and more recently by the Pierre Auger
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ü Small-scale 
anisotropy still 
insufficient to draw 
conclusions as to 
the UHECR 
sources.

ü Lack of multiplets
at E>40 EeV
constrains the 
apparent number 
density of sources:    

n0 ≥10-5 Mpc-3

E>54 EeV



ü Above 8 EeV, "! = 6.0"#.%&'.#%
with a phase pointing toward 
the galactic anticenter. Signal of 
a possible extragalactic origin. 

ü Below 8 EeV, only upper 
bounds on "! at the level of 1%

ü Below 0.3 EeV, amplitude is not 
significant, the phase is not far 
from the right ascension of the 
galactic center. Signal of a 
possible galactic origin (?).

Right ascension anisotropies
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The Pierre Auger energy spectrum Valerio Verzi

Table 1: Relevant parameters of the data samples used to measure the energy spectrum.
1500 m � <60� 1500 m �>60� 750 m Hybrid Cherenkov

data taking period 01/2004-08/2018 01/2004-08/2018 01/2014-08/2018 01/2007-12/2017 06/2012-12/2015
exposure [km2 sr yr] 60426 17447 105.4 2248 at 1019 eV 2.86 at 1017 eV

number of events 215030 24209 569285 13655 69793
zenith angle range [�] 0 - 60 60 - 80 0 - 40 0 - 60 0 - 85
energy threshold [eV] 1018.4 1018.6 1017 1018 1016.5

energy resolution [%] 18 - 8 22 - 10 22 - 8 7.4 18
(from low to high E)

calibration parameters
number of events 3338 393 1179

A [EeV] 0.186±0.003 5.51±0.07 0.0132±0.0004
B 1.031±0.004 1.04±0.02 1.006±0.009
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Figure 5: Energy spectra measured using the Pierre Auger Observatory (left) and spectrum obtained com-
bining the different measurements (right).

� < 60� (see also [11]). Another measurement of the spectrum is obtained by analysing the hybrid
events detected by the FD simultaneously with at least one WCD. The measurement benefits from
the high precision in the FD energy estimation and is made selecting events with energy > 1018 eV.
The exposure is calculated using a full time-dependent simulation of the hybrid events and detector
response [12].

The spectrum measurements are extended to lower energies using the 750 m array. Thanks to
the implementation of a new trigger algorithm at the WCD level, in comparison to our previous
publication [2], we have been able to lower the energy threshold by half a decade down to 1017

eV [14]. This measurement is unique of its kind, similar to the one performed with the 1500 m
array, because it is done with an array in the regime of full trigger efficiency and using a fully data-
driven approach. Finally, as pioneered by the Telescope Array [15], for the first time we show the
spectrum derived using the events detected by HEAT in which the observed light is dominated by
Cherenkov radiation. This allows us to lower the energy threshold to 1016.5 eV [16] and, together
with the 750 m spectrum, to precisely study the spectral features around 1017 eV.

The parameters used to define the various spectra are detailed in table 1 and the measured
spectra multiplied by E3

i are shown in the left panel of figure 5. The spectrum obtained by com-
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Figure 1. Reconstructed equatorial-dipole amplitude (left) and phase (right). The upper limits at 99% CL are shown for all the
energy bins in which the measured amplitude has a chance probability greater than 1%. The gray bands indicate the amplitude
and phase for the energy bin E � 8 EeV. Results from other experiments are shown for comparison (IceCube Collaboration
2012, 2016; KASCADE-Grande Collaboration 2019).

distribution is P (� rEW) = exp(�Nr2EW/4).
The amplitude of the equatorial dipole component is related to the amplitude of the first-harmonic modulation

through d? ' r/hcos �i, and its phase ↵d coincides with the first-harmonic phase '.

4. RIGHT ASCENSION MODULATION FROM 0.03 EeV UP TO E � 32 EeV

In Table 1, we report the results for the reconstructed equatorial dipole in di↵erent energy bins, covering the
range from ⇠ 0.03 EeV up to E � 32 EeV. The energies defining the boundaries of the bins are 2n EeV, with
n = �5,�4, ..., 4, 5. As mentioned previously, the results are obtained from the study of the right ascension modulation
using di↵erent methods and datasets. We use the weighted Rayleigh analysis in the energy bins above 2 EeV, for which
the systematic e↵ects associated with the non-saturated detector e�ciency and to the e↵ects related to atmospheric
variations are well under control. When this is not the case, we report the results of the East-West method which,
although having larger uncertainties, is quite insensitive to most sources of systematic e↵ects in the right ascension
distribution. For energies above 0.25 EeV, we report the results obtained with the data from the SD1500 array, while
for lower energies we use the dataset from the SD750 array since, having a lower threshold, it leads to a larger number
of events despite the reduced size of the array. In that case, given that the SD750 array is not fully e�cient below
0.3 EeV, we just use the East-West method.

E [EeV] Emed [EeV] N d? [%] �x,y [%] ↵d[
�] P (� d?) dUL

? [%]

East-West 1/32 - 1/16 0.051 432,155 1.0+1.0
�0.4 0.91 112± 71 0.54 3.3

(SD750) 1/16 - 1/8 0.088 924,856 0.6+0.6
�0.3 0.52 �44± 68 0.50 2.0

1/8 - 1/4 0.161 488,752 0.2+0.8
�0.2 0.63 �31± 108 0.94 2.0

East-West 1/4 - 1/2 0.43 770,316 0.6+0.5
�0.3 0.48 �135± 64 0.45 1.8

(SD1500) 1/2 - 1 0.70 2,388,467 0.5+0.3
�0.2 0.27 �99± 43 0.20 1.1

1 - 2 1.28 1,243,103 0.18+0.47
�0.02 0.35 �69± 100 0.87 1.1

Rayleigh 2 - 4 2.48 283,074 0.5+0.4
�0.2 0.34 �11± 55 0.34 1.4

(SD1500) 4 - 8 5.1 88,325 1.0+0.7
�0.4 0.61 69± 46 0.23 2.6

8 - 16 10.3 27,271 5.6+1.2
�1.0 1.1 97± 12 2.3⇥ 10�6 –

16 - 32 20.3 7,664 7.5+2.3
�1.8 2.1 80± 17 1.5⇥ 10�3 –

� 32 40 1,993 13+5
�3 4.1 152± 19 5.3⇥ 10�3 –

� 8 11.5 36,928 6.0+1.0
�0.9 0.94 98± 9 1.4⇥ 10�9 –

Table 1. Equatorial dipole reconstruction in di↵erent energy bins. Indicated are the median energies in each bin Emed, number
of events N , amplitude of d?, uncertainty �x,y = �/hcos �i of the components dx or dy, right ascension phase, probability to
get a larger amplitude from fluctuations of an isotropic distribution and 99% CL upper limit on the amplitude.

For each energy bin, we report in Table 1 the number of events N , the amplitude d?, the uncertainty �x,y of
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energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

Another important question related to the UHECR energy spectrum is about the origin of the flux
suppression observed at the highest energies. The GZK cut-off was predicted 50 years ago independently
by Greisen and Zatsepin & Kuzmin [2, 3] and was claimed to be found by the HiRes collaboration in
2008 [21]. At the same time, the Auger collaboration reported a flux suppression at about the same energy
and with a significance of more than 6� [35]. Above 1019.8 eV, TA has reported the observation of 26
events [36] and Auger has reported 100 events [37] by ICRC2017. However, these numbers cannot be
compared directly due to the difference in the energy calibration of the experiments. We discuss more this
problem in Section 3.1.

2.3 Mass Composition
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Figure 4. Measurements [38–40] of the mean (left) and standard deviation (right) of the distribution of
shower maximum as a function of energy. Data points from the Pierre Auger Observatory are shown as
published since they have been corrected for detector effects. Data from the Telescope Array have been
approximately corrected for detector effects by shifting the mean by +5 g/cm2 [41] and by subtracting
an Xmax-resolution of 15 g/cm2 [40] in quadrature. Furthermore, the TA data points were shifted down
by 10.4% in energy to match the energy scale of the Pierre Auger Observatory [42] (see also [43]
for a discussion of the good overall compatibility of the Xmax measurements from the Pierre Auger
Observatory and the Telescope Array). All error bars denote the quadratic sum of the quoted statistical and
systematic uncertainties. The energy evolution of the mean and standard deviation of Xmax obtained from
simulations [44] of proton- and iron-initiated air showers are shown as red and blue lines respectively. The
line styles indicate the different hadronic interaction models [45–47] used in the simulation. M. Unger for
this review.

Ultra High Energy Cosmic Rays – Composition
Mixed Composition

Starting at 1017 eV the light fraction increases till 3x1018 eV where it dominates the flux. At energies larger then
3x1018 eV, both Auger and TA data show a mass fraction progressively heavier with increasing energy.

Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

The most reliable technique to measure the mass composition of UHECRs is the simultaneous
measurement of the depth, Xmax, at which the number of particles in an air shower reaches its maximum
and the energy, E, of the shower. These quantities can be directly observed with non-imaging Cherenkov
detectors, radio arrays, and fluorescence telescopes. As of today, only fluorescence detectors have reached
enough exposure to measure Xmax at ultrahigh energies. After pioneering measurements from Fly’s Eye [48]
and HiRes [49], the fluorescence technique is currently employed by the Pierre Auger Observatory [50]
and the Telescope Array [51]. Traditional particle detector arrays are in principle also capable to estimate
the energy and mass of cosmic rays, e.g., by measuring separately the number of muons and electrons at
ground level, but usually with a worse resolution and, more importantly, larger theoretical uncertainties
from hadronic interactions during the air shower development. The latter source of uncertainty can be
eliminated by cross-calibrating the measurements with the Xmax and energy of a subset of so-called hybrid
events (air showers observed simultaneously with both, fluorescence and surface detectors).
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Figure 5. Composition fractions arriving at Earth derived from fitting templates of four mass groups to
the Xmax distribution measured with the fluorescence detectors of the Pierre Auger Observatory (adapted
from [39]). Error bars denote statistical uncertainties and lines were added to guide the eye. The two
interpretations of the data with EPOS-LHC and Sibyll2.3 are shown as closed and open symbols with solid
and dashed lines styles respectively. The QGSJetII-04 interpretation from [39] is not shown, since it does
not give a good description of the Xmax distributions over a wide range in energy (see also discussion in
[52]). As of today, no composition fractions are available around and above 1020 eV. M. Unger for this
review.

The current data on the average shower maximum, hXmaxi, as a function of energy from fluorescence [39,
40, 53] and surface detectors [38] is shown in the left panel of Figure 4. The event-by-event fluctuations of
the shower maximum, �(Xmax), are displayed on the right panel of Figure 4. Only the measurements with
fluorescence detectors have enough resolution to determine the intrinsic (as opposed to detector-related)
standard deviation of shower fluctuations. For comparison, the predictions of hXmaxi of proton- and
iron-initiated air showers simulations using hadronic interaction models [45–47] tuned to LHC data are
shown as red and blue lines.

These measurements of the first two moments (mean and standard deviation) of the Xmax distribution
suggest that the composition of cosmic rays becomes lighter as the energy increases towards the ankle (until
around 1018.3 eV) and then becomes heavier again when approaching ultrahigh energies. The data points
from the surface detector of Auger might indicate a flattening of this trend at ultrahigh energies, but more
statistics are needed to confirm this finding. Note that, whereas hXmaxi scales linearly with the average
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Figure 2.13: hlnAi inferred from FD hXmaxi and pseudo-hlnAi taken from Nµ, Xµmax or Delta.
SD hln Ai: top panels — Auger measurements of the muon production depth (Xµ

max) [172] and
results from Delta method (�s) [173]; bottom left — Auger muon density from underground muon
detector (UMD) [174] and muon number in inclined SD events [43]; bottom right — Telescope
Array analysis of complex of SD data [204].
FD hln Ai: Auger [206] (top panels) and [187] (bottom left); TA [75].

current interaction models could be underestimated and thus may also be partly responsible for
the FD-SD hln Ai discrepancies.

Multi-hybrid observations, which include data from water-Cherenkov detectors, scintillator sur-
face detectors, underground muon detectors, radio detectors, and FDs, will provide us with crucial
information necessary for reduction of the uncertainties in the description of hadronic interactions.
The AugerPrime upgrade will allow for simultaneous observations of showers using all of these
detector types, potentially making it possible to consistently determine primary mass composition
with each of these detectors independently.

2.4 Distribution of Arrival directions: The slow emergence of
source class candidates

The discovery of the production mechanisms of the highest-energy particles in the Universe and
the identification of the astrophysical hosts of the remarkable engines responsible for their accel-
eration, are the most important and challenging ambitions of multi-messenger Astrophysics. The
two essential messengers for this task are UHECRs and very-high-energy (VHE) astrophysical neu-
trinos, with energies of PeV and above. VHE neutrinos are likely to be progeny of UHECRs (see
Sec. 2.5.1.2) but whether they are produced in the original UHECR source or its environment, and

26

ü Uncertainties due to the hadronic interaction model
considered.

ü Problems in the self-consistency of hadronic models,
likely connected to an inadequate description of the
muon production mechanisms in air showers.
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It is impossible to observe at the Earth
a pure heavy nuclei spectrum, even if
sources inject only heavy nuclei of a
fixed specie at the Earth we will
observe all secondaries (protons too)
produced by photo-disintegration.

Composition

Caveats on UHE nuclei 

The scale at which photo-disintegration
becomes relevant, for heavy nuclei, it is
almost independent of the nuclei specie

The highest energies behavior is fixed
by the interplay between Ecut and the
maximum energy at the source Emax .

High Energies

R
A

, B
erezinsky, G

rigorieva (2009-2013)



1037

1038

1039

1040

1018 1019 1020

E
3
 J

(E
) 

(a
rb

. 
n

o
rm

.)

E (eV)

He

γ=1.0

γ=2.0

γ=2.5

1037

1038

1039

1040

1018 1019 1020

E
3
 J

(E
) 

(a
rb

. 
n

o
rm

.)

E (eV)

CNO

γ=1.0

γ=2.0

γ=2.5

1037

1038

1039

1040

1018 1019 1020

E
3
 J

(E
) 

(a
rb

. 
n

o
rm

.)

E (eV)

MgSi

γ=1.0

γ=2.0

γ=2.5

1037

1038

1039

1040

1018 1019 1020 1021

E
3
 J

(E
) 

(a
rb

. 
n

o
rm

.)

E (eV)

Fe

γ=1.0

γ=2.0

γ=2.5

QA(�) = Q0e
��/�max

✓
�

�0

◆��g

The combined effect of nuclei energy losses, mainly photo-disintegration, and injection 
implies that a steep injection increases the low energy weight of the mass composition  

Injection of nuclei: flat vs steep

The effect of an 
Intergalactic 
Magnetic Field 
(IMF) can 
mitigate the 
conclusion on flat 
spectra allowing 
for steeper 
spectra

Note



Astrophysical sources 

L > 4⇡R2c�2✏B0 ' 1047
�2

Z2

✓
E

1020eV

◆2 erg

s

J(E) ' c

4⇡
Q(E)⌧loss(E)

ü Hillas criterion: relation between (comoving)
size and magnetic field of the acceleration site.

ü The Hillas criterion can be refined in terms of a
lower limit on the required luminosity.
Considering a moving source (as for shocks) the
total ram pressure should be larger than the
magnetic field energy density:

ü The observed UHECR flux fixes the scale of the
source emissivity (ℒ = L∙n) needed

L > 3⇥ 1045
�

Z2

✓
E

1020eV

◆2 erg

s

• relativistic moving source

• non-relativistic  moving source 

A
lves B

atista et al. (2019)

<latexit sha1_base64="wnMYN2La7k/JFPv7ye5t1mRcj5U=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKfFyEoBePEcwDNmuYncwmQ2ZnlpleISz5DC8eFPHq13jzb5wke9DEgoaiqpvurjAR3IDrfjuFldW19Y3iZmlre2d3r7x/0DIq1ZQ1qRJKd0JimOCSNYGDYJ1EMxKHgrXD0e3Ubz8xbbiSDzBOWBCTgeQRpwSs5HeBpNee+3iOx71yxa26M+Bl4uWkgnI0euWvbl/RNGYSqCDG+J6bQJARDZwKNil1U8MSQkdkwHxLJYmZCbLZyRN8YpU+jpS2JQHP1N8TGYmNGceh7YwJDM2iNxX/8/wUoqsg4zJJgUk6XxSlAoPC0/9xn2tGQYwtIVRzeyumQ6IJBZtSyYbgLb68TFpnVe+iWruvVeo3eRxFdISO0Sny0CWqozvUQE1EkULP6BW9OeC8OO/Ox7y14OQzh+gPnM8f7VGQYQ==</latexit>

⌧ = 105y
<latexit sha1_base64="eNvPi9EZ7tlLrd9Vmoz2eZKFYcw=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVol6EUpF6rGA/YLuUbJq2odlkSbJCWfozvHhQxKu/xpv/xrTdg7Y+GHi8N8PMvDDmTBvX/XZya+sbm1v57cLO7t7+QfHwqKVloghtEsml6oRYU84EbRpmOO3EiuIo5LQdjm9nfvuJKs2keDSTmAYRHgo2YAQbK/m1XnpXn954SNR7xZJbdudAq8TLSAkyNHrFr25fkiSiwhCOtfY9NzZBipVhhNNpoZtoGmMyxkPqWypwRHWQzk+eojOr9NFAKlvCoLn6eyLFkdaTKLSdETYjvezNxP88PzGD6yBlIk4MFWSxaJBwZCSa/Y/6TFFi+MQSTBSztyIywgoTY1Mq2BC85ZdXSeui7F2WKw+VUrWWxZGHEziFc/DgCqpwDw1oAgEJz/AKb45xXpx352PRmnOymWP4A+fzB+B5kFk=</latexit>

BEG = 1nG

<latexit sha1_base64="PzxlI5+r+NPZb1KIr24GcgGSpXc=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4Crsi6kEhRIIeoxgVk7D0TnrN4MzuMjMrhiUnL/6KFw+KePUbvPk3Th4HXwUNRVU33V1BIrg2rvvpjI1PTE5N52bys3PzC4uFpeVzHaeKYZ3FIlaXAWgUPMK64UbgZaIQZCDwIrg57PsXt6g0j6Mz002wJeE64iFnYKzkF9aq+1U/k3DXO2gGaIBeIa3QU9o8AinBLxTdkjsA/Uu8ESmSEWp+4aPZjlkqMTJMgNYNz01MKwNlOBPYyzdTjQmwG7jGhqURSNStbPBGj25YpU3DWNmKDB2o3ycykFp3ZWA7JZiO/u31xf+8RmrCvVbGoyQ1GLHhojAV1MS0nwltc4XMiK4lwBS3t1LWAQXM2OTyNgTv98t/yflWydspbZ9sF8uVURw5skrWySbxyC4pk2NSI3XCyD15JM/kxXlwnpxX523YOuaMZlbIDzjvX+nBl4A=</latexit>

E < Emax = �ZeBR�

<latexit sha1_base64="Dq8ooewrdDvFpePDw8vnrSDNr3g="></latexit>

L = 4⇡R2V
1

2
⇢V 2 > 4⇡R2V

B2

8⇡

<latexit sha1_base64="Mb8v+OQiTja2Hn+yA/F0E5E3djg="></latexit>

L = O(1037)
erg

Mpc3s



The Kascade-Grande observations seem to confirm the presence at high energy of an 
(extragalactic?) additional light component with a steep injection spectrum.
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Figure 6. [Left panel] Fluxes of protons and nuclei in the case of two populations of extragalactic
sources with an injection parameters γg = 2.7, Ep

max
= 3 × 1019 eV for proton and helium and

γg = 1.0, Ep
max = 5 × 1018 eV for sources providing also heavier nuclei. Curves with different colors

show the sum of the flux of primaries with given mass number A0 and all secondaries produced by
the same nuclear species. The shadowed area shows the flux of all secondaries alone. [Right panel]
Kascade grande light component compared with extragalactic proton and helium with γg = 2.7 and
galactic proton and helium fluxes as computed in [47], with three different choices of the maximum
acceleration energy as labeled.
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Figure 7. Mean value of the depth of shower maximum 〈Xmax〉 and its dispersion σ(Xmax) as
measured by Auger [15] and in our calculations with the same choice of parameters as in figure 6.

elements (p+He) is contributed mainly by sources with steep injection. In the left panel of
Fig. 6 the end of the proton spectrum coincides with the maximum energy reached in the
sources, while the spectra of nuclei are ended by photo-disintegration on the EBL. Together
with the extragalactic CR components, in the left panel of Fig. 6 we also plot the tail of the
galactic (iron dominated) CR spectrum (black dotted line) as computed in Ref. [47] (with a
maximum energy for galactic protons of 6 PeV, see below).

The fitting to the Auger data on spectrum and mass composition leads to conclude
that at the energy of the ankle, ∼ 5 EeV, the flux is dominated by extragalactic CRs,
thereby locating the transition from the Galactic to the extragalactic component in the
range 1016 − 1018 eV, with a steep light extragalactic component kicking in around ! 1018

eV.
As anticipated above, it is interesting to notice that a light CR component has been
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show the sum of the flux of primaries with given mass number A0 and all secondaries produced by
the same nuclear species. The shadowed area shows the flux of all secondaries alone. [Right panel]
Kascade grande light component compared with extragalactic proton and helium with γg = 2.7 and
galactic proton and helium fluxes as computed in [47], with three different choices of the maximum
acceleration energy as labeled.
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elements (p+He) is contributed mainly by sources with steep injection. In the left panel of
Fig. 6 the end of the proton spectrum coincides with the maximum energy reached in the
sources, while the spectra of nuclei are ended by photo-disintegration on the EBL. Together
with the extragalactic CR components, in the left panel of Fig. 6 we also plot the tail of the
galactic (iron dominated) CR spectrum (black dotted line) as computed in Ref. [47] (with a
maximum energy for galactic protons of 6 PeV, see below).

The fitting to the Auger data on spectrum and mass composition leads to conclude
that at the energy of the ankle, ∼ 5 EeV, the flux is dominated by extragalactic CRs,
thereby locating the transition from the Galactic to the extragalactic component in the
range 1016 − 1018 eV, with a steep light extragalactic component kicking in around ! 1018

eV.
As anticipated above, it is interesting to notice that a light CR component has been
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Figure 1. Propagated energy spectrum of UHECRs from newly born pulsar population with logµ and
P normally distributed, and wind acceleration efficiency η = 0.3. Simulation results were normalized
at 1019 eV with fs ! 0.05 for the Auger and Auger-uniform cases, and fs ! 0.08 for the TA case
(due to difference in energy scale). The spectrum of each group of propagated nuclei are shown as
in the legend box. Top (Auger-uniform case): a mixed composition of 50% Proton (fH = 0.5), 30%
CNO (fCNO = 0.3) and 20% Fe (fFe = 0.2) was injected to fit the Auger spectrum [52]. The source
emissivity is assumed to be constant over time. Middle (Auger case): 65% Proton, 20% CNO and
15% Fe nuclei was injected also to fit the Auger spectrum [52], but the source emissivity is assumed
to be follow the star formation rate computed by [50]. Bottom (TA case): 50% Proton, 0% CNO and
50% Fe nuclei was injected to fit the TA spectrum [53]. The source emissivity is assumed to be follow
the star formation rate computed by [50].

– 17 –

6

FIG. 4. The observed spectrum (upper panel), 〈Xmax〉 (mid-
dle panel), and σ(Xmax) (lower panel) of the UHECRs at the
Earth. The data of PAO and TA are taken from [13–15].

vations and simulations of the jet propagation [61, 70],
Rsl/Rjet ∼ 0.1 and βjet ∼ 0.9 are also possible, where
we would need smaller Bcoc and larger lcoh to obtain the
required Ep,max and LUHECR.
We have considered shear acceleration in large-scale

jets, which is different from the scenario by [35] for
UHECR acceleration in blazar jets. Our model is also
different from [92], which relies on the first encounter
boost in the relativistic jet of Γ ∼ 30 [93], whereas both
consider the injection of Galactic CRs. While such jets

could exist in sub-parsec scales as suggested in blazars or
even kiloparsec scales for the most powerful FR II galax-
ies, jets of FR Is are significantly decelerated in such large
scales, and mildly relativistic jets are considered in this
work [60–62].

FR Is and their blazar counterparts, BL Lac ob-
jects, are observed at different wavelengths from radio
to gamma-rays. The charged particles that emit the ob-
served electromagnetic signals are likely to be produced
at different locations in the shear layer, e.g., by internal
shocks [94] or turbulence [95]. In the leptonic scenario,
the electrons are difficult to get accelerated solely by the
discrete shear acceleration mechanism, since their typical
energy is lower than Ei,inj [96].

Our model is consistent with the convergence picture of
UHECRs, neutrinos, and gamma rays [97, 98], in which
all three messengers are explained simultaneously. In the
galaxy cluster and group model, UHECRs can be pro-
vided by AGNs [98]. CRs that do not reach ultrahigh
energies can be accelerated by the AGN jet without the
shear reacceleration, and the CR spectrum can be effec-
tively extended to ultrahigh energies with a hard spec-
trum via the shear acceleration mechanism. Also, the
corresponding cosmogenic neutrino flux is expected to
be ∼ 10−10 GeV cm−2 s−1 sr−1. Gamma rays and neu-
trinos associated with large scale jets may not be easy
to detect due to long energy-loss time scales (cf. [99]).
Whereas electrons may be difficult to be injected into
the shear acceleration process, it is important to study
indirect signatures through radio and/or X-ray observa-
tions [61, 65, 100] for testing our model.
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Appendix A: Details of Monte Carlo simulations

In this appendix, we describe the results of Monte
Carlo simulations, focused on the situation that
Rcoc/λi,coc < Rjet/λi,jet and lcoh < Rjet.
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Figure 4. Cosmic-ray (left panel, multiplied by E3, linear scale) and neutrino (right panel, multiplied by E2) fluxes at Earth
corresponding to a parameter space point describing both UHECR and neutrino data at the highest energies reported in Fig. 2
(point A) and to cases with similar cuto↵ energy at the source, but di↵erent values for the luminosity and the radius (points B
and C), i.e., di↵erent strength of the nuclear cascade (see Fig. 2, left panel). In the left panel, the all-particle flux (orange) is
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FIG. 12. Model II-1: CO-WDs with an initial mass composi-
tion, XC = 0.5, XO = 0.5. We use a maximum proton energy
of Ep,max = 6.3× 1018 eV and spectral index of sesc = 1.

nuclei mainly originate from tidally disrupted stars. Al-
though we discussed several possibilities, this should be
justified by more detailed work on CR acceleration and
escape processes. We consider both MS-SMBH and WD-
IMBH tidal disruptions. In the MS-SMBH TDE scenario
(model I), the injected UHECRs have a solarlike com-
position. The UHECR spectrum can be fitted, but a
proton dominated composition is expected in the nearly
the entire energy range. In the WD-IMBH TDE sce-
nario, model II-1 (CO-WDs) can give a poor fit to the

FIG. 13. Model II-2: ONeMg-WDs with an initial mass
composition XO = 0.12, XNe = 0.76, XMg = 0.12. We use
a maximum proton energy of Ep,max = 6.3 × 1018 eV and
spectral index of sesc = 1.

UHECR spectrum but 〈Xmax〉 and σ(Xmax) can be rea-
sonably accounted for. We found that it is difficult to
fit the spectrum and composition simultaneously even if
we try a variety of parameter sets, such as higher maxi-
mum energy and/or steeper ejection spectra. The main
reason is that the attenuation lengths of UHECR carbon
or oxygen nuclei are lower than protons or iron nuclei,
so most of them will be depleted into secondary protons
before reaching Earth [3]. For ONeMg-WDs, we found
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ü Gamma Ray Burst            
UHECR heavy composition 
favors LL-GRB with a large 
number density (vs HL-GRB) 
and mildly relativistic jets. 
[Transient]

ü Active Galactic Nuclei      
different models of acceleration: 
termination shock, compact 
regions at the base of the jet, 
shear  acceleration. [Steady]

ü Pulsar
very hard spectra γ~1, heavy 
composition due to internal 
dynamics at the source. [Steady]

ü Tidal Disruption Events
easily reach the needed energies 
and luminosities, recently 
associated with high energy 
neutrinos. [Transient]

ü Starburst galaxies.                      
no consensus reached on this 
scenario, hints of an excess in 
the Auger data at E>38 EeV. 
[Steady]

üAt EeV energies it should be filled the gap. A galactic component 
challenges GCR acceleration, anisotropy and composition.

üSpecific dynamics in the environment of the extragalactic source:  
interaction with local matter and radiation fields (in-source photo-
disintegration hardens nuclei injection). 

Astrophysical models



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.

üEeV neutrinos

üPeV neutrinos
PeV neutrinos are generated by the
photo-pion production process of
UHECR on the EBL (cosmogenic
component) and by in-source
interactions. IceCube observations can
be marginally explained by the
cosmogenic component while can be
better reproduced by in-source photo-
disintegration processes (as in GRB).
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Figure 4. Cosmic-ray (left panel, multiplied by E3, linear scale) and neutrino (right panel, multiplied by E2) fluxes at Earth
corresponding to a parameter space point describing both UHECR and neutrino data at the highest energies reported in Fig. 2
(point A) and to cases with similar cuto↵ energy at the source, but di↵erent values for the luminosity and the radius (points B
and C), i.e., di↵erent strength of the nuclear cascade (see Fig. 2, left panel). In the left panel, the all-particle flux (orange) is
shown together with the nucleon contribution (red) of the cosmic-ray flux.
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ü Diffuse extragalactic gamma-ray flux at E ∼ 1
TeV is a very powerful observable to constrain
the fraction of protons in the UHECR spectrum.

ü With the available statistics, given the poor
knowledge of the galactic diffuse foregrounds,
only models with strong cosmological
evolution and light composition are excluded.

ü The future CTA observatory will improve the
constrains on UHECR composition and
cosmological evolution of sources.

10-5

10-4

10-3

 6  7  8  9  10  11  12

E2  �
� [

M
eV

 cm
-2

 s-1
 sr

-1
]

log10(E/eV)

AGN evol.
SFR evol.

no evol.

 
protons only
mixed comp.

Fermi-LAT:
IGRB

total EGB

R
A

, B
on

ci
ol

i, 
di

 M
at

te
o,

 G
ri

llo
, P

et
re

ra
, S

al
am

id
a

(2
01

7)
<latexit sha1_base64="UUTkrrRks2j/SRn6hrWM3dJyBHs=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkKZkaIuq25cVrAP6Iwlk6ZtaJIJSUYoYxf+ihsXirj1N9z5N6btLLR64MLhnHu5955IMqqN5305uYXFpeWV/GphbX1jc8vd3mnoOFGY1HHMYtWKkCaMClI31DDSkoogHjHSjIZXE795T5Smsbg1I0lCjvqC9ihGxkodd0+WLo6Ogz7iHAUmhuQuDSQfd9yiV/amgH+Jn5EiyFDruJ9BN8YJJ8JghrRu+540YYqUoZiRcSFINJEID1GftC0ViBMdptP7x/DQKl3Yi5UtYeBU/TmRIq71iEe2kyMz0PPeRPzPayemdx6mVMjEEIFni3oJg/bRSRiwSxXBho0sQVhReyvEA6QQNjaygg3Bn3/5L2mclP3TcuWmUqxeZnHkwT44ACXggzNQBdegBuoAgwfwBF7Aq/PoPDtvzvusNedkM7vgF5yPb+5WlW8=</latexit>

p(A) + � ! e±
<latexit sha1_base64="VM3DLQD46PEfNDvySaFdVOBlgic=">AAACCHicbVDLSgMxFM3UV62vUZcuHCxCRSgzUtRl1Y3LCvYBnbFk0kwbmmRCkhFK6dKNv+LGhSJu/QR3/o2Z6Sy0eiBwOOdebs4JBSVKu+6XVVhYXFpeKa6W1tY3Nrfs7Z2WihOJcBPFNJadECpMCcdNTTTFHSExZCHF7XB0lfrteywVifmtHgscMDjgJCIIaiP17H1RuTg69geQMejr2PEFuXMzkkmlnl12q24G5y/xclIGORo9+9PvxyhhmGtEoVJdzxU6mECpCaJ4WvIThQVEIzjAXUM5ZFgFkyzI1Dk0St+JYmke106m/tyYQKbUmIVmkkE9VPNeKv7ndRMdnQcTwkWiMUezQ1FCHRM0bcXpE4mRpmNDIJLE/NVBQygh0qa7tARvPvJf0jqpeqfV2k2tXL/M6yiCPXAAKsADZ6AOrkEDNAECD+AJvIBX69F6tt6s99lowcp3dsEvWB/febGYYA==</latexit>

p(A) + � ! ⇡0 ! �
<latexit sha1_base64="cxRbMpTMZ/6jtSm8a+jQPfJjS48=">AAACEHicbVBLSwMxGMzWV62vVY9eFotYUcquFPVY9eKxgn1Ady3ZNG1Dk2xIskJZ+hO8+Fe8eFDEq0dv/huz7R60dSAwmfk+kplQUKK0635buYXFpeWV/GphbX1jc8ve3mmoKJYI11FEI9kKocKUcFzXRFPcEhJDFlLcDIfXqd98wFKRiN/pkcABg31OegRBbaSOfShKl0fHfh8yBn0dOb4g94kv2Di94Ck98XncsYtu2Z3AmSdeRoogQ61jf/ndCMUMc40oVKrtuUIHCZSaIIrHBT9WWEA0hH3cNpRDhlWQTAKNnQOjdJ1eJM3h2pmovzcSyJQasdBMMqgHatZLxf+8dqx7F0FCuIg15mj6UC+mjgmbtuN0icRI05EhEEli/uqgAZQQadNhwZTgzUaeJ43TsndWrtxWitWrrI482AP7oAQ8cA6q4AbUQB0g8AiewSt4s56sF+vd+piO5qxsZxf8gfX5AxEHnKc=</latexit>

p(A) + � ! ⇡± ! e±, ⌫

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.

diffuse extragalactic γ ray
background (10-2-102GeV).
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� EX  E�  EEBL

EEBL ' 2.5⇥ 1011eV

ECMB ' 2.5⇥ 1014eV
EX =

EEBL

3

✏CMB

✏EBL
' 107 eV

ü Pair and photo-pion production are less efficient in the case of UHE nuclei respect to protons
(single nucleon interaction, energy/nucleon, higher energy required).

ü Electromagnetic cascades show a universal behavior independent of the spectrum of primaries
(which just fixes the normalization).
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Figure 3. Upper limits on secondaries produced from the decay of
SHDM particles.

[60]. Tau neutrinos are not expected to be copiously pro-
duced at the astrophysical sources; yet approximately equal
fluxes for each neutrino flavour should reach the Earth as a re-
sult of neutrino oscillations over cosmological distances [61–
63]. The identification of neutrinos relies on salient zenith-
dependent features of air showers. For highly-inclined cas-
cades (zenith angle larger than 60�), neutrino-induced show-
ers initiated deep in the atmosphere near ground level have
a significant electromagnetic component when they reach the
array of particle detectors, producing signals that are spread
over time. In contrast, inclined showers initiated at a shallow
depth in the atmosphere by the bulk of UHECRs are domi-
nated by muons at the ground level, inducing signals in the
particle detectors that have characteristic high peaks associ-
ated with individual muons, which are spread over smaller
time intervals. Thanks to the fast sampling (25 ns) of the dig-
ital electronics of the detectors, several observables that are
sensitive to the time structure of the signal can be used to dis-
criminate between these two types of showers.

Neutrino limits obtained at the Observatory [64] are also
displayed in Fig. 3 as the continuous line. Except at the low-
est energies, these limits are seen to be superseded by photon
limits in the search for SHDM by-product decays.

III. CONSTRAINTS ON GAUGE COUPLING IN THE
DARK SECTOR

Some SHDM models postulate the existence of super-weak
couplings between the dark and SM sectors. The lifetime tX
of the particles is then governed by the strength of the cou-
plings gXQ (or reduced couplings aXQ = g2

XQ/(4p)) and by
the mass dimension n of the operator Q standing for the SM
fields in the effective interaction [65]. This results in lifetimes
that are in general far too short for DM to be stable enough,
unless a practically untenable fine tuning between gXQ and
n holds [4, 65]. However even without knowing the theory
behind the decay of the X particle, we can derive generic con-
straints on aXQ and n. The effective interaction term that cou-
ples the field X associated with the heavy particle to the SM
fields is taken as

Lint =
gXQ
Ln�4 XQ, (10)

where L is an energy parameter typical of the scale of the new
interaction. In the absence of further details about the oper-
ator Q, the matrix element describing the decay transition is
considered flat in all kinematic variables so that it behaves as
|M |2 ⇠ 4paXQ/L2n�4. On the basis of dimensional argu-
ments, the lifetime of the particle X is then given as

tXQ =
Vn

4pMX aXQ

✓
L

MX

◆2n�8
, (11)

where Vn is a phase space factor. As a proxy for this factor, we
consider the case of scalars only (mass dimension of 1) in Q
and use the expression derived for N �1 particles in the final
state [66],

Vn =

✓
2
p

◆n�1
G(n�1)G(n�2), (12)

with G(x) the Euler gamma function.
Equation (11) provides us with a relationship connecting

the lifetime tXQ, which we now show to be constrained by the
absence of UHE photons, to the coupling constant aX . As-
suming that the relic abundance of DM is saturated by SHDM,
constraints can be inferred in the plane (tXQ,MX ) by requir-
ing the flux calculated by averaging Equation (1) over all di-
rections to be less than the limits,

J95%
g (�E)

Z •

E
dE 0hJg(E 0,n)i, (13)

where h·i stands for the average over all directions. In prac-
tice, for a specific upper limit at one energy threshold, a lower
limit of the tXQ parameter is derived for each value of mass
MX . The lower limit on tXQ is subsequently transformed into
an upper limit on aXQ by means of Eq. (11). This defines a
curve in the plane (tXQ,MX ). By repeating the procedure for
each upper limit on J95%

g (� E), a set of curves is obtained, re-
flecting the sensitivity of a specific energy threshold to some
range of mass. The union of the excluded regions finally pro-
vides the constraints in the plane (aXQ,MX ). In this manner

UHECR, DM and Cosmology
ü Supermassive particles, with mass M>108 GeV, can be easily generated in the early universe by time-dependent

gravitational fields and through gravitational (direct) coupling to the inflaton field and/or to SM fields.
ü Supermassive particles can be long-lived and compose the observed DM. The decay of SHDM is driven by high

order suppressed interaction with SM fields or through non-perturbative instanton effect.
ü The SHDM scenario can be constrained by UHE CR, γ ray and neutrino observations.
ü SHDM implies primordial gravitational waves production and links UHECR physics to cosmology and CMB

observations (tensor to scalar ratio).
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X cascade

hadronization
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therefore γ and ν
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MX⌧X

ü Instanton decay

ü High order suppressed interaction

Auger Collaboration (2021)
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Figure 4. Exclusion regions in the plane (aXQ,MX ) for several values
of mass dimension n of operators responsible for the perturbative
decay of the particle X , and for an energy scale of new physics L =
1016 GeV.

we obtain the contour lines shown in Fig. 4 for several values
of n and for an emblematic choice of GUT L value. The scale
chosen for aXQ ranges from 1 down to 10�5. It is observed
that for the limits on photon fluxes to be satisfied, the mass
of the particle X cannot exceed &109 GeV (&1011 GeV) for
operators of dimension equal to or larger than n = 8 (n = 10),
while larger masses require an increase in n. To approach
the large masses while keeping operators of dimension rela-
tively low, “astronomically-small” coupling constants should
be at work. The same conclusions hold for other choices of
L. All in all, for perturbative processes to be responsible for
the decay of SHDM particles requires quite “unnatural” fine-
tuning.1

The sufficient stability of SHDM particles is better ensured
by a new quantum conserved in the dark sector so as to pro-
tect the particles from decaying. The only interaction between
the dark sector and the SM one is then gravitational, as in the
PIDM instance of SHDM models. Nevertheless, even stable
particles in the perturbative domain will in general eventually
decay due to non-perturbative effects in non-abelian gauge
theories. Such effects, known as instantons [68–70], provide
a signal for the occurrence of quantum tunneling between dis-
tinct classes of vacua, forcing the fermion fields to evolve
during the transitions and leading to the generation of parti-
cles depending on the associated anomalous symmetries [71].
Instanton-induced decay can thus make observable a dark sec-
tor of PIDM particles that would otherwise be totally hidden
by the conservation of a quantum number [72]. Assuming
quarks and leptons carry this quantum number and so con-
tribute to anomaly relationships with contributions from the
dark sector, they will be secondary products in the decays of

1 See, however, Ref. [67] for a model in which SHDM couples to the neutrino
sector.

 (GeV)
X

M

9
10

10
10

11
10

12
10

13
10

14
10

15
10

16
10

17
10

18
10

19
10

X
α

0.05

0.1

0.15

SUSY-GUT
α

Auger excluded region

Figure 5. Upper limits at 95% C.L. on the coupling constant aX of
a hidden gauge interaction as a function of the mass MX of a dark
matter particle X decaying into a dozen of qq̄ pairs. The dotted and
dashed-dotted lines represent the systematic uncertainties stemming
from the quantum fluctuations about the instanton contribution to the
transition amplitude (see text). For reference, the unification of the
three SM gauge couplings is shown as the horizontal blue dashed line
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PIDM together with the lightest hidden fermion. The pres-
ence of quarks and leptons in the final state is sufficient to
make usable the hadronization process described in Section II,
the exact particle content is governed by selection rules aris-
ing from the instanton transitions that are regulated by the
fermions coupled to the gauge field of the dark sector.

The lifetime of the decaying particle follows from the cor-
responding instanton-transition amplitude obtained as a semi-
classical expansion of the associated path integral about the
instanton solution, which provides the zeroth-order contribu-
tion that depends exponentially on g�2

X [71]. It is the introduc-
tion of this exponential factor in the effective interaction term
that suppresses to a large extent the fast decay of the particles.
Considering this zeroth-order contribution only, and recasting
the expression in terms of the reduced coupling constant of
the hidden gauge interaction aX , the lifetime of the particles
is given as

tX ' M�1
X exp(4p/aX ). (14)

In this expression, we dropped the functional determinants
arising from the effect of quantum fluctuations around the
(classical) contribution of the instanton configurations. Those
from the Yang-Mills gauge fields yield a dependency in
(4paX )5+n1 in Eq. (14) with n1 = 3 (7) for SU(2) (SU(3)) the-
ories for instance, a dependency that is negligible compared
to the exponential one in a�1

X . Other functional determinants
arise from the exact content of fields of the underlying the-
ory. Again, the constraints inferred on aX using Eq. (14) are
barely changed for a wide range of numerical factors given the
exponential dependency in a�1

X .
Eq. (14) provides us with a relationship connecting the life-
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time tX to the coupling constant aX . In the same way as in the
perturbative case above, upper limits on aX can be obtained.
They are shown as the shaded red area in Fig. 5, assuming
that a dozen of qq̄ pairs are produced in the decay process and
that half of the energy goes into the dark sector. Our results
show that the coupling should be less than ' 0.09 for a wide
range of masses. As already stated, numerical factors could
however arise in Equation (14) depending on the underlying
model for the hidden gauge sector. For example, for a theory
with a hidden Higgs field responsible for mass generation in
the dark sector, the factors would involve the energy scale of
new physics through the vacuum expectation value. To probe
the effect of such model-dependent factors, we show as the
dotted and dashed-dotted lines the constraints on aX by intro-
ducing ad hoc 10±2 and 10±4 factors respectively in the r.h.s.
of Eq. (14). These are by far the dominant systematic uncer-
tainties in the plane (aX ,MX ).

IV. CONSTRAINTS ON THE PRODUCTION OF PIDM
PARTICLES DURING REHEATING

We now turn to the connection between the results pre-
sented in Fig. 5 and the scenarios of inflationary cosmologies.
In addition to the instanton-mediated decays, PIDM particles
can interact gravitationally. Two recent studies [11, 16] have
shown that the gravitational interaction alone may have been
sufficient to produce the right amount of DM particles at the
end of the inflation era for a wide range of high masses, up
to MGUT. PIDM particles are naturally part of this scheme.
While the observation of UHE photons could open a window
to explore high-energy gauge interactions and possibly GUTs
effective in the early universe, the constraints inferred on aX
allow us to probe the gravitational production of PIDM. We
give below the main steps to derive an expression (Eq. (19))
relating the present-day relic abundance of DM to the mass
MX and other relevant parameters; more details can be found
in Refs. [11] and [16].

PIDM particles are assumed to be produced by annihila-
tion of SM particles [11] or of inflaton particles [16] through
the exchange of a graviton after the period of inflation has
ended at time H�1

inf . In this context, SM particles are created
by the decay of coherent oscillations of the inflaton field, f ,
with width Gf , which is regulated by the coupling of the infla-
ton to SM particles gf and its mass Mf as Gf = g2

f Mf/(8p).
They subsequently scatter and thermalize until the reheating
era ends at time G�1

f when the radiation-dominated era begins
with temperature Trh. This latter parameter, given by

Trh ' 0.25e(MPlHinf)
1/2 (15)

with e = (Gf/Hinf)1/2 the efficiency of reheating, is obtained
by assuming an instantaneous conversion of the energy den-
sity of the inflaton into radiation for a value of the cosmolog-
ical scale factor a such that the expansion rate Hinf equates
with the decay width Gf [74]. Here, the number of degrees of
freedom at reheating has been assumed to be that of the SM.
For an instantaneous reheating to be effectively achieved, e
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Figure 6. Constraints in the (Hinf,MX ) plane. The red region is ex-
cluded by the non-observation of tensor modes in the cosmic mi-
crowave background [11, 76]. The regions of viable (Hinf,MX ) val-
ues needed to set the right abundance of DM are delineated by the
curves for different values of reheating efficiency e [77] from dark
blue (e = 1) to lighter ones and pink (e = 10�4), while values above
(below) the lines lead to overabundance of (negligible quantity of)
DM. Additional constraints from the non-observation of instanton-
induced decay of SHDM particles allow for excluding the mass
ranges in the red-shaded regions, for the specified value of the dark-
sector gauge coupling.

must approach 1, which, from the expression of Gf , requires
Mf to be of order of Hinf and gf not too weak. In the follow-
ing, both Hinf and e will be considered as free parameters to
be constrained.

The dynamics of the reheating period are quite in-
volved [27, 75].2 As the SM particles thermalize, the plasma
temperature rises rapidly to a maximum before subsequently
decreasing as T (a) µ a�3/8,

T (a)' 0.2(eMPlHinf)
1/2

⇣
a�3/2 �a�4

⌘1/4
. (16)

The a�3/8 scaling continues until the age of the universe
is equal to G�1

f , signaling the beginning of the radiation-
dominated era at temperature Trh. During this period, the
Hubble rate H(a) scales as the square root of the en-
ergy density of the inflaton, rf , which itself scales as
rinf(ainf/a)3. Consequently, H(a) evolves as a�3/2, namely
H(a) = Hinf(a/ainf)�3/2 with ainf being the scale factor at
the end of inflation. After reheating, both the tempera-
ture and the Hubble rate follow the standard evolution in a
radiation-dominated era, namely T (a) µ Trharh/a and H(a) =
Hinfe2(a/arh)�2. The scale factor at the end of reheating is
arh = e�4/3ainf, guaranteeing the continuity of H(a).

2 Note that we consider throughout this section, as in [27, 75], an equation
of state w = 0 for the inflaton field dynamics.

ü The limits on Mx and )X can be rewritten in
terms of the cosmology parameters Hinf and *.
The Hubble parameter at the end of inflation
Hinf is bounded by the CMB tensor to scalar
ratio <latexit sha1_base64="s1YK/AoH1sCUNbHVG0a/mwfVXx0="></latexit>
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The reheating efficiency * can be expressed in 
terms of  the inflaton decay amplitude Γφ



Conclusions     
In the past 20 years the physics of UHECR experienced a paradigm shift. Thanks to the measurements
of PAO and TA, the simple picture of protons at the highest energies has been replaced by a more
complex (and phenomenologically richer) one with heavy nuclei dominating the highest energies.

ü Mass determination is currently limited by the uncertainties in the predictions of hadronic models and
muon content in the EAS.

ü Precise mass determination till the highest energies will be of paramount importance in the future.
The necessary step forward should be disentangling the all-particle energy spectrum into that of
individual mass groups (p, He, CNO, MgAlSi, Fe). The clearest path to event-by-event primary mass
reconstruction lies in a high-resolution independent reconstruction of both Xmax and Nμ coupled to a
high-resolution energy reconstruction.

ü The origin of the flux suppression at the highest energies is still uncertain (energy losses or maximum
energy at the source). Solving this puzzle requires individual mass groups energy spectra.

ü Identifying individual sources would be possible only at the highest energies and with light primaries,
calling for a shower-by-shower determination of the mass and energy of the primary particle.

ü To study the properties of a single source, to probe BSM physics and cosmological models it is
needed larger statistics at the highest energies (~1020 eV).

In the next 5-10 years, the upgrades of the Auger and TA observatories, together with new potential
next-generation detectors, will provide larger statistics and refined measurement of the energy
spectrum, mass and anisotropy to the point where several of the above problems can be solved.


