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Ultra-High-Energy Cosmic Rays

The Intersection of the Cosmic and Energy Frontiers

Abstract: The present white paper is submitted as part of the “Snowmass” process to help
inform the long-term plans of the United States Department of Energy and the National Science
Foundation for high-energy physics. It summarizes the science questions driving the Ultra-High-
Energy Cosmic-Ray (UHECR) community and provides recommendations on the strategy to answer
them in the next two decades.
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14Faculty of Physics, TU Dortmund University, Germany

15High Energy Theory Group, Physics Department, Brookhaven National Laboratory, Upton NY, USA
16Istituto Nazionale di Fisica Nucleare (INFN), sezione di Torino, Turin, Italy

17Department of Astronomy and Astrophysics, University of California, Santa Cruz CA, USA
18Center for Computational Astrophysics, Flatiron Institute, Simons Foundation, New York NY, USA

19III. Physics Institute A, RWTH Aachen University, Aachen, Germany
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Chapter 1

The exciting future ahead:
Probing the fundamental physics of the nature
and origin of UHECRs

Ultra-high-energy cosmic rays (UHECRs) (E > 100 PeV for the purpose of this white paper) sit in a
unique position at the intersection of the Cosmic and Energy Frontiers. They have the potential to
simultaneously inform our knowledge of the most extreme processes in the Universe and of particle
physics well beyond the energies reachable by terrestrial (i.e., human-made) accelerators.

While there has been very significant progress in astroparticle physics over the past twenty
years, the nature and origin(s) of UHECRs, and in particular, the identity of their sources and
acceleration mechanisms, largely remain open questions [1, 2, 3]. The complex picture that has
emerged from recent advances in the field also poses the question: to what degree will charged-
particle astronomy, the ability to study individual (classes of) sources with cosmic rays, be possible?
This question has serious consequences for multi-messenger astrophysics because it has implications
for the extent to which cosmic rays can be used as a messenger and because UHECRs themselves
are fundamental to the production of ultra-high-energy (UHE) photons and neutrinos and to the
interpretation of their measurement [4, 5, 6]. Additionally, UHECRs represent a unique laboratory
to both probe particle physics [7, 8] and discover physics beyond the Standard Model (BSM) [9, 10,
11, 12, 13, 14, 15, 16, 17, 18] at the extreme end of the Energy Frontier. However, fully leveraging
these capabilities will require accurate measurement and characterization of UHECR interaction
processes in order to provide a higher-energy complement to traditional accelerator data. This
endeavor represents a promising avenue for a strong test of the Standard Model as it requires the
extrapolation of existing hadronic interaction models to energies well past the constraints provided
by terrestrial accelerators, where there are already hints of tensions with data [19, 20, 21]. Hence,
through UHECRs, there is a high potential for discoveries at both the Energy and Cosmic Frontiers.

This white paper has been primarily written to help inform the long term plans of the United
States Department of Energy (DOE) and the National Science Foundation (NSF) for high-energy
physics as part of the “Snowmass” process. It is however also an opportunity to outline the
international UHECR community’s road map for addressing the above open questions over the next
two decades. In summary, we are approaching a golden age in astroparticle physics and its ability
to finally address these questions. The largest UHECR observatories are currently undergoing
upgrades [22, 23, 24] that will provide higher-resolution experimental data for the next decade.
These upgrades have been specifically designed to address the new realities of the evolving scientific
case that has emerged since the construction of the giant arrays in the early 2000s. Due to these
upgrades, the next decade also promises to be rich in further technical advances that will be folded
into the design of the next-generation UHECR experiments that will be built beyond 2030 [25, 26,
27]. To make this plan a reality, a comprehensive approach needs to be established that extends
beyond the field of UHECRs itself and into other areas of both particle physics and astrophysics.
The objectives of this white paper are therefore to outline this strategy and then to provide clear
recommendations on how to implement it through the upgraded and next-generation instruments.

To set the stage for the road map, it is necessary to understand why, after more than 100 years
of study, answers to the central questions of the origin(s) of UHECRs are still elusive. Though
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UHECRs have routinely been detected for decades with energies up to several 1020 eV [28], their
study is notoriously challenging for several reasons:

• The cosmic-ray spectrum measured at Earth can be described by a series of power laws spanning
many orders of magnitude that eventually lead to a vanishingly small flux (less than 1 UHECR
per square kilometer per century) at the highest energies.

• Propagation e↵ects change the energy and composition of UHECRs as they travel. Therefore,
the properties of the UHECR beam measured at Earth can not be easily related to its properties
at the sources.

• The properties of UHECR primaries (arrival direction, energy, composition) at Earth can only
be inferred from indirect measurements through the extended air showers (EASs) they induce in
the Earth’s atmosphere. Thus, a direct energy calibration is not possible, and an event-by-event
determination of cosmic-ray primary composition is complicated by the statistical nature of the
UHECR interactions in the upper layers of the atmosphere.

• The physics needed to describe EAS development relies on extrapolations of particle physics
processes constrained at much lower energies by terrestrial accelerators.

• Unlike photons and neutrinos, cosmic rays are charged subatomic particles and are therefore
deflected by the Galactic magnetic fields (GMFs) and the intergalactic magnetic fields (IGMFs).
Hence, their arrival directions, as measured at Earth, may only approximately point back to their
actual sources.

Given these measurement challenges, progress in the field has been arduous. Yet, the long lasting
heritage of the pioneering arrays of the 20th century lives on through the critical technical devel-
opments and methods that are now in use at the giant modern experiments, such as the Pierre
Auger Observatory (Auger) in Argentina [29], Telescope Array (TA) in Utah [30], and the IceCube
Neutrino Observatory (IceCube) in Antarctica [31].

As discussed in Ch. 2, in the last two decades, a steady stream of fundamental discoveries
has come out of the most recent generation of experiments, leading to a transformation of our
understanding of UHECRs, their underlying physics and their potential source class(es). As a result,
the entire field has undergone a paradigm shift. Through ever more precise measurements [32], the
old and simplistic picture of UHECRs as protons at the highest energies has been replaced by
a much richer and more nuanced one (see Sec. 2.3). Long-held beliefs about UHECRs are being
called into question. Chief among them is the interpretation of the now firmly established [33, 34]
flux suppression as the telltale sign of the Greisen-Zatsepin-Kuzmin (GZK) process [35, 36] (see
Sec. 2.2). Despite the tremendous progress of the field in the past two decades, critical questions
remain to be answered. While there is conclusive evidence that UHECRs above 8EeV originate from
outside our galaxy [37], there is as yet no consensus on how to interpret the cosmic-ray spectrum
as it transitions from galactic to extragalactic origins. This particular point partly motivates
the extension of the scope of this white paper down to 100PeV. The quest for the identification
of extragalactic sources has so far yielded regional hot spots in the northern [38] and southern
skies [39] with only hints of potential source classes; hence, the nature and origin(s) of UHECRs
largely remains an open question (see Sec. 2.4). Similarly, as outlined in Ch. 3, the use of UHECRs
as a probe to particle physics beyond the reach of terrestrial accelerators has made great strides, but
also revealed some challenges. In the first decade of operation of Auger, the proton-air and proton-
proton cross sections at energies well-beyond the reach of the Large Hadron Collider (LHC) were
measured for the first time [40, 41], and most top-down scenarios arising from BSM physics were
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strongly constrained through strict limits on the UHE photon flux [42]. However, systematic studies
have confirmed earlier observations of a muon excess in the data (or a muon deficit in the EAS
physics models) [19, 20, 21, 43, 44], hinting at some processes in the accelerator-based hadronic
interaction models that have not been taken into account [7, 8]. The quality of measurements
obtained by current UHECR experiments enables narrowing down the potential root causes of the
muon problem, thereby informing new investigations to be performed at accelerators.

This revolution of understanding, based on increasingly precise measurements and progress
in detection technologies and computational techniques, is ushering in a new and very exciting
era of UHECR studies. The enormous advances made possible by giant arrays demonstrate that
UHECR physics has achieved a level of maturity that make it possible to not only probe but
discover new fundamental physics in a unique phase space far from the reach of current and future
terrestrial accelerators. Addressing the major goals outlined earlier appears to be within reach
in the next two decades through a combination of advances in UHECR physics, astrophysics,
and particle physics. The close synergy between UHECRs and particle physics outlined earlier is
explored in Ch. 3, while the astrophysics background as related to the highest energy processes in
the universe is discussed in Ch. 4. The new UHECR paradigm and the evolving science case have
prompted the experimental collaborations to consider upgrades of their respective instruments,
such as AugerPrime, the upgrade of the Pierre Auger Observatory [22], TA⇥4, the extension of
TA [23], and IceCube-Gen2, the extension of the IceCube Neutrino Observatory [24]. Combined
with advances in detectors, refinements in data analysis, and the emergence of new computing
methods, the next decade promises an exciting set of new results. This is discussed in Ch. 5.

The major change in our understanding of UHECRs comes primarily from the observation that
the average mass composition of the primaries becomes heavier with increasing energy. Under-
standing this evolution is critical to our quest to identify the class(es) of sources responsible for
the emission of UHECRs. As highlighted in Ch. 2 and Ch. 3, accurately identifying the primary
mass groups depends strongly on pinning down the underlying hadronic interaction models used to
describe shower physics. Doing so will close the loop between particle physics and astrophysics. In
this context, the diagram shown in Fig. 1 summarizes how UHECRs can inform both the Cosmic
and Energy Frontiers. A more detailed version of this diagram, including how existing and future
experiments complement each other and collectively contribute to the fundamental goals (shown
in orange), can be found in Ch. 6, and in particular, Fig. 81.

With the primary mass composition playing a pivotal role, there is a need to improve mass
resolution, preferably on an event-by-event basis. The concept of “event-by-event” mass resolution
can be understood in two ways:

1. Event-by-event composition sensitivity, where there is an available observable for each event
which can be statistically related to the primary’s mass range, (e.g., heavy/light);

2. Event-by-event composition reconstruction, where the specific mass group (p, He, C, Si, Fe)
of a well-measured primary can be inferred with a confidence interval approaching 50%.

To date, the term has often been used without di↵erentiation or definition. However, in this
work event-by-event mass resolution is defined solely by the second definition as it represents a
significant improvement over current capabilities and therefore represents a major goal for the
field. Precise mass determination is currently limited by the systematic uncertainties between
hadronic model predictions and the known issues with the modeling of the EAS muon component
for example [8, 32]. Over the last few years, some hadronic models, such as EPOS-LHC [45] or
the latest version of Sibyll [46], have integrated new accelerator data, especially from the LHC,
but more heavy ion data need to be collected. There appears to be a path to partially address the
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muon problem in the next decade using hybrid data from AugerPrime and IceCube-Gen2. In both
cases, the principle relies on using multiple, independent detectors to simultaneously measure the
EAS energy (whose estimators are dominated by the electromagnetic component of the shower)
on the one hand, and the muon content on the other. However, it is anticipated that at least
one of the next-generation ground arrays will need to tackle this issue by achieving higher energy
resolution and better separation of the electromagnetic and muonic parts of the shower. In the lower
sector of the diagram, pinning down the parameters of the hadronic interaction models through a
comprehensive strategy that includes new accelerator measurements will surely yield new results,
which will directly inform new particle physics at the highest energies, including possible hints of
new BSM physics.

In the upper sector of the diagram, the traditional approach to anisotropy studies has been to
perform model-dependent and model-independent scans as a function of energy to find significant
excesses in the arrival directions of UHECRs. More recent approaches have included limited mass
composition information a↵orded by statistical considerations. This approach will benefit from a
better determination of the mass groups resulting from improved hadronic interaction modeling.
Space instruments with enormous apertures and relying on the precise determination of Xmax are
bound to directly benefit from these advances. A more sophisticated approach combines precise
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4Cre
at
ed

 in
 M

as
te
r P

DF 
Ed

ito
r



energy and mass composition measurements to estimate the UHECR rigidity on an event-by-event
basis. Scans in rigidity will be more powerful to reveal anisotropy signals as they naturally relate
to the predicted deflections in galactic and extragalactic magnetic fields. Based on our current
knowledge, only a future large ground array will be able to explore this avenue beyond what will
be achievable by AugerPrime and IceCube-Gen2 (at lower energies). Ultimately, determining the
UHECR sources and their characteristics will also necessitate inputs from astrophysicists in the
areas of source modeling and UHECR propagation. Whether charged-particle astronomy will ever
be possible may depend on progress in magnetic field modeling, in particular. A wide variety of
experiments is expected to contribute to this.

Finally, on the left side of the diagram, UHE neutral particles, especially photons and neutrinos,
are highlighted as critically important to the field. UHECR observatories are naturally sensitive to
UHE photons and neutrinos. As mentioned earlier, limits on UHE photons have already strongly
constrained most top-down models for the origin(s) of UHECRs. In principle, the observation of a
single UHE (cosmogenic) neutrino or photon would be a game-changer in our understanding of the
flux suppression, as well as indicate the existence of a proton component at the highest energies.
As such, they have the potential to contribute both to astrophysics and particle physics.

Stepping up to these scientific challenges will require a new generation of air-shower experiments
beyond the upgraded existing instruments. These experiments are enabled by recent and future
progress in detector and computational technologies, such as the rise of digital radio detection of
air showers or the application of machine-learning techniques for data analysis. The various open
questions of the particle and astrophysics of UHECRs call for experiments capable of achieving
higher accuracy in measuring the properties of the primary particle, as well as huge exposures at
the highest energies. The highest exposures will be provided by observations from space with the
Probe of MultiMessenger Astrophysics (POEMMA) [25] and from the ground with the cosmic-ray
measurements of the Giant Radio Array for Neutrino Detection (GRAND) [26]. Such instruments
are perhaps the only ones capable of looking for ZeV particles and a recovery in the flux beyond
the suppression. The Global Cosmic Ray Observatory (GCOS) [27] on the other hand will combine
an order of magnitude higher exposure than current ground arrays with the high measurement
accuracy provided by combining several detection techniques. These technology developments and
next-generation experiments, as well as their expected contributions to solving the big science
questions of the field are described in Ch. 6.

The opportunities for broader impacts and advances in interdisciplinary sciences while studying
UHECRs are discussed in Ch. 7. Applications range broadly from astrobiology to earth sciences.
In particular, all UHECR instruments use the atmosphere as detector material. As a result, the at-
mospheric conditions above or below the instruments need to be well characterized. This naturally
provides opportunities for advances in atmospheric sciences, especially in the area of transient lumi-
nous events that occur during thunderstorms, due to the sensitivity and timing of the fluorescence
detectors used by current experiments such as Auger and TA at ground level, and Mini-EUSO (part
of the (Joint Experiment Missions) Extreme Universe Space Observatory (EUSO) program) [47]
on board the International Space Station (ISS). The need to observe large volumes of atmosphere
with sensitive detectors also opens the opportunity to detect other transient events produced in the
atmosphere by anything from macroscopic dark matter and nuclearites to relativistic dust grains
to space debris.

Finally, the continuation of highly-collaborative research activities and future construction and
operation of even larger observatories call for a fully integrated e↵ort, requiring the examination of
the societal and environmental impacts of carrying out such projects. This is discussed in Ch. 8.
First of all, the scientific community needs to become a model for diversity, equity, inclusion,
and accessibility, in which underrepresented groups not only feel welcomed and supported, but
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are actively provided with opportunities to succeed. While there have been some positive trends
developing over the past decade or so, physics in particular largely remains a white male dominated
field at every level, from (under)graduate students to senior faculty and researchers. Big science
has always been at the forefront of open science for reasons ranging from scientific considerations,
such as having the data available on a global scale to facilitate data analysis and archiving at
multiple locations, to more practical ones, such as fulfilling pledges to release data in exchange for
public funding. With only rich countries able to a↵ord contributions to big science, open access
to the data helps close the wealth gap between scientists around the world. Finally, the scientific
community needs to lead the way in assessing and minimizing its own environmental impact. This
not only applies to the operation of the experiments themselves, but also to the environmental
cost of developing and building such experiments, using ever increasing computing resources, and
attending meetings and conferences all over the world.
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Chapter 2

UHECR physics comes of age:
Two decades of fundamental discoveries

Our current understanding of UHECR physics has been built upon almost a century of observations
of air showers. The steeply-falling flux in this energy region has required the construction of
increasingly larger expansive arrays of detectors. The results of this e↵ort have allowed us to refine
our interpretation of the highest energy particles which arrive at Earth, probe sources and related
processes which impart up to tens of joules in energy per particle, and make measurements of
particle physics at beyond-LHC energy scales.

To start this chapter the design of three UHECR experiments is highlighted: the Pierre Auger
Observatory (Sec. 2.1.1), the Telescope Array experiment (Sec. 2.1.2), and the IceCube Neutrino
Observatory (Sec. 2.1.3), chosen for their impact to our understanding of UHECR science. Ad-
ditionally, their impending upgrades during the upcoming decade are briefly described (also see
Sec. 5.1 for more extensive information). Results from this current generation of experiments,
which have dispelled the pre-existing simple UHECR picture, are then reviewed. These findings,
which have informed this new interpretation of the nature of UHECRs, are described in several
sections, the energy spectrum in Sec. 2.2, primary mass composition in Sec. 2.3, arrival directions
in Sec. 2.4, and other neutral messengers that are studied using air shower arrays in Sec. 2.5. From
these results, a new paradigm is emerging which still needs to be clarified and understood. There-
fore, while this section primarily describes the measurements, their particle physics implications
are covered in Sec. 3.1 possible astrophysical interpretations of these measurements can be found
in Ch. 4. Additionally, the outlook for the future of the field over the next decade(s) can be found
in Chs. 5 and 6.

2.1 Entering the 21st century: Go big or go home

2.1.1 The Pierre Auger Observatory

The Pierre Auger Observatory [29] is currently the largest cosmic-ray observatory in the world.
It is located on a semi-arid plateau in the province of Mendoza, western Argentina (35.2� S, 69.2� W,
1400 m a.s.l.). Its main array for detecting the highest-energy cosmic rays consists of 1,600 water-
Cherenkov surface detector (SD) stations on a 1500 m-spacing triangular grid (hereafter “SD-1500”)
covering an area of 3000 km2, plus four fluorescence detector (FD) buildings at the periphery each
containing six telescopes overlooking the atmosphere above the array. Each SD station consists
of a cylindrical plastic tank with 10 m2 base area and 1.2m height, filled with 12 000 liters of
ultra-pure water, and surmounted by three 900-diameter photomultiplier tubes (PMTs) detecting
the Cherenkov light emitted by relativistic charged particles in air showers when they pass through
the water. Each FD telescope consists of a 13 m2-area curved mirror focusing the fluorescence light
emitted in air showers onto a camera composed of 440 hexagonal PMTs, and has a 30�⇥30� field of
view (FoV) with a minimum elevation of 1.5� above the horizon. In order to extend the sensitivity
to lower-energy showers, in a 23.5 km2 region of the array, 61 SD stations have been deployed with
a 750 m spacing (“SD-750”) [48] and 19 stations with a 433m spacing (“SD-433”) [49], overlooked
by three extra FD telescopes looking at elevations of 30� to 58� above the horizon (High Elevation
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Auger Telescope (HEAT)). The Observatory also contains various other facilities for calibration,
atmosphere monitoring, R&D, and interdisciplinary purposes, such as the Auger Engineering Radio
Array (AERA).
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Figure 2: Map of of the Pierre Auger Observatory and its
various components. Black dots: the detector stations of
the SD. Blue lines: the FoV of each of the 24 fluorescence
telescopes in the FD. Red lines: the FoV of the 3 fluores-
cence that make up the low energy extension to the FD,
HEAT. The extent of the AERA radio array and the loca-
tions of various atmospheric monitoring stations are also
shown (taken from [50]).

The deployment of the array lasted from
2002 to 2008, and data taking started in Jan-
uary 2004. Applying the broadest selection cuts
(used for arrival direction studies at energies
above 32 EeV), the exposure of the Observatory
exceeded 120 000 km2 yr sr in 2020 [51], which
no other experiment is expected to achieve un-
til at least the late 2020s (see Sec. 6.4.1).

The Observatory is also currently under-
going an upgrade named AugerPrime (see
Sec. 5.1.1), which aims to significantly increase
its sensitivity to the characteristics of an EAS.
The main components of the upgrade consist
of the addition of surface scintillator detectors
(SSDs) and radio detectors (RDs) to each of
majority of the surface detector array. This will
allow for multi-hybrid observations resulting in
a high resolution separation of the electromag-
netic and muonic components of measured air
showers. This in turn will provide the full duty
cycle SD with enhanced composition sensitivity
and provide better constraints to be made for
shower physics studies.

2.1.1.1 Scientific Capabilities

Studies at the highest energies The main goal of the Observatory is the detection of cosmic
rays at the highest energies. The SD-1500 array has a detection e�ciency of approximately 100%
for vertical showers (zenith angles ✓ < 60�) with energies E � 1018.4 eV and inclined showers
(60�  ✓ < 80�) with E � 1018.6 eV. Counting only the vertical events passing the most stringent
quality cuts, it has registered 215 030 events allowing us to reconstruct the UHECR energy spectrum
with unprecedented precision [33], confirming the previously observed ankle and cuto↵ features at
approximately 5EeV and 50EeV respectively, and finding a new instep feature at (13 ± 1stat ±

2syst) EeV. The energy resolution of these events decreases from around 20% at 2 EeV to 7%
above 20EeV, and the systematic uncertainty is 14%, dominated by the uncertainty in the FD
calibration.

Using relaxed selection criteria, the angular distribution of UHECR arrival directions has been
studied with unprecedented statistics at the Pierre Auger Observatory. A modulation in the right
ascension distribution of events with E � 8 EeV first discovered in 2017 [37] has now reached a
statistical significance of 6.6� [52]. It can be interpreted as a dipole moment of amplitude d =
(5.0 ± 0.7) ⇥ (E/10 EeV)0.98±0.15% towards celestial coordinates (↵d, �d) = (95� ± 8�, �36� ± 9�),
with no statistically significant evidence for a quadrupole moment. The strength of the dipole is
much weaker than expectations assuming Galactic sources, and its direction is about 115� away
from the Galactic Center, suggesting an extragalactic origin for these particles. At higher energies
and smaller angular scales, there have been several indications of excesses towards certain regions
of the sky or classes of objects [51], none of which reaching the discovery level so far. The most
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significant is a correlation between events with E � 38 EeV and nearby starburst galaxies, with a
best-fit equivalent top-hat radius of  =

�
25+11

�7

��
and signal fraction ↵ =

�
9+6

�4

�
%, with a 4.0� post-

trial significance. This signal strengthens to 4.2� post-trial significance when Auger and TA data
are combined and analyzed together [53]. In the future, continued data taking may strengthen
this finding to the discovery level: assuming the excess continues growing linearly with time, the
Auger-only significance is expected to reach 5� by the end of 2026 ± 2 years.

As for UHECR mass composition, it is currently mainly estimated is via Xmax, as measured by
FD telescopes [54]. This method is a↵ected by major systematic uncertainties and model depen-
dence, as it relies on simulations of the hadronic interactions in air showers in kinematic regimes
where they are poorly known, but it shows that the composition is lightest around 2EeV (where the
geometric mean mass is most likely between hydrogen and helium) and gradually becomes heavier
at lower and higher energies (being most likely between helium and carbon at 1017.2 eV and between
carbon and calcium at 1019.7 eV, the precise values depending on the hadronic interaction model as-
sumed), and that it gradually becomes less mixed with increasing energies. The Xmax resolution of
the FD decreases from around 25 g cm�2 at 1017.8 eV to 15 g cm�2 above 1019 eV and the systematic
uncertainties range from around 7 to 10 g cm�2, whereas the predictions of various hadronic models
di↵er by up to 26 g cm�2; for comparison, all other things being equal a 17 g cm�2 di↵erence in the
average Xmax approximately corresponds to a factor of 2 in the mass number. Simultaneously using
FD and SD observables allows us to estimate certain features of the mass composition in a much
more model-independent way, for example that near the “ankle” energy it is a mix of both light
(H, He) and heavier nuclei, with any pure element excluded at, 6� and any H+He-only mixture at
> 5� with any of the hadronic models considered [54]. The composition also appears to be heavier
at low than at high Galactic latitudes [55].

In principle, another way to estimate the mass composition is from the muon content of showers,
but it has been seen that all currently available hadronic models are inadequate for the task as they
all predict many fewer muons in average for any realistic composition than actually observed by
any experiment [21]. Conversely, the size of shower-to-shower fluctuations in the muon number as
measured by the Observatory does agree with model predictions, indicating that the mismatch in
the average cannot be due only to a major mis-modeling of extreme-energy interactions at the top
of the shower, but must be due to a small e↵ect compounding throughout the shower development,
including in lower-energy interactions close to the ground [56]. The Xmax and muon content of
showers can also be estimated from SD data using machine learning techniques [57, 58], and the
new AugerPrime detectors are going to further reduce statistical and systematic uncertainties on
the UHECR mass composition, shed more light on hadronic interactions at extreme energies, and
allow us to compile proton-enhanced samples of events for anisotropy studies.

The Observatory is also sensitive to EeV-energy gamma rays and neutrinos, making it suitable
for multi-messenger observations and searches for new physics [59]. The limits on the di↵use
neutrino fluxes [60] are competitive with IceCube ones above 1 EeV and those on gamma-ray
fluxes [42] are the most stringent available above a few hundred PeV; such limits have been used to
set constraints to properties of UHECR sources [61]. Limits on neutrino [62] and gamma-ray [63]
emission by black-hole mergers have also been set, as well as on UHE neutrinos from the blazar
TXS 0506+056 [64] and from the neutron star merger GW170817 [65, 66] (which by fortunate
coincidence occurred around 2� below the horizon at the Auger site, close to the maximum of the
neutrino sensitivity). Machine-learning techniques and the new AugerPrime detectors are going to
improve the discrimination between photon candidates and the hadronic background, improving
the limits on EeV gamma-ray fluxes.
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The low-energy extension The low-energy extensions of the Observatory allows studies to be
extended into the energy range where Galactic cosmic rays are expected to dominate. The SD-750
has a detection e�ciency of approximately 100% for events with ✓ < 40� and E � 1017 eV, and has
been used to measure the energy spectrum of cosmic rays down to the so-called second-knee [48].
The SD-433 will extend the full e�ciency further to 1016.6 eV [49], while preliminary studies using
the HEAT FD to detect the air Cherenkov emissions from showers reach down to 1015.8 eV, below
the so-called low-energy ankle [67]. As for arrival directions, the SD-750 has been used to extend the
measurements of the right ascension (RA) modulation down to 1/32nd EeV [68]. Though not yet
statistically significant below 8 EeV, the dipole direction is consistent with the direction of Galactic
Center from 1/16th EeV to 2EeV, after which it gradually approaches that of the E � 8 EeV dipole.

The Observatory is also sensitive to a variety of atmospheric, solar, and geophysical phenomena,
such as elves [69] with the FD, and terrestrial gamma-ray flashes [70], Forbursh decreases, and even
earthquakes with the SD [71].

2.1.2 The Telescope Array Project

Figure 3: Map of TA.

The Telescope Array (TA) (Fig.3) is located
274 km south of Salt Lake City in central Utah,
USA. It is the largest cosmic ray detector in the
northern hemisphere. It measures the proper-
ties of cosmic rays over more than five orders
of magnitude in energy with a series of overlap-
ping detector components.

The original TA construction consists of
507 scintillator detectors (which comprise the
SD) deployed on a 1.2 km square grid deployed
over approximately 700 km2. The array sam-
ples the charge particle density of cosmic ray in-
duced extensive air showers when they reach the
Earth’s surface. The active portion of each de-
tector consists of two layers of 1.2-cm-thick scin-
tillator, each 3 m2 in area. Wavelength shifting
optical fibers are installed into grooves in the
extruded scintillators. The fibers gather the
signal light generated when the shower parti-
cles pass through the each scintillator layer and
guide the light to the PMTs for that layer. Three telescope stations (which comprise the FD), at
the vertices of a ⇠ 30 km triangle, are instrumented with 38 telescopes and view the skies 3-31�

in elevation above the array of scintillator detectors. The telescope’s segmented mirrors focus the
light generated when the extensive air shower passes through the atmosphere onto cameras which
are composed of a 16⇥16 array of hexagonal PMTs each viewing about 1� of sky.

Showers from lower energy events reach maximal development higher in the atmosphere and
have smaller footprints at the Earth. The Telescope Array Low Energy (TALE) extension added
ten additional telescopes at the Middle Drum (MD) station viewing 31-59� in elevation above the
main telescopes to study these events and the transition from galactic to extra-Galactic sources.
By utilizing the shower’s Cerenkov light in addition to its fluorescence light, events are well re-
constructed down to ⇠ 1015.3 eV. In addition, new scintillator detectors were deployed in a graded;
400 m, 600 m, and 1200 m, spacing near the station.

To better understand the excess in events seen just o↵ the Super-Galactic Plane (SGP) in the
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Figure 4: Left: The 11-year TA SD flux spectrum and the 2-year TALE monocular FD spectrum (black
points) compared with that of the Auger (red points, energy rescaled in this plot by +10.2%) and KASCADE-
Grande (green points). Five features are clearly seen: (1) Suppression above about 1019.8 eV, (2) a newly
observed break at 1019.2 eV, tentatively called the instep, (3) the ankle at 1018.7 eV, (4) the second-knee

near 1017.1 eV, and (5) another ankle-like break at about 1016.2 eV. The rescaled Auger spectrum begins to
diverge from that of TA above 1019.3 eV. Right: TA SD spectrum fits in two declination bands. There is a
3.9� di↵erence in the break: lg(E/eV) = 19.59(6) vs. lg(E/eV) = 19.85(3)

vicinity of Ursa Major reported in 2014 [38] (see below), the Telescope Array collaboration set
about to expand the area of the SD by a factor of 4 to ⇠ 3000 km2 by adding 500 new scintillator
detectors with a spacing of 2.08 km. In this upgrade, called TA⇥4, the spacing was optimized to
maximize aperture for detecting showers with E > 57 EeV (provides a better than 95 % reconstruc-
tion e�ciency at these energies), while reducing the overall costs [23]. The first 257 of the new
TA⇥4 SDs have been deployed in sites to maximize the hybrid aperture (see Sec. 5.1.2). The re-
maining counters have been delayed due to COVID-19. Plans are presently being explored on how
best to quickly complete the array. Twelve new telescopes have already been added viewing 3-17�

above the TA⇥4 expansion detectors both to calibrate the scintillator array, with its new spacing,
as well as to measure composition via hybrid measurement of events at the highest energies.

2.1.2.1 Scientific Capabilities
The Telescope Array measures the cosmic ray spectrum from ⇠ 1015.3 eV to the highest energies

and observes multiple structures in the cosmic ray spectrum from the knee and what looks like a
Peter’s cycle thru the GZK suppression. The Telescope Array spectrum is shown in Fig. 4, overlaid
with the spectra measured by Auger and KASCADE-Grande. The cuto↵ appears in the Telescope
Array data with ⇠ 6� significance. The Telescope Array SD spectrum is in good agreement with
that of Auger, the latter with a +10% adjustment in energy scale (within the combined systematic
uncertainties of both measurements). However, above 1019.3 eV, the two diverge significantly; the
high-energy cuto↵ appears at a lower energy in Auger than is observed with Telescope Array [72].

The Telescope Array collaboration investigated the high energy region where the spectra diverge
(see Fig. 4). In the high declination band, 24.8�–90�, the cut-o↵ occurs at a higher energy. In the
lower declination band, �16�–24.8�, where the sky is viewed in common by both experiments,
the cut-o↵ occurred significantly lower in energy. The significance of the di↵erence was ⇠ 4�.
Recently, a flattening in the cosmic ray spectrum was observed in the Auger data between 1.3
and 4.6⇥1019 eV. The same flattening can also be observed with more than 5� significance if one
combines the data of the Telescope Array with that of High Resolution Fly’s Eye (HiRes).

At the lowest energy ranges, monocular FD data has been collected using the TALE telescopes
at the MD FD site since 2014 [73]. From this data, two additional features are clearly seen: a
second-knee like softening of the spectrum at ⇠ 1017.1 eV, and a second ankle like hardening of the
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Figure 5: Left: The ratio of the TA SD flux (7 years) inside the TA hotspot circle divided by that outside,
plotted against energy. Right: The local pre-trial energy spectrum anisotropy one-sided significance, for
each spherical cap bin of (average) radius 30� and log10(E/eV) > 19.2. The maximum significance is 6.17�

at 139� RA, 45� declination (DEC) [76]. This is 7� from the published TA hotspot location [38].

spectrum at ⇠ 1016.2 eV. At the lowest reach of TALE appears to be the cosmic ray knee at about
1015.7 eV. The ratio of energies between the two knees is 1017.1�15.7

' 25, tantalizingly close to the
charge ratio of 26 between iron nuclei and protons.

The TA data is consistent with a light, unchanging composition from 1018.2 eV up to 1019.1 eV,
within statistical uncertainties. Within systematics the results are also in agreement between the
telescope stations [74]. The interpretation of the absolute hXmaxi values is limited by varying
predictions for di↵erent high-energy interaction packages, and it is not possible to distinguish
whether TA hXmaxi data represent protons or helium from these results. On the other hand,
the width of Xmax distributions are far less model dependent. Because reliable measurement of
widths requires about 5⇥ more data than reliable measurements of averages, the energy range was
restricted to 1018.2–1019.1 eV [75]. More data is needed to extend the �(Xmax) measurement to the
GZK cuto↵. The TA⇥4 expansion will provide extra hybrid aperture for this e↵ort.

In 2014, the TA Collaboration reported an indication of an excess in the arrival directions of
UHECRs just o↵ the SGP in the vicinity of Ursa Major [38]. A total of 19 of the 72 TA events
above 5.7 ⇥ 1019 eV were found within a 20�-radius circle, corresponding to a 5.1� excess. The
chance probability of seeing the TA hotspot is 3.7 ⇥ 10�4, or ⇠ 3.4�. With six additional years
of data, another 19 events events have been observed within a 25� radius [77]. The overall signal
significance has dropped slightly to 2.9�. No corresponding excess is seen when the event selection
threshold is lowered to 4.0⇥1019 eV or 1.0⇥1019 eV. The cut-o↵ energy of 5.7⇥1019 eV is very close
to the GZK threshold for photo-pion (�+ resonance) production from cosmic protons propagating
though the cosmic microwave background (CMB). Hence most of the events likely originated from
within 50Mpc of the Earth. The magnetic deflection of protons over this distance in the IGMF
and GMF should be limited to at most ⇠ 5�, so that arrival directions retain some memory of their
origin. Events below the GZK threshold come from much further, and their arrival directions would
be smeared out. The TA hotspot may represent a local source of UHECRs. A confirmation of this
discovery with additional data would represent a transformative advance in UHECR physics.

The spectra reported by TA is significantly higher than that of Auger at energies greater than
1019.3 eV. This raises the tantalizing possibility that the sources of the highest energy cosmic rays,
and hence their energy spectra, may di↵er between disparate parts of the sky. This hypothesis
was tested by splitting the data set into two equal sets by arrival declination [78]. There is a
3.9� di↵erence in the location of the spectral break between the two: log10 E = 19.85 ± 0.03 for
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higher declination band, and at log10 E = 19.59 ± 0.06 for lower declination band. The events in
the hotspot clearly contribute to the harder spectrum in the higher declinations. However, a clear
di↵erence remains when the 20� circle of the hotspot is excluded [79].

Another possible spectral anisotropy is illustrated on the left side of Fig. 5 shows the ratio of
the TA SD flux inside the hotspot to that outside. The hotspot itself is the excess of events above
log10 E = 19.75. Surprisingly, a deficit is seen (a coldspot) in the range 19.1 < log10 E < 19.75. A
scan was carried out on the full sky to look for other possible coldspots using a binned maximum
likelihood test comparing the spectra inside and outside circles of radius 15, 20, 25, and 30 degrees.
The right side of Fig. 5 shows a sky map in equatorial coordinates of local significances indicating
that a spectral anisotropy occurs only in the hotspot region. A numerical study found the global
significance of this e↵ect to be 3.4� [80].

2.1.3 The IceCube Neutrino Observatory

Figure 6: Layout of IceCube with its surface array and
deep detector. Built primarily for neutrino detection, Ice-
Cube also constitutes a unique detector for cosmic-ray air
showers: TeV and PeV muons are measured in the deep de-
tector and electromagnetic particle and low-energy muons
of the same showers are measured at the surface [81, 82, 83].

The IceCube Neutrino Observatory is a
cubic-kilometer-scale particle detector at the
South Pole operating in its completed con-
figuration since 2011. IceCube employs over
5000 digital optical modules (DOMs) to detect
Cherenkov light produced by secondary parti-
cles from neutrino and cosmic ray (CR) interac-
tions [31]. The detector consists of both a deep
in-ice array of DOMs and a square-kilometer
surface component (Fig. 6), IceTop [84], con-
sisting of 81 surface stations, each with two ice-
Cherenkov tanks containing two DOMs. The
combination of surface air shower and deep in-
ice muon measurements provides unique capa-
bilities for various analyses of CRs, probing the
Galactic to extragalactic transition region.

IceCube makes important contributions to
Galactic cosmic-ray physics from below the TeV
to the EeV energy range, i.e., it covers the high-
est energies of Galactic cosmic rays and the
transition to extragalactic cosmic rays. IceTop
has measured the all-particle CR spectrum at
PeV to EeV energies [85, 81]; this has been re-
cently extended below the knee to measure the
energy spectrum down to 250 TeV [86]. Using
its unique combination of the surface and in-ice
array, IceCube provides a high mass-separation
power that has facilitated the first measurement
of individual spectra from four elemental mass
groups between 2.5 PeV and 1EeV [81]. More-
over, such hybrid observations have also allowed for searches for PeV gamma-ray emission from
the southern hemisphere [87, 88]. Although the sensitivity achieved with the data and analysis
methods available now has not lead to a discovery, by improving analysis techniques and continued
operation, IceCube may eventually discover PeV photon sources, in particular, since PeV photon
sources are meanwhile known to exist and be observable with a square-kilometer size array [89, 90].
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With its surface and deep detectors, IceCube is well suited to study the particle physics in
air showers, especially, the production of atmospheric leptons. IceCube has recently reported
preliminary results of the measurement of GeV muons in air showers [91, 92, 93] and simultaneous
measurements of GeV muons measured with IceTop in coincidence with TeV muons in the deep
ice [82, 83]. IceCube has measured the lateral separation of TeV muons in the deep ice [94, 95, 96]
and the spectrum of muons with energies above 10 TeV [96, 97, 98], with evidence for a prompt
muon flux above ⇠ 1 PeV in muon energy at the ⇠ 3� level. IceCube also has measured the ⇠ 20%
seasonal variations in the muon intensity over the individual years with a statistical significance
that is sensitive to daily stratospheric temperature variations of a few degrees [99, 100, 101, 102].

Finally, IceCube is the only ground-based experiment that has measured the CR anisotropy
in the TeV–PeV energy range in the southern hemisphere. It was the first experiment to detail
the anisotropy’s energy dependence in this energy range [103], and the first to show the angular
power spectrum of the spherical harmonic expansion as a means to quantify how the medium/small
angular scales of the anisotropy are distributed [104]. In collaboration with the HAWC gamma-ray
observatory, IceCube also produced the first full-sky view of the 10 TeV cosmic-ray anisotropy [105],
demonstrating how the increased field of view a↵ects the observation at large angular scales.

A surface enhancement of IceTop comprised of scintillation and radio antennas has mainly
been planned to mitigate and calibrate the e↵ect of snow accumulation, and will also increase the
measurement accuracy for cosmic-ray air showers. A prototype station of that enhancement is
successfully operating at the South Pole [106], and the deployment of further stations over the full
IceTop array is foreseen ahead of IceCube-Gen2 (see Sec.5.1.3). Consequently, IceCube will continue
to make leading contributions to the field of Galactic cosmic-ray physics and hadronic interactions in
the ongoing decade, before its capabilities will be magnified by the planned IceCube-Gen2 extension
(see Ch. 6).

2.2 Energy spectrum: Well established but not well explained

The flux of cosmic rays as a function of energy, i.e., the energy spectrum, is one of the most
fundamental observables to infer on the nature of UHECRs. The production mechanisms, the
source type and distribution and the propagation environment, shape the spectrum in a non-trivial
way, imprinting on the spectrum several features deviating from a pure power law. The shape is
thus an object of detailed scrutiny for studying the combined e↵ects of the evolution of the arrival
directions and mass composition with primary energy. The precise measurements of the spectrum
have been used to put strong constraints on astrophysical models of the sources, particularly when
combined with other measurements like Xmax [107, 108] (see Ch. 4).

The spectra measured by the Auger (Sec.2.1.1) and TA (see Sec.2.1.2) collaborations are shown
in Fig. 7, scaled by E

3 to highlight the deviation from a pure power law. Despite being conceived
as UHECR detectors, the two observatories achieve an impressive 5 orders of magnitude spectrum
in energy. This feature, other than being visually extremely powerful, allows to construct a single
overview of the spectrum from the low energy up to the highest. This allows to give a single
description of the transition from the galactic to extragalactic cosmic rays, reducing the systematic
uncertainties that would result from di↵erent measurements. Modelling e↵orts can now rely on data
from single experiments, both in the northern and southern hemispheres, over an impressively wide
ranges of energy. Several features are now well established, the knee at ' 5 ⇥ 1015 eV, the so-called
low energy ankle just above 1016 eV, the second-knee at ' 1017 eV, the ankle at ' 5 ⇥ 1018 eV, the
instep at ' 1019 eV, and the suppression beginning at ' 5⇥1019 eV. In the following, measurements
which cover the final two decades in energy, in the UHECR range, where Auger and TA are the only
experiments available are mainly covered. The developments needed for a better understanding of
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Figure 7: Recent measurements of the all-particle flux from the TA [109], IceCube [81], Pierre Auger [33, 48, 67],
Yakutsk [110], KASCADE-Grande [111], and TUNKA [112] experiments, which define the spectral features in the
UHE region, are shown. Those with upgrades specifically described in this white paper are shown in color. The
direction and magnitude of the systematic uncertainty in the energy scale for Auger and TA is indicated by the
corresponding arrows.

the transition from galactic to extragalactic component will be also briefly discussed.

There are two techniques to measure the energies of primary cosmic rays at ultra-high energies.
The first is to use the lateral distribution of charged particles in an air shower, observed on ground
with particle detectors. This is a traditional method employed in early experiments, e.g., the
Volcano Ranch experiment in New Mexico in the US [113], the Haverah Park Experiment in the
UK, and AGASA in Japan [114] (see Ref. [115] for a review). The second consists in measuring the
fluorescence photons emitted from air molecules excited by the charged particles in an air shower (for
the new additional method of using radio measurements see Sec. 6.1.4). The fluorescence technique
was proposed in 1960’s [116, 117, 118] and firstly implemented in the Fly’s Eye experiment in Utah
in the US [119], and followed by the HiRes experiment [120]. This is a calorimetric measurement of
the cosmic ray energy, that is therefore less dependent on the details of hadronic interactions beyond
accelerator energies (the LHC energy corresponds to a cosmic ray proton of ⇠ 1017 eV interacting
with a nitrogen nucleus at rest). There were two di↵erences in the energy spectra of UHECRs in
the results of these 20th century experiments [121, 122]. The first is in the energy scale of the two
techniques (apparent in the di↵erence of the position of the ankle), and the shape of the spectra
at the highest energies (the AGASA spectrum extended beyond 1020 eV, whereas the HiRes result
exhibited a steepening at 1019.75 eV). It was di�cult to identify the origin of the di↵erence in the
spectrum measurements with di↵erent techniques.

The discrepancy observed by these early experiments led to the construction of the Pierre Auger
Observatory (see Sec. 2.1.1) in the southern hemisphere and TA (see Sec. 2.1.2) in the north. They
are the largest cosmic ray observatories ever built, covering 3000 km2 and 700 km2 respectively, and
have an hybrid design, employing both a SD and a FD. Using a sub-sample of high quality events
recorded by both detectors, the SD signals are calibrated against the energies measured with the
FD. In this way, the tiny flux of cosmic rays at UHE can be measured with the largest possible
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Figure 8: Left: the Auger energy spectrum above 2.5⇥1018 eV [33]. The red line is a fit to the data using a smoothed
broken power-law. Right: The TA spectrum above 1018.2 eV measured with SD [123]. The red line is a fit to the
combination of the shown data with the FD measurements of TA and the results from HiRes.

exposure achievable, using direct particle detection on ground (the FD can operate only during
moonless nights) and with a calorimetric, almost model-independent, measurement of the shower
energy.

Both Auger and TA represent an enormous increase in exposure with respect to AGASA and
HiRes. The Auger and TA collaborations have indeed achieved a cumulative exposure of about
70 000 km2 sr yr on the full sky, to be compared with the total exposure of about 5000 km2 sr yr
achieved by the previous generation of experiments, AGASA and HiRes.

2.2.1 Current measurements of the energy spectrum at UHE

The energy spectrum measured by Auger [33] and TA [123] at and above the ankle are shown
in Fig. 8. The spectra are measured with the high statistics obtained with the surface detectors
of both observatories. In Auger, the SD units are water-Cherenkov detectors and the energy
estimator is corrected for the attenuation in the atmosphere with the so-called Constant Intensity
Cut method [124]. The corrected energy estimator is then calibrated against the FD energies using
a power-law relationship. The measurements are performed above the energies at which the SD
array is fully e�cient and the entire analysis to derive the energy spectrum is data-driven and does
not make assumptions about the hadronic physics and mass composition [33]. In TA, the SD units
are scintillator detectors and the signal at ground is converted into shower energy using a Monte
Carlo lookup table that accounts also for the attenuation e↵ects. The hybrid events are then used
to rescale the reconstructed energies to the values estimated with the FD [125]. Auger measures
the spectrum above 2.5 ⇥ 1018 eV with an energy resolution of 10% at 1019 eV and a systematic
uncertainty on the energy scale of 14% [126]. The TA measurements starts at 1.6 ⇥ 1018 eV. The
energy resolution is 19% and the uncertainty in the energy scale is 21% [127].

The spectral features obtained from a fit to the data using a sequence of 4 power-laws, shown
in red in the plots, are given in Table 1. Generally, good agreement is found between the two
experiments, the ankle is determined with high precision and the measurements confirm with
higher statistical significance previous reports of the suppression at highest energies [122, 125, 128].
A new feature has been recently discovered by both collaborations: the instep. It was observed
for the first time by Auger with a significance of 3.9 � [33]. The significance has been calculated
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Parameter Pierre Auger Obs. Telescope Array
Eankle / EeV 5.0 ± 0.1 5.4 ± 0.1
Einstep / EeV 13 ± 1 18 ± 1
Ecut / EeV 46 ± 3 71 ± 5

�1 3.29 ± 0.02 3.23 ± 0.01
�2 2.51 ± 0.03 2.63 ± 0.02
�3 3.05 ± 0.05 2.92 ± 0.06
�4 5.1 ± 0.3 5.0 ± 0.4

Table 1: The values of the shape of the spectrum in the UHE region, as measured by Auger [33] and TA [34], are
given above. The spectral indices describe the average power-law slope, E�� , between the spectral-break energies.
Only statistical uncertainties are given.

with a likelihood ratio procedure estimating the improvement of the fit with the additional break
at 1019 eV with respect to an old model with a single smooth suppression. This finding was later
confirmed by the TA collaboration, by using a combination of the observations of the SD and FD
of TA along with the measurements from HiRes. With this combination a single power-law model
between the ankle and the suppression is rejected with a 5.3 � significance [123]. The instep feature
is an observation of fundamental importance to constrain astrophysical models and, as shown in
Ref. [129], it can be reproduced by a model with an energy-dependent mass composition (see also
Ch. 4).

The enormous statistical power achieved by both collaborations has allowed for the production
of spectra in di↵erent declination bands. The goal of such studies is to investigate the spectrum in
di↵erent parts of the sky. The measurements from Auger [33, 129] are obtained using the showers
with zenith angle below 60� and cover the declination range between �90� and 24.8�. They are
shown in the left panel of Fig. 9 in three declination bands of equal exposure, and they do not
give any evidence of a declination dependence of the spectrum other than the mild excess from
Southern Hemisphere, consistent with the directional anisotropy above 8 ⇥ 1018 eV [37]. The TA
measurements, shown in the right panel of Fig. 9, are in the declination bands (�15.7�, 24.8�) and
(24.8�, 90�) and suggest di↵erent positions of the steepening at highest energies [109]. It is worth
noting that the southernmost declination band of TA overlaps with the FoV of Auger, and in this
band the steepening position is at about 3.9 ⇥ 1019 eV, significantly below to what is observed in
the full sky and therefore in better agreement with the Auger measurement (see Table 1).

2.2.2 Detailed studies at the highest energies from the joint working groups

A fruitful collaboration between the Auger and TA observatories is underway to give a unique
and consistent interpretation of the cosmic ray flux. The results of such activities were reported in
the UHECR and ICRC conference series [130, 131, 132, 133, 134, 135, 34]. The most updated results
are presented in Fig. 10 [34]. In the upper panels of this figure, the measurements are compared
in the full FoVs of the two observatories. As shown in the right panel, the two spectra are in
agreement up to few 1019 eV once a ±4.5% shift in the energy scale of each experiment is applied.
Such di↵erences would be further reduced once one accounts for the di↵erent models used by the
two collaborations for the fluorescence yield and the so-called invisible energy, the energy of the
primary carried to ground by muons and neutrinos that has to be added to the calorimetric energy
measured by the FD in order to obtain the total shower energy. The Auger collaboration uses the
high precision measurement of the fluorescence yield performed by the Airfly experiment [136, 137]
while TA the measurements from Kakimoto et al. [138] and the FLASH experiment [139]. For the
invisible energy, Auger uses a data driven estimation exploiting the muon sensitivity of the SD [140]
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Figure 9: The energy spectrum in di↵erent declination bands measured by the Pierre Auger Observatory [33] (left)
and the Telescope Array [79] (right).

while TA obtains it from Monte Carlo simulations [141]. Using the Airfly fluorescence yield in the
TA reconstruction would reduce the shower energy by 14% while using the Auger invisible energy,
the TA energies would be increased by 7%. Therefore, the net e↵ect of synchronizing both the
fluorescence yield and invisible energy would reduce the overall o↵set of 9% to well below 5% which
is an indication that the systematic uncertainties in the energy scales of the two experiments, like
the one on the absolute calibration of the FD telescopes, are well under control.

As can be seen in the upper-right panel of Fig. 10, the ±4.5% shift is not enough to put the
spectra in agreement at the highest energies. In order to understand if this disagreement is due
to astrophysical or experimental e↵ects, the two collaborations have compared the measurements
in the declination band accessible by both observatories, namely between �15.7� and 24.8�. The
results of such studies are presented in lower panels of Fig.10. As a consequence of the indication of
the declination dependence of the TA spectrum addressed in the previous section, after the ±4.5%
shift the two spectra are in better in agreement in comparison to what is observed in the full band.
However, this is still not enough and a further energy-dependent shift of ±10%⇥ log10(E/1019 eV)
for E > 1019 eV is needed to get the full consistency up to the highest energies. The same conclusion
is attained once the di↵erent directional exposures of the two observatories are accounted for [135].
Such an energy-dependent shift cannot be explained by the systematic uncertainties since their
energy dependence is expected to be small [134], and a Monte Carlo study is underway to disentangle
systematic from statistical e↵ects.

2.2.3 Understanding the transition to extragalactic sources

While there is strong evidence that the sources of cosmic rays above 8EeV are extragalactic [37],
the transition between the source population(s) between 100PeV and 10 EeV are not well under-
stood. In this energy region, the shape of the all-particle spectrum has been measured with high
statistical precision. Measurements of the flux spectra for primary mass groups at-and-above the
second knee have been performed by several collaborations [81, 111, 142, 143].

The second-knee corresponds to a point in the spectrum where the average nuclear mass is
relatively heavy, mostly CNO-like or heavier, but where this flux of heavy elements exhibits a
softening. The flux that makes up the second-knee has been postulated to be the high-rigidity
counterpart of the knee, based on a maximum-rigidity acceleration scenario from, for example,
supernova remnants (SNRs) [144]. Between 1017.0 eV and 1017.5 eV, the proton flux hardens which
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Figure 10: Upper panel: Comparison of the Auger and TA spectra in the full FoVs (left) and same comparison after
a rescaling of the energy scale by the same amount (±4.5%) and in opposite directions (right). Lower panels: Auger
and TA spectra in the common declination band after the above rescaling of ±4.5% (left) and after an additional
energy-dependent shift of ±10%⇥ log10(E/1019 eV) for E > 1019 eV. Original figures from Ref. [34]. The full FoVs
of Auger and TA are �90� < � < +24.8� and �15.7� < � < +90�, respectively, while the common declination band
is �15.7� < � < 24.8�.

may indicate the beginning of a new source class which produces the flux between the second-knee
and the extragalactic sources. However, it is uncertain if the power-law flux leading up to the ankle
is galactic [145] or extragalactic [146].

The separation of the all-particle flux into di↵erent mass groups has large systematic uncer-
tainties coming from the interpretation of air-shower measurements using simulations. A better
understanding of the transition to extragalactic sources is expected from improvements in our un-
derstanding of hadronic interaction models (see Ch.3) as well as improved cosmic rays observatories
and techniques (see Sec. 5.4.1).

2.3 Primary mass composition: When nature throws curve-balls

The understanding of the composition of UHECRs and the role composition plays in the wider
study of UHECRs, has undergone a dramatic change in the last 20 years. The field has moved
from a picture of relative simplicity to one with deep nuances and critical questions. With this
change the over all view has become richer, providing powerful tools for understanding the sources
of UHECRs. This new and more complex reality means that a more precise determination of
the cosmic-ray composition is crucial to expanding our knowledge about UHECRs. In particular,
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a finer-grained identification of primary cosmic-ray composition, through increases in available
statistics and/or mass resolution, will enable:

a) the measurement of primary composition at post-suppression energies, in turn providing

– stronger constraints of the properties of ZeVatron accelerators of UHECRs and

– strict constraints on UHECR propagation and cuto↵ scenarios;

b) event-by-event charged-particle astronomy and the study of magnetic fields;

c) more precise predictions of cosmogenic fluxes of high-energy photons and neutrinos;

d) more precise predictions of atmospheric neutrino backgrounds for neutrino telescopes;

e) precision studies of hadronic interactions at energies way beyond human-made accelerators;

f) higher-e�ciency direct searches for UHE neutrinos and photons;

g) expanded searches of new physics, e.g., signatures of Lorentz-invariance violation (LIV) or super-
heavy dark matter (SHDM).

Two particularly important recent examples of the synergy between UHE hadronic interactions
and cosmic-ray experiments were the measurement of the proton-air cross section around a center-of-
mass energy of 60 TeV [40, 147], and the identification of a deficit of muons in most current hadronic
interaction models used in air shower simulations [43, 44, 148]. A prerequisite for the proton-air
cross section studies is the establishment and identification of protons in the cosmic-ray particle
beam. Likewise, the precise quantification of the muon deficit depends crucially on the primary
cosmic-ray composition. Furthermore, any search for proposed new physics at UHE [149, 150, 151,
152, 153, 154, 155] relies on having a good handle on the nature of primary cosmic rays. Lastly, in
the search for cosmogenic neutrinos, above PeV energies the uncertainties in atmospheric neutrino
production due to primary composition are comparable to those due to quantum chromodynamics
(QCD), greatly complicating background estimation and removal in neutrino telescopes [156, 157].
Each of these studies clearly stands to benefit with an increase in precision and statistics in UHECR
cosmic ray composition information.

The astrophysical importance of the cosmic-ray composition is multifaceted. Through the charge
number Z, primary composition determines the rigidity of cosmic rays (R / E/Z), which directly
governs the acceleration of UHECRs in sources and their propagation in magnetic fields (see Ch.4).
This means that knowledge of it is critical to charged particle astronomy and the di↵erentiation
of acceleration scenarios [129, 158, 159, 160, 161]. Additionally, the primary mass number A is
required to extract the Lorentz factor (� / E/A) of primaries, which in turn determines interactions
with photon fields during both acceleration in sources and propagation. Therefore, measuring
UHECR mass is pivotal to modeling the production of secondaries and therefore multi-messenger
astronomy [162, 163, 164]. This also makes it fundamental to any tomographic analyses of source
distributions [165, 166].

Substantial e↵orts of the UHECR community are thus focused on the extension of measure-
ments of the mass composition to extreme energies and reduction of the uncertainties in the
description of hadronic interactions. Due to the 10% � 15% duty cycle of FDs, data on the
depth of shower maximum (Xmax) at E > 40 EeV are scarce. There are plans to directly
address this in the future with large-aperture FD-based experiments such as POEMMA (see
Sec. 6.3.1) [167, 168], and new technologies like those developed for the Cosmic Ray Air Fluo-
rescence Fresnel-lens Telescope (CRAFFT) project [169] and the Fluorescence detector Array of
Single-pixel Telescopes (FAST) [170, 171], all of which have concrete designs and have deployed
prototype detectors. However, an immediate possibility to address this is to use the data collected
by SD and RD arrays for mass composition studies as their nearly 100% duty cycle would increase
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the available statistics by around an order of magnitude with respect to those currently available
from FD measurements. The main obstacle here is that due to deficiencies in the modern hadronic
generators [172, 43, 44, 173, 174, 56] that have to be fixed at energies and phase spaces not accessi-
ble to particle accelerators, the SD data are not even always bracketed by the predictions of these
generators for protons and iron nuclei. The solution of this problem can be achieved using data
on UHECRs and analyses with a reduced sensitivity to uncertainties in the description of hadronic
interactions. To address this need for fine grained shower component information with su�cient
statistics, as well as to extend the studies of cosmic rays at the highest energies > 40 EeV, upgrades
to current generation observatories are under way (AugerPrime [22, 175, 176] and TA⇥4 [23]) and
future large-scale observatories such as GCOS [177] are being designed.

2.3.1 Primary composition: 100PeV–1EeV

17 18 19 20
 [eV])Elg(

0

1

2

3

4
〉 A 

ln 〈

p

He

N

Fe

1710 1810 1910 2010
Energy [eV]  

1710 1810 1910 2010
Energy [eV]  

1710 1810 1910 2010
Energy [eV]  

1710 1810 1910 2010
Energy [eV]  

1710 1810 1910 2010
Energy [eV]  

1710 1810 1910 2010
Energy [eV]  

1710 1810 1910 2010
Energy [eV]  

II.04 - QGSJet
Pierre Auger
Telescope Array
Tunka-133
Yakutsk

LHC - EPOS
Pierre Auger
TALE

2.3c Sibyll
Pierre Auger

±�sys Pierre Auger

Figure 11: Mean logarithmic mass obtained from the ex-
perimental data on hXmaxi using various hadronic mod-
els. Pierre Auger Observatory [54], Telescope Array [75],
TALE [143], Tunka-133 [178], Yakutsk [179].

The transition from galactic to extragalac-
tic UHECRs is believed to take place in the
energy range from 100 PeV to a few EeV.
Several CR detectors measure the primary
mass composition in this region using di↵er-
ent techniques. The low-energy enhancements
TALE [143] of TA and HEAT [54] of Auger
measure the Xmax of FD events which reach
their points of maximum shower development
high in the atmosphere. The radio arrays
AERA [180], LOFAR [181], Tunka-Rex [182],
and Yakutsk-Radio [183] measure Xmax using
the shape of the radio emission footprint em-
anating from the electromagnetic part of the
shower. KASCADE-Grande [111] used a sur-
face scintillator array measurement and focused
on the disentanglement of the muonic and the
electromagnetic signal in the detectors from
air showers to measure the composition. Ice-
Cube/IceTop [81] utilize the combination of an
ice-Cherenkov tank surface detector and a deep
in-ice detector to measure the primary energy
and mass composition simultaneously using the electromagnetic/low-energy muonic air shower
component from the surface and the high-energy (� 500 TeV) muon bundles in the deep ice.
KASCADE-Grande and IceCube/IceTop results rely on the comparison to hadronic interaction
model data sets to reconstruct the data, which causes a larger systematic uncertainty on the final
results. TALE and HEAT, on the other hand, directly measure two orthogonal air shower prop-
erties (calorimetric energy and shower maximum depth). In all cases, however, the interpretation
of the mass-sensitive observables relies on hadronic interaction models. This means that for most
astrophysical or particle physics analyses, there is still considerable uncertainty in this energy range
due to the models. Due to conflicting observations, the general behaviour of hln Ai around 100PeV
is not yet established well (Fig. 11). The data from all FD measurements show a change in the
composition with energy but there are significant di↵erences in the absolute interpretation and even
slopes of hln Ai. There is a clear di↵erence between the hln Ai behaviour of TALE, Tunka-133, and
Yakutsk which might indicate the presence of unaccounted systematic measurement uncertainties
in some of these experiments. If the region of the knee at 3PeV is dominated by protons (for
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discussion of experimental results see [184]), the iron-knee is expected to appear at around 80 PeV
as a signature of the end of the galactic component. Above this energy more rigid and lighter
extragalactic component is expected to take over. The increase of hln Ai until around 200 PeV
observed by TALE might be already in tension with these expectations. This tension looks even
stronger from the detailed information on the energy evolution of individual primary components
obtained from the composition fits of Xmax distribution measured with TALE. From Fig. 12 one
can see, that there is no evidence for the iron knee below 100 PeV in the TALE data and that the
observed spectrum of iron nuclei is harder compared to the spectrum of protons.

The situation with the SD measurements is no better. Features compatible with the transition
from a softer heavy galactic component to a harder light extragalactic component were observed at
KASCADE-Grande, where it was found that a steepening in the spectrum of the heavy component
at around 80 PeV is followed by the hardening of the light component at around 120 PeV [185, 186].
Nevertheless, the observations at IceCube/IceTop [81] are in tension with these findings, which
makes the picture of the tail end of the galactic flux inconclusive at present. The onset of the muon
deficit in the Monte Carlo (MC) simulations (Muon Puzzle) at around the same energies can cause
larger systematic uncertainties in the interpretation of SD data compared to the data from the FD,
and can be thus one possible reason for this discrepancy.

Therefore, improvements both in the detection techniques and in the description of hadronic
interactions are required for understanding of characteristics of the galactic and extragalactic com-
ponents, and acceleration mechanisms in sources in this energy range.

16 17 18 19 20
[eV]) / Elg(

0

0.5

1
protonLHC - EPOS

sysσ ±] [

TALE Pierre Auger

16 17 18 19 20
[eV]) / Elg(

0

0.5

1
helium

16 17 18 19 20
[eV]) / Elg(

0

0.5

1
CNO

16 17 18 19 20
[eV]) / Elg(

0

0.5

1
iron

fr
ac
ti
on

Figure 12: Fractions of primary nuclei from the mass composition fits of Xmax distributions measured at the Telescope
Array (TALE) [143] and the Pierre Auger Observatory [187] inferred with EPOS-LHC.
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2.3.2 Primary composition above 1EeV

Our current knowledge of the cosmic-ray composition at moderately high energies (& 1018 eV) is
dominantly inferred from the observation of the development of air showers using the fluorescence
and Cherenkov techniques. The corresponding data for the two first Xmax moments are shown
in Fig. 13. At EeV energies, the two state-of-the-art experiments for UHECRs, Auger and TA,
report air shower observations [188, 189, 180, 74, 75] that point consistently to a predominantly
light composition with a large fraction of primary protons [190, 191, 192], as clearly seen in Fig. 11
which shows the average logarithm of the primary masses of observed UHECRs.
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Figure 13: Measurements of hXmaxi (left) and �(Xmax) (right) compared to the predictions for proton and iron nuclei
of the hadronic models Sibyll2.3c, EPOS-LHC and QGSJet-II.04. Detection techniques: fluorescence (FD),
Cherenkov, using time traces in the SD, and RD.
Pierre Auger Observatory: FD [54], SD [193], RD (AERA) [180]; Telescope Array: FD [75] (hXmaxi and �(Xmax)
are corrected for reconstruction and detector biases same as was done in Ref. [2] except here there is no correction of
the energy scale), Cherenkov (TALE) [143]; Yakutsk: Cherenkov [179], RD [183]; Tunka: Cherenkov [178], RD [182];
LOFAR [181]. Systematic uncertainties of the FD measurements at 1018.5 eV are indicated for the Pierre Auger (red
arrows) and Telescope Array (blue arrows) data.

Above an energy of E > 2 ⇥ 1018 eV the data from both the Pierre Auger Observatory and
Yakutsk indicate that the composition of primary cosmic rays is mixed with the mean mass steadily
growing due to a gradual depletion of protons and helium nuclei from the primary beam [194, 195,
187] as shown in Fig. 12. Though the published measurements of Xmax [74, 75, 196] at TA [30]
seem to be in tension with this picture, they are compatible with the results of Auger within the
current statistical and systematic uncertainties [190, 191, 192].

The above picture is strengthened by an analysis of the collection of apparent elongation rates of
northern and southern observatories. An analysis of Xmax measurements taken from peer-reviewed
publications of the Fly’s Eye, HiRes, Telescope Array, Yakutsk, and Pierre Auger Observatories,
shows that statistically there is generally good agreement in trends of the elongation rate above
1 EeV between the northern and southern skies. Nearly all published data are consistent with
the description of having a steep rate up to an apparent change to a flatter rate in the vicinity of
3 EeV. This transition supports the growing evidence of a transition from a lighter proton dominated
composition to a heavier composition as energy climbs [197, 198] in both hemispheres.
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At energies above the suppression (E > 1019.6 eV), the total number of detected events with a
high-precision measurement with FDs is less than a hundred [196, 54] and therefore the composition
at these energies is still an open question. However, with a reliable identification of the nature of
the UHECRs at these energies a more precise determination of the parameters of astrophysical
models, composition enhanced anisotropy studies, tests of the hadronic interactions at the energies
way beyond human-made accelerators, searches of signatures of LIV, and improved estimations of
the photon and neutrino fluxes will become possible.

These statistical limitations will be overcome by observing UHECRs with the larger exposure
of the upgraded current and next generation detectors. The first step in this direction was made at
the Pierre Auger Observatory where the information on arrival times of particles in the SD stations
was calibrated with FD Xmax [173, 193]. This way the measurements of hXmaxi could be extended
up to 100 EeV with 237 events available for E > 50 EeV (see Fig. 13); still, larger statistics are
required to confirm whether the trend towards heavier composition and increasing beam purity
continues for these energies. Detailed information on the distribution of nuclear masses using the
SD-FD Xmax calibration can be obtained using other novel methods like those based on the deep
learning [199]. The determination of the cosmic-ray composition directly from the SD variables
su↵ers from relatively large theoretical uncertainties in the hadronic interaction models used to
interpret air shower data, see e.g., Refs. [7, 200, 201] and Sec. 2.3.3. These systematic e↵ects can
be reduced by further laboratory measurement of multiparticle production in hadronic interactions
as proposed in Refs. [202, 203]. At the same time, a high-statistics observation of cosmic rays at
UHE can help significantly to resolve the mass vs. interaction ambiguity.

Moreover, both the Pierre Auger and Telescope Array Collaborations observe that simulation-
based composition analyses using the surface detector indicate a heavier composition than deter-
mined by fluorescence observations (see Fig.14) [173, 204]. This was thought to mainly derive from
uncertainties in muon production; however, recent studies1 indicate that an energy independent
shift of the Xmax scale, on the order of 20–30 g cm�2, could also be needed. This is in good agree-
ment with studies that estimate the influence of hadronic models on the shower maximum and the
signals in the surface detector [44]. The extent to which these observations are related to the muon
deficit, and the Xmax scale, of simulations must be determined in further studies.

2.3.3 The self-consistency of hadronic interaction models

SD measurements run nearly 100% of the time and require rather simple event selection criteria,
meaning they can o↵er around an order of magnitude more data than measurements from FDs.
However, due to the lack of the accelerator data relevant for the description of UHECR interactions,
current inaccuracies in the modeling of high-energy nuclear collisions remain relatively large. As a
result the mass compositions inferred from SD measurements with the current hadronic models often
turn out to be outside the expectations of any realistic astrophysical scenarios. Being inconsistent
as well with FD results (see Fig. 14), the absolute values of hln Ai from the SD data can currently
be only used for describing the trends in the changes of the mass compositions with energy which
are found to be very similar to those from the FD data.

The discrepancy between SD and FD results is larger for SD measurements of the characteristics
of the muon component of showers. This indicates that the observed di↵erences likely arise due
to an inadequate description of the muon production mechanisms in air showers. Fig. 14 shows
two such examples, the measurements of the atmospheric depth (Xµ

max) at which the production

1Machine learning methods cross calibrated with FDs [57] and mass/energy/arrival direction combined fit re-
sults [107, 205] both suggest an o↵set between the Xmax scale predicted models and that seen in UHECR observations.
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Figure 14: hlnAi inferred from FD hXmaxi and pseudo-hlnAi taken from Nµ, Xµmax or Delta.
SD hlnAi: 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 hlnAi: Auger [206] (top panels) and [187] (bottom left); TA [75].

of muons reaches its maximum [172] and muon density [174]/muon number [43] at ground (Auger
UMD and SD (inclined events)) (see Ch. 3 for more detailed discussion of the ‘Muon Puzzle’). For
Auger SD [207, 173, 193] and TA SD measurements [204] where a comparison of the EM and muon
signals is used, the observed discrepancy with the FD data is smaller.

The calibration of SD data with FD Xmax is possible in some cases, but is not a fully satisfactory
solution of the problem since the uncertainties in the predictions of Xmax (Fig. 11 and Fig. 13) are
non-negligible, amounting to approximately 30 g cm�2. Still, this value might not be representative
of the full range of possible Xmax uncertainties. This was indicated by a recent Auger analysis [208]
of distributions of Xmax and signals in SD stations, which suggests that the Xmax scale of the
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.
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2.4 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
acceleration, 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
neutrinos, 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 whether only a subset of UHECR sources are copious producers of neutrinos, is part of the long
list of unknowns. Since there may be multiple mechanisms and sites, a well-balanced observational
program in upcoming decades is needed to tease apart the physics and astrophysics of UHECR and
VHE neutrino production.

Fortunately, the virtues and limitations of these two messengers, UHECRs and VHE neutrinos,
are highly complementary so that together – but likely only together – the mystery of the origin of
the highest energy particles in the Universe can be tackled and potentially cracked in the upcoming
decade. The VHE neutrinos have the virtue of traveling directly to us without deflection or energy
loss, apart from red-shifting. However, the directional resolution of VHE neutrinos can be relatively
poor (⇠ 0.5� for track-like events but ⇠ 10� for cascade-like ones), and at best a few hundreds of
astrophysical-candidate events of 0.1PeV and higher energy can be expected in the next decade
(e.g., the IceCube high-energy starting event sample has 60 events with deposited energy above
60 TeV from 7.5 years of data [209]). Lowering the energy threshold to have more events is not a
solution because then the flux is strongly contaminated by atmospheric neutrinos polluting the sig-
nal in correlation studies. Another challenge to finding the sources of the astrophysical neutrinos is
essentially Olbers’ paradox: unless individual sources are rare and extremely powerful or transient,
individual sources may only contribute zero or one events each and integrating over radial distance
averages out the structure, leading to a nearly isotropic arrival direction distribution.

UHECRs, by contrast, are blessed by the GZK e↵ect: which imposes a horizon to possible
sources thanks to energy losses on the cosmic background light. This horizon is longest (⇠ 250Ṁpc)
for protons and heavy (i.e., iron) nuclei, but much shorter in between (e.g., ⇠ 5 Mpc for helium
and ⇠ 100 Mpc for silicon). The sharp cuto↵ at highest energies induced by photo-pion production
o↵ CMB photons, gives way to a more gentle but real decrease with distance for lower energy
UHECRs. Having only a limited range of source distances contributing to the signal, with a
known energy dependence given the mass composition, makes it potentially feasible to identify
sources or infer their properties statistically. On the other hand, magnetic deflections produce
time delays which make temporal correlations futile with optical or other emissions in candidate
sources. Discovering sources via spatial correlations of UHECRs with source candidates is in
principle feasible if the charges of individual UHECRs and the magnetic field of Galaxy are well-
enough determined. However, correlation between arrival directions and individual sources is not
the only tool.

2.4.1 Large-scale anisotropies

Anisotropy in arrival directions is a key ingredient for discovering the sources. To draw robust
conclusions, however, a large number of events is needed; this limited the analyses prior to the
advent of the current detectors in the last decade. The Auger and TA Collaborations have made
significant progress both with their individual data sets and in joint e↵orts. An extremely important
milestone achieved by the Pierre Auger Collaboration is the > 6� measurement of a large scale
dipole anisotropy above 8 EeV [37], with an amplitude of d = 0.073+0.011

�0.009 obtained with the latest
published data set [52]. The map showing the cosmic-ray flux, smoothed with a 45� top-hat
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function, is illustrated on the upper left panel of Fig. 15. Given that the dipole direction is ⇠ 115�

away from the Galactic Center, this is evidence of the extragalactic origin of cosmic rays above
this energy threshold. Intriguingly, the dipole direction is not aligned with the CMB dipole, or the
local matter over-density, or any obvious individual source.

A compelling feature, first published in Ref. [210] and shown in the upper right panel of Fig.15,
is the growth of the amplitude of the dipole with energy (although the p-values for the higher
energy bins are not at the 5� level due to lower statistics at the highest energies). This growth is in
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. 15,
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. 15). This suggests that the
transition between Galactic and extragalactic origin occurs at energies in-between [68].
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Figure 15: 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 8EeV. 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
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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.

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.16, 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. 16.
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Figure 16: 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 8.57EeV and 10EeV, 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. 15. 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. Section 4.5.3 discusses our knowledge of GMF
and IGMF in more details.
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2.4.2 Small- and intermediate-scale anisotropies

Searches for small (i.e., few degrees) and intermediate-scale (i.e., few tens of degrees) anisotropies
with data from the Pierre Auger Observatory and the Telescope Array have been performed since
the very beginning of operation of these detectors, as the technical demands are much less2 than for
revealing a large-scale anisotropy, even with a detector of 3000 km2 such as the Auger Observatory.

Even so, demonstrating a statistically-ironclad intermediate scale anisotropy is very challenging.
Even after 17 years of operation and 120,000 km2 sr yr of accumulated exposure, the small and
intermediate angular scale signals in the current Auger data set do not reach the 5� level. However,
exciting hints of correlation have been confirmed in multiple analyses, e.g., Refs. [214, 39, 51]. With
more than 1200 events above 41 EeV recorded between 2004 and the end of 2020, a 3.9� excess was
found in the region centered on Centaurus A, at an angular scale of 27�. The CR flux map above
this energy threshold is shown in the upper left panel of Fig. 17, while the results of the scan in
energy threshold and angular size of the search window are illustrated in the upper right panel.
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Figure 17: Upper left panel: map showing the CR flux detected by the Pierre Auger Observatory above 41EeV, in
Galactic coordinates, smoothed with a 24� top-hat function. Upper right panel: Pre-trial p-value as a function of
the energy threshold and top-hat radius for an overdensity search centered in the Centaurus region. Lower panels:
best-fit models of the All active galactic nuclei (AGN) (left) and starburst galaxies (right) catalogs used in Galactic
coordinates. From Ref. [51].

The Centaurus region excess also drives the hint of correlations found by the Auger Collabora-
tion with a more elaborate likelihood analysis searching for correlations with catalogs of potential
sources. Several catalogs were tested: 2MRS to map nearby matter, Swift-BAT to test all AGN,
Fermi �-AGN to test jetted active galaxies and a catalog of starburst galaxies selected using radio
emission [39]. The starburst galaxies catalog shows the highest significance compared to an isotropic

2Detecting a small-amplitude but large-scale anisotropy demands exquisite control over systematics like seasonal
and daily variations; high statistics is not only invaluable directly but also enables detailed studies of systematics.
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flux of cosmic rays, with a post-trial significance at 4� [51], for an energy threshold of 38EeV and
a best-fit equivalent top-hat radius of ⇡ 25�. Other catalogs show significances of ⇠ 3.2� under the
same analysis. The most prominent source in the two AGN catalogs is indeed Cen-A, while the
starburst galaxies NGC4945 and M83 are within few degrees of Cen-A itself. The starburst model
also benefits from one prominent source candidate, NGC253, being close to the southern Galactic
pole where a warm spot of Auger events is found. For more details, see the lower panels of Fig. 17
and Ref. [39, 51].

The Telescope Array Collaboration has reported a similar intermediate-scale excess in the north-
ern sky [38]. Their blind search for a cosmic ray excess in a moving window of 20� revealed an
excess of events (the hot spot) in the 5 year data set with energies above 57 EeV in the direction of
R.A. = 146.7�, Dec. = 43.2�, with a significance of 3.4� when penalized for the search trials. Since
the initial study the data set at these energies has more than doubled, but the statistical significance
has remained about the same (3.2�) [215]. The results of the updated analysis are shown in Fig. 18
together with the time evolution of the excess. Interestingly, a slightly less significant excess has
also been found in the most recent TA data set at E � 25 EeV [216] which coincides in position
with the Perseus–Pisces supercluster, whose center in equatorial coordinates is (20.9�, 27.9�).

Figure 18: Left panel: The sky map of the Li-Ma significance of the cosmic ray excess observed by the Telescope
Array in the circle of 25� radius. Black dot shows the position of the most significant excess (Hammer projection,
Equatorial coordinates). Right panel: brown dots show evolution of the cumulative number of observed events inside
the hot spot region with time. Orange crosses indicate that of isotropic background events. The bands show ±1�
and ±2� deviations from a linear increase rate. From Ref. [215].

Joining e↵orts, the Pierre Auger and Telescope Array Collaborations, have performed a search
for intermediate scale anisotropies, testing correlations with two galaxy catalogs, 2MASS and star-
burst galaxies [53]. The result for the catalog of starburst galaxies is mildly stronger than the
Auger-only result, with a post-trial significance of 4.2�.

The Pierre Auger and Telescope Array Collaborations have also performed searches for correla-
tions between the arrival directions of UHECRs and neutrino candidates detected by the IceCube
and ANTARES Collaborations. The potentially interesting result with astrophysical neutrino can-
didates first reported in Refs. [217, 218], was not confirmed with more statistics [219, 220, 221].

The Auger Collaboration has also performed searches for neutron excesses. Similarly to neu-
trinos, neutrons are expected to be produced by charged UHECR interactions near the sources.
Due to the huge Lorentz-boost factor at UHECR energies, they can reach Earth as neutrons if
produced within the Galaxy. Neutron-induced showers are indistinguishable from proton-induced
ones, but since neutrons travel undeflected they should produce, if present, excesses on very small
angular scales (of the order of the angular resolution of the Observatory). Both blind searches [222]
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and ones targeted towards interesting Galactic candidate sources [223] have been performed, but
no significant excesses have appeared so far. Upper limits on the fluxes of neutrons from di↵erent
classes of sources thereby improve limits on the UHECR emissions from Galactic sources.

2.5 The search for neutral particles: Bringing the bigger picture into focus

The spectacular discovery of the coalescence of two neutron stars with gravitational waves and
with practically all bands of the electromagnetic spectrum, from radio waves to very high energy
gamma rays, has brought multi-messenger astronomy to the forefront of Physical Science [65]. The
results from this transient event have shown that combining the detection of particles or radiation
of completely di↵erent nature from the same objects, great leaps in understanding of the Universe
can be made [224, 225, 226, 227].

Gravitational waves and electromagnetic radiation travel in straight lines at the speed of light
and can be combined to search for correlations with given objects in space or with given events
in time (transients). Gravitational and electromagnetic radiation in the conventional astronomy
bands up to the TeV scale can reach the Earth from cosmological distances. Gamma rays above
(⇠ 100 TeV) are limited to distances below the Mpc scale. Neutrinos keep directional information
and are also candidates to be combined with other messengers produced in the same sources or
events. They also reach us from cosmological distances and upper limits to the neutrino masses
imply negligible time delays with respect to light travel even if they come from the confines of the
Universe. Neutrinos are practically the only messengers that sample energies above the PeV which
can arrive from arbitrarily large distances. Finally, UHE neutrons are also neutral but they can only
reach us if produced in our vicinity, within a few times the decay distance, ld ⇠ 6 ⇥ (E/EeV) kpc,
which is proportional to their energy E. Such limited ranges implies that neutrons above 100 PeV
are only delayed with respect to light by less that one millisecond. The potential of each one of
these messengers is large and they all are complementary in multi-messenger astronomy since they
sample di↵erent distance ranges. These messengers are searched for with dedicated telescopes and
observatories. Gravitational waves, UHE photons and neutrinos have already played a prominent
role in multi-messenger astronomy due to their time correlation with transients.

Understanding how and where UHECRs are produced remains one of the oldest and most
important questions of particle astrophysics and the study of UHECRs plays a multiple role in
multi-messenger astronomy. Firstly, fundamental questions about UHECR such as the spectrum,
their composition and the sources which are not completely settled, are highly relevant for multi
messenger searches because there is a close connection between UHECRs and the production of
neutrinos and photons, messengers that have a high potential and play a crucial role in multi
messenger astronomy. These high energy photons and neutrinos are believed to be a direct product
of the interactions of UHECRs. Secondly, the study of the UHECR arrival directions, including
their interaction with the intervening magnetic fields and their angular correlation with potential
sources, converts them in messengers too. Depending on distance these charged particles may
keep directional information provided their energy is su�ciently large. Such studies constrain the
sources of these UHE messengers and the still poorly known galactic and extragalactic magnetic
fields. There is a third connection from the detection point of view because UHECR observatories
can also be used to search for UHE neutral messengers, such as UHE photons, neutrinos, and also
neutrons, complementing the multi messenger capabilities of other dedicated neutrino and photon
observatories.
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2.5.1 The connection between UHE cosmic-rays, neutrinos, and photons

The interactions of UHECRs with matter and/or radiation produces secondary hadrons, mostly
pions, which decay to produce photons and neutrinos as secondary particles. If the target population
is in the source or its vicinity it leads to astrophysical photons and neutrinos that point back to
their sources. Those neutrinos and photons that make it to Earth without being attenuated are
potential messengers that can be correlated with the sources of UHECR providing most valuable
information. Inevitably, as the accelerated UHECRs propagate to Earth, they will interact with
the di↵use photon backgrounds that permeate the Universe, mostly the CMB, but also radio,
infrared and optical backgrounds, leading to a di↵use flux of cosmogenic photons and neutrinos.
The neutrino energy, E⌫ , traces the primary UHECR energy E⌫ ' 0.05 · ECR/A, where A is the
mass number of the cosmic-ray nucleus, and the di↵use neutrino spectrum directly reflects baryon
acceleration in the sources. In the case of UHE photons there is a further complication because
they can have further interactions with the electromagnetic background fields as they propagate
to Earth to produce electron-positron pairs that also interact with the magnetic fields dumping
their energy in a di↵use flux of lower energy photons in the MeV to GeV range providing a sort of
calorimetric measurement of the energy deposit.

The production of UHE photons and neutrinos is directly related to the acceleration of cosmic
rays and the establishment of the UHECR spectrum and its composition is thus crucial for multi-
messenger astrophysics. Composition measurements at the highest energies have a crucial role
in determining the expected astrophysical or cosmogenic photon and neutrino fluxes that should
result from interactions of the cosmic rays in the sources or during transport to Earth. This is
because the energies of neutral secondaries (neutrinos, photons, and neutrons) produced by CR
interactions with matter will be proportional to ECR/A with ECR the primary cosmic-ray energy.
As a result, the peak flux of neutral secondaries will shift towards lower energies as the mass of
the CR increases. In the case of cosmogenic photons and neutrinos resulting from the GZK-e↵ect,
i.e., from photo-pion or photo-disintegration interactions of UHECR in the CMB, the e↵ect of the
UHECR mass will be even more dramatic: UHECR nuclei disintegrating at the GZK-threshold
(EGZK ' 5 · 1019 eV) will produce protons, neutrons, and lighter nuclei of energies ' (E/A)CR,
which generally will be below the photo-pion production threshold. As a result, the cosmogenic
photon and neutrino fluxes arising from UHECR nuclei will be dramatically reduced as compared
to those expected from proton primaries. This is demonstrated e.g., in Ref. [228] where composition
models resulting from combined fits of the energy spectrum and depth of maximum measurements
of the Pierre Auger Observatory [160] were used as input to CRPropa [229] simulations. The
connection works both ways. On the one hand, the mere existence of UHECRs guarantees fluxes of
UHE photons and neutrinos and the UHECR spectrum and composition will determine the fluxes.
On the other, while observed energetic photons from given astrophysical sources can have leptonic
or hadronic origin, the detection of a neutrino flux from them provides direct evidence for hadronic
acceleration giving information about the UHECR sources.

2.5.1.1 Astrophysical neutrinos and photons

Astrophysical neutrinos, photons and also neutrons (if produced near enough the Earth to
reach it) are valuable messengers that can be combined with gravitational wave detection and more
conventional astronomy to greatly improve our knowledge about their sources and their dynamics in
the case of transients, as happened with the discovery of the neutron star merger event in 2017 [65].
One of the greatest discoveries of the past ten years is the flux of astrophysical neutrinos discovered
by IceCube [230, 231, 232, 233]. It is most likely of extragalactic origin because of the lack of
directional correlation with the Galactic plane. However, individual sources remain unidentified
with the possible exception of the BL-Lac blazar TXS 0506+056, from which a neutrino with most
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probable energy of 290 TeV was detected on 22 September 2017 while the source was in a period
of flaring activity in gamma-rays [234]. An excess of neutrino events was also found in archival
data in 2014/15 [235] although the source was not flaring in gamma-rays during that period.
How the astrophysical neutrino flux is connected to the UHECR flux and to the di↵use gamma-ray
background from unresolved extragalactic sources detected by the Fermi satellite, are two questions
still under investigation, motivated by the fact that approximately the same amount of energy is
contained in the three types of particles when integrating their spectra [236] (see Fig. 54).

Neutrino observatories and very high-energy gamma-ray detectors have also contributed to
constrain the sources of UHECR by providing measurements or limits of the neutrino and photon
fluxes that, combined with UHECR measurements, constrain UHECR sources in what is a genuinely
multi-messenger observation. Early versions of these approaches are the Waxman-Bahcall bound to
the di↵use neutrino flux [237] which was obtained by calculating the maximum neutrino flux that
could be produced by accelerated protons interacting and producing pions without overproducing
the UHECR spectrum. While this calculation was limited because it ignored the possibility of
multiple proton interactions in the sources and other technical details [238], it represented significant
progress. Other similar examples of multi-messenger approaches performed with UHECR detectors
are limits to di↵use fluxes of UHE photons [239, 240, 241, 242] and neutrinos [243, 244], that ruled
out a family of “exotic mechanisms” for the production UHECRs, the top-down scenarios. In
these models fragmentation of quarks from decays of massive particles produced by topological
defects [245] was the source of the UHECRs and of neutrino and photon fluxes that exceeded
the experimental limits. In some of these examples the double connection with multi-messenger
observations is apparent because both the UHECR measurements and the limits to UHE neutrinos
and photons were obtained with UHECR observatories.

2.5.1.2 Cosmogenic neutrinos and photons

Because of the strong link between UHECR, photons, and neutrinos (see for instance Ref. [59]),
a flux of UHE cosmogenic neutrinos [6, 228, 162] and photons [246, 247, 248, 249] is guaranteed
by the detection of UHECR beyond the GZK-threshold and the existence of the CMB and other
di↵use extragalactic radiation fields which act as background targets. The processes involved are:

p + �CMB ! p + ⇡
0

! p + ��, and

p + �CMB ! n + ⇡
+

! p + ⌫e,µ.

The shape and magnitude of the cosmogenic neutrino and photon fluxes are very uncertain,
being strongly dependent on the maximum energy and composition of the UHECR at the sources
and, in case of neutrinos, on the redshift evolution of the potential UHECR sources in the Universe.
Recent descriptions of the observed UHECR spectrum [129, 33] and composition [189], indicate
that the maximum CR energy observed at Earth could be limited by the accelerators themselves,
depending on rigidity as E

max

CR / Z with Z the charge of the accelerated nuclei [160]. This framework
leads to very low cosmogenic neutrino and photon fluxes [228, 162] at UHE, unless there is a
subdominant proton component emerging at the GZK-threshold [61, 250]. Reversing the argument,
the non-observation of UHE neutrinos and photons either in UHECR observatories such as Auger
[61, 251] or with dedicated UHE neutrino observatories such as IceCube [252], constrains the fraction
of protons that can be accelerated in them [61, 250, 253], disfavoring sources that would produce
a proton fraction larger than ⇠ 30% in the GZK energy range, provided the density of sources
follows a strong evolution with redshift [61, 250]. It has to be emphasized that an independent
measurement of the UHECR composition via air shower experiments provides a reliable prediction
of the cosmogenic UHE neutrino flux for the nearby universe. A comparison with model-dependent
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Figure 19: Panorama of VHE astrophysical neutrino measurements from the IceCube Neutrino Observatory [256,
257, 258], and UHE and constraints from IceCube [252], the Pierre Auger Observatory [61], and the ANITA detector
[259], in terms of energy flux (all flavors). Also plotted are the UHECR spectrum as measured at the Pierre Auger
Observatory [33, 129] and the Telescope Array [109].

composition constrains obtained by neutrino measurements will determine if the origin of UHECR
is consistent between the nearby and distant universe.

The constraints on UHECR sources from observations of the UHECR spectrum and mass
composition are also complemented by multi-messenger observations of GeV-TeV energy pho-
tons, 100 TeV-PeV neutrinos, and the lack of detection of neutrinos at EeV energies, see e.g.,
Refs. [248, 254]. It is also important to keep in mind that neutrinos and (in case of nearby sources)
photons that are produced directly in the UHECR sources may outshine cosmogenic fluxes in some
scenarios [254, 255]. If the neutrino flux found cannot be correlated with the sources then it may be
that the sources are too numerous and cannot be resolved or it may be that the detected neutrinos
are cosmogenic. Cosmogenic neutrino fluxes constitute a background in the search of source corre-
lations and it is important to quantify their fluxes. In fact, the low fluxes of cosmogenic neutrinos
and photons that are expected from the limited maximum rigidity of the sources, may provide
favorable conditions for identifying neutrinos from point sources.

2.5.2 Correlations with the arrival directions: UHECRs as messengers

UHECRs are a class of messengers of their own that are however deviated in the magnetic
fields that permeate the Universe in proportion to their rigidity. As a result they lose both time
and directional correlation with other messengers emitted at the same time and/or from the same
sources where they are produced. As deviation depends on the particle nature and magnetic fields
are generally poorly known, it is particularly hard to use arrival directions to constrain UHECR
sources. However, at the highest energies of order 100 EeV, deflections can be reduced to a few
degrees because of the high rigidities, R = p/Z, (�# / 1/R) and because at these energies the
UHECR interactions with the cosmic microwave and other electromagnetic backgrounds prevent
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them from traveling freely over distances exceeding ⇠ 200 Mpc. The latter is known as the GZK
e↵ect. UHECRs uniquely complement neutrinos from sources in the interesting distance range
between order 1 to 200 Mpc. By studying their arrival directions it is then possible to constrain
the nature and the sources of the UHECR. Further progress in this area will be closely related to
advances in the study of UHECR composition and also in the mapping of the magnetic fields.

The possibility of UHE proton astronomy was one of the motivations to search for the highest
energy cosmic rays at the turn of the century, and in particular to build the Pierre Auger Obser-
vatory [29]. As angular deviations are inversely proportional to rigidity, few tens of degrees can be
expected for protons of 3 to 10 EeV or for oxygen of 30 to 100 EeV, which can be small enough for
the arrival directions to still carry relevant directional information that could constrain the sources
of the highest energy particles known to mankind. Two of the main contributions that have been
revealed by the largest UHECR detectors [122, 128] turned out to reduce early expectations in
this respect. Firstly, at the highest energies the energy spectrum is now established with great
precision [129, 33], and this puts a limit to the maximal energy observed in UHECR not far be-
yond the 100EeV benchmark and reduces the flux quite dramatically beyond an exponential-like
cut-o↵ around 40 EeV. The second finding is related to the mean mass of the particles which has
been shown to change gradually from being light-dominated at the EeV region to being dominated
by a mixture of intermediate mass nuclei in the 20 to 50 EeV region. This conclusion has been
reached by measuring for each shower the depth of shower maximum with the fluorescence tech-
nique [189, 195]. However, this conclusion is not free of uncertainties due to the lack of knowledge
about the interactions and subsequent shower development at the highest energies. The duty cycle
of the fluorescence technique and the suppressed flux at the highest energies prevents measurements
of mass beyond 50 EeV with current statistics. While the determination of the average mass of
the primary nuclei is uncertain and events detected with Telescope Array have not confirmed an
intermediate mass in the 30� 80 EeV range, they do confirm the observed change in the elongation
rate [197] which is considered a quite robust evidence of a composition change [198], unless the
cross sections involved have dramatic deviations from Standard Model predictions.

Despite the statistical obstacles and trend towards intermediate mass primaries as the UHECR
energy increases, the study of the arrival directions of UHECRs has revealed very important de-
viations from an isotropic distribution [37, 210, 80]. Spatial correlations have been searched for
between the arrival directions of the highest energy cosmic rays and classes of objects that are
known to emit in the very high-energy regime such as AGN and starburst galaxies (SBGs) and
with the overall matter distribution [39]. There are indications of correlations that slightly favor
SBGs, but the significance is not yet strong enough to claim a causal correlation with a given class
of sources.

Since the change from a di↵usive to a ballistic regime within the Galaxy is at a rigidity of a
few EV [260], an inference of composition on an event by event basis would allow the selection
of high rigidity events to enhance the anisotropies that seem to be washed out by the fact that
there is a mix of masses at given energies and that the average mass is intermediate at the highest
measured energies. Rigidity selection requires independent measurements of the energy and an
observable which is sensitive to composition such as the depth of shower maximum or the number
of muons, which can at the moment only be achieved with limited statistics using events which are
simultaneously measured with SDs and fluorescence detectors FDs. The study of these hybrid events
has already been exploited by the Pierre Auger collaboration in two most important directions.
By taking full advantage of the greater exposure of the SD and inferring new observables from
the SD that are sensitive to composition, composition measurements could be extended up to
80 EeV [173]. Hybrid events have already been used to explore possible anisotropies that are
related to composition. Indeed, a study has been made that suggests that the subsample of events
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whose arrival directions are within 30� of galactic declination from the galactic plane, may be of
higher average mass than the rest of the events [55]. While no discovery has been claimed yet, it
is apparent that a more definitive statement should be made in the years to come.

2.5.2.1 Arrival directions of UHECR and neutrinos

Neutrinos are produced in hadronic interactions and are good tracers to point back to UHECR
sources. To search for such correlations in arrival directions, neutrino data from the IceCube Neu-
trino Observatory, ANTARES Neutrino Telescope, UHECR data with energies greater than 50EeV
from the Pierre Auger Observatory and Telescope Array have been analysed. Three independent
methods were tested [261, 262, 221]. The first analysis looks for a clustering of neutrino events
along the approximated direction of UHECRs. The second analysis reverses the logic considering
high-energy neutrinos as sources and searches for an excess of cosmic-ray clustering in the direction
of neutrinos. The last analysis counts correlating pairs of neutrinos and UHECRs with a dynamic
angular distance. No significant correlations were found from 7-years of neutrino and 11-years of
UHECR data.

A non-correlation is somewhat expected knowing the mass composition of the highest energy
cosmic rays is mixed. The deflection during propagation in the galactic magnetic field for a 100 EeV
proton is expected to be ⇠ 3�. For heavier mass the deflection is greater since it scales with charge.
Thus, without event-by-event information on the mass composition it is challenging to make correct
assumptions on uncertainties of UHECR source positions. Another di�culty is that UHECRs are
from the local Universe with a horizon of ⇠ 200 Mpc while neutrinos can travel from as far as
the entire visible Universe ⇠ 4 Gpc. For example, the first source candidate reported by IceCube
[234, 235] - TXS0506+056 - is located at ⇠ 1.3 Gpc far beyond the UHECR zone.

2.5.3 UHECR detectors as neutrino, photon, and neutron telescopes

All UHECR observatories that have been constructed or are being designed to detect exten-
sive air showers, are naturally also potential detectors of any other particle that induces a similar
shower in the same medium, in particular neutral particles of equivalent energies such as neutrons,
neutrinos, and photons. Such searches can be made provided that methods are devised to sepa-
rate these showers from those produced by the more abundant cosmic rays. These particles carry
directional information from the sources and allow the exploitation of both directional and time
correlations with all bands of astronomy and gravitational waves. Inevitably, UHECR observatories
are thus also multi-messenger observatories that could observe UHE neutrons, photons, and neu-
trinos and exploit in these cases both directional and time correlation with all bands of astronomy
and gravitational waves, fully contributing into the multi-messenger endeavour.

2.5.3.1 Neutrinos

The detection of photons, neutrinos, and neutrons has to be performed in a background of the
more abundant cosmic rays and requires special techniques that allow the separation of potential
signals from the background. By looking at the depth development of the extensive air showers it is
relatively easy to identify neutrinos in UHECR observatories because, contrary to cosmic rays that
typically interact within the first hundred g cm�2, they can induce showers at any depth because
their interaction length exceeds that of the atmosphere. The search for down-going neutrinos with
these observatories relies on detecting showers that start their development in the lower layers of
the atmosphere [263, 264] and with this technique the Pierre Auger Observatory has achieved large
e↵ective areas [251]. Moreover, neutrino oscillations lead us to expect approximately equivalent
fluxes of all flavor neutrinos [265, 266], and tau neutrinos o↵er a unique and most interesting window
that involves the detection of air showers and outweights in acceptance other search strategies
[267, 268]. Tau neutrinos that reach the Earth surface slightly below the horizon can interact
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below the surface producing a tau lepton that exits into the atmosphere where it decays producing
a slightly up-going shower [267, 268]. No UHECR is expected to cross the Earth and even if nearly
horizontal UHECR showers are misidentified as upcoming showers, they would start developing
very high in the atmosphere in contrast with those from tau decay that tend to develop closer
to ground. Since the e↵ective area of UHECR detectors must have a scale of hundreds or even
thousands of square kilometers and the density of the target for the interactions is that of the Earth
crust, about 2�3 g cm�3, the target mass for neutrinos becomes huge compensating the small solid
angle acceptance for the shower directions to be nearly horizontal. Thus, it is not surprising that
earth-skimming showers can be extremely e↵ective to search for neutrinos in specific directions of
the sky. This is precisely the reason why the Pierre Auger Observatory was able to set the most
stringent limits to the neutrino flux at UHE from the spectacular neutron star coalescence that
marked the onset of multi-messenger astronomy in 2017 [65, 66].

2.5.3.2 Photons
Photons can be also discerned from the background of cosmic rays because the produced showers

have a reduced number of muons and they also develop on average deeper into the than CR induced
showers. The di↵erence, however, is more subtle than for neutrinos and thus the requirements on the
detector performance are more demanding to be able to separate them from the more abundant
CRs. Photon searches have been accomplished both with surface detector arrays that provide
high statistical power [239, 240, 241, 42], as well as with fluorescence telescopes that provide high
separation power on event-by-event basis [269, 270, 242].

Using such techniques, important results about photon searches could be derived from a number
of air shower observatories. They comprise bounds both on a di↵use flux of high energy photons
as well as on point sources.

Di↵use flux bounds have served to constrain SHDM models (see e.g., Refs. [271, 272]), topologi-
cal defects, and cosmogenic photon fluxes from the GZK-e↵ect [273, 269, 242]. Targeted searches for
point sources, on the other hand, allowed to (i) constrain the continuation of measured TeV photon
fluxes to EeV energies, (ii) predictions of EeV proton emission models from non-transient Galactic
sources including the galactic center region and from nearby extragalactic sources [270, 274], as well
as (iii) the lifetime of SHDM particles branching to the qq̄ channel in the mass range 1019 �1025 eV
[275]. Moreover, gravitationally-produced SHDM particles that may arise e.g., from coupling be-
tween the dark sector and gravitons (motivated by Standard Model of particle physics) or from the
inflaton field in the early Universe can be constrained. This provides an interesting link to funda-
mental cosmological aspects, such as the Hubble rate and the curvature of space-time [18]. The
search for photons has also served to constrain physics beyond the Standard Model, for instance
models that violate Lorentz invariance [276, 277, 278, 279, 9].

2.5.3.3 Neutrons
Finally, although there is no known possibility to separate neutron-induced showers from those

induced by charged cosmic rays on the basis of the shower development, it is in principle possible
to identify nearby sources of neutrons just by looking at an excess of EAS from given directions
[222, 223], or by exploiting potential time and directional correlations to other messengers. In fact,
this latter procedure can be in principle applied to any type of neutral particle that induces a
shower in the atmosphere.

2.5.3.4 Follow-Up Observations
UHECR observatories also contribute to campaigns of follow-up observations [280, 281, 63],

with the search for neutrinos from the binary neutron star merger GW170817 [65] being the most
prominent example. At the time of the graviational wave (GW) detection, the source was located
at a zenith angle of 91.9� at the site of the Auger Observatory, just below the horizon and extremely
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close to the sweet-spot for Earth-skimming neutrinos. When considered in a time interval of ±500 s
about the detection (93.3� < ✓ < 90.4�), the EeV exposure has been larger than that of dedicated
neutrino telescopes with allowed stringent upper limit to the neutrino fluence [66]. Another example
is the search for UHE neutrinos from TXS 0506+056 using the Pierre Auger Observatory. Despite
the fact that the source is located at an unfavorable position, relevant upper bounds on the UHE
⌫-flux complementing the detection by IceCube at lower energies, could be provided by the Auger
observatory [64].

The Pierre Auger Observatory is both a triggering and a follow-up partner in the Astrophysical
Multi-messenger Observatory Network (AMON) [282] which establishes and distributes alerts for
immediate follow-up by subscribed observatories with private or Gamma-Ray Coordinates Network
(GCN) notices. It initiates automatized follow-up observations on gravitational wave events and
sends back alerts to GCN in case of a positive detection.
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Chapter 3

Particle physics at the Cosmic Frontier:
Bridging terrestrial and natural accelerators

Throughout the history of elementary particle physics, discoveries have been made through
the observation of cosmic rays and neutrinos. This includes, for example, the discovery of new
elementary particles, the confirmation of neutrino oscillations, as well as measurements of particle
interactions far beyond current collider energies. In this chapter, the synergies between mod-
ern UHECR measurements and high-energy particle physics will be discussed and described how
UHECR experiments and particle physics can inform each other to improve the understanding of
fundamental particle interactions at the highest energies. How to leverage UHECR experiments
in order to inform particle physics will be described in Sec. 3.1 and relevant collider measurements
will be discussed in turn in Sec. 3.2. In Sec. 3.3, unique opportunities for searches for beyond
Standard Model physics and dark matter with UHECR observatories will be presented. Finally,
an outlook for the next decade and perspectives for future synergies between modern astroparticle
and high-energy particle physics will be discussed in Sec. 3.4.

3.1 Leveraging UHECR experiments to inform particle physics

When a cosmic ray enters the atmosphere and collides with an air nucleus, it produces hadronic
secondaries, mostly pions. This initiates an extensive air shower (EAS) in the atmosphere where
the decay of neutral pions feeds an accompanying electromagnetic cascade, while the charged pions,
baryons and kaons interact again with air nuclei deeper down on their way to the ground. The
process is self-sustained until most energy is dissipated through the electromagnetic cascade, and
charged pions reach an energy where the decay into muons becomes more likely than interactions
with air nuclei. Muons are thus tracers of the hadronic activity of the air shower. Integrated over
time, this gives rise to an atmospheric lepton flux, which is also the background for the observation
of astrophysical neutrinos in modern large-scale neutrino telescopes.

As previously described in Sec. 2.1, there are generally two methods to observe air showers:

(i) The detection of radiation emitted by the interaction of the charged particles, mostly electrons
from the electromagnetic cascade, with the atmosphere. Such radiation can be measured in the
UV band (i.e., Cherenkov and fluorescence light), or in the MHz band (i.e., radio emission).

(ii) Direct sampling of the secondary air shower particles at ground (or underground) by means of
large particle detector arrays.

The detected air showers are reconstructed and a set of observables can be retrieved: typically
the arrival direction, the electron and muon content, Ne and Nµ, the atmospheric depth at which the
longitudinal development of the electromagnetic shower reached its maximum, Xmax, and the depth
where the production rate of muons reached its maximum, X

µ
max. Also, other shower observables

which are related to the lateral spread of the particles can be determined.
The reconstruction of fundamental properties of the primary UHECR, such as its energy and

mass, requires the use of accurate air shower simulations. The cosmic ray community has devel-
oped sophisticated simulation packages that integrate state-of-the-art models of electromagnetic and
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hadronic interactions (see e.g., Ref. [8] for a recent review). Commonly used hadronic interaction
models are Sibyll [46, 283, 284, 285], QGSJet [286, 287, 288, 289], EPOS [45, 290, 291, 292],
and DPMJet [293, 294, 295, 296, 297]. All these models are based on di↵erent realizations of
perturbative QCD associated with Gribov-Regge e↵ective quantum field theory and rely on fun-
damental principles like conservation laws. However, the particle production is dominated by
non-perturbative QCD which is treated by more phenomenological approaches. As a consequence,
the necessary parameters are tuned to a large data set covering many orders of magnitude in energy
(from few 10GeV to TeV with current colliders) but limited by what the accelerator experiments
can measure, thus leading to extrapolations both in energy and phase space. Indeed the EAS
development is driven by the particles carrying most of the energy while the latter are the most
challenging to measure in collider experiments (i.e., forward particle production). As previously
described in Sec. 2.3.3, large uncertainties remain both due to theoretical limitations and the lack
of data from existing collider experiments. Nevertheless, EASs simulated with these packages gen-
erally describe real air showers quite successfully, and are also used to predict the propagation and
interaction of UHECRs in space and around the sources [229].

In the following, current limitations in our understanding of air shower physics will be discussed
and it will be highlighted how UHECR measurements can inform particle physics beyond the phase
space of existing collider experiments to improve current hadronic interaction models.

3.1.1 Measurements of the proton-air cross section

As described in Sec. 2.3, various EAS observables are sensitive to the average mass composition
of the primary cosmic ray by direct comparison of observations to predictions from hadronic inter-
action models. The electromagnetic component does not su↵er much from theoretical uncertainties
and when experimentally accessible, it is typically used to assess the energy and mass (number of
nucleons). However, measurements of the electromagnetic shower maximum, Xmax, can also be used
to determine the proton-air cross section. This is done by selecting the most proton-like UHECRs
to determine the attenuation length, ⇤⌘, of proton showers in the atmosphere. The attenuation
length is then converted into the proton-air cross section, �p�Air, based on EAS simulations.

Fig. 20 shows the proton-air cross section recently measured by the Pierre Auger Collabora-
tion [40, 41] in the two energy intervals from 1017.8 eV to 1018.0 eV and from 1018.0 eV to 1018.5 eV,
and by the Telescope Array Collaboration [298, 147] in the interval between 1018.3 eV and 1019.3 eV.
Also shown are previous results from other experiments (see Ref. [41] for details) and predictions
from the hadronic interaction models EPOS-LHC [45] and QGSJet-II.04 [289], which already
have been tuned to LHC data (post-LHC), as well as Sibyll2.1 [283], which was developed before
the LHC era (pre-LHC). Indeed, the cross sections obtained from the post-LHC models appear to
be in better agreement with current EAS data than the pre-LHC model Sibyll2.1.

These EAS measurements provide complementary particle physics data far beyond the energies
reachable by any current collider experiment. Thereby, they very clearly demonstrate the large
potential for synergies between astroparticle physics and high-energy particle physics.

3.1.2 Hadronic interactions and the Muon Puzzle in EASs

The muonic component in the air shower is generally used as a probe of the hadronic interactions
during the shower development. Various measurements of atmospheric muons with energies around
1 GeV � 10 GeV have revealed a discrepancy between simulated and observed muon production in
air showers (see also Sec. 2.3.3). A muon deficit in simulations was directly observed for the first
time more than 20 years ago by the HiRes-MIA collaboration [299]. Further indirect evidence for a
muon discrepancy was found by several other air shower experiments, but the situation remained
inconclusive until the Pierre Auger Observatory also reported a muon deficit in simulations in a
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Auger ICRC2015

Figure 20: Proton-air cross section obtained from di↵erent experiments compared to predictions obtained from
EPOS-LHC, QGSJet-II.04, and Sibyll2.1. Figure adapted from Ref. [41].
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Figure 21: Measurement of the muon content (left) [56], where Rµ = 1 corresponds to 2.148⇥ 107 muons, and depth
of maximum muon production , Xµ

max, (right) [300], compared to measurements of Xmax, for air showers at 10
19 eV.

Also shown is the phase space occupied by all possible primary mass combinations between proton and iron according
simulations with several hadronic models.

direct measurement at even higher cosmic ray energies [43, 44].
The simultaneous comparison of independent air shower observables, such as Xmax and Nµ, con-

strain the phase space of hadronic models. Fig. 21 (left) shows the mean logarithmic muon number
compared to the average shower maximum measured by Auger in air showers at 1019 eV [172, 300].
Also shown are predictions from recent hadronic interaction models for di↵erent cosmic ray masses,
as well as interpolations (lines), which are clearly inconsistent with the experimental data. A sim-
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Figure 22: Muon density measurements converted to the z-scale, as defined in Eq.(1), for di↵erent hadronic interaction
models, after applying energy-scale cross-calibration, as described in the text. The data of KASCADE-Grande and
EAS-MSU cannot be cross-calibrated and are only included for comparison. Also shown for comparison are z-values
expected for a mixed composition from measurements of the electromagnetic EAS component (Xmax), based on an
update of Ref. [32], and from the GSF flux model [308]. Figure adapted from Ref. [21].

ilar picture can be obtained by comparing the maximum depth of muon production, X
µ
max, with

the electromagnetic shower maximum, Xmax, as shown in Fig. 21 (right). Here, the experimental
data is also inconsistent with model predictions for proton and iron showers, indicating a UHECR
mass composition heavier than iron.

These discrepancies are referred to as the Muon Puzzle in astroparticle physics and their
observation led to the formation of the Working group for Hadronic Interactions and Shower
Physics (WHISP) from members of eight (now nine) air shower experiments, to systematically
combine the existing data on muons for the first time [19, 20, 21]. The most recent meta-analysis
includes data from HiRes-MIA [299], the Pierre Auger Observatory [174, 56], Telescope Array [148],
the IceCube Neutrino Observatory [92, 93], KASCADE-Grande [301], NEVOD-DECOR [302], the
Yakutsk EAS array [303], EAS-MSU [304], SUGAR [305], and AGASA [306].

Since the raw data are not directly comparable due to variations in the conditions between
these experiments, the WHISP introduced z-values, defined as

z =
ln Nµ � ln Nµ,p

ln Nµ,Fe � ln Nµ,p
, (1)

where Nµ is the measured muon number or a proxy thereof, while Nµ,p and Nµ,Fe are the cor-
responding numbers for proton and iron cosmic rays with the same energy obtained from fully
simulated events that are analysed like the data, where the simulation covers the air shower and
the detector response [307, 306]. Since the z-values depend on air shower simulations, one obtains
di↵erent z-values for each hadronic interaction model.

Air shower experiments usually have independently calibrated energy scales with systematic
uncertainties at the 10% � 20% level (see also Sec. 2.2). However, two experiments with an energy-
scale o↵set of 20% would find a 18% o↵set in the measured muons numbers because equivalent
measurements are compared to air showers simulated at di↵erent apparent energies. Thus, the
WHISP also introduced a cross-calibration of the energy scales of the experiments, an important
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Figure 23: Linear fits of the form �z = a + b · log10(E/1016 eV) to the �z = z � zmass distributions, as described
in Ref. [307]. Shown in the inset are the slope, b, and its deviation from zero in standard deviations for an assumed
correlation of the point-wise uncertainties within each experiment (for details see Ref. [21]). Examples of the fits are
shown for a correlation of 0.0, 0.5, and 0.95 in varying shades of gray. Figure taken from Ref. [21].

correction to account for the known systematic o↵sets between experiments. Assuming that the
cosmic ray flux is a universal reference and that all deviations in measured fluxes between di↵erent
experiments arise from energy scale o↵sets, a relative scale can be determined for each experiment
such that the all-particle fluxes match [308]. The resulting z-values from nine air shower experiments
after energy-scale cross-calibration are shown in Fig. 22 for eight di↵erent hadronic interaction
models [21]. The z-values depend only on the mass composition of the cosmic rays at a given shower
energy, which can be nearly independently obtained from the electromagnetic component of the air
shower, as described in Sec. 2.3. Hence, also shown are the expected z-values from measurements
of the electromagnetic shower depth, Xmax, and the Global Spline Fit (GSF) flux model [308],
which is mostly consistent with these measurements. At energies above around 100PeV, for most
experiments, inconsistencies between Xmax measurements and muon data can be observed, with
the latter indicating a UHECR mass composition heavier than iron.

By subtracting the expected evolution of the z-values based on the GSF flux model, zmass,
Fig. 23 is obtained (for EPOS-LHC and QGSJet-II.04). The remaining trend appears to be
approximately linear with the logarithm of the energy, indicating significant discrepancies between
hadronic model predictions and data. In fact, the slope of a line model fitted to this data di↵ers
from zero (agreement between simulations and data) at the level of 8� or higher [19, 20, 21]. These
discrepancies are currently not understood and indicate significant shortcomings in the description
of multi-particle production in the far-forward region. It is also important to keep in mind that the
absolute scale depends on the mass used as reference and this mass depends on Xmax. However, the
latter su↵ers from other uncertainties, either experimental or from the model, which could be larger
than usually foreseen. Indeed, in order to resolve the observed discrepancies, it is probably necessary
not only to increase the muon production in the models but also to change Xmax predictions [208].
To reduce uncertainties on the shower maximum which are dominated by the first interaction
starting the air shower development, new and precise LHC data is required, as discussed in Sec.3.4.

Another important air shower measurement is that of muon number fluctuations in air showers,
�Nµ , recently published by the Pierre Auger Collaboration [56]. Because the fluctuations in the
muon number are mainly driven by the early interactions in the EAS, this measurement is partic-
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ularly sensitive to the first hadronic interactions of the shower development. It has been observed
that despite the well-known deficit in the simulated mean number of muons, the simulated fluctua-
tions are in good agreement with the measurement assuming current hadronic interaction models.
This indicates that the observed discrepancies in the number of muons accumulate throughout the
shower development rather than being driven by the first few interactions of the EAS. This observa-
tion constrains exotic explanations of the muon discrepancy. In fact, various approaches have been
made to explain the Muon Puzzle within more exotic scenarios, such as Lorentz-invariance violation,
for example, and current upper bounds for these models determined from UHECR observations
will be discussed in more detail in Sec. 3.3.1.

In addition to the recent measurements of UHECRs by Auger, IceCube has reported various
measurements of the high-energy (⇠ TeV) muon content in air showers at lower cosmic ray energies
(i.e., in the PeV to EeV region) [94, 95, 96, 97, 98, 99, 100, 101, 102]. Recent preliminary results
[82, 83] indicate inconsistencies between di↵erent components in the models, in particular in the
GeV muon content in EASs. However, the predicted TeV muon flux seems to agree with current
experimental data in all analyses within the rather large systematic uncertainties. This favors
explanations of the muon discrepancies which enhance the GeV muon number in hadronic models
while the TeV muon flux remains at the same level [46]. Despite the large uncertainties, this
observation thereby also indicates that the discrepancies in the GeV muon content accumulate
in soft-QCD processes during the EAS development and dedicated studies will further constrain
exotic explanations as they typically have an impact on the first few interactions of the air shower
development.

Further measurements at lower cosmic ray energies of the seasonal variations of the high-energy
muon flux measured in IceCube can be also be used to infer the kaon to pion ratio from the
size of the flux variation for a given temperature variation [99, 100, 101, 102], for example. This
measurement thereby constraints the K/⇡ ratio in hadronic interaction models.

In addition, the measurement of the muon attenuation length in the atmosphere, as reported by
the KASCADE-Grande Collaboration [309], provides further constraints on the muon production
in EASs. Simulations based on various hadronic interaction models predict smaller attenuation
lengths than observed, with smaller deviations for the two post-LHC models. This shows that the
muon number in simulations decreases more rapidly with zenith angle than observed in experimental
data, which indicates that the muon energy spectra are harder than expected from current model
predictions. These measurements also show a dependence on the lateral distribution of muons,
which is also not reproduced correctly by current EAS simulations.

Although measurements over the entire cosmic ray energy range need to be considered to under-
stand the observed discrepancies, the contribution from experiments at lower energies, i.e., below
100 PeV, is beyond the scope of this report and a comprehensive review can be found in Ref. [8].

3.2 Leveraging colliders to inform hadronic interaction models

To describe the interactions of UHECRs with matter (atmospheric, around the source, and
interstellar), the hadron production cross sections for p-p, p-ion, ⇡-p, ⇡-ion, K-ion, and ion-ion
collisions must be known over a wide energy range of center-of-mass energies

p
s from GeV to

hundreds of TeV. Collisions with center-of-mass energy up to
p

s = 13 TeV have been studied at
the LHC [310]. Collisions between protons, lead ions, and xenon ions have been recorded so far.
Collisions of oxygen ions are planned in the next years [311, 312], which will be an ideal reference for
atmospheric interactions. Important data is also collected at the Super Proton Synchrotron (SPS),
the pre-accelerator of the LHC and the Relativistic Heavy-Ion Collider (RHIC). Data on ⇡ and K

collisions is only available at energies up to tens of GeV in
p

s [313, 314, 315, 316, 317] because
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Figure 24: Simulated densities of prompt hadrons (solid lines) in proton-oxygen collisions at 10TeV as a function of
pseudorapidity. The estimated number of muons that would be produced by the secondaries in an air shower is also
shown (dashed lines). Figure taken from Ref. [8].

interactions can only be studied with secondary beams. Since QCD is flavour-blind and the hadron
multiplicity increases fast with

p
s, the flavour and number of valence quarks becomes less important

at high energies [314], however, it would be desirable to confirm this experimentally.
Most experiments do not observe forward production with pseudorapidity of ⌘ > 5 in detail,

since this region is not attractive for discovery and study of new particles. However, this particular
region is the focus for astroparticle physics. This is illustrated in Fig. 24, which shows how many
muons would be produced by the secondary particles in a p-O collision at 10 TeV, if the secondaries
would proceed to form an air shower. Forward produced particles have the largest energies in
the fixed-target frame and generate the largest number of particles in the following interactions.
However, collider measurements nevertheless provide crucial information for the understanding of
hadronic interactions during the EAS development.

In the following, it will be discussed how collider experiments inform air shower physics and how
they can help to reduce uncertainties of current hadronic interaction models in order to understand
the discrepancies observed in EAS measurements.

3.2.1 Constraining hadronic interaction models at the LHC

Four basic aspects of hadronic interactions are relevant for astroparticle physics: the inelastic
cross section for hadrons in air, the hadron multiplicity, the elasticity (the energy fraction carried
by the most energetic particle), and finally the ratio of electromagnetic to hadronic energy flow – or
more generally, the hadron composition. The impact of modifications of these aspects on air shower
observables has been investigated with full air shower simulations [7]. The key results are shown in
Fig. 25. The baseline prediction of the Sibyll2.1 model [283] was modified with a factor that is 1
for a beam energy of 1015 eV and then increases or decreases logarithmically with the beam energy,
depending on the value f(E) at some intermediate scale (here

p
sNN = 13TeV, which corresponds

to a beam energy of about 1017 eV). For a thorough description of f(E) and a detailed discussion
of the modifications in the modeling see Refs. [8, 7].
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Figure 25: Impact of changing basic parameters of hadronic interactions at
p
s = 13TeV and extrapolating loga-

rithmically (see text for details) on the means and standard deviations of the logarithm of the muon number Nµ

(top row) and the depth Xmax of the shower maximum (bottom row) for a 1019.5 eV proton shower simulated with
Sibyll2.1 as the baseline model [8]. Relative shifts to the mean values are shown on the left-hand side. Fluctuations
are shown on the right-hand side. The shaded bands highlight a ±10% and ±30% modification, respectively. The
figure is an update of the original data from Ref. [7], taken from Ref. [8].

The inelastic cross section has a high impact on the first two moments of the depth of shower
maximum Xmax. It has been very accurately measured to a level of a few percent in proton-proton
collisions at the LHC, in particular by TOTEM and ATLAS, which resolved the 1.9� ambiguity in
earlier Tevatron data [318, 319]. This had a noted impact on the systematic uncertainty of Xmax

predictions. A measurement of the p-Pb inelastic cross section with CMS [320] at 5.02TeV recently
validated the standard Glauber model to better than about 10 %, which is used to extrapolate from
p-p to p-ion and ion-ion. There is still a remaining uncertainty in the extrapolation of the inelastic
cross section from p-p to p-air, which can be reduced with future data from p-O collisions, but the
inelastic cross section is now comparably safe to extrapolate to higher energies.

The experimental proxy for the hadron multiplicity is the charged particle multiplicity, which
has been measured in p-p, p-Pb, Pb-Pb, and Xe-Xe collisions at the LHC. Very accurate data is
available up to ⌘ = 5 by ALICE [321], LHCb [322, 323], and TOTEM [324]. Another experimental
proxy is the energy flow, which has been measured in the forward direction by LHCb [325] and
CMS with CASTOR [326, 327, 328, 329] up to ⌘ = 6.4. These measurements strongly constrain
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Figure 26: Energy fraction transferred to anti-protons (left) and ⇢
0-mesons (right) in ⇡-C collisions as measured by

NA61/SHINE (data points) and as predicted by hadronic interaction models over the whole range of beam energies
relevant for air showers. Figures taken from Refs. [341, 342].

the shape of the ⌘ distribution, which is important, since models deviate by less than 5% at |⌘| < 1
in p-p collisions, but up to 20% in the forward region.

As shown in Fig.25, the elasticity has an impact on all observables, but is particularly important
for the fluctuations of Xmax and Nµ. A measurement of elasticity can be performed with zero-degree
calorimeters like LHCf, which has measured the neutron-elasticity [330].

The neutral pion fraction in Fig.25 is a proxy for the ratio of electromagnetic to hadronic energy
flow, which has a strong impact on the mean of Nµ. High-precision data on the relative yields of
pions, kaons, and protons in p-p, p-Pb, and Pb-Pb collisions is available at mid-rapidity |⌘| < 1 from
ALICE and CMS. These data are important for model tuning and validation, but do not directly
constrain the hadron composition in the forward region. In the very forward region, the hadron
composition was measured with the CASTOR calorimeter of CMS in p-p collisions, which provide a
direct measurement of the ratio of electromagnetic to hadronic energy flow [329]. In the very forward
region, the ratio is constrained by LHCf with measurements of photon-production, ⇡

0 production,
and neutron production in p-p and p-Pb collisions [330, 331, 332, 333, 334, 335, 336, 337].

ALICE studied the production cross sections of strange hadrons at mid-rapidity, |⌘| < 1, and
discovered an universal rise in the production ratios of strange hadrons to pions as a function of the
charged particle density at mid-rapidity, which is independent of the collision system or

p
s (within

a few TeV) [338, 339]. This behavior was previously known only from heavy-ion collisions and
not expected in p-Pb and p-p collisions. The universality is remarkable, since the hadron density
in the central region rises rapidly with

p
s and thus the relative yield of strange hadrons rises as

well. This is accompanied by a reduction of the neutral pion yield, which could potentially solve
the muon discrepancy in air showers [340]. It is important to study this e↵ect also in the forward
region, where two hadron production mechanisms contribute, string fragmentation and remnant
fragmentation. Studying strange decays requires a full tracking system with vertex resolution and
magnetic field, which currently only LHCb o↵ers in the forward region. CMS with CASTOR has
studied the ratio of electromagnetic to hadronic energy flow as a function of the charged particle
density in p-p collisions, but found no significant reduction [329].

3.2.2 Fixed-target experiments

Since hadronic interactions in an air shower span over many orders of magnitude in energy,
there are also opportunities to improve our knowledge at lower values of

p
sNN reached by fixed-

47Cre
at
ed

 in
 M

as
te
r P

DF 
Ed

ito
r



target experiments [343]. The NA61/SHINE experiment [344] at the SPS, the pre-accelerator of
the LHC, has measured hadron production in p-p, ⇡-C, and p-C collisions, where carbon is used as
a proxy for air. The corresponding measurements of the forward ⇢

0 and anti-proton production are
shown in Fig.26, where the di↵erential cross section was integrated over the energy of the secondary
particles [345, 317]. The ⇢

0 production is important since it is an alternative to producing a ⇡
0-

meson in the charge-exchange reaction ⇡
� + p ! ⇡

0 + n + X. An increase of the ⇢
0
/⇡

0 ratio
subsequently also enhances the muon number in air shower simulations. In addition, anti-protons
are a measure of baryogenesis in the air shower, which also increases the muon number. The
compounding e↵ect over many interactions leads to an increase at a level of 60 % in the muon
number produced in EASs run with the recent version of Sibyll2.3d [46] over Sibyll2.1 without
these e↵ects. This has not resolved the muon discrepancy observed in air showers, however, it
demonstrates the impact and importance of dedicated studies of the hadron composition also at
lower center-of-mass energies,

p
sNN.

At the LHC, fixed-target experiments are performed by LHCb with the SMOG device [346]
which injects small amounts of gas into the detector. The fixed-target data has been used to place
limits on the intrinsic charm inside the proton [347] and to measure the anti-proton production
cross section in p-He collisions [348], which is also an important ingredient to compute a background
in searches for primordial anti-matter.

3.3 Beyond Standard Model physics with UHECRs

UHECR observatories also o↵er unique opportunities to probe physics beyond the Standard
Model and provide complementary constraints for various dark matter scenarios. Examples are
searches for Lorentz-invariance violation (LIV) and dark matter in UHECR observations. While
LIV would have an e↵ect on the propagation of UHECRs in the Universe and the development of
air showers on Earth, the origin of super-heavy dark matter (SHDM) particles can be connected
to inflationary cosmologies and their decay to instanton-induced processes. These decays would
produce primarily a cosmic flux of extreme energy neutrinos and photons and their non-observation
sets restrictive constraints on the gauge couplings of the dark sector, for example. In the following,
these exotic scenarios will be discussed in further detail.

3.3.1 Lorentz invariance violation in EASs

The variety of air shower observations described in the previous sections strongly constrains
exotic explanations of the Muon Puzzle, such as Lorentz invariance violation (LIV), for example.
The e↵ects of LIV can be written as a Taylor expansion of the generic modified dispersion relation
(MDR), which relates the energy Ei of a particle i (with mass mi) to its momentum pi, as

E
2

i = m
2

i + (1 + �
(0)

i )p2i + �
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i p
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where MP ⇡ 1.22 ⇥ 1028 eV is the Planck mass and ⌘
(n)
i = �

(n)
i M

n
P

⌧ 1 gives the scaling of the

deviation from the standard model. Searches for non-zero values of ⌘
(n)
i can be used to constrain

MDR coe�cients for various particle types (see e.g., Refs. [9, 10, 11, 12, 13, 14, 15, 16, 17]). LIV can
cause certain photo-nuclear processes which are allowed for non-relativistic nuclei to be forbidden
for an ultra-relativistic ones, or vice versa (and some processes can be allowed in both cases but
with di↵erent rates). This can a↵ect the propagation of UHECRs, as described in detail in Ch. 4,
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and it can cause deviations of the EAS development from standard predictions assuming special
relativity.

For instance, the decay of a photon into an electron-positron pair is kinematically forbid-
den in special relativity, but in the case of an isotropic nonbirefringent LIV, characterized by
one dimensionless parameter , it can be allowed if  < 0 for photons with energies greater
than 2me

p
(1 � )/(�2), where me is the electron mass. This would speed up the development of

air showers, which results in a Xmax higher in the atmosphere than in the Lorentz-invariant case.
Hence, comparing air shower simulations with experimental data from the Pierre Auger Observa-
tory results in an upper bound of � < 6⇥10�21 at the 98% C.L. [16]. Each neutral pion in an EAS
normally decays into two photons which initiate electromagnetic sub-showers, thereby transferring
energy from the hadronic to the electromagnetic component of the EAS. However, in the presence

of a negative ⌘
(n)
⇡ , the decay becomes kinematically forbidden above a certain pion energy, so that

such pions continue the hadronic cascade instead. The final result of this is an EAS EAS with larger
muon content and reduced muon shower-to-shower fluctuations than in the Lorentz-invariant case.
By comparing EAS simulations with Auger data a preliminary upper bound for �⌘

(1)

⇡ of 6 ⇥ 10�6

is obtained at the 90.5% C.L. [17].
Although many more attempts have been made to describe muon production in extensive air

showers correctly, including various exotic scenarios (see e.g., Refs. [7, 8, 349] for a more compre-
hensive discussion), large discrepancies in the description of muons remain. In order to understand
these discrepancies and to discover their origin, complementary measurements from collider experi-
ments are required, as described in Sec.3.4. In addition, LIV can have an impact on the propagation
of cosmic rays that can potentially be observed in UHECR observatories. The e↵ects of LIV on
UHECR propagation will be further discussed in Sec. 4.3.

3.3.2 Super-heavy dark matter searches and constraint-based modeling of Grand
Unified Theories

Currently, the concordance model used in Big-Bang cosmology is the ⇤CDM model, which
states that the Universe is ' 13.8⇥109 years old and made up of ' 5% baryonic matter, ' 26%
dark matter, and ' 69% dark energy [350]. Although multiple hypotheses have been proposed
to describe dark matter, the leading scenario is one in which dark matter consists of particles
that only engage in gravitational interactions or interactions that are as weak or weaker than the
scale of the weak nuclear force, i.e., weakly-interacting massive particles (WIMPs). This arises
from the observation that the present-day WIMP relic abundance determined by the freeze-out
condition in the early Universe, combined with the expected annihilation cross section for a new
particle with weak-scale interactions, is surprisingly close to the present-day abundance of dark
matter (the so-called “WIMP miracle,” see e.g., Ref. [351]). However, WIMPs have thus far
escaped detection, whether by underground direct detection experiments [352] or through indirect
astrophysical searches [353]. Furthermore, LHC experiments have yet to observe new physics at
the TeV scale [354]. Overall, the various null results push the originally expected masses towards
larger values and the couplings towards weaker ones. This gives increasingly strong constraints for
the WIMP scenario and motivates searching elsewhere for an explanation for dark matter.

Models of SHDM particles, first put forward in the 1990s [355, 356, 357, 358, 359, 360, 361, 362,
363, 364, 365], were recently revived as an alternative to WIMP scenarios [366, 367, 368, 369, 370].
In fact, if the assumption of naturalness is relaxed, precision measurements carried out at the LHC
may even suggest the existence of SHDM. For instance, LHC measurements of the masses of the
Higgs boson and the top quark signify the energy scale, ⇤I, above which new physics is necessary
to stabilize the meta-stable Standard Model vacuum state as indicated by analysis of the running
of the Higgs quartic self-coupling parameter, �, with energy [371, 372, 373]. Once propagating
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Figure 27: Constraints on the mass and lifetime of SHDM particles as obtained from the upper limits on photons [375]
(left) and upper limits at 95% C.L. on the e↵ective coupling constant of a hidden gauge interaction as a function of
the mass for a dark matter particle decaying into qq̄ [18] (right). For reference, the unification of the three SM gauge
couplings is shown as the blue dashed line in the framework of supersymmetric grand unified theories (GUTs) [376].
Figures taken from Refs. [375, 18].

all uncertainties stemming from the input values of the observables, this energy is found to be
⇠ 1010�1012 GeV. Furthermore, in order to guarantee the survival of the current meta-stable state
throughout the history of the Universe, the rate of decay of the meta-stable vacuum into a lower-
energy vacuum state must be slow, both today and in the past [374]. Hence, the running of � must
slow down above the energy scale ⇤I, possibly even up to the scale of the Planck mass, MP. As
such, the search for new physics in the intermediate scale between ⇤I and MP is well motivated in
the context of current LHC measurements, and it is in this energy range that the lightest particle
of SHDM models in the spectrum of the hidden sector can be found.

If SHDM particles do exist, they may decay into Standard Model particles, secondary products
in the form of UHE photons, neutrinos, and nucleons that can be detected by UHECR observatories.
Furthermore, if the UHECR flux does include a component arising from SHDM, there should be a
signature anisotropy signal reflecting the dark matter distribution in the Galaxy. Thus far, searches
for UHE photons and neutrinos have produced only upper limits [42], and the strongest anisotropy
signals show no signs of a galactic component at UHEs (see also Sec. 2.4). These null results
translate into stringent constraints on SHDM parameters.

Fig. 27 (left) shows current limits obtained from searches for UHE photons by the Pierre Auger
Observatory [18], on the lifetime, ⌧X , and e↵ective coupling constant, ↵X , of SHDM particles,
as a function of their mass, MX . It is seen that particles are required to be stable more than a
few 1022 yr for a wide range of masses. The hatched region corresponds to a constraint induced
by cosmogenic photon fluxes expected from the interactions of UHECRs with the matter in the
Galactic disk [375] or with the background photon fields in the Universe [249].

Using a generic form of the decay rate of the X particle, constraints on the coupling constant
and the dimensions of the interaction operators can also be obtained. For a given energy scale E , the
upper limit on the coupling constant ↵X can be calculated as a function of the mass MX by fixing
a specific value of the dimension n of the operator responsible for the perturbative decay. It results
that the mass of the particles can, in principle, approach E for very large dimension values of n > 100
and/or for allowing for masses that approach E . It is di�cult to find fundamental motivations to
justify such a fine-tuning. By contrast, instanton-induced decays are not that strongly constrained
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by current data and are an interesting possibility to further explore. Constraints on ↵X of less than
around 0.09–0.10 can be obtained for a wide range of masses MX from data taken by the Pierre
Auger Observatory [18], as shown in Fig. 27 (right).

3.4 Outlook and perspectives: The future of particle physics measurements at
UHECR observatories

In order to understand the discrepancies observed in current air shower simulations, both precise
air shower data, as well as dedicated measurements at colliders are required. In the following, the
future prospects for EAS and collider measurements in the next decade will be discussed that will
help to understand multi-particle production in the forward region in order to discover the origin of
the Muon Puzzle and enable detailed studies of elementary particle physics processes with EASs.
Moreover, the perspectives for future searches of macroscopic dark matter and nuclearites with
UHECR observatories will also be discussed.

3.4.1 Air shower physics and hadronic interactions

Previous studies of GeV muons in EASs have been focused on measurements of the average
muon number and very recently the muon number fluctuation (see Sec. 3.1). Higher moments of
the muon number distribution have not yet been measured. Similarly to the relation of the Xmax

with the p-Air inelastic cross section, the slope of the tail of the muon number distribution in p-Air
showers is a direct reflection of the high-energy ⇡

0 production cross section [377].
In general, the full event-to-event muon distributions encode important information about dif-

ferent aspects of the hadronic interaction of EASs which will be studied throughout the next decade.
Fig. 28, for instance, shows the shower-to-shower distribution of Nµ for di↵erent primary masses,
which could potentially be probed in future EAS observatories. A fit of the hadronic model pre-
dictions to the observed Nµ distributions must be consistent with the Xmax fits which have been
used to produce the di↵erent primary abundance. These studies will provide important tests for
current hadronic interaction models and are crucial to further constrain possible explanations for
the Muon Puzzle in EASs [378].
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Figure 28: Shower-to-shower distribution of Nµ for di↵erent primaries (adapted from Ref. [378]). The shape of the
distributions carries information on the multi-particle production of the first interactions of the EAS. The left tail
of the Nµ distribution for proton primaries has been demonstrated to be a direct transformation of the high-energy
tail of the ⇡

0 production cross section.

The typical resolution of muon measurements is around 15% � 20%, given by the experimental
variance with respect to its true physical value. This variance is of the same order as the variance of
physical fluctuations of proton showers, but much larger than the variance of iron showers, which is
3�4%. If the experimental resolution is larger than the size of the physical muon fluctuations, it is
di�cult to measure higher orders of the physical muon fluctuations. Therefore, future experiments
should aim for achieving resolutions better than 10%. Larger muon detectors and detectors closer
to the shower axis, which become operational within the next decade, will presumably already
improve the experimental resolution to around 15% or better (see also Sec. 5.1). To precisely
measure the physical muon distributions, the experimental resolution has to be unfolded from the
raw experimental distributions. Hence, stable experimental event resolutions are crucial. Dedicated
studies of the uncertainties of existing detectors within the next decade will improve the stability
of the measurements and minimize, or at least account for their fluctuations with time. Both
e↵orts will significantly improve the unfolding of the muon distributions and contribute to the
understanding of muon production in EASs.

In addition, ongoing multi-hybrid air shower measurements will allow a better understanding
of the origin of the Muon Puzzle. For example, the simultaneous measurement of the shower
energy and muon content of EASs using the fluorescence detectors and improved surface detectors
of the Pierre Auger Observatory (now including an additional layer of scintillator allowing better
electromagnetic to muonic component separation and even direct muon detection in a sub part of the
array) will enable studies of the observed discrepancies in a non-degenerated way. Since the muon
number depends on both the energy and the mass of the cosmic ray, independent measurements of
these two parameters are a key element to quantify precisely the muon deficit in simulations. For
instance, the radio extension of the Pierre Auger Observatory [379] or the GRANDProto300 [380]
experiment will add new measurements for both the mass and the energy, testing a new technology
that could replace the fluorescence measurements which are limited by their duty cycle. These
measurements su↵er from less theoretical uncertainties and can reach an energy resolution of about
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10% [381]. Thereby, they will also have direct impact on the resolution of muon measurements,
providing high-precision data to study multi-particle production in EASs.

The ability to measure the number of muons at the ground, on an event-by-event basis, with
high statistics will allow to study the distribution features in a more in-depth way. For instance,
the fluctuations of this distribution have been shown to be mainly connected to the energy partition
of the first interaction [378]. Moreover, the muon number distribution for proton-induced showers
exhibits a quasi-exponential tail for showers with low muon content. In Ref. [377], it has been
shown that the slope of this tail has a direct link with the high energy tail of the ⇡

0 production
cross section of the first ultra-high-energy interaction.

New techniques based on neural networks also provide new insight on the data which allow
to extract direct information on hadronic interactions using correlations between di↵erent observ-
able (e.g., the multiplicity and neutral pion fraction distributions extracted from the Xmax-Nµ

correlation in proton induced showers [382]). The hybrid approach will also allow simultaneous
measurements of the longitudinal profile of the electromagnetic and muonic shower components,
i.e., the shower maxima Xmax and X

µ
max, which enables further insights in the inner degrees of free-

dom of EASs, the former being mostly linked to the first interactions while the latter is driven by
the full hadronic shower evolution [383] and thus by pion-air interactions which are hardly accessible
in laboratory experiments. For instance, X

µ
max is very sensitive to the di↵ractive mass distribution

which has been set in the models to the same value than in the case of proton interactions because
of the lack of experimental data [384]. But with a measurement of muons from air showers with a
good timing resolutions, a good muon production depth measurement could be achieve to constrain
this fundamental parameter. A better understanding of X

µ
max will further reduce the uncertainties

on the theoretical prediction of Xmax and thus on the mass composition of UHECRs [385].

Moreover, the IceCube Neutrino Observatory is able to measure the muon content in EASs
at two vastly di↵erent energies using its surface and deep ice detectors. The simultaneous in-ice
high-energy (> few 100GeV) muon measurements and the estimation of the GeV muon content at
the surface provide unique tests of hadronic interactions in the forward region and can constrain
hadronic interaction models based on their predicted muon energy spectra. New surface detector
extensions of IceCube will become operational within this decade [386]. These include new scintil-
lator and radio antenna arrays, which will help to separate the GeV muon content in air showers,
reduce systematic uncertainties of the current muon measurements, and extend the measurements
towards higher cosmic ray energies. The radio array will allow an independent measurement of
the radio emission of the EAS, providing calorimetric measurements of the shower energy and
measurements of Xmax, enabling multi-hybrid event detection in a unique phase space.

Indirect measurements of the muon spectrum in EASs can also be performed by many experi-
ments, using the zenith angle evolution of various experimental observables. As shown in Ref. [387],
not only the muon number at the ground will have a strong evolution with the shower inclination,
due to its attenuation through the atmosphere, but also the maximum of the muon production
depth, the X

µ
max evolution with zenith angle, will be di↵erently a↵ected depending on the muon

energy spectrum. These measurements will thereby yield complementary data that is sensitive to
the muon spectrum, providing additional tests of hadronic interaction models.

Furthermore, improved analysis techniques based on machine learning approaches [58] are
expected to exclude, or strongly constrain models of muon production in hadronic interactions
throughout the next decade. This combination of new but well understood experimental methods
and new analysis techniques, will lead to very precise measurements of the muon component in air
showers and subsequently to an understanding of the origin of the Muon Puzzle.
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3.4.2 Upcoming collider measurements

The LHC will take data with high-luminosity beams in the coming decade at 14 TeV in p-p
collisions, while measurements at even higher energies of 28TeV are only expected in the 2040s [388].
These runs will primarily improve the accuracy of charm and bottom production cross sections,
which play an important role as a background for astrophysical neutrino searches. Future studies of
unflavoured hadrons will benefit indirectly from the precise calibrations of the experiment that will
become possible. In addition, LHCf plans to study strangeness production at zero-degree angles
based on the decay K

0

S ! 2⇡
0

! 4� with upgraded detectors [389].

Of particular importance for air shower physics, and complementary to EAS measurements, are
also the approved plans to accelerate oxygen beams in order to measure p-O and O-O collisions
in 2023 [311, 312]. The most common interaction in an air shower is ⇡-N for which p-O collisions
are an excellent reference. Current state-of-the-art models show considerable variance in their
predictions of hadron production in p-O collisions, despite being tuned to p-p data, which reflects
the theoretical uncertainties in extrapolating hadron production from a p-p reference system to a
proton-ion collision. Together with the essential direct measurements in p-O, the study of both p-p
and p-Pb data is important to potentially detect simple scaling laws for production cross sections
and the hadron composition in hadron-ion collisions. A model variance of 20% is currently found
in p-O collisions, which is expected to be strongly reduced with the upcoming p-O data. The shape
of the hadron rapidity spectrum depends on the pomeron approach that is used in the hadronic
models, and measurements over a wide pseudorapidity range are able to discriminate between the
two main approaches in use (see Ref. [8] for details). In the forward region, yields of identified
hadrons, pions, kaons, and protons, will be studied by LHCb in p-p collisions at 13TeV and p-Pb
collisions at 8.16TeV, where other experiments lack particle identification capabilities.

The LHC experiments, in particular LHCb and LHCf, will determine in the coming decade
whether the universal strangeness enhancement seen by ALICE [338] at mid-rapidity is also present
in the forward region, by studying the hadron composition as a function of the track density in
the event. A previous study by CMS [329] was not conclusive on this point, since the experi-
mental uncertainties at the level of 20% did not allow to detect the small e↵ect from strangeness
enhancement. LHCb will study beam-gas interactions with its upgraded SMOG2 device that al-
lows for higher gas densities and more target gasses, including nitrogen and oxygen [390]. With
LHCb in fixed-target mode, it will be possible to study hadron production at

p
sNN = 115GeV at

mid-rapidity �2.5 < ⌘cms < 0.5 in the nucleon-nucleon center-of-mass frame.

In addition, the FASER [391, 392, 393, 394] and FASER⌫ [395, 396, 397] experiments will per-
form measurements of particle production in the far-forward region at the LHC, at pseudorapidities
of ⌘cms > 7. As shown in Fig. 24, this is the main rapidity range relevant for particle production
in EASs. Shielded by 100m of rock and concrete from the ATLAS interaction point, FASER and
FASER⌫ will be able to measure lepton fluxes up to TeV energies and higher. Thereby, these
experiments will provide estimates of the K/⇡ ratio as a probe of forward strangeness production
in hadronic interactions [398], for example. In addition to the current e↵orts to measure particle
production in the forward region at the LHC, the proposed Forward Physics Facility (FPF) could
provide further important data to test hadronic interactions in the forward region, as discussed in
Sec. 5.5.2.

The complementary measurements of multi-particle production in EASs and at the LHC will
strongly constrain hadronic interaction models in a large phase space. This process is already
underway and in 10 years a large variety of high-statistic data will be available, yielding stringent
constraints, leaving very little room for the interpretation of the data. Thus, these interdisciplinary
e↵orts can be expected to reveal the origin of the Muon Puzzle within the next decade, opening a
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new era for particle physics measurements with EAS observatories, as discussed in Sec. 5.5.

3.4.3 Searches for macroscopic dark matter and nuclearites

In addition to the SHDM the scenarios discussed in Sec.3.3.2, macroscopic dark matter particles
(macros) represent a broad class of candidates that provide an alternative to conventional particle
dark matter. There is considerable evidence for dark matter [399], and a wide range of macro
masses, M, and cross sections, �m, that is not excluded yet could potentially still provide the entire
observed dark matter in the Universe (see e.g., Ref. [400] for a comprehensive review).

Over the next decade, several experiments will have the ability to probe more regions of macro
parameter space. In particular, bolide observation experiments are poised to examine a large chunk
of this parameter space [406] because macros with su�ciently large �m will produce a distinct
luminous trail across the sky. Camera networks specifically designed for observing macros and
interstellar meteoroids [407, 408] will likely probe a similar region of parameter space. Optical
observations have been already used on setting limits on the flux of macros with strange-quark
matter density, exemplified by nuclearites [405]. Under the right circumstances, macros could even

Figure 29: The projected 90% confidence level upper limit on the macro flux, Fm, as a function of the macro mass, M ,
and the macro density, ⇢m, resulting from null detection over di↵erent time spans of acquired data for POEMMA [25],
EUSO-SPB2 [401], Mini-EUSO [402], and other experiments [403, 404, 405]. The Galactic dark matter (GDM) limit
is indicated for comparison.
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initiate unique lightning strikes [400, 409].
UHECR experiments have the potential to probe a unique part of the parameter space [25, 410].

In contrast to relativistic cosmic rays, a macro would move much slower and will not generate an air
shower. One caveat of current UHECR experiments is that existing (and possibly future) cosmic
ray detectors would require software or hardware accommodations to detect the more slowly moving
macros. Such events would not currently be flagged by most of the existing UHECR experiments
because macros move much more slowly than relativistic cosmic rays, with the exception of the
(Mini) EUSO [402].

The detection of a luminous trail from macros would also shed some light on the light emission
mechanism involved. Recent theoretical works [410, 411] suggest, that the intensity of a trail for nu-
clearites may be much lower than described in Ref. [412]. In such a case, a di↵erent macro candidate,
allowing for a larger cross sections is needed, for example so-called dark-quark-nuggets [413]. Here,
the larger cross sections are obtained by allowing densities much smaller than the nuclear density.
Fig. 29 shows the expected sensitivities as a function of the macro mass, M , for Mini-EUSO [402],
planned orbital POEMMA [25] (see also Sec. 6.3.1), and constructed air-borne EUSO-SPB2 [401]
UHECR experiments, estimated using the procedure outlined in Ref. [401], with the macro densities
in the range of 106 < ⇢m/(g/cm3) < 1015 and the nuclear density ⇢s ⇠ 3.6 ⇥ 1014 g/cm3.
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Chapter 4

Astrophysics at the Energy Frontier:
Pinpointing the most extreme processes in the Universe

The evolving observational picture motivates new theoretical frameworks for understanding the
origins of UHECRs and their journey through the cosmos. Answering the outstanding questions of
the UHECR picture will require the enhanced capabilities of a new generation of UHECR exper-
iments, as well as leveraging insights brought about by continued progress in supporting areas of
astrophysics and the emerging multi-messenger landscape. The high-energy astrophysics commu-
nity remains abreast with the evolving observational picture and has developed a wide variety of
new exciting models that will be further tested by the data collected over the next decade.

4.1 Open questions in UHECR astrophysics: The quest for a comprehensive
interpretive framework

The observations detailed in the previous chapters (UHECR spectrum, mass composition and
arrival directions) are central to identifying the cosmic-ray sources, and to understanding the phys-
ical processes particles undergo. Multi-wavelength and multi-messenger observations of secondary
gamma-rays and neutrinos as well as associated gravitational waves also nourish the interpretations
and are central to validate them. This section will summarize the tentative comprehensive picture
that is emerging today and the many open questions that remain [2].

4.1.1 Galactic to extragalactic transition

Cosmic rays below 1016.5 eV are likely created and contained in the Galaxy [414, 415, 416],
and the large-scale anisotropy measurements from Auger imply that cosmic rays above 8 ⇥ 1018 eV
originate in extragalactic sources [68]. Therefore, a transition between Galactic to extragalactic
components should happen somewhere within these two decades in energy. This transition region
is a well of information, holding the key to identifying the highest energy Galactic cosmic-ray
sources, and to understanding the operating acceleration mechanisms. The energy at which the
extragalactic component(s) emerges, and the exact spectral shape and mass composition around
EeV energies are essential information to understand the injection, acceleration, interactions and
magnetic deflections experienced by UHECRs.

A possible picture that has acquired coherence over the past years is that the transition happens
at the second knee, around 3–4 ⇥1017 eV (see e.g., Refs. [417, 418, 419, 420, 421]). This is supported
by dipole anisotropy data and the spectra of di↵erent mass groups (see Sec. 2.2). In particular, the
iron spectrum cuts o↵ in the range of 2–6 ⇥1017 eV, which can be interpreted as the signature of
the end of the Galactic contribution [422]. On the other hand, the emergence at ⇠ 6 ⇥ 1017 eV of
a lighter component with a low level of anisotropy could signify the emergence of an extragalactic
component since at these energies, lighter nuclei originating from the Galaxy should exhibit some
level of anisotropy [423]. For a lighter extragalactic component, anisotropy may only emerge at
higher energies due to the distribution of UHECR sources and magnetic deflection. The emergence
of the dipole feature at E > 8 EeV appears consistent with this picture.

In the above framework, the nature of the ankle feature at 5⇥ 1018 eV is still to be understood.
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It could be the signature of propagation e↵ects in a single (intermediate nuclei) extragalactic com-
ponent, or a cross-over region between two extragalactic source populations. Notably, a combined
fit of Auger measurements of the UHECR energy spectrum and composition across the ankle seems
to suggest the presence of two extragalactic components, though an intermediate-mass galactic
component might also be present below the ankle [107]. Assuming that the highest energy Galactic
cosmic rays are of intermediate or heavy mass, more accurate measurements of the energy spec-
tra and anisotropies of the proton and Helium fluxes at lower energies down to the knee region
will complete the understanding of the Galactic to extragalactic transition. Also, the secondary
neutrino and gamma-ray fluxes expected in these scenarios, for each source population model, will
provide concrete constraints.

4.1.2 Clues from the energy spectrum

Above the ankle region, the measurement of the flux first provides the energy budget that the
population of the highest energy cosmic-ray sources have to supply: ĖUHECR ⇠ 0.5⇥1044 erg Mpc�3 yr�1

at E = 1019 eV [424]. The steep decline in flux above about 30 EeV is reminiscent of GZK cuto↵
[35, 36]. A similar cuto↵ could however be produced by a maximum acceleration energy Emax at
the source, and the interpretation is still being debated. The detection of particles at energies
above 1020 eV implies 1) that sources have to be able to accelerate particles up to these energies,
and 2) that the sources of these particles lie within a few hundreds of megaparsecs, as they would
have experienced severe energy losses if they had travelled from further away. Criterion 1) can
be further translated into a necessary condition on the source parameters, using upgraded Hillas
criteria.

4.1.3 Clues from the mass composition

The latest composition measurements at the highest energies reported by the Auger Observatory
and Telescope Array (see Sec. 2.1.1 and Sec. 2.1.2) point towards a mass composition of UHECRs
that evolves from a proton dominated composition at a few EeV toward an intermediate nuclei
dominated composition at around 50 EeV.

UHECR source models, in which a heavy composition arises at the highest energies due to a
combination of a low proton maximum acceleration energy (around 10 EeV) and Z times higher
maximum energies for heavier elements (present in a slightly higher abundance than Galactic), have
been shown to reproduce the composition trends observed by Auger [425, 426], once intergalactic
propagation is accounted for. The problem is then shifted to finding powerful sources that inject
mainly these low abundance elements and let them escape from the acceleration site.

Heavy or intermediate nuclei dominated injection models at the source require either an initial
metal-rich region, or an e�cient nucleosynthesis in the accelerating outflow. Moreover, because the
acceleration sites are usually rich in baryons and intense in radiation, the escape and survival of
nuclei from these regions is not obvious. Many works have shown the di�culty to overcome these
problems in AGN, clusters, and gamma-ray bursts (GRBs) [427, 428, 429, 430, 431, 432]. On the
other hand, it has been recently shown that many novel transient source models, several involving
stellar cores (see e.g., Refs. [433, 434, 435, 436, 437, 438, 439]), could be natural candidate sites for
such injection, and that accelerated nuclei could successfully escape their source environment.

4.1.4 Clues from arrival directions

The interpretation of arrival directions of UHECRs in the sky is intricate, and intimately linked
to poorly understood magnetic fields in the Universe. Intervening magnetic fields deflect charged
UHECR trajectories, causing spatial and temporal (for transient sources) decorrelations. The
impact of galactic and extragalactic magnetic fields and the related challenges are discussed in
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Sec. 4.5.3.
The observed hints of small-scale anisotropy at energies beyond the GZK cuto↵, remain insuf-

ficient to draw conclusions as to the sources of UHECRs with available data (see Sec. 2.4). In the
future, studies [440, 441] show that even for the most unfavourable composition scenarios (with
e.g., no protons accelerated to the highest energies), an increase in statistics should allow for the
measurement of a significant anisotropy signal, assuming the sources to follow the spatial and lumi-
nosity distribution of the large scale structures. In the ankle region (E & 5 EeV), where the sources
are numerous enough to imprint a clustering pattern in the sky, and hence where the anisotropy
signal should not be dominated by the clustering of events around individual sources, increased
statistics can also allow for e�cient source population discrimination [442].

Another information given by the distribution of the arrival directions is the absence of mul-
tiplets, namely cosmic ray events arriving with little angular separation in the sky. This lack can
be used to constrain the apparent number density of sources to n0 > 10�5 Mpc�3, if cosmic rays
are protons [443, 444], a simple evaluation leading to n0 ⇠ 10�4 Mpc�3 [444], and models with
n̄ < 10�5 Mpc�3 are strongly disfavoured for any chemical composition [445] as long as average
deflections above 70 EeV do not exceed 30�.

4.1.5 Transient vs. steady sources

The possible candidate sources can be split into two categories: steady and transient sources,
which lead to di↵erent observable signatures. A source can be categorized as steady if its emission
timescale is longer than the spread in the arrival time of their UHECRs [444, 446, 447]. In this
case, the arrival directions of UHECRs can directly trace and constrain the sky distribution of their
sources, in conjunction with other neutral messengers like photons, neutrinos and gravitational
waves.

The spread in arrival time is caused by magnetic deflections of charged cosmic rays in Galactic
and intergalactic media, which can be quantified as �t ⇡ 105 (l/100 Mpc) (↵/2�)2 yr [448], for a
propagation distance l and a total deflection angle ↵. The time delay is noticeable if the source is
of transient type: for these sources, one does not expect to observe counterparts to UHECRs. The
distribution of events in the sky should however follow closely the large scale structure with a bias
which could help discriminate the source populations [449].

In terms of sheer energy budget arguments, powerful transients are highly promising sources,
as they can inject their huge amount of energy over short timescales. The increase in luminosity
can lead to enhanced cosmic-ray acceleration, with subsequent particle interactions and produc-
tion of secondary multi-messenger emissions. Moreover, anisotropy, source-density, energetic and
magnetic-structure arguments strongly challenge steady-source scenarios for UHE cosmic rays with
light composition [450, 451, 452]. A bright transient source observed in UHE neutrinos with solid
electromagnetic counterparts would enable an immediate identification of the source with clear
evidence of UHECR acceleration [453]. Ultra-high-energy gamma-ray transients would also be
expected [454].

4.2 Challenges in identifying the sources of UHECRs

4.2.1 General considerations for UHECR acceleration

One of the most fundamental questions surrounding the origin(s) of UHECRs concerns how they
attain their energies. Astrophysical models typically invoke some form of particle acceleration,
a phenomenon that is as mystifying as the UHECRs themselves (detailed discussions of select
acceleration mechanisms are provided in Sec. Sec. 4.5.2). The highly conductive environments of
astrophysical plasmas make it di�cult to maintain large electostatic fields in most cases. Instead,
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Figure 30: Hillas Plot, adapted from [2]. Source classes are shown as a function of their characteristic size and
magnetic field strength. Source classes that lie to the right of the solid diagonal lines can confine 1020 eV iron (blue)
and proton (red) nuclei respectively for sources with bulk outflows with velocity equal to the speed of light (� = c).
Dashed lines illustrate the condition for sources with lower expansion velocity, namely � = 0.01c.

the necessary electric fields are generated through the bulk motions of magnetised plasmas (�~�⇥ ~B,
where ~� is the bulk velocity (in units of c) of the flow and ~B is the magnetic field). Under these
circumstances, the maximum energy attainable by a particle with charge Ze moving through an
acceleration zone of size R ( comoving size) is Emax = Ze�BR [455]. Allowing for relativistic flows
and ine�ciencies in the acceleration process introduces a factor of the bulk Lorentz factor, �, and an
e�ciency factor ⌘ such that the maximum energy is expressed as Emax = ⌘

�1
Ze�BR� [2, 456, 457].

This expression, commonly referred to as the Hillas criterion [458], imposes certain requirements
on the characteristics of cosmic accelerators in order to achieve ultra-high energies. Fig.30 provides
an example of a Hillas diagram that plots the characteristic sizes of various candidate accelerators
versus their magnetic field strengths in comparison with values of BR required in order to accelerate
protons and iron to 1020 eV. As shown in the plot, a number of proposed source classes may possess
the characteristics necessary to accelerate cosmic rays to the highest energies. However, meeting the
Hillas criterion does not guarantee that a cosmic accelerator will be capable of accelerating cosmic
rays to ultra-high energies. Ultimately, whether a given source is capable of producing UHECRs
depends on energy losses within its environment and the details of the acceleration mechanism(s)
at work.

A necessary condition to accelerate CRs in a particular source environment is su�ciently large
size and magnetic field strength as to confine the CRs [458]. The maximum energy that can be
achieved in a source of radius R and magnetic field strength B is Emax = �eBR�, where � is the
velocity of the shock in units of the speed of light, c, and � is the Lorentz factor of the motion of
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the emission region. Source classes that have su�ciently high values of �RB� as to accelerate CRs
to very high energies are shown in Fig.30. Those source classes that reside above the diagonal lines
can plausibly accelerate CRs to ultra-high energies.

A clue to the origin of UHECRs comes from the measured di↵use intensity which can be
converted to the UHECR energy production rate [459, 460] and compared to the emissivity of
di↵erent source populations at various wavelengths. This allows to estimate whether a particular
source population has su�cient power density as to produce the observed UHECRs. Fig. 31 shows
di↵erent source classes in terms of their measured number density and characteristic luminosity.
Source classes to the right and above the diagonal lines have su�cient emissivity as to power the
observed UHECRs. An additional clue to the origin of UHECRs comes from the observed clustering
of the arrival directions. The fact that there is no significant small scale clustering of the arrival
directions above 70 EeV disfavours rare source classes such as flat spectrum radio quasars as the sole
sources of UHECRs [445]. This, lower bound on the source number density is, however, sensitive
to the deflections su↵ered by the UHECRs.
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4.2.2 Potential astrophysical source classes

4.2.2.1 Gamma-ray bursts

GRBs, bursts of MeV photons lasting a few seconds, are the most powerful transient sources in
the Universe. GRBs dissipate kinetic energy in the form of relativistically expanding wind, a fireball,
whose inferred characteristics are believed to fulfill the requirements for acceleration of particles to
⇠ 1020 eV [461, 462]. Low-luminosity GRBs (LLGRBs) are less relativistic but more numerous than
classical high-luminosity GRBs (HLGRBs). They, as well as transrelativistic supernovae, are also
thought to fullfill the requirements of acceleration of CRs to ultra-high energies [430, 463, 464, 465].
The relatively heavy inferred elemental composition of UHECRs [187, 194, 195], is generally easier
to reconcile with LLGRBs and transrelativistic SNe than with classical HLGRBs due to the stronger
radiation fields in the latter environments, in which heavier nuclei are more likely to experience
photodisintegration (see e.g., Refs. [435, 464, 466, 467, 468, 469]).

4.2.2.2 Jetted active galactic nuclei

AGN with relativistic jets are one of the most popular candidate source classes of UHECRs. The
relativistic jets, which can extend to ⇠ Mpc scales, host several sites of shocks where the product
of magnetic field and size of the region may be su�ciently large as to allow UHECR acceleration.
Proposed sites of UHECR acceleration include the termination shocks which are responsible for
bright hotspots observed in radio galaxy jets, the giant radio lobes and other more compact but
more highly magnetised regions closer to the base of the jet [431, 455]. Recent phenomenological
studies have shown that UHECR observations are consistent with a jetted-AGN origin of the bulk
of UHECRs under di↵erent scenarios including shear acceleration, generally based on the idea of
re-acceleration of Galactic CRs [255, 470, 471].

4.2.2.3 Tidal disruption events

It has been argued that sources that satisfy the minimum luminosity requirement from the
leading candidate classes, namely GRBs and jetted AGN, are not su�ciently prevalent inside the
GZK horizon as to supply the observed UHECR flux, leading to the need to consider other types
of transient events [472]. Though this argument depends on the elemental composition of the
UHECRs, it is in general true that the power requirement is a hurdle for most theoretical models.
An alternate source population that has been suggested to be able to overcome these constraints are
tidal disruption events that lead to the formation of an accretion disk and jet around a supermassive
black hole [473]. Only a handful of jetted tidal disruption events (TDEs) are known to date.
Given the relatively low inferred rate of jetted TDEs, most studies conclude that whether they can
satisfy the energy-budget constraint depends intricately on the relation between the TDE radiative
luminosity and UHECR luminosity [436, 474]. Interestingly, TDEs have recently been associated
with high-energy neutrinos [475] sparking renewed interest in understanding the multi-messenger
role of these extreme transient phenomena.

4.2.2.4 Starburst galaxies

Starburst activity is an episodic phenomenon of extraordinarily high star-formation activity
in a fraction of galaxies, which can be inferred from their having infrared luminosities that are
much higher than those typically observed in normal galaxies. Starburst galaxies are observed
to drive large-scale magnetised outflows which have been proposed as possible sites of UHECR
acceleration [476]. No consensus has been reached on this scenario, with some authors concluding
that the properties of the wind are not su�cient to accelerate particles to 1020 eV [477, 478,
479]. The Auger collaboration has reported the observation of an excess of UHECRs with respect
to background expectations from nearby starburst galaxies [39]. Such anisotropy, if established,
does not necessarily indicate UHECR acceleration in starburst winds, but may indicate UHECR

62Cre
at
ed

 in
 M

as
te
r P

DF 
Ed

ito
r



acceleration in stellar explosions which occur at higher rates in starburst galaxies than in normal
ones. However, as discussed in Ref. [480], it is probable that the higher rate of stellar explosions in
nearby starbursts cannot fully compensate for the di↵erence in number density between starburst
and normal galaxies. This means that if stellar explosions were the primary mechanism driving
UHECR acceleration, the hints of anisotropy observed by Auger and TA should correlate with the
local matter distribution rather than with nearby starbursts.

4.2.2.5 Galaxy clusters
Galaxy clusters are the largest gravitationally bound objects in the Universe. Despite relatively

moderate inferred magnetic field strengths, they may be able to confine or accelerate particles to
1020 eV due to the extremely large size. They are generally thought to be calorimetric environments
for high energy CRs, and host many of the other candidate source classes including jetted AGN.
They are therefore plausibly the sources of UHECR and high-energy neutrinos simultaneously [481,
482, 483, 484].

4.2.2.6 Pulsars and Magnetars
Despite being very compact, the extremely large magnetic fields that are inferred for pulsars

and magnetars mean that they may be able to accelerate particles and nuclei to 1020 eV. As
the collapsed cores of massive stars, pulsars and magnetars have the appealing feature of being
embedded in environments that are highly enriched in heavy elements and are thus thought to be
able to supply UHECRs consistent with the elemental abundances inferred from the most recent
observations [433].

4.3 UHECR propagation through the Universe

Once UHECRs are generated, they must navigate a universe replete with radiation and magnetic
fields. Encounters with these phenomena significantly influence observable properties of UHECRs
(see Ch. 2) and thus, substantially impact the interpretation of their origin(s).

4.3.1 Interactions with the extragalactic background light

The Universe is awash in radiation from all light-emitting processes that have occurred through-
out its history (collectively referred to as the extragalactic background light (EBL); for a recent
review, see e.g., Ref. [485]). UHECRs primarily interact with the CMB component of the EBL,
with the infrared (IR) – ultraviolet (UV) components making modest contributions. These inter-
actions constitute the dominant source of energy loss for UHECRs after they leave their sources
and propagate to Earth.

For UHECR protons, the most relevant interactions are Bethe-Heitler pair production at lower
energies (E & 1018 eV) and photo-pion production at higher energies (E & 1019 eV). While the
threshold energy for photo-pion production is ✏ ⇠ 145 MeV (where ✏ is the energy of the photon in
the proton rest frame), the cross section for the process is dominated by the � (1232) resonance.
Heavier baryon resonances appear at higher energies, as well as multi-pion production.

For heavier nuclei (A > 1), the interactions with EBL photons are somewhat more complex
due to the presence of multiple nucleons. As with protons, UHECR nuclei engage in Bethe-Heitler
pair production and photo-pion production interactions near their respective energy thresholds
(✏ ⇠ 1 MeV and ✏ ⇠ 145 MeV, respectively). At energies between these thresholds, UHECR nu-
clei undergo photodisintegration, a process in which a nucleus absorbs an impinging photon and
subsequently fragments into an excited daughter nucleus and one or more nucleons. The dominant
process for photodisintegration is the giant dipole resonance at photon energies of ⇠ 10–30 MeV,
which mainly triggers single-nucleon emission. At higher photon energies, multi-nucleon channels
can also be triggered, as well as the quasi-deuteron process. Ultimately, the energy losses for
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UHECR nuclei are dominated by photodisintegration [486].

The energy losses resulting from the above interactions impact UHECR observations in a number
of ways. For instance, the UHECR energy spectrum will exhibit features at energies relevant for the
various interaction processes. The most famous of these features is a cuto↵ at the highest energies
due to attenuation of the UHECR flux (see e.g., Refs. [35, 36, 487, 488, 489, 490]). Models that
additionally consider UHECR interactions in the regions surrounding their sources have been shown
to reproduce the ankle feature of the UHECR energy spectrum, as well as the evolution in UHECR
composition with energy [161]. Finally, the energy losses limit the distances over which UHECRs
can travel from their sources without su↵ering significant attenuation, the so-called horizon distance.
The horizon distances range from ⇠ few to tens of Mpc for intermediate-mass nuclei (e.g., He, C N O,
Si) up to ⇠ 250 Mpc for protons and iron nuclei. Within these distances, the distribution of matter
in the Universe is anisotropic [491], which should be reflected in the sky distribution of UHECRs
if they do originate from astrophysical sources.

Due to their significant impacts on UHECR observations and implications for their interpreta-
tion, e↵orts to model UHECR interactions continue to this day. Aside from being a source of energy
loss for UHECRs, the above processes will also give rise to secondary particles, such as photons
and neutrinos, providing a means for studying UHECRs and their sources through multi-messenger
observations. E↵orts to precisely model UHECRs interactions within sources and through prop-
agation have resulted in the release of several publicly-available numerical codes. The SOPHIA
Monte Carlo event generator is designed for modeling photo-hadronic interactions in a variety of
astrophysical settings, making use of the full photo-pion production cross section and treating
resonance excitation and decay, direct single-pion production, and di↵ractive and non-di↵ractive
multi-particle production [492]. For UHECR propagation, CRPropa [229] is designed for e�cient
calculations of the energy losses due to interactions with the EBL and the associated secondary
photon and neutrino production. The latest version (CRPropa 3) also provides functionality for
3D and 4D (including energy losses arising from cosmological redshift) propagation simulations
through magnetic fields.

4.3.2 Charged-particle propagation through magnetic fields

This section discusses how astrophysical magnetic fields influence UHECR trajectories. Later
sections will discuss how future UHECR observations will be used to study cosmic magnetism. For
these purposes, it is instructive to introduce the conceptual components of magnetic fields that
can be separated by di↵erent astronomical observations: a coherent component pointing in a single
direction through a large volume (also known as the mean field); an isotropic random component
pointing stochastically in all directions equally; an anisotropic random component (sometimes
referred to as striated fields) that has a constant orientation but changes direction stochastically.
The helicity of the field (a topological property of it rather than a component) can also be probed by
di↵erent combinations of certain observables. Each magnetic field component plays a unique role in
determining the observed arrival directions of UHECRs with respect to their sources (see Fig. 32).
The coherent component of the field causes a deflection of the particle path that increases with
decreasing rigidity3, so that the arrival direction of the UHECR does not point back to where the
source is located, but to a systematically shifted direction. The deflections due to the stochastic
components of the magnetic field cause a scatter in the arrival directions of UHECRs from a given
source. All field components are therefore important to include quantitatively to interpret UHECR
hot spots, anisotropies, and correlations with tracers of large-scale structure.

3The rigidity of a particle with charge Z e and momentum p (energy E) is R = p c/(Z e) ' E/(Z e).
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Figure 32: Illustration of the e↵ects of di↵erent
magnetic field components on the observed arrival
directions of UHECRs. As shown in Ref. [493],
the traditional radio tracers of GMFs naturally
divide the fields into regular and random compo-
nents that can further split into coherent, isotropic
random, anisotropic random (striated), and heli-
cal. For UHECRs, each component leads to a dif-
ferent deflection on the sky. For a source position
(red star) emitting positively charged UHECRs,
the coherent component (upper left) causes a sys-
tematic shift in the arrival direction as a decreasing
function of rigidity (orange to blue). The striated
component (upper right) mixes these deflections
along the same line on the sky. The isotropic ran-
dom component (lower left) causes a scatter in all
directions, and the helicity (lower right) produces
a curved set of deflections.

As detailed in Sec. 2.4 of this report, new air-shower data collected in the last decade radically
improved our understanding of ultrahigh-energy cosmic rays. A dipolar anisotropy in the arrival
directions of cosmic rays above 8 EeV was discovered with high significance establishing the extra-
galactic origin of these particles [37, 210]. Moreover, several tantalizing indications for small- and
intermediate-scale anisotropies are currently under scrutiny [38, 39, 53, 216].

However, the astrophysical interpretation of these observations depends on assumptions about
the deflections of ultrahigh-energy cosmic rays in the GMF and IGMF. For instance, the strength
and direction of the detected dipolar anisotropy of cosmic-ray arrival directions is expected to reflect
the large-scale anisotropy of nearby extragalactic cosmic-ray sources. But, due to the coherent
deflection and partial randomization of the arrival direction in the intervening magnetic fields
between the sources and Earth, a definite attribution of the origin of the dipole requires a knowledge
of the structure of the coherent GMF as well as the strength of the random component of the GMF
and IGMF [166, 213, 494, 495, 496, 497, 498, 499, 500, 501].

Even at ultra-high energies, deflections are expected to be non-negligible, since the observed
evolution of the average mass (and thus charge) of cosmic rays at Earth leads to an energy-dependent
average rigidity that increases only slowly with energy (see Fig. 33). In the quasi-ballistic regime,
angular deflections in the GMF are about � ⇡ (1 � 5)�/

�
R/(1020 V)

�
depending on the position

of the sky (see e.g., Fig. 3 in Ref. [218]). Therefore, the correlation of the observed small- and
intermediate-scale anisotropies with astrophysical sources is not straight-forward without taking
into account these deflections [504, 505, 506, 507, 508, 509, 510, 511, 512, 513, 514]. And similarly,
multi-messenger studies of the cross-correlation of the arrival directions of neutral particles, in
particular high-energy neutrinos, and UHECRs are challenged by the possibility of large angular
deflections of cosmic-ray nuclei [218, 220, 452, 515, 516, 517].

The most direct way to connect the sources of UHECRs with deflections in the GMF would be
magnetically-induced patterns in the arrival directions of cosmic rays [518]. As can be seen in the
left panel of Fig.34, such patterns arise if a spectrum of energies is emitted from a source of identical

65Cre
at
ed

 in
 M

as
te
r P

DF 
Ed

ito
r



18.0 18.5 19.0 19.5 20.0
lg(E/eV)

17.5

18.0

18.5

19.0

lg
(h

Ri
/
V

)

p

Fe

EPOS-LHC
Sibyll 2.3d

18.0 18.5 19.0 19.5 20.0
lg(E/eV)

�19.0

�18.5

�18.0

�17.5

�17.0

lg
(h

1/
Ri

V
)

Fe

p

EPOS-LHC
Sibyll 2.3d

Figure 33: The average rigidity hRi (left) and h1/Ri (right) estimated from the Xmax distributions measured by the
Pierre Auger Observatory [187] using EPOS-LHC and Sibyll2.3d hadronic interaction models. Shown error bars
denote statistical and total uncertainties. The inverse of the rigidity h1/Ri is proportional to the magnetic deflection
angle.

Figure 34: Left: Simulated magnetically-induced aligned of cosmic rays. The top panel shows the sky view with
background events in light blue and source events in black. The size of the circles proportional to the energy of
the cosmic ray. The lower panel illustrates the energy-angle correlation of cosmic rays along the u-axis shown in
the upper panel [502]. Right: Two candidate multiplets reported by the Pierre Auger Collaboration [503] above an
energy threshold of E = 40 EeV. The cross denotes the inferred infinite-rigidity source position and the size of the
circles encode again the energy of individual events.

particles. More complicated signatures are expected for sources emitting a mixed composition. So
far, the search for magnetically-induced patterns [502, 503, 519, 520] has not yet resulted in a
significant detection. Two candidate cosmic-ray multiplets from the Pierre Auger Observatory are
shown on the right panel of Fig. 34.

4.3.3 E↵ects of Lorentz invariance violation

GZK limit Assuming Lorentz invariance, ultra-relativistic nuclei can undergo photonuclear inter-
actions with CMB and EBL photons such as pair production A

Z +� !
A
Z +e

++e
�, photodisinte-

gration e.g., A
Z +� !

A�1
Z +n, or pion production e.g., p+� ! p+⇡

0 or p+� ! n+⇡
+. These

set a limit on the energy with which nuclei from cosmologically large distance can reach us, known

as GZK limit. A positive �
(n)
hadrons

(see Eq. (2)) can make such interactions kinematically forbidden,

66Cre
at
ed

 in
 M

as
te
r P

DF 
Ed

ito
r



o+180 o-180

o+90

o-90

R = 20 EV

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

nn

n

n

n

n

n

n

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o oo

o

o

o
o

o

o

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

Figure 35: Backtracking of charged particles through the Galaxy starting from a regular grid of initial directions (dots).
The resulting directions outside of the Galaxy for particles with a rigidity of 20 EV are denoted by squares and the
lines connecting the initial and final positions were constructed by performing backtracking at higher rigidities. Each
of the letters (a)-(t) denotes a di↵erent GMF model that describes the sky maps of Galactic synchrotron emission
and the rotation measures of extragalactic radio sources [521].

altering the resulting UHECR energy spectrum and mass composition at Earth. Comparisons be-

tween propagation simulations and Pierre Auger Observatory data indicate that �
(0)

hadrons
< 10�19,

�
(1)

hadrons
< 10�38 eV�1, and �

(2)

hadrons
< 10�57 eV�2 at the 5� C.L. [9].

Photon absorption Assuming Lorentz invariance, the secondary gamma rays produced during
UHECR interactions would be quickly absorbed by electron–positron pair production with CMB

and radio background photons, � + � ! e
� + e

+. A negative �
(n)
� could prevent this process,

allowing such gamma rays to arrive intact at Earth. In the assumption that there is a fraction of
protons among the highest-energy cosmic rays, the non-detection of such gamma rays would imply

that ��
(0)

� < 10�21, ��
(1)

� < 10�40 eV�1, and ��
(2)

� < 10�58 eV�2 [9], but it is still not known
whether any such protons are present.

4.4 The next decade and beyond: Charged particle astronomy and future
SHDM searches

4.4.1 Nuclear composition

A major requirement for next-generation UHECR detectors is a precise measurement of the
elemental composition of UHECRs up to 1020 eV. A key observation will be a measurement of the
iron fraction up to 1020 eV. Absence of Iron up to 1020 eV would rule out Galactic reacceleration
scenarios and thus AGN as sources of the observed UHECRs and favor stellar transients where
typically the iron core collapses into a black hole, see e.g., Refs. [255, 464, 471, 522]. In parallel,
next-generation UHECR detectors with excellent composition sensitivity will be able to determine
whether the observed UHECR composition is consistent with originating in an environment with
elemental composition similar to that of Galactic CRs thus strongly limiting plausible UHECR
acceleration sites.
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4.4.2 Charged-particle astronomy

The anisotropy in the arrival directions of UHECRs caused by the anisotropy of the source dis-
tribution is expected to be strongest at the highest rigidities due to the reduced propagation horizon
and the reduced magnetic deflections. An UHECR detector with event-by-event composition iden-
tification, even at moderate Xmax resolution, is extremely well suited for anisotropy studies where
identifying a light component is su�cient and large exposure is essential. A detector with exposure
⇠ 105 km2 yr sr above 40 EeV will allow for 5� independent observation of all currently reported
3–4� anisotropy hints including the TA Hotspot and the Auger UHECR-starburst correlation [1].
Alternatively, a next-generation UHECR detector that will determine mass composition on an
event-by-event basis will measure the energy spectra of individual species and perform anisotropy
searches above a fixed rigidity. Distinguishing individual elements or mass groups would enable to-
mographic mapping of UHECR source populations, which would leverage the di↵erent propagation
lengths and amounts of deflection for nuclei of various species [2]. For example, if CNO or silicon
are identified, it would be possible able to scrutinize the closest extragalactic UHECR sources since
these elements must originate from sources . tens of Mpc away.

4.4.3 The cosmic-ray energy spectrum

A key observable that can unveil the accelerators of UHECRs is the cosmic-ray energy spec-
trum of individual nuclear species or elemental groups (light, CNO-like, Si/Fe like). With such
observables it will be possible to strongly limit the plausible scenarios for the origin of UHECRs to
those that can reproduce the observed scaling of features of the spectrum across di↵erent species.
For example a spectrum that escapes the UHECR sources following a simple Peters cycle results
in very di↵erent observations than models with in-source photodisintegration in this respect.

At present, it is di�cult to determine the extent to which the di↵erences in the UHECR energy
spectra measured by Auger and TA result from astrophysical e↵ects, such as di↵erent source popu-
lations in the di↵erent parts of the sky. A full-sky UHECR observatory with exposure 105 km2yr sr
at 100 EeV will provide a final verdict on whether the UHECR spectrum is di↵erent in the two
hemispheres. A very precise measurement of the di↵use spectrum will further allow to identify
the features expected at the highest energies from transient sources which necessarily contribute
to a narrow range in energy for individual chemical species if UHECRs originate in rare transient
sources such as GRBs [523].

The suppression at the end of the cosmic ray spectrum due to photopion interactions of protons
and/or photodisintegration of nuclei interacting with the CMB is established with significance
> 20� compared to a continuous power-law extrapolation [122, 125, 128]. However, alternative
interpretations of the suppression feature are viable, for example the Auger SD and FD data are
compatible with scenarios in which the flux suppression at the highest energies is due to accelerators
running out of steam [2]. If the suppression in the UHECR spectrum is due to the GZK process, a
slight upturn (recovery) is expected if the source spectra continue up to energies beyond 100 EeV
and there are UHECR sources within a few tens of Mpc of the Galaxy. As such, a recovery in the
UHECR spectrum beyond 100 EeV would have implications for the maximum energies achievable
by UHECR accelerators, as well as the distribution of UHECR sources in the Universe. Such a
recovery would be detectable by a next-generation UHECR detector with an exposure 105 km2yr sr
at 100 EeV [168].

4.4.4 Insights into magnetic fields from future UHECR observations

The next decade of observations at ultrahigh energies will benefit from the increased detection
area of the Telescope Array in the Northern hemisphere. After the completion of the TA⇥4 upgrade
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(see Sec. 5.1.2), the array will match the acceptance of the Pierre Auger Observatory in the South
and equal-exposure full-sky studies of the large-scale anisotropies will allow answering the question
“How isotropic can the UHECR flux be?” [496], and it will be possible to learn about the role of
magnetic fields in deflecting and smoothing large-scale patterns in the arrival directions of cosmic
rays.

The upgrade of the Pierre Auger Observatory, AugerPrime (see Sec. 5.1.1) [22, 379], will enable
an event-by-event mass-estimate for every air shower detected. This will provide a large data set in
which it is possible to enhance low-charge primaries and to study the aforementioned anisotropies
as a function of rigidity.

These upgrades have the potential to pave the way towards charged-particle astronomy in
the semi-ballistic regime, i.e., at rigidities where the trajectories are significantly deflected by the
coherent GMF, but not fully isotropized. The “nuclear window to the extragalactic universe” [159]
is expected to open at around 20 EV. As illustrated in Fig.35, at around this rigidity the di↵erences
between the deflections predicted by di↵erent models of the GMF are small enough such that it is
conceivable to use even limited knowledge of the GMF to aid in UHECR source searches. And even
in the worst-case scenario for the IGMF, in which voids have ⇠ nG fields, deflections at around
these rigidities would still be less than 15� [511].

The new experimental developments of the next decade will be supported by advancements in
the algorithms to determine the cosmic-ray charge from air shower data (see e.g., Refs. [199, 524])
and new analysis techniques for the simultaneous fits of magnetic fields and UHECR sources (e.g.,
Refs. [525, 526, 527, 528]).

If the data collected in the next decade corroborate the existence of hot spots in the UHECR
sky, then their location and angular extend will provide important insights on the GMF and IGMF,
as demonstrated in studies using the current indications for these intermediate-scale anisotropies,
see e.g., Refs. [529, 530, 531].

The next decade will hopefully see a new generation of large-aperture observatories, at least
one with event-by-event rigidity capabilities like the Global Cosmic Ray Observatory (GCOS) (see
Sec. 6.3.3), possibly making use of the next generation of fluorescence telescopes developed with
Cosmic Ray Air Fluorescence Fresnel-lens Telescope (CRAFFT) [169] or the Fluorescence detector
Array of Single-pixel Telescopes (FAST) (see Sec. 6.1.2) [170], and complemented by large full-sky
aperture from space provided by Probe of MultiMessenger Astrophysics (POEMMA) (see Sec.6.3.1).
In addition, air-shower neutrino observatories like the proposed Giant Radio Array for Neutrino
Detection (GRAND) (see Sec. 6.3.2) could also provide large-aperture observations of cosmic rays.
A large aperture will be the key for an unequivocal discovery of anisotropies and sources at the
highest energies [440, 441, 442], and an event-by-event sensitivity to the cosmic-ray charge opens
up the possibility to use cosmic rays as a novel probe to study Galactic and extragalactic magnetic
fields.

4.4.5 Super-heavy dark matter searches

Sec.3.3.2 presented the current status of SHDM searches with existing UHECR experiments and
the resulting constraints on the mass and lifetime of SHDM particles and on the e↵ective coupling
constant of hidden gauge interactions. Searches for super-heavy dark matter (SHDM) will continue
through the next decade and beyond with the upgraded and next-generation UHECR experiments.
Increased exposure and upgraded instrumentation will lead to either a serendipitous discovery of
SHDM or further constraints on SHDM scenarios.

Aside from the generic SHDM constraints discussed in Sec. 3.3.2, considering various SHDM
production scenarios provides an avenue for exploring a broader parameter space. This section
illustrates constraints that will be achievable with the upgraded and next-generation UHECR ex-
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periments on a specific category of SHDM production models, namely freeze-in scenarios (see e.g.,
Refs. [532, 533, 534]). Sec. 4.5.1 will discuss the framework of SHDM production by time-varying
gravitational fields at the end of inflation and complementary constraints that will be achievable
with future UHECR and CMB experiments.

Typical WIMP scenarios assume that dark matter (DM) is a thermal relic with a current
abundance determined by the “freeze-out” condition balancing DM annihilation with the expansion
rate of the Universe. However, in order for freeze out to occur, DM would had to have been in
thermal equilibrium with the rest of the Universe, requiring the coupling with the visible sector to
be & O

�
10�7

�
(see e.g., Ref. [535]). On the other hand, if the coupling with the visible sector is

weaker than this level, DM can be produced through the freeze-in mechanism [532, 533, 534]. In
freeze-in scenarios, DM particles are produced by the decay or annihilation of visible-sector particles
until the temperature of the thermal bath cools below the energy scale of the interaction between
DM and the visible sector [534]. In this manner, SHDM can be produced during the reheating
period following inflation. During this period, the inflaton field decays, producing Standard Model
particles that can annihilate via graviton exchange and produce super-heavy particles [366]. The
freeze-in abundance of super-heavy particles can reproduce the DM abundance observed today
provided that the reheating period is fast enough and that the energy scale of the inflaton is high
enough.

Constraints on the flux of UHE photons from UHECR experiments (see Sec.3.3.2) translate into
constraints on the Hubble rate during the reheating period (Hinf and the duration of the reheating
period (through the reheating e�ciency parameter, �e↵ [18].The most recent constraints are shown
in Fig. 36 (left) for an energy threshold of 1020 eV. The viable regions are delineated for three
di↵erent values of the reheating e�ciency. The vertical dashed regions are excluded from the limits
on J�(> E), while the horizontal regions are excluded from the non-observation of tensor modes in
the CMB [366]. This demonstrates the complementarity between constraints provided by UHECR
experiments and those provided by CMB experiments (see also Sec. 4.5.1).

Next-generation UHECR experiments with large exposures will be able to explore SHDM freeze-
in scenarios with sensitivites down to J�(> E) ⇠ 10�4 km�2 sr�1 yr�1 (e.g., Fig. 36). Such
a sensitivity would allow for probes of the (�e↵ , ↵X) parameter space. Currently, regions of the
(Hinf , MX) parameter space that reproduce the present-day relic abundance are excluded for (�e↵ �

0.01, ↵X � 0.10).

Finally, it is important to assess the possible impacts of the Big Bang cosmology on other
aspects of SHDM models aside from particle production. In particular, the astronomical lifetime
of the metastable vacuum of the Standard Model might be challenged in the cosmological context
due to thermal fluctuations allowing the decay when the temperature was high enough, or due to
large fluctuations of free fields generated by the dynamics on a curved background because of the
presence of a non-minimal coupling ⇠ between the field and the curvature of space-time. Requiring
the electroweak vacuum not to decay yields constraints between the non-minimal coupling ⇠ and
the Hubble rate Hinf [537]. The relationship can be established by formulating the Standard
Model on a curved background. Propagating the stability bounds derived in the (⇠, Hinf ) plane
(for ↵X = 0.090) into the (⇠, J�(> E)) parameter space yields constraints on the non-minimal
coupling ⇠ [18]. Recent results are shown in Fig. 36 (right) for E = 1 EeV. Values outside of the
allowed range necessarily imply new physics di↵erent from that producing SHDM particles in order
to stabilize the Standard Model vacuum.
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Figure 36: Left: Constraints on the Hubble rate, Hi, as a function of the photon flux, J�(E), for E = 100 EeV. Right:
Constrains on the non-minimal coupling, ⇠ as a function of J�(E)) for E = 1 EeV. Figure adapted from Ref. [536].

4.5 Connections with other areas of physics and astrophysics

4.5.1 Synergies between future UHECR searches for SHDM and CMB observations

Searches for super-heavy dark matter (SHDM) will continue through the next decade and be-
yond with the upgraded and next-generation UHECR experiments. Increased exposure and up-
graded instrumentation will lead to either a serendipitous discovery of SHDM or further constraints
on SHDM scenarios. At the same time, observations by other experiments will lead to complemen-
tary constraints on some SHDM scenarios. This section discusses the prospects of using CMB
observations to probe specific scenarios of SHDM production by time-varying gravitational fields
during the period following right after the end of the inflationary epoch.

In the standard paradigm of inflationary cosmology, the Universe undergoes a period of expo-
nential expansion (inflation), which smooths out initial variations in density or temperature and
reduces the curvature of space [538, 539]. During this period, the Universe is completely dominated
by the inflaton field, and the only density perturbations that exist are those that are generated due
to fluctuations in the inflaton field. The rapid expansion of the background spacetime stretches
these fluctuations to cosmological scales, laying the groundwork for them to become seeds of large-
scale structure in the Universe [540]. Other scalar fields present at the time of inflation will similarly
obtain large values, MX ⇠ m� (where m� ⇠ 1013 GeV is the mass of the inflaton), even if they
couple only very weakly (or not at all) with other fields and do not couple to the inflaton [362, 541].
Ref. [362] proposed this scenario as a mechanism for generating SHDM. In this mechanism, the
very weak (or nonexistent) couplings of the SHDM imply that it should be long lived, and its very
large mass will prevent it from thermalizing, resulting in an abundance that depends only on the
mass of the SHDM and the behavior of the background spacetime. Ref. [362] finds that in the range
0.04  MX/Hinf  2, where Hinf is of the order of the m�, the SHDM abundance is of the order
of critical density, implying that the correct dark matter abundance can be achieved for particular
values of MX .
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As noted earlier, the SHDM gravitational production scenario is similar to the inflationary
generation of gravitational perturbations that seed large-scale structure formation. Both processes
will generation gravitational waves and contribute to the primordial gravitational wave background
that, in turn, will induce a B-mode polarization pattern in the CMB [542, 543, 544]. Thus, B-mode
measurements by future CMB experiments, such as CMB-S4 [545], will provide a search for SHDM
to complement the ongoing searches for SHDM by current and future UHECR experiments.

Figure 37: Regions of (r, ⌧X) that will be accessible in the next decade within the framework of SHDM
production by time-varying gravitational fields at the end of inflation (see text). From Ref. [154].

4.5.2 Understanding particle acceleration in astrophysical sources

Though particle acceleration is encountered in a myriad of astrophysical settings, acceleration
to ultra-high energies is particularly illustrative, signifying the extremes of the phenomenon. While
only the most powerful cosmic accelerators are capable of producing UHECRs, the questions of
whether and how they do are deeply rooted in the processes by which they accelerate particles
and the conditions present that may enable or prohibit acceleration to the highest energies. A
variety of acceleration mechanisms have been proposed (for recent reviews, see e.g., Refs. [455,
546] and references therein), but crucial elements of the phenomenon remain unclear, challenging
the development of a complete description. This section briefly summarizes the most commonly
discussed acceleration mechanisms.

4.5.2.1 Fermi acceleration
In Fermi acceleration, particles are accelerated through collisions with magnetic perturbations,

or scattering centers, within a plasma. In the original description of this process that was proposed
by Fermi, particles gain energy through collisions with scattering centers moving randomly at some
speed uc [547]. With each encounter, particles gain or lose a fraction of their energy, depending
on the orientation of the particle’s velocity with respect to that of the scattering center. Head-on
collisions in which particles gain energy are more likely to occur than rear-end collisions in which
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particles lose energy, resulting in a net gain in energy. On average, the energy gain per collision is
/ (uc/c)2, and for this reason, this process is commonly referred to as stochastic acceleration or
2nd-order Fermi acceleration.

In typical astrophysical scenarios, uc ⌧ c, and the particle must remain in the acceleration
region for a long time in order to gain a substantial amount of energy through 2nd-order Fermi
acceleration. As such, 2nd-order Fermi acceleration is relatively ine�cient and unlikely to accel-
erate particles to ultra-high energies, particularly when accounting for energy losses in the source
environment. One way for the Fermi acceleration process to be more e�cient is for the scattering
centers to move in the same general direction so that all of the collisions are nearly head on. In
this case, the average energy gain scales as ⇠ (uc/c), and the acceleration is a 1st-order process (or
1st-order Fermi acceleration) [548, 549]. Such a scenario is naturally realized through collisionless
shocks found in a variety of astrophysical systems, including candidate UHECR sources such as
GRBs, AGNs, and galaxy clusters.

Shock acceleration includes three basic processes (see e.g., Ref. [550]) of which the most com-
monly invoked to explain UHECRs is di↵usive shock acceleration (DSA) [551, 552, 553, 554]. In
this process, turbulent magnetic fields on either side of the shock scatter particles scatter back and
forth across front. With each shock crossing, particles gain a constant fraction of energy; hence,
particles may reach very high energies as long as they remain in the acceleration region on long
enough timescales to experience multiple shock crossings. The rate at which particles escape the
acceleration region is also constant, which suggests that high-energy particles are as likely to re-
main in the acceleration region and reach even higher energies as lower-energy particles. As such,
DSA has the benefits of being relatively e�cient and of being able to naturally produce power-law
distributions that are similar to the measured CR spectrum.

While the above simplified picture of DSA demonstrates its appeal as a model of particle accel-
eration, detailed studies of the process have highlighted several key elements that may ultimately
determine whether it can accelerate UHECRs and in which source classes. In DSA, the parti-
cles must already have superthermal energies in order to jump over the shock front and enter
the acceleration process; however, the mechanism responsible for energizing (or injecting) these
particles is as yet unclear (this is the so-called “injection problem”). Other key elements of DSA
are related to the impacts of the accelerated particles themselves. If the acceleration process is
e�cient, it will produce a substantial population of accelerated particles that will exert a pressure
and modify the shock structure [551, 555, 556, 557]. Moreover, CRs can trigger various streaming
instabilities that will generate the magnetic turbulence necessary to confine them to the accel-
eration region, transport them back-and-forth across the shock, amplify the turbulent magnetic
field, and thereby determine the maximum attainable energy and the spectrum of accelerated par-
ticles [553, 554, 558, 559, 560, 561, 562, 563, 564, 565]. Numerical simulations have demonstrated
that the conditions necessary for e�cient DSA can be realized in supernova remnants, allowing
them to reach maximum energies of up to ⇠ 5 ⇥ 1018 eV for Fe nuclei [566]. On the other hand,
in ultrarelativistic shocks such as those expected in AGN and GRB jets, the time available for the
CRs to generate the necessary magnetic turbulence is substantially limited due to the tendency of
CRs to be overtaken by the shock in the upstream region and to be advected away from the shock
in the downstream region. As such, DSA in ultrarelativistic shocks is expected to be ine�cient,
and the maximum energy predicted by the Hillas condition would be unattainable [567, 568, 569].
Thus, if AGN or GRB jets are the sources of UHECRs, then they either (1) accelerate particles
in mildly relativistic shocks (e.g., GRB internal shocks) or similar flow discontinuities (e.g., the
boundary of the sheath of structured AGN jet [570]) or (2) accelerate particle via some alternative
mechanism.
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4.5.2.2 Unipolar induction
The most straightforward and e�cient mechanism for accelerating particles is through direct

acceleration by persistent electric fields. Due to the high conductivity of astrophysical plasmas,
such electric fields can only be realized in particular circumstances. One such instance is that of
unipolar induction [571] by a rapidly rotating magnetized object, such as a neutron star [433, 572,
573, 574, 575] or a black hole magnetosphere [576, 577, 578].

As with most astrophysical plasmas, neutron stars are excellent conductors and electrons and
ions within the star redistribute themselves so that the internal electric field vanishes in the coro-
tating frame, with electrons collecting at the poles and ions at the equator [579]. In the fixed lab
frame, the charges create an electric field that balances the Lorentz force of the magnetic field and
leads to an electrostatic potential that extends beyond the surface of the neutron star. Beyond the
light cylinder radius, plasma can no longer corotate with the neutron star as this would require
velocities greater than the speed of light. As a result, magnetic field lines that would extend be-
yond the light cylinder radius become open field lines that generate a relativistic wind. Voltage
drops in the wind region can accelerate particles to high energies while avoiding catastrophic losses
that would occur within the pulsar magnetosphere due to curvature radiation [574]. These voltage
drops are of order � = ⌦2

µ/c
2 (⌦ is the angular velocity of the pulsar, µ = BR

3
⇤/2 is the magnetic

dipole moment, and R⇤ is the radius of the pulsar), leading to energies for particles with charge Z

of E (⌦) = Ze�⌘ ⇠ 3 ⇥ 1021Z (⌘/0.1)
�
B/2 ⇥ 1015 G

�
(R⇤/10 km)3

�
⌦/104 s�1

�
2
eV, where ⌘ is the

fraction of the voltage experience by the particles as the travel through the wind region [580]. Thus,
achieving UHEs is possible, but would require a very rapidly spinning magnetar (pulsar with mag-
netic field strengths on the order of 1015 G). Typical magnetars spin much more slowly (spin periods
of on the order of 1–10 s). Newborn magnetars do spin at much faster rates (⇠ 100–300 s�1) [581],
though it remains a question as to whether they can reach high enough spin rates to produce the
highest-energy cosmic rays4. The degree to which accelerated particles experience energy losses as
they escape the pulsar wind is also a question that must be addressed by this scenario.

4.5.2.3 Magnetic reconnection
Most, if not all, of the potential astrophysical sources presented in Sec. 4.2.2 contain regions in

which the energy contained in magnetic fields greatly exceeds that of the plasma [582]. Magnetic
reconnection has garnered much interest because it provides a natural mechanism for transferring
magnetic energy to the plasma, a necessary condition in order to power emission in these sources.

Magnetic reconnection occurs in compact regions of converging flows in which the magnetic
field topology abruptly changes [for detailed reviews, see e.g., 546, 583]. In the original theoretical
description proposed by Peter Sweet and Eugene Parker [584, 585], a current sheet develops within
region, for which the density becomes very large due to the compactness of the region. In such
a situation, the electrical resistivity builds up to the point where the magnetic field decouples
from the plasma, allowing field lines to di↵use and reconfigure so that they form a new topology.
Magnetic tension acting on the reconfigured field lines forces the plasma out of the region in the
form of exhausts; thus, the magnetic energy of the inflowing plasma is converted to kinetic energy
of outflowing particles. While this picture assumes a collisional plasma, reconnection can also occur
in collisionless plasmas, though factors other than the resistivity will drive the reconnection process
(such as, electron inertia in a two-fluid model [see e.g., 586]).

The Sweet-Parker description of magnetic reconnection is quite e↵ective in illustrating the
phenomenology of the process; however, the reconnection rates it predicts are too low to explain
observed phenomena in which reconnection is expected to play a role (i.e., solar flares [see e.g.,

4However, newborn pulsars may contribute to the population of galactic cosmic rays [575].
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583]). As such, a central focus of theoretical studies of magnetic reconnection is to determine
how fast reconnection can occur [455]. Turbulent fluctuations can lead to the formation of many
smaller reconnection sites along the current sheet [e.g., 587]. Tearing or plasmoid instabilities
can fragment the current sheet into several magnetic islands [e.g., 588, 589, 590]. Both scenarios
e↵ectively decrease the transverse length scales over which reconnection takes place, increasing the
reconnection rate.

While the descriptions of magnetic reconnection provided above focus on non-relativistic models,
such models can be generalized to the relativistic regime [591], which is more favorable to e�cient
particle acceleration [see e.g., 592, 593, 594]. Particle acceleration in reconnection scenarios can
occur via several mechanisms [for review, see e.g., 582]. The current sheets that develop during
magnetic reconnection events provide electric fields that directly accelerate particles [e.g., 595, 596].
The converging flows inherent in magnetic reconnection events present a situation that is analogous
to shocks or colliding scattering centers; hence, Fermi-like acceleration may occur [e.g., 592, 597,
598, 599, 600] (for discussion of Fermi acceleration, see Sec. 4.5.2.1).

4.5.2.4 Future Progress in Acceleration Theory

Detailed studies of plasma phenomena are key to revealing the physical processes connected
with acceleration mechanisms. Recent progress in kinetic and magnetohydrodynamics (MHD) sim-
ulations have significantly advanced models of the aforementioned acceleration mechanisms, as well
as enabled investigations into other mechanisms, including one-shot/shear acceleration, stochastic
acceleration via turbulence, and wakefield acceleration. Future theoretical studies via dedicated
numerical simulations together with detailed multi-messenger modeling and observations of candi-
date UHECR sources will provide crucial information that will reveal the origin(s) of UHECRs and
the extremes of cosmic particle acceleration.

4.5.3 Magnetic fields

Magnetic fields are ubiquitous in the Universe and exist on scales ranging from planets and
stars up to galaxy clusters. Despite the clear indications for the existence of magnetic fields in the
large-scale structure of the Universe, it is not clear how they originated. Some local astrophysical
process could have given rise to them, or they could have had a cosmological origin, through a
global process such as Inflation or phase transitions (e.g., QED or QCD) in the early universe. An
evidence in favor of the cosmological scenarios would be the observation of magnetic fields in cosmic
voids. Given the central role played by magnetic fields in the evolution of galaxies, it is important
to understand how, where, and when the first magnetic fields were created. The understanding
of how, where, and when the first magnetic fields were created is of fundamental importance to
many aspects of modern-day astrophysics. They play a major role in the evolution of galaxies, they
could a↵ect the synthesis of elements after the Big Bang, they could leave imprints on the cosmic
microwave background distribution, and they are essential to describe the motion of charged cosmic
messengers.

4.5.3.1 The Galactic magnetic field

The study of the Galactic magnetic field is a notoriously challenging task, as described in
Ref. [493]. The observable signatures are degenerate with other quantities such as di↵erent particle
distributions. Three traditional observables remain among the best probes available for large-scale
GMF: starlight polarization, Faraday rotation measure (RM), and synchrotron emission. These
observables can be simulated by numerical observations of model galaxies, as has been done in
Refs. [601, 602]. A number of models have been fit to some of the data, but the status of such
studies today remains uncertain due to degeneracies in the parameter space of the components of
the interstellar medium (ISM). See various reviews for a summary of the current status of Galactic
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and extragalactic magnetic field studies [493, 603, 604, 605, 606].
Based on observations that are available today, there are several global Galactic magnetic field

models that can all fit some of the data, and there remain degeneracies among them [493, 607].
However, there is broad agreement on several features of the GMF (for a detailed review, see
e.g., [606] and references therein):

• in the disk of the Galaxy, the field follows an axisymmetric spiral (but the pitch angle is uncertain
[521, 525]) with a total strength of about 6 µG;

• the total field strength is dominated by the turbulent component with a highly variable coherence
length from parsecs to ⇡ 100 pc scales, see e.g., Ref. [608];

• the field likely extends to at least a few kpc above the Galactic disk (see e.g., Ref. [609]);

• the coherent component reverses several times at large scales (' 1 kpc) in the Galactic midplane
(see e.g., Ref. [610]);

• an x-shaped vertical component is seen in almost all external galaxies observed with su�cient
sensitivity [603], supporting hints of such a feature in the Milky Way (see e.g., Ref. [602]).

Square Kilometer Array (SKA) [611, 612] will provide an order of magnitude more pulsars in
the Galaxy than currently observable and precise parallax distance measurements out to tens of
kpc [613], i.e., reaching even to the opposite side of the Galaxy. These measurements will provide
probes of the 3D magnetic field at kpc scales across a large fraction of the Galactic disk. The
mean RM in a particular region probes the coherent field component, and the variance among the
RMs in the region probes the stochastic components. The low frequency Phase I will be coming
online in 2023, though the full survey of Galactic pulsars will not be available until the end of
the decade at least. But in the meantime, projects that are pathfinders for the SKA are already
taking data [614, 615, 616, 617]. SKA and its pathfinders will also map external galaxies at high
resolution and sensitivity for both di↵use synchrotron emission and background RMs. Such studies
provides insight into cosmic rays and magnetic fields in the disks and halos of galaxies similar to the
Milky Way [605, 618, 619, 620]. In turn, learning about these processes in other galaxies informs
studies of the Milky Way, particularly through enabling probes of regions that are not visible from
the inside. For instance, cosmic ray di↵usion and streaming depend on the local magnetic field
structure, which can be modeled on large scales (⇠ 1 kpc) using the CHANG-ES polarization data.
On smaller scales, constraining the anisotropy in the turbulent component of the magnetic field
can be done by measuring the correlation lengths of high angular resolution observations such as
with the SKA [605].

Mapping the local magnetic field in 3D will take another large step forward with the upcoming
PASIPHAE survey [621]. This survey will cover 50% of the sky beyond 30� from the celestial
equator in both hemispheres, and measure starlight polarization out to 1–2 kpc. It will measure
the orientation of the field toward 4 million stars observed in polarization. These measurements
combined with Gaia distance and extinction information will provide a precise 3D map of magnetic
fields in the nearest ⇡ 2 kpc.

By the end of the coming decade, the measurements described above will determine:

• whether the observed field reversals in the disk of the Galaxy are relatively local or whether
they relate to the large-scale (more than a few kpc) structure of the Galaxy (pulsars; SKA
pathfinders);
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• the strength of the coherent field component in the disk as a function of Galacto-centric radius
and possibly spiral arm position (pulsars; SKA pathfinders);

• the strength of the stochastic field components in the disk as a function of Galacto-centric radius
and possibly spiral arm position (pulsars; SKA pathfinders);

• the orientation of the magnetic field within 1–2 kpc, accurate to within ⇡ 10 pc (dust and stars,
Gaia and PASIPHAE);

• the strength of all three field components as a function of Galacto-centric radius and height
above the disk in the halos of external galaxies similar to ours viewed edge-on (external galaxies;
SKA pathfinders, SKA);

• the locations of field reversals, if they exist, in the disks of external galaxies similar to ours
(external galaxies; SKA pathfinders, SKA).

Note, however, that the list above does not account for studies of UHECR deflections that will
be achievable with future measurements. For instance, the observation of multiplets confidently
associated with specific sources will provide a crucial probe of the field strength in the halo of the
Galaxy independent of other components of the ISM, see Sec.4.5.3.1. Nonetheless, all of these data
sets will need to be modeled simultaneously [622].

While the first phase of SKA results are expected toward the end of the next decade, some
results will not arrive in full until beyond 2030. With the second phase, SKA will “potentially find
all of the Galactic radio-emitting pulsars in the SKA sky which are beamed in our direction” [623].
But some important features of the GMF will remain to be determined, even with the phase two
SKA. Without a 3D probe of the GMF in the halo of the Galaxy where there are no pulsars or
stars, the only measurements that will be possible are the average field components along the line
of sight. The would be no way, for instance, to determine how high above the Galactic Plane the
field extends, necessitating continued reliance models based on external galaxies seen edge-on.

Even with SKA measurements of Faraday RMs and distances to almost every pulsar in the
Galaxy, the accuracy of the determination of the variation in the GMF across spiral arm density
waves in di↵erent components of the ISM will be no better than of order 1 kpc (based on current
estimates for the density of pulsars remaining to be discovered). Again, models for the Milky Way
will have to rely on high-resolution (⇡ 1 pc) SKA observations of nearby galaxies and high density
background RM sources through them.

In all cases, advances in theoretical work and numerical simulations will be crucial in using
observations of other galaxies to model the aspects of the GMF that cannot be directly measured.

4.5.3.2 Intergalactic magnetic fields
Knowledge of intergalactic magnetic fields (IGMFs) is presently limited. This is, in part, due to

the lack of knowledge on how magnetic fields originated and how they evolved (see e.g., Refs. [624,
625] for reviews). IGMFs can be probed using a variety of techniques. Upper limits on primordial
IGMFs can be obtained from CMB measurements [626, 627, 628, 629]. The magnetic field integrated
along the line of sight can be obtained from Faraday tomography [630, 631, 632, 633, 634, 635],
using polarized radiation from extragalactic sources with measured distances. Observations of syn-
chrotron emission by a (known) distribution of relativistic electrons provide the field perpendicular
to the line of sight [636, 637, 638, 639, 640]. Lower bounds on IGMFs can be obtained using
gamma-ray observations [641, 642].

IGMFs are present in various astrophysical sites. In galaxy clusters they can reach strengths
of up to ⇠ 1 µG in the central regions [643, 644]. In filaments they are uncertain but believed
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to be weaker [645, 646], below ⇠ 10 and 100 nG [638, 639, 647]. The picture is far from clear
in cosmic voids. In the inner parts of these regions IGMFs could, in principle, not even exist
if cosmic magnetic fields originated through some local astrophysical process. However, gamma-
ray observations provide lower limits on the integrated IGMFs along the line of sight – which
is dominated by the contribution of the voids – of B & 10�17–10�15 G [648, 649, 650, 651, 652,
653, 654]. This is generally supported by simulations studies [646, 647, 655, 656, 657, 658]. The
constrained parameter space is summarized in Fig. 38 (left).
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Figure 38: Left: Compilation of the available IGMF constraints. The “gamma-ray cascades” bound is optimistic and
loosely based on Ref. [653]. Figure adapted from Ref. [659]. Right: Cumulative volume filling factors (i.e., the inverse
cumulative distribution function) for various models: Sigl et al. [660], Dolag et al. [661], the upper-limit models by
Alves Batista et al. [511], and the models by Hackstein et al. [662]. The shaded bands encompass a whole family of
models with di↵erent topological and spectral properties originated through various processes.

The IGMF uncertainties in cosmic voids are even more problematic considering that they fill
about between 20% and 80% of the volume of the Universe, whereas galaxy clusters and filaments,
together, fill the remainder of the volume, with clusters filling . 10�3 [647, 663]. Therefore, cosmic
rays are more likely to be susceptible to the fields in voids. As a consequence, if they are highly
magnetized and UHECR sources are not all local, understanding IGMFs is of utmost importance.

The coherence length of IGMFs is also poorly known and essential for understanding UHECR
propagation, especially in the di↵usive regime. In filaments and galaxy clusters they are generally
bound by the size of these structures, but in voids they can assume any value from a fraction of
a parsec up to the size of the observable universe [625, 659]. The only existing limits are rather
weak, in the range between 10 kpc and 100 Mpc [654].

The helicity of IGMFs, too, can significantly a↵ect the propagation of UHECRs and their
anisotropy [664, 665]. This could have interesting implications for understanding the early Universe,
since processes such as baryogenesis and leptogenesis can leave specific imprints in the helicity of
IGMFs (see e.g., Ref. [625] for details on these connections).

Studies of UHECR propagation in the magnetized cosmic web generally rely on cosmological
N-body simulations, in which a given volume is evolved from early times to the present according to
magnetohydrodynamical prescriptions. Early works [660, 661, 666, 667, 668] that studied the prop-
agation of UHECRs in these cosmological volumes obtained seemingly contradictory conclusions
regarding the prospects for identifying the sources of UHECRs. The situation did not improve with
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Figure 39: CRs with energies 0.1 EeV (left) and 1 EeV (right) escaping from the center of a galaxy cluster. The color
scale indicates the magnetic-field strength. Figure taken from Ref. [675].

subsequent works, which showed that even the power spectrum of the seed magnetic field can have
an impact on the deflections of UHECRs [511, 662, 669]. The main source of these discrepancies is
the di↵erent filling factors for each cosmological simulation, as shown in Fig. 38 (right).

But the situation is not as dire as it may seem: even in the worst-case scenario wherein voids
have ⇠ nG fields, deflections of 50 EeV protons from the majority of sources closer than 50 Mpc
would still be less than 15� [511]. Naturally, this also depends on the GMF (see Sec. 4.5.3.1).

IGMFs also play an important role in determining the counterpart of CRs in other messengers
by increasing the rate at which they can interact with the gas and radiation fields in a given
environment, as shown in Fig. 39, which may impact the energy spectrum and mass-composition of
the observed CRs (e.g., Refs. [161, 484]). This results in the production of secondary particles such
as neutrinos and gamma rays [484, 670, 671]. Furthermore, by confining CRs for a time comparable
to the age of the universe, IGMFs also lead to magnetic horizon e↵ects. Over larger scales, this
depends on the distribution of CR sources and the properties of the fields, such that it is unclear
whether this e↵ect could be noticeable at energies above ⇠ 1 EeV [165, 672, 673, 674].

In the next decade, upgrades of existing radio telescopes will deliver polarization surveys from
which detailed rotation measure grids will be built [615, 617, 676]. Observations of fast radio
bursts (FRBs) will likely play an important role in this scenario, potentially contributing to breaking
the degeneracy between electron density and magnetic field, leading to better measurements of
IGMFs [677, 678]. Nevertheless, the measurement of IGMFs in cosmic voids will remain a challenge.

New gamma-ray facilities that will start operating in the next decade such as Cherenkov Tele-
scope Array (CTA) [679, 680] might be able to improve the lower bounds on IGMFs, significantly
reducing the parameter space shown in Fig.38 (left). There are also theoretical challenges that need
to be overcome, some related to the di�culty of scanning the full parameter space of all relevant
IGMF properties [681], others to the ongoing debate concerning the role of plasma instabilities on
quenching gamma-ray cascades [682, 683, 684, 685, 686].

A particularly useful avenue to be explored is the potential of novel methods using, for example,
multiple messengers [654], to mitigate IGMF uncertainties and to measure IGMFs (as opposed to
only constraining them). In this case, increasingly detailed cosmological simulations can be used
as benchmarks to provide additional insights into the nature of IGMFs [647].

On a longer timescale, facilities such as the SKA [611, 612] and the next-generation Very Large
Array (ngVLA) [676] will reach unprecedented sensitivities and contribute to understanding IGMFs,
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delivering rotation measures that will compose tomographic maps of extragalactic magnetic fields.
More constraints will come from gamma-ray observatories, combining data from ground-based
facilities with observations by space-borne detectors such as the AMEGO [687], AMS-100 [688],
GAMMA-400 [689].
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Chapter 5

The evolving science case:
Defining the new goals for the next decade

From Chs. 2 to 4 it is clear that many of the original science goals for the current generation
of UHECR experiments have been met. However, it has also become clear that, in order to con-
tinue to progress toward answering the core questions of UHECR physics, further upgrades to our
instrumentation and analysis methods are required. This chapter outlines current and near future
plans of the UHECR community, and highlights new powerful analysis techniques which promise
to illuminate the UHECR flux in ways that were impossible until now.

5.1 The upgraded detectors

Due to the outstanding progress that has made through the Pierre Auger Observatory, Tele-
scope Array Project and the IceCube Neutrino Observatory, outlined in Sec. 2.1, it was clear that
these established experiments should be further leveraged through detector upgrades and expan-
sions. These upgrades are already well into (or finished with) the development and planning stage
with both AugerPrime and TA⇥4 in active deployment. Once completed, each of the following
experiments will drive scientific discovery for the next 10-years and beyond.

5.1.1 The AugerPrime upgrade of the Pierre Auger Observatory: 24/7 event-by-
event mass sensitivity

Figure 40: Left: one of the AugerPrime SD stations. From top to bottom, the RD antenna, communication antenna,
scintillation detector, and water-Cherenkov detector can be seen. Right: deployment status of the AugerPrime SD
array as of June 10, 2021 (see the text for details).

The Pierre Auger Observatory is undergoing an upgrade process know as AugerPrime [22, 690].
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In this upgrade, each SD station (pictured in Fig. 40 left) is being enhanced with:

• a 3.8 m ⇥ 1.3 m ⇥ 1 cm scintillation detector (SSD) placed above the water Cherenkov detector
(WCD) tank (excepting stations at the border of the array) to enhance the separation of the
muonic and electromagnetic components in measured signals for vertical showers [691];

• new, faster electronics and an additional PMT with 100 diameter in the water-Cherenkov tank
to extend its dynamic range [692];

• an RD antenna to detect the emission of inclined showers in the 30–80 MHz frequency band,
enabling a reconstruction precision comparable to that of FDs with a duty cycle comparable to
that of SDs for inclined showers [693, 379];

• and a UMD next to each SD-750 and SD-433 station consisting of three 10 m2 scintillation
detectors buried at a depth of 2.3m [694].

At the time of writing, SSDs have already been deployed on 94% of the SD stations (shown in
yellow in Fig. 40 right), 150 of which have been equipped with PMTs (orange), with ⇠ 130 already
paired with an upgraded electronics boards (red). Additionally, 10 radio antennas, 7 of which have
been so far equipped with read-out electronics, have been deployed along with 25 underground
muon detectors. In spite of the delays due to the COVID-19 pandemic, the upgraded observatory
will begin taking data in 2022 with the upgrade expected to be complete in 2023. Once complete,
the fully upgraded observatory is planned to operate until at least 2032. This upgrade assures that,
for the time being, Auger will remain the leading observatory in operation. It also will provide an
excellent site to cross-calibrate detector developments for the next generation of ground arrays.

5.1.1.1 Scientific capabilities
Currently the energy scale of all air-shower measurements at the Observatory is pegged to FD

calorimetric energy measurements. These are a↵ected by a ±14% systematic uncertainty, which is
mainly due to uncertainties in the absolute calibration of FD telescopes, as well as uncertainties in
the shower profile reconstruction, the fluorescence yield and in the aerosol content of the atmosphere
[126]. Once finished, the radio detector array will provide an absolute calibration of the energy scale
from first principles independently of the FD measurements, with ⇠ 10% systematic uncertainty
[693, 379, and refs. therein].

For composition, by combining data from the WCDs and SSDs, which have di↵erent relative
sensitivities to electrons/photons vs. muons, the muonic content of air showers can be reconstructed.
This is important as it represents a key observable for estimating primary masses on an event-by-
event basis and for the pursuit of particle physics analyses. Using a Fisher discriminant developed
from all available data, AugerPrime will be able to distinguish between protons and iron showers
with merit factors5 ranging from around 1.2 to 2.1 depending on the energy and zenith angle, after
accounting for the resolution of the reconstruction [22, Tab. 3.3].

This increased mass sensitivity, particularly in the full duty cycle SD is important as current
Auger FD data [54] show that at E & 2 EeV the composition becomes progressively heavier and less
mixed as energy increases. However, available statistics quickly run out above the flux suppression
(with only 35, 5, and 2 events above 1019.6, 1019.8, and 1020.0 eV respectively) so no statement
can confidently be made at this stage about whether the trend to heavier compositions continues
indefinitely. Indeed, in preliminary SD-based estimates [193] there are indications that the trend

5The merit factor of an observable S between two elements i, j is defined as f =
|hSji�hSii|p
�2(Si)+�2(Sj)

.
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Figure 41: Relative excess of events within a radius r of Swift-BAT AGNs in the simulated scenario of refs. [22, 690],
using (left) all 454 events, (middle) the 326 least proton-like events, and (right) the 128 most proton-like events.

may be slowing down after a few tens of EeV. In particular, a non-negligible fraction of protons in
the cuto↵ region cannot be excluded, which would have wide-ranging implications for the production
of secondary neutrinos and gamma rays, the ability to locate UHECR sources (as detailed below),
and searches for new physics. Preliminary studies of techniques to extract composition information
from SD data using machine learning techniques are being performed [58, 57, and refs. therein], but
they are a↵ected by large systematic uncertainties (for more see Sec. 5.4.1 and Sec. 5.4). Thanks
to the new detectors of AugerPrime, within five years of operation a proton fraction as low as 10%
will be detectable with 5� statistical significance if such a component exists [690, Fig. 8].

Beyond simply proton isolation, with estimates of the mass of primary cosmic rays on an event-
by-event basis, AugerPrime will be able to study mass-dependent features in the distribution of
UHECR arrival directions (see Sec. 5.4 and Sec. 5.6). For a given energy, light nuclei are expected
to undergo smaller deflections in intergalactic and Galactic magnetic fields than heavier ones, and
hence to more closely track the distribution of sources. If a non-trivial fraction of cosmic rays at
post-suppression energies are protons, AugerPrime will enable the construction of proton-enriched
samples enhancing our sensitivity to possible anisotropies. For example, in Fig. 41 shows the
results of a search for correlation with Swift-BAT AGNs in a simulated scenario [22, 690] where
10% of cosmic rays with E � 40 EeV are protons, half of which originating from such AGNs. The
improvement in sensitivity from being able to select the most proton-like events (right) with respect
to using the whole data set without composition information (left) is striking. Furthermore, the
event-by-event composition information of AugerPrime will allow the statistical might of the full
duty cycle of both the SD and RD to be used to confirm or refute the recently detected indication
(from FD data) that UHECRs are heavier on average at low Galactic latitudes as compared to
higher Galactic latitudes [55].

Even when not using the composition information from the new detectors, the continued oper-
ation of the Auger SD array will further increase the available statistics su�ciently to confirm or
refute the current indications of anisotropies. For instance, as mentioned earlier in Sec. 2.1.1, using
a linear extrapolation, the indication of a correlation between UHECR arrival directions and the
position of nearby starburst galaxies [39, 51] can be expected to reach 5� statistical significance by
the end of 2026 ± 2 years.

Also, as further outlined in Sec. 5.7, through the considerable increases to exposure, and likely
increase in detection e�ciency, AugerPrime will also allow for enhanced searches for UHE neutrino
and gammma-ray fluxes. This will allow for current upper limits, which already are the most strin-
gent available [690, Fig. 10], to be lowered further — or perhaps to finally detect these phenomena.
Either way, this will allow for further improvements to the constraints on models of UHECR sources
[61, and refs. therein] and on certain exotic scenarios (see e.g.,[9, 272, 536]).

Last, but far from least, as outlined in Sec. 3.4, the combination of information from di↵erent
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types of detectors and the resulting separation between the electromagnetic and muonic shower
components is going to be of vital importance for probing hadronic interaction models in kinematic
regimes not accessible to collider experiments [695, 398, 696].

5.1.2 The TA⇥4 upgrade of the Telescope Array Project: Massive exposure in the
northern hemisphere

Figure 42: Map of TA⇥4. The new scintillation counters
of TA⇥4 are placed at 2.08 km spacing in two lobes to
the northeast and southeast (red). The currently deployed
TA⇥4 SD counters are shown with larger (red) dots. 12
new FD telescopes have been added to the MD and BR FD
stations overlooking the new SD lobes. The arcs mark the
approximate extent of the coverage of the new telescopes
up to 1018 and 1020 eV.

In 2014, the Telescope Array Collaboration
reported an indication of an excess in the ar-
rival directions of UHE cosmic rays (E > 5.7 ⇥

1019 eV) just o↵ the SGP in the vicinity of Ursa
Major [38]. To better understand this, the col-
laboration set about to expand the area of the
SD by a factor of four to ⇠ 3000 km2 with the
addition of 500 new scintillator detectors at a
spacing of 2.08 km. This upgrade, shown in
Fig. 42 has therefore been named TA⇥4. The
spacing was optimized to maximize aperture for
detecting showers with E > 1019.3 eV with full
e�ciency, while reducing the overall cost of the
project. The first 257 of the new TA⇥4 SDs
were deployed in 2019 to maximize the aper-
ture for hybrid events. To cover this new area,
twelve new telescopes have already been added
viewing 3-17 � above the TA⇥4 expansion de-
tectors both to calibrate the scintillator array,
with its new spacing, as well as to measure com-
position via hybrid measurement of events at
the highest energies. The deployment of the re-
maining SD stations has been delayed due to
COVID-19, however, plans are presently being
explored on how to quickly complete the array,
with the aim to complete the array in 2023.

5.1.2.1 Scientific Capabilities

TA⇥4 [23] will increase the area of the sur-
face of TA from 700 km2 to ⇠ 3000 km2, significantly accelerating the rate of data collection,
especially at the highest energies. With this data it will be possible to more precisely observe
anisotropy features, the energy spectra, and mass composition in the northern hemisphere at ener-
gies above 1019 eV. The expansion of TA composition data will come both from a further refinement
of mass sensitive SD analyses applied to the new 3000 km2 surface array, and an increased hybrid
aperture due to the addition of FD sites observing the atmosphere over the newly instrumented
northern and southern lobes of the SD.

The significance of the hotspot after including the data collected through 2020 is about 5� pre-
trial and 3.5� post-trial. While the original brightness seems to not be sustained, the growth of the
significance is consistent with a linear trend. If the source is a single source and the significance
continues to grow at the present rate, the experiment should have enough data by ⇠ 2024 for a 5�

post-trial observation.

Meanwhile, in the process of studying the energy di↵erence in the high energy spectrum sup-
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Figure 43: Mean vs � of the Xmax distribution for
1019 < E < 1019.2 eV. The data, shown in the box,
is for 9.5 years of TA data. The ovals from from
top right to bottom left show equivalent statistics
for Monte Carlos simulations for p, He, N, and Fe.

Figure 44: Mean vs � of the Xmax distribution for
1019 < E < 1019.2 eV. The data, shown in the box,
is for 9.5 years of TA data. The ovals from from
top right to bottom left show Monte Carlos simula-
tions for p, He, N, and Fe, now with statistics for 5
additional years of TA⇥4 data.

Figure 45: Mean vs � of the Xmax distribution for
1019.2 < E < 1019.4 eV. The data, shown in the box,
is for 9.5 years of TA data. The ovals from from
top right to bottom left show equivalent statistics
for Monte Carlos simulations for p, He, N, and Fe.

Figure 46: Mean vs � of the Xmax distribution for
1019.2 < E < 1019.4 eV. The data, shown in the
box, is for 9.5 years of TA data. The ovals from
from top right to bottom left show Monte Carlos
simulations for p, He, N, and Fe, now with statistics
for 5 additional years of TA⇥4 data.

pression observed by the Telescope Array versus that observed in the southern hemisphere by the
Pierre Auger Observatory, the Telescope Array group found an additional bright spot with slightly
lower energy (E > 4 ⇥ 1019 eV) in the direction of the Perseus-Pieces Super Cluster (PPSC). Like
the PPSC itself, the bright spot is somewhat spread out. The pre-trial significance of this is about
4.5�. The penalty factor for this more di↵use spot is still being calculated, but additional high
energy data will also be required to verify this as a source. If the rate of signal growth continues
as anticipated from present data, this should be confirmed in the next few years.

The Telescope Array hybrid measurement of cosmic ray composition examines the mean and
width of the Xmax distribution. Analysis of the moments of these distributions are consistent with
a light and mostly constant composition (protons and/or helium) for cosmic rays with energies
greater than ⇠ 1018.2 eV. However, for energies greater than 1019.1 eV the data set has limited
statistics and the picture starts to get murky. Fig. 43 shows the distribution of the mean vs � of
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Figure 47: Left: SD display of the
highest energy event seen by TA,
at 1020.4 eV. The circle size rep-
resents the SD integrated signal,
while the color represents the rel-
ative time. The shower core and
direction are shown by the cross.
Right: The longitudinal profile
of the event. The two counters
closest to the core of the shower
were saturated and are not in-
cluded. The value of S(800) is
530 VEM/m2.

the Xmax distribution for 9.5 years of Telescope Array data in the energy range 1019 <E<1019.2 eV
as compared to p, He, N, and Fe Monte Carlo simulations. In Fig. 44 the Monte Carlo has been
updated to show the e↵ect of adding five years of TA⇥4 data. Fig. 45 and Fig. 46 show the same
distributions for 1019.2 < E < 1019.4 eV. The addition of five years of TA⇥4 data should allow the
hybrid composition measurement to extend to up ⇠ 1019.6 eV.

At the same time, The Telescope Array collaboration has been improving its machine learning
programs to better determine the composition using only the SD data. This is especially important
since the SD takes data with a nearly 100% duty cycle. A boosted decision tree (BDT) analysis of 12
years of Telescope Array data also indicates a light unchanging composition (between p and He) for
1018 < E < 1019.7 eV. Meanwhile, Auger data from the southern hemisphere shows a composition
which gradually becomes lighter from 1018 < E < 1018.4 eV and then proceeds to become heavier
and moving towards nitrogen and larger nuclei at the highest energies. The addition of TA⇥4 data
and continuous improvements to techniques will provide the statistical power needed to explore
this potential di↵erence.

There are a number of improvements in the spectrum measurement that will provide additional
useful information about the sources and propagation of UHECRs. These include further spectral
study of the hotspot vs the rest of the sky, improved measurement of the instep feature, and more
detailed measurement of the declination dependence of the suppression in addition to more refined
knowledge of the shape of the suppression itself. All of these require additional data to clarify
the situation. For example, the spectral anisotropy in the hotspot has a post-trial significance of
⇠ 3.7 �. Additional data can make a large di↵erence in understanding this potential source.

Finally, In May 2021, the TA SD recorded the second most energetic cosmic ray event ever
seen, making this event the most energetic seen in an SD. This event, with an estimated energy of
1020.4 eV, is a third again higher in energy than the next highest energy event observed by TA, and
gives reassurance that the highest energy event observed by the Fly’s Eye Experiment at 1020.5 eV
was not an analysis artifact. An event display for this event is shown in Fig. 47.

5.1.3 The IceCube-Gen2 expansion of the IceCube Neutrino Observatory: A unique
lab for air showers

IceCube-Gen2 [24] is an envisioned next-generation extension of IceCube consisting of three
sub-components: an 8 km3 in-ice array of DOMs optimized for high-energy neutrino astronomy; a
⇠ 500 km2 radio array for EeV neutrino detection; and a ⇠ 6 km2 surface array instrumenting the
snow surface above the in-ice array (see Fig. 48). The surface array consists of hybrid scintillation
and radio antenna detectors and follows the station design of the IceTop surface enhancement [386],
a prototype station of which is currently operating at the South Pole. The scintillator panels
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provide a low energy threshold and trigger for the radio antennas, which in turn allow higher-
precision determination of the shower energy and Xmax. Because of the increased zenith-angle
range acceptance, the geometric aperture for coincident surface and in-ice events will increase by a
factor of ' 30 over IceCube. The addition of IceAct air-Cherenkov telescopes can provide additional
complementary measurements [697].

Figure 48: Layout of the IceCube-Gen2 surface array (left) and the in-ice deep optical array (right). The detectors
of the IceTop enhancement and IceCube are shown in darker colors.

IceCube-Gen2 construction is planned over a period of 10 years, following the completion of the
IceCube upgrade [698]. As with IceCube, data-taking can begin during the construction period,
with the first surface array stations planned for installation in Project Year 4. Assuming a nominal
construction project start date of 2025, IceCube-Gen2 will commence full operations in 2035.

5.1.3.1 Scientific Capabilities
The surface component of IceCube-Gen2 is foreseen as a hybrid detector array capable of de-

tecting air showers initiated by CRs of sub-PeV to a few EeV energies. Each surface station will
consist of 8 scintillation detectors and 3 radio antennas placed above each in-ice detector string.
Several additional surface stations will be placed between the IceCube and IceCube-Gen2 footprint
to provide a uniform coverage between the future surface arrays (see Fig. 48). The large number of
scintillation modules enables good sampling of the air shower footprint, a low detection threshold,
and good reconstruction resolution.

The trigger e�ciency for proton- and iron-induced air showers (see left panel of Fig. 49) indi-
cates that the scintillator array alone will e�ciently detect quasi-vertical air showers below PeV
energies. This threshold will be also relevant for vetoing the atmospheric muons that constitute
the main background for astrophysical neutrino searches. At a few tens of PeV energy and more
inclined zenith angles, the radio array starts to be e�cient as shown in the right panel of Fig. 49.
Measurement of the radio emission allows for a more precise reconstruction the energy of the CR
primary as well as the air-shower Xmax which correlated with primary mass. Hybrid measurements
at CR energies & 100 PeV will allow for in-depth investigations of the transition region where extra-
galactic sources are expected to begin to dominate the CR sky. After 10 years, IceCube-Gen2 will
achieve a statistical precision in the Xmax radio measurements comparable to other experiments in
this range, enhancing CR primary mass determination (see Fig.50). Improved measurements of the
composition-dependent spectrum can improve the di↵erentiation between di↵erent scenarios of the
extra-galactic transition [32, 8]. The increased coincident aperture will also allow more sensitive
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Figure 49: Left: Scintillator array trigger e�ciency vs. primary energy for proton- and iron-induced showers. Right:
Directional reconstruction e�ciency for the radio antennas vs. primary energy for di↵erent zenith angle ranges for
50/50 mix of p/Fe.

searches for PeV photons [88] and improved methods for gamma-hadron separation.

Figure 50: Projected precision for a measurement of
hXmaxi for 10 years of mock data.

The unique capabilities of this instrumenta-
tion are in the combined detection of the mainly
electromagnetic component of an air shower at
the surface and the high-energy muonic com-
ponent in the ice. As discussed in Sec. 3.1, at-
mospheric muons originate from hadronic cas-
cades which above ⇡ 10 PeV energies cannot be
reliably described by current interaction mod-
els; current model predictions underestimate
the number of muons arriving at the surface
(the Muon Puzzle, see also Refs. [19, 21, 20]
and Sec.3.1). This e↵ectively introduces an un-
certainty in the interpretation of CR measure-
ments that typically rely on air-shower simula-
tions.

The in-ice high-energy (& few 100 GeV)
muon measurements and the estimation of
⇠ GeV muon content at the surface provide unique tests of hadronic interactions in the forward
region and can constrain simulation models based on their predicted energy spectra. Preliminary
studies combining IceTop and IceCube have recently shown internal inconsistencies in the descrip-
tion of GeV and TeV muons in state-of-the-art hadronic interaction models [83]; improved analysis
techniques are expected to strongly constrain models of muon production in hadronic interactions
throughout the next decade. The extension to higher CR energies by IceCube-Gen2 will provide
coverage of the region where the Muon Puzzle appears and enable overlap with data from the UMD
at the Pierre Auger Observatory [174]. The increased aperture for coincident events also opens the
possibility to study the angular dependence of the muon content. The estimated statistics for coin-
cident measurements are shown in Fig.51 (for more details on the calculations, see [699]). Together
with the increased precision resulting from the enhanced air-shower reconstruction provided by the
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Figure 51: Event rates for the IceCube-Gen2 surface array
as a function of primary energy. Rates are shown at trig-
ger level and for muon coincidences with the in-ice optical
array, as well as for events at higher energies with radio
signals suitable for reconstruction of shower energy and
Xmax. The energy threshold for > 99% detection e�ciency
is indicated by the dashed line.

surface array and the improved in-ice calibration, this will contribute to the improvement of current
hadronic interaction models at the intersection between cosmic-ray and particle physics [8, 700, 701].
With this, air-shower data from many experiments can in turn be re-analyzed in the context of CR
mass composition measurements.

The combined detection of atmospheric muons in relation to parent CR is also relevant at & PeV
muon energies. These muons dominantly come from the decay of charmed and unflavoured mesons
and are produced mainly by CRs of PeV to EeV energy [702], exactly in the range covered by the
surface array of IceCube-Gen2. Due to the large aperture and given enough exposure, IceCube-
Gen2 could make the first measurement of the prompt component of the muon spectrum. This
will also constrain prompt neutrino production at the highest energies and contribute to a better
understanding of the background estimates for astrophysical neutrino searches [97].

The increased acceptance and statistics of the IceCube-Gen2 surface and in-ice arrays will also
allow improved measurements of CR anisotropy. The amplitude and phase of the CR dipole feature
can change for di↵erent mass groups of CRs, in particular, in the transition region of Galactic to
extragalactic origin of CRs. IceCube-Gen2 will perform precise measurements of these composition-
dependent anisotropies in an extended energy range up to a few EeV.

The unique measurements that can be provided by the surface and in-ice arrays of IceCube-Gen2
will improve the understanding of particle interactions in the air showers and boost current results
in cosmic-ray physics. This in turn will provide essential information for the future analysis of multi-
messenger data in conjunction with gamma-ray, neutrino, and gravitational wave observations [703].

5.2 Computational advances: Educated algorithms

As outlined above in Sec.5.1, all leading experiments in the field are undergoing major upgrades,
aiming to supplement their statistics, particularly at the highest energies, and enhance the quality
of their data. These e↵orts will considerably increase the volume and complexity of the data.
Because of this, their reconstruction and Monte Carlo codes are being updated and simultaneously
adapted to run in multi-core architectures and heterogeneous clusters combining central processing
units (CPUs) with accelerators (graphics processing units (GPUs), field-programmable gate arrays
(FPGAs), data processing units (DPUs), etc.).

Most data processing and simulations are produced in high-performance computing (HPC)
centers from specific local groups using, predominantly, single-core architectures. However, pro-
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cessing the newly acquired data and simulations requires unprecedented CPU time, which can
only be overcome by parallel computation using multi-core architectures. Additionally, the grow-
ing number of machine learning algorithms employed in recent analyses and the simulation of the
radio and Cherenkov emission of extensive air showers all call for accelerators (currently, mostly
GPUs) [704, 705]. Given the escalating demand for computing power, data production is pro-
gressively being transferred to distributed resources such as grid computing. Furthermore, the
responsibility of producing extensive simulation libraries and data processing is being deployed
to specific task groups that ensure the centralization and quality of the reconstructed data and
Monte Carlo simulations. In parallel, work is being carried out to better coordinate cluster and
grid production to foster more uniform data processing and management.

The typical data output of most experiments is relatively modest compared to the LHC exper-
iments. However, the need for larger storage systems will increase in the coming years to accom-
modate future experiments. While the growth in the data output of the upgraded Pierre Auger
Observatory and TA experiments is expected to remain relatively modest, IceCube/IceCube-Gen2
will require increased resources. As another example, substantial computing resources will be re-
quired for the study of extensive air showers with the SKA given the high density of radio antennas
per event [706] (see Sec. 6.3.4.3 for more).

5.2.1 The advent of machine learning methods

To further drive the need for accelerators, such as GPUs machine learning is expected to be more
and more of a critical component to UHECR analysis in the future. In particular, driven by recent
developments in parallel computing, the large quantity of available training data, and the progress
in the design and training of neural networks, deep learning with deep neural networks (DNNs),
will predominantly shape the world of machine learning today and in the future [707]. The success
of deep learning based algorithms in computer vision and speech recognition [708] has led to first
applications in many other fundamental sciences, including physics [709, 710].

In the era of multi-messenger astrophysics (MMA), these technologies in particular provide
promising tools to meet the upcoming challenges of analyzing ever-increasing amounts of data from
large-scale astroparticle-physics experiments quickly and accurately. Machine learning methods
accelerate data processing and enable the design of analysis pipelines with very rapid response times,
which is essential for MMA. Speed is not the only advantage that machine learning brings to the
table. The new technologies o↵er the opportunity to significantly improve present reconstruction
methods and analysis techniques by identifying subtle patterns in the data that were previously
inaccessible. That enables us to devise new strategies to analyze future data and re-analyze existing
data, unlocking new opportunities in the field of data-driven knowledge discovery.

In recent years, first applications were developed to adapt machine learning-based analysis tech-
niques in MMA, including gamma-ray astronomy [711], neutrino astrophysics [712], gravitational-
wave detection [713], and, as seen in Sec. 5.3 through Sec. 5.7, cosmic-ray observations. So far,
most progress has been made in the area of supervised learning and object reconstruction using
convolutional neural networks (CNNs), recurrent neural networks (RNNs), and more traditional
approaches like decision tree learning. Other developments using graph neural networks and gen-
erative models are about to unfold.

Machine learning based event reconstructions In object reconstruction, algorithms are devel-
oped using an end-to-end approach which involves training the machine learning algorithms on large
simulated data sets to infer physically significant quantities; one example is extraction properties of
the primary particles given a particle footprint measured by surface-detector arrays. Specific exam-
ples of applications include event classification such as discriminating photons from hadrons [714],
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or distinguishing signal from backgrounds [715], as well as reconstructing physics observables like
the primary energy, arrival direction, and mass composition [716, 81, 717]. By applying the al-
gorithms directly to the data, it has been demonstrated that DNNs are capable of reaching the
performance of and even outperforming state-of-the-art results when compared to classical meth-
ods. There are examples of such applications from the Pierre Auger Observatory [718, 719], the
Telescope Array [720, 721], and IceCube [712], as outlined in Sec. 5.4 below. The increase in per-
formance is looks to be particularly significant in the reconstruction of mass-sensitive observables
and separating out the muonic component of showers, as these are exceptionally complex to extract
from detector data.

Data-driven analysis strategies Beyond the reconstruction of physics observables, there have
been initial steps towards sensor-close applications, like the denoising [715, 722] and unfolding [723]
of measured radio signals as well as the development of a real-time trigger stream [724] for AMON.
On top of the application to fundamental event reconstruction, approaches for high-level analyses
have been developed, for example, by studying cosmic-ray propagation and source properties [725].

Other approaches exploit the arrival directions of cosmic rays to obtain insights into their
origin [527, 726] and explore algorithms on non-Euclidean surfaces. The results from simulations
are encouraging. However, due to the large uncertainties in the simulated training data, arising, for
example, from the modeling of the Galactic magnetic field, significant systematic biases propagate
in the analyses. These are challenging to estimate and are so far not well controlled.

Domain dependency and systematic biases Inadequate modeling in simulations can lead to
systematic biases when applying models trained on simulations to measured data. This raises
particular challenges for the application of machine learning in contexts where the existence of
di↵erences between simulations and data are well known and calibration using reference measure-
ments is not possible. Aside from the challenges of modeling of the GMF, the precise simulation
of hadronic interactions in air shower physics is a major challenge in UHECR research (see Ch. 3),
which rely on simulation-trained algorithms. In this context of so-called domain adaption, the first
basic machine-learning techniques were developed for particle physics [710] and UHECR observato-
ries [727]. The results are promising, but more research is needed to better understand and exploit
the potential of these techniques.

5.3 Energy spectrum: A fixed energy scale at higher resolution

As described in Sec.2.2, it is clear that the overall picture has considerably improved in the last
two decades. The ⇠ 105 km2 sr yr of accumulated exposure has allowed for a precise measurement
of the spectrum shape, to find the new instep feature (see Fig.8), and to confirm beyond any doubt
the suppression at the highest energies. The spectrum has been measured in di↵erent declination
bands and the di↵erences between the measurements performed in the Southern and Northern
hemisphere by Auger and TA, respectively, have been scrutinized. The joint work has revealed
an overall good agreement up to 1019 eV and some evidence of potential di↵erences in the two
hemispheres at larger energies, which need further study. The TA-Auger working groups for the
spectrum and mass composition have been proven to be very e↵ective in constraining astrophysical
models [129]. However the interpretation of the suppression of the spectrum in terms of GZK
e↵ect [35, 36] and maximum acceleration at the sources is still uncertain, being limited by the lack
of FD data to address primary mass composition at highest energies (see Ch. 4).
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5.3.1 Improved exposure and resolution, improved astrophysical insights

The Auger and TA collaborations are currently implementing an extension of the detection
capabilities of the two observatories, aiming to increase the statistics and the sensitivity to primary
mass composition at the highest energies. The TA⇥4 project (see Sec. 5.1.2) is in the construction
phase and is planned to increase the size of the observatory from 700 km2 to 2,800 km2 (⇠1,700 km2

in 2021). By 2030, the experiment will have accumulated an exposure ⇠ 4 times larger than what
TA has collected so far. The Pierre Auger Observatory is also completing an upgrade, called
AugerPrime (see Sec. 5.1.1). This upgrade does not include an increase in aperture and thus the
continued data taking will amount to a ⇠

p
1.5 improvement of the statistical resolution of the

spectrum by the end of the decade. The Auger upgrade will instead bring a better understanding
of the mass composition up to the most extreme energies which is crucial to understanding both
particle- and astro-physics at the highest energies.

The extension of the TA array is extremely important to confirm, with high statistical sig-
nificance, the declination dependence of the position of the spectrum steepening at the highest
energies as shown in Fig. 9. Moreover, the increase in exposure will allow to significantly reduce
the statistical fluctuations that could a↵ect the comparison of the Auger and TA spectra in the
common declination band (see Sec. 2.2.2). The higher statistics in TA and the combination of
WCD and scintillators in AugerPrime will also allow to understand the systematics between the
two experiments and to put a final word on the discrepancy between the spectra at the highest
energies.

5.3.2 Understanding of the galactic/extragalactic transition

As shown previously in Fig. 7, the spectrum measurements performed at the Auger and TA
observatories extend to lower energies, allowing for the coverage of almost the entire energy range
in which CRs are studied through the detection of extensive air showers. The lowest energies are
attained by analyzing the events dominated by Cherenkov light detected with special fluorescence
telescopes that point at high elevation angles [73, 67]. For the SD-based measurements, the energy
threshold is lowered using denser arrays of SD stations nested in the main array. Recently, Auger
published the spectrum down to 1017 eV using an array with 750 m spacing [48]. In the near future
the region around the second knee will be completely covered by both Auger, using an array with
433 m spacing [49], and by TA, using TALE-SD [728]. These SD-based measurements are important
since they benefit from larger statistics and a more model independent reconstruction, unlike the
FD ones that must rely on simulations for the exposure calculation. However, the second knee will
also be covered by the IceCube-Gen2 (see Section 5.1.3) [24] experiment at the South Pole, with
complimentary methods which should further reduce global systematics and increase statistics.
This is important as a precise characterization of the spectrum at UHE is crucial to the study of
the transition from galactic to extra-galactic CRs.

5.3.3 Better understanding of energy scales

A further improvement in the understanding of the systematic uncertainties in the measure-
ments performed by TA and the Pierre Auger Observatory, in particular the ones a↵ecting the
energy scales, will be attained via several activities of cross-calibration. One method includes de-
ploying Auger SD stations at the TA site [729, 730, 731]. By operating an independent Auger
hexagonal elementary cell within TA, the parameters extracted from TA and Auger SD reconstruc-
tion algorithms can be compared for the exact same showers. This may reveal some discrepancies in
the energy determination of showers observed by the SD of each experiment. The FAST [170, 171]
concept includes deploying an array of low-cost fluorescence detectors at both the TA and Auger
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sites. Prototypes of the telescopes have already been deployed and have demonstrated the ability
to reconstruct air showers based on the economical design. Another proposal includes a portable
array of antennas that can be deployed at di↵erent “host” experiments [732, 733]. Cosmic rays can
be measured with the radio array at each site, contemporaneously with the traditional cosmic-ray
measurements of the host experiment, and the radiation energy for each event will be reconstructed.
The radiation energy at each site can be directly compared, which in turn allows the hosts’ recon-
structed cosmic-ray energy to be directly compared.

At ultra-high energies, the calorimetric measurements of the electromagnetic content of air
showers have historically been performed using fluorescence techniques [119, 120, 29, 734]. However
in recent years, the development of the radio technique has proven to be a viable method to
directly access the calorimetric energy in the electromagnetic cascade as well [735]. This method,
discussed more completely in Sec. 6.1.4, will allow for a second method to validate the energy
scale of future experiments, therefore providing further information on the largest contribution to
the systematic uncertainty a↵ecting the measurement of the energy spectrum. The measurements
performed with AERA [736], a set of radio detectors installed in the denser array of the SD at
the Auger site, together with the measurements that will be performed in very inclined showers
with the AugerPrime radio antennas, will be important for improving the understanding of a major
systematic uncertainty.

One of the largest contribution to the uncertainty in the energy scale of the UHECR observa-
tories is related to the absolute calibration of the detectors, both for the fluorescence and radio
detection techniques. For both TA and Auger, the uncertainty in the absolute calibration of the
fluorescence telescopes is 10% against the total uncertainty of 21% [127] and 14% [737, 126], re-
spectively. A new calibration system is being developed in Auger that consists of using a portable,
calibrated light source mounted on a rail system is moved across the aperture of each telescope [738].
The light source is an integrating sphere that is calibrated in a dedicated setup operated in the
laboratory and its intensity is measured with a 3.5% precision. For the radio detection technique
the typical uncertainty in the calibration of the overall gain (antenna and electronics) is about 9%.
The calibration in situ is performed using external radio sources, e.g., carried out by an octocopter
as in the case of AERA [739]. An independent method using the background Galactic emission is
being developed [740, 741] which will allow to make cross-checks and has the advantage to provide
a calibration stable over time.

5.4 Primary mass composition: Toward event-by-event separation and the post-
suppression picture

There are a few main goals of near-term and future projects with respect to primary composition.
The first is to remove the ambiguity between mass composition and hadronic interactions through
the collection of high-statistics air-shower observations with multiple observables with energies
ranging from 100 PeV (i.e., close to the center-of-mass energy of the LHC) up to ultra-high energies
[742, 743, 744, 745, 746, 747]. The second is to gather enough composition data at the highest
energies to constrain the mass picture above the suppression. A third would be to explore how mass
information can be combined with arrival directions to probe the UHECR sky at all energies with
increased power. These and other goals will be accomplished through a combination of upgraded
detectors and new analysis techniques.

5.4.1 Machine learning methods and mass composition

As outlined in Sec. 5.2, machine-learning methods, and particularly DNNs, are beginning to be
leveraged to reconstruct primary cosmic-ray mass to great e↵ect. The current mass composition
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related machine-learning methods e↵orts of each of the major current observatories are described
below, along with outlooks on how these methods should progress in the next 10-years.

IceCube and IceTop The analysis of the combined data from surface IceTop and deep in-ice
IceCube are well suited for the application of various machine learning methods. In recent years,
several neural network and random forest methods were successfully applied to analyze the cosmic-
ray data from both detector components. Recent technical developments show promising results
for the future IceCube-Gen2 observatory to increase the usage of machine learning methods even
further. Those methods include for example reconstructions using deep CNNs as well as graph
neural networks (GNNs) and recurrent neural networks for filtering.

Pierre Auger Observatory Two machine learning based algorithms have been developed with
the goal of extracting mass composition information from the WCDs of the surface detector array.
The first technique [57] provides a direct reconstruction of Xmax with the SD using recurrent and
convolutional neural networks which analyze the time-dependent signals detected by the WCDs.
Though the network was trained using extensive simulation libraries, dependencies on the hadronic
model were removed using hybrid events to validate the reconstruction and cross-calibrate it to the
Xmax scale of the fluorescence measurements. When applied to data, the post calibration event-
by-event Xmax resolution amounts to roughly 25 g cm�2 (see Fig. 78) above a few EeV [199]. This
enables improved composition studies at the highest energies compared to those possible with classic
SD analyses, for example the interpretation of the signal rise time [173]. The second method [58]
aims to directly extract the muon signals recorded by each WCD using recurrent neural networks
as the total number of muons produced in a shower Nµ is strongly correlated with primary mass
and is subject to lower shower-to-shower fluctuations than Xmax. In simulations it was found that
the network was able to estimate the fraction of the total WCD signal contributed by muons with
a bias of less than 2% and a resolution better than 11 %.

Hadronic interaction model uncertainties in the muon production currently serve to limit the
precision of SD-based composition studies as measuring the muon content of the shower would
be the natural approach for ground-based detector arrays. In the case of Nµ, interpretation is
particularly impaired at the highest energies where the statistical power of the SD is badly needed.
SD-based reconstructions of Xmax su↵er less from model uncertainties, their resolutions are limited
by the need to cross-calibrate their reconstructions with the FD and the inherently lower sensitivity
of Xmax itself. Through the addition of the SSD, the AugerPrime upgrade currently underway o↵ers
an opportunity to improve the resolutions obtainable by both methods. This in turn will provide
much-needed data to aid in improving hadronic interaction models and would provide the statistical
power needed to constrain primary composition at energies higher than those reachable through
the FD.

Telescope Array An analysis of TA SD data using a BDT has been developed to measure CR
composition [204, 748]. The variables considered in the BDT include SD observables related to the
shower LDF, the shower front thickness and curvature, and the shower muon content as observed
by a combination of the number of peaks in SD traces and upper/lower layer di↵erences. The BDT
analysis results in a classifier variable that is calibrated using CORSIKA simulations with di↵erent
HE interaction models. Single-species MC sets are reconstructed to give the average classifier
value. Then the classifier value for the data is compared, after a bias correction, and a hln Ai value
is determined. The results have shown constant composition as a function of energy at about the
helium level [749]. This method, combined with the four-fold increase in SD statistics and the
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expanded hybrid aperture of TA⇥4 will drastically increase mass composition statistics at TA.

Longitudinal profiles and machine learning methods In addition to their application to SD
data, there may also be significant advantages in using these same machine learning methods to
extract additional mass information from the profiles of showers. Though so far mostly untried, it
has already been shown that there is significantly more primary mass information in the longitudinal
profiles then that which can be provided by Xmax alone [750]. From this it is clear that there is
a good opportunity to apply similar machine learning methods as described above to increase
the mass resolution of FD only measurements. It can be expected that these methods will be
experimented with in the next 10-years and may feature alongside the already proven SD methods
in the mass composition analyses of the next generation of detectors.

These developments, together with a more complete understanding of hadronic interactions at
high energies, have the potential to determine the mass composition at the highest energies with
unprecedented statistics and fidelity in the next 10 years.

5.4.2 Mass composition and arrival directions

By combining the primary mass with the arrival direction and energy of each cosmic ray,
charged-particle astronomy gains sensitivity in a way comparable to adding multiple wavelengths
to optical astronomy. Additionally, with mass composition, the charge of primaries is also known,
which when combined with a high-resolution energy reconstruction results in the availability of
primary rigidity for analysis. When this is combined with modern magnetic field models, the
possibility to perform charged-particle astronomy, even at energies below the flux suppression, is
recovered as long as the rigidity of the evaluated component is above ⇠ 10 EV (see Sec. 4.3.2 for
more).

Currently, because the collaborations are on the cusp of meeting either the required statistical
power with FD methods, and/or the required mass resolution with SD methods, there are many
techniques currently under development which will come into their own in the next 10-years. It
can therefore be expected that these types of studies will be central to UHECR science in the next
generation of experiments. As examples, in rough order of increasing complexity:

i) light-only anisotropy studies;

ii) split sky mass studies;

iii) mass composition sky-mapping;

iv) mass + arrival direction + energy spectrum combined fits;

v) event-by-event magnetic field inversion.

Each of the above studies and methods will benefit greatly from the increased mass resolution
and aperture a↵orded by the upgrades of both TA and Auger. However, these types of analyses
are already being carried out and are producing interesting results. An analysis in the vein of i)
was recently carried out on SD data in [751] which hinted at an excess of light events clustering
near established hot spots. In [55] analyses of the types ii) and iii) have already been performed
on data as well. The result, illustrated in Fig. 53, hints that at energies above the ankle the mean
mass of UHECR arriving from middle galactic latitudes is higher than that of UHECR arriving
from other parts of the sky. The mean mass di↵erence found is much larger than would be expected
from current source and propagation models, leading to significant tension [213]. An analysis in the
vein of iv) has also been explored using simulations [205], which shows promise in di↵erentiating
between source scenarios when the method is applied to data. An analysis of type v) has not yet
been performed and cannot realistically be carried until improved GMF models, reconstruction
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methods and/or upgraded instrumentation are available. This is an area of intense study which
and is outlined in Sec. 4.5.3.

In all of these studies, statistics have proven to be a limiting factor, yet all are also showing
hints of results which if confirmed would have major impacts on the understanding of UHECR
sources and propagation. In the next 10-years, SDs at the upgraded observatories will be able to
add their considerable statistical might to these e↵orts and primary composition anisotropy studies
will become more frequently leveraged to study the cosmic ray sky. This is already beginning as
SD data is being reanalyzed using machine learning techniques expanding the composition sensitive
aperture at the highest energies. This can only continue as the upgrades will increase the resolution
of SD methods to eventually enable the event-by-event study of mass composition as a function of
arrival direction. With these advances the study of the UHECR sky as a function of rigidity will be
a key component of results from the upgraded observatories and the next generation of detectors.

5.4.3 Towards a model-independent measurement of composition

There are several possibilities to decrease the theoretical uncertainties on primary composi-
tion due to our limited understanding of hadronic interactions by using the data from air shower
experiments. Most importantly, the correct mass scale needs to be established for at least one mass-
sensitive air shower observable (shower maximum, number of muons, muon production depth, etc.)
and then transferred to all other observables via

Analyses with low sensitivity to uncertainties in hadronic models The best-known ex-
ample of such analyses are nearly model-independent inferences on the evolution of hln Ai with
energy from the elongation rates of di↵erent shower observables (see Figures 11 and 14). However,
recently a method based on the correlation between Xmax and particle density at ground [752] was
applied by Auger for constraining the spread of the masses in the primary beam [194, 54]. This
study proved that near the ankle the composition is mixed and includes nuclei heavier than helium.
As yet another example, a method to extract the proton-to-helium ratio [753] was applied in TA
to set lower p/He limits [754]. With the higher statistics of the Auger data even stronger p/He
limits should be possible. Input from these kind of analyses will help to better restrict hadronic
interactions which in turn will lead to even smaller uncertainties in the determination of the mass
composition. This will allow one to perform stricter tests of self-consistency of hadronic models.

Self-Consistency An example of the power of air-shower data to perform data-driven tests of the
consistency of hadronic interactions and the inferred cosmic-ray composition is the analysis of the
first two moments of the distribution of shower maximum [755, 189] with which it could be shown
that the Xmax values predicted by air-shower simulations with the hadronic interaction model
QGSJet-II.04 [288] are incompatible with the data. Further examples which exploit the FD data
make use of the fractional composition fits of Xmax distributions with simultaneous adjustments
of the hXmaxi and �(Xmax) scales [756] or proton-proton interaction cross-section [757]. Even
more powerful consistency checks are possible with the inclusion of ground-level particle densities,
see e.g., Refs. [194, 758, 208]. Many of these self-consistency checks have been performed at low
energies, where the current experiments collected a lot of events. Similar studies at UHE will need
much larger exposures for high-quality, event-by-event measurements of multiple mass-sensitive air
showers observables, which will be provided through the upgrades.

Cosmic Spectrometer Another possibility for the study of composition at UHE relies on the
detection of point sources in the arrival directions of cosmic rays. Recently there have been tanta-
lizing hints with significances of up to 4.5 � for a clustering of cosmic rays at intermediate angular
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scales [39, 38]. If these hot spots in the cosmic-ray sky are corroborated by future data, then
the study of the arrival directions can open a window of opportunity to determine the cosmic ray
composition without the use of hadronic interaction models. The location of the apparent image
of the sources will be distorted by the GMF [512], which acts as a particle spectrometer on the
charged cosmic rays [759, 760, 526]. An even more direct handle on the cosmic-ray composition
could be provided by the discovery of multiplets of magnetically-aligned arrival direction of cosmic
rays [502, 519, 520, 503]. Both of these potential studies call for a large-exposure detection of
cosmic rays with event-by-event mass sensitivity.

Cosmic Mass Degrader Another advantage of a high-statistics measurement of cosmic rays at
ultra-high energies is that extragalactic photon fields limit the propagation distance of cosmic-ray
nuclei. Between 100 EeV and 300EeV, the interaction length is largest for proton and iron particles.
It is therefore possible (if the extra galactic cosmic-ray flux is dominated by (> 10 Mpc) sources)
that at these energies the particle beam arriving at our Galaxy consist of only iron and some
protons, as intermediate mass primaries are e�ciently photo-disintegrated [486]. The observation
of a bi-modal distribution of air shower observables, e.g., in the muon-number/shower-maximum
plane, could set the mass scale for these two variables with high precision and without the need to
resort to air shower simulations.

5.5 Shower physics and hadronic interactions: Beyond the Muon Puzzle

As described in Ch.3, accurate measurements of extensive air showers in the atmosphere provide
broad opportunities for interdisciplinary studies between modern astroparticle and high-energy
particle physics. In this section, these synergies will be further explored in the context of upcoming
and proposed air shower and collider experiments. In Sec. 5.5.1 how future UHECR observatories
can inform particle physics will be discussed, while the impact of upcoming collider experiments
on air shower physics will be described in Sec. 5.5.2

5.5.1 Particle physics with UHECR observatories

The main goal of future large-scale UHECR experiments, either on the ground or in space,
will be to increase the aperture to reach a su�ciently large number of events at the end of the
energy spectrum to study the sources of cosmic rays. As a result, if even a small fraction of protons
at the highest energies exists, event statistics will be su�cient to directly measure the proton-
air cross section at these energies as has already been done at lower energy by the Pierre Auger
Observatory [40] or Telescope Array [298, 147] (see Sec. 3.1).

The p-Air inelastic cross section is extracted from the tail of the Xmax distribution using a
fraction ⌘ of the events with the largest Xmax. Depending the fraction of protons compared to
nitrogen or silicon, di↵erent fraction ⌘ can be used, leading to results with di↵erent precision. An
example is given in Fig. 52 which shows a feasibility study for POEMMA [168] (see also Sec. 6.3.1).
With a ratio p:N of 1:9, only 2% of the events can be used leading to much larger error bars,
compared to a p:Si ratio of 1:3 which would allow the use of 13% of the measured events at
E = 1019.6 eV, equivalent to a center-of-mass energy of 283 TeV. This measurement would further
extend previous cross section measurements by UHECR experiments into a phase space far beyond
current or future colliders, at least for the next ⇠ 50 years.

As previously discussed in Sec. 3.4, it can be expected that the muon production in air showers
will be precisely quantified within the upcoming decade. At the same time, precise measurements
of multi-particle distributions in the forward region at the LHC will become available and put
strong constraints on the hadronic interaction models. With this wealth of data, it is expected that
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Figure 52: Potential of a measurement of the proton-air cross section with POEMMA [168]. Shown are also current
model predictions and a complete compilation of accelerator data, converted to a proton-air cross section using the
Glauber formalism. The expected uncertainties for two composition scenarios (left p:N=1:9, right p:Si=1:3) are
shown as red markers with error bars. The two points are slightly displaced in energy for better visibility.

the currently missing ingredient(s) in recent hadronic interaction models will be found and that
future models will become reliable tools to fully exploit air shower data even at higher energies
(validated by self-consistency checks in hybrid EAS measurements). In turn, this will provide
essential information for the future analysis of multi-messenger data in conjunction with gamma-ray,
neutrino, and gravitational wave observations [703]. If, however, LHC data can be fully reproduced
but the Muon Puzzle remains unsolved, the quality of the EAS data will allow for tests of BSM
physics scenarios, using either the bulk properties of the data or using tails of certain distributions,
like the muon number and the Xmax distributions. In both cases, a new era of high-precision
particle physics studies with accurate air shower data will be opened.

In order to fully realize the physics potential of muon measurements with large-scale UHECR
observatories, future experiments should be equipped with radio antennas to measure the shower
energy very precisely, and buried or shielded muon detectors with high spatial and time resolution
and large collection area. Shielding is needed to have a clean muon signal without contamination
from photons or electrons. This, and high resolution in time is needed to make full use of the infor-
mation in the muon production depth. These ideas already influenced the design of GCOS [27] or
the GRAND [26] sub-array with particle detectors, full described later in Sec. 6.3.3 and Sec. 6.3.2.
With a very high event statistic and accurate models, including rare high-energy physics phenomena
like particle physics event generators, such as Pythia [761, 762, 763, 764, 765] (see also the contri-
bution to Snowmass 2021 on high-energy MC event generators [766]), standard model predictions
could be tested at energies much higher than any at current or future accelerator. In particular,
the production of heavy hadron flavors can be tested which will carry an increasingly significant
part of the energy.

The extension of the IceCube Neutrino Observatory to higher cosmic ray energies by IceCube-
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Gen2 [24] (see also Sec. 5.1.3) will provide coverage of the region which overlaps with data from
the Pierre Auger Observatory, enabling combined studies of the atmospheric muon fluxes. The
increased aperture of IceCube-Gen2 for coincident events also opens the possibility to study the
angular dependence of the muon content in EASs. Together with an increased precision resulting
from the enhanced air shower reconstruction provided by the surface array and the improved in-ice
calibration, this will contribute to further tests of the improved hadronic interaction models. With
this, air shower data from many experiments can in turn be re-analyzed in the context of cosmic ray
mass composition measurements more reliably, or, if some discrepancy remains, it could potentially
lead to the discovery of more exotic particle phenomena.

The combined detection of atmospheric muons in relation to initial cosmic ray is also relevant at
⇠ PeV muon energies. These muons dominantly originate from decay of charmed and unflavoured
mesons and are produced mainly in air showers at PeV to EeV energies [702], exactly in the range
covered by the surface array of IceCube-Gen2. Due to the large aperture and given enough exposure,
IceCube-Gen2 could make the first measurement of the prompt component of the muon spectrum.
This will also constrain prompt neutrino production at the highest energies and contribute to
a better understanding of the background estimates for astrophysical neutrino searches [97, 96].
An in-depth discussion of astrophysical neutrino searches in a multi-messenger context can be
found in complementary contributions to Snowmass 2021 on high-energy and ultra-high-energy
neutrinos [767], and multi-messenger astronomy and astrophysics [768].

5.5.2 Measurements at the high-luminosity LHC and beyond

Measurements at collider experiments provide important complementary information which is
crucial for the understanding of particle interactions in air showers, as discussed in Ch. 3. Existing
measurements from the LHC, as well as data from the upcoming high-luminosity LHC (HL-LHC)
run, will play a crucial role in understanding the origin of the Muon Puzzle, for example.

In the future, the synergies between astroparticle and high-energy physics could be further
exploited with the proposed Forward Physics Facility (FPF) at the HL-LHC [701]. The FPF is
proposed to be located several hundred meters from the ATLAS interaction point, shielded by con-
crete and rock, and it will host a variety of experiments to uniquely probe physics in the far-forward
region. As discussed in-depth in a dedicated contribution to Snowmass 2021 [696], measurements of
leptons with the proposed experiments at the FPF can provide important information about multi-
particle production in hadronic interactions in the far-forward region. This will further improve
the modeling of high-energy hadronic interactions in the atmosphere. The construction is proposed
to take place from 2026 to 2028, in order to install support services and the proposed experiments
starting in 2029, and to take data not long after the beginning of Run 4 at the HL-LHC.

Another interesting proposed option to measure particle production in the forward region of an
HL-LHC interaction point is the construction of a dedicated Very Forward Hadron Spectrometer
(VFHS) [769]. Such an experiment would enable measurements of the charged hadron production
in hadron-hadron collisions with longitudinal momentum fraction, i.e., Feynman-x, between 0.1
and 0.9. Hence, the VFHS could potentially also yield important information about forward multi-
particle production in hadron interactions on order to further improve hadronic interaction models.

Once the hadronic interaction models can successfully describe all details (i.e., various observ-
ables and their correlations) of the air shower development at ultra-high energy (1̃00 TeV center-of-
mass energy), they will become reliable tools for the development of the proposed Future Circular
Collider (FCC) and associated experiments. In order to study both the background of secondary
particle production associated with the production of rare but relevant high-energy physics phe-
nomena (e.g., Higgs or Top production, BSM physics, etc.) and the detector response, models are
required that are able to generate hadronic interactions under conditions that can not be tested
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in man-made experiments but which occur in extensive air showers (e.g., high energy, meson pro-
jectiles, forward particle production). The best models for the FCC development should be tested
against air shower data of high precision to be validated at the energy of the FCC. The models used
for EAS simulations are already used in tools like Geant4 [770, 771] for other direct cosmic ray
experiments like DAMPE [772], for example, where the cascade energy generated in the calorimeter
goes beyond the energy range of traditional hadronic models used in Geant4 for the LHC. These
developments will further be extended into the FCC era.

5.6 Anisotropy: Bringing sources into focus

Taken globally, the existing UHECR data indicate that cosmic ray deflections in the interven-
ing magnetic fields are typically large – too large to allow for a direct identification of sources via
small-scale clustering, with the currently available statistics, but apparently not large enough to
completely isotropize the UHECR flux – as indicated by the observed large-scale dipole anisotropy
and the interesting hints of anisotropies at intermediate scales. To extract more information about
UHECR sources from UHECR anisotropies, two advances are underway: further increasing statis-
tics, especially in the northern hemisphere with the TA⇥4 upgrade, and adding event-by-event
information on the charge, Z, of each UHECR with the AugerPrime upgrade.

5.6.1 Improving statistics

Regarding statistics, at the time of writing, the Telescope Array detector is currently undergoing
the major upgrade to TA⇥4 which will increase its e↵ective area by a factor of ⇠ 4 [773], with about
half of the planned detectors having already been deployed and taking data. The important goal
of this extension is to discover intermediate-scale anisotropies of the UHECR flux at the highest
energies by significantly increasing the number of detected events. This will also boost the accuracy
of the combined full-sky TA and Auger Observatory analyses as the relatively small statistics of
events in the northern hemisphere is the main limitation at present. Continuing operation of Auger
should yield a significance level of 5� for the Centaurus region excess by the end of 2025 (±2
calendar years), possibly preceded by a similar significance milestone in the correlation with the
starburst catalog, if those excesses continue to grow. And with the merged data sets of TA and
Auger, measuring the energy dependence of the dipole anisotropy, identifying or placing limits on
a quadrupole or higher component, and separating the Galactic and extragalactic dipoles, should
all become feasible.

5.6.2 Composition-enhanced anisotropy searches

On the Auger side, much more impactful than merely the growth of statistics will be the
full deployment of the upgraded capabilities of the SD array, i.e., AugerPrime [22]. With the
upgrade, AugerPrime will be able to disentangle the electromagnetic and muonic components of
the air showers registered by the surface detector on an event-by-event basis, allowing to have
mass-sensitive parameters for each SD event. Additionally, the radio detector array will provide
composition constraints for large-zenith angle events. Taking data steadily from 2023, AugerPrime
should collect enough events by the end of the decade with individual events’ rigidities determined
(with some uncertainty), to map the composition anisotropy and possibly reveal a component of
low-Z UHECRs which should be particularly useful for source identification.

The data from the Phase 1 of the Auger Observatory indicate that the composition becomes
heavier with increasing energy [189, 195, 173]. However, these results do not rule out a fraction of
light nuclei at the highest energies, which can be expected assuming there is a diversity of source
types. Indeed, some analyses already suggest the presence of a light or proton-like component, see
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e.g., Ref. [248]. With AugerPrime, it will be possible to identify the subset of events which are
candidates to be protons or light nuclei and thus the easiest events to use for anisotropy studies,
given that (for a given energy) those are the ones least deflected by the Galactic and extragalactic
magnetic fields. This important new capability of AugerPrime will enable the entire accumulated
Auger Phase 1 data set to be retroactively tagged by mass-composition estimators on an event-
by-event basis, using machine-learning techniques [57] and an approach based on the concept of
air-shower universality [774], calibrated with events detected with AugerPrime.

The discovery of di↵erences in arrival directions for particles of di↵erent species is a tantalizing
goal. All the anisotropy searches will benefit from having mass-composition proxy on an event-
by-event basis, by re-performing the same analyses with events likeliest to have high rigidity. For
example, if the Centaurus region excess is real and all the excess events have high rigidity, standing
over a low-rigidity background, being able to reject 22% of the heaviest events in the sample would
already yield a 5� significance with the current statistics. Moreover, composition information will
allow the Auger Collaboration to see if there is evidence of a Peters’ cycle structure (maximum
energy achievable at the accelerator depending on the rigidity) in the energy evolution of the ex-
cesses. Furthermore, Auger will perform combined analyses such as in Ref. [205], simultaneously
fitting the energy spectrum, the arrival directions of the events and the mass-composition estima-
tors; this combined analysis has proven to have a much better sensitivity to distinguish between
di↵erent catalogs of source candidates, even with the much lower statistics available for composition
information from the fluorescence detector. With the event-by-event mass-composition estimator,
Auger will also update the search for multiplets, i.e., sets of events that show a correlation between
their arrival direction and the inverse of their rigidity [503] as expected if they come from a common
source. Discovering such multiplets will give extremely valuable information on the GMF, since the
deflection as a function of rigidity will be fully determined with no further assumptions as needed
for most probes of the GMF. In parallel, progress in our understanding and modeling of the GMF
will help bring UHECR sources into focus.

Finally, by having a mass-composition estimator with the statistics of the surface detector,
Auger will be able to test independently the 3.3� anisotropy laying along the galactic plane which
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Figure 53: Map showing the relative cosmic-ray composition detected by the Pierre Auger Observatory above 1018.7 eV
with the FD, in Galactic coordinates. From Ref. [55].
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depends on the mass of primary cosmic-rays, using the events registered by the fluorescence detector
(a dataset which is an order of magnitude smaller) [55]. This hint of anisotropy, which was detected
with events with an energy above 1018.7 eV and a galactic latitude splitting at |b| = 30�, seems to
indicate that the events detected in the on-plane region are heavier than the ones in the o↵-plane
one (see Fig. 53). This e↵ect could be caused by the GMF, if sources are extragalactic, non-
homogeneously distributed and the UHECR composition is mixed [55].

5.7 Neutral particles: Improved sensitivity and game-changing detection

As a result of the developed strategies to detect neutrinos, photons, and neutrons with the
Pierre Auger Observatory, as well as of the increased statistics, significant improvements can be
expected in the next decade to the upper limits that are to be deduced in case that no candidate
events are found. This applies to di↵use fluxes, to specific source directions and candidates, as well
as to a variety of transient events.

Many more opportunities to find EeV neutral particles will come with the vastly increasing
number and better localization of detected sources of gravitational waves with the network of LIGO-
Virgo-KAGRA interferometers; the increased number of detected sources of TeV-PeV photons with
gamma-ray telescopes such as CTA, and most likely of 100 TeV - PeV neutrinos with IceCube and
possibly other neutrino telescopes in correlation with these sources.

5.7.1 Cosmogenic and astrophysical photons and neutrinos

A possible scenario of neutrino production is shown in Fig. 54. It assumes the generation of
astrophysical neutrinos directly at the sources, and of cosmogenic neutrinos from UHE proton in-
teractions with the CMB. The strong dependence of the cosmogenic photon and neutrino fluxes
on the UHECR composition at the highest energies, will allow for an estimation of the primary
composition in case cosmogenic fluxes are observed. In fact, present data of the Auger Observatory
allow the possibility of a subdominant proton component in the UHECR flux sticking out to the
highest energies. Conservative extrapolations of the sensitivity of the Pierre Auger Observatory to
EeV cosmogenic neutrinos, lead to the conclusion that a fraction of protons at a level of 10 % at
the highest energies will allow detection of cosmogenic neutrinos, unless the cosmological source
evolution is softer than what is expected from star formation [61]. In combination with direct com-
position measurements at the highest energies, searching for UHE cosmogenic neutrinos provides
the opportunity to also constrain the UHECR source evolution more sharply than is possible at
present (see e.g., [253]).neutrino

The same arguments do also apply to the production of cosmogenic photons. Just as with
cosmogenic neutrinos, a substantial proton flux will lead to higher fluxes of photons [248], and
consequently, a non-observation of photons strongly constrains the proton fraction [775, 776]. In
this case, because of photon-photon interactions, the intensity of the flux is strongly influenced
by the local source distribution, decreasing as the local source density decreases. Similarly as to
neutrinos, presently existing upper bounds to cosmogenic photons start to enter into the parameter
space of GZK-expectations [242, 274], provided the proton fraction is su�ciently high at the highest
energies. Due to their limited horizon, cosmogenic photon fluxes are rather insensitive to the
cosmological source evolution but, other than neutrinos, probe the local Universe, often expressed
in terms of negative evolution parameters. This example demonstrates the complementarity of the
two messengers.

The bounds on neutrino and photon fluxes will become stronger in the next decade, because of
more statistics becoming available and of improved analysis techniques being developed. Extrap-
olation of the limits obtained so far by the Pierre Auger Observatory lead to improvements by a
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mock data from model

Figure 54: A fiducial model for the flux of neutrinos which illustrates the qualitative range of reasonable possibilities.
This model consists of three components: 1) a UHECR-produced peak at 1016 eV giving the best-fit to the high-
energy astrophysical neutrino flux consistent with UHECR data from Auger and IceCube, taken from [254]; 2) a
peak at 1018 eV due to GZK-produced neutrinos assuming a 10% proton fraction above 30EeV, taken from [250];
and 3) a low-energy component of neutrinos produced by some non-UHECR sources, tuned to give the best-fit to
the low-energy astrophysical neutrino data. The shown points for IceCube-Gen2 are mock data for this model for
10 years of combined optical and radio measurements. A number of other plausible models for the astrophysical
neutrino flux based on specific astrophysical source types are explored e.g., in Refs. [437, 484, 465, 255].

factor of ⇠ 2 for neutrinos and 3 for photons with respect to those shown in Fig. 19. These are
very conservative estimates because they ignore all the upgrades that are being deployed, which
will help to improve the selection capabilities of the Auger Observatory to detect these particles.

5.7.2 Neutrons

Similarly as with UHE photons and neutrinos, the search for UHE neutron point sources will
benefit from increasing statistics and improved techniques becoming available in the next decade.
This will enable more sensitive searches for transient galactic sources[223], and push down the
bounds on the neutron energy flux to a factor of about 100 below those expected from a 1/E

2

extrapolation of TeV �-spectra from galactic sources [59].

5.7.3 Follow-up observations & transient events

The next decade of multi-messenger observations will strongly benefit from the progress in grav-
itational wave detection. The enhanced sensitivity that is being reached as existing gravitational
wave detectors are optimized and as new ones come into play, should increase the rate of events to
follow by very large factors. The example of the neutron star merger GW170817 has impressively
demonstrated the science potential of follow-up observations of UHE neutrinos (and photons), with
their upper bounds being close to expectations from models of jet formation [66]. In the future, the
rate of GW event observations will vastly increase, which promises a rich science harvest. Di↵erent
from imaging �-ray telescopes pointed to specific regions of the sky, and complementary to �-ray
arrays observing the sky at lower energies, observatories such as IceCube, Auger and the Telescope
Array, provide continuous coverage of a large part of the sky and thus initiate automated neutrino
(and photon) searches upon GCN alerts, and also contribute by sending alerts. Besides analysing
individual events, stacking analyses, such as those started by the Auger Collaboration [62, 63], will
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allow to push down the neutrino bounds in direct proportion to the number of detected GW events.

5.7.4 Indirect information on neutral particles from UHECR measurements

One of the most important developments that can be expected to take place in the following
decade, specifically in UHECR measurements, is a more precise determination of composition of
UHECR on an event-by-event basis, with the goal to enable composition enhanced anisotropy stud-
ies, particularly at the highest energies. The Auger upgrade AugerPrime [22], is mostly designed
with this as a main objective. Through it, an increase in statistics by at least an order of mag-
nitude will be achieved, which will also allow a better establishment of the average composition
and, in particular, that of the highest-energy particles. A more accurate determination of UHECR
primary mass will open new possibilities to select samples of particles with enriched rigidity from
a large fraction of the sky, for which the anisotropy signals are likely to be enhanced and easier to
be detected. The study of composition-driven anisotropies will be crucial in further constraining
the sources of cosmic rays, and the secondary fluxes of neutrinos and photons that could arise from
their interactions with matter and/or radiation.

While mass measurements are already giving an increasingly clearer picture of the composition
becoming heavier as the energy rises in the 3 to 50EeV range, there are no measurements at
the highest energies, yet. Composition inference has been achieved with combined fits of the
spectrum and measurements of the average Xmax and its fluctuations under the hypothesis of a
rigidity limited acceleration at sources (Peters’ cycle) which predicts heavier components at the
highest energies [160]. However, in case that the acceleration mechanism is more complex than
Peters’ cycle hypothesis, and/or if the sources of UHECR are not of a unique type, a very di↵erent
composition beyond 80 EeV could be expected and few constrains on composition could be obtained
from the scarce data that is available today. As an example, if a component of protons exists at
the highest energies, even if it has a small fraction of order 10%, the possibilities of doing UHECR
astronomy will be notably enhanced and possible sources may be imaged with the cosmic rays,
besides obtaining invaluable information about the intervening magnetic fields. This in turn will
allow UHECR to be finally added to the list of ‘messengers’ available for multi-messenger studies
of astrophysical sources and processes.

With the upgraded UHECR detectors and the increase in statistics, all searches for anisotropies
with UHECR can be expected to improve to the level of providing further and more precise tests of
indications of correlations with potential candidate sources or localized excesses which have not yet
reached a high enough statistical significance. Moreover, the wealth of observational data probing
the Galactic magnetic field is expected to be increased by more than an order of magnitude over
the next decade by upcoming instruments, in particular the SKA and its pathfinders and surveys.
These observations will significantly reduce the uncertainty on the 3D magnetic field, both locally
and throughout the Galactic disk, providing information about the magnitude of the coherent
and stochastic field components, as well as their overall orientation. This will significantly reduce
uncertainties in modeling the GMF, and enable much more robust correlations between UHECR
events and neutral messengers. For a more detailed discussion of the current and future status of
the Galactic magnetic field see Sec. 4.5.3.1.

All these observations, in combination with other multi-messenger observations, are expected
to further constrain UHECR acceleration and the astrophysical sources where it takes place, giving
also a clearer picture of their spatial distribution about the Earth. This will have a direct impact
in constraining the fluxes of UHE photons and neutrinos that could be expected at the Earth.
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Chapter 6

Instrumentation roadmap:
A strategy for the next generation of UHECR experi-
ments

While the upgrades of the current generation of cosmic-ray air shower arrays are essential for
progress in the next decade, these experiments are too limited in their exposure to solve some
of the key science questions of UHECR. Therefore, a new generation of experiments is required
featuring an order of magnitude higher aperture to identify the sources of UHECR, study the
particle physics of air showers at the highest energies, search for ZeV particles and BSM physics.
Building on recent and ongoing technology and computational developments, three future UHECR
experiments expected to be operational in the next decade will complement each other in achieving
the various UHECR science goals.

6.1 Technological development for the future

Various techniques are used for the detection of cosmic-ray EASs, which measure di↵erent
observables of the air showers. They each have their advantages depending on needs. The following
paragraphs summarize recent technology progress and ongoing developments. These build the
foundation for the next generation of UHECR experiments. Developments are ongoing regarding
all detection techniques (Fig. 55), making use of silicon photo-multipliers (SiPMs) as well as recent
electronics advances. Substantial progress has been achieved in the last decades especially regarding
the digital radio technique for air showers, which has matured to a level that it will play a major
role in the next generation of arrays. Moreover, the established technique of fluorescence detection
has been made ready for space.

Some of the science goals of the next generation require huge exposure, but have less strict
requirements regarding the accuracy of the energy and mass of the primary particles. These science
goals will benefit from technology development making techniques such as fluorescence or radio
detection cost-e↵ective for huge ground arrays or ready for space. Other science goals require
higher accuracy for the rigidity of the primary particle than achievable by any single technique
standalone. These science goals will benefit mostly from the improvements in particle detectors
for surface arrays that allow for measurements of the electromagnetic and muon particles and can
be combined with a calorimetric measurement technique such as the simultaneous air-fluorescence,
air-Cherenkov, or radio measurement of the same air showers.

6.1.1 Surface detectors: more mass sensitivity

6.1.1.1 Current Picture and Status
Indirect measurements of cosmic rays are usually performed using particle detectors deployed on

the ground. These detectors are covering large surfaces depending on the energy range on interest
and reach areas of up to 3000 km2 as in the case of Auger (for more details see Sec. 5.1). The size
of the EAS footprint on the ground depends on the energy of the primary cosmic ray and on the
amount of matter traversed by the air shower in the atmosphere. With an energy of 10EeV, a
vertical cascade would produce a footprint with a diameter of about 10 km while at around 1 EeV
the footprint could extend to more than 3 km. To be able to properly sample the particles on
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Figure 55: Schematic of indirect CR detection methods for EAS. Surface and underground particle detectors measure
electromagnetic particles and muons. Imaging (IACT) and non-imaging (NIAC) air-Cherenkov detectors as well as
radio antennas provide a measurement of the electromagnetic shower component when located in the footprint of
the shower, while fluorescence light detectors can observe the shower development from the side (pictures from
Refs. [106, 777, 778, 779, 780, 781]

the ground the arrays need to be dense enough (distance between detectors smaller than 2 km to
have at least 4 detectors triggered at 10 EeV) and in the same time to cover a su�ciently large
area to compensate for the strong decrease of the flux. With foreseen ground arrays extending
over hundreds of kilometers in diameter (Sec. 6.3.3) or being placed at hardly accessible locations
(Sec.5.1.3), the particle detectors need to be very robust, and with a very low need for maintenance.

The main components of the particles that are reaching the ground are the electrons, positrons,
muons, anti-muons, and photons. To obtain a good resolution on the mass composition of the
primary particles, a su�cient separation between the electromagnetic and muonic components
needs to be achieved by the surface detectors. Moreover, a very good dynamic range is required to
cover the signal produced by more than 1000 particles/m2 close to the core of air showers as well
as smaller signal produced by just one muon far from the shower axis.

The e↵ective area of the individual particle detectors needs to be large enough to be able to
measure the signals at certain distances with statistical fluctuations of less than 10 to 15%. The
number of particles decreases with increasing distance to the shower axis. For air showers at
10 EeV, there are around 2 particles/m2 at 1000m. This number decreases with decreasing energy
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and increasing zenith angle.
The main observatories currently operating, Auger [29], TA, and IceCube [31], are employing

very simple and robust detectors to measure the particles at ground: containers filled with water/ice
to measure the Cherenkov light and plastic scintillation detectors. Each of these detectors has
been constructed to be independent, equipped with their own electronics processing local triggers,
solar panels and batteries, GPS receivers for timing and radio antennas for data transmission and
communication [782]. The Cherenkov light produced in the water/ice and reflected on the sides of
the detectors is observed by PMTs optically coupled to the water/ice, while the scintillation light
is usually collected and guided via wavelength shifting optical fibers and then read out either by
solid-state photosensors (multi-pixel photon counters, MPPCs) or by PMTs.

6.1.1.2 The near future - 10 year outlook
Part of the limitations of the simple detectors that are containing just one optical volume are

related to the di�cult task of separating the muonic from the electromagnetic components of the
air showers. While modern techniques based on deep neural networks are improving upon the
separation, it is still not clear that they will provide the needed resolution for the determination of
the maximum of the shower development or the number of muons in air showers (the main variables
sensitive to the composition of UHECRs).

The Pierre Auger collaboration is currently deploying the AugerPrime upgrade [22] aimed at
better understanding the physics of air showers and separating the EAS components. Scintillators
are placed on top of the water Cherenkov detectors delivering an alternative measurement of the
particles arriving on the ground: in the water, all particles are measured with photons dominating
the signals close to the EAS axis and muons dominating at larger distances and inclined events;
in scintillators, the signal is mainly produced by the charged particles. This double measurement
at the same location will make it possible to di↵erentiate the EAS components and enhance the
capability of the surface detector to provide the sensitivity to measure the composition of UHECRs.
Another important upgrade of the Auger surface detector is the deployment of buried scintillators
on a smaller area to directly measure the high energy muons. The particle detectors of AugerPrime,
the main infrastructure in the array, will be operated for at least the next 10 years and will provide
a deep insight into the EAS physics and about UHECRs.

A similar upgrade is planned to be deployed at the South Pole for the surface detector of Ice-
Cube, IceTop [84]. On top of the IceTop array comprised of ice-Cherenkov detectors, an array of
scintillators similar to the AugerPrime ones will be placed (complemented by surface radio anten-
nas) [386, 783]. While this upgrade of IceTop is aimed at reducing the systematic uncertainties
produced by the snow accumulation, it will also be used to enhance the sensitivity to mass compo-
sition. In the EAS measurements with IceTop, a crucial role is played also by the in-ice detectors
which, similarly to the underground muon detector in Auger, measure the high-energy muons as
well as muon bundles, relevant for understanding the high-energy hadronic interactions. An exten-
sion of the surface area of the IceTop array with scintillators, in the framework of the IceCube-Gen2
extension, is foreseen to increase the e↵ective area and reach higher cosmic-ray energies.

Particle detectors deployed on a large surface is the only way to have the largest possible
statistics at the highest energies with ground detectors (due to the 100% duty factor and the large
spread of particles on the ground covering several kilometers ). To increase the exposure, TA is
increasing the area covered by the scintillator array by a factor of four in the following years.

6.1.1.3 The next generation - recommendations for 10-20 years
In the next 10 years, with the enhancement of particle detectors and modern analysis techniques,

the current observatories will probably reach a resolution on the muon numbers at a station level of
around 20 to 25% by combining di↵erent type of detectors, which will translate to about 10 to 15 %
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Figure 56: Example of the performance of a layered surface detector from Ref. [784] simulated with the size of
the Auger tank and two optical superimposed layers. (a) Traces in the upper and lower optical layers (left panels).
Reconstructed time distributions of muons and electromagnetic components compared to the true distributions (right
panels). (b) Example of a p-Fe separation based on two event variables sensitive to the Xmax (T1400) and muonic
signal Sµ(1000). The Fisher significance is extremely good, 2.43., allowing more than 80% proton separation with
less than 10% Fe contamination.

resolution at event level (depending on the number of stations participating in the events). They
are also expected to achieve a resolution on Xmax similar to fluorescence-detector measurements
(better than 30 g/cm2). The next generation of ground detectors will have to improve upon this
to provide a better resolution and cover huge areas for the measurement of the low flux of cosmic
rays at the highest energies.

Given the steep lateral distribution function of the particles on ground (Molière radius of about
100 m), the particle detectors will have to be large enough to provide enough statistics, i.e. of the
order of tens of square meters and ideally not flat as simple scintillators (note that their e↵ective
area is halved at zenith angle of 60� with respect to vertical). Therefore a water-Cherenkov detector,
which is a 3D type of detector, is the natural solution. One of the limitations of these detectors
is their time response, for example the decay time of the light in the Auger tank is about 60 ns
and is caused by the refection losses of photons in the tank. To shorten the decay for a better
determination of the single-particle peaks a tank with black inner walls could be a more suitable
choice, for which part of the interior of the detector is absorbent. By this choice a decay time as
low as 30 ns without a substantial loss in the detection e�ciency can be achieved.

Improving the decay constant might help in the determination of the muon number using
deep neural networks, however, it is clear that the separation of the electromagnetic and muonic
components is also required to achieve the best resolutions. One of the proposed solution is a
layered [784] or nested surface detector designed based on the energy deposit of particles in water.
The majority of the electrons and positrons that reach the ground have an energy of around
10 MeV and thus will be absorbed within a few cm, the photons will deposit their energy within
more or less one radiation length (< 40 cm), while muons will traverse the entire water volume and
produce Cherenkov photons all along their path. By separating the optical volumes in two pieces
to enhance the di↵erence between the signals from the di↵erent components, a layered or nested
surface detector can provide very good resolution on the separation of the EAS components at a
individual station level (see Fig. 75) and can be a very good solution for next generation surface
arrays.
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Figure 57: The prototypes of the Fluorescence detector Array of Single-pixel Telescopes (FAST) installed at the
Telescope Array Experiment and Pierre Auger Observatory, dubbed FAST@TA and FAST@Auger, respectively.

6.1.2 Fluorescence and Cherenkov detectors: more coverage for less price

Air showers are visible in clear nights by their UV emission due to atmospheric fluorescence
and Cherenkov light. The corresponding detection techniques are the backbone for any cosmic-ray
physics that requires a high accuracy for the shower energy and for Xmax. Although the technique is
mature and high-quality, recent progress was achieved in making the technique more cost-e↵ective,
exploiting progress in fast timing and the development of SiPMs. Exemplary projects of such
technology development, that each will likely come of use in at least one of the future UHECR
detectors, are presented in this section. The selection of specific projects, such as FAST for the
fluorescence technique, is done for the purpose of readability, and does not indicate a preference
over complementary R&D projects such as CRAFFT [169].

6.1.2.1 Fluorescence detector Array of Single-pixel Telescopes (FAST)

The Fluorescence detector Array of Single-pixel Telescopes (FAST)6 features compact FD tele-
scopes with a smaller light-collecting area and far fewer pixels than current-generation FD designs,
leading to a significant reduction in cost [785, 171, 170]. Although FAST features only four pixels,
it is possible to extract timing information from each individual PMT o↵ the traces to reconstruct
energy and Xmax values, resulting in comparable resolutions to conventional FDs. FAST is capable
of providing a cost-e↵ective method to achieve a calorimetric energy determination and a mass
composition sensitivity for future ground array.

In the FAST design, a 30� ⇥ 30� FoV is covered by four 20 cm PMTs at the focal plane of a
compact segmented mirror of 1.6 m diameter [786] (see also Fig. 76). Its smaller light-collecting
optics, smaller telescope housing, and fewer number of PMTs significantly reduces its cost. As
shown in Fig. 57, three full-scale FAST prototypes dubbed FAST@TA were installed at the TA
site for a concept validation, and an identical FAST prototype dubbed FAST@Auger was also
installed at the Auger site for a cross-calibration of energy and Xmax scales. An automated all-sky
monitoring camera is used to record cloud coverage and atmospheric transparency to reduce these
uncertainties [787].

Fig.58(a) shows the expected Xmax distribution with an energy range from 50EeV to 60 EeV by
FAST evaluated by a detailed detector simulation [171] and a neural network reconstruction [788]
using proton and iron primaries with three hadronic interaction models (EPOS-LHC, QGSJet-
II.04 and Sibyll2.3c) [789]. The expected resolutions of FAST are 8 % in energy and 30 g cm�2

6https://www.fast-project.org
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500 600 700 800 900 1000 1100 1200

)2 (g/cmreco
maxX

0

0.02

0.04

0.06

0.08

0.1

0.12

)2
Ev

en
ts 

/ (
10

 g
/c

m

EPOS-LHC
QGSJetII-04
Sibyll 2.3c

50 - 60 EeV

Iron Proton

1810 1910
 (eV)E

400

500

600

700

800

900

1000

1100]2
 [g

/c
m

m
ax

X

 PreliminaryFAST

FAST@TA FAST@Auger

(b) Preliminary result with FAST@TA

Figure 58: (a) Reconstructed Xmax distributions estimated by the MC simulation with an energy range from 50EeV
to 60EeV, (b) Preliminary result of Energy and Xmax reconstructions by the FAST@TA prototypes [785].

on Xmax around 50 EeV. Analyzing 224 hours of data measured by FAST@TA, significant sig-
nals of 17 showers were found in time coincidence with the TA fluorescence detectors. Fig. 58(b)
shows preliminary energy and Xmax values reconstructed by the FAST@TA prototypes. This result
demonstrates the calorimetric energy determination and the mass composition sensitivity by the
FAST prototypes from field measurements.

6.1.3 Air Cherenkov technique

Incoming CRs create EASs, that also produce Cherenkov light in the atmosphere, as shown
in Fig. 55. Detection of this Cherenkov light is a powerful tool in the study of both gamma-rays
(which will not be discussed in this paper) and charged CRs. Detectors designed for air-Cherenkov
detection can be used independently or in conjunction with other EAS detection techniques to study
both the energy and mass composition of primary CRs incident on the atmosphere. Air-Cherenkov
detection of EAS can be divided into imaging and non-imaging techniques.

6.1.3.1 Non-imaging air Cherenkov detection of cosmic rays
Non-imaging air Cherenkov (NIAC) detectors are arranged into ground-based arrays which

sample the lateral distribution of EAS-produced Cherenkov light at the ground. These detectors
often consist of large Winston cones facing up toward the night sky, which collect the light and
concentrate it into a PMT for measurement. The primary particle information is then reconstructed
using techniques similar to those of the ground-based charged particle detectors: this involves
fitting the data to an expected Cherenkov-light lateral distribution function (originally worked out
in Refs. [790, 791]), which then allows for the extraction of the calorimetric energy and depth of
shower maximum of the air showers.

The NIAC technique has been successfully performed several times, including using the AIRO-
BICC detectors at HEGRA [792] and CASA-BLANCA in Utah [793]. More recently the Yakutsk
array [794], Tunka-133/Taiga array [795] and the non-imaging Cherenkov array (NICHE) [796] are
utilizing hybrid detection of CRs using di↵erent detection techniques to reach ultra high energies.

6.1.3.2 Imaging air Cherenkov detection of cosmic rays
Imaging air Cherenkov telescopes (IACTs) collect the air-Cherenkov light produced by EASs,

historically using very large mirrors and/or lenses. The light is then measured using a multi-pixel
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camera consisting of high-speed photon detectors. The images produced using this technique are
related to the shape of the EAS in the atmosphere, which is dependent on both the energy and
composition of the incident primary particle (in addition to atmospheric properties). To analyze
the images produced in the cameras, IACTs use either several parameters devised by Hillas [797] or
state-of-the-art machine learning algorithms. Either of these methods provides information related
to the EAS geometry including the composition-sensitive depth of the shower maximum, in addition
to the primary energy.

To increase the accuracy of these measurements, multi-telescope observations are used to record
the Cherenkov light from the EASs from multiple perspectives. For example, the High Energy
Stereoscopic System (HESS) [798] includes 5 telescopes, and the CTA [799] plans to include more
than 100 telescopes divided between two arrays: one in the northern hemisphere, the other in the
southern hemisphere. Although these observatories in particular were designed to measure the
gamma-ray flux from stellar objects, they are also able to measure the di↵use CR flux and mass
composition, as discussed in Refs. [800, 801].

Furthermore, several existing observatories are presently planning upgrades to include compact
IACTs utilizing cost-e�cient SiPM camera designs. For example, two prototype IceAct IACTs [697]
are providing a low-energy CR enhancement for the IceCube Neutrino Observatory at the South
Pole. These telescopes have a fixed pointing and a wide FoV and have been operational in a
stable configuration since 2019. IceAct measures the air Cherenkov portion of the EAS in stereo
configuration and in hybrid mode together with IceTop/IceCube. These two IceAct prototypes,
as shown in Fig. 59, will be able to extend the most recent composition and energy spectrum
measurements from IceTop and IceCube [81] from a few PeV down to ⇠ 50 TeV [697] to cross the
transition region from galactic to extra-galactic cosmic rays. An array of 4 stations with 7 IceAct
telescopes each is planned for IceCube-Gen2, which will increase the sky coverage and number of
events at higher energies, providing a new handle on the UHECR composition by directly measuring
the air shower maximum, which is shown in right side of Fig. 59, and the energy spectrum for
IceCube.

Figure 59: (left) IceAct prototype detector at the South Pole. (right) Preliminary air shower maximum reconstruction
using machine learning [802] with IceAct.

Imaging and non-imaging techniques can also be combined. For example, NICHE and TALE [73]
can work together to study CRs at energies above 1PeV [803]. In this case, the detection threshold
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of TALE, which was designed as an air-florescence telescope, is extended by utilizing Cherenkov-
dominated events, which essentially turns TALE into an IACT. Similarly, Cherenkov dominated
events are used in the fluorescence detector extension HEAT [804] of the Pierre Auger Observatory
to provide the CR energy spectrum and the shower maximum above 1016.5 eV.

6.1.4 Radio detectors: the multi-hybrid perspectives of a new orthogonal measure-
ment technique

Radio detection of EASs has proven its competitiveness with other detection techniques over
the last decade [805, 806]. Digital antenna arrays have demonstrated that they can deliver an
accurate measurement of the arrival direction, electromagnetic shower energy, and depth of the
shower maximum, Xmax. In combination with muon detectors, radio antennas can provide a path
to around-the-clock measurements of the rigidity of the primary particle.

The threshold of the radio technique is around 1016 to 1018 eV depending on the frequency band
and density of the antenna array, and also depending on the detector elevation and the strength
and orientation of the magnetic field relative to the CR arrival directions. While full-sky coverage
requires an antenna spacing of the order of 100 m, sparse arrays with spacing of a kilometer or more
still enable full e�ciency for very inclined showers [379]. Therefore, the radio technique is suited
for a large variety of di↵erent use cases and will play a role in many of the future ultra-high-energy
astroparticle observatories. This section provides an overview over the state-of-the-art and future
developments regarding various aspects.

6.1.4.1 Theory and simulations of radio signals from particle showers

One of the main reasons for the success of the radio detection technique is the detailed under-
standing of the radio-emission physics achieved in recent years [805]. Due to the interplay of the
emission mechanisms relevant to EASs, the dominant geomagnetic emission and the subdominant
charge-excess or Askaryan emission, and Cherenkov time compression, the radio signal on ground
has a more complicated structure than the particle footprint. Nonetheless, this feature-rich radio
signal has been mastered in recent radio projects because of substantial progress in the theoretical
understanding and the availability of state-of-the art simulation tools.

The “work horse” for the calculation of radio emission from particle showers is the calculation
of the emission from every single electron and positron in a particle shower using classical elec-
trodynamics in a “microscopic” Monte Carlo simulation approach. These calculations make no
assumption on the underlying emission mechanisms by the air-shower particles; they thus directly
and unambiguously predict the absolute signal strength. The CoREAS [807] and ZHAireS [808]
simulation codes, two independent programs implementing numerically di↵erent approaches, have
in particular been successful in simulating the radio emission from air showers in a vast variety
of applications and for frequencies from 30 MHz to 4.2 GHz [805]. Comparisons between the two
codes [809] and with lab-experiments [810] have illustrated the ability to predict the absolute
strength of the emission correctly, including details such as the (small) degree of circular polariza-
tion in the mostly linearly polarized radio signal [811].

While tremendously successful, these microscopic simulations su↵er from the problem that they
are very computing-intensive. Several strategies are being followed to keep computing feasible in
light of increasing need for simulation accuracy and level of detail for next-generation experiments:

Thinning: At energies of 1017 eV and higher, particle thinning algorithms are applied which,
however, lead to an overestimation of coherent radio emission at high frequencies. Especially at
energies well beyond 1018 eV, this thinning noise starts to dominate over Galactic noise even at
frequencies of 30–80 MHz and thus introduces problems in simulation-based analyses. Strategies
will need to be worked out to minimize or compensate for the impact of thinning artifacts in
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simulations at the highest energies.

Parallelization: Parallelization of the simulations using MPI is already possible with CoREAS
[807] and e↵ectively solves the problem of long computation times for UHE showers (but of course
not total computing requirements). Another area with potential is the parallelization on GPUs in
the context of the CORSIKA 8 project [812]. GPU parallelization will also improve the energy
e�ciency of the simulations, thereby reducing their ecological impact.

Accurate approximations: For top-down analysis approaches such as the ones described
in Sec. 6.1.4.3, and in particular for future dense radio arrays such as SKA [813], computing re-
quirements for simulations constitute a limiting factor. Building on the experience of – yet less
accurate – “macroscopic” calculation approaches [814, 815], e↵orts have been made to investigate
approaches to exploit universality in the radio emission from particle showers to calculate the radio
signals from a desired air shower using a reference or template shower [816, 817].

Further work is also envisioned for the application of the radio technique to very inclined air
showers as well as cross-media showers. The former have been measured by AERA [818] and are the
focus of the Radio Detector component of the ongoing AugerPrime upgrade [693, 379], the potential
radio component of GCOS, and GRAND [819]. Simulations for these very inclined geometries
will need to be validated in depth, in particular because refractive e↵ects in the atmosphere and
potentially also ground reflections start to play a role [820]. The existing codes cannot be easily
adapted to simulate these and other complex scenarios, such as cross-media showers important for
in-ice radio detection [821], but CORSIKA 8 will allow the flexibility to perform such simulations.

6.1.4.2 Radio Energy

Radio measurements are well suited for doing electromagnetic energy reconstruction. Radio
emission is produced primarily by the EAS electromagnetic component, and as discussed above,
can be calculated from first principles. Furthermore, the measured radio signal is integrated over the
entire air shower, so measurements can be used to perform calorimetric energy reconstructions [805].

In the last decade, a number of approaches have been used to reconstruct cosmic-ray energy
using radio measurements. The LOFAR prototype station (LOPES) and Tunka-Rex used the
method of determining the signal strength relative to a characteristic distance from the shower axis
in the shower plane at which shower-to-shower fluctuations are minimized. This method achieved a
resolution of better than 15% for Tunka-Rex [822], and better than 20% for LOPES [823]. The Low-
Frequency Array (LOFAR) and later Tunka-Rex have used an approach which directly compares
the measured signal strength in each antenna to the strength predicted by CoREAS simulations,
achieving a resolution of 15% or better [824, 732, 182].

Another technique focuses on determining the total energy radiated by the air shower in the
form of radio emission, or the radiation energy, which scales quadratically with the electromagnetic
energy of the air shower [825]. The geomagnetic emission strength scales with the absolute value of
the local geomagnetic field and the sine of the angle between the shower axis and the geomagnetic
field. There are also second-order e↵ects from the influence of the atmospheric density on the
shower development and the relative charge excess contribution. AERA has fit the measured
energy fluence at di↵erent antenna positions to a 2D lateral distribution function (LDF) [826, 735].
When integrated, this yields the radiation energy of the shower. An example of the energy fluence
map for an AERA event is shown in the right panel of Fig. 60. The left panel of Fig. 60 shows the
correlation between the radiation energy measured with AERA and the total cosmic-ray energy as
determined by the Auger SD [735].

A strong prospect for energy reconstruction in the future is the use of broadband radio signals,
rather than the traditional 30 � 80 MHz bandwidth currently used by most experiments. The
spectral shape of the signal can be used to determine the distance of an antenna to the shower
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Figure 60: Left: Energy fluence footprint for an extensive air shower with an energy of 4.4 ⇥ 1017 eV detected by
AERA, and positions of the AERA antennas. Right: Correlation between the radiation energy measured with AERA
and the total cosmic-ray energy as determined by the Auger surface detector [735]

core. The amplitude of the signal can then be directly related to the radiation energy in the
shower. Tunka-Rex demonstrated this principle, using the core position as determined by the
Tunka-133 air-Cherenkov array [827]. The Antarctic Impulsive Transient Antenna (ANITA) and
the Antarctic Ross Ice-Shelf Antenna Neutrino Array (ARIANNA) have shown that the radiation
energy can be reconstructed with with a single antenna station even without external information
on the shower geometry [828, 829]. The GRAND experiment will use antennas in the 50 � 200
MHz bandwidth, and the radio installation at IceTop [830] and the SKA [831] will measure CRs
between 50 � 350 MHz. This will also be highly relevant for GCOS, where an energy resolution of
about 10 % will be required to fully investigate features of the energy spectrum [27].

The ability of any of these techniques to produce a valid energy scale relies on the absolute
calibration of the antennas, which can be determined by using an external reference source. One
e↵ective reference source is the background Galactic emission. When calibrating the antennas
using this technique, the systematic uncertainty on the energy reconstruction has been shown to
be 14 %, with the dominating contribution being the uncertainty on the models used to predict
the background Galactic emission [740, 741]. The remaining contributions to the absolute scale
uncertainty can be reduced to less than about 8 %, and the performance of the antennas promises
to be stable over time. In summary, the radio detection technique produces energy reconstructions
with absolute scale uncertainties competitive with other techniques already today. E↵orts will be
made to further reduce the uncertainty on the antenna calibration in the future which brings in
reach a precision of individual events as well as an absolute accuracy for the energy of better than
10 %.

6.1.4.3 Measuring the depth of shower maximum with Radio

The radio signal as measured on the ground is sensitive to Xmax manifesting predominantly
in a change of shape of the radio emission footprint. Early work on this was done by Allan in
1971 [833, 834] relating the footprint width to Xmax, but it wasn’t until the arrival of fast digital
data acquisition that CR radio arrays became an e↵ective way to study Xmax.

Measurements by LOPES [835, 836] of the slope of the LDF demonstrated the feasibility of
radio Xmax measurements, but did not yet reach a competitive resolution. A similar method was
also used by the Yakutsk radio array [183]. Understanding of the geomagnetic and charge excess
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Figure 61: Measurements of the mean of the Xmax distribution by radio experiments (AERA [180], LOFAR [181],
Tunka-Rex [182], and Yakutsk-Radio [183]) and compared to world data (Auger FD [54] and SD [193],
HiRes/MIA [832], TA [75], TALE [143], Tunka-133 [178], and Yakutsk [179]). The statistical uncertainties are
plotted as error bars and for radio the systematic uncertainties as bands if available. The results are compared to
predictions from CORSIKA air shower simulation for multiple hadronic interaction models (lines) for proton (red)
and iron (blue) mass compositions [54].

emission mechanisms with 2-dimensional LDF parametrization functions [826, 837, 838] improved
on this. In addition to LDF parametrizations also the slope of the frequency spectrum [839, 840]
and the shape of the shower wave front [841] were investigated for Xmax reconstruction but were
limited in practice by core position resolution and understanding of the antenna response. The
highest resolution has been achieved only in the past few years by matching measured radio signals
to signals from dedicated sets of CORSIKA/CoREAS full Monte-Carlo air shower simulations for
each measured EAS [824]. Recent advancements such as from including time-varying atmospheric
conditions [842] into the simulations have improved Xmax resolutions further, circumventing the un-
certainties previously encountered in the averaged LDF parametrization models for Xmax. Results
by Tunka-Rex [182], LOFAR [181], and AERA [180] have shown resolutions up to 15 � 25 g/cm2

can be achieved with similar implementations of this method.

Recent e↵orts by LOFAR [181] and AERA [180] have also performed detailed studies to quantify
systematic uncertainties on radio Xmax measurements, including direct comparisons to fluorescence
Xmax measurements at AERA showing radio and fluorescence measurements to be fully compati-
ble. An overview of radio Xmax measurements with statistical uncertainties (bars) and systematic
uncertainties (bands) is shown in Fig. 61 superimposed on Xmax data from optical Cherenkov and
fluorescence light measurements. This highlights that the radio technique has already shown to be
competitive in mass composition studies even with small sparse arrays.

6.1.4.4 Interferometric measurements of extensive air showers

Interferometric techniques for the detection of extensive air showers make use of not only the
amplitude but also the phase information of the received radio emission. By combining the wave-
forms recorded by several receiving antennas into a single, directed beam, the signal-to-noise ratio
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Figure 62: Achievable Xmax resolution for di↵erent time-synchronisation accuracy and antenna multiplicity (i.e.,
antenna spacing) scenarios. From Ref. [847].

can be increased by .
p

Nant while anthropogenic radio-frequency-interference (RFI) which is typ-
ically emitted by sources at, or close to the horizon, is suppressed. Examples for the successful
application of interferometric measurements with the aforementioned objectives are ANITA [843]
or LOPES [844], which both featured the required (sub-)nanosecond time synchronization [845].

A novel algorithm to reconstruct the depth of the shower maximum Xmax with beamforming
has proven to achieve exquisite accuracy on ideal simulations [846]. However, current air-shower
antenna arrays do not fit the requirements in terms of time synchronization accuracy and antenna
multiplicity [847], see Fig. 62. In the near future, astronomical observatories such as SKA [813]
or OVRO-LWA [848] promise great potential to employ interferometric measurements to lower
their energy threshold and reconstruct Xmax. If proven applicable with measured data, this novel
Xmax reconstruction would be extremely valuable to enable accurate Xmax reconstruction for very
inclined air showers with sparse, large aperture antenna arrays. The rapid development of wireless
communication [849] might enable a su�ciently accurate time synchronisation for such large-scale
antenna arrays of independent detectors.

Beamforming on the trigger level is currently tested by radio in-ice experiments for neutrino
detection [850, 851] which exploit their particular vertical detector geometry. Very fast online data
processing or the focus to certain regions in the sky (e.g., positions of candidate sources of ultra-
high energy gamma rays [852] or a target mountain range in searches for tau neutrinos [853]) might
enable interferometric triggers also for air showers arrays.

In the next decade, if proven applicable to data of sparse radio air-shower array, interferometric
methods exhibit great potential to empower the scientific capabilities of large-scale experiments
such as GRAND, GCOS, or the surface array of IceCube-Gen2.

6.1.4.5 Autonomous radio-detection of extensive air showers
Autonomous radio detection of air showers can be defined as the set of hardware and software

processes allowing for the detection and identification of air showers using solely information from
radio antennas. For giant arrays such as the 200, 000 km2 of the planned GRAND project [819], this
is essential for obvious technical and financial reasons. Yet for hybrid setups combining the radio
technique with an array of particle detectors, autonomous radio-detection also has advantages: the
larger radio footprint of inclined showers allows for an improved e�ciency for radio-detection if
either a self-trigger or continuous bu↵ering is in place (see e.g., Ref. [805]), whereas the increased
absorption in the atmosphere of the electromagnetic component for these showers [264] a↵ects
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the e�ciency of ground arrays of particle detectors. This is even more important for muon-poor
showers, such as the ones induced by �-rays.

Yet the detection — and even more the identification — of air showers from faint radio signals
of duration .100 ns is challenging. Dedicated e↵orts have been initiated over the last decade by
various experiments, taking advantage of specific signatures of air-shower radio signals to distinguish
them from thermal and anthropogenic background (e.g., transient pulses from RFI sources):

ARIANNA benefited from the very limited anthropogenic noise of the Ross Ice-Shelf to reach an
event rate as low as 10�3 Hz with a basic trigger condition (causal coincidence between 2 antennas
with signal-over-threshold). An additional o✏ine treatment, based on the adjustment of template
signals (built from simulated air showers) to recorded pulses, allowed to identify 38 cosmic-ray
candidates [854].

The ANITA balloon probe used interferometry followed by dedicated analysis tools to identify
cosmic-ray events from the billions of radio signals recorded during its four fights above Antarc-
tica [855, 856, 857, 259]. Eventually a few tens of cosmic-ray events could be selected in the whole
ANITA dataset through an additional selection on signal polarity (positive) and polarization (hor-
izontal). The pioneering work of ANITA will be followed by the Payload for Ultrahigh Energy
Observations (PUEO) [858], a next generation balloon-borne radio detector, and could be adapted
to in-ice experiments [859, 851].

Outside polar areas, anthropogenic noise is much higher: in AERA, an average 15 kHz trigger
rate was measured on antennas running in self-trigger mode [860]. Advanced trigger methods were
investigated within this prospective experiment, (see e.g., Ref. [861]), and self-triggered radio events
were identified as air showers using information from the Auger Surface Detector [862]. E↵orts
towards self-triggering were eventually halted given the adverse background conditions observed
at the AERA site and the easy availability of an external trigger provided by the other Auger
detectors.

The Tianshan Radio Experiment for Neutrino Detection (TREND) experiment was a fully au-
tonomous array of 50 antennas deployed in a remote valley of the TianShan mountains in China.
Dedicated (o✏ine) selection algorithms were developed, based on distinct characteristics of air
showers (e.g., brief pulses, limited curvature of the wavefront) and background pulses (e.g., cluster-
ing in time or direction). 564 air shower candidates were selected out of the 7 · 108 events recorded
in 314 live-days, with an estimated ⇠ 80% purity [863]. This positive result was mitigated by the
low value (3 % only) of TREND air detection e�ciency [863], mostly due to detector instability.
Nonetheless, in an earlier analysis, several TREND radio events were found to be in coincidence
with a 3-units particle detector [864].

These various results show that a large set of analysis tools can be developed (online or o✏ine) to
allow for an e�cient identification of air showers — even though further developments are needed to
optimize the e�ciency when keeping the purity high. The GRANDProto300 experiment [380, 865],
presently being deployed in a radio-quiet site in the Gobi desert, could be the next step on this
path (see Sec. 6.3.2).

6.1.4.6 Future developments

While the radio technique is ready to play a significant role in the design of future experiments,
it has not yet reached its feasible limits. With appropriate R&D regarding the calibration and
analysis techniques, the radio method may achieve a measurement precision and absolute accuracy
for the energy and for Xmax even higher than that of the leading optical methods today.

However, even with perfect Xmax resolution, the accuracy for the mass of an individual shower is
statistically limited by shower-to-shower fluctuations. Overcoming that limit requires the addition
of further mass-sensitive parameters. A straight forward approach is exploiting the high mass-
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separation power of the muon number by combining radio and muon measurements [866] in hybrid
arrays such as Auger, IceCube-Gen2, or GCOS.

Another approach to further increase the accuracy for the primary particle can be to utilize
the yet unexploited richness of features in the radio signal which contain information on the on
the shower development beyond the simple position of the shower maximum. Methods, such as
near-field imaging or the reconstruction of the width parameter L of the shower profile, can be
explored at the ultra-dense SKA-low array (see Sec. 6.3.4.3). The lessons learned with SKA can
then be transferred to other radio arrays. One promising way to exploit the additional information
contained in the radio signals also with sparser arrays is machine learning.

Consequently, employing machine-learning techniques to digital radio arrays is another promis-
ing area of future R&D. Neural networks have already been trained to recognize air-shower particles
against background [867, 715, 868], which can lower the detection threshold and increase the re-
construction accuracy. Thanks to the accurate simulation tools available for training, it is probable
that machine-learning techniques can also be applied to high-level event reconstructions such as
the energy and Xmax, which will further increase the impact of the radio technique on the field of
ultra-high-energy cosmic-ray physics.

In summary, the radio technique has reaches su�cient maturity to play a major role in the next
generation of ground-based air-shower arrays. With further R&D applied, the accuracy of the radio
technique for the energy and mass of the primary particles is likely to surpass today’s accuracy of
other state-of-the-art detection techniques.

6.1.5 Space based detectors: the final frontier

The detection of UHECR from space poses several technical challenges, mostly related to the
constraints of volume, mass and power typical of space-borne detectors, with the compounded re-
quirements of large optics and focal surface need to observe the UV emissions of atmospheric show-
ers. The large optics is needed to lower the threshold of UHECR shower reception to ' 1019eV and
overlap the measured UHECR spectrum from space with those taken with ground based observato-
ries. Furthermore, the low particle flux at these energies requires a high field of view (f.o.v.) and a
large focal surface to gather enough events for a meaningful statistics. In addition, the signal/noise
ratio in a given pixel decreases with the size of the area it is observing (since more background
photons hit the same pixel), thus requiring a highly-pixelated focal surface. The high readout speed
(' µs) associated to the shower development in the atmosphere completes the bill of requirements
for a space-borne detector. Next generation detectors and associated electronics capable of faster
readout speeds (' 10 ns) for the observation of direct Cherenkov light are also being developed.

In the last decades, development of the technologies and production techniques has resulted in
the convergence on specific systems capable of meeting these requirements, o↵ering ample margin of
improvement for future missions. Most of these systems have flown on space-born detectors (Tatiana
[869], TUS [870], Mini-EUSO [47]), or on balloon-borne detectors (EUSO-Balloon [871, 872, 873],
EUSO-SPB1 [874], EUSO-SPB2 [875], launch foreseen in 2023) and are thus in various stages of
Technical Readiness Level.

6.1.5.1 Optics

Optics design for UHECR detection fall in two broad categories: lens (refractive) and mirror
(reflective). Refractive optics usually employ Fresnel lenses, which allow a lower mass and higher
robustness to launch vibrations. The presence of the various transition surfaces (four in two-lenses
systems) and of the grooves of the Fresnel structure result in a lower e�ciency than reflective
systems. Furthermore, the refraction of photons su↵ers from wavelength dispersion, requiring
a di↵ractive lens to compensate this e↵ect (since the two phenomena have opposite frequency

118Cre
at
ed

 in
 M

as
te
r P

DF 
Ed

ito
r



Figure 63: Left: Mini-EUSO optical system design [47]. The light enters from left of the picture, crosses the two
lenses and reaches the focal surface to the right (focal length 30 cm). The lines show the di↵erent paths followed by
light impinging on the detector with di↵erent angles of incidence and being focused on di↵erent points of the focal
surface: 30o (purple), 20o (green), 10o (yellow), 0o (blue). Right: Picture of the Mini-EUSO telescope on board the
ISS, prior to installation on the UV transparent window of the Zvezda module. The front lens is in the bottom of
the picture.

Figure 64: Left: EUSO-SPB2 fluorescence telescope design (model by W. Finch). Right: optics raytracing model (by
P. J. Reardon). The Primary Mirror is on the right of the pictures, the Achromatic Corrector Plate on the left, and
the focal surface (3 Photo Detector Modules (PDMs)) at the centre. Note the curvature of the Schmidt-design focal
surface. Adapted from Ref. [875].

dependence). The refractive design has the advantage of better protecting the focal surface from
the harsh environment of space (atomic oxygen, low energy electrons...) and of usually being more
easily deployable in space. Fig. 63 shows an example of refractive optics used in the Mini-EUSO
detector: it consists of two, 25 cm diameter, Fresnel lenses with a wide field of view (44� on the
focal surface). Poly(methyl methacrylate) - PMMA - is used to manufacture the lenses with a
diamond bit machine. In this way it is possible to have a light (11 mm thickness, 0.87 kg/lens),
robust and compact design well suited for space applications. The e↵ective focal length of the
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system is 300 mm, with a Point Spread Function of 1.2 pixels, of the same dimension as the pixel
size of the Multi-Anode Photomultipliers (MAPMTs).

Reflective optics telescopes have the advantage of providing a high e�ciency and of being
wavelength independent. To increase the field of view, a Schmidt optics may be employed, in
which case a refractive corrector plate is employed. Disadvantages of these systems are the higher
positioning requirements, the occultation by the focal surface and its higher exposure to space and
the resulting day-night thermal fluctuations. In Fig. 64 is shown the design of the fluorescence
detector of the EUSO-SPB2. A corrector lens is located in front of the detector and acts as an
entrance pupil. Light is then reflected by the mirror, composed of six segments with an overall field
of view of 36� ⇥ 12� to the focal surface, composed of three PDMs (6912 pixels).

6.1.5.2 Focal Surface detectors

Figure 65: Mini-EUSO focal surface. The Photo Detec-
tor Module (PDM) is composed by 36 MAPMTs, each
with 64 independent channels (2304 total pixels) and ar-
ranged in groups of four (an Elementary Cell, EC). On
top of the PDM is a 64 channel SiPM, at the bottom of
the PDM are two light sensors and a single-pixel SiPM.

Multi-anode and silicon photomultipliers are
currently the most promising candidates as Focal
Surface detectors.

Multi-Anode Photomultiplier (MAPMT)
technology has been successfully tested both on
balloons and in space (TUS, Mini-EUSO), mak-
ing them a reliable and scalable detector. These
detectors are robust, resistant to launch vibra-
tion, radiation and temperature changes. The
main disadvantage is the high (' 1000 V ) voltage
needed and the higher mass of these detectors.

MAPMTs focal surfaces (PDMs) have been
extensively employed in several detectors: in the
ground telescope of EUSO-TA [876], in the first
two balloon flights, EUSO-Balloon [871, 872, 873]
and EUSO-SPB1 [874], and in Mini-EUSO [47].
A more complex setup, involving three PDMs
side-by-side, will be used in the upcoming EUSO-
SPB2 flight [877]. Each PDM consists of a matrix
of 36 MAPMTs (Hamamatsu Photonics R11265-
M64), arranged in an array of 6⇥6 elements. Each
MAPMT consists of 8⇥8 pixels, resulting in a to-
tal of 2304 channels (Fig.65). They are powered by a low-power consumption Cockroft-Walton high
voltage power supply (HVPS) and read-out by Spaciroc-3 ASIC [878]. Each Spaciroc-3 handles
in parallel 64 independent channels and thus preamplifies and digitizes the photoelectron signals
coming from a single MAPMT. The MAPMTs are operated in photon counting mode to minimize
the contribution of the integrated noise, with readout occurring on the order of µs time scale.
MAPMT technology is thus mature enough to be scaled in number and employed in a large focal
surface for detection of atmospheric showers of UHECR such as that of a POEMMA-like mission.

Silicon photo-multipliers (SiPMs) have been rapidly establishing as a reliable technology in a
number of fields, ranging from high energy physics to medical applications.

In space, they have been first flown on the inside of the ISS in 2005 as part of the LAZIO-SIRAD
mission [879] as scintillator readout. A 8x8 multipixel SiPM (Hamamatsu) is also being flown in
the Mini-EUSO detector (it is visible in Figure Fig. 65 on top of the MAPMT Focal Surface). A
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wide-area SiPM focal surface of 512 pixels (Hamamatsu S14521-6050AN-04) is employed as the
Cherenkov detector camera of the SPB2 payload [880]. In this case the field of view of the Schmidt
bifocal optics is 12.8�⇥6.4�7.

The limiting factor in the adoption of SiPM on a wide focal surface in space is mostly related
to the high temperature dependence of the gain and their sensitivity to ionizing radiation. The
former e↵ect can be o↵set (up to a limit) by voltage-dependent temperature compensation and the
latter by shielding the focal surface as much as possible (but this makes the design of reflective
optics more challenging). Overall, the long-term durability of SiPM in open space needs still further
studies. Various e↵orts to raise the TRL of these systems are currently taking place all over the
world. This development is temporally consistent with the employment as Cherenkov detectors in
a POEMMA-like mission.

Overall, the recent development of detectors and their adoption in various balloon- and space-
borne experiments have advanced the electronics and optics technology to the point that a large
detector in space (either on a free-flyer or on a space station) is a concrete possibility.

6.2 The computational frontier - Harder, Better, Faster, Smarter

In forthcoming years, it is foreseen that the use of machine learning in a wide range of ap-
plications will be fully established and consolidated. However, work will be required to include
these new techniques in standard codes and to achieve good performance at large scales and in
HPC centers with heterogeneous resources and architectures. Currently, the CernVM File Sys-
tem (CVMFS) [881] is being used for software distribution using container technology. Adapting
machine learning techniques to this environment is a forthcoming challenge that may require new
tools. As deep learning relies on the availability of GPU resources that are not widely available
in most university computing clusters, the pay-per-use of commercial cloud computing centers are
a possible solution for the near future. The utility of cloud resources in astroparticle physics has
already been explored by the IceCube collaboration for simulation to analyze the performance,
usability, and running costs [882, 883, 884].

Over the next decade, data complexity will undoubtedly continue to increase, and several aspects
need to be considered, namely:

• Portability and compatibility It is vital to ensure that key reconstruction software and Monte
Carlo codes can fully retain functionality in the face of the swift evolution of the adopted operat-
ing systems, inherent software, and respective compilers. Moreover, Monte Carlo simulations are
typically done in a chain of several programs using di↵erent programming languages. In particular,
the most relevant codes for the simulation of EASs, which were developed and extensively refined
over several decades, were written in FORTRAN and have a very rigid structure that is becoming
harder to adapt to the new needs and interface with new software. Furthermore, there are fewer
people with a deep knowledge of these codes, making the path forward uncertain. In this sense, the
CORSIKA 8 project [705] aims at providing a modern framework and more realistic simulations
in C++ and Python, replacing the previous FORTRAN code. Backward compatibility is another
ongoing challenge. One example is the transition from Python 2 to Python 3, which may have
led to significant changes in some programs and introduced a maintenance burden to prevent code
obsolescence.

7The bifocal design results in a double image, with spots o↵set by 12 mm to detect Cherenkov light but reject
single hits coming from direct hits of cosmic rays.
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• Code modularity Best e↵orts have been devoted to the development of modular codes in
which new features can be easily added. Nonetheless, given the extent and complexity of the
current codes, new users are experiencing more di�culties getting acquainted with the whole data
processing workflow. E↵ort is required to provide a transparent framework connecting all stages
of data reconstruction and production of simulations. Pipeline frameworks should be envisaged for
all standard types of data reconstruction.

• Data management, distribution, and integrity Data management and distribution must
be optimized for future experiments while securing data integrity. Data volumes and complexity
will continue to increase. From the user’s perspective, all available data and metadata should be
organized into databases, allowing users to straightforwardly locate data of interest and automati-
cally transfer it from its physical storage element. The massive data transfer should be made more
reliable for the administrators, ensuring data preservation, since currently there are high chances of
data loss or corruption. A desirable feature would be the direct communication between the distri-
bution systems Network File System (NFS), Lustre, dCache, or a system similar to the Integrated
Rule Oriented Data System (iRODS) or other data management software, from which users prefer
to download their data. On the latter, the issue of latency has to be addressed, particularly for
accessing data recorded on tape.

• Bursts of heavy data processing The number of Multi-Messenger Alerts will increase with
the first light of several new detectors. Experiments must endow their computing resources for
frequent bursts of heavy data processing.

• Quantum Computing Quantum computing is no longer a distant reality, and there are plans for
both IceCube and IceCube-Gen2 to potentially use it to calculate neutrino transport, interactions,
and event generation [885, 886, 887].

6.2.1 Machine learning in the future

As discussed earlier in Sec. 5.2, recent pioneering work in applying machine learning methods
to astroparticle physics challenges has been accomplished, revealing the enormous potential of the
new technology. These initial approaches, however, do not nearly represent the full spectrum of
possible applications. In the next decade, machine learning will spread into many more areas of
cosmic-ray research.

It further has to be emphasized that not one and the same machine learning algorithm can
be applied to all tasks and challenges. Instead, the new technology o↵ers various new tools and
methods to be designed and adapted to the respective application. To ensure applicability for
di↵erent data types and symmetries, network architectures beyond CNNs and RNNs will become
established [888]. Possible candidates include GNNs [889] and transformer networks [890] as they
are very flexible. In addition, architectures will be extended to predict reconstruction uncertainties
at the event level.

Improved reconstructions and sensor-close applications Given the success of the studies
performed so far, it is clear that further progress will be made in the field of event reconstruction,
signal de-noising, and unfolding. Incorporation of data from recent upgrades into machine learning
models will further improve results. For example, the AugerPrime upgrade includes both new
detector components and enhancements to the existing electronics, which improves the sampling
rate by a factor of three. Especially promising is the potential for precise reconstruction of the
cosmic-ray mass at the event level using the radio and surface scintillator detectors. In addition to
leading to more precise composition measurements, event-by-event composition information would
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open up entirely new prospects in the field of anisotropy studies and source identification.
Another important step is the development of machine learning algorithms close to the sensors.

Some very first steps in the context of air-shower signal detection and de-noising with radio antennas
were already made. In the next ten years, more research can o↵er intelligent triggering solutions
for future large-scale projects like GRAND. It is also worth noting that the EUSO Super Pressure
Balloon 2 Experiment [891] will employ a convolutional neural network to prioritize triggered events
for download via the bandwidth-limited telemetry [892]. The network is trained prior to flight using
a combination of simulations and data from similar experiments.

Generative models and domain adaption Inspired by the recent progress in computer sci-
ence [893] and its application in particle physics [894, 727], it is likely that generative models will
support and accelerate physics simulation in the future. These changes could well go hand in hand
with di↵erentiable programming for physics simulations. Since approaches to domain adaptation
are intertwined with developments in unsupervised learning and generative models, further ad-
vancement in one field will likely also advance the other. The expected progress in these areas
would have the potential to facilitate domain-robust algorithms and techniques that help to locate
and reduce discrepancies in simulations and measured data.

To meet the future challenges of large-scale experiments, it will be more and more critical
to supplement physical analysis workflows with machine learning. Therefore, it is crucial to find
synergies between machine learning and physics in the near future, to establish a solid foundation for
data-driven and data-intensive applications in the long run. Machine learning will be a key to finding
structures that can not be resolved with conventional methods in the ever more comprehensive,
detailed, and multidimensional event data. The adaption and development of new algorithms
tailored to the particular application, the data structure, and the scientific requirements will be
key to deepening our understanding of UHECRs and our cosmic environment.

6.2.2 Computational infrastructure recommendations

Accelerator clusters UHECR physics is facing technical challenges in connection to Big Data.
The upcoming experiment detector upgrades give a first impression of this. Similar developments
are taking place in particle physics with the significant increase in the data rate with the High
Luminosity LHC upgrade. There are strong synergies between high-energy physics (HEP) and
UHECR communities. The computing infrastructure, for instance, is similar for the two commu-
nities. Multi-processing and the implementation of accelerator clusters are critical for the future,
especially with regard to machine learning. While the evaluation of machine learning models can
in principle be performed with CPUs, the training of algorithms requires accelerators (currently
GPUs) and the evaluation is greatly aided by accelerators (both GPUs and FPGAs). Estimating
the requirements for training neural networks, it is to be expected that for competitive research,
each scientist must be granted access to a cluster that provides several GPUs. Nowadays, this is
not the case since almost no computing center features (su�cient) GPUs. It should be noted that
the development of data-driven algorithms requires multiple GPUs per scientist. In addition, the
need for a vast amount of Monte Carlo simulations to train machine learning models will require
computational resources. To ensure optimum utilization of resources, fast storage solutions like
SSDs or computational storage devices and intelligent caching will be required.

In addition to new computing infrastructures and the preparation and preservation of data in
public data centers, analyses of the data with data-driven methods are essential. Since instruction
is such methods is still not common in most physics curricula, investments in education and the
organization of dedicated schools workshops and conferences are indispensable. Ideally, these pro-
grams should become available to students from undergraduate to doctoral levels. Moreover, greater
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recognition of software contributions will be essential to ensure quality, sustainable software. It is
notable that, relatively recently, dedicated projects have begun devoted to computation research,
development, and education, such as the NSF-supported Institute for Research and Innovation in
Software for High Energy Physics (IRIS-HEP) [895].

Quantum computing The possibility to use more and faster classical computing power has been
the core resource in many advancements in experimental high-energy physics. Quantum computing
technologies promise to revolutionize these computational approaches. In the near future, one of
the main tasks will be to investigate if the most di�cult and prohibitive computing problems in
astroparticle physics can utilize quantum computers rather than traditional integrated circuits.
The first applications of these new resources are already used in high energy simulation [886] and
reconstruction [887]. Possible opportunities in astroparticle physics include challenges where the
represented phase-space can be larger than a classical system can handle in reasonable times, as in
systems of a large number of coupled di↵erential equations. The applications in detector simulations
are also promising. For example, photon propagation from the source through a medium to the
detector can be modeled with a classical path integral [896]. The challenge imposed by such
large-phase spaces could be elegantly addressed using quantum computing techniques. Quantum
computing can also be applied during the reconstruction, classification, and event selection by using
quantum machine learning techniques [897, 898] that may yield great enhancements for future
(complex multi-component) UHECR observatories.

6.3 UHECR science: The next generation

For the next generation experiments, an essential requirement is a significant increase of the
exposure because the current generation of experiments is limited by statistics at the highest ener-
gies. Moreover, at least one of the next generation experiments needs to feature a high accuracy for
the mass and, thus, rigidity of the primary particles because it is unknown whether the UHECR
mass composition is pure or mixed at the highest energies, e.g., by containing a small fraction
of protons next to heavier nuclei. The proposed experiment in this category is GCOS. Such an
experiment with high accuracy for the rigidity needs to be combined by experiments maximizing
the total exposure for UHECR. Exploiting the synergies given by the multi-messenger approach,
some experiments planned primarily for neutrino detection at the same time can deliver a huge
exposure for cosmic rays at the highest energies. The proposed experiments in this category are
POEMMA in space and GRAND on ground, which are the ideal complements to GCOS to cover
the UHECR science case of the next decade.

6.3.1 POEMMA – highest exposure enabled from space

UHECR measurements from space-based experiments vast atmospheric volumes that contain
the UHECR and UHE neutrino EAS development, which are viewed using wide FoV, large optical
systems to image the EAS air fluorescence signal developments. This results in large e↵ective
geometry factors, even assuming a conservative 10% duty cycle for the observations. For example,
a telescope with a full FoV= 45� from a 525 km orbit translates to viewing a large, nearly 106 km2

area of the ground. This leads to unique sensitive to Earth-emergent tau neutrinos by observing
the optical Cherenkov signal from the upward-moving EAS. The di↵erent nature of the signals and
their development, 300 nm ⇠

< � ⇠
< 500 nm and 10’s of µs timescales for air fluorescence (AF) and

300 nm ⇠
< � ⇠

< 1000 nm and 10’s of ns timescales for optical Cherenkov (OC), drive the design of
the photo-detection instrumentation used in such an experiment.
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Figure 66: The POEMMA science modes. Left: POEMMA-Stereo where the spacecraft are separated and viewing
a common atmospheric volume to measure the fluorescence emission from EAS. Right: POEMMA-Limb where the
instruments are tilted to view near and below the limb of the Earth for optical Cherenkov light from upward-moving
EAS induced by tau neutrino events in the Earth. From Ref. [25]

Figure 67: Left: Schematics of a POEMMA satellite and the Schmidt telescope consisting of a 4-m diameter primary
mirror, 3.3-m diameter corrector plate, and 1.6-m diameter focal surface comprised of 126,720 pixels in the POEMMA
Fluorescence Camera (PFC) and 15,360 pixels in the POEMMA Cherenkov Camera (PCC) Several components are
detailed in the schematic including infrared cameras which will measure cloud cover within the 45� full FoV of each
telescope during science observations. Right: The layout of the hybrid focal plane of a POEMMA Schmidt telescope.
The majority of the area is comprised of PFC MAPMT modules with a UV filter to record the 300�500 nm air
fluorescence light in 1µs snapshots. The PCC is comprised of SiPM pixels whose 300�1000 nm wavelength response
is well-matched to that from the EAS optical Cherenkov signals and are recorded with 10 ns cadence. From Ref. [25]

6.3.1.1 Design and Timeline
Designed as a NASA Astrophysics Probe-class mission, the Probe of MultiMessenger Astro-

physics (POEMMA) observatory is currently the most capable space-based experiment proposed
to identify the sources of UHECRs and to observe cosmic neutrinos both with full-sky coverage.
POEMMA consists of two spacecraft that co-view EAS while flying in a loose formation, separated
by 300 km, at 525 km altitudes at 28.5� inclination. Fig. 66 illustrates the two science modes of
POEMMA: POEMMA-Stereo optimized for UHECR AF stereo observations and POEMMA-Limb
optimized for ⌫⌧ -induced OC detection. Each spacecraft hosts a large Schmidt telescope with a
FoV of 45� and with a novel focal plane optimized to observe both the isotropic near-UV fluores-
cence signal generated by EAS from UHECRs and UHE neutrinos and forward beamed, optical
Cherenkov signals from EAS. A POEMMA focal plane is shown in Fig. 67. The iFoV (or pixel FoV)
of 0.084� yields high accuracy of the EAS reconstruction from the stereo fluorescence technique and
large field-of-view from LEO. For POEMMA, this leads to the ability to accurately reconstruct the
development of the EAS with ⇠

< 20� angular resolution, ⇠
< 20% energy resolution, ⇠

< 30 g cm�2

Xmax resolution [168]. This performance yields excellent sensitivity for all neutrino flavors for UHE
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EAS that begin deeper in the atmosphere and well separated from the dominant UHECR flux.
The high-statistics (� 1, 400 UHECR events in a five-year mission) full-sky UHECR measurements
above 20 EeV using the stereo air fluorescence technique would provide a major advance in dis-
covering the sources of UHECRs [25, 168]. POEMMA also provides unique sensitivity to UHE
cosmic neutrino searches using stereo air fluorescence measurements, and an Earth limb-pointed
mode to observe VHE Earth-interacting cosmic tau neutrinos using the beamed optical Cherenkov
light generation from EAS for E⌫ ⇠

> 20 PeV [899, 900]. Fig. 66 illustrates the two science modes of
POEMMA.

6.3.1.2 Scientific Capabilities

Figure 68: Left: The anticipated UHECR exposure growth vs operation time for POEMMA compared to other
UHECR experiments. The POEMMA band is defined by nadir-pointing stereo fluorescence measurements (lower)
versus limb-pointing UHECR measurements (upper). Right: The comparison of 5-year POEMMA exposure versus
UHECR energy in terms of the Pierre Auger Observatory and Telescope Array exposures reported at the 2019 ICRC.
From Ref. [25].
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Figure 69: Left to right: The simulated POEMMA spectra extrapolated from and compared to the Auger 2020
spectrum (black dots and solid line) [129] and the extrapolation and comparison to the TA 2019 spectrum (black
open circles and dotted line) from Ref. [109] for the POEMMA-Stereo (red) and POEMMA-Limb (blue) observational
modes, for UHECRs above 16EeV. The sky exposure of POEMMA-Stereo UHECR observations in declination versus
right ascension at 50EeV and 200EeV, with the color scale denoting the exposure variations for a 5-year mission.
From Ref. [25].

Fig. 68 illustrates the gains in exposure using POEMMA space-based UHECR measurements.
Assuming 5 years of POEMMA-Stereo operation, the total exposure is simulated to be ⇠ 8 ⇥

105 km2 sr yr with precision measurements of UHECRs above 40EeV: energy resolution of < 20%, an
angular resolution of  1.5� above 40 EeV; and a Xmax resolution of  30 g cm�2. This performance
allows for the statistical identification of proton, helium, nitrogen, and iron mass groups in a
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mixed UHECR composition to ⇠
< 20%, assuming minimum statistics of ⇠ 100 events [901]. Fig. 70

shows the source sky map obtained by the starburst galaxy hypothesis regarding the astrophysical
distribution of UHECRs [25] motivated by Auger results and correlation analysis with a similar
catalog [902]. The results demonstrate the need for full sky coverage with precision UHECR
measurements for definitively identifying the astrophysical sources of UHECRs.

In POEMMA-Limb mode, POEMMA will perform UHECR measurements with a significant
gain in exposure at the highest energies, but at a cost of increased UHECR detection energy
threshold and reduced precision on the EAS measurements. Thus in the case of a recovery of the
UHECR spectrum is observed above 100 EeV, POEMMA-Limb mode yields increased exposure with
good angular and energy resolution, with the capability to distinguish proton for iron primaries
[168, 25], and while simultaneously searching for ⌫⌧ -induced EAS events using the optical Cherenkov
channel [899, 900, 25]. The POEMMA UHECR measurement performance demonstrated in in
both the POEMMA-Stereo and POEMMA-Limb simulations also expands the sensitivity for UHE
neutrinos, UHE photons, and measurement of the proton-air cross section at

p
s = 450 TeV [168]

and also provides exceptional sensitivity to the detection of SHDM from decay or annihilation into
UHE neutrinos [903] or UHE photons [168].

Figure 70: The equatorial coordinate sky maps of simulated
POEMMA UHECR measurements for di↵erent astrophysi-
cal catalogs using the best fit parameters reported by the
Auger collaboration [902] using starburst galaxies with 11%
anisotropy fraction and 15% angular spread of the arrival di-
rections. From Ref. [25].

Figure 71: The simulated integral cosmic ray event
rates (above a threshold E) for observing over-the-
limb events via the optical Cherenkov signal for
POEMMA. From Ref. [904].

For neutrino observations, the POEMMA telescopes can easily slew in both azimuth and zenith
(90� in ⇠ 8 minutes), yielding unprecedented follow-up on transient astrophysical events by tracking
sources as the move across the sky [900, 25]. The separation of the POEMMA spacecraft can also
be decreased to ⇠ 25 km to put both telescopes in the upward-moving EAS light pool for each
event, thus reducing the neutrino detection energy threshold. The orbital period of the POEMMA
telescopes is 95 minutes, providing able to achieve full-sky coverage for both UHECR and EAS
neutrino sources.

The optical Cherenkov measurement ability of POEMMA also extends to measuring above-
the-limb very-high-energy cosmic rays (VHECRs) with energies for ECR ⇠

> 10 PeV [904]. Fig. 71,
presents a calculation of the VHECR event rate versus energy threshold for POEMMA, showing
rates between 30�100 per hour of livetime, dependent on the assumption of the orientation of the
EAS to the local geomagnetic field. Thus, the VHECRs provide a source of optical Cherenkov EAS
signals to demonstrate the space-based measurement of these signals while searching for neutrino
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induced signals.
The Astro2020 decadal review has recommended that NASA Astrophysics Probe-class missions

be implemented and how this will be done remains to be seen. However, if POEMMA was one of
the first Probe missions, the earliest POEMMA would launch would be in 2030. In the meantime,
the ESUO-SPB2 ultra-long duration balloon experiment is planned to fly in 2023 and will use
similar instrumentation, including a dedicated Cherenkov telescope using SiPMs to search for the
cosmic tau neutrino flux viewed below the Earth’s limb while measuring the VHECRs flux using the
EAS optical Cherenkov signals view from above the limb. This VHECRs measurement capability
has motivated two potential future missions, the Terzina SmallSat mission that will use a Schmidt
telescope with an e↵ective area of 0.2m2, and 8�⇥2� FoV with an iFoV= 0.125� in a sun-synchronous
orbit. Another is the Wide-Angle Telescope-Transformer (WATT) that is built on the success
of the Multiwavelength Imaging New Instrument for the Extreme Universe Space Observatory
(Mini-EUSO) mission [47] and recent work based on K-EUSO [905] using a larger Mini-EUSO
type design with 40-cm diameter outer lens and a FoV of 60�. These experiments, along with
EUSO-SPB2, will also provide a wealth of data on the impact of VHECRs backgrounds, dark-sky
background, and atmospheric refraction on [900] detection of ⌫⌧ -induced EAS events.

6.3.2 GRAND – highest exposure from ground by a huge distributed array

6.3.2.1 Design and Timeline
The Giant Radio Array for Neutrino Detection (GRAND) is a proposed experiment to detect

the most energetic cosmic particles: neutrinos, cosmic rays, and gamma rays [26, 906]. When
high-energy particles interact in the atmosphere, an EAS is produced and the Earth’s magnetic
field causes a separation of charge within the shower. This charge separation leads to a coherent
radio signature in the ⇠ 10–100 Hz range lasting ⇠ 100 ns. The amplitude for the radio wave is
large enough to be detected for air showers with E & 1016.5 eV [805, 806]. GRAND will use a
large number of very spaced-out radio antennas to detect these short showers, see Fig. 72 for a
schematic of the process. This technique builds on work done by previous radio arrays such as
AERA [741, 818], CODALEMA [907, 908], LOFAR [909, 910, 911], TREND [864, 863], and Tunka-
Rex [912]. As GRAND focuses on inclined showers which are spatially much larger than vertical
showers, the array of detectors can be more di↵use, allowing for larger arrays increasing the e↵ective
area. The ultimate design for GRAND is 10–20 locations around the globe containing 10,000-20,000
antennas over areas of 10,000-20,000 km2 each. Due to the relatively straightforward scalability,
numerous benchmark steps are in place as the design and construction progresses [913].

The precursor to GRAND was the TREND array composed of 50 antennas over 1.5 km2 in the
Tianshan mountains in China. The goal of this array was to develop self-triggering capabilities
of a large radio array. After taking data for 314 days in 2011 and 2012, with only a relatively
simple setup and cuts, TREND successfully self-triggered and identified 564 air shower candidates
consistent with the expected flux up to E = few⇥1018 eV [863]. TREND’s detection was with an
e�ciency of only 3 % due mostly to dead time of hardware which is expected to significantly improve
in future iterations. In addition, the detector design and lack of polarization information did not
allow for an optimal analysis; this knowledge will be carried over into next-generation detectors.

TREND’s success is to be followed up with GRANDProto300 (GP300) designed to reproduce
TREND’s self-triggering success, bring the e�ciency close to ⇠ 100 %, and build a larger array to
provide measurements of cosmic rays up to E = few⇥1018 eV [380]. Due to delays, site selection
is still on-going, but the array is being deployed over 2021–2023. After GP300, a large unit of
10,000 antennas will be deployed over an area of 10,000 km2, likely in China, estimated to begin
deployment in 2026. This will allow for the final testing of the electronics and the detector design
before deploying 10–20 more such arrays at other sites for the final distributed design with a total
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GR DN

Giant Radio Array for Neutrino Detection

Science and Design

Figure 72: A schematic of the GRAND design [26]. Arrays of radio antennae on the side of mountains can detect
inclined extensive air showers from Earth-skimming and mountain passing tau neutrinos (lower trajectory) and
inclined UHECR events (higher trajectory).

of 200,000 antennas over a total of 200,000 km2 which should be rolled out in the early 2030s.

6.3.2.2 Scientific Capabilities

GRAND aims to be a state-of-the-art neutrino experiment measuring Earth-skimming topolo-
gies [914], while also achieving leading measurements of UHECRs and high energy gamma rays.
The secondary physics case is also very rich including fast radio bursts, epoch of reionization, multi-
messenger studies within a single experiment, among others. Below, the UHECR science case of
GRAND is given special focus.

As the various subarrays will be designed to target horizontal showers in order to maximize
e�ciency for detecting Earth-skimming tau neutrinos, GRAND will be fully e�cient for UHECR
showers in the zenith angle range [65�, 85�] and for shower energies & 1018 eV. This gives rise to a
100,000 km2 sr e↵ective area which is enough to match the current global accumulated exposure
in ⇠ 1 year. Moreover, simulations indicate that GRAND’s e↵ective area is actually ⇠ 5⇥ larger
when considering events with shower cores just outside the instrumented area [906]. The advance
in statistics is GRAND’s primary advantage to UHECR physics over existing measurements, but
GRAND will also be the only single experiment with full-sky coverage. The impact of the advan-
tages on the physics goals are discussed below.

The primary UHECR physics goals of GRAND are to measure and characterize the spectrum,
to identify the sources of UHECRs via anisotropy searches, and to determine the composition of
UHECRs and its evolution as a function of energy.

First, while measurements of the spectra exist from Auger [33, 129] and TA [915], there is some
discrepancy among them [79]. GRAND will address this discrepancy in two ways. The increased
statistics will make for a precise measurement both below the break at 1019.5 eV as well as above
it where the statistics of existing measurements start to fall o↵. This will also allow for a more
precise measurement of the break energy itself. In addition, since GRAND will have significant
exposure in both the Northern hemisphere where TA is located and in the Southern hemisphere
where Auger is located, it will allow for a measurement of the flux in both regions with the same
systematics which will help to understand the di↵erence between these measurements.

Second, identifying the sources of UHECRs represents one of the chief ultimate goals of UHECR
physics and GRAND’s high-statistics measurements will provide an excellent opportunity to do
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that. Due to the fact that UHECRs bend in intervening extragalactic and Galactic magnetic
fields, learning about the source distribution is best done with a large field of view experiment.
As shown in Fig. 73, GRAND distributed across the planet will have roughly uniform exposure
across the whole sky. This will allow for the most e�cient reconstruction of large-scale anisotropies
[916, 917, 918]. Moreover, due to GRAND’s large exposure, it will see more high-rigidity events
with less bending by magnetic fields allowing for an increased power to identify correlations with
catalogs of potential sources. Finally, it is important to note that GRAND will be well suited to
test existing hints of large-scale anisotropy from TA and Auger due to significant exposure in each
hemisphere [38, 919, 37].

Third, the composition of UHECRs seems to evolve from lighter elements at lower energies to
heavier elements at higher energies [189, 74], although the composition of cosmic rays at the highest
energies is somewhat uncertain due to some slight tensions between the existing data sets. Moreover,
the conclusions depend on the details of the analyses as well as the hadronic shower model used, see
e.g., Ref. [920]. Thus additional higher statistics measurements are needed to resolve this picture.
The composition of UHECRs is extracted from Xmax which provides information on the depth of
the shower; lighter elements propagate deeper into the atmosphere than heavier elements with the
same energy. In addition, fluctuations in the depth of the shower, �(Xmax) provides information as
well since lighter elements tend to have larger fluctuations. Together these can provide an estimate
of the composition of UHECRs as a function of energy. A radio version of Xmax has been developed
and GRAND can measure it statistically at ⇠ 65 g cm�2 for protons and ⇠ 25 g cm�2 for iron which is
comparable to the shower-to-shower fluctuation size [921, 922]. GRAND’s measurement of Xmax will
provide key additional information to improve our understanding of the composition of UHECRs.
GRAND will have good enough Xmax resolution and will be able to apply it to higher energies
than existing measurements due to the improved statistics allowing for a clearer determination of
the evolution of the composition. This information will then further propagate out into helping
understand anisotropies and identifying sources.
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Figure 73: The relative integrated exposure as a function of declination for Auger, TA, and a distributed GRAND
array [906].

Beyond making measurements of UHECRs directly, GRAND will measure the UHE neutrino
flux. This flux could contain contributions coming directly from the sources, or even be dominated
by them (see, e.g., Ref. [255]). The sources of UHE neutrinos may be the same ones behind the TeV–
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PeV neutrinos seen by IceCube, or di↵erent ones. There is one guaranteed contribution to UHE
neutrino flux, which is from UHECRs interacting with the cosmic microwave background [35, 36].
Since UHECRs with E & 1019.7 eV only come from relatively nearby, GRAND’s measurement of
the neutrino flux which depends on the total UHECR flux provides key information about the
redshift evolution of sources as well as the UHECR composition [228, 923].

In summary, GRAND will be a state-of-the-art large-scale UHE astroparticle experiment. It
will benefit from the distributed nature of radio arrays which have already demonstrated the key
benchmark of self-triggering. The physics case within UHECRs alone is broad and will also provide
leading measurements of neutrinos, gamma rays, and a number of other secondary physics cases.

6.3.3 GCOS – accuracy for ultra-high-energy cosmic rays

6.3.3.1 Design and Timeline

200 km

20
0 

km

40000 km2

3000 km2

Telescope Array 
TAx4

Pierre Auger Observatory
Pierre Auger observatory 3000 km2

Haverah Park 12 km2

AGASA 100 km2

Telescope Array 700 km2

TAx4 2800 km2

Volcano Ranch 8 km2

Figure 74: Illustration of total collection area for existing installations and GCOS.

The Global Cosmic Ray
Observatory (GCOS) is in
the design phase with the
final detection concept and
setup being worked out.
More detailed considera-
tions can be found in
Ref. [27] and references
therein. With the goal of
reaching an exposure of at
least 2⇥ 105 km2 yr in a pe-
riod of 10 years and full-
sky coverage a set of surface
arrays with a total area of
about 40000 km2 is antici-
pated as shown in Fig. 74. Identification of the ultra-high-energy particle sources will require a
good angular resolution. Assuming a detector spacing of the order of 1.6 � 2 km an angular resolu-
tion < 0.5� is realistic. For a determination of the fine structures in the energy spectrum, GCOS
is expected to provide an energy resolution around 10 � 15 %. In particular, in regions of a steeply
falling energy spectrum, as e.g., at the highest energies a good energy resolution is important to
restrict spill over of measured events to higher energies to an acceptable amount. Good energy
resolution is also important to identify and investigate transient sources.

nested water Cherenkov 
detector

layered water Cherenkov 
detector

Figure 75: Detection concepts, using a layered (left) and a nested (right) water Cherenkov detector with a radio
antenna on top.
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(a) The telescope frame, showing four PMTs at the
focus of a 1.6 m diameter segmented mirror. The sup-
port structure is made from aluminium profiles. The
UV filter can be seen attached to the periphery of the
camera box.

(b) The dimensions of the FAST prototype telescope’s
optical system. Da is the diameter of the telescope
aperture, Di is the side length of the square camera
box, Dm is the diameter of the primary mirror, and l is
the mirror-aperture distance.

Figure 1: The mechanical and optical design of the full-scale FAST prototype telescopes.

2. The FAST prototype telescopes

2.1. Telescope design
A lensless Schmidt-type optical design was adopted for the full-size FAST prototype [15].

In a typical Schmidt telescope a corrector plate is placed at the entrance aperture (located at the
mirror’s radius of curvature, a distance of 2 f , where f is the focal length) to facilitate the control of
o�-axis aberrations: coma and astigmatism. The coarse granularity of the FAST camera, having
only four PMTs each covering an angular field-of-view of � 15�, allows the requirements on
the size and shape of the telescope’s point spread function to be relaxed. The FAST prototype
telescope therefore forgoes the use of a corrector plate, utilises a reduced-size mirror, and uses a
shorter distance between the mirror and the camera relative to a regular Schmidt telescope, with
the entrance aperture located closer to the focal surface.

The dimensions of the FAST prototype telescope are shown in Fig. 1b. An octagonal aperture
of height 1.24 m is located at a distance of 1 m from a 1.6 m diameter segmented spherical mirror
(radius of curvature � 1.38 m). The design fulfils the basic FAST prototype requirements, with
an e�ective collecting area of 1 m2 after accounting for the camera shadow, and a field-of-view of
30� � 30�.

4

Figure 76: Concept of a fluorescence telescope frame, showing four PMTs at the focus of a 1.6 m diameter segmented
mirror. The support structure is made from aluminium profiles. The UV band-pass filter can be seen attached to
the periphery of the camera box.

Another important requirement for the GCOS design is to have the capability to identify the
mass, and ultimately the rigidity of each ultra-high energy particle measured. This requires a
good measurement of the atmospheric depth of the shower maximum Xmax and of the ratio of the
electromagnetic to muonic particles in an air shower. Both quantities depend only logarithmically
on the atomic mass of the primary particle. Ultimately, GCOS will need to have excellent rigidity
resolution. Since R = E/Z, this will require simultaneously good energy resolution of the order of
⇠ 10 %–15% and good mass resolution with � ln A < 0.8 for individual showers. This will allow
to distinguish at least five mass groups for the elemental composition, about equally spaced in
ln A (p, He, CNO, Si, Fe). The charge Z can only be derived indirectly, assuming Z ⇡ A/2, with
the obvious exception for protons with A/Z = 1. This provides the foundation to find and study
sources, but also to study particle physics and fundamental physics at extreme energies. To achieve
such a mass-resolution requires to measure the depth of the shower maximum with an accuracy
better than 20 g cm�2 and a resolution for the measurement of the muonic shower content of the
order of 10–15%.

Di↵erent detection concepts are at hand. They need to be optimized to reach the targeted
physics case. Fluorescence detectors provide a calorimetric measurement of the shower energy
and a direct and almost model-independent measurement of Xmax. However, they have only a
limited duty cycle (⇠ 15 %) due to constraints on atmospheric transparency and background light
conditions. An alternative with almost 100 % duty cycle is the use of radio antennas in a frequency
range where the atmosphere is transparent to radio waves. Such detectors require radio-quiet
regions. The classical approach of a particle detector ground array has no restrictions with respect
to radio interference or background light and the particle type is inferred from the ratio of secondary
particles on the ground. The conversion from measured signal ratios (or to a lesser extend from
Xmax) to the nature of the incoming particle is based on Monte Carlo simulations. The accuracy
will depend on the progress in matching the air-shower simulations with data.

In order to determine the mass of each incoming cosmic ray with a detector array one typically
measures two shower components simultaneously, mostly the electromagnetic and muonic compo-
nents are used. A cost e↵ective approach is the use of layered water Cherenkov detectors. A big
water volume is read out through optically separated segments as illustrated in Fig.75. If enhanced
electron-muon separation is also desired for horizontal air showers (e.g., for neutrino detection) a
possible design could be a nested detector. Radio antennas on top of a particle detector are a very
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promising concept also for GCOS. They provide a calorimetric measurement of the electromag-
netic shower component with high precision (⇠ 10 %). In particular, this will allow to measure the
electron-to-muon ratio for horizontal air showers in combination with a water Cherenkov detector.
In addition, the radio technique can be used to calibrate the absolute energy scale of a cosmic-ray
detector. Cost-e↵ective fluorescence detectors, as shown in Fig. 76, could be included to measure
the calorimetric shower energy and the depth of the shower maximum or a large stand-alone array
of fluorescence detectors could be an alternative option for GCOS.

GCOS is at present in the phase of concretizing the science case and studies are being conducted
to optimize a suitable detector design. The performance of existing detector systems, in particular
the upgrade of the Pierre Auger Observatory gives concrete and proven design examples to achieve
the needed resolution for the depth of the shower maximum and the electron-to-muon ratio. The
final design of GCOS will depend on the results which will be obtained with the Auger Observatory
and the Telescope Array in the coming decade. New findings concerning the elemental composition
and the arrival direction of cosmic rays at the highest energies will influence the ultimate science
case, and, thus the design of the observatory. A promising approach towards a full-scale GCOS
observatory could be to gradually increase the aperture of the existing arrays. For example, findings
with an aperture of a few times the aperture of the current Auger observatory will improve the
understanding about the highest-energy cosmic rays, and, thus will clarify the design goals (with
respect to mass resolution and direction resolution capabilities) for an even larger observatory.
Prototype detectors are expected to be build after 2025. The construction of GCOS at multiple
sites is expected to start after 2030 with an anticipated operation time of twenty years.

6.3.3.2 Scientific Capabilities
We are living in a golden epoch in Astrophysics where we have witnessed the birth and the first

steps in the development of multi-messenger astronomy. Our understanding of the high-energy
Universe has significantly expanded and progressed thanks to observations obtained recently with
di↵erent messengers in a broad range of energies. The objective of GCOS is to conduct precision
multi-messenger studies at the highest energies. GCOS will be designed to have good sensitivity to
measure charged cosmic rays, gamma rays, and neutrinos, thus, being able to address the following
scientific questions:

Nature is providing particles at enormous energies, exceeding 1020 eV – orders of magnitude
beyond the capabilities of human-made facilities like the LHC. At the highest energies the precise
particle types are not yet known, they might be ionized atomic nuclei or even neutrinos or photons.
Even for heavy nuclei (like, e.g., iron nuclei) their Lorentz factors � = Etot/m c

2 exceed values of
109.

The existence of such particles imposes immediate questions, yet to be answered:

• What are the physics processes involved to produce these particles?

• Are they decay or annihilation products of dark matter [152, 154]?

If they are accelerated in violent astrophysical environments:

• How is Nature being able to accelerate particles to such energies?

• What are the sources of the particles?

• Do we understand the physics of the sources?

• Is the origin of these particles connected to the recently observed mergers of compact objects –
i.e., the gravitational wave sources [65, 924, 925, 926, 927, 928, 929]?

The highly relativistic particles also provide the unique possibility to study (particle) physics
at its extremes:

• Is Lorentz invariance (still) valid under such conditions [930, 13, 931, 932, 933, 934, 9]?
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• How do these particles interact?

• Are their interactions described by the Standard Model of particle physics?

When the energetic particles interact with the atmosphere of the Earth, hadronic interactions can
be studied in the extreme kinematic forward region (with pseudorapidities ⌘ > 15):

• What is the proton interaction cross section at such energies (
p

s > 105 GeV)?

A key objective of GCOS will be to identify and study the sources of UHE particles. Even
in the most conservative case the high-energy sources are amazing objects that challenge our view
and constitute unique laboratories to test the fundamental laws of physics. This is already of great
interest in the most conservative case, let alone the case of exotic phenomena of new physics, which
obviously represents an exciting additional possibility. A key component for a science case will be
to be able to backtrack charged cosmic rays in the Galactic and extra-galactic magnetic fields. This
requires detailed knowledge of the structure of cosmic magnetic fields. Corresponding models are
being developed in parallel to the GCOS hardware. To conduct charged-particle astronomy it is also
desired to have a large exposure to reach high rigidity values and the ability to determine the charge
for each measured cosmic ray. If the knowledge about cosmic magnetic fields will allow correction
for deflections on the 10� � 20� scale, this would dramatically improve the ability to backtrack
the particles and conduct particle astronomy. Model scenarios will need to consider in detail the
physics of various sources, the acceleration mechanisms taking place, the physics which governs
the escape of particles from the source region, the particle propagation through intergalactic and
interstellar space until their interactions with the atmosphere of the Earth. Ideally, full end-to-end
simulations will be prepared for di↵erent source classes, such as AGNs, gamma-ray bursts, and
gravitational-wave sources. Such simulations will yield quantitative estimates for the measurable
quantities.

Multi-messenger connections: GCOS will be capable of detecting neutrinos and photons, greatly
enriching its science case. In the multi-messenger era, it will be an important partner to search
for neutral ultra-high-energy particles associated with transient events such as mergers of compact
binaries, tidal disruption events, and gamma-ray bursts, among others, providing insights into the
most energetic processes in Nature. In addition, GCOS will either measure or constrain the fluxes
of cosmogenic neutrinos and photons, consequently improving our understanding about ultra-high-
energy cosmic-ray sources. Three messengers are “inextricably” tied together (cosmic rays, gamma
rays, high-energy neutrinos) and provide complementary information about the same underlying
physical phenomena.

GCOS will also be able to address complementary science cases. They include in particular:

Dark Matter searches: For many decades, the favored models characterized DM as a relic density
of WIMPs. Despite the fact that a complete exploration of the WIMP parameter space remains
the highest priority of the DM community, there is also a strong motivation to explore alternatives
to the WIMP paradigm. DM could manifest itself by an excess of photons and neutrinos at high
energies. Thus, it will be crucial that GCOS will have photon and neutrino-detection capabilities to
constrain, e.g., the flux of photons and neutrinos from certain regions, such as the Galactic center.

Fundamental physics and quantum gravity: Ultra-high-energy particles can be used as probes
of fundamental physics and quantum gravity. The data can be used to search for LIVs in the
nucleon or photon sector. Another important aspect are e↵ects of LIV on air showers. The main
idea is that modified decay rates of neutral and/or charged pions and muons can change the shower
characteristics, such as the muon content and Xmax.
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Particle physics: One of the experimental challenges in determining the mass of cosmic rays from
air shower measurements is the degeneracy between the mass of the incoming particles and hadronic
interactions. Thus, hybrid measurements of air showers are mandatory for GCOS to verify hadronic
interaction models. Air shower data are also used to measure the cross sections for proton-air and
proton-proton collisions at center-of-mass energies far above values reachable at accelerators.

Geophysics and atmospheric science: GCOS will also be able to address scientific questions
from the areas of geophysics and atmospheric science. An example is the study of ELVES which are
a class of transient luminous events, with a radial extent typically greater than 250 km, that occur
in the lower ionosphere above strong electrical storms. Radio antennas allow detailed insights into
the spatial and time structure of the development of lightning strokes in the Earth’s atmosphere.

6.3.4 Complementary experiments

A number of experiments will complement the science of the three major projects mentioned
above. Although not of the same large-scale scope regarding cosmic-ray physics, they will still make
unique contributions to specific scientific questions of cosmic-ray particle and astrophysics.

At very high cosmic-ray energies reaching up to the presumed transition form Galactic to
extragalactic cosmic rays, these are, in particular, to arrays dedicated primarily to the observation
of TeV to PeV gamma rays: LHAASO [935], which recently started operation in the northern
hemisphere in China, and SWGO [936], which is planned in the southern hemisphere in South
America. Further progress in this lower energy range will result from new analyses of data from
multi-detector experiments such as TAIGA [178] or KASCADE-Grande [937], once better hadronic
interaction models will be available.

The importance of building SWGO [938, 939] must be fully recognised, and a detailed description
of it is only omitted due to the scope of this whitepaper, specifically that it focuses on the highest
cosmic-ray energies. That said, below a few experimental activities that are relevant in the ultra-
high-energy range in addition to the major large-scale projects are briefly described.

6.3.4.1 The Cosmic Ray Extremely Distributed Observatory (CREDO)

The Cosmic Ray Extremely Distributed Observatory (CREDO) Collaboration (see Ref. [940]
and the topical references therein) asks under which circumstances and with which conditions
Cosmic Ray Ensembles (CREs) can reach the Earth and be at least partly detected with the
available or possible infrastructure.

This approach is equivalent to looking for both small and large scale cosmic ray correlations in
space and time domains, embracing the whole cosmic ray energy spectrum and all primary types.
Within such a general approach the list of CRE scenarios and interdisciplinary opportunities to be
studied/pursued using CREDO cannot be closed, so one rather considers CREDO an infrastructure
capable of hosting a wide scientific program, not just one individual project. An example of
astrophysical scenario presently being studied within CREDO include the simulations and search
for air shower walls, a specific class of CREs, composed of thousands or even millions of photons of
energies from MeV to EeV, which are expected to be created due to the interactions of ultra-high
energy photons with the magnetic field of the Sun [941].

Another promising science goal concerns the bursts of 0.1PeV air shower events recently recorded
by one of the CREDO facilities [942]. This case illustrates one of the observation strategies being
implemented specifically with CREDO: ”the quest for the unexpected” or (simply) ”fishing”. The
fishing strategy helps not to miss the breakthrough observations despite the (yet) missing theoret-
ical background: with no a priori assumed scenario (it is reasonable to assume that the UHECR
community might not yet be aware of all the scenarios being realized in nature) one can still analyze

135Cre
at
ed

 in
 M

as
te
r P

DF 
Ed

ito
r



the data to search for statistically significant signal excesses or anomalies which would provide a
valuable input for theoretical considerations.

The optimum CRE-oriented experimental strategy should be based on forming an openly inter-
operable alliance/network of observatories, experiments and individual detectors sensitive to cosmic
signal (including also e.g., muons in underground or underwater facilities, radiation detected in
CCD/CMOS pixel cameras used e.g., in classical astronomy, o↵-beam measurements in particle
accelerators) that would enable both historical data analyses and CRE-candidate alerts, inevitably
adopting front-end AI and big data technologies.

6.3.4.2 The Latin American Giant Observatory (LAGO)
The Latin American Giant Observatory (LAGO), is a project conceived in 2006 [943] to detect

the high energy component of GRBs, with typical energy of primaries Ep & 20 GeV, by installing
10 m2–20 m2 WCDs at very high altitude sites across the Andean ranges. From this initial aim,
LAGO has evolved toward an extended astroparticle observatory at a regional scale, currently
operating WCDs and other particle detectors in ten countries in LA, Argentina, Bolivia, Brazil,
Chile, Colombia, Ecuador, Guatemala, Mexico and Peru, together with the recent incorporation
of institutions from Spain. LAGO is operated by the LAGO Collaboration, a cooperative and
non-centralized collaboration of 29 institutions.

The LAGO detection network consists of single or small arrays of astroparticle detectors installed
in di↵erent sites across the Andean region [944]. The detection network spans a region from the
south of Mexico, with a small array installed at Sierra Negra (4550 m a.s.l.), to the Antarctic
Peninsula, with the recent installation of two WCDs at the Marambio Base (Arg., 200 m a.s.l.),
and at Macchu Picchu Base (Perú, 10 m a.s.l.), mainly oriented for Space Weather studies and
monitoring [945, 946, 947].

The network is distributed over similar geographical longitudes but a wide range of geographical
latitudes and altitudes. By combining simultaneous measurements at di↵erent rigidity cuto↵s from
regions with di↵ering atmospheric absorption LAGO is able to produce near-real-time information
at di↵erent energy ranges of, for example, disturbances induced by interplanetary transients and
long term space weather phenomena.

LAGO has three main scientific objectives: to study high energy gamma events at high altitude
sites, to understand space weather phenomena through monitoring the low energy cosmic rays flux
at the continental scale, and to decipher the impact (direct and indirect) of the cosmic radiation
on atmospheric phenomena. These objectives are complemented by two main academic goals: to
train students in astroparticle and high energy physics techniques, and foremost, to support the
development of astroparticle physics in Latin America [948].

Scientific and academic objectives are organized in di↵erent programs and are carried out by
the corresponding working groups. LAGO programs cover several aspects of the project, from the
installation, calibration and operation of the detectors to the search for pathways to transfer data
from remote sites.

6.3.4.3 The Square Kilometer Array (SKA)
The Square Kilometer Array low-frequency array (SKA-low) [813], currently under construction,

will have a dense array of about 60,000 radio antennas on an area of about 0.5 km2 that will be
able to measure air showers with energies between roughly 1016–1018 eV in a wide radio frequency
bandwidth of 50–350 MHz.

The SKA will be able to study radio footprints in unprecedented detail with an expected Xmax

resolution below 10 g/cm2 [831]. Additionally, sensitivity to the width of the longitudinal shower
profile (L) [750] with percent-level precision will enable the SKA to test hadronic interaction models
regarding their predicted correlations of Xmax and L. Once hadronic interaction models have been
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improved to accurately predict the L parameter for di↵erent primary particles, this provides a
complementary way to increase the mass sensitivity beyond the sensitivity achievable by a perfect
Xmax resolution.

Therefore, the SKA may be able to di↵erentiate between air-shower physics and astrophysical
models, and in addition reduce systematic uncertainties on Xmax and mass composition measure-
ments. The ability to perform interferometric measurements with SKA will have great potential to
achieve even higher sensitivity to the mass composition [846, 847] and might even be sensitive to
the 3-dimensional profile of the shower emission regions, potentially enabling deeper studies of air
shower physics. Finally, complementing SKA’s measurements of electromagnetic shower content
and Xmax with muon-sensitivity via a suitable particle detector array could unlock further potential
in high-accuracy studies of mass composition and hadronic interaction physics in the energy range
of the Galactic-to-extragalactic transition.

6.4 The path to new discoveries

6.4.1 Energy Spectrum: Characterizing the rarest particles

Figure 77: Left: The exposure to cosmic rays near the suppression region (50EeV) is shown as a function of time
for Auger & Auger-Prime (SD-1500), TA & TA⇥4, GRAND, K-EUSO [949], POEMMA in stereo-mode, and GCOS.
The exposure for POEMMA in limb-mode is shown for 300EeV. A band is shown to indicate the exposure for various
deployment schedules for TA⇥4. Right: The e↵ective aperture of the experiments are shown as a function of energy.
The gray lines indicate the yearly exposure that is required for an experiment to observe the indicated event rate,
according to the flux model given in Ref. [67]. In both panels, currently operating experiments are shown in solid
lines and future experiments/upgrades are shown in dashed lines.

The contribution of Auger and TA to the understanding of UHECRs’ nature is certainly very
remarkable and will be significantly improved in the next decade via the respective upgrades to
the observatories. At ultra high energies, cosmic-rays are of extra-galactic origin [52] and there are
strong hints of correlation of the arrival directions at intermediate angular scales with some known
catalogue of sources, see Sec. 2.4 [39] and of a clustering of events in the northern hemisphere [38].
The improved sensitivity to the primary mass and the increase in exposure that will be available
with AugerPrime and TA⇥4 will possibly lead to a 5� discovery in the anisotropy searches at
intermediate angular scales. Such result, probably achievable within the next decade, will confirm
the feasibility of more detailed studies on the properties of single (or groups of) sources like the
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spectral shape. A limit in such studies is the relatively small statistics achieved with both Auger
and TA at the highest energies. The all particle spectrum must be subdivided in mass groups and
in di↵erent sources, further reducing the statistics. This will require a large increase in exposure
that will be only provided by the next generation experiments.

Leveraging the spectral shape at the highest energies The limited statistics of Auger and
TA at the highest energies, hinders a proper characterization of the shape of the all-particle spec-
trum above the flux suppression and therefore to discover possible new spectral features in this
range (like recently happened with the instep at 1019 eV). A significant increase of the exposure is
therefore needed. Measuring precisely the spectrum at these extreme energies with high statistics
is of fundamental importance to understand the maximum energy achievable by accelerators as the
continuation of the very steep decay of the flux far above the suppression will confirm the end of the
cosmic-ray spectrum. A large exposure would also allow to explore the spectrum above few times
1020 eV, where only upper limits to flux are currently available. A new hardening in the flux sup-
pression of the energy spectrum could indicate the presence of a local source capable of accelerating
particles at such high energies [667, 950, 951] and would provide new insights in the understanding
of the mechanisms responsible for the acceleration of the highest-energy CRs [952]. A recovery of
the spectrum above 1020 eV has been moreover predicted [953] in the context of LIV allowing to
test the frontier of particle acceleration in the Universe, and new physics as well [954, 955, 956]. In
such kind of studies, a significant increase of the sensitivity is obtained by adding information on
mass composition [931]. The combined fit of the spectral shape and of the composition has been
used by the Auger collaboration to set stringent limits on the LIV amplitude [9]. A significant
increase in statistics together with an improvement in mass sensitivity for future observatories will
be extremely beneficial to improve such limits. Finally, the combination of high statistics, mass
sensitivity and anisotropy will be of extreme value also to constrain production models in a similar
way to what already done by Auger [160, 205] and TA [108].

To significantly increase the statistics at the highest energies, a few possible detector concepts
have been so far proposed: in particular GCOS (see Sec. 6.3.3.1), GRAND (see Sec. 6.3.2.1), K-
EUSO [949] and POEMMA (see Sec.6.3.1.1). The first two are giant ground-based arrays while the
last two are space-based telescope. Although such projects are all in the development phase, they
will bring a substantial increase in the exposure, as shown in Fig.77 especially at the most extreme
energies. The current baseline design for GCOS calls for a ground-based observatory spanning
⇠ 40,000 km2 for which several detector designs are being studied, that will allow to obtain a yearly
exposure of ⇠ 100,000 km2 sr yr. GRAND will be a 200,000 km2 radio observatory on ground with
a ⇠ 100,000 km2 sr yr yearly exposure in the zenith angle range 65–80�. Its prototype is currently
being deployed in China. K-EUSO is a mission aiming at the deployment of a single detector
on the Russian section of the ISS. It will be the first, from 2026, to measure cosmic ray from
space through the fluorescence technique. POEMMA aims at the deployment of two fluorescence
telescopes in space to operate either in stereo mode pointing straight down to the Earth, for the
detection of cosmic rays, or tilted toward the horizon mainly for the detection of neutrino events.
Depending on the tilting angle, POEMMA can achieve at least ⇠ 46,000 km2 sr yr per year in nadir
mode at 1020 eV which can become over 200,000 km2 sr yr each year around 1021 eV when pointing
toward the horizon. Space based configurations can moreover achieve a very uniform exposure on
both hemispheres. For comparison the yearly exposures of Auger and TA⇥4 is between 5000 to
7000 km2 sr yr.

Despite the strong specificity of the single concepts, the experimental techniques are inherited
from the developments of currently operating detectors and the details will be defined in this
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decade also following the results from the operation of Auger and TA. The present generation of
experiments, Auger and TA, is in any case going to lead the field at least for this decade, until the
future generation of experiments will take over in the first half of the 2030s.

6.4.2 Mass composition: The 20-year picture

A significant increase of the exposure is required for collecting su�cient statistics at extreme
energies with composition-sensitive detectors. This is critical as these are the energies where the
rigidity of the primary particles might reach values > 20 EV which would also for more straight-
forward identification of point sources [159, 607]. New experiments building on novel detection
technology, such as POEMMA (see Sec. 6.3.1), GRAND (see Sec. 6.3.2), and GCOS (see Sec. 6.3.3)
with apertures of more than one order of magnitude larger than that of Auger, are currently in the
design stage. Also technology approaches such as CRAFFT [169] and FAST [170, 171] are under
evaluation, and may be integrated in GRAND or GCOS sites or added as additional sites to further
increase the exposure. The design of these observatories will benefit from the knowledge that will
be gained in the next decade with the data of AugerPrime and TA⇥4.
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Figure 78: The Xmax resolutions reported by current experiments and estimated for some future observatories
[108, 143, 187, 180, 181, 182, 199, 168, 957]. Reported data points have been interpolated for Auger RD, TA Stereo
and POEMMA. For LOFAR, Tunka-Rex, and TALE, only average resolutions for energy ranges were reported.

Depending on the methods and designs of the next generation of detectors, there are di↵erent
types of composition related studies which can be pursued. Generally, these can be sorted into
two groups. Those which, by their nature, require an event-by-event sensitivity to the mass group
of the primary, and those which can be done through the analysis of observables with a moderate
mass sensitivity. A non-exhaustive list of both types of studies follows:

1. Moderate resolution mass composition analyses:

• constraints on the Xmax and Nµ mass scales;
• Xmax/ln A moment and elongation rate studies;
• fitted mass group component fractions and energy spectra;
• mass composition anisotropy studies from Sec. 5.4.2 of types i) to iv);
• GZK/Photo-Disintegration/Peters-Cycle cuto↵ scenario di↵erentiation;
• constraints on acceleration scenarios and composition at source;
• constraints on cosmogenic UHE neutrino and photon fluxes;
• UHE neutrino and photon searches.
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2. Event-by-event mass composition analyses:

• generally higher fidelity versions of the studies above;
• mapping of individual mass groups;
• event-by-event GMF inversion and source identification;
• better proton/air cross section measurement;
• determination of the Xmax and Nµ mass scales;
• expanded searches for new physics at ultra-high energies.

The vast majority of composition studies which informed the review in Ch. 2 are of the first
variety. This is because currently, Xmax is the most sensitive mass related parameter available
for composition studies. As can be seen in Fig. 78, the current and future resolutions on Xmax

are already on the order of 20 g cm�2 or better, which, as can be seen on the right of Fig. 79, only
marginally contributes to lowering the overall mass resolution. This is because the location of Xmax

is subject to large shower-to-shower fluctuations for any given primary and energy. This is clearly
illustrated on the left of Fig. 79 where a significant overlap in the Xmax distributions of adjacent
mass groups is visible, with protons and iron overlapping at the 1.5 � level. This means that an
event-by-event discrimination between mass groups is challenging with Xmax alone.
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Figure 79: Left: shower maximum, Xmax, and logarithmic muon number, lg(Nµ), for five cosmic-ray elements for
Sibyll2.3d at 10EeV. The lines show the contours containing 68, 90 and 95% of all showers. Right: “merit factor”
which illustrates degree to which proton and iron showers can be distinguished, mf = (µp � µFe)/
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given experimental resolution on Xmax and lg(Nµ). µ denotes the mean and � is the standard deviation of the mass
observable, which in this case is the linear combination of Xmax and lg(Nµ) maximizing mf. The merit factors for a
single observable are close to the values shown for a large resolution of the other one, i.e., the top row for Xmax and
the right column for lg(Nµ).

The reconstruction of Nµ promises a much higher event-by-event mass resolution due to the
much lower shower-to-shower fluctuations in the number of muons produced in a shower for any
given primary and energy. This increase in sensitivity is clearly visible in the separation of elements
along the ordinate of Fig. 79 (left). However, there is still significant overlap in the distributions
meaning that high certainty event-by-event mass reconstruction is still not obtainable with Nµ

alone. As was discussed in Sec. 2.3.3, the interpretation Nµ is complicated by high uncertainties in
the muon scale due to problems with the current generation of hadronic interaction models, leading
to unreliable results as compared to Xmax related studies.
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The clearest path to event-by-event primary mass reconstruction lies in a high resolution inde-
pendent reconstruction of both Xmax and Nµ coupled to a high resolution energy reconstruction.
Right now, the uncertainties in hadronic interaction models serve as an e↵ective barrier to de-
coupling the reconstructions and interpretations of Xmax and Nµ. Unfortunately, the current low
event-by-event primary mass resolution of UHECR events also serves to hinder progress on refining
hadronic interaction models due to the large uncertainties it creates in the constraints UHECR
events can provide at the highest energies. This leads to a di�cult to resolve mass-hadronic model
interdependency, which means an iterative approach will be necessary. However, once the heaviest
mass group can be identified and a high resolution Nµ measurement can be made, very strong
constraints on muon production will be available which should significantly contribute to solving
the Muon Puzzle.

As stated in the list from the beginning of this section, both studies with moderate mass sensi-
tivity and event-by-event mass-resolution can allow for significant progress on the most important
questions currently being posed in UHECR and UHE particle physics. Event-by-event detection
will always provide a superior resolution and stronger constraints than statistical methods can.
However, less sensitive methods can have large impacts at the highest energies if su�cient statistics
and Xmax resolutions are achieved. This is particularly true if the trend of an apparent purification
of primary beams with energy continues as energy increases [54], or alternatively if the composi-
tion approximately bifurcates into distinguishable very heavy and very light components due to
propagation e↵ects on distant sources, the so-called ‘cosmic mass degrader’ scenario described in
Sec. 5.4.3. If either of these cases occur, then beyond cut-o↵ energies, most composition-dependent
questions on source types and acceleration/propagation scenarios can be likely answered with profile
measurements alone. This provides a good target for large aperture FD and space-based detectors,
without assuming resolution gains from advanced profile reconstruction techniques. However, if
both of the above scenarios prove false, and the composition of the flux at the highest energies is
both heavy and significantly mixed, very large detectors with event-by-event mass sensitivity will
be required to fill out the UHECR picture. Additionally, making any new progress below ⇠ 40 EeV,
will also require event-by-event mass reconstruction with large exposure as the limits of what can
be done using statistical methods is being reached by the current generation of cosmic ray obser-
vatories. Understanding of the degree of mixing at the highest energies and therefore knowledge of
the degree of mass resolution needed to progress at energies above the flux suppression will need
to wait a few years until AugerPrime and TA⇥4 have collected enough data to constrain the mass
composition at ultrahigh energies.

6.4.3 Anisotropy: Towards the discovery of the sources

In the next decade, the Pierre Auger Observatory will make su�ciently precise measurement
of the composition so that it will be clear whether a significant fraction of protons or other low-Z
cosmic rays persists to the highest energies. The measurement of the spectrum of such a component
will be also carried out, giving information on how extended in energy this fraction is. This
spectral/composition information will be complemented by the major increase of statistics of events
in the northern hemisphere from the data to be collected by TA⇥4 (see Sec. 5.1.2). Depending on
the outcome of the upgrades, the essential attributes of future detectors will di↵er. However, by
evaluating the di↵erent possibilities, definite perspectives can be drawn.

Large-scale: going to full-sky coverage Regarding large-scale anisotropies, full-sky coverage
with detectors having as close to identical energy calibration in the northern and southern hemi-
spheres as possible, to avoid spurious e↵ects from an inconsistent energy threshold, is essential to
reconstructing the spherical harmonics – the most basic characterization of anisotropy, yet presently
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out of reach. The data sets of Auger and TA have been combined by cross-calibrating the ener-
gies in the overlap region but the statistics in this region are limited and an accurate calibration
correction should ideally be done for each energy bin. Therefore an observatory capable of full-sky
surveys, such as POEMMA (see Sec. 6.3.1) [25] or, if ground-based, using the same technology in
both hemispheres such as GRAND and GCOS (see Sec. 6.3.2 and Sec. 6.3.3) [26, 27], will thus
greatly reduce systematics in measuring large-scale structures in the UHECR sky. In addition,
much larger statistics are needed. To achieve a 5� significance level for the dipole anisotropy in
the energy bins 16 < E/EeV < 32 and E > 32 EeV requires double and triple the current Auger
exposure, respectively; this must be achievable with the next generation observatories on a fast
time scale if possible.

Best-case scenario: A significant fraction of protons and Helium Regarding individual
source discovery, current knowledge is consistent with two possibilities. In the simpler scenario, a
proton or light-nucleus component will be isolated at the highest energies and doing astronomy with
charged particles, as long yearned for, could become reality. In this case, next-generation observato-
ries with larger apertures and a similar or better mass discrimination capability than achieved with
AugerPrime, are needed to gather enough high-rigidity events to make a high-statistics skymap of
their distribution. Events arriving from the hemisphere away from the Galactic Center (e.g., the TA
warm spot candidates) surely experience smaller and less complicated deflections than UHECRs
which have crossed the central region of the Galaxy, simply because the GMF on average falls
with distance from the Galactic center. Thus restricting to high-rigidity events, individual sources
should stand out over background, as seen in Fig. 80 showing the image of M82, potentially the
source of the TA hotspot, for 4 di↵erent rigidities in the JF12 magnetic field model.

Once sources are identified through their highest rigidity events, structure in lower rigidity
events will constrain the GMF. As the halo GMF is better constrained in the anti-center direc-
tion, the great bulk of the halo GMF becomes better determined as well, due to the approximate
azimuthal symmetry of the Galactic halo. This will calibrate, validate, or point to needed modi-
fications of GMF models. Searches for individual sources in the hemisphere toward the Galactic
Center (e.g., the Cen A region and other Auger over-densities) can then be interpreted with greater
understanding and the anisotropy patterns toward the inner galaxy will further constrain the GMF
even in the central region of the Galaxy leading to a virtuous cycle of better-and-better ability to
find sources.

The shape of the rigidity spectrum from an individual source will indicate whether the UHECRs
were produced by a transient or steady source, since the highest-rigidity events of a transient have
already passed while the lowest-rigidity ones have not yet arrived, causing the spectrum to peak
around some particular rigidity (which decreases, over thousand-year year timescales) rather than
displaying the primary power-law behavior of the time-integrated spectrum [958].

The challenging scenario In the event that no clear proton-Helium component exists or it
appears to be suppressed with growing energy, the path to the identification of UHECR sources is
similar but more demanding. The dominant composition as determined by Auger has intermediate
mass, say Z ⇡ 6, so the rigidity of a 60EeV particle is ⇡ 10 EV; this is still high enough that
deflections are small for sources away from the Galactic center, as illustrated for M82 in Fig. 80. In
this scenario, future observatories will ideally have still better mass discrimination and still higher
statistics than needed for source discovery in the simpler case, because the lowest-Z, highest rigidity
events remain the most powerful for finding sources, and mass-indicators tend to be sensitive to
lnA. In this context, a much larger aperture than the existing detectors is even more valuable
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Figure 80: Skyplot showing the UHECR image of M82 for illustrative rigidities, after propagation through the JF12
magnetic field for a random component with a 30 pc coherence length, from Ref. [512].

because the more complex the puzzle which must be unraveled, the more important it is to have
large statistics, as will be the case with GRAND, GCOS and POEMMA [26, 27, 25]. Moreover,
GCOS should be able to select events on rigidity and explore how rigidity-based selections can help
to identify the sources.

In the end it is important to remind that the combination of neutrino, UHECR and electromag-
netic data – multi-messenger astronomy using spectra and timing as well as arrival directions – adds
very powerful complementary information to the purely UHECR anisotropy studies discussed here
(see Sec. 2.5 and Sec. 5.7 of this report). UHECR acceleration requires an unusual set of conditions
that will necessarily impact gamma-ray and neutrino production. In conjunction with detailed
studies of particle acceleration and transport (see discussion in Sec. 4.5.2), observations in all three
messengers will be crucial in determining whether candidate sources do produce UHECRs and in
pinpointing the physical processes involved in their acceleration. Extending such studies to entire
populations of candidate UHECR sources will provide essential constraints on their contributions
to the di↵use gamma-ray and astrophysical neutrino fluxes and the UHECR spectrum. Fully un-
derstanding UHECR astrophysics is an ambitious goal, which we can hope to reach only by taking
into account all the interconnections between di↵erent fields. Every step towards this, however,
will be able to shed some new light on the physics of the most energetic particle accelerators in the
universe. From this it is clear that in the next decades huge progress will be made, opening a new
window for astrophysics.

6.5 The big picture of the next generation: Conclusions and recommendations

Having the di↵erent scenarios in view, the ideal experiment of the next generation would com-
bine huge exposure with the ability to measure the rigidity for every single cosmic-ray event.
However, such an approach of one experiment for all scenarios and science goals will neither be
economically attractive nor is it necessary. The community has proposed a small number of large-
scale, but still feasible experiments which perfectly complement each other with their individual

143Cre
at
ed

 in
 M

as
te
r P

DF 
Ed

ito
r



strengths and science goals.
In the ongoing decade, the Pierre Auger Observatory will remain the leading experiment with

its AugerPrime upgrade in terms of exposure as well as accuracy for UHECR primary mass. By its
multi-hybrid design, it is also ideally suited to study the Muon Puzzle and, more generally, particle
physics in UHE air showers. Auger in the southern hemisphere will be complemented by the TA⇥4
upgrade of the TA experiment. TA⇥4 features a similar aperture as Auger, but in the northern
hemisphere, though with a worse mass resolution than AugerPrime has. Nonetheless, it is essential,
to have both experiments running in parallel for another decade, to harvest the science of the full
sky coverage. In addition to their astrophysical goals, this high aperture will also serve the case
of particle physics, e.g., for more precise measurements of the proton cross-section at the highest
energies.

Targeting somewhat lower energies up to EeV energies, IceCube and its extension IceCube-
Gen2 play still a crucial role for the progress on UHECR. By its combination of a surface array
with a deep array measuring TeV and PeV muons, IceCube provides unique contributions to solve
the Muon Puzzle and to study other unsolved problems in the physics of air showers, such as
the production of prompt leptons. For this purpose, it is essential the surface array of IceTop is
enhanced as planned by scintillators and radio antennas to deliver the maximum possible accuracy
on the air showers producing the muons in the ice.

Together with AugerPrime at higher energies, IceCube and IceCube-Gen2 thus provide the
foundation to study and solve the puzzling discrepancies of state-of-the-art hadronic interaction
models. Improving these hadronic interaction models by utilizing muon and electromagnetic mea-
surements of the same air showers at IceCube and Auger is a necessary foundation of both, deeper
particle physics as well as astrophysics of UHECR (Fig. 81).

Although Auger, and to some extent TA, will keep leading the field of UHECR physics in this
decade, they fall short of statistics at the highest energies. Their exposure is insu�cient to search
for particles at ZeV energies or to resolve a larger set of individual cosmic-ray sources. These will
be important goals of the next generation of experiments.

With GRAND on ground and POEMMA in space, two experiments will aim at maximum
exposure with a limited statistical mass resolution provided by Xmax (Fig. 82). They will provide
the statistics needed to identify the accelerators of the most energetic particles in the universe and
to search for particles at the ZeV scale and, thus, potentially new physics at the Energy Frontier.
Interestingly, these experiments have a very strong multi-messenger science case, as their primary
science goal is to search for UHE neutrinos using their huge exposure. Therefore, their cosmic-ray
science case can be realized for a relatively small additional e↵ort, and yet provides guaranteed
progress in UHECR physics.

They will be complemented by GCOS, which plans to provide per-event rigidity information
by combining Xmax and the electron-muon ratio as mass sensitive parameters in a multi-hybrid
surface array. While the hybrid-technology GCOS approach is certainly more expensive than single-
technology arrays, it seems to be the only way to achieve the necessary measurement accuracy
required for all science goals that need a per-event mass separation (see previous section). It is
therefore essential that the huge exposure experiments, will be complemented by GCOS, which will
have an order of magnitude larger exposure than Auger and feature even better mass and energy
resolutions than AugerPrime does today.

A particular feature of both GCOS and GRAND is their multi-site approach. It is therefore
possible that these two experiments will not be completely distinct from each other, but share one
or even a few common sites. This will have various benefits, being it a reduction of cost by sharing
infrastructure or the ability to cross-calibrate each others measurements.

In summary, we reach the conclusions that are summarized in Fig. 83 which lists the main and
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explicitly recommended experiments in UHECR physics for the next twenty years. There are further
important experiments beyond those in the table, and some of them will have a leading or unique
contribution to a specific science case (see Sec. 6.3.4). Our table should not be misunderstood
as recommendation against such experiments, and some cosmic-ray experiments are simply not
considered for the sole reason of focusing at lower energies than this white paper. At the highest
energies, the field of UHECR will observe a transition to a new generation of large-scale experiments
in the coming decade. Until that transition is made, it is essential to continue the currently upgraded
observatories Auger and TA into the next decade. Data taking at least until 2032 will be required
to reach the full potential of the upgrades currently under construction.

Experiments:
Auger
AugerPrime

TA
TAx4

IceCube
IceCube-Gen2
POEMMA

GCOS
GRAND

Other experiments

Neutral particles
UHE γ / ν / n  

U
H

E
C

R
s

Particle Physics
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strophysicsMultimessenger

Source identification 
& charged particle 

astronomy

Source modeling & 
propagation

Other experiments

Theory
Magnetic fields

Accelerators

New particle physics at the 
highest energies incl. 

beyond standard model 
physics 

Anisotropy

Energy

Rigidity

Shower
physics

R threshold (TBD)

Hadronic interaction 
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Mass

Iterative process

Pin down the shower energy 

observable
to use μ as a composition-only

Reduce hadronic

uncertainties
interaction model
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Other messengers

Galactic

*

μ / em separation †
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† depending on detector configuration

Figure 81: The main experiments of UHECR physics in the coming two decades and how their particle and astro-
physics goals interplay: Su�cient measurement resolution for the energy and mass of UHECR is a prerequisite for
any future cosmic-ray observatory. Currently, the mass resolution is hampered by an insu�cient understanding of the
hadronic interactions in air showers, but in addition to accelerator measurements, more accurate EAS measurements
themselves will provide the information needed to solve that puzzle. Once the hadronic interaction models are im-
proved and compatible with data, they will provide the basis for the search of new particle physics on the one hand,
and the ability to measure the rigidity of individual cosmic-ray particles with observatories featuring simultaneous
muon and Xmax detection. This opens rigidity-enhanced anisotropy as additional way to search for the most energetic
particle accelerators in the universe. This will complement the classical way of huge exposure observatories, which,
by their unprecedented statistics, also will search for yet undiscovered ZeV particles and BSM physics.
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Figure 83: This table summarizes the major experiments that are expected to lead UHECR physics in the next
twenty years: Three current experiments with their ongoing and planned upgrades will be followed by three future
experiments complementing each other with huge exposure and the ability to measure the rigidity of UHECRs.

IceCube and IceCube-Gen2 have a special role because they target a lower energy range and are
primarily neutrino detectors. Nonetheless, they provide unique cosmic-ray science regarding the
Galactic-to-Extragalactic transition and the study of hadronic interactions, which is also important
to interpret measurements at higher energies correctly. It is thus highly important for the UHECR
community that IceCube and IceCube-Gen2 are equipped with a high-quality surface array that
enables this unique cosmic-ray science.

The new generation of UHECR experiments is expected to go online in the 2030’s. This will be
POEMMA as first space experiment that will drive UHECR science, and the GRAND array that
for little additional e↵ort will also provide huge exposure for cosmic rays in addition to its neutrino
science case. These need to be complemented by GCOS, the only next generation experiment
featuring the accuracy for per-event rigidity. To maximize the outcome of GCOS, it needs to be
preceded by appropriate R&D during this decade, e.g., by testing and calibrating GCOS detectors
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at a su�ciently large scale at the Auger site for example.
On a final note, the processes of designing experiments and planning observations must expand

to consider particularly timely concerns in order to fully realize the science return of these e↵orts.
For instance, theory should be incorporated into these processes as it provides testable predictions
that drive experimental design (e.g., Fig. 81). To that end, opportunities for closer collaborations
between theorists and experimentalists should be explored. Furthermore, it is imperative that
collaborations adopt inclusive, equitable, and accessible practices to empower all members of the
scientific community to contribute at their fullest potential (see Sec. 8.1 and Sec. 8.2). Lastly, as
discussed in Sec.8.3, it is critical that environmental concerns, and, in particular, the CO2 footprint
of their construction and operation be given weight while planning out the design and construction
of these future detectors.
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Chapter 7

Broader scientific impacts:
Leveraging our infrastructure for other fields

Very large aperture fluorescence and Cerenkov telescopes with highly dynamic electronics allow
for the detection of phenomena of an entirely di↵erent class and nature from UHECRs. The active
fields of investigation which leverage the data of UHECR observatories include astrobiology, lighting
science, meteor investigation, dark matter, aurorae, and airglow observations among others. The
reason for this is two-fold, first UHECR experiments require extreme sensitivity in light intensity,
with the possibility of detecting even single photons, and ultra-fast read-out electronics which
can reach 100 ns time resolutions. Second, the enormous extensions of the detector arrays, that
reach thousands of square kilometers on ground, and potential footprints approaching millions of
square kilometers for planned space experiments, allow for the direct monitoring of huge areas and
atmospheric volumes. These factors together mean that UHECR observatories often times meet
or exceed the capabilities and sensitivities of experiments dedicated to the above fields of study
for certain analyses. By acknowledging this reality, and keeping it in mind for the design of the
next-generation detectors, the science reach of UHECR experiments has been, and can further be,
extended well beyond the realm of cosmic rays and related fundamental physics. In the following,
a summary of some of the contributions that UHECR experiments have provided in the past and
might provide in the future is presented.

7.1 Astrobiology

The search for life beyond Earth requires an understanding of life itself as well as the nature of
the environments that support it. In particular, a key environmental factor to consider is the level
of background ionizing radiation. As explained earlier, when cosmic rays interact with planetary
atmospheres or the surfaces of small bodies such as moons, asteroids or comets, they initiate
extensive showers of secondary particles. Through these showers, cosmic rays can lead to a host of
interesting e↵ects potentially relevant for habitability [959, 960, 961], such as:

• the modification of the atmospheric chemistry,

• an influence on atmospheric lightning,

• the production of organic molecules within the atmosphere or at planetary surfaces,

• the destruction of stratospheric ozone,

• the sterilization of planetary surfaces and environments,

• the degradation of biosignatures.

However, beyond their impact on the habitability of di↵erent environments, cosmic rays also directly
influence the path life takes once it appears and can even have a hand in its formation. The impact
of UHECRs on clouds, their influence on lightning and their ability to obscure bioluminescence
(a potential biosignature) are treated in separate sections. In this section, the direct influence of
cosmic rays on living organisms, and their potential role in the emergence of life is outlined. In
particular, the influence of cosmic rays on the growth and evolution of living organisms through
their e↵ects on mutation [962], and how spin-polarized cosmic muons may induce enantioselective
mutagenesis leading to the emergence of biological homochirality [963] are covered.
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Cosmic rays have a direct influence on life because, even at modest intensity, these particles
promote mutations and force the exploration of di↵erent evolutionary pathways which is necessary
for adaptation of living organisms. Also, when the particle flux is high enough, it is destructive
and can create sterile environments or apply a strong selective pressure. There are two alternative
modes of interaction of radiation with biopolymers: either directly via ionization, or indirectly
via interactions with radicals produced by radiolysis of cellular water molecules [964]. While rare
and cataclysmic events such as supernovae, or (rarer) binary neutron star mergers, gamma-ray
bursts, have been invoked as a limiting factor for life [965, 966], such events would not severely
a↵ect the majority of marine or underground life. Furthermore, these high energy events would
have a dominant impact through their muons [967, 968] whose potential role in astrochemistry and
astrobiology has been, so far, overlooked. As the number of secondary particles is proportional
to the energy of the primary cosmic rays (see Fig. 84 for illustration), it is only underground and
underwater that the e↵ect of the UHECRs become relevant through their muon production. Even
if the flux is smaller, if there was an elevated level of UHECRs for some period of time, it would
have a greater impact, because densely ionizing radiation is more e�cient in inducing damages in
comparison with sparsely ionizing radiation.

Figure 84: Number of particles as a function of the altitude above the surface initiated by a proton at 1PeV (left)
and 1EeV (right), on Earth (blue), Mars (red), Titan (yellow) and Venus (grey). On Venus, it is only for EeV proton
that the secondary particles (muons) reach the surface. Therefore in certain environments only the showers induced
by the highest energy particles might a↵ect the evolution of life forms. Calculations from Ref. [969].

Muons are the only biologically significant cosmic radiation with energy su�cient to penetrate
considerable depths, and they are, on average, spin-polarized [970]. The mean energy of muons at
the ground under contemporary conditions is ⇠ 4 GeV which is enough to penetrate a few meters of
rock and several hundred meters of ice [969]. In worlds with very dense atmospheres, such as Titan
and Venus, polarized muons dominate the radiation at altitudes around 50 km (and interestingly
this is the habitable layer in Venus clouds [971]). The surface irradiation, comparable to that below
400 m of rock, is negligible.

The fact that muons come from a decay involving the weak interaction have important conse-
quences. Muons are, on average, spin-polarized as a consequence of parity violation. Interestingly,
biological molecules also violate parity. Life has chosen one of two structurally chiral systems which
are related by reflection in a mirror: DNA is made of sugar that all have the same chirality [972].
The homochirality of organic molecules is a phenomenon only produced by life. Homochirality
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is thus a very unambiguous biosignature and its presence on an extraterrestrial body would be a
powerful indicator of life [973]. It has been proposed that prebiotic chemistry produces both chiral
versions of the molecular ingredients of life and that at some stage in the early development of
life, a small di↵erence in the mutation rate has given a preference to one genetic polymer over its
mirror-image [963].

The dynamics in mutation rate underlie evolution. If the organisms are subject to stress then
the mutation rate become higher, so that the organisms are more likely to adapt. Cosmic radiation
a↵ects the mutation rate. Elevated level of UHECRs (from a local powerful accelerator such as a
relativistic jets associated with core-collapse supernovae or a binary neutron star mergers) would
increase the level of primary cosmic rays, and hence, radiation doses due to secondary muons.
Organisms living under rocks, under water and inside caves, which are well shielded from other
forms of radiation such as ultraviolet light, are still subject to damage from muons [974]. Such
shielded environments are prime targets for the search of life in our solar system. For example,
evidence has accumulated that subsurface liquid regions exist beneath the surface of Europa [975]
and Enceladus [976]. Also recently, a 20-km-wide lake of liquid water has been detected in the
martian undergound, at a depth of approximately 1.5 km [977]. If microbial life started in similar
hot springs [978, 979], it is likely that after Mars’ geological death and the loss of its atmosphere,
microbial life would have no longer be able to survive above ground, however it seems the Mar-
tian subsurface may have preserved the key ingredients to support life for hundreds of millions
of years [980]. Any punctuated elevated levels of muons may have an influence on chemistry and
biology in these underground worlds. In the future, radiation damage experiments using labora-
tory techniques that mimic the interactions between cosmic muons and biomolecules would help to
understand the role of secondary muons on the mutation rate and evolution of life.

We hope this section demonstrated the importance of cosmic radiation in the origin and evolu-
tion of life. It is clear that through a better understanding the sources of UHECR it will also become
possible to have firmer grasp on historical exposure and fluctuation rate of our solar system to the
UHECR flux and thereby obtain a better understanding of the degree of influence UHECR have
had on the formation and evolution of life. To further explore these important ideas we strongly
encourage future interdisciplinary workshops that would bring together biologists and cosmic ray
physicists to discuss these important questions.

7.2 Transient luminous events

Atmospheric electricity drives a category of phenomena termed transient luminous events (TLEs),
which are ultimately associated with a parent thunderstorm, but can reach up to the lower edge
of the ionosphere [981, 982]. They include a variety of shapes and processes, ranging from upward
leaders with streamer branches escaping from cloud tops (blue jets and gigantic jets), bunches of
cold plasma streamers in the stratosphere and mesosphere (sprites), to large patches of di↵use emis-
sions in the upper mesosphere (halos and ELVEs) above roughly 70 km altitude where dielectric
relaxation timescales suddenly drops. TLE emissions include the near-IR to UV range and radio
signals, with typical light signal durations from a few hundreds of ms (gigantic jets), to tens of
ms (blue jets and sprites), all the way down to 1ms (ELVEs) [982]. Together with high energy
emissions from lightning (or terrestrial gamma-ray flashess (TGFs), see Sec. 7.3), TLEs are a man-
ifestation of the extraordinary impact of thunderstorms onto the Earth’s atmosphere, and have as
of yet unconstrained implications on atmospheric chemistry and the climate [983]. In particular,
low altitude TLEs, together with in-cloud streamer coronas and their associated UV and near-UV
flashes, may exert a greater role in atmospheric chemistry than previously thought [984].

TLE observations over the past decades have revealed the nearly global nature of these phenom-
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ena, which largely follow the distribution and seasonal modulation of lightning at a rate of a few
TLEs every 1000 lightning flashes. According to the TLE-dedicated Imager of Sprites and Upper
Atmospheric Lightning (ISUAL) global space mission [985], ELVEs represent 80-90% of all TLEs,
occurring at a global rate of around once every 20 seconds. ELVEs stands for Emission of Light
and Very Low Frequency perturbation from electromagnetic pulse (EMP) Sources [986]), and are
observed as rapidly-expanding (less than 1 ms) luminous circles of up to 300 km in diameter, and
are caused by the interaction of an upward propagating EMP with the lower edge of the ionosphere.
ELVEs are associated with EMPs emission from powerful intra-cloud or cloud-to-ground lightning
discharges [987]. Another phenomena, Sprites occur globally about once every two minutes. They
are produced by the quasi-electrostatic field present in mesosphere, which has been enhanced by
(mostly) positive parent cloud-to-ground lightning discharges with high charge moment change.
Such a field causes the ignition of streamers at about 70 km altitude, which then extend downward
towards the cloud top over a few microseconds to a few tens of microseconds and then propagate
upwards as di↵use emissions [988, 989], and are often accompanied by the di↵use ionized patch of
a halo. Blue starters and blue jets ascend from cloud tops reaching 20–30 (starters) or 40–50 (jets)
km altitude, emerging as a leader accompanied by bunches of streamers at its head [990]. Similarly,
the much rarer gigantic jets emerge above the thunderstorm top, but develop all the way to the
ionosphere at about 90 km altitude [991]. This overall picture was supported by space missions,
e.g., the current TLE and TGF-dedicated ASIM space experiment on-board ISS [992], as well as
from ground networks of TLE-dedicated low light sensitive cameras [993] acting synergistically.

Because of a high sensitivity to UV emissions in the atmosphere paired with high time resolu-
tions, UHECR-dedicated observational experiments have proved to be able to greatly contribute to
the study of TLEs. This is particularly true for their capability to record the dynamical evolution
of ELVEs, even at their faintest threshold. Due to this, the TUS [870] and Mini-EUSO [47] space
missions, and the Auger Observatory on the ground have all made significant contributions to the
study of TLEs.

The Pierre Auger Observatory from its location in the Mendoza province of Argentina has a
viewing footprint for ELVE observations of 3·106 km2, reaching areas above both the Pacific and
Atlantic Oceans, as well as the Córdoba region, which is known for severe convective thunderstorms.
Primarily designed for UHECR observations, the Auger FD turned out to be very sensitive to the
UV emission in ELVEs. The first serendipitous observation of an ELVE candidate in Auger oc-
curred in 2005 during the commissioning stage [994]. At the time, the criteria for rejection of close
lightning were preventing the e�cient detection of these phenomena. Nevertheless, further studies
done in the following years lead to the development of a simple selection algorithm and data-taking
format dedicated to their observation, which was finally commissioned in 2013 [995]. The Pierre
Auger Observatory reported observation of ELVEs from 2014 to 2016, recorded with unprecedented
numbers at regional level (about 1,600) and time resolution (100 ns) using the fluorescence detec-
tor [69]. It was found that within this 3-year sample, 72% of the ELVEs correlate with the far-field
radiation measurements of the World Wide Lightning Location Network. In 2017, the trigger was
upgraded and the data taking format was further extended to detect light from the full region of
maximum emission. From the new data it was found that the measured light profiles of 18% of the
ELVE events have more than one peak, compatible with intracloud activity [987]. Additionally,
the fine time resolution of the FD allowed for the first observations of triple ELVEs. Starting 2021,
the three HEAT fluorescence telescopes, which overlook the array with angles between 30 and 60
degrees in elevation, started collecting data on ELVEs generated by lightning closer than 250 km
from the center of the array, which allows for more detailed studies of the region of maximum
emission. To the best of our knowledge, the Pierre Auger Observatory is the only facility on Earth
that both measures ELVEs year-round and has full coverage of the horizon.
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UHECR experiments in space, such as the Tracking Ultraviolet Setup (TUS) detector, are also
able to record and classify various UV transient events in the atmosphere. TUS had several modes
of operation with di↵erent temporal resolutions which allowed for the measurement of events in a
wide range of time scales: from EASs with durations of a hundred microseconds and time resolution
of 0.8 µs, up to maximum durations of 1.7 s and time resolutions of 6.6 ms. A total of 25 ELVEs
were found in the TUS data [996], including ELVEs with ⇠ 4 orders of magnitude in brightness
less than those measured by previous space based experiments [985] (see Fig. 85). In fact, the
large aperture of the TUS optical system allowed for the measurement of the faint emission from
transient atmospheric events like ELVEs produced by lightning discharges with low peak current,
pointing to a lower threshold in the lightning peak-current needed for ELVE production than
previously thought [997]. Interestingly, TUS also made observations of so-called doublets, i.e.,
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Figure 85: Snapshots of the focal plane show the arc-like shape and movement of an image of the ELVE registered
on 23/08/17, in the detector FoV. The snapshots were taken at 136µs, 168 µs and 200 µs from the beginning of the
record. Colors denote the signal amplitude.

ELVEs with two rings [998]. These phenomena in particular are easier to observed from space as
nadir observations are more suitable for resolving the multi-ring structure of such ELVEs due to
the simpler geometry and higher transparency of the upper atmosphere.

ELVEs have also been observed from space using the Multiwavelength Imaging New Instrument
for the Extreme Universe Space Observatory (Mini-EUSO) detector [47], a UV-telescope installed
inside the ISS in 2019 on the UV-transparent window of the Zvezda module, which is still taking
data. Mini-EUSO detects UV emissions of cosmic, atmospheric and terrestrial origin on di↵erent
time scales, starting from a few µs upwards. Due to its high spatial resolution (' 4.7 km at the iono-
sphere altitude (90 km)), and sampling speed (2.5 µs), Mini-EUSO is well suited for the observation
of TLE UV emissions [47, 999]. During the first year of data acquisition, Mini-EUSO detected 17
ELVEs, mainly in the equatorial zone, including three double-ringed ELVEs and one three-ringed
ELVE. The analysis of the data acquired by the instrument makes it possible to reconstruct the
expansion speed of single-ringed and multi-ringed ELVEs and thereby can help to shed light on the
various phenomena involved in the multi-ring phenomena [999].

The sensitivity of UHECR experiments may go beyond traditional TLEs to the detection and
study of unusual transient luminosity in the atmosphere, which emerge without any obvious con-
nections to thunderstorm regions. These can occur with no powerful lightning near the events, nor
at the conjugate region of the geomagnetic field [1000, 1001, 1002, 1003]. A dedicated analyses of
the Vernov satellite [1004] data was made to search for far-from-thunderstorm flashes [1005]. A fur-
ther six events with complicated temporal structure and not associated with lightning activity were
found locally or at the geomagnetic conjugate point. The nature of such events is still unknown.

UHECR experiments may therefore contribute to key open questions in our understanding of
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TLEs and their impact of the atmosphere and climate. Of particularly importance is the ability of
UHECR experiments to measure the rate of occurrence of TLEs and constrain the chemical impact
of such processes. This is becasue if TLEs are confirmed to perturb greenhouse gases, then they
will have to be included in our picture of climate as is the case with other solar terrestrial processes.
Other strengths of UHECR experiments include a higher sensitivity of detection, which can increase
our current estimates of TLE occurrence rates by lowering the current and electric field thresholds
currently known for their production, and an unprecedented ability of imaging the dynamical
evolution of TLEs at high temporal resolution, which coupled with corollary measurements can
disclose further details in their production mechanisms and relationship to the neutral atmosphere.
For the ELVEs detection from ground, it is recommended that all future arrays include triggers that
allow for the capture of a longer traces to allow for the study ELVEs. While this recommendation
may not drive the design of the UHECR observatory itself, it is still worth pointing out as it
represnts a small modification of the design which would lead to considerable increase to the range
science goals which can be leveraged by the next generation experiments.

New UHECR detectors in space, such as K-EUSO [949] or POEMMA will have much lower
threshold than TUS and Mini-EUSO, and can measure even fainter ELVEs and other TLEs with
a high temporal resolution. This will allow one to obtain fine profiles of the spatio-temporal
dynamics of events and which will enable the study their formation mechanisms. For example,
accurate measurements of the delay of the second ring an the ELVE with respect to the first one
will allow for the estimation of the altitude of the EMP source responsible.

7.3 Terrestrial gamma-ray flashes

TGFs are sub-millisecond bursts of gamma radiation up to several tens of MeV produced within
thunderclouds and are associated with lightning activity. They are the manifestation of the most
energetic natural particle acceleration processes on earth, and are at the core of a multidisciplinary
field termed High-energy atmospheric Physics [1006], which sits at the crossroads of atmospheric
sciences, high energy physics and space science. First reported in 1994 [1007], TGFs have been
routinely observed from space by spacecrafts dedicated to high-energy astrophysics [1008, 1009,
1010]. Since 2018 TGFs have also been observed by the Atmosphere-Space Interactions Monitor
(ASIM) mission onboard the ISS [992, 1011], the first mission specifically designed to observe TGFs,
which provides simultaneous observations in gamma-rays and in optical bands. A general theoretical
framework for the understanding of TGFs has been developed during the past three decades. In
it, TGF are described as Bremsstrahlung emission from a large population of relativistic runaway
electrons resulting from avalanche processes in the electric fields of either large thunderclouds [1012,
1013] or at lightning leader tips [1014], which has been possibly enhanced by the so-called relativistic

feedback mechanism [1015]. Despite this working model, several knowledge gaps still need to be
filled in order to advance the field beyond its current state, namely:

• What is the exact relation between lightning leader, large-scale electric field, and TGFs?

• What is the topology of TGFs (beaming angle, vertical tilt, fine time structure) and its vari-
ability?

• What is the relationship between TGFs and quasi-stationary gamma-ray emissions termed
gamma-ray glows?

• Do these high-energy atmospheric phenomena have any impact on atmospheric chemistry and
dynamics?

Although large catalogs of TGFs counting thousands of events are now available from most of the
TGF-detecting missions [1016, 1017, 1018, 1019], major advancements in the field now come from
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simultaneous observations at di↵erent frequency bands, ranging from the radio to optical (see [1020,
1021] for instance). A breakthrough in the field for example could come from observation of TGFs
from space coupled with simultaneous high spatial and time resolution lightning measurements by
ground-based interferometers (a goal so far eluded because of the sporadic nature of TGFs events
and the limited range of lightning interferometers). Observing capabilities in the UV spectrum
provided by the FDs of current and future generation of UHECR observatories will provide a
better understanding of the link between TGFs and ionospheric emission known as ELVEs, whcih
were recently observed simultaneously for the first time by ASIM [1022]. For this purpose, data
from the Mini-EUSO experiment onboard the ISS can already be exploited in association with
ASIM observations.

No other space missions dedicated to TGFs are planned after ASIM, with the exception of the
two-CubeSat project, TRYAD [1023], currently in construction phase. Observations from space in
gamma-rays by a single instrument cannot be used to extract accurate TGFs source parameters
by spectral analysis only [1024], even assuming a ten-fold increase in e↵ective area for future
instruments. Therefore, it is foreseen that advances in this field will require, in addition to a tight
correlation with ground-based lightning instrumentation, the use of dedicated observing platforms
such as aircraft [1025, 1026], possibly flying at high altitude [1027], or balloons. THe synergy with
the next generation space observatories for GRBs could also be enhanced, for example by including
TGFs detection capabilities when designing the trigger logic for these missions.

First evidences of downward going TGFs in ultra-high energy cosmic ray observatories occurred
in the early 2010’s, when some anomalous ring-shaped events were detected by the SD of the Pierre
Auger Observatory [1028]. A major breakthrough in these searches was achieved a few years later
by measurements made with the Telescope Array SD. With the addition of a Lightning Mapping
Array (LMA) and a slow electric field antenna, the Telescope Array Collaboration succeeded in
corroborating the correlation between the SD events and lightning activity [1029]. The observed
bursts of gamma rays (which made of up to five individual pulses) were detected in the first 1-2ms
of the downward negative breakdown prior to cloud-to-ground lightning strikes. The shower sources
were found to be located at altitudes of a few kilometers above ground level by the LMA detector.
The measured events were found to have a an overall duration of several hundred microseconds and
a footprint on the ground typically of 3–5 km in diameter.

7.4 Aurorae

Aurorae are natural phenomena that appear in Earth’s upper atmosphere at the altitudes of
approximately 80-250 km. They are characterized by the luminous photon emissions from atoms and
molecules of the atmosphere which have ben excited by energetic charged particles that precipitate
from Earth’s magnetosphere [1030]. Aurorae are commonly observed by the ground-based optical
equipment of di↵erent kinds. The spectral, spatial and temporal resolution of these observations
depends on aims of the investigations. Most often, these data are used in studies of the dynamics
of the magnetosphere-ionosphere system, where observations of brightest OI (557.7 nm) emission
or even panchromatic emission with a relatively low temporal resolution (> 1 s) are enough.

However, these ground-based observations require good weather (no clouds in the field of view
of the instruments), and allow for obtaining information in only one local region of the sky (this
problem is partially solved by combining data from cameras with di↵erent FoVs located close to
each other). When observing from a satellite, the cloud cover is significantly below the glow region,
which allows measurements regardless of weather conditions. Also, due to the precision of the orbit
over the ground, it is possible to measure in the entire range of longitudes with one instrument.
Observation from space also has its own problems however, as it is impossible to observe one
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geographical area or event for a long time, spatial resolution is usually worse due to the movement
of the instrument, and data tra�c limits mean observations either need to be rationed or subjected
to heavy compression.

An interesting type of aurora, with a quasi-periodic intensity modulations of extended forms,
known as Pulsating Aurora (PsA) were documented for the first time in 1968 [1031], and up to now
do not have a fully exhaustive explanation. They occur predominantly in the midnight to morning
Magnetic Local Time (MLT) sector following an auroral oval expansion and during the sub-storm
recovery phase. They appear as irregular patches of luminosity with quasi-periodic (2–20 s or longer)
temporal fluctuations, which are often accompanied by fast complex motions of their bright part
synchronized with their luminosity changes [1032]. In some cases, so-called “internal modulation”
is observed, which is characteristic of much faster pulsations in the luminosity (⇠ 3 Hz), enclosed in
a single pulse of the main pulsation [1033]. The observations in specific aurorae lines (for example,
the 391.4 nm and 427.8 nm lines of the first negative system of N

+

2
) are needed to register these

fast pulsations.

As already mentioned, space based UHECR detectors are highly sensitive fluorescent telescopes
looking downward to the Earth atmosphere [1034, 1035]. Thus, if a UHECR space-telescope follows
a polar orbit, it will fly above the regions of active emissions related to geomagnetic activity,
i.e., aurora oval and can make observations of aurora. In the slow data acquisition operation
mode of the TUS detector (with a 6.6 ms temporal resolution), about 2500 events were measured
at latitudes > 50� in Northern hemisphere. Among them, 66 events with interesting temporal
structures were selected. These signals di↵er from clouds, cities and other well-known sources of
light in the atmosphere and occur above both the land and ocean. The observed signals have a
very diverse structures with characteristic frequencies of the order of 1–10 Hz. The most frequently
recorded pulsations lay in the 3–5 Hz range, but there are also events with frequencies up to 20Hz.
One example waveform is shown in Fig. 86. The luminescence regions are localized spatially with
a characteristic size of about 10 km. Several di↵erent pulsation regions with di↵erent temporal
structures (waveforms) were observed simultaneously in the FoV of the telescope. An analysis of
the geographical distribution and geomagnetic conditions indicates that these events were measured
at the equatorial border of the aurora zone. Pulsating events locations obviously repeat shape of
the aurora oval. The maximum portion of the pulsations is recorded in L-shells ranging from 4 to
6 and the frequency of events’ occurrence correlates with geomagnetic activity.

Figure 86: Waveform from a single pixel in an event measured on November 10, 2017 at 13:31 UTC by TUS.
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The spatio-temporal structure of the events is similar to pulsating or flickering auroras observed
earlier (for example, [1036]) and have internal modulations. Due to high sensitivity of the telescope
and near UV spectrum of measurements (which corresponds to a N

+

2
first negative emission dom-

inating deep in the atmosphere), measured events are related to a high-energy part (&200 keV) of
precipitating electrons caused by lower band chorus waves [1037].

However, the nature and mechanism of PsA occurrence are not fully clear. To study and clarify
the nature of this phenomenon, further experiments on high-sensitivity orbital detectors, as well
as the comparison of data obtained on satellites with data from ground-based observatories, are
needed. Moreover joint observations of atmospheric emission, magnetospheric electrons fluxes and
electromagnetic waves onboard one satellite are needed. Despite the fact that future space-based
UHECR observatories like K-EUSO and POEMMA are not expected to orbit around the poles, it
is important to recall the utility such UHECR orbital experiments could have in this contest if they
would monitor polar regions.

7.5 Meteors

Meteors are generated by the interaction of a cosmic body with the Earth’s atmosphere. The
physical characteristics of the interacting body, as well as the entry angle, determine the magnitude
and duration of these phenomena [1038, 1039, 1040, 1041]. Estimates suggest that, on average,
meteoroids cumulatively deposit 5 to 300 t of extraterrestrial material every day, mostly into the
Earth’s atmosphere [1042, 1043, 1044]. Only a tiny fraction of this material is delivered to the
Earth’s surface in a form of meteorite falls. Dust and small grains (up to 1 cm), typically of cometary
origin, are responsible for the so-called meteor showers that can be seen periodically when the Earth
crosses near the orbit of a comet. Larger meteoroids generate brighter meteors, called fireballs or
bolides. They are usually considered of sporadic origin and the search for a clear evidence of a
correlation of this type of meteors with a common progenitor body is ongoing [1045, 1046].

The observations of meteors are valuable as they provide information about the physical prop-
erties of the body entering the atmosphere and, on a larger scale, serve as important input data
for the situational awareness of nearby space [1047]. The observations are also used to distin-
guish the meteoroids which fully ablate in the atmosphere from the less frequent events that
survive all the way down to the ground and may be subsequently recovered in form of mete-
orites [1048, 1049, 1050, 1051]. Fireball observations can be also used to infer the individual
trajectories of fragments resulting from atmospheric fragmentation. Together with modelling the
dark flight, which constitutes the lower part of the trajectory following the termination of the lu-
minous flight, this leads to a construction of a strewn field map showing where meteorites could be
potentially recovered on the ground [1052, 1053].

A computed meteor trajectory allows for the determination of the pre-impact orbit of the
meteoroid, unveiling its origin in the Solar system [1054, 1055, 1056]. The derived orbits can be
linked to a possible progenitor body and, in cases when fragments are recovered, with the physical
and chemical characterization of the meteorite. Until now 38 meteorites have been recovered
together with quality observations that have allowed for the reconstruction of the pre-atmospheric
orbit of the meteoroid [1057, 1058].

Gathering su�cient statistics for meteoroid orbits enables more thorough investigations into the
link between di↵erent meteorite classes and their origin in the Solar system. For these reasons, and
with the overarching goal of tracing meteorite-producing events, many ground-based observational
networks have been developed since the first double-station meteor photographic program initiated
by Fred Whipple in the Smithsonian Astrophysical Observatory in 1936. Run by both, amateur and
professional astronomers, these networks have a shared goal of continuously monitoring the night-
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sky and detecting meteor events. The scientific outcome for this kind of survey is twofold: First it
provides a unique tool to discover new meteor showers by focusing on the faint but predominant
component of the detected events, and secondly it allows for capturing the more rare occurrence of
meteorite-dropping fireballs. In selected cases, the e↵orts are complemented by multi-instruments
aircraft campaigns, e.g., to observe a predicted meteor shower outburst [1059, 1060].

Orbital devices dedicated to meteor monitoring have advantages over the ground-based meteor
observations. The performance of a space-based detection system is less dependent on weather or
atmospheric conditions. It o↵ers a wider spatial coverage and an unrestricted and extinction-free
spectral domain. Also, the optimal orbit for achieving maximum detection rates can be calculated
with the mass index of the meteoroid populations [1061]. In this respect, a remarkable achievement
is the observation of a meteorite-dropping fireball from both ground- and space-based instruments,
together with the recovery of the meteorite residue on ground. This has already been accomplished
a few times in very bright events detected from both the ground by fireball networks and from
space by U.S. government orbital sensors, and in recent years also by the Geostationary Lightning
Mapper on the GOES-16 satellite [1062].

A space based UHECR detector also has the potential to capture the passage of meteors in its
field of view, as it looks to the Earth’s atmosphere from above. This fact has been shown by the
Mini-EUSO telescope which has observed thousands of meteors since the beginning of its operations
in late 2019 [47, 1063, 1064]. An example meteor observation made by Mini-EUSO is shown in
Fig. 87.

Figure 87: A meteor track detected by Mini-EUSO projected on the focal surface (x-y, left), and on the x-t and y-t
profiles (center and right, respectively). Color denotes counts per GTU (1GTU = 2.5µs). Image taken from [47].
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Systematic monitoring of meteors in the near UV is almost unprecedented in meteor science. A
space-based observation allows for capturing the emission lines of elements and compounds in this
spectral range that otherwise are greatly attenuated below 300 nm of wavelength by atmospheric
ozone when observing from ground [1065]. The spectral sensitivity of sensors deployed in meteor
and fireball network stations is typically confined to a range above 300–400 nm, and even obser-
vation surveys dedicated to meteor spectroscopy are limited to the visible range of 400–800 nm of
wavelength [1066, 1067, 1068].

It is therefore evident that space-based observations of meteors are complementary to the ob-
servational e↵orts from ground which have been taking place continuously for almost a century.
Even experiments that are not specifically dedicated to meteor science can contribute to advances
in this field by exploiting their supplementary data and/or implementing dedicated triggers that
can operate in parallel on the timescales of 10�1

�10�3 seconds per frame. Increasing the statistics
of meteors observation is fundamental in modern planetary science, since a deeper understanding
of the population of small bodies in the Solar System and its dynamic provides major insights into
the formation and evolution mechanisms of planetary systems.

7.6 Space debris remediation

In the, so far, 60 year history of spaceflight, more than 30,000 rockets and satellites have
been launched into space. As a result, the quantity of space debris has increased considerably,
and particularly so in both the low and geostationary orbits. Added to the fragments produced
gradually through normal space activities (disused satellites, rocket stages, parts of instruments,
flecks of paint) there are also those which come in bursts due to the voluntary destruction of satellites
(for instance by the USA in 1985, China in 2007, India in 2019, and Russia in 2021). Currently,
it is estimated that at least 3,000 t of non-operational debris remains in low Earth orbit (LEO)
(300-600 km). Overall estimations place the total number of objects in orbit around earth, mostly
in LEO, with d < 1 cm to be around 128 million, while objects in the 1 < d < 10 cm range
are estimated to number around 900,000. Given the high orbital speeds involved (about 7 km/s),
collisions with debris of once cm in size or greater can disable or completely destroy the objects
involved, which produce additional fragments which in turn cause increased risks to spaceflight.
For instance, the first collision between the Iridium-33 and Kosmos-2251 satellites took place in
2009, leading to the destruction of both and the eventual creation of cloud of fragments at about
740 km of height. Even in the absence of destructive collisions, debris of a few millimeters in size
cause the continuous degradation of solar panels.

Therefore, both satellites and the International Space Station are often forced to correct their
orbit to avoid potential collisions, which results in the consumption of extra propellant and in turn
a reduction of their lifetime. In the presence of the continuous launch of satellites, especially in LEO
(for example the Starlink project plans to launch 12,000 satellites with limited orbital correction
capabilities), the risk of Kessler syndrome, a chain reaction in which the collision of space objects
produces an exponential growth in debris eventually blocking space flight, increases. Given their
design and sensitivity, UHECR detectors in space would be capable of observing the reflected light
from satellites and space debris in the UV band, allowing for the assessment of the space debris
problem and may, as outlined below, potentially contribute to its solution.

Reference [1069] proposes a design for a staged implementation of an orbiting debris remedia-
tion system comprised of a super-wide FoV telescope (JEM-EUSO or other space based UHECR
observatory) and a novel high-e�ciency fibre-based laser system (CAN). The, basic idea outlined is
that the JEM-EUSO telescope could be used to detect detection high velocity fragmentation debris
in orbit, which would then pass its location and trajectory info to a CAN system. Further tracking,
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characterisation and remediation are to be performed by a CAN laser system operating in tandem
with the JEM-EUSO telescope. Assuming full scale versions of both instruments, the range of the
detection/removal operation would be as large as 100 km. A proof of concept of this technique is
on-going on the ISS with the Mini-EUSO telescope. Given the nadir-oriented observation geome-
try the experiment is restricted to the local twilight period of the orbit, taking place for about 5
minutes every 90 minutes [1069]. A confirmation of the potential of Mini-EUSO in this respect has
been obtained through the Mini-EUSO Engineering Model (EM) on ground prior to the launch.
Additionally, already an orbiting rocket body that hosted a telecommunication satellite was de-
tected by the Mini-EUSO EM, which was later identified as the “Meteor 1-31 Rocket” [1070]. This
measurement could then be translated to an equivalent observation performed by a Mini-EUSO-like
detector hosted on the ISS. In this case, such a detector (with a single pixel FoV of ⇠ 0.8� ⇥ 0.8�)
would observe the event with a speed of ⇠ 1.4 pixels/s, which would correspond to the observa-
tion of space debris with an apparent speed of ⇠ 1 km/s at a distance of 50 km demonstrating the
potential of the technique. The planned K-EUSO and POEMMA experiments could further prove
this approach thanks to their much larger sensitivity and angular resolution.

7.7 Relativistic dust grains

Back in 1972, based on a number of earlier works [1071, 1072, 1073], Hayakawa suggested that
cosmic rays with energies as high as 1020 eV may consist of relativistic dust grains [1074]. The idea
was revisited in 1999 by Bingham and Tsytovich [1075]. They argued that dust particles can be
accelerated during the maximum luminosity stage of a supernova explosion to energies of the order
of 1020 eV. It was concluded that dust particles with � . 104–105 would be able to reach Earth
while interacting with solar radiation. In early 2000s, Anchordoqui and his collaborators addressed
the hypothesis of relativistic dust grains (RDGs) being responsible for a part of the highest-energy
cosmic rays from another point of view by performing detailed simulations of EASs produced by
dust grains [1076, 1077]. One of the main conclusions of the studies was that the dependence of
the longitudinal profile of RDGs on the Lorentz factor is rather weak, and while RDG air showers
must be regarded as highly speculative, they cannot be completely ruled out.

This hypothesis was criticized from the very beginning. In particular, Berezinsky and Prilutsky
argued that RDGs with Lorentz factors � > 30–50 will be destroyed due to interaction with solar
photons and other mechanisms [1078, 1079]. However, Elenskii and Suvorov immediately suggested
a mechanism for how RDGs could survive transit to and through the solar system [1080]. They
argued that dust grains of metallic nature with Lorentz factor � < 360 and initial radii 3–6⇥10�6 cm
can traverse even cosmological distances. Another criticism came from John Linsley [1081, 1082]
in early 1980s. Based on the superposition principle, Linsley argued that the atmospheric depth at
which air showers initiated by dust grains would reach maximum development is much less than
the depths observed experimentally. As a result, he concluded that few if any EASs observed by
that time were due to RDGs.

In the latest study dedicated to the possible relation of RDGs to ultra-high energy cosmic
rays, Hoang et al. confirmed that dust grains can be accelerated to relativistic speeds by radiation
pressure e.g., from active galactic nuclei, di↵usive shocks, and other acceleration mechanisms [1083].
However, they found that Lorentz factor will be < 2, which is much lower than the earlier estimates
discussed above. It was concluded that RDGs originating in other galaxies would be destroyed
before reaching the Earth’s atmosphere and is unlikely to account for UHECRs. However, dust
grains of ideal strength with � < 10–100 arriving from distances with a gas column ⇠ 1020 cm�2

in the Galaxy would survive both the interstellar medium and solar radiation to reach the Earth’s
atmosphere.
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The idea that a part of UHECRs originate from relativistic dust grains remains speculative,
but the parameter space of sizes and Lorentz factors of RDGs that can survive on their way to
Earth is still non-empty. Taking into account the fact that statistics of events beyond the GZK
cut-o↵ are very limited, and only a handful of UHECRs with energies above 100 EeV have been
registered [33], one cannot completely exclude the possibility that a small fraction of cosmic rays
of the highest energies are produced by relativistic dust grains. In early 2000s it was proposed
that orbital fluorescence telescopes aimed at observing UHECRs will be able provide an interesting
opportunity for studying relativistic dust grains [1084]. Interest in RDGs as a research subject
with such detectors has been reignited after TUS, the world’s first orbital telescope aimed at
studying UHECRs from a low-Earth orbit, registered an event that demonstrated the light curve
and kinematics of the signal expected from an EAS, but was must brighter than can be produced by
an ultra-high-energy nucleus [1085, 1086]. The Mini-EUSO telescope [47] that is currently operating
on the ISS, as well as the future EUSO-SPB2 [877], K-EUSO [905] and POEMMA [25] missions
can extend the capabilities of the ground-based detectors and shed new light on this hypothesis.

7.8 Clouds, dust, and climate

Clouds play a fundamental role in atmospheric physics and are involved both in weather fore-
casting and in climate change studies. In particular, they influence the hydrological cycle through
precipitation and they interact with shortwave solar and longwave thermal radiation determining
the variability of the energy balance of our planet [1087]. The forecasting of cloud localization and
layer thickness is a di�cult task due to a variety of quantities and processes. These include factors
such as water vapor quantities, relative humidity, wind intensity, presence of cloud condensation
nuclei, evaporation and condensation rates, heat fluxes and radiative budgets, all of which influ-
ence cloud formation and evolution [1088]. Numerical Weather Prediction (NWP) models solve
the atmospheric primary equations on a three-dimensional grid and simulate di↵erent variables,
such as temperature, pressure, relative humidity, for every grid point. Other variables, for exam-
ple shortwave and longwave radiation, vapour, cloud water, rain water, ice, snow mixing ratio,
cloud fraction are obtained on the same grid by applying parametrizations. Cloud masks (index of
presence or absence of clouds) and cloud-top height (CTH) can be computed with post-processing
algorithms. Fig. 88 shows an example of a cloud mask computed using the outputs of the regional
meteorological weather research and forecasting (WRF) model [1089].

Figure 88: Example of cloud mask as simulated by an WRF model.
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The identification of the position, thickness and evolution of the cloud layer is a challenge for
current global and regional models. With the aim of testing microphysical schemes and improving
meteorological forecasts, model output like cloud fraction fields and cloud masks are regularly
compared with the observations made from both the surface (i.e., lidar ceilometers) and space
(satellites) [1090]. While high and thin clouds like cirrus are very important to calculating the
planetary radiation balance with important implications in climate models, they are di�cult to
simulate with atmospheric models. Also, most satellites have di�culties in correctly identifying
their presence and positions. In this contest, the UV lasers (wavelength 355 nm) which are expected
to be employed along with space-based observatories [1091] will be able to produce useful data
needed to test the microphysical schemes in meteorological models. In fact they would be able to
measure the CTH which is a fundamental parameter in detection of high clouds (e.g., cirrus).

Mineral dust particles from major dust emitting regions in Africa and Asia also can have a global
impact on the Earth’s climate through both direct and indirect climate forcing, changing the chem-
ical composition of the atmosphere through heterogeneous reactions, and on the biogeochemistry
of the oceans through dust deposition [1092]. In particular, a number of laboratory studies have
shown that mineral dust particles serve as potent heterogeneous ice nuclei, provided they can reach
altitudes su�ciently high for ice super-saturation. A recent trajectory modelling study explores the
availability of mineral dust ice nuclei for interactions with cirrus, mixed-phase and warm clouds.
The results of the study suggest that the likelihood for the dust particles being lifted to altitudes
where homogeneous ice nucleation can take place is small, whereas by far the largest fraction of
cloud forming trajectories entered conditions of mixed-phase clouds [1093]. However, only a few
studies have so far made rigorous use of space-born satellite data to investigate the transport of
desert dust to high altitudes and its potential interaction with cirrus or mixed-phase clouds. West
Saharan dust could be measured by a space-based instrument like POEMMA, providing measure-
ment tracks which are approximately 200 km apart. Over a time scale of two days mineral dust
would typically move around 1500 km westward, where it can be mapped again by POEMMA.
If in the meantime the dust interacted with clouds this interaction will leave a fingerprint in the
dust distribution. Given the high frequency of such events there should be ample opportunity to
match the same dust-laden air masses and to record and analyze the fingerprints of the dust-cloud
interactions. Moreover, POEMMA will allow for synergy with missions that belong to Morning or
Afternoon Constellations.

7.9 Bio-luminescence

Since 1915, there have been 255 documented reports of milky sea (Great Britain Meteorological
O�ce Marine Division, 1993) and even more events have been reported historically. The milky

sea or mareel is a term used to describe conditions where large areas of the ocean surface (up
to 16,000 km2) appear to glow during the night for periods of up to several days. The condition
is poorly understood, but typically attributed to the bioluminescence of the luminous bacteria
Vibrio harveyi in connection with the presence of colonies of the phytoplankton Phaeocystis. The
bioluminescent bacteria have been shown in the laboratory to have an emission spectra which peaks
at 490 nm with a bandwidth of 140 nm [1094]. There has been a single report of satellite observations
of this phenomenon, confirmed by a ship-based account [1095]. Space-based observatories for
UHECRs could contribute to the search of these phenomena. As an example whilst the BG3 filter
on the Mini-EUSO MAPMTs is optimised for the 300–400 nm band, it extends up to 500 nm and
therefor Mini-EUSO is able to detect ⇠ 20% of the bioluminescence spectrum. Taking this into
account, the typical limiting source radiance of the bacteria should be ⇠ 1010 photons/cm2/s. This
number should be regarded as approximate as the true sensitivity also depends on the spatial extent
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of the signal on the focal plane and the background level, which is dependent on the atmospheric
conditions at the time of observation. It is important to underline that this estimate gives an order
of magnitude higher sensitivity than the value of 1.4 · 1011 photons/cm2/s reported in Ref. [1095],
following a successful detection. Further detection of the milky sea events from space could deeply
enhance the understanding of this elusive phenomena, as well as the distribution and transport of
phytoplankton on a global scale. Experiments like K-EUSO and POEMMA with their much higher
sensitivity could search for even fainter signals on the oceans.
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Chapter 8

Collaboration road-map:
Organizing ourselves for the future

When discussing the future of UHECR science, this white paper has so far focused on the in-
strumentation, technologies, and analysis techniques that will be vital for continuation of progress
in our field. However, focusing only on these concrete matters risks forgetting the most impor-
tant aspect of UHECR science infrastructure, the scientists themselves. Throughout the history
of UHECR physics, there has been a consistent trend of moving from isolated scientists toward
larger and larger collaborations which should be expected to continue. This is not only because,
science, like so many other aspects of society, benefits from a wide and open range of opinions and
viewpoints, but also because the very nature of UHECR phenomena requires large, coordinated,
e↵orts over massive areas. Because of this inherent need for collaboration, it is clear that in order to
continue to grow as a field, we must also continue to grow as a community. Therefore, it is critical
to have a clear picture of what is important when organizing and building the next generations of
UHECR science. Though there are a great number of factors to consider, it is essential that we as a
community make a firm commitment to increasing the diversity of scientists in our field, make real
e↵orts to democratize access to our data through the tenants of Open Science, and take deliberate
steps to meet our societal responsibility to minimize our carbon footprint.

8.1 Commitment to diversity: Diversifying our perspectives

Physics remains one of the least diverse fields in science, technology, engineering and math
(STEM). In the most recent report from the American Institute of Physics, 19% of physics PhDs
awarded in the US in 2019 were to women, and among the physics PhDs awarded to US citizens 1%
of were awarded to African Americans and 4% to Hispanic Americans [1096]. A similar trend is seen
at the undergraduate level, where 22% of physics bachelor’s degrees were awarded to women in 2018
while 4% were awarded to African Americans and 9% to Hispanic Americans in 2017-2018 [1097].
These numbers are in stark contrast to the 2017 college population where 14% of students were
African American, 19% were Hispanic, and 54.9% were women [1098]. Diverse perspectives and
backgrounds are important for carrying out research and increasing diversity and inclusion in the
field is important to ensure scientific progress. This is in addition to an ethical and social justice
motivation to creating more equitable opportunities and work places.

Large scientific collaborations increasingly play a significant role in a scientist’s professional
career. Daily, even hourly, interactions with colleagues from around the world are not uncommon
in today’s physics and astrophysics experiments. The climate and culture of collaborations matters
and there is opportunity for collaborations to pursue inclusive and equitable practices.

Community of practice as a model

Multi-messenger astronomy depends on the principle of collaboration to enable previously impossi-
ble discoveries. The Multi-messenger Diversity Network (MDN) [1099], formed in 2018, takes this
same principle and applies it to broadening participation in the field. Participating collaborations
currently include the Dark Energy Spectroscopic Instrument, Fermi Gamma-ray Space Telescope,
IceCube Neutrino Observatory, LISA, Vera C. Rubin Observatory, LIGO Scientific Collaboration,
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North American Nanohertz Observatory for Gravitational Waves, Pierre Auger Observatory, Neil
Gehrels Swift Observatory, Very Energetic Radiation Imaging Telescope Array System, and Virgo.
The MDN is a community of practice, or a group of individuals who care about and carry out
shared activities and resources on a subject. As such, the group operates around and promotes six
elements to advance equity, diversity, and inclusion in multi-messenger collaborations:

1. opportunity to go beyond individual accomplishments,

2. structure through organizational principles and tools,

3. training for members,

4. support from each other and for current and future STEM professionals,

5. presence at conferences, on websites, and on media outlets, and

6. legitimacy in broadening participation e↵orts.

These core elements underpin monthly meetings where support and knowledge are shared; the
meetings motivate our participation in conferences and field-wide planning e↵orts (such as the
Decadal Survey and Snowmass), and provide collaboration opportunities.

The Community Participation Model (see Fig.89) was introduced to the MDN in a 2019 commu-
nity engagement workshop led by Lou Woodley, Director of the Center for Scientific Collaboration
and Community Engagement (CSCCE) [1100], and has been an especially helpful tool when con-
sidering the life-cycle of the MDN. In this model, Woodley and Pratt [1101] posit that communities
often start in a “convey/consume” phase of information transfer and move along a continuum to-
wards a “co-create” phase where members develop something new collaboratively. phase where
members develop something new collaboratively. Reflecting on the MDN community of practice, it
has occupied each participation phase and commonly advances and retreats between “collaborate”
and “co-create” for which the goals and activities of these community phases are well-aligned with
those of the MDN.

Activities

The MDN holds monthly calls, often with guest speakers who talk about a range of topics. There
is often time to share success, challenges, and opportunities during each meeting. Additionally, the
group contributed to the Astro2020 Decadal Survey, has run a joint campaign for the International
Day of Women and Girls in Science, maintains a website and hopes to grow a repository of resources,
and is planning for upcoming activities. A community manager with dedicated time to work on
MDN helps sustain and drive e↵orts, sending out regular communications and scheduling guest
speakers.

Impact

Community connections are a primary strength of the MDN. Collaborations are able to share expe-
riences, describe lessons learned, present models of a variety of equity diversity and inclusion (EDI)
e↵orts, and exchange documentation and policies. The community o↵ers a place to raise awareness
of EDI e↵orts within participating collaborations as well as others in the field at-large through
invited speakers. Having a safe place to share knowledge and experiences around EDI e↵orts is
important and should be considered a vital part of increasing inclusion of science collaborations.
Examples of discussions we have held within the MDN include those on consensus-building when
developing a code of conduct or conducting a climate survey, the pros and cons of using external
ombuds, and how to create sustainable EDI e↵orts.
There are also more tangible examples of the impact of the MDN:

• The IceCube Impact Award inspired and modeled the VERITAS Outstanding Contribution
Award.
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Figure 89: The Community Participation Model from the CSCCE describes four participation modes: Con-
vey/Consume, Contribute, Collaborate, and Co-Create. Each mode is described with participation characteristics.
The MDN most often spends time shifting between Collaborate and Co-Create.

• The Fermi -LAT mentoring program is a model for an IceCube mentoring program that is in the
planning stages.

• Examples from several participating collaborations provided a point of departure for a charter
for the LISA EDI e↵ort.

• The MDN began with four collaborations and has since grown to include eleven collaborations,
and two additional groups are in the process of joining. This is clear evidence of the impact of
and need for communities of practice such as the MDN.

8.2 Open Science: Democratization of access

Basic research in the fields of particle physics, astroparticle physics, nuclear physics, astro-
physics, and astronomy is performed in large international collaborations, mostly with huge ded-
icated instruments which produce large amounts of valuable scientific data. To e�ciently use the
totality of information produced in these experiments to solve the many open questions about the
universe, a broad, simple, and sustainable plan for open access to the valuable data from these
publicly funded infrastructures needs to be developed and implemented.

In general, there are currently several e↵orts underway to develop a (distributed) global data
and analysis center. This is a di�cult process as such a facility must deliver the following pillars of
not only open data and open science, but also FAIR [1102] (findability, accessibility, interoperability,
and reusability) data management:

• Data availability: all participating researchers of the individual experiments or facilities need a
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fast and simple access to the relevant data;

• Data analysis: A fast access to the Big Data from measurements and simulations is needed;

• Simulations & methods development: To prepare the analyses of the data the researchers need
substantial computing power for the production of relevant simulations and the development of
new methods, e.g., by deep machine learning;

• Education in data science: The handling of the center as well as the processing of the data needs
specialized education in “Big Data”;

• Open access: It is becoming more and more important to provide the scientific data not only
to the internal research community, but also to the interested public: Public Data for Public
Money!

• Data archive: The valuable scientific data needs to be preserved for a later use as all possible
future uses of the data can not be foreseen.

Whereas in both astronomy and particle physics data centers which fulfill a part of these require-
ments are already well established, in cosmic-ray physics only first attempts are presently under
development. For example, KASCADE Cosmic-ray Data Centre (KCDC) has made a public release
of the scientific data (from the KASCADE-Grande experiment), and the Pierre Auger Observatory
has published 10% of their high-level data. In addition, some public IceCube or Auger data can be
found in Astronomical Virtual Observatories and data repositories.

8.2.1 Examples of open data in UHECR science

Two examples of nascent open data initiatives are KCDC and the Pierre Auger Open Data
will be discussed in detail below. Generally, the main di↵erence between them is that KCDC has
published the complete data set of the KASCADE-Grande experiment down to the raw data level
(low-level data), whereas Auger has so far only made parts of the data set available and only in
the form of reconstructed parameters (high-level data). This highlights the two di↵erent concepts
of an outreach driven project on the one hand (Auger) and a service for the entire community
including the society on the other (KCDC). Besides the scientific data, both approaches also
provide analysis examples and tools for di↵erent target groups. This is important as open science
will only work if the full data cycle including the workflows is made available. In any case, all
e↵orts in this direction do not only provide a service to the society, but also both the publishing
collaboration and the UHECR community general benefit from it (for example by the acquisition
of new students/collaboration members and an easier documentation of any analyses or workflow
within the collaboration).

The KASCADE cosmic-ray data center
KCDC, https://kcdc.iap.kit.edu/ [1103], is a web-based interface where, initially, the sci-

entific data collected by and simulated for the completed air-shower experiment KASCADE-Grande
was made available for the astroparticle community, as well as for the interested public. Over the
past seven years, the collaboration has continuously extended the data shop with various releases
which increased both the number of detector components from the KASCADE-Grande experiment
with available data along with the corresponding simulations needed to interpret it.

The aim of KCDC was the installation and establishment of a public data center for high-energy
astroparticle physics based on the data of the KASCADE-Grande experiment. The web portal as
interface between the data archive, the data centre’s software and the user is one of the most
important parts of KCDC. It provides the door to the open data publication, where the baseline
concept follows the ‘Berlin Declaration on Open Data and Open Access’ [1104], which explicitly
requests the use of web technologies and free, unlimited access for everyone. In addition, KCDC
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provides the conceptual design, how the data can be treated and processed so that they are also
usable outside the community of experts in the research field.

With the latest releases, a new and independent data shop was added for a specific KASCADE-
Grande event selection, which in turn created the technology for integrating further data shops as
well as the data of other experiments, like the data of the air-shower experiment MAKET-ANI in
Armenia. In addition, educational examples on how to use the data are available, more than 100
cosmic ray energy spectra from various experiments, and a public server with access to Jupyter
notebooks covering various analyses.

For the future, KCDC aims for an integration into a larger Science Data Platform. Doing so,
KCDC will benefit from the community’s overarching synergistic development of a coherent data
and metadata description. In addition, KCDC can be the test base for a coherent concept for
data storage and access, as well as for an eventual Applied Artificial Intelligence (AAI) infrastruc-
ture developed with the goal of enabling a global multi-experimental and multi-messenger analysis
platform.

The Pierre Auger open data

The Pierre Auger 2021 Open Data https://opendata.auger.org/ [1105] consist of a cosmic-
ray dataset of 22731 showers measured with the surface detector array (SD events) and of 3156
hybrid events (i.e., showers that have been recorded simultaneously by the SD and FD). These
data are available as pseudo-raw data in JSON format and as a summary CSV file containing the
reconstructed parameters. The open data set also includes the counting rates of the surface detec-
tors, recorded with scalers and averaged over every 15 minutes from 2005 to 2020, and atmospheric
data acquired with weather stations. The collaboration provides the data via its own website.

All Auger Open Data have a unique DOI under zenodo that users are requested to cite in any
applications or publications. The Auger Collaboration does not endorse any work, scientific or
otherwise, produced using these data, even if available on, or linked from, this portal.

8.2.2 The near future

Open data and open science have largely become a funding condition for large-scale facilities
financed by tax payer’s money. This is because open data and science are clearly drivers of inno-
vation and not only for information technology, but also for the science itself. Despite this, most
of the original research data available in astroparticle physics has so far been primarily exploited
by the researchers or research institutions who directly participated in its production. This stands
in contrast to what is already standard in the astrophysics and astronomy community, where open
data has been very successfully employed for some time. This is a pity as the current situation
restricts the ability for outsiders to carry out a secondary exploitation of the data, and in particular
for multi-messenger, i.e., multi-experimental analyses.

Modern large-scale physics experiments generate a huge data stream, and the lifetime of their
active operation can reach several decades. Because of this, the amount of accumulated data can ex-
ceed one hundred petabytes and possibly even up to several Exabytes in the future. In this context,
it is clear that the issue of active and on-going management of the data, as well as the continued
development of modern and sophisticated analyses methods throughout their life cycle, is a very
important and highly topical issue. Fig. 90 shows a typical data life cycle of a physics experiment,
and for example closely follows the practical cycle for the Pierre Auger Observatory or the Telescope
Array. The concept of open data and open science requires collaborations to provide mechanisms,
tools, and processes following the principals of a FAIR data treatment over this entire cycle. Because
this is not yet the standard in the UHECR community, over the coming years it is crucial that the
field pursues the adoption of FAIR practices through a coherent approach as it is critical to full ex-
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Figure 90: General data life cycle scheme in physics. For a useful and e�cient life cycle each step must be based on
a findability, accessibility, interoperability, and reusability (FAIR) data and metadata treatment. For open science
and open data, public access should be possible at each step of the data life cycle.

ploitation of the data as well as the ability for the community to e�ciently pursue multi-messenger
astroparticle physics. There are e↵orts underway to address this issue such as the above described
expansion of KCDC [1103], the Astrophysical Multi-messenger Observatory Network [282], and the
Scalable CyberInfrastructure for Multi-Messenger Astrophysics (SCIMMA) [1106] project, to name
a few. For UHECR science to progress, it is critical that these and other e↵orts are given wide
support as the benefits of their formation widely outweigh the financial and research-hour costs of
their development.

So far, when low-level data and their metadata have already been made openly available (like
in KCDC), their use has often been hampered by the highly variable definition of their metadata,
missing interoperability, and also by sociological barriers to common projects between communities.
To solve this problem, a common approach to access and a standardization of metadata definitions
needs to implemented. Furthermore, in order to exploit the full scientific potential of UHECR
research, cross-experiment, cross-project, and cross-community working groups are becoming in-
creasingly necessary, for which the open exchange of data will be required. To achieve this however
means the pursuit of not only open data, but open science as well, as without access to analysis
methods and scientific know-how, the usefulness of open data is significantly diminished.

Under the catchword Citizen Science, activities are taking place that achieve a very high vis-
ibility in society and are also fun for the general public to participate in. In the field of cosmic
ray research, however, such activities are rather scarce, which is a lost opportunity. There is broad
public interest in new discoveries in astronomy and particle physics, in particular by a dedicated
amateur community. The younger generation’s increasing digital literacy, coupled with the ever
more diverse nature of communication technology and social interactions, provide ample oppor-
tunity to engage citizens in novel ways and to serve their interest in astronomy while leveraging
the power of their collective minds. Today, interested citizens can be easily invited to work on
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state-of-the-art research data, allowing them to share the research and discovery experience, and
receive recognition for valuable contributions to science. Furthermore, being an active part of
an international scientific mission also helps to bridge di↵erences in geography, culture, religion,
ethnicity, and gender increasing the strengthening society. In the astro- and astroparticle physics
community, educational initiatives such as Zooniverse (incl. the Radio Galaxy Zoo), Muon Hunter,
Einstein@home, or CREDO increasingly engage the public in a more active role. Such active
participation cultivates the understanding of the scientific method and reasoning, and addition-
ally increases the identification with the UHECR field providing tangible benefits to the UHECR
community. Therefore, the UHECR community should take advantage of the increasing digital
literacy and diversifying communication of the public to actively engage them in citizen science
projects whenever possible. We therefore need to create su�cient incentives and access to data
infrastructures and methods to involve the public in ongoing research.

8.2.3 Open science and next generation UHECR observatories

The need for Big and Exa-scale data management is primarily driven by the development
of large-scale instrumentation as the scientific harvesting of their data requires high-performance
systems for data ingestion, selection, transfer, and storage. Also due to the increasing complexity of
analyses, research data management is also of central importance for all areas of future astroparticle
physics facilities and can be decisive for the success of research projects. To manage these crucial
aspects of future UHECR projects and initiatives, it is vitally important that the FAIR principles
be implemented and tenants of open data be followed. Lastly, as base for e↵ective open data and
open science policy, current solutions for Exa-scale data management need to be developed and
federated data storage infrastructures such as data lakes need to be built.

In order to fully deploy a successful open data policy, especially in regards to pursuing e�cient
multi-collaboration multi-messenger studies in UHECR science, the following is required:

• Federated data management solutions for high data rates, the reduction or compression of data
and large publicly available data volumes, such as data lakes all need to be developed;

• Metadata systems and workflows that cover the entire life cycle of collected and generated data
up to and including publication in accordance with FAIR principles must be refined;

• FAIR data management and open data needs to be promoted via the international collaborations,
or via experiment overarching platforms (i.e., the CERN Open Data platform);

• Dedicated large-scale, federated analysis and data storage centers need to be established as
infrastructure for multi-messenger astroparticle physics;

• The wide scale adoption and migration to the most modern computing, storage and data access
concepts (data lakes) which will also open the possibility of developing specific analysis methods
and corresponding simulations in one environment is required;

• A standardization of data formats and open storage following the FAIR principals and thereby
make it more accessible and attractive to a broader user community must be implemented.

As a further recommendation when designing a next-generation UHECR observatory, the re-
alisation of modern data management, including the public provision of data and an open science
policy, must be considered from the outset. This should be organised via a separate working group
within collaborations, comparable to a simulation or detector group, and is not possible without
the provision of dedicated manpower on the order of 3 to 4 full time members. This of course
is di�cult to establish without dedicated support for such e↵orts from funding agencies as these
e↵orts are both time consuming and often times have a low visibility.

169Cre
at
ed

 in
 M

as
te
r P

DF 
Ed

ito
r



8.3 The low carbon future: Meeting our societal responsibilities

Mankind is facing a worldwide, potentially existence-threatening anthropogenic climate crisis.
Its consequences have already been experienced for decades in many endangered regions - yet
the consequences are now also being observed in temperate climatic zones: droughts, floods, more
frequently occurring local temperature records, increased forest fires. Worldwide temperatures have
already risen by more than 1�C on average compared to pre-industrial times, and even more so
locally in many cases. Apart from sea level rise as the most important, albeit abstract, threat of the
past, the climate crisis has now arrived for most of humanity [1107]. The benchmark for how relevant
this part might be is the ”allowable” carbon footprint per person. The Paris Agreement [1108] o↵ers
a scientific estimate of the worldwide remaining CO2 emission budget that limits global warming
to a maximum of +1.5�C with a probability of 50%. This budget corresponds to a global residual
emission of about 410 Gt CO2 as of 2022 [1109]. Assuming global climate neutrality by 2050 and
a disputable equal sharing amongst 7 billion people, this would allow each of us to emit a total of
60 t CO2 by 2050, or about 2 t CO2 per year if we start in 2022. The scientific community must
face these realities and be proactive in responding to them in the design and implementation of
projects, in travel, in data processing, and in the production of scientific results. The astroparticle
physics community has also perceived this development [1110] and has begun to respond to it (see
e.g. [1111]).

8.3.1 Options for action

In contrast to the current average emission per person per year in the US of about 15t CO2,
the calculated per-scientist CO2 emissions per year for e.g., the Max Planck Institute for As-
tronomy (MPIA) [1112] in 2018 amounts to 18 t CO2 emissions while the Australian astronomy
community [1113] reports even beyond 40 t CO2– and these are both only work-related calculations
which come on top of personal emissions. The key question now is how to reduce emissions or even
prevent them from being generated in the first place.

Green Computing

Even though IT server farms are becoming increasingly e�cient, the continued high demand
for more computing power is currently more than o↵setting the energy savings and resulting in a
steady increase in energy demand. In particular, as should be clear from Sec. 5.2 and Sec. 6.2.2 the
use of machine learning and large scale computing within the astroparticle physics community is
only set to grow, which poses a challenge that should be addressed early on.

The most obvious way to lower the CO2 footprint of computing is to primarily employ renewable
energy sources in powering the computational centers used in UHECR analyses. This can be done by
locating computational infrastructure in locations with ample wind, solar, nuclear or hydroelectric
generation options. Care however should be taken that this e↵ort expands the share of CO2 neutral
power being used by society rather primarily shifting the CO2 footprint burden to other sectors.
Beyond this step there is also a substantial need to employ so called Green Computing methods
which can be defined as e�cient computing that provides the identical results with less energy
consumption and therefore less environmental impact. Based on this definition, three key points
may be identified for the discussion. Firstly, data centers that house supercomputers typically
require a large amount of energy for cooling systems and maintaining uninterruptible power supplies.
The Green IT Cube at FAIR/GSI is an example of an highly e�cient design of the IT infrastructure.
In short, the excess heat of the IT equipment is transferred to cooling water in a smart way. Since
the thermal capacity of water exceeds that of air by a factor of 4000, the equivalent flow rates and
temperature di↵erences are correspondingly smaller [1114, 1115].

Furthermore, the computer architectures used as well as the implemented algorithms themselves
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have to be mentioned, where di↵erent implementations can di↵er greatly in energy consumption
and also performance, sometimes even by several orders of magnitude. These two aspects are
inherently interdependent and are therefore described jointly here. Today’s processor architectures
o↵er an increasing number of vector instructions, although features di↵er between architectures.
In addition, current computer architectures provide a deep number of vector registers. If only
single precision or double precision is used for calculation, the performance of the processor su↵ers.
Computer code that is properly vectorized works just as e�ciently with GPUs. Therefore, it is
necessary from the beginning that data structures and the algorithms themselves are designed and
implemented appropriately. Subsequent vectorization of existing computer code typically requires
refactoring of these data structures. This should therefore be avoided as far as possible. As existing
examples show, porting to GPU architecture can take place with great success. The optimisation by
porting the program Open-CL lattice QCD increased its run-time performance by a factor of 10 and
shows good scalability on GPU machines [1116]. Other examples such as the hadronic interaction
generator Ultra-relativistic Quantum Molecular Dynamics (UrQMD), which was rewritten, are
accelerated by a factor of 150 and more [1117].

In general, it can be said that e�cient computing, wherever possible and appropriate, should
be based on massive parallel computing in the future, in financial terms and also in their energy
e�ciency, GPUs are vastly superior to CPUs. Due to the expected necessary computing power
that future, more complex UHECR experiments will require, these are almost impossible without
the paradigm shift described here.

Green experiments

The remote and sparse nature of the arrays required to pursue UHECR science (see Sec.2.1 and
Sec.5.1 for example) naturally results in our detectors largely being self-powered through solar and
other renewable energy sources. This results in a largely carbon-neutral operation of these detectors.
However, when averaging the ecological footprint of design, construction and deployment of a large
detector over its lifetime, the impact of choices at the initial stages of the experiment can be as
large as that of computing and travel [1111]. Therefore, ecological considerations must be taken
into account from the start.

In the process of selecting materials for construction, the ecological footprint of creating the
raw material, as well as the possibility of re-using components are to be taken into account. Even
though dismantling of the detector is still many decades in the future, its ecological e↵ects, including
possibilities of re-using elements and materials, should be considered from the start.

Even though renewable energy sources are used, a reduction of the energy consumption leads
to a reduced material budget, for instance for solar panels and the required support structure, as
well as a reduced requirement for energy storage for the same data taking e�ciency. Furthermore,
there is an ecological aspect in the trade-o↵ between data taking e�ciency, by requiring a minimal
battery capacity, and enlarging the e↵ective area of a detector, e.g., through the number of detector
units, while still obtaining at the same statistical power.

Contrary to past and current practice, shipment of materials should be reduced by sourcing
components locally and moving the production of the detector units as close to the site of deploy-
ment as possible while ensuring a minimal impact to the local environment. This will have an e↵ect
on funding options as the direct benefits for industries and laboratories in most of the participating
countries will be in design and prototyping of the experiment rather than mass production, while
local economies will further benefit from hosting observatories. This however can also have the
e↵ect of only shifting the CO2 footprint further up the supply chain, which means CO2 cost for
component manufacturing should also be considered when sourcing parts. Regardless, in situations
where international shipping is unavoidable, carbon neutral shipping options are becoming increas-
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ingly available and should be relied on as much as possible, even if there is a premium on their
use.

Lastly, site-locations should be open for di↵erent collaborations, including those with other sci-
entific goals. This includes the expanded use of UHECR observatory data, as covered in Ch. 7, but
should go beyond this to supporting the co-hosting of entirely di↵erent experiments and observato-
ries. This allows for the sharing of infrastructures thus reducing the overall emission of the scientific
community. Good examples of such sharing of infrastructures exist already today, such as the study
of marine mammals in the Cubic Kilometre Neutrino Telescope (KM3NeT) area [1118], and such
options should be included in the design of the infrastructures themselves. Additionally, tools, such
as the French Environment and Energy Management Agency (ADEME) database [1119], provide
valuable information in reducing the carbon emission in all aspects of experimental planning and
construction.

Eco-friendly conferencing, meetings and travel

The nature of conferences and collaboration meetings has altered significantly during the COVID-
19 pandemic towards an almost fully online experience. This clearly provided a reduction in the
ecological footprint of these events, as well as enhanced options for participation. A Nature poll
[1120] shows that scientists in general appreciate these aspects of the virtual meetings. Drawbacks,
such as the lack of networking possibilities, the di↵erent time zones in which the participants are
located, and fatigue of online meetings mentioned in the same poll should also be taken seriously.

The challenge for current and future collaborations, is to balance in-person, hybrid and virtual
meetings such that community building will take place while significantly reducing the environ-
mental impact of travelling. In general, this a↵ects the geographical locations and frequencies of in
person meetings, as well as their duration, placing the burden of the overall reduction of emissions
on a limited number of groups that could be compensated. The latter requires a di↵erent method
of sharing costs between the di↵erent groups participating in a collaboration.

The connection between the scientific collaboration and the remote local communities that hosts
the experiments benefits from visibility of the collaboration within the community. The option of
having on-site scientific activities coincide with local events can be used to strengthen the bond
between the community and the experiment. This is demonstrated by the Auger collaboration that
holds a collaboration meeting in Malargüe when collaborators are able to participate in the local
holiday events [1121]. In all cases, it is possible to further reduce the CO2 footprint of travel and
conferences by electing to pay for carbon o↵setting for the flights and possibly including carbon
o↵setting costs for events directly in conference fees, but it is important to ensure this increased
financial burden does not decrease accessibility to in-person meetings.

8.3.2 Summary

Reducing CO2 emissions through green computing, green experiments and infrastructures, as
well as eco-friendly conferences and travel, is not only an essential instrument for the sustainability
of scientific practice, but also an essential message from the scientific community to society and
policy makers and a wake-up call to act against climate change. In any case, the political will in
di↵erent parts of the world and the pressing necessity of transformation will demand action with
vigour and we need be prepared for it. Indeed, the constraints of funding means that many of above
strategies are already being partially followed and should be largely familiar to the community.
However by giving climate impact more weight in UHECR research decisions, we as a community
can meet our obligation to become carbon neutral while also ensuring the money allocated to
UHECR research is leveraged to its maximum extent. It is however important to note that e↵orts
such as carbon o↵setting and sequestration represent new line items to the already tight budgets
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of UHECR experiments. It is therefore hoped that the monetary resources needed to pursue such
projects would be considered by government agencies when considering funding levels for UHECR
science.
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Chapter 9

Executive Summary:
The coming golden age of UHECR physics

UHECRs, E > 100 PeV for the purpose of this white paper8, sit in a unique position at the
intersection of the Cosmic and Energy Frontiers. They can simultaneously inform our knowledge
of the most extreme processes in the Universe and of particle physics well beyond the energies
reachable by terrestrial accelerators.

Twenty years of UHECR discoveries The past twenty years have been rich in fundamental
advances in the field thanks to the Pierre Auger Observatory (Auger) in Argentina, TA in the US,
and the IceCube Neutrino Observatory (IceCube) in Antarctica, the first giant arrays of their kind.
Far from the old and simplistic view of UHECRs dominated by protons at the highest energies, the
experiments have uncovered a much more complex and nuanced picture originating mainly from
the observation that the primary composition is a mixture of protons and heavier nuclei which
changes significantly as a function of energy. At the Cosmic Frontier, the identification of the
UHECR sources is made more challenging by this as heavier (higher charged) primaries undergo
larger deflections in galactic and extragalactic magnetic fields. Yet, the extragalactic origins of
UHECRs beyond 8 EeV has been demonstrated through the observation of a large scale dipole
in arrival direction. At the highest energies, there is also evidence for anisotropy at intermediate
angular scales (10–20�) with regional “hot spots” both in the northern and southern hemispheres
and growing signals of correlations with candidate source classes. At the Energy Frontier, particle
physics measurements, such as cross sections at energies far beyond those available at terrestrial
accelerators, can only be performed if the nature of the UHECR beam at Earth is known. Hence,
measurements of nuclei-air cross sections have so far been with the tails of distributions in an energy
range where there is wide agreement that protons are a substantial fraction the flux.

Particle physics at the Cosmic Frontier Hadronic interaction models, continuously informed
by new accelerator data, play a key role in our understanding of the physics driving the produc-
tion of EASs induced by UHECRs in the atmosphere. Thanks to ever more precise measurements
from UHECR experiments, there are now strong indications that our understanding is incomplete.
In particular, all of the hadronic models underestimate the number of muons produced in EASs,
hinting at new particle physics processes at the highest energies. Reducing the systematic uncer-
tainties between models and incorporating the missing ingredients are major goals at the interface
of the field of UHECRs and particle physics as shown in the summary diagram of Fig. 91. The
general strategy to solve the “Muon Puzzle” relies on the accurate determination of the energy scale
combined with a precise set of measurements over a large parameter space, that can together dis-
entangle the electromagnetic and muon components of EASs. A muon-number resolution of < 15%
is within reach with upgraded detectors in the next decade using hybrid measurements. Achieving
the prime goal of < 10% will likely require a purposely-built next-generation observatory. Our
ability to precisely determine the UHECR mass composition hinges on our understanding of the
physics driving the production of EASs. Hence, solving the Muon Puzzle will allow for a better

8While we do recognize the importance of cosmic-ray physics at lower energies and dedicated future projects, such
as SWGO and others, this white paper was written to focus on the highest energies.
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determination of the primary mass groups, possibly on an event-by-event basis.

Experiments:
Auger
AugerPrime

TA
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IceCube
IceCube-Gen2
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Figure 91: Diagram summarizing the strong connections of UHECRs with particle physics and astrophysics, the
fundamental objectives of the field (in orange) for the next two decades, and the complementarity of current and
next-generation experiments in addressing them.

A sensitive probe to BSM physics and dark matter There is also the possibility that the
Muon Puzzle does not originate from an incomplete understanding of the forward particle physics
involved in shower physics. In this case, UHECR measurements would provide a unique probe of
new BSM physics with a high potential for discovery. One main objective of the particle physics
program is to discover the connection between dark matter (DM) and the Standard Model (SM).
In addition to the searches for BSM physics in EAS, UHECR observatories o↵er a unique probe
of the dark matter mass spectrum near the scale of grand unified theories (GUTs). The origin
of super-heavy dark matter (SHDM) particles can be connected to inflationary cosmologies and
their decay to instanton-induced processes, which would produce a cosmic flux of UHE neutrinos
and photons. While their non-observation sets restrictive constraints on the gauge couplings of
the DM models, the unambiguous detection of a single UHE photon or neutrino would be a game
changer in the quest to identify the DM properties. UHECR experiments could be also sensitive to
interactions induced by macroscopic DM or nuclearites in the atmosphere, o↵ering further windows
to identify the nature of DM.

Astrophysics at the Energy Frontier The ability to precisely measure both energy and mass
composition on an event-by-event basis simultaneously is critical as together they would give access
to each primary particle’s rigidity as a new observable. Given the natural relationship between
rigidity and magnetic deflection, rigidity-based measurements will facilitate revealing the nature and
origin(s) of UHECRs and enable charged-particle astronomy, the ability to study individual (classes
of) sources with UHECRs. At the highest energies, the classic approach of maximizing exposure
and achieving good energy resolution and moderate mass discrimination may well be su�cient if
the composition is pure or is bimodal comprising a mix of only protons and Fe nuclei, for example.
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We already know however that this is not the case at energies below the flux suppression. Thus, a
purposely-built observatory combining excellent energy resolution and mass discrimination will be
complementary to instruments with possibly larger exposure. It is also clear that both approaches
will benefit from the reduction of systematic uncertainties between hadronic interaction models.
UHECRs also have an important role to play in multi-messenger astrophysics, not only as cosmic
messengers themselves but also as the source of UHE photons and neutrinos.

Upgrades of the current giant arrays To address the paradigm shift arising from the results
of the current generation of experiments, three upgrades are either planned or already underway.
TA⇥4, a 4-fold expansion of TA, will allow for Auger-like exposure in the northern hemisphere with
the aim of identifying (classes of) UHECR sources and further investigating potential di↵erences
between the northern and southern skies. AugerPrime, the upgrade of Auger, focuses on achieving
mass-composition sensitivity for each EAS measured by its upgraded surface detector through
multi-hybrid observations. IceCube-Gen2, IceCube’s planned upgrade, will include an expansion
of the surface array to measure UHECRs with energies of up to a few EeV, providing a unique
laboratory to study cosmic-ray physics, such as the insu�ciently understood prompt particle-decays
in EAS. It will also be used to study the transition from galactic to extragalactic sources, by
combining the mass-sensitive observables of the surface and deep in-ice detectors. The upgrades
benefit from recent technological advances, including the resurgence of the radio technique as a
competitive method and the development of machine learning as a powerful new analysis technique.
Through extrapolation from the current state of analyses, the energy-dependent resolutions for mass
observables in AugerPrime may reach as low as 20 g cm�2 for the atmospheric depth of the shower
maximum, Xmax, and 10% for the muon number at the highest energies (E > 10 EeV). If these
resolutions are achieved, AugerPrime should be able to distinguish between iron and proton on
an event-by-event basis at 90% C.L. and even separate iron from the CNO group at better than
50% C.L., allowing for composition-enhanced anisotropy studies. One of its design goals is to
identify the possible existence of a 10% proton fraction at the highest energies.

The exciting future ahead Thanks to increasingly precise measurements, achieving the primary
goals outlined at the top and bottom of Fig. 91 are within reach in the next two decades. This will
be done through complementary approaches taken by the upgraded and next-generation UHECR
detectors. The Probe of MultiMessenger Astrophysics (POEMMA) space observatory and the
multi-site Giant Radio Array for Neutrino Detection (GRAND) ground observatory are two instru-
ments that will measure both UHE neutrinos and cosmic rays. Thanks to their large exposure, both
POEMMA and GRAND will be able to search for UHECR sources and ZeV particles beyond the
flux suppression. The Global Cosmic Ray Observatory (GCOS), a 40, 000 km2 ground array likely
split in at least two locations, one or more of them possibly co-located with a GRAND site, will
be the purposely-built precision multi-instrument ground array mentioned earlier. Its design will
need to meet the goal of < 10% muon-number resolution to leverage our improved understanding
of hadronic interactions. With these capabilities, GCOS will be able to study particle and BSM
physics at the Energy Frontier while determining mass composition on an event-by-event basis to
enable rigidity-based studies of UHECR sources at the Cosmic Frontier. Fig. 92 summarizes the
features, complementary goals, and timeline of the upgraded and next-generation instruments.

Interdisciplinary science and broader impact The study of UHECRs leverages the atmo-
sphere as a detector, providing many opportunities to study atmospheric science in particular.
UHECR detectors are extremely well suited for detecting transient events induced by the weather
and even a variety of other exotic phenomena. From a broader impact perspective, big science
uses a lot of resources and the UHECR community needs to be more aware of its societal and
environmental impacts. For example, a community-wide e↵ort to achieve carbon neutrality could
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not only help mitigate the e↵ects of climate change, but also set a new standard to be followed
outside of the scientific community. Likewise, a commitment to the principles of open science and
open data can only benefit the UHECR community by reducing the scientific gap between countries
and increasing the potential for discoveries in the future. Most importantly, as we look two decades
into the future, there has to be a strong renewed pledge for a diverse, equitable, and inclusive
community – ensuring equal opportunities for success and transforming the workforce of our field.

Figure 92: Upgraded and next-generation UHECR instruments with their defining features, main scientific goals, and
timeline.

Recommendations:

• Even in the most optimistic scenario, the first next-generation experiment will not be operational
until around 2030. AugerPrime and TA⇥4 should continue operation until at least 2032.

• IceCube and IceCube-Gen2 provide a unique laboratory to study particle physics in air showers.
For this purpose, the deep detector in the ice should be complemented by a hybrid surface array
for su�ciently accurate measurements of the air showers.

• A robust e↵ort in R&D should continue in detector developments and cross-calibrations for all
air-shower components, and also in computing techniques. This e↵ort should include, whenever
possible, optimized triggers for photons, neutrinos and transient events.

• Closer collaboration between theorists and experimentalists is required. Clear pathways for
theorists to propose analyses and receive feedback should be established, as testable predictions
leading to specific measurement goals are needed to inform design choices.

• To achieve the high precision UHECR particle physics studies needed to provide strong con-
straints for leveraging by accelerator experiments at extreme energies, even finer grained cali-
bration methods, of the absolute energy-scale for example, should be rigorously pursued.

• The next-generation experiments (GCOS, GRAND, and POEMMA) will provide complementary
information needed to meet the goals of the UHECR community in the next two decades. They
should proceed through their respective next stages of planning and prototyping.

• At least one next-generation experiment needs to be able to make high-precision measurements
to explore new particle physics and measure particle rigidity on an event-by-event basis. Of the
planned next-generation experiments, GCOS is the best positioned to meet this recommendation.

• As a complementary e↵ort, experiments with su�cient exposure (& 5⇥105 km2 sr yr) are needed
to search for LIV, SHDM, and other BSM physics at the Cosmic and Energy Frontiers, and to
identify UHECR sources at the highest energies.
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• Full-sky coverage with low cross-hemisphere systematic uncertainties is critical for astrophysical
studies. To this end, next generation experiments should be space-based or multi-site. Common
sites between experiments are encouraged.

• Based on the productive results from inter-collaboration and inter-disciplinary work, we recom-
mend the continued progress/formation of joint analyses between experiments and with other
intersecting fields of research (e.g., magnetic fields).

• The UHECR community should continue its e↵orts to advance diversity, equity, inclusion, and
accessibility. It also needs to take steps to reduce its environmental impacts and improve open
access to its data to reduce the scientific gap between countries.
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the terminal height of a fireball, Icarus 250 (2015) 544–552. arXiv:1502.01898, doi:

10.1016/j.icarus.2014.12.027.
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