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Abstract. This proceeding summarizes the talk given at the opening of the UHECR 2022 conference in
L’Aquila on the whitepaper ‘Ultra-High-Energy Cosmic Rays: The Intersection of the Cosmic and Energy
Frontiers’ [Astroparticle Physics 149 (2023) 102819 - arXiv:2205.05845] that has been prepared for the Snow-
mass survey in the USA. The whitepaper provides an overview of recent progress and open questions regarding
the particle physics and astrophysics related to ultra-high-energy cosmic rays (UHECR) and outlines the con-
nections between the particle and astrophysics aspects of cosmic rays. It also discusses what instrumentation is
needed to address the major scientific questions in ultra-high-energy cosmic-ray physics. While the upgraded
Pierre Auger Observatory and Telescope Array will remain the workhorses at the highest energies in the current
decade, new experiments with significantly higher exposure are needed in the coming decade. Ground arrays
featuring simultaneous detection of the position of the shower maximum and the size of the muonic component
will enable particle astronomy by measuring the rigidity of individual events. They should be complemented
by other detectors maximizing the total exposure. This can be achieved by a few next-generation experiments
using the latest developments in detection and analysis techniques: GRAND as a ground-based radio array, and
POEMMA as a space-borne stereo fluorescence telescope will feature complementary approaches to provide
maximum exposure; IceCube-Gen2 with its surface array, and GCOS aim at increased statistics with high accu-
racy for particle physics and rigidity-based galactic and extra-galactic astrophysics. While designed to discover
the astrophysical cosmic-ray sources at the highest energies, the same experiments also contribute to particle
physics, e.g., by studying the muon puzzle in cosmic-ray air showers, and by their discovery potential for ex-
citing new physics, such as certain Dark Matter candidates. With the full whitepaper available as a reference,
this proceeding will briefly present the science cases of the experiments, highlighting their individual strengths
and outlining how they complement each other.

1 Introduction

Snowmass is a ‘particle physics community planning ex-
ercise’ which is run every decade in the United States
to discuss the scientific questions and experiments of the
coming decades in order to inform U.S. funding agencies
[2]. Cosmic-ray physics is part of the Snowmass ‘Cos-
mic Frontier’ [3] topical group 7 ‘CF7 - Cosmic Probes
of Fundamental Physics’ [4], whose conveners solicited a
whitepaper about the status and future of ultra-high-energy
cosmic rays (UHECR). By eliciting the help of the inter-
national UHECR community, we have prepared the re-
quested whitepaper, which meanwhile has been published
in Astroparticle Physics [1].

The whitepaper presents the recent progress and open
questions on both the particle physics and astrophysics
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side of UHECR physics, and additionally summarizes re-
lations to other fields of science. Earlier, for the Astro2020
survey in the U.S., two shorter whitepapers were published
with a more specific focus on Galactic and extragalac-
tic cosmic rays, respectively [5, 6]. While these are still
worth reading, the Snowmass whitepaper is more compre-
hensive and is the result of a more extensive community
process, including input from the major UHECR collabo-
rations and individual scientists through several small on-
line workshops. Finally, scientists who did not contribute
directly were given the option to comment on and endorse
the whitepaper. As the whitepaper reflects a wide com-
munity effort, it is highly recommended to read at least its
executive summary [1].

Since that executive summary of the whitepaper stands
on its own, this proceeding does not provide a redun-
dant full summary, but instead provides an overview on

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 283, 01001 (2023)

https://doi.org/10.1051/epjcont/202328301001

UHECR 2022
Source identification
& charged particle >
Other experiments astronomy @)
ﬁ
ﬁ
=
Theory ?_
(=)
Other messengers <
<.
()
wn
R threshold (TBD) E threshold (TBD)
———————————————————————— -‘— Anisotropy 7 — -
=6 9 m* \ -
@9 @ealactic  pigidity &E
(1 [®[B) && Experiments:
N A S Auger
Xy WA
5[5 2® G AugerPrime
b
5 s s €9 GCcos
Neutral particles E s €8 GRAND
UHEy/v/n Mass nergy A IceCube
P @ w (i2) IceCube-Gen2
%, ) % | (?7) POEMMA
Qi% &Y TA
®es Reduce hadronic 'o”oo Pin down the shower energy TAx4
(14] ) interaction model % to use p as a composition-only
(1 D8] uncertainties Shower observable
_______________________ physics &~ __ __ _ _ _ _ _ _ _ _ _ _ _ _
Hadronic interaction
models Q) '-U
1/ em separation D) =8
ﬂ
-
i o
@)
J—
(g-]
Other experiments E
(=]
New particle physics at the &ﬁ
highest energies incl. ot o
beyond standard model * depending on analysis progress a
physics t depending on detector configuration

Figure 1. Sketch of how ultra-high-energy cosmic rays (UHECRs) are related to astrophysics and particle physics, and how current

and future experiments contribute to each of these areas of physics.
air-shower measurements. These air-shower measurements are also

The mass and energy of the primary UHECRs are derived from
used to study hadronic interactions and complement accelerator

experiments, particularly in the forward region. Improvements of hadronic interaction models, in turn, will increase the accuracy of the
mass derived from the measured air showers. Depending on the mass resolution, the astrophysics question of the UHECR sources is
targeted either by rigidity-enhanced anisotropy measurements, which potentially enables particle astronomy by back-tracking through
the magnetic fields in space, or by statistically comparing source models to measured anisotropy and mass composition. Finally, the
search for neutral EeV particles, such as photons and neutrinos, enables a multi-messenger access to the UHECR sources and offers
discovery potential for new particle physics beyond the standard model. (Figure from Ref. [1])

two particular aspects discussed in the whitepaper. These
are connections between the particle and astrophysics as-
pects of UHECR and the major experiments planned to ad-
dress open questions regarding UHECR physics. Nonethe-
less, also for these topics, the whitepaper itself contains a
wealth of valuable information that are not presented here
in the same detail.

Definition of ultra-high-energy cosmic rays (UHECR):
UHECR are typically defined as cosmic rays above an ar-
bitrary energy threshold. Often, 1 EeV is chosen as the
threshold because of a prefix step when using the unit
eV for energy, although no apparent physics change is
happening at this energy. For the whitepaper, we have
instead chosen approximately 10'7 eV, which is close to
the heavy/second knee(s) in the energy spectrum [7-10],

where presumably the transition to extragalactic cosmic
ray starts.

2 UHECR: Particle Physics and
Astrophysics at the Highest Energies

Ultra-high-energy cosmic rays are the most energetic par-
ticles known in the Universe. In the past decades, we have
learned that UHECR are atomic nuclei of a mixed mass
composition [11, 12]. Neutral particles, such as photons or
neutrinos have yet to be discovered at EeV energies, set-
ting strong limits on their flux [13—15]. Together with the
UHECR anisotropy discovered above 8 EeV [16], these
experimental results provide evidence that (at least the ma-
jority of) UHECR are not the decay products of some un-
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several experiments (IceCube, GRAND, POEMMA) have astrophysical neutrinos as primary science case.

Figure 2. Current and future experiments leading the field of ultra-high-energy cosmic rays. To some extent, all experiments contribute
to both astrophysics and particle physics related to UHECR. Nonetheless, they have different strengths and complement each other: the
Pierre Auger Observatory currently provides the highest measurement accuracy and largest exposure for UHECR and is in the southern
hemisphere; the upgraded Telescope Array will provide a similar exposure at the highest energies in the northern hemisphere; IceCube(-
Gen?2) with its surface and in-ice arrays is a unique laboratory to measure air showers up to a few EeV, i.e., up to the energy range of
the Galactic-to-extragalactic transition; GRAND and POEMMA will offer the highest statistics for UHECR with very complementary
approaches and will additionally target UHE neutrinos; GCOS will be optimized for high statistics and high accuracy at the same time
to provide an event-by-event rigidity measurement of UHECR. (Figure from Ref. [1])

known superheavy particles, but originate from natural ac-
celerators, and are, at the highest energies, of extragalactic
origin.

The composition of UHECR is lightest in the energy
range of the ankle of the cosmic-ray energy spectrum at
about 5 EeV [12], which implies that the fraction of pro-
tons is high at the ankle energy and decreases towards
higher energies. Protons are not excluded making up a
small fraction of the UHECR flux at the highest ener-
gies, but as of yet, no strong evidence exists for protons at
energies significantly above 10'° eV. Therefore, although
several air showers beyond 102 eV have been measured,
the highest energy per nucleon might be limited to around
10" eV, and the highest rigidity of UHECR reaching Earth
might be around 10 EV.

For astrophysics, this situation makes reaching the
goal of particle astronomy with UHECR more challeng-
ing, since the magnetic deflection at 10EV is still sig-
nificant. Consequently, if really no particles would exist
with rigidities significantly about 10 EV, then particle as-
tronomy cannot be achieved by simply collecting higher
statistics at the highest energies, but will additionally re-
quire tracing individual UHECR deflections back through
the Galactic and extragalactic magnetic fields. On the one
hand, this means the magnetic fields will need to be known
well enough, which will possibly be achieved during the
coming decade. On the other hand, particle astronomy
will be difficult without an approximate measurement of
the rigidity of the individual cosmic rays and, thus, per-
event mass sensitivity at least for the energy range from
10" eV to several 10! eV.

Possibly, the composition will be nearly pure at ex-
tremely high energies around and above 10?° eV, i.e., dom-
inated by nuclei of one mass group. In that scenario, once
the mass composition around 10%° eV is measured statisti-
cally, the rigidity can easily be determined from the energy
alone, and per-event mass sensitivity will be unnecessary
at the highest energies. At lower energies, higher statis-

tics will even help without knowing the mass on per-event
level, as the average mass composition and anisotropy can
be tested against theoretical models. Therefore, while it is
mandatory to have at least one UHECR observatory featur-
ing event-by-event rigidity resolution below 10?° eV, the
need for event-by-event rigidity resolution above 10?° eV
is not yet clear and depends on whether or not UHECR
have a mixed or pure mass composition at the highest en-
ergies.

Given the unknown mass composition above 1020 eV,
it is advisable to have at least one UHECR observatory
of each type, i.e., at least one observatory that maximizes
the exposure at the highest energies, and one observatory
that features per-event mass sensitivity enabling rigidity-
based particle astronomy. In any case, full sky coverage
for UHECR is important, which requires a space-borne
observatory or at least two sites for ground arrays.

For particle physics, even 10" eV is far beyond the
reach of accelerator experiments. In addition to guaran-
teed progress in particle physics, such as the measure-
ment of the proton-air cross-section [17, 18], UHECR also
provide a probe for new physics, such as the search for
Lorentz invariance violation [19], or super-heavy Dark
Matter [20, 21]. Moreover, cosmic-ray air showers will
continue to be a unique probe of hadronic interactions
in the forward region, a phase space which is difficult to
cover in accelerator experiments.

Of particular interest in this respect is the study of the
muon puzzle. Several UHECR air-shower experiments
have measured with high significance that Monte Carlo
simulations of air showers using state-of-the-art hadronic
interaction models predict fewer muons than measured by
these experiments. The discrepancy increases with en-
ergy [22], and there are tensions between hadronic interac-
tion models and measurements also regarding other muon-
related observables, such as the dependence on zenith an-
gles [23] or the muon production depth [24]. More accu-
rate air-shower measurements are needed to test the pre-
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dictions of improved hadronic interaction models. Air-
shower arrays also offer many synergies with accelerator
experiments, including, but not limited to, the investiga-
tion of the muon puzzle [25].

Finally, a better understanding of the particle physics
in air showers also has a positive impact on UHECR astro-
physics. This is because the hadronic interaction models
are used to interpret air-shower measurements, and better
models will improve the accuracy of the air-shower recon-
struction, in particular, regarding the mass of the primary
particle. In a virtuous circle, air-shower detectors can iter-
atively contribute to a better understanding of the particle
physics in these showers. Then, this better understanding
improves the quality of the cosmic-ray mass reconstructed
from air-shower measurements, which in turn can be used
to test for finer discrepancies between the hadronic inter-
action models and the measurements. Consequently, also
the astrophysics science related to UHECR benefits from
progress on the particle physics side.

3 Experiments for the next Decades

This section provides an overview of current and fu-
ture UHECR experiments that are needed to address the
particle and astrophysics questions. In addition to the
running experiments Auger, TA, and IceCube with their
ongoing/planned enhancements AugerPrime, TAx4, and
IceCube-Gen2, three future experiments have been iden-
tified as being crucial for UHECR science in the coming
decade. These are the Giant Radio Array for Neutrino De-
tection (GRAND), the Probe of Extreme Multi-Messenger
Astrophysics (POEMMA), and the Global Cosmic Ray
Observatory (GCOS), which complement each other in de-
tection techniques and science goals. Fig. 2 contains those
experiments that have been identified in the whitepaper as
the major efforts needed in the field. This list is not com-
plete. It does not contain experiments for lower cosmic-
ray energies, and there can be additional experiments mak-
ing a unique contribution to a specific aspect of UHECR
physics. Except for IceCube-Gen2 and GRAND, all of the
major experiments were represented by dedicated contri-
butions at the conference, which is why this section only
provides a short overview, instead focusing on the comple-
mentary approaches to the particle and astrophysics sides
of UHECR science.

With their upgrades close to completion, the Pierre
Auger Observatory in Malargiie, Argentina [26], and the
Telescope Array (TA) in Utah, USA [27] will remain the
workhorses of UHECR physics until at least the end of
the decade. The upgrade of TA, called TAx4, primarily
increases the size of TA: at the highest energies, TA will
feature an aperture in the northern hemisphere similar to
the aperture of Auger in the southern hemisphere. The
upgrade of Auger, called AugerPrime, does not change
the size of the surface array, but rather increases the mea-
surement accuracy for individual showers, which enables a
number of new analyses, such as mass-sensitive anisotropy
studies or more stringent tests of hadronic interaction mod-
els. For recent results and the status of the upgrades of
Auger and TA, please check the dedicated contributions

primary
cosmic ray

hadrons

- surface

Figure 3. IceCube-Gen2, though optimized for neutrino as-
tronomy, will also be a unique lab to study particle physics in
air-showers because a surface measurement of the electromag-
netic component and low-energy muons is combined with a high-
energy muon measurement in the ice. Compared to the cur-
rent IceCube detector with its surface array IceTop (in red), the
larger IceCube-Gen2 detector (light blue) will measure surface-
deep coincidences for a wider range of zenith angles. Together
with the larger surface area, this will result in an overall 30x in-
crease of aperture for such surface-deep coincident events. [Fig-
ure courtesy of the IceCube-Gen?2 collaboration [28]]

presented at this conference. Important in the context of
next-generation experiments is that AugerPrime will pio-
neer the concept of a detector dedicated to an event-by-
event mass sensitivity, realized by adding scintillators (for
vertical and mildly inclined events) and radio antennas (for
very inclined events) to the water-Cherenkov detectors of
the surface array.

Built primarily for neutrino astronomy, IceCube also
is a unique lab for cosmic-ray air showers due to the com-
bination of a surface array and a deep optical detector [29],
and makes essential contributions to the physics of the
most energetic Galactic cosmic rays in the energy range
up to around one EeV. With IceCube-Gen2 [30], both ar-
rays will be extended, and a new design for the surface
array will enhance the accuracy. Mitigating the problem
of snow accumulation above the existing ice-Cherenkov
tanks of the IceTop surface array, the IceCube-Gen2 sur-
face array will consist of elevated scintillators and elevated
radio antennas [31, 32]. The latter provides a measure-
ment of energy of the electromagnetic shower component
[33-35] and of X;.x [36-39], which enhances the total
accuracy for studies of the cosmic-ray mass composition.
In combination with the high-energy muons from the in-
ice optical detector, IceCube-Gen2 will feature per-event
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mass sensitivity for the energy range of the Galactic-to-
extragalactic transition. Through its higher aperture, it will
extend IceCube’s anisotropy measurements from currently
a few PeV [40] to around 100 PeV.

In addition to the astrophysics of the most energetic
Galactic cosmic rays, IceCube-Gen2 provides distinct ca-
pabilities to study particle physics in air showers. This
is because the deep optical array in the ice can measure
the TeV and PeV muons produced in the same shower
detected by the surface array (see Fig. 3). Through its
larger area and larger range of zenith angles for surface-
deep coincidences, IceCube-Gen2 will have a thirty times
larger aperture for such cosmic-ray events measured si-
multaneously in the surface and deep arrays. These can be
used to study atmospheric leptons in general, such as the
muon puzzle, and specifically also prompt decays, such as
muons originating from charm decays. Studying hadronic
interactions is a science goal by itself. Nonetheless, im-
proved knowledge on the hadronic interactions and partic-
ularly on the flux of prompt leptons will also lower un-
certainties on atmospheric backgrounds for neutrino as-
tronomy, and it will help in general to interpret air-shower
measurements more accurately.

Other experiments reaching into the energy range
above 100 PeV are LHAASO, potentially SWGO, and the
SKA. While SWGO [41] and LHAASO [42] have gamma
astronomy as their primary target, they will also make
important contributions to cosmic-ray physics with their
ultra-dense arrays and, in the case of LHAASO, through
the simultaneous measurements of air showers by sev-
eral detection techniques. The low-frequency array of the
Square Kilometer Array (SKA-low) will feature several
10,000’s of radio antennas and enable unprecedented pre-
cision on the radio signal of air showers [43]. While ra-
dio detection of air showers has become a standard tech-
nique [44, 45], e.g., for energy and X,,,x measurements,
SKA can measure finer details of the shower profile be-
yond Xj.x [46]. On the one hand, this increases the accu-
racy of the proton and Helium fractions among the cosmic
rays around the second knee energy; on the other hand,
the ultra-high precision enables new ways to test hadronic
interaction models, as these differ not only in the number
and distribution of muons, but also predict slightly differ-
ent longitudinal profiles of the electromagnetic component
[46]. Therefore, even without the capability to measure
high-energy muons, the SKA will make an important com-
plementary contribution to cosmic-ray astrophysics and
particle physics below 1 EeV.

For the highest energies, GCOS will provide high mea-
surement accuracy for air showers in combination with a
larger full-sky aperture. It will be complemented by two
experiments aiming at huge full-sky exposure of UHECR
that exceeds the currently leading Pierre Auger Observa-
tory by more than an order of magnitude: POEMMA and
GRAND.

POEMMA [47] will consist of two space-borne fluo-
rescence telescopes for stereo observation of air showers.
The goals of POEMMA are searching for UHE neutrinos
and measuring UHECR with unmatched statistics. The
fluorescence technique is mature and provides high accu-

racy for energy and X.x, which translates into high preci-
sion for the average mass composition. Building on the ex-
perience of the JEM-EUSO program [48, 49], POEMMA
will bring key advances to multi-messenger astronomy at
the highest energies.

GRAND [50] will be a giant radio array aiming at
UHE neutrino as primary science case. Nonetheless, if
built to its full size of about 200, 000 antennas distributed
among several sites totalling 200, 000 km2, GRAND will
provide a similar exposure for UHECR as POEMMA.
During the next years, further R&D is required to apply
radio detection as a stand-alone technique on such a large
scale, and the radio emission of nearly horizontal show-
ers needs to be understood in further detail. For this pur-
pose, various prototypes of GRAND are planned, and ded-
icated simulation studies are performed. Although from
the UHECR perspective the science goals are similar to
POEMMA, GRAND is very complementary in the ap-
proach (huge ground array vs. space-borne stereo tele-
scope, and promising radio vs. established fluorescence
technique).

Finally, GCOS [51] will be the UHECR ground array
that will be designed for the maximum per-event measure-
ment accuracy feasible, enabling rigidity-enhanced parti-
cle astronomy. The exact design of GCOS is currently
under discussion in the community, with the plan to con-
duct necessary R&D and tests during this decade. At least
two sites of several 10,000 km? total are needed, better a
few sites for smooth full-sky coverage. Several sites will
also facilitate the participation of several countries in the
project, and with both GRAND and GCOS featuring sev-
eral sites, at least one of the sites should be in common for
the purpose of cross-calibration and to benefit from shared
infrastructure.

The baseline design of a GCOS site is a ground ar-
ray of particle detectors, possibly segmented or nested
water-Cherenkov detectors enhanced by radio antennas, to
provide a 24/7 measurement of the electromagnetic (for
energy and Xp,x) and muonic shower component over a
wide range of zenith angles. Due to the complemen-
tary mass sensitivity of muons and Xp,x, a simultane-
ous measurement of both observables for each individ-
ual event is essential to estimate the rigidity of the pri-
mary cosmic rays. Also, some of the sites can feature
additional detectors, such as next-generation fluorescence
telescopes which would further enhance the measurement
accuracy of the electromagnetic component during clear
nights [52, 53]. Nonetheless, decent X;;,x measurements
may already be possible with the particle detectors alone,
e.g., by using neural networks for the analysis of the traces
of water-Cherenkov detectors [54]. The high accuracy for
both, the muon number and X,,x, will also help other sci-
ence cases, such as the selection of protons or the search
for neutral particles.

4 Conclusion

Thanks to the increasing quality of UHECR measurements
in the past decade, UHECR science has entered an inter-
esting era with the resolution of its most exciting puzzles
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possibly in reach. The discovery of anisotropy and mixed
mass composition in the past decade provided evidence
for UHECR originating from astrophysical accelerators,
and the first UHECR sources may be discovered by the
upgraded observatories during this decade. Nonetheless,
it is unknown to what extent this answers the question of
the origin of UHECR, and it is likely that a comprehensive
picture of the sources can only be obtained by the next
generation of UHECR observatories.

Also, in regard to the particle physics of air showers, in
particular, for discrepancies between hadronic interaction
models and measured muons, progress is expected from
the upgraded UHECR observatories, as well as new accel-
erator experiments. While the muon puzzle may be solved
during the next decade, it often happens that a more accu-
rate generation of experiments discovers new puzzles and
discrepancies between models and measurements. Fur-
thermore, searching for BSM physics and for neutral EeV
particles certainly requires a new generation of air-shower
observatories with higher exposure.

In parallel to increasing the exposure, the mixed mass
composition mandates an increase in accuracy for the re-
construction of the mass of the primary cosmic-ray par-
ticles. It is important to realize that the event-by-event
precision for the mass is intrinsically limited by shower-
to-shower fluctuations. Perfect resolution of either the
muon number or X,,,x alone is insufficient, and therefore,
a simultaneous measurement of both shower parameters is
necessary to improve the accuracy of the rigidity of indi-
vidual events.

Current observatories, such as AugerPrime, provide
ideal testbeds for next generation instrumentation. Espe-
cially R&D of optimized detectors designs, such as surface
detectors for simultaneous X,,,x and muon measurements,
is needed during the next years to prepare for the construc-
tion of future ground arrays. Featuring an event-by-event
rigidity estimate, GCOS will be the ground array leading
the field of rigidity-enhanced particle astronomy. GCOS’
UHECR physics will be complemented by the observation
of other messengers up to EeV energies, and by the huge
UHECR exposure of GRAND and POEMMA.
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